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Preface

With the expansion of knowledge and methods of diagnosis 
and treatment of cardiac abnormalities occurring in child-
hood, the major textbooks on the subject have also expanded, 
often beyond a single volume. In our book, Pediatric 
Cardiovascular Medicine, we have attempted to be concise and 
focused, and publish a single volume containing contempo-
rary knowledge of pediatric cardiology. The book is available 
both as a text and online for the convenience of readers who 
may have different needs. For readers of the textbook there 
is supplemental material online, including videos of cardiac 
images. We have focused on the international aspects of 
pediatric cardiology, both in content and in the selection of 
authors from 16 countries to contribute chapters. In this edi-
tion we have included new chapters about pediatric cardiol-
ogy in the tropics and developing countries, and about 
rheumatic heart disease in children (a major problem in 
many countries with limited health resources).

The chapters are grouped according to subject matter.
The first five chapters present basic scientific information 

that underlies pediatric cardiology and includes cardiac devel-
opment and developmental physiology, basic cardiopulmo-
nary physiology, pulmonary vascular physiology and 
pathology and genetics. The subsequent eight chapters discuss 
the various diagnostic methods to evaluate cardiovascular 
problems in childhood, particularly echocardiography, 
advanced radiologic imaging techniques and genetic testing. 
Two chapters follow which discuss bypass techniques and 
postoperative care and three about the fetus and neonates, 
including fetal treatment, neonatal diagnosis and circulatory 
issues of small neonates.

A major portion of the book covers congenital heart dis-
ease. After chapters on epidemiology and cardiac anatomy, 

descriptions of individual malformations are presented pri-
marily in the following order: left-to-right shunts, outflow 
and inflow tract obstruction and regurgitation, anomalies 
associated with a right-to-left shunt, and then vascular and 
situs anomalies. In most of the 25 chapters about congenital 
heart disease, the organization and structure of the chapters 
are similar, making it easier for the reader.

The final 22 chapters concern various acquired conditions 
affecting the cardiovascular system during childhood. The 
issues of adults with CHD and the quality of life after cardiac 
treatment are discussed in separate chapters and where rel-
evant within individual chapters.

As editors, we sought to emphasize pathophysiologic prin-
ciples or understanding to help the reader comprehend and 
retain the information. Each chapter contains pertinent ref-
erences to enable the reader to explore the subjects further.

Since the previous edition, echocardiographic techniques 
have advanced significantly; interventional methods have 
been developed to include a wider range of abnormalities 
and imaging techniques, particularly with magnetic reso-
nance which has allowed more detailed information about 
cardiovascular structure and function. These are being 
widely applied to children.

Finally, we added three Associate Editors to assist in the 
preparation of this expanded edition and we appreciate their 
careful review of chapters and editorial comments.

James H. Moller, MD
Julien I. E. Hoffman, MD, FRCP

Senior Editors
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Normal and Abnormal Cardiac 
Development

Adriana C. Gittenberger-de Groot, Monique 
R. M. Jongbloed & Robert E. Poelmann
Leiden University Medical Center, Leiden, The Netherlands

Introduction

In this chapter, the main events of cardiac morphogenesis 
are discussed. We focus on morphologic descriptions and 
insights based on the molecular biologic approaches in 
animal models that have enhanced and modified our 
understanding of normal and abnormal cardiac development, 
including relevance for adult disease with a developmental 
background.

Advances and limitations in studying 
human development

The normal cardiovascular development of the human 
embryo in its crucial stages from 2 to 8 weeks’ gestation has 
to be deduced from postmortem morphologic studies of 
abortion material [1]. In this category we are mainly dealing 
with spontaneous abortions and do not know whether the 
material reflects normal morphogenesis. Descriptions in the 
literature referring to normal and abnormal human 
development do not emphasize this aspect. An addition to 
early detection of human embryonic malformations, mainly 
providing information on disturbed genes and chromosomes, 
is provided by amniocentesis, chorionic villus biopsies, and 
subsequent FISH (fluorescent in situ hybridization) analysis 
with genetic markers. However, these are not examined 
within the first crucial 8 weeks of development. Fetal 
diagnosis is a rapidly expanding area with increasing 
technical possibilities of ultrasound and echo-Doppler 
investigations in utero. The earliest observations indicating 
normal or abnormal heart development refer to 11–12 
weeks’ gestation [2]. Consequently, our knowledge of 
detailed cardiac morphogenesis relies on describing processes 

in animal species, the main embryonic models being avians 
(chick and quail) and rodents (mouse and rat) and more 
recently the zebrafish. With the development of transgenic 
techniques, the mouse embryo has become important, and 
we will regularly refer to mouse embryo models when 
discussing certain abnormalities of cardiac development.

Knowledge about an embryonic lethal phenotype after a 
gene knockout and the absence of a phenotype might 
contribute little to the understanding of human congenital 
cardiac malformations [3]; 85% of the diagnosed human 
cardiac malformations are described as having a multifactorial 
origin. Epigenetic, environmental, biomechanical, and 
hemodynamic factors have been underestimated in research 
on cardiogenic programming. Their role in the development 
of cardiac malformations has previously been acknowledged, 
however, and has led to the so-called mechanistic classification 
[4]. There are a few recent publications linking hemodynamics 
to cardiovascular developmental abnormalities [5–8], but 
their relation to gene expression and cardiogenic patterning 
is unclear. A multidisciplinary approach combining clinical 
knowledge with basic science will lead to new insights into 
developmental processes.

Formation of the cardiogenic plates 
and the cardiac tube

The cardiac developmental program starts with the formation 
within the splanchnic mesoderm of the bilateral cardiogenic 
plates, which give rise to the myocardium and probably to parts 
of the endocardium (Figure 1.1). The splanchnic mesoderm at 
the endoderm/mesoderm interface differentiates into the 
vascular endothelium [9] and part of the endocardium [10,11]. 
The evidence for a cardiogenic plate origin of the endocardium 
supports a dual origin for this layer of the heart [12].
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The bilateral asymmetric cardiogenic plates can be deli-
neated early in embryonic life because several transcription 
factors and proteins are expressed. These expression patterns 
distinguish a first or primary heart field (PHF) laterally 
flanking the second heart field (SHF) component of the 
cardiogenic plate (Figure 1.2a). Whereas the first heart field 
differentiates, the secondary component remains part of the 
body wall mesoderm before its cells are recruited and 
incorporated into the poles of the cardiac tube. With formation 
of the cardiac tube, the pericardial coelomic cavity becomes 
continuous across the midline and the ventral mesocardium 
disappears. The cardiac tube is thereafter solely connected to 
the dorsal body wall or splanchnic mesoderm by the dorsal 
mesocardium that runs from the developing pharyngeal 
arches (arterial pole) to the sinus venosus (venous pole) 
(Figure 1.3). At this stage, the tube consists of an inner 
endocardial and an outer myocardial layer separated by 
cardiac jelly (Figures 1.2b and 1.3a).

Initially, the primitive cardiac endothelial network is 
remodeled into a single endocardial tube that connects the 
omphalomesenteric veins to the pharyngeal arch vasculature 
(Figure 1.1). The asymmetric cardiac jelly surrounding the 
endocardial tube suggests bilateral endocardial tubes, giving 
the wrong impression that two endocardial tubes have to fuse. 
From the onset, however, the endocardial tubes are connected 
by endocardial cells that cross the midline [13]. Real cardia 
bifida can occur spontaneously and can also be produced 

experimentally by retinoic acid overdose in the chicken embryo 
[14] or in a zebrafish mutational screen [15]. Therefore, each 
cardiogenic plate can potentially give rise to an independent 
cardiac tube, implying that fusion of the cardiogenic plates is 
unnecessary for the onset of cardiac formation. Nevertheless, 
cardia bifida is lethal to the embryo as further cardiac 
development is hampered and no connection with the 
endothelium of the pharyngeal vascular system is established.

Looping of the cardiac tube

The single cardiac tube is never completely straight as both 
cardiogenic plates have different dimensions [12]. Normally 
the cardiac tube loops to the right (D-loop) (Figure 1.2). 
Abnormalities in looping such as L-loop or anterior-loop 
formation are related to ventricular inversion, which differs 
from laterality problems as seen in abnormalities of the 
atrial situs.

The mechanisms underlying the looping direction are 
poorly understood, but several regulating genes have been 
described, such as sonic hedgehog, nodal and activin receptor 
IIa [16]. In mouse mutants iv/iv and inv, the laterality of the 
heart is also affected. The iv gene has been mapped to 
chromosome 12 in the mouse and is syntenic to chromosome 
14q in the human. In the human, this abnormality is reflected 
in the heart by atrial isomerism and is discussed below when 
considering atrial development and septation.

During looping, the outflow tract becomes more ventrally 
positioned, moving in front of the atrioventricular (AV) 
canal. The arterial and venous poles remain fixed to the 
dorsal body wall (Figure 1.4 and Videoclip 1.1). Both 
remodeling of the inner curvature (site of the disruption of 
the dorsal mesocardium) and asymmetric addition of SHF-
derived myocardium to the primary heart tube are essential 
for proper looping.

Contribution of first and second 
heart fields

Recent mouse studies, based on various transgenic mouse 
models with cell tracing [17–19], have shown that the 
primary heart tube does not contain all components 
necessary for the future mature heart [20]. The first heart 
field provides only for the AV canal and the future left 
ventricle (LV), implying that the primary heart tube already 
has additions of the second heart field (SHF) at both poles. 
The primary heart tube connects the omphalomesenteric 
veins at the venous pole via a small atrial component, the AV 
canal, and a primitive LV and small outflow tract component 
to the aortic sac and the first pair of pharyngeal arch arteries 
at the arterial pole (Figures 1.2 and 1.3).

Figure 1.1 (a) Whole mount of a quail embryo (stage HH 8) viewed from 

the ventral aspect, showing the bilateral cardiogenic plates (C) that have 

not yet fused across the midline. At this stage, the staining is done by a 

nonspecific neurofilament antibody. (b) Whole mount of the fused primary 

heart tube (PHT) of a quail embryo (stage HH 10) viewed from the ventral 

aspect. The staining is by an anti-smooth muscle actin antibody, showing 

the myocardial lining of the tube. H, head region; IP, intestinal portal; N, 

neural tube; O, omphalomesenteric vein; Ph, pharyngeal region; S, somite. 

(Copyright Leiden University Medical Center.)



Figure 1.2 Development of the heart from the first and second heart fields. (a) In the primitive plate, bilateral fields of cardiac mesoderm are present. 

Progenitor cells migrate from the primitive streak to the bilateral mesoderm (arrows). Cells depicted in yellow will contribute to the second heart field-derived 

parts of the heart, whereas cells depicted in brown depict the primary heart fields that will contribute the primary myocardial heart tube. (b) Schematic 

representation of the primary heart tube, consisting of endocardium and myocardium, with myocardial jelly between the two layers. Initially the primitive 

heart tube consists mainly of the AV canal and the LV. (c) After looping, several transitional zones can be distinguished in the tube, namely the sinoatrial 

transition (light blue, SAR) in between the sinus venosus and common atrium, the AV transition (dark blue, AVR) in between the common atrium and 

common ventricle, the primary fold (yellow, PF) in between the primitive right ventricle (RV) and LV, and a ventriculoarterial transitional (green, VAR) zone at 

the outflow tract (OT) of the heart. Second heart field-derived parts of the heart are depicted in yellow. (d) The heart after completion of atrial and ventricular 

septation. Due to outgrowth of the RV, a remodeling of the PF has occurred, and it has divided into a lateral septal part, the trabecula septomarginalis (TSM), 

that contains the right bundle branch [RBB, see (e)] and continues into the moderator band (MB). (e) Part of the transitional zones will contribute to definitive 

elements of the cardiac conduction system, depicted in red. Bright blue dots depict neural crest cells that contribute to the network of autonomic nerve fibers 

surrounding the sinoatrial node (SAN) and atrioventricular node (AVN). Shaded blue dots surrounding elements of the cardiac conduction system indicate 

neural crest cells with an inductive role in conduction system development. A, common atrium; AP, arterial pole; Ao, aorta; Ao sac, aortic sac; CV, cardinal 

vein; CS, coronary sinus; ICV, inferior caval vein; LA, left atrium; LAA, left atrial appendage; LBB, left bundle branch; LV, left ventricle; PT, pulmonary trunk; 

PV, pulmonary veins; RA, right atrium; RAA, right atrial appendage; SCV, superior caval vein; VP, venous pole. (Copyright Leiden University Medical Center.)
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The cardiac splanchnic mesoderm consists of so-called 
SHF. This precardiac mesoderm is added at both the arte-
rial and venous poles of the heart, mainly contributing 
myocardium but also smooth muscle cells of connecting 
vessels.

The mesodermal cell population grows in a caudocranial 
direction [21]. Recruitment starts at the arterial pole and 
almost the complete myocardium of the right ventricle (RV) 
including the outflow tract and the larger part of the 
ventricular septum is derived from the SHF. The smooth 
muscle cells of the aortic sac are derived from this source, 
although probably asymmetric with respect of contribution 
to the pulmonary and aortic aspects. More restricted studies 
of the outflow tract have led to a confusing nomenclature 
with respect to anterior heart field [22] and secondary heart 
field [23], the latter often being confused with SHF that 
contributes to both arterial and venous poles.

At the venous pole, the myocardium lining the sinus 
venosus derives from SHF mesoderm referred to as posterior 
heart field (PHF) [24]. Incorporation of the sinus venosus 
implies that the myocardium of the sinoatrial node, the 
venous valves, the atrial septum, and the cardinal and 
pulmonary veins also come from this source. A further 
mesenchymal derivative of the SHF is the proepicardial 

organ (PEO), which is crucial for many aspects of 
differentiation of the heart (see below).

Several transcription factors and morphogenetic genes 
and cascades are important in the precardiac mesoderm of 
both first heart field and SHF [25]. Specification of the 
precardiac cells is accompanied by early expression of TGFβ 
family members, including BMP4 (bone morphogenetic 
protein), followed by the earliest known marker for the 
cardiogenic lineage – the homeobox (Hox)-containing gene 
Nkx2.5 (homolog to tinman in Drosophila) [26] and the zinc 
finger-containing GATA 4/5/6 cluster of transcription factors 
[27]. Mesp1 [28] and Mef2c [29] are also early cardiac 
mesoderm markers. Recently, the platelet-derived growth 
factor receptor (PDGFRα) was added to this list [30]. 
Patterning of the heart field from arterial to venous pole is 
accompanied by the expression of T-box gene family 
members Tbx1, 5 and 20, Fgf 8 and 10, and Isl1. Finally, 
differentiation during heart tube formation involves, for 
example, MLC and MHC, alpha cardiac actin and troponin I, 
and RhoA [31]. Mouse models in which these genes are 
used for cell tracing and complete or conditional knockout 
provide essential data on their relevance for normal and 
abnormal cardiac development. In some instances, such as 
Nkx2.5, [32] human mutations are known.

Figure 1.3 (a) Schematic representation of the primary heart tube (PHT, brown) after fusion of the bilateral plates of mesoderm. The tube is lined on the 

inside by cardiac jelly (blue). The mesoderm of the second heart field (SHF) is depicted by the yellow area behind the primary heart tube, and will during 

development contribute myocardium to both the arterial and venous poles of the heart [depicted by the yellow myocardium in (b)]. (b) The heart tube after 

contribution from the first and second heart fields have been made. The second heart field can be divided into the anterior heart field (AHF) and posterior 

heart field (PHF). The yellow lobulated structure that protrudes into the pericardial cavity at the venous pole of the heart is the pro-epicardial organ (PEO). 

Neural crest cells (depicted by blue dots) migrate from the neural crest along the arterial and venous pole into the heart. BV, brain ventricles; C, coelomic 

cavity; DAo, dorsal aorta; G, gut; PAA, pharyngeal arch arteries. (Copyright Leiden University Medical Center.)
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Segmentation of the heart tube

The primary heart tube consists of myocardium lined on 
the inside by cardiac jelly and endocardium. A number of 
genes are expressed along the anterior/posterior axis and 
there is from the onset a right–left designation. Chamber 
outgrowth or ballooning, intricately regulated by a balance 

of Tbx2 and Tbx3 transcription factor expression [33], 
brings out more clearly the segments (atrial and ventricular 
chambers) and the transitional zones. These areas stand out 
against the myocardial trabeculated atrial and ventricular 
walls. Figure 1.2b–e depicts the cardiac segments and 
transitional zones. Starting at the inflow at the venous pole, 
we can distinguish the sinus venosus, the atrium, the 
atrioventricular canal, the primitive LV, the primary fold, 
and the primitive RV that develops into a trabeculated part 
and a part lined by endocardial outflow tract cushions. In 
general, the endocardial cushion-lined transitional zones 
form the atrioventricular and semilunar valves and function 
initially as temporary valves accompanying peristaltic 
contractions of the cardiac tube. The myocardium of the 
sinus venosus (considered as a transitional zone), the AV 
canal, the primary fold, and the endocardial cushion-lined 
outflow tract are important for the formation of the future 
cardiac conduction system. Furthermore, these transitional 
zones are involved in septation.

Neural crest and epicardium contributions

For many years, the neural crest and epicardial cells were 
described as extracardiac contributors essential for proper 
differentiation of the developing heart. With new insights 
into the contribution of the SHF, we need to adjust their 
relevance.

Neural crest cells are an extracardiac source of cells that 
migrate from the neural crest through the mesoderm of the 
SHF to the cardiac tube. The main entrance site into the 
heart is at the arterial pole, but they also reach the venous 
pole of the heart [34,35] (Figures 1.3b and 1.5). These neural 
crest cells differentiate into smooth muscle cells of the great 
arteries and into the cells of the autonomic nervous system 
that are needed to innervate the great arteries and the 
coronary arteries, and for the nodes of the cardiac conduction 
system (Figures 1.2e and 1.5). The neural crest cells that 
migrate into the heart do not differentiate into a particular 
cardiac cell but go into apoptosis. Through release or 
activation of growth factors such as TGFβ they may induce 
myocardialization of the outflow tract septum and, at the 
venous pole, differentiation of the cardiac conduction system 
[36,37]. They are also important in the interaction with the 
SHF cells, mainly in the pharyngeal region, so that genetic 
mutations of both cell types can lead to congenital heart 
disease. This is best exemplified in the Tbx1-related 22q11 
deletion syndrome [38].

The epicardium develops from the proepicardial organ, an 
epithelial derivative of the PHF at the venous pole (depicted 
in Figure 1.3b). These cells differentiate into smooth muscle 
cells and cardiac fibroblasts and migrate to many cardiac 
structures where their function is less known [39]. 
Suggestions, based on cell tracing in transgenic mouse 

Figure 1.4 Scanning electron micrographs of the developing heart. 

(a) The fused heart tube (also see Figure 1.1) has been opened to show the 

endocardial cells (EC) inside the myocardium (M) and the cardiac jelly (CJ). 

(b) The heart tube normally loops to the right showing a venous pole (VP) 

and an arterial pole (AP) and the inner curvature (asterisk). (c) As the inner 

curvature tightens, the outflow tract becomes positioned in front of the 

venous pole. (d) With completion of the looping process, the AP is wedged 

in between the atrioventricular orifices that connect the right atrium (RA) 

to the right ventricle (RV) and the left atrium (LA) to the left ventricle (LV). 

A, atrium; AoA, aortic arch (right sided in birds); Ar, aortic root; AVC, 

atrioventricular canal. BCA, brachiocephalic arteries; DOT, distal outflow 

tract; OT, outflow tract; POT, proximal outflow tract; PT, pulmonary trunk; 

V, ventricular loop. (Copyright Leiden University Medical Center.)
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models, that epicardial cells can differentiate into myocardial 
[40] and endothelial cells [41] have been refuted.

Cardiac differentiation and development 
of cardiac malformations

Sinus venosus incorporation and atrial septation
The sinus venosus in the developing heart forms an 
intermediate transitional zone between the systemic cardiac 
veins and the developing atrium proper, and now receives 
much attention as the myocardium of the sinus venosus is 
derived from the PHF mesoderm, showing specific gene 
expression patterns. On the basis of endothelial vascular 
patterns, scanning electron microscopy data, and immuno-
histochemistry, we demonstrated that the sinus venosus is 
incorporated not only into the dorsal wall of the right atrium 
but also into the dorsal wall of the left atrium [42]. Here, it 
encircles the entrance of the future pulmonary veins. The 
sinus venosus also contributes to the posterior wall of the 
left atrium and pulmonary veins, as suggested for both the 
mouse and the human embryo [43,44], and earlier postulated 
by Van Praagh and Corsini [45]. Other groups, focusing on 
gene expression patterns, regard the pulmonary veins 

(pulmonary pit lined by pulmonary ridges) as having their 
own origin independent of the sinus venosus [46]. All 
explanations have in common that the veins are connected 
to the cardiac tube by way of the dorsal mesocardium to the 
PHF mesoderm in the dorsal body wall. In the fully developed 
human heart, this area is demarcated by the epicardial/
pericardial fold. The above morphogenesis of the sinus 
venosus also provides new data on the septation of the atria 
(Figure 1.6). The primary atrial septum is a structure that 
initially consists of atrial myocardium, but later becomes 
fibrous, and is derived from the PHF-derived myocardium. It 
forms an arch that runs from posterior to anterior and is 
lined on the inside by cushion-like tissue, called the 
mesenchymal cap. At this site, also PHF mesoderm, formerly 
referred to as spina vestibuli but now named the dorsal 
mesenchymal protrusion (DMP) [47], contributes to atrial 
and ventricular septation. The DMP provides cells to the 
inferior atrial septum and borders the mesenchymal cap on 
the right side. Fusion of the mesenchymal cap with the AV 
cushions is essential to close the primary atrial foramen.

The PHF mesoderm and also the derived myocardium 
have characteristic gene patterns that partly differ from the 
outflow tract. This refers to the transcription factors Tbx18, 
20 [48], Shox2 [49], the functional marker HCN4 [50], and 
the growth factors RhoA [31] and PDGFRα [30,51]. The 
sinus venosus myocardium is Nkx2.5 negative before incor-
poration into the dorsal atrial wall and remains as such in 
the sinoatrial node. Transgenic mouse studies of these genes 
and some human mutations correlate with abnormalities 
in PHF-derived structures, including conduction system 
 disturbances.

The primary atrial septum becomes perforated to form 
the ostium secundum that is never completely closed off 
by the septum secundum. The complex of the lower rim of 
the septum secundum and the ostium secundum is called 
the foramen ovale (Figure 1.6, arrow). The muscular 
secondary atrial septum is in its basal and dorsal part fused 
with the DMP. The major anterior and superior parts of the 
secondary atrial septum are merely a folding of the atrial 
wall forming the limbus fossa ovalis on the right side of 
the atrial septum.

Consequences for abnormal development
The above data provide new insights into abnormal pulmo-
nary venous connections and also atrial septal defects (ASDs) 
and atrioventricular septal defects (AVSDs).

Abnormal pulmonary venous connection
As the plexus for forming the pulmonary veins has extensive 
connections to the cranial and caudal parts of the cardinal 
veins [52], persistent connections can lead to supracardiac 
and infracardiac pulmonary venous connection patterns. For 
cardiac abnormal pulmonary venous connection, the pulmo-
nary veins do not grow out of the left atrial dorsal wall but 

Figure 1.5 (a) Whole mount staining of a chicken heart (stage HH 35) 

that shows the neural crest-derived cells after a retroviral transporter gene 

marker containing lac-Z. The neural crest cells are present at the arterial 

pole (AP) as smooth muscle cells in the vessel wall and over the heart as 

fine nerve fibers (N). The neural crest cells also reach the venous pole (VP) 

of the heart, where they enter the atrioventricular region through the 

dorsal mesocardium. (b) A section through the inflow and outflow tract 

of a chicken heart in which the neural crest cells are seen in the outflow 

tract septum (OTS) and also at the base of the atrial septum (AS) (arrows), 

where they have arrived through the dorsal mesocardium. The brown 

staining of the outflow tract septum (OTS) neural crest cells by the TUNEL 

[TdT-mediated dUTP (deoxyuridine triphosphate) nick end labeling] 

technique detected apoptosis of these cells. A, atrium; LA, left atrium; 

LVOT, left ventricular outflow tract; RA, right atrium; RVOT, right ventricular 

outflow tract; V, ventricle. (Copyright Leiden University Medical Center.)
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are connected to the left atrial wall through incorporation of 
the sinus venosus. Disturbance of genes in the PHF can lead to 
abnormal formation of the wall of the pulmonary veins and 
the left atrium [53]. Familial total anomalous pulmonary 
venous connection (TAPVC) has been mapped to chromosome 
4p13-q12 in the region near the PDGFRα gene. A knockout 
mouse of this gene shows TAPVC [51]. Interestingly, the DMP 
and mesenchymal cap are very hypoplastic in this model, lead-
ing to AVSD (see below). A recent review described the current 
clinical, genetic, and developmental data on pulmonary venous 
development and abnormalities [54]. Only pulmonary veins 
connected to the left atrium acquire a myocardial cuff [44]. 
This cuff is lacking in veins that connect to the right atrium or 
a spatium pulmonale.

Atrial septal defects
The most common defect is the septum secundum defect 
(ASD II), in which there is a discrepancy between the septum 
secundum (demarcated on the right side by the limbus) and 

the free edge of the fenestrated septum primum. In normal 
circumstances they overlap as two crescents (Figure 1.6) that 
fuse after birth. Defective development, including perfora-
tions, of the valve of the septum primum, the so-called valve 
of the foramen ovale, can also lead to an ASD. It is necessary 
to distinguish between retarded closure of the foramen ovale 
and a real secundum ASD.

Abnormalities in formation of the base of the atrial septum 
secundum can lead to so-called sinus venosus ASD, where 
both the inferior and superior caval veins are closely related 
to the defect and the pulmonary veins are often abnormally 
positioned [43].

Based on our new knowledge of addition of the PHF to 
both the atrial septal components and also the pulmonary 
veins, some genes are good candidates for study. We 
already know human mutations in Tbx5 (Holt–Oram 
syndrome) [55], Nkx2.5 [56], and the PDGFRα region [51] 
that explain the separate or combined abnormalities in 
atrial septation, pulmonary venous connection, and in 

Figure 1.6 (a) Atrial septation starts out with formation of a septum primum (ASP) that grows out from the roof of the common atrium towards the AV 

canal (AVC). The AV cushions continue over the basal part of the primary atrial septum as the mesenchymal cap (MC). Initially, there is an opening at the basal 

part of the primary atrium septum, called the ostium primum (OP). Subsequently, probably by a process of apoptosis, several holes will form in the septum 

primum, that will eventually coalesce to form the ostium secundum [OS, see (b)]. The septum secundum (ASS) will grow out later in development from the 

roof of the common atrium. In between these structures, at the base, a protrusion of second heart field mesoderm called the dorsal mesenchymal protrusion 

(DMP) is present. (b) During further development, the ostium primum is closed by fusing the endocardial cushions with the dorsal mesenchymal protrusion. 

The septum secundum has grown out to form a wedge-shaped septum that during the embryologic and fetal phase will (owing to a higher pressure on the 

right side) allow the passage of blood towards the left side via the ostium secundum (arrow). The complex of the lower rim of the septum secundum and the 

ostium secundum is called the foramen ovale (FO) (arrow). After birth, the left atrial pressure rises and the FO will be functionally closed by the primary atrial 

septum that is being pressed to the septum secundum. The right atrium (RA) receives systemic blood via the superior caval vein (SCV), inferior caval vein (ICV), 

and coronary sinus (not shown). The left atrium (LA) receives pulmonary venous blood via the pulmonary veins (PV). DM, dorsal mesocardium; TO, tricuspid 

ostium; MO, mitral ostium. Second heart field-derived myocardium is depicted in yellow. (Copyright Leiden University Medical Center.)
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some patients conduction system problems particularly 
related to pace-making.

Atrioventricular septal defects
AVSDs are intriguing malformations with many postulated 
causes, including deficient differentiation of the AV valves 
and the endocardium lining these valves. This has been exten-
sively studied [57] for the trisomy 21 (Down syndrome) and 
the syntenic trisomy 16 mouse model without resolution. In 
the human embryo with AVSD, however, studies of the dis-
position of the conduction system demonstrated a deficiency 
of the spina vestibuli (now DMP) and the mesenchymal cap 
[58], now confirmed in mouse models [47,59]. The primary 
ASD resulting from non-fusion with the AV cushions can now 
be explained by the hypoplasia of the mesenchymal cap lin-
ing the lower rim of the primary atrial septum. The deficiency 
of the ventricular inlet septum in humans still needs clarifica-
tion [60]. The fact that the AV valve tissue in AVSD seems 
structurally normal confirms that abnormal AV endocardial 
cushion differentiation is not the primary problem.

Although the heart has two left- and two right-sided 
chambers, asymmetry is a dominant feature in both form 
and function. The ventricular asymmetry is determined 
during looping, whereas the atrial differences are determined 
by genetic regulation involving, for example, Pitx2 [61,62]. 
Pitx2 acts in breaking symmetry in early development, is 
present in the left-sided plate mesoderm only, and has 
subsequent roles in differentiation of the inflow and outflow 
segment of the heart. Pitx2 mutant mice present with right 
atrial isomerism, suggesting inhibition of the left program. 
Pitx2 mutants may present syndrome-like malformations 
also involving other organs, for instance the spleen, showing 
polysplenia in left isomerism and asplenia in right isomerism. 
Furthermore, DNA sequence variations close to Pitx2 have 
been described in patients with atrial fibrillation and atrial 
flutter [63]. Morphologists and clinicians are aware of the 
differences in the right and left atria, the most obvious being 
the appendage. Furthermore, the right posterior wall is 
trabeculated whereas the left is smooth. Usually, atrial situs 
correlates with bronchial anatomy (see Chapter 50). Lung 
lobulation, difficult to assess for the clinician, is less reliable.

Ventricular inflow tract septation 
and the formation of the RV inlet
The RV myocardium with all its components, including at 
least the right part of the ventricular septum, is derived from 
the anterior SHF [18]. At the border between the primitive 
LV and the developing RV, a myocardial ring called the 
primary ring or fold, previously referred to as bulboventricular 
fold, can be distinguished [64]. The primary fold is considered 
a transitional zone and attracts a great deal of attention 
because it forms the major part of the ventricular inlet and 
trabecular septum and contains precursors of the AV 
conduction system.

The primary fold borders on the inner curvature of the 
heart where it coalesces with the right side of the AV canal 
(Figure 1.2c). The lower part of the primary fold becomes a 
real septum by local condensation of the ventricular 
trabeculae combined with ballooning of the apices of both 
the LV and RV. Closure of the primary interventricular 
foramen between the RV and LV takes place by fusion of the 
inferior and superior atrioventricular cushions in combina-
tion with one of the outflow tract endocardial ridges that is 
connected to this superior cushion.

The role of the primary fold as progenitor of the main 
body of the ventricular septum deserves special attention. A 
proper septum is only established when a RV with the 
tricuspid valve and its orifice is formed. This has to be 
achieved during development and is important for forming 
the right ventricular inlet compartment. The right part of the 
AV canal with the adjoining part of the primary fold has to 
be transferred to the right side (for remodeling of the primary 
fold, see Figure 1.2c–e and Videoclip 1.2). Our opinion is 
that this is achieved by a widening in the dorsal wall of the 
ventricle adjacent to the primary fold. We have been able to 
support this developmental concept in a model for Mahaim 
conduction [65]. With growth of the initial minute inflow 
part of the RV, a new posterior wall of the right ventricle is 
formed. In this way, the RV consists eventually of three parts: 
the RV inlet, bordered by the remnants of the primary fold 
(trabecula septomarginalis and moderator band), the RV 
trabecular part (embryonic proximal ventricular outlet 
segment), and part of the distal ventricular outlet segment 
underneath the pulmonary orifice.

From an RV view, the ventricular septum is made up of 
three parts (Figure 1.7):
1 The inlet septum that is formed concurrently with 
expansion of the RV inflow.
2 This is separated from the trabecular part of the septum by 
the crista supraventricularis (composed of the continuum of 
the ventriculo-infundibular fold and the trabecula septomar-
ginalis and also contains the outlet septum; see Figures 1.7 
and 1.8), and the moderator band.
3 The muscular outflow tract “septum” or infundibulum 
derives its myocardium from the distal endocardial cushion-
lined outflow tract or conotruncal region (see below).

Consequences for abnormal development
Isolated or multiple muscular VSDs can result from noncom-
paction of the myocardial trabeculae. Several mouse models 
present an extensive spongy myocardium that show both 
myocardial and epicardial differentiation problems as a basis 
(see below).

Tricuspid valve and orifice abnormalities
Abnormal looping of the heart tube can lead to the tricuspid 
valve not being optimally brought above the RV, causing a 
spectrum of tricuspid atresia and hypoplasia, to straddling 
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tricuspid valve, and complete double inlet left ventricle. 
Severe deficient looping can also lead to double outlet right 
ventricle (DORV). In knockout mouse models with disturbed 
epicardial differentiation, the abnormalities result in abnor-
mal looping, for example, the mutant RxRα [66], Sp3 [67], 
Ets1/2 [68], and TGFβ2 [69] mice. It is also possible that pri-
mary myocardial problems can cause these abnormalities.

Most perimembranous VSDs and also the outflow tract 
malalignment defects are the result of abnormal outflow 
tract septation (see below).

We consider the AVSD anomaly to result from abnormal 
fusion of the DMP, the mesenchymal cap, and the AV cush-
ion mass [47,58].

Ventricular outflow tract septation
The myocardial contribution of the SHF, referred to as 
anterior [22] or secondary heart field [70], forms almost the 
complete RV. The relevance of neural crest cells [35] for 
outflow tract septation is still important but no longer 
unique, following studies of the 22q11 deletion syndrome in 
both patients and mouse models [38]. This complicated 
syndrome has a high incidence of outflow tract malformations, 
including aortic arch anomalies, persistent truncus arteriosus, 
and tetralogy of Fallot. Eventually, the transcription factor 
Tbx1 was found to be the crucial gene. This gene was not 
expressed in neural crest cells but in the mesoderm of the 
SHF. An intricate interaction between neural crest and SHF 
cells takes place and disturbed genes that are essential for 
either cell group can lead to outflow tract malformations.

We refer to the septation of the ventricular outflow tract 
as “separation” as in the normal heart the subpulmonary 
infundibular or muscular septum is mainly a free-standing 
sleeve of muscle in front of the vessel wall of the ascending 
aorta (Figure 1.8). Outflow tract separation has been 
described for the human embryo [71] and proved similar in 
animal species such as chick and mouse [64].

Outflow tract separation starts in the embryonic distal 
outflow tract that is lined by endocardial cushion tissue. This 
tissue consists of two opposing spiraling ridges. One ridge 
runs in a laterodorsal direction where it borders the myocar-
dium of the primary fold at the future site of the ventriculo-
infundibular fold in the full-grown heart. The other ridge 
runs ventroanterior to the myocardium of the primary fold 
as well as the superior atrioventricular cushion. This merg-
ing takes place in the bend of the inner curvature of the 
embryonic heart tube. The endocardial outflow tract ridges 
are the source of extensive nomenclature confusion. Some 
authors consider these ridges to consist of proximal or conal 
ridges (leading after septation to the conal septum) and dis-
tal or truncal ridges (leading to a truncal septum). Pexieder 
[72] clarified this nomenclature confusion. We indicated in a 
scanning electron micrograph both boundaries and ridges in 
their full length (Figure 1.8). It is practical to distinguish 
proximal and distal ridges, which are clearly visible as sepa-
rate structures in the chicken embryo but are more continu-
ous in humans and rodents (mouse and rat). The proximal 
ridges mainly form the muscular outflow tract septum 
whereas the distal ridge area is important for semilunar valve 
formation and the septation of the arterial orifice level.

Understanding outflow tract separation starts with 
acknowledging that the arterial orifice level indicated by the 
mesenchymal (vessel wall) joining the myocardial (outflow 
tract heart) boundary is not an oval or a circle in one plane 
but has a three-dimensional saddle shape (Figure 1.9). This 
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Figure 1.7 Schematic representation (a) and human specimen (b) 

demonstrating the elements of the ventricular septum after septation 

has been completed, as viewed from the right side. The ventricular inlet septum 

is below the tricuspid valve (TV) ostium, and separated from the primitive 

septum by the myocardial crista supraventricularis. The crista supraventricularis 

consists of the ventriculo-infundibular fold (VIF), the trabecula septomarginalis 

(TSM), and the outlet septum (asterisks) that in the normal heart cannot be 

distinguished as a separate structure. The TSM (that contains the right bundle 

branch) becomes continuous with the moderator band (MB). The membranous 

septum is part of the fibrous heart skeleton. Ao, aorta; PT, pulmonary 

trunk; RA, right atrium. (Copyright Leiden University Medical Center.)
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brings future aortic orifice more lateral and lower compared 
with the future pulmonary orifice. During normal looping, 
this orifice is brought even deeper into the heart, referred to 
as wedging of the aorta. We recently found (unpublished 
data) an asymmetric contribution of the SHF to the 
myocardium of the outflow tract. This Nkx2.5-expressing 
mesoderm differentiates into myocardium mainly confined 
to the subpulmonary region, explaining the relative growth 
of the subpulmonary outflow tract and the rotation to an 
anterior position with regard to the aortic orifice (see 
Videoclips 1.3 and 1.4). Molecular biologic experiments 
using retrospective clonal analysis [73] also showed a 
difference in subpulmonary and subaortic myocardium but 

did not link it to the asymmetric addition of SHF. This 
explains the known asymmetry in the outflow tract [74] for 
the human embryo. The final result is the well-known 
difference in position and plane of both arterial orifices.

The highest (most distal part) of the myocardium, always 
lined on the inside by endocardial cushion tissue, is positioned 
in the intersection between the sixth and fourth pharyngeal 
arch arteries. It is exactly at this site that the condensation of 
extracardiac mesenchyme takes place. The condensed 
mesenchyme extends two prongs that enter the endocardial 
cushions together differentiating into the aortopulmonary 
septum [64] that undergoes myocardialization. Our own 
chicken chimera studies and also the neural crest indicator 

Figure 1.8 (a) Scanning electron micrograph of a preseptation chicken heart showing the proximal (P) and distal (D) outflow tract ridges. The borderline 

between myocardium (lined on the inside by endocardial cushions) and arterial wall is indicated by arrows. The distal cushions remodel into semilunar 

valves. (b) Septation of the outflow tract is achieved by fusion of the outflow tract ridges and an ingrowth of condensed mesenchyme (CM), also called the 

aortopulmonary septum (APS). The APS extends two prongs into the ridges. (c) After septation of the outflow tract, a muscular subpulmonary infundibulum 

(inf) is formed, which separates the right ventricular outflow tract (RVOT) from the outside world and the aorta (Ao). In a normal heart, the actual outflow 

tract septum separating the left ventricular outflow tract (LVOT) and RVOT is minimal. (d) Depiction of the difference in length of the RVOT and the relative 

tilted position of the aortic and pulmonary orifice. LA, left atrium; LV, left ventricle; MB, moderator band; MV, mitral valve; PT, pulmonary trunk; P, prong 

of CM; RA, right atrium; RV, right ventricle; TSM, trabecula septomarginalis; TV, tricuspid valve; VIF, ventriculoinfundibular fold; IV, VI, pharyngeal arch 

arteries. (Copyright Leiden University Medical Center.)
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mouse show this condensed mesenchyme to be composed 
mainly of neural crest cells extending into the distal ridges 
and the semilunar valves and also the surrounding 
myocardium [75,76] (Figures 1.5 and 1.10). Staining for 
apoptosis reveals that most of the neural crest cells at this 

level have gone into apoptosis, which is particularly 
prominent during the stage of myocardialization of fused 
endocardial outflow tract ridges (Figure 1.5b). We postulate 
that this neural crest cell death program plays an active role 
in stimulating outflow tract myocardialization. This process 
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Figure 1.9 Concepts of outflow tract formation. (a) Early concept that assumed that the myocardium surrounding the aorta and pulmonary trunk was 

distributed symmetrically. Levels I–III indicate the supposed levels of separation, I being the great arteries, II the arterial orifices, and III the outflow tract. 

(b) In contrast, later work demonstrated that the myocardium in this area actually has a saddle shape, demonstrating the increase in length of the 

pulmonary trunk in respect to the aorta. The asterisk indicates the level of initiation of separation of the arterial pole. pulm aa, pulmonary arteries; 

V, ventricle. (Copyright Leiden University Medical Center.)

Figure 1.10 Section of the outflow tract of a 

chicken–quail cardiac neural crest chimera (stage 

HH 34). The quail cardiac neural crest cells (dark nuclei) 

fill almost completely the condensed mesenchyme of 

the aortopulmonary septum (APS). The semilunar valve 

leaflets (SEM) also show neural crest-derived cells. 

Ao, aorta; PT, pulmonary trunk. (Copyright Leiden 

University Medical Center.)
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is much less obvious at the distal valve level, where a lump 
of condensed mesenchyme persists and turns into a fibrous 
structure (conus tendon).

In completing normal outflow tract separation, the 
myocardial outflow tract “septum” has merged seamlessly 
with the ventriculo-infundibular fold and the trabecula 
septomarginalis. The lower rim borders upon the anterior 
tricuspid orifice and is called in normal hearts the crista 
supraventricularis. The final result is an RV outflow tract 
that is long and surrounded by myocardium whereas the LV 
outflow tract is short and only partly surrounded by 
myocardium. In the normal heart, only a small stretch of 
musculature can really be called a septum between both 
outflow tracts (Figure 1.8). This situation differs markedly 
from specimens with disturbed outflow tract septation.

Consequences for malformations

Tetralogy of Fallot, double outlet right ventricle, 
malalignment defects
The main events in cardiac outflow tract septation are 
linked to addition of SHF and neural crest cells and their 
interaction. As a consequence, malformations in outflow 
tract septation, a major cause for CHD, are linked to 
disturbances of genes that are crucial for the development 
of both cell populations. Tbx1 is primarily expressed in the 
SHF mesenchyme and not in neural crest cells. Hence the 
phenotype of this malformation is based on a misdirection 
of neural crest cell contribution based on an abnormal 
interaction with SHF cells. Patients with solely a Tbx1 
mutation have been reported to develop a 22q11 deletion 
phenotype [38].

van Mierop and Kutsche [77] suggested the possible 
impact of neural crest in outflow tract septation. Kirby et al. 
[78] were the first to show experimentally the link between 
outflow tract malformations and the neural crest. They 
ablated the neural crest in chicken embryos, ending up with 
a spectrum of outflow tract malformations ranging from a 
simple VSD to DORV and, in the extreme, a persistent 
truncus arteriosus (common arterial trunk).

Recent studies have refined this concept, adding specific 
SHF-expressed genes to the causes. Examples are semaphor-
ing [79], TGFβ [69], and Pax3 [80] mutant mice. We recently 
showed a role for VEGF isoforms in development of  tetralogy 
of Fallot in a VEGF120/120 mutant mouse [81]. There was 
selective apoptosis in the subpulmonary myocardium, which 
we know to have a distinct SHF-derived contribution that 
differs from the subaortic region.

Epigenetic or environmental factors also play a role, as we 
showed in embryos from maternal diabetic rats that presented 
with DORV and a too short outflow tract [82]. For the 
development of bicuspid aortic valve, some genes in patients 
have recently been described such as Notch1 [83] and Axin1 
linked to endoglin [84]. This draws attention to a possible 

role of hemodynamics and blood flow that has been 
neglected. Our studies of the chicken venous clip model 
showed the importance of alteration of blood flow for the 
development of a spectrum of outflow tract malformations, 
including semilunar valve abnormalities [85]. The eNOS 
(a shear stress responsive gene) mutant mouse showed 
development of a bicuspid aortic valve [86] after fusion of 
specific outflow tract endocardial cushions.

Transposition of the great arteries, including DORV with 
subpulmonary VSD (also termed the Taussig–Bing malfor-
mation), remains an enigma. Nakazawa and co-workers [87] 
showed that retinoic acid treatment of mouse embryos could 
lead to transposition of the great arteries. There seems to be 
a link to laterality problems during addition of SHF  mesoderm 
at the outflow tract. In animal models with transposition, 
the proximal outflow tract ridges had a straighter position. 
This fits nicely with the morphology of the heart in human 
infants with transposition in which there is not simply a 
reverse of the great arteries but also a straighter outflow tract 
septum [88].

Outflow tract septation is a very vulnerable process. 
Abnormalities can be evoked by all key players in this area – 
myocardium, endocardial cushion tissue, and neural crest.

Atrioventricular and semilunar valve formation
Both valve types differentiate from the endocardial cushion 
tissue lining the AV canal for AV valve formation and the 
distal outflow tract for semilunar valve formation. The main 
morphologic difference is that the AV valves are connected 
to the ventricular wall by chordae and papillary muscles, 
whereas the semilunar valves do not have a tension 
apparatus.

The endocardial cushion tissue itself is remodeled into 
valve leaflets [89,90]. The chordae are also derived from the 
endocardial cushion tissue and are not differentiated from 
the papillary muscles (Figure 1.11). The endocardial cushions 
are formed by contributions of several cell types derived 
from the endocardium and myocardium in which the process 
of endothelial to mesenchymal transformation is very 
important [91]. More recent data show the addition of 
epicardium-derived cells (EPDCs) to the AV cushion tissue 
[92] (Figure 1.11). Periostin has been described as an 
important regulator in AV valve development [93]. 
Differentiation of the AV valve leaflets has not attracted 
much attention. Oosthoek et al. [89] showed for the chicken, 
mouse, and the human embryo expression of a number of 
layered differentiation markers that differ on the atrial and 
the ventricular side.

Semilunar valve development [94] takes place at the distal 
part of the outflow tract ridges on the borderline of 
mesenchyme and myocardium. Reconstructions of the 
human embryo [64] showed that the orifice level does not 
lie in one plane but has a saddle shape with the future aortic 
orifice already more dorsolateral and caudal than the 
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pulmonary side. With septation of the outflow tract, the two 
main endocardial ridges are fused by the condensed 
mesenchyme of the aortopulmonary septum (Figure 1.8), so 
that four cushion masses can be distinguished, two in each 
orifice. To achieve three valve leaflets in each orifice, two 
intercalated cushion swellings are seen positioned on the far 
side of the facing valve cushions. In the aorta, the intercalated 
valve swelling develops into the noncoronary cusp. The two 
facing semilunar valve sinuses receive the main stems of the 
right and left coronary artery. For a proper attachment of the 
semilunar valve leaflets to the underlying myocardium and 
the above vessel wall, a collagen “ring” is formed [95].

Consequences for abnormal development

Atrioventricular valve abnormalities
Both in human CHD and in experimental animals, 
information is lacking on abnormal differentiation of the AV 
valve leaflets. There are reports of tricuspid valve insufficiency 
during fetal life which can lead to intrauterine death. 

Furthermore, polyvalvar disease seems to have a genetic 
background [96]. As the valves are delaminated from the 
underlying myocardium, ventricular septation abnormalities 
can also lead to abnormal attachments and formation of the 
tricuspid and mitral valve; examples are AVSDs, straddling 
tricuspid and mitral valves. Studies on AV valve differentiation 
[97,98] provided new information on normal and abnormal 
papillary formation, especially with regard to the subject of 
parachute mitral valve in which there is usually asymmetric 
formation of the mitral valve rather than a real parachute. 
Abnormal atrioventricular valve leaflets such as seen in 
Ebstein’s malformation are not easily explained from 
embryology but point towards incorrect undermining from 
the ventricular myocardium. The animal model using lithium 
treatment does not resolve the mechanism. Recently, the 
roles of EPDCs [99] and periostin [93] have been described. 
Transgenic mice (N-FATc [100] and Sox4 [101]) show specific 
expression in the endocardial cushion tissue. Knockouts 
show a spectrum ranging from absence to underdevelopment 

Figure 1.11 (a) The cardiac valves differentiate from the endocardial cushion tissue that is lining the AV canal for AV valve formation. AV valves are 

connected to the ventricular wall by chordae and papillary muscles. Both valve leaflets and the chordae are derived from endocardial cushion tissues that 

are remodeled from thick spongy structures into thin valve leaflets. The endocardial cushions are formed by contributions of several cell types derived from 

the endocardium (depicted as small circles) and myocardium. Epicardium-derived cells (EPDCs), depicted as star-shaped cells) also contribute to AV cushion 

formation. (b) These are derived from the epicardium and migrate towards the endocardium [arrows] once the myocardial continuity between atrium and 

ventricle has been disrupted by formation of the annulus fibrosis. Delamination of the valve occurs under the influence of the EPDCs, resulting in 

detachment of the endocardial cushion from the myocardial wall. A, atrium; AVS, AV sulcus; V, ventricle. (Copyright Leiden University Medical Center.)
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of the mitral and tricuspid valves and also of the semilunar 
valve leaflets. These models are embryolethal and have not 
been evaluated. We postulate that absence of AV valve 
leaflets in the human embryo leads to early intrauterine 
death, as we have not seen that abnormality in humans.

Semilunar valve abnormalities
Several processes described for the AV cushions are also 
pertinent for the endocardial outflow tract cushions that 
develop into semilunar valve leaflets, with deficiencies 
leading to absent or very hypoplastic aortic and pulmonary 
valves [102]. Absence of aortic leaflets is lethal for the human 
fetus whereas absence of pulmonary valve leaflets is 
compatible with term delivery.

Extracardiac cells migrate into the developing valves, 
as proven for the neural crest cell population [75]. The 
mechanism underlying the formation of commissures and 
the sites of formation still need elucidation. A recent publi-
cation on the development of the bicuspid aortic valve shows 
beautifully the difference between a genetic Syrian hamster 
model and the eNos knockout [103]. Finally, hemodynamic 
factors [85] may play a role.

Cardiac conduction system (CCS) development
The impulse from the sinoatrial node (SAN) is propagated 
via Bachman’s bundle to the left atrium, and via the inter-
nodal myocardium to the atrioventricular node (AVN). 
Although internodal tracts with specific histologic, immuno-
histochemical, and molecular characteristics [104–108] can be 
distinguished in the atria, their functionality is yet to be deter-
mined. The AVN is a compact cellular node, covered by 
 transitional cells [109,110]. From this node, the common 
bundle or  bundle of His supplies the ventricles (see Chapter 55).

During development of CCS, the sequence of activation 
changes from an immature base-to-apex activation pattern 
of the primary heart tube to a mature apex-to-base activation 
pattern, in accordance with the development of the His–
Purkinje system. Pre-excitation of the ventricles can still 
occur after septation due to persisting myocardial AV bridges 
across the AV junction [111]. Insulation of the atrial 
myocardium from the ventricular myocardium occurs by 
development of the annulus fibrosis, which begins by fusion 
of epicardial sulcus tissue with endocardial cushion tissue at 
the ventricular site of the AV junctional myocardium and 
moves the original AV myocardium to an atrial position [90]. 
For this process, correct ingrowth of EPDCs is mandatory 
[112]. EPDCs produce in the AV annulus the extracellular 
matrix molecule periostin that is involved in fibrosis of the 
myocardium of the AV canal [112]. Fibrosis of the annulus 
however remains incomplete until late fetal stages [111].

In the developing and the adult heart, myocardium of the 
(putative) CCS can be distinguished from the surrounding 
working myocardium, based on histologic characteristics, and 

also by the expression patterns of several immunohistologic 
and molecular markers [113]. Multiple genes, cells, and their 
interactions are involved. Furthermore, the developing CCS 
seems to be much more extensive than in the adult CCS. 
After looping of the heart has started, several transitional zones 
(Figure 1.2b–e) can be distinguished from the surrounding 
working myocardium [104,106,107,114]. These transitional 
zones are the sinoatrial transition comprising the sinus 
venosus segment connecting to the primitive atrium, the 
atrioventricular transition or primitive AV canal between the 
primitive atrium and primitive left ventricle, the primary fold 
that separates the primitive left ventricle from the primitive 
right ventricle, and the ventriculoarterial transition at the 
junction of the primitive right ventricle with the truncus 
arteriosus or putative outflow tract of the heart (Figure 1.2). 
The so-called “ring theory” hypothesizes that these transitional 
zones contribute to elements of the CCS [114].

Due to further looping of the primitive heart tube, the 
zones meet in the inner curvature of the heart where they 
contribute to AVN formation. During development, part of 
this embryonic myocardium differentiates into working 
myocardium. The transcription factors Tbx2/3 function as 
transcriptional repressors of this chamber formation process 
[108,115], whereas Tbx5 is required for maturation and dif-
ferentiation of the CCS [116]. The latter transcription factor 
is also involved in molecular pathways for CCS specification, 
which includes the inhibitor of DNA-binding Id2 [117]. 
Parts of the zones that do not differentiate into working 
myocardium form elements of the mature cardiac conduc-
tion system (Figure 1.2).

As explained above, the first heart field contributes to the 
primary heart tube that includes the primitive AV canal. 
The myocardium at the venous pole of the heart, the sinus 
venosus, that includes the SAN, is incorporated later to the 
heart from the PHF [17,24]. This venous myocardium is 
characterized by the expression of several markers, includ-
ing podoplanin [24] linked to RhoA [31], Shox2 [49,118], 
Tbx18 [119], and the functional marker HCN4 [50], and by 
a lack of expression of the transcription factor Nkx2.5 
[24,48].

A transient left-sided SAN precedes the formation of the 
definitive right-sided SAN [31], making the complete 
embryonic sinus venosus myocardium a potential pacemak-
ing area.

Whether the SHF also contributes to the elements of the 
AVN is debatable. Although a contribution from the SHF has 
been suggested [120], the compact part of the AVN appears 
to come from the primitive AV canal (first heart field derived), 
except from the lower part that is derived from the primary 
fold [121]. However, the origin of the atrial septal compo-
nent of the AV conduction axis and of the transitional cells 
still needs to be elucidated. In addition to a direct contribu-
tion, an interaction between the tissues from the different 
transitional zones may also contribute to CCS formation as a 
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result of induction. Generally, based on histologic studies, 
the transitional cells are regarded as an atrial or sinus 
 venosus contribution to the AVN [109,110]. The His bundle 
and bundle branches are most likely derived from the myo-
cardium of the primary fold that undergoes extensive 
remodeling during development (see Videoclip 1.2). The 
newly incorporated SHF-derived myocardium forms the 
right ventricular inflow tract with expansion of the primary 
fold tissue, after which the medial part of the ventricular 
septum consists of the trabecula marginalis, containing the 
right bundle branch, which remains continuous with the 
moderator band that runs to the lateral right ventricular 
wall. The peripheral Purkinje fibers develop from differenti-
ating ventricular  cardiomyocytes [122] in close association 
with both the coronary arteries and EPDCs [92,122,123]. 
In the chick, EPDCs are important for inducing Purkinje 
fiber formation [124].

Neural crest cells also reach the venous pole of the heart, 
where they probably play an inducing role in CCS formation 
and maturation [34,37].

Consequences of abnormal development 
in relation to arrhythmias
Clinical arrhythmias are related to anatomic predilection 
sites and many of these ectopic pacemaker foci are 
preferentially encountered in specific parts of the right and 
left atrium that are related to the sinus venosus. These 
include the crista terminalis [125,126], the adult counterpart 
of the embryonic right venous valve, being related to 
initiating/perpetuating atrial flutter. The myocardium of the 
caval veins [127] and coronary sinus [128] are clinically 
known to initiate arrhythmias. In the left atrium, atrial 
fibrillation has been attributed to arrhythmogenic foci that 
originate from the pulmonary veins [129]. The sinus venosus 
myocardium, which includes the myocardium surrounding 
the caval and pulmonary veins, is derived from the SHF, and 
is characterized by specific gene expression patterns including 
absence of Nkx2.5 expression [24,48]. During development, 
the sinus venosus myocardium largely differentiates towards 
a chamber phenotype and acquires expression of Nkx2.5, 
but loses some of the characteristic early conduction system 
markers such as Tbx18, CCSLacZ, and Shox2 [113]. Failure 
of this chamber differentiation, and also re-expression of the 
embryonic phenotype, may explain the occurrence of clinical 
arrhythmias originating specifically in these areas.

AV re-entrant tachycardias are based on accessory 
myocardial bundles connecting atrial and ventricular tissue, 
thus bypassing the insulating function of the AV groove. The 
best known is the bundle of Kent, present in Wolff–Parkinson–
White (WPW) syndrome [130]. As described above, accessory 
AV myocardial continuities may persist in the embryo until 
late stages [111]. Insulation of the annulus fibrosis requires 
EPDCs. In animal models in which the epicardial outgrowth 
is inhibited, accessory connections causing ventricular pre-

excitation, as in WPW syndrome, are observed. Valvar 
anomalies such as Ebstein-like malformations due to non-
delamination of valves are also part of the phenotype of 
epicardial deficiency in avian models [99], perhaps explaining 
the frequent association of Ebstein’s anomaly of the tricuspid 
valve and WPW syndrome [131]. A special form of re-entrant 
tachycardia is Mahaim tachycardia, during which antidromic 
re-entrant tachycardia occurs over an accessory bundle with 
AV node-like conduction properties [65]. Arrhythmias 
originating in the right ventricular outflow tract can be 
related to the ventriculoarterial transition and studies on the 
role of Tbx2 mutations are ongoing [115].

Whether disturbed migration and subsequent apoptosis of 
neural crest can be linked to human rhythm problems is 
uncertain. After neural crest ablation in chick embryos, there 
is a lack of differentiation of a compact lamellar organization 
by the His bundle and of (electrical) isolation from the 
 working myocardium, and also failure of the conduction 
 system to convert to a mature apex-to-base activation pattern 
[36]. Genes with differentiation abnormalities of the SHF-
derived cardiac conduction system have been described but a 
link to human malformations has not been made with the 
exception of Nkx2.5 [56] and Tbx5 [117] mutations. Muta-
tions in both genes cause ASDs and conduction disorders, 
explained by deficient contributions from the SHF, since both 
the atrial septum and elements of the CCS are SHF derived.

Development of the epicardium 
and the coronary vasculature
The epicardial epithelium growing out from the proepicardial 
organ serves as a covering layer of the myocardium. This 
epithelium differentiates into epicardium-derived cells 
(EPDCs) entering the subepicardial space and migrating into 
the myocardial wall where they differentiate further into the 
cardiac fibroblasts (also forming the annulus fibrosis) and 
the smooth muscle cells of the coronary vessels [39,132].

The coronary vasculature is the last part in the developing 
embryonic heart that is essential for its survival as a beating 
pump. It provides nutrients to the cardiac wall which cannot 
survive solely on diffusion from the cardiac lumen. In a nor-
mal human embryo at about 6 weeks of development, the 
coronary arteries contact the two facing semilunar sinuses of 
the aorta (the right and left sinus of Valsalva) [133,134].

The development of the coronary endothelial network 
takes place within the confinement of the subepicardial 
covering of the heart (see Figure 1.12) adjacent to the liver 
primordium. The microvasculature originates from the sinus 
venosus endothelial lining where it runs through the liver 
and enters the subepicardial space [135,136]. Patterning of 
the main branches of the coronary arteries is largely guided 
by the underlying AV sulcus (derived from EPDCs) and the 
position of the interventricular septum, even when 
abnormally positioned. Development of a peri-truncal 
microvascular network that remodels into arteries and veins 
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precedes the differentiation of these main branches [137]. 
The variation in the main branching pattern at the orifice 
level seems related to the shortest distance to the area that 
has to be perfused and might, therefore, depend on hypoxia-
dependent gene expression.

The coronary venous drainage is through the large veins 
accompanying the major coronary arteries and ending in the 
coronary sinus. A number of small anterior veins enter the 
anterior part of the right atrium. The development of this 
system has been followed in both chicken–quail chimeras 
and transgenic mice. In studying the human embryo, we 
have been unable to find an extensive Thebesian network 
connecting the ventricular lumen to the coronary veins. 
There is evidence, however, of an extensive arteriovenous 
collateral network. The coronary veins have a myocardial 
media at their connection to the atria and only more distally 
is this replaced by a vascular wall containing smooth muscle 
cells [138].

Consequences for malformations

Cardiomyopathies
The EPDCs that enter the myocardium are essential for the 
development of the compact myocardial layer. Inhibition of 
epicardial outgrowth [139] or disturbance of the differentia-
tion of the PHF and epicardium results in a very thin myo-
cardium. This lack of myocardial differentiation could be the 
origin of cardiomyopathies such as noncompaction cardio-
myopathy [39]. The important role of the epicardium for 
myocardial differentiation has also resulted in the use of 
EPDCs as cell therapy to ameliorate cardiac function after 
myocardial infarction [140].

Coronary vascular abnormalities
The coronary arteries grow into the aortic wall, and do not 
sprout from it (Figure 1.12). Why normally the two facing 
sinuses of the aorta harbor a coronary artery, leaving the 
nonfacing (noncoronary cusp) and the pulmonary sinuses 
empty, remains elusive. We postulate that the unequal 
contributions of the SHF to the aortic and pulmonary 
segments of the early aortic sac designates this pattern and 
depends in part on Tbx1. The interaction with the neural 
crest is shown after its ablation in the chick embryo. In 
persistent truncus arteriosus, the coronary arteries enter 
only the aortic side of the orifice [141]. For humans, this was 
confirmed in a pathomorphologic study [142].

An explanation for coronary fistulas, more common in the 
right ventricular wall, combined with diseased coronary 
arteries is incompletely understood. EPDCs are necessary for 
correct ingrowth of the coronary arteries into the aorta 
[68,143] and studies demonstrate transient connections 
between endocardium and coronary microvasculature through 
lacunas in the ventricular myocardium. If these connections 
persist, fistulas could develop. In fetal life, large fistulas are a 

primary abnormality, leading secondarily to atresia of the 
pulmonary orifice [144,145]. Hypoplasia of the coronary 
artery wall and the plasticity of coronary vessels is influenced 
by growth factors such as VEGF [146] and PDGF [147].

Development of the aortic arch system 
and pulmonary arteries
The aortic arch and its branches develop from an 
essentially bilaterally symmetric pharyngeal arch artery 
system. In the human embryo this is remodeled into a left 
aortic arch and prenatally a left ductus arteriosus 
(Figure 1.13). The first and second pairs of arch arteries 
are transformed into craniofacial arteries whereas the 
third pair provides the common stem of the carotid 
arteries. The fourth and sixth pairs (the fifth pair does not 
appear in most mammals) develop asymmetrically. The 
left fourth pharyngeal arch artery persists as the aortic 
arch, whereas the right fourth forms a small segment of 
the subclavian artery. The sixth pair forms a transient 
connection on both sides between the pulmonary trunk 
and the descending aorta. On the right side, the distal part 
of the sixth pair disappears early, leaving the left one to 
persist as the ductus arteriosus until birth. In human 
embryos, the pulmonary arteries might contact the aortic 
sac directly and are never inserted into the sixth arch 
artery. The right and left subclavian arteries have to move 
cranially from the seventh intersegmental level to the 
aortic arch. During normal development, the early left 

Figure 1.12 (a) Cytokeratin whole mount staining of the epicardium (EP) 

of a quail heart (stage HH 24). The epicardium grows out from the 

epicardial organ at the sinus venosus and covers the outer part of the 

outflow tract (OT) and the right ventricle (RV). (b) Schematic view of the 

coronary vascular network (CVN) at the peritruncal area underlying the 

epicardium. This network grows at a quail stage HH 32 into the aorta (two 

lumenized sprouts, asterisks) and into the anterior part (arrows) of the 

right atrium (RA). Ao, aorta; PT, pulmonary trunk; V, ventricle. (Copyright 

Leiden University Medical Center.)
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subclavian artery crosses over the ductus arteriosus 
entrance, thereby creating the isthmus.

The study of the pharyngeal system in the chicken and 
mouse shows the significance of several tissues in this region, 
including the neural crest, the anterior heart field, and even 
the foregut endoderm. The latter is involved in molecular 
signaling but not in cellular contributions. The significance of 
the cardiac neural crest, positioned between the otic placode 
and the third somite level, is evident as ablations of this 
rhombencephalic crest in chicken embryos result in 
abnormalities of the third, fourth, and sixth pharyngeal arch 
arteries and also the outflow tract of the heart. The neural 
crest migrates through the circumpharyngeal region and is 
influenced by signals from the foregut, including the sonic 
hedgehog and Tbx1 pathways. Next, the neural crest joins 
the anterior SHF area ventrally to the foregut and makes 
differentiation of the pharyngeal arches and the enclosed 
arteries even more complicated. The smooth muscle cells of 
the root of the ascending aorta and the pulmonary trunk 
derive from the anterior SHF [23], whereas the medial 
smooth muscle cells of the arteries come from the cardiac 
neural crest [148], as is true for the fibroblasts of the 
adventitia and for the surrounding ganglia. Vessels not 
populated by neural crest cells include the subclavian arteries, 

the distal and intrapulmonary arteries, and the coronary 
arteries. The data from chicken and mouse studies cannot be 
simply transferred to the human embryo as reliable markers 
for the various vessels and the outflow tract are lacking. Note 
that the mouse embryo lacks the human isthmus section 
located between the left subclavian artery and the entrance 
of the ductus arteriosus (in later life a ligament).

Consequences for abnormalities

Aortic arch abnormalities
Abnormalities of the aortic arch system, including those 
encompassed in the 22q11 deletion syndrome (DiGeorge 
syndrome), show a phenotype that is paramount in certain 
parts of the fourth arch derived segment and also the ductus 
arteriosus/left pulmonary artery connection, which is sixth 
arch derived. The problem is mainly right sided and is 
probably related to the right-sided dominance of the anterior 
heart field-related expansion of the pulmonary trunk 
compared with the aortic root. The disappearance of vessel 
segments is accompanied by increased local apoptosis 
programs [149] that are at least partly governed by sonic 
hedgehog signaling. The postulation that hemodynamics 
[5,7,8] influence normal arch artery development is gaining 

Figure 1.13 (a) Schematic view of the remodeling thoracic arterial vasculature, from an almost symmetric system with a number of pharyngeal arch 

arteries (depicted are III, IV, and VI) to a left aortic arch. Dashed lines represent regressing vessels. α and β indicate the aortic segments proximal and distal 

to the left subclavian artery. (b and c) After the left subclavian artery (LSA) has migrated into its proper position the aortic arch has an isthmus (IST) and a 

segment B (vulnerable in the 22q11 deletion syndrome). AAo, ascending aorta; DA, ductus arteriosus; DESAo, descending aorta; LCA, left carotid artery; 

LDAo, left dorsal aorta; PA pulmonary artery; PT pulmonary trunk; RCA, right carotid artery; RDAo, right dorsal aorta; RSA, right subclavian artery. 

(Copyright Leiden University Medical Center).
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importance, particularly for hypoplasia and coarctation 
[150]. Shear stress-induced genes include Kruppel-like 
factor (KLF2), TGFβ and endothelin-1 [151]. The downstream 
mechanism is complicated, as shown by malformations 
including DORV, VSD, aortic arch malformations, and 
abnormal semilunar valves caused by rerouting the venous 
return in chicken embryos.

The relatively common coarctation of the aorta, localized 
on the border of the ductus arteriosus and the aortic arch, 
cannot be explained from a mouse model as this segment is 
missing. Interruption, hypoplasia, and local coarctation of 
the isthmus seem best explained by hemodynamic factors 
related to left ventricular outflow tract obstruction.
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Introduction

Cardiovascular disease in the young comprises varied 
 phenotypes, including cardiovascular malformations (CVMs), 
cardiac arrhythmias, cardiomyopathies, and vasculopathies. 
In the past two decades, there has been an explosion of 
relevant genomic/genetic information. In this edition, 
progress in understanding the genetic origins of specific 
cardiac disease phenotypes is provided in each chapter. 
Although cardiovascular genetics is still in an early phase of 
gene discovery, genetic testing of embryos, fetuses, children, 
and adults is expanding rapidly in both research and clinical 
settings, and Chapter 13 addresses the challenge and cur-
rent utility of genetic testing. However, despite progress in 
the genetics of cardiovascular disease in the young, cause is 
still unknown in most anomalies. Because the genetic ori-
gins of cardiac arrhythmias (Chapter 55), cardiomyopathies 
(Chapter 58), and vasculopathies (Chapter 67) are dealt 
with in other chapters, the emphasis here will be on genetic 
etiology of CVMs.

CVMs are the most common birth defects, with an 
estimated incidence of 5–10 per 100 live births [1] and 
20 per 100 abortuses [2]. Although there have been 
tremendous advances in the medical and surgical care of 
infants and children with CVMs [3], CVMs remain a major 
cause of fetal loss, infant death, and childhood morbidity 
[4,5]. Healthcare providers have long had an interest in 
elucidating the cause of CVMs, and for many families with 
an affected child, the cause of their child’s heart disease 
remains an important question. Based on the increased 
availability of genomic/genetic information in the past 
decade (Table 2.1), an increasing role of genetics in the 
diagnostic approaches, therapeutic strategies, and outcomes 
of assessments of cardiovascular disease in the young can 
be expected.

What is the incidence of CVMs?

An estimate of 4–10 liveborn infants per 1000, 40% being 
diagnosed in the first year of life, is often cited as the preva-
lence of CVMs [2,5]. The true prevalence, however, may 
be much higher. For example, bicuspid aortic valve (BAV), 
the most common CVM, occurring in 10–20 per 1000 in the 
general population, is usually excluded from this estimate. 
When isolated aneurysms of the atrial septum and persistent 
left superior vena cava, each occurring in 5–10 per 1000 live 
births, are considered, the incidence of CVMs approaches 50 
per 1000 live births. The incidence of ventricular septal 
defect (VSD) has also been demonstrated to be as high as 5% 
in two independent Israeli cohorts of 5000 serial newborns 
and 5000 serially studied premature infants [1]. In the light 
of these considerations, an incidence of CVMs of 50 per 1000 
live births is a conservative estimate.

Cause of CVMs: understanding 
in the pregenomic era

Although early epidemiologic studies recognized environ-
mental teratogens, such as rubella and thalidomide, as risk 
factors for CVMs, in the Baltimore- Washington Infant Study 
[6], the risk factor identified most often was a positive family 
history, suggesting a significant genetic component. Numer-
ous examples of increased CVM risk in family members of 
affected individuals support a genetic cause of CVMs [7], as 
does the association of CVMs and other birth defects with 
chromosomal abnormalities [1]. At present, the cause of 
most CVMs remains unknown, however. Although only 
∼15% of all CVMs can currently be attributed to genetic 
causes [8], increasing evidence suggests that most if not all 
CVMs have a genetic component [9,10].
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Cause of CVMs: understanding in the 
postgenomic era

The primary challenge in identifying additional genetic 
causes of CVMs may be the approach to discovery. Despite 
the relative rarity of CVMs that exhibit Mendelian inherit-
ance patterns (single gene), molecular and cytogenetic studies 
have used family- based linkage analysis to identify a handful 
of CVM- causing genes (reviewed in [1]). These studies have 
demonstrated variable expressivity, reduced penetrance, 
and genetic heterogeneity (Figure 2.1), confirming that most 
CVMs are the result of complex inheritance. Complex 
inheritance occurs when multiple genes contribute to the 
phenotype, and different combinations of genetic variants 
may result in variable expressivity based on gene–gene inter-
actions or gene–environment interactions. From develop-
mental biology (Chapter 1), it is clear that cardiogenesis 
results from multiple tightly regulated processes, and dys-
regulation of any of these processes can result in CVMs [11]. 
Taken together, a mixture of genetic and environmental or 

epigenetic insults may result in CVMs, and identifying these 
combinations is challenging.

The presence of multiple genes and interactions between 
genes and the environment does not preclude the ability to 
identify genes associated with CVMs; however, complex 
inheritance must be considered if researchers are to continue 
to define the genetic underpinnings of CVMs and other 
forms of cardiovascular disease in the young. This approach 
requires careful phenotype definition, estimation of genetic 
effects, recruiting strategy, and integrated statistical methods. 
In the sections that follow, our goal is to provide an overview 
of these study design considerations.

Definition of the phenotype

Genetic studies have shown that the clinical taxonomy (the 
clinical phenotypes used by anatomists, cardiologists, and 
surgeons) does not precisely align with the emerging genetic 
taxonomy. For example, there is not a tetralogy of Fallot 
gene or an atrial septal defect gene, as both conditions exhibit 

Table 2.1 Web sites with genomic/genetic information.

Source  Web site  Description

National Center for Biotechnology Information http://www.ncbi.nlm.nih.gov/ Provides access to biomedical and genomic information

Online Mendelian Inheritance in Man (OMIM) http://www.ncbi.nlm.nih.gov/omim/ Compendium of human genes and genetic phenotypes

Genetests http://www.genetests.org/ Listing of US and international laboratories offering genetic 

testing

HapMap http://www.hapmap.org Characterization of common variation across major racial 

groups

1000 Genomes Project  http:// www.1000genomes.org  Sequence level genetic variation

Figure 2.1 Phenomena frequently observed 

in genetic studies of cardiovascular disease in 

the young. Genetic heterogeneity, variable 

expressivity, and reduced penetrance are 

defined.
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considerable genetic heterogeneity (Table 2.2). Further, indi-
viduals within a family harboring the same mutation may 
exhibit distinct phenotypes (i.e., variable expressivity) that 
cross the clinical taxonomy boundaries. Therefore, the first 
step of any human genetic research study is to define the 
phenotype precisely. Studies using too broad or too narrow 
a phenotype definition may fail either to find association 
with an existing genetic variant or to identify a pathologic 
variant. Hence definition of the phenotype most aligned 
with the underlying genetic etiology is essential for success-
fully identifying causative genetic variants.

Clinically, CVMs have clearly defined phenotypes and 
individual lesions are classified based on anatomy (e.g., atrial 

septal defect), physiology (e.g., left to right shunt defects), 
and embryology (e.g., endocardial cushion defects), with 
echocardiography being the gold standard for diagnosis. 
Although these approaches to classification have been useful, 
there is substantial phenotypic heterogeneity in clinically 
defined CVMs. For example, ventricular septal defect (VSD) 
is further classified into four types: conoseptal, conoven-
tricular, muscular, and inlet (Figure 2.2). Evidence is accu-
mulating that each VSD type has a distinct genetic basis and 
different developmental origins. Specifically, some conoven-
tricular VSDs are associated with 22q11 deletion syndrome, 
whereas inlet VSDs are often associated with trisomy 21. 
Further, the second heart field and neural crest programs are 
expected to contribute to conoseptal and conoventricular 
septation but not inlet or muscular septation. In addition, in 
complex CVMs such as tetralogy of Fallot, defined by pulmo-
nary stenosis, overriding aorta, and VSD, specific phenotypic 
details distinguish subtypes. For example, tetralogy of Fallot 
phenotype heterogeneity may be subclassified into variants 
involving aortic arch specification, pulmonary valve anatomy, 
and noncardiac malformations (Figure 2.2).

Recent advances in cardiac developmental biology have 
revealed new complexity in the genetic regulation of heart 
morphogenesis and may help explain CVM phenotypic 
heterogeneity. The cardiovascular system is the first to func-
tion in the embryo, and viability depends on the successful 
establishment of this organ system (Chapter 1). The cardiac 
crescent including the lateral plate mesoderm is a major 
source of cardiac progenitor cells; however, there are other 
extracardiac precursors derived from the second heart field, 

Table 2.2 Single gene and cytogenetic abnormalities for ASD and TOF.

Defect
 

Secundum atrial 
septal defect  

Tetralogy 
of Fallot

Single gene defects EVC/EVC2 FOG2

GATA4 JAG1

MYH6 NKX2.5

NKX2.5 PTPN11

PTPN11 TBX5

TBX5

ZIC3

Cytogenetic defects Trisomy 21 Trisomy 21

  Del22q11  Del22q11

Figure 2.2 Phenotype variability. The clinical taxonomy names lesions implying specificity; however, there is significant variability in phenotypic detail. 

For example, ventricular septal defects may be classified as conoseptal, conoventricular, muscular, or inlet (a). In addition, complex lesions such as tetralogy 

of Fallot may have anatomic features that distinguish them from the group at large, for example, right aortic arch (b). These distinctions have significant 

implications when considering genetic etiology and the contribution of specific molecular cardiac developmental pathways. (Modified from Geva T, Powell 

A. Pediatric Heart Disease. In: Edelman R, ed. In Clinical Magnetic Resonance Imaging, 3rd edition. Elsevier, 2005: 1050–1059. With permission.)
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cardiac neural crest, and pro- epicardium which migrate into 
the heart and contribute to its development. Differentiation 
of the progenitor cells results in spatially and temporally 
organized lineages, including muscle, conduction system, 
coronary vessels, and cardiac valves. The linear heart tube 
then loops, develops endocardial cushions, which ultimately 
contribute to valve structures, and forms chambers. Further, 
epigenetic factors, such as blood flow perturbations, that 
occur after primary cardiac morphogenesis but before birth 
may significantly affect and modify the ultimate phenotype 
[12]. Thus, CVMs result from complex interaction between 
multiple developmental factors, which may not be captured 
by the clinical nomenclature of CVMs.

Phenotypic heterogeneity may also affect the ability to 
detect genes and the underlying etiology of CVMs. Thus, 
although there are clinical definitions of specific phenotypes 
that are essential for establishing a diagnosis and designing a 
surgical treatment strategy, these definitions do not address 
etiology and may not be sufficient for genetic discovery. The 
insights gained by human genetic and molecular biology 
studies must be reconciled with the established clinical tax-
onomy to provide the most precise classification scheme for 
CVM. Elucidating the genetic basis of CVMs will result in a 
meaningful classification system that integrates the molecular 
basis of cardiac development with the clinical phenotype.

Evidence of genetic origins

Before conducting any gene discovery study, it is important 
to establish that there is a genetic basis. Researchers have 
long noted that CVM risk is increased in family members of 
affected individuals, suggesting a genetic basis [10,13]. 
However, given the variation in phenotype determination 
and the phenotypic variability of CVM, it is not surprising 
that there are also many reports of anomalies with no known 
family history [14,15]. Thus, statistical evidence of an 
increased occurrence of a specific CVM in family members of 
affected individuals compared with the general population is 
needed. There are two main quantitative measures of familial 
risk, recurrence risk and heritability.

Recurrence risk of a specific phenotype (e.g., atrial septal 
defect) or group of phenotypes (e.g., CVM) measures the 
proportion of the proband’s relatives (usually defined as 
degree or relationship type) who are affected. CVM recur-
rence risk in siblings varies greatly, ranging from 0.5 to 22% 
[10,14,16–18]. One possible reason for the marked differ-
ences is that these estimates are specific to the study cohort 
and are influenced by study design (phenotype definition, 
ascertainment bias). Nonetheless, these studies demonstrate 
several interesting findings. First, there is approximately a 
doubling of recurrence risk on expanding the phenotype to 
include siblings with any type of CVM as compared with 
complete concordance [14,18]. This demonstrates significant 

phenotypic heterogeneity with risk of one type of CVM 
increasing relatives’ risk of a different CVM. Second, the 
method of evaluating relatives is important; recurrence risk 
estimates are higher when individuals are phenotyped with 
echocardiography as compared with interview [14,16,17]. 
Third, the definition of CVMs can influence the estimates. 
For example, the definition of a CVM often excludes sub-
clinical or nonpediatric diagnoses, such as BAV, mitral valve 
prolapse, and left superior vena cava. Exclusion of these 
common CVMs results in lower recurrence estimates [14]. 
Recurrence risk studies support phenotypic heterogeneity 
and demonstrate a strong genetic component to CVMs.

Heritability estimates the proportion of a trait attributable 
to genetics. CVM heritability estimates are high, ranging 
from 49 to 95% [19,20]. Like recurrence risk, heritability 
is population specific and dependent on phenotyping. 
Importantly, some of the lower heritability estimates were 
based on self- reported phenotypes [18], compared with 
studies clinically examining all relatives [20]. Heritability 
was also lower when probands were defined broadly (e.g., 
ascertained groups of CVMs) [19,21] as compared with a 
specific CVM phenotype [14,15,22]. Taken together, these 
studies support the recurrence risk finding that there is a 
strong genetic basis to CVMs.

Study design for CVM gene discovery

Once the phenotype has been defined and a genetic compo-
nent established, the next decision is which study design to 
use. Human genetic discovery research is challenging given 
the long lifespan, complex genetic background, and variable 
environmental exposures. Appropriate study design, however, 
helps minimize confounding. Factors that should be consid-
ered include prevalence and the timing of milestone events.

Prevalence is an estimate of how common a condition is 
within a population (the number of diseased individuals/
population size) and is a critical variable in genetic studies. 
Rare traits (prevalence <5%) have specific implications for 
study design. Although CVMs are the most common con-
genital malformation, it is a rare trait as only 5% of live births 
have CVMs [1]. Further, specific CVM phenotypes are even 
more rare and occur in <1% of live births [5]. Phenotypes 
that have a relatively high prevalence, such as obesity (occur-
ring in >30% of the adult population), allow random selec-
tion of individuals from the population resulting in a large 
number of affected individuals. In contrast, for rare traits 
such as CVMs, large samples are necessary to obtain a modest 
number of patients. As a result, researchers often use nonran-
dom sampling, such as the case– control strategy.

Another factor to consider when designing a study is the 
timing of events. Age of disease onset influences potential 
misclassification of phenotype. Diseases with a late age of 
onset, such as mitral valve prolapse [23], potentially describe 
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individuals as “normal” or “unaffected” when they are actually 
affected. Additionally, diseases with late age of onset may 
be difficult to study using family- based data because few 
evaluated individuals may be affected. Conversely, CVMs 
unequivocally determined in utero should have minimal clas-
sification error. Age of death may bias the sample because only 
those who survive until sampled are included. Given the 
substantial mortality with some forms of CVMs, researchers 
must recognize this potential bias. Indeed, CVMs are 
 responsible for a significant proportion of pre-  and postnatal 
loss, with 20% of abortuses having a CVM [2]. For example, 
hypoplastic left heart syndrome (HLHS) is uniformly fatal 
without intervention in the newborn period. Because surgi-
cal palliation for HLHS has only been used for the past 25–30 
years and interstage mortality continues to be significant 
(Chapter 38), identifying multiplex families may be difficult 
because individuals with HLHS might not have been recog-
nized and have only survived to childbearing recently.

The next step is to determine the appropriate sampling 
strategy, family or population based, as sampling design 
affects the hypotheses that can be tested. There are two main 
questions in gene discovery: (1) are there genetic differences 
between affected and unaffected individuals, and (2) do 
genetic variants segregate with disease in families? The first 
question can be answered using family-  or population- based 
data; however, the second question can only be tested using 
family- based information.

Family sampling may include trios (proband and parents), 
nuclear families (first- degree relatives, i.e., parents and sib-
lings), or extended families (multiple generations). For rare 
traits such as CVMs, families are ascertained by a proband. 
Familial sampling depends on the inheritance pattern. A low 
recurrence risk means that a large number of family mem-
bers must be sampled to find affected individuals. For CVMs 
with a modest to high recurrence risk, sequential sampling is 
effective [15]. In this approach, phenotypic information is 
collected on all first- degree relatives. If another affected indi-
vidual is identified within the family, then all of that person’s 
first- degree relatives are phenotyped. Sequential sampling is 
superior to traditional extended family sampling because it 
focuses on informative arms of the family.

Because CVMs are rare traits, the classic population- based 
sampling strategy is case–control. In this approach, the 
researcher recruits individuals with disease (cases) and unre-
lated individuals without disease (controls). Although this 
approach appears simple, the challenge is to ensure that the 
controls come from the same population as the cases and 
that controls are definitively unaffected. Differences between 
cases and controls can result in spurious associations. For 
example, in BAV, the male to female ratio is ∼3:1. Thus, in a 
sample of BAV cases there would be more males than in a 
random sampling of the general population (male to female 
ratio ∼1:1). For a case–control study of BAV, researchers 
should ensure that the case and control populations have 

similar proportions of males to minimize false associations. 
Further, ensuring that the controls do not have BAV requires 
echocardiographic assessment.

Methods for genotyping

Completion of the Human Genome Project made it clear that 
genetic variation is common and occurs on many different 
scales, ranging from gross karyotype alterations to single 
nucleotide changes [24,25]. The most common markers for 
population-  and family- based studies are simple sequence 
tandem repeats (SSTRs, microsatellites) and point changes 
in nucleotides (single nucleotide polymorphisms, SNPs) 
(Figure 2.3). SSTRs are useful genetic markers because they 
tend to be highly polymorphic and therefore segregation of 
alleles can be traced in families. Current SSTR linkage maps 
contain approximately 400 markers. Limitations with SSTRs 
include a relatively high error rate compared with SNPs and 
lower density. On the other hand, there are over 3 million 
SNPs in the genome [26], creating data management and 
computational challenges. Current SNP linkage panels uti-
lize only a fraction of those available (approximately 5000). 
Although less polymorphic than SSTRs, the number of SNPs 
available means that the information content can surpass 
that of SSTRs [27]. Further, the genotyping error rate is 
much lower in SNPs [28]. Cost and ease of automation have 
made SNPs the current preference [27].

Statistical approaches to gene discovery

There are two main statistical approaches to gene discovery, 
linkage and association. Linkage analysis tests to determine 
whether a variant segregates with disease in families, 
whereas association analysis determines whether a genetic 
variant occurs more often in individuals with disease than 
without disease. Linkage studies can be performed only in 
family- based studies, but association testing can be per-
formed in population-  or family- based studies. These two 
approaches may appear to ask the same question, but statis-
tically they are independent tests.

Linkage
Linkage analysis is based on the assumption that the genetic 
marker and the disease variant are in close proximity and 
transmitted intact across generations [29]. Thus, markers in 
close proximity to the disease- causing gene segregate with 
disease. Evidence of linkage is determined either by consistent 
transmission of both the disease and the marker from parent 
to offspring (parametric) or by an increased proportion of 
alleles shared between affected relative pairs (nonpara-
metric). Parametric linkage analyses are most powerful (e.g., 
a relatively small sample size can be informative) when the 
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correct underlying disease inheritance model (e.g.,  autosomal 
dominant, X- linked) is specified. Specifying the appropriate 
model can be challenging as small pedigrees, incomplete 
penetrance, and complex inheritance may result in the 
incorrect inference. Non- parametric linkage analyses do not 
require a genetic model to be specified but are less powerful 
than a correctly specified parametric model. If the underly-
ing model is complex or unknown, nonparametric method-
ology is appropriate. Linkage identifies genomic regions (i.e., 
loci, not genes), which often encompass hundreds of genes. 
Hence linkage analysis is traditionally coupled with fine 
mapping to identify individual variants at a particular locus.

Linkage analysis identifies genetic cause of CVMs
In this section, we provide three examples of the successful 
use of linkage analysis to identify genomic regions harbor-
ing rare variants with large effect. In each example, statisti-
cal analysis of the linkage data was based on the assumption 
of simple inheritance. However, mutations identified in all 
three examples exhibit reduced penetrance and variable 
expressivity, features typically associated with complex 
inheritance.

First, use of linkage analysis led to the identification of 
mutations in TBX5 as the cause of Holt–Oram syndrome 
(MIM #142900). Holt–Oram syndrome is one of the “heart–
hand” syndromes, so called because of the association of 
skeletal abnormalities in the hand and fore limbs with varied 
CVMs, typically atrial septal defects. Holt–Oram syndrome is 
inherited as an autosomal dominant trait; to date, numerous 
genetic variants in TBX5, resulting in loss of function of this 
T- box transcription factor, have been identified in patients 
with Holt–Oram syndrome (reviewed in [30]).

Linkage analysis also led to the identification of PTPN11 
as a gene causing Noonan syndrome (MIM #163950), a 
constellation of findings characterized by cardiac and non-
cardiac abnormalities. The most common cardiac defects 
are pulmonary stenosis with a dysplastic valve, secundum 
atrial septal and atrioventricular septal defects, and/or 
hypertrophic cardiomyopathy. Noncardiac defects include 
hypertelorism and short stature. Noonan syndrome is pri-
marily inherited as an autosomal dominant condition; 
however, inheritance may be heterogeneous. Mutations in 
PTPN11 account for approximately 50% of Noonan syn-
drome patients. Studies of the related Noonan, Costello, 
and cardio- facio- cutaneous (CFC) syndromes led to a new 
concept that these clinically related disorders are caused by 
dysregulation of the RAS/mitogens- activated protein kinase 
(MAPK) pathway [31].

Linkage analysis was also successful in patients with non-
syndromic CVMs and led to the identification of mutations in 
the homeobox transcription factor, NKX2.5 (MIM #600584). 
Heterozygous NKX2.5 mutations are fully penetrant but 
exhibit variable expressivity. Progressive atrioventricular 
block is common. A variety of CVMs have been observed, and 
NKX2.5 mutations account for 2% of all nonsyndromic CVMs. 
Atrial septal defects are common (∼80%), but ventricular sep-
tal defects including tetralogy of Fallot and double outlet right 
ventricles (∼30%) are also observed (reviewed in [32]).

In each example, linkage was used to identify a region that 
contained promising candidate genes. Successful linkage 
required careful broad definitions of phenotype to determine 
affected status. For example, identifying Noonan syndrome, 
rather than a specific CVM, determined affected status, and 
for NKX2.5 affected status was determined by finding any 

Figure 2.3 Strategy for continued CVM 
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CVM or being the parent and sibling of someone with any 
CVM. Candidate genes were selected based on biologic insight 
into their function; mutational analyses of the candidate genes 
identified rare genetic variants predicted to alter protein func-
tion, thus supporting causation. In retrospect, even though 
the associated traits exhibit characteristics of complex inherit-
ance (variable expressivity, reduced penetrance), the assump-
tion of simple inheritance worked adequately to determine 
linkage, possibly due to the large size of the genetic effect.

Association
Association studies measure the statistical dependence 
between two or more variables. For genetic studies, associa-
tion tests the hypothesis that a genetic variant occurs more 
or less frequently in individuals with a particular phenotype 
than without, and can use population-  or family- based sam-
ples. A challenge for genetic association is the selection of the 
type of genetic variant to test [26]. The human genome 
organization facilitates gene localization. Instead of each 
variant being independent, variants close together are more 
likely to be inherited together. This nonrandom segregation 
is known as linkage disequilibrium (LD). There are blocks of 
high LD conserved within populations [33]. The important 
implication of LD blocks is that researchers can test a subset 
of variants for association (known as a tagging approach) 
and capture nearly full information about untyped common 
variants [34] but not rare variants [35]. Hence, if a disease is 
caused by a rare variant, the power to detect association 
using a tagging SNP approach is low. Taken together, although 
genetic association studies are well positioned to find com-
mon variants for common (high prevalence) traits with small 
effect, they are not well suited for rare variants that cause 
rare (low prevalence) diseases [36]. As such, the suitability 
of association for gene discovery in CVMs is questionable.

Association does not equal causation. Significant associa-
tions can be due to one of several misleading factors, including 
LD, population stratification, or random chance. Although LD 
can reduce the number of variants tested, it makes identifying 
the causal variant difficult because the causal variant will 
be in LD with other variants in the region. Another possible 

cause of spurious association is population stratification, 
where cases and controls are not drawn from the same popu-
lation [37] To account for population stratification, researchers 
can test whether cases and controls differ over a large number 
of variants not expected to be associated with disease. If dif-
ferences exist, adjustments can be made to minimize this 
effect. Family- based association affords protection against 
stratification, which is a decided advantage of family- based 
designs [38]. Random associations may also occur by chance. 
In traditional statistical testing, biomedical researchers require 
a p- value of 0.05. For a genome- wide chip, significance 
thresholds of 10−8 are required to control for multiple com-
parisons [39]. Given this level of significance, the number of 
samples required to obtain adequate power in a genome- wide 
association study (GWAS) is in the thousands for a gene with 
modest effect. Once significance is achieved, replication is 
required to ensure the validity of the results [39].

To date, a GWAS has not been published for CVMs, perhaps 
in part because of their rarity. A GWAS has, however, identi-
fied genes for QT interval [40] and atrial fibrillation [41]. 
A common feature of these traits is moderate prevalence. 
These successes were characterized by variants accounting 
for a modest proportion of variation and therefore required 
very large sample sizes to identify these effects. Extrapolating 
from GWASs performed in other disciplines, rare traits will 
require large sample sizes, which means that consortia with 
many participating centers will be required to have sufficient 
power to identify associations [42]. Even then, the charac-
teristics of previously identified variants and genes for CVM 
(locus heterogeneity, genetic heterogeneity, rare variants) 
suggest that GWAS findings will be limited.

Prioritizing statistical approaches

When deciding whether to use linkage or association as a first 
step, researchers should consider several factors (Table 2.3). 
First, they need to determine the characteristics of causal 
genes/variants. Specifically, is the CVM expected to be due to 
common or rare variants? Although association is a powerful 

Table 2.3 Comparison of linkage analysis and association studies.

    Linkage   Association

Sampling Family based Families or unrelateds (case–control)

Population stratification adjustment Matching ethnicity unimportant Matching ethnicity crucial

Markers required for coverage Few: 300–400 STRs or 5000 SNPs Many: 105–106 SNPs

Localization of region Good for initial detection Poor for initial detection

Poor for fine mapping Good for fine- mapping

Identification of common variants Low power High power

Identification of rare variants  High power  Very low power
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method to identify common variants, association studies have 
low power to detect rare variants. Further, if the researcher 
expects multiple causal variants within a gene, linkage will be 
more powerful as it is designed to identify regions and not 
specific variants. Second, researchers need to determine what 
types of sampling are available for the disease of interest. For 
example, when multiple affected family members are not 
available, linkage is not feasible.

Strategies for finding genes given 
complex inheritance

Combined linkage- association
Because linkage and association use different information 
and each method has distinct strengths for gene discovery, 
combined linkage–association is an excellent approach for 
discovering CVM genes. A major benefit of linkage analysis is 
that it can identify regions that harbor susceptibility variants. 
By performing association in select regions of interest, as 
opposed to scanning the whole genome, researchers can 
minimize false positives as fewer variants must be screened. 
Given the same false- positive rate, the traditional case– 
control design is more efficient than the family- based design 
for detecting association. However, the family- based com-
bined linkage–association approach is more powerful because 
a lower false- positive threshold can be utilized for association 
analysis as fewer tests are being performed [43]. With com-
bined linkage–association, families responsible for the link-
age can be identified and association analyses can be restricted 
to those individuals most likely affected by that locus.

Gene–gene interactions
Gene–gene interactions have been a common theme for 
gene discovery of CVMs. For example, the cardiac phenotype 
of Nkx2.5 knockout mice differed when placed in different 
strains, and suggested interaction with other loci to determine 
phenotype [44].Although a combined linkage–association 
approach is useful in identifying variants with significant 
main effects, it will not identify interactions between loci. As 
secondary loci modify genetic effects [45], interactions 
should be considered when searching for genes. Both linkage 
and association analyses can incorporate statistical interac-
tions; however, researchers must recognize that the power 
to detect these interactions may be low, especially when at 
least one of the risk variants is of low frequency.

Novel genotyping technology – moving 
beyond SNPs

In recent years, it has become clear that genetic variation 
occurs on different scales. Indeed, Mendelian inheritance of 
CVMs has been attributed to structural variation, such as 

microdeletion and microduplication, copy number variation 
(CNV), and also traditional mutations (nonsynonymous, 
frameshift, and missense). In addition, the genome may be 
modified by patterns of methylation. Methylation can alter 
gene transcription without changes to the underlying DNA 
sequence bed and may explain inconsistent patterns of 
disease segregation (Figure 2.3). Unfortunately, usually gene 
discovery projects are limited to genetic variants of a specific 
type, for example, SNPs, CNV, methylation; analytical methods 
to evaluate multiple genotyping techniques have been used 
infrequently. Increasingly, it will be useful to combine evi-
dence from linkage, GWAS associations, and candidate gene 
associations (Figure 2.3). In addition, approaches such as 
meta- analyses may be used across multiple domains to rein-
force evidence for trait loci qualitatively [46]. Novel analyti-
cal methods of this type may be required to dissect the 
genetics of CVMs.

Causality

Once a statistically significant association has been dem-
onstrated, the next logical question is what the nature of 
this association is with respect to etiology, that is, causal or 
probabilistic. Determination of causality is essential in 
interpreting results of genetic testing. For Mendelian traits, 
variants are considered causal if they are sufficient (when 
the variant is present disease occurs). Given the phenome-
non of reduced penetrance, a more inclusive definition is 
that the variant is probabilistic (variant increases the prob-
ability of the disease occurring) [47]. Further, determining 
definitively whether the variant is associated with disease 
can be a challenge. To demonstrate causality, statistical 
association should be consistent, specific, and unbiased. 
Further, evidence of association should be coupled with 
basic biologic research, for example, in vitro biologic (func-
tional) effect. Sometimes the functional effect can be 
anticipated based on the predicted effect of the genetic vari-
ant on protein structure, for example, a nonsense mutation 
predicted to truncate the protein prematurely. More subtle 
alterations, however, may require specific assays of pro-
tein function, such as enzyme assay or patch clamp study 
in a heterologous expression system. In addition, with 
complex inheritance, this biologic evidence may be hard 
to obtain, as this would require concurrent functional 
assessment of two or more gene products. In the absence of 
biologic evidence, data supporting causality include bio-
logic plausibility, coherence with previous knowledge, and 
experimental evidence [47]. In the postgenomic era, there 
are many public sources that may provide insight into 
biologic plausibility, including SNP/gene expression data-
bases, categorization of putative functionality of SNPs, and 
gene pathway analysis (Table 2.1) [48].
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Conclusion

Cardiovascular disease in the young comprises varied phe-
notypes, including CVMs, cardiomyopathies, vasculopathies, 
and cardiac arrhythmias. CVMs are a common and clini-
cally important form of pediatric heart disease. Despite 
advances in diagnosis and therapy, morbidity and mortality 
of CVM remain significant, and there is considerable inter-
est in understanding the causes of these clinically important 
birth defects. Although some progress has been made in 
identifying the genetic origins of CVMs, in most anomalies 
the cause remains unknown. The frequent observation of 
genetic heterogeneity, reduced penetrance, and variable 
expressivity indicates that a single gene does not fully 
explain inheritance and the occurrence of sporadic ano-
malies suggests that inheritance is complex. Advances in 
 methodology to determine individual human genetic varia-
tions provide an opportunity to revolutionize discovery in 
individuals with CVMs. Continued genetic discovery of 
CVM- causing genetic variants poses challenging study 
design questions and suggests that complementary 
approaches may be required to realize discovery. Strategies 
to identify genetic causes of CVMs will require precise phe-
notype assessment and an emphasis on statistical considera-
tions (study design).

References

1 Pierpont ME, Basson CT, Benson DW Jr, et al. Genetic basis for 

congenital heart defects: current knowledge: a scientific statement 

from the American Heart Association Congenital Cardiac Defects 

Committee, Council on Cardiovascular Disease in the Young: 

endorsed by the American Academy of Pediatrics. Circulation 

2007;115:3015–38.

2 Hoffman JI. Incidence of congenital heart disease: II. Prenatal 

incidence. Pediatr Cardiol 1995;16:155–65.

3 Williams RG, Pearson GD, Barst RJ, et al. Report of the National 

Heart, Lung, and Blood Institute Working Group on research in 

adult congenital heart disease. J Am Coll Cardiol 2006;47:701–7.

4 Boneva RS, Botto LD, Moore CA, et al. Mortality associated with 

congenital heart defects in the United States: trends and racial dis-

parities, 1979–1997. Circulation 2001;103:2376–81.

5 Hoffman JI. Incidence of congenital heart disease: I. Postnatal 

incidence. Pediatr Cardiol 1995;16:103–13.

6 Ferencz C, Rubin J, Loffredo C, Magee D. Epidemiology of conge-

nital heart disease: The Baltimore–Washington Infant Study 

1981–1989. In: Anderson R, ed. Perspectives in Pediatric Cardiology. 

Mount Kisco, NY: Futura Publishing, 1993: 359–82.

7 McKeown T, Macmahon B, Parsons CG. The familial incidence of 

congenital malformation of the heart. Br Heart J 1953;15:273–7.

8 Botto LD, Correa A. Decreasing the burden of congenital heart 

anomalies: an epidemiologic evaluation of risk factors and survival. 

Prog Pediatr Cardiol 2003;18:111–21.

 9 Nora JJ. Multifactorial inheritance hypothesis for the etiology of 

congenital heart diseases. The genetic- environmental interac-

tion. Circulation 1968;38:604–17.

10 Calcagni G, Digilio MC, Sarkozy A, et al. Familial recurrence of 

congenital heart disease: an overview and review of the litera-

ture. Eur J Pediatr 2007;166:111–6.

11 Bruneau BG. The developmental genetics of congenital heart 

disease. Nature 2008;451:943–8.

12 Heymann MA, Rudolph AM. Effects of congenital heart disease 

on fetal and neonatal circulations. Prog Cardiovasc Dis 1972;15:

115–43.

13 Abbott M. Congenital Heart Disease. New York: Nelson, 1932.

14 Hinton RB Jr, Martin LJ, Tabangin ME, et al. Hypoplastic left 

heart syndrome is heritable. J Am Coll Cardiol 2007;50:1590–5.

15 Cripe L, Andelfinger G, Martin LJ, et al. Bicuspid aortic valve is 

heritable. J Am Coll Cardiol 2004;44:138–43.

16 Hinton RB, Martin LJ, Rame- Gowda S, et al. Hypoplastic left 

heart syndrome links to chromosomes 10q and 6q and is geneti-

cally related to bicuspid aortic valve. J Am Coll Cardiol 

2009;53:1065–71.

17 Czeizel A, Meszaros M. Two family studies of children with ven-

tricular septal defect. Eur J Pediatr 1981;136:81–5.

18 Boon AR, Roberts DF. A family study of coarctation of the aorta. 

J Med Genet 1976;13:420–33.

19 Lewin MB, McBride KL, Pignatelli R, et al. Echocardiographic 

evaluation of asymptomatic parental and sibling cardiovascular 

anomalies associated with congenital left ventricular outflow 

tract lesions. Pediatrics 2004;114:691–6.

20 Sanchez- Cascos A. The recurrence risk in congenital heart 

disease. Eur J Cardiol 1978;7:197–210.

21 Liu CY, Tong XH, Du YH. A study on the genetic epidemiology of 

congenital heart disease. Zhonghua Liu Xing Bing Xue Za Zhi 

1997;18:224–6 (in Chinese).

22 McBride KL, Pignatelli R, Lewin M, et al. Inheritance analysis of 

congenital left ventricular outflow tract obstruction malforma-

tions: segregation, multiplex relative risk, and heritability. Am J 

Med Genet A 2005;134:180–6.

23 Levine RA, Slaugenhaupt SA. Molecular genetics of mitral valve 

prolapse. Curr Opin Cardiol 2007;22:171–5.

24 Udwadia AD, Khambadkone S, Bharucha BA, et al. Familial 

congenital valvar pulmonary stenosis: autosomal dominant 

inheritance. Pediatr Cardiol 1996;17:407–9.

25 Stankiewicz P, Lupski JR Structural variation in the human 

genome and its role in disease. Annu Rev Med 2010;61:437–55.

26 Pushkarev D, Neff NF, Quake SR. Single- molecule sequencing of 

an individual human genome. Nat Biotechnol 2009;27:847–50.

27 Evans DM, Cardon LR. Guidelines for genotyping in geno-

mewide linkage studies: single- nucleotide- polymorphism maps 

versus microsatellite maps. Am J Hum Genet 2004;75:687–92.

28 Saunders IW, Brohede J, Hannan GN. Estimating geno typing 

error rates from Mendelian errors in SNP array genotypes and 

their impact on inference. Genomics 2007;90:291–6.

29 Bray GA, Ryan DH. Clinical evaluation of the overweight patient. 

Endocrine 2000;13:167–86.

30 Clark KL, Yutzey KE, Benson DW. Transcription factors and conge-

nital heart defects. Annu Rev Physiol 2006;68:97–121.

31 Tidyman WE, Rauen KA. The RASopathies: developmental syn-

dromes of Ras/MAPK pathway dysregulation. Curr Opin Genet 

Dev 2009;19:230–6.



Pediatric Cardiovascular Medicine

32

32 Benson DW. Genetic origins of pediatric heart disease. Pediatr 

Cardiol 2010;31:422–9.

33 Morton NE. Into the post- HapMap era. Adv Genet 2008;60:

727–42.

34 Neale BM, Sham PC. The future of association studies: gene- 

based analysis and replication. Am J Hum Genet 2004;75:353–62.

35 Saccone SF, Bierut LJ, Chesler EJ, et al. Supplementing high- 

density SNP microarrays for additional coverage of disease- 

related genes: addiction as a paradigm. PLoS One 2009;4:e5225.

36 Wray NR, Goddard ME, Visscher PM. Prediction of individual 

genetic risk of complex disease. Curr Opin Genet Dev 2008;18:

257–63.

37 Salmela E, Lappalainen T, Fransson I, et al. Genome- wide analy-

sis of single nucleotide polymorphisms uncovers population 

structure in Northern Europe. PLoS One 2008;3:e3519.

38 Spielman RS, Ewens WJ. The TDT and other family- based tests 

for linkage disequilibrium and association. Am J Hum Genet 

1996;59:983–9.

39 McCarthy MI, Abecasis GR, Cardon LR, et al. Genome- wide asso-

ciation studies for complex traits: consensus, uncertainty and 

challenges. Nat Rev Genet 2008;9:356–69.

40 Nolte IM, Wallace C, Newhouse SJ, et al. Common genetic varia-

tion near the phospholamban gene is associated with cardiac 

repolarisation: meta- analysis of three genome- wide association 

studies. PLoS One 2009;4:e6138.

41 Benjamin EJ, Rice KM, Arking DE, et al. Variants in ZFHX3 are 

associated with atrial fibrillation in individuals of European 

ancestry. Nat Genet 2009;41:879–81.

42 Harley JB, Alarcon- Riquelme ME, Criswell LA, et al. Genome- 

wide association scan in women with systemic lupus erythema-

tosus identifies susceptibility variants in ITGAM, PXK, KIAA1542 

and other loci. Nat Genet 2008;40:204–10.

43 Borecki IB, Province MA. Genetic and genomic discovery using 

family studies. Circulation 2008;118:1057–63.

44 Winston JB, Erlich JM, Green CA, et al. Heterogeneity of genetic 

modifiers ensures normal cardiac development. Circulation 

2010;121:1313–21.

45 Nemer G, Fadlalah F, Usta J, et al. A novel mutation in the GATA4 

gene in patients with tetralogy of Fallot. Hum Mutat 2006;27:293–4.

46 Schunkert H, Brockel U, Kromer EP, et al. A large pedigree with 

valvuloseptal defects. Am J Cardiol 1997;80:968–70.

47 Page GP, George V, Go RC, et al. “Are we there yet?”: deciding 

when one has demonstrated specific genetic causation in complex 

diseases and quantitative traits. Am J Hum Genet 2003;73:711–9.

48 Tatusova T. Genomic databases and resources at the National 

Center for Biotechnology Information. Methods Mol Biol 

2010;609:17–44.

49 Geva T, Powell AJ. Pediatric Heart Disease. In: Edelmann RR, 

Hesselink JR, Zlatkin MB, Crues JV, eds. Clinical Magnetic Resonance 

Imaging. Philadelphia, PA: Elsevier Science, 2006: 1041–69.



33

Pediatric Cardiovascular Medicine, Second Edition. Edited by James H. Moller and Julien I. E. Hoffman. 

© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.

3 Developmental Physiology 
of the Circulation

Abraham M. Rudolph
University of California San Francisco, San Francisco, CA, USA

The adult circulation is characterized by series blood flow. 
Blood is oxygenated in the lungs, returns through the 
 pulmonary veins to the left atrium and ventricle, and is 
ejected into the arterial system to be distributed to the  tissues. 
At the tissue site, oxygen is extracted for metabolism, and 
carbon dioxide is taken up by blood, which then returns 
through the venous system to the right atrium and ventricle, 
which ejects it into the pulmonary arteries.

In the fetus, oxygen uptake and carbon dioxide  elimination 
occur in the placenta. Oxygenated blood flows to the fetus 
through the umbilical veins, which connect with the hepatic 
portal venous system and distribute blood to the liver. The 
ductus venosus, a connection between the umbilical vein 
and the inferior vena cava, allows some umbilical venous 
blood to bypass the hepatic vasculature and enter the central 
circulation directly. This well-oxygenated blood mixes with 
poorly oxygenated blood from the gastrointestinal tract in 
the portal veins or with venous blood from the lower body 
in the inferior vena cava. Unlike the adult, in whom there 
is a complete separation of oxygenated blood returning to 
the left side of the heart from the lungs and poorly oxygen-
ated blood returning to the right side of the heart, there is 
some admixture in the fetus, and the blood distributed to 
the tissues is a mixture of well-oxygenated and poorly 
 oxygenated blood.

In the fetus, the lungs do not serve the function of gas 
exchange as in the adult. Blood flow to the lung is limited by 
passage of some blood ejected by the right ventricle through 
the ductus arteriosus, which connects the pulmonary trunk 
to the descending aorta. A third connection present in the 
fetus is the foramen ovale, which allows blood to enter the 
left atrium from the inferior vena cava and right atrium 
without having to be ejected by the right ventricle through 
the pulmonary circulation. The importance of these three 
fetal communications is discussed below.

Course of the fetal circulation

Patterns of flow have been studied in fetal lambs in utero, 
several days after recovery from surgery to insert catheters 
into limb vessels. Radionuclide-labeled microspheres with 
different isotopic labels were injected into fetal vessels, and 
the specific isotopes and also their quantity could be meas-
ured in various tissues [1]. From these data, it was possible 
to calculate not only the patterns but also the magnitude of 
blood flows in cardiac chambers and major vessels.

Maternal arterial blood entering the uterine circulation 
has a O2

P  of about 100 mmHg and an oxygen saturation close 
to 100%. Oxygen diffuses across the placental membrane 
into fetal arterial blood; in the sheep, blood entering the pla-
centa from the umbilical artery has a O2

P  of ~20–23 mmHg 
and an oxygen saturation of ~45–50%. Umbilical venous 
blood has a O2

P  of ~32–36 mmHg and an oxygen saturation 
of ~80–90%. This high oxygen saturation at a relatively low 

O2
P  is due to the greater affinity of fetal hemoglobin for oxy-
gen compared with that of adult hemoglobin; the P

50
 for fetal 

hemoglobin is ~25–28 mmHg, compared with 35–38 mmHg 
in the adult. Umbilical venous blood returns to the fetus 
through the umbilical vein, which enters the fetal abdomen 
and courses to the porta hepatis. It provides several branches 
to supply the left lobe of the liver, after which the ductus 
venosus arises and passes dorsally and cephalad to connect 
with the left side of the inferior vena cava just below the 
diaphragm. The umbilical vein then arches to the right side 
of the porta hepatis to connect with the portal vein. The 
 portal veins to the right lobe of the liver arise beyond this 
junction (Figure 3.1a).

Umbilical blood flow averages ~200 ml min−1 kg−1 of 
fetal weight in the sheep; this represents ~40% of the 
 combined ventricular output (see below). About 50% of the 
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umbilical venous blood is distributed to the left and right 
lobes of the liver, and the other half bypasses the liver 
through the ductus venosus [2]. Portal venous blood is 
almost completely distributed to the right lobe of the liver; 
only 5–10% passes through the ductus venosus, and none 
enters the left lobe of the liver. Thus, the left lobe of the liver 
receives almost exclusively well-oxygenated umbilical 
venous blood, whereas the right lobe receives umbilical 
venous blood and also most portal venous blood, which has 
a O2
P  of 12–14 mmHg and an oxygen saturation of 20–25%. 

Because of these flow patterns, left hepatic venous blood has 
an oxygen saturation of 70–75%, whereas right hepatic 
venous blood oxygen saturation is 55–65% (Figure 3.1b).

The inferior vena cava just below the diaphragm receives 
blood from four sources, all with different oxygen satura-
tions, namely umbilical vein, distal inferior vena cava, and 
left and right hepatic veins. Distal inferior vena cava blood 
has a O2

P  of 12–15 mmHg with an oxygen saturation of 
20–28%. The blood flowing from these four veins does not 
mix completely but shows differential streaming. The ductus 
venosus and left hepatic vein enter the inferior vena cava 
through a single orifice, which in the sheep fetus is partly 
covered by a thin valve-like membrane. The blood from 
these two veins is well oxygenated, and it streams in the 
posterior and left portion of the inferior vena cava in the 
direction of the foramen ovale to enter the left atrium 

(Figure 3.1a and b). This valve-like membrane has not been 
identified in the human fetus. The preferential distribution 
of ductus venosus blood through the foramen ovale is prob-
ably related to the high velocity of blood in the ductus 
 venosus. Color Doppler flow studied in both lamb and 
human fetuses indicate that the velocity of flow in the distal 
inferior vena cava is ~15 cm s−1, whereas flow velocity in the 
ductus venosus is ~55 cm s−1. The poorly oxygenated blood 
from the right hepatic vein joins blood returning from the 
distal inferior vena cava, and these flows stream along the 
anterior and right portions of the inferior vena cava towards 
the tricuspid valve to enter the right ventricle. Although 
these are the preferential patterns of flow, some of the blood 
derived from the ductus venosus does enter the tricuspid 
valve, and some blood from the distal inferior vena cava 
crosses the foramen ovale into the left atrium.

Blood returning to the heart through the superior vena 
cava has a O2

P  of 12–15 mmHg and an oxygen saturation of 
20–30%. It is deflected by the tubercle of Lower in the right 
atrium in the direction of the tricuspid valve, and ~95% enters 
the right ventricle, whereas only ≤5% of superior vena caval 
blood passes across the foramen ovale into the left atrium.

The preferential streaming of the venous blood returning 
to the heart results in blood of higher oxygen saturation in 
the left atrium than in the right ventricle and pulmonary 
artery. The blood entering the left atrium through the 
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Figure 3.1 (a) Pattern of blood flow in major fetal veins. The umbilical vein provides branches to the left lobe of the liver; it then gives rise to the ductus 

venosus and arches to the right to join the portal vein. The ductus venosus blood is joined by left hepatic venous blood and is preferentially distributed 

through the foramen ovale. Portal venous blood is distributed mainly to the right liver lobe. Distal inferior vena cava blood is joined by right hepatic venous 

blood and passes preferentially through the tricuspid valve. Almost all superior vena cava blood is directed through the tricuspid valve. IVC, inferior vena 

cava; LHV, left hepatic vein; RHV, right hepatic vein; SVC, superior vena cava. (b) Blood oxygen saturations in vessels entering and leaving the liver in the 

fetal lamb. DAo, descending aorta; DV, ductus venosus; IVC, inferior vena cava; LHV, left hepatic vein; P, placenta; PS, portal sinus; PV, portal vein; RHV, 

right hepatic vein; UV, umbilical vein. (Reproduced with permission from Rudolph AM. Congenital Diseases of the Heart. Oxford: Wiley-Blackwell, 2009.)
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foramen ovale is joined by pulmonary venous blood. In the 
fetus, because there is no gas exchange in the lung, the 
 oxygen saturation of pulmonary venous blood (~50%) is 
slightly lower than that in the pulmonary artery. However, 
because pulmonary blood flow is low in the fetus and is 
 considerably less than the volume of blood traversing the 
foramen ovale, the oxygen saturation of mixed blood in the 
left atrium and left ventricle is only moderately lower than 
that of ductus venosus blood (left ventricular oxygen satura-
tion of 65–70% versus ductus venosus blood oxygen 
 saturation of 80–90%).

Distribution of cardiac output

In the adult with a series circulation, the cardiac output is 
defined as the volume of blood ejected by each ventricle. 
These volumes are essentially similar, although small differ-
ences in left and right ventricular output may occur during 
short periods. The term cardiac output represents the volume 
of blood flow per unit time, through the series circulation.

In the fetus, the blood from umbilical and systemic veins 
mixes to some extent and enters both the left and right sides 
of the heart. Blood ejected by each ventricle consists of a 
 mixture of poorly oxygenated and well-oxygenated blood. 

The concept of cardiac output used for the adult circulation 
 cannot be applied to the fetus. It has become customary to 
use the term combined ventricular output for the total volume of 
blood ejected by the fetal heart [3]. Combined ventricular 
output has been measured most definitively in fetal lambs by 
use of radionuclide-labeled microspheres or electromagnetic 
flow transducers placed around the ascending aorta and 
 pulmonary trunk [4]. Measurements in human fetuses have 
been more limited, but left and right ventricular output 
measurements have been reported with the use of ultrasound 
 techniques and application of the Doppler principle [5,6].

Figure 3.2a shows the proportions of the combined 
 ventricular output returning to the heart through various 
veins and the proportions of blood ejected by each ventricle 
into the central arteries in the fetal lamb. Figure 3.2b presents 
the volumes of blood flowing through the cardiac chambers 
and great vessels. Unlike in the adult, the volumes ejected by 
each ventricle are different. In the fetal lamb, the right 
 ventricle ejects ~65% of combined ventricular output, almost 
twice as much as the 35% of combined output ejected by the 
left ventricle. Combined ventricular output is fairly constant 
in relation to fetal body weight in the last trimester of gesta-
tion in the sheep at 450–500 ml kg−1 fetal body weight per 
minute. Hence right ventricular output is ~300–325 ml kg−1 
min−1 and left ventricular output is ~150–175 ml kg−1 min−1.
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Figure 3.2 (a) Percentages of the combined ventricular output flowing through the major veins and arteries, and the proportions of blood ejected by each 

ventricle, are shown for the fetal lamb. (b) Volumes of blood (ml min−1 per kg fetal body weight) flowing through the great vessels and cardiac chambers 

are shown for the fetal lamb heart. (Reproduced with permission from Rudolph AM. Congenital Diseases of the Heart. Oxford: Wiley-Blackwell, 2009.)
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Because pulmonary vascular resistance is high in the fetus, 
only ~12% of blood ejected into the pulmonary trunk is 
 distributed to the lungs; this represents ~8% of combined 
ventricular output or ~40 ml kg−1 min−1. The remaining 88% 
of blood ejected by the right ventricle passes through the 
ductus arteriosus to the descending aorta. Thus, ~57% of 
combined ventricular output or ~265–285 ml kg−1 min−1 
traverses the ductus arteriosus.

About 70% of the blood ejected by the left ventricle into 
the ascending aorta is distributed to the coronary circula-
tion, the brain, the tissues of the head and neck, and the 
forelimbs, whereas only ~30% crosses the aortic isthmus to 
the descending aorta to join the blood traversing the duc-
tus arteriosus from the pulmonary trunk. Of the 35% of 
combined ventricular output ejected by the left ventricle, 
~22% is distributed to the forelimbs, heart, head, and brain, 
and only ~10% of combined ventricular output traverses 
the aortic isthmus to the descending aorta. This represents 
only ~50 ml/kg body weight per minute. This low flow 
explains why the aortic isthmus is the narrowest part of the 
aorta in the term infant and why lesions that alter ascend-
ing aortic flow in utero affect the diameter of the aortic 
isthmus and transverse aortic arch. The left ventricle is 
filled by blood returning to the left atrium from the pulmo-
nary veins (~8% of the combined  ventricular output) and 
through the foramen ovale (~27% of combined ventricular 
output).

The descending aortic flow is ~67% of combined 
 ventricular output, or 335 ml min−1 kg−1. The umbilical- 
placental circulation receives ~40% of combined ventricular 
output, or ~200 ml min−1 kg−1. The lower trunk, hind limbs, 
and  abdominal organs receive ~27% of combined ventricu-
lar output, or 135 ml min−1 kg−1.

Human fetus
The body configuration of the human fetus differs greatly 
from that of the lamb; the most striking difference is in brain 
size. Because brain blood supply is derived from branches of 
the ascending aorta, left ventricular output might be expected 
be higher in the human.

Measurements of blood flows in various vessels and of left 
and right ventricular output have been made in human 
fetuses by ultrasound and the Doppler technique. A wide 
range of outputs has been reported, but in most studies right 
ventricular output was only 1.2–1.4 times the left ventricu-
lar output, compared with a ratio of 2:1 in the sheep. The 
combined ventricular output in the human fetus has been 
reported to be 450–500 ml kg−1 min−1, similar to that in the 
fetal lamb. The greater volume of blood ejected from the left 
ventricle could be derived either from a higher pulmonary 
blood flow or by a larger flow across the foramen ovale. 
Although wide variations in the magnitude of pulmonary 
blood flows have been reported, several studies have 

recorded pulmonary blood flow of 85 –100 ml min−1 kg−1 of 
estimated fetal weight [7,8]. This is about twice the pulmo-
nary blood flow in fetal lambs, and it could account for most 
of the higher left ventricular output in human  compared 
with lamb fetuses.

The higher pulmonary blood flow and left ventricular 
 output in the human fetus are also associated with consider-
able differences in the proportions of combined ventricular 
output and in actual blood flows through various vessels and 
to various organs of the fetus. These differences are 
 summarized in Table 3.1. Of note is the considerably smaller 
flow from the pulmonary trunk to the descending aorta 
through the ductus arteriosus and the smaller umbilical blood 
flow relative to fetal size.

Determinants of cardiac output

Cardiac ventricular output is the product of heart rate and 
stroke volume. Stroke volume is determined by the force of 
contraction of the ventricle, which is influenced by preload, 
afterload, and myocardial contractility. In the intact heart, 
ventricular volume at end-diastole determines the degree to 
which the ventricular muscle is stretched and thus the length 
of the cardiac myocytes and the sarcomeres immediately 
prior to contraction. This represents preload. The greater the 
length of the sarcomere, up to an optimal level, immediately 
before contraction occurs, the greater is the force generated 
during contraction. An increase in end-diastolic volume 
enhances the force of ventricular contraction and, in the 
intact heart, increases the stroke volume in the absence of 
other changes. Afterload, or load on the heart muscle during 
development of active force, determines the degree of 
 shortening of the sarcomeres and thus the volume ejected 
during systole. If the ventricular contractile force is the same, 
a greater volume will be ejected if afterload is low and stroke 
volume will be lower if afterload is high. In the intact circula-
tion, afterload is influenced by several factors, such as  arterial 
pressure, compliance of the arterial system, and peripheral 
vascular resistance. Contractility is the intrinsic force of 
 contraction of the muscle; with isolated muscle, increased 
 contractility increases the force developed and, in the intact 
heart, increases the stroke volume, or developed pressure 
(see Chapter 4). In the intact circulation, heart rate, preload, 
afterload, and contractility are interrelated, and a change in 
one factor may modify other parameters. Therefore, changes 
in all factors regulating ejection must be considered when 
assessing the effects of alteration of one regulatory factor.

Effects of heart rate
In the adult, cardiac output is relatively constant over a wide 
range of heart rates. The resting heart rate is 70–80 beats 
min−1 (bpm); increasing the heart rate to 150 bpm or 
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 decreasing it to 50 bpm does not significantly affect cardiac 
output, because the stroke volume changes appropriately. 
Cardiac output falls progressively with further increases in 
heart rate, because the duration of diastole is decreased and 
there is inadequate filling of the ventricle. As the heart rate 
falls, the stroke volume is increased to maintain cardiac out-
put, but when maximum diastolic filling has been achieved, 
further slowing results in a decrease in ventricular output.

In studies in fetal sheep, spontaneous increases in heart 
rate above the resting level were associated with increases of 
ventricular output of up to 15–20%, and spontaneous 
decreases in heart rate resulted in a fall in output. It is not 
possible to assess whether these changes were directly related 
to the heart rate changes or whether the factors inducing 
changes in heart rate could also have altered myocardial 
contractility or afterload [4]. Increases in heart rate were 
induced in fetal lambs by electrical pacing of the left or right 
atrium. Pacing the right atrium at rates of 240–300 bpm 
induced a small increase in left ventricular output of up to 
15%, with no significant change in right ventricular output. 
At rates above 300–320 bpm, the output of both ventricles 
fell progressively with increasing rate, probably as a result of 
inadequate filling time in diastole. Pacing the left atrium 
resulted in a small increase in right ventricular output, but a 

decrease in left ventricular output. This deleterious effect on 
left ventricular output was shown to result from alteration 
of left atrial pressure contour, which resulted in interference 
in filling of the left atrium through the foramen ovale.

Effects of preload and afterload
In the intact circulation, preload and afterload are closely 
related, because a change in one is likely to affect the other; 
thus, if the stroke volume of the ventricle during systole is 
decreased, the residual volume will increase and, if ventricu-
lar filling is maintained, preload will be greater with the next 
beat. The effects of preload on cardiac output have been 
studied in fetal lambs. In several reports, ventricular end-
diastolic or atrial pressures have been used as an index of 
preload; this may not be a reliable indicator of volume, 
because ventricular compliance may change. Studies in both 
isolated myocardium and intact hearts have shown that fetal 
myocardium is less compliant than that of the adult [9]. In 
newborn lambs, rapid intravenous infusions of 0.9% NaCl 
solution elevated atrial pressures and this was associated 
with a progressive increase in cardiac output as the mean 
atrial pressures rose to ~15 mmHg [10].

In fetal lambs, atrial pressures were decreased by reduc-
ing the blood volume by bleeding, or increased by rapid 

Table 3.1 Comparison of the distribution of blood flows in the sheep and human fetus as percent combined 

ventricular output (% CVO) and as actual blood flows (ml min−1 kg−1 fetal weight)a.

  

Sheep   Human   

% CVO ml min−1 kg−1 
fetal weight

 % CVO  ml min−1 kg−1 
fetal weight

Combined ventricular output 100 450 100 450

Left ventricular output 34.0 150 45.0 202

Aortic isthmus 10.0 45 8.0 36

Brain 3.5 16 24.0 107

Upper trunk, forelimbs 20.5 90 13.0 59

Right ventricular output 66.0 300 55.0 248

Ductus arteriosus 58.0 260 30.0 135

Pulmonary circulation 8.0 36 25.0 113

Descending aorta 68.0 305 38.0 171

Umbilical–placental circulation 40.0 180 26.0 112

Hepatic circulation 18.0 80 14.0 68

Ductus venosus 22.0 100 11.0 44

Lower body organs, hindlimbs 28.0 125 12.0 60

Superior vena cava 24.0 108 37.0 165

Inferior vena cava + umbilical flow 68.0 305 38.0 172

Foramen ovale  25.0  115  20.0  90

a The values for sheep were obtained in chronically instrumented fetuses in the latter part of gestation. The values 

for human fetuses were obtained by ultrasound in the third trimester; in view of the considerable variations in 

reported measurements, those considered most appropriate have been selected. CVO-combined ventricular output

Reproduced with permission from Rudolph AM. Congenital Diseases of the Heart. Oxford: Wiley-Blackwell, 2009.



Pediatric Cardiovascular Medicine

38

 intravenous infusion of electrolyte solution [11]. A fall in 
right atrial pressure resulted in a marked decrease in cardiac 
output. Output rose when the atrial pressure increased by 
2–4 mmHg above resting levels, but further increases in 
 pressure did not result in a greater output by the ventricles. 
This response is distinctly different from that in postnatal 
lambs. Based on these studies, it was proposed that the fetal 
heart is normally operating near the top of its ventricular 
function curve; the elevation of cardiac output associated 
with an increase in preload is limited because myocardial 
performance, or contractility, is relatively poor in the fetus. 
However, a decrease in atrial pressure reduces preload, 
resulting in a fall in cardiac output.

In these studies, the effects of rapid infusion of  electrolytes 
on arterial pressure were not taken into consideration. 
Associated with the infusion, fetal arterial pressure also 
increased and therefore the afterload on the ventricles 
changed. We examined the effects of changing preload when 
the arterial pressure was maintained constant at various lev-
els [12]. An increase in arterial pressure dramatically reduced 
the left ventricular stroke volume at all levels of mean atrial 
pressure. At constant arterial pressure levels, progressive 
elevation of the left atrial pressure increased the left ven-
tricular stroke volume even with atrial pressures of 
10–12 mmHg. This study demonstrated that the fetal heart 
responds to increases in preload by increasing its output. It 
did not, however, resolve whether the performances of the 
fetal and adult myocardium are comparable.

Myocardial performance
Studies of isolated myocardium from fetal and adult sheep 
have demonstrated that fetal myocardium develops less 
active tension than adult myocardium at similar muscle 
lengths [9]. Also, the maximum force that can be generated 
is considerably lower for fetal than for adult myocardium.

Several differences in morphologic and biochemical 
 features of myocardium have been described that could 
account for the lesser contractility of fetal myocardium. Fetal 
myocardium contains fewer sarcomeres, or contractile units, 
in each myocyte. Another factor that may be important is 
the development of the sarcoplasmic reticulum, which regu-
lates the movement of calcium ions, essential for myocardial 
contraction. The fetal myocardial sarcoplasmic reticulum is 
well developed, but the T-tubular system, representing the 
extension of the sarcoplasmic reticulum to provide closer 
relations with the contractile elements, is either poorly 
developed or absent in the immature myocardium. Not only 
are there structural differences in the sarcoplasmic reticu-
lum, but also in studies with isolated sarcoplasmic reticulum 
vesicles, calcium uptake was found to be impaired in fetal 
myocardium [13].

Local release of norepinephrine (noradrenaline) at 
 sympathetic nerve endings is an important mechanism for 
increasing myocardial contractility. Sympathetic nerve 

endings are sparse or even absent in fetal myocardium. 
The abundance of sympathetic nerve endings varies 
greatly  during development in different species. In the 
guinea pig, myocardial sympathetic innervation is almost 
fully developed at birth [14], whereas in the rabbit and 
the rat there is almost no innervation at birth, but it 
 develops within 14–21 days after birth [15]. The sheep 
fetus has no detectable  sympathetic innervation at 75 days 
(mid-gestation), but innervation begins to appear at 
90–100 days, and is abundant but not yet fully developed 
just before birth [16]. In addition to the difference in 
 sympathetic innervation, β-adrenergic receptor concen-
tration is lower in fetal than in adult  myocardium [17]. 
Although these differences in sympathetic innervation 
and β-adrenoreceptor concentration may not be impor-
tant in the resting fetal heart, they could influence the 
ability to respond to stress.

Regulation of the circulation in the fetus

In the adult, the systemic and pulmonary circulations are 
separate. The preload and afterload of the right and left 
 ventricles are different, and their stroke volumes could 
 differ. The Frank–Starling mechanism adjusts the outputs of 
the two ventricles so that over a short period the ventricles 
eject similar volumes. A reduction in venous return to the 
right atrium decreases the filling pressure and end-diastolic 
 volume of the right ventricle, resulting in a decrease in 
stroke volume. Pulmonary blood flow and venous return to 
the left atrium and ventricle are also reduced and the stroke 
volume decreases. An increase in systemic arterial pressure 
decreases left ventricular stroke volume; the end-diastolic 
volume increases so that, with the next beat, greater force is 
generated to increase the stroke volume. In the fetus, the 
large foramen ovale tends to equalize right and left atrial 
pressures throughout the cardiac cycle. The ductus  arteriosus 
provides a large communication between the aorta and the 
pulmonary artery, resulting in almost identical pressures in 
the two vessels. In view of the similar atrial pressures and 
similar aortic and pulmonary arterial pressures, differences 
in stroke volumes of the left and right ventricles in the fetal 
lamb are the result of differences in afterload. The aortic 
isthmus, which is narrower than the ascending and 
 descending aorta, to some extent functionally separates the 
upper and lower body circulations. The left ventricle ejects 
into the ascending aorta and the vessels of the head and 
neck, a  circulation that in the lamb fetus is poorly compliant 
and has a relatively high vascular resistance. The right ven-
tricle ejects into the pulmonary trunk and directly through 
the large ductus arteriosus into the descending aorta and its 
branches. This circulation has a higher compliance and a 
lower resistance because it includes the umbilical–placental 
circulation.
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Reflex regulation

Chemoreflexes
Previous studies have suggested that aortic and carotid 
chemoreceptors are relatively inactive in the fetus, but they 
were performed in anesthetized exteriorized fetal lambs [18]. 
Aortic chemoreceptors are important in the  bradycardic 
response of the fetus to hypoxia [19]. More recent studies in 
fetal lambs have shown that chemoreceptors are active, at 
least in the last third of gestation [20]. Responses to 
 hypoxemia are much greater to carotid than aortic chemore-
ceptor stimulation [21]. The chemoreceptors are stimulated 
by hypoxemia, and experimentally can be activated by 
 intravascular injection of small doses of sodium cyanide [22]. 
The cardiovascular response dominates, with bradycardia 
and immediate hypotension, but respiratory gasps are noted. 
The bradycardia can be abolished if the lambs are  pretreated 
with atropine, indicating that the bradycardia is induced by 
vagus nerve stimulation. Confirmation of the fact that the 
cyanide response is the result of chemoreceptor stimulation 
was obtained by demonstrating the loss of the cardiovascu-
lar and respiratory responses in fetal lambs after sinoaortic 
denervation.

In the adult, chemoreceptor stimulation results in reflex 
peripheral vasoconstriction. It is likely that the peripheral 
vasoconstriction induced by fetal hypoxemia is largely medi-
ated by chemoreceptor stimulation. From the studies in fetal 
lambs, it is apparent that their chemoreflex responses are 
 different from those in the adult. The respiratory response in 
the adult animal dominates, whereas chemoreceptor stimula-
tion in the fetus causes only a minor respiratory response. 
There is as yet no explanation for this difference in response.

Baroreflexes
In the adult, arterial pressure is maintained over a fairly nar-
row range through the control of baroreceptors. An increase 
in arterial pressure stimulates the aortic and carotid barore-
ceptors, resulting in bradycardia, depression of myocardial 
contractility, and peripheral vasodilatation. Ablation of aor-
tic and carotid baroreceptors, by bilateral section of the  aortic 
and carotid afferent nerves, results in an initial increase in 
resting heart rate and arterial pressure, but these soon return 
to normal levels. However, wide swings of arterial pressure 
and heart rate occur around the average pressure and rate, 
in response to stimuli that produce only small changes in the 
normal animal [23].

Arterial baroreceptors are functional in the fetus relatively 
early in gestation, but their importance in regulating fetal 
arterial pressure has been questioned. In fetal lambs, 
 baroreflex sensitivity increases with gestational age from 
about 80 days’ gestation; near term, the bradycardia induced 
by increased arterial pressure is equal to that observed post-
natally. In fetal lambs, sinoaortic denervation results in the 
same wide variations in heart rate and blood pressure as 

observed in adult animals [24]. It is therefore apparent that 
baroreflexes are also important in stabilizing arterial blood 
pressure in the fetus.

Changes in circulation at birth

Conversion of the fetal to the adult circulation requires 
 eliminating the umbilical–placental circulation, an increase 
of pulmonary blood flow to a level necessary for adequate 
gas exchange, and separation of the left and right sides of the 
heart by closure of fetal channels. The major events  occurring 
at the time of birth include separation of the placental 
 circulation and establishment of rhythmic ventilation. 
Ventilation comprises two components: physical expansion 
of the lungs with gas and elimination of fluid in the alveoli, 
and increase in alveolar oxygen concentration associated 
with breathing air.

Changes ln patterns of blood flow
The changes in circulation at the time of birth normally 
occur almost simultaneously. It has been difficult to establish 
the role of individual events in inducing postnatal  circulatory 
adjustments. To examine the contribution of ventilation and 
elimination of the placental circulation, we chronically 
instrumented fetal lambs in utero with a tracheal tube to 
 ventilate the fetus, a balloon occluder around the umbilical 
cord, and various intravascular catheters to measure blood 
flows with radionuclide-labeled microspheres [25,26]. The 
lungs were ventilated with a gas mixture of 3% oxygen, 5% 
carbon dioxide, and 92% nitrogen. This did not change the 
fetal arterial blood O2

P  of ~21 mmHg and 
2COP  of ~40 mmHg. 

Rhythmic ventilation resulted in a marked reduction in 
 pulmonary vascular resistance and an increase in pulmonary 
blood flow (Figure 3.3). Subsequent ventilation with air or 
oxygen markedly increased systemic arterial O2

P , and the 
pulmonary blood flow increased further. Individual fetuses 
showed considerable differences in the increase in  pulmonary 
blood flow resulting from lung expansion alone and 
 ventilation with oxygenation.

During ventilation with 3% oxygen, the proportion of 
blood ejected by the right ventricle that entered the pulmo-
nary circulation increased, whereas the volume traversing the 
ductus arteriosus from the pulmonary trunk to the descend-
ing aorta fell (Figure 3.4). Although pulmonary vascular 
resistance fell, there was no significant fall in pulmonary 
 arterial pressure, probably because the ductus arteriosus 
remained widely patent. The blood flow through the foramen 
ovale into the left atrium also decreased. Left ventricular 
 output increased and right ventricular output decreased.

Ventilation with 100% oxygen produced a further fall in 
pulmonary vascular resistance and, with the greater rise 
in pulmonary blood flow, flow from the pulmonary trunk 
through the ductus arteriosus was negligible and there 
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Figure 3.3 Changes in (a) pulmonary vascular resistance and (b) pulmonary blood flow are shown following physical expansion of the lung, 

ventilation with oxygen, and umbilical cord occlusion in fetal lambs in utero. (Reproduced from Rudolph AM. Congenital Diseases of the Heart. 

Oxford: Wiley-Blackwell, 2009. Original figure reproduced with permission from Teitel et al., Pediatr Res 1987;22(5):557–66.)

was a small left-to-right shunt from the aorta to the 
 pulmonary artery. Also, flow through the foramen ovale 
into the left atrium was abolished. The left ventricular out-
put increased and was slightly higher than that of the right 
ventricle. This was the result of a small left-to-right shunt 
through the  ductus arteriosus. In association with these 
changes, the left atrial mean pressure increased to levels 
2–3 mmHg higher than that in the right atrium. The pul-
monary arterial  pressure fell slightly in the first few min-
utes after ventilation with oxygen and subsequently fell 
slowly. This was probably related to gradual constriction of 
the ductus arteriosus,  leading to separation of the two 
sides of the heart.

Occlusion of the umbilical cord after ventilation with 
 oxygen produced little further change. The systemic arterial 
pressure increased slightly and the left-to-right shunt 
through the ductus arteriosus increased slightly, but no 
 further changes in pulmonary blood flow occurred.

Hence the changes in the circulation after birth can 
be accounted for largely by the onset of rhythmic ventila-
tion with air. Even without eliminating the placental 
 circulation, ventilation increases pulmonary flow and 
results in foramen ovale closure, and even though the 
 ductus arteriosus does not close completely immediately 
after birth, flow from the pulmonary trunk to the aorta is 
almost completely  eliminated.

Removal of the placental circulation abolishes umbilical 
venous return. Hepatic blood flow is reduced within the first 
few hours after birth but increases after the portal blood flow 
is increased in association with feeding. The elimination of 
umbilical venous blood flow reduces inferior vena caval 
return by 200 ml min−1 kg−1. This facilitates closure of the 
foramen ovale and causes a small decrease in right atrial 
pressure.

Changes in pulmonary circulation
During fetal life, pulmonary blood flow is low owing to the 
high pulmonary vascular resistance. This high resistance is 
related to both morphologic and functional features of 
 pulmonary vessels. Small pulmonary arteries have a thick 
medial layer composed predominantly of smooth muscle 
cells. These vessels are extremely reactive; they constrict 
markedly with hypoxia and dilate with an increase in O2

P . 
Endothelial factors, such as endothelium-derived relaxing 
factor and nitric oxide, have an important role in regulating 
pulmonary vascular resistance.

The reduction in pulmonary vascular resistance after birth 
is associated with rhythmic ventilation and oxygenation. 
The mechanisms by which these events affect the pulmo-
nary vessels have not been fully delineated. Studies in fetal 
lambs indicate that gaseous expansion of the lungs results in 
liberation of prostacyclin (prostaglandin I

2
), a pulmonary 

vasodilator [27]. A rise in O2
P  is thought to increase endothe-

lial release of nitric oxide, which is also a potent vasodilator. 
Other vasoactive agents, such as endothelin, bradykinin, 
and angiotensin, possibly also have a role in affecting 
 pulmonary vascular responses after birth.  Oxygen-sensitive 
potassium channels have recently been considered to play 
an important role in these changes [28]. Physiologic 
responses of the fetal pulmonary circulation and the mecha-
nisms involved in the postnatal fall in pulmonary vascular 
resistance are discussed in Chapter 5.

After the immediate fall in pulmonary vascular resistance 
that follows birth, morphologic changes in the pulmonary 
vessels result in a permanent fall in pulmonary vascular 
resistance. The most striking change is a decrease in the 
thickness of the smooth muscle layer in the small arteries. 
This results in a gradual further decrease in pulmonary 
 vascular resistance and pulmonary arterial pressure within 
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Figure 3.4 Effects of simulated birth events on the percentages of combined ventricular output flowing through great vessels and cardiac chambers are 

shown in late gestation fetal lambs. (a) Control fetal circulation; (b) ventilation (physical expansion of lung with no change of blood gases); (c) ventilation 
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2–3 weeks after birth. The perinatal changes in morphology 
of the pulmonary vessels are discussed in Chapter 5.

Closure of the ductus arteriosus
The ductus arteriosus, normally widely patent in the fetus, 
constricts after birth. The current concept is that two factors 
are largely responsible for maintaining ductus patency in 
utero – the low oxygen tension of pulmonary arterial blood 
to which it is exposed, and the effect of circulating prostag-
landin (prostaglandin E

2
), which relaxes ductus arteriosus 

smooth muscle. Closure of the ductus after birth occurs at 
variable times in different species. In the lamb, it is usually 
closed within 1 h of birth, but in the human, complete 
 closure may be delayed for 10–15 h. Constriction of the 
 ductus arteriosus occurs with increase in arterial O2

P  associ-
ated with ventilation. After birth, there is a decrease in 
plasma prostaglandin E

2
 concentrations. These two factors 

are thought to be the important mechanisms responsible for 
ductus constriction. Recently, oxygen-sensitive potassium 
channels have been demonstrated to play an important role 
in the contraction of ductus arteriosus smooth muscle in 
response to increased oxygen levels [29]. Subsequently, 
 permanent closure of the ductus is achieved by fibrosis. The 
initial process is thought to be dissolution of normal smooth 
muscle cells by hypoxia of the muscle associated with con-
striction. Recently, however, the importance of platelets in 
effecting permanent closure of the ductus has been consid-
ered [30]. The ductus arteriosus is discussed in Chapter 24.

Congenital cardiovascular malformations 
and the fetal circulation

It has long been recognized that congenital cardiovascular 
malformations may influence the development of the fetal cir-
culation. In recent years, ultrasound examination has pro-
vided the opportunity to assess the changes in circulatory 
development associated with advancing gestation. It has also 
become apparent that gestational changes in development and 
responses of the fetal circulation may affect the influence of 
various cardiovascular anomalies. The principal mechanisms 
by which congenital cardiovascular anomalies may affect fetal 
circulatory development are discussed in this section.
Cardiovascular malformations may

change the volume or direction of blood flow •
obstruct blood flow •
alter the oxygen saturation of blood delivered to various  •

organs
cause hydrops fetalis by increasing venous pressure. •

Changes in blood flow

Ventricular Development
Interference with blood flow into or out of the left or right 
ventricle may affect the development of chamber size. It had 
been suggested that restriction of the foramen ovale or mitral 

orifice reduces blood flow into the left ventricle and results 
in hypoplasia as a result of the decreased volume in the 
chamber [31]. Experimental reduction of inflow of blood 
into the left ventricle of the fetal lamb for at least several 
days interferes with growth of the chamber [32].

Postnatally, outflow obstruction of a ventricle reduces the 
stroke volume, resulting in an increased end-systolic  volume, 
with ventricular enlargement. An increase in atrial and 
 ventricular end-diastolic pressures enhances ventricular 
contractility; this helps to maintain stroke volume. If obstruc-
tion is maintained, hypertrophy ensues but ventricular 
 volume is not significantly different from normal.

In the fetus, obstruction to the outflow of either the left or 
right ventricle also reduces stroke volume. However, there 
is no significant increase in either atrial pressure because 
of the large communication created by the large foramen 
ovale. Ventricular filling is thus not augmented and the 
 volume ejected by the ventricle is reduced. Ventricular muscle 
mass increases in response to the increased pressure, but 
 ventricular volume is reduced. The total combined ventricular 
output may be maintained at normal levels because the 
 volume ejected by the unobstructed ventricle can be increased to 
compensate for the lower volume ejected by the obstructed 
chamber. Outflow obstruction of the left ventricle was induced in 
fetal lambs by placing a constriction around the ascending 
aorta; this resulted in increased left ventricular muscle mass 
but a substantial reduction in the size of the left ventricle 
within just a few days [32]. Ultrasound studies in human 
fetuses with aortic stenosis show that the left ventricular 
 volume becomes progressively smaller during gestation and 
may result in hypoplasia of the left heart [33,34].

We produced pulmonary stenosis in fetal lambs at about 
60 days’ gestation by placing a band around the pulmonary 
trunk. The lambs were allowed to develop in utero and stud-
ied at about 120 days’ gestation. Right ventricular muscle 
mass was greatly increased but, in the majority of fetuses, 
the size of the cavity of the ventricle, and also the diameter 
of the tricuspid valve, were markedly reduced. These studies 
confirm that reducing the volume of blood flowing into and 
out of a ventricle in the fetus resulted in hypoplasia of the 
chamber.

Ascending aorta and aortic arch development
In fetal lambs, the left ventricle ejects ~33% of combined 
 ventricular output (CVO), and about two-thirds of blood 
entering the ascending aorta is distributed to the head and 
upper body. Thus only ~10% of CVO passes through the 
 aortic isthmus. The relatively low blood flow through this 
segment is reflected by the fact that the isthmus diameter is 
only half that of the ascending aorta. In the human fetus, the 
left ventricle ejects ~45% of CVO. The volume passing 
through the aortic isthmus is not known, but it appears to be 
similar to that in the lamb and thus accounts for the fact that 
the  isthmus diameter is ~75% of that of the ascending aorta.
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The diameter of the ascending aorta is also affected by the 
volume of blood flowing though it. Thus in the fetus with 
aortic atresia, no blood enters the aorta from the left  ventricle, 
but flow occurs retrograde from the ductus arteriosus across 
the arch to the ascending aorta. The flow into the ascending 
aorta is very low, only that passing to the coronary  circulation, 
hence the marked hypoplasia.

In the fetus with pulmonary atresia, the right ventricle 
ejects no blood into the pulmonary artery. All blood  returning 
to the right side is directed through the foramen ovale and 
joins pulmonary venous return to the left atrium. Thus the 
total CVO is ejected into the ascending aorta. In the lamb, 
this would represent a flow about three times normal and in 
the human fetus a flow about twice normal. This high flow 
is associated with an aortic diameter considerably greater 
than normal.

Ductus arteriosus size and orientation
In fetal lambs, the ductus arteriosus transports ~60% of CVO 
from the pulmonary trunk to the descending aorta in the 
fetal lamb. In the human fetus, ~30% of CVO is estimated to 
pass through the ductus from the pulmonary trunk to the 
descending aorta. Because the ductus conducts such a large 
volume, the diameter is large, being similar to or somewhat 
greater than the aortic diameter. Also, because all ductus 
flow is from the pulmonary artery to the descending aorta, 
the inferior angle between the ductus and the descending 
aorta is oblique.

When right ventricular output is completely or severely 
obstructed, as with pulmonary atresia, all blood flow in the 
pulmonary arteries is derived from the aorta through the 
ductus arteriosus. The direction of flow in the ductus induces 
an acute inferior angle between the aorta and the ductus. 
Also, because the magnitude of flow through the ductus is 
reduced, it may be smaller in diameter than normal.

With severe reduction of output by the left ventricle, as in 
fetuses with aortic atresia, the total combined ventricular 
output passes through the ductus arteriosus to supply the 
whole body. In this condition, the ascending aorta is 
 considerably smaller than normal, whereas the ductus 
 arteriosus diameter is increased.

Effect of obstruction
The effect of obstruction of left or right ventricular output on 
blood flow into and out of the ventricle and on the develop-
ment of chamber size has been discussed above. Two other sites 
of obstruction that may affect fetal development are in the duc-
tus arteriosus and in the aortic arch proximal to the ductus.

Ductus arteriosus obstruction and 
the pulmonary circulation
Pulmonary arterial and aortic pressures are similar in the 
fetus. Studies in fetal lambs have shown that constriction of 
the ductus arteriosus elevates pulmonary arterial pressure. 

This may result from constriction by mechanical means; 
 prolonged compression of the ductus arteriosus in fetal lambs 
induces an increase in the medial smooth muscle layer of 
small pulmonary arteries, resulting in increased pulmonary 
vascular resistance [35]. The increased smooth muscle 
 development may interfere with the normal fall in pulmo-
nary vascular resistance after birth and result in the clinical 
presentation of persistent pulmonary hypertension of the 
newborn.

Aortic arch obstruction and cerebral blood flow
In fetuses with aortic atresia, no blood is ejected from the left 
ventricle into the ascending aorta. Blood flow to the head is 
derived from blood traversing the ductus arteriosus and then 
passing retrogradely across the aortic arch to the carotid 
arteries. Aortic atresia is frequently associated with coarcta-
tion of the aorta adjacent to the ductus arteriosus. Infants 
with aortic atresia have been reported to show a high 
 incidence of neurodevelopmental problems [36] and also 
cerebral lesions on imaging [37], and reduced cerebral blood 
flow during fetal life may be responsible [38].

Effects of changes in blood oxygen content
Oxygen saturation of blood in various fetal vessels may be 
modified by alterations in blood flow patterns resulting from 
congenital cardiovascular malformations.

Increased oxygen saturation of pulmonary 
arterial blood
In the normal fetus, well-oxygenated umbilical venous blood 
passing through the ductus venosus is preferentially directed 
through the foramen ovale to the left atrium and ventricle, 
which ejects it into the ascending aorta. However, in the 
fetus with aortopulmonary transposition, this well-oxygen-
ated blood will be directed into the pulmonary artery, which 
arises from the left ventricle. The fetal pulmonary circulation 
is very reactive to changes in oxygen content of perfusing 
blood; thus, pulmonary vascular resistance may be lowered 
in fetuses with transposition. This could induce an increase 
in pulmonary blood flow with a greater than normal 
 pulmonary venous return to the left atrium, resulting in a 
higher left atrial pressure and a reduction in the size of the 
foramen ovale. A restricted foramen ovale has been reported 
in some fetuses with transposition; they are very likely to 
show rapid clinical deterioration after birth, with severe 
 cyanosis and cardiopulmonary distress [39].

A narrowed ductus arteriosus has also been reported in 
some fetuses with transposition. This could be related to the 
increase in pulmonary blood flow, so that only a small 
 proportion of flow from the pulmonary trunk is directed 
through the ductus. Perhaps more important is that the 
 ductus could be constricted by the high oxygen content of 
 pulmonary arterial blood passing through the ductus to the 
descending aorta. Constriction of the ductus may result in 
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elevation of pulmonary arterial pressure that could induce 
the persistent pulmonary hypertension encountered in 
some neonates with transposition [40]. These concepts are 
presented in more detail in Rudolph AM [41].

Decreased oxygen saturation of ascending 
aortic blood
In the normal fetus, ascending aortic blood is derived from 
the left ventricle and has an oxygen saturation of ~65%. 
However, with aortopulmonary transposition, the aorta 
arises from the right ventricle and ascending aortic blood 
oxygen saturation will be considerably lower, probably 
~45–50%. Whether this lower oxygen saturation will affect 
the cerebral circulation is open to speculation. Studies in 
fetal lambs indicated that cerebral vasodilation was able to 
compensate for arterial hypoxemia, thus increasing cerebral 
blood flow and maintaining cerebral oxygen consumption 
[42]. It is possible, however, that if the fetus is subjected to 
intrauterine stress, oxygen supply to the brain would be 
more readily compromised than in the normal fetus.

Hydrops fetalis and cardiac failure
The occurrence of fetal hydrops with cardiovascular malfor-
mations had been noted, but the frequency with which 
hydrops resulted from cardiovascular anomalies was empha-
sized following the introduction of ultrasound examination. 
The hemodynamic feature common to all instances of 
hydrops associated with circulatory disturbances is an 
increase in systemic venous pressure. The congenital cardiac 
lesions most likely to be associated with hydrops are those 
resulting in valvar insufficiency, such as Ebstein malforma-
tion and atrioventricular septal defect. Myocardial disease is 
also an important cause of hydrops. Factors favoring the 
development of edema in the fetus with elevated venous 
pressure are the greater permeability of the vascular system, 
the low plasma albumin concentration, with lower plasma 
colloid osmotic pressure and reduction of lymph flow from 
tissues. These features are discussed in Rudolph AM [38].
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4 Basic Anatomy and Physiology 
of the Heart, and Coronary and 
Peripheral Circulations

Julien I. E. Hoffman
University of California San Francisco, San Francisco, CA, USA

This chapter summarizes the structure, actions, and interactions 
of components of the cardiovascular system.

Gross anatomy

Aspects of cardiac anatomy are presented in Chapters 20 
through 48, but the architecture of ventricular muscle is sum-
marized here. The left ventricle and septum of all mammalian 
hearts essentially have three layers (Figure 4.1) [1].

The outer subepicardial layer of the free wall and the right 
side of the septum (light blue) are spirals with an average 
angle of –60° to the equatorial axis, the middle layer (purple) 
is approximately in the plane of the equator (0°), and the 
inner subendocardial layer (red) forms a spiral with an 
average angle of +60° to the equator. The subendocardial 
spiral layer forms a right- handed helix and the subepicardial 
layer a left handed helix [2] (Figure 4.2).

The subendocardial helix of the free LV wall, sometimes 
called the descending loop, forms a vortex at the apex and 
continues into the subepicardial helix of the apex and sep-
tum, sometimes called the ascending loop (Figure 4.3) [3].

These spiral fibers are shown well in studies using diffu-
sion tensor magnetic resonance imaging (Figure 4.4) [4]

These spirals develop the torsion that is essential for effec-
tive ventricular ejection and filling (see below). The 60° 
angulation is essential for optimal function, and when the 
ventricle dilates and becomes more globular, the angulation 
becomes 40–50° and function becomes abnormal. This is the 
basis of the RESTORE procedure after a myocardial infarc-
tion; the infarcted area is excised and the ventricle is changed 
from a globular to a more elongated form [5]. This remode-
ling procedure has been extended to hearts dilated from 

other causes. Details of the anatomy are still debated, but the 
main features are accepted.

Physiology and pathophysiology

Cardiovascular function is a complex interaction between 
the heart, an efferent arterial system, and an afferent venous 
system. The heart is a pump, designed to accept various 
amounts of venous blood (venous return) and eject a required 
amount of blood (cardiac output) at a desired pressure. This 
pump interacts with the arterial system that has compliance, 
resistance, and inertance. Once the blood passes through the 
capillaries, it is contained in a capacious venous system whose 
pressure, as exemplified by central venous or right atrial 
pressure, is one of the driving forces of the heart pump.

Cardiac function curves
The heart is a pump that responds to increased venous return 
by dilating and stretching its fibers (increased preload), and 
this by the Frank–Starling effect produces a greater output. 
The relationship between preload and output (Figure 4.5) is 
complicated by the fact that output is affected by the arterial 
systolic blood pressure, and also by the intrinsic contractility 
of the heart muscle. The input–output relation shown is 
therefore an overall description of cardiac function but does 
not distinguish between its various components.

Attempts made to separate intrinsic contractility, a func-
tion of calcium entry into the myofiber or the sensitivity 
of the myofibrillar apparatus to calcium, from the associated 
mechanical events are based on the isovolumic period of 
the cardiac cycle or on ejection indices. Most of them are 
unsatisfactory [6,7].
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The isovolumic indices are typified by the V
max

 concept 
that examined the initial velocity of muscle contracting 
against zero load [8,9]. Unfortunately, even in isolated mus-
cle strips it was not possible to assess the true index, that of 
the contractile element alone [10], and its application to the 
intact heart was even more tenuous. As an alternative, 
investigators used dP/dt

max
 (the maximal rate of change of 

ventricular pressure) or dP/dt at a developed ventricular 
pressure of 40 mmHg. These values, usually measured 
before the aortic valve opens, are relatively unaffected by 
changes in preload but are affected by changes in afterload.

Ejection indices, for example, ventricular function, exam-
ine the relationship of left ventricular diastolic pressure and 
stroke work such as the curve shown in Figure 4.5 except 
that the y- axis represents stroke work and not just cardiac 
output [11]. The curve becomes steeper with increased con-
tractility and less steep if contractility decreases. Because 
stroke work is the product of flow and pressure, these curves 

did allow for aortic pressure, but because pressure work uses 
more energy than volume work, a given product might have 
different effects on cardiac function depending on the actual 
pressures and stroke volumes. In addition, end- diastolic 
pressure is not a good measure of end- diastolic fiber length 
because fibrosis or altered pericardial or pleural pressures 
changes their relationship.

A more satisfactory model is the time- varying elastance 
model of Sagawa [12,13] to explain how the ventricles adjust 
beat by beat to changes in preload and afterload; elastance = 
ΔP/ΔV, that is, the inverse of capacitance. The elastance 
approach requires simultaneous measurement of ventricular 
pressure and volume to produce a pressure–volume (PV) 
loop. Figure 4.6 shows changes in PV loops (a) when venous 
return increases at constant aortic pressure and (b) when 
aortic pressure changes at constant venous return.

In Figure 4.6a, each loop shows the phases of pre- ejection 
pressure increase, ejection with decreased volume, decreased 
pressure at a constant volume, and then filling. When venous 
return increases at constant aortic pressure, the ventricle 
dilates, and the ventricle ejects more blood (Frank–Starling 
law). The end- systolic pressure–volume point does not 
change, and the ejection fraction increases. In Figure 4.6b, if 
aortic pressure increases with constant venous return, the 
ventricle also dilates, and by virtue of the Frank–Starling law 
ejects the same amount of blood at a higher pressure. The 

Figure 4.1 Cross-section of left ventricle (septum on left) to show three 

major layers of the wall defined by their fiber angles, as measured by 

diffusion tensor MRI. Arrow indicates papillary muscle. (Reproduced from 

Wu et al., Circulation 2006;114:1036–45, with permission from the 

American Heart Association.)

Figure 4.2 Right- and left-handed spirals. The right-handed spiral is 

subendocardial and the left-handed spiral is subepicardial in the free wall and 

continues on to the right side of the septum. (Reproduced from Sengupta PP, 

Krishnamoorthy VK, Korinek J, et al. J Am Soc Echocardiogr. 2007; 

20:539–51, with permission from the American Society of Echocardiography.)

Figure 4.3 Diagrams of formation of the apical loop. (Reproduced from 

Ballester-Rodes et al., Eur J Cardiothorac Surg 2006;29(Suppl 1):S139–44, 

with permission from the European Society of Cardiovascular Surgery.) 

(a) Exploded view of ventricle; (b) diagram of basal loop. RS, LS, DS, 

AS-right, left, descending and ascending segments.

RS

AS

LS

DS

(a)

(b)
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different end- systolic pressure–volume points lie on a straight 
line termed E

max
. This line intersects the volume axis at V

0
, 

the unstressed volume.
The slope E

max
 is an index of contractility, and it becomes 

less steep when contractility decreases (Figure 4.7a) and 
steeper when contractility increases (Figure 4.7b).

In Figure 4.7a, if contractility decreases from disease or 
decreased β- adrenergic stimulation, the loops are shifted to 
the right. The increased preload (end- diastolic fiber length) 
allows the ventricle to eject a normal stroke volume, but 
now the end- systolic pressure–volume points lie on a less 
steep E

max
 line. If preload did not increase, (absence of 

preload reserve [14,15]) then the ventricle would be unable 
to eject a normal stroke volume. Because of the elasticity of 
relaxed ventricular muscle, an increased preload produces a 
raised end- diastolic pressure that rises higher and higher as 
the ventricle dilates more; in addition, the ejection fraction 
decreases. In Figure 4.7a, because the E

max
 slope of the dis-

eased heart is relatively flat, a slight reduction in afterload 
causes a relatively large decrease in end- diastolic pressure. If 
the stroke volume had been abnormally low because of 
absence of preload reserve, then reducing afterload would 
also have increased stroke volume. In Figure 4.7b, the 

increased contractility allows the ventricle to eject a normal 
stroke volume in the face of increasing aortic pressures with-
out such large increases in end- diastolic volume. The E

max
 

slope is steeper.
These PV loops are not measured routinely because they 

are time consuming. They avoid many of the problems 
of sensitivity to changes in afterload and preload that 
makes other indexes of contractility unreliable. Glower and 
colleagues described a similar concept termed preload 
recruitable stroke work [16,17].

The maximal elastance line is often alinear and can give a 
negative intercept on the pressure axis [18,19]. To avoid 
these problems, some investigators use the values of E

max
 in 

the mid- range of pressures [19]. 
Ejection fraction and velocity of shortening also help to 

evaluate ventricular function, but changes in afterload 
must be accounted for. This can be done in adults and chil-
dren [20–25] by providing normal data for the relationship 
between end- systolic wall stress and either velocity of 
shortening or ejection fraction (Figure 4.8). Because the 
relationship is not linear, single- point determinations are 
difficult to interpret [26].

Vascular hydraulics
Peripheral vascular function is characterized by flow accel-
eration and velocity (fastest in larger vessels), and also by 
vascular resistance and compliance. Vascular resistance (R) is 
defined as pressure drop across a vascular bed (P

1
 − P

2
) 

divided by flow (Q) through the bed. This relation can be 
further examined by the modified Poiseuille equation:

⎛ ⎞− ⎞ ⎛= = ⎟ ⎜⎜ ⎟⎠ ⎝⎝ ⎠π
h

P P l
R

Q kr
1 2

4

8

 

where h is viscosity, l is the vessel length, r is the vessel 
radius, and k is the number of vessels. Because the first com-
ponent 8/p is constant, and because in the second compo-
nent length and vessel number are usually constant in any 
vascular bed at a given age and body size, the main factors 

Figure 4.4 Diffusion tensor imaging of 

ventricles to show subendocardial right hand 

spiral (green) and subepicardial left hand spiral 

(dark blue). They appear to be continuous at 

the apex (b). In (a) the light blue fibers are 

the circumferential fibers in the mid wall. 

(Reproduced from Rohmer et al., Invest Radiol 

2007;42:777–89, Copyright [2007] IEEE).

Figure 4.5 Function curve relating preload (CVP) to cardiac output (Qc). 

The solid line is a control state, and the dashed line shows decreased 

function due to increased aortic pressure, decreased contractility, or 

reduced distensibility.

Qc

CVP
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Figure 4.8 Velocity of circumferential shortening (Vcf) 

plotted against LV end-systolic wall stress. (Reproduced from 

Colan et al. J Am Coll Cardiol 1984;4:715–24, with 

permission from the American College of Cardiology.)
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Figure 4.7 (a) Decreased contractility and (b) increased contractility. Control loops as solid lines, loops with altered contractility as dashed lines.
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Figure 4.6 (a) PV loops at increasing venous return and (b) PV loops with increasing aortic pressure. DP, diastolic pressure; P, systolic pressure; V, volume; 
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affecting resistance are viscosity (increased by polycythemia, 
decreased by anemia), and vessel radius. Because of the 
fourth power function, a small decrease in radius produces a 
disproportional increase in resistance.

Vascular compliance (C) is given by C = ΔV/ΔP, where ΔV is 
the change in volume and ΔP is the change in pressure. 

Because an absolute volume change does not have the same 
meaning for a small than a large structure, specific compliance 
is calculated by dividing by the baseline volume. Therefore, 
specific compliance is C = ΔV/VΔP. Because veins have thinner 
walls and are about 20- fold more distensible than arteries, 
most of the blood volume is in the venous system.
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Sunagawa et al. [27] showed that an effective arterial 
elastance (ΔP/ΔV) could be calculated from the pressure–vol-
ume loop as end- systolic pressure/stroke volume, as shown 
in the pressure–volume diagram in Figure 4.9. They showed 
that arterial peripheral resistance was more important than 
arterial compliance in changing effective elastance.

Cardiovascular coupling
The heart pumps blood into the arteries and receives blood 
from the veins, and all three components interact. If we dis-
connected (uncoupled) the heart from the rest of the circu-
lation we could consider each component separately. 
Increasing the load against which the left ventricle pumps 
causes the output to decrease, and eventually the heart can-
not eject. If we connect a mechanical pump to the aorta and 
change perfusing pressure, the higher the pressure, the 
greater is the flow through the system. For simplicity, both 
relationships are shown in Figure 4.10 as linear.

In the intact circulation, aortic pressure is an afterload for 
the ventricle and a pressure that pushes blood around the 
body; cardiac output and peripheral flow will be equal and 

occur where the two pressure- flow lines intersect (Figure 
4.10a). In disease, the heart can pump less blood at any 
given pressure, and peripheral resistance is usually elevated, 
so that the two function lines cross at a markedly reduced 
stroke volume, even though the arterial pressure may be 
fairly normal (Figure 4.10b). Therefore, treatment to reduce 
afterload or increase inotropy, or both, will raise the cross-
over point and increase stroke volume.

Now consider replacing the heart by a pump to move 
blood from the venous to the arterial systems (equivalent to 
the cardiac output); as the pump speed increases, blood is 
moved from the venous to the arterial side and venous pres-
sure decreases. Eventually so much blood is transferred out 
of the veins that they collapse and no more blood can be 
moved. The pressure at which this occurs is termed the criti-
cal closing pressure. If the pump slows, more blood remains 
in the veins, and venous pressure increases. However, with 
the heart in place, an increased venous pressure causes an 
increase in cardiac output (Frank–Starling law). These two 
curves, the vascular and cardiac function curves, are shown 
in Figure 4.11.

Figure 4.9 Effective arterial elastance (Ea) shown by diagonal dashed lines passing from end-diastolic to end-systolic points. The slope of this line is ΔP/ΔV, 

that is, the inverse of capacitance. (a) Change in PV loop at constant Emax does not change Ea. (b) Increased elastance – or decreased compliance – (thin 

dashed line) reduces stroke volume at a given pressure.
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Figure 4.10 Cardiac and arterial response to aortic pressure loading. Qc, control output; Pc, control arterial pressure; Qd, disease output. The line showing 

peripheral flow is equivalent to the line showing effective arterial elastance as described above. Thick lines, control lines; thin lines, effect of disease.
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To study venous coupling in more detail, note that 
increases in atrial or cardiovascular pressure cause a 
large increase in output at first (preload effect), and then 
subsequently output rises less markedly because preload 
reserve is used up; sarcomeres have reached or passed their 
optimal lengths (Figure 4.11). For small increases in atrial 
pressure, the venous return does not change, because the 
atrial pressure is below critical closing pressure, but after 
atrial pressures of about 10–12 mmHg the venous return 
decreases more or less linearly as atrial pressures increase. 
The point at which these two curves cross is the operating 
point for the normal circulation; this is normally near the 
plateau of the venous return curve (Figure 4.11a). In the 
normal heart, decreasing venous return decreases cardiac 
output, as occurs in the brief hypotension when a person 
suddenly stands up. In other words, cardiac output is 
normally limited by venous return and not by cardiac 
performance. In congestive heart failure, however, the 
venous system is overfilled and at high pressure. The cross-
over point occurs on the sloping portion of the venous 

return curve because cardiac output is now determined by 
the depressed cardiac function and is low, and because 
venous pressure is high, cardiac function is not limited by 
venous return (Figure 4.11b).

These function curves may also be altered by changes in 
blood volume (Figure 4.12). In Figure 4.12a, an increased 
blood volume (upper thin line) moves the crossing point up 
and to the right, so that cardiac output and CVP increase 
even though contractility is constant (thin long dashed lines). 
A decreased blood volume (lower thin line) lowers cardiac 
output and CVP at constant contractility. Figure 4.12b shows 
what occurs commonly in congestive heart failure, namely 
blood volume is increased, as is CVP, but the cardiac output 
is reduced. Then reducing blood volume (by diuretics, for 
example) shifts the crossing point to a higher cardiac output 
and a lower CVP without any change in contractility.

Pericardial function
The parietal pericardium is a stiff membrane that surrounds 
the heart loosely, separated from it by a small amount of 

Figure 4.12 Effects of increased or decreased blood volume.
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Figure 4.11 Cardiac function curve and vascular function curve relating central venous pressure (CVP) to cardiac output (Q). Pc, control venous pressure; 

Qc, control, cardiac output; Pcc, critical closing pressure; Pd, venous pressure with congestive heart failure. (a) Normal (all thick lines) and (b) decreased 

cardiac function (light dashed lines).
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lubricating pericardial fluid. Normally, it does not affect ven-
tricular filling and emptying. Intrapericardial fluid pressure 
is negative if measured by a catheter, reflecting the negative 
intrapleural pressure. On the other hand, the pericardium 
exerts a surface pressure on the heart; if the pericardium had 
holes in it, fluid would leak out and there would be no fluid 
pressure, but the heart could still be compressed, just like a 
fish caught in a net. This surface pressure is different in vari-
ous regions, but in general is similar to right atrial pressure 
[28–30]. Therefore, transmural diastolic pressure across the 
wall of the left ventricle is not the same as left ventricular 
diastolic ventricular pressure, and can be estimated by sub-
tracting right atrial from left ventricular pressure. The peri-
cardium can tense and restrict left ventricular dilatation if 
there is a tense pericardial effusion (tamponade) [31] or if 
the ventricles enlarge because of a sudden volume load or 
sudden myocardial depression [32,33]. In some patients 
with acute myocardial ischemia, left ventricular diastolic 
pressure can be greatly increased without much change in 
ventricular volume because of tension in the pericardium. 
This mechanism makes it difficult to interpret changes in 
diastolic pressure–volume relations only in terms of myocar-
dial stiffness [29,32,34–36].

Interaction between the ventricles
Ventricular interaction occurs in two ways. If right ventricular 
output decreases, filling of the left ventricle that is in series 
with the right ventricle is reduced so that left ventricular 
output decreases. Second, the left and right ventricles interact 
because they share the ventricular septum and are both con-
tained by a relatively rigid pericardium. Consequently, right 

ventricular distention, as in acute pulmonary embolism or 
congestive heart failure, pushes the septum to the left, 
thereby decreasing left ventricular volume and preload 
[37,38]. Sudden volume infusion may produce similar 
changes [39]. The resulting decrease in cardiac output should 
not be taken to indicate left ventricular dysfunction 
[28,38,40–42]. Volume unloading of the right ventricle 
under these circumstances will paradoxically increase left 
ventricular volume and function [43].

Cardiopulmonary interaction
The effects of pericardial restraint and ventricular interaction 
are important during positive pressure ventilation [44–46]. 
With a normal circulation, increased intrathoracic pressure 
with positive pressure inspiration (PPV or PEEP) reduces 
venous return to the right atrium, and by raising pulmonary 
vascular resistance may also increase right ventricular after-
load [47]. Both of these actions decrease right ventricular 
output and therefore also reduce left ventricular output. PPV 
or PEEP therefore decreases transmural pressures, end- 
diastolic volumes, and stroke work of both ventricles. This 
was well shown in humans by Jellinek et al. [48], who noted 
that cardiac output was decreased by ∼30% for a 10 mmHg 
increase in right atrial pressure secondary to positive pres-
sure ventilation.

The reverse occurs when PPV or PPEP is lowered (“expira-
tion”), and the net effect on the circulation depends on the 
ratio of inspiration to expiration [49] (Figure 4.13).

The degree to which increased airway pressure affects 
 cardiac output depends greatly on lung compliance [48], 
because a stiffer lung allows less transmission of airway 

Figure 4.13 Effect of positive airway pressure 

on cardiac output in humans. Paw-mean airway 

pressure (mmHg). Percentage change compared 

with normal breathing. Three airway pressure curves 

are shown, differing in peak airway pressure and 

relative durations of inspiration and expiration. The 

effects on cardiac output are shown to the right of 

each curve. (Reproduced from Cournand et al. Am J 

Physiol 1947;152:162–74, with permission from 

the American Physiological Society.)
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pressure to the pericardiac region. Fuhrman [50] described 
the relationship of positive airway pressure to cardiovascu-
lar function as preload dependence and emphasized that the 
effects were exaggerated by hypovolemia.

In congestive heart failure, however, where pericardial 
restraint regulates total cardiac volume, increased intratho-
racic pressure decreases right ventricular transmural pres-
sure, filling, and volume, resulting in an increased left 
ventricular transmural pressure, end- diastolic volume, and 
stroke work via the Frank–Starling relationship.

Systemic oxygen delivery
Delivery of oxygen to tissues is measured by calculating 
systemic oxygen delivery (or transport), the product of 
arterial oxygen content and cardiac output. Systemic oxy-
gen delivery is greatly influenced by hemoglobin concen-
tration and blood volume. Patients who have heart disease 
frequently have anemia or polycythemia, and may have 
altered blood volumes. In an elegant series of experiments, 

Murray and colleagues [51–55] examined factors that 
 influence systemic oxygen delivery. Their results are sum-
marized in Figure 4.14.

The peak of the inverted U is broad, but centered approxi-
mately at the normal hematocrit. (This centering occurs in 
species that have different normal hematocrits.) The curved 
relationship means that at low hematocrits cardiac output is 
increased, but not enough to compensate for the reduced 
amount of arterial oxygen per milliliter, and at high hemat-
ocrits the increased amount of arterial oxygen per milliliter 
does not compensate for the effect of increased blood viscos-
ity in decreasing cardiac output.

To determine if systemic oxygen delivery is sufficient for 
tissue metabolism, we can measure mixed venous oxygen 
saturation to find out if oxygen extraction has increased 
beyond normal values, a technique often used in the inten-
sive care unit, or can measure the lactate:pyruvate ratio that 
rises once systemic oxygen delivery decreases below a critical 
value [56]. Note that global measurements of mixed venous 

Figure 4.14 Relationships between hematocrit, cardiac output, blood volume, systemic vascular resistance, and systemic oxygen delivery. (a) As hematocrit 

increases, cardiac output decreases at any blood volume, but at a given hematocrit cardiac output is higher at higher blood volumes. (b) As hematocrit 

increases, so does systemic vascular resistance, but the resistance is lower with hypervolemia because the vessels are more dilated. Both of these panels 

show lines that are approximately linear, although linearity in the original data was less in (b) than in (a). (c) Systemic oxygen delivery as the product of two 

roughly linear relationships shows a second-order, that is, parabolic relationship to hematocrit at any blood volume. (Based on figures of Murray et al. J Clin 

Invest 1963;42:1150–9.)
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oxygen saturation and lactate:pyruvate ratio may be normal 
in the face of localized ischemia of one organ system.

Ventricular mechanics
The pressure–volume loops described above have the disad-
vantage that they lump all ventricular muscle into a single 
amorphous structure. In fact, the ventricle has a complex 
architecture, and this is beginning to be incorporated into 
physiologic understanding. The spiral muscle bands are 
involved in torsion of the ventricle that is essential for nor-
mal contraction. Details of ventricular contraction and relax-
ation are still being worked out (for reviews, see [2,57–59]), 
but basically the following sequence occurs (Figure 4.15).

At the onset of systole, during the isovolumic (pre- ejection 
period), the left ventricle narrows and lengthens, and then 
during ejection it continues to narrow and becomes shorter. 
When the aortic valve closes, in the isovolumic (pre- filling 
period), the ventricle lengthens, and then widens as blood 
fills it in later diastole. To this accepted description we now 
have to add information about torsion. If we look up at the 
heart from the patient’s feet, we will notice that the left ven-
tricle rotates around an axis passing from the apex to the 
middle of the aortic valve (Figure 4.16).

As shown in Figure 4.16, at the onset of the QRS complex 
the whole heart rotates slightly clockwise for a few millisec-
onds, then counter- clockwise for a few more milliseconds, 
after which the apex and base rotate in opposite directions; 
rotation in opposite directions is the definition of torsion. 
Note that there is more rotation of the free apex than the 
tethered base. During systolic torsion, the apex continues to 
rotate counter- clockwise but the base rotates clockwise, 

 produces an action just like wringing water out of a wet 
towel; if there were no torsion, ejection would be inade-
quate. Then, once the aortic valve has closed, there is a rapid 
untwisting, most marked at the apex, and it is this rapid 
untwisting that generates a negative pressure within the 
ventricular cavity and enables rapid filling of the ventricle 
once the mitral valve opens.

The degree and velocity of torsion increase with age [60]. 
Torsion increases strikingly in rate and magnitude with exer-
cise or adrenergic stimulation, and this helps rapid filling 
during the shortened systolic interval that accompanies 
tachycardia. Torsion decreases with adrenergic blockade 
[59,61]. Abnormal torsion may be the earliest sign of diasto-
lic dysfunction, as shown by Stuber et al. [62], who com-
pared normal subjects, athletes with left ventricular 

Figure 4.15 Traditional diagram of events during 

the cardiac cycle. (Reproduced with permission 

from Buckberg et al., Circulation. 2008; 

118:2571–87.)
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hypertrophy, and patients with aortic stenosis. The normal 
subjects and athletes had almost identical torsion. The 
patients with aortic stenosis, however, had torsion that 
although greater in magnitude was unduly prolonged, so 
that it delayed untwisting during early diastole.

Coronary pathophysiology

Myocardial energetics
The heart requires an enormous amount of oxygen per gram 
per minute. At rest it uses 8–10 ml of oxygen per 100 g of 
tissue per minute, and 60–80 ml per 100 g min−1 at maximal 
exercise [63]. The oxygen is used to fuel the ATP cycle, the 
main substrates being fatty acids and glucose that are moved 
into the mitochondria [64–66]. Preferentially the heart gets 
its energy by β- oxidation of long- chain fatty acids that 
require carnitine to cross the mitochondrial outer and inner 
membranes and also to transport potentially toxic acylcarni-
tine esters of CoA out of the mitochondria. In infants, who 
have low quantities of carntine palmitoyl transferase, short- 
chain fatty acids are preferred [67,68]. During oxygen depri-
vation, the heart can turn to glycolysis, but the metabolic 
products that accumulate soon inhibit function and decrease 
contractility. Carnitine deficiency is most often inherited 
[69], but can occur in preterm infants [70], chronic conges-
tive heart failure [71,72], end- stage renal failure [73], and a 
variety of diseases and drug exposures [74–76].

Determinants of myocardial oxygen consumption
The main determinant of myocardial oxygen consumption is 
peak wall stress [77–80]. An earlier index, the tension–time 
index (TTI) that measured the area under the left ventricular 
pressure curve [81], is less satisfactory because the true after-
load of the left ventricle is not aortic pressure but wall stress. 
In an isolated muscle strip, the afterload is the force that the 
strip exerts in lifting a weight during contraction, but in the 
intact heart the best equivalent is wall stress and not arterial 
pressure. Based on the LaPlace law (wall stress = Pr/2h, where 
P is pressure, r is radius, and h is wall thickness), wall stress in 
an irregularly shaped left ventricle can be approximated by 
an equation derived developed by Grossman et al. [82]:

⎡ ⎤
⎢ ⎥

= ⎢ ⎥
⎢ ⎥+
⎣ ⎦

Wall stress
hh
r

Pr 1.35

2 1
 

Therefore, if the ventricle dilates, the radius increases, the 
wall thins, and stress rises markedly.

Other factors that also affect myocardial oxygen consump-
tion are stroke volume [83–87], which involves shortening of 
fibers, and also contractility. The best way of incorporating all 
of these factors is to use the pressure–volume diagram of 
Suga [88,89] (Figure 4.17). These components of oxygen 

usage are a function of ATP breakdown and re- formation, 
and also calcium cycling, and were discussed in detail by Suga 
[88,89].

Myocardial blood flow

Definitions, units of measurement
Coronary blood flow (flow passing through the coronary arter-
ies) and myocardial flow (flow entering the myocardium) are 
normally similar, except for a small amount of myocardial 
flow that comes from pericardial and mediastinal vessels. 
In coronary–cameral or coronary–pulmonary arterial fistu-
las, not all the flow entering the coronary arteries goes into 
the myocardium.

Myocardial oxygen consumption or uptake is the amount of 
oxygen used by the myocardium. It may be measured in units 
of milliliters or micromoles of oxygen per beat or per minute 
for the whole heart, the left ventricle, or per unit mass of tis-
sue (per gram or 100 g). Myocardial oxygen demand is the amount 
of oxygen that the heart needs. Normally, myocardial oxygen 
consumption and demand are equal as long as myocardial 
oxygen supply is unrestricted, but if supply falls below demand, 
there will be myocardial ischemia. The definition of ischemia has 
been defined in many ways [90]. In general, ischemia repre-
sents an imbalance between oxygen supply and demand that 
leads to impaired myocardial oxidative metabolism and func-
tion. The impairment may be transient, causing stunning or 
hibernation, or permanent. If ischemia lasts more than several 
hours, cells die and are replaced by scar tissue.

Basic flow mechanisms
The heart has an enormous demand for oxygen at rest and 
on exercise (Figure 4.18).

Heart data are for the left ventricle based on sampling 
blood from the coronary sinus, and we know little about 
regional myocardial oxygen consumption in ventricles or 
atria, or different layers of the left ventricle. Because of its 
lower systolic pressure, the right ventricle normally has less 
oxygen consumption than the left ventricle, but the two 
ventricles are more alike when there is right ventricular 
hypertension and hypertrophy. One study [91] observed 
slightly greater oxygen extraction and oxygen consumption 
in the left ventricular subendocardial muscle than in the 
midwall or the subepicardial muscle. This may reflect the 
greater shortening and intramyocardial systolic pressure 
generated by the subendocardial layer during systole [92].

Flow per 100 g to the normal right ventricular myocar-
dium is about 50–67% of that of the left ventricle [93]. The 
ventricular septum, although usually contracting as part of 
the left ventricle, has flow characteristics of both ventricles. 
The left side of the septum behaves like the left ventricular 
free wall, particularly its subendocardial region, whereas the 
right part of the septum has flows similar to those in the 
right ventricular free wall [94].
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Flows in ventricular walls are inhomogeneous. If the left 
ventricular free wall is cut into concentric layers, flows tend to 
be less in the outermost third or quarter (subepicardial mus-
cle) than the innermost third or quarter (subendocardial mus-
cle), particularly in conscious animals [93]. Therefore, the LV 
inner:outer (or subendocardial:subepicardial) ratio of flows 
per gram may normally be 1.2–1.4. In addition to this regional 
layer inhomogeneity, there is considerable small- scale inho-
mogeneity within each layer [95,96]. In the right ventricle, 
the inner:outer flow ratio per gram is usually close to 1 [93].

What determines the regional distribution of myocardial 
blood flow? For a given coronary arterial pressure, flow 
depends upon the vascular resistance; the lower the resist-
ance, the higher is the flow. In any region of the ventricle, 
there are three resistances to consider [95,97].The first is the 
minimal resistance (R

min
) of the vascular bed when it is max-

imally dilated and the heart is not contracting (long diastole, 
cardioplegia). The second is the added resistance (R

beating
) 

imposed when the heart beats and compresses the vessels. 
Finally, when the vessels have tone, this superimposes 
another resistance, R

tone
.

R
min

 is lower in left ventricular subendocardium than sub-
epicardium, so that in the arrested heart with maximally 
dilated vessels subendocardial flow is much greater than sub-
epicardial flow [93,98]; the inner:outer flow ratio may be 2 
or more. Within any layer, however, there is great variability 
of flow [95,96], presumably due to differences in the resist-
ances of the vascular pathways to small regions of the ven-
tricular wall. The flow patterns are not completely random. 
Regions with high or low flows surround other regions with 
high or low flows, respectively; the diameters of regions with 
similar flows are about 5–9 mm in the canine left ventricle.

R
beating

: with increasing heart rate, subendocardial flow per 
minute per gram decreases roughly linearly [99]. Because of 
the high intramyocardial pressures in the subendocardium in 
systole, there is probably no systolic perfusion of the 

Figure 4.17 (a) The PV loop (EW) represents external work. The shaded triangular area (PE) represents elastic potential energy. The two areas combined 

make up PVA (pressure–volume area) that represents the total mechanical energy. (b) If PVA is changed and MVO
2

 is measured, the relationship is a 

straight line with the equation MVO
2
 = aPVA + b; b is the intercept on the y-axis, and the area between b and the zero baseline is independent of changes 

in Emax. The triangular shaded area above line b is the PVA-dependent MVO
2

. Therefore, with increased PVA (equivalent to increased stroke work), MVO
2

 

also increases, with part of the increase proportional to the increase in PVA and another part that is independent of it. Panel (c) shows what happens if 

contractility and therefore Emax increase. The PVA-dependent portion of MVO
2

 does not change (see triangle between dashed lines), but the independent 

part that represents basal metabolism has increased, thus accounting for the increased MVO
2

. Panel (d) shows a different relationship, that between Emax 

and the value of b, the PVA-independent MVO
2

. This quantity is composed of two parts. One is the basal metabolism (the hatched area below d) and is 

constant. (About 15% of total MVO
2

 is used for basal metabolism – protein synthesis, transport of sodium and potassium – and about 10% in activation, 

related to Na+,K+-ATPase and Ca2+-ATPase.) The other part that varies is the shaded triangular area above line d. This area represents the MVO
2

 that is 

independent of PVA but dependent on Emax or, in other words, contractility. Therefore, MVO
2

 is a function of basal metabolism (fixed), contractility 

(variable), and PVA that can also vary with the workload.
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 subendocardial muscle. As heart rate increases, the duration 
of diastole per minute decreases, and therefore so does sub-
endocardial blood flow. On the other hand, when the heart 
beats, subepicardial flow exceeds the flow in the arrested 
heart [100], for complex reasons. There are no high systolic 
intramyocardial pressures in the subepicardium, so that no 
obstruction to forward flow occurs in this region in systole or 
diastole. Studies performed with tiny flow transducers placed 
on small coronary arteries just before they enter the myocar-
dium [100,101] have shown little, if any, forward flow in 
systole, particularly if contractility is increased. Therefore, 
although 20–25% of the coronary flow enters the origins of 
the left coronary arteries in systole, most or all of this merely 

distends the extramural arteries and is stored there. On the 
other hand, microscopy of the superficial subepicardial ves-
sels in the beating heart has shown continuous forward flow 
throughout the cardiac cycle [102]. The conclusion is that 
almost no flow enters the myocardium from the extramural 
vessels in systole, and that systolic subepicardial forward flow 
comes from blood squeezed retrograde from the subepicar-
dial vessels [100]. These conclusions have been confirmed by 
direct observation of the intramyocardial vessels [103–105].

R
tone

: when tone is added to the vessels, the flows are lower 
than when the vessels are maximally dilated. There is still great 
heterogeneity of flow, even within a layer, but no correlation 
exists between flows in the beating heart with and without 
vascular tone. The inner:outer flow ratio per gram remains 
about 1–1.4, but in small regions flows are determined prima-
rily by local metabolic demands rather than by intramyocardial 
pressures or static minimal vascular resistances.

Autoregulation
Normally each region of the heart regulates flow to match its 
metabolic needs. This can be studied by cannulating the left 
coronary artery so that its perfusing pressure can be raised or 
lowered without altering left ventricular pressure or heart 
rate, and thus without altering myocardial oxygen consump-
tion. When pressure is raised, flow immediately rises but then 
over 20–30 s returns to near its control value because the ves-
sels constrict. When pressure is lowered, flow immediately 
decreases but then gradually returns to near normal because 
the vessels dilate. At high pressures (over about 120 mmHg 
mean perfusing pressure in acute studies), the flows increase 
persistently, presumably because high pressure has overcome 
vasoconstriction. Below a pressure of about 60–70 mmHg in 
anesthetized dogs and about 40 mmHg in conscious dogs 
[106], flow begins to decrease, because some vessels cannot 
dilate further and so can no longer compensate for a reduced 
perfusion pressure. These vessels are then pressure depend-
ent, and in them any fall in pressure decreases flow, or any 
increase in myocardial oxygen demand at a constant pressure 
cannot be met by an increased flow. In either event, ischemia 
will occur in the territory supplied by those vessels.

The mechanisms underlying autoregulation are not fully 
understood, and probably involve both myogenic and chem-
ical regulation [107].

Metabolic regulation
Myocardial oxygen demands are increased by tachycardia, 
increased pressure, and, to a lesser extent, volume work, 
and an increase in contractility. Normal hearts can tolerate 
very high heart rates, for example, 200–250 beats per minute, 
for short periods [108,109]. The tachycardia decreases the 
total diastolic time per minute and the proportion of diastole 
per cycle [110]. It also decreases stroke volume, ventricular 
volume, and wall stress, but increases contractility. Therefore, 
tachycardia increases myocardial oxygen consumption [111]. 

Figure 4.18 Oxygen consumption and flow at rest and severe exercise. 

Comparison of heart and whole body made with the same units for each. 

Drawn from data in humans studied by Kitamura et al. [12]. (a) Although 

the whole body’s oxygen consumption increases with severe exercise, the 

usage per 100 g is still only about 10% of the heart’s usage. (b) The high 

left ventricular MVO
2

 is associated with a high oxygen extraction at rest, 

and although a little more oxygen can be extracted to meet increased 

oxygen demands, as with severe exercise, this amount is limited by the 

hemoglobin oxygen dissociation curve if tissue hypoxia is to be avoided. 

Therefore, the only way for the myocardium to obtain more oxygen is to 

increase flow. (c) The increased flow needed for maximal MVO
2

 is shown. 

(d) During maximal exercise, the venous oxygen saturation of the body 

decreases to that seen normally in the coronary sinus.
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Increased wall stress due to higher pressure or volume work 
also increases myocardial oxygen demand, as does an 
increase in contractility. Even when myocardial oxygen 
demands are increased, however, autoregulation still occurs 
at the higher flow.

Coronary flow reserve [112–114]
At any given pressure, the flow when the vessels have tone 
is determined by the myocardial oxygen needs at that 
moment. When the vessels are maximally dilated, flow 
depends only on vascular resistance and myocardial contrac-
tion, independent of metabolism. If flow is measured at dif-
ferent perfusing pressures when the vessels have tone and 
then when they are maximally dilated, a typical coronary 
conductance diagram results (Figure 4.19). (Conductance is 
the reciprocal of resistance; the higher the conductance, the 
greater is the flow at any perfusion pressure.) The normal 
conductogram (Figure 4.19a) shows a relatively horizontal 

line of autoregulated flow (A
1
) between perfusing pressures 

of 40 and 120 mmHg; autoregulation fails outside those 
 limits.

When the coronary vessels are maximally dilated, there is 
a steep pressure–flow line (M

1
). The vertical difference 

between the two lines indicates the extra flow that can be 
attained at any given pressure by dilating the vessels, and is 
termed the coronary flow reserve (CFR) that is also meas-
ured in milliliters per minute. A dimensionless coronary 
flow reserve ratio is obtained by dividing maximal flow by 
autoregulated flow; this is particularly useful if flows or 
velocities cannot be related to a particular tissue mass. Note 
that flow reserve becomes smaller as the perfusing pressure 
decreases (Figure 4.19b); this occurs, for instance, with ste-
nosis in a coronary artery.

What happens to flow reserve when, in the uncannulated 
preparation, aortic pressure rises? The increased pressure 
work increases the autoregulated flow, but the increased 

Figure 4.19 Coronary conductograms under various circumstances (see text). Abnormal CFR in thick gray lines and arrows shown by vertical lines 

slightly offset for clarity.
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coronary perfusing pressure increases maximal flow. McGinn 
et al. [115] observed in humans that increases in mean 
arterial pressure of ∼20 mmHg increased autoregulated and 
maximal flows proportionally, so that the coronary flow 
reserve ratio was unaltered. What happens at greater 
 pressure elevations is unknown.

Three types of changes can reduce coronary flow reserve. 
The first is if maximal flow remains unchanged but auto reg-
ulated flow increases (Figure 4.19c); the second is if autoreg-
ulated flow remains the same but maximal flows are reduced 
(Figure 4.19d); and the third is if the pressure–flow curve is 
shifted to the right (Figure 4.1e). The causes of these changes 
in flows are given in Tables 4.1, 4.2, and 4.3,  respectively.

Some factors, such as tachycardia, may both increase 
autoregulated flow and decrease maximal flow, and some 
diseases such as cyanotic heart disease may elevate autoreg-
ulated flow (from hypoxemia) and decrease maximal flow 
(from polycythemia). Such combinations may decrease cor-
onary flow reserve (between two horizontal arrow points)
profoundly (Figure 4.19f).

Note that when coronary flow reserve is reduced, because 
of either an increase in autoregulated flow, a decrease in 
maximal flow, or a shift of the pressure–flow curve to the 
right, then the pressure at which autoregulation fails 
and pressure dependence starts shifts to the right, that is, 
towards higher pressures. This is a consequence of the slope 
of the line of maximal pressure–flow relations. As a result, 
autoregulation can fail at normal perfusing pressures 
(Figure 4.19f).

Regional coronary flow reserve
Failure of autoregulation and therefore pressure  dependence 
occurs first in the subendocardial muscle, no matter what 
the cause. The loss of reserve is heterogeneous, even within 
a layer [116].

Pressure–flow relations
When the coronary perfusing pressure is progressively 
reduced, flow ceases at a pressure of about 45 mmHg during 
autoregulation and at about 10–18 mmHg when the vessels 
are maximally dilated. The mechanism is not fully resolved 
[117]. Some investigators believe that there is vascular  closure 
within the myocardium that causes this back- pressure, 
whereas others believe that the zero flow pressure is a  mixture 

Table 4.2 Causes of decreased maximal flow.

Increased blood viscosity:

 Polycythemia

 Macroglobulinemia

Abnormal cardiovascular function:

 High right ventricular diastolic pressurea

 Hypertrophic cardiomyopathy

 Low aortic diastolic pressure:

  Aortic regurgitation

  Large arteriovenous fistula

 Pericardial tamponade

 Marked increase in contractilityb

 Tachycardiaab

 Left ventricular hypertrophya,b

 Right ventricular hypertrophya,b (if acquired after early childhood)

Small vessel disease:

 Systemic lupus erythematosus

 Aortic stenosis

 Essential hypertension

 Diabetes mellitus

 Tobacco smoking

 Hyperlipidemia

 Idiopathic

Large vessel disease:

 Atherosclerosis

 Thrombosis

 Embolism

 Loss of cardiac muscle to scar tissue

aMay increase zero flow pressure.
bMay also increase basal flow.

Table 4.3 Causes of increased zero flow pressure.

Increased left ventricular diastolic pressurea

Increased right ventricular diastolic pressure >12 mmHg

Pericardial tamponadea

Increased coronary venous pressure >12 mmHg but normal right 

ventricular diastolic pressure, e.g., after Fontan procedure

β- Adrenergic blockade or α- adrenergic stimulation

Left or right ventricular hypertrophya

Tachycardiaa

Some anesthetic agents, e.g., nitrous oxide

aMay also reduce maximal flow.

Table 4.1 Causes of increased basal coronary flow.

Exercisea

Fever

Increased inotropya

Tachycardiaa,b

Thyrotoxicosis

Ventricular hypertrophya,b

Hypoxemia

Anemia

Left shift of hemoglobin oxygen dissociation curve:

 Fetal hemoglobin

 Alkalosis

 Carboxyhemoglobin

 Abnormal hemoglobins

aMay increase zero flow pressure.
bMay also reduce maximal flow.



Pediatric Cardiovascular Medicine

60

of a vascular waterfall in the epicardial coronary veins and a 
time factor related to intramyocardial blood volume. (In a 
waterfall, raising the level of the water in the river below the 
fall does not change flow over the lip of the fall; similarly, in a 
vascular waterfall, there is a discontinuity between pressure 
in the “waterfall” segment and more distal venous pressure, 
and increasing venous pressure will not alter flow in the vas-
cular bed until it exceeds the waterfall pressure [117].)

Under some circumstances, the zero flow pressure rises 
and reduces the coronary driving pressure (the difference 
between inflow perfusion pressure and outflow or back- 
pressure). This can certainly occur with pericardial tampon-
ade, and with very high right or left ventricular diastolic 
pressures. A rise in back- pressure, for whatever reason and 
mechanism, has the same effect in reducing coronary flow 
reserve as a decrease in perfusing pressure (Figure 4.19e).

Regulation of myocardial vascular tone
When myocardial work increases with tachycardia or exer-
cise, coronary blood flow must increase to supply the added 
oxygen needed. This response is so important that many 
redundant systems have evolved [118,119]. Increasing myo-
cardial blood flow involves first the dilatation of the resist-
ance arterioles that are about 100–150 μm in diameter and 
then subsequent dilatation of the upstream conduit arteries 
and arterioles to help provide the added flow. The major 
mechanism of muscle relaxation is reduced calcium influx, 
and this follows hyperpolarization of the muscle cell when 
potassium leakage out of the cell through potassium chan-
nels is increased [107,120]. Other mechanisms also exist.

One mechanism for dilating resistance vessels could be 
autonomic nerve activity, but myocardial flow in exercise 

can still increase after denervation, and Duncker and Bache 
[119] concluded that the autonomic nervous system modu-
lates but does not necessarily initiate the increased flow. 
The primary mechanisms are biochemical changes in the 
myocardial cells, attributed to a decrease in tissue oxygen or 
to products produced by increased breakdown of ATP as it 
generates the energy for contraction. Possible mechanisms 
are shown in Figure 4.20.

The first major mechanism proposed (not shown in the 
diagram) involved adenosine as the by- product of ATP 
 metabolism [121]. When muscle contraction breaks down 
ATP, some of the adenosine monophosphate produced is 
degraded by 5′- nucleotidase to adenosine, a powerful coro-
nary vasodilator. The more the muscle works, the larger is the 
amount of adenosine produced and the greater is the  coronary 
vasodilatation. The increased myocardial oxygen supply 
therefore increases to match the demand. When muscle work 
increases, so does the amount of adenosine produced, and 
the vessels dilate to increase flow and oxygen supply appro-
priately. Although this mechanism has all the ingredients 
needed for a control system, there are some major arguments 
against it being the only or even the most important system. 
Eliminating almost all of the interstitial adenosine by infusing 
low molecular weight adenosine deaminase does not alter 
autoregulation. Even with definite ischemia, as in reactive 
hyperemia, infusing adenosine deaminase reduces but does 
not abolish the hyperemic response [122]. Furthermore, 
intracellular adenosine concentrations in the absence of pro-
found ischemia are probably too low to affect vascular tone 
[123,124]. Finally, Saitoh et al. [125] pointed out that once 
tissue oxygen levels had been restored, the error signal 
responsible for the changes would disappear.

Figure 4.20 Mechanisms of small vessel 

vasomotion. Details of the endothelial 

compartment are omitted for clarity (see 

Figure 4.21). Ca2+, calcium ion; H2O2, 

hydrogen peroxide; H2S, hydrogen sulfide; 

H2S2O3, thiosulfuric acid; SOD, superoxide 

dismutase; I and III, components of 
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The alternative mechanism associated with increased ATP 
metabolism is that when oxygen provides energy for the 
Krebs cycle, complexes I and III of the mitochondria produce 
superoxide anions as a by- product. These anions are 
 converted by superoxide dismutase into hydrogen peroxide 
that also acts on potassium channels to hyperpolarize the 
smooth muscle cell and relax it.

Another possibility involves oxygen that diffuses into the 
muscle cell and is consumed. Hydrogen sulfide (H

2
S) is con-

stitutively produced in the cardiac muscle cell and the 
endothelium by the action of cystathionine- γ- lyase (CSE) or 
cystathionine- β- synthase (CBE) on L- cysteine [126], and via 
mitochondrial action H

2
S is oxidized to a compound with no 

vasomotor action. Calcium–calmodulin acts as a regulator for 
the action of CSE, just as it does for the enzymes that produce 
NO and CO [127]. Lack of tissue oxygen leads to excess free 
H

2
S, a potent vasodilator that acts on potassium channels to 

hyperpolarize the smooth muscle cell and decrease calcium 
influx [128]. In support of the role of H

2
S is the fact that mice 

with CSE knockout are hypertensive, with blood pressure 
decreasing in response to exogenous H

2
S [127]. These mice 

also show reduced endothelial- stimulated vasodilatation.
The increase in flow at the level of the resistance vessels 

then causes a flow- mediated increase of flow in the upstream 
conduit vessels, with major proposed mechanisms delineated 
in Figure 4.21. Although the conduit vessels are also exposed 

Figure 4.21 Simplified diagram of some vasomotor control mechanisms, based on studies from the laboratories of Gutterman [107,129,130], Chilian 

[125,131,132], and others [126,133–136]. The cardiac muscle compartment is left blank for clarity (see Figure 4.20). AA, arachidonic acid; ATP, adenosine 

triphosphate; cAMP, cyclic adenosine monophosphate; EDHF, endothelial-derived hyperpolarizing factor; EET, epoxyeicosatrienoic acid; eNOS, nitric oxide 

synthase; GTP, guanine triphosphate; cGMP, cyclic guanine monophosphate; H2O2, hydrogen peroxide; K, potassium; KATP, ATP-dependent potassium 

channel; KCa, calcium-dependent potassium channel; KV, voltage-dependent potassium channel; NO, nitric oxide; PGI2, prostacyclin.
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to products of myocardial cell metabolism, the thicker vessel 
walls limit the effects of diffusion from myocytes.

Shear forces acting on glycoproteins (integrins and others) 
in the glycocalyx transmit changes to the intracellular 
domains of these proteins, and via complex interactions 
affect mitochondria in the endothelial cells in addition to 
activating arachidonic acids in the cell membranes. The result 
is stimulation of the production and co- release of nitric oxide 
and prostacyclin, and also the generation of two important 
components of endothelial- derived hyperpolarizing factor 
(EDHF), epoxyeicosatrienoic acids (EETs), and hydrogen 
peroxide. These agonists act to inhibit calcium influx both by 
hyperpolarizing the smooth muscle cell via a variety of potas-
sium channels and also by activating adenylate and guan-
ylate cyclase. These same factors may play a secondary role 
at the small arteriolar level, with EETs predominating. With 
vascular disease, not only coronary artery disease but also 
diabetes mellitus and hypercholesterolemia, reactive oxygen 
species increase and inhibit the production of prostacyclin, 
nitric oxide, and epoxyeicosatrienoic acids (EETs), leaving 
hydrogen peroxide as the main dilator. Not shown in the 
diagram are interactions among these various agonists.

There are many other potential modulating factors, 
 including potent vasodilators such as substance P, prostacyc-
lin, vasoactive intestinal peptide, bradykinin, atrial natriuretic 
peptides, and calcitonin gene- related product (CGRP), and 
also vasoconstrictors such as neuropeptide Y and endothelin, 
the adrenergic nerves with their transmitters, and cellular 
PKC and MAPK. A role for carbon monoxide has been sug-
gested [129–144]. The pathways featured in Figures 4.20 and 
4.21 are currently regarded as those of greatest importance.

General considerations of causes of ischemia
When perfusing pressure decreases below the lower limit of 
autoregulation, the fall in flow occurs first in the subendo-
cardium [145,146]. The changes in flow are not uniform 
within each layer; some pieces of muscle retain reasonable 
flows whereas others decrease their flow markedly [116]. 
Nevertheless, most low- flow regions are in the subendo-
cardium, some are in the mid- wall, and a few are in the 
subepicardium. A similar pattern of selective subendocar-
dial ischemia was shown in experiments in non- cannulated 
dogs in which severe supravalvar aortic stenosis, an arterio-
venous fistula, or rapid ventricular pacing all reduced the 
inner:outer ratio per gram to very low values, even though 
the absolute subendocardial flow might not have been 
reduced. In these studies, some of the maneuvers increased 
myocardial oxygen demand throughout the heart, but the 
pathophysiologic changes prevented the appropriate 
increase in subendocardial blood flow [147]. Common to all 
these experiments is the notion that once the vessels become 
maximally dilated, and this always occurs first in the suben-
docardium, subendocardial flow becomes pressure depend-
ent. Therefore, an inadequate perfusion pressure or a 

reduced diastolic perfusion time for myocardial needs either 
decreases subendocardial flow or leads to  failure to increase 
flow appropriately, and leads to a lowered inner:outer flow 
ratio per gram and also functional and biochemical mani-
festations of subendocardial ischemia.

Specific cardiac lesions or abnormalities

Tachycardia
Heart rates above 250 beats per minute for extended periods 
may decrease the inner:outer flow ratio, due to a shorter 
diastolic perfusion time, lowered aortic diastolic perfusing pres-
sure, and perhaps a rise in left ventricular diastolic pressure. 
Although the absolute flows rise in all layers, coronary flow 
reserve becomes reduced in the inner half and, at very high 
rates, may be absent. The subendocardial vessels become pres-
sure dependent and ischemia may result. The absolute suben-
docardial flow might be above normal, but is not high enough 
to supply the oxygen needed to the muscle. The inner:outer 
flow ratio per gram in these instances is a better guide to sub-
endocardial ischemia than the actual subendocardial flow 
[148]. If the ventricle is hypertrophied, then tachycardia causes 
subendocardial ischemia much more readily, in fact, above 
heart rates of 200 beats per minute [108,109]. Modest tachy-
cardia at a rate of 200 beats per minute causes subendocardial 
ischemia in dogs with coronary stenosis. The tighter the steno-
sis, the smaller is the heart rate increase required to cause sub-
endocardial ischemia. In infants during recovery after prolonged 
paroxysmal supraventricular tachycardia, the T waves may be 
generally inverted for several hours, and this has been attrib-
uted to subendocardial ischemia.

Ventricular hypertrophy
With ventricular hypertrophy in adult animals, muscle mass 
increases without a corresponding increase in arteries and 
larger arterioles [145,149,150]. In general, increased wall 
thickening tends to keep wall tension normal, so that myo-
cardial oxygen consumption per unit mass remains at con-
trol values. However, because of a greater muscle mass, 
myocardial oxygen consumption per ventricle is increased in 
proportion to the increase in muscle mass. Flow increases to 
supply this increased amount of oxygen, and does so by 
dilating the normal- sized myocardial vascular bed. On the 
other hand, maximal flow per ventricle is not increased (or 
may even be decreased if there is associated small- vessel 
medial hypertrophy or intimal disease). Therefore, coronary 
flow reserve is reduced [151–153]. Similar results have been 
found in humans [151,152]. When hypertrophy is due to 
hypertension, the increased perfusion pressure may result in 
a normal coronary flow reserve, with both resting and max-
imal flows being increased in proportion.

Young animals, however, can increase the cross- sectional 
area of the right ventricular myocardial vascular bed to keep 
pace with the increase in ventricular muscle mass [154,155]. 
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There is one study that suggested that this can also occur for 
the left ventricle [156].

Aortic stenosis
In this lesion, subendocardial ischemia and fibrosis are 
prominent, both in children and in adults [145,157–159]. 
The pressure load causes ventricular hypertrophy that nor-
malizes the wall stress. Therefore, flow per unit mass is rela-
tively normal but total flow is increased in proportion to the 
increased muscle mass. Because conducting intramyocardial 
coronary vessels do not increase in number or size, or do 
not increase enough to compensate for the increased muscle 
mass, coronary flow reserve is reduced, and may even be 
absent in the subendocardium. Because the subendocardial 
vessels are the first to be affected, the effort angina that 
these patients get is accompanied by ST depression in the 
left precordial leads, and often there will be substantial 
subendocardial fibrosis and necrosis. If there are added 
obstructive changes in intramural arteries, the tendency to 
subendocardial ischemia is more marked. With significant 
aortic stenosis, subendocardial ischemia occurs earlier with 
added stresses such as anemia, tachycardia, extramural 
coronary arterial disease, or anything that causes the ven-
tricle to dilate and increase the wall stress. Injudicious use 
of catecholamines in treating non- cardiac disease in these 
patients may also be detrimental.

Aortic regurgitation
With severe aortic regurgitation, left ventricular systolic 
pressure is elevated and there is ventricular hypertrophy, 
but with the associated increase in ventricular volume the 
wall stress is elevated. Furthermore, the mean diastolic 
aortic perfusing pressure is reduced. These patients there-
fore have a reduced coronary flow reserve, so that angina 
pectoris and subendocardial ischemic damage may occur. 
One notable difference from aortic stenosis is that with 
regurgitation, tachycardia can improve cardiac function 
and subendocardial blood flow for at least two reasons. 
First, a faster heart rate reduces the time available for 
regurgitation and so reduces the degree of regurgitation 
and ventricular volume. Second, the shorter diastole raises 
the mean diastolic perfusing pressure. This may explain 
why clinically pacing about 15–20 beats per minute above 
the resting heart rate has produced major clinical improve-
ments in patients with aortic regurgitation and intractable 
cardiac failure [160,161].

Anemia
Anemia increases cardiac output and thus myocardial oxygen 
consumption, and at the same time decreases the oxygen 
carrying capacity of the blood. This is compensated for by an 
increased coronary blood flow, but at the expense of reducing 
coronary flow reserve.

Polycythemia
Polycythemia reduces resting blood flow because of its 
increased oxygen- carrying capacity and viscosity. Because 
increased blood viscosity decreases maximal flows, coronary 
flow reserve is reduced. As for anemia, resting blood flow 
can be supplied (to a normal heart) at any hematocrit and 
perfusing pressure, and arterial oxygen saturation, but the 
demands of exercise cannot be met.

Hypoxemia
Hypoxemia increases coronary blood flow and reduces coro-
nary flow reserve.

Coronary Arterial Stenosis
With a localized atheromatous lesion of a major branch of 
the left coronary artery, there is a pressure drop at rest across 
the obstruction because of the increased resistance that it 
offers to flow. This pressure drop is greater in diastole, when 
flow is highest, than in systole. Autoregulation causes the 
small intramural vessels to dilate and lower their resistance, 
so that myocardial oxygen demands can be met. Coronary 
flow reserve is, however, decreased in this distal bed. If the 
stenosis becomes more severe, whether acutely by spasm or 
hemorrhage into the plaque, or chronically by growth in 
volume of the plaque, then distal pressures may fall below 
the level at which autoregulation can compensate; coronary 
flow reserve will be absent. Consequently, flow decreases 
below the amount needed to supply myocardial oxygen 
needs, particularly in the subendocardium, and the patient 
has rest pain. Because rest pain indicates severely impaired 
coronary flow to a region that does not have an increased 
oxygen demand, it is a precursor of necrosis if it persists.

If a mild obstruction gradually increases, resting flow 
remains at its previous value but coronary flow reserve 
becomes progressively reduced. Exercise that raises myocar-
dial oxygen needs may then exhaust flow reserve and lead 
to subendocardial ischemia. These features are the basis for 
various types of exercise tests, with or without radionuclide 
scans to delineate ischemic regions.

Cardiopulmonary bypass
Acute subendocardial necrosis in patients with normal coro-
nary arteries was all too frequent in the early days of bypass 
surgery [162–166]. Necrosis was seen most often during 
prolonged normothermic ventricular fibrillation, the mecha-
nism being the difficulty of perfusing the subendocardium in 
the absence of a prolonged period of relaxation equivalent to 
diastole [167–169]. With improved myocardial protection, 
this lesion is seen less often, but still occurs.

Direct and indirect measurement of coronary 
blood flow
Although these measurements are easy and relatively accu-
rate in animals, they are is more difficult in humans,  especially 
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small children. Ideally, non- invasive or minimally invasive 
methods should be used. Transthoracic Doppler echocardiog-
raphy of the major coronary arteries has been done, and 
yielded results that are comparable to those found in animals 
[170–176]. The method can usually make repeatable meas-
urements of flows in the left anterior descending, left circum-
flex, or right coronary arteries, and gives values for flow and 
flow reserve that match those in animal studies. Only large 
regions can be studied, and flow variations within a region 
are not obtainable. Nuclear medicine techniques with tech-
netium or thallium can show localized deficits, but do not 
measure absolute flow. Positron emission tomography (PET) 
scanning with rubidium has better spatial resolution but is 
complex and expensive [177]. Inserting a Doppler flow wire 
(Cardiometrics, Mountain View, CA, USA) through a small 
catheter provides the most accurate measurements for spe-
cific coronary arteries. Just as with the echo- Doppler method, 
however, this does not give information about small regions.

Because none of these methods currently give informa-
tion about ischemia of the subendocardium, which is the 
earliest region affected, an indirect index has been proposed. 
Based on acute animal studies, Buckberg et al. [147] exam-
ined the ratio of two pressure–time areas (Figures 4.22).

The rationale for the ratio is that the area under the left 
ventricular pressure curve in systole (SPTI) represents myo-
cardial oxygen demand (with the caveats mentioned above 
about pressure and wall stress not being the same), whereas 
the area between the aortic and left ventricular curves in 
diastole (DPTI) represents the time and pressure head for 
perfusion of the subendocardium that, as described above, is 
perfused only in diastole. DPTI is directly related to flow as 
flow = Pressure difference/resistance. With maximal vasodil-
atation, subendocardial flow becomes pressure dependent, 
and subendocardial flow is proportional to the pressure dif-
ference per minute, which, for subendocardial muscle, is DPTI.

The DPTI:SPTI ratio thus represents a supply:demand 
ratio. Buckberg et al. [147] produced various models of heart 
disease in dogs, and found a good linear correlation between 
the DPTI:SPTI ratio and the subendocardial:subepicardial 
flow ratio. If the DPTI:SPTI ratio decreased to <0.8, the flow 
ratio decreased below its normal value of about 1. Note that 

these ratios do not predict absolute flows, but instead use the 
subepicardial flow (which is almost never jeopardized) as a 
normalizing value.

The concept is straightforward, and it fits many lesions in 
which subendocardial ischemia is known to occur [178,179]. 
The difficulty in using this concept is determining the critical 
values for the ratio. Some guidance is available. Studies done 
on healthy athletes immediately after the onset of a 100 m 
sprint showed 4 mm ST depression of classical ischemic pat-
tern [180]. To investigate this finding, normal healthy fire-
men were exercised on a treadmill either with gradual 
increase to maximal speed or with maximal speed started 
immediately. The first group showed merely the expected 
tachycardia, whereas the second group showed initial ST 
depression. A rough estimate of DPTI:SPTI ratio was obtained 
from a brachial arterial pressure. The investigators found 
that ischemic changes in the electrocardiogram occurred if 
the DPTI:SPTI ratio decreased below 0.45. It is essential to 
correct the DPTI:SPTI ratio for the hemoglobin concentra-
tion [181]. This is done simply by multiplying the DPTI area 
by arterial oxygen content in milliliters per 100 ml of blood 
(normal value about 20). The critical oxygen content 
adjusted ratio would then be about 8–9.

It is therefore reasonable to use this cut off value for 
normal hearts. What happens if hearts are hypertrophied or 
dilated? Then the SPTI underestimates myocardial oxygen 
demand because either wall stress is increased or the wall is 
hypertrophied, and the critical value is <0.45 by some 
unknown amount. In a study of patients known to have 
 aortic stenosis, lactate production detected in the coronary 
sinus (and by inference subendocardial ischemia) was 
 associated with a DPTI:SPTI ratio <0.3 [182]. It is safe to 
state that any DPTI:SPTI ratio >0.45 (or if corrected for arte-
rial oxygen content >9) suggests that the subendocardium is 
not ischemic.

Coronary flow patterns
In the left coronary artery, about 75–80% of the flow is 
diastolic, for reasons discussed above. A reduction of the 
proportion of diastolic blood flow probably reflects under-
perfusion of the subendocardium of the left ventricle [146].

Figure 4.22 The systolic:diastolic pressure-

time index.
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On the other hand, systolic flow in a large branch of the 
left coronary artery may be reduced if excess systolic back-
flow from the myocardium opposes normal systolic inflow, 
as may occur when ventricular pressure exceeds aortic pres-
sure in systole, as occurs with aortic stenosis. It has also 
been described with acute hemorrhage, a large coronary 
cameral fistula, and pericardial tamponade [146]. Now that 
it is possible to use Doppler- tipped flow wires in children, 
assessment of flow patterns may provide indirect informa-
tion about subendocardial flow.

The flow wire has been used also to determine whether a 
child with some degree of coronary artery stenosis after 
Kawasaki disease will benefit from coronary bypass surgery 
[183]. This has been done by using the concept of myocar-
dial fractional flow reserve, in which measurements are 
made during maximal vasodilatation of the coronary arteries 
of pressures in the artery proximal to the stenosis (P

a
), distal 

to the stenosis (P
d
), and a wedge as a measure of coronary 

venous pressure (P
v
). Then myocardial fractional flow 

reserve (FFR
myo

) is calculated [162–164] as

−
=

−
P P

FFR
P P
d v

myo
a v  

A value of <0.75 suggests that there is significant stenosis. In 
the study by Ogawa et al. [183], there was a good relation-
ship between the coronary flow reserve (determined by the 
same Doppler flow wire) and FFR

myo
. The method has value, 

although questions have been raised about its value in prac-
tice [184] and even about the validity of the method [185].

Right ventricular myocardial blood flow
Right ventricular myocardial blood flow follows the general 
principles regarding coronary blood flow, but has differences 
related to the low right ventricular systolic pressure and to 
the fact that alterations in aortic pressure change coronary 
perfusing pressure without altering right ventricular pres-
sure work. If the normal right ventricle is acutely distended, 
for example, by pulmonary embolism, there will eventually 
be right ventricular failure; the increased wall stress increases 
its oxygen consumption but the raised systolic pressure 
reduces the coronary flow, so that when supply cannot 
match demand there will be right ventricular myocardial 
ischemia [186]. Raising aortic perfusing pressure mechani-
cally or with α- adrenergic agonists increases right ventricu-
lar myocardial blood flow, relieves ischemia, and restores 
right ventricular function to normal despite continued right 
ventricular systolic hypertension. Improved coronary flow is 
not the only mechanism of this improvement; the increased 
left ventricular afterload moves the ventricular septum 
towards the right ventricle and improves left ventricular per-
formance [187]. As shown by Sonnenblick and colleagues 
[188] in earlier experiments, ischemia is likely to be the pre-
dominant mechanism.

If right ventricular systolic pressure is chronically elevated 
so that there is right ventricular hypertrophy, as in pulmonic 
stenosis, many forms of cyanotic congenital heart disease, 
and some chronic lung diseases, then right ventricular myo-
cardial blood flow behaves in the same way as left ventricu-
lar blood flow [189–191], with one exception. If aortic 
pressure is lowered, left ventricular pressure also decreases, 
as does left ventricular work and oxygen consumption. In 
the right ventricle, however, the workload may not be 
reduced (if there is no ventricular septal defect), so that an 
imbalance between myocardial oxygen supply and demand 
may occur. The worst imbalance occurs when aortic systolic 
pressure is maintained but coronary perfusing pressure 
decreases, and this can occur in a child with tetralogy of 
Fallot who has too large an aortopulmonary anastomosis. 
The high aortic and left ventricular systolic pressures man-
date an equally high right ventricular systolic pressure, but 
the low diastolic aortic pressure reduces coronary perfusion 
pressure in diastole and can cause both left and right ven-
tricular ischemia and failure [192].

In the right coronary artery, because some of the flow per-
fuses the low- pressure right ventricle, about 40–60% of the 
flow is in systole. With increased right ventricular pressures, 
as in congenital pulmonic stenosis, the flow pattern resem-
bles that of the left coronary artery [193].
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Pulmonary Vascular Pathophysiology

Marlene Rabinovitch
Stanford University School of Medicine, Stanford CA, USA

Development of the pulmonary 
vasculature in embryonic and fetal life

Severe pathological changes of pulmonary hypertension 
(PAH) are observed in the arteries accompanying the terminal 
respiratory unit or the acinus. The acinus is composed of the 
terminal bronchiole, respiratory bronchioli, alveolar ducts, 
and alveoli. Normally in the newborn, arteries at the level of 
the terminal bronchiolus are muscular, whereas those accom-
panying respiratory bronchioli are mostly partially muscular 
(surrounded by a spiral of muscle). Arteries at alveolar duct 
and wall levels are generally nonmuscular. The immediate 
postnatal period is characterized by rapid recruitment of small 
alveolar duct and wall arteries, which appear to be function-
ally and structurally closed in the prenatal period [1].

Progressive dilatation of muscular arteries also occurs 
postnatally – that is, the smallest muscular arteries (<250 μm) 
dilate, and their walls thin to adult levels within a few days; 
by the age of 4 months, this process has included the largest 
pulmonary arteries (PAs) at the hilum. With age, more dis-
tal arteries become muscularized. Although most alveolar 
duct arteries become partially muscularized, most alveolar 
wall arteries remain nonmuscular even in the adult [2]. The 
process of distal muscularization appears to be related to the 
differentiation of pericytes and recruitment of fibroblasts 
that also differentiate into muscle cells.

Precapillary (alveolar duct and alveolar wall) arteries 
proliferate through the neonatal period and early infancy, 
accompanying the proliferation of alveoli; the ratio of alveoli 
to arteries can therefore be used as a measure of numerical 
arterial growth. The ratio of alveoli to arteries decreases from 
the newborn value of 20:1 to 6:1–8:1, which is achieved first 
in early childhood and persists.

Experimental studies indicate that the normal adaptation 
to postnatal life is regulated by remodeling of the smooth 

muscle cell actin cytoskeleton through the Rho-kinase path-
way and by changes in the production of connective tissue, 
especially elastin and collagen. Several groups relate lung 
vascular development to alterations in growth factors and 
extracellular matrix molecules that regulate migration, pro-
liferation, and differentiation of endothelial, smooth muscle 
cells, and fibroblasts and direct the process of branching 
morphogenesis. Cells sense changes in extracellular matrix 
proteins, such tenascin-C [3],that influence the activity of 
growth actors, including vascular endothelial growth factor 
(VEGF), fibroblast growth factors (FGF-1 and FGF-2), and 
angiopoietins and their interaction with receptors. The bal-
ance between proteases and antiproteinases regulate the 
constant turnover of matrix and the cell surface expression 
of growth factor receptors that direct vascular cell behavior.

Recent studies have shown that VEGF coordinates  alveolar 
and vascular development [4] and is regulated by transcrip-
tion factors, such as the hypoxia inducible  transcription factor 
[5]. The Wnt signaling pathway also plays an important role 
in lung vascular development [6], as do specific transcription 
factors [7]. Vasoactive peptides, such as endothelin, induce 
smooth muscle cell proliferation. This effect is balanced by 
nitric oxide (NO) [4], produced by NO synthase [8]. The 
availability of NO is also controlled by nitrites [9].

Congenital heart defects with pulmonary 
hypertension
Lung biopsy studies from patients with a congenital heart 
defect first suggested how structural alterations in the PAs lead 
to progressive hemodynamic changes in the pulmonary circu-
lation [10] (Figure 5.1). The first PA abnormality detected in a 
patient with a congenital heart defect and high pulmonary 
blood flow and pressure is extension of muscle into peripheral 
normally non-muscular arteries (morphometric grade A) [11] 
(Figure 5.1). This appears to be an acceleration and exaggeration 
of the normal process of growth associated with differentiation 



Pediatric Cardiovascular Medicine

72

of pericytes into smooth muscle cells (SMCs) that subsequently 
proliferate and also recruitment of fibroblasts. The initial 
response to high flow induced experimentally from the time of 
birth appears to be angiogenic with high levels of VEGF and its 
receptors.

The second change is medial hypertrophy of muscular 
arteries (grade B). It always accompanies abnormal muscu-
larization of distal arteries and is associated with high mean 
PA pressure. This change represents an increase in the 
number and size of smooth muscle cells in the muscular 
media of the arterial wall.

The third change, reduced arterial number (grade C), is 
always accompanied by muscularization of peripheral arteries 
and medial hypertrophy of muscular arteries, and is associ-
ated with elevated pulmonary vascular resistance. The basis 
for grade C is likely the failure of new vessels to develop and 
also “injury”-mediated loss of arteries through apoptosis of 
endothelial cells and pericytes. Grades A and B are refinements 
of Heath–Edwards grade I (medial hypertrophy). Grade C 
may be found with Heath–Edwards grade I, is common with 
grade II (cellular neointimal formation), and is invariable 
with grade III (occlusive neointimal formation with fibrosis). 
In fact, when grade III is seen, the arterial concentration is 
generally half of normal or less.

Progressive neointimal obliterative and plexiform lesions 
are associated with a progressive rise in resistance to flow 
that culminates in right to left shunting in the presence of a 
congenital heart defect. The extensive neointimal oblitera-
tive changes (Heath–Edwards grade III) are related to an 
expansive proliferation and migration of cells considered to 
be SMCs because they express α-SM actin. These cells may 
represent a specialized subpopulation of SMCs or they may 
have originated as stem cells or fibrocytes (cells that have 
properties of fibroblasts and leukocytes), or they may even 
be transformed endothelial cells (ECs).

The development of the dilatation complex and plexiform 
lesion (Heath–Edwards grade IV and V, respectively) is charac-
terized by the formation of aberrant channels in the otherwise 
obliterated lumen of the vessel and in the adventitia. These 
channels may reflect clonal expansion of apoptosis-resistant 
ECs or they may originate from circulating endothelial 
progenitor cells that accumulate at sites of endothelial 
denudation or injury and expand locally.

In general, features of grade IIIC or more severe abnor-
malities, such as Heath–Edwards grade IV (dilatation com-
plexes) or grade V (angiomata formation), that together 
comprise plexiform lesions, or grade VI (fibrinoid necrosis), 
are observed with severe elevation in pulmonary vascular 
resistance >8 U m−2 that is frequently refractory to acute 
vasodilation in response to oxygen, prostacyclin, or NO. A 
pulmonary wedge angiogram performed at the time of a 
catheter study can help relate the extent of pulmonary 
vascular disease to the calculations of pulmonary vascular 
resistance. A frozen section is a valuable addition to the 
hemodynamic data and angiogram in helping make a clini-
cal decision with regard to operability.

Age at cardiac repair is critical in the potential for hemo-
dynamic improvement and (presumably) resolution of the 
vascular pathology. For example, infants repaired under 

Figure 5.1 Pathobiology of PH. Schema illustrating the different vascular 

abnormalities compared with normal pulmonary circulation, associated 

with PH. This schema depicts the abnormalities throughout the pulmonary 

circulation, including (i) abnormal muscularization of distal precapillary 

arteries, (ii) medial hypertrophy (thickening) of large pulmonary muscular 

arteries, (iii) loss of precapillary arteries, (iv) neointimal formation that is 

particularly occlusive in vessels 100–500 μM, and (v) formation of plexiform 

lesions in these vessels. EC, endothelial cell; SMC, smooth muscle cell. 

(Reproduced from Rabinovitch, J Clin Invest 2008;118:2372–9, with 

permission.) 
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6 months of age had normal hemodynamics as assessed at 
cardiac catheter study 1 year later, whereas those repaired 
over 2 years of age characteristically had some impairment or 
even progressive disease, except if the pathology was limited 
to muscularized arteries and medial hypertrophy (grade B) 
[12–14]. This is consistent with early studies showing that in 
a congenital heart defect, such as a ventricular septal defect 
with PAH, banding the PA band in infancy could substan-
tially reverse the PA vascular pathology [15]. Regression of 
medial hypertrophy and muscularization of distal vessels has 
been shown in experimental studies following pressure off-
loading. We showed that transplantation into a normal rat 
of a lung from a rat in which a toxin, monocrotaline, had 
induced severe pulmonary vascular disease resulted in 
regression of those abnormalities. Regression of severe pul-
monary vascular disease occurred in the original lung from a 
PAH patient that remained after single lung transplant [16]. 
However, there is the possibility that the regression might 
have been induced by immunosuppressive agents rather 
than by the reduction in PA pressure. Experimentally, immu-
nosuppressive agents can attenuate PAH. As we learn more 
about the genetic basis of congenital heart disease, we may 
uncover genes that contribute to the PA pathology inde-
pendent of the hemodynamic changes.

Endothelial biology and pathobiology 
of PA hypertension
EC dysfunction appears to play a central role in the develop-
ment of pulmonary vascular disease. Scanning and transmis-
sion electron microscopic analyses [17] revealed struc tural 
alterations in the PA ECs from patients with PAH. These 
were related functionally to defective von Willebrand factor, 
a blood glycoprotein involved in coagulation and fibrinoly-
sis, and also to abnormal production of vasodilators and 
repressors of SMC proliferation.

Endothelial alterations precede the development of mus-
cularization of PAs. Cultured PA ECs release factors, such as 
FGF-2, that stimulate the proliferation of PA SMCs [18]. In 
PA ECs from patients with idiopathic PAH (IPAH), there is an 
increased release of serotonin from ECs and serotonin- 
mediated SMC proliferation. In recent studies, we have 
shown that reduced production of apelin by PAH PA ECs 
impairs endothelial recovery from injury (survival) and de-
represses PA SMC proliferation.

PA ECs from patients with IPAH produce decreased 
amounts of NO, a vasodilator and suppressor of SMC prolif-
eration. The reduction in NO is thought to be related to 
reduced endothelial nitric oxide synthase or high arginase 
levels [19], because L-arginine is the substrate of NO syn-
thase required to produce NO. The ECs from patients with 
PAH are highly proliferative in response to growth factors 
and represent expansion of apoptosis-resistant clones that 
exhibit high rates of glycolysis attributed to induction of 
hypoxia inducible factor [20]. These cells, however, appear 

poorly differentiated and show impaired formation of 
endothelial tubes in culture. This is consistent with the 
observation that PAH ECs fail to restore the precapillary 
vessels that have been occluded or lost.

There is also considerable thickening of the pulmonary 
adventitia and venous hypertrophy in patients with PAH. 
Immunohistochemical studies have revealed increased 
expression of transforming growth factor (TGF)-β, matrix 
glyoproteins and glycosaminoglycans, in addition to macro-
phages, and T cells, and also inflammatory mediators such as 
fractalkine. Our immunohistochemical studies carried out 
on lung biopsy tissue from patients with congenital heart 
defects showed that the deposition of the glycoproteins 
tenascin-C and fibronectin in the media and neointima 
increases progressively with the severity of the lesion. We 
related increased expression of tenascin-C to vascular smooth 
muscle cell proliferation and deposition of fibronectin to 
smooth muscle cell migration associated with neointimal 
formation [21]. Studies by other investigators found evi-
dence that the neointimal lesions in PAH are accompanied 
by increased expression of TGF-β and procollagen. More 
recently, we described an increase in the expression of the 
calcium binding protein S100A4/Mts1 in advanced lesions 
from patients with congenital heart defects causing PAH 
or with IPAH (Figure 5.2) [22]. S100A4/Mts1 stimulates 
vascular smooth muscle cell migration and proliferation, is 
produced in response to serotonin stimulation [23], and is 
enhanced with increased activity of the serotonin trans-
porter. This is in keeping with studies indicating that a poly-
morphism causing heightened activity of the serotonin 
transporter is increased in patients with PAH [24].

Counteracting the pathology of 
PAH with “vasodilator” therapy

The idea that the advanced pathology associated with PAH 
could be attenuated or reversed by vasodilator therapy 
originated in studies of patients with IPAH in which there 
was evidence of reduced circulating levels of the vasodila-
tor prostacyclin relative to the vasoconstrictor thrombox-
ane. This observation led to the institution of continuous 
intravenous prostacyclin as a therapy for PAH patients, a 
treatment that, despite not always reducing the pulmonary 
vascular resistance, has appreciably improved the quality of 
life and the survival of PAH patients (see Chapter 51). A 
recent meta-analysis, however, has questioned the survival 
benefit of this and other therapies for PAH in adults. A 
compelling need exists to find oral and improved alterna-
tives to intravenous prostacyclin. Experimental studies in 
rats with hypoxia-induced pulmonary hypertension docu-
mented elevated levels of endothelin (ET), a powerful 
vasoconstrictor that promotes SMC proliferation and inflam-
mation [25]. In clinical studies, an increase in ET was 
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detected in the lungs of patients with IPAH [26]. Hence ET 
receptor blockade was proposed as a potential treatment for 
PAH. The two endothelin receptor subtypes ET

A
 and ET

B
 are 

found in smooth muscle cells of blood vessels and both can 
mediate vasoconstriction. However, ET

B
 receptors on ECs 

may mediate vasodilatation and ET clearance, particularly 
in microvessels. Recent results using either the dual ET 
receptor antagonist or a selective ET

A
 receptor antagonist 

demonstrate a reduction in symptoms and slowing of PAH 
progression in some patients. Studies documenting reduced 
expression of NO synthase, the enzyme that generates NO, 
suggested that phosphodiesterase V inhibitors, such as 
sildenafil, could prolong the NO-mediated increase in cGMP 
to dilate PAs effectively. Phosphodiesterase inhibitors also 
improve cardiac function. Recent studies showed that 
nitrites, molecules that produce NO in the lung, may also 

be of therapeutic benefit as they reverse experimental pul-
monary vascular disease.

Experimental studies have also shown success in reversing 
PAH with other vasodilators that include adrenomedullin. 
Vasoactive intestinal peptide (VIP), a vasodilator and inhibi-
tor of SMC proliferation, is a very promising agent. Transgenic 
mice that are null for VIP develop PAH with remodeled dis-
tal arteries. Studies in rodents showing vasodilatation and 
reversal of PAH by Rho-kinase inhibitors such as fasudil that 
disassemble the cytoskeleton suggest that these agents 
should be developed for clinical use. Fasudil has shown 
some benefit in acute testing of PAH patients. The systemic 
hypotensive side effects of fasudil may be reduced when it 
is administered via inhalation. Table 5.1 lists novel agents 
currently in use or in trial for treatment of pulmonary 
hypertension.

Figure 5.2 Representative photomicrographs of human lung biopsy tissue after immunoperoxidase staining for S100A4/Mts1. (a) Vessel from patient 

graded 0–IB showing normal pulmonary artery with no immunodetectable S100A4/Mts1. (b) Vessel showing a typical grade IB lesion with severe medial 

hypertrophy but without immunoreactivity for S100A4/Mts1. (c) An artery from a patient with grade IVC disease with occlusive neointimal proliferation and 

strong positive staining for S100A4/Mts1 particularly in the intima compared with the media of the vessel. S100A4/Mts1 was not detected in all cells and 

appears to be localized in a subpopulation of intimal cells. (d) A plexogenic lesion from a patient with grade IVC disease with staining of the smooth muscle 

cells and sparing of the endothelial cells (arrows). Immunoreactivity for S100A4/Mts1 was present in the lung parenchyma at a similar level in all grades of 

pulmonary vascular disease. Original magnification, ×40. (Reproduced from Greenway et al. Am J Pathol 2004;164:253–62, with permission.)
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Chronic hypoxia-induced pulmonary 
hypertension

Chronic hypoxia induces PAH and vascular changes that, 
based upon experimental studies, consist of muscularization 
of distal vessels, medial hypertrophy of muscular arteries, 
and a reduced number of peripheral arteries despite the 
increase in capillaries from an increase in hypoxia-inducible 
transcription factors. These features are largely reversible 
with restoration of a normoxic environment. However, we 
have learned about the pathobiology of PAH by studying 
mechanisms by which chronic hypoxia causes remodeling of 
the PAs.

Stenmark et al. [27] took newborn calves to a simulated 
high altitude of 4300 m and observed severe PAH with right-
to-left shunting from the rapid development of suprasys-
temic levels of pulmonary artery pressure. There was striking 
medial hypertrophy and remarkable proliferation of a dense 
adventitial sheath that, in large vessels, was sometimes seen 
to exhibit neovascularization. A striking increase in elastin 
synthesis in the pulmonary arteries of these neonatal calves 
[28,29] was observed but, based on studies in rats, this is 
likely stimulated by ongoing elastin degradation. Fibrocytes, 
cells having characteristics of both fibroblasts and leukocytes, 
appear to be key contributors to the remodeling of the pul-
monary vasculature. They migrate into the vessel wall 
through openings in the expanding adventitia [30].

There are both direct cellular effects of hypoxia and indi-
rect effects that are the consequence of the hemodynamic 
changes, that is, vasoconstriction. For example, pulmonary 

artery smooth muscle cells of neonatal lambs and bovine 
endothelial cells in culture show decreased production of 
prostacyclin in response to acute hypoxic exposure. 
Endothelin receptor blockade appears to be most selective 
in reversing acute hypoxia-induced pulmonary vasocon-
striction and also the remodeling associated with chronic 
exposure. However, even without vasoconstriction, hypoxia 
inhibits endothelin receptor B-mediated NO synthesis 
and cyclic guanosine monophosphate (cGMP)-dependent 
activation of NO is impaired. Agents useful in treating 
chronic hypoxic pulmonary hypertension, at least based on 
experimental studies in rodents, include inhibitors of 
5-lipoxygenase activating protein and also phosphodieste-
rase inhibitors and continuous inhalation of NO. Because 
potassium channels are down-regulated during hypoxia in 
association with an influx of calcium that promotes vaso-
constriction and smooth muscle cell proliferation, activation 
of voltage-gated K channels (Kv 2.1) by gene transfer or a 
metabolic activator inhibits chronic hypoxic pulmonary 
hypertension. Activating metabolic pathways that positively 
influence mitochondrial metabolism and prevent K channel 
activation and SMC proliferation can also be achieved by 
Nfatc inhibition and by malonyl coenzyme carboxylase.

Recent studies of transgenic mice have extended our 
knowledge about important mechanisms in regulating both 
hypoxia-induced vasoconstriction and vascular remodeling. 
For example, in the absence of hemoxygenase 1, there is 
reduced production of CO and its associated vasodilatory 
effects [31]. Prostacyclin synthetase overexpression can protect 
against the hemodynamic and vascular changes in pulmo-
nary hypertension. In the fawn-hooded rat, abnormal release 
of serotonin is implicated in the pulmonary hypertension 
observed with mild hypoxia. There are also abnormalities in 
mitochondrial metabolism that activate hypoxia-inducible 
genes [20]. Consistent with this observation, the severity of 
pulmonary vascular disease induced by chronic hypoxia is 
enhanced in mice lacking the serotonin transporter gene. 
Recently, Rho-kinase inhibitors and PPARγ agonists have 
proven effective in preventing and reversing pulmonary 
hypertension and structural changes associated with chronic 
hypoxia. Mice lacking PPARγ in either endothelial cells [32] 
or smooth muscle cells [33] have PAH.

Over-expression of the serotonin transporter worsens 
hypoxia-induced pulmonary hypertension, as does loss of 
function of bone morphogenetic protein receptor II (BMP-RII) 
(the gene that is mutant in familial and sporadic IPAH). 
Reduced BMP-RII in cultured smooth muscle cells and in 
transgenic mice makes them more sensitive to the pro- 
proliferative effects of serotonin or of inflammatory stimuli. 
Experimental studies in hypoxic rodents first suggested that 
vascular smooth muscle growth inhibitors may be useful in 
preventing PAH. Heparin infusion decreases the severity of 
hypoxia-induced vascular changes, presumably by binding 
growth factors. Calcitonin gene-related peptide administered 

Table 5.1 Summary schema outlining current and future therapeutic 

strategies. Those with asterisks are in trial for PAH, those in bold are in 

trial for other indications and that in italics is in clinical use for other 

indications.

Elastin inhibition
Kv channel openers (DCA)
Malonyl coenzyme decarboxylase inhibitor

TRP channel suppressor

Dominant negative survivin

*Statins

VIP

*PPARg agonists

*Growth factor inhibitors (anti-PDGF, EGF)

Adrenomedullin

*Rho-kinase inhibition

*Endothelial progenitor cells engineered with eNOS

Cyclosporine and rapamycin
Apelin
g -Secretase inhibitors

Modified from Rabinovitch, J Clin Invest 2008;118:2372–9.
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by gene transfer not only attenuates hypoxia-induced 
vasoconstriction and remodeling but also enhances the 
effects of phosphodiesterase inhibitors. We also showed that 
serine elastase inhibitors reduce chronic hypoxia-induced 
pulmonary hypertension.

Collagen vascular disease, inflammation, 
and pulmonary hypertension

Pulmonary hypertension is a frequent complication of cer-
tain collagen vascular diseases (e.g., commonly scleroderma), 
the CREST syndrome (calcinosis cutis, Raynaud’s phenom-
enon, esophageal dysfunction, sclerodactyly, and telangiecta-
sias), and, more rarely, systemic lupus erythematosus, 
rheumatoid arthritis, Takayasu’s arteritis, polymyositis, and 
dermatomyositis. Although the pathological features of PAH 
include thromboemboli, particularly associated with the 
antiphospholipid syndrome, an immune/inflammatory vas-
culitis appears to be the initiating event. The prevailing 
hypothesis is that endothelial injury coupled to an immune 
defect leads to a peri- and intravascular inflammatory 
response causing vascular lesions leading to progressive PAH. 
In addition to high circulating levels of endothelin-1 (indi-
cating an endothelial injury), there is increased production 
of autoantibodies that reflect the immune compromise. 
Activating antibodies to platelet-derived growth factor 
(PDGF) receptor could explain the proliferative response of 
smooth muscle cells causing vascular lesions. In an allergic 
model of PAH, an IL-13-mediated increase in an α-resistin-
like molecule was observed and this protein can induce SMC 
proliferation. An increase in a similar molecule was observed 
in patients with scleroderma and pulmonary hypertension.

The results of therapy, including intravenous prostacyclin, 
have not appreciably improved long-term survival in the 
subset of patients with PAH associated with systemic sclero-
sis. These patients appear to deteriorate with lower levels of 
PA pressure and resistance, perhaps because of intrinsic 
abnormalities in the right ventricle or increased stiffness of 
the conduit PAs.

Severe PAH has been associated with acquired immuno-
deficiency syndrome, even in the absence of lung parenchy-
mal disease, and has been reproduced experimentally [34]. 
Here too there is a combination of endothelial injury and 
immune compromise that could explain the observed pathol-
ogy. The development of PAH in the subset of patients with 
human immunodeficiency virus infection appears to be 
linked to the immunogenetic background (i.e., human leu-
kocyte antigen class II alleles) and to the injurious effect of a 
virus. Here the human herpesvirus 8 (HHV-8) is associated 
with Kaposi sarcoma virus, which is prevalent in HIV, and 
some patient groups with idiopathic PAH. The Kaposi sar-
coma virus appears to stimulate lysosomal-mediated degra-
dation of BMP-RII, the gene that is mutant in patients with 

idiopathic pulmonary hypertension that protects the 
vasculature, as will be discussed later in the chapter. The 
HIV-nef gene has been implicated in plexogenic pulmonary 
vascular lesions associated with PAH in HIV-infected patients 
and SIV-infected non-human primates.

Recently, we reported that the mouse that overexpresses 
S100A4/Mts1 develops extensive and severe neointimal 
lesions following injection of the gamma murine herpes 
virus-68 (the murine homolog of HHV-8). This is associ-
ated with an elevated elastase activity that we have now 
identified as neutrophil elastase produced by PA SMC. 
Overexpression of S100A4 also appears to be linked to an 
immune defect.

Neointimal formation associated with inflammatory proc-
esses in systemic arteries is also accompanied by an increase 
in serine elastase activity [35] and fibronectin production. 
Inflammation has been linked to the development of PAH, 
and both the chemokine receptor CX3CR1 and the chemokine 
fractalkine appear to be elevated [36]. An interesting recent 
study showed that loss of function of BMP-RII leads to up-
regulation of IL-6, the pro-inflammatory cytokine, and we 
have delineated a post-transcriptional mechanism associated 
with up-regulation of the cytokine GM-CSF (unpublished). 
We have also shown that GMCSF co-distributes in PAH 
lesions with TNF-α and that GMCSF can aggravate hypoxia-
induced PAH. Other experimental models of chronic inflam-
mation, such as repeated injections of endotoxin and TNF-α, 
produce pulmonary vascular changes.

The high incidence of PAH in areas of the world endemic 
for schistosomiasis has resulted in several experimental stud-
ies addressing pathogenesis and pathobiology of this compli-
cation. About 10% of patients with schistosomiasis develop 
portal hypertension and 10% of those (1% of the total) have 
PAH. Chronic infection with high-dose cercariae resulted in 
extensive lung vascular remodeling [37]. Allergic responses 
to ovalbumin or to aspergillus can result in extensive vascu-
lar remodeling, although in this model of disease, as in the 
S100A4 over-expressing mice inoculated with virus, right 
ventricular systolic pressure is not elevated. A Th2 immune 
response characterizes both the ovalbumin and the cercariae 
models but not the viral model of pulmonary vascular 
remodeling. Here an autoimmune Th17 response may be 
relevant. In mice lacking prostaglandin synthase, inducing 
allergic inflammation with the house dust mite induces 
intense pulmonary vascular remodeling, changes that are 
reversed by administration of PGE2.

In the model of PAH in which loss of arteries is induced by 
combining injection of an inhibitor of vascular endothelial 
growth factor (VEGF) and hypoxia, depletion of T cell sub-
sets actually worsens the pathology [38]. This adverse 
response has been attributed to unbalanced B cell activity 
resulting from impaired Treg production.

Even in patients with IPAH, with no documented immuno-
deficiency, there are heightened circulating levels of cytokines 
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and their receptors, stromal-derived factor (SDF)-1 and 
monocyte chemoattractant protein (MCP)-1, in addition to 
fractalkine [36] and its cognate receptor, which are associated 
with heightened SMC proliferation. Also intriguing are recent 
studies suggesting that heightened expression of the tran-
scription factor NFATc2 that is associated with inflammatory 
cells may underlie PAH. Increased nuclear NFATc2 is observed 
in T cells from IPAH patients and in pulmonary vascular 
lesions, and this can lead to repression of Kv 1.5 channel 
expression. NFATc2 can be inhibited by VIVT and its nuclear 
translocation can be suppressed by cyclosporine. These agents 
can also attenuate experimentally induced PAH [39].

Toxins and pulmonary hypertension

Ingested substances associated with PAH include aminorex, 
which resembles epinephrine in its chemical structure, sup-
presses appetite, and causes symptoms of right-sided heart 
failure in 10% of patients within 6–12 months of initial 
administration, as do fenfluramine compounds, for exam-
ple, dexfenfluramine, a serotonin antagonist [40]. Patho-
physiologic studies have also suggested that there are 
similarities to IPAH. Toxic oils, such as rapeseed oil, have 
been implicated in the development of malignant PAH. 
Ingesting pyrrolizidine alkaloids, such as bush tea, causes 
hepatic veno-occlusive disease, and a similar compound, 
monocrotaline, when ingested by animals, causes severe 
pulmonary vascular disease. Rats that ingest the toxin 
monocrotaline develop pulmonary arterial changes that can 
be correlated with increased elastase activity. Furthermore, 
we demonstrated that elastase inhibitors are effective not 
only in reducing the pulmonary hypertension and vascular 
changes but also in reversing them.

Based on subsequent knowledge that the effect of elastase 
was critical in maintaining survival signals through the epi-
dermal growth factor receptor (EGFR), other studies were 
carried out to block these receptors [41]. Reversal of pro-
gressive PAH was sustained even 1 month after cessation of 
treatment, but the extent of regression was not as great as 
with elastase inhibition. The use of a PDGF receptor blocker 
to reverse PAH in this experimental model [42] has prompted 
a report showing the successful use of a tyrosine kinase 
inhibitor imatinib (Gleevec) in a patient with advanced pul-
monary vascular disease. Subsequent clinical trials using 
Gleevec in patients with PAH have shown some efficacy but 
perhaps only in the patients with the most severe disease.

Simvastatin has been used to reverse PAH in a 
monocrotaline– pneumonectomy model. In the monocrota-
line model of PAH, endothelial nitric oxide synthase (eNOS) 
gene therapy in association with endothelial progenitor 
cell administration (Figure 5.3) [4,43], gene therapy with 
 survivin, angiopoietin-1, inhibiting the serotonin transporter 
(SERT), adrenomedullin and the Rho-kinase inhibitor fasudil, 

and gene therapy restoring K channel function or BMP-RII 
have all been used effectively to suppress or reverse pulmo-
nary vascular disease in this model [44].

Unexplained pulmonary hypertension: 
novel insights through genetics

After all known causes of PAH have been ruled out, the diag-
nosis becomes that of idiopathic IPAH. This unexplained dis-
ease, in which a structural abnormality is always found 
either in the arteries or in the veins, occurs in both children 
and adults, sometimes with a familial tendency [45–47]. A 
mutation in the gene for BMP-RII is associated with >70% of 
familial PAH [45–47], but the penetrance is only ∼20%, that 
is, 80% of family members who carry the mutation never 
develop PAH. Moreover, mutations in BMP-RII have been 
described in 20% of sporadic instances of PAH. In addition, 
other BMP–TGF-β receptor family members such as ALK1 
and endoglin, that were first identified as mutated in hemor-
rhagic telangiectasia, are also occasionally mutated in 
patients with PAH.

Although the penetrance is low, the functional link 
between mutations in BMP-RII and PAH is reinforced by the 
fact that independent of a mutation in BMP-RII, IPAH 
patients have reduced BMP-RII protein expression, as do, to 
some extent, patients with secondary PAH. The functional 
consequence of reduced or absent BMP-RII in endothelial or 
smooth muscle cells is related to the pathological features 
observed in PAH. Impaired downstream signaling has been 
described in association with a variety of BMP-RII mutations 
[48,49] and there is also a newly described mutation in 
pSmad 8 in a patient with IPAH. Signaling through a Smad-
independent, p38-mediated pathway may be abnormal 
when there are alterations in BMP-RII. A few studies have 
specifically addressed the transcription factors and genes that 
are subsequently up-regulated or suppressed as a result of 
impaired BMP-RII signaling. We have shown in smooth 
muscle cells that BMPs can induce PPARγ transcriptional 
activity to induce apoE, a suppressor of smooth muscle cell 
proliferation. These studies showed that the main function 
of BMP-RII signaling is suppression of the proliferative 
response of SMC when stimulated by growth factors that are 
induced under conditions of vascular injury. In EC, in contrast 
to SMCs, BMPs induce a complex between PPARγ and 
β- catenin to regulate genes such as apelin that have important 
protective paracrine and autocrine effects. BMPs suppress 
apoptosis of endothelial cells in response to injury and are 
pro-angiogenic, indicating that they may play an important 
role in repairing damaged microvessels. Apelin, in addition 
to being a factor that improves endothelial survival, can also 
suppress smooth muscle cell proliferation.

Interactions between the BMP-RII signaling pathway and 
the Notch signaling pathway led investigators to determine 
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that in PAH there is an increase in activity of Notch. The 
cleavage of Notch following its interaction with a receptor 
on the SMC surface leads to the internalization of the Notch 
intracellular domain that serves as a transcription factor to 
induce genes that cause smooth muscle cell proliferation 
[50]. Blockade of γ-secretase, the enzyme that cleaves Notch, 
resulted in prevention and regression of experimental PAH.

Future directions

Further insights into the pathophysiology of PAH will come 
from genomic studies in which extensive sequencing will 
likely reveal additional genetic variants associated with this 
disease. Epigenetic studies are currently being undertaken 
to address whether changes in chromatin remodeling will 
help explain why the lung is a target organ and how envi-
ronmental factors perturb the genome and can lead to fur-
ther alterations in expression of a rare variant or in the genes 
that interact with this rare variant. High-throughput gene 

expression and proteomic studies are also revealing changes 
that reflect specific pathways that are perturbed and how 
environmental exposures and immune defects can interact 
with a vulnerable vasculature. Intense focus on aberrations 
in immune mechanisms ranging from disturbances in T cell 
subsets and autoantibody production will be important in 
understanding all forms of PAH. The more we learn about 
specific pathways, the better equipped we will be to develop 
new treatments for pulmonary hypertension.
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Clinical History and Physical Examination
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In infants and children, the clinical history and physical 
examination are key in the diagnostic process. After com-
pleting these two initial steps, the physician should usually 
have a major diagnosis or a narrow differential diagnosis 
and a focused approach to further diagnostic studies. For 
example, in requesting an echocardiogram after the history 
and physical examination, the physician requesting the 
study should indicate a tentative diagnosis and the particu-
lar anatomic and hemodynamic information being sought. 
In neonates, the physical examination changes with the 
transition from fetal to neonatal life and is often unclear so 
that the diagnosis often relies primarily on the echocardio-
graphic findings.

History

The history provides four categories of information: 
(1) diagnostic, (2) severity assessment, (3) etiologic, and 
(4) effect on the child and family. In addition, while obtain-
ing the history from the parents and the child (when it is age 
appropriate), the physician can allow the parents to express 
their concerns and questions, and can assess the level of 
understanding about the child’s condition. The medical 
interview is an excellent time to provide information and 
allay anxiety.

Diagnostic information
The medical history, although generally not specific for a 
particular diagnosis, can often lead to specific diagnostic 
categories.

The age at onset of congestive heart failure can suggest a 
diagnosis. Heart failure present at birth or in a fetus is rare 
and caused by paroxysmal tachycardia, myocardial abnor-
mality, or a volume load that is independent of pulmonary 
vascular resistance, for example, a severely regurgitant valve 

or a large arteriovenous fistula. Failure within the first 10 
days of life is usually secondary to closure of the ductus arte-
riosus that unmasks a serious left-sided obstructive condi-
tion, such as hypoplastic left ventricle, aortic stenosis, 
coarctation of the aorta, or interruption of the aortic arch.

Cardiac failure presenting between 6 weeks and 3 months 
of age occurs with a shunt at either the ventricular or great 
vessel level. Examples are a large ventricular septal defect, 
patent ductus arteriosus, and truncus arteriosus. In each of 
these, the volume of blood shunted is inversely related to 
the pulmonary vascular resistance. As the pulmonary vascu-
lar resistance declines postnatally, the volume of pulmonary 
blood flow increases. The left ventricle is incapable of han-
dling this excessive volume load, and failure ensues. Heart 
failure occurring at an older age is likely related to an 
acquired cardiac problem (see Chapter 70).

The age at which a murmur is first heard is important. A 
loud systolic murmur heard at or immediately after birth 
reflects either semilunar valve stenosis, atrioventricular 
valve insufficiency, or a small ventricular septal defect. 
Classically, the murmur of a large ventricular septal defect or 
patent ductus arteriosus is heard initially on the first exami-
nation after discharge from the nursery. Murmurs heard for 
the first time on preschool or school examinations are usu-
ally functional, but mild valvar stenosis, atrial septal defect, 
mitral valve prolapse, and hypertrophic cardiomyopathy 
may be recognized initially at this time.

Cyanosis, blueness, or duskiness must be carefully assessed 
by history, physical examination, and oximetry to distin-
guish central (serious) from peripheral cyanosis (see Chapter 
17). The age at onset of the cyanosis is also helpful diagnosti-
cally. Complete transposition is the most common cause of 
cyanosis appearing during the first day of life; more severe 
forms of tetralogy of Fallot, pulmonary atresia, and tricuspid 
atresia are others. Ebstein’s malformation can also result in 
severe neonatal cyanosis, but becomes milder as pulmonary 
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vascular resistance declines, allowing improved pulmonary 
blood flow (see Chapter 36).

Stridor or noisy breathing and dysphagia can point to a vas-
cular ring or sling (see Chapters 47 and 49). These symptoms 
appear in infancy and may improve with extension of the neck. 
Dysphagia can develop with the introduction of solid foods.

Chest pain
In children, chest pain, a common complaint both in emer-
gency rooms [1] and in cardiology clinics [2], is usually of 
musculoskeletal origin. Chest pain accounts for about 0.25% 
of clinic visits for children [3,4]. One study [5] reported that 
0.6% of encounters in a pediatric emergency room was for 
chest pain with a 1:1 male to female ratio. In one study [6], 
the most common causes were chest wall pain (28%), pul-
monary causes (19%), minor trauma (15%), idiopathic 
(12%), psychogenic (5%), and miscellaneous (21%), most 
often from referred abdominal or respiratory tract. There 
were no instances with myocardial ischemia. Sik and col-
leagues [7] wrote of the problem of atypical chest pain in 
athletes and indicated that it is common and, although 
almost always unrelated to myocardial ischemia, careful 
evaluation is indicated. A report by Gregory et al. [8] dis-
cusses the common occurrence of musculoskeletal problems 
of the chest wall in athletes.

Because chest pain in adults is often associated with car-
diac disease, its occurrence in a child causes parental anxiety. 
Careful history of the features of the pain can usually iden-
tify its cause. Most chest pain in children and adolescents [9] 
originates in the chest wall and occurs from costochondritis, 
trauma, myositis, and precordial catch syndrome. It may be 
related to a chest wall deformity [10]. Such pain starts 
abruptly and may last for 15 min, but it usually lasts only a 
few seconds and is sharp and focal [11]. When asked to indi-
cate its location, the child usually points with a finger to a 
small area usually lateral to the sternum. In my experience, 
it is usually on the left side.

Selbst [12], in a prospective study, found that pain of acute 
onset, abnormal physical findings, pain that awakens the 
child, and fever indicate an organic cause, but that chest 
pain in children is usually benign.

Anginal chest pain occurs rarely in children with a cardiac 
abnormality and is usually associated with severe valvar aor-
tic stenosis or supravalvar aortic stenosis (in the latter, coro-
nary arterial abnormalities may coexist), cardiomyopathy, or 
pulmonary hypertension. The characteristics of angina in 
children are similar to those in adults. The chest pain is typi-
cally substernal, pressing or constricting, of some duration, 
and may follow exertion. The child indicates the location by 
placing the palm of the hand over the midsternum. In an 
11-year period, Lane and Ben-Shachar [13] found nine chil-
dren and adolescents with myocardial infarction presenting 
to their emergency room. Each had elevation of myocardial 
enzymes and eight showed an electrocardiographic abnor-

mality. None had an abnormal coronary arterial abnormality, 
but several had left ventricular hypokinesis.

Other uncommon causes of chest pain in children include 
the typical pain complexes of dissecting aortic aneurysm of 
Marfan’s syndrome, pericarditis, pulmonary embolism, spon-
taneous pneumothorax, pleurisy, and peptic ulcer disease.

Pneumonia and pleuritis cause chest pain by irritation of 
the pleura. The pain is sharp, accentuated by respiration or 
cough, and may be referred to the shoulder. Pneumonia, 
bronchitis, and other conditions associated with excessive 
coughing can irritate the chest wall. Gastritis and esophagitis 
may cause chest pain, but the history of relation to meals 
helps to identify these conditions.

Apley [14] has written a great deal about pain in children 
which is helpful, even though his focus was abdominal pain. 
In general, if the pain has been present for more than 6 
months and there are no abnormal findings, then the pain 
can be considered as having no organic cause. In this regard, 
Driscoll et al. [4] found that the average duration from onset 
of symptom to presentation was 244 days, but with trauma 
or bronchitis it was 1–18 days.

Syncope is discussed in Chapter 56.

Information about severity of cardiac condition
Details about growth patterns, cyanosis, or congestive heart 
failure may provide information about severity.

Growth
Growth is often slowed by a serious cardiac malformation. 
Weight is more affected than is length, and head circumfer-
ence is seldom affected by the severity of the cardiac anom-
aly [15]. An abnormally small head circumference can point 
to a potential cause of the cardiac malformation (e.g., a syn-
drome, or intrauterine growth retardation secondary to 
maternal viral infection).

Perhaps 20% of neonates with a cardiac malformation 
have a birth weight below 2500 g [16]. The frequency of low 
birth weight varies with the type of anomaly, being higher in 
ventricular septal defect and atrioventricular septal defect but 
rare in those with complete transposition. In fact, in com-
plete transposition, the weight frequently exceeds 4.0 kg.

The explanation for delayed growth in utero is uncertain 
but could include hemodynamic effects of the anomaly on 
the developing fetus, the generalized effect of an etiologic 
agent (e.g., rubella), or the presence of an associated syn-
drome. Postnatal slow growth may be related to a combina-
tion of poor feeding and increased metabolic demands 
related to increased respiratory effort.

Congestive heart failure
The physiologic mechanisms associated with congestive 
heart failure are discussed in Chapter 70. The cardinal 
symptoms in infants are slow feeding, rapid respiration, 
excessive perspiration, growth failure, and frequent respiratory 



CHAPTER 6 Clinical History and Physical Examination

83

infections. An infant with congestive heart failure is a “poor 
feeder.” Although eager to eat, the infant soon tires from the 
fatigue of sucking (sucking is exercise to a infant). Heart fail-
ure indicates a severe cardiac malformation.

Cyanosis
Central cyanosis indicates a right-to-left shunt. The intensity of 
cyanosis reflects the magnitude of shunting and, when com-
bined with knowledge of the anatomy of the malformation, 
allows estimation of the severity of factors influencing pulmo-
nary blood flow or intracardiac mixing (see Chapter 17).

Etiologic factors
Although the etiology of the cardiac condition cannot be dis-
covered in many instances of congenital or acquired heart 
disease, the history and physical examination may provide clues 
to etiology, the underlying diagnosis, and, at times, prognosis.

A careful history seeking information about siblings or 
other relatives with cardiac problems, neonatal deaths, sud-
den unexpected deaths, “blue babies,” and cardiac opera-
tions during childhood may provide clues. The recurrence 
rate of congenital heart disease is about 3% between siblings 
or between parent and child, and the concurrence rate for 
the type of defect is about 50%. Certain conditions, such as 
complete transposition, seem to have a low rate of recur-
rence. Others, such as hypoplastic left ventricle, coarctation 
of the aorta, and aortic stenosis, have perhaps a 10% recur-
rence rate if careful screening is done to identify bicuspid 
aortic valves in relatives.

Many acquired conditions afflicting the heart follow 
Mendelian patterns of inheritance. These are discussed in 
Chapter 2 (genetics), Chapter 58 (myocardial disease), 
Chapter 67 (connective tissue disorders), Chapter 30 (aortic 
stenosis relative to Williams’ syndrome), and Chapter 33 
(pulmonary stenosis relative to Noonan syndrome).

As many as 50% of children with Down syndrome (tri-
somy 21) have a cardiac malformation, most commonly 
atrioventricular septal defect and ventricular septal defect. 
Less common, but occurring in equal proportions, are tetral-
ogy of Fallot, patent ductus arteriosus, and atrial septal 
defect. Pulmonary vascular obstructive disease tends to 
develop early. Aortic stenosis and coarctation are rare. The 
frequency of Down syndrome increases with maternal age, 
being 1 per 1925 women at age 20 years and 1 per 100 
women at age 40 years, and trisomy is found in age-related 
Down syndrome. Chromosome analysis should be per-
formed to identify familial translocation involving chromo-
some 21 or mosaicism. Half of the translocations arise 
de novo, and the other half are inherited from a carrier parent.

Maternal history
A history of acute illness during pregnancy, especially within 
the first trimester, or a chronic condition in the mother may 
provide important etiologic information.

A viral infection during the first trimester may be an 
etiologic factor. Only rubella, which can cause the classic 
triad of cataracts, neurosensory deafness, and congenital 
heart disease (patent ductus arteriosus and peripheral 
pulmonary artery stenosis) [17], has been clearly identified.

Maternal diabetes mellitus has been associated with a 
higher (about three times) occurrence rate of cardiac malfor-
mation [18]. Diabetes mellitus during pregnancy, even of 
gestational origin, has been associated with asymmetric sep-
tal hypertrophy that resolves in the months after delivery. 
About 30% of such infants of diabetic mothers have cardi-
omegaly, and cardiac failure occurs in 5–10%.

Maternal systemic lupus erythematosus and other colla-
gen vascular disease cause complete heart block from the 
transplacental transfer of antibodies that attack this develop-
ing conduction system (see Chapter 68).

Excessive maternal alcohol ingestion is associated with 
fetal alcohol syndrome, in which ventricular septal defect is 
common [19]. The level of alcohol intake during the first 
trimester of pregnancy correlates with teratogenic risk.

Maternal medications may also have a teratogenic effect. 
Phenytoin, trimethadione, and paramethadione have been 
associated with a higher rate of cardiac malformation, includ-
ing congenital heart disease, although it remains controver-
sial. Lithium use in mothers has been associated with Ebstein 
malformation of the tricuspid valve. Thalidomide was found 
40 years ago to cause truncus arteriosus and limb abnor-
malities in infants born of mothers who took this agent as a 
sedative. Major fetal abnormalities are related to isotretin-
oin, including cardiovascular anomalies, and this drug must 
not be used in pregnant women.[20]

The American Heart Association has published two impor-
tant scientific statements that review the current data about 
genetic and about other etiologic factors associated with car-
diac malformations [21,22].

Physical examination

The patient’s age and the setting of the examination deter-
mine the way in which the physical examination is per-
formed. Most physicians who care for infants and children 
have developed particular techniques and sequences of the 
examination, so that all the necessary information is gath-
ered and key data are not overlooked. Examination of 
neonates and infants receiving ventilatory assistance may be 
difficult because access to the patient may be limited and the 
ventilator noise interferes with auscultation. Often in these 
situations, it may be difficult to listen to the back, but this 
should be done if possible because cardiac murmurs may be 
louder or heard only over the back.

Children aged 1–3 years fear strangers. Having the child sit 
on the parent’s lap for the examination is helpful. Begin by 
inspecting a child of this age and palpating the peripheral 
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pulses, before progressing to palpating the thorax. 
Auscultation should be performed last. In older children, the 
examination can proceed in the usual manner. Examine 
from the patient’s right side if you are right-handed, from 
the left side if you are left-handed.

In all patients, length and height must be measured and 
plotted on a growth chart. For those younger than 3 years, 
the occipital–frontal circumference should be measured and 
plotted. In infants and children, cyanosis or cardiac failure 
affects growth. Weight may be severely affected, but height 
is affected to a lesser extent. Head circumference is usually 
unaffected. When head circumference, height, and weight 
are each low or the severity of the cardiac condition is mild, 
the retarded growth should be attributed to another factor, 
such as familial factors or a chromosome anomaly.

The body mass index (BMI) should be calculated and the 
resultant value compared with normal values to determine if 
the child is overweight or obese: BMI = weight (kg)/[height 
(m)]2. The normal values are available from the Centers for 
Disease Control; these graphs are similar to standard growth 
charts showing mean and percentiles for males and for 
females (http://apps.nccd.cdc.gov/dnpabmi/; http://kidshealth.
org/misc/body_mass_index/P_bmi_chart.html).

General appearance
Take a moment to assess the general appearance of the infant 
or child. Is there distress or appearance of acute or chronic 
illness? Is the infant or child responsive? Most infants 
respond to people and are happy. Infants with cyanosis or 
congestive cardiac failure are frequently irritable.

Skin color
Particularly in neonates and infants, the skin color can pro-
vide a clue about the cardiovascular status. Is it pale, red, 
blue, or mottled?

Cyanosis may be difficult to note, particularly in neonates, 
especially if the degree of hypoxemia is mild. The amount of 
ambient light, the examiner’s experience, pigmentation, and 
other factors influence ability to detect cyanosis. Nurses or par-
ents often use the term “dusky” to describe mild cyanosis. With 
the widespread availability of oxygen saturation monitors, 
milder degrees of hypoxemia can be detected and quantified.

Cyanosis can be detected when approximately 5 g dl−1 of 
reduced hemoglobin is present in capillary beds. Therefore, 
in a patient with a normal hemoglobin concentration, cya-
nosis can be detected when oxygen saturation is less than 
88% [23]. With polycythemia, it should be possible to detect 
cyanosis at a higher oxygen saturation. Conversely, anemia 
makes it difficult to detect even more marked desaturation.

Cyanosis has been divided into peripheral and central. In 
peripheral cyanosis, also called acrocyanosis, the arterial 
oxygen saturation is normal, but because of sluggish periph-
eral circulation, cyanosis appears peripherally. The classic 
examples are the hands and feet of neonates or infants that 

appear blue when exposed to ambient  temperature and the 
circumoral cyanosis that occurs in children who live in a 
cold climate or have a fair complexion. This form of  cyanosis 
disappears with passive or active motion of the extremity 
or exposure to warmth. The trunk, abdomen, lips, and 
mucous membranes are not cyanotic. On occasion, 
 generalized cyanosis occurs in a cardiac condition with 
 normal arterial oxygen saturation, but a severe reduction 
in cardiac output that causes inadequate and slow tissue 
perfusion.

In central cyanosis, generalized cyanosis is present, includ-
ing mucous membranes. In contrast to peripheral cyanosis, 
aortic oxygen saturation is reduced. Pulmonary, cardiac, and 
hematologic abnormalities may be associated with central 
cyanosis. Any condition that interferes with the transport of 
oxygen from the air to the pulmonary capillary bed can 
reduce the oxygen saturation of blood returning to the left 
atrium. In neonates, the respiratory conditions include cho-
anal atresia, respiratory distress syndrome, pneumothorax, 
severe pneumonia, and pulmonary edema.

Methemoglobinemia can cause cyanosis [24]. Whether it 
is inherited or acquired, as from infant formula made with 
contaminated well water (with nitrates), the ferrous ion of 
hemoglobin is being replaced with the ferric ion. The result-
ant methemoglobin with the ferric ion cannot combine with 
oxygen, and cyanosis results. Methemoglobinemia can be 
suspected by finding a normal arterial 

2OP  but reduced oxygen 
saturation value. Another cause of methemoglobinemia is 
from local anesthetic agents used during transesophageal 
echocardiography.

Malformations with a right-to-left shunt cause cyanosis, 
because some of the blood reaching the aorta has not passed 
through the pulmonary capillary bed. In one group, there is 
coexistent obstruction to pulmonary blood flow and an int-
racardiac shunt (e.g., tetralogy of Fallot and tricuspid atresia). 
In the second group, systemic and pulmonary venous returns 
mix within the heart (e.g., complete transposition, truncus 
arteriosus, and total anomalous pulmonary venous connec-
tions). A rare cause of cyanosis is pulmonary arteriovenous 
fistula.

In older infants and children, it is usually easy to deter-
mine from history and physical examination the organ sys-
tem causing the cyanosis. In neonates, it may be difficult to 
identify cyanosis and determine the underlying condition by 
physical examination alone. In neonates, the hemoglobin is 
elevated, which may give a ruddy appearance. The ductus 
arteriosus and foramen ovale may be patent and allow an 
intermittent right-to-left shunt if the neonate cries or there 
is pulmonary disease. Finally, a serious cardiac condition 
may be present without a murmur to point to the heart as 
being an issue. With oximetry and echocardiography, the 
diagnosis can usually be determined

In neonates, cyanosis requires careful assessment (dis-
cussed fully in Chapter 17). Oxygen saturation should be 
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measured in the right arm and a lower extremity in neonates 
to detect differential cyanosis [25], indicating different lev-
els of oxygen saturation in the upper and lower portions of 
the body. If the ductus is patent and blood flows from the 
pulmonary trunk to the descending aorta, the oxygen satu-
ration is lower in the legs than the arms. This difference in 
oxygen saturation may be found during the first 24 h of life 
in a neonate without a cardiac anomaly, but is abnormal if 
found later. This pattern of differential cyanosis is the result 
of either increased pulmonary vascular resistance, due to 
causes ranging from pulmonary parenchymal disease to 
pulmonary venous obstruction (as from obstructed total 
anomalous pulmonary venous connection), or severe 
obstruction in the distal aortic arch (as from interruption of 
the aortic arch or coarctation of aorta). The pattern of dif-
ferential cyanosis is reversed in a neonate with complete 
transposition and a patent ductus arteriosus, with flow of 
oxygenated blood from the pulmonary trunk to the descend-
ing aorta. Cyanosis in a single extremity is usually from 
interference to venous return, as may be associated with a 
vascular catheter.

Neonates may appear ruddy if hemoglobin or hematocrit 
is elevated, as from maternal–fetal transfusion or stripping of 
the umbilical cord [26]. In this situation, the arterial oxygen 
saturation is usually normal. Because of hypervolemia, there 
are tachypnea and tachycardia and the chest radiograph 
shows cardiomegaly and increased pulmonary vascular 
markings. Distinction from a cardiac malformation may be 
difficult without echocardiography.

Pallor or mottling of the skin indicates reduced cardiac 
output or cardiogenic shock. Sepsis, aortic atresia, and criti-
cal aortic stenosis or coarctation of the aorta are typical 
causes in neonates.

Respiration
The respiratory pattern and effort should be assessed. In 
neonates and infants with elevated pulmonary venous pres-
sure and congestion, edema develops in alveoli and bron-
chial and interstitial tissues. This leads to increased work of 
breathing manifested initially by tachypnea; but as the con-
dition progresses, it becomes associated with flaring of the 
alae nasi and suprasternal and intercostal retractions. 
Wheezing and rales may appear.

Hyperpnea is found in neonates and infants with reduced 
pulmonary blood flow and hypoxemia.

Tachypnea is present in infants with left heart failure 
because of reduced pulmonary compliance from increased 
pulmonary blood flow or pulmonary edema.

Features of syndromes
The more common syndromes associated with cardiac mal-
formation are given in Table 6.1. The diagnosis of a specific 
syndrome often pinpoints a cardiac diagnosis or a limited set 
of conditions.

Thorax
Inspect the thorax for symmetry and precordial abnormali-
ties. Usually the left side of the chest is slightly more promi-
nent than the right. This is accentuated with cardiac 
enlargement. The posterior thorax is inspected throughout 
the respiratory cycle for size and symmetric movement with 
breathing. In patients with a hypoplastic lung, as in scimitar 
syndrome, the involved hemithorax is smaller. Scoliosis can 
also cause thoracic asymmetry. Scoliosis should be sought, 
particularly in adolescents, and it can be brought out by hav-
ing the patient stand and touch their toes. Although scoliosis 
may be more common in children with a cardiac malforma-
tion, all adolescents should be screened for it. Other causes 
of thoracic asymmetry and scoliosis include a classic Blalock–
Taussig shunt, Marfan’s syndrome, and muscular dystrophy.

A precordial bulge signifies cardiac enlargement or right 
ventricular hypertrophy. In some patients, particularly with 
Marfan’s syndrome, there may be pectus carinatum or pec-
tus excavatum. The latter is also common in prematurely 
born neonates. Even if severe, it rarely causes cardiac prob-
lems. The apex impulse, however, is displaced to the left; on 
chest radiography, the transverse diameter of the cardiac 
silhouette is increased, but it is narrow on a lateral film.

Palpate the precordium for the apex impulse, heaves, or 
thrills. The apex impulse is the most lateral spot on the tho-
rax where cardiac activity can be felt. Percussion may also 
help identify the location of the cardiac apex. The apex 
should be within the midclavicular line and in the fourth 
interspace through age 4 years and in the fifth interspace 
thereafter. Displacement lateral to the site indicates cardiac 
enlargement or mediastinal shift. Dextrocardia can be iden-
tified by palpating or percussing the heart in the right 
hemithorax. On palpating the precordium with the palm of 
the hand, an outward movement along the left sternal bor-
der reflects right ventricular hypertrophy, and at the apex, 
left ventricular hypertrophy.

It was Auenbrugger in 1776 who described the use of per-
cussion to identity the position and size of organs, including 
the heart. His father was an innkeeper who sent his son to 
determine the level of wine in the casks. He did this by tap-
ping on the barrel head, finding the point where the tap 
became dull, thus marking the level of the fluid [27].

Thrills should also be sought with the palm of the hand 
since it is more sensitive to vibration than fingertips. Thrills 
indicate a loud murmur, and help to identify the location of 
its maximal intensity. The suprasternal notch should also be 
palpated (with the finger tips). Murmurs originating from the 
base of the heart, particularly from aortic stenosis, result in a 
thrill in this area. Pulmonary stenosis, coarctation of the aorta, 
and patent ductus arteriosus are sometimes associated with a 
thrill at this site, but ventricular septal defect is not. Aortic 
notch pulsations are prominent in patients with “aortic runoff,” 
as in significant aortic or truncal regurgitation or a large sys-
temic arteriovenous fistula or patent ductus arteriosus.
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Table 6.1 Major syndromes associated with cardiac anomalies.

Disorder  Major feature  Cardiovascular abnormalitya Etiology

Craniofacial syndrome

Goldenhar syndrome (oculoauriculovertebral 

dysplasia, hemifacial microsomia)

Facial asymmetry and hypoplasia, microtia, 

eartag, cleft lip/palate, hypoplastic vertebrae

(35%) VSD, T of F ?

DiGeorge syndrome (velocardiofacial 

syndrome, Shprintzen syndrome, familial 

conotruncal disease, CATCH-22)

Hypertelorism, short philtrum, down-

slanting eyes, cleft palate, hypoplastic/

absent thymus and parathyroid

IAA, type B; T of F ± 

pulmonary atresia, right 

aortic arch

Chromosome 22q11 

deletion

Alagille syndrome (arteriohepatic dysplasia) Long, thin face, intrahepatic bile duct 

paucity, butterfly vertebrae

Peripheral pulmonary arterial 

stenosis

Chromosome 

20p11.2

Laurence–Moon–Biedl syndrome Obesity, retinitis pigmentosa, syndactyly, 

polydactyly, hypoplastic genitalia, mental 

retardation, diabetes mellitus

Common atrium Autosomal recessive

Syndromes with limb defects

Holt–Oram syndrome (see also Chapter 2) Upper limb deficiency – absent or 

triphalangeal thumb

ASD Autosomal dominant

Aase syndrome Triphalangeal thumb, radial hypoplasia, 

hypoplastic anemia

CHD ?Autosomal 

recessive

Thrombocytopenia-absent radius (TAR) 

syndrome

Thrombocytopenia, absent radii VSD Autosomal recessive

Associations

VATER Vertebral defects, anal atresia, 

tracheoesophageal fistula, radial dysplasia, 

renal dysplasia

VSD

Charge Coloboma, congenital heart defect, choanal 

atresia, growth and mental retardation, 

genitourinary anomalies, ear anomalies

CHD 8q12 deletion

Cardiofacial syndromes

Noonan syndrome (see also Chapters 2 

and 13)

Abnormal facies, hypertelorism, low-set 

ears, small stature, lymphedema, mental 

retardation

Pulmonary stenosis (often 

dysplasia), peripheral 

pulmonary artery stenosis, ASD, 

hypertrophic cardiomyopathy

Autosomal dominant

Williams syndrome Small stature, mental retardation, 

characteristic facies (epicanthal folds, 

anteverted nares, periorbital fullness), 

infantile hypocalcemia, stellate iris

Supravalvar aortic stenosis, 

peripheral pulmonary artery 

stenosis

Sporadic 7q23

Rubenstein–Taybi syndrome Short stature, mental retardation, broad 

thumbs and toes, beaked nose, hypoplastic 

mandible

VSD Microdeletion of 

16p13.3

de Lange syndrome Prenatal growth retardation, microcephaly, 

limb reduction anomalies, hirsutism, 

synophrys, anteverted nares, down-turned lips

CHD Some partial deletion 

of chromosome 3

Major chromosome abnormalities

Down syndrome (trisomy 21) Characteristic facies, hypotonia, mental 

retardation, Brushfield’s spots, simian 

crease, intestinal obstruction

40–50% AVSD, VSD; PDA, 

ASD, T of F, often PVOD; aortic 

stenosis, coarctation – rare

Trisomy 21, balanced 

translocation

Turner syndrome Short stature, webbed neck, lymphedema, 

gonadal dysgenesis

(20%) Coarctation of 

aorta–bicuspid aortic valve

Monosomy 45,X 

(50%); other 

abnormalities of sex 

chromosomes (50%)
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Cardiac auscultation
With the attention directed to learning and applying a variety 
of diagnostic techniques, such as echocardiography, to evalu-
ate the heart of children, the skills of auscultation are  frequently 
considered to be less important. The important skills of auscul-
tation must be learned by supervised listening to a variety of 
heart sounds and murmurs and maintained by frequent prac-
tice. Studies of the auscultatory skills of residents showed 
a disappointing ability to recognize commonly encountered 
findings [28]. Furthermore, studies have shown that the 
 auscultatory ability did not improve following the third year of 
medical school through further training including cardiac 
 fellowship [29]. Repetition is very important in developing the 
ability to identify properly murmurs and heart sounds [30,31]. 
The Internet can be searched for recordings of heart sounds 
and murmurs which are on-line. Individuals who play a musi-
cal instrument have a greater ability for auscultation [32]. It is 
ironic that Laennec, who is considered to have discovered the 
use of stethoscope, was a superb flautist [33,34].

Physical examination is a highly sensitive and specific 
method of screening asymptomatic subjects for valvar heart 
disease [35,36]. Newburger et al. [37] evaluated the ability of 
pediatric cardiologists to detect accurately a cardiac condition 
or a functional murmur by history and physical examination. 
They further determined the frequency that the initial catego-
rization rate of abnormal or normal status was altered by sub-
sequent investigative studies. Among 142 children considered 
to have a normal heart, 134 were still considered normal after 
further testing with electrocardiography and chest X-ray, five 
had a possible anomaly, and only three had a cardiac  anomaly, 
and these were considered minor anomalies. Among the 104 
initially diagnosed with a cardiac anomaly, after investigation 

all 104 did have an abnormality. The study concluded that an 
experienced pediatric cardiologist could accurately distinguish 
between normal and abnormal murmurs. Through training, 
experience, confidence in one’s abilities, and a conviction that 
auscultation is a valuable diagnostic technique, physicians 
can correctly identify cardiac murmurs and avoid unneces-
sary costs and parental anxieties.

To gather the maximal amount of information from car-
diac auscultation, particularly in neonates and infants, con-
certed effort, patience, and experience are required. Repeated 
examination may be necessary, particularly in neonates or 
critically ill infants and children, because of changes in car-
diac rate or physiologic state. It is preferable to listen to 
neonates and infants when they are asleep, because the car-
diac rate is slower and respirations are quieter. In the young, 
it is wise to listen through the clothing initially, before dis-
turbing the infant by removal of the clothing, causing the 
infant to cry or have a faster cardiac rate. In 1–3 year olds, it 
is best to examine them while they sit on the parent’s lap. 
Because of the natural fear of strangers in this age group, the 
child should be approached slowly and in a nonthreatening 
way. Distraction with a toy, a flash-light, blowing bubbles, or 
having the child view his (her) self in a mirror facilitates 
auscultation. In older children and adolescents, the anxiety 
from being examined may cause tachycardia and make aus-
cultation more difficult.

Physicians should use their own stethoscopes rather than 
one available at the bedside or in the clinic. Stethoscopes can 
dampen and distort heart sounds and murmurs. Various 
types have differences in transmission of sound. The ideal 
stethoscope should have short (about 10 in), thick, fairly stiff 
tubing and snugly fitting earpieces. Even a tiny leak around 

Table 6.1 (cont’d).

Disorder  Major feature  Cardiovascular abnormalitya Etliology

Edward syndrome (trisomy 18) Low birth weight, microcephaly, 

micrognathia, rocker-bottom feet, closed 

fist with overlapping fingers

80% VSD with pulmonary 

hypertension

Trisomy 18

Patau syndrome (trisomy 13) Low birth weight, central facial anomalies, 

polydactyly, chronic hemangiomas, low-set 

ears, visceral and genital anomalies

80% VSD with pulmonary 

hypertension, dextrocardia

Trisomy 13

Other syndromes discussed elsewhere

Tuberous sclerosis See Chapter 66 (cardiac tumors)

Marfan syndrome See Chapter 67 (connective tissue disease) 

and Chapter 2 (genetic disease)

Ehlers–Danlos syndrome   See Chapter 67 (connective tissue disease)

aASD, atrial septal defect; AVSD, atrioventricular septal defect; CHD, congenital heart disease; IAA, interruption of aortic arch; PDA, patent ductus 

arteriosus; PVOD, pulmonary vascular obstructive disease; T of F, tetralogy of Fallot; VSD, ventricular septal defect.
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the ear pieces about five times the diameter of a human hair 
can reduce the sound transmission [38]. The bore of the tub-
ing should be 1/8 in as this is the most efficient for sounds 
with a frequency of 40–115 cps, the range of most heart 
sounds [39]. The metal tubing adjacent to the earpieces can 
be bent to create a firm fit with the external auditory canal. 
The stethoscope should have both a bell and a diaphragm. 
I use a 1 in wide diaphragm and 3/4 in bell. It is not necessary 
to use a smaller sized diaphragm even when examining pre-
mature infants; a smaller diaphragm may mask some high-
pitched sounds. The chest pieces should fit snugly to the 
thorax to avoid loss of sound.

High-pitched murmurs, clicks, and cardiac sounds are 
heard best with a diaphragm. Low-frequency sounds and 
murmurs are heard better with the bell. Do not press the bell 
tightly against the skin, as this stretches the underlying skin, 
creating a diaphragm and diminishing low-frequency sounds. 
The interested reader is directed to a number of articles on 
the stethoscope in the digital age [40–46]. A wonderful poem 
by Oliver Wendell Holmes describes the perils of using a new 
stethoscope [47]. It might amuse you.

The examination should be performed in a setting with 
minimal ambient noise. Auscultate both the anterior and 
posterior thorax for murmurs with the patient in the upright 
and supine positions. The back can be examined for both 
respiratory sounds and murmurs when the child sits, when 
an infant is held against the parent’s chest, or when a neonate 
is prone. The murmurs of coarctation of aorta and peripheral 
pulmonary artery stenosis are heard over the back, as are 
murmurs from pulmonary stenosis. Frequently, I sit to the 
right side of the recumbent patient to perform auscultation. 
My head is positioned slightly above the level of the patient’s 
head. Often I close my eyes to improve my concentration 
and open my mouth slightly because this improves hearing.

The examiner should develop a standard sequence to listen 
to the heart. Each of the four standard auscultatory areas, 
cardiac apex (mitral area), lower left sternal border (tricuspid 
area), upper left sternal border (pulmonary area), and upper 
right sternal border (aortic area), should be systematically 
listened to with both diaphragm and bell. The right anterior 
chest and both axillae should also be auscultated, particu-
larly in neonates and infants in whom peripheral pulmonary 
artery stenosis is common. Both sides of the back should also 
be auscultated for transmissions of murmurs, such as pulmo-
nary stenosis or coarctation of the aorta, which is heard well 
in the fourth left intercostal space between the spine and 
scapula. If abnormalities are noted at a particular site, further 
exploration should extend outwards from that site. In 
neonates with severe cardiac failure, auscultation over the 
head, liver, or other sites may identify an arteriovenous mal-
formation. Attention must be directed to both the character-
istic of the heart sounds and the features of murmurs.

The cardiac apex is a logical place to begin because at this 
location the first heart sound is loudest. In the pulmonary 

area, the second heart sound is the loudest. Identification of 
these two sounds allows one to identify more easily the 
location of murmurs and other heart sounds within the car-
diac cycle.

The human ear can select desired sounds from many fre-
quency patterns. With experience, two sounds separated by 
20 ms can be distinguished. On the other hand, if a soft sound 
follows a very loud sound, it may not be heard. The exam-
iner should try to develop the skill of selective auscultation 
by focusing only on high-pitched sounds or particular aspects 
of a murmur without interference from the other sounds. It 
is similar to the ability to listen to a symphony orchestra and 
pick out the music from a particular instrument to the exclu-
sion of others. One way to help develop this skill is by mak-
ing a simple line drawing of the sounds and murmurs 
showing their sequence, location, and loudness.

The human ear has a range of perception from 20 to 
16 000 Hz (cps). The normal speech range is from 1000 to 
2000 Hz. In comparison, most heart sounds and murmurs 
are of lower frequency. Most significant murmurs are from 
600 to 1000 Hz and functional murmurs are usually below 
200 Hz, as are the heart sounds. Below 200 Hz, the human 
threshold for audibility increases dramatically so that only a 
portion of the heart sounds may be heard. To be heard, a 
sound at 30 Hz must have an energy level thousands of times 
that at 1000 Hz.

Cardiac sounds

The classic work of Wiggers [48] describes the relationship 
between electrical events, intracardiac pressure, and flow 
changes during the cardiac cycle. An understanding of these 
relationships is invaluable in understanding cardiac sounds 
and in interpreting murmurs on the basis of their location 
within the cardiac cycle (Figure 6.1). The origin of heart 
sounds is uncertain, having been ascribed to valvar events, 
acceleration or deceleration of columns of blood, myocardial 
contractions, or a combination of these [49].

Although a number of mechanisms for heart sound pro-
duction have been proposed, the one discussed most widely 
involves the generation of vibrations which are transmitted 
to the thoracic wall. These vibrations in the cardiovascular 
system are caused by (1) acceleration or deceleration of 
blood and (2) turbulence during rapid blood flow.

In this proposed theory, the relationship between the 
combined mass of the heart and its blood–volume–cardiohemic 
system is compared with the elasticity of the cardiac walls. 
As blood moves within the heart and great vessels, the 
momentum of the moving blood causes overstretch of the 
wall, which then recoils. In diastole, when the combined 
mass is large in comparison with the elasticity of the relaxed 
ventricle, low-frequency vibrations are produced. During 
systole, with the heart contracting, the frequency of the 
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vibrations is increased. These vibrations are transmitted to 
the thoracic wall with sufficient intensity and high enough 
frequency to be audible. The sound waves are not reflected. 
The energy from the heart sounds is lost in the compressible 
lungs and dampened by fat tissue. Transmission is best 
through solid tissues.

First heart sound. At the onset of systole, blood is acceler-
ated towards the AV valves before they are sealed, causing 
the low-pitched vibrations of the first component of the first 
heart sound. Once the valve has closed and the ventricular 
pressure is rising during systolic contraction, the movement 
of blood towards the valve is suddenly stopped and there is 
recoil towards the ventricle, causing the higher pitched sec-
ond component of the first heart sound. The intensity of this 
component depends on the velocity and abruptness with 

which it is decelerated. The sound is loudest when the valve 
has been widely open at the beginning of systole. A third 
component is heard following the opening of the semilunar 
valves. The inertia of the columns of blood in the great ves-
sels opposes the acceleration of blood flow from the ventri-
cles. This may lead to some rebound towards the ventricle. 
There may be a fourth component from blood flowing 
through the arterial trunks.

Second heart sound. At the end of systolic ejection, ventricu-
lar pressure falls rapidly and the ventricle relaxes. The col-
umn of blood in the arterial trunks rushes back towards the 
semilunar valves and its movement is stopped by the closed 
valves and recoils, causing vibrations. The difference in time 
between the closure of the valve and the dicrotic notch on 
the arterial pressure tracing and the second heart sound is 

Figure 6.1 Modifications of Wigger’s diagram [48]. (a) Pressure curves from right and left sides of heart and superimposed heart sounds and murmurs. 

Pressure curves: Ao, aorta, LA, left atrium, LV, left ventricle, PA, pulmonary artery, RA, right atrium, RV, right ventricle. Heart sounds: A2, aortic component 

of second sound, ESC, ejection systolic click, OS, opening snap, P2, pulmonic component of second sound. S1, first sound, S3, third heart sound, S4, fourth 

heart sound. (b) Events on left side of heart. Systolic ejection murmur (SM) begins when left ventricular pressure exceeds that in aorta and extends to point 

where aortic pressure falls below LV pressure (A2) Regurgitant murmur (RM) begins when left ventricular pressure exceeds left atrial pressure and extends to 

closure of aortic valve (A2). (c) Events on right side of heart. Systolic ejection murmur (SM) extends to closure of pulmonary valve (P2). Regurgitant murmur 

(RM) extends to point where right ventricular pressure falls below that of right atrium.
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called the “hang out” interval. This interval for the aortic 
valve ranges from 5 to 13 ms It is longer for the pulmonary 
valve because of the much more compliant or distensible 
pulmonary circuit. This is a major factor in the splitting of 
the second heart sound.

Third heart sound. When the atrioventricular valves open, 
blood rushes into the relaxed ventricles. Its forward motion 
is arrested and recoil occurs, causing low-frequency vibra-
tions because the ventricular walls are relaxed.

Murmurs. Murmurs often result from some form of obstruc-
tion to flow. Several hypotheses have been made for their 
 production. These were outlined by Rushmer [49] as follows:
1 Eddies occurring around a jet through a restricted orifice.
2 A jet impacting a wall, which would produce vibrations 
from that wall.
3 Vortex shedding causing vibrations.
4 Periodic wake as sounds travel alternately around either 
side of an obstruction. This is unlikely.
5 Flutter. This would be produced by a Bernoulli effect. 
Although this phenomenon can produce sound, it is unlikely 
in the vascular system.
6 Cavitation. Although cavitation can be produced with 
high-speed jets and sound, it is unlikely to be found in the 
cardiovascular system.

Because both normal and abnormal heart sounds occur at 
approximately the same time as closure or opening of car-
diac valves, it has been convenient to ascribe a causal rela-
tionship between the two, particularly in discussing cardiac 
auscultation as in this chapter. In 1958, Leatham [50] wrote 
an excellent article about cardiac auscultation. It is an 
extremely helpful review for understanding heart sounds 
and murmurs, even though it is six decades old. The infor-
mation included in his paper is used extensively in the sec-
tions on heart sounds and murmurs below. This article is one 
of the most important publications that I read as a fellow and 
I have used its information throughout my career as a foun-
dation to build upon; it can be highly recommended. Another 
excellent source was published by Chizner [44].

Heart sounds mark the transition of phases of the cardiac 
cycle (Figure 6.1). In infants and children, four distinct heart 
sounds may normally be heard. These include a first heart 
sound, the aortic component of the second heart sound, the 
pulmonic component of the second heart sound, and a third 
heart sound (about 50% of children). Below these are 
described first, followed by abnormal heart sounds including 
systolic ejection click, mid to late systolic click, opening snap, 
and fourth heart sound. The normal characteristics and the 
alterations from normal are discussed.

First heart sound (S1)
The first heart sound occurs near the time of closure of the 
mitral and tricuspid valves [51,52]. Although consisting of 
several components, the first heart sound appears single in 

most infants and children. It may be split, with the initial 
component reflecting the earlier closure of the mitral 
valve. Rarely is the first heart sound split in infancy. When 
it is, Ebstein’s malformation of the tricuspid valve must be 
considered strongly. Some adolescents have a split first 
heart sound.

The first heart sound is heard best at the cardiac apex, where 
it is louder than the second heart sound. If the first heart 
sound is heard better along the lower left sternal border, an 
abnormality on the right side of the heart must be suspected.

The first heart sound may be either accentuated or dimin-
ished. The first heart sound may be accentuated in four 
conditions:
1 Increased blood flow across an atrioventricular valve. In patients 
with either increased pulmonary blood flow from a left-to-
right shunt or regurgitation of an atrioventricular valve, the 
first heart sound may be accentuated. The first heart sound 
is accentuated at the cardiac apex in patients with increased 
anterograde flow across the mitral valve, as in ventricular 
septal defect, or patent ductus arteriosus. The first heart 
sound is accentuated along the lower left sternal border 
(tricuspid area) in patients with increased anterograde flow 
across the tricuspid valve, as in atrial septal defect or tricus-
pid regurgitation.
2 Atrioventricular valvar stenosis. Both mitral stenosis and tri-
cuspid stenosis are rare in children in the developed world. 
In areas with a high prevalence of rheumatic heart disease, 
however, mitral stenosis may be found in late childhood and 
adolescence. In such patients, a high-pressure differential 
exists across the mitral valve at the end of the diastole. Thus, 
a higher than normal ventricular systolic pressure must 
develop before valve closure occurs. Because of the higher 
closure pressure, the first heart sound is accentuated. I have 
heard accentuation of S1 in older children with congenital 
mitral stenosis but have not appreciated it in infants or young 
children with this condition.
3 Short PR interval. If the PR interval is short, as in Wolff–
Parkinson–White syndrome, the interval between atrial con-
traction and onset of ventricular systole is also shortened. 
Thus, the atrioventricular valves are maximally open, so the 
length of excursion of leaflets to closure is great. Therefore, 
the first heart sound is loud.
4 Conditions with increased cardiac output. Increased cardiac 
output from conditions such as anemia and arteriovenous 
fistula is associated with increased anterograde flow across 
the atrioventricular valves, shortened diastole, and increased 
ventricular contractility. These factors combine to increase 
loudness of the first heart sound.

The loudness of the first heart sound may be diminished 
from three general conditions:
1 Prolonged atrioventricular conduction. When the interval 
between atrial contraction and onset of ventricular systole is 
prolonged, the atrioventricular valve leaflets have returned 
from their maximally opened position. Hence the length of 
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valvar excursion to closure is presumably decreased, and the 
first heart sound is soft. The loudness varies with atrial fibril-
lation [53] and with heart block.
2 Depressed myocardial function. In patients with depressed 
myocardial contractility, as in myocarditis, the first heart 
sound may be diminished.
3 Moderate to severe mitral regurgitation.

Second heart sound (S2)
The normal second heart sound is composed of two sounds; 
the first, A

2
, represents the earlier closure of the aortic valve, 

and the second, P
2
, the later closure of the pulmonary valve. 

The second heart sounds occur at the time of the incisura of 
aortic and pulmonary arterial pressure tracings and are gen-
erally coincidental with the transition between the end of 
ejection and the onset of isovolumetric relaxation. The two 
components of the second heart sound are heard best in the 
second and third left intercostal spaces because the pulmo-
nary valve, the most anteriorly located valve, lies immedi-
ately below this area and the aortic valve slightly lower along 
the left sternal border.

The term splitting of the second heart sound is applied to the 
phenomenon of hearing two components of the second 
heart sound. Our studies have indicated that an interval of 
at least 20–25 ms must be present between the two compo-
nents before they can be heard as separate sounds by an 
experienced pediatric cardiologist. The degree of splitting 
normally varies with respiration, increasing with inspira-
tion and decreasing with expiration, reflecting the variable 
volume of blood returning to the right ventricle with the 
phases of respiration. This phenomenon is termed variable 
splitting. In patients with tachycardia, particularly neonates 
and infants, it may be difficult to appreciate splitting or var-
iability. Repeated auscultation when the heart rate is slower 
may allow clearer characterization of the second heart 
sound components. Considerable diagnostic information 
can be obtained by careful attention to details of the second 
heart sound. Three aspects of the second heart sound must 
be assessed: loudness of individual components, degree of 
splitting, and variations in patterns of splitting.

Loudness of the components of the second heart sound 
depends on the level of pressure in the great arteries, posi-
tion of the aortic and pulmonary valves within the thorax, 
and thickness of the anterior chest wall. In infants and chil-
dren, P

2
 is louder than A

2
 because the pulmonary valve lies 

immediately below the chest wall, whereas the aortic valve 
is located centrally within the thorax and is surrounded by 
cardiac structures. The difference occurs even though pul-
monary arterial pressure is considerably lower than aortic 
pressure. In patients with transposition of the great arteries, 
the second heart sound is loud and single because the aortic 
valve, located beneath the chest wall, is closed with a high 
pressure and the more distant pulmonary valve being closed 
at a lower pressure is masked.

The loudness of a component of the second heart sound 
depends on the pressure level at the time of the incisura of 
the arterial pressure wave It reflects neither peak systolic nor 
diastolic arterial pressure. Because many forms of cardiac 
malformation are associated with pulmonary hypertension, 
care must be directed towards increased loudness of P

2
, 

which reflects an elevated pulmonary arterial pressure.
The aortic valve is centrally placed in the thorax, approxi-

mately behind the sternum at the level of the fourth space 
and midway in the chest. The ascending aorta comes closest 
to the chest wall to the right of the upper sternum. Therefore, 
A

2
 is normally heard loudest at the upper right sternal bor-

der or equally loud at the upper right and left sternal bor-
ders. If A

2
 is loudest at the left sternal border, an abnormal 

aortic position is indicated. Thus, in tetralogy of Fallot, with 
a dextroposed and dilated ascending aorta, A

2
 is loudest to 

the left of the sternum in the fourth intercostal space. In 
both complete and corrected transposition, A

2
 is loudest to 

the left of the sternum in the second intercostal space, and 
the same may be true in a truncus arteriosus. Other forms of 
malposition, including dextrocardia, may also give an A

2
 

that is loudest at the upper left sternal border.
During the first 2 days of life, the second heart sound 

appears single because of the elevated pulmonary vascular 
resistance normally present at this stage of life and the nearly 
identical aortic and pulmonary arterial pressure curves. 
Subsequently, the second heart sound becomes split as the 
pulmonary vascular resistance falls. A single second heart 
sound beyond the immediate neonatal period indicates a 
serious cardiac anomaly with a single functioning semilunar 
valve. There may be only one semilunar valve, as in truncus 
arteriosus, or two valves in which one is either atretic or 
severely stenotic. The second heart sound is single (aortic 
component) in patients with pulmonary atresia, severe pul-
monary stenosis, or tetralogy of Fallot. It may be single (pul-
monary component) in aortic atresia or severe aortic stenosis. 
Unfortunately, these anomalies cause severe symptoms in 
the neonatal period, when S

2
 normally appears single, so 

auscultation cannot allow their identification.
If the second heart sound is split but does not vary with 

respiration, the phenomenon is called fixed splitting. This 
usually coexists with wide splitting and indicates a large 
atrial communication, as typically occurs in patients with an 
atrial septal defect in which wide, fixed splitting is character-
istic. Wide splitting reflects an increased volume of blood 
being ejected from the right ventricle and being fixed reflects 
an atrial communication that allows adjustment of flow dis-
tribution in the atria with phases of respiration.

In evaluating the second heart sound, attention should be 
directed to the degree of splitting. With experience, it is possible 
to identify wide splitting, indicating that this interval between 
the components of the second heart sound exceeds 60 ms. If 
the second heart sound can easily heard as split in a tachycardic 
neonate or infant, it should be considered widely split.
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The second heart sound is widely split in patients with 
prolonged right ventricular ejection due to:
1 Increased volume of right ventricular ejection. If the volume of 
blood ejected by the right ventricle across the pulmonary 
valve is increased, P

2
 is delayed. This may result from pulmo-

nary regurgitation or an atrial level shunt, such as atrial sep-
tal defect or anomalous pulmonary venous connection.
2 Obstruction to right ventricular outflow. In severe pulmonary 
stenosis or tetralogy of Fallot, right ventricular ejection is 
prolonged and P

2
 delayed.

3 Complete right bundle branch block in which right ventricular 
depolarization is prolonged abnormally, as is right ventricular sys-
tole. Thus, P

2
 is delayed.

Delayed closure of the aortic valve can be identified by 
paradoxical splitting of the second heart sound. Because A

2
 

is delayed and may occur after P
2
, the degree of splitting nar-

rows on inspiration and widens on expiration, a pattern 
opposite of normal. In my experience, paradoxical splitting 
is rare during childhood and adolescence. Three types of 
conditions associated with paradoxical splitting are (1) 
increase in left ventricular ejection volume, as in severe aor-
tic regurgitation or patent ductus arteriosus; (2) obstruction 
to left ventricular outflow, as found in patients with severe 
aortic stenosis; and (3) complete left bundle branch block.

Third heart sound (S3)
A third heart sound may be heard in childhood. This 
 low-frequency, broad sound occurs at the peak velocity of 
ventricular inflow and the transition between rapid and slow 
filling phases of diastole. This sound has been considered to 
arise in a ventricle from sudden deceleration of flow during 
rapid filling [54–59]. The normal third heart sound disap-
pears in adulthood by the age of 40 years because the 
increased left ventricular wall thickness with age causes a 
decrease in the velocity of ventricular filling [60].

Third heart sounds may originate from either the left or 
right ventricle, being heard better at the cardiac apex 
(mitral area) or lower left sternal border (tricuspid area), 
respectively. This sound is prominent in patients with 
increased volume of ventricular filling [61–63]: increased 
pulmonary blood flow, valvar regurgitation, and anemia. In 
a patient with tachycardia from any cause, a third heart 
sound may become prominent and be interpreted as a gal-
lop, a sound suggesting cardiac failure and myocardial dys-
function. In this situation, proceed carefully and reserve 
the term gallop when other findings support a diagnosis of 
cardiac failure.

Early systolic ejection click
An early systolic ejection click occurs shortly after the first 
heart sound and at the transition between isovolumetric 
contraction and the onset of ejection. It is recorded at or 
shortly after the opening of a semilunar valve. During the 
first 24 h of life, a click may be heard normally; but after that 

age, an ejection click is always abnormal and indicates dila-
tation of either the ascending aorta or pulmonary trunk. 
Dilatation may occur from either aortic or pulmonary valvar 
stenosis (poststenotic dilatation) or from conditions associ-
ated with an enlarged major arterial trunk, such as truncus 
arteriosus, Marfan’s syndrome or pulmonary hypertension.

The mechanism for production of a click is unknown. It 
occurs at the time of maximal opening of a stenotic valve, sug-
gesting that it may be valvar in origin. On the other hand, it 
may result from sudden tensing of the wall of a dilated great 
vessel in which elastic fibers are known to have degenerated 
so that the wall is supported mainly by indistensible collagen.

The characteristics of a systolic ejection click reflect the ves-
sel of origin – pulmonary artery or ascending aorta. Pulmonary 
clicks are heard best with the diaphragm of the stethoscope in 
the pulmonary area with the patient sitting. They become 
louder in expiration. Aortic ejection clicks are heard best at 
the cardiac apex and left lower back with the patient reclin-
ing. They do not vary with the phase of respiration. They are 
lower pitched and may be difficult to distinguish from the 
second component of a split first heart sound.

Mid to late systolic click
Mid to late systolic clicks occur with mitral valve prolapse, 
and are sharp, high-pitched sounds heard best at the car-
diac apex. They vary considerably in loudness with maneu-
vers that alter left ventricular volume. They are louder 
when the patient is standing or sitting because of the 
smaller left ventricle volume and become softer and later 
when the patient reclines or squats, resulting in a larger left 
ventricular volume. This click may also be heard along the 
left sternal border when a ventricular septal defect is being 
closed by a pseudoaneurysm, but it does not vary during 
the respiratory cycle.

Opening snap
An opening snap is a rare auscultatory finding in children 
and adolescents in most parts of the world. It is heard in 
mitral valve stenosis, which is most commonly caused inter-
nationally by rheumatic heart disease. This sound, heard 
better with a diaphragm at the cardiac apex or lower left 
sternal border, occurs shortly after the end of isovolumetric 
relaxation, at the time of maximum opening excursion of 
the anterior leaflet of the mitral valve. The mechanism for 
the sound production is unknown.

Fourth heart sound (S4)
A fourth heart sound is low pitched, occurs during atrial 
contraction, and precedes peak atrial inflow velocity. It is 
associated with lesions that limit ventricular distensibility. It 
is a frequent finding in patients with coronary artery disease, 
cardiomyopathy, severe semilunar valve stenosis (either aor-
tic or pulmonic), and hypertension (systemic or  pulmonary) 
[64]. A fourth heart sound may be found in patients with 
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increased cardiac output, as in anemia or arteriovenous fis-
tula. It can also be heard in patients with second- or third-
degree heart block. Fourth heart sounds originating from the 
left ventricle are heard at the apex, those from the right ven-
tricle along the lower left sternal border. These are common 
in adults but infrequent in children.

Cardiac murmurs
Cardiac murmurs result from turbulence of blood flow 
through the heart or major arteries. Reynolds’ number has 
been used to understand the factors that cause turbulence 
in a system of laminar flow. Although blood flow is not nec-
essarily laminar and homogeneous, the equation helps 
understand factors leading to turbulence. Reynold’s number 
(Re) [65] indicates that turbulence arises in a Newtonian 
fluid of viscosity h and density r, flowing with a velocity V 
through a tube with diameter D according to the relation-
ship Re = DVr/h. Reynolds’ number is dimensionless, but 
when it exceeds a critical value, about 2000 for a viscous 
fluid, turbulence occurs. Turbulence could occur with a high 
flow velocity or low blood viscosity.

Six characteristics of a murmur should be identified and 
described. Each provides a specific type of information about 
hemodynamic and anatomic associations. These characteris-
tics are

loudness: reflecting severity of the anomaly •
location within the cardiac cycle: relating the murmur to  •

hemodynamic events
location on the thorax: relating the murmur to an ana- •

tomic site
radiation: indicates direction of turbulent blood flow •
pitch: reflecting the pressure difference •
other characteristics meaningful to the examiner, such as  •

“musical,” “blowing.”
By identifying and describing these characteristics, the exam-
iner can gain much understanding of the underlying condi-
tion causing the murmur.

Loudness
The loudness of a murmur is described by a system of grades. 
These are

grade 1/6: soft and heard after an extended period of listening •
grade 2/6: soft but immediately heard •
grade 3/6: moderately loud, unassociated with a thrill •
grade 4/6: loud, usually associated with a thrill •
grade 5/6: loud, heard with stethoscope barely off the tho- •

racic wall
grade 6/6: loud, heard with stethoscope off the thoracic  •

wall.
This system is most useful to an individual examiner who 
has developed an internal sense of grading so that, with 
experience, murmurs of similar loudness receive the same 
grade. Even with experience, this is not always possible to 
achieve. I find it particularly difficult to apply grades 3/6 

and 4/6 to systolic murmurs and grades 1/6 and 2/6 to 
diastolic murmurs.

The loudness of a murmur reflects the severity of a lesion 
and the amount of blood passing through the abnormal area, 
as in the following examples.
1 In aortic or pulmonic regurgitation, the more severe 
the lesion, the greater is the regurgitant volume and the 
louder the regurgitant murmur. If the regurgitant orifice is 
small, there is a pressure gradient from the artery to the 
 ventricle throughout the whole of diastole, and the murmur 
is long. If the regurgitant orifice is large, pressures tend to 
equalize in the artery and the ventricle so that the murmur 
tends to end earlier during diastole.
2 When the entire cardiac output passes through an abnor-
mal structure, as in aortic, pulmonic, or mitral valve steno-
sis, the more severe the stenosis, the greater is the pressure 
drop across the valve, the flow is more turbulent, and the 
murmur is louder. If the obstruction is severe enough to 
reduce the cardiac output, the murmur becomes softer. 
Furthermore, with significant aortic or pulmonic stenosis, 
the velocity of flow across the valve is greater and the result-
ing murmur is higher pitched (see below).
3 In a small ventricular septal defect, the pressure difference 
between the ventricles is large, and the murmur is often 
loud. If the defect is larger and associated with a huge left-to-
right shunt through it, the murmur is also loud, even though 
the pressures are similar in the two ventricles. If a ventricu-
lar septal defect is associated with increased pulmonary vas-
cular resistance (neonatal period, or after pulmonary 
vascular disease develops), only a small flow crosses the 
defect. This results in little turbulence and only a soft mur-
mur. Similarly, when the ventricular septal defect is small, 
perhaps less than 2 mm in diameter, little blood crosses and 
the murmur is high pitched and soft.

Location in the cardiac cycle
Murmurs should be described according to when they occur 
in the cardiac cycle. Timing of murmurs has been described 
as systolic, diastolic, or continuous, each being further sub-
divided into more specific intervals of the cardiac cycle. In 
neonates, infants, and others with tachycardia, it may be dif-
ficult to categorize beyond systolic, diastolic, or continuous. 
Other features, such as location on the thorax or pitch, may 
be helpful.

Systolic murmurs
There are three types of systolic murmurs: pan(holo)systolic, 
ejection systolic, and late systolic.

Pansystolic murmurs
Although the prefix pan- suggests all of systole, these mur-
murs do not necessarily extend to the second heart sound, 
but they do begin with the first heart sound. Therefore, 
pansystolic murmurs include the period of isovolumetric 
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contraction, and make it difficult to identify the first heart 
sound. During isovolumetric contraction, because all car-
diac valves are closed, blood should not be moving within 
the heart. Only three conditions allow blood to flow dur-
ing isovolumetric contraction: ventricular septal defect, 
because the ventricles are in full communication through-
out systole; mitral insufficiency; and tricuspid insufficiency. 
In the last two, the higher ventricular systolic pressure 
compared with lower atrial pressure allows blood to regur-
gitate from a ventricle to an atrium during isovolumetric 
contraction. Pansystolic murmurs are also called regur-
gitant murmurs, indicating regurgitation across an atriov-
entricular valve.

The murmur of mitral insufficiency is heard best at the 
cardiac apex, is high pitched, and has been described as 
“blowing.” Tricuspid insufficiency is low pitched and heard 
along the lower left sternal border. In this same area, the 
much more frequently occurring ventricular septal defect 
murmur is heard and is generally high pitched.

The systolic murmur of a ventricular septal defect, 
located over the precordium and associated with a thrill, 
has been called a Roger murmur. Roger described it as 
“long and loud” and that “it entirely occupies the period of 
the normal tic-tac of the normal heart sounds” [66]. Henri 
Louis Roger (1809–1891) was a French pediatrician who 
was very interested in auscultation. He presented his 
observations to the French Academy of Medicine and con-
cluded that the only explanation for such a prominent 
murmur was a defect in the interventricular septum. 
Subsequent to his initial presentation, he observed a 
26-month-old child with such a murmur who died of 
“pulmonary mishap.” The autopsy of the child showed a 
ventricular septal defect in the “upper portion of the inter-
ventricular septum” [67].

Ejection systolic murmurs
Ejection murmurs are limited to the ejection phase of sys-
tole. Therefore, they begin after the isovolumetric contrac-
tion phase. This point is a key distinction between the two 
major types of systolic murmurs. In an ejection murmur, a 
short period exists between the first heart sound and the 
onset of the murmur.

Ejection murmurs result from turbulence either into or 
within the aorta or pulmonary trunk. These can be caused 
by outflow tract obstruction, by stenosis in large central 
arterial vessels, or from increased volume of blood across a 
normal outflow tract. Respective examples are pulmonary 
or aortic stenosis (valvar, subvalvar, supravalvar), coarcta-
tion of the aorta or peripheral pulmonary artery stenosis, 
and atrial septal defect. Because there are only two outflow 
tracts by which blood exits the heart, the maximal location 
of the murmur allows identification of whether obstruction 
lies in the right (pulmonary area) or left (aortic area) out-
flow tracts.

Late systolic murmurs
Late systolic murmurs occur with mitral valve prolapse. As 
the left ventricular volume becomes progressively smaller 
during systole, the volume becomes small enough so that 
the posterior leaflet prolapses into the left atrium. This per-
mits regurgitation that increases as the ventricle continues to 
contract to the end of systole. Hence the murmur is cre-
scendo to the second heart sound. As discussed previously in 
this chapter, the murmur is introduced by a mid to late systo-
lic click (see also Chapter 28) and its duration varies with 
body position as discussed above.

Diastolic murmurs
There are three types of diastolic murmurs, early, mid, and 
late. The first follows S

2
, the second represents a widening of 

the S
3
, and the last reaches a peak in the cardiac cycle where 

an S
4
 would be heard.

Early diastolic murmurs
Early diastolic murmurs immediately follow the second 
heart sound, occupy the period of isovolumetric relaxa-
tion, and may extend beyond that period. They result from 
insufficiency of either the aortic or the pulmonary valve. 
Regurgitation occurs from flow from the higher pressure 
great artery to the lower pressure ventricle. They have 
been called regurgitant murmurs. Note that all regurgitant 
murmurs, whether in systole or diastole, occupy isovolu-
metric periods.

Mid-diastolic murmurs
Mid-diastolic murmurs occupy the period of time at the 
transition from rapid to slow filling phases of the cardiac 
cycle. They occur from increased volume of blood flow 
across anatomically normal atrioventricular valves. Usually, 
the anterograde flow must be about twice normal before a 
mid-diastolic murmur is heard. Mitral mid-diastolic mur-
murs are heard in conditions such as mitral insufficiency 
and shunts at the ventricular or great vessel level (ventricu-
lar septal defect, patent ductus arteriosus, truncus arterio-
sus). Tricuspid mid-diastolic murmurs occur in tricuspid 
regurgitation (as in the Ebstein’s malformation) and atrial 
level shunts (atrial septal defect, total anomalous pulmo-
nary venous connection). Mid-diastolic murmurs occur 
with mitral and tricuspid stenosis with presystolic accentu-
ation. Because there is little diastolic pressure difference 
across the atrioventricular valves in these conditions, mid-
diastolic murmurs are low pitched. In 1862, Austin Flint 
described in patients with aortic insufficiency a mid-diasto-
lic murmur that was distinct from the high-pitched early 
diastolic murmur from the regurgitation [68]. Called an 
Austin Flint murmur, he considered it to be related to flut-
tering of the anterior leaflet of the mitral valve being struck 
by the regurgitant jet.
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Late diastolic murmurs
Murmurs occurring late in diastole are also called protodi-
astolic or presystolic. They result from atrioventricular valve 
stenosis, which is usually of the mitral valve. They increase 
in loudness (crescendo) to the first heart sound as the gradi-
ent between the atrium and its respective ventricle increases 
and is accentuated by atrial contraction.

Continuous murmurs
A continuous murmur begins in systole and continues into 
diastole, but does not necessarily continue throughout the 
cardiac cycle. The murmur has the same characteristics in 
both phases of the cardiac cycle. It is not a separate systolic 
and a diastolic murmur. Continuous murmurs can be divided 
into two categories, depending on whether the murmur is 
louder in systole or in diastole.

Louder in systole
A continuous murmur, louder in systole, indicates a com-
munication between the arterial and venous systems, 
usually large vessels. The classic example is patent ductus 
arteriosus, but others include bronchial collaterals in cyan-
otic patients and a peripheral arteriovenous malformation. 
In a neonate, a continuous murmur over the upper chest 
often indicates pulmonary valvar atresia, with a patent 
ductus arteriosus being the major or sole source of pulmo-
nary blood flow. In a neonate, continuous murmurs are 
also heard from arteriovenous malformations or fistulas 
and are heard best over their anatomic location. In a patent 
ductus arteriosus, the murmur is often crescendo in late 
systole because of the time taken for the pulse wave to 
reach the ductus. The original description of the murmur 
by Gibson in 1900 remains as true today as it was over a 
century ago [69].

Louder in diastole
Continuous murmurs louder in diastole point to an abnor-
mality of blood flow in major veins. The volume of blood 
returning to the right atrium is greater during diastole 
because of right ventricular filling. The most frequent cause 
is a benign venous hum, but it can occur if there is increased 
blood flow in the superior caval system, as in total anoma-
lous pulmonary venous connection to a supracardiac vein or 
cerebral arteriovenous fistula.

Location on the thorax
A murmur is loudest closest to its anatomic origin. Murmurs 
should be described by their anatomic location, such as upper 
right sternal border, upper left sternal border, lower left sternal 
border, or cardiac apex, rather than by the respective terms 
commonly used: aortic area, pulmonary area, tricuspid area, 
mitral area. Because of the array of cardiac malformations, for 
instance the pulmonary artery and valve may not be located in 

the “pulmonary area,” as in transposition of the great arteries, 
and a murmur in the “mitral area” may arise from an inverted 
tricuspid valve as in congenitally corrected transposition of the 
great arteries.

In addition to the four traditional auscultatory sites, 
both axillae should be auscultated (peripheral pulmonary 
artery stenosis), as should the back, particularly the left 
paraspinal area (coarctation of the aorta). In patients with 
normally related great arteries, murmurs heard best along 
the upper left sternal border and beneath the left clavicle 
originate from the right ventricular outflow tract, and 
those extending from the midsternum to the area beneath 
the right clavicle originate from the left ventricular out-
flow tract. Murmurs along the lower left sternal border 
commonly result from a ventricular septal defect, and less 
frequently from obstructive cardiomyopathy or tricuspid 
regurgitation.

Radiation
Other locations where the murmur is heard should be 
described. These secondary sites indicate radiation of the 
murmur and reflect the direction of turbulent blood flow. 
Murmurs from the right ventricular outflow tract radiate to 
the left upper back. The left pulmonary artery is a direct 
extension of the pulmonary trunk and is directed posteriorly 
and to the left. In tetralogy of Fallot, wherein the right ven-
tricular outflow tract is oriented typically towards the right, 
the murmur is heard best over the right side of the back. 
Murmurs from the left ventricular outflow tract area are 
directed into the carotid arteries, particularly the right. In 
patients with a moderate or large ventricular septal defect or 
significant tricuspid regurgitation, radiation is towards the 
right sternal border and right anterior chest, reflecting the 
direction of turbulent flow. The murmur of mitral regurgita-
tion classically extends to the left axilla and left lower back.

Pitch
The pitch or frequency of a murmur reflects the pressure dif-
ference creating the turbulent flow and murmur. High-pitched 
murmurs result when there is a large pressure difference, as 
in mitral regurgitation or aortic regurgitation. In contrast, the 
murmurs of tricuspid and pulmonary regurgitation are lower 
pitched because of lower right-sided cardiac pressures in nor-
mal individuals. Diastolic murmurs from anterograde flow 
across an atrioventricular valve, as in a left-to-right shunt, are 
low pitched.

The murmur of pulmonary regurgitation can be higher 
pitched with pulmonary hypertension. This murmur has 
been named Graham Steell murmur [70], after the English 
physician who described it. Steell lived from 1851 to 1942 
and was an Assistant Physician to the Manchester Royal 
Infirmary when he described it. In his paper, he indicated 
how it could be distinguished from the murmur of aortic 
regurgitation which was also high pitched.
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Other features
A variety of other terms are used commonly on rounds or 
in clinics to describe murmurs. These terms, such as harsh, 
blowing, musical, and to-and-fro, are less precise and 
 perhaps are of greatest use to the individual examiner who 
has his or her own auditory concept of harsh, blowing, or 
musical.

Functional murmurs
During childhood, half of children have a murmur. These 
are often transient, appearing when the child has a fever or 
only on one examination, and occur in a structurally normal 
heart. Although these have been called functional or inno-
cent murmurs, I prefer to call them “normal murmurs” 
when describing them to parents, to indicate that the heart 
is structurally and functionally normal and that these mur-
murs are normal phenomena.

The clinical diagnosis of a functional (normal) murmur is 
a two-step process. The first is to distinguish whether the 
patient’s murmur reflects a major cardiac condition or could 
represent a normal murmur. This step depends on whether 
the murmur is associated with five features common to all 
children with a functional murmur:
1 There are no meaningful cardiovascular symptoms.
2 The murmur is less than grade 3/6.
3 The heart sounds are normal. Particular attention must be 
directed to the second heart sound.
4 The heart size is normal. This can be assessed by palpation 
of the cardiac apex.
5 The murmur is usually short, ending by the first half of 
systole.

In a study of children with an innocent vibratory or a pul-
monary flow murmur and a group of children with an easily 
confusable mildly pathologic murmur, phono-spectrographic 
analysis was performed. The functional murmurs were usu-
ally below 200 Hz and with a frequency spectrum with more 
harmonic structure. In contrast, pathologic murmurs had 
both lower and higher frequencies [71].

Rosenthal, in an article about distinguishing innocent 
from pathologic murmurs, listed six criteria for identifying a 
pathologic murmur [72]:
1 all diastolic murmurs
2 all pansystolic murmurs
3 late systolic murmurs
4 very loud murmurs
5 continuous murmurs
6 associated cardiac abnormalities.

Eight distinct normal murmurs have been identified, and 
each must be distinguished from murmurs resulting from 
cardiac abnormalities that may have some similar features. 
One early study of children showed that 85% were Still’s 
murmurs, 14% pulmonary flow murmurs, and 1% cardiop-
ulmonary murmurs [73].

Pulmonary flow murmurs
This soft, short systolic ejection murmur, believed to result 
from turbulence in the right ventricular outflow tract and 
pulmonary trunk, is heard along the upper left sternal bor-
der. It is more common in adolescents and in females by a 
ratio of 3:1 [71]. It can appear with fever and anemia. It 
must be distinguished from atrial septal defect, which has a 
similar murmur, but the wide, fixed splitting of the second 
heart sound is diagnostic. Also in atrial septal defect, in con-
trast to a functional pulmonary flow murmur, the tricuspid 
valve closure is loud, and a mid-diastolic murmur is com-
mon in the tricuspid area. Mild valvar pulmonary stenosis 
may have a similar murmur, but it is longer, higher pitched, 
and preceded by an ejection click.

Vibratory, “twangy string,” or still’s murmur
This short, early midsystolic murmur is heard best between 
the lower left sternal border and the cardiac apex. Like the 
pulmonary flow murmur, it seldom persists beyond midsys-
tole. It is uniform in frequency, hence its name vibratory. 
The origin of the murmur is uncertain. Many believe it to be 
related to turbulent flow in the left ventricular outflow tract 
and related to higher aortic flow volume and velocity [74–76]. 
Harris et al. [77], using cathode-ray oscilloscopy, found rela-
tively dense spectrographs below 250 cps for both Still’s and 
murmurs from other high-output states. They considered 
that the murmur was caused by vibrations of its natural 
period of some structures of the cardiac walls or great ves-
sels. In some children, an anomalous band has been found 
in the left or right ventricle [78]. In one study [79], 76% 
of patients with this murmur had a band in the left ven-
tricular outflow tract, compared with 14% of those without 
a murmur. Joffe, however, could not detect turbulence 
around the anomalous bands by echocardiography [80]. 
Others [81–85] suggested that the murmur is from the com-
bination of a small aortic diameter and high aortic velocity. 
A report [86] and accompanying commentary [87] provide 
insight into this type of murmur as possibly originating from 
increased intraventricular velocities. Klewer et al. [88] used 
dopamine stress echocardiographic studies in normal sub-
jects without a murmur to produce a Still’s-like murmur 
when the cardiac output was increased. They found that a 
lower body surface area correlated with the presence of the 
murmur, explaining why Still’s murmur is most often seen 
in younger ages. Subsequently, Donnerstein and Thomsen 
[89], using spectral analysis of Still’s murmurs, found char-
acteristic time-varying spectra related to a patient’s age and 
cardiac dimensions rather than flow velocity. The spectral 
frequency decreased with age. They suggested that the 
disappearance of the murmur as the child grows may be 
related to a murmur having such a low frequency that is 
below the auditory threshold. The murmur is usually heard 
in preschool-aged children [90].
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The major differentiation is from ventricular septal defect. 
Because most ventricular septal defects are membranous, 
they are heard best along the left sternal border in the third 
and fourth interspace. The murmur of a muscular ventricular 
septal defect may be heard in the same area, but it is harsher.

It was the British pediatrician, Sir George Frederick Still 
(1868–1941), who first described this functional murmur in an 
era before echocardiography. Still also described a variety of 
chronic polyarthritis associated with lymphadenopathy, 
splenomegaly, and irregular fever. Still’s description of the mur-
mur which bears his name is as follows [91]: “It is heard usually 
just below the level of the nipple and about half way between 
the left margin of the sternum and the vertical nipple line; it is 
not heard in the axilla nor behind, it is systolic and is often so 
small that only a careful observer would detect it; moreover it 
is variable in audibility; its characteristic is a twangy sound very 
like that made by twanging a piece of tense string.”

Venous hum
This continuous murmur is louder in diastole and heard best 
along the upper right sternal border. It results from turbu-
lent flow in the jugular venous system. Thus, there may be a 
thrill posterior to the sternocleidomastoid muscle over the 
jugular vein. The murmur is heard better when the patient 
is sitting and disappears or softens on reclining. The murmur 
varies as the patient turns the head back and forth or when 
gentle pressure is applied over the base of the neck.

A similar murmur can be heard in an occasional patient 
with total anomalous pulmonary venous connection to the 
left superior vena cava. It may also be heard with a cerebral 
arteriovenous malformation.

Carotid bruit
In virtually all children, an early systolic murmur may be 
heard over the bifurcation of the carotid arteries. It should 
not be confused with radiation of a murmur of aortic steno-
sis to the carotid arteries. Palpation of the suprasternal notch 
helps to distinguish these because with aortic stenosis, a 
thrill is palpated in this area.

Cardiopulmonary murmur
This noise is believed to result from compression of the lin-
gula of the lung between the heart and anterior chest wall. 
I have heard a similar noise along the right sternal border. 
This noise is louder during mid-inspiration and mid- 
expiration, becoming soft or absent on full inspiration or full 
expiration. It is heard better when the patient is sitting.

Peripheral pulmonary artery stenosis
In some neonates, particularly those born prematurely, a 
midsystolic ejection murmur may be heard over both lung 
fields, including on the back, in the axillae, and beneath 
both clavicles, but not over the precordium. Present in the 
neonatal period, it usually disappears by 3 months of age 

and is always gone by 1 year of age. In fetal life, because 
little flow occurs through the lungs, there is a discrepancy 
of size between the large main pulmonary artery and smaller 
branch pulmonary arteries. Postnatally the murmur disap-
pears as the branch pulmonary arteries increase in size.

Mammary souffle
In lactating women, a low-frequency background hum due 
to a large increase in blood flow to the breasts through super-
ficial blood vessels may be heard immediately over the 
breast. Gentle pressure over the area may diminish the loud-
ness. Its importance is in distinguishing it from a patent duc-
tus arteriosus or an arteriovenous fistula.

Cephalic bruit
Cephaic bruits are heard much more commonly in early 
school-aged children than adults, perhaps because of the 
higher cerebral blood flow in the young than adults. (100 ml 
per 100 g min−1 in a 5-year old versus 50 ml per 100 g min−1 in 
a 30-year-old) They are more common in those with 
decreased blood viscosity (anemia), increased blood flow 
(hyperthyroidism, cerebral arteriovenous fistula), or local 
narrowing of an artery.

Variant auscultatory findings
In two groups of pediatric patients, neonates and athletes, 
the auscultatory findings are unique.

Neonates
The first heart sound is loud at birth and decreases in inten-
sity during the first 48 h of life. It may be split, with the sec-
ond component being loud in the tricuspid area. A systolic 
ejection click along the left sternal border has been reported 
to occur in many neonates. The second heart sound is single 
at birth, presumably due to elevated pulmonary vascular 
resistance [92]. By 2 days of age, it becomes split in normal 
neonates.

Several studies of normal neonates have described the fre-
quency and types of murmurs in neonates [93–102]. On 
careful auscultation, one-third to three-quarters of neonates 
have been described as having a murmur.
1 A continuous murmur in the pulmonary area heard best 
with the bell. In one series, this occurred in 37% of normal 
neonates [95], was transient, and usually disappeared by 12 h 
of age. Its frequency is higher in premature infants and those 
with asphyxia, in whom it may not disappear for several 
months, indicating delayed closure of the ductus arteriosus.
2 Crescendo systolic murmur in the pulmonary area. This 
grade 1 to 2/6 murmur is believed to be related to flow 
through the ductus, because in some neonates this murmur 
represents a transition towards closure.
3 Pulmonary systolic ejection murmur. This grade 1 to 2/6 
murmur may develop during the first day of life and last up 
to 6 days.
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A high occurrence of functional murmurs has been found 
in infants and, in one study, in 80% of prematurely born 
infants [97], most frequently at 3 months of age. Many of 
these have characteristics of a vibratory murmur. Other 
authors have described a low incidence of functional mur-
murs in neonates and infants [99–101].

In neonates, a significant murmur present at birth or dur-
ing the first hours of life usually indicates either aortic steno-
sis or pulmonary stenosis (with either intact ventricular 
septum or a ventricular communication). Mitral and tricuspid 
insufficiencies, both rare conditions in a neonate, also result 
in a systolic murmur. A small ventricular septal defect may be 
heard within days of birth. Large shunts at either the ven-
tricular or great vessel level may not be evident in the neona-
tal period because elevated pulmonary arterial pressure and 
resistance limit blood flow through the communication.

Athletes
In trained athletes, the resting cardiac rate is often low. 
Therefore, the stroke volume and end-diastolic volume are 
increased as a result of these physiologic adaptations. The 
peripheral pulses are strong. The pulse pressure is increased, 
reflecting an increase in systolic pressure from increased 
stroke volume and lowered diastolic pressure from pro-
longed diastole. The apex impulse may be slightly beyond 
the midclavicular line. An ejection systolic murmur is heard 
along the upper left sternal borders, and a third heart sound 
may be prominent.

Evaluation of murmurs
In a 1996 article entitled “The demise of the physical 
examination,” Janhar [102] commented that physicians 
are busier and have less time for physical examination 
and that their examinations are often inaccurate. He also 
posited that doctors are uncomfortable with uncertainty 
and rely on technology. But technology also can be inac-
curate and the results be irreproducible and filtered 
through the eyes and mind of the interpreter. Thus, they 
may be contaminated by subjectivity. There have been a 
number of articles about the evaluation of murmurs in 
children particularly because of the incidence of func-
tional murmurs. McCrindle et al. [103] found that refer-
ring physicians are reasonably accurate in determining 
the presence of a cardiac abnormality and that a noncar-
diac factor often was a major factor in referral to a cardi-
ologist. One study showed that the decision for referral to 
a cardiologist is based on the presumed diagnosis, confi-
dence of the referring physician, and the level of parental 
anxiety [104].

In the evaluation of a child referred for evaluation of a 
cardiac murmur, are diagnostic studies necessary? An early 
study by Newberger et al. [37] showed that diagnostic tests of 
electrocardiography and chest X-rays were unlikely to 
change a diagnosis of either the presence of a functional 

murmur or a murmur of a cardiac anomaly, when evaluated 
by a qualified pediatric cardiologist. As echocardiography 
became available, the issue has become whether this rela-
tively more expensive test should be performed. Many 
authors have indicated that careful clinical examination 
allowed the diagnosis of functional murmurs and that 
echocardiography was unnecessary [104–109].

The discovery of a murmur causes parental anxiety, 
which is lessened by parental understanding of murmurs. 
Consultation relieves the anxiety in most parents [110]. 
High parental anxiety, however, is associated with lower 
pediatrician reassurance and greater pediatrician practice 
years [111]. In one study [112], on referral only 3% of 
parents felt their child could have a serious cardiac condi-
tion, 19% felt there was a non-serious cardiac problem, 
76% felt their child had a normal heart, and 2% felt con-
fused. After consultation, the perception that their child 
had a non-serious problem increased by 30%, those who 
felt that their child’s heart was normal decreased to 68%, 
and 3% were confused. None felt that there was a serious 
heart problem.

Pericardial friction rubs
Pericardial friction rubs are characteristic of pericarditis, but 
are not always present. Sometimes the rub disappears if there 
is coexisting effusion, but the fluid in the pericardial sac does 
not necessarily obliterate the rub. Friction occurs as the heart 
moves, and so can be present during atrial systole, ventricu-
lar systole, and ventricular diastole. Although separate rubs 
may occur during each cardiac phase, they often blend into a 
single rub. Rubs are scratchy noises that sound close to the 
ear and become louder as pressure is placed on the stetho-
scope. Usually they are heard better over the lower left ster-
nal border and may be loudest in either phase of respiration.

Abdomen
Hepatic location and size are key components to be deter-
mined in examining an infant or child with a cardiac 
abnormality. Hepatic location helps identify visceral situs, 
which is important in understanding the nature of a car-
diac malposition. Assessment of hepatic size aids in recog-
nizing congestive cardiac failure, for in this hemodynamic 
state hepatomegaly is present and may change rapidly. The 
lower margin of the liver should be palpated and its dis-
tance from the rib margin measured in the midclavicular 
line. The upper margin of the liver should be assessed by 
percussion over the lower thorax. Therefore, the total 
height of the liver can be determined. Studies have shown 
no correlation between palpability of the lower border and 
the total height of the liver. This finding shows that both 
parameters of the size of the liver depend on the position 
of the organ apart from size. Thus, a child could have an 
enlarged liver even with a liver edge in the normal range. 
The upper extent of the liver is normally located in the fifth 
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intercostal space in the  mid-clavicular line. The hepatic 
span is 6 cm in neonates [113]; it may be palpated as far as 
3 cm below the right costal margin, and it is usually no 
longer palpable by 4 years. Remember that the liver edge 
may be easily palpable in patients with hyperexpanded 
lungs as it is displaced into the abdomen by the flattened 
diaphragms. The normal (average) liver span is 7–8 cm in 
the first 6 months of life, 9–10 cm until 24 months, 12 cm 
for preschoolers, 14 cm for 5–9 year olds and 16 cm for 
10–16 year olds [114,115].

The spleen tip may be palpable in infants and is rarely 
enlarged in pediatric patients with cardiac failure. It may be 
enlarged in those with infective endocarditis.

In children with hypertension, stenosis of a renal artery 
can be suspected by finding a bruit over the upper or mid-
abdomen.

Peripheral edema
Peripheral edema is present in many normal neonates dur-
ing the first 2 days of life. It may persist longer in premature 
infants.

Abnormal degrees of edema are found at birth from fetal 
hydrops and nonpitting lymphedema, often associated with 
Turner’s syndrome. Cardiac causes are uncommon (supraven-
tricular tachycardia being the most common); urinary tract 
obstruction and hepatic cirrhosis are other causes. Observing 
puffy eyelids or edema over the back of a neonate may iden-
tify the edema.

Edema from cardiac causes is also uncommon after the 
neonatal period and is usually related to renal disease or 
exudative enteropathy. An unusual but important cause to 
recognize is constrictive pericarditis.

Skin
Hypoxemia, even mild, may be associated with digital 
clubbing after 6 months of age. Early in the process, there 
is a decrease in the angle between the base of the nail and 
the mantle. At this stage, there is redness or shininess of 
the terminal phalanx. There are often hangnails. 
Subsequently, widening and thickening of the distal pha-
lanx of the toes and fingers occur, and the nails become 
convex like the back of a spoon. In some infants and small 
children with a large left-to-right shunt, the fingertips and 
at times the palms are unusually erythematous. Nail beds 
should be inspected for splinter hemorrhages in patients 
with suspected infective endocarditis. In cyanotic patients, 
the scalp veins are often dilated. The skin should be 
inspected for hemangiomas, particularly of the strawberry 
type, in patients with a clinical picture that could represent 
multinodular hemangiomatosis [116]. In infants with cya-
nosis or cardiac failure, the hair is thin and fine and the 
fingernails require clipping infrequently. Following relief 
of their condition, the hair becomes thicker and the nails 
need clipping much more frequently.
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Electrocardiography
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Stanford University, Palo Alto, CA, USA

The electrocardiogram (ECG) is useful in diagnosing a  variety 
of functional and pathological changes from arrhythmias to 
electrolyte disturbances or atrial and ventricular hypertro-
phy, in addition to their progression or regression. It aids in 
diagnosing several specific anomalies, such as tricuspid 
atresia and anomalous left coronary artery from the pulmo-
nary artery.

Principle and technical considerations

Basic vector principles
Contracting heart muscle generates an electric current that 
flows in specific pathways through the heart. It is conven-
ient to regard the current as coming from a single source in 
the heart, although this oversimplifies the problem. If we 
could place electrodes on the heart to detect the current or 
its associated voltage, it would be relatively simple to deduce 
where the current came from and where it was going. 
Because the electromagnetic forces are altered as they spread 
through the various body compartments and tissues to reach 
the surface, the voltages detected there are not the same as 
the voltages in the heart.

As in all electromagnetic phenomena, the voltage detected 
at the skin surface follows the inverse square law, so that for 
a given vector, voltages are diminished if the ventricular wall 
is far from the surface and exaggerated if it is very close. This 
explains why in some premature infants the mid-precordial 
leads show abnormally large voltages. Furthermore, the 
media through which the voltage is transmitted to the skin 
(blood in the chamber, pericardial fluid, air in the lung, and 
skeletal muscle) affect the surface voltages. Because air is a 
poor conductor of electricity, lung hyperinflation (airway 
disease, cystic fibrosis, emphysema) often decreases voltage 
transmission anterior and laterally but increases posterior 

transmission, rotating the vector posteriorly. This may make 
diagnosing right ventricular hypertrophy difficult. As another 
example, in Pompe disease (glycogen storage disease type 
II), the ECG voltages are out of proportion to the degree of 
hypertrophy because of altered conductivity of the muscles 
of the chest.

Because an electric current has a voltage and a direction 
of flow, it can be represented by a vector, an arrow point-
ing in that direction with a length proportional to the volt-
age. Two vectors moving simultaneously in different 
directions  produce a single resultant vector (Figure 7.1). 
In the heart, electrical currents may travel in different 
directions simultaneously, and at each moment we see the 
resultant vector. Thus, although the impulse spreads out 
from the sino-atrial node in all directions, because the 
sino-atrial node is at the upper right portion of the atria, 
the resultant vector – the P wave – passes down and to the 
left. In the ventricles, the initial vector normally is nega-
tive in aVF and positive in lead I, as shown by a q wave in 
lead aVF and no q wave in lead I, and so passes to the left 
and superiorly. At the apex, some impulses pass to the 
right in the right ventricular wall and some pass to the left 
in the left ventricular wall. In the neonate, the right and 
left ventricles are equally thick, but the right ventricular 
wall is closer to the anterior chest leads so that the QRS 
complex has a predominant R wave in V1. In the left chest 
leads, the left ventricular wall is closer to the leads, so that 
there is usually a dominant R wave in V6, although not as 
large as the R in V1. Because mean right vectors are greater 
than mean left vectors, the main frontal plane QRS axis is 
to the right.

With age, the right ventricular wall thins, the R wave in 
V1 becomes smaller and the R wave in V6 becomes larger; 
the main frontal plane vector moves to the left (Figure 7.2). 
At the end of ventricular depolarization, the vector points to 
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the right and superiorly, generating small negative waves in 
leads I and aVF. The tips of the mean vectors at each moment 
can be joined to form a loop (Figure 7.3). At times, analyzing 
the initial and terminal vectors helps in evaluating complex 
depolarization patterns. Although vector recordings are not 
used much clinically today, projection of vectors on the var-
ious leads produces the typical scalar ECG.

Vector loops can also be constructed in the horizontal 
plane, and can be applied to all the waves on the ECG.

Scalar ECG
The standard ECG has 12 leads recorded from 12 standard 
body surface positions (Figure 7.4). Electrodes must be 
placed accurately, and the skin cleaned with alcohol to 
decrease skin resistance. The patient should be quiet to 
 eliminate motion artifact, but this may be difficult to achieve, 
especially in infants and small children.

In children, the ECG often includes three additional leads, 
V3R, V4R, and V7, to add right- and left-sided chest leads to 
determine ventricular hypertrophy.

ECGs are routinely recorded at a paper speed of 25 mm s−1, 
but can provide speeds up to 50 mm s−1 that help determine 
rhythm disturbances. The machine has a standard voltage 
gain of 1 mV per 10 mm in vertical deflection that can be 
decreased to reduce large voltages and so avoid overlap 
between leads.

Reading the pediatric ECG
An organized approach to reading a pediatric ECG is essen-
tial. Rate and rhythm are assessed, as are intervals: RR, PR, 
QRS, and QT (Figure 7.5). The P, QRS, and T wave axes are 
determined. Atrial and ventricular hypertrophy and also 
abnormalities of ventricular repolarization are sought. For 
each major wave, three features should be assessed: axis, 
amplitude, and duration. Normal intervals and voltages are 
age dependent. Davignon et al. published normal ECG meas-
ures by age in 1979 [1], standards commonly used when 
interpreting pediatric ECGs (Table 7.1). Any interpretation 
of the tracings must consider the clinical setting.

Rate and rhythm
The RR interval is commonly reported as cycle length (meas-
ured in milliseconds), and the heart rate measured by divid-
ing the cycle length into 60 000 ms min−1. Heart rate depends 
on many factors, including age, autonomic nervous tone, 
and physical activity.

The first step in assessing the cardiac rhythm is to confirm 
normal AV conduction with P waves preceding each QRS. 
Sinus P waves have an ECG pattern indicating atrial depo-
larization from top to bottom and right to left (positive in 
leads I, II, and aVF). The normal P wave axis is 15–75° in 
both the frontal and horizontal (precordial lead) planes. 
P waves are often biphasic in lead V1, with an initial upright 

+

(d)

(a)

+

(b)

(c)

Figure 7.1 Two pairs of vectors with different directions are shown in 

(a) and (b), and (c) and (d) show how the resultant vectors would look 

(heavy arrows). It is shown in (d) that the negatively directed vector 

reduces the size of the resultant positive right-directed vector. The final 

vectors cannot indicate what the initial vectors were.

Figure 7.2 Diagram to show how right ventricular wall thickness 

influences main frontal plane QRS axis.

Figure 7.3 Diagram of five sequential vectors labeled 1–5. A thicker line 

shows the main vector 3. The tips of the vectors are joined to form a loop 

that here is counterclockwise.

3
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deflection followed by a brief downward deflection and are 
upright in the left precordial leads. If the P wave does not 
meet these criteria, there is an ectopic atrial rhythm or 
 cardiac malposition. The P wave vector can be used to  predict 
the origin of the atrial pacemaker: an inverted P wave in 
leads I and aVL suggests a left atrial rhythm, a P wave 
inverted in leads I, II, and aVF suggests a low right atrial 
rhythm, and a P axis positive in lead aVF and negative in 
lead I suggests situs inversus, other cardiac malposition, or 
an artifact of reversal of right and left arm leads.

Conduction of the impulse slows as it passes through the 
atrioventricular node, producing the PR interval and  allowing 

time for complete ventricular filling. The PR interval increases 
with age, and varies with activity and heart rate. Abnormally 
prolonged AV conduction can indicate impaired AV nodal or 
infranodal disease, and is classified as first- (long PR inter-
val), second-, or third-degree AV block. A short PR interval 
can be seen with glycogen storage disease, tricuspid atresia, 
Wolff–Parkinson–White (WPW) syndrome, or a low atrial 
pacemaker near the AV node.

Axis
The electrical axis is the direction of the predominant vector 
of a waveform. In the frontal plane, it is presented on a 
Cartesian system with lead I as 0° (left) to 180° (right) and 
lead aVF as 90° (inferior) to 270° (superior), with the other 
limb leads corresponding to other angles in the frontal plane 
(Figure 7.4). The frontal plane axis should be calculated for 
the P, QRS, and T waves. Initially the quadrant is determined 
by looking at leads I and aVF. Once the quadrant is estab-
lished, the most isoelectric frontal lead is identified. The axis 
is perpendicular to this lead in the previously identified 
quadrant (Figure 7.6). Frontal plane QRS axis deviation 
depends on the child’s age and generally moves from right to 
left as the heart develops (see Table 7.1 for changes in axis 
with age).

The precordial leads essentially map a transverse plane, 
with right–left and anterior–posterior coordinates. In this 
plane, the QRS axis also shifts from right anterior in neonates 
to leftward in older children.

Figure 7.4 Electrode placement for standard ECG. (a) At any moment during ventricular depolarization there is a net voltage moving in a given direction. 

This voltage can be depicted as an arrow pointing in that direction with a length proportional to the voltage, that is, a vector. The main frontal plane vector 

is indicated by the thick solid line and arrowhead inside the loop. Around the vector is the Einthoven triangle, derived from the three limb leads (I, II, and III). 

The long, thin lines parallel to the Einthoven triangle indicate the convention for each lead, with a wave passing from negative to positive being upright. If 

perpendiculars are drawn from the end of the major frontal plane axis to the three edges of the triangle (dotted lines), they show how much of the voltage 

of the frontal plane axis will appear in each lead. These voltages are shown by the heavy lines and arrows superimposed on the triangle. The greatest voltage 

appears in the lead most nearly parallel to the frontal plane axis (lead II), and the smallest voltage appears in the lead most nearly perpendicular to the 

frontal plane axis. (b) The conventional sites for placing the unipolar V leads. V1 and V2 are in the fourth intercostal space at the right and left sternal edges, 

respectively. V4 is in the fifth space in the midclavicular line (MCL), and V3 is half way between V2 and V4. V5 and V6 are in the fifth interspace in the anterior 

and mid-axillary lines, respectively. V3R and V4R are the equivalent of V3 and V4, but in the right thorax. Sometimes V7 is placed in the fifth space in the 

posterior axillary line, especially if no Q wave is seen in V6.

1 2
3R

4R
3

4 5
6

(b)

MCL

(a)

– +
– –

I
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+ +

III

Figure 7.5 Scalar ECG showing P, Q, R, S, T, and U waves. The J point 

and also standard intervals including the PR interval, QRS duration, 

ST segment, and QT interval are shown.
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Atrial enlargement
Because the normal spread of activation in the atria is from 
right to left, the first part of the P wave is right atrial, the last 
part is left atrial, and the middle has an overlap. Therefore, 
right atrial enlargement increases the P wave voltage but 
does not make the P wave wider, and left atrial enlargement 
makes the wave wider.

In assessing P wave amplitude, right atrial enlargement 
can be diagnosed by a peaked tall P wave in lead II, usually 
accompanied by a biphasic or tall P wave in lead V1. Left 
atrial enlargement shows a broad notched P wave in lead II, 
or a deep slurred biphasic P wave in V1 with a prominent 
terminal negative component and the P wave duration is 
100 ms or longer. Biatrial enlargement is diagnosed when 
signs of both right and left atrial enlargement are seen.

Ventricular depolarization
Ventricular depolarization produces the QRS duration on the 
surface ECG. The QRS duration is age dependent, with a nor-
mal upper limit of 80 ms at <8 years of age, and 90 ms through 
childhood and adolescence. By assessing QRS duration, an 
abnormality of ventricular depolarization can be identified. 
Fairly specific conditions prolong the QRS, including bundle 
branch block (left or right), pre-excitation, or a ventricular 
pacemaker. The term intraventricular conduction delay refers 
to QRS prolongation that does not fit the above categories.

Bundle branch block
The distal conduction system is divided into the left and right 
bundle branches that depolarize the right and left ventricles, 
respectively. The right bundle is narrow and long, and passes 

Figure 7.6 A normal electrocardiogram in an older child is shown. To calculate a frontal plane QRS axis: (a) first assign a quadrant, based on the area 

under the QRS deflection (positive or negative) in leads I and aVF. In the tracing shown, the left lower quadrant (shaded) is selected. (b) The three limb leads 

I, II, and III are inclined at 60° to each other. The + and – symbols on the arrowheads indicate the direction of each major deflection. (c) The three unipolar 

limb leads aVF, aVL, and aVR are also inclined at 60° to each other but at 30° to the bipolar limb leads. Because they are unipolar leads, an impulse directed 

towards either shoulder or the foot will give a positive deflection, as shown by the symbols over the arrowheads. (d) The two triaxial sets of lines in panels 

(b) and (c) can be superimposed in a hexaxial figure. This can be used to refine the calculated axis. In the accompanying example, the axis lies in the left 

lower quadrant, so we examine leads aVR and II. The S wave in lead aVR is similar in height to the R wave in lead II, so that the axis is between +30 

and +60°. Alternatively, look for the lead with nearly equiphasic RS waves and take the perpendicular to this lead. The lead with almost equiphasic RS 

waves in the example is aVL, and the perpendicular to this which passes through the lower left quadrant is ∼60°. Because it is actually area under the QRS 

rather than maximal voltage, there may be slight differences in the axis calculation made by eye. In most modern ECG machines, the axis is calculated 

automatically. Occasionally, some or all of the leads show almost equiphasic R and S waves so that a frontal plane axis cannot be calculated. This has 

no clinical significance.
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across the apex of the right ventricular body in the moderator 
band. The left bundle divides into two fan-like sheets of 
 specialized conduction tissue, the anterior and posterior 
 fascicles. Because of the wide distribution of the left fascicles, 
damage must be extensive before conduction to the left 
 ventricle is affected. Conduction delay or block of one of 
these bundles, or in one of the fascicles, whether secondary 
to CHD surgery, medication, or ischemia, delays activation of 
the corresponding ventricle with a characteristic appearance 
on ECG.

Right bundle branch block (RBBB)
In RBBB, the QRS complex is characterized by abnormalities 
of its terminal portion. There is rapid initial depolarization of 
the left ventricle followed by a slower depolarization of the 
right ventricle. Complete RBBB is diagnosed when QRS 
exceeds upper limits of normal for age, and a terminal QRS 
complex is delayed and directed anteriorly, to the right, and 
superiorly. Characteristically there is a broad R′ wave in 
leads aVR, V1 and V 2 and a broad S wave in leads I, II, V5 
and V6 (Figure 7.7). RBBB is common following surgical 
closure of ventricular septal defects. Occasionally it is familial. 
With RBBB, it is not possible to diagnose right ventricular 
hypertrophy (RVH) because criteria for ventricular hyper-

trophy are based on normal depolarization. The secondary 
ST and T wave abnormalities cannot be used to diagnose 
ischemia reliably.

Left bundle branch block (LBBB)
In LBBB, the initial portion of the QRS complex is affected. 
The QRS in LBBB is prolonged, slurred, and directed towards 
the left, posteriorly and inferiorly. LBBB is diagnosed by pro-
longed QRS duration because of delayed initial portions, 
indicated by notched slurred QRS complexes directed left-
ward and posteriorly (QS or rS in lead V1 and tall notched R 
wave in lead V6). The initial part of the QRS complex is 
directed towards the right rather in the normal pattern of a 
Q wave in leads I and V6 (Figure 7.8). LBBB is uncommon 
in children and results from surgery on the left ventricular 
outflow tract and hypertrophic cardiomyopathy. It is difficult 
to assess hypertrophy and ischemic changes with LBBB.

Figure 7.7 Typical right bundle branch block pattern.
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Figure 7.8 Typical left bundle branch block pattern.
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Left anterior hemiblock
The left anterior fascicle activates the anterior and superior 
portion of the left ventricle, and when blocked the poste-
rio-inferior region activates first, followed by the anterior–
 superior aspect. This produces a marked superior left axis 
deviation (–30 to –90°) with an rS in the inferior limb leads 
(II, III and aVF) and a qR complex in leads I and aVL. The 
QRS is minimally prolonged (Figure 7.9). This abnormal-
ity, relatively rare, can occur after left ventricular outflow 
tract surgery. This diagnosis should not be made simply on 
the appearance of left superior axis deviation, because a 
similar ECG pattern is found regularly in endocardial cush-
ion defects.

Left posterior hemiblock
The left posterior fascicle activates the posterior and inferior 
portion of the left ventricle, and when blocked causes 
 antero-superior activation followed by postero-inferior 
 activation. This produces a rightward and inferior axis 
(>120°). Q waves in leads II, III, and aVF are found because 
initial forces are directed superiorly. Isolated left posterior 
hemiblock is extremely rare in children but can follow a 
 cardiac operation or myocarditis.

Bifascicular block
Bifascicular block usually refers to a left anterior hemi-
block plus RBBB, as often seen after repair of tetralogy of 
Fallot. The ECG shows an RBBB with initial forces directed 
right and superiorly. When associated with PR interval 
prolongation, it suggests more significant conduction sys-
tem disease. It may presage complete atrioventricular 
block, because normal conduction then depends on the 
one remaining fascicle.

Pre-excitation
Pre-excitation, the most common form being WPW syn-
drome, refers to an accessory pathway that connects atria 
directly to ventricular muscle, bypassing the AV node. 
Because of early abnormal activation of local ventricular 
myocardium secondary to bypassing the AV node and His–
Purkinje system, in the WPW syndrome there is a short PR 
duration and wide QRS duration as the impulse spreads 
slowly through ventricular muscle. This slowly conducted 
wave produces a characteristic slurred upstroke of the QRS, 
the delta wave, which fuses with the remainder of the QRS 
complex resulting from normal conduction thorough the AV 
node. Children with this finding may have episodes of atrio-
ventricular re-entrant tachycardia. Ventricular hypertrophy 
is difficult to diagnose with WPW.

Hypertrophy
Ventricular hypertrophy criteria primarily depend on QRS 
voltages in specific leads, compared with ECG findings of 
normal infants and children. Interpreting these criteria 
assumes that both the cardiac–torso geometry and the ven-
tricular depolarization sequence (i.e., no bundle branch 
block or WPW) are normal. Think anatomically when assess-
ing ventricular hypertrophy. The right ventricle is positioned 
to the right, anterior, and superior, hence increased QRS 
forces directed towards the right, anterior, and superior sug-
gest right ventricular hypertrophy (RVH). The left ventricle 
is located to the left, inferior, and posterior, and therefore 
increased forces directed to the left, inferior, and posterior 
suggest left ventricular hypertrophy (LVH). There are many 
sets of criteria for diagnosing ventricular hypertrophy, each 
considered by the author to distinguish best abnormal from 
normal, because there will be overlap between the two.

Right ventricular hypertrophy
Criteria for RVH are more specific than those for LVH and 
include QRS voltage and repolarization criteria. These 
include:
1 R wave >98%tile in lead V1. This is a very specific finding 
for RVH outside the neonatal period.
2 S wave >98%tile in lead V6. An abnormally deep S wave 
in V6 is a very sensitive indicator of RVH, but is less specific 
than the R wave in V1. It is often seen with increased RV 
pressure secondary to chronic lung disease.

Figure 7.9 Left anterior hemiblock.

I V1

V2

V3

V4

V5

V6

II

III

aVR

aVL

aVF



CHAPTER 7 Electrocardiography

109

3 The R/S ratio is well established for different ages. If it is 
abnormally high in V1 or low in V6, this suggests RVH.
4 The T wave orientation changes with age. It is upright in 
lead V1 until 5–7 days of age, and then becomes negative 
until adolescence, when it reverts to upright again. An 
upright T wave in lead V1 after 7 days of age is a sensitive 
indicator of increased right ventricular systolic pressure.
5 A qR pattern in lead V1 can indicate RVH when seen, espe-
cially with a large R wave. It can also occur with l-looping of 
the ventricles (ventricular inversion), where it is due to 
reversed initial septal depolarization.
6 An RSR′ in lead V1 can be normal in children. It is also 
associated with right ventricular volume overload, such as in 
atrial septal defects, when the R′ amplitude is large and 
broadened.
7 Right axis deviation alone is not a criterion for RVH, but 
may support other findings.
8 A pattern of tall R waves and small S waves in the right 
precordium progressing to small R waves and deep S waves 
in the left lateral precordium in the child or adolescent 
 suggests severe RVH.

Left ventricular hypertrophy
LVH criteria are based on QRS voltage and repolarization 
 criteria (T wave axis). These include:
1 R wave >98%tile in lead V6, S wave >98%tile in lead V1. 
The large S wave in lead V1 is a relatively good predictor of 
LVH. However, LVH may have normal left-sided QRS forces 
and normal children may present with R waves >98%tile in 
lead V6.
2 A tall R wave in lead aVF can support LVH, especially with 
large mid-precordial voltages.
3 An adult pattern of R wave progression (the R wave 
increases in size from V1 to V6) in newborns strongly sug-
gests LVH. This pattern is consistent with left ventricular 
dominance that is abnormal at that age.
4 T wave abnormalities are most reliable measures of LVH. 
The “strain” pattern consists of inverted T waves in the infe-
rior and left precordial leads (II, III, aVF, and V5–V6). T wave 
abnormalities in LVH may sometimes be associated with 
depression of the ST segment in the same leads.
5 Left axis deviation beyond normal limits for age supports 
LVH, especially in infancy. A left superior axis deviation is 
not a feature of LVH; it usually is a feature of abnormal His 
bundle pathways in the ventricle, as in complete atrioven-
tricular canal.
6 Prominent Q waves in leads V5 and V6 may be secondary 
to interventricular septal hypertrophy.

Biventricular hypertrophy
The diagnosis of biventricular hypertrophy (BVH) is most 
 easily made when criteria for both RVH and LVH are met. 
Large R and S waves should be seen in both leads V1 and V6. 
Prominent mid-precordial voltages may be secondary to 

 proximity effects of the neonatal heart and should not be 
 interpreted as BVH unless voltages in leads V1 and V6 are 
large. However, if the total voltage R plus S in lead V4 is 
greater than 60 mm (6 mV), BVH is likely (Katz–Wachtel 
 criterion).

The QRS complex can be abnormally small. It should 
exceed 5 mm in leads I, II, and III and 8 mm. in leads V1 and 
V6. Small voltages occur with pericardial effusions, pneumo-
mediastinum, myocarditis, and anorexia nervosa, where it is 
accompanied by marked bradycardia.

Ventricular repolarization
Repolarization is the return of the cell membrane potential 
to baseline following depolarization. On the single-cell 
level, this is relatively simple concept. However, in the 
entire heart, many factors account for the complexities of 
ventricular repolarization [2]. The subepicardium repolar-
izes before subendocardium, leading to ST segments and T 
waves that in general have the same polarity as the QRS 
complex. An age-dependent overlap between the end of 
depolarization and the onset of repolarization produces 
the characteristic J point elevation seen particularly in 
the mid-precordial leads in childhood [3], also known as 
“early repolarization,” a normal variant in children and 
adolescents.

QT intervals
The QT interval is defined as the time from the onset of the 
Q wave to the end of the T wave. It can be difficult to 
measure, as the T wave can fuse with the U wave [3]. 
When the U wave is smaller and clearly separated from the 
T wave, it is not included in the QT interval. The QT inter-
val is age, gender, and heart rate dependent. Heart rate 
dependency may be corrected in several ways, most com-
monly by Bazett’s formula (QT/square root of preceding 
RR) to derive the  corrected QT (QTc) interval. This empiric 
correction is inaccurate with very low or high heart rates. 
An alternative formula is 656/(1 + 0.1 × heart rate) [4]. 
The corrected QT interval is the same in boys and girls 
until puberty, then it becomes 20 ms shorter in males, after 
which it gradually increases to equalize in men and women 
by 60 years of age.

It is difficult to determine the corrected QT when heart 
rate varies, as with normal sinus arrhythmia. Garson sug-
gested that using the shortest RR interval on a tracing to 
determine the QTc, and using a cut-off of 460 ms, identi-
fies 98.4% of known long QT syndrome patients, but only 
3.8% of normal controls [5]. If the QT interval is pro-
longed by a wide QRS, an alternative is to measure the 
JTc interval as JT/√RR, where J is the end of the QRS 
interval [6]; the upper limit of normal is ∼0.34 s. Although 
the QT interval is automatically calculated by the ECG 
machine, it is often wrong. It should always be measured 
manually.
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A prolonged QT interval can be due to a genetic abnormality 
that causes a channelopathy (long QT syndrome) or 
 secondary to antiarrhythmic drugs or electrolyte imbalance 
(acquired long QT syndrome) [7–9]. The diagnosis of long 
QT syndrome can be difficult, as the significance of a pro-
longed QT in an asymptomatic individual can be difficult to 
determine, and requires a careful family history and, often, 
other testing. The QT interval is often long in normal 
neonates on the first day of life and shortens quickly. The 
T wave has an unusual configuration in such neonates 
 initially.

ST segment, T waves, and U waves

ST segment
Interpreting the ST segment depends on choosing a baseline, 
which can be difficult with fast heart rates. ST segments 
exceeding 1 mm are regarded as elevated, and less than 
–0.5 mm are depressed. However, ST segment elevation or 
depression depends on age, with maximal elevation during 
adolescence (early repolarization or J point elevation), espe-
cially in the anterior and mid-precordial leads (V2–V4). 
Hence it is important to pay attention to the clinical setting 
when interpreting ST segments.

T waves
Ventricular repolarization (represented by the T wave) is 
directly influenced by ventricular depolarization. In the 
frontal plane, the T wave axis is normally 15–75°. The mean-
ing of an abnormal T wave axis must be interpreted in the 
light of abnormalities of the QRS complex. Thus, any abnor-
mality of ventricular depolarization (such as a bundle branch 
block or ventricular pre-excitation) causes an abnormal 
T wave, termed a secondary T wave abnormality. In contrast, 
primary T wave abnormalities occur with  normal ventricular 
depolarization and reflect actual abnormalities of repolariza-
tion. Normally in the frontal plane the T axis is within 60° of 
the QRS axis after 3 years of age; any greater difference sug-
gests a primary T wave abnormality. Primary T wave abnor-
malities generally reflect a major metabolic abnormality and 
not an abnormality of the  myocardium.

Sometimes abnormal T waves are seen soon after a subject 
has swallowed something ice-cold (possibly due to local 
cooling of the left ventricle), after eating a large meal, or 
even with anxiety or hyperventilation. Repeating the ECG 
some hours later may reveal normal T waves.

U waves
U waves are usually seen in the mid-precordial leads (V2–V5) 
and often overlap the end of the T wave, resulting in T–U 
fusion. U waves typically are about 10% of T wave ampli-
tude, and become more prominent at slower heart rates. 
Large U waves that are difficult to separate from the T wave 
are common with long QT syndrome.

Abnormalities of the ST segment, T wave, 
and U wave

Pericarditis
Pericarditis is the commonest cause of ST segment elevation 
in children, once early repolarization is excluded. Initially 
the ST segment is elevated with a normal T wave (thought to 
be secondary to subepicardial myocarditis) (see Figure 59.5). 
The ST segment then returns to normal but the T wave 
becomes flattened and then inverted and symmetrical. 
Subsequently, the T wave returns to its upright configuration. 
In pericarditis, these finding are seen across the entire pre-
cordium, as opposed to ischemia, where ST segment  elevation 
is localized [10].

Myocarditis
Myocarditis can present with flattened or inverted T waves 
and low-voltage QRS patterns. The QT interval may be 
 prolonged, and AV block and intraventricular conduction 
delays may occur, as may arrhythmias, including ventricular 
tachycardia and PVCs.

Ischemia
Myocardial ischemia is rare in children, except for a few con-
genital or acquired coronary abnormalities. Myocardial 
ischemia presents initially as a peaked T wave on the surface 
ECG in the lead near the affected myocardial segment. If the 
ischemia disappears, these findings resolve. If ischemia per-
sists, the myocardium becomes injured, and ST segments 
elevate or depress depending on whether the injury is endo-
cardial or epicardial. This again resolves if the ischemia dis-
appears. If the ischemia causes infarction, there are decreased 
R wave voltages and abnormal Q waves facing the infarcted 
segment [11]. Normal Q waves are <4 mm in amplitude and 
commonly seen in leads V5, V6, and aVF. To diagnose a 
myocardial infarction, the Q wave duration should be ≥40 ms 
and amplitude >4 mm [11].

The most common cause of neonatal infarction is anoma-
lous left coronary artery from the pulmonary artery. These 
infants have ischemia of the anterior and septal region, or 
the apex (the distribution of the left anterior descending 
coronary artery). Deep Q waves in leads I, aVL, and V3–V6 
are typical. They also show failure of normal R wave 
 progression across the precordium.

Potassium imbalance
Hyperkalemia causes symmetrical tall-peaked T waves which 
are generally seen at concentrations >7 mEq l−1. This, how-
ever, is not a very specific or sensitive finding, as normal 
children tend to have more peaked T waves than adults, but 
they are usually asymmetric. Usually, the average height of 
the T wave is 20% of the average amplitude of the QRS com-
plexes. As potassium levels increase, the T wave becomes 
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more peaked, and an intraventricular conduction delay 
 prolongs both the QRS and PR intervals. At concentrations 
≥9 mEq l−1, atrial standstill, AV block, and ventricular 
 fibrillation occur. Hypokalemia decreases T wave amplitude. 
As potassium levels decrease, a U wave appears and the ST 
segment becomes depressed [12].

Calcium/magnesium imbalance
Hypercalcemia shortens the QT interval by shortening the 
ST segment. It can also slow sinus rates and cause sinoatrial 
block. Hypocalcemia lengthens the QT interval by prolonging 
the ST segment. Low magnesium levels potentiate the effect 
of a low calcium level [12].

The normal ECG

Developmental changes
Elctrocardiograms change drastically during childhood, 
most notably a decreased heart rate with a concomitant 
increase in PR interval and QRS duration [13,14]. The 
right ventricular dominance of infancy shifts to a left ven-
tricular dominant system, shown by a shift of QRS axis in 
the frontal plane from right to left. Furthermore, R wave 
progression changes over the first year of life. In infancy, 
tall R waves with small S waves are seen in the right pre-
cordium (V3R, V4R, and V1) and deep S waves are found 
in the left precordium (V6 and V7). As the left ventricle 
becomes dominant, the child develops a more adult- 
looking ECG, with deeper S waves in the right and anterior 
precordium and taller R waves in the left precordium. 
However, an R/S ratio of <1 in lead V6 is rare at any age, 
occurring in <5% of normal subjects, and may indicate left 
ventricular hypoplasia.

T waves also change characteristically with age [13,15]. 
In the first minutes after birth, the T wave vector is anterior 
and leftward (upright in V1 and V6). Over the next 
few hours, the T wave vector swings more rightward, 
inverting the T wave in the left lateral leads. Over the next 
5–7 days, the T wave vector moves posterior and leftward, 
with an inverted T wave in V1 and upright T wave in V6. 
Finally, the T wave often becomes upright again in V1 after 
7–8 years of age, but may remain inverted through adoles-
cence. This should not be misinterpreted as ischemia or 
pericardial disease.

Premature infants
Premature infants have shorter conduction times and faster 
resting heart rates than term infants. The QRS duration is 
shorter, as are the PR and QT intervals. There tends to be less 
right ventricular predominance in a preterm infant, and this 
finding persists until 1 year of age [15].

Athletes
Athletes may have “abnormal” ECG findings in the absence 
of disease. Oakley and Oakley found LVH criteria by voltage, 
nonspecific ST and T wave changes, and Q waves suggestive 
of myocardial infarction in 10 athletes [16]. No underlying 
cardiac abnormality, however, was ever found on extensive 
evaluation. Balady et al. also found similar findings in power-
trained athletes [17]. Athletes also have slower heart rates 
and PR and QT prolongation compared with sedentary 
 controls [18]. Many highly trained athletes have physiologic 
left ventricular hypertrophy [19].

Gender and race differences
Both sex and race differences appear in the ECG as children 
approach adolescence [20,21]. Racial differences are seen in 
the pre-teen years, and sex differences occur during puberty. 
Teenage girls and women tend to have longer QT intervals. 
QRS voltages are increased in males compared with females, 
and blacks compared with whites, associated with differences 
in left ventricular posterior wall thickness [20,21].
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8 Echocardiography
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Echocardiography is a diagnostic tool used by all pediatric 
cardiologists. This chapter describes its physical principles, 
strategies of anatomic and physiologic examination, limita-
tions of the technique, and a description of some newer 
technologies. Features of the major congenital lesions are 
included in the relevant sections.

Physics

An electrical signal applied to a piezoelectric crystal makes 
it vibrate, transmitting ultrasound waves at its natural 
 frequency, generally 2.5–15 MHz. Conversely, when ultra-
sound waves make the crystal vibrate, it emits an electrical 
impulse with an intensity correlated with the density of 
acoustic waves received. Because the instrument knows the 
timing of the pulse, the speed of sound in the body, when 
the signal returns, and how great the returning signal is, it 
can interpret the distance from the transducer and produce 
the appropriate image.

The primary mode of imaging is two-dimensional  scanning, 
in which a sector is produced by aiming the ultrasound beam 
in a particular direction, sending the pulse, and receiving the 
echoes returning from the body. The beam is then redirected 
and the process repeated. This produces individual “scan 
lines” that are displayed on the screen to represent the 
image. Most instruments acquire and display a sector of 
128 scan lines. A single scan line that traverses the heart 
perpendicularly is termed an M-mode.

Determinants of image quality

Penetration power
As ultrasound waves pass through the body, some are 
reflected (or echoed) back to the transducer from each tissue 

interface, some are reflected off at an angle (refracted) and 
cannot be detected by the transducer, and some are absorbed 
by the tissue. The degree of attenuation is inversely related 
to the frequency of the transducer. Higher frequency ultra-
sound transducers (7–10 MHz) lose significant penetration 
above 6–8 cm, whereas lower frequency transducers 
(2.5–5 MHz) can penetrate to 20 cm.

Resolution
Detail resolution is defined as the minimal separation needed 
for two structures to produce two separate acoustic echoes. 
Axial resolution describes the minimal distance along the 
direction of the beam, and depends on the physical length of 
the pulse. The echoes from two objects closer to each other 
than the length of the pulse merge and produce one long 
echo. The physical length of the pulse depends on its wave-
length and duration. The speed (c) of electromagnetic waves 
in the body is constant (roughly 1560 m s−1) and is expressed 
by the equation

c f l= ×

where f is the frequency of the wave in hertz (Hz, cycles s−1) 
and l the wavelength in meters. Therefore, wavelength is 
inversely proportional to the transducer frequency. The 
wavelength is the absolute limit to resolution. Wavelengths 
for standard ultrasound transducers vary as ∼0.80, ∼0.30, 
and ∼0.10 mm at a frequency of 2, 5, and 15 MHz, respec-
tively. Most systems produce a pulse of 3–5 wavelengths. 
Therefore, a 5 MHz transducer with a pulse duration of three 
wavelengths has a physical pulse length of 3 × 0.3 = 0.9 mm, 
and two objects <1 mm apart are seen as one object. In 
 practice, most systems produce a pulse with a physical length 
of 1.5 mm at any frequency, somewhat smaller for higher 
frequency transducers. However, an axial resolution of 1 mm 
serves as a rough guide for most ultrasound systems.
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Lateral resolution is that perpendicular to the direction of 
the beam and depends upon the beam width. Two objects 
closer to each other than the beam width are seen as a  single, 
broad echo. Like all waves, the ultrasound beam diverges as 
it passes through the tissue. Therefore, lateral resolution also 
depends on the depth of the tissue. Modern transducers are 
able to focus the beam electronically in order to narrow it at 
the optimum distance, or focal zone. The width of the beam 
in millimeters at the focal zone is expressed as

 
x

d
=width

l

where l is the wavelength of the wave, x the distance to the 
structure, and d the diameter of the transducer. Therefore, 
minimal beam diameter and lateral resolution are directly 
related to transducer frequency and depth of the structure, 
and inversely related to transducer size. An ideal transducer 
would then be of higher frequency and larger. However, 
because of the physics of beam formation, nearer to the focal 
zone (near-field) the beam has a wider diameter, and practi-
cal considerations limit the ability of large transducers to 
focus in the near-field. In addition, in smaller patients, a 
large transducer may produce rib artifacts when viewed 
from the parasternal planes. Therefore, in general, smaller, 
higher frequency transducers provide the best near-field 
resolution in smaller children, and larger, lower frequency 
transducers provide the best far-field resolution. For a stand-
ard size 5 MHz transducer, the minimal beam diameter at the 
focal zone is approximately 1.5 mm. In addition, better 
 lateral resolution is achieved by using a scan plane that 
brings the structure closer to the transducer.

Contrast resolution, the ability to distinguish differences in 
tissue density, refers to the ability to distinguish faint struc-
tures next to brighter ones. The determinants of contrast 
resolution are similar to those for detail resolution, and axial 
resolution is better than lateral resolution. The manufacturer 
but not the operator controls these signals.

Artifacts
Artifacts, most commonly drop-out of parallel structures, 
side-lobing, and shadowing, degrade image quality. Images 
generated by waves echoed to the transducer depend upon 
an interface perpendicular to the ultrasound beam. Most 
structures are irregular so that even when nearly parallel to 
the beam, enough of the surface is perpendicular to generate 
an image. Very smooth structures parallel to the ultrasound 
beam generate very little echo, and therefore generate very 
weak signals, which can easily be lost. The best example of 
this is the atrial septum, which is parallel to the beam from 
the apical view, and often drops out. From the subcostal 
view, however, the septum is perpendicular and easily seen.

Side-lobing and shadows are both caused by very dense 
structures that produce bright echoes. These structures, such 
as the pericardium, reflect back a much greater proportion of 

the beam than do other structures. Side-lobing refers to the 
lateral spread of these very bright echoes, and is due to 
 divergence of the beam in the far-field. Although we refer to 
beam diameter (see lateral resolution, above), the beam does 
not have distinct edges. Rather, the beam becomes less 
intense further away from the centerline. High-intensity 
echoes are therefore wider than less intense echoes, and can 
appear to extend more laterally than they actually do. This is 
most often seen when a bright structure, such as the pericar-
dium, appears to extend into the lumen of a nearby vessel.

Shadows are caused when extremely bright echoes allow 
little of the ultrasound beam to pass through them. Thus 
a very bright object, such as a prosthetic valve, almost 
 completely obscures all structures behind it.

Doppler ultrasound
The Doppler principle states that the frequency of transmit-
ted sound is altered if the source is moving, as in the classic 
example of the moving train. This principle applies if either 
the source or the receiver of the sound is moving. The 
 frequency is altered according to the Doppler equation:

= 0
d

f V
f

c
q2 cos

where f
d
 is the observed Doppler shift in hertz, f

0
 the 

 frequency of the source sound in hertz, V the velocity of the 
object (source or receiver) in meters per second, q the inter-
cept angle between the source and receiver in degrees, and c 
the velocity of sound in the body (1560 m s−1). In echocardi-
ography, the Doppler shift measures the velocity of moving 
blood. The frequency shift observed, usually several  kilohertz, 
produces an audible signal. The signal is also processed and 
displayed graphically as the component velocities (Figure 8.1a 
and b). By convention, blood moving toward the transducer 
is shown as a signal above the baseline and that moving 
away as a signal below the baseline. In laminar flow, nearly 
all the blood streams move parallel at similar velocity, 
 producing a musical tone and a narrow band on the graphi-
cal display (Figure 8.1b). However, with turbulent flow, the 
audible signal is harsher and the graphical display is “filled 
in”. The velocity can be calculated by resolving the Doppler 
equation shown above for velocity:

= d

0

cf
V

f q2 cos

Therefore, the velocity is proportional to the frequency shift, 
but inversely proportional to the originating frequency and 
the cosine of the angle of incidence, the latter the principle 
source of error in velocity measurements. Rarely is the 
blood flow parallel to the transducer beam, particularly in 
 disturbed flow. In practice, if the angle of incidence is <20°, 
the error is minimal. If the angle is >20°, it should be mini-
mized by using a different view, but also can be corrected in 
the instrument.
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Three types of Doppler applications are commonly 
employed: continuous wave, pulsed, and color Doppler.

Continuous wave doppler
One crystal is used as the transmitter and the other as the 
receiver. Signals are sent and received continuously so that 
the instrument cannot calculate the depth of the returning 
signal, and signals are received from the entire path of the 
beam, which may contain multiple flows. However, Doppler 
shifts of any magnitude can be received. To display a signal 
of a given frequency, it must be sampled at least at twice that 
frequency. Because sampling is continuous, any frequency 
can be sampled (Figure 8.1a). Therefore, continuous wave 
Doppler is accurate at any velocity, but inaccurate with 
respect to location.

Pulsed doppler
In pulsed Doppler, a single crystal alternately transmits pulses, 
then receives echoes that can be sampled within a time  window 
established by the desired depth of sampling. Sampling must 
finish before the next pulse transmission. Therefore, the loca-
tion can be accurately sampled, but because the sampling fre-
quency is limited by the pulse repetition frequency, only a 
limited range of frequencies, and therefore a limited range of 
velocities, can be sampled. This limit is the Nyquist limit. 
Velocities above the Nyquist limit cannot be resolved accurately, 
and are therefore electronically cut off and “wrapped around,” 
or aliased (Figure 8.1b). From the previous equation, the 

 velocity is inversely proportional to the transmitted  frequency. 
Therefore, lower frequency transducers can resolve higher 
velocities for a given Doppler shift, and hence are more useful 
in pulsed Doppler than are higher frequency transducers. 
A standard 5 MHz transducer has a Nyquist limit of 1–3 m s−1, 
depending upon the depth of sampling.

Color doppler
Color Doppler is pulsed Doppler in which a mean velocity 
for an area is calculated and represented by a color. Color 
Doppler detects very small defects that are impossible to see 
by two-dimensional imaging alone.

Color Doppler is subject to all the advantages and limita-
tions of pulsed Doppler, but has additional advantages and 
limitations. A much broader area can be sampled using color 
Doppler, allowing quicker determination of velocities across 
a larger area, but the pulse repetition frequency is much 
lower, as is the Nyquist limit, or maximal detectable velocity. 
The same 5 MHz transducer that can sample 1–3 m s−1 by 
pulsed Doppler can achieve only 0.5–1 m s−1 by color Doppler. 
Decreasing the size of the sampling volume, a feature 
 available on most commercial systems, can increase the 
Nyquist limit significantly.

Effective use of ultrasound
In cross-sectional imaging, a higher frequency transducer 
generally produces better resolution, but a lower frequency 
transducer provides better penetration. In Doppler sampling, 

(a) (b)

Figure 8.1 Continuous wave and pulsed wave images of the same flow signal. (a) With continuous wave Doppler, continuous sampling allows 

measurement of higher velocities, but because multiple samples are being taken, the result is a “filled in” signal. (b) With pulsed wave Doppler, 

the limited sampling frequency prevents measurement of higher velocities, which leads to aliasing (wrapping around) of the signal.
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a lower frequency transducer allows more accurate 
 determination of velocity in spectral displays, and also pro-
vides more penetration for better color Doppler signals. The 
use of appropriate scan planes, particularly those bringing 
 structures closer to the transducer, significantly increases 
the resolution by allowing the use of higher frequency trans-
ducers and by improving lateral resolution and penetration.

The echocardiographic examination

An echocardiographic examination is used to assess the 
 morphology and physiology of the heart and great vessels. 
Because of the asymmetric position of the heart in the chest, 
and the sonographic interference by the lungs and thoracic 

short axis
long axis

in plane
of heart

APICAL – both long axis planes
right angles to inlet (“four chamber”)
right angles to outlet (“two chamber”)

right angles to inlet septum–“4-chamber”

right angles to outlet septum–“2-chamber”

PARASTERNAL

SUPRASTERNAL – in plane of body

SUBCOSTAL – in plane of body

parasagittal & paracoronal cuts

SHORT AXIS

LONG AXIS

(a)

(b) ORTHOGONAL PLANES OF HEART

sagittal & coronal cuts

Figure 8.2 (a) The standard echocardiographic 

windows on the body surface are oriented to 

the major axes of either the body or the heart. 

(b) The standard reference planes for cardiac 

long axis or short axis imaging. (Reproduced 

with permission from Silverman et al. Br Heart J 

1983;50:421–31.)
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skeleton, several standard acoustic windows are typically 
employed during a study: the parasternal, apical, subcostal, 
and suprasternal. The transesophageal route is an  alternative.

Because the major cardiac axes differ from those of the 
body, we relate the spatial relationship of the heart and great 
vessels to other thoracic structures to perform an echocar-
diographic study or appreciate an image (Figures 8.2 and 8.3) 
[1]. The cardiac long axis runs from the apex to the base, 
approximately from the left hypochondrium antero- 
inferiorly through to the tip of the right scapula postero-
superiorly. Several standard echocardiographic views, such 
as the parasternal and apical, are oriented with respect to the 
cardiac axes, and orthogonal planes from these windows 
are described in terms of the cardiac long and short axis 
 (parasternal) or two- and four-chamber (apical) views. Other 
windows, such as the subcostal and suprasternal, are more 
closely aligned with the major axes of the body, and are 
thus described in terms of coronal, sagittal, and transverse 
(horizontal) planes (Figures 8.2 and 8.3).

An echocardiographic examination may be performed 
in a sequential approach, the views being integrated to 

define the anatomy of the heart according to the segmental 
method. The morphologic information is complemented 
by  physio logic information.

Morphologic evaluation
Cross-sectional two-dimensional echocardiography allows 
excellent delineation of morphology, and can be comple-
mented with data obtained from Doppler color flow, Doppler 
speckle tracking, and M-mode ultrasound. Examples of 
 morphologic evaluation in specific anomalies are discussed 
in later chapters discussing specific cardiac lesions, although 
selected examples will be given here to illustrate the 
 capabilities of ultrasound.

Systemic veins
The relationships between the major abdominal systemic 
veins (inferior vena cava, hepatic veins, and azygos/ 
hemiazygos system) and the abdominal aorta are central in 
determining visceroatrial situs (Figure 8.4). In situs solitus, 
the inferior vena cava is right-sided and to the right of the 
aorta, and the azygos and hemiazygos veins are more poste-
rior in the right and left paravertebral spaces, respectively. 
These relationships are reversed in situs inversus. In patients 
with visceroatrial heterotaxy (atrial isomerism), these 
 relationships are generally disturbed.

The positions of the abdominal systemic veins can be 
 evaluated from the subcostal window with both transverse 
and sagittal views. A coronal image can also be used to 
 identify the intrahepatic segment of the inferior vena cava 
and the entrance of the hepatic veins (Figure 8.5). The 
 inferior vena cava must be imaged from below the liver to its 
junction with the right atrium in order to verify that it is truly 
the inferior cava and not a hepatic vein. With an  interrupted 
inferior vena cava and azygos continuation, the intrahepatic 
segment of the inferior vena cava is absent, and the more 
posterior azygos vein is wider. Pulsed Doppler ultrasound 
and color flow mapping characterize flow  patterns, helping 
to confirm the identity of the vessel in question (Figure 8.6).

The proximal superior vena cava, its tributaries, and both 
cavoatrial junctions can be imaged (Figure 8.7), and the 
position of the left innominate vein relative to the aortic 
arch can be appreciated (Figure 8.8). The azygos vein runs 
posteriorly and then over the right pulmonary artery to join 
the superior vena cava (Figure 8.9). A left superior vena 
cava can be identified readily (Figure 8.10). If it drains to the 
coronary sinus, the coronary sinus is usually enlarged and 
seen as a large annular structure above the mitral valve 
(Figure 8.11). When this occurs, a bridging vein is typically 
absent. The coronary sinus can be distinguished from the 
descending aorta by identifying the pericardium, which 
defines the coronary sinus as an intrapericardial structure 
(Figure 8.11). In addition, the coronary sinus passes anterior 
to the left pulmonary veins whereas the descending aorta is 
posterior to the left pulmonary veins.

SAGITTAL

CORONAL
LONG AXIS

TRANSVERSE
(SHORT AXIS)

ORTHOGONAL ANATOMICAL PLANES

Figure 8.3 The three orthogonal planes of the body are the sagittal, 

coronal, and transverse planes. (Reproduced with permission from 

Silverman et al. Br Heart J 1983;50:421–31.)
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Pulmonary veins
All four pulmonary veins and their venoatrial connections 
should be identified. With careful manipulation of the 
 transducer, all four pulmonary veins can sometimes be seen 
at their confluence with the left atrium in a single plane 
(“crab view,” Figure 8.12). It is important to remember that 
the descending aorta passes posterior to the left atrium 
between the left and right pulmonary veins, and should not 
be confused with the left pulmonary veins (Figure 8.13). 
Pulsed Doppler interrogation and color flow mapping can be 
used to demonstrate flow, and offer guidance regarding the 
anatomy of the pulmonary veins when their identity is 
 otherwise not obvious.

Atria
The relationships of the major abdominal vessels and the 
connections of the systemic and pulmonary veins to the atria 
provide important information about atrial situs. The right 
atrial appendage is typically broad-based and triangular, 
whereas the left atrial appendage is thin and “finger-like” 
with a narrow base (Figure 8.14) [2]. Other typical features 
of the morphologic right atrium include the orifice of the 
coronary sinus, the limbus forming the superior border of 
the fossa ovalis on the right atrial aspect of the septum, and 
the Eustachian valve. The interatrial septum is investigated 

Inferior
vena cava

Diaphragm

Left isomerism (Polysplenia) Right isomerism (Asplenia)

Situs inversus (mirror image arrangement)Situs solitus (usual atrial arrangement)
Vascular arrangement in variations of body situs

Azygos

Azygos vein

Hemiazygos

Hemiazygos

Spine

Aorta

Aorta

Aorta

Inferior vena cava

Figure 8.4 Diagrammatic representation of the probable positions of the aorta, inferior vena cava, and azygos veins in the four possible forms of atrial 

situs. In left isomerism, the inferior vena cava is interrupted and drainage of lower extremity venous blood continues via either the azygos or hemiazygos. 

Left isomerism and right isomerism are both depicted here with the aorta and azygos/ inferior vena cava on the left, although the vessels may also be 

located on the right. (Modified from Silverman, Pediatric Echocardiography. Baltimore: Williams & Wilkins, 1993.)

Figure 8.5 Subcostal coronal image demonstrating the confluence of the 

left (LHV) and right hepatic veins (RHV) with the inferior vena cava (IVC) 

just below the caval junction with the right atrium (RA). LA, left atrium.
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(a)

(b)

Figure 8.6 (a) Parasternal long axis view demonstrates the superior vena cava (SVC) entering into the right atrium (RA) with the azygos vein (Az) entering 

posteriorly. (b) Subcostal sagittal view again shows the azygos vein entering the posterior aspect of the superior vena cava. The left atrium (LA) and 

descending aorta (DAo) are demonstrated further posteriorly.

from multiple windows, allowing all aspects of the septum to 
be identified (Figure 8.9).

Atrioventricular valves
The atrioventricular valvar apparatus consists of the annulus 
(or basal attachment of the leaflets to the atrioventricular 
junction), the valve leaflets proper, the chordae tendineae, 
and the papillary muscles.

The mitral valve, its annulus, and tensor apparatus 
are well defined using multiple views. (Figure 8.15). An 
image plane is directed through the mitral valve orifice, 
allowing assessment of orifice geometry and also anomalous 
 structures such as clefts and accessory orifices or tissue 
(Figure 8.16).

The tricuspid valve and subvalvar apparatus can be 
 investigated in the plane of the valve ring. The normal 
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Figure 8.8 In this oblique scan from the 

suprasternal notch, the left innominate vein 

(LIV) is identified running anterior to the 

ascending aorta (AAo). A coarctation (Coarc) 

is present at the proximal descending aorta 

(DAo). The posterior shelf is also imaged 

behind the coarctation.

 offset appearance of the mitral and tricuspid valves, 
wherein the atrioventricular septum separates the right 
atrium from the left ventricular outflow tract, can be appre-
ciated from the apical four-chamber view (Figure 8.15b). 

The hinge points, thickness, and chordal attachments of 
the septal and antero-superior leaflets are clearly shown. 
All three leaflets can also be examined from the subcos-
tal window. Anomalous attachments of tricuspid chor-
dae, such as with straddling, may be seen from various 
windows.

Ventricles
Ventricular morphology, size, and position, and also 
 atrioventricular and ventriculoarterial connections, are 
 readily delineated. The echocardiographic hallmarks of the 
morphologic right ventricle are septal attachment of the right 
atrioventricular (tricuspid) valve, the triangular shape of the 
ventricle, the trabecular septal surface, and the septomar-
ginal trabeculation (Figure 8.17). The characteristic features 
of the left ventricle are the lack of mitral valve chordal 
attachments to the septum (Figure 8.15a), the smooth septal 
surface, conical shape of the ventricle, and aortic–mitral 
fibrous continuity, the last not always definable. The inlet, 
body, and outlet components of the left ventricle can be seen 
in a single plane from several windows (Figures 8.7, 8.15a, 
and 8.18). The inlet, body and outlet components of the 
right ventricle can be depicted in a single subcostal plane 
(Figure 8.19).

Assessment of chamber size is based on geometric models 
that allow volume estimation from cross-sectional measure-
ments (Figure 8.20). In our experience, the most reliable 
approach in children is the biplane Simpson’s rule (method 
of discs), which can be applied irrespective of the shape of 
the chamber to be measured [3]. This method requires imag-
ing in two orthogonal planes sharing a common long axis, 

Figure 8.7 The subcostal coronal view shows the superior vena cava (SVC) 

entering the right atrium (RA) while the left ventricle (LV) is also imaged. 

The left coronary artery can also be imaged from this view (LCA).
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(a)

(b)

Figure 8.9 (a) This subcostal sagittal image shows both the superior vena cava (SVC) and inferior vena cava (IVC) entering into the right atrium (RA) 

and the interatrial septum (IAS) anterior to the left atrium (LA). The azygos vein (Az) arches over the right pulmonary artery (RPA). (b) This subcostal 

sagittal image demonstrates a superior sinus venosus defect (*). The superior vena cava (SVC) overrides the crest of the interatrial septum. The right 

and left atria are labeled (RA and LA). The right pulmonary artery (RPA) runs posterior to the superior vena cava.

and reconstructs the chamber volume from the summed 
 volumes of multiple elliptical slices of equal thickness that 
are defined by the two orthogonal short axis dimensions 
(Figure 8.20). For calculating left ventricular volume, we use 
apical four- and two-chamber views as the orthogonal planes. 
Estimating right ventricular volume is more complex because 
the right ventricle has an irregular shape that fits no simple 
geometric model and lies very close to the chest, which 
makes imaging of the entire ventricular outline  difficult in 
older children. In children, however, orthogonal views of the 
right ventricle can be obtained easily from the subcostal win-
dow, and Simpson’s rule can be applied for  volume calcula-
tion from these images by using the common long axis from 

the diaphragmatic surface to the pulmonary artery and the 
area outlines of the right ventricle from orthogonal subcostal 
cuts, which may be best obtained from slightly oblique views 
rather than true sagittal and coronal images [4]. These meas-
urements appear to be accurate in small children since the 
ventricles can be imaged well using subcostal technique. 
These volumes are usually within 10–15% of volumes 
 measured by angiography or casts of the ventricles [4a, 4b].

Semilunar valves
The semilunar valves are structures that include the leaflets, 
annuli, sinuses of Valsalva, and sinotubular junctions. 
The aortic root and the hinge points of the aortic valve 
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(a)

(b)

Figure 8.10 (a) This image from the high parasternal window shows a 

left superior vena cava (LSVC) draining via the coronary sinus to the right 

atrium (RA). The left atrium (LA) and aorta (Ao), are also shown. (b) Same 

figure with color Doppler.

Figure 8.11 Parasternal long axis view demonstrating a coronary sinus 

enlargement (CS) anterior to the descending aorta (DAO) in a patient with 

a superior vena cava–coronary sinus connection. AO, aorta; LA, left atrium; 

LV, left ventricle; RV, right ventricle.

Figure 8.12 This is a suprasternal notch (SSN) coronal view showing the 

confluence of the right upper (RUPV), right lower (RLPV), left upper (LUPV), 

and left lower (LLPV) pulmonary veins entering the left atrium. The ascending 

aorta (AAO) and main pulmonary artery (MPA) are also seen in cross-section 

cranial to the left atrium. The color Doppler view is on the right.

 leaflets and also their thickness can be appreciated, as can 
the dimensions of the sinuses and sinotubular junction 
(Figures 8.15a and 8.18). The morphology of the aortic valve 
leaflets can be distinguished clearly from the parasternal 
short axis, in both systole and diastole, when the imaging 
plane passes through the sinuses of Valsalva (Figure 8.21). 
The leaflets may be of unequal size. A bicuspid aortic valve, 
which typically results from fusion of the left coronary  leaflet 
with either the right or non-coronary leaflet, may appear to 
be a normal tricuspid valve from this view, as the raphe of 
the fused commissure is visible. However, the motion of this 
leaflet differs from this normal trileaflet configuration, and 
an asymmetric valvar orifice is typically present during 

 systole and can be distinguished using two-dimensional and 
Doppler color flow imaging.

The pulmonary valve leaflet thickness, hinge points, 
and dimensions of the sinuses and sinotubular junction 
are  evaluated in the long axis of the pulmonary artery. 
The  pulmonary valve is at the level of the aortic valve, 
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Figure 8.13 In these images from the apical view, the right and left lower pulmonary veins (RPV, LPV) can be seen entering the left atrium and straddling 

the descending aorta (DAO) from a 4-chamber (a) and 5-chamber view (b). Ao, aorta; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

Figure 8.14 This parasternal short axis view at the level of the left 

ventricular outflow tract demonstrates the characteristic morphology of 

the left atrial appendage (LAA). The “finger-like” left atrial appendage joins 

the body of the left atrium (LA) with a narrow connection. Other structures 

identified in this plane are the aortic valve (AOV), pulmonary valve (PV), 

left anterior descending coronary artery (LAD) and descending aorta (DAo).

to which it is oriented almost perpendicularly (Figures 8.21c, 
8.22b, and 8.23a).

Coronary arteries
Depending on the cardiac anatomy, techniques must be 
modified to define the coronary arteries. Because the acous-
tic plane remains stable while the heart shifts in position 
through the cardiac cycle, the coronary arteries move in and 
out of the image plane, and segments that are displayed dur-
ing the various parts of the cycle will differ. The coronary 
origins and proximal arteries are most reliably identified 
from the parasternal short axis and with anterior angulation 
from the apical four-chamber view (Figure 8.23a and b). The 
bifurcation of the left main coronary artery into the left 
anterior descending and circumflex arteries can also be 
appreciated from these views (Figure 8.23a and b). The right 
coronary and circumflex arteries run in the atrioventricular 
grooves, and can be seen in longitudinal section (Figures 8.23a 
and 8.24a). A variety of planes and windows are  necessary 
to display all the peripheral coronary branches.

Great arteries
It is important to determine size, morphologic anomalies or 
variations, and the ventriculoarterial connections of the 
great arteries. The aorta, arch vessels, and main and branch 
pulmonary arteries are effectively assessed from most 
echocardiographic windows. Characteristic features that 
help distinguish the aorta from the pulmonary trunk include 
the origins of the coronary arteries, the arch and its branches, 
and the bifurcation of the pulmonary trunk into two sepa-
rate branch pulmonary arteries.
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(a) (b) (c)

Figure 8.15 (a) This parasternal long axis view demonstrates the mitral valve between the left atrium (LA) and left ventricle (LV) during late diastole. 

The aortic valve (AOV) and descending aorta (DAo) are seen anterior and posterior to the left atrium (LA). The right ventricle (RV) is demonstrated 

anterior to the left ventricle. (b) In this image from the apical four-chamber view, both atria and ventricles (RA, RV, LA, LV) are clearly demonstrated 

while a right and left pulmonary vein (RPV, LPV) are visualized entering the left atrium (LA). Again the descending aorta (DAo) is noted posterior to the 

left atrium. (c) Another apical four-chamber view clearly delineates the normal separation between the tricuspid (TV) and mitral valves (MV) by the 

atrioventricular septum (AVS).

Figure 8.16 (a) This parasternal short axis view shows a double-orifice mitral valve, with two different sized openings (MVO1 and MVO2). 

The interventricular septum (IVS) is located anterior to the mitral valve. (b) This image of a parasternal short axis images shows a lateral cleft (CL) 

in the anterior leaflet of the mitral valve (AMVL). The valve is shown open during diastole and attachments to the interventricular septum (IVS) help 

support the mitral valve apparatus (*). The posterior mitral leaflet (PMVL) is also shown.

(a) (b)
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The left ventricular origin of the ascending aorta and its 
proximal course can be demonstrated (Figure 8.25), as can 
the full course of the arch (Figure 8.25c). The arch is always 
on the side opposite the innominate artery, and can be 

seen to course posterior and lateral to the trachea. Arch 
laterality can be confirmed with progressive lateral angula-
tion from the suprasternal sagittal view, which allows the 
transverse arch to be followed to either the left or the right 
of the  trachea and esophagus. The innominate, carotid, 
and subclavian arteries can also be identified, and their 
recognition is essential for confirmation of arch identity 
(Figure 8.25b).

The main pulmonary artery can be imaged at its origin 
from the right ventricle, as can the branching of the 
 pulmonary trunk into left and right pulmonary arteries. 
(Figure 8.26). The branch pulmonary arteries can be  followed 
peripherally beyond the level of the upper lobe artery origin 
in many patients.

Pericardium and adnexae
The pericardium is present in most views. Pericardial 
 effusion or thickening is best appreciated from multiple 
windows (Figure 8.27). The parasternal short axis view is 
the standard view for M-mode imaging of the pericardium. 
The  diaphragm may also be evaluated. Abdominal and 
mediastinal organs may be abnormal in certain forms of 
congenital heart  disease, such as those occurring with 
DiGeorge syndrome and atrial isomerism, respectively, and 
can be evaluated during the echocardiographic examina-
tion. It is also important to be aware of the anatomic rela-
tionships between these  structures and the heart and great 
vessels. The thymus is visible in young children in whom 
the thymus is typically large (Figure 8.26). The liver, 
 stomach, and spleen can be  evaluated and are important to 
visualize with forms of heart disease  consistent with vis-
ceroatrial heterotaxy.

Figure 8.17 With cranial angulation and orientation of the transducer to 

concentrate on right ventricular structure, the septomarginal trabeculation 

(SMT) can be seen lying within the right ventricular cavity separated from 

the ventricular septum, a common finding with right ventricular 

enlargement. LV, left ventricle; RV, right ventricle.

(a)

Figure 8.18 (a) In this subcostal coronal view in a 

patient with anomalous origin of the right pulmonary 

artery (RPA) from the ascending aorta (AAo), the aortic 

root dimensions are seen clearly. The tricuspid valve (TV), 

left coronary artery (LCA), and right (RA) and left (LA) 

atria can also be identified.

(continued)
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Figure 8.20 Schematic demonstration of various methods employing different geometric models to calculate chamber volumes from two-dimensional 

echocardiography. (I) The biplane Simpson’s rule based on orthogonal views in an apical two- and four-chamber view. The volume is calculated as the sum 

of volumes of ellipsoidal cylinders with the major and minor axis a and b and the height L/n, where L is the common long axis and in the number of 

segments chosen. In the example shown n = 20.

(a) (b)

Figure 8.19 (a) From the parasternal short axis (PSAX) window, the most inferior cut is taken through the papillary muscle level and demonstrates 

the circular left ventricle (LV). AL, anterolateral; PM, posteromedial; RV, right ventricle. Because the transducer is oriented slightly to the left, minor rotation 

of the short axis occurs with the anterolateral and posteromedial papillary muscles being approximately in the 4 and 7 o’clock positions. (b) In this 

subcostal oblique view, the tricuspid valve (TV), right ventricle (RV), and outflow tract and main pulmonary artery (MPA) can be seen in a single plane.

(b)

Figure 8.18 (cont’d) (b) The parasternal 

long axis also demonstrates the right 

pulmonary artery off the ascending aorta. 

RV, right ventricle.
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Figure 8.20 (cont’d) (II, III) The principle of Simpson’s rule can be applied to a different method that calculates the chamber volume from three (II) or four 

(III) area measurements obtained in parasternal short axis; the height of the segments is taken from equivalents of the long axis measured from the apical 

window. The assumption, however, that all slices in the parasternal short axis are equidistant from each other and are perpendicular to the long axis is 

almost impossible to satisfy in practice. (IV) Using a biplane area–length method the areas A1 and A2 are traced in apical two- and four-chamber views; the 

long axis L is taken from either plane. The equation used in this calculation is that for an ellipse, which may be reasonable for the left ventricle, but not for 

the right ventricle. (V) The hemisphere–cylinder (or bullet) model uses a cross-sectional area of the left ventricle in a parasternal short axis at the level of 

the tips of the papillary muscles and a length taken from an apical view. The equation considers the chamber volume as the sum of a hemisphere and a 

cylinder, which also is not valid for the right ventricle. (VI) Biplane ellipsoidal method using the length L taken from an apical plane and the diameters D1 

(antero-posterior) and D2 (lateral) taken from a parasternal short axis at the level of the tips of the papillary muscles. This model can also be used only for 

left ventricular volume calculation. (VII) The single area–length method is similar to the biplane area–length method (IV), but assumes both orthogonal 

areas to be equal; either the apical two- or four-chamber view may be used with this method. (Reproduced with permission from Silverman NH, Snider AR. 

Two-Dimensional Echocardiography in Congenital Heart Disease. Norwalk, CT: Appleton-Century-Crofts, 1982.)
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(a) (b)

(c)

Figure 8.21 (a) These frames demonstrate the aortic valve cusps (AOV) in systole within the aortic root from the parasternal short axis view. In the top 

frame these are identified by asterisks (*) adjacent to the junction of the commissures. The right atrium (RA), right ventricle (RV), left atrium (LA), and left 

atrial appendage (LAA) are also visualized with the descending aorta (DAo). (b) This parasternal short axis shows the aortic valve in diastole with the cusps 

in a closed position. (c) Moving the transducer further superior from the previous view can demonstrate the pulmonary valve (PV) with three cusps in the 

short axis during diastole. Additionally, the left anterior descending coronary artery (LAD) is also seen. The left atrium is still visualized posteriorly (LA).

Physiologic evaluation
Spectral and color flow Doppler techniques have the most to 
offer in terms of characterizing blood flow patterns, and 
 two-dimensional and M-mode show myocardial and  valvar 
motion in addition to the anatomic substrates of flow abnor-
malities. Contrast echocardiography is valuable for evaluat-
ing intracardiac or intrapulmonary shunts, and also anomalies 
of systemic venous return and certain forms of vascular 
obstruction that may otherwise be  difficult to image.

Ventricular physiology

Systolic ventricular function
Ventricular contraction and ejection are collectively 
referred to as systolic function. The shortening fraction 
(SF) and  ejection fraction (EF) are the most often used 
methods of assessing function because of their simplicity. 
The  shortening fraction is the ratio of decrease in ven-
tricular short axis dimension relative to the diastolic 
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Figure 8.22 (a) In this parasternal short axis view at the level of the semilunar valve roots, the aortic root (AO) can be seen in the center of the plane. 

Within the aortic root, the characteristic V at the junction between the non-coronary (N) and right coronary (R) leaflets and right and left (L) coronary 

leaflets is shown by dense bright lines, and a faint echo is seen where the non-coronary and left coronary leaflets abut. (b) Extreme leftward angulation 

from the parasternal long axis shows the pulmonary valve (PV) separating the right ventricular outflow tract (RVO) from the pulmonary artery (PA). 

The left atrium (LA), mitral valve, and left ventricle (LV) are also shown. RA, right atrium; RV, right ventricle.

Figure 8.23 (a) Parasternal short axis view at the level of the coronary ostia shows the right (RCA) and left (LCA) coronary arteries arising from the aortic 

root (AOV). The bifurcation of the left coronary artery into the left anterior descending (LAD) and circumflex coronary arteries (CIRC) is also noted. The left 

atrial appendage is also visualized from this view (LAA). The pulmonary valve can be seen in its long axis (PV) from this view. (b) This parasternal short axis 

view shows the left main coronary artery (LCA) dividing into the left anterior descending branch (LAD), which then courses behind the pulmonary artery, 

and the circumflex (CIRC).

(a) (b)
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Figure 8.24 (a) This subcostal sagittal figure concentrates on the right coronary artery (RCA) lying posteriorly to the right ventricle in the right coronary 

groove and its extension into the posterior descending coronary artery (PDCA). (b) In this subcostal coronal cut, the posterior descending coronary artery 

(PDCA) can be identified. Other structures imaged in this view include the right atrium (RA), left ventricle (LV), ascending aorta (AAo), and left coronary 

artery (LCA). (c) The posterior descending coronary artery is also seen from the parasternal long axis tricuspid valve (TV) inflow view. The right atrium and 

ventricle are also displayed (RA, RV).

dimension. The  ventricular end-diastolic (EDD) and end-
systolic (ESD) short axis dimensions are measured in 
M-mode and the ratio of  shortening to end-diastolic 
dimension is obtained:

−= E DD E SD
SF

E DD
100

Ejection fraction is the change in ventricular volume from 
end-diastole to end-systole using M-mode or cross-sectional 
two-dimensional images. In M-mode measurements, a shape 
is assumed for the ventricle and a volume calculated based 
upon the measurements obtained for the shortening  fraction. 
End-diastolic volume (EDV) and end-systolic volume (ESV) 
are measured from one or two planes, either by manual 
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Figure 8.25 (a) Suprasternal coronal notch view shows the left innominate vein (LIV) draining in the superior vena cava (SVC). The ascending aorta (AO) 

is seen in the short axis while the right pulmonary artery (RPA) is in its long axis. Three pulmonary veins (*) drain appropriately into the left atrium (LA). 

(b) Angling the transducer more posterior provides a view of the first brachiocephalic artery or innominate artery (IA) which bifurcates rightwards into the 

right common carotid artery (RCCA) and right subclavian artery (RSA), indicating a left aortic arch. (c) The relationship of the ascending aorta (AAo), aortic 

arch, and descending aorta (DAo) can be appreciated from this suprasternal notch view. The innominate artery (IA), left common carotid artery (LCCA), 

and left subclavian artery (LSA) can be identified superiorly. (d) In this subcostal coronal view, the body of the left ventricle (LV) can be seen to be 

continuous with the ascending aorta (AAo). The position of the left main coronary artery (LCA) is clearly delineated. The superior vena cava (SVC) 

enters the right atrium (RA).

(a) (b)

(c) (d)

 tracing or automated border detection, and the ejection 
 fraction (EF) is obtained by dividing the volume difference 
(stroke volume) by end-diastolic volume and converting to 
a percentage:

−= E DV E SV
E F

E DV
100

Automated border detection with integrated ultrasonic back-
scatter may simplify and standardize this process for both left 
and right ventricular function. These indices are useful for 

simple estimation, but are less reliable than other  methods 
because they depend on heart rate, ventricular preload, 
and assumptions of ventricular geometry. M-mode measure-
ments of ventricular size and function can vary, due to 
 variability both in the position of the left ventricle from 
which the measurements are made, and in positioning the 
measurement cursors. There is uncertainty about the exact 
position of the ventricular endocardial surface (as opposed 
to papillary muscles) and the timing of end-systole and end-
diastole  (relative to the R wave versus when the ventricle 
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reaches its maximum or minimum). Therefore, M-mode 
measurements should not be viewed as absolutes. Normal 
standards for  children can be obtained from the literature 
[5,6]. Although M-mode appears to be the standard, new 
recommendations from the American Society of Echocar-
diography advise  making all measurements using two-
dimensional echocardiography and not M-mode [7]. 
Standard measurements are also available using the website 
http://parameterz.blogspot.com/

Dividing the shortening fraction by the heart rate-adjusted 
ejection time

−C  =  E T
ejection time

electrocardiogram R R interval

yields a rate-corrected mean velocity of circumferential fiber 
shortening, VCF

C
. This is related to end-systolic wall stress, 

which is calculated as

=
⎛ ⎞

+⎜ ⎟⎝ ⎠

D P
E SWS

h
h

D

ES ES

ES

1.35

4 1

where D
ES

 = end-systolic dimension, P
ES

 = end-systolic 
 pressure, and h = end-systolic posterior wall thickness. ESWS 
and VCF

C
 are inversely related in a linear fashion in most 

physiologic ranges [8,9]. In addition, they depend less upon 
preload and afterload than do other indices, but require 
rather cumbersome data acquisition.

Doppler techniques for evaluating systolic ventricular 
function are independent of ventricular geometry. 
Measurements from Doppler-derived aortic velocity curves 
include peak velocity, acceleration time, ejection time, 
 isovolumic contraction time, and the velocity-time integral. 
Indices derived from these measures include peak and mean 
acceleration (Figure 8.28), which correlate with systolic 
 performance [10,11]. The ratios of acceleration time to ejec-
tion time and of isovolumic contraction time to acceleration 
time are also used as indices of ventricular function. Two 
other Doppler-based techniques for assessing ventricular 
function employ the continuity equation (flow = arterial 
cross-sectional area × mean velocity) to determine flow 
through the ascending aorta and by extension stroke  volume 
and cardiac output. The area of the vessel is calculated from 
the diameter, and mean systolic velocity is calculated by 
integrating the area under the velocity–time curve measured 
with spectral Doppler (velocity–time integral, VTI). The 
product of area and VTI is flow for one cardiac cycle, or 
stroke volume. This can be multiplied by the heart rate to 
yield cardiac output, and divided by estimated body surface 
area to give the cardiac index, providing an estimate of 
 cardiac performance.

Assessment of ventricular performance by tissue 
velocity and deformation imaging
Most conventional methods to assess cardiac function 
 provide a global assessment of pump function using blood 
pool indices such as the ejection fraction. These measures do 
not directly assess myocardial performance and often depend 
on incorrect geometric assumptions. Many of these indices 
are greatly influenced by preload (ventricular filling) and 
afterload (the resistance the ventricle must overcome to eject 
blood), limiting their ability to reflect intrinsic myocardial 
contractility.

Tissue velocities
In contrast to the low-amplitude, high-velocity blood flow 
captured by conventional Doppler, myocardial motion 
 generates low-velocity, high-amplitude signals captured by 
tissue Doppler imaging (TDI) using appropriate low wall 
 filters and Nyquist limits of 15–30 cm s−1. Myocardial motion 
and velocities reflect, at least in part, myocardial con-
traction, thereby providing a more direct assessment of 
contractility. However, a segment may move because the 
whole heart is moving (translational motion) or because 
it is being  passi  vely dragged by an adjacent contracting 
 segment (tethering), even if it itself is not actively 
 con tracting. Nonetheless, in children where segmental 
 infarction is uncommon, TDI is useful and easily obtained 

Figure 8.26 This parasternal short axis view shows the main pulmonary 

artery (MPA) branching into the left (LPA) and right (RPA) pulmonary 

arteries. The ascending aorta (Ao) is also seen. The highly echogenic mass 

anterior and lateral to the pulmonary artery is the thymus.
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with high temporal resolution and good intra- and 
inter- observer reliability [12].

Peak myocardial velocities can be acquired using pulsed 
wave TDI, using sample sizes between 3 and 8 mm 
(Figure 8.29). Alternatively, color Doppler myocardial images 

may be acquired and stored for on-line/off-line analysis of 
regional myocardial mean velocities. This allows the simul-
taneous quantification of myocardial velocities from multi-
ple cardiac segments during the same cardiac cycle. Mean 
velocities are ∼15–20% lower than peak velocities.

Figure 8.27 Pericardial effusion (*) can be appreciated from many views, including (a) the parasternal long axis, (b) the parasternal short axis, (c) apical 

four chamber, and (d) subcostal views. The arrowheads represent fibrinous material within the pericardial effusion. AAo, ascending aorta; LA, left atrium; 

LV, left ventricle; RA, right atrium; RV, right ventricle.

(c) (d)

(a) (b)
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From tissue Doppler tracings, isovolumic acceleration 
(IVA) can be measured from the slope of the initial positive 
systolic wave that occurs during isovolumic contraction. IVA 
occurs just after onset of the ECG QRS complex and peaks 
before aortic valve opening.

Normal tissue Doppler velocity values have been  published 
for children, including neonates and fetuses [13].

Deformation imaging: strain and strain rate
Deformation or strain is the percentage change in dimension 
of an object in response to stress (force per unit cross- 
sectional area). This is calculated as the instantaneous 
dimension minus the original dimension divided by the 
 original dimension. For myocardium, the original dimension 
is the unstressed muscle dimension. However, in vivo, the 
absolute unstressed muscle length is difficult to measure and 
the end-diastolic length is often used. In the longitudinal 
and circumferential directions, strain measures myocardial 
lengthening or shortening, and in the radial direction thick-
ening and thinning. Strain rate is the rate of deformation 
(strain over time). Deformation parameters allow a more 
direct assessment of myocardial contractility in that the 
change in muscle dimension and its rate of change are 
directly related to myocardial contractility and are not 
affected by tethering and translational motion. Although 
both strain and strain rate are affected by loading conditions, 
strain rate is less affected by loading as it peaks in early 
 systole and has a short duration. The degree of posterior wall 
thickening obtained by M-mode echocardiography is an 
example of regional strain, albeit from a very limited scan 
line. Strain and strain rate from larger regions are currently 
obtained using one of two techniques, each with its advan-
tages and disadvantages. Strain rate may be calculated from 
color tissue Doppler by calculating the instantaneous differ-
ence in myocardial velocities between two points. Strain is 
then derived from strain rate measurements. Advantages of 
color tissue Doppler include its wide availability, easy appli-
cation, and high temporal resolution. Disadvantages include 
its low signal-to-noise ratio (especially for strain rate) and 
exquisite dependence on insonation angle. One such 
 example is evaluating left ventricular basal lateral wall strain 
from the apical four-chamber view. The ultrasound beam is 
 oriented laterally from the apex of the scan triangle. However, 
in dilated ventricles the basal curvature is exaggerated, 
 rendering a poor insonation angle and unreliable strain 
 values. To overcome these limitations, strain imaging from 
two-dimensional images has been implemented by speckle 
tracking and by vector velocity imaging [14] (Figure 8.30).

Although these techniques use different algorithms, both 
are based on computer software tracking unique ultrasound 
speckles caused by the tissue–sound wave interface through 
the cardiac cycle. This technique is independent of insona-
tion angle but significant disadvantages include lower 
frame rates (lower temporal resolution) and relatively poor 
intra- and inter-observer reliability [15]. As compared with 
shortening indices, velocity and deformation indices are 
calculated without mathematical assumptions of ventricu-
lar geometry (although they are influenced by ventricular 
geometry). Therefore, tissue velocity and deformation 
imaging may be well suited for assessing RV function 
and congenital heart disease including single ventricles. 
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Figure 8.28 Graphic representation of an aortic velocity curve from 

which the peak velocity (PkV), the acceleration time (AT), the ejection 

time (ET), and the velocity time integral (shaded area) can be measured. 

Indices of systolic left ventricular function that can be derived from these 

measurements include the peak rate of acceleration [Ac (dv/dt)], the 

mean acceleration (mAc = PkV/AT), and the ratio AT/ET. With the use of 

the electrocardiogram, the pre-ejection period (PEP) can also be measured 

and the PEP/ET ratio can be calculated as another index of systolic left 

ventricular function. (Reproduced with permission from Silverman NH, 

Schmidt KG. Cardiol Clin 1989;7:265–97.)

Figure 8.29 Pulsed TDI post wall. Pulsed tissue Doppler from the left 

ventricle showing a typical systolic (S’), early diastolic (E’) and late diastolic 

(A’) velocity. Also depicted (white bar) is the slope of the isovolumic 

acceleration (IVA), a relatively load-independent index of myocardial 

performance.
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Figure 8.30 SAX strain rate normal. Left ventricular radial strain rate obtained by two-dimensional speckle tracking in a normal child. Peak systolic (arrow) and 

early diastolic (arrowhead) radial strain rate are depicted. At the bottom left, a color-coded M-mode display of the strain rate is depicted. The ventricle is displayed 

in a linear format with each color dot corresponding to the matching ventricular segment in the short axis image. Progression from left to right is through time, 

corresponding to the ECG display. As for Doppler flow imaging, the colors code the direction and magnitude of the strain rate. In this example, orange codes for 

positive radial strain rate in systole and blue codes for negative radial strain rate in diastole. Yellow and green code for lower strain rate intensities.

Furthermore, tissue velocities and deformation measure 
regional myocardial performance, whereas ejection and 
shortening fraction provide a global assessment. Regional 
assessment of function has been especially useful in ischemic 
heart disease and this is pertinent in certain congenital 
lesions such as anomalous left coronary artery from the 
pulmonary artery (ALCAPA), transposition of the great 
arteries after the arterial switch operation and tetralogy of 
Fallot (TOF). Although tissue velocities and deformation 
imaging measure regional function, they may correlate 
with measures of global function. For instance, regional 
RV and LV deformation or excursion correlate with 
stroke  volume and are sometimes used to report “global” 
 ventricular function. However, these measurements remain 
regional. Certain diseases are characterized by regional 
 heterogeneity, hypertrophic cardiomyopathy being one 
example. Septal performance in this disease may not reflect 
the  performance of other ventricular segments.

Velocity and deformation imaging may also be useful for 
detecting early ventricular dysfunction before patients 
develop symptoms and when shortening indices are still 
normal. Examples include early detection of heart graft 
rejection, early ventricular dysfunction in children with 
Duchenne muscular dystrophy, early dysfunction in aortic 
regurgitation, and early effects of pacing on regional 
 myocardial performance [16–18].

In contracting, the left ventricle shortens and rotates along 
its long axis and thickens in the radial direction. The  opposite 
rotation at the base and apex creates a twisting or torsional 
motion of the LV, akin to wringing a wet towel (Figures 8.31 
and 8.32). Whereas conventional methods to assess 
 ventricular function, such as M-mode assessment of ejection 
fraction, rely predominantly on the assessment of radial 
function, newer methods allow the quantification of myo-
cardial motion and deformation in all vectors, providing a 
more comprehensive assessment of ventricular  performance 
and the differential effects of disease. Quantifying longitud-
inal myocardial function may be especially important when 
assessing RV performance due to the predominantly longitud-
inal orientation of the RV myocytes.

Velocity and deformation measurements are relatively 
easily obtained at the bedside using standard echo systems in 
a relatively short period of time. There are now normal fetal 
[19] and pediatric [15,20] values available for reference.

Velocity and deformation imaging in CHD
Influence of volume and pressure loading on tissue velocities 
and deformation parameters in children.

Although the ideal index of ventricular contractility should 
be independent of loading conditions, volume and/or pressure 
loading that lead to ventricular remodeling are central to many 
cardiac abnormalities affecting children. Tissue velocities and 
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Figure 8.32 SAX basal rotation. Abnormal low and counterclockwise basal left ventricular rotation in a child with dilated cardiomyopathy. Contrast these 

curves with the normal rotation shown in Figure 8.31. At the bottom left the color-coded M-mode display is shown as in Figure 8.31.

Figure 8.31 SAX rotation normal. Normal left ventricular basal rotation obtained by two-dimensional speckle tracking in a child. An initial 

counterclockwise rotation (arrow) is followed by a predominant clockwise rotation (arrowhead) as viewed from the ventricular apex. Together with 

predominant counterclockwise rotation at the apex, this rotational motion produces systolic torsion (or twist). As in Figure 8.30, a color-coded 

M-mode display is depicted at the bottom left. The ventricle is displayed in a linear format with each color dot corresponding to the matching 

ventricular segment in the short axis image. Progression from left to right is through time, corresponding to the ECG display. The colors code the 

direction and magnitude of the rotation. In this example, the initial counterclockwise rotation is coded in blue and the predominant clockwise 

rotation in red–pink (depicting the magnitude of rotation).
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deformation are influenced by loading conditions, although 
isovolumic acceleration (IVA) and peak systolic strain rate are 
less dependent on loading as they occur during isovolumic 
contraction or early systole [21]. When interpreting loading 
effects, it is important to consider that acute changes affect 
myocardial indices differently from chronic changes, largely 
due to adaptive mechanisms such as hypertrophy.

When left ventricular volume loading is chronic, such as 
in moderate to large VSDs and patent arterial ducts, preload 
does not significantly influence either systolic or diastolic tis-
sue velocities, likely due to LV myocardial adaptation [22]. 
This differs from mitral inflow indices, which are clearly 
affected by changes in volume load and atrial pressures. In 
contrast to chronic volume loading, increased LV afterload, 
such as in moderate to severe aortic stenosis, leads to reduced 
systolic and diastolic tissue velocities. This reduced 
 longitudinal  performance may also stem from secondary 
hypertrophy. Indeed, children with hypertrophic cardiomy-
opathy have regional reduction in deformation despite 
 normal afterload [23].

Acute changes in loading conditions, either in the 
 experimental setting or after ASD closure, affect peak  systolic 
tissue velocities, but IVA remains unchanged [24]. Likewise, 
RV strain and strain rate are less affected by acute loading 
than are tissue velocities. This has been useful to  demonstrate 
that patients who underwent device closure of an ASD had 
better left and right ventricular longitudinal deformation 

than patients who underwent surgical closure, presumably 
related to the negative effects of cardiopulmonary bypass on 
myocardial function.

Tissue Doppler imaging has been useful for noninvasive 
assessment of left ventricular diastolic dysfunction and left 
ventricular filling pressures. In early diastolic dysfunction, 
impaired ventricular relaxation is characterized by a low 
mitral E wave (early diastolic filling), increased dependence 
on atrial contraction for ventricular filling and therefore 
reversal of the E/A ratio. With progression of diastolic 
 dysfunction and increasing filling pressures, the E wave 
heightens, leading to so-called “pseudo-normalization” of 
the E/A ratio. However, tissue Doppler early diastolic veloci-
ties are less affected by the increased pressures and remain 
low. Therefore, the E/E′ ratio reflects filling pressures [25] 
and, in conjunction with left atrial volume, pulmonary vein 
Doppler, and other diastolic parameters, provides useful 
semiquantitative information. Although not validated in 
children to the same extent as in adults, in various settings 
the E/E′ ratio has been shown to be related to LAP [26]. 
However, this index likely is only useful when ventricular 
relaxation is impaired [25].

Velocity and deformation imaging in children may also be 
useful for longitudinal follow-up of ventricular function. 
Serial recovery of LV and RV strain after repair of anomalous 
 coronary artery from the pulmonary artery has been dem-
onstrated (Figure 8.33). Likewise, differences in recovery 

Figure 8.33 ALCAPA strain 1. Highly abnormal and dyssynchronous left ventricular longitudinal contraction in a child with severe left ventricular dysfunction 

secondary to anomalous left coronary artery from the pulmonary artery. Left ventricular dysfunction persists despite surgical repair. Longitudinal strain curves 

obtained by two-dimensional speckle tracking show early stretching of the lateral wall segments (positive strain, arrows). This occurs during early, albeit low, 

septal deformation (arrowheads) and increases wall stress in the delayed segments.



Pediatric Cardiovascular Medicine

138

of radial versus longitudinal function have been found 
after  coronary re-implantation. This may be related to 
 associated subendocardial fibroelastosis that reflects irrevers-
ible  myocardial damage.

Use of tissue velocities to predict clinical 
outcomes in children
Reduced mitral diastolic velocity helps predict children at risk 
for adverse outcomes, including death and need for  cardiac 
transplantation in dilated cardiomyopathy and left  ventricular 
non-compaction. Likewise, the E/E′ ratio predicts adverse 
clinical outcomes, including death, cardiac arrest, VT, and 
significant cardiac symptoms in children with HCM. Reduced 
TV tissue velocities have also identified children with heart 
transplant at risk for graft failure secondary to rejection [17]. 
We have studied heterogeneous left ventricular contraction 
and relaxation (mechanical dyssynchrony) using tissue 
velocities and strain as predictors of outcomes in children 
with dilated cardiomyopathy. The timing of  contraction was 
related to the degree of deformation in both normal children 
and in those with dilated cardiomyopathy [27]. Although 
mechanical dyssynchrony was prevalent in children with 
dilated cardiomyopathy, systolic dyssynchrony was not 
 associated with need for transplant or death [28]. In contrast, 
diastolic dyssynchrony was associated with decreased trans-
plant-free survival, although there were no obvious associa-
tions with other abnormalities of diastolic function [28].

Limitations of the newer techniques
Velocity and deformation imaging have important  limitations. 
Their utility in specific clinical situations remains to be 
 confirmed and solid validation in pediatrics is lacking. 
Difficulties in technical acquisition which affect data quality 
and interpretation, large inter- and intra-observer variabil-
ity, large scatter and variation when compared with  reference 
methods, conflicting data regarding load dependence of the 
various indices, standardization of what should be measured 
(regional versus global function, which and how many 
 myocardial segments should be measured), which method 
should be used in routine practice (velocities, strain, strain 
rate, a combination of these), standardization within the 
method (peak versus mean velocities, color versus pulsed 
Doppler, TDI versus 2D speckle derived strain, radial 
 versus longitudinal versus circumferential strain versus a 
 combination of these), potential differences between data 
obtained from the use of systems from different commercial 
vendors, and long post-acquisition processing times remain 
issues for their use in routine clinical practice. Standardized 
reporting also remains a challenge.

Diastolic function
Ventricular relaxation and filling constitute diastolic 
 function. All diastolic indices, both echocardiographic 
and invasive, are less developed than are their systolic 

counterparts. Ventricular diastole is composed of an 
 isovolumic relaxation phase, during which intracellular 
calcium is resequestered in the sarcoplasmic reticulum by 
energy-dependent means, and a filling phase, during 
which venous return passes from the atria into the ventri-
cles. Diastolic dysfunction can manifest as either impaired 
 isovolumic relaxation, impaired filling, or both. Isovolumic 
relaxation time is the interval from aortic valve closure to 
mitral valve opening, and can be measured using Doppler 
techniques (Figure 8.34) [29]. Ventricular filling may be 
assessed with Doppler analysis of mitral and tricuspid valve 
diastolic inflow patterns,  composed of three phases. Early 
(rapid) filling is represented by Doppler as the upslope of 
the E wave. After the peak early filling velocity is reached, 
there is a transition to slow filling, represented by the 
deceleration of the E wave and measured as deceleration 
time. Atrial contraction produces late ventri cular filling, 
represented by the A wave on the mitral/ tricuspid inflow 
tracing. Pulmonary and hepatic venous flow Doppler 
velocity spectra can also provide insight into diastolic 
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Figure 8.34 Display of left ventricular (LV) pressure and the relationship 

to transmitral Doppler flow patterns. Instantaneous left ventricular 

pressure (PV ) follows an exponential pressure decay during early diastole 

(PV = POe–t/T ). Invasive isovolumic relaxation time (*) represents the 

period from peak −dP/dt (PV = PO) until mitral valve opening (PV = PMV ). 

Doppler-derived isovolumic relaxation time (#) is the interval from the valve 

artifact at the end of left ventricular outflow (LVOT) until the beginning of 

transmitral inflow (E). LA, left atrium. (Reproduced with permission from 

Scalia et al. Circulation 1997;95:151–5.)
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 function, insofar as atrial inflow velocity is inversely 
related to pressure in the receiving chamber.

Isovolumic relaxation time is typically increased by 
impaired ventricular relaxation and decreased by a restric-
tive pattern. The ratio of early filling to atrial filling (E/A), 
normally between 1.9 and 2.5 in children, is decreased by 
impaired relaxation and increased by restrictive filling. 
Similarly, the deceleration time of the E wave is an indicator 
of ventricular compliance, being inversely related to the 
square of ventricular stiffness [30].

Ventricular relaxation during the isovolumic relaxation 
interval is characterized by the maximum negative slope of 
ventricular pressure decay (−dP/dt) and by the relaxation 
time constant (t), which is the inverse slope of the natural 

logarithm of left ventricular pressure decay over time. The 
primary advantage of t over isovolumic relaxation time 
and −dP/dt as an indicator of diastolic function is its 
 independence from heart rate and preload. Noninvasive 
estimates of these properties using Doppler technology 
 correlate well with high-fidelity manometer-tipped catheter 
measurements [29]. More recently, color Doppler M-mode 
echocardiography of ventricular inflow has been proposed 
as a means of evaluating diastolic function, insofar as the 
slope of flow propagation in this mode is inversely related 
to −dP/dt and t (Figure 8.35) [31,32].

Tei et al. devised an index for assessing overall myocardial 
performance, including both systolic and diastolic compo-
nents [33]. Using pulsed wave Doppler analysis of mitral 
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Figure 8.35 (a) Graphic representation of the relationship between the variables of pressure drop that can be measured at cardiac catheterization 

and /or by Doppler. The tracings represented schematically are those from ventricular and arterial pressures. Doppler measures peak instantaneous gradient 

(PIG), whereas it is conventional to measure the peak-to-peak gradient (PPG) at catheterization, even though peak ventricular and arterial pressures are 

not simultaneous. At catheterization and by Doppler, the mean gradient throughout systole (MG) is obtained by integrating the area of all instantaneous 

gradients (IG) and dividing by ejection time (ET). For measurement of the mean gradient, Doppler and manometric values are the same. Continuous wave 

(CW) Doppler tracing recorded from an apical four-chamber (b) and suprasternal notch (c) position demonstrating an increased velocity in the ascending 

aorta in a patient with valvar aortic stenosis, LV, left ventricle; AAo, ascending aorta. Peak velocity is approximately 3.9 m s−1. Using the modified Bernoulli 

equation, the instantaneous pressure drop is calculated to be approximately 60 mmHg. (Part (a) reproduced with permission from Silverman, Pediatric 

Echocardiography. Baltimore: Williams & Wilkins, 1993.)
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valve inflow and left ventricular outflow, two intervals are 
measured: from cessation of mitral inflow to onset of mitral 
inflow during the next cardiac cycle, and ejection time. The 
former represents the sum of isovolumic contraction time, 
ejection time, and isovolumic relaxation time. Ejection time 
is subtracted from this, and the difference is the sum of 
 isovolumic contraction and relaxation times. The index of 
myocardial performance is the ratio of this duration (summed 
isovolumic contraction and relaxation times) to ejection 
time (Figure 8.36). Although this index has not been assessed 
in children, it correlates well with catheter-derived measure-
ments of peak −dP/dt, +dP/dt, and t, and is likely to prove 
useful in a variety of patient populations.

An additional method for establishing diastolic dysfunc-
tion is the ratio of mitral velocity to early diastolic velocity of 
the mitral annulus (E/E′ ratio). A measurement of >15 was 

highly associated with elevated left ventricular end-diastolic 
pressure by cardiac catheterization [34].

Valvar physiology
Although cross-sectional methods are used to image the 
motion of the semilunar and atrioventricular valvar 
 leaflets, Doppler technologies are the primary echocardio-
graphic tools for evaluating valvar dysfunction, either ste-
nosis or regurgitation.

Semilunar valvar stenosis
Valvar obstruction is identified with continuous or pulsed 
wave Doppler analysis, which shows increased flow veloc-
ity during systole when the sample volume is placed distal 
to the stenotic orifice. Evaluating the severity of flow 
obstruction is done by applying the simplified Bernoulli 
equation, which estimates the pressure gradient between 
two points as

( )= 2 2
2 1 –P V V4

where V
1
 and V

2
 are the proximal and distal flow  velocities, 

respectively. For practical application in the echocardiogra-
phy laboratory, proximal flow velocity is generally negligible 
(<1 m s−1) and this term is omitted, yielding the simplified 
equation P = 4V

2
2. This method is reasonably reproducible, 

but requires an understanding of the principles of Bernoulli’s 
law. Viscous forces are assumed to be minimal relative to 
inertial forces in the system being studied, which does not 
occur in long-segment stenoses or mild  stenoses in a patient 
with increased blood viscosity (e.g., polycythemia in cyan-
otic patients). This technique, which yields an estimate of 
peak instantaneous gradient, requires  con sistent placement 
of the sample volume at the vena contracta, the point of 
maximum velocity at the midline of the jet immediately 
downstream from the stenotic orifice. Continuous wave 
Doppler aids in minimizing variability due to sample volume 
placement, insofar as it detects the highest velocities as it 
passes axially along the jet length. The acoustic signal of the 
sample volume must also be aligned as closely as possible 
with the direction of the jet to optimize sensitivity. The 
 sample volume is typically located with the aid of Doppler 
color flow mapping, which shows the direction and dimen-
sions of the jet. The simplified Bernoulli method tends to 
overestimate the pressure gradient of a stenosis relative to 
direct catheter measurements due to methodological and 
physical factors [3,35,36]. Catheterization measurements 
are of peak-to-peak pressure gradient (non-simultaneous), 
whereas Doppler analysis estimates peak instantaneous 
 gradient (Figure 8.35); pressure is lower at the vena  contracta 
than it is at the site of pressure recovery further downstream, 
where catheter measurements are generally made due to the 
difficulty of maintaining the catheter in the center of the jet; 
and sedation during catheterization tends to decrease stroke 
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volume and hence flow velocity across the stenotic orifice. 
The mean systolic pressure gradient is less prone to system-
atic overestimation, but peak velocity measurements are less 
time consuming and we use this approach in our practice.

Another useful method of calculating pressure drop is to 
measure acceleration time (the duration from valve open-
ing to peak flow velocity), although other physiologic con-
ditions (such as severe mitral regurgitation and ventricular 
dysfunction) can also cause the gradual rise in the velocity 
profile characteristic of more severe stenosis. Valvar orifice 
area, an indirect indicator of function, can be estimated by 
several techniques, including planimetry, M-mode, the con-
tinuity equation, and measurement of pressure half-time. 
With an arterial level shunt, significant valvar obstruction 
may be indicated by diastolic flow reversal in the artery 
downstream from the affected valve. Color Doppler M-mode 
imaging may increase the temporal and spatial sensitivity 
for detecting flow disturbances and helping to break 
down complex outflow tract obstruction into its various 
 components.

Valvar regurgitation
Unlike stenotic lesions, quantification of valvar regurgitation 
is complicated by several factors. Measuring the size of the 
regurgitant jet does allow gross characterization of the sever-
ity of regurgitation, but it is difficult to make fine distinctions 
between grades. Atrioventricular and semilunar valvar 
regurgitation pose different problems of quantification, due 
primarily to geometric features of the respective proximal 
and receiving chambers and to the flow dynamics in the 
proximal and receiving chambers.

The shape and size of a regurgitant jet are influenced by 
numerous factors, only one of which is the severity of regur-
gitation [37–40]. Pressure in the receiving chamber, atrial 
counterflow, and cardiac function influence the morphology 
of the jet. Geometric features of the proximal chamber, the 
valve itself, and the receiving chamber have a significant effect 
on the flow pattern of the jet and on the Doppler color map 
[37–39]. In addition, instrument settings such as color gain, 
transducer frequency, velocity scale, and filtration can all sub-
stantially alter the appearance of a regurgitant jet [40].

Determining semilunar valvar regurgitation severity 
employs both color flow and spectral Doppler imaging. The 
regurgitant jet is interrogated with continuous or pulsed 
wave Doppler at the center of the aortic or pulmonary valve. 
The velocity profile of the jet reflects the diastolic aorta–left 
ventricle (or pulmonary artery–right ventricle) pressure 
 gradient, and the velocity decay rate (−dV/dt) is a function of 
the gradient change over time. Accordingly, more severe 
regurgitation is reflected by a steeper velocity decay of the 
jet, as the higher regurgitant volume leads to more rapid 
diminution of the ventriculo-arterial pressure gradient. 
Unfortunately, this method is not of great value in evaluat-
ing regurgitation in children. A better indication of the 

 severity of aortic regurgitation is finding retrograde diastolic 
flow in the descending aorta. Pulmonary regurgitation cor-
relates best with the width of the regurgitant jet and right 
ventricular size. Methods for estimating atrioventricular 
regurgitation according to the principles of free jet physics 
cannot be applied to semilunar valvar regurgitation, largely 
because the regurgitant volume originates as flow reversal 
after  ejection in the restrictive confines of the great artery, 
which combine to create a nonideal proximal flow field. As 
with valvar stenosis, color Doppler M-mode imaging may be 
used to increase the sensitivity for detecting a regurgitant jet, 
whether atrioventricular or semilunar.

Vascular physiology
Vascular stenoses can be evaluated by Doppler estimation of 
the peak instantaneous pressure gradient. The simplified 
Bernoulli equation is the standard method, although it may 
not apply to serial or long-segment stenoses. Because pres-
sure is estimated by measuring flow velocity at a single point, 
assuming that velocity proximal to the stenosis is negligible, 
high flow velocities distal to one stenosis and proximal to the 
next invalidate this assumption. Each successive stenosis 
must be measured separately, which is possible with 
 continuous wave Doppler, where each separate point of 
acceleration is superimposed on the spectral display. In 
 addition, with long-segment stenoses, viscous forces may 
exert a  substantial effect on the pressure drop, but these are 
ignored by the simplified Bernoulli equation. Arterial flow 
patterns distal to the obstruction, such as damping of the 
pulse wave and diastolic flow reversal, may also indicate 
 significant  stenosis.

Pulmonary arterial pressures and flows can be estimated 
with echocardiography, although not with sufficient  precision 
to obviate catheterization to assess the state of the pulmo-
nary vasculature. Pressure is estimated by subtracting the 
right ventricle-pulmonary artery gradient (predicted with 
Doppler imaging and the simplified Bernoulli equation) from 
the estimated right ventricular pressure. Right ventricular 
pressure is calculated by determining the systolic right 
 ventricle–right atrium pressure drop, estimated by applying 
the Bernoulli equation to the velocity of a tricuspid regur-
gitant jet (often present even without cardiac pathology) and 
assuming a right atrial pressure of 5–10 mmHg. Pulmonary 
arterial distensibility, estimated by measuring the diastolic–
systolic diameter change, may also contribute information 
regarding pulmonary arterial pressure. In patients with 
decreased pulmonary vascular compliance, late diastolic flow 
reversal may be evident with Doppler analysis.

Shunt physiology
Doppler color flow mapping allows the visualization of most 
shunts at the cardiac or great vessel levels. The restrictive-
ness of a discrete anatomic shunt (such as a septal defect or 
patent ductus arteriosus) may be evaluated with spectral 
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Doppler to estimate the pressure gradient from the Bernoulli 
principle. Shunts more difficult to image with color flow, 
such as those from pulmonary or systemic arteriovenous 
malformations or small interatrial communications, can be 
analyzed by  contrast echocardiography. Agitated saline is 
injected into a systemic vein or artery, and the echogenic 
microbubbles pass through all vessels or cardiac defects 
larger than their 8–15 μm diameter, and appear downstream 

or in the receiving chamber (Figure 8.37) [41]. Alternatively, 
interchamber defects that are difficult to distinguish from 
valvar regurgitation with standard Doppler color flow may 
sometimes be clarified by increasing the color gain in the 
Doppler color flow mode to highlight the proximal flow 
 convergence region approaching the low-velocity defect. 
The diagnosis of an arteriovenous shunt can be verified by 
diastolic flow reversal in the descending aorta (distal to the 

Figure 8.37 (a) Apical four-chamber view showing right atrium (RA), left atrium (LA), right ventricle (RV), left ventricle (LV), and descending aorta (DAo). 

After injection of agitated saline into the right arm (b), microcavitations (arrow) appear in the right atrium and enter the right ventricle and left atrium 

(c). This obliteration of the atrial septum indicates a right–left interatrial communication. Eventually, microcavitations appear in the left ventricle and 

descending aorta (d). If there had been a right-to-left ventricular communication and mitral incompetence, the microbubbles would have appeared 

in the left ventricle before the left atrium.

(a) (b)

(c) (d)
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shunt) in the absence of semilunar valvar regurgitation, and 
by identifying high levels of output and associated chamber 
dilatation. Shunt lesions that are most likely to be missed on 
echocardiography are small defects occurring with a larger, 
non-restrictive defect, as in multiple muscular ventricular 
septal defects with a nonrestrictive inlet or perimembranous 
defect. In these patients, there may be no pressure gradient 
between the chambers and no accelerative flow shown with 
Doppler techniques.

Special techniques

Stress echocardiography
Echocardiography can be used to assess the effect of increased 
workload on ventricular performance and hemodynamics 
(stress echocardiography). The increased workload is  generated 
either by exercise [42] or by giving dobutamine [43]. 
Dobutamine is particularly useful in smaller patients who 
cannot exercise on demand. Stress echocardiography pro-
vides information about the coronary reserve, ventricular 
 function under increased output demands, and the response 
of  ventricular outlet obstruction to increased output.

The procedure is similar to that performed in adults [44]. 
Views of the left ventricle are obtained from the paraster-
nal short and long axis, and from the apical two- and 
 four-chamber views. These views allow visualization of 
the entire ventricular wall. Images are obtained at rest, at 
multiple  levels of stress, and after recovery. The images are 
then  compared for changes in regional wall motion that 
suggest impaired myocardial perfusion. Stress echo com-
pares  favorably with nuclear medicine studies in adults 
[44]. When evaluating obstructive lesions, Doppler gradi-
ents are obtained at all stress levels and compared to assess 
the change in degree of obstruction. Response of the 
obstruction to stress is variable; some patients with mini-
mal obstruction at rest can develop severe obstruction with 
stress. The increased cardiac motion, particularly when 
combined with the motion of exercise, can make image 
acquisition difficult. Anterior wall segments are most 
affected by motion, as they are the most difficult to image 
even at rest. In patients with obstructions, the examiner 
must measure both proximal and distal velocities, because 
with increased output the proximal velocity may increase 
to significantly greater than 1 m s−1. When this occurs, 
the longer version of the Bernoulli equation (V

2
2 − V

1
2) 

must be used to account for this increase.
Children who benefit most from stress echocardiography 

include patients who have undergone coronary manipula-
tion, such as after the arterial switch, Ross procedure, or 
Konno procedure [45]; coronary anomalies, as in Kawasaki 
syndrome; abnormal ventricular function, as in anthracy-
cline cardiotoxicity [46]; and left heart obstructions, such as 
aortic stenosis and coarctation [47].

Transesophageal echocardiography
With the development of miniaturized transducers suitable 
for patients weighing <20 kg, the application of transesopha-
geal scanning in children expanded rapidly [48–51]. These 
studies demonstrated the suitability of transesophageal 
echocardiography for monitoring intraoperative cardiac 
function and evaluating the adequacy of surgical repair, 
demonstrating accurately most forms of normal and abnor-
mal cardiac morphology, and evaluating physiology with 
pulsed wave Doppler and color flow Doppler features 
(Figures 8.38 and 8.39).

The primary application of transesophageal echocardiog-
raphy in children is intraoperative monitoring and evaluat-
ing surgical repair [50]. Transesophageal echocardiography 
may also be valuable in larger children, adolescents, and 
the few smaller children who cannot be imaged completely 
with transthoracic transducers, or when surgical dress-
ings  preclude noninvasive imaging. The transesophageal 
approach does not interrupt the surgical procedure,  provides 
multiple imaging windows for morphologic evaluation and 
Doppler analysis, and avoids causing dysrhythmias, hypo-
tension, or potential infectious complications associated 
with direct transducer contact with the epicardium. Aside 
from intraoperative studies, transesophageal echocardiog-
raphy is not a substitute for precordial echocardiography. It 
is an invasive procedure reserved for patients in whom a 
thorough precordial examination has proved inadequate, 
or during surgical and interventional cardiac  catheterization 
procedures.

The transducer employed for transesophageal echocardi-
ography is mounted on a standard flexible endoscope. The 
pediatric transesophageal probe can be manipulated in 
three directions: advanced or withdrawn, anteroflexed or 
 retroflexed, and rotated clockwise or counter-clockwise 
(Figure 8.39). Biplane and multiplane transesophageal 
echocardiography probes provide an additional control that 
allows lateral flexion. These scan planes differ from those of 
precordial imaging but the same information can be acquired, 
especially in infants and children, whose hearts and thoracic 
dimensions are small relative to the depth resolution of the 
ultrasound technology used. For more detailed descriptions 
of transesophageal echocardiography, the reader is referred 
to other sources [50–54].

Fetal echocardiography
Fetal echocardiography in experienced hands detects most 
congenital heart disease and dysrhythmias [55–63]. Detecting 
structural heart disease becomes especially important for 
cyanotic congenital heart disease or ductal-dependent lesions 
[56,64,65]; diagnosing lesions such as complete transposi-
tion or hypoplastic left heart disease in the fetus has led to 
improved outcomes [66–68]. The primary indications include 
suspected congenital heart disease, fetal dysrhythmia, family 
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Figure 8.38 (a) This fluoroscopy image taken during transcatheter device closure of an atrial septal defect shows the catheter in the right atrium 

attached to the device. The left (LA) and right atrial (RA) disks are clearly demonstrated along with the end of the transesophageal (TEE) probe. 

(b) A transverse transesophageal image taken prior to deployment of the device; a secundum atrial septal defect is noted (*). (c) A sizing balloon (labeled B) 

is positioned across the defect. (d) The tip of the guide wire (GW) can be seen connected to the center of the device (labeled D). The left and right atrial 

disks are in the respective atria. (e) The device has been deployed across the atrial septal defect with appropriate position. Ao, aorta.

(c) (d)

(e)

(a) (b)
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history of congenital heart disease, history of familial inher-
ited disorders, maternal systemic lupus erythremotosis, 
maternal diabetes mellitus or phenylketonuria, increased 
nuchal thickening, exposure to teratogens or prostaglandin 
synthetase inhibitors, and in vitro fertilization [69–81]. 
Some studies suggest that a single umbilical cord or echo-
genic  density in isolation is not an indication for a fetal 
 echocardiogram because of the lack of associated congenital 
heart disease [73,74,76,81].

Approach to Fetal Morphology
Initially, the position of the cardiac mass and apex relative to 
the thorax is established (Figure 8.40). The cardiothoracic 
ratio is determined [82]. The connections of systemic 
and pulmonary veins to the atria are established, as are 
the  atrioventricular and ventriculoarterial relationships. The 
great vessels should essentially cross each other at near 
 right-angles (Figure 8.41).

Special anatomic considerations apply to the fetus. Both 
the ductus arteriosus and foramen ovale should have unob-
structed right–left shunting across them, as the pulmonary 
blood flow is diminished in utero. Left–right shunting across 
the atrial septum represents left atrial obstruction such as 
mitral stenosis or atresia (Figure 8.42). A left–right shunt 
across the ductus arteriosus may indicate inadequate output 
from the right ventricle (Figure 8.43), as in tetralogy of Fallot 
with pulmonary atresia, severe Ebstein’s anomaly, and 
severe pulmonary stenosis. Any obstruction to the ductus 
arteriosus flow may lead to significant tricuspid valve regur-
gitation and right ventricular dilation/failure (Figure 8.44), 
and subsequent pulmonary hypertension. Multiple medica-
tions and NSAIDs are known to cause ductal constriction 
that is, however, frequently idiopathic [83–85].

Approach to fetal rhythm
The fetal rhythm is established by M-mode, pulse wave, and 
tissue Doppler techniques to detect the type of ectopy, tachy-
cardia, or bradycardia [86–89]. The absolute fetal heart rate 
can be established using the mitral inflow or aortic outflow. 
The mitral inflow and aortic outflow pulse wave Doppler 
indicate sinus rhythm and provide a surrogate for the PR 
interval for mothers with collagen vascular disorders such as 
lupus or Sjogren’s disease [90–94] (Figure 8.45). Reference 
standards are available to establish prolonged atriov-
entricular intervals that suggest first-degree heart block 
[90,91,93–95]. An M-mode determination of atrioventricu-
lar  association also helps to establish the fetal atrial and 
 ventricular rates and their relationship. Second- or third-
degree heart block can be determined (Figure 8.46). Multiple 
atrial beats compared with ventricular beats suggest atrial 
flutter; typically, the atrial rate measures about 400 beats per 
minute whereas the ventricular response is 200 beats per 
minute, consistent with 2:1 flutter (Figure 8.47). Orthodromic 
reentrant tachycardia is also highly likely when the atrio-
ventricular relationship is 1:1 with a heart rate range 
of 220–300 beats per minute (Figure 8.48). The most com-
mon rhythm disturbance is premature atrial contractions 
(Figure 8.49), but ventricular tachycardia is exceedingly rare.

Approach to fetal function
The systolic function of both ventricles may be evaluated 
qualitatively, but M-mode may be used to calculate a short-
ening fraction. Secondary signs of cardiac dysfunction are 
also useful. Makikallio et al. described a biophysical profile to 
determine fetal well-being through a scoring system [96]. 
This biophysical profile utilizes the presence or absence of 

Figure 8.39 From top to bottom, this figure depicts adult omniplane, 

adult biplane, pediatric biplane, and pediatric single plane transesophageal 

ultrasound transducers. The differences in transducer diameter, which 

range from 13 mm for the adult omniplane transducer to 8 mm for the 

pediatric single plane transducer, can be appreciated, as can the increased 

flexion possible with pediatric transducers. The scale is indicated by the 

5 cm markers on the probes.
Figure 8.40 This fetal apical four-chamber view demonstrates both atria 

(RA, LA) and ventricles (RV, LV) along with the descending aorta posteriorly 

(DAo). The left lung is identified and the apex is on the ipsilateral side, 

consistent with levocardia.
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(a)

(b)

(c)

Figure 8.41 These images show normal 

ventriculoarterial relationships given that the 

left ventricle (LV) gives rise to the aorta (a) and 

the right ventricle (RV), in a different plane, 

connects to the pulmonary artery (b). This 

criss-cross of the great vessels can be imaged 

as a sweep and is essential to establish 

ventriculoarterial concordance. LVOT, left 

ventricular outflow tract; MV, mitral valve; 

RVOT, right ventricular outflow tract. Parallel 

outflow tracts and great vessels (Ao and PA) 

are noted in patients with complete 

transposition of the great vessels (c). Here 

the discordant ventriculoarterial relations are 

clear given that, in the same plane, the right 

ventricle (RV) gives rise to the anterior aorta 

(Ao) while the left ventricle (LV) gives rise to 

the posterior pulmonary artery (PA).
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(a) (b)

Figure 8.42 (a) The right atrium (RA) and right ventricle (RV) are visualized in the four-chamber view; however, there is no obvious left ventricle, 

consistent with mitral atresia and hypoplastic left heart syndrome. The tricuspid valve (TV) and descending aorta (DAo) are also demonstrated. 

(b) Left-right atrial shunt (*) is seen. LA, left atrium; RA, right atrium.

hydrops, atrioventricular valve regurgitation, and venous 
Doppler patterns. Examples of these lesions can be found in 
Figure 8.50.

Limitations to fetal echocardiography
Often due to maternal body habitus and fetal position, the 
fetal cardiologist is limited to lower frequency transducers 
that provide adequate depth but lack appropriate resolution. 
This lower resolution often leads to insufficient visualization 
of the ventricular septum and defects in this region may not 
be excluded. A patent foramen ovale and ductus arteriosus 
are normal in the fetus and their persistence in infancy 
 cannot be predicted by fetal echocardiography. Given a 
 patent ductus arteriosus, a coarctation of the aorta cannot be 
excluded.

Fetal cardiac intervention
See Chapter 16.

Three-dimensional echocardiography
Two-dimensional echocardiography provides an excellent 
evaluation of the heart in children given that high-frequency 
probes may often be utilized. Multiple cross-sectional images 
yield a complete anatomic and physiologic evaluation of the 
heart. However, three-dimensional echocardiography may 
provide a more comprehensive evaluation of this complex 

organ. Currently, three-dimensional echocardiography is a 
useful adjunct to standard transthoracic imaging. Its primary 
applications include determining ventricular volume, valve 
morphology, and ventricular synchrony. The technique 
relies on excellent two-dimensional images and is helpful in 
quantifying ventricular size and function. Ventricular  volume 
and ejection fraction are useful in patients with corrected 
transposition, physiologically corrected complete transposi-
tion, and cardiomyopathy. The advantage of this technique 
is that a true volume is obtained; however, the frame rates of 
20–30 Hz are inferior to standard echocardiographic  imaging. 
This technique may also give a real-time view of ventricular 
aneurysms or wall motion abnormalities (Figure 8.51).

Atrioventricular valve assessment can be readily  performed; 
specific lesions include double orifice mitral valve, detecting 
mitral valve clefts, and mitral valve ring (Figure 8.52).

A more recent application of three-dimensional echocar-
diography is establishing ventricular synchrony. The various 
segments’ time to minimal volume may be used to estab-
lish the level of dyssychrony through a graphical display 
(Figure 8.53). The time for segments to reach minimal 
dimension is automatically calculated and there are  reference 
standards for anatomically normal hearts [97,98]. As there is 
more ventricular dysfunction or dilation, the time for 
 segments to reach a minimal volume disperses, consistent 
with dyssynchrony.
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Intravascular ultrasound
A variety of transducer configurations are mounted on the 
tip of an endovascular catheter. The most commonly used 
designs provide 360° cross-sectional imaging at right-angles 
to the catheter, by means of either a rotating transducer or 
mirror, or an array of multiple crystals encircling the  catheter 
with phased-array technology used to produce the image. 
Intravascular imaging is typically performed at frequencies 
of 20–30 MHz, allowing for much higher resolution than 
with other ultrasound techniques but limiting the scanning 
depth substantially. As such, currently available forms of 

this technology are most useful for demonstrating fine 
detail of relatively small-caliber vessels. With decreasing 
catheter:lumen diameter ratio, the potential for erroneous 
imaging is increased. Not only does this place the catheter 
at a greater distance from the arterial wall where lateral 
 resolution is decreased, but it also increases the likelihood of 
cross-sectional distortion due to non-coaxial orientation of 
the ultrasound catheter within the vessel (Figure 8.54).

Cross-sectional imaging can be used to distinguish the 
intimal, medial, and adventitial layers of an artery, and also 
calcifications, atheromatous plaques, thrombi, tumors, and 

Figure 8.43 (a) This four-chamber view of the fetus shows significant apical displacement of the tricuspid valve (TV) relative to the mitral valve (MV). 

The right atrium (RA) is fairly large compared with the left atrium (LA). (b) The short axis view at the base of the heart shows the tricuspid valve in the right 

ventricular outflow tract very near the pulmonary valve (PV), consistent with marked Ebstein’s anomaly. The right ventricle is fairly small as a result of this 

tricuspid valve displacement. (c) The patent ductus arteriosus (PDA) shunts left to right (red color) from the descending aorta (DAo) to the pulmonary 

artery as a result of inadequate prograde flow from the diminutive right ventricle. AAo, ascending aorta; LV, left ventricle; MPA, main pulmonary artery; 

RV, right ventricle.

(a) (b)

(c)
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(b)(a)

(c)

Figure 8.44 (a) This four-chamber view demonstrates severe tricuspid valve regurgitation (TR) with right atrial and right ventricular enlargement (RA, RV). 

LA, left atrium; LV, left ventricle. (b) The ductus arteriosus (PDA) has a focal narrowing (*) prior to its drainage into the descending aorta (DAo). (c) Spectral 

continuous-wave Doppler demonstrates an obstructive pattern given the extended flow into diastole and higher peak systolic velocity above 2 m s−1.

(a) (b)

Figure 8.45 (a) Pulsed-wave Doppler at the mitral and aortic valve continuity region demonstrates mitral inflow (E, A) which is above the baseline and 

left ventricular outflow (LVO) which is the pattern below the baseline. The time between the onset of the A wave and the beginning of ejection (LVO) 

represents a surrogate for the PR interval (Δt). (b) Pulsed tissue Doppler at the tricuspid valve annular free wall yields tissue motion in systole and diastole. 

The diastolic motion (e’ and a’) represent diastole while motion above the baseline occurs during systole. The isovolumic acceleration (iva) region represents 

motion occurring during left ventricular isovolumic contraction. The time between the onset of the a’ and the onset of the iva (Δt) is also a surrogate for the 

PR interval in the fetus.
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(a) (b)

Figure 8.46 (a) An M-mode across the atria and ventricle from the short axis view of the fetal heart yields far fewer ventricular contractions (v) compared 

with the atrial contractions (a) with no relationship between atrial and ventricular beats, consistent with third-degree heart block. (b) Pulsed-wave Doppler 

of the umbilical artery (UA) and vein (UV) simultaneously shows notching (arrowheads) in the umbilical vein during systole. This phenomenon represents 

cannon a waves that occur with atrial contraction during a closed tricuspid valve due to the atrioventricular disassociation. The umbilical venous flow is 

thus blunted during these times manifesting as notching.

(a) (b)

Figure 8.47 (a) M-mode of the atrial and ventricular wall demonstrates two atrial beats (a) for every one ventricular beat (v) with association, consistent 

with 2:1 flutter. (b) An M-mode through both atria shows the sudden onset and termination of atrial tachycardia, consistent with flutter.

(a) (b)

Figure 8.48 (a) The umbilical arterial Doppler shows the sudden termination and onset of supraventricular tachycardia (SVT), suggesting a reentrant 

mechanism. Sinus rhythm is also demonstrated (SR). (b) The M-mode through both atria again shows the sudden termination of supraventricular 

tachycardia in the same fetus who was diagnosed with orthodromic re-entrant tachycardia. LV, left ventricle; RV, right ventricle; UA, umbilical artery.
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Figure 8.49 Premature atrial contractions 

(PAC) can be easily demonstrated by an 

M-mode through the atria. In this example, 

the atria contract regularly ‘a’ until a 

premature atrial contraction which causes a 

compensatory pause and a delay until the next 

atrial contraction (*).

(a)

(b) (c)

Figure 8.50 The abnormal cardiovascular profile can be used to establish overall fetal well-being. In the first example (a), there is evidence of hydrops 

given the presence of pleural and pericardial effusion along with skin edema. The ductus venosus (DV) should have no flow reversal in the normal fetus; 

however, the second example (b) clearly shows flow reversal. Doppler of the umbilical vessels is important and in this example the normal diastolic flow 

in the umbilical artery (UA) cannot be seen, a marker for increased placental resistance. (c) Additionally, there is evidence of notching (arrowheads) in the 

umbilical vein (UV) just prior to the umbilical arterial systolic flow. The notching in this example probably represents increased right ventricular end-diastolic 

pressure resulting in diminished umbilical venous flow during that part of the cardiac cycle.



Pediatric Cardiovascular Medicine

152

Figure 8.51 This example shows a 

three-dimensional rendition of the left 

ventricular chamber in systole by acquiring a 

full volume set. An aneurysm is clearly seen 

towards the apex. The wire frame surrounding 

the left ventricular model represents the 

position of the ventricle at end-diastole.

(a) (b)

Figure 8.52 (a) This three-dimensional view shows a cleft in the anterior leaflet of the mitral valve (CL); the posterior mitral valve leaflet (PMVL) is shown 

posteriorly. (b) A double-orifice mitral valve can also be visualized using three-dimensional echocardiography. In this example, there is a larger orifice mitral 

valve (MVO1) and an accessory orifice mitral valve (MVO2). The left ventricular posterior wall (LVPW) and interventricular septum (IVS) are also 

demonstrated.

foreign bodies. Precise measurements of luminal area are 
also possible. Blood flow velocity can be measured by 
Doppler velocimetry, using a flexible guide wire system with 
a piezoelectric Doppler crystal mounted in the tip. For 
 simultaneous cross-sectional imaging and flow velocimetry, 

the ultrasound catheter may either be placed alongside or 
introduced over the Doppler guide wire.

The widest clinical and experimental application of intravas-
cular ultrasound has been in adult cardiology, where it is most 
often used to evaluate coronary arterial architecture before 
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Figure 8.53 After obtaining a full volume by three-dimensional echocardiography, the individual segments can be tracked throughout the cardiac cycle. 

In this example, a patient underwent biventricular pacemaker optimization for a dyssynchrony and the image labeled asynchronous shows that the 

segments achieve minimum size (y-axis) at various times (x-axis). After determining the optimal biventricular pacemaker settings, the segments achieve 

minimum size at nearly the same time (graph labeled synchronous).

Scan
plane

Vessel

Ultrasound
catheter

Longitudinal view

Transverse view

Figure 8.54 This is a diagram to represent the implications of an 

intravascular ultrasound catheter oriented in the vessel in a non-coaxial 

fashion (longitudinal view). The resulting transverse scan image appears as 

an ellipse rather than a circle.

Figure 8.55 Intravascular ultrasound image after balloon dilatation of 

a native aortic coarctation showing an echogenic intimal flap (arrow). 

(Reproduced with permission from Sohn et al. Circulation 1994;90:340–7.)

and after transcatheter dilatation, stenting, and atherectomy 
[99]. In children, intravascular ultrasound has had limited clin-
ical application. For the most part, it has been used to evaluate 
vascular and valvar lesions treated with transcatheter dilata-
tion when the ability to visualize clearly intimal flaps following 
balloon dilatation of aortic coarctation or pulmonary arterial 
stenosis may help to define more clearly factors associated with 
successful dilatation and, ultimately, to guide the interven-
tionalist in determining further management (Figure 8.55) 
[100,101]. Morphologic evaluation of the intermediate pulmo-
nary arteries and the coronary arteries may also prove useful in 

certain circumstances, such as in Williams syndrome, postop-
erative pulmonary atresia with unifocalized aortopulmonary 
collaterals, and Kawasaki disease [102,103].
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9 Radiographic Techniques
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Introduction

The complexity of the anatomy and physiology of patients 
surviving with congenital heart disease (CHD) is increasing 
exponentially. The majority will survive to adulthood, and 
the need for reintervention is common. As such, the field is 
placing new demands on imaging to diagnose and plan 
medical management, and also to identify the need for and 
timing of reintervention. There are a number of imaging 
modalities available to the clinician and radiologist.

Echocardiography has been, and remains, a mainstay of 
imaging in congenital heart disease. Despite its importance 
in rapid diagnosis and follow-up, it has limitations. A 
postoperative scar, chest wall deformities, overlying lung 
tissue, and large body size as the patient ages often result 
in suboptimal transthoracic echocardiographic windows. 
Transesophageal echocardiography, although providing 
improved acoustic windows, is limited by its small field of 
view and more invasive nature that often requires deep 
sedation or general anesthesia.

Cardiac catheterization, employing X-ray fluoroscopy and 
contrast angiography, has an expanding role in minimally 
invasive interventions, but its role as a diagnostic procedure 
is rapidly diminishing. This is partly due to its limitation as a 
2D projection imaging technique with poor soft tissue 
contrast and the substantial ionizing radiation exposure 
involved, and partly because both diagnostic and functional 
analysis are often better performed with noninvasive imaging 
techniques.

This chapter focuses on the evolving and expanding roles 
of other imaging modalities in diagnosing and monitoring 
patients with CHD, including cardiac magnetic resonance 
imaging (MRI), cardiac computed tomography (CT), and 

radionuclide scintigraphy. It finishes with a reminder that 
the simple chest X-ray (CXR) is still useful.

Cardiac magnetic resonance imaging

Cardiac MRI has emerged as an alternative, complementary, 
and frequently superior imaging modality for investigating 
anatomy and function in the patient with CHD. It has many 
advantages over other imaging modalities. It neither requires 
the use of iodinated contrast agents nor involves exposure to 
ionizing radiation. This is particularly important in patients 
who have been, and continue to be, exposed to large doses of 
contrast agent and radiation during hemodynamic and 
interventional catheterization. Additionally, many of these 
patients are children, who are more susceptible to the adverse 
effects of radiation. Major advances in MRI hardware and 
software, including advanced coil design, faster gradients, new 
pulse sequences, and faster image reconstruction techniques, 
allow rapid, high-resolution imaging of complex anatomy and 
accurate, quantitative assessment of physiology and function.

Cardiac MRI techniques

Cine MRI
ECG-gated gradient-echo (GRE) sequences can be employed 
to provide multiple images throughout the cardiac cycle in 
prescribed anatomic locations. Display of these images in a 
cine mode demonstrates the dynamic motion of the heart 
and vessels [1–3]. Cine MRI techniques, at a minimum, allow 
the assessment of anatomy, but more importantly, allow 
qualitative and quantitative assessment of physiology and 
function by quantifying chamber volumes, myocardial mass, 
and ventricular function. Further, cine MRI allows qualitative 
assessment of focal and global wall motion abnormalities, 
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qualitative and quantitative assessment of valve pathology 
including the mechanism and severity of valve regurgitation 
and the location and severity of valve stenoses, identification 
and quantification of intra- and extracardiac shunts, and 
visualization of other areas of flow turbulence.

MRI techniques for quantifying chamber volumes, 
myocardial mass, and ventricular function, both fast GRE 
[4–7] and balanced steady-state free precession (SSFP) 
imaging [1,2], have been extensively evaluated and validated 
[8–10]. Briefly, evaluation of function begins with obtaining 
a series of contiguous slices (cines) along the short axis of the 
ventricles, extending from base to apex. These images are 
played back in a cine loop and the end-systolic and end-
diastolic phases are chosen. The endocardial borders are 
traced at both time points and the epicardial borders are traced 
at one of the two time points (Figure 9.1). Ventricular volumes 
are then calculated as the sum of the traced volumes (area 
times slice thickness). Myocardial mass is calculated as the 
myocardial muscle volume times 1.05 g mm–3 (density of 
myocardium). From these data, ventricular end-diastolic 
volume, end-systolic volume, stroke volume, ejection fraction, 
myocardial mass, and mass:volume ratio can be calculated for 
both the right and left ventricles. Most computer workstation 
software packages for cardiac MRI analysis provide semi-
automated post-processing tools to maximize efficiency.

Spin-echo (black blood) imaging
ECG-gated spin-echo (SE) sequences, or black blood imaging, 
despite being static, have many benefits in this patient 
population. It allows assessment of anatomy with thin slices, 
high spatial resolution, and excellent blood–myocardium 
and blood–vessel wall contrast (Figure 9.2). Black blood 
techniques are superb for evaluating the spatial relationship 
between cardiovascular and other intrathoracic structures 
such as the chest wall and the tracheobronchial tree. These 
features hold particular relevance when delineating 
complicated native and postsurgical cardiac anatomy. Such 
techniques are also less susceptible to artifacts from metallic 
implanted devices, commonly seen in the CHD patient, such 
as stents, coils, occluder devices, clips, and sternal wires.

Flow quantification
Cardiac-gated GRE sequences with flow encoding gradients 
are used to quantify the velocity and flow of blood (Figure 9.3) 
[11]. These sequences are referred to as velocity-encoded cine 
(VEC) MRI or phase contrast (PC) MRI. 2D VEC MRI sequences 
are the most commonly used in clinical practice. They can be 
used to quantify cardiac output, pulmonary to systemic flow 
ratio (shunt), valvar regurgitation, differential lung perfusion, 
and coronary flow reserve. They can be used to observe the 
location and severity of flow obstruction. In addition, VEC 
MRI assessment of flow is useful for corroborating volumetric 
data obtained with cine imaging to assure the clinician or 
radiologist that the data obtained are accurate.

Newer VEC MRI sequences allow resolution of velocity 
vec tors in three directions, with spatial and coverage of a 
3D volume, temporally throughout the cardiac cycle. Such 
techniques have been termed 4D flow encoding [11–13] 
and even “7D flow” [14], and have the advantage of 
providing complete spatial and temporal resolution of 
velocity with a higher signal-to-noise ratio than 2D methods. 
Post-processing tools allow the construction of vector field 
plots that highlight the intracardiac and intravascular nature 
of flow. Ultimately, these techniques may shed light on the 
mechanism of disease and disease progression [13]. Although 
currently limited by long scan durations, faster imaging 
techniques will likely soon allow such methods to reach 
clinical practice.

Gadolinium-enhanced 3D angiography (3D MRA)
3D MRA sequences are typically not cardiac gated, and 
therefore do not allow assessment of intracardiac structures. 
Nevertheless, they provide excellent depiction of arterial and 
venous vascular structures (Figure 9.4). In a CHD patient, 
3D MRA plays a significant diagnostic role. It can diagnose 
systemic arterial anomalies such as aortopulmonary 
collaterals, shunts, vascular rings, and coarctation. It is useful 
in diagnosing pulmonary arterial abnormalities such as focal 
and diffuse stenoses and abnormal distal arborization 
patterns. 3D MRA methods are also useful for investigating 
systemic and pulmonary venous abnormalities, both 
congenital and postoperative. Finally, 3D MRA is useful for 
evaluating the relation between vascular and other thoracic 
structures. With faster techniques and navigator pulses, 
time-resolved 3D MRA and also noncontrast 3D MRA are 
becoming alternatives [12].

Coronary artery imaging, perfusion and stress 
imaging, and myocardial viability
Coronary artery abnormalities, ischemia, and myocardial 
fibrosis (scar) are important issues to be investigated in CHD 
patients who commonly have congenitally abnormal or 
postoperatively acquired coronary artery lesions. It is not 
uncommon to find an anomalous origin or course of the left 
or right coronary artery, postsurgical coronary obstruction 
(e.g., after arterial switch for transposition of the great 
arteries), coronary artery thrombus, and abnormal fistulous 
connections (e.g., pulmonary atresia with intact ventricular 
septum and right ventricular dependent coronary circulation). 
Identifying such abnormalities is often critical to planning of 
reintervention and/or medical management. In addition, the 
CHD population is aging sufficiently to develop atherosclerotic 
coronary artery disease. There is growing evidence to indicate 
that myocardial delayed enhancement in a number of subsets 
of postoperative CHD patients predicts poor outcome [15–
18]. There are a number of MRI tools available to study 
coronary artery anatomy and screen for ischemia or previous 
infarction/scar.



159

(a)

2-C

Axial
Short
Axis

4-C

(b)

Figure 9.1 (a) To obtain a stack of short axis cine images, a two-chamber (2C) view is prescribed from an axial cine, then a four-chamber view (4C) is 

prescribed from the two-chamber cine, then a short-axis stack is prescribed from the four-chamber cine at end-diastole. (b) Endocardial and epicardial 

borders traced on a stack of short-axis cine images at end-diastole.
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(c)

Figure 9.1 (cont’d) (c) Endocardial borders traced on a stack of short-axis cine images at end-systole.

Coronary artery imaging
Coronary artery imaging is performed using a 3D SSFP 
(steady-state free precession) imaging sequence that is both 
cardiac gated (to end diastole) and respiratory gated (navigator 
pulse). Yielded are high-resolution, nearly isotropic 3D 
images that demonstrate the origins and proximal courses of 
the coronary arteries. Although motion artifacts preclude 
assessment of distal stenoses, this proves a useful technique 
for evaluating anomalous coronary arteries.

Perfusion imaging and stress imaging
To perform perfusion imaging, pharmacologic stress with a 
continuous infusion of adenosine or a single bolus of 
dipyridamole is administered, a bolus of low-dose gadolinium 

contrast is given, and echo-planar (single-shot) images are 
collected in three short-axis planes covering the ventricular 
mass (base, mid, apex) to follow the contrast bolus as it 
makes its first pass through the heart and perfuses the 
myocardium. Adenosine is discontinued and, 10–15 min 
later, rest images are obtained with a second bolus of 
gadolinium. Alternatively, dobutamine stress can be 
performed. In this technique, rest cine images are obtained 
in the short-axis, vertical long-axis, and horizontal long-axis 
planes. Dobutamine is given in increasing doses (with an 
additional dose of atropine if necessary) to reach peak heart 
rate. Cine imaging is repeated at multiple time points as the 
heart rate rises and focal wall motion abnormalities are 
sought. In assessing atherosclerotic coronary artery disease, 
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(a) (b)

(c)

Figure 9.2 (a) Axial and (b) sagittal BB (black blood) images in a patient with a sinus venosus defect and partial anomalous pulmonary venous return. 

(c) Coronal BB image in a patient with a double aortic arch and airway compression, demonstrating this technique’s ability to assess the relationship of 

airway to vascular structures. Ao, aorta; LA, left atrium; RPA. right pulmonary artery; RVOT, right ventricular outflow tract; RUPV, right upper pulmonary 

vein; SVC, superior vena cava; SVD, sinus venosus defect.

(a)

Figure 9.3 An imaging plane is chosen perpendicular to the main pulmonary artery. (a) VEC MRI is then performed in this plane to produce magnitude and 

phase images. A region of interest encompassing the main pulmonary artery is chosen for each image in the cardiac cycle. From these data, a net flow is obtained.
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Figure 9.3 (cont’d) (b) Flow is then displayed allowing the calculation of peak velocity, net forward flow, and regurgitant fraction. (c) a “7D” flow in a 

patient with coarctation of the aorta.

(a) (b)

Figure 9.4 (a) MIP image of a 3D gadolinium-enhanced MRA in a patient with scimitar syndrome. (b) 3D reconstruction of a 3D gadolinium-enhanced 

MRA in a patient with severe native coarctation of the aorta (CoA) with significant collaterals.

adenosine MRI stress has a similar sensitivity and specificity 
to nuclear perfusion stress testing. Similarly, dobutamine 
MRI stress has similar sensitivity and specificity to dobutamine 
echocardiography. Finally, when combining both techniques 

in one cardiac MRI examination, there is added benefit in 
predicting poor outcomes [19–27].

The use of dobutamine MRI stress and adenosine MRI 
stress have been demonstrated in patients with repaired  
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tetralogy of Fallot, D-transposition of the great arteries 
following atrial switch procedures, and single-ventricle 
patients following Fontan procedures [28–31]. Often these 
studies have focused on reporting hemodynamic changes 
with stress rather than coronary ischemia. These have been 
small studies but they have demonstrated safety, accuracy, 
and reproducibility. Future studies are needed to demonstrate 
the usefulness of this technique in routine practice.

Myocardial viability (delayed hyperenhancement)
Myocardial viability imaging utilizes a T1-weighted inversion–
recovery GRE sequence in which the inversion time is chosen 
to null signal from the myocardium. Imaging is performed 
10–15 min after gadolinium administration. Gadolinium 
washes out of normal myocardium, but is trapped in tissue 
that has an increased extracellular space (fibrosis, scar, or 
inflammation) (Figure 9.5).

In summary, although still not as robust as routine coronary 
artery angiography with X-ray fluoroscopy or cardiac-gated 
CT angiography at investigating distal coronary artery 
lesions, MRI can image proximal coronary arteries well 
[32–35], evaluate myocardial perfusion and viability [36–39], 
and allow stress testing [40,41], all noninvasively and without 
exposure to contrast agents and ionizing radiation.

Indications
The indications for MRI in CHD patients are evolving and 
expanding as MRI technology advances and this population 
becomes more complex. In general, MRI is indicated in 
this population when transthoracic echocardiography is 

insufficient in providing adequate diagnostic information 
(e.g., postoperative CHD patients, adults with CHD), as an 
alternative to invasive and costly diagnostic catheterization, 
and when the unique capabilities of MRI can be exploited. 
For example, cardiac MRI is fairly effective in the segmental 
description of complex anatomy. It can diagnose and evaluate 
the severity of arterial and venous anomalies. Cardiac MRI 
is unrivaled in the quantitative evaluation of biventricular 
function, particularly the right ventricle, which is so often 
at risk in patients with CHD. It is frequently indicated to 
detect and quantify shunts, valvar and vascular stenoses, 
and regurgitant lesions. Finally, cardiac MRI is excellent at 
characterizing anomalous coronary arteries and evaluating 
myocardial perfusion and viability.

Cardiac computed tomography

Cardiac CT has historically been very useful in evaluating 
vascular anatomy. With the developments in high-resolution 
CT with broader anatomic coverage, faster speed, lower 
radiation dose, and flexible ECG synchronization, CT has 
emerged as a useful tool for assessing intracardiac anatomy, 
coronary anatomy, and myocardial function in CHD [42–44]. 
This newest technology allows faster acquisition times (often 
precluding the need for sedation in the young patient), 
improved spatial resolution, thinner slices, and decreased 
motion artifacts. Although such technology is proving 
invaluable in cardiovascular imaging in adults, its use in the 
pediatric population in the assessment of CHD has only just 
begun [45–47]. The CT imaging techniques for CHD are not 
the same as those for acquired heart disease and must be 
tailored to the specific anatomic structures and the purpose 
of the study.

Non-ECG-synchronized spiral CT
Since the development of multi-slice CT, non-ECG-
synchronized spiral CT has been useful for assessing 
extracardiac vascular abnormalities in CHD (Figure 9.6) 
[42,43,48]. It is unparalleled in its ability to provide spatial 
relationships of intrathoracic structures, including the 
vasculature and the airways. Multi-slice CT produces 
submillimeter isotropic volume data and greatly improves 
the image quality of the multiplanar reformatted and three-
dimensional CT images. Interestingly, with these newer 
techniques, the origins and proximal segments of the coronary 
arteries are observed in as many as 80% of CHD patients on 
the non-ECG-synchronized spiral CT images [49].

ECG-synchronized spiral CT
The introduction of the ECG-synchronized scan with either 
retrospective or, more recently, prospective triggering repre-
sents a dramatic advancement for CT imaging of CHD as it 
freezes the heart in motion and allows accurate assessment 

Figure 9.5 Delayed enhancement (arrows) along the RV outflow tract in 

a patient with tetralogy of Fallot after repair with a transannular patch. RV, 

right ventrical.
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of intracardiac, conotruncal, and epicardial structures 
and also ventricular volumes, wall mass, and function.
[42–44,50–52].

The relatively high radiation dose of retrospective ECG-
synchronized spiral scanning is primarily attributed to the 
low pitch that is necessary to obtain gapless ECG-
synchronized spiral data. Breath-holding is usually recom-
mended because this scan mode is relatively vulnerable to 
respiratory motion artifacts. The effective dose estimates of 
this scan mode for dual-source CT with ECG-controlled tube 
current modu lation are 2–6 mSv [50]. Retrospective ECG-
synchronized spiral scanning, however, allows image capture 
at multiple phases in the cardiac cycle, thus allowing the 
evaluation of end-systolic and end-diastolic ventricular 
volumes, stroke volumes, ejection fraction, and wall mass. 
The analysis tools are similar to those for analyzing short-
axis cardiac cine MRI.

Prospective ECG-synchronized sequential scanning is a low-
dose technique that can reduce the CT dose to 1–3 mSv [53,54]. 
Degraded ECG synchronization (stair-step artifacts) may occur 
with irregular heart rates with this technique. The artifacts are 
less pronounced in the images acquired at the end-systolic 
phase because the phase is relatively constant regardless of the 
heart rate. A limitation of this technique is the inability to 
perform multi-phase functional evaluation compared with 
retrospective ECG-synchronized spiral scanning.

Contrast delivery
Shorter scan times have reduced the amounts of iodinated 
contrast agent needed to provide optimal enhancement of 
the cardiovascular structures. A larger amount is necessary 
for patients with a large intracardiac or extracardiac shunt, 

substantial valvar regurgitation, and/or a severe chamber 
enlargement. The iodine delivery rate (calculated from both 
the iodine concentration and the injection rate) should 
be maximized to optimize cardiovascular enhancement. The 
intravenous injection site is important and it should be 
carefully selected in advance: for example, a leg vein is 
preferred for evaluating the aortic arch and a left superior 
vena cava; simultaneous injection of 50% diluted contrast 
agent through the arm and leg veins is preferred for 
evaluating Fontan pathways; the leg vein should not be used 
in patients who have undergone bidirectional cavopulmonary 
connection [43,44].

In addition to achieving adequate vascular enhancement, 
proper CT imaging of CHD, requires minimization of 
perivenous artifacts. A triphasic intravenous injection 
protocol, in which undiluted contrast agent is followed by 
50–60% diluted contrast agent and then by a saline chaser, 
was recently developed to improve the visualization of the 
right heart, minimize the amount of contrast agent required, 
and reduce the perivenous artifacts [55,56].

Clinical indications
The clinical applications of CT for CHD are rapidly growing 
and evolving. Classically, the extracardiac great vessels, 
including the aortic arch and the pulmonary vessels, have 
been evaluated with CT [42,43.48]. Evaluating the patency 
of vascular shunts, conduits, or stents is another traditional 
indication for CT [57]. A dedicated reconstruction algorithm 
for vascular stents has recently been introduced for better 
evaluation of in-stent stenosis [58]. Clear evaluation of the 
airways is a unique advantage of CT over other imaging 
modalities: vascular or nonvascular narrowing, anomalies, 

(a) (b)

Figure 9.6 (a) CT scan in a patient with tetralogy of Fallot after repair. This CT scan revealed a dilated right atrium (RA) and right ventricle (RV). (b) It also 

revealed a diffusely hypoplastic right pulmonary artery (RPA) and replaced ascending aorta (AAo), the complications of a previously placed Waterston shunt.
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and dynamic airway obstruction can be accurately evaluated 
with CT [59–61]. The introduction of the ECG-synchronized 
CT scan improves the visibility of those cardiovascular 
structures that are greatly affected by cardiac pulsation. They 
include the ascending aorta, the pulmonary trunk, the 

coronary arteries, and the heart itself [43,44,50,51]. In fact, 
some argue that CT provides equal or even better image 
quality of the epicardial coronary vessels than even invasive 
angiography (Figure 9.7). CT is particularly indicated in 
patients with pacemakers and defibrillators in whom cardiac 

(a)

(b) (c)

Figure 9.7 A 56-year-old man with situs inversus, dextrocardia, and L-transposition of the great arteries developed chest pain, ECG changes, and a 

troponin elevation. (a) CT coronary angiography demonstrated not only the location of the coronary ostia but also (b) allowed reconstruction to define the 

anatomic location of the coronaries in question. (c) This allowed the interventional cardiologist to locate the lesions angiographically. Two bare metal stents 

were placed successfully, resolving the patient’s symptoms.
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MRI is precluded, or in patients with metallic implants that 
create unmanageable artifacts on cardiac MRI (e.g., steel 
coils). It also can take the place of cardiac MRI if the question 
is strictly vascular anatomy and not intracardiac anatomy or 
cardiac function, because CT can answer these questions 
with a rapid study, often without sedation.

Limitations
There is less temporal resolution than with cardiac MRI or 
echocardiography. For this reason, its ability to characterize 
ventricular function is limited. There are no CT techniques 
to quantify flow. CT contrast agents, albeit improved and less 
toxic, still have well-documented renal toxicity. Finally, and 
importantly, there is significant radiation exposure associated 
with CT. It is critical for the clinician to consider this when 
ordering a CT, particularly in the young patient and the 
patient who has been, and continues to be, exposed to large 
doses of contrast agent and radiation during hemodynamic 
and interventional catheterization. Furthermore, gated 
studies and higher resolution studies are performed with 
higher radiation doses [62].

Radionuclide scintigraphy

Radionuclide methods often lack sufficient resolution to 
characterize complex morphology in CHD precisely, but can 
provide an accurate and reproducible quantitative assessment 
of the physiologic consequences of structural heart disease, 
including shunts, myocardial function, and myocardial 
perfusion.

Shunt
The radionuclide technique for shunt quantification was 
established and validated in 1973 [63]. The scintigraphic 
technique involves the rapid injection of a bolus of 
radionuclide (usually 99mTc-DTPA) into the circulation while 
monitoring the transit through the heart and lungs with a 
gamma camera (4–25 frames per second). The delivery of 
a compact, nonfragmented bolus of activity is critical to 
allow accurate determination of the size of the shunt. With 
good technique, the success rate should be >90%. It may be 
necessary to sedate infants and some children because crying 
simulates a Valsalva maneuver, which can impede entry 
into the thorax and lead to fragmentation of the bolus. As 
mentioned, 99mTc-DTPA is most commonly used for shunt 
studies. Doses are 200 μCi kg−1 body weight, with a minimum 
dose of 2 mCi. The advantage of 99mTc-DTPA over other 
technetium-based agents is the fairly rapid renal excretion, 
which leads to prompt clearance of background activity. 
This is important if a second injection is necessary to improve 
the quality of the bolus. In general, no more than two 
sequential injections are made because of dosimetry 
limitations.

In the absence of shunt, the appearance of contrast follows 
normal flow through the heart; right atrium, right ventricle, 
pulmonary artery, lungs, left atrium, left ventricle, and aorta. 
Persistence of pulmonary activity is consistent with a 
significant left-to-right shunt (usually with a pulmonary-to-
systemic flow ratio of >1.6:1). For a clinically significant 
range (1.2:1 to 3.0:1), there is good correlation with 
catheterization [63]. In right-to-left shunt, there is premature 
appearance of tracer in the ascending aorta. Other 
radionuclide techniques for quantifying right-to-left shunt 
include (1) intravenous injection of an inert radioactive gas 
such as 133Xe or 81Kr, which are entirely extracted from the 
blood by the lungs; persistence in the systemic arterial system 
demonstrates shunting, or (2) intravenous injection of 99mTc-
labeled macroaggregated albumin (MAA) particles. In the 
absence of right-to-left shunting, all particles are trapped in 
the lungs. In right-to-left shunt, the particles appear in the 
systemic circulation in proportion to the shunt flow, lodging 
in the capillary and precapillary beds of systemic organs 
(Figure 9.8). A series of whole-body images is taken to 
determine the percentage of right-to-left shunt as determined 
by the difference between whole-body counts and lung 
counts. The pulmonary-to-systemic flow ratio can be 
calculated as the ratio of lung counts and whole body counts. 
Administration of particles is safe, even in admixture lesions 
[64]. Finally, radionuclide techniques have a unique role in 
characterizing complex venous and arterial streaming; 
particularly useful in patients with surgical shunts [65,66].

Assessment of ventricular function
Radionuclide methods are well suited for assessing ventricular 
size and function in congenital heart lesions. Both first-pass 
and gated equilibrium methods for the determination of 
ejection fraction have been validated in children [67,68]. 
Quantitative assessment of absolute ventricular volumes 
[69] and determination of regurgitant fraction have also 
been reported in children [70,71]. For infants, the imaging is 
optimized by using a converging collimator to improve 
spatial resolution and increase the sensitivity. It is feasible to 
measure the ejection fraction even in tiny premature infants 
with the use of a pinhole collimator [72]. Ventricular size 
and function evaluations are useful at rest and with dynamic 
stress in a variety of congenital lesions, both before and after 
surgical correction [73,74].

Assessment of myocardial perfusion
The primary abnormality leading to the onset of myocardial 
ischemia is inadequate myocardial blood flow to meet the 
metabolic demands of the heart. The heart has limited energy 
stores and requires constant delivery of oxygen and substrates 
and removal of metabolic wastes via the coronary arteries 
in order to function properly. Moderate narrowing or 
stenosis of the coronary arteries is tolerated during the resting 
state without reductions in coronary flow or ischemia. 
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As myocardial demands are increased, such as during exercise, 
the resulting augmentation in blood flow in a stenotic 
coronary artery is often insufficient to maintain adequate 
perfusion. In this situation, the sequence of events is as 
follows: during exercise there is first a relative decrease in 
blood to a region of myocardium supplied by a stenotic vessel; 
second, a sudden decrease in contractile function due to the 
rapid exhaustion of energy stores and the accumulation of 
metabolites; third, electrocardiographic changes, including 
depression of the ST segments; and finally, the onset of chest 
pain. If normal blood flow is quickly restored, the chest pain 
resolves, electrocardiographic changes return to baseline, and 
contractile function returns. If there is some delay in 
restoration of flow, contractile function may remain depressed 
for up to weeks (stunned myocardium). If blood flow is 
chronically reduced at rest, resulting in a chronic state of 
ischemia, contractile function may remain chronically 
depressed (hibernating myocardium). If blood flow is not 
restored, irreversible damage leads to myocardial necrosis and 

the eventual replacement of myocytes with scar. This regional 
territory then has permanent functional abnormalities, and if 
much muscle is involved, heart dilatation and failure ensue 
and long-term prognosis is adversely affected. Detecting 
decreased myocardial perfusion by myocardial perfusion 
imaging, or scintigraphy, is therefore important in early 
prediction of these pathophysiologic changes.

Thallium
The most common agent for assessing myocardial perfusion 
is thallium, 201Tl, which is a cyclotron-produced radionuclide 
with a half-life of 73 h and a predominant emission energy 
of 80 keV. It behaves physiologically like potassium and is 
transported into cells largely by the sodium–potassium 
ATPase pump located on cellular membranes [75]. Myocardial 
cells extract thallium to a high degree. On the first exposure 
to the heart (first pass), there is uptake of more than 85% of 
the dose that reaches the myocardial cells (extraction 
fraction). As a result, the initial distribution of thallium 
provides a static map of myocardial perfusion at the time of 
injection. Thallium extraction by the myocardium depends 
on the delivery of the tracer (perfusion) and viable myocytes. 
Ischemic myocytes retain the ability to extract thallium 
(provided that some degree of perfusion is present); however, 
when ischemia is of sufficient severity and duration to lead 
to loss of membrane integrity (necrosis), thallium will not be 
extracted [76]. Figure 9.9 provides an example in a patient 
with a 70% stenotic LAD lesions.

Thallium also redistributes [77]. After the initial 
accumulation in the heart, the intracellular concentration 
gradients of thallium in the heart tend to equalize. As a result, 
regions with high blood flow and high concentrations of 
thallium wash out faster than do regions with lower blood 
flow or low concentrations of thallium. In fact, thallium may 
leave the normal areas of the heart and enter the areas of 
low concentration (ischemic territory) over time. The 
resultant delayed thallium image shows a more homogeneous 
distribution if the initial region of reduced uptake represented 
ischemia in a region of viable myocytes (see Figure 9.9). If 
the initial region of reduced uptake represented scar, a 
persistent defect appears on the delayed images.

Technetium-99m-labeled tracers
Although thallium has gained widespread popularity as a 
useful myocardial perfusion agent, there are drawbacks. The 
relatively long half-life (72 h) limits the amount of activity 
that can be injected because of dosimetry concerns. The low 
energy (80 keV) of the major photon emission poses potential 
problems because of soft tissue attenuation. Also, thallium is 
cyclotron produced, which limits its availability. Relative to 
thallium, 99mTc has the advantage of higher energy (140 keV), 
leading to less attenuation, a shorter half-life (6 h), allowing 
the administration of larger doses, and ready availability 
because it is generator produced.

Figure 9.8 A posterior whole-body image. Technetium-labeled 

macroaggregated albumin particles were injected intravenously and show 

localization to lungs, kidneys, and brain, indicating a right-to-left shunt.
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A number of 99mTc -labeled myocardial perfusion tracers 
have been developed. Of these newer agents, sestamibi has 
been most extensively studied. 99mTc-sestamibi, or Cardiolite, 
is a lipophilic, cationic complex of a class of compounds 
called isonitriles [78]. Sestamibi, like thallium, is delivered to 
the myocardium in proportion to blood flow. Its uptake is 
different from that of thallium, however. Sestamibi passively 
crosses the sarcolemmal membrane, and the driving force 
for uptake appears to be a large electrochemical gradient 
provided by the largely negative charge on mitochondria. 
Sestamibi shows little significant redistribution within the 
heart [79]. Separate injections of sestamibi are required for 
rest and stress assessment of myocardial perfusion.

The extraction fraction of sestamibi is lower than that of 
thallium (65% versus 85%) [80]. As a result, sestamibi may 
underestimate myocardial blood flow at high flow rates 
(>2 ml min−1 g−1) to a greater extent than does thallium [80]. 
In spite of this diffusion limitation, clinical results evaluating 
the sensitivity and specificity of thallium and sestamibi have 
been comparable [81]. Another property shared between 
sestamibi and thallium is the dependence on viable myocytes 
for extraction [82]. Sestamibi uptake is markedly diminished 
in irreversibly injured myocytes.

Application of perfusion scintigraphy 
in congenital heart disease
Myocardial perfusion scintigraphy has been applied exten-
sively to adults and during recent years also to children 
[83]. In children, perfusion imaging has been most widely 

used for the noninvasive identification of an anomalous 
left coronary artery from the pulmonary artery [84,85], 
as demonstrated in Figures 9.10 and 9.11. Perfusion 
abnormalities have also been induced with stress in adults 
with a variety of anomalous origins of the left coronary 
artery from the right.

Another clinical condition for which perfusion scintigra-
phy may be useful is Kawasaki disease [86]. Before the 
introduction of intravenous immune globulin therapy, up to 
20% of these patients developed aneurysms of the coronary 
arteries. With treatment, this incidence is decreased to 4%. 
About 30–50% of such aneurysms spontaneously regress 
within the first 2 years. The remaining may later thrombose, 
resulting in myocardial ischemia and infarction.

Evaluating the resting pattern of ventricular perfusion and 
function can help differentiate a segmental pathologic process 
related to large-vessel coronary disease from other causes, 
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Figure 9.9 Diagrammatic illustration of the relationship between 

myocardial blood flow at rest and during exercise and regional myocardial 
201Tl uptake in zones perfused by normal and stenotic coronary arteries. 

When thallium is injected at rest, there is a uniform distribution of the 

radionuclide through the myocardium (upper left). When thallium is 

injected during exercise, there is a relative diminution in thallium uptake 

in the zone perfused by the stenotic vessel (middle). Several hours after 
201Tl injection with exercise, there is “redistribution” and normalization of 

thallium in normal and stenotic zones (top right). (Reproduced from 

Beller GA, in Gerson MC (ed.), Cardiac Nuclear Medicine. New York, 

McGraw-Hill, 1987, pp. 349–69, with permission from The McGraw-Hill 

Companies.)
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Figure 9.10 Diagram showing the portion of left ventricular myocardium 

at risk for ischemia or necrosis when the left main, left anterior 
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(Reproduced with permission from Roberts WC, in Roberts WC (ed.), Adult 

Congenital Heart Disease. Philadelphia, FA Davis, 1987, pp. 583–629.)
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including cardiomyopathy, myocarditis, and small-vessel 
embolization. The pattern of thallium uptake can also suggest 
right and left ventricular hypertrophy and suggest the 
diagnosis of asymmetric septal hypertrophy.

Assessment of myocardial perfusion is becoming increas-
ingly important in evaluating and following patients with 
transposition of the great vessels status after an arterial switch 
procedure [87–89]. Concerns have been raised since the 
inception of the arterial switch procedure about the possibility 
that distortion or growth failure of the newly implanted 
coronary arteries may result in myocardial ischemia and 
possibly infarction. Some studies suggest that coronary artery 
manipulation and reimplantation do not cause late myocardial 
perfusion abnormalities, at least in those infants with 
successful initial results [89]. However, large perfusion 
abnormalities have been seen in the territories of occluded 
coronary arteries after the switch procedure [83].

Radionuclide assessment of inflammation
Gallium citrate (67Ga) accumulates in both acute and chronic 
inflammatory lesions of bacterial and nonbacterial etiology 
[90]. Mechanisms leading to gallium uptake have been 
reviewed by Tsan [90]. Gallium uptake has been described 
in a number of causes of inflammatory heart disease, including 
bacterial endocarditis, myocardial abscess, and pericarditis [91]. 

Animal studies have shown intense and uniform gallium 
accumulation in experimental myocarditis [92]. In addition, 
a high correlation between biopsy-proven myocarditis and 
gallium uptake has been demonstrated [93]. In nearly all 
reported instances of gallium uptake in myocarditis, the 
pattern of uptake is diffuse. even with characteristic electrocar-
diographic changes that mimic myocardial infarction [94]. 
Antimyosin antibody cardiac imaging has also shown success 
in detecting biopsy-proven myocarditis [95]. Antimyosin 
localizes to regions of myocyte necrosis in myocarditis, as 
opposed to the localization of 67Ga to the inflammatory 
component. Few studies have examined thallium uptake in 
myocarditis; however, focal thallium uptake or perfusion 
defects have been reported [96]. These defects, however, tend 
to be in nonvascular distributions. Experimental and clinical 
studies have confirmed that gallium accumulates in regions of 
acute myocardial infarction [97,98].

Coronary artery disease in infants
Myocardial infarction in neonates is rare and associated with 
high mortality. It usually occurs in the absence of CHD. 
Congenital lesions associated with myocardial ischemia 
usually present with myocardial infarction in later infancy or 
in childhood [99]. In infants with structurally normal hearts 
and coronary arteries, the most common causes of myocardial 
infarction are perinatal asphyxia and thromboembolic 
occlusion.

Plain film

Plain film analysis used to be one of the most important diag-
nostic tools in the assessment of CHD. With the development 
of echocardiography, the importance of plain film findings 
has decreased; however, it remains a very simple, inexpensive 
method to obtain important information about cardiac size, 
pulmonary vasculature, concomitant pulmonary disease, 
bone abnormalities, situs, bronchomalacia, and other fea-
tures. In many patients, the cardiac configuration is charac-
teristic enough to allow a specific diagnosis. Serial radiographs 
are also important because changes in heart size and pulmo-
nary vasculature have prognostic implications, particularly 
after an operation for the cardiac anomaly.

Technical factors
To evaluate the pulmonary vasculature, the chest radiograph 
must be properly exposed, neither overpenetrated nor 
underpenetrated. On an overpenetrated radiograph, the 
thoracic spine is clearly visible through the cardiac silhouette, 
whereas on underpenetrated X-ray films, the spine is not visible. 
In general, overpenetrated radiographs are interpreted as 
decreased pulmonary vasculature and underpenetrated 
radiograph as increased pulmonary vasculature.

Figure 9.11 Rest myocardial thallium uptake images by single-photon 

emission CT from a 2-month-old infant presenting with a left coronary 

artery originating from the pulmonary artery. On the left are preoperative 

images showing markedly decreased perfusion to the anterior and lateral 

walls (arrows) and dilatation of the left ventricle. Postoperative images on 

the right show almost complete normalization of perfusion and a dramatic 

reduction in the chamber size. (Reproduced with permission from 

Fernandez et al., Clin Nucl Med 1992:17:177–9.)
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The degree of inspiration is another technical factor 
affecting evaluation of pulmonary vasculature and cardiac 
size. During deep inspiration, the lung fields appear much 
darker because of the high content of air within the alveoli 
and are often interpreted as decreased pulmonary vasculature. 
In contrast, during expiration, a large amount of the air is 
expelled, and the lungs are denser and are often inter-
preted as increased vasculature or even pulmonary edema. 
A position of the diaphragm at the level of the ninth ribs 
posteriorly is considered to be an adequate respiratory effort. 
The degree of inspiration also has a profound influence 
on cardiac size. The heart is attached to the diaphragm by 
the cardiophrenic ligament and consequently follows 
diaphragmatic motion. In deep inspiration, the heart assumes 
a midline vertical position, giving the appearance of a small 
heart. In contrast, during expiration the heart assumes a 
more transverse position, simulating cardiomegaly.

Three features must be assessed when interpreting a chest 
radiograph: pulmonary vasculature, cardiac size, and cardiac 
contour.

Pulmonary vasculature
The pulmonary vasculature can be increased by disten-
tion of pulmonary arteries, pulmonary veins, or both. 
Radiographically increased arterial and increased venous 
pulmonary vasculature may be difficult or impossible to dif-
ferentiate, but there are helpful secondary signs. If increased 
vascular markings are present, they are likely to be arterial 
because increased venous vasculature is comparatively rare 
in childhood. Furthermore, the appearance of increased 
pulmonary venous vasculature in infancy and childhood 
produces a very characteristic pattern that differs from that 
in increased arterial vasculature.

What is observed radiographically is not increased pulmo-
nary flow but the size of the pulmonary arteries. Obviously, 
with enlargement of peripheral pulmonary arteries, an 
enlargement of the main pulmonary artery is also present, as 
evidenced by a prominent pulmonary arterial segment, if the 
great vessels are normally related (Figure 9.12).

If the peripheral pulmonary vasculature is increased and 
the main pulmonary arterial segment is not prominent, it 
may be either overshadowed by thymic tissue, common in 
infancy, or in an abnormal intramediastinal position, as with 
transposition complexes (Figure 9.13).

Increased pulmonary arterial vasculature may be difficult 
to diagnose in patients with a left-to-right shunt and normal 
pulmonary arterial pressure, as in patients with an atrial 
septal defect. Many young patients with an atrial septal 
defect have radiographically normal pulmonary vasculature 
but usually have right-sided cardiac enlargement.

The radiographic diagnosis of increased arterial vasculature 
becomes much more obvious if pulmonary hypertension is also 
present, as occurs with a shunt located beyond the level of the 
atrioventricular (AV) valves. In these conditions, enlargement 

of the pulmonary arteries occurs by both increased flow and 
pressure (Figure 9.12). In addition, increased pulmonary 
arterial pressure causes tortuosity of the pulmonary arteries, as 
evidenced by an increased number of arteries seen on end.

Figure 9.12 Typical left-to-right shunt with increased arterial vasculature. 

The arterial pattern is distinct. Numerous vessels are seen on end, 

suggesting tortuosity, which in turn indicates increased pulmonary artery 

pressure. With increased pulmonary artery vasculature, there must be 

enlargement of the main pulmonary artery, as seen here.

Figure 9.13 Posteroanterior radiograph showing transposition of the 

great arteries. The heart is enlarged and the pulmonary vasculature is 

increased. The main pulmonary artery, which is also enlarged, does not 

form a prominent pulmonary arterial segment because it is in an abnormal 

intramediastinal position. The mediastinum is narrow because of the small 

thymus.
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Increased pulmonary venous vasculature as a result of 
pulmonary venous occlusive disease produces a characteristic 
radiographic appearance, particularly in infancy. A typical 
example of pulmonary venous obstruction is total anomalous 
pulmonary venous connection below the diaphragm. This 
condition results in a characteristic granular pattern throughout 
both lung fields (Figure 9.14). This granularity is due to edema 
of the interlobar septa, and sometimes a small pleural effusion 
may be present. In general, pleural effusions caused by 
pulmonary venous obstruction are exceedingly rare in infants 
and children, in contrast to adults, who develop large pleural 
effusions with increased pulmonary venous pressure.

The radiographic appearance of pulmonary venous 
hypertension in neonates is difficult to distinguish from 
hyaline membrane disease. A small pleural effusion suggests 
venous obstruction, and pulmonary consolidation with an 
air bronchogram strongly favors the diagnosis of hyaline 
membrane disease.

In children who have chronic pulmonary venous hyper-
tension, redistribution of blood flow occurs (see Figure 9.15). 
In a healthy individual, relatively little blood flows through 
the upper lobes because of the gravitational effect on 
pulmonary pressure. In pulmonary venous obstruction, 
preferential flow occurs through the upper lobes. The likely 
explanation for redistribution is increased resistance to flow 
through the lower lobes because of interstitial edema, 
alveolar hypoxia, or reflex vasoconstriction of arterioles.

Concurrently, or somewhat later, another characteristic 
and diagnostic finding appears, namely Kerley’s B lines. 
These horizontal lines, best seen at the lung base and at the 
periphery of the lung, are caused by interstitial edema and 

later by fibrosis and hemosiderosis of the intralobular septa 
(Figure 9.16). Kerley’s B lines occur when the pulmonary 
wedge pressure exceeds 20 mmHg. They are rarely seen in 
infants and young children.

Later in life, signs of pulmonary venous hypertension 
show a different radiographic pattern, with transudation of 
fluid into alveoli resulting in an indistinct fluffy appearance.

Bronchial vasculature
In patients with pulmonary atresia and ventricular septal 
defect, and also more complex conditions with pulmonary 
atresia, the lungs may be supplied with bronchial arteries 
that can be recognized on a plain chest radiograph. Normally, 
the pulmonary arteries form a characteristic shadow in the 
hila, but this density is absent in patients with pulmonary 
atresia. The pulmonary vasculature may not be decreased 
but has a unique appearance. In contrast to pulmonary 
arteries, which have a characteristic regular fan-like pattern 
emanating from the hila, bronchial arteries lack regularity 
and are much more tortuous. As a result, numerous 
pulmonary vessels are seen on end.

Cardiac size
The most important value of a chest radiograph is probably 
evaluating cardiac size. Proper interpretation requires an 
understanding of the technical factors and anatomy of the 
heart.

Figure 9.14 Posteroanterior radiograph of acute pulmonary venous 

obstruction. Diffuse haziness over both lung fields and indistinctness of 

the pulmonary vasculature indicate frank pulmonary edema. Marked 

prominence of the right upper lobe pulmonary vein (arrows) further 

confirms venous pulmonary obstruction.

Figure 9.15 Posteroanterior radiograph of pulmonary venous 

hypertension showing the redistribution of blood flow (cephalization). The 

upper lobe pulmonary veins are distinctly seen (arrows). The heart is not 

enlarged, as is typical for left-sided obstruction proximal to the mitral valve.
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Figure 9.16 Close-up view of the right base. This shows typical 

horizontal lines (arrows) described as Lerley’s B lines. This is good 

radiographic evidence for long-standing venous pulmonary hypertension 

with wedge pressures above 20 mmHg.

There are many causes of apparent cardiomegaly. First, a 
common technical problem is an anteroposterior (AP) rather 
than a PA projection. Because of the divergence of the X-ray 
beam emanating from the X-ray tube, structures that are 
further away from the radiographic film are magnified more 
than structures located closer to the film. Because the heart 
is located anteriorly in the thoracic cavity, it is magnified 
more on an AP projection than a PA projection. Because the 
chest of an infant is small, the projection is not as important 
in the evaluation of cardiac size.

Second, the divergence of the X-ray beam is more 
pronounced when the X-ray tube is closer to the film. By 
increasing the film distance to 6 ft, the divergence of the 
X-ray beam can be minimized and a true nonmagnified 
image of the chest can be obtained. Portable X-ray machines 
use a 40 in film distance. Therefore, a heart may appear 
enlarged with a portable machine.

A third factor influencing cardiac size is the patient’s 
position. When the patient is supine, the diaphragm tends to 
be higher than when the patient is in the upright position. 
Therefore, the cardiac silhouette appears larger on a supine 
chest radiograph than in an upright radiographic study.

Another important factor is the degree of inspiration. The 
heart is attached to the diaphragm by the cardiophrenic 
ligament and moves with the left hemidiaphragm. On 
deep inspiration, the heart rotates into a left anterior oblique 
position, resulting in a small cardiac silhouette (Figure 
9.17a). On expiration, it rotates into a right anterior oblique 

(a) (b)

Figure 9.17 Posteroanterior radiograph of a small ventricular septal defect. (a) No significant cardiomegaly (deep inspiration); (b) during expiration, 

the heart assumes a transverse position.
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position, resulting in an apparent enlargement of the cardiac 
silhouette (Figure 9.17b). Typically, an individual with a low 
diaphragm, for example, a patient with asthma, has a vertical 
heart, which is pulled down by the low diaphragm; the 
cardiac silhouette appears radiographically small. However, 
a person with an elevated diaphragm, particularly an adult 
patient with obesity, shows an enlarged cardiac silhouette, 
although the heart may be normal in size. This variation in 
the radiographic appearance of the cardiac silhouette is a 
strong argument against the use of cardiothoracic ratio, in 
which the transverse diameter of the heart is related to the 
transverse diameter of the chest to assess cardiac size.

A final concept in the evaluation of cardiac size is the 
position of the heart within the thoracic cavity. The long axis 
of the heart passes obliquely to the sagittal plane of the 
thorax. Therefore, on a chest radiograph the long axis is 
foreshortened. Normally the cardiac axis is inclined about 
45° to the sagittal plane. If this angle is greater, hearts appear 
large on a PA view and small on lateral view (for example, 
an obese patient with a high diaphragms or a patient with 
a pectus excavatum deformity). If this angle is smaller, 
hearts appear small on a PA view and large on lateral view 
(for example, a patient with pulmonary emphysema). 
Consequently, cardiac size cannot be evaluated on a PA chest 
film alone, and the commonly used cardiothoracic ratio is 
inaccurate for evaluating cardiac size.

Characteristic plain film findings in CHD
A synopsis of characteristic plain film findings in various 
CHD lesions is presented in the relevant figures in this 
chapter. Emphasis is placed on the characteristic radiographic 
appearance.

Conclusion

The future of MRI will involve parallel processing and 
navigator pulses, which will decrease scan times and decrease 
need for sedation/anesthesia. Real-time imaging, MRI-
guided interventions, myocardial tagging assessment of wall 
strain, and 7D flow techniques will reach the clinical 
armamentarium in the near future, making MRI an even 
more useful tool in evaluating and managing this patient 
population. The evolution of higher field strength scanners 
(3 T) may augment some MRI tools.

CT techniques are continuously evolving. Second-
generation dual-source CT will decrease scan times and 
radiation dose [100]. Large-coverage volume CT (256–320 
slices) is emerging [101]. Other innovative technical 
developments include dual-energy lung perfusion and 
ventilation scan, new tube current modulation to reduce the 
radiation dose to superficial radiation-sensitive tissue, and 
combined ECG and respiration synchronization.

Nuclear medicine techniques are additionally growing in 
application and scope, with new radioisotopes and new 
applications being explored. Finally, the plain film is not just 
a historic imaging technique; rather, it remains an important 
diagnostic tool and also an important modality to monitor 
progression of disease and postoperative status.
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Introduction

The nature of invasive study of the heart has changed 
dramatically. Catheterization was initially developed to 
understand the anatomy and physiology of the cardiovascu-
lar circulation. For anatomic diagnosis it has largely been 
superseded by echocardiography, cardiac computed 
tomography (CT), and magnetic resonance imaging (MRI).

Equipment for cardiac catheterization 
in congenital heart disease

The catheterization laboratory
A number of standards have been published for the structure 
and contents of a modern catheterization laboratory [1,2]. 
The physical requirements in such a laboratory depend on 
the procedures to be performed. Although it is possible to 
perform limited studies with a mobile fluoroscopy arm 
outside a formal laboratory environment, this is far from 
ideal and should not be used as the basis for a catheterization 
program. At the other extreme are complex “hybrid” 
catheter/operating suites facilitating catheterization, surgery, 
or both within a single space [3]. The physical requirements 
for this laboratory exceed those for a standard catheter 
laboratory and are beyond the scope of this chapter.

Physical considerations for a catheterization laboratory 
include:
1 Adequate floor space: for a biplane laboratory, ideally 
∼30 × 24 ft (∼9 × 7.5 m) can reasonably accommodate the 
necessary staff and equipment. The catheterization 
equipment and monitors need to be situated so that there is 
enough space to access the patient easily for both anesthetic 
equipment and additional imaging, such as trans-esophageal 

echocardiography (TEE). The lateral fluoroscopic tube must 
be able to be removed easily before and after the procedure 
for safe access to the patient.
2 High-quality biplane fluoroscopic equipment with 
compound angulation, and intrinsic field size capabilities to 
cope with all sizes of patients with congenital heart disease.
3 Adequate numbers of high-quality, real-time monitors to 
display biplane images and hemodynamic data (ideally with 
additional monitoring to show directly TEE imaging and 
previous CT/MRI data on the main monitor rack 
simultaneously). Monitors should be installed on rails for 
easy movement and angulation so that operators can easily 
see them.
4 Sterile operative environment: although not strictly 
necessary for many catheterization procedures, a modern 
catheter laboratory, intended for increasingly complex 
interventional procedures in congenital and structural heart 
disease should have clean air filtration systems ideally on a 
par with a modern operating theater. This is particularly 
important for programs intending to perform trans-catheter 
valve replacements or “open” hybrid interventions.
5 Anesthetic equipment: in addition to the necessary space 
for general anesthesia, there should be piped-in anesthetic 
gas and oxygen supply, suction, and scavenging systems to 
remove escaped anesthetic gases.
6 Adequate room lighting that can be dimmed. An addi-
tional movable, powerful, and widely adjustable light should 
be available to illuminate vascular access sites, ideally on a 
ceiling-mounted boom to minimize the use of floor space.
7 Digital storage of angiographic data, so that they are 
immediately archived and available for review and on-line/
off-line analysis.
8 Auxiliary space: a separate room with appropriate 
recording facilities for hemodynamic information along with 
a microphone system to allow communication between the 
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catheterizing physician and the technician (over the noise of 
a busy catheter laboratory).

Catheterization laboratory staff
Minimum standards exist in many countries regarding the 
numbers of staff considered necessary for safe cardiac 
catheterization. In addition to the primary operator and a 
skilled assistant, we consider the following staff necessary to 
perform a congenital cardiac catheterization safely:
1 Dedicated cardiac technician: responsible for pressure 
monitoring, oxygen saturation determination, hemodynamic 
calculations, monitoring a continuous electrocardiogram 
(ECG), and maintaining the defibrillator system including 
remote pads where appropriate.
2 Radiographer: to minimize radiation exposure actively, 
ensure accurate calibration and angiographic measurements, 
and for the mandatory calculation of radiation exposure 
[a requirement of the UK mandatory Central Cardiac Audit 
Database (CCAD)].
3 A “running” member of staff, without other duties, but 
with specific knowledge of the location of equipment 
required in congenital cardiac catheterization.
In addition, most laboratories have a catheter scrub nurse 
available.

Disposable equipment
Catheterization of patients with congenital heart disease 
requires a large inventory of consumables. Individual clinicians 
and programs develop preferences for particular pieces of 
equipment and inventories change over the years. Therefore, 
the stock list of consumables varies from center to center.

A large program may carry as much as £500 000
(∼$800 000) worth of disposable equipment at any one time. 
Therefore, it is absolutely essential that the laboratory has an 
efficient system for restocking disposables and is realistic 
about minimum numbers of items necessary for safe 
procedures. Catheterizing cardiologists must ensure that the 
correct equipment is available before commencing a study, 
particularly if a patient requires general anesthesia.

Diagnostic catheterization

Until the capabilities of cardiac MRI reach their full potential, 
diagnostic catheterization remains the most reliable 
technique for obtaining hemodynamic and physiologic data 
in patients with congenital cardiac disease. As surgical 
techniques have improved, so too has the ability to treat 
increasingly complex patients and there is a continuing need 
for invasive cardiac assessment for this group of patients.

Precatheterization assessment
It is unnecessary and potentially unsafe to collect large, 
untargeted datasets routinely during a procedure, and 

 therefore catheterization studies should be goal oriented 
and guided by a thorough review of the available informa-
tion, including the patient’s notes and other pre-procedural 
 imaging.

The patient should be in the best possible physical  condition 
for an invasive procedure. This does not mean that 
 catheterization is contraindicated in sick patients; on the 
contrary, it sometimes can be the only investigation that 
allows an appropriate management plan. However, every 
effort should be made to deal with treatable co-morbidity 
such as acidosis, anemia, and heart failure prior to catheteri-
zation, and the catheterizing cardiologist, as always, must be 
mindful of the balance between risk and benefit for each 
patient [4].

As an absolute minimum, a contemporary two-dimensional 
echocardiogram should be reviewed before the procedure. 
Not only will this help guide the catheter study but it also 
identifies already established information that does not need 
further investigation, and decreases the use of unnecessary 
amounts of intravenous contrast material. Anomalies of the 
systemic venous and arterial circulation should be noted to 
plan the vascular access route [5].

An ECG may be required to establish the pre-procedural 
rhythm. An arrhythmia may need to be controlled prior to 
the procedure.

We do not routinely cross-match blood for diagnostic 
cardiac catheterization procedures, although stocks of 
universal donor blood are readily available in close proximity 
to our catheterization laboratory suite.

Most pediatric catheterizations require either general 
anesthesia or sedative agents. Either method is acceptable 
but each requires patient preparation and appropriate 
 monitoring. Although some investigations can be performed 
under general anesthesia using a laryngeal airway, this has 
limitations and militates against the use of trans-esophageal 
imaging, which cannot be performed without endotracheal 
intubation. Sedative agents, such as ketamine, promethaz-
ine, and morphine analogs, should be administered by 
 practitioners familiar with their use under the guidance of 
local protocols. There should be anesthetic support and 
 on-site intensive care available in the event of a problem. 
All catheterization laboratories should be equipped with 
 size-appropriate cardiopulmonary resuscitation equipment 
and staff properly trained to use it and apply resuscitation 
protocols.

The environment and monitoring during 
cardiac catheterization
Standard monitoring for all patients should include real-time 
ECG (two leads minimum), peripheral oxygen saturation, 
and blood pressure in addition to clearly displayed data 
obtained during the procedure. Neonates and infants require 
temperature monitoring and external warming devices 
to maintain body temperature even for the shortest of  



CHAPTER 10 Cardiac Catheterization and Angiography

179

proce dures. Ventilated patients should have appropriate 
anesthetic monitoring including the display of end tidal 
carbon dioxide and inspired concentrations of anesthetic 
agents. Blood gas and saturation monitoring is essential for all 
congenital cardiac catheterizations. Keeping track of the 
amount of blood withdrawn is necessary, especially for 
infants.

Vascular access
The percutaneous femoral route is preferred for diagnostic 
catheterization for most patients with congenital heart disease 
[6]. Vascular cut-down procedures are rarely performed in the 
modern era, but catheterizing cardiologists should be familiar 
with the technique as occasionally a cut-down may be 
desirable or necessary. In general, however, the best approach 
is the Seldinger technique, using a needle to introduce a wire 
into the target vessel. Almost every operator of any experience 
has their own preferred method for this form of vascular 
access. Beyond the absolute principle of understanding the 
external anatomy, in general familiarity through repeated 
practice of a particular technique should be encouraged as the 
best way of obtaining consistent results. Over recent years, 
ultrasound evaluation of target vessels has become increasingly 
accepted as the gold standard for central venous access [7]. 
Although not always necessary for every catheter procedure, 
all invasive cardiologists should be trained in the technique 
and be prepared to use ultrasound-guided access in specific 
circumstances. Although even relatively large sheaths can be 
inserted into the femoral veins of small infants (a 7Fr sheath 
can be inserted into the femoral vein for an atrial septostomy 
in babies weighing as little as 1.5 kg), the general principle of 
“as small as possible” should be observed, particularly in 
patients who are likely to require repeat studies.

The umbilical vein can usually be accessed easily in a new-
born infant up to ∼10 days after birth and is appropriate for 
a balloon septostomy, provided that the operator is familiar 
with negotiating the catheter through the liver [8].

Brachial, carotid, jugular, and axillary approaches can be 
used if the femoral route is unavailable or if the anatomy 
dictates an approach from above the heart. Brachial venous 
puncture is straightforward and, provided that the correct 
vessel is cannulated, usually offers a straight route towards 
the heart and great vessels, although the capacity of the 
vessel is limited in infants and smaller children, and brachial 
venous spasm may make catheter manipulation difficult. 
Brachial artery cannulation can be performed either 
percutaneously or via a cut-down procedure. The axillary 
vein can be accessed percutaneously (usually lying medial to 
the arterial pulsation in the distal axillary crease), but for 
this approach and for access to the axillary artery a cut-down 
procedure is preferable, allowing the direct insertion of a 
needle and wire into the vessel [9]. The internal jugular 
veins can be easily cannulated and offer an excellent 
alternative approach to the central venous system in patients 

of all sizes if the femoral vessels are occluded or an approach 
from above the heart is preferable. Generally, the right 
internal jugular is the best access approach, although at 
times the left vessel offers a better route to the target, but 
operators should always be mindful of a persistent left 
superior vena cava to the coronary sinus, which is common 
in patients with congenital heart disease. Infraclavicular 
access to the subclavian vein is often used. Although external 
landmarks are reasonably consistent, now we always use 
ultrasound to facilitate access of the jugular veins [7]. 
Vascular access is effected with lidocaine analgesia, the 
injection often being preceded by lidocaine cream.

Systemic anticoagulation with heparin is not performed 
for purely venous catheterization, but should be used in 
diagnostic procedures with arterial access at a dose of 
50 IU kg−1. If it is used, check activated clothing time every 
30–60 min. Some cardiologists apply anticoagulation if a 
venous procedure uses guidewires or for prolonged left-sided 
catheterization.

Vascular complications
Although the incidence of vascular complications after 
pediatric cardiac catheterization has fallen over the years, 
probably due to both greater awareness and progressive 
miniaturization of catheterization equipment, some problems 
remain [10–12]. In a recent report of over 11 000 patients 
reflecting contemporary practice, complications occurred in 
7.3% of patients; one-third were vascular complications and 
of these 20% were designated major [12]. All pediatric vascular 
access sites should be treated with care from the point of 
access to the equally important hemostasis after removing the 
access sheath. Although arterial access complications are 
clearly the more important, having the capacity to threaten 
both life and limb, central venous access points are also 
precious. There is an increasing capacity to deliver trans-
catheter treatment as an alternative to surgery in complex 
patients, but this requires access to the central venous system.

Other complications of cardiac catheterization
Vascular and other complications during cardiac 
catheterization have fallen dramatically over the years 
[12–14]. The reasons for this are numerous: techniques have 
been refined, cardiologists are better trained and supervised, 
equipment is more suited to the needs of infants and children, 
improvements have been made in intravenous contrast 
agents, and there is greater awareness of the dangers of 
catheterization in sick patients. A moribund, acidotic, poorly 
perfused neonate who has not responded to precatheteriza-
tion measures may die in spite of, rather than because of. 
catheterization [14]. Complications that can occur include 
death, cerebral or systemic embolus, cardiac perforation 
potentially leading to tamponade, heart block, arrhythmia 
(ventricular or supraventricular), hypercyanotic spells, 
sepsis, and vascular damage.
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Angiography

Although contrast medium-enhanced fluoroscopy is no 
longer the mainstay of anatomic imaging in congenital 
cardiology, angiograms remain an essential part of inter-
ventional pediatric catheterization. A working knowledge of 
how images are generated and also radiation protection 
issues for both patients and catheter laboratory staff are 
essential for all catheterizing cardiologists [15,16].

Generating X-rays and images
Current systems for generating X-rays consist of a rotating 
rhenium–tungsten anode target and a cathode made from a 
tungsten filament housed in a focusing apparatus. Voltage 
and current from the generator heat the tungsten cathode, 
generating electrons that flow from the cathode to the anode 
(with the patient in between). The electron flow is related 
directly to the number of photons produced by the tube, and 
measured in milliamperes (mA). Current multiplied by 
exposure time in milliseconds gives milliampere-seconds 
(mAs), a measure of total exposure to X-rays. The penetrating 
power of each photon depends on the electrical potential 
across the X-ray tube and is measured in kilovolts (kV). 
Picture density doubles with about a 10 kV increase in 
voltage or a doubling of mAs. Lower energy photons that do 
not participate in image production are prevented from 
entering the patient by a thin aluminum screen. In general, 
increasing kV produces greater penetration of X-rays whereas 
increasing mA increases image sharpness and the amount of 
scatter. To minimize blurring, the image intensifier should be 
as close to the patient’s chest as possible. In addition, a lead 
grid between the intensifier and the patient reduces the 
amount of scattered X-rays reaching the image receptor. The 
X-ray beam is attenuated by 50% by ∼4 cm of tissue. To 
obtain adequate tissue density in larger patients or some 
angulated views, either the voltage must be increased by 
10 kV or the exposure in mAs must be doubled.

The X-ray is automatically collimated so that the beam is 
directed within the confines of the image intensifier on the 
opposite side of the patient. Further manual collimation 
allows the beam to cone around the structure of interest, 
thus improving the quality of image by decreasing the 
amount of stray radiation striking the intensifier. Almost 
without exception, the X-ray tube is mounted such that the 
beam passes from under the patient to an intensifier above 
and from the right to left side of the patient in biplane sys-
tems. Modern equipment uses increasingly complex micro-
processors both to control the delivery of energy to the X-ray 
tube and for the interpretation of the data generated.

The image intensifier is the key receptor in the system, 
increasing the brightness of the image several thousand-fold. 
The light produced by the image intensifier is electronically 
boosted and directed to a camera with an optical lens to 

produce the final image in analog systems. In digital systems 
there is no optical lens, rather a microprocessor that processes 
the data and facilitates the display of the final image. The 
relative advantages and disadvantages of digital and analog 
systems are hotly debated, but in reality digital fluoroscopic 
image generation, manipulation, and storage are here to stay, 
and in time analog imaging systems will become obsolete.

Radiation protection
Direct primary exposure to ionizing radiation affects the 
patient for limited periods of time and cumulative secondary 
exposure leads to risk for personnel in the catheter laboratory 
[15,16]. There are a number of methods for measuring 
radiation exposure, the most practical and commonly used 
being photographic film (badges) usually worn underneath 
the protective lead used by catheterization laboratory staff.

The units used to measure radiation are complicated by 
overlapping terminology, particularly as the unit of exposure 
(the roentgen) differs from the unit of protection that 
describes the absorbed dose [16]. The roentgen (R) is the 
ionization that the beam from an X-ray tube produces in air 
and is the amount of radiation that produces 2.58 × 10−4 cou-
lombs (C) per kilogram of air. Exposure (rad and gray) and 
equivalent (rem and sievert) doses describe absorbed radia-
tion and are essentially a semantic distinction as the factor to 
convert the former to the latter for X-rays is one. The 
absorbed dose describes how much heating the X-rays pro-
duce in each unit of a specified material. The unit for absorbed 
dose is the familiar rad, which is 100 erg of energy deposited 
in 1 g of tissue, with the SI unit being the gray (Gy), which is 
1 J kg−1. The equivalent dose is the rem, which measures 
effective biologic radiation, and the analogous SI unit is the 
sievert (Sv). Equivalent doses are generally used in radiation 
protection as they describe the absorbed dose in biologic tis-
sue. Fortunately, conversion between units is generally sim-
plified in that under normal circumstances in the laboratory 
1 R approximates 1 rad = 1 cGy = 1 rem = 10 mSv.

The patient is exposed to radiation directly from the X-ray 
beam. Only ∼1% of the original X-ray beam reaches the 
image intensifier. Soft tissues absorb less radiation than 
denser tissues such as bone. Very roughly, when considering 
analog systems used in children, X-ray exposure has been 
estimated at between 50 and 1000 times that of plain chest 
X-ray exposure, depending on the type and length of 
procedure performed [17]. Radiation exposure with modern 
digital systems is significantly lower, and the dose savings are 
generally much greater for children than adults. The radiation 
dose is at least 10 times greater per unit time for 
cineangiography than fluoroscopy. Therefore, the additional 
advantage to the patient of a digital laboratory that obviates 
the need for cineangiography is self-evident.

Somatic effects of X-radiation are related to the 
radiosensitivities of tissues. The thyroid gland, gonads, bone 
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marrow, breast, and eye lens are more sensitive than are other 
tissues. Effects such as fibrosis, inflammation, cataracts, 
atrophy, ulceration, and malignancy (especially of the thyroid 
and involving bone marrow) have all been described [18,19].

Measures to decrease radiation effects start with the 
primary exposure to the patient. All equipment must be 
used in a specifically designed suite that contains the 
radiation produced. Vulnerable gonadal tissue should be 
protected in patients directly, where possible using lead 
shields. The use of the minimum amount of X-ray energy to 
produce the required image is important for point source 
reduction. Equipment must be well maintained and 
calibrated regularly. Magnification should be used judiciously. 
If a digital system is available, post-processing magnification 
is preferable to using a smaller intensifier. The X-ray should 
be collimated carefully with filters, and lead bars should be 
utilized to cone the beam around the area of interest. The 
image intensifier should be as close to the patient as possible. 
Importantly, every second of fluoroscopy should have a 
purpose, with intermittent screening providing the additional 
benefit of prolonging the life of the X-ray tube. Digital review 
of previously saved fluoroscopy scenes can significantly 
reduce exposure. As always, each study should be carefully 
planned to minimize catheter exchanges and therefore the 
use of catheters for multiple purposes can also help [20].

Short diagnostic angiograms are preferable to prolonged 
acquisitions, with the need for more than 6–8 s runs rarely 
indicated. Axial projections require more X-ray energy and 
are associated with additional radiation scatter, hence the 
operator must use these projections judiciously, especially 
during prolonged interventional procedures. Secondary 
exposure is caused predominantly by scatter and affects both 
the patient and staff. Catheterization laboratory staff are 
exposed to cumulative long-term permanent doses of radiation 
and so clear and effective policies to regulate and control 
radiation exposure must be in place. Shielding equivalent to 
0.5 mm of lead decreases the exposure by a factor of 50; hence 
its use over radiation-sensitive areas with aprons, shields or 
collars, and glasses provides substantial protection. The 
protective equipment should be screened regularly for defects. 
Steerable lead screens for use in prolonged procedures should 
be available. Staff should be aware of the inverse square law 
(the radiation exposure decreases proportionally to the inverse 
square of the distance from the X-ray beam) and should step 
away from the field during angiography. In addition, they 
should understand the areas of greatest exposure to scatter.

Contrast media

Contrast agents are based on iodine and function to increase 
the innate contrast that exists between tissues. Blood solubility 
and the side effects of these compounds are to a large extent a 
function of their chemical properties, primarily the capacity of 

a central benzene ring to bind to iodine atoms. Modern 
contrast agents contain benzene rings with the capacity to 
hold large numbers of iodine atoms and this reduces osmolality. 
However, these agents are more expensive than the standard 
higher osmolality contrast agents. Because of the higher 
osmolality (approximately six times that of blood), ordinary 
contrast agents cause far more side effects than low- or 
nonionic contrast agents [21–23]. The lower osmolality agents, 
including “nonionic” or water-soluble agents, are much safer 
(even though still hyperosmolar with respect to blood) and 
are used almost exclusively in pediatric catheterization 
laboratories in the developed world, particularly in patients 
with renal failure or ventricular dysfunction.

The incidence of major side effects with contrast agents is 
low, with death occurring in ∼1/40 000 injections and  serious 
but nonfatal reactions in ∼1/14 000 injections [24]. 
Pulmonary effects include an increase in pulmonary artery 
pressure and edema. Systemic effects include hypotension, 
peripheral vasodilation, and allergic reactions. Very rarely, 
massive histamine release can be encountered and  individuals 
with previous documented reactions to intravenous contrast 
agents require particular care. All contrast agents can 
lengthen the QT interval.

Safe absolute amounts of contrast agent in any patient 
depend on specific individual circumstances, but cumulative 
doses >6 ml kg−1 should be given with great care.

Injection techniques
Angiograms can be performed either manually (using a 
Luer-lock syringe) or using a power injector. Many 
operators prefer the tactile “feedback” of a syringe injection 
in smaller patients, but there is clearly a size limit beyond 
which a manual injection cannot opacify a vessel. Power 
injectors vary in design but all essentially deliver a constant 
pressure allowing for greater flow of contrast into the 
vessel. Many injectors (particularly those designed to 
work in modern digital systems) specifically interface 
with the fluoroscopy system, and so are not necessarily 
interchangeable with other injectors in a laboratory facility. 
Power injectors are set to deliver a user-defined volume of 
contrast agent over a period of time (in children always 
ml s−1) and most can be programmed to give a gradual step 
up in pressure (“rate rise”) to avoid catheter recoil, 
although in practical terms the physical properties of 
injector systems mean that a “square-wave” injection is 
not possible. Deciding upon the correct amount of contrast 
agent for any particular injection requires a mental 
calculation based on the chamber to be filled, the size of 
the patient, the presence or absence of a shunt, and the 
particular angiographic settings within the laboratory. 
Suffice it to say that this is learned with experience. The 
basic rule of thumb is that within a modern laboratory, in 
most children an injection of 1 ml kg−1 into a large vessel or 
chamber without a shunt is normally adequate. Injections into 
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ventricular chambers should be performed using either a 
pigtail or non-end hole catheter, for example, an NIH, or, if 
this is not possible, an end hole catheter, such as a Gensini, 
with sufficient side holes to deliver a large bolus of contrast 
agent. Other catheters can and have been used to provide 
satisfactory angiograms, but as is often the case in cardiac 
catheterization, attention to detail and applying the extra effort 
to execute each element of a study to the highest standards 
yield the best results. Before any power injection, a small test 
shot should be performed to ensure that the catheter is not 
wedged in the myocardium or entangled in another structure 
into which a large bolus of contrast may cause harm.

Occasionally, particularly in complex catheter interven-
tions, to maintain position it is desirable to perform angiog-
raphy over a guidewire. In these circumstances, it is 
preferable to use either a long sheath (e.g., a Mullins sheath, 
Cook Medical, Bloomington, IN, USA) with sufficient addi-
tional volume or a Multitrack catheter (NuMed, Hopkinton, 
NY, USA), specifically designed to provide high volumes of 
contrast agent over a guidewire.

Angiographic projections (Table 10.1)

Prior to the late 1960s, all angiography was performed in 
frontal and lateral projections (Figure 10.1a and b). 
Subsequently, axial angiography became valuable in cardiac 
malformations [25,26]. In standard nomenclature, the straight 
frontal projection is designated as 0°. Movement of the frontal 
intensifier to the left or right constitutes left or right anterior 
oblique projections (LAO or RAO), respectively, often further 
quantified by the degree of rotation. A rotation of 90° from the 
frontal projection designates the lateral view. The X-ray tube 
head can also be angulated towards either the patient’s head 
or feet, adding additional cranial or caudal tilt, respectively.

The ventricular septum is best defined in LAO (Figure 10.1c), 
with the inlet moving to outlet with  additional tilt to the left. 
LAO with cranial tilt also profiles the course of the atrial 
 septum and the main and proximal branch pulmonary arter-
ies. Ventriculo-arterial connections and branch pulmonary 
arteries are best seen in their respective axial tilts (for the 
normally positioned right heart in RAO and left heart in 
LAO) (Figure 10.1c and d). Pulmonary venous connections 
are variable but are again often best profiled in their respec-
tive axial angulation. Optimal angiographic projections 
require tailoring to each individual heart and the informa-
tion required from a particular study. This is particularly 
true for patients with atypical cardiac position or connec-
tions. When precisely defining anatomic position, biplane 
 angiography, particularly in “ordinary” frontal and lateral 
projections, is extremely useful, allowing a composite calcu-
lation in two interfacing planes (Figure 10.1a and b).

The need for complex and involved diagnostic angiogra-
phy is relatively rare, being superseded by other forms of 

imaging. However, every cardiologist must understand the 
basic axial angiographic views. Because of the sigmoid nature 
of the inter-ventricular septum and separation of the pulmo-
nary artery tree, the most commonly used view for showing 
these structures is the LAO projection, often with additional 
cranial tilt, commonly known as the “sitting view” referring 
to earlier days when the patient, not the X-ray tube, moved 
to achieve the required projection) [27] (Figure 10.1e and f). 
Atrioventricular connections in the normally positioned and 
connected heart are usually obtained in LAO projection. 

3D Rotational angiography

Recent advances in commercially available angiographic 
technology have made 3D rotational angiography a realistic 
prospect in modern congenital cardiac catheterization 
 laboratories. Data sets akin to those obtainable with high 
resolution multi-slice CT can now be obtained within a cath-
eterization study allowing increased diagnostic accuracy, 

Table 10.1 Common cineangiographic projectionsa.

View  A plane (°)  B plane (°)

Posteroanterior and lateral 0 90 (LAO)

Long axial (LV and PA) 30 RAO 60 LAO 

20 cranial

Hepatoclavicular 

(four-chamber LV)

30 LAO 

40 cranial

120 LAO 

15 cranial

Sitting up (cranial–caudal): 

RVOT, pulmonary arteries

0–7 LAO

40 cranial

90 LAO

Right bidirectional 

cavopulmonary connection

30–40 RAO 

20–30 cranial

90 LAO

Atrial septal defect 30 LAO 

40 cranial

Parked

Down-the-barrel 

transposition of the great 

arteries

30 RAO 30 LAO 

45 caudal

Selective biplane left 

coronary artery (No. 1)

30 RAO 60 LAO

Selective biplane left 

coronary artery (No. 2)

30 RAO 

30 cranial

60 LAO 

25 cranial

Selective biplane left 

coronary artery (No. 3)

30 RAO 

30 caudal

90 LAO

Selective biplane right 

coronary artery (No. 1)

30 RAO 60 LAO

Selective biplane right 

coronary artery (No. 2)

 30 LAO 

30 cranial

 Parked

aA plane, intensifier that records posteroanterior views; 

B plane, intensifier that records lateral or LAO views; LV, left 

ventricle; LPA, left pulmonary artery; RVOT, right ventricular outflow 

tract; LAO, left anterior oblique; RAO, right anterior oblique.
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Figure 10.1 (a) Biplane right ventricular angiogram in the anteroposterior (“frontal”) projection in a patient with pulmonary atresia with intact ventricular 

septum after ventricular decompression. Note the dysplastic pulmonary valve (thin red arrow). (b) Lateral projection [at 90° to (a)] in the same patient. (c) 

Pulmonary artery angiogram in the right anterior oblique projection (RAO) in the same patient. This view profiles the right pulmonary artery (RPA) (arrowed). 

Note the RPA appears faint because of “washout” from an aortopulmonary shunt. (d) Pulmonary artery angiogram in the same patient as in (a)–(c), 

but here in the LAO projection, showing the left pulmonary artery (red arrow). Note the extremely dysplastic pulmonary valve demonstrated on this 

angiogram (thin blue arrow). (e) Pigtail injection into the left ventricle in the left anterior oblique projection (LAO with cranial angulation) outlining the 

ventricular septum and the left ventricular outflow tract, here a patient with a perimembraneous ventricular septal defect (arrow). LV, left ventricle; 

RV, right ventricle; Ao, aorta. (f) “Sitting view” (LAO with cranial angulation) showing the pulmonary artery tree in a patient after unifocalization of 

pulmonary arteries and connection to the right ventricle with a restrictive right ventricle to pulmonary artery conduit. Note the stenosed origins of previous 

aortopulmonary collaterals (red arrow) and the remnants of a previous ductal stent (blue arrow) used to maintain ductal blood flow into the native left 

pulmonary artery. R, right pulmonary artery; L, left pulmonary artery.

(a) (b)

(c) (d)

(e) (f)
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a better understanding of the relationships between 
 structures and improved  understanding of the anatomy 
underlying targets for therapeutic intervention. Experience 
is currently limited and enthusiasm for the technique needs 
to be viewed in the light of the increased radiation doses 
required, technical difficulties in image acquisition (mainly 
movement artifact making general anesthesia a necessity) 
along with the need for post processing which currently 
takes minutes rather than seconds. However, there is cer-
tainly the potential for rotational angiography to develop 
into a clinically useful technique in mainstream practice in 
the future [27a].

Hemodynamic calculations

Physiologic recordings
It is very difficult to measure blood flow directly within 
the heart and great vessels. Therefore, calculations based 
on  surrogates are used. The most important element 
for hemodynamic calculations in the laboratory is the 
 accuracy of the readings and measurements themselves, 
Therefore, all equipment, including pressure recording 
transducers and oxygen saturation measuring devices, 
should be thoroughly checked and calibrated before any 
procedure.

Shunt calculations
Although many catheter laboratories and computerized 
reporting systems provide automated calculations, cardiolo-
gists must understand the fundamentals of hemodynamic 
calculations, many of which are simple and can be roughly 
but readily applied and adapted during the catheterization 
itself [28].

Flow and shunt calculations often depend on manipulating 
values for oxygen in the blood, and the following information 
is essential:
1 Oxygen-carrying capacity of blood (ml l-1)=13.6 ml 
O

2 
g-1Hb L-1blood. 

2 Dissolved oxygen (ml l−1) = 0.03 ml l−1 mmHg−1 partial 
pressure of oxygen.
3 Oxygen saturation (%) = percentage of oxygenated 
hemoglobin.
4 Oxygen content of blood (ml l−1) = [oxygen-carrying capac-
ity (ml l−1) × oxygen saturation] + dissolved oxygen (ml l−1).

Of most practical value is the pulmonary to systemic 
flow ratio (Qp:Qs). This is an important index upon which 
many of the early indications for intervention in congenital 
heart disease were based. To calculate Qp:Qs, heparinized 
blood from the aorta (or ideally a pulmonary vein), main 
pulmonary artery, superior vena cava, and inferior vena 
cava is obtained with the patient ventilated, preferably on 
normal inspired FiO

2
 concentrations, but not >30% 

inspired oxygen. The calculations should be based on 

samples obtained within a brief period, rather than random 
samples which may reflect differing hemodynamics. 
Patients breathing higher concentrations of oxygen are 
likely to have raised pulmonary artery oxygen 
concentrations, artificially elevating the calculated left-to-
right shunt. From these measurements, the following can 
be calculated.

The pulmonary to systemic flow ratio (Qp:Qs) is based on 
the Fick principle and although the oxygen-carrying  capacity 
of the blood and oxygen consumption (see later) are impor-
tant parts of the calculation of both pulmonary and systemic 
flow, they cancel each other out in the final analysis to give 
a simple equation [28,29]:

−
=

−
ao mv

p : s
pv pa

S S
Q Q

S S
 

where S is percentage saturation, ao = aorta, mv = mixed 
venous, pv = pulmonary vein, and pa = pulmonary artery, and

 × + ×
=

3   1
mv

4

SVC IVC
S

where Smv is mixed venous saturation, SVC is superior vena 
cava, and IVC is inferior vena cava.
The IVC saturation should be taken at the level of the 
 diaphragm to take into account hepatic venous return. 
Mixed venous saturation is to some extent inaccurate 
because of unmixed streams of blood with different oxygen 
saturations in the venae cavae and even in the right atrium. 
Because of this streaming, an increase in oxygen saturation 
of 7% at the atrial level, 5% at the ventricular level, and 2% 
at the pulmonary arterial level is needed to diagnose left-to-
right shunting at that level.

Assessing pulmonary venous saturation can also be difficult. 
A saturation measured within the left atrium can be substi-
tuted for the pulmonary venous saturation assuming that 
there is no shunt at the atrial level. In most patients, it is 
unreasonable to perform a transeptal puncture purely to 
measure a pulmonary venous saturation and so frequently 
the pulmonary venous saturation is assumed to be 98%. 
Patients with a left-to-right shunt are usually fully saturated 
and therefore the systemic saturation is always about 98%. 
Under these circumstances, the shunt equation becomes even 
simpler and an approximation of the calculation can readily be 
performed mentally without even writing the  figures down! 
The same equation allows an assessment of right-to-left shunt, 
but clearly in a desaturated patient, no assumptions can be 
made about systemic or pulmonary venous saturations.

Cardiac output, flow, and resistance
Thermodilution is the easiest technique with which to 
calculate cardiac output. The procedure requires introducing 
cold injectate of known temperature into the blood stream 
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and measuring the temperature further downstream, leading 
to a time–temperature curve that can be related to cardiac 
output [30]. Cardiac output determined by thermodilution 
is largely automated and correlates well with the Fick 
technique.

The dye dilution method uses indicator dye, usually 
indocyanine green, injected into the circulation. The 
concentration of the indicator is measured continuously and 
allows the construction of a first-pass indicator concentration 
curve [31]. The Stewart–Hamilton equation is then used to 
calculate cardiac output:

−
−

×
=

×
( 1

1

(mg) 60
l min )

(mg l ) ( )

I
Q

C t s
 

where I is the quantity of dye (mg), C– is the mean 
concentration in the absence of recirculation (mg l−1), and t 
is the duration of the curve (s).

Both thermodilution and indicator dye techniques require 
training and practice to produce reliable results. However, 
both rely on the assumption that pulmonary and systemic 
flow ratios are the same, which does not occur in patients 
with an intracardiac shunt, invalidating the techniques in 
many patients with a congenital cardiac defect.

Systemic and pulmonary flow
The Fick technique for calculating cardiac output is the most 
reliable in patients with intracardiac shunts but relies 
fundamentally on measuring oxygen consumption (VO

2
 ml 

min−1), a highly involved (and expensive) technique in its 
own right with a number of inbuilt potential errors [28,32]. 
Many laboratories rely on assumed oxygen consumption 
based on the age and gender of the patient rather than a direct 
measurement when calculating pulmonary vascular resistance. 
This approach introduces a fundamental and systematic error 
to all subsequent calculations [32]. Studies have shown a poor 
correlation between assumed and calculated oxygen 
consumption values, which many operators believe militates 
against the use of assumed oxygen consumption in calculating 
cardiac output and also flow and resistance [32].

The Fick technique assumes that the oxygen uptake in the 
lungs is in equilibrium with oxygen usage in the systemic 
tissues. As such, the difference between arterial and venous 
blood oxygen concentrations across a “circuit” (either the 
pulmonary or systemic beds) represents tissue oxygen utili-
zation. Pulmonary blood flow can then be determined by the 
following equation:

1 
−1

−
−=

−
Qp 2

1

VO (ml min )
(l min )

PV PA) oxygen content (ml l )(  

Where Qp is pulmonary blood flow, VO
2
 is oxygen consump-

tion, PV is pulmonary vein, and PA is pulmonary artery.

Oxygen consumption should ideally be directly meas-
ured, but if this cannot be done then oxygen consumption 
tables can be used [33]. Usually these values are then 
indexed for body surface area as this correction allows a 
natural progression to figures for pulmonary vascular 
resistance in Wood units. To perform this calculation, the 
calculated absolute flow is divided by body surface area. 
Thus in small child with a body surface area of 0.3 m2 an 
absolute flow of 2 l min−1 gives an index of 2/0.3 = 6.7 l 
min−1 m−2, about double the normal resting value, but 
which is very low for an adult with a body surface area of 
1.5 m2, because that cardiac index is 2/1.5 = 1.3 l min−1 m−2. 
The normal index is approximately 3.5 l min−1. The second 
crucial element in the equation is the oxygen content of 
the blood samples; this requires a calculation based upon 
the hemoglobin (g l−1) multiplied by 1.36. The oxygen con-
tent of each sample is then calculated by multiplying the 
oxygen-carrying capacity by the saturation. Using this 
technique, the difference between arterial and venous 
oxygen contents across a circuit (either pulmonary or 
 systemic) can be readily calculated and applied to the 
equation above.

Systemic flow (Qs) can be calculated by substituting the 
difference between pulmonary venous and arterial oxygen 
in the equation above with those for systemic venous and 
arterial oxygen contents. Examples of calculations are given 
in Table 10.2.

If pulmonary flow exceeds systemic flow, that is, if Qp > Qs, 
then the difference Qp – Qs is the amount of the left-to-
right shunt. If Qs > Qp, then the difference Qs – Qp is the 
amount of the right-to-left shunt. If there are both left-to-
right and right-to-left shunts, then oxygen saturation in the 
 pulmonary veins exceeds that in the aorta, and oxygen 
 saturation in the pulmonary artery exceeds the mixed 

Table 10.2 Calculation of flows and shunts.

Parametera

 

No shunt

 
Left–right 
shunt  

Right–left 
shunt  

Bidirectional 
shunt

VO2 (ml min−1) 250 250 250 250

Cpv (ml l−1) 200 200 200 200

Cao (ml l−1) 200 200 175 175

Cpa (ml l−1) 150 175 125 125

Cmv (ml l−1) 150 150 125 100

Qp (l min−1) 5.0 10.0 3. 33 10.0

Qs (l min−1) 5.0 5.0 5.0 3.33

Qep (l min−1) 5.0 5.0 3.33 2.5

Qlr (l min−1) 5.0 – 7.5

Qrl (l min−1)    –  1.67  0.83

aC, oxygen content.
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venous saturation. Then the concept of effective pulmonary 
flow (Qep), which is the amount of desaturated venous 
blood that is oxygenated in the lungs, is used:

Pulmonary vascular resistance (Rp) is expressed as

−
= PA LAp

p

P P
R

Q
 

where P
–

PA
 and P

–
LA

 are mean pulmonary arterial and left 
atrial pressures (mmHg), respectively, and Qp is pulmonary 
flow (l min−1).

If the left atrium cannot be accessed, then the pulmonary 
capillary wedge pressure can be substituted. Assuming that 
the pulmonary blood flow has been calculated as above and 
indexed correctly for body surface area, calculation of the 
equation becomes simple and leads to a pulmonary vascular 
resistance in mmHg l−1 min−1, commonly referred to as 
Wood units.

Trans-Pulmonary Gradient
Many operators prefer to use the “trans-pulmonary” 
gradient (the difference between the mean pulmonary 
artery pressure and the mean left atrial pressure) as an 
index of pulmonary vascular resistance, rather than Wood 
units. This approach removes all of the assumptions and 
potential inaccuracies related to the calculation of 
pulmonary blood flow. The normal pulmonary vascular 
resistance is <2 Wood units m−2, but that is only if flow is 
normal. If pulmonary blood flow is increased in normal 
subjects, as with exercise, the pressure in the pulmonary 

Table 10.3 Data for calculation of multiple left-to-right shunts.

Parametera  Oxygen saturation (%)  Oxygen content (ml l−1)

Cpv (ml l−1) 95 193.8

Cao (ml l−1) 95 193.8

Cpa (ml l−1) 85 173.4

Crv (ml l−1) 80 163.2

Cra (ml l−1) 75 153

Cmv (ml l−1)  70  142.8

aC, oxygen content.

−1
−

−=1 2
1

VO (ml min )
ep l min

(pulmonary vein - mixed venous)oxygen content(ml l )
( )Q  

Then Qp – Qep is the left-to-right shunt and Qs – Qep is the 
right-to-left shunt. For examples, see Table 10.2.

If there are left-to-right shunts at different levels, the pul-
monary blood flow at each level is calculated as if the satura-
tion in that chamber was the final saturation entering the 
lungs. Consider left-to right-shunts at atrial, ventricular and 
pulmonary arterial levels (Table 10.3).

Assume perfect mixing in each chamber and VO
2
 = 196 ml 

min−1. Calculate Qs as usual:

−= =
−

1196
s 3.84 l min

193.8 142.8
Q

If there had been no shunt beyond the right atrium, then the 
oxygen contents in the pulmonary artery and right atrium 
would have been the same. Therefore, Qp would have been

−= =
−

1196
p 4.80 l min

193.8 153
Q

and the left-to-right shunt would have been 4.8–3.84 = 0.96 l 
min−1. This is the shunt through the ASD.

If there been a shunt through the VSD, then Qp would 
have been

 −= =
−

1196
p 6.40 l min

193.8 163.2
Q

Then the difference 6.40–4.80 = 1.6 l min−1 must have been 
due to the extra flow across the VSD.

If we add in the ductus shunt, then Qp becomes

−= =
−

1196
p 9.61 l min

193.8 173.4
Q

The added flow comes from the ductus, so that the ductus 
shunt is 9.61–6.4 = 3.21 l min−1.

Note that for equal increments of saturation from one 
level to the next the shunt becomes larger and larger. This 
means that a small shunt beyond a large shunt may be dif-
ficult to detect because of the variability of saturations due to 
streaming.

Pulmonary Vascular Resistance
The calculations for pulmonary flow as described above are 
in themselves not particularly useful. In most patients, these 
calculations are performed to derive measurements of pul-
monary vascular resistance, which is of fundamental impor-
tance in decisions in many patients with congenital heart 
disease.
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artery barely changes because Rp decreases. Therefore, a 
child with a large VSD, high pulmonary blood flow and 
Rp = 2 Wood units m−2 has abnormal resistance, because at 
those flows Rp should be <1 Wood unit m−2. Using the 
transpulmonary pressure avoids this source of error.

Calculations of Rp should also consider the effect of blood 
viscosity. Resistance to flow of blood through a tube is a 
function of tube geometry (mainly length and radius) multi-
plied by blood viscosity. To assess the geometric factor alone, 
the resistance is divided by the viscosity to derive what is 
termed “hindrance.” For constant hindrance, halving the 
viscosity halves the resistance, and doubling the viscosity 
doubles resistance. Hence in patients with polycythemia and 
a hematocrit of 70% the viscosity is about doubled, and Rp is 
correspondingly increased. To assess what Rp would be at 
normal hematocrit (as in a child after a successful single ven-
tricle repair), the calculated value for Rp is divided by the 
relative viscosity, as determined by Figure 10.2.

Consider interpreting a pulmonary vascular resistance in 
the two patients illustrated in Table 10.4. Patient A with a 

resistance of 4 Wood units m−2 normally would be a candi-
date for a Fontan repair. If, however, the preoperative 
hematocrit was 20% and the hindrance was actually ele-
vated to 195, then after operation if the hematocrit returns 
to a normal value of 45%, with that same geometric factor 
(hindrance) the resistance would be ∼8 Wood units m−2. In 
patient B, a resistance of 8 Wood units m−2 might normally 
preclude a single ventricle repair. The preoperative hemat-
ocrit of 70%, however, indicates a lower hindrance and 
therefore favors a good outcome, because the postopera-
tive resistance at a normal hematocrit would be ∼4 Wood 
units m−2.

Pressure measurements in chambers and vessels ideally 
require high-fidelity recordings that are difficult to achieve 
through long, narrow catheters. Catheter movement, espe-
cially in the right ventricle, may distort tracings and give a 
sharp, excessively large systolic peak referred to as “fling” 
that must be allowed for. Furthermore, formation of air bub-
bles in the catheter from air dissolved in the saline damps 
the pressure tracing, so that frequent flushing with saline is 
required. A discussion of damping and its determination 
during clinical procedures was provided by Glantz and 
Tyberg [34].

Important weaknesses and sources of error 
in physiological calculations
When carrying out a diagnostic study in which the primary 
objective is to calculate physiological variables, it is impor-
tant to be mindful of the following:
1 Ensure that the patient is appropriately ventilated because 
high end tidal CO

2
 and high FiO

2
 can both exert a significant 

influence on the figures generated.
2 Ensure that the patient is stable and that there is no 
acidosis (check an arterial gas at the beginning and the end 
of the procedure).
3 Ensure that you are familiar with the techniques. 
Calculations of outputs and in particular measurement of 
oxygen consumption require considerable expertise.
4 Do not assume that pulmonary artery pressure is analogous 
with resistance.
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Figure 10.2 Relationship of hematocrit to changes in blood viscosity 

both relative to plasma and to a standard viscosity at 45% hematocrit. 

P, poise.

Table 10.4 Effect of viscosity on Rp.

Parameter

 

Patient A   Patient B   

Preoperation Postoperation Preoperation Postoperation

Hematocrit (%) 20 45 70 45

Rp (Wood units m−2) 4 8 8 4

Relative viscosity 0.5 1 2.0 1.0

Hindrance (mmHg l−1 min−1 m−2 P−1)     195   195   100    100 
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5 Take care with calculations, particularly corrections for 
body surface area, which if inserted at the wrong point can 
invalidate the calculations.
6 Although dissolved oxygen contributes little to calculated 
flows when the patients are breathing air, the amount 
increases considerably when they are breathing 100% 
oxygen. At a partial pressure of 500 mmHg, there will be 
15 ml of dissolved oxygen per liter of blood. Disregarding this 
contribution to the arteriovenous difference in oxygen 
content will give a falsely high value for Qp and a falsely low 
value for Qs.

Therapeutic cardiac catheterization

Introduction
Cardiac catheterization is also a means of treating congenital 
cardiac anomalies. The first attempt to perform a therapeutic 
catheter procedure was in 1953, when Rubio-Alvarez et al. 
tried to perforate a pulmonary valve with a wire [35]. This 
procedure was far before its time and was not repeated. In 
1966, Rashkind and Miller performed a balloon septostomy 
in an infant with transposition of the great arteries, and the 
era of transcatheter intervention was born [36]. The 1970s 
saw a significant expansion of therapeutic possibilities in the 
catheterization laboratory. By the 1980s and 1990s, 
interventional cardiac catheterization had moved well beyond 
the “proof of concept” stage and for many lesions a trans-
catheter approach had achieved acceptance, either as the 
preferred treatment or as an acceptable alternative to surgery 
depending on specific clinical circumstances. The latter half of 
the 1990s saw the maturation of technology leading to an 
explosion of devices and equipment, vastly expanding 
treatment options in the catheterization laboratory. Current 
practice of cardiac catheterization in congenital heart disease 
bears little resemblance to that of even 15 years ago, and the 
drive for development shows little sign of slowing.

All therapeutic catheterization procedures need the skills 
of specialists who have had additional training [1,37]. The 
wide variety of techniques and the large inventory of equip-
ment necessary for modern catheterization in congenital 
heart disease mean that these are no longer techniques that 
should be carried out by every pediatric cardiologist or even 
every unit practicing pediatric cardiology. Pediatric cardiolo-
gists performing therapeutic catheterization and congenital 
cardiac surgeons increasingly rely on each other to obtain 
the best results for patients [38]. In the modern era, neither 
discipline should exist in a particular cardiac unit without 
the availability of the other [1,37].

Balloon atrial septostomy
This is a potentially life-saving procedure in a newborn 
infant with transposition of the great arteries and restrictive 
atrial septum (∼10% of these patients). These infants can be 

desperately sick very soon after birth from lack of mixing at 
atrial level, and balloon atrial septostomy is the only 
procedure to prevent the inevitable decline of progressive 
cyanosis and acidosis. In addition, there are a small number 
of babies with hypoplastic left heart syndrome and a 
restrictive atrial septum who may require a balloon 
septostomy. The need to relieve an inter-atrial restriction in 
other forms of single ventricle physiology is debated. In our 
opinion, there is no role for routine atrial septostomy in 
these patients, although the atrial septum should be carefully 
examined using echocardiography and the procedure 
performed if there are concerns.

The most commonly used balloon for atrial septostomy is 
the Miller–Edwards balloon (Edwards Lifesciences, Irvine, 
CA, USA). The balloon has changed very little since the 
original design attributable to William Rashkind. It is a single 
lumen latex balloon with an angle of approximately 30° at 
the distal end to facilitate passage across the atrial septum. 
The balloon is available in two inflation sizes (1.8 and 4 ml) 
and requires a 7Fr introducer sheath. The alternative to the 
Miller–Edwards balloon is the Z5 atrioseptostomy balloon 
(NuMed), a non-compliant balloon available in two sizes 
designed to be introduced over the wire through a 6Fr 
sheath.

In a neonate with simple transposition of the great arteries, 
a balloon septostomy, using a Miller–Edwards balloon can be 
safely performed either in the catheter laboratory or at the 
bedside using trans-thoracic ultrasound guidance [39]. 
Access must be from either the femoral vein or the umbilical 
vein, as this balloon cannot be negotiated across the atrial 
septum from the internal jugular route. After venous access 
has been established, the balloon is passed up through the 
inferior vena cava with the stylet inside. Once in the right 
atrium, the stylet is removed and the balloon passed into the 
left atrium using the distal tip angle. Within the left atrium, 
the balloon is inflated to the maximum diameter and rapidly 
withdrawn to the right atrium with a “jerk” or “tug” while 
making an effort to control the distance of the withdrawal so 
that the balloon does not enter the IVC. This should be 
repeated 2–3 times until there is a wide jet across the atrial 
septum on color Doppler. Potential complications of the 
technique are damage to the mitral or tricuspid valve 
(particularly if the balloon is mistakenly inflated in the left 
ventricle rather than the atrium), damage to the IVC if the 
balloon is forcibly pulled too far back, femoral vascular 
damage, and stroke, although generally these complications 
are rare [40–42].

Static balloon dilation
Although a relatively limited technique, because of the high 
incidence of recurrence, there are patients in whom a static 
“over the wire” dilation of the atrial septum with a standard 
angioplasty balloon can be employed. An advantage of this 
approach is that a much larger balloon can be used compared 
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with a standard septostomy catheter where only two sizes 
are available. Therefore, a larger opening can be created, 
although the technique is bedeviled by recurrence, 
particularly in older patients with a thick atrial septum. The 
procedure is relatively simple and essentially analogous to a 
balloon atrial septostomy except that a wire is passed across 
the atrial septum and positioned in one of the left pulmonary 
veins. A balloon, or multiple balloons, if necessary can then 
passed over the wire and inflated within the atrial septum. 
The procedure should be performed in the catheter laboratory 
and, because of the space constraints, generally a shorter 
balloon should be used.

Blade atrial septostomy
When balloon septostomy was extended to lesions other 
than transposition of the great arteries, particularly in infants 
and children older than 1 month, the results were less 
satisfactory and only temporary. At that age, the septum is 
usually too thick or tough, and the balloon stretches the 
existing hole only temporarily, if at all. As a nonoperative 
solution to this problem, the Park blade septostomy catheter 
was developed [43]. At the distal end of a Park catheter, a 
small recessed blade can be extended and retracted by a slide 
mechanism at the proximal end. There are three blade 
lengths: 1.0 and 1.34 cm in a 6Fr catheter and 2.0 cm in an 
8Fr catheter. The purpose of the blade is first to create a small 
incision in the septum, which can then be torn further with 
a standard balloon atrial septostomy as described above.

The blade catheter is positioned in the left atrium through 
a long sheath that has been passed into the left atrium either 
through a pre-existing opening or by a trans-septal punc-
ture. The blade is opened carefully in the left atrium with the 
tip facing either the patient’s right or left, but always anteri-
orly. The blade is withdrawn slowly and forcefully through 
the septum into the right atrium. This process is repeated 
one or more times, changing the angle of the blade with 
each withdrawal. When little or no resistance to the blade 
pull-through is apparent, the blade procedure is followed by 
a balloon atrial septostomy.

Not surprisingly, complications, such as atrial perforation 
or damage to other cardiac structures, can occur, so blade 
septostomy catheters should only be used by operators who 
have considerable experience with the technique.

Stenting of the atrial septum
This technique has become increasingly popular over recent 
years, often as an alternative when blade septostomy is seen 
to have unacceptably high risk (very small infants) or for 
patients (again usually infants) who require temporary relief 
of atrial obstruction, usually following recurrence after 
standard balloon atrial septostomy. An example is infants 
with hypoplastic left heart syndrome who have undergone 
“hybrid” palliation and require completely unrestrictive flow 
across the atrial septum for 3–6 months before definitive 

palliative surgery [38,44] The technique has also been used 
with some success to improve mixing in adults with 
uncorrectable cyanotic cardiac lesions.

Generally, patients selected for this procedure have a 
thicker muscular atrial septum. If there is no atrial 
communication, a trans-septal needle is used to perforate 
the septum. Once across the septum, a supportive wire is 
positioned in one of the left pulmonary veins and a long 
sheath placed in the left atrium. A balloon-mounted stent 
[in our experience currently either a Palmaz–Genesis (Cordis, 
Bridgewater, NJ, USA) or an LD Max stent (EV3, Plymouth, 
MN, USA)] is positioned across the septum. Clearly, the 
correct length of stent is critical; as a general principle, 
shorter lengths are preferable considering stent shortening 
at the desired final diameter. Using both angiography through 
the sheath and echocardiography to assist, the stent is 
positioned evenly across the septum before dilation. 
Complications include stent embolization and in smaller 
patients interference with adjacent valvar structures.

Balloon dilation procedures
Kan et al., using a newly developed dilation balloon, first 
reported successful dilation of the pulmonary valve in 1982 
[45]. This led to a number of reports in quick succession 
describing successful pulmonary valve dilation followed 
subsequently by balloon dilation of aortic and mitral valve 
stenosis. Many publications, including registry data of large 
numbers of patients, attest to the success and durability 
of balloon dilation procedures [46,47]. A number of 
commercially available balloons are suitable for valvoplasty 
and other forms of balloon dilation. Most are made from 
polyurethane or polyethylene and are noncompliant (or in 
some “semi-compliant”) at the stated inflation diameters. A 
desirable characteristic in modern balloons is relatively short 
tapering ends. There is a trend towards smaller shafts, shorter 
tips, and better profiles both before and after inflation. 
Currently available balloons are available in diameters 
ranging from 2.5 to 30+ mm, and fit through sheaths as 
small as 3Fr and deliver circumferential pressures between 
2.5 and 20 atm.

Specific descriptions of pulmonary, aortic, mitral, and 
tricuspid valve dilation and also coarctation angioplasty are 
given in their respective chapters.

Systemic venous dilation
Obstruction to superior vena caval (SVC) flow often follows 
scarring related to surgery or previous intravenous lines. 
Although these stenoses can be dilated with a balloon, usu-
ally a stent is required to reduce the risk of recurrence in the 
long-term [48]. Intra-atrial obstruction is relatively common 
after atrial switch procedures to correct transposition of the 
great arteries. The onset is usually gradual, giving time for 
the formation of collateral vessels if the obstruction is severe, 
so that symptoms are rare, although there have been reports 
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of edema, ascites, and protein-losing enteropathy. Treatment 
is indicated for the relief of such symptoms, or to preserve 
patency of the superior baffle limb in patients who may 
require endocardial pacing later.

Technically, balloon dilation of these stenoses is straight-
forward. The lesion is crossed and a stiff support wire posi-
tioned. Balloon angioplasty is then performed with an 
appropriately sized balloon. Acute improvement in the nar-
rowing results, but often this is not maintained long-term. 
Currently, most operators advocate primary stenting rather 
than balloon angioplasty for these lesions [49]. Published 
series suggest that angioplasty alone can be effective and safe 
[50], but major complications have been reported [50].

Pulmonary venous dilation
Obstruction in pulmonary veins of any nature, either pri-
mary or secondary to previous surgical correction, responds 
only transiently to either balloon dilation or the insertion of 
stents [51,52]. The only exception is pulmonary venous ste-
nosis occurring after radiofrequency pulmonary venous iso-
lation for atrial fibrillation. These lesions occur because of 
fibrous scarring and may respond to cutting balloon angi-
oplasty [53]. This indication aside, generally the technique 
has been abandoned by most centers.

Intravascular stents
Often following apparently successful balloon dilation of 
vessels, the stenosis recurs either immediately after deflating 
the balloon or in the subsequent weeks or months. Since the 
late 1980s, balloon-expandable stents have been deployed to 
prevent elastic recoil and dramatically improved results [54]. 
Most stents used to treat patients with congenital heart 
 disease were originally designed for placement in the iliac or 
renal arteries, but are also effective in other vessels such as 
the pulmonary artery and the aorta (Figure 10.3a and b). 
Over recent years, stents specifically designed for use in 
 congenital heart disease populations (e.g., the Cheatham-
Platinum stent, NuMed) have become commercially 
available. Covered stents are also routinely used for exclud-
ing aneurysms and unwanted/abnormal vascular structures 
(Figure 10.3c and d).

Stenosis of systemic veins, pulmonary arteries, and coarc-
tation of the aorta are examples of lesions that can be treated 
using stents with good long-term results [49,50,54,55]. In 
addition to long-term treatment, stents have also been used 
as effective short-term palliation within the right ventricular 
outflow tract (tetralogy of Fallot) [56] and the patent ductus 
arteriosus (duct-dependent congenital heart disease) [57].

Stent delivery is a more involved technical procedure than 
standard balloon dilation, with the addition risks of stent 
embolism and jailing of adjacent vessels. Stent delivery 
requires a mastery of specific techniques and knowledge of 
the technical characteristics of equipment, both of which are 
beyond the scope of this chapter.

Radiofrequency perforation in pulmonary atresia 
intact ventricular septum
A biventricular circulation can be established in patients 
with pulmonary atresia and intact ventricular septum pro-
vided that patients are correctly selected [58]. Transcatheter 
decompression of the right ventricular outflow tract is one of 
the most technically demanding catheter procedures. 
Continuity between the pulmonary artery and the right 
ventricle can be established using a number of approaches, 
although in recent years perforation of the valve plate using 
a radiofrequency wire has become by far the most common 
[59]. After thoroughly evaluating the anatomy, a guide cath-
eter is placed in the right ventricular cavity and manipulated 
into the right ventricular outflow tract. The catheter must be 
positioned directly under the middle of the valve plate, most 
importantly at a right-angle. Obtaining the correct catheter 
position takes time and often a number of catheter shapes. 
Many operators prefer to pass an additional catheter or even 
a small snare through the ductus via an arterial approach to 
provide distal angiography and a target for perforation. Once 
in a satisfactory position, the radiofrequency wire is advanced 
through the guide catheter within a small coaxial catheter. 
When under the valve plate, a short pulse of radiofrequency 
energy is delivered through the wire, which should then 
pass easily into the pulmonary artery, provided that the posi-
tioning has been correct. Once in the pulmonary artery, the 
radiofrequency wire and its coaxial housing are manipulated 
across the ductus and into the descending aorta, using a 
snare if necessary. The radiofrequency wire is then exchanged 
for a stiff support wire and the valve is serially dilated using 
balloons. Most patients remain ductus dependent for some 
time following the procedure while the right ventricle adapts 
to new loading and unloading conditions. In the past, pro-
longed prostaglandin infusions were used, but increasingly 
there is interest in ductal stenting either at the time of right 
ventricular decompression or shortly after to avoid long-
term prostaglandin infusion [57,60].

In patients with pulmonary atresia with intact ventricular 
septum, the direction of the main pulmonary artery is 
usually relatively horizontal, and the guide catheter is 
naturally directed more anteriorly so it is very easy to 
perforate the pulmonary artery and enter the pericardium, 
with potentially serious results. This can occur even if the 
catheter is only a fraction of a millimeter out of position. 
Recognizing and quickly treating this complication are 
absolutely essential as accumulation of even 10–15 ml of 
blood in the pericardial sac acutely leads to tamponade and 
hemodynamic collapse.

This procedure, when correctly applied, results in right 
ventricular growth and ultimately a biventricular circulation 
[57,61]. In some patients, when the right heart is borderline 
in size, a so-called “one and a half” circulation is created by 
an operation, in which anterograde flow through the right 
heart is supported by a bidirectional Glenn shunt.
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Percutaneous valve replacement
The first human trans-catheter valve replacement was 
performed in 2000, where a stent containing a bovine jugular 
vein was implanted into the right ventricular outflow tract of 
a patient with congenital heart disease [62]. The technology 
has the ability to reduce the need for repeated cardiac 
operations in a subset of patients with significant congenital 
heart disease by rehabilitating surgically positioned conduits. 
Since the original description, over 700 percutaneous 
pulmonary valve replacements have been performed 
worldwide, and the technology has sparked the development 
of other valve replacement procedures such as trans-catheter 
aortic valve replacement (TAVI). Percutaneous pulmonary 
valve replacement is effective in reducing the gradient and 
restoring pulmonary valve competence [63]. There have 

been concerns about stent fracture leading to valve 
dysfunction, but these have been resolved to some extent by 
the use of bare metal stents within the outflow tract to provide 
a rigid implantation tube [63,64]. The most commonly used 
valve, the Melody trans-catheter pulmonary valve (Medtronic, 
Minneapolis, MN, USA), can be reimplanted so a dysfunctional 
valve stent can “re-habilitate” itself using another valve 
planted within it. The other commercially available valve for 
use in the right ventricular outflow tract is the Edwards 
SAPIEN valve (Edwards Lifesciences, Irvine, CA, USA), a 
balloon-expandable stainless-steel stent containing a bovine 
pericardial valve. Experience with its use in the right 
ventricular outflow tract is extremely limited. It has an 
advantage of maintaining valve function at larger diameters 
than the Melody valve [65].

Figure 10.3 (a) Pulmonary arterial angiogram in a patient with right pulmonary artery stenosis following repair of tetralogy of Fallot. (b) Following 

deployment of a Max LD stent (EV3). (c) Aortogram in the lateral projection in a patient with both an aneurysm and recurrence of obstruction after 

surgical treatment for coarctation of the aorta. (d) Following deployment of a covered Cheatham-Platinum (CP) stent.

(a) (b)

(c) (d)



Pediatric Cardiovascular Medicine

192

Although the use of these prostheses requires specific 
training, technically implanting percutaneous pulmonary 
valves is very similar to implanting any large stent into the 
right ventricular outflow tract. Before implantation, care 
must be taken to ensure that there is not a coronary anom-
aly that may be affected by expansion of the right ventricu-
lar outflow tract. Other potential complications include 
conduit rupture and vascular damage related to the large-
bore venous access sheath (24Fr).

Occlusion devices

Patent Ductus Arteriosus (PDA) occlusion
Porstmann et al. first described a percutaneous technique for 
permanent closure of the ductus arteriosus in 1968 [66]. The 
procedure was technically complicated, unsuitable for certain 
types of ductal morphology, and required a large-bore sheath 
in the femoral artery, Therefore, this plug never achieved 
widespread use. The Rashkind device was the first occluder to 
be used in significant numbers for transcatheter ductal 
occlusion. It was introduced commercially in 1979. The device 
was associated with significant problems, including occlusion 
of the left pulmonary artery and a high rate of residual shunting 
(15–20%). These factors eventually rendered it obsolete.

Controlled release coils such as the Flipper (Cook, 
Bloomington, IN, USA) or one of the Amplatzer family of 
PDA occlusion plugs (AGA Medical, Plymouth, MN, USA) 
are most commonly used currently for ductal occlusion 
(Figure 10.4a–d). Transcatheter coils have the advantage of 
deliverability through a small sheath from either a trans-
venous or trans-arterial approach. They are inexpensive and 
effective, particularly in smaller ducts. In a large PDA, there 
is the possibility of residual shunting, which necessitates the 
use of more than one coil, and hemolysis is relatively 
common [67]. For this reason, most operators now prefer 
Amplatzer plugs for ductal connections more than 2.5–3 mm 
in diameter at the pulmonary artery end. The original 
Amplatzer duct plug (ADO 1) has been available for over a 
decade, is easy to use, and is highly effective. The shape of 
the plug means, by necessity, that it has to be delivered from 
the venous side of the ductus. This results in the potential 
for obstruction of adjacent vascular structures (left 
pulmonary artery and descending aorta), particularly when 
large plugs are used in smaller children. Recently, a second 
Amplatzer duct plug (the ADO 2) has been introduced [68]. 
Primarily designed for smaller ducts, this device has two 
retention skirts (as opposed to one in the ADO 1) and can be 
delivered from either the venous or arterial end of the duct, 
through a sheath as small as 4Fr. Because of the second 
retention skirt, the length of the center of the device must be 
considered when deploying this device. Experience with the 
device is limited and operators are currently assessing what 
this new device adds to the existing armamentarium.

In addition to Cook coils and the Amplatzer ductal plugs, 
other devices such as Amplatzer atrial septal occluders, mus-
cular ventricular septal defect occluders (generally very large 
ducts), vascular plugs, and other types of coils have all been 
used to occlude ducts.

Atrial septal defect closure
In 1974, King and Mills reported the first successful 
transcatheter atrial septal defect (ASD) closure [69]. The 
device used consisted of two umbrella-like prostheses which 
were independently opened inside the left atrium and then 
snapped together. Although the system was deployed with 
success in five adolescent and adult patients, it never 
developed into routine clinical use mainly because of the 
complexity of deployment and the size of the delivery system 
(22Fr). Subsequently, Rashkind introduced an atrial septal 
occluder in 1987, but it was not until it had been modified 
into a device known as the clamshell occluder that the first 
device used in significant numbers for ASD closure was born. 
This device has undergone a number of design iterations and 
is still used clinically [70,71].

Although a number of ASD closure devices are currently 
available for clinical use, by far the most frequently implanted 
is the Amplatzer septal occluder (ASO) that was introduced 
in the mid-1990s. In common with other occluders in the 
Amplatzer family, the device is made of a weave of Nitinol 
(an alloy of 55% nickel and 45% titanium), shaped, in this 
model, into a design resembling two buttons joined by a 
central core (Figure 10.5a and b). The central core means 
that the device self-centers within an atrial septal defect. 
Deployment of this device is straightforward provided that 
the defect to be closed is properly selected. For successful 
closure, there must be a margin of at least 5 mm around the 
important adjacent structures, the hole should be single 
(multiple defects can be closed, but require very careful 
assessment), the defect must be <40 mm in diameter 
(in practical terms usually less than this), and it is only 
suitable for secundum defects.

Delivery is via the femoral vein (with venous occlusion, a 
trans-hepatic approach can be used) under both fluoroscopic 
and ultrasound (either trans-esophageal or intracardiac 
echocardiographic) control. The device is loaded into a 
delivery catheter and the left atrial disk extruded into the left 
atrium before withdrawing it back to the atrial septum. Once 
the left disc is engaged, the central core and then the right 
atrial disk are deployed before releasing the device from the 
delivery cable. Other self-centering devices currently 
commercially available include:

Occlutech Figulla device (Occlutech, Helsingbord,  •
Sweden) – a Nitinol wire device similar to the Amplatzer 
occluder (Figure 10.5c and d).

Lifetech Cera device (Lifetech Scientific, Shenzhen,  •
China) – a Nitinol wire device with a ceramic coating similar 
to the Amplatzer occluder.
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Cardia Atriasept device (Cardia, Eagen, MN, USA)– the  •
 latest iteration of the Cardia family of devices with an 
internal Nitinol and titanium frame covered by poly(vinyl 
alcohol) (PVA) sails.
Non centering devices (essentially two disks but no central 
core) include:

Gore Helex device (Gore Medical, Flagstaff, AZ, USA) – a  •
single Nitinol wire frame with polytetrafluoroethylene 
(PTFE) patch along its length. The device cork-screws into 
two discs which can be deployed on either side of the atrial 
septum (Figure 10.5e and f).

A large amount published data attests to the safety and 
long-term effectiveness of percutaneous ASD closure, 
particularly with the Amplatzer septal occluder [72,73]. 
Device fracture has not been reported with the ASO but 

occurs with other designs, particularly where wire limbs are 
an integral design feature. Device closure is as effective as 
surgery [74]. Risks include device embolization (generally 
the ASO can be removed percutaneously if this happens) 
and, most importantly with the ASO, cardiac erosion, which 
although a very rare complication is potentially life 
threatening and thought to be related to over-sizing of the 
device [75].

Ventricular septal defect closure
The ventricular septum is a complex structure and device 
closure of any ventricular septal defect (VSD) is technically 
challenging. Muscular VSDs can occur in various positions 
in the septum and may be multiple. They are often difficult 
for cardiac surgeons to find and close. Although a number of 

Figure 10.4 (a) Aortogram in the right anterior oblique projection (RAO) showing a small tubular patent ductus arteriosus (red arrow). (b) Repeat 

angiogram after occlusion with a Cook controlled-release (Flipper) coil. (c) Aortogram in the right anterior oblique projection (RAO) showing a larger 

ductus (red arrow). (d) After occlusion with an Amplatzer ductal occluder 1 (ADO 1). DA, descending aorta.

(a) (b)

(c) (d)
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Figure 10.5 (a) Amplatzer septal occluder during atrial septal defect occlusion prior to release from delivery cable. Note the left retention nipple on 

the left atrial disc (arrow). (b) Three-dimensional echocardiographic view of the left atrial aspect of the Amplatzer device immediately after deployment. 

(c) Occlutech Figulla septal occluder during atrial septal defect occlusion prior to release from the delivery cable. Note the absence of the retention 

nipple on the left atrial disc and the different delivery cable allowing increased articulation of the device against the atrial septum. (d) Trans-esophageal 

echocardiography after release of the Occlutech device. No left-to-right shunt is seen. (e) Gore Helex occluder during occlusion of an atrial septal defect. 

This device is composed of an PTFE patch supported by a single Nitinol wire frame. (f) Trans-esophageal echocardiography following release of the Helex 

septal occluder. Note the low profile of this device compared with the Amplatzer septal occluder and the Occlutech device.

(a) (b)

(c) (d)

(e) (f)
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trans-catheter-delivered devices have been used to close 
muscular VSDs, by far the most commonly deployed is the 
Amplatzer muscular VSD occluder (mVSD) [76]. This device 
is similar in design to the atrial septal occluder (ASO) but 
has symmetrical and wider occlusion disks and a larger, 
squarer waist. It comes in eight sizes up to 18 mm with a few 
larger devices specifically designed for occlusion of post-
myocardial infarction-related ventricular septal defect. TEE 
guidance is essential. The device is deployed either from the 
femoral vein (for defects higher up in the septum) or from 
the jugular vein (if the defect is positioned towards the 
apex). The occluder can also be delivered using a hybrid 
approach through the wall of the right ventricle (see later) 
[76]. For trans-catheter delivery, the minimum patient 
weight is ∼10 kg. In most patients, it is very difficult to cross 
the defect directly from the right ventricle, so creating an 
arteriovenous loop is advantageous. This technique allows 
the defect to be crossed from the smooth left ventricular 
side, after which the wire is positioned in either the 
pulmonary artery or the superior vena cava and snared and 
externalized through the venous sheath. The delivery sheath 
is introduced through the venous sheath and guided through 
the VSD along the guidewire. The device is then introduced 
and deployed, very much in the manner of an ASD occluder, 
relying on the ultrasound imaging for position before release. 
A number of other devices have been used for muscular 
VSD closure, including the CardioSEAL device (NMT 
Medical, Boston, MA, USA), various coils, and Amplatzer 
vascular plugs.

Complications can occur during trans-catheter VSD 
closure, one of the most common being hemodynamic 
instability relating to entanglement of the tricuspid valve 
apparatus in the arteriovenous loop. This problem often 
occurs if an ordinary end hole catheter is used to move from 
the right atrium to the right ventricle. The use of a Swan–
Ganz catheter makes this less likely. The only solution once 
this problem has occurred is to remove the guidewire, wait 
for stability to return, and start again. Other complications 
include blood loss, arrhythmia, aortic valve damage, cardiac 
perforation, hemolysis, and the inevitable risk of access site 
injury and damage [76].

The anatomic margins of perimembraneous ventricular 
septal defects (PMVSDs) and their proximity to conducting 
tissue make them a very different prospect for percutaneous 
closure. AGA Medical produces an occluder with a deficient 
rim specifically designed for PMVSD occlusion, allowing the 
device to occupy a defect without interfering with the func-
tion of the aortic valve. Although readily implantable, the 
main concern has been the occurrence of heart block, pre-
sumed to be due to pressure exerted on the atrioventricular 
node by a stiff occlusion device. Long-term atrioventricular 
block (AVB) and the need for permanent pacing after device 
closure of perimembraneous VSD varies in incidence from 
0.23 to 8.6% in reported series [77–79], despite efforts to 

ensure that over-sized devices are not used. Large registry 
data suggest that this complication is less frequent in the 
hands of an experienced, higher volume operator. In some 
centers, the results are comparable to the <1% heart block 
rate achieved in large surgical series [77]. However, of more 
concern than the overall incidence of AVB is the occurrence 
of symptomatic late heart block long after device deployment 
in patients without previous evidence of post-deployment 
dysrhythmia [79,80]. Although perimembraneous VSD clo-
sure is still performed by a number of centers with particular 
enthusiasm for the technique, many cardiologists, because of 
the unpredictable nature of this complication, have returned 
to surgical closure of perimembraneous VSDs.

Occlusion of other structures
Nonoperative occlusion of vascular structures can be accom-
plished with a number of catheter-delivered devices. Initial 
procedures were performed in the 1970s using Gianturco 
coils (segments of 0.025–0.038 in spring wire with filaments 
of nylon embedded and preformed into coils of diameters 
ranging from 2 to 15 mm), which were created for occluding 
bleeding end arteries but were found useful in congenital 
heart disease patients [81]. This technology has developed 
and diversified such that a huge range of vascular occlusion 
devices are now available, including coils of varying sizes 
and consistency with differing release technology, Nitinol 
vascular plugs, and injectable microparticles for embolizing 
smaller bore vascular beds.

Embolization procedures frequently performed in congen-
ital heart disease include occluding venous collaterals (e.g., 
in patients with venous shunts), arteriopulmonary collater-
als (e.g., in patients with pulmonary atresia), coronary artery 
fistulas, and bronchial arterial systems in patients presenting 
with hemoptysis.

Technical details depend on the anatomy and the occlu-
sion device used and are highly varied and beyond the scope 
of this chapter.

Foreign body removal
Indwelling catheters for chemotherapy, in addition to 
therapeutic devices implanted in the catheterization 
laboratory, have the potential to embolize. Therefore, 
transcatheter removal of foreign bodies is an essential part of 
the armamentarium of the interventional pediatric 
cardiologist. Most intravascular foreign bodies originate in 
the systemic venous circulation and lodge in the right side of 
the heart or pulmonary arterial bed. A high-resolution 
biplane imaging system is absolutely essential for foreign 
body removal. The operator must be able to localize the 
foreign body within millimeters and in three dimensions. 
Without this capability, the likelihood of successful retrieval 
is small.

Many catheter devices are available for intravascular 
foreign body removal. Most have been adapted from other 
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specialties, particularly urology and radiology. Retrieval 
devices include snares, retrieval baskets, and grabber devices 
of various diameters and configurations. In general snare 
devices are most useful, but each device has a special 
application for different types of foreign bodies in different 
locations. The retrieval device needs to be deployed through 
a sheath large enough to accommodate the captured foreign 
body. In general, it is best to use a long sheath where the tip 
is positioned immediately adjacent to the foreign body, and 
the retrieval device is delivered to the foreign body through 
the sheath.

With the proper equipment and technique, virtually all 
intravascular foreign bodies should be retrievable in the 
cardiac catheterization laboratory without the need for 
operative intervention.

Hybrid procedures

A combined operative–catheter approach to treat a patient 
with pulmonary atresia–intact ventricular septum was 
described as early as 1987 [82]. Over recent years, pediatric 
cardiologists and pediatric cardiac surgeons have recognized 
the limitations of each discipline, and that to treat some 
complicated patients with congenital heart disease a joint 
approach is best. As a result, a number of new joint thera-
peutic strategies have developed over recent years.

Hybrid palliation for hypoplastic left 
heart syndrome
Small babies with hypoplastic left heart syndrome are at 
high risk with conventional Norwood stage 1 palliation 
[83]. As a result, there has been a move to reapply the 
principles first described by Gibbs et al. [84] in which 
pulmonary blood flow would be controlled by the 
application of branch pulmonary artery (PA) bands while 
ductal patency (and hence systemic perfusion) is maintained 
using a stent. The procedure is possible even in very small 
infants. Although initially the procedures were performed 
separately, recently the entire palliative procedure has 
been performed through a single median sternotomy 
[85,86]. Following bilateral PA banding using slices of a 
standard Gore-Tex shunt, a purse string is applied to the 
external main pulmonary artery. Through this a sheath is 
placed and a guidewire passed through the PA, across the 
ductus and into the descending aorta. Angiography is then 
performed and an appropriately sized stent is delivered 
into the ductus to ensure patency. An unrestrictive atrial 
septum is essential, so balloon septostomy may also need 
to be performed.

The procedure allows palliation and somatic growth in 
babies for a number of months, allowing the child to reach a 
size where both Norwood stage 1 and 2 procedures can be 
performed, leading to surgical creation of a neo-aorta and a 

Glenn shunt to maintain pulmonary blood flow. The hybrid 
palliation procedure has undoubtedly expanded the 
repertoire of treatment for a group of patients with an 
otherwise poor outlook. Complications include obstruction 
of retrograde blood flow to the head and neck from the 
position of the stent and anatomic narrowing and pulmonary 
artery stenosis (particularly the left pulmonary artery) 
related to the surgically placed band.

Intraoperative pulmonary artery stenting
Percutaneous pulmonary artery stenting for branch 
pulmonary stenosis is accepted therapy for correctly selected 
patients. Occasionally the technique is limited by difficult 
access to the target lesion (particularly the left pulmonary 
artery), balloon/stent stability, vascular size, and 
hemodynamic stability in smaller patients. These can be 
overcome by a hybrid approach. Good imaging is essential 
for accurate sizing of the stent/balloon. The procedure 
requires a short period of low-flow cardiopulmonary bypass 
or circulatory arrest. After surgical exposure of the pulmonary 
artery, a J tipped guidewire is passed distally across the 
stenosis. A balloon-expandable stent is then deployed. If 
facilities are available, the result can be immediately 
evaluated angiographically. A number of reports, in small 
cohorts of patients, have described the results of intraoperative 
PA stenting [87–89] and showed that the procedure is 
technically feasible in patients as small as 2.5 kg.

Hybrid ventricular septal defect closure
Muscular ventricular septal defects (mVSDs) can be closed 
by direct delivery of a device through the right ventricular 
wall. The technique is applicable in patients who are small, 
have vascular access issues, in whom trans-catheter closure 
of a particular defect is technically unfeasible, or undergoing 
concomitant cardiac surgery where device closure will 
shorten the cardiopulmonary bypass [76].

The procedure is performed through a median sternotomy, 
with trans-esophageal echocardiographic control. A portion 
of the right ventricle directly opposite the ventricular septal 
defect is identified. The surgeon then places a purse string 
suture in this area through which a needle is passed. Under 
ultrasound control, a guidewire is passed from the right ven-
tricle, across the mVSD, and into the left ventricular cavity. 
Over this wire a standard sheath is positioned and the device 
is deployed.

Although the literature shows that the procedure is effec-
tive and safe, there are potential problems and complications 
shared with trans-catheter mVSD closure. For mVSD it is not 
infrequent for the right ventricular disk of the device not to 
conform fully to the septum in very apical defects. Also, the 
heart can be perforated with either a stiff wire or sheath, but 
since the heart is in direct vision this is obvious and can be 
surgically treated. Heart block is unlikely unless a very high 
defect is closed.
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Other hybrid procedures
Many other lesions have been treated using combined 
approaches, generally in small numbers of patients, so rela-
tively limited data are available in the literature. Valvar dila-
tion procedures have been described, including treatment of 
pulmonary atresia with intact ventricular septum, where the 
difficult angle of approach to the pulmonary valve from the 
right ventricle can be addressed by a hybrid approach directly 
through a surgically placed purse string [90]. Hybrid ASD clo-
sure and treatment of coarctation have both been described [91].
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11 Exercise Testing

Per Morten Frederiksen
Oslo University Hospital, Nydalen, Oslo, Norway

Introduction

Over the last 30 years, treatment of congenital heart 
 disease has developed markedly, moving from issues of sur-
vival to quality of life and challenges to be met as adults 
[1,2]. Most children with congenital heart disease (CHD) 
experience reduced physical capacity that may affect their 
quality of life [3–7]. In most hospitals, consultation at a 
CHD center includes physical examination, cardiac ultra-
sound, ECG, X-ray, and conversation with the cardiologist. 
Recently, more centers have included an exercise test, often 
regarded as synonymous with testing aerobic capacity. 
However, physical limitations are not restricted to impaired 
aerobic capacity but also involve static and dynamic bal-
ance, muscle strength in arms and legs, and motor skills 
[8]. These functions receive little or no attention in daily 
medical practice, but are nonetheless important for the 
child’s welfare. Limited motor skills and strength may 
restrict a child’s activity level as much as reduced aerobic 
capacity.

Performing strenuous exercise requires transport of large 
amounts of oxygen to and carbon dioxide from working 
muscles. The maximum amount of oxygen transported 
before anaerobic metabolism begins (the anaerobic thresh-
old) is termed the aerobic capacity. Maximal oxygen trans-
port depends on:

Excellent lung function to take in oxygen and excrete  •
 carbon dioxide.

Excellent cardiac function that can be broken down into  •
components via a rearranged Fick equation:
 VO

2
 = cardiac output × arteriovenous difference in oxygen 

content (ΔA-V
oxygen content

):

(a) cardiac output =  HR × stroke volume = HR × 
LVEDV × EF

 where HR = heart rate, LVEDV = left ventricular end- 
diastolic volume, and EF = ejection fraction.

(b) ΔA-V
oxygen content

 = ΔA-V% × [Hb] × 1.36

 where ΔA-V% = arteriovenous difference in oxygen satu-
ration and [Hb] = hemoglobin concentration. Therefore,

 VO
2
 = HR × LVEDV × EF × ΔA-V% × [Hb] × 1.36

At maximal exercise in highly trained erect individuals, 
heart rate can triple, stroke volume can increase by 50–100%, 
and arterial oxygen extraction (a function of muscle per-
fusion and metabolism) can double. Aerobic capacity is 
therefore reduced if lung function is reduced, with anemia, 
with deconditioned (untrained) muscles, or if the heart 
 cannot increase rate or stroke volume appropriately. An 
exercise test allows these components to be evaluated.

The onset of anaerobic metabolism is detected by  measuring 
the respiratory exchange ratio (RER), the ratio of CO

2
 

 produced to O
2
 used. The RER reflects muscle metabolism and 

is normally 0.8; a value of 0.7 indicates that fat supplies all the 
energy, and a value of 1.0 indicates pure carbohydrate sources. 
A rise in RER from 0.8 to 1.0 reflects anaerobic glycolysis.

An aerobic exercise test gives instant knowledge about 
progression of the disease and is widely used to estimate 
 timing of surgery. It may also assess the result of a surgical 
procedure, and determine if drug treatment is effective. An 
exercise test is also useful for detecting arrhythmia, particu-
larly at higher heart rates. Perhaps the most important aspect 
of an exercise test is reassurance for the child and the par-
ents about the safety of exercising. Many parents and indeed 
cardiologists are afraid of letting a child with CHD perform 
high workloads. The patients themselves may be anxious 
and an exercise test may allay concerns.

An exercise test of aerobic capacity is believed to be the 
most informative and important physical test for children 
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with CHD. It gives instant information about the changes in 
blood pressure, oxygen saturation, heart rhythm, and heart 
rate with exercise. The heart’s ability to increase its cardiac 
output is the central limitation of aerobic capacity [9]. 
Together with spirometry, an exercise test gives extended 
information about a child’s lung and heart status. This 
chapter describes different methods, protocols, and guide-
lines for performing an aerobic exercise test in children 
with CHD.

In the complex interaction between the heart and lung, a 
heart defect may mask a lung disease (primary or secondary 
to longstanding heart problem), and it may sometimes be 
difficult to distinguish between heart and lung disability in 
children with CHD. Spirometry before, during, and after 
the exercise test may be helpful. It is also sometimes diffi-
cult to distinguish between general deconditioning (unfit-
ness) and heart disease. which may be distinguished by the 
maximal heart rate. Healthy children in poor physical shape 
usually show a pattern of rapidly increasing heart rate at 
low levels of resistance, reaching a normal heart rate maxi-
mum near 200 beats per minute. A child with a heart dis-
ease usually has maximal heart rate below 180–200 beats 
per minute.

Test methods

Various methods and protocols give different results. 
Depending on age, diagnosis, and physical ability, one should 
choose the method and protocol with care. The first consid-
eration is the method that ideally should reflect the activity 
that the test subject normally participates in, usually bicy-
cling, walking, or running. Bicycle and treadmill are the 
most extensively used methods worldwide. Both have 
advantages and disadvantages (Table 11.1). For sport there 
are several methods in use for exercise testing, for example, 
an ergometer for rowing, paddling, skiing, stair climbing, 
swimming pools with resistance, and others.

Reclining bicycle
A reclining bicycle may be used to test response to exercise, 
but not maximal effort. This bicycle is extensively used for 
measuring heart function during exercise with ultrasound 
while the patient’s upper body is fixed in one position. The 
patient reclines and a tilt to the left gives good images, even 
during heavy exercise [9]. The exercise values are not com-
parable to ordinary bicycle test results because of differences 

Table 11.1 Comparison between bicycle and treadmill.

Parameter  Bicycle  Treadmill [10]

Body movement Less More

Comfort Patients feel safer as no risk of falling Risk of falling may make patients hold bars, 

lengthening the test and reducing work loada

Acceptability Good because of familiarity Children learn more quickly than adults

BP measurement Easier with still upper body Less easy, but can synchronize Korotkoff sounds 

with R of QRS complex.

BP level Often higher, because of continuous leg movement and holding 

tightly to handle bars

Maximal VO2 Lower because fewer muscles active, and leg fatigue might 

cause early cessation of exerciseb

Higher due to more muscle activity. May be 

lower if patient holds bars

Onset of anaerobic 

metabolism

Earlier because static (isometric) contraction of muscles around 

ankle and arms impedes flow

Ease of measuring ECG Easier with still upper body Less easy

Ease of measuring SpO2 Finger probe may mislead because of tight grip on handle barsc Reflector probe on forehead avoids problem

Power measurement 

(watts)

Exact Approximate

Effect of leg length Fixed pedal arm gives patients with longer legs an advantage, 

making comparisons difficult

Leg length does not affect test

Effect of obesity  Support of body weight on seat reduces work load  Full weight involved. More like daily activity

a Close contact between the test supervisor and the patient eliminates falls and reduces the need for holding the handle bars [11].
b When using a bicycle, VO2 might increase after the ending of the test. This is caused by the high resistance when pedaling that forces the muscle to 

have continuous high pressure on the pedals during every cycle. This reduces the venous return. When the pressure of pedaling is released, venous 

return increases and as a result a rise in VO2 occurs 30–60 s after the end of pedaling.
c Do not have finger probe on same arm as BP cuff; preferably use an ear oximeter or reflector probe on forehead.
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in body position and heart rate. In aortic or pulmonic steno-
sis, an increase in gradient may be measured. Pulmonary 
hypertension may be estimated with this method [9].

Test protocols

There are numerous exercise protocols for both bicycle and 
treadmill [12,13]. The most extensively used protocol for 
treadmill is the Bruce protocol with its modifications [14]. 
Few protocols are designed especially for children [15]. In 
most protocols, there are mainly two types of incremental 
choices, step and ramp.

Step
Most protocols traditionally increase the workload in steps 
by increasing speed, incline, or both periodically. If only 
speed is used to increase work, the patients’ motor skills may 
hinder them from achieving a high speed [8]. An increase in 
incline, especially if steep, may hinder patients with less 
muscle mass. The initial speed and incline are crucial for the 
outcome of the test. Too steep an incline may cause leg 
fatigue and premature termination of the test, similarly to a 
test on a bicycle, and too high a speed may cause coordina-
tion problems.

A simultaneous increase in both speed and incline often 
gives large steps in workload, and may lead to stopping the 
test prematurely. Some protocols alternate between 
increase in speed and incline every other step [14]. The 
protocols should be designed to reduce the stepwise 
increase in workload, as this may make it easier for patients 
to achieve maximal effort. The time on each step is impor-
tant. Steps should exceed 2 min because the metabolism in 
the working muscle mass needs to reach a steady state. 
There is a time lag from the metabolism in the muscles to 
the measurement of metabolic markers at the mouth and 
oxygen analyzer. A protocol with too short steps will not 
register correct results at each step. Too long steps might 
tire the patient. Usually 2–3 min steps are used.

Ramp
A ramp protocol gives a continuous load during the whole 
protocol until fatigue occurs [16]. This has advantages in 
estimating ventilatory threshold. Most treadmills have a 
program that smoothes out a step protocol and permits the 
performance of a ramp protocol [17,18].

Risks

There are small risks when testing children with CHD. Some 
experience dizziness due to a vasovagal reaction (often due 
to anxiety before the test), but it is very rare (personal expe-
rience: eight of 1800 tests). An abnormal cardiac rhythm 

is more common; however, many tests are performed to 
 provoke arrhythmias Ventricular tachycardia is not common, 
and is easy to detect. Exercise testing of children with CHD 
is fairly safe and gives extensive information.

Despite a low risk of incidents, it is advisable for at least 
two persons to attend the test. A defibrillator must be avail-
able. The test supervisors should receive regular training in 
resuscitation.

Criteria for terminating a test

The criteria for ending a test are extensively described in 
guidelines [10]. Experience has shown that many children 
may continue exercising despite reaching the target level 
[11]. This is a challenge for the supervisor, who should urge 
the patients to complete a test as near exhaustion as possible 
despite reaching or exceeding the predetermined criteria. If 
supervisors from different laboratories use the criteria as end 
points and do not encourage the patients to continue the 
test, lower values may result. In addition to the guidelines, 
there are relative and absolute criteria for ending a test based 
on medical reasons (Table 11.2).

Interpreting VO2 values

In most oxygen analyzers used in exercise testing, there is a 
nine-plot page of significant graphs. This gives important 
information with regard to the heart and lung status during 
exercise, and is described in a book by Cooper and Storer 
[19]. There are, however, a few factors that are seldom 
described, especially the differences between tests that may 

Table 11.2 Indications for terminating a test.

Parameter  
 

Indications for terminating a test

Relative   Absolute

Fall in BP as workload 

increases (mmHg)

>10 >20

Systolic BP (mmHg) >250

Cardiac rhythm Multifocal PVC, triple 

PVC, supraventricular 

tachycardia or bradycardia

Sustained 

ventricular 

tachycardia

Chest pain Increasing Moderate to 

severe angina

Other signs, symptoms Dizziness, 

severe cyanosis

Electrocardiogram ST depression >2 mm 

with horizontal or 

down-sloping curve
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be considered significant clinically. The cardiologist should 
not accept as a significant change a difference of less than 
10% from a previous test. There are several issues to be 
considered:
1 There is an error within any system independent of 
 calibration. In most oxygen analyzers, there is a drift and 
error measurement of around 3–5%.
2 The values from a bicycle are on average 10% (3–18%) 
[20] lower than for treadmills. This may be very misleading 
when interpreting the results.
3 Reference values differ considerably between countries or 
cultures. Various cultures regard physical activity  during 
childhood differently. Test supervisors may differ regarding 
the acceptability of forcing a child to exhaustion. Even 
though there are criteria for ending tests [10], studies show 
that it may be the supervisor’s ability to encourage the child 
to fatigue that has a large effect on the results [11]. Therefore, 
the reference material used should be from the same geo-
graphic area as the child and preferably done by the same 
supervisor. All laboratories covering an extended geographic 
area should have their own reference material.
4 When retesting a child after one to several years, the 
growth and increase in body weight must be considered. 
Because the increase in VO

2
 does not vary linearly with 

weight, a correction factor must be used. Several correction 
factors are available, the easiest being kg−0.67 or kg−0.75, based 
on theories of body size and body production of heat, respec-
tively [21].
5 The child’s motivation during the test may play an impor-
tant role in the results.
Considering all these factors, several pitfalls in interpret-
ing a test are evident. For example, if the system has 
drifted 3%, the reference material is for a different method 
or a different country, a correction factor to account for 
the relationship between VO

2
 and body weight is not used, 

or the patient has not been pushed to the limit of exhaus-
tion, the result may be adversely affected and lead to 
 misinterpretation.

Precautions regarding some cardiac 
diagnoses

In most patients with simple lesions, there are few or no 
special precautions to be taken before an exercise test, except 
for those already mentioned. A few lesions, however, need 
special attention.

Left ventricular outflow tract obstruction
Patients with left ventricle outlet tract obstruction (LVOTO) 
are at increased risk of serious complications or death dur-
ing an exercise test. Aortic stenosis and coarctation of the 
aorta are the most common causes of LVOTO. When severe, 

several factors must be considered while testing. Due to 
the increased left ventricular systolic pressure, nerve 
impulses and blood flow may be hampered in the left ven-
tricular wall. These patients are in danger of arrhythmias 
or complete loss of heart rhythm during strenuous physi-
cal activity. Some patients may experience pressure or pain 
behind sternum during heavy exercise, but others have no 
symptoms.

A drop in blood pressure more than 20 mmHg from one 
measurement to the next may be one indication of overload 
of the left ventricle. This occurs most often in patients with 
the most severe obstruction, and the blood pressure drop 
may be difficult to detect due to the difficulty in measuring 
BP during exercise. A better indication of severe LVOTO 
 during exercise is ST depression. The development of an ST 
segment depression of more than 2 mm may indicate sever-
ity, especially if it occurs in leads V

4–6
. Other symptoms of 

severity include dizziness and chest pain, but these are rare. 
The use of VO

2
 as an indicator of the severity of a stenosis is 

often not useful in children since they maintain a nearly 
normal cardiac output.

Patients with severe coarctation of the aorta may develop 
significant upper body hypertension that may cause a sub-
arachnoid hemorrhage during a heavy workload. Blood 
pressure should be evaluated carefully before an exercise 
test, and the workload kept lower until the coarctation has 
been treated. In comparison with valvar stenosis with its 
fixed orifice size, in muscular subaortic stenosis the obstruc-
tion becomes more stenotic with increased heart rate. If the 
goal in patients with aortic stenosis is to estimate the gradi-
ent, a reclining bicycle protocol with continuous ultrasound 
measurement is recommended because it gives instant infor-
mation about the severity of a stenosis.

Fontan
Testing a patient with a Fontan circulation requires  special 
attention. The VO

2
 values in these patients mirror the  cardiac 

output. Their severely reduced chronotropic response fur-
ther affects the aerobic capacity. Their reduced pulmonary 
function, due to insufficient diffusing capacity, also affects 
the aerobic capacity [22]. An exercise test with its VO

2
 val-

ues is therefore a good indicator of the functional status of 
the heart in Fontan patients. In general they have a limited 
ability to increase the cardiac output compared with patients 
with other cardiac lesions [23,24]. Their aerobic capacity 
drops significantly with age, so that this group of patients 
should have periodical exercise tests.

Atrial and ventricular septal defects
Patients with a small ASD usually have no limitations in 
their exercise activity. Those with a moderate or large ASD 
may be limited, but are usually not tested before the defect 
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is closed. Surgically corrected ASD and VSD have been 
 considered not to be limited during vigorous exercise. 
Patients with pulmonary hypertension following closure of 
the defect [9] should have more frequent exercise testing, 
preferably with a reclining bicycle with ultrasound to assess 
the level of pulmonary hypertension.

Transposition of the great arteries
The arterial switch correction of TGA is believed to be 
preferable to the older atrial switch operation. It is cer-
tainly better for maintaining sinus rhythm, but the 
expected improvement in aerobic capacity is not evident. 
A study by Fredriksen et al. indicated that the atrial switch 
patients displayed a lower than normal aerobic capacity 
[25]. The low values may be explained by a failing sys-
temic right ventricle. The anatomically more correct arte-
rial switch heart should theoretically be better able to 
increase cardiac output with exercise, and have higher 
aerobic capacity values. Patients following an arterial 
switch group, however, also have reduced aerobic capac-
ity. Chronotropic incompetence may be a plausible expla-
nation. In addition, patients following both procedures 
show a decrease in VO

2
 with increasing age. Although 

there are fewer older patients following an arterial switch, 
there are indications that their aerobic capacity declines 
with increasing age [26].

Conclusion

An exercise test is an important tool for assessing the 
 functional status of children, adolescents, and adults with 
CHD. It  provides vital information about any decline of car-
diac function and also improvement following surgery, drug 
treatment, and exercise training. Several methods and pro-
tocols are used and these give different results. Therefore, an 
expert in exercise physiology should join with a cardiologist 
to evaluate these results. Exercise tests should not be limited 
to a few diagnostic groups, but rather be performed regularly 
in a variety of conditions to follow the patient’s status across 
the years.
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Introduction

Advances in medical, surgical, and interventional therapy in 
children with acquired and congenital heart disease have 
increased survival. However, most of these children have 
an increased risk of thrombosis, with many ultimately 
developing this potentially life-threatening problem [1]. As a 
result, antithrombotic therapy, including anticoagulation 
and thrombolytic therapy, now plays a major role in the 
management of many children in a cardiac intensive care 
unit. Particular problems include mechanical circulatory 
support, systemic to pulmonary artery shunts, bidirectional 
cavopulmonary anastomosis, Fontan palliation, mechanical 
valves, central arterial or venous line-related thrombosis, 
and less commonly  pulmonary embolism. Concurrently, 
these children have a high risk of bleeding, hence the risks 
and benefits of the use of antithrombotic therapy must be 
carefully considered, with the objective of maintaining 
balanced hemostasis.

Hemostasis is the reparative process for damaged vascula-
ture in a closed high-pressure circulatory system [2]. The 
process restoring vascular integrity is modulated by regula-
tory mechanisms that prevent over-compensation which 
could lead to thrombosis. However, if these mechanisms are 
overwhelmed, excessive amounts of thrombin are produced 
and cause thrombus formation [2]. For understanding 
thrombus formation, the following discussion is limited to 
the most salient participating hemostatic components.

Normal hemostasis

Hemostasis is maintained through vessel wall, blood composi-
tion, and blood flow. Much of our knowledge of the physiology 
of hemostasis has come from the study of mouse models [2].

Normal physiologic hemostasis depends upon maintaining 
a fine balance between thrombosis (clotting) and hemorrhage 
(bleeding), the fundamentals being shown in Figure 12.1. 
The original model of hemostasis is the cascade model [3] 
where procoagulant proteins present in the blood [factors 
(F) XII, XI, HMWK, X, IX, VIII, VII, V, and II, and fibrinogen] 
are activated by a stimulus (e.g., sepsis, trauma, surgery) 
with thrombin (FIIa) being produced. Three pathways are 
described: the intrinsic pathway (FXII, XI, IX, and VIII), the 
extrinsic pathway (tissue factor and FVII), and the common 
pathway (FX, V, II, and I). where these pathways converge. 
Sequential activation of the factors within each pathway 
occurs, followed by thrombin activation of fibrinogen into 
fibrin, the precursor of a polymerized clot. The fibrinolytic 
system is then activated to break down the clot. Inhibitor 
proteins of hemostasis (antithrombin, protein C, protein S, 
α2-macroglobulin) and fibrinolysis (plasminogen activator 
inhibitor 1) prevent massive clot formation or clot lysis, 
respectively (Figure 12.1).

Hemostasis involves the complex interaction of platelets 
with damaged vascular endothelium followed by activation 
of specific proteins to produce a fibrin platelet plug that will 
prevent bleeding, but not result in pathologic thrombosis. 
The cascade model of hemostasis (coagulation and fibrinoly-
sis) excluded important cellular involvement in coagulation 
[4,5], and has therefore been revised to the cell-based model 
(Figure 12.2), which is a more accurate reflection of in vivo 
processes [5]. The endothelium of the vessel wall plays a 
major role in ensuring patency of vasculature by secreting 
three thrombo-regulating substances, nitric oxide, prostacy-
clin, and ectonucleosidase or CD39, which inhibit platelet 
adhesion and activation.

Vessel wall damage may occur from disruption, or more 
subtle endothelial cell alterations as hypothesized by Sacco 
et al. [2], resulting in activation of hemostasis. When vessel 
wall damage occurs, initiation of platelet activation occurs 



Figure 12.1 Schema of coagulation cascade. Inactive proteins in blue; activated proteins in orange. Antithrombin III (ATIII) inhibition shown by red arrows. 

HMWK, high molecular weight kininogen; PK, prekalikrein; PL, activated phospholipids from platelets TPA, tissue plasminogen activator. Many of these 

components are involved in feedback systems (not shown) that modulate the response. The platelets play two roles: (1) they are activated by tissue factors 

and then with von Willebrand factor are aggregated; (2) most of the reactions in the common pathway take place at the platelet surface.
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via two separate mechanisms, one invoked by collagen and 
the other by tissue factor (TF). Either or both mechanisms 
may predominate depending on the type of vasculature 
damaged or disease entity [6,7]. Exposed collagen in the 
subendothelial matrix interacts with platelets resulting in 
adhesion by two mechanisms: binding to von Willebrand 
factor (vWF) followed by platelet glycoprotein (GP) 1b–IX–
V, and through direct interaction with platelet GPVI [8]. 
Shear force influences which receptor plays the foremost 
role in platelet tethering to the vessel wall, but GPVI and 
GP1b are essential for platelet adhesion [6,9,10]. Integrin 
α2β1 also plays a lesser role in platelet adhesion [11,12].

Tissue factor in microparticles [13,14] circulates in its 
 inactive form [15,16] and requires activation, which may 
occur through protein disulfide isomerase (PDI) released 
by activated endothelial cells and platelets [2,14]. 
Transformed TF activates FVII and FIX. The combination 
of FXa and FVIII, known as the tenase complex, activates 
FX. Activated FX (FXa) then combines with FV to form the 
prothrombinase complex, which in turn activates a small 
amount of  prothrombin to thrombin. The minute amount 
of thrombin generated is a catalyst that activates FV and 
VIII to their most active cofactor forms, FVIIIa and FVa. 
Large amounts of thrombin are then generated as a result 
of the continued action of the tenase and prothrombinase 
complexes [17] (Figure 12.1). Thrombin activates 
fibrinogen to form non polymerized thrombus, but also 
activates platelets [18] (Figure 12.2) through cleaving 
protease-activating receptor 1 (PAR1), causing platelet 
granule release [adenosine diphosphate (ADP), which is 
stored in the dense granules, and serotonin and 
thromboxane A2 which are stored in the α-granules) and 
further platelet activation. The compound ADP activates 
platelets through receptors P2Y1 and P2Y12 (Figure 12.3). 
Serotonin activates platelets through 5-hydroxytryptamine 
2A (FHT-2A) receptors (Figure 12.3). Thromboxane A2 
 activates platelets through the thromboxane receptor (TP) 
(Figure 12.3).

In addition to activating TF, PDI activates GP IIb IIIa 
(αIIb β3) on platelets which binds to the ligands fibrinogen 
and vWF, thus promoting platelet recruitment to the 
thrombus and platelet–platelet interactions [19–21]. 
Increased affinity for the ligands occurs when platelets bound 
to the damaged vessel wall are activated and GP IIb IIIa 
undergoes a transformational change [22]. Blood flow shear 
rates  determine the binding ligand with low and high shear 
rates binding with fibrinogen and vWF, respectively [8].

Microparticles circulate in the blood and carry proteins 
associated with their derived cell type (e.g., leucocytes, plate-
lets, endothelial cells, smooth muscle cells, and monocytes). 
Activated platelets expose the protein P selectin [23] on their 
surface, which binds to circulating microparticles derived 
from monocytes that have the counter receptor displayed, 
P selectin glycoprotein ligand 1 (PSGL-1) [13]. Through this 

mechanism, TF exposed on these microparticles [13,14] is 
responsible for further thrombin generation and thrombus 
extension.

Developmental hemostasis

Children have physiologic differences in hemostasis and 
fibrinolysis compared with adults. Known as developmental 
hemostasis [24,25], the levels of activating and inhibiting 
proteins are decreased in both pathways (Figure 12.1). 
Differences include decreased levels of thrombus precursor 
proteins (FXII, XI, X, IX, VII, II), and inhibitor proteins 
 protein C, protein S, antithrombin), and proteins of 
fibrinolysis (plasminogen and tissue plasminogen activator, 
tPA), and inhibitor proteins of fibrinolysis (plasminogen 
activator inhibitor, PAI-1). In addition, children generate less 
thrombin, FIIa, than do adults during hemostasis, with the 
composition of thrombi reflecting this. These differences 
affect the etiology, dosing, and management of anticoagulant 
and thrombolytic therapy, and also outcomes of thrombosis 
in children [26–28]. Understanding hemostasis and the 
differences in children compared with adults allows more 
informed antithrombotic therapeutic decisions.

Thrombophilia

Congenital thrombophilia refers to alterations in the levels 
of proteins that facilitate and inhibit clotting. Congenital 
prothrombotic disorders are relatively rare, but most 
 commonly include FV Leiden, prothrombin gene G20210A, 
deficiencies of protein C, protein S, and antithrombin, FXII 
deficiency, and increased FVIII [17,19–25,27]. The influence 
of congenital thrombophilia on childhood thrombosis 
remains controversial. Furthermore, the need to screen for 
prothrombotic disorders in children with a major illness, 
undergoing an invasive procedure, or with a history of 
 confirmed thrombosis, especially in the presence of clinical 
risk factors, remains uncertain. Most children with throm-
botic abnormalities without an additional risk factor, such as 
central venous lines, arterial lines, prosthetic heart valves, 
systemic to pulmonary artery shunts, or superior or bicaval 
pulmonary-arterial anastamoses, do not develop thrombosis 
until adulthood [17].

Common measurement of hemostasis

For measurements of hemostasis, blood should be obtained 
peripherally, particularly if low-dose heparin is administered 
through a central line to maintain its patency. Test results 
on samples drawn from central lines may be artificially 
 prolonged from heparin contamination.
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The partial thromboplastin time (PTT) and prothrombin 
time–International Normalized Ratio (PT–INR) are the most 
common tests. They are based on the cascade model of 
 anticoagulation, and do not reflect the complexity of 
hemostasis. The PTT measures contact factors (FXI, XII), FII, 
VIII, and X, and the conversion of fibrinogen to fibrin. The 
PT–INR measures factors synthesized in the liver, including 

vitamin K-dependent factors (FII, VII, IX, X). The conversion 
to the use of INR is an attempt to account for different 
analyzers and thromboplastin reagents used in PT testing. In 
children and neonates, the normal PTT and PT–INR values 
are age-dependent secondary to hemostatic protein 
differences present during normal developmental hemostasis 
[24,25,29].

Figure 12.3 There are 2 principal pathways leading to platelet activation, adhesion and aggregation. Pathway 1: Soluble agonists [thrombin, adenosine 

diphosphate (ADP), thromboxane A2 (TXA2), serotonin] stimulate specific G protein-coupled receptors (eg. PAR, protease-activated receptor, 5HT-2A, 

5-hydroxytryptamine 2A receptor, TP, TXA2 receptor) and induce signaling pathways. Pathway 2: GPVI and C-type lectin receptor 2 (CLEC-2) trigger tyrosine 

phosphorylation reactions. Crosslinking of GPVI or CLEC-2 when binding to their respective ligands; collagen or unknown receptor, brings the SRc family 

tyrosine kinases, Fyn and Lyn, into contact with the FcRy chain starting a tyrosine phosphorylation cascade via Syk, the linker of activated T cells (LAT). 

These reactions result in activation of phospholipase (PL) Cy2, calcium mobilization and ultimately platelet aggregation. All platelet signaling events end in 

the final common pathway of platelet activation, up regulation of integrin adhesion receptors leading to stable adhesion and platelet aggregation. Integrins 

consist of 2 distinct chains known as α chain and β chain. TF, Tissue factor; TxA2, Thromboxane A2; TP, TxA2 receptor; PAR, protease-activated receptor; 

RhoGEF, Rho-specific guanine nucleotide exchange factor; PL3K, phosphoinositide-3-kinase; AC, adenylyl cyclase; PIP2, phosphatidylinositol-4,

5-biphosphate; PIP3, phosphatidylinositol-3,4,5-triphosphate;IP3, inositol-1,4,5-triphosphate; DAG, diacylglycerol. (With kind permission from Springer 

Science+Business Media: Stegner and Nieswandt, J Mol Med 2011;89:109–21.)
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Hemostatic assessment (including preoperative 
or preinvasive procedure)
The laboratory tests included in the initial hemostatic 
work-up of a child should include the PT–INR, PTT, 
fibrinogen levels, and platelet count. A prolonged PTT or 
INR can result from several different phenomena and does 
not necessarily predict the clinical risk of bleeding. 
Furthermore, clinical bleeding may occur in a patient with 
normal age-appropriate test results. An example of a patient 
at increased risk of bleeding with normal screening 
hemostatic testing (INR, PTT, platelet count, and fibrinogen) 
occurs in congenital or acquired von Willebrand disease 
(vWD). Currently, unless there is a patient or family history 
of  bleeding, vWD is not screened for preoperatively.

vWD occurs as a result of qualitative or quantitative 
 deficiency in vWF. In vivo, vWF binds with FVIII as a stabi-
lizer, protecting it from degradation, and, as discussed 
above, participates in platelet adhesion to damaged or 
altered  vascular endothelium. If vWF is unable to carry out 
these functions, mild or major bleeding may occur. 
Congenital vWD has a heterogeneous phenotype ranging 
from mild to severe. Acquired vWD has been demonstrated 
to occur in situations of high shear stress, for example, 
mechanical heart valves and ventricular assist devices in 
adults. Treatment includes agents which cause either 
increased release of FVIII and vWF from endothelial stores 
(desmopressin, DDAVP) or replacement of vWF with vWF 
concentrates.

Prolongation of the INR or PTT requires formal evaluation 
to determine the etiology. These patients are sometimes felt 
to be “auto anticoagulated;” however, this may be a 
misnomer because these patients may be at risk for developing 
thrombosis depending on the etiology of the abnormal test. 
In a patient who is not anticoagulated, a number of clinical 
situations may prolong the INR or PTT and affect the risk 
for bleeding and/or thrombosis or have no effect (heparin 
contamination of a central line blood sample used for 
testing).

In adults, elevated D-dimer levels indicate active coagula-
tion, fibrin production, and fibrinolysis. D-dimers have not 
been formally evaluated in children and therefore the  pretest 
likelihood of confirmed thrombosis is unknown [30,31]. 
Furthermore, following cardiac surgery, D-dimers are always 
elevated, so the test is an unreliable measure of the pres-
ence of thrombosis. If baseline hemostatic test results are 
 abnormal, experts in hemostasis (e.g., hematology) should 
be  consulted for further evaluation.

Global measures of hemostasis
Global measures of hemostasis, the activated clotting time, 
and the thromboelastogram may be more representative of 
hemostasis as these tests use whole blood that includes 
 cellular components in the test systems.

Activated clotting time (ACT)
The ACT uses activated whole blood and measures clotting 
time in seconds. This point of care test is used during cardio-
pulmonary bypass (CPB) and extracorporeal membrane oxy-
genation (ECMO) to monitor anticoagulation, specifically 
heparin effect. No well-designed studies have evaluated the 
safety and efficacy of ACTs to monitor anticoagulation in 
children. The ACT does not solely or accurately reflect the 
effect of heparin [32–34].

Thromboelastogram (TEG)
The TEG uses activated whole blood to measure hemostasis 
(formation of a clot) and also fibrinolysis (clot degradation). 
The most common devices used to measure thromboelasto-
graphy are the ROTEM (Pentapharm, Munich, Germany) 
and the TEG (Haemonetics, Braintree, MA, USA). Although 
some normative TEG data are available in children, formal 
well-designed studies are required to evaluate the precision, 
accuracy, and application of this measure in children 
[35,36].

Thrombosis in children with congenital 
heart disease

Levels of coagulation proteins, fibrinolytic proteins, and inhib-
itors have been found to be abnormal in children with con-
genital heart disease (acyanotic and cyanotic) compared with 
age-matched controls. Depending on the specific coagulation 
abnormality, these children can bleed and/or thrombose. 
Decreased production of coagulation proteins (anticoagulant 
and procoagulant factors) have been implicated from delayed 
liver maturation, liver failure, and/or vitamin K deficiency. 
Children with acyanotic congenital heart disease achieve age-
appropriate levels of their hemostatic proteins similarly to 
age-matched controls (1 year of age), whereas children with 
cyanotic congenital heart disease achieve age-appropriate lev-
els by 4 years of age [27,28].

The following section describes the thrombotic risk in 
 children after congenital heart surgery. The American Heart 
Association Guidelines [37] for antithrombotic/antiplatelet 
therapy are very useful.

Systemic–pulmonary artery shunts
Systemic–pulmonary artery shunts are a necessary part of 
first-stage palliation in neonates and infants with complex 
congenital heart disease. The classic Blalock–Taussig shunt 
(BTS) [38] has since been modified to include the use of 
prosthetic material. The modified Blalock–Taussig shunt 
(MBTS) interposes a Gore-Tex graft between the subcla-
vian artery and ispilateral pulmonary artery. Shunt size 
depends primarily on patient weight, varying from 3.0 mm 
in smaller infants to 4.0 mm. Longer shunts have an 
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increased risk of thrombosis; therefore, both size and 
length are important factors.

Several factors may lead to shunt occlusion. Neointimal 
hyperplasia, followed by platelet aggregation and adher-
ence to the subendothelium, and then proliferation of 
smooth muscle cells is induced by the artificial material 
[39]. Turbulence may affect platelet aggregation by increas-
ing platelet hyper-reactivity. Increased wall shear stress 
may lead to a prothrombotic state. The rate of shunt 
 occlusion varies between 0 and 33% [40–45] (Table 12.1). 
This wide discrepancy in shunt failure may or may not be 
explained by different postoperative anticoagulation 
regimes [39,41,44,45]. The only prospective study found 
that patients receiving aspirin [acetylsalicylic acid (ASA)] 
had a lower risk of shunt thrombosis and lower rate of inter-
stage death compared with the group without ASA [45]. 
Factors that increase the incidence of shunt failure include 
smaller conduit size [43,44], smaller patients [41], younger 
patients [41], and small pulmonary artery size [41]. The 
CLARINET trial, a  randomized, double-blind, placebo-con-
trolled trial, examined the efficacy and safety of clopidogrel 
and ticlopidine in neonates and infants with systemic to 
 pulmonary artery shunt palliation (www.clinicaltrials.gov, 
NCT00396877). Most patients were also taking aspirin. The 
primary outcome was a composite end point including 
death, shunt thrombosis, and cardiac procedure prior to 
120 days following an event considered thrombotic in 
nature. No difference in the composite endpoint was found 
between the two groups.

There are limited prospective data about direct antithrom-
botic management after a systemic-pulmonary artery shunt. 
Recommendations for infants with an MBTS as part of a 
Norwood procedure are similar to those for infants with an 
MBTS. On the other hand, the Norwood procedure with an 
RV–PA shunt may have a decreased rate of thrombosis 
because of the increased conduit diameter, but the increas-
ing turbulence from the longer conduit may offset this. Some 
infants are palliated with a central shunt with a Gore-Tex 
graft between the ascending aorta and the main pulmonary 
artery. A central shunt has an advantage of being short 
(3.5 or 4 mm long).

Bidirectional cavopulmonary anastomosis (BCPA)
Thrombotic complications are rarely reported after BCPA 
[46–48]. There are no prospective data to support routine 
thromboprophylaxis; however, antiplatelet therapy may be 
considered.

Fontan procedure
Fontan palliation (total cavopulmonary anastomosis) is the 
final operation for children with a univentricular heart. 
Optimal surgical technique is unknown and includes the 
 lateral tunnel Fontan procedure, the extracardiac conduit, or 
more recently the intra–extracardiac Fontan procedure. Each 
surgical connection has its own advantages and  disadvantages, 
but no one technique eliminates the thrombotic risk. 
All three procedures expose patients to prosthetic  material. 
The lateral tunnel Fontan procedure uses a  Gore-Tex intra-
atrial baffle to divert blood from the inferior vena cava to the 
 pulmonary arteries. As such, prosthetic material is exposed to 
the left-sided circulation that may increase the risk of  systemic 
embolization. The extracardiac and intra–extracardiac Fontan 
procedures use a 16–18 mm Gore-Tex conduit to  baffle blood 
to the pulmonary artery. These prosthetic conduits have no 
growth potential. There is a theoretical risk of flow obstruction 
secondary to thrombus formation or the development of 
fibrosis and/or calcification.. Turbulence of blood and lost 
kinetic energy may  predispose to right atrial dilation, 
stagnation of blood flow, and thrombosis. Hydrodynamics 
depend primarily on the connection geometry or, more 
specifically, the horizontal offset of the cavopulmonary 
anastomoses to avoid flow collision.

Venous thrombosis is a major cause of morbidity and 
 mortality after the Fontan procedure [49,50]. An acquired 
prothrombotic state may occur secondary to increased levels 
of FVIII [27]. Additional hypotheses for these thromboem-
bolic phenomena include low flow states, stasis in the venous 
pathway, right-to-left shunts, blind cul-de-sacs, prosthetic 
materials, and atrial arrhythmias. The reported incidence 
of thromboembolic events varies from 7 to 23% [51–55]. 
The incidence of intracardiac thrombus is >33% [56–58]. 
There is insufficient prospective evidence to anticoagulate 
children routinely after the Fontan procedure. McCrindle 
et al. performed a multicenter, international randomized trial 
of anticoagulation with aspirin versus heparin/warfarin for a 
2 year period after the Fontan procedure in children [53]. 
Unfortunately, the study was underpowered and showed no 
difference in thrombosis, either intra- or extracardiac, 
between the two groups. Current prophylactic anticoagula-
tion practices are based on theory and expert opinion.

Right ventricle to pulmonary artery (RV–PA) 
conduits
RV–PA conduits to direct pulmonary blood flow are  common 
in patients with various forms of tetralogy of Fallot and 
 pulmonary atresia, truncus arteriosus, aortic valve disease 

Table 12.1 Published incidence of systemic to pulmonary artery shunt 

occlusion.

Study  Year  Population  N  Occluded (%)

Al Jubair et al. [41] 1998 Mixed 418 6.7

Motz et al. [44] 1999 Mixed 46 33

Fenton et al. [43] 2003 Mixed 169 5.9

De Oliveira et al. [42] 2004 Post-Norwood 105 3.8

Li et al. [45] 2007 Mixed 954 10

Ahmad et al. [40]  2008 Mixed  22 9
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following a Ross procedure, and D-transposition of the great 
arteries with ventricular septal defect and pulmonary 
 stenosis. Little information is available about the thrombosis 
risk in these patients. There is no indication for long-term 
anticoagulation, but antiplatelet therapy may be considered.

Cardiomyopathies
Anticoagulation may be considered in infants and children 
with normal structural cardiac anatomy, but decreased 
ventricular function as with idiopathic, post-viral, or 
dilated cardiomyopathy. A left ventricular ejection fraction 
of <30% increases the risk for stagnant blood flow and 
intracardiac thrombus.

Valve replacement
A prosthetic valve is necessary when a child’s native valve 
cannot be repaired surgically [59,60]. Biologic prosthetic 
valves (allograft or xenograft tissue valves) are typically 
placed on the right side (tricuspid or pulmonary positions). 
In contrast, mechanical prosthetic valves are preferred for 
the mitral and aortic positions, given the higher pressure 
and velocity of blood flow, the potential for rapid deterio-
ration of tissue valves, and the dire consequences of valve 
failure in this anatomic position. Mechanical valves are 
generally  contraindicated on the right side of the heart 
because of the lower blood pressure and flow velocity that 
may precipitate valve thrombosis and failure. Mechanical 
valves are sometimes used on the right side of the heart 
when the right ventricle is functioning as the systemic 
ventricle.

Long-term anticoagulation is unnecessary for tissue valves, 
but imperative for mechanical valves. Most studies examining 
mechanical prosthetic valve anticoagulation are retrospective 
and include small numbers of patients, hence high-grade 
evidence for prophylactic agent choice is unavailable. Most 
providers use a vitamin K antagonist with or without an 
antiplatelet agent. Valves placed in the mitral position pose 
an increased risk for thrombosis. The recommendations of 
the ACC/AHA Guidelines for Management of Patients with 
Valvular Heart Disease [37] are extremely valuable.

Intracardiac, arterial, or venous thrombosis
Symptoms of thrombosis depend upon the location of the 
thrombus. Intracardiac thrombus may be asymptomatic or 
cause congestive heart failure, pulmonary embolism, or 
sequelae secondary to an embolus, including stroke and 
organ or limb compromise. Intracardiac thrombosis is 
often an incidental finding for children with compromised 
cardiac function [56,61,62] and may be identified through 
echocardiogram, cardiac catheterization, angiogram, or 
 cardiac MRI or CT.

Deep venous thrombosis in a limb commonly occurs in 
 vessels where central catheters (venous or arterial) have been 
attempted or placed, including cardiac catheterization [63,64]. 

Symptoms include pain, swelling, skin discoloration, and 
altered perfusion [65,66]. The most sensitive methods for 
diagnosing upper system thrombosis are ultrasound for  jugular 
venous thrombosis and venography for intrathoracic vessels. 
For symptomatic thrombosis of both the upper and lower 
 system, ultrasound may be used; however, if the clinical 
 suspicion for thrombosis is high and the ultrasound is nega-
tive, further imaging should be considered by magnetic 
 resonance imaging (MRI) [67,68], computed tomography 
(CT), and/or venography of the suspicious venous or arterial 
system. No studies have determined the sensitivity and 
 specificity of these imaging techniques in children, but they 
are commonly used.

Thromboses require rapid diagnosis and treatment to 
 prevent thrombus extension or embolism. Management of 
children with venous or arterial thrombosis focuses on pre-
venting extension, recurrence, or embolization of thrombus. 
The duration and intensity of therapy are based on recom-
mendations for adults that may be excessive in children. It is 
reasonable to base therapy on adult recommendations [69]. 
Newly diagnosed thrombosis is treated with 5–7 days of 
heparin therapy and may be followed by continued heparin 
or warfarin treatment.

Anticoagulant agents

Therapeutic agents commonly used in children include 
heparin and oral vitamin K antagonists (warfarin). When 
patients are maintained within their defined therapeutic 
range, they will be adequately protected from the risk of 
thrombosis without unacceptable risk of side effects 
[26,70,71]. Newer agents, such as direct thrombin inhibitors, 
are available, although there are limited data available to 
support their use. Despite this, there are clinical situations, 
for example, in confirmed heparin-induced thrombocytope-
nia (HIT) [69,72,73], where these agents must be used.

Therapeutic agents (Table 12.2)

Heparin is a term that describes unfractionated heparin 
(standard heparin) and low molecular weight heparins 
(LMWH). Both are heparins with LMWH being modified 
using enzymes to reduce molecular size. This smaller molec-
ular size results in a more specific inhibition of activated Xa.

Unfractionated heparin (UFH)
Unfractionated heparin (standard heparin) remains a 
 commonly used anticoagulant agent in hospitals for children 
at increased risk of hemorrhage (i.e., postoperatively) or 
when rapid reversal of anticoagulant effect is required [69]. 
Heparin is not absorbed orally, so it must be administered 
intravenously or subcutaneously.
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Unfractionated heparin therapy: 
dosing and monitoring
Dosing of UFH in children is age dependent (Table 12.2). 
Heparin doses are titrated based on laboratory measure of 
anti-factor Xa or PTT if anti-factor Xa measures are 
 unavailable. Anti-Xa levels are commonly referred to as 
“heparin levels.”

The internationally accepted standard measure of UFH is 
the anti-factor Xa level, with a target range of 0.35–0.7 U ml−1 
[74] to reflect a therapeutic heparin level. Using the PTT to 
monitor heparin in pediatric patients is likely to be invalid 
because normal PTTs in infants and children are increased 
secondary to developmental hemostasis [75–78]. Equally, 
children have a different response to heparin than adults; 
therefore, the use of the PTT to monitor heparin therapy 
may be inaccurate. In addition, in vitro and in vivo data 
 demonstrate significant variations in correlation of the PTT 
to the anti-Xa level in children [75–78]. Unfractionated 
heparin has a short half-life, clearing within 4–6 h of  cessation 
of heparin administration, and is fully reversible with 
 protamine sulfate. Venous access is required for  administration 
and heparin infusions should not be interrupted for medica-
tion administration or blood sampling (due to the short 
 half-life). Daily monitoring of the PTT and anti-Xa levels is 
required because of the poor bioavailability of heparin.

Heparin-induced thrombocytopenia (HIT) is an immune-
mediated platelet reaction response to heparin. HIT is 
 characterized by a sudden drop in platelets by more than 
50% after 5 days of first-time heparin exposure or any time 
after a previous heparin exposure. The incidence among 
children is <0.1% [79–81].

Low molecular weight heparins
Low molecular weight heparins have rapidly become the 
anticoagulants of choice for pediatric patients without a 
bleeding risk [82–87]. These heparins have increased 
 bioavailability and result in a more stable anticoagulant 
effect. Adult reports show equal efficacy to the higher 
 molecular weight UFH and a decreased risk for hemorrhage. 
No well-designed studies have evaluated their safety and 
efficacy in children. There are three commonly used LMWHs 
(Table 12.2).

Low molecular weight heparin: 
dosing and monitoring
Dosing of LMWHs is age dependent [69]. Recent  publications 
describing enoxaparin dosing have suggested that age- 
dependent dose requirements [88,89] may be higher than 
suggested in Table 12.2.

Monitoring the LMWH effect can only be performed 
using an anti-factor Xa level as LMWH maximally inhibits 
the  activation of procoagulant FX. The influence of LMWH 
on the activation of FII is diminutive and therefore a PTT 

will not measure LMWH effect. Anti-factor Xa levels 
should be monitored monthly and dose adjustments be 
made to maintain an anti-factor Xa (LMWH level) (Table 
12.2) as children often outgrow their current dose or some 
accumulation occurs over time due to insufficient renal 
clearance.

Low molecular weight heparins: reversal
If anticoagulation with LWMHs needs to be terminated for 
clinical reasons, discontinuation of LMWH injections for 24 h 
usually suffices. If an immediate reversal of effect is required, 
protamine sulfate reverses 80% of the anti-factor Xa activity 
of LMWHs.

Oral vitamin K antagonists
The most commonly prescribed oral vitamin K antagonist 
(VKA) is warfarin. Alternatively, in Europe and South 
America, phenprocoumon is commonly prescribed. Target 
INRs are specific to the indication for anticoagulation (Table 
12.2). Frequent INR monitoring is important because of the 
variability of INRs in children from the following  challenges:

There is no pediatric formulation available, so accurate  •
dosing is difficult.

Children with congenital heart disease have complex  •
underlying health problems that may require frequent 
reversal for invasive procedures, multiple medication 
changes, or illness-effect dose requirements.

Inconsistent nutritional intake such as breast milk which  •
contains little vitamin K, bottled formula with varying 
amounts of vitamin K, and normal age-appropriate 
 fluctuations in daily intake.

Increased susceptibility to respiratory infections and  •
 influenza as part of childhood which interferes with VKA 
metabolism.

Poor venous access limits monitoring of VKAs that have a  •
narrow therapeutic index.

Anxiety and needle phobias. •
The unreported use of complementary alternative  •

 medications that may interfere with VKA metabolism.
Possibility of life-long monitoring (i.e., mechanical heart  •

valve), which results in many more patient years of 
 anticoagulation.
A warfarin dosing algorithm is presented in Table 12.2. There 
are data among adults that indicate that the therapeutic 
range expands by 10% without a warfarin dose adjustment 
and increases over time in the therapeutic range [90]. 
The side effects of oral anticoagulant therapy (bleeding and 
new or extension of thrombus) increase with poor oral anti-
coagulant control. The event rate of side effects in children 
ranges from 0 to 0.5% per patient year and from 0 to 1.3% 
per patient year for bleeding and thrombosis, respectively 
[91,92]. Long-term VKA therapy in children may be 
 associated with osteoporosis [69].
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Vitamin K antagonist: reversal
The antidote for warfarin depends whether urgent or 
 nonurgent reversal is necessary. For children at high risk for 
thrombosis (i.e., with mechanical valves), bridge anticoagu-
lant therapy using heparin may be considered [69].

Non-urgent reversal requires holding warfarin for 3 days  •
pre-procedure [93].

For semi-urgent reversal, vitamin K may be administered  •
at a dose of 0.5–1 mg orally depending upon patient size 
[69,94]. Administering vitamin K either intravenously or 
intramuscularly is less efficacious than orally, provided that 
gut absorption is not severely compromised [95].

For urgent reversal (major bleeding or interventional pro- •
cedure), FVIIa 50 U kg−1 i.v. or FFP 20 ml kg−1 is  administered. 
Octaplex is approved for VKA reversal in adults in various 
countries. The composition of 20 ml of Octaplex includes the 
human coagulation factors FII (220–760 IU), VII (180–480 
IU), IX (400–620 IU), X (360–600 IU), protein C (140–620 
IU), protein S (140–640 IU), and heparin (80–310 IU) and 
sodium citrate (17–276 mmol l−1). Although not currently 
evaluated or approved for use in children, dose recommen-
dations are 40 ml i.v. for a patient of adult size/weight [70]. 
For further dosing guidelines, see Ansell et al. [70].

POC INR monitoring: a solution to VKA therapy
The use of the POC INR meter represents a solution to 
 manage VKA therapy effectively in children [96]. The POC 
INR meter uses a capillary sample to determine the INR, may 
be performed at home, and facilitates more frequent testing. 
As a result, the time in the therapeutic range is better than 
in children using laboratory INR testing [97,98]. POC INR 
meter use is believed to improve quality of life.

Direct thrombin inhibitors
Heparin-induced thrombocytopenia (HIT), developing 
rarely in children (less than 1% of those who receive UFH) 
is an extremely hypercoagulable state which occurs from 
 development of an IgG antibody to the combination of 
platelet factor 4, presented on the surface of activated plate-
lets, and glycosaminoglycan units of UFH. In a child who 
develops the HIT antibody, all UFH must be discontinued to 
avoid the antigen–antibody reaction that can result in mas-
sive thrombosis. In adults with HIT, the direct thrombin 
inhibitors (DTIs) argatroban and bivalirudin are recom-
mended. In children, few studies have been completed with 
these agents [72,73,99]; however, they are used if HIT is 
confirmed and anticoagulation is required. Different clear-
ance mechanisms exist with renal and hepatic clearance for 
bivalirudin and argatroban, respectively. Advantages include 
no reactivity with HIT antibodies and short half-life ( in 
adult volunteers, 39–51 min for argatroban and 25 min for 
bivalirudin). Challenges of both agents include the inability 
to reverse the anticoagulant effect and inaccurate monitor-
ing methods. Both agents should be monitored by an 

echarin (snake venom) clotting time, but currently this test 
is available only in research laboratories. The agents are 
monitored mostly by PTT and less often by activated clot-
ting time [100].

Thrombolytic therapy
In life-, organ- or limb-threatening thrombosis, including 
pulmonary embolism, thrombolytic therapy is an appropri-
ate therapeutic choice [26]. Tissue plasminogen activator 
(tPA) administered intravenously activates plasminogen, 
which then degrades thrombus. Few prospective studies in 
children have examined the dosing (range 0.01–0.6 mg kg−1 
h−1 for 6–24 h), safety, and efficacy of this therapy. Reports of 
>30% major bleeding exist in the literature, hence discus-
sion with parents before therapy is strongly recommended 
with documentation of informed consent. Monitoring the 
fibrinogen level should be carried out with replacement if 
levels are less than 100 mg dl−1 to avoid hemorrhage. The 
administration of fresh frozen plasma at 10–20 ml kg−1 every 
8–12 h during therapy will maximize thrombolysis by ensur-
ing an adequate plasminogen level.

Antiplatelet therapy
Multiple receptors participate in platelet activation, so sin-
gle-target therapeutic agents may not protect against all 
mechanisms of platelet activation. The most common 
antiplatelets used are ASA, dipyridamole, and clopidogrel.

ASA acetylates enzyme cyclooxygenase, inhibits throm-
boxane A2, and causes irreversible inhibition of this enzyme, 
thus impairing platelet aggregation until the death of the 
platelets. Dipyridamole inhibits platelet phosphodiesterase. 
Clopidogrel inhibits platelet aggregation induced by ADP.

Antiplatelet therapy: dosing
ASA 1–5 mg kg day • −1

Dipyridamole 2–5 mg kg day • −1

Clopidogrel 0.2 mg kg day • −1.
Various methods have been used to monitor antiplatelet 

effect (platelet aggregation, PFA100, Accumetrics, TEG); 
however, none have been associated with improved safety 
and efficacy outcomes.

Antiplatelet therapy: reversal
Discontinuation of therapy is sufficient to clear effect (may  •

take up to 7 days).
Special consideration should be given to withholding  •

 aspirin with fever or exposure to chickenpox due to the 
small risk of developing Reyes syndrome.

Immunizations and injections may be administered while  •
on antiplatelet therapy. However, firm pressure must be 
applied to the injection site to minimize bruising.

The manufacturer of the varicella vaccine recommends  •
withholding ASA for 1 week before and for 6 weeks  following 
varicella immunization.
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Conclusion

The incidence of thrombotic complications continues to 
increase as a result of continued advances in medical and 
surgical cardiac therapy. Currently, there are few properly 
designed clinical studies to determine the best prevention 
and treatment in children with congenital or acquired heart 
disease with or at risk for thrombosis.

References

 1 Human DG. Living with complex congenital heart disease. Pediatr 

Child Health 2009;14:161–82.

 2 Sacco RL, Adams R, Albers G, et al. Guidelines for prevention of 

stroke in patients with ischemic stroke or transient ischemic 

attack: a statement for healthcare professionals from the American 

Heart Association/American Stroke Association Council on 

Stroke: co-sponsored by the Council on Cardiovascular Radiology 

and Intervention: the American Academy of Neurology affirms 

the value of this guideline. Circulation 2006;113:e409–49.

 3 Macfarlane RG. An enzyme cascade in the blood clotting mecha-

nism, and its function as a biochemical amplifier. Nature 

1964;202:498–9.

 4 Davie EW, Ratnoff OD. Waterfall sequence for intrinsic blood 

clotting. Science 1964;145:1310–2.

 5 Hoffman M, Monroe DM III. A cell-based model of hemostasis. 

Thromb Haemost 2001;85:958–65.

 6 Dubois C, Panicot-Dubois L, Gainor JF, et al. Thrombin-initiated 

platelet activation in vivo is vWF independent during thrombus 

formation in a laser injury model. J Clin Invest 2007;117:953–60.

 7 Mangin P, Yap CL, Nonne C, et al. Thrombin overcomes the 

thrombosis defect associated with platelet GPVI/FcRγ deficiency. 

Blood 2006;107:4346–53.

 8 Ruggeri ZM. Old concepts and new developments in the study of 

platelet aggregation. J Clin Invest 2000;105:699–701.

 9 Bergmeier W, Piffath CL, Goerge T, et al. The role of platelet 

adhesion receptor GPIbα far exceeds that of its main ligand, von 

Willebrand factor, in arterial thrombosis. Proc Natl Acad Sci USA 

2006;103:16900–5.

10 Massberg S, Gawaz M, Grüner S, et al. A crucial role of glycopro-

tein VI for platelet recruitment to the injured arterial wall in vivo. 

J Exp Med 2003;197:41–9.

11 Holtkötter O, Nieswandt B, Smyth N, et al. Integrin α2-deficient 

mice develop normally, are fertile, but display partially defective 

platelet interaction with collagen. J Biol Chem 2002;277:10789–94.

12 Nieswandt B, Brakebusch C, Bergmeier W, et al. Glycoprotein VI 

but not α2β1 integrin is essential for platelet interaction with 

collagen. EMBO J 2001;20:2120–30.

13 Falati S, Liu Q, Gross P, et al. Accumulation of tissue factor into 

developing thrombi in vivo is dependent upon microparticle 

P-selectin glycoprotein ligand 1 and platelet P-selectin. J Exp Med 

2003;197:1585–98.

14 Giesen PLA, Rauch U, Bohrmann B, et al. Blood-borne tissue 

factor: another view of thrombosis. Proc Natl Acad Sci 1999;

96:2311–2315.

15 Bach R, Rifkin DB. Expression of tissue factor procoagulant 

 activity: Regulation by cytosolic calcium. Proc Natl Acad Sci USA 

1990;87:6995–9.

16 Maynard JR, Heckman CA, Pitlick FA, Nemerson Y. Association 

of tissue factor activity with the surface of cultured cells. J Clin 

Invest 1975;55:814–24.

17 Becker RC. Cell-based models of coagulation: a paradigm in 

 evolution. J Thromb Thrombol 2005;20:65–8.

18 Stegner D, Nieswandt B. Platelet receptor signaling in thrombus 

formation. J Mol Med 2011;89:109–21.

19 Burgess JK, Hotchkiss KA, Suter C, et al. Physical proximity and 

functional association of glycoprotein 1bα and protein-disulfide 

isomerase on the platelet plasma membrane. J Biol Chem 

2000;275:9758–66.

20 Chen VM, Hogg PJ. Allosteric disulfide bonds in thrombosis and 

thrombolysis. J Thromb Haemost 2006;4:2533–41.

21 Essex DW, Li M, Miller A, Feinman RD. Protein disulfide isomer-

ase and sulfhydryl-dependent pathways in platelet activation. 

Biochemistry 2001;40:6070–5.

22 Du X, Gu M, Weisel JW, et al. Long range propagation of 

 conformational changes in integrin α(IIb)β3. J Biol Chem 1993;

268:23087–92.

23 Sitaru AG, Holzhauer S, Speer CP, et al. Neonatal platelets from 

cord blood and peripheral blood. Platelets 2005;16:203–10.

24 Andrew M, Paes B, Milner R. Development of the human coagu-

lation system in the full-term infant. Blood 1987;70:165–72.

25 Andrew M, Vegh P, Johnston M, et al. Maturation of the hemo-

static system during childhood. Blood 1992;80:1998–2005.

26 Monagle P, Chan A, Massicotte P, et al. Antithrombotic therapy 

in neonates and children: the Eighth ACCP Conference on 

Antithrombotic and Thrombolytic Therapy. Chest 2008;133
(6 Suppl):645S–87S.

27 Odegard KC, Zurakowski D, DiNardo JA, et al. Prospective 

 longitudinal study of coagulation profiles in children with 

 hypoplastic left heart syndrome from stage I through Fontan 

completion. J ThoracCardiovasc Surg 2009;137:934–41.

28 Odegard KC, Zurakowski D, Hornykewycz S, et al. Evaluation of 

the coagulation system in children with two-ventricle congenital 

heart disease. Ann Thorac Surg 2007;83:1797–803.

29 Andrew M, Paes B, Milner R, et al. Development of the human 

coagulation system in the healthy premature infant. Blood 

1988;72:1651–7.

30 Wells PS, Brill-Edwards P, Stevens P, et al. A novel and rapid 

whole-blood assay for D-dimer in patients with clinically suspec-

ted deep vein thrombosis. Circulation 1995;91:2184–7.

31 Goldenberg NA, Knapp-Clevenger R, Manco-Johnson MJ. 

Elevated plasma factor VIII and D-dimer levels as predictors of 

poor outcomes of thrombosis in children. N Engl J Med 

2004;351:1081–8.

32 Chan AK, Leaker M, Burrows FA, et al. Coagulation and fibrino-

lytic profile of paediatric patients undergoing cardiopulmonary 

bypass. Thromb Haemost 1997;77:270–7.

33 Nankervis CA, Preston TJ, Dysart KC, et al. Assessing heparin 

dosing in neonates on venoarterial extracorporeal membrane 

oxygenation. ASAIO J 2007;53:111–4.

34 Green TP, Isham-Schopf B, Irmiter RJ, et al. Inactivation of hepa-

rin during extracorporeal circulation in infants. Clin Pharmacol 

Ther 1990;48:148–54.



Pediatric Cardiovascular Medicine

220

35 Chan KL, Summerhayes RG, Ignjatovic V, et al. Reference values 

for kaolin-activated thromboelastography in healthy children. 

Anesth Analg 2007;105:1610–3.

36 Alexander DC, Butt WW, Best JD, et al. Correlation of thrombo-

elastography with standard tests of anticoagulation in paediatric 

patients receiving extracorporeal life support. Thromb Res 

2010;125:387–92.

37 Barst R, Erikson C, Bauman M, et al. Prevention and treatment of 

thrombosis in children and adults with congenital heart disease and 

in children with acquired heart disease. Circulation 2011; in press.

38 Blalock A, Taussig HB. Landmark article May 19, 1945: The sur-

gical treatment of malformations of the heart in which there is 

pulmonary stenosis or pulmonary atresia. By Alfred Blalock and 

Helen B. Taussig. JAMA 1984;251:2123–38.

39 Centazzo S, Montigny M, Davignon A, et al. Use of acetylsalicylic 

acid to improve patency of subclavian to pulmonary artery Gore-

Tex shunts. Can J Cardiol 1993;9:243–6.

40 Ahmad U, Fatimi SH, Naqvi I, et al. Modified Blalock–Taussig 

shunt: immediate and short-term follow-up results in neonates. 

Heart Lung Circ 2008;17:54–8.

41 Al Jubair KA, Al Fagih MR, Al Jarallah AS, et al. Results of 546 

Blalock–Taussig shunts performed in 478 patients. Cardiol Young 

1998;8:486–90.

42 De Oliveira NC, Ashburn DA, Khalid F, et al. Prevention of early 

sudden circulatory collapse after the Norwood operation. 

Circulation 2004;110(11 Suppl):II133–8.

43 Fenton KN, Siewers RD, Rebovich B, Pigula FA. Interim mortal-

ity in infants with systemic-to-pulmonary artery shunts. Ann 

Thorac Surg 2003;76:152–6; discussion 156–7.

44 Motz R, Wessel A, Ruschewski W, Bürsch J. Reduced frequency 

of occlusion of aorto-pulmonary shunts in infants receiving 

 aspirin. Cardiol Young 1999;9:474–7.

45 Li JS, Yow E, Berezny KY, et al. Clinical outcomes of palliative 

surgery including a systemic-to-pulmonary artery shunt in 

infants with cyanotic congenital heart disease: does aspirin make 

a difference? Circulation 2007;116:293–7.

46 Randolph A, Wypij D, Venkataraman S, et al. Pediatric Acute 

Lung Injury and Sepsis Investigators (PALISI) Network. Effect of 

mechanical ventilator weaning protocols on respiratory  outcomes 

in infants and children: a randomized controlled trial. JAMA 

2002;288:2561–8.

47 Kopf GS, Laks H, Stansel HC, et al. Thirty-year follow-up of 

 superior vena cava–pulmonary artery (Glenn) shunts. 

J ThoracCardiovasc Surg 1990;100:662–71.

48 Koutlas TC, Harrison JK, Bashore TM, et al. Late conduit 

 occlusion after modified Fontan procedure with classic Glenn 

shunt. Ann Thorac Surg 1996;62:258–62.

49 Monagle P, Cochrane A, McCrindle B, et al. Thromboembolic 

complications after Fontan procedures – the role of prophylactic 

anticoagulation. J Thorac Cardiovasc Surg 1998;115:493–8.

50 Monagle P, Karl TR. Thromboembolic problems after the Fontan 

operation. Semin Thorac Cardiovasc Surg Pediatr Cardiac Surg Annu 

2002;5:36–47.

51 Jahangiri M, Shore D, Kakkar V, et al. Coagulation factor abnor-

malities after the Fontan procedure and its modifications. 

J Thorac Cardiovasc Surg 1997;113:989–93.

52 Kaulitz R, Ziemer G, Rauch R, et al. Prophylaxis of 

 thromboembolic complications after the Fontan operation 

(total cavopulmonary anastomosis). J Thorac Cardiovasc Surg 

2005;129:569–75.

53 McCrindle BW, Cochrane A, Roberts R, et al. Factors associated 

with thrombotic complications in the first 2 years after the 

Fontan procedure: a multicentre prospective study. Circulation 

2009;120(Suppl II):S591.

54 Seipelt RG, Franke A, Vazquez-Jimenez JF, et al. Thromboembolic 

complications after Fontan procedures: comparison of different 

therapeutic approaches. Ann Thorac Surg 2002;74:556–62.

55 Rosenthal DN, Friedman AH, Kleinman CS, et al. Thromboembolic 

complications after Fontan operations. Circulation 1995;92
(Suppl):II287–93.

56 Balling G, Vogt M, Kaemmerer H, et al. Intracardiac thrombus 

formation after the Fontan operation. J Thorac Cardiovasc Surg 

2000;119:745–52.

57 Buck JR, Connors RH, Coon WW. Pulmonary embolism in 

 children. J Pediatr Surg 1981;16:385–91.

58 Shirai LK, Rosenthal DN, Reitz BA, et al. Arrhythmias and 

thromboembolic complications after the extracardiac fontan 

operation. J Thorac Cardiovasc Surg 1998;115:499–505.

59 el Makhlouf A, Friedli B, Oberhansli I, et al. Prosthetic heart 

valve replacement in children. Results and follow-up of 273 

patients. J Thorac Cardiovasc Surg 1987;93:80–5.

60 Reiss N, Blanz U, Breymann T, et al. Mechanical valve replace-

ment of the systemic atrioventricular valve in children. ASAIO J 

2006;52:559–61.

61 Alioglu B, Avci Z, Tokel K, et al. Thrombosis in children with 

cardiac pathology: analysis of acquired and inherited risk factors. 

Blood Coagul Fibrinol 2008;19:294–304.

62 Yang JYK, Williams S, Brandão LR, Chan AKC. Neonatal and 

childhood right atrial thrombosis: recognition and a risk- stratified 

treatment approach. Blood Coagul Fibrinol 2010;21:301–7.

63 Monagle P, Adams M, Mahoney M, et al. Outcome of pediatric 

thromboembolic disease: a report from the Canadian Childhood 

Thrombophilia Registry. Pediatr Res 2000;47:763–6.

64 Van Ommen CH, Heijboer H, Büller HR, et al. Venous 

 thromboembolism in childhood: a prospective two-year registry 

in The Netherlands. J Pediatr 2001;139:676–81.

65 Goldenberg NA. Long-term outcomes of venous thrombosis in 

children. Curr Opin Hematol 2005;12:370–6.

66 Kuhle S, Koloshuk B, Marzinotto V, et al. A cross-sectional study 

evaluating post-thrombotic syndrome in children. Thromb Res 

2003;111:227–33.

67 Varnholt H. Computed tomography and radiation exposure. 

N Engl J Med 2008;358:852.

68 Frush DP, Goske MJ, Hernanz-Schulman M. Computed  tomography 

and radiation exposure. N Engl J Med 2008;358:851.

69 Monagle P, Chalmers E, Chan A, et al. Antithrombotic therapy in 

neonates and children: American College of Chest Physicians 

Evidence-Based Clinical Practice Guidelines (8th Edition). Chest 

2008;133(6 Suppl):887S–968S.

70 Ansell J, Hirsh J, Hylek E, et al. Pharmacology and management 

of the vitamin K antagonists: American College of Chest Physicians 

Evidence-Based Clinical Practice Guidelines (8th Edition). Chest 

2008;133(6 Suppl):160S–198S.

71 Hirsh J, Dalen JE, Anderson DR, et al. Oral anticoagulants: 

mechanism of action, clinical effectiveness, and optimal 

 therapeutic range. Chest 2001;119(1 Suppl):8S–21S.



CHAPTER 12 Thrombosis in Congenital and Acquired Disease

221

72 Young G, Tarantino MD, Wohrley J, et al. Pilot dose-finding and 

safety study of bivalirudin in infants <6 months of age with 

thrombosis. J Thromb Haemost 2007;5:1654–9.

73 Young G, Yonekawa KE, Nakagawa P, Nugent DJ. Argatroban as 

an alternative to heparin in extracorporeal membrane oxygena-

tion circuits. Perfusion 2004;19:283–8.

74 Hirsh J, Bauer KA, Donati MB, et al. Parenteral anticoagulants: 

American College of Chest Physicians Evidence-Based 

Clinical Practice Guidelines (8th Edition). Chest 2008;133
(6 Suppl):141S–159S.

75 Newall F, Johnston L, Summerhayes R, et al. Novel interactions 

between UFH and TFPI in children. Br J Haematol 2011;

151:376–80.

76 Newall F, Ignjatovic V, Johnston L, et al. Clinical use of unfraction-

ated heparin therapy in children: time for change?: research 

paper. Br J Haematol 2010;150:674–8.

77 Newall F, Ignjatovic V, Johnston L, et al. Age is a determinant 

factor for measures of concentration and effect in children 

 requiring unfractionated heparin. Thromb Haemost 2011;

103:1085–90.

78 Greenway A, Ignjatovic V, Summerhayes R, et al. Point-of-care 

monitoring of oral anticoagulation therapy in children. 

Comparison of the CoaguChek XS system with venous INR and 

venous INR using an International Reference Thromboplastin 

preparation (rTF/95). Thromb Haemost 2009;102:159–65.

79 Newall F, Barnes C, Ignjatovic V, Monagle P. Heparin-induced 

thrombocytopenia in children. J Paediatr Child Health 2003;

39:289–92.

80 Schmugge M, Risch L, Huber AR, et al. Heparin-induced 

 thrombocytopenia-associated thrombosis in pediatric intensive 

care patients. Pediatrics 2002;109:E10.

81 Alsoufi B, Boshkov LK, Kirby A, et al. Heparin-induced 

 thrombocytopenia (HIT) in pediatric cardiac surgery: an  emerging 

cause of morbidity and mortality. Semin Thorac Cardiovasc 

SurgPediatr Cardiac Surg Annu 2004;7:155–71.

82 Dix D, Andrew M, Marzinotto V, et al. The use of low molecular 

weight heparin in pediatric patients: a prospective cohort study. 

J Pediatr 2000;136:439–45.

83 Kuhle S, Massicotte P, Dinyari M, et al. Dose-finding and 

 pharmacokinetics of therapeutic doses of tinzaparin in pediatric 

patients with thromboembolic events. Thromb Haemost 2005;

94:1164–71.

84 Massicotte P, Julian JA, Gent M, et al. An open-label randomized 

controlled trial of low molecular weight heparin for the preven-

tion of central venous line-related thrombotic complications in 

children: the PROTEKT trial. Thromb Res 2003;109:101–8.

85 Massicotte P, Julian JA, Gent M, et al. An open-label randomized 

controlled trial of low molecular weight heparin compared 

to heparin and coumadin for the treatment of venous 

 thromboembolic events in children: the REVIVE trial. Thromb Res 

2003;109:85–92.

 86 Michaels LA, Gurian M, Hegyi T, Drachtman RA. Low molecu-

lar weight heparin in the treatment of venous and arterial 

thromboses in the premature infant. Pediatrics 2004;114:703–7.

 87 Young, G. New anticoagulants in children: a review of recent 

studies and a look to the future. Thromb Res 2011;127:70–4.

 88 Bauman M, Belletrutti M, Bajzar L, et al. Evaluation of enoxapa-

rin dosing requirements in infants and children. Better dosing to 

achieve therapeutic levels. Thromb Haemost 2009;101:86–92.

 89 Malowany JI, Monagle P, Knoppert DC, et al. Enoxaparin for 

neonatal thrombosis: a call for a higher dose for neonates. 

Thromb Res 2008;22:826–30.

 90 Rose AJ, Ozonoff A, Berlowitz DR, et al. Warfarin dose manage-

ment affects INR control. J Thromb Haemost 2009;7:94–101.

 91 Streif W, Andrew M, Marzinotto V, et al. Analysis of warfarin 

therapy in pediatric patients: a prospective cohort study of 319 

patients. Blood 1999;94:3007–14.

 92 Jones S, Newall F, Manias E, Monagle P. Assessing outcome 

measures of oral anticoagulation management in children. 

Thromb Res 2011;127:75–80.

 93 Bauman ME, Black K, Bauman ML, et al. Warfarin induced 

coagulopathy in children: assessment of a conservative 

approach. Arch Dis Child 2011;96:164–7.

 94 Crowther MA, Ageno W, Schnurr T, et al. Oral vitamin K 

 produces a normal INR within 24 hours of its administration in 

most patients discontinuing warfarin. Haematologica 2005;

90:137–9.

 95 Crowther MA, Douketis JD, Schnurr T, et al. Oral vitamin K 

lowers the international normalized ratio more rapidly than 

subcutaneous vitamin K in the treatment of warfarin-a ssociated 

coagulopathy. A randomized, controlled trial. Ann Intern Med 

2002;137:251–4.

 96 Bauman M, Conroy S, Massicotte M. Point of care INR 

 measurement in children: what has been evaluated and future 

directions. Pediatr Health 2008;2:651–9.

 97 Bauman ME, Black K, Kuhle S, et al. KIDCLOT: the importance 

of validated educational intervention for optimal long term 

warfarin management in children. Thromb Res 2009;123:

707–9.

 98 Newall F, Monagle P, Johnston L. Home INR monitoring of oral 

anticoagulant therapy in children using the CoaguChek S 

point-of-care monitor and a robust education program. Thromb 

Res 2006;118:587–93.

 99 Young G. Current and future antithrombotic agents in children. 

Expert Rev Cardiovasc Ther 2004;2:523–34.

100 Ansell J. New anticoagulants and their potential impact on the 

treatment of thromboembolic disease. Curr Hematol Rep 

2004;3:357–62.

101 Mahan CE, Fanikos, J. New antithrombotics: the impact on 

 global health care. Thromb Res 2011;127:518–24.



222

Pediatric Cardiovascular Medicine, Second Edition. Edited by James H. Moller and Julien I. E. Hoffman. 

© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.

13 Genetic Testing
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Knowledge concerning the genetic basis of congenital heart 
defects (CHDs) has expanded rapidly over the past decade 
and genetic testing has become an increasingly common part 
of clinical care for patients with CHDs. Established genotype–
phenotype associations rationalize the screening of other 
organ systems and provide important prognostic informa-
tion about clinical outcomes. Genetic information can be 
used to identify reproductive risks in families and recom-
mend testing for other at-risk family members.

A wide array of genetic tests is available to assist the clini-
cian in diagnosing genetic alterations in children with CHDs. 
Genomic technological breakthroughs are making today’s 
laboratory methods outdated faster than ever. To remain 
current with the latest advances in this rapidly evolving 
field, the reader is encouraged to visit web sites that are 
updated regularly, such as Online Mendelian Inheritance 
in Man (http://www.ncbi.nlm.nih.gov/omim/) and Gene-
Tests (http://www.genetests.org/), resources supported by 
the National Library of Medicine and the National Institutes 
of Health [1].

The objective of this chapter is to discuss techniques cur-
rently available for genetic testing. These include chromo-
somal analysis, fluorescence in situ hybridization (FISH), 
array comparative genomic hybridization (CGH) or chromo-
somal microarray analysis and DNA sequencing (Table 13.1). 
Commoner disorders with CHDs that illustrate their use are 
highlighted.

Chromosome analysis

In the mid-1950s, Levan and Tjio established that the diploid 
human genome consisted of 46 chromosomes [2]. The devel-
opment of improved culture and slide preparations and the 
subsequent introduction of chromosomal banding  techniques 

in the 1970s facilitated the identification of each  individual 
chromosome. It was soon established that  chromosome 
aberrations are present in 8–13% of neonates with CHDs 
[3]. Among all children with chromosomal abnormalities, at 
least 30% are born with CHDs with rates that vary with the 
specific genetic defect, ranging from that observed in the 
general population to nearly 100% for certain forms of ane-
uploidy, such as trisomy 18 [4]. Therefore, chromosomal 
analysis is now routine in children with various types of 
CHDs, especially if they have a recognizable syndrome asso-
ciated with chromosomal defects.

GTG banding with metaphase chromosomes based on 
application of trypsin followed by Giemsa staining is the 
most accepted method for routine clinical settings [5]. Higher 
resolution banding of longer pro-metaphase chromosomes 
[6] has increased the number of identifiable bands in a 
 haploid genome to over 550 (providing a resolution of ~5–10 
million nucleotides). This technique better defines structural 
chromosomal abnormalities such as duplications, inversions, 
translocations, and interstitial or terminal deletions. In most 
laboratories, the required time for standard karyotyping is 
1–2 weeks and up to 3 weeks for high-resolution banding. 
Postnatal chromosomal analysis is most commonly per-
formed on peripheral blood lymphocytes. A number of other 
sources can be exploited, including skin fibroblasts, bone 
marrow, cord blood, amniotic fluid, and chorionic villi, the 
last two being relevant for prenatal assessments. Prior blood 
product transfusions are unlikely to impede chromosome 
testing considering the small volume of transfusion in rela-
tion to the total blood volume of the patient, especially if 
leukoreduced and/or irradiated blood products have been 
used. Many clinicians will defer testing in newborns and 
young infants after cardiac surgery with cardiopulmonary 
bypass due to the relatively larger blood volume loss and 
replacement.
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The rate of association of CHDs with chromosomal abnor-
malities is higher prenatally (22–26%) than postnatally 
[7,8]. The likelihood of detecting aneuploidy increases with 
certain heart defects (e.g., atrioventricular canal defects) and 
if extracardiac anomalies are found [8]. Hence prenatal 
chromosome testing is generally indicated after detecting a 
fetal cardiac malformation, excluding small muscular VSDs. 
Amniocentesis and chorionic villus sampling (CVS) are the 
primary methods used to obtain cells for prenatal chromo-
somal diagnosis. An amniocentesis for chromosome analysis 
at 15–24 weeks gestation is considered optimal with respect 
to cell growth rates and the success rates with cell culture. 
CVS involves the biopsy of chorionic villi from the placenta 
at 10–14 weeks gestation via a transabdominal or transcervi-
cal catheter. The major advantage of CVS over amniocente-
sis is the ability to obtain a result earlier in pregnancy. The 
major drawback, however, is the relatively increased 
 incidence of maternal cell contamination, estimated at 1–2% 
for CVS compared with <0.5% for cultured amniotic fluid 
samples [9]. Karyotyping of amniocytes and chorionic villi 
yields diagnostic accuracy for trisomies and sex chromosome 
aneuploidy of >99%. More rapid analysis to identify com-
mon aneuploidies can be accomplished in 1–2 days using 
interphase fluorescence in situ hybridization (FISH) with 
uncultured amniocytes or chorionic villi.

Clinical applications
Chromosomal analysis identifies structural chromosomal 
abnormalities, such as duplications, inversions, transloca-
tions, and interstitial or terminal deletions. Chromosome 
aberrations such as trisomy 21 in Down syndrome, 45,X in 
Turner syndrome, 47,XXY in Klinefelter syndrome, trisomy 
13, and trisomy 18 are readily recognized. For certain 

 chromosomal abnormalities such as an unbalanced translo-
cation, the parents should be analyzed for balanced translo-
cations that indicate high recurrence risks.

FISH

FISH tests use fluorophore-labeled nucleic acid probes to 
visualize specific DNA sequences on chromosomes in met-
aphase or interphase. An appropriately sized probe that 
hybridizes specifically with the intended genomic target is 
tagged either indirectly with nucleotides containing hap-
tens or directly using nucleotides containing fluorophores. 
Then interphase or metaphase chromosomes from the 
patient are prepared and attached to a substrate, usually a 
glass slide, and. the labeled probe is hybridized to the chro-
mosomal DNA and visualized using a fluorescent micro-
scope (Figure 13.1).

Subtelomeric FISH
Telomeres are thymine- and guanine-rich repetitive DNA 
sequences at the end of chromosomes that protect against 
degradation and also end-to-end fusion of chromosomes 
[10]. Because the adjacent subtelomeric regions are excep-
tionally gene rich [11], deletions, duplications, and subtle 
translocations involving these regions often have important 
phenotypic effects. Detecting abnormalities in these regions 
has improved significantly with the development of FISH 
probes for the entire set of human telomeres [12]. 
Subtelomeric FISH has been investigated in children with 
non-specific mental retardation and a normal karyotype, 
and detected 2.5% with submicroscopic abnormalities [13]. 
Of note, 50% of those defects are inherited from parents 

Table 13.1 Genetic tests for congenital heart defects (CHDs).

Genetic test  Indications  Limitations

Chromosome analysis CHD in a child with syndromic features and 

multiple organ system involvement

Inadequate resolution for visualizing aberrations smaller 

than 5–10 Mb

FISH Specific heart defects or features suspicious 

for microdeletion syndromes

Limited number of probes can be used in parallel, 

clinical presentation must suggest area of genome to 

be tested, time consuming, difficult to automate

aCGH CHD+a, research setting towards the 

identification of novel loci in patients with 

identical malformations

Inability to detect balanced chromosomal translocations 

and inversions, cost, establishing the pathogenicity of 

identified copy number variations

DNA sequencing

 

Presence of CHD, particularly syndromic, 

previously associated with point mutations, 

research setting towards the identification 

of novel mutations causing CHD

 Cost, relatively slow turnaround times, uncertain 

interpretation for novel sequence variants particularly 

missense changes

a CHD+: CHDs in association with other malformations.
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who are carriers of a balanced translocation and, therefore, 
the recurrence risk in offspring is high .Children with men-
tal retardation and CHD may have these chromosomal 
anomalies, but subtelomeric FISH has not been studied sys-
tematically in large cohorts of children with CHD per se. 
Array CGH is supplanting subtelomeric FISH as it detects 
these lesions plus others affecting other portions of chromo-
somes [14].

Multicolor FISH
This technique involves the simultaneous visualization of all 
chromosomes using different fluorophores. Routine applica-
tion of such techniques to human chromosomes started in 
1996 with the simultaneous use of 24 human whole chro-
mosome painting probes in multiplex-FISH (M-FISH) [15] 
and spectral karyotyping (SKY) [16]. Multicolor FISH tech-
niques are extremely useful for detecting the origin of marker 
chromosomes, translocations, and complex rearrangements, 
especially those identified in hematologic malignancies and 
solid tumors [17].

Clinical applications
FISH is a sensitive technique capable of detecting chromo-
somal abnormalities with resolution down to 1–10 kb 
[18,19], and is widely used clinically [20]. Increasing 
 numbers of probes can specifically identify regions of chro-
mosomes especially vulnerable to deletion and/or dupli-
cation. In particular, FISH testing is now commonly used 
to confirm many microdeletion syndromes associated 
with CHDs.

DiGeorge, velocardiofacial (Shprintzen), or conotruncal 
anomaly face syndromes (DGS/VCFS/CAFS) are clinically 
related syndromes with overlapping features including 
CHDs, the most common ones being tetralogy of Fallot, 
truncus arteriosus, interrupted aortic arch type B, cono-
ventricular VSDs, and aortic arch anomalies. Cardiac 
involvement with DGS is seen in ≥90% of patients [21]. 
Deletions of 22q11 are identified using FISH testing in 
88–90% of patients with DGS [22,23] and 76% of patients 
with VCFS [22]. The deletions constitute the second most 
common chromosomal cause of significant CHDs and occur 
in one in every 68 children born with CHDs [24,25]. 
Because of co-morbidities associated with these syndromes, 
FISH for 22q11 deletions is commonly performed for eval-
uating fetuses and patients with the forms of CHDs associ-
ated with them.

Most 22q11 deletions occur de novo, although ∼6% of 
affected children have an undiagnosed parent who is often 
mildly affected. Therefore, FISH testing is frequently offered 
to parents of affected offspring, particularly if they possess 
any potentially related clinical features. Those with a dele-
tion are counseled for a 50% recurrence risk in each succes-
sive pregnancy [25]. The high spontaneous deletion rate of 
this segment of the genome arises from the existence of 
flanking, nearly identical blocks of DNA sequences, called 
low-copy repeats or segmental duplications, that result in 
meiotic errors (non-allelic homologous recombination) [26]. 
With an apparently de novo deletion, there is a small increase 
in recurrence risk for siblings, resulting from rare occur-
rences of parental gonadal mosaicism.

Williams–Beuren syndrome (WBS) is a contiguous gene 
deletion syndrome characterized by distinctive clinical fea-
tures corresponding to deletion of specific genes. Associated 
cardiovascular manifestations include supravalvar aortic 
 stenosis (SVAS in ≤70% of patients), peripheral pulmonic 
stenosis, and hypertension.

In this disorder, submicroscopic deletions in the chromo-
somal band 7q11.23 extend across a region of 1.5 Mb and 
encode 26–28 genes [27]. Rarely, smaller or very large dele-
tions in this region are associated with milder and severe 
clinical phenotypes, respectively [27,28]. Deletion of the 
elastin (ELN) gene at this locus is the primary cause of the 
cardiovascular pathology. This was established by the discov-
ery that individuals with intragenic ELN deletions or ELN 
point mutations have familial SVAS syndrome, which shares 
the same cardiovascular involvement as WBS. FISH testing 
for WBS using an ELN probe detects deletions in 96% of 
WBS patients.

Most instances of WBS occur sporadically, but autosomal 
dominant transmission has been described occasionally [29]. 
The WBS critical region is flanked by low-copy repeats ren-
dering the region vulnerable to non-allelic homologous 
recombination. Asymptomatic parents do not carry the dele-
tion and their likelihood of having a subsequent child with 

Figure 13.1 FISH for 22q11 deletion. A metaphase spread obtained from 

cultured chorionic villi is hybridized with TUPLE1 from the 22q11 critical 

region (orange) and a control probe from elsewhere on chromosome 22 

(green). Absence of orange signal on one copy of chromosome 22 (arrow) 

indicates a deletion causing DiGeorge or velocardiofacial syndrome.
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WBS is <1%, slightly higher than the general population 
due to the possibility of gonadal mosaicism [27].

Limitations
FISH testing is useful for identifying specific genomic defects, 
but only a limited number of probes can be applied simulta-
neously. Detecting abnormalities of regions beyond the sub-
telomeres requires specifying the most probable probe(s) to 
use for hybridization. As most lesions detected with FISH are 
de novo, recurrence risks for parents are near the population 
level, so the benefit is for the affected child, including coun-
seling for reproductive risks.

Array Comparative Genomic 
Hybridization (aCGH)

aCGH overcomes these FISH limitations by interrogating the 
entire genome simultaneously for deletions or duplications 
without any prior bias as to the regions of interest. The 
method requires genomic DNA from the patient, usually from 
blood leukocytes postnatally and amniocytes or CVS cells pre-
natally (Figure 13.2). The patient’s DNA and control DNA, 
generally from a pool of normal individuals, are labeled with 
different fluorophores [often cyanine 3 (cy3) and  cyanine 5 

Figure 13.2 Array CGH. Genomic DNA from the patient (Test, red) and control (Reference, green) are labeled with different fluorescent colors and mixed 

in equal amounts. The mixture is hybridized to oligonucleotides (Target) that have been printed on to a glass slide. Computer imaging programs assess the 

relative fluorescence levels of each DNA for each target on the array (lower left). The ratio between control and test DNA for each clone is plotted linearly 

using data analysis software to visualize dosage variations, consistent with either a gain or loss of the genome (lower right), indicated by a deviation from 

the normal log2 ratio of zero. (Reproduced from Bejjani and Shaffer, J Mol Diagn 2006;8:528–33, with permission from the American Society for 

Investigative Pathology and the Association for Molecular Pathology.)
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(cy5)]. The labeled DNAs are competitively hybridized to 
microarrays, on which oligonucleotides representing unique 
sequences spaced across the human genome are printed. 
After hybridization, the arrays are scanned to detect the fluo-
rescence intensity at each oligonucleotide location and the 
cy3-to-cy5 ratio is established. Analysis then determines the 
genomic locations at which the cy3-to-cy5 ratios at consecu-
tive oligonucleotides are skewed, consistent with either a gain 
or loss of the genome. The resolution of aCGH is determined 
by the number of oligonucleotides used. Current aCGH for 
clinical purposes relies on microarrays with 44 000–135 000 
elements, providing resolution down to around 100 kb.

Applications
Clinically, aCGH detects aneuploidies, microdeletion/micro-
duplication syndromes, and other unbalanced chromosomal 
rearrangements. Molecular karyotyping using aCGH also 
provides a platform for identifying new candidate disease 
genes. Examples are discussed below.

CHARGE syndrome has features that include ocular colo-
bomata (C), heart defects (H), choanal atresia (A), retarded 
growth and/or anomalies of the central nervous system (R), 
genito-urinary defects and/ or hypogonadism (G), and ear 
anomalies and/or deafness (E). The estimated incidence of 
CHARGE syndrome ranges from 0.1 to 1.2 per 10 000 with 
CHDs reported in 75–80% of patients [30]. The  cardiovascular 
malformations include tetralogy of Fallot, patent ductus 
arteriosus, septal defects, coarctation of the aorta, and com-
plete and partial atrioventricular canal defects [31].

Identifying an overlapping microdeletion on chromosome 
8q12 region in two affected individuals using aCGH [32] 
defined a critical region. Subsequently, DNA sequencing of 
positional candidate genes in other patients with CHARGE 
syndrome who were without apparent deletion led to the 
identification of point mutations in the chromodomain heli-
case DNA-binding gene (CHD7) as the primary cause of 
CHARGE syndrome. DNA sequence analysis can now relia-
bly detect CHD7 mutations in up to 75% of patients with the 
clinical diagnosis of CHARGE syndrome [30].

Congenital Heart Defects with other 
associated malformations
CHDs are commonly associated with dysmorphic facial  features, 
developmental delay/mental retardation, and involvement of 
multiple other organ systems (sometimes called CHD+). When 
aCGH was performed in a cohort of children with CHD+ with 
normal karyotypes and no identifiable syndrome, putatively 
pathologic copy number variations (CNVs) were reported in 
25% [33,34]. Some of these CNVs altered genes that had pre-
viously been implicated in causing CHDs.

Limitations of aCGH testing
Despite increasing use and excellent resolution, aCGH 
techniques are limited by their inability to identify  balanced 

rearrangements such as translocations and inversions. In 
addition, genome-wide testing with aCGH uncovers numer-
ous CNVs of unclear significance. Systematic studies have 
revealed large CNVs in apparently normal individuals, 
altering up to 12% of the human genome [35–37]. Their 
widespread presence can make the interpretation of clinical 
aCGH tests challenging. Most pathologic CNVs of interest 
clinically, however, are large (>500 kb), a size at which the 
number of benign CNVs in the general population is lim-
ited and most are robustly covered by survey studies.

A novel CNV in a patient with CHD does not necessarily 
indicate pathogenicity. Studying parental samples may help 
distinguish a pathogenic CNV from an inherited benign 
 variation. Electronic resources that warehouse CNV data 
are important in establishing the clinical significance of 
 submicroscopic aberrations detected by aCGH tests. Useful 
CNV databases include the Database of Genomic Variants 
(http://projects.tcag.ca/variation/), Children’s Hospital of 
Philadelphia CNV (http://cnv.chop.edu/), and DECIPHER 
(https://decipher.sanger.ac.uk/application/).

DNA sequencing

Using DNA sequencing, the human genome sequence has 
been essentially decoded, identifying 20 000–25 000 genes 
and the regions controlling them. The Human Genome 
Project accomplished this using Sanger sequencing, still the 
primary method for sequencing-based mutation testing. 
Recently, new DNA sequencing techniques have been devel-
oped, which expand sequencing capacity, permitting the dis-
covery of complex genetic traits including CHDs.

Sanger sequencing
Sanger sequencing, described in 1977, uses chain terminator 
nucleotides [38]. These dideoxynucleoside triphosphate 
(ddNTP) analogs of the normal deoxynucleoside triphos-
phates (dNTPs) lack a 3′-hydroxyl group, which is essential to 
the formation of an ester bond with an incoming nucleotide 
and resultant elongation of the DNA strand. In the sequenc-
ing process, fluorescently labeled ddNTP analogs of the four 
dNTPs (ATP, TTP, CTP, and GTP) are added to a medium con-
taining a DNA template, a short primer, DNA polymerase 
enzyme, and the four dNTPs. The incorporation of a ddNTP in 
the elongating DNA strand results in its premature termina-
tion and formation of DNA fragments truncated to different 
lengths (Figure 13.3). The separation processes now use ultra-
thin gel and thin-walled capillary tubes, which lowers separa-
tion times by a factor of 25 relative to standard gels.

For most clinical applications, polymerase chain reaction 
(PCR) is used to amplify target sequences from genomic 
DNA prior to Sanger sequencing. Genes are comprised of 
variable numbers of protein-encoding exons, for example, 
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the NKX2.5 gene has two exons whereas the FBN1 gene 
has 65. DNA mutation testing of genes generally requires 
separate PCR and sequencing reactions for each exon with 
its flanking intron boundaries. Furthermore, this process is 
more extensive if a group of genes need to be tested, as 
occurs with genetically heterogeneous disorders such as 
Noonan and Alagille syndromes.

Clinical applications of Sanger 
sequencing-based techniques
Recent studies using familial linkage analysis and direct DNA 
sequencing identified several single-gene defects resulting in 
nonsyndromic CHDs. Mutations in NKX2.5 have been iden-
tified in some familial and sporadic patients with atrial septal 
defects, especially associated with atrioventricular conduc-
tion abnormalities [39]. Transcription factor GATA4 gene 
mutations were identified in two large families, one having 
multiple family members with atrial septal defects and the 
other with atrial septal defects, ventricular septal defects, 
and pulmonary valve stenosis [40].

Holt–Oram syndrome (HOS) is an autosomal dominant syn-
drome caused by mutations in the TBX5 gene. Most patients 
have skeletal anomalies of the upper limb with preaxial radial 
ray malformation (e.g., triphalangeal, hypoplastic, or absent 
thumb and/or radial dysplasia) and 85–95% of patients have 
CHDs, most commonly ostium secundum atrial septal defects 
and muscular ventricular septal defects. Cardiac conduction 
disturbances ranging from asymptomatic first-degree heart 
block to complete heart block and sudden deaths are also 
important cardiovascular features [41]. Among patients who 
meet strict phenotypic criteria for HOS, mutation testing for 
TBX5 gene reveals mutations in 54–74% of subjects [42,43]. 
Direct DNA sequencing of TBX5 is available clinically.

Alagille syndrome (AGS) is an autosomal dominant disor-
der characterized by paucity of intrahepatic bile ducts, verte-
bral anomalies (butterfly vertebrae), ocular abnormalities 
(pigmentary retinal anomalies and anterior chamber defects, 

particularly posterior embryotoxon), facial dysmorphism, 
renal anomalies, hematologic abnormalities (bleeding ten-
dency), vascular anomalies, and CHDs. Cardiovascular 
involvement is observed in >90% patients with AGS, the 
most common pathology being pulmonary branch stenosis 
[44]. Other forms of CHD include tetralogy of Fallot, pulmo-
nary valve stenosis, left-sided lesions, and septal defects. 
Point mutations in the JAG1 gene and also large deletions or 
rearrangements of 20p12 which include JAG1 have been 
demonstrated as pathogenic for this disorder. JAG1  mutations 
can be identified in 94% of individuals with AGS [45]. 
Mutations in NOTCH2 were reported in two of 11 JAG1 
mutation-negative probands [46]. JAG1 mutations have 
been found in patients with a strong family history of iso-
lated right-sided heart defects without other classic pheno-
typic features of AGS [47,48]. DNA sequencing of JAG1 and 
NOTCH2 is available clinically and JAG1 FISH testing is 
needed to detect larger genomic events.

Limitations of Sanger sequencing techniques
Despite recent improvements, the throughput of Sanger 
sequencing is still limited. Read lengths of less than 1000 
nucleotides are achieved in a single reaction and current 
sequencers can simultaneously process 30 lanes per run. 
The need to PCR amplify exons and their intron boundaries 
separately limits the number of assays that can be practically 
performed in parallel. Hence this approach is best for DNA 
mutation testing for one or two genes of modest size.

Microarray sequencing
The recent development of microarray sequencing tech-
niques has allowed parallel sequencing, thereby immensely 
increasing throughputs and overcoming some of the limita-
tions of Sanger sequencing. In clinical mutation testing, 
thousands of oligonucleotide probes (∼18–20 nucleotides) 
are printed on the microarray chip followed by hybridization 
with the target DNA of interest prelabeled with a fluorescent 

Ser
T

A

(a) (b)

A A

Lys Ala Thr LeuPhe

A A A AT T T T T T T T TT T TG G G

Leu Val Gln Tyr Tyr

C C CG GC C C

Arg
G

Figure 13.3 Sanger sequence analysis detecting point mutations. Shown are two examples of point mutations in exon 3 of the PTPN11 gene 

causing Noonan syndrome. A G-to-T transversion (a) and an A-to-G transition (b) and the resulting changes in the amino acid sequences are 

indicated with arrows (note the double peaks). (Reproduced with permission from Pierpont ME, Basson CT, Benson DW Jr, et al. Circulation, 

2007;115:3015–38.)
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probe. The pattern of hybridization allows the target DNA 
sequence to be deciphered in a single analysis. Current 
microarray chips include more than 50 000 oligonucleotides 
on a 1.28 × 1.28 cm chip. The process is automated and many 
samples are run in parallel, generating large amounts of data 
rapidly.

Clinical application of microarray sequencing
Noonan syndrome (NS) is an autosomal dominant trait char-
acterized by short stature, hypertelorism, ptosis, and CHDs. 
Some 80–90% of individuals with NS have valvar pulmonic 
stenosis and hypertrophic cardiomyopathy. Seven genes 
encoding proteins in the RAS signaling pathway (PTPN11, 
KRAS, NRAS, SOS1, SHOC2, RAF1, and BRAF) are causal in 
patients with this syndrome [49–51]. Moreover, a spectrum 
of disorders phenotypically related to NS, including 
LEOPARD, Costello, and cardiofaciocutaneous syndromes, 
also result from genetic alterations in this signaling pathway. 
In addition to mutations in some genes causing NS (KRAS, 
BRAF), changes are observed in HRAS, MEK1, and MEK2. 
The proportions of these disorders accounted for by the cur-
rently known genes are variable. For instance, HRAS muta-
tions are found in essentially all patients with Costello 
syndrome whereas the seven NS genes cover ∼70% of 
instances of this disorder. RAS pathway mutation testing 
using a custom microarray chip design is available clinically. 
The test assesses the coding regions and splice sites of eight 
genes (PTPN11, SOS1, RAF1, KRAS, BRAF, MEK1, MEK2, and 
HRAS).

Limitations of microarray sequencing
For microarray sequencing, individual exons and their intron 
boundaries are still PCR amplified, limiting the number that 
can practically be assayed. This technique is also not robust 
for detecting small insertions and deletions, which is rele-
vant for certain disorders, particularly those with loss of 
function.

Exome sequencing
The exome refers to the portion of the human genome 
formed by all of the exons that are translated into proteins 
and other purposeful gene products. The exome comprises 
1% of the total human genome (30 million base pairs), but 
85% of mutations with resultant disease-related traits 
occur in it. Hence exome sequencing is a potentially effi-
cient strategy for identifying point mutations and CNVs 
and will drive genetic discovery of common birth defects, 
including CHDs.

The goal of exome sequencing required the development 
of two technological advances. First, generating the exon 
fragments for sequencing was not practical using PCR 
because it required nearly 200 000 separate reactions. 
Second, the sequencing capacity of the Sanger sequencing-
based machines required impractically long periods of time 

to complete this task. These problems have been overcome 
by the development of DNA sequence capture methods and 
so-called next-generation sequencing.
1 In targeted DNA sequence capture, specific DNA sequences 
are enriched from a larger pool of sequences by physically 
separating DNA fragments containing the target sequences 
from those that are not of interest. The process begins with 
oligonucleotide-based exome capture from a pool of sheared 
human genome. Currently available technologies use micro-
array chips or in-solution methods for hybridization and 
selection. This step of fishing through the genome requires a 
modest-sized sample (<10 μg) and provides an exome-spe-
cific catch of 90%. The captured DNA, to which short uni-
versal primer sequences are ligated on their ends, can be 
amplified simultaneously in a single PCR reaction and subse-
quently sequenced en masse. The same technology can be 
applied in a customized fashion for other genomic subsets 
(e.g., all genes known to cause CHDs).
2 Next-generation sequencing refers to novel approaches to 
achieve dramatically higher sequencing capacity. Currently 
available next-generation sequencers use various approaches 
to amplify DNA sequences clonally (emulsion PCR, solid-
phase amplification) and then sequence the amplified clones 
(cyclic reversible termination, sequencing by ligation), which 
are then imaged with lasers. Additional approaches that 
avoid clonal amplification (i.e., use single-molecule tem-
plates) are approaching the market as this chapter is being 
written. The interested reader should consult one of the 
excellent reviews of this topic [52,53].

Current next-generation sequencers provide 60 million 
paired-end reads of 75 bp per lane, providing roughly 4.5 Gb 
of sequence in 9 days per machine. Using one lane per 
human exome results in a mean 40× coverage per base, 90% 
of targeted bases are read 10 or more times and 80% are 
read 20 or more times. These read depths are necessary in 
order to assure that both alleles are sequenced and to over-
come the substantially higher read error rate of next-gener-
ation sequencing compared with Sanger sequencing. Recent 
studies using exome sequencing have demonstrated the 
speed, cost-effectiveness, sensitivity, and specificity of this 
method [54,55]. Discoveries of new gene mutations under-
lying human Mendelian disorders using exome sequencing 
have recently been published and larger numbers will 
emerge rapidly in the coming years.

Conclusions 

In summary, cytogenetics is rapidly moving into the direc-
tion of molecular approaches and DNA sequencing capacity 
is dramatically increasing. These developments have 
improved diagnostic services as well as provided unprece-
dented research opportunities. The clinical indications for 
genetic testing for fetuses and patients with CHDs have 



CHAPTER 13 Genetic Testing

229

expanded dramatically, a trend that will continue in the 
years ahead. New genetic tests utilizing next-generation 
sequencing are likely to enter the clinical setting soon. 
Finally, affordable sequencing of the entire human genome 
appears within reach. Awareness of the wide array of genetic 
tests, including their utility and limitations, will assist pro-
viders caring for patients with CHDs. 

References

 1 Pierpont ME, Basson CT, Benson DW Jr, et al. Genetic basis for 

congenital heart defects: current knowledge: a scientific state-

ment from the American Heart Association Congenital Cardiac 

Defects Committee, Council on Cardiovascular Disease in the 

Young: endorsed by the American Academy of Pediatrics. 

Circulation 2007;115:3015–38.

 2 Arnason U. 50 years after – examination of some circumstances 

around the establishment of the correct chromosome number of 

man. Hereditas 2006;143:202–11.

 3 Ferencz C, Neill CA, Boughman JA, et al. Congenital cardiovas-

cular malformations associated with chromosome abnormalities: 

an epidemiologic study. J Pediatr 1989;114:79–86.

 4 Goc B, Walencka Z, Wloch A, et al. Trisomy 18 in neonates: pre-

natal diagnosis, clinical features, therapeutic dilemmas and out-

come. J Appl Genet 2006;47:165–70.

 5 Seabright M. A rapid banding technique for human chromoso-

mes. Lancet 1971;2:971–2.

 6 Yunis JJ. Mid-prophase human chromosomes. The attainment 

of 2000 bands. Hum Genet 1981;56:293–8.

 7 Paladini D, Russo M, Teodoro A, et al. Prenatal diagnosis of 

congenital heart disease in the Naples area during the years 

1994–1999 – the experience of a joint fetal–pediatric cardiology 

unit. Prenat Diagn 2002;22:545–52.

 8 Chaoui R, Korner H, Bommer C, et al. Prenatal diagnosis of heart 

defects and associated chromosomal aberrations. Ultraschall Med 

1999;20:177–84.

 9 Randolph LM. Prenatal cytogenetics. In: Gersen SL, Keagle MB, 

eds. The Principles of Clinical Cytogenetics, 2nd edn. Totowa, NJ: 

Humana Press, 2005: 267–321.

10 Knight SJ, Flint J. Perfect endings: a review of subtelomeric pro-

bes and their use in clinical diagnosis. J Med Genet 2000;37:401–9.

11 Saccone S, De Sario A, Della Valle G, Bernardi G. The highest 

gene concentrations in the human genome are in telomeric 

bands of metaphase chromosomes. Proc Natl Acad Sci USA 

1992;89:4913–7.

12 National Institutes of Health and Institute of Molecular Medicine. 

A complete set of human telomeric probes and their clinical 

application. National Institutes of Health and Institute of 

Molecular Medicine collaboration. Nat Genet 1996;14:86–9.

13 Ravnan JB, Tepperberg JH, Papenhausen P, et al. Subtelomere 

FISH analysis of 11 688 cases: an evaluation of the frequency 

and pattern of subtelomere rearrangements in individuals with 

developmental disabilities. J Med Genet 2006;43:478–89.

14 Ballif BC, Sulpizio SG, Lloyd RM, et al. The clinical utility of 

enhanced subtelomeric coverage in array CGH. Am J Med Genet A 

2007;143A:1850–7.

15 Speicher MR, Gwyn Ballard S, Ward DC. Karyotyping human 

chromosomes by combinatorial multi-fluor FISH. Nat Genet 

1996;12:368–75.

16 Schrock E, du Manoir S, Veldman T, et al. Multicolor spectral 

karyotyping of human chromosomes. Science 1996;273:494–7.

17 Jalal SM, Law ME. Utility of multicolor fluorescent in situ hybri-

dization in clinical cytogenetics. Genet Med 1999;1:181–6.

18 Trask BJ. Human cytogenetics: 46 chromosomes, 46 years and 

counting. Nat Rev Genet 2002;3:769–78.

19 Korenberg JR, Chen XN, Adams MD, Venter JC. Toward a cDNA 

map of the human genome. Genomics 1995;29:364–70.

20 Volpi EV, Bridger JM. FISH glossary: an overview of the fluores-

cence in situ hybridization technique. BioTechniques 2008;45:

385–409.

21 Van Mierop LH, Kutsche LM. Cardiovascular anomalies in 

DiGeorge syndrome and importance of neural crest as a possible 

pathogenetic factor. Am J Cardiol 1986;58:133–37.

22 Wilson DI, Cross IE, Goodship JA, et al. A prospective cytogenetic 

study of 36 cases of DiGeorge syndrome. Am J Hum Genet 1992; 

51:957–63.

23 Greenberg F. DiGeorge syndrome: an historical review of clinical 

and cytogenetic features. J Med Genet 1993;30:803–6.

24 Goodship J, Cross I, LiLing J, Wren C. A population study of 

chromosome 22q11 deletions in infancy. Arch Dis Child 

1998;79:348–51.

25 McDonald-McGinn DM, Zackai EH. Genetic counseling for the 

22q11.2 deletion. Dev Disabil Res Rev 2008;14:69–74.

26 Edelmann L, Pandita RK, Morrow BE. Low-copy repeats mediate 

the common 3-Mb deletion in patients with velo-cardio-facial 

syndrome. Am J Hum Genet 1999 ;64:1076–86.

27 Pober BR. Williams–Beuren syndrome. N Engl J Med 

2010;362:239–52.

28 Marshall CR, Young EJ, Pani AM, et al. Infantile spasms is asso-

ciated with deletion of the MAGI2 gene on chromosome 

7q11.23-q21.11. Am J Hum Genet 2008;83:106–11.

29 Sadler LS, Robinson LK, Verdaasdonk KR, Gingell R. The 

Williams syndrome: evidence for possible autosomal dominant 

inheritance. Am J Med Genet 1993;47:468–70.

30 Blake KD, Prasad C. CHARGE syndrome. Orphanet J Rare Dis 

2006;1:34.

31 Lalani SR, Safiullah AM, Fernbach SD, et al. Spectrum of CHD7 

mutations in 110 individuals with CHARGE syndrome 

and genotype-phenotype correlation. Am J Hum Genet 

2006;78:303–14.

32 Vissers LE, van Ravenswaaij CM, Admiraal R, et al. Mutations in 

a new member of the chromodomain gene family cause CHARGE 

syndrome. Nat Genet 2004;36:955–7.

33 Thienpont B, Mertens L, de Ravel T, et al. Submicroscopic chro-

mosomal imbalances detected by array-CGH are a frequent cause 

of congenital heart defects in selected patients. Eur Heart J 

2007;28:2778–84.

34 Richards AA, Santos LJ, Nichols HA, et al. Cryptic chromosomal 

abnormalities identified in children with congenital heart disease. 

Pediatr Res 2008;64:358–63.

35 Iafrate AJ, Feuk L, Rivera MN, et al. Detection of large-scale 

variation in the human genome. Nat Genet 2004;36:949–51.

36 Sharp AJ, Locke DP, McGrath SD, et al. Segmental duplications 

and copy-number variation in the human genome. Am J Hum 

Genet 2005;77:78–88.



Pediatric Cardiovascular Medicine

230

37 Redon R, Ishikawa S, Fitch KR, et al. Global variation in copy 

number in the human genome. Nature 2006;444:444–54.

38 Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-

terminating inhibitors. 1977. Biotechnology 1992;24:104–8.

39 Sarkozy A, Conti E, Neri C, et al. Spectrum of atrial septal defects 

associated with mutations of NKX2.5 and GATA4 transcription 

factors. J Med Genet 2005;42:e16.

40 Garg V, Kathiriya IS, Barnes R, et al. GATA4 mutations cause 

human congenital heart defects and reveal an interaction with 

TBX5. Nature 2003;424:443–7.

41 Huang T. Current advances in Holt–Oram syndrome. Curr Opin 

Pediatr 2002;14:691–5.

42 McDermott DA, Bressan MC, He J, et al. TBX5 genetic testing 

validates strict clinical criteria for Holt–Oram syndrome. Pediatr 

Res 2005;58:981–6.

43 Debeer P, Race V, Gewillig M, et al. Novel TBX5 mutations in 

patients with Holt–Oram syndrome. Clin Orthop Relat Res 

2007;462:20–6.

44 McElhinney DB, Krantz ID, Bason L, et al. Analysis of cardiovas-

cular phenotype and genotype–phenotype correlation in indivi-

duals with a JAG1 mutation and/or Alagille syndrome. Circulation 

2002;106:2567–74.

45 Warthen DM, Moore EC, Kamath BM, et al. Jagged1 (JAG1) 

mutations in Alagille syndrome: increasing the mutation detec-

tion rate. Hum Mutat 2006;27:436–43.

46 McDaniell R, Warthen DM, Sanchez-Lara PA, et al. 

NOTCH2 mutations cause Alagille syndrome, a heterogeneous 

disorder of the notch signaling pathway. Am J Hum Genet 

2006;79:169–73.

47 Krantz ID, Smith R, Colliton RP, et al. Jagged1 mutations in 

patients ascertained with isolated congenital heart defects. Am J 

Med Genet 1999;84:56–60.

48 Eldadah ZA, Hamosh A, Biery NJ, et al. Familial tetralogy of 

Fallot caused by mutation in the jagged1 gene. Hum Mol Genet 

2001;10:163–9.

49 Tartaglia M, Mehler EL, Goldberg R, et al. Mutations in PTPN11, 

encoding the protein tyrosine phosphatase SHP-2, cause Noonan 

syndrome. Nat Genet 2001;29:465–8.

50 Schubbert S, Zenker M, Rowe SL, et al. Germline KRAS  mutations 

cause Noonan syndrome. Nat Genet 2006;38:331–6.

51 Roberts AE, Araki T, Swanson KD, et al. Germline gain-of-func-

tion mutations in SOS1 cause Noonan syndrome. Nat Genet 

2007;39:70–4.

52 Metzker ML. Sequencing technologies – the next generation. 

Nat Rev Genet 2010;11:31–46.

53 Voelkerding KV, Dames SA, Durtschi JD. Next-generation 

sequencing: from basic research to diagnostics. Clin Chem 

2009;55:641–58.

54 Ng SB, Turner EH, Robertson PD, et al. Targeted capture and 

massively parallel sequencing of 12 human exomes. Nature 

2009;461:272–6.

55 Choi M, Scholl UI, Ji W, et al. Genetic diagnosis by whole exome 

capture and massively parallel DNA sequencing. Proc Natl Acad 

Sci USA 2009;106:19096–101.



231

Pediatric Cardiovascular Medicine, Second Edition. Edited by James H. Moller and Julien I. E. Hoffman. 

© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.

14 Practices in Congenital Cardiac Surgery: 
Pulmonary Artery Banding, Systemic 
to Pulmonary Artery Shunting, 
Cardiopulmonary Bypass, and Mechanical 
Ventricular Assist Devices

James D. St. Louis & Roosevelt Bryant III
University of Minnesota, Amplatz Children’s Hospital, Minneapolis, MN, USA

Introduction

This chapter has two sections. The first deals with cardiac 
operations that are not specific to a particular condition but 
are used to palliate anomalies with hemodynamic abnor-
malities of pulmonary blood flow. The second focuses on 
issues related to cardiopulmonary bypass and the principles 
and techniques of ventricular assist devices,

In the section on cardiac operations, pulmonary artery 
banding and aortopulmonary shunts are discussed because 
they are applied to a variety of cardiac malformations with 
increased or decreased pulmonary blood flow, respectively. 
The general principles are discussed here and specific appli-
cations to individual lesions are presented in the respective 
chapters. The Glenn and Fontan operations are also used for 
various conditions but are discussed in Chapters 35 and 39.

Pulmonary artery band

A pulmonary artery band (PAB) is a constrictor placed 
around a pulmonary artery:
1 It can decrease excessive pulmonary blood flow and pul-
monary arterial pressure in patients with a large left-to-right 
shunt, thereby ameliorating congestive heart failure and 
decreasing the risk of pulmonary vascular disease. The main 
pulmonary artery is almost always used except for banding 
separately the left and right pulmonary arteries in the hybrid 
treatment of the hypoplastic left heart syndrome.

a. Most patients who require biventricular repair today 
can have it performed as a single stage in early infancy, but 

at one time banding was performed as a palliative first stage 
[1–4], with complete correction delayed until the patient 
was large enough. A PAB is still needed for a few patients 
whose correction must be deferred because of the specific 
lesions, for example, multiple muscular ventricular septal 
defects, or because of co-morbidity such as intracranial 
hemorrhage, sepsis, or necrotizing enterocolitis.
b. Patients who will eventually have a single ventricle 
repair must be protected against any increase in pulmo-
nary vascular resistance that would jeopardize their out-
comes [5,6]. In some patients with tricuspid atresia or 
double inlet left ventricle, subaortic stenosis may develop 
after PAB and a Damus-Kaye-Stansel procedure needs to 
be performed [7–9].

2 Patients who are to have an arterial switch for 
D-transposition or congenitally corrected transposition of 
the great arteries but have a low-pressure, thin-walled left 
ventricle must have the left ventricle conditioned by raising 
its pressure with a PAB placed on the main pulmonary artery 
[10,11]. An aortopulmonary shunt is often added to prevent 
severe systemic hypoxemia [12].

The band is a tape made from one of a number of  materials. 
It is difficult to gauge the degree of constriction needed 
because the main pulmonary artery is narrowed by the 
 intimal folds, which adds to the obstruction in an unpre-
dictable way. Decisions are often based on body size or 
changes in systemic blood pressure or oxygen saturation. 
Intraoperative Doppler measurement has been used to assess 
the degree of constriction.

Despite its uses, a PAB has many complications. Because it 
is usually used in very small infants, a band ideal at the time 
of placement becomes too small as the child grows, and may 
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need to be revised. Some surgeons have used bands tied 
with clips or sutures in such a way that the band that becomes 
too tight can be dilated by a balloon. Others have used a 
variety of bands that can be adjusted after implantation, so 
that the band can be tightened or loosened as required.

PABs frequently distort and scar the main pulmonary 
artery, and may migrate distally and obstruct a branch 
 pulmonary artery (usually the right). They have eroded 
through the arterial wall so that the constriction is abolished. 
Occasionally there may be formation of a pseudoaneurysm 
or a periarterial abscess, infective endarteritis at the site of 
the band, or thrombosis of the main pulmonary artery. There 
may be thickening of the pulmonary valve leaflets, and in 
some patients severe infundibular hypertrophy occurs. 
Scarring may make debanding difficult.

A few attempts have been made to insert flow restrictors 
into the branch pulmonary arteries by catheter.

Systemic to pulmonary shunt

Providing an alternative source of pulmonary blood flow by 
a palliative procedure has been practiced for the past five 
decades. As with the pulmonary artery band, the systemic to 
pulmonary artery anastomosis has been largely supplanted 
by the belief that early definitive repair of complex lesions is 
now regarded as better than an initial palliative and a 
 secondary corrective procedure [13], although this has been 
questioned [14].

The first clinical application of the systemic to pulmonary 
shunt was accomplished by Alfred Blalock and Helen Taussig 
in 1944 when they anastomosed a subclavian artery to the 
ipsilateral pulmonary artery [15]. This operation is usually 
done on the side opposite the aortic arch to avoid kinking, 
and the subclavian artery is tied off to avoid a vascular steal. 
There were sometimes deleterious effects on the affected 
arm due to ischemia. Furthermore, although the shunts 
were seldom too large, their effect was impossible to pre-
dict [16,17]. Interestingly, the development of pulmonary 
 vascular changes was slow [17]. Therefore, although many 
children benefited from this procedure, alternative 
approaches were sought.

Other operative techniques were developed to address 
these issues. One modification was Pott’s procedure, in 
which an opening was made between the descending aorta 
where it crossed behind the left pulmonary artery. Although 
improving oxygenation, pulmonary vascular disease often 
developed, the left pulmonary artery could be distorted, and 
if the patient was ultimately to have eventually a corrective 
operation through a sternotomy it was difficult to take down 
this anastomosis. Another procedure was the Cooley–
Waterston shunt, in which a communication was made 
between the aorta and the right pulmonary artery where 
it passes behind the ascending aorta. Unfortunately, the 

 openings were either too small and the patient did not get 
sufficient relief or too large and the patient could develop 
heart failure and ultimately pulmonary vascular disease 
[18]. Also, blood flow could be predominantly to one lung, 
which then developed pulmonary vascular disease while the 
other pulmonary artery could become stenotic or hypoplas-
tic. Both procedures had a moderate mortality rate. Their 
importance, apart from historic interest, is that some older 
adult patients currently seen in ACHD clinics had these pro-
cedures during childhood and may manifest their long-term 
complications.

Almost all of these procedures have now been replaced by 
the modified Blalock–Taussig shunt. Through a lateral or 
posterolateral thoracotomy, the surgeon places a short seg-
ment of PTFE (usually 3.4–4 mm in diameter) between the 
subclavian artery and the ipsilateral pulmonary artery. This 
anastomosis can be performed with a partial occlusion clamp 
and a continuous monofilament suture. Placement on the 
side of the aortic arch is technically easier to construct, but 
more difficult to take down during the next staged proce-
dure. Although flow through this shunt is controlled by the 
size of the subclavian artery, the length and diameter of the 
prosthetic material add an additional resistance to the blood 
flow. Tubes with diameters of 3–6 mm are available, but 
those <4 mm have a higher risk of thrombosis (see Chapter 
12). The advantages of the modified BT shunt include less 
deformation of hypoplastic pulmonary arteries, less medias-
tinal dissection, preservation of arterial circulation to the 
upper extremity, and consistent shunt flow regardless of 
anatomic distance between the aorta and the pulmonary 
arteries.

Complications include those of any thoracotomy: 
pericardial or pleural effusions, chylothorax, sepsis, and 
occasionally Horner syndrome or phrenic palsy. In addition, 
there can be stenosis at the anastomotic site, true or false 
aneurysms (sometimes years after the operation), infective 
endarteritis, or thrombosis of the shunt. PTFE tubes are 
porous and sometimes cause seromas, a collection of 
peritubular fluid that may sometimes compress mediastinal 
structures.

Cardiopulmonary bypass

Extracorporeal mechanical support in infants and children 
has undergone a dramatic evolution in the past five decades 
that has allowed both the correction of intracardiac defects 
in small infants and the support of the failing myocardium 
for extended periods of time.

The first half of the twentieth century was marred by 
 failure to support completely the circulatory system to the 
extent required to have timely and accurate repair of intra-
cardiac defects. The materials utilized to construct these early 
devices were the same as those that were used in various 
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industries. Progress was also hampered by the inability to 
prevent blood from coagulating on contact with an artificial 
surface. With the introduction of heparin and protamine, the 
problem of safely anticoagulating a patient and then being 
able quickly to reverse these effects, coagulation became less 
of an issue. The greatest barrier was inability to oxygenate 
blood and dissipate carbon dioxide during the time that 
the patient’s heart and lungs were not functioning.

In 1952, while working in Philadelphia, John Gibbon 
 supported the circulation of a dog while performing an 
extended operative intervention within the heart. The 
machine that he used was a heavy stainless-steel device 
weighing >90 kg. Blood was pumped by three crude roller 
heads. The oxygenator was an enclosed battery of stainless-
steel screens, each 40 cm tall and 25 cm wide. Blood flowed 
over each side of the six screens while being exposed to 
oxygen. This provided a surface area of 8 m2 to expose blood 
to oxygen. The monitoring and safety systems were very 
sophisticated for the period, with the ability to monitor 
constantly the volume and pH of the blood. In February 
1952, Gibbon applied his technology to repair an atrial septal 
defect in a 15-month-old child. The chest was opened via a 
right thoracotomy, the child was placed on the machine, and 
the heart was opened. Unfortunately, the diagnosis was 
incorrect, the child rapidly deteriorated, and postmortem 
examination revealed a large patent ductus arteriosus. 
A second attempt was made in an 18-year-old college student 
with repeated episodes of heart failure. A cardiac catheteri-
zation confirmed an atrial septal defect. On 6 May 1953, the 
complete closure of this atrial level defect was achieved 
utilizing the heart–lung machine. The patient was on the 
bypass machine for 45 min and awoke within 1 h following 
the procedure [19]. This successful closure of an intracardiac 
defect marked the beginning of the surgical treatment of 
both acquired and congenital cardiac disease.

The cardiopulmonary bypass circuit
Although the structure of the modern cardiopulmonary 
bypass machines varies significantly from the early Gibbon 
oxygenator, the basic design is very similar. Deoxygenated 
blood is removed from the circulation through a cannula 
usually placed in the right atrial appendage or occasionally 
the individual venae cavae. Blood is withdrawn either 
passively or under vacuum assistance to a venous reservoir. 
The blood level in the reservoir is closely monitored and can 
be manipulated as desired. This blood is pumped to a 
membrane oxygenator that incorporates a heat exchanger, 
which allows the patient to be cooled and subsequently 
warmed at the procedure’s conclusion. The oxygen-enriched 
blood from the oxygenator is returned to the patient through 
a cannula in the distal ascending aorta. A hemofilter is often 
placed in the circuit to ultrafilter the blood either during 
or at the conclusion of the operation. The liquid in the cardio-
pulmonary bypass circuit prior to initiating extracorporeal 

support is referred to as bypass prime. Important issues about 
specific components of the bypass circuit and the volume 
utilized will be reviewed.

In a 2 kg neonate whose total blood volume may be as 
low as 170 ml, the prime volume at the initiation of cardio-
pulmonary bypass may exceed the patient’s blood volume 
by >200%. This results in dramatic hemodilution and an 
abrupt fall in the circulating hemoglobin concentration. 
What constitutes the lowest acceptable circuiting hemoglobin 
during support remains debatable. Generally, the hematocrit 
concentration is maintained at >25% regardless of the lowest 
temperature used during support [20]. Some maintain a 
higher hematocrit, up to 35% based on improved long-term 
neurological outcomes [21,22]. Banked packed red blood 
cells are usually used to maintain an appropriate hematocrit 
level in the prime solution. Packed red cells, especially if a 
few days old [23], have higher levels of lactate and potassium. 
Therefore, they may contribute to and worsen inflammatory 
response and increase hemodynamic instability upon 
initiation of cardiopulmonary bypass. Some institutions 
wash all packed red cells before adding them to the prime 
solution and only use red cells <5 days from donation [24]. 
Fresh whole blood used in the prime solution maintains 
colloid oncotic pressure and increases the level of circulating 
clotting factors[25]. Using transfused fresh whole blood 
following bypass has the advantage of maintaining more 
appropriate hemostasis, although the current literature does 
not completely support this idea [26]. Fresh whole blood 
has a higher glucose content in the prime solution, and 
hyperglycemia may be a risk factor for increased neurologic 
injury following bypass. Systems that harvest and maintain 
stores of fresh whole blood are expensive and logistically 
difficult to maintain. Using packed red cells to achieve the 
desired hematocrit level by the addition of fresh frozen 
plasma (FFP) optimizes appropriate coagulation in the 
presence of the hemodilution upon initiation of CPB. In one 
study, the addition of FFP to the prime solution significantly 
limited dilutional hypofibrinogenemia, decreased the need 
for cryoprecipitate after bypass, and decreased patient 
exposure to blood products [27].

Additional components of the prime solution include 
variable levels of electrolytes, buffers, calcium, glucose, and 
lactate. Calcium levels are generally maintained at a sub-
physiologic level to prevent deleterious myocardial effects of 
ionized calcium during periods of arrest. More controversial 
additives include mannitol and steroids. Steroids may reduce 
the inflammatory response to cardiopulmonary bypass, but 
recent studies have questioned this common practice [28].

Ultrafiltration is an important process that removes both 
water and solutes during and after cardiopulmonary bypass. 
Conventional ultrafiltration (CUF) during the rewarming 
period of cardiopulmonary bypass uses a filter connected 
in parallel and allows the continual removal of excess 
fluid from the circuit [29]. Modified ultrafiltration (MUF) 
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is a similar process instituted at the conclusion of 
cardiopulmonary bypass with the circuit connected in series, 
for greater efficiency of filtration and increased concentration 
of red cells [30]. The major drawback of CUF is that the 
volume of fluid removed is limited by the circuit volume, 
because the volume in the venous reservoir must be sufficient 
to maintain adequate arterial blood flow. An advantage of 
MUF is that greater volumes can be removed from the 
bypass circuit.

The evolution of our ability to support infants and neonates 
has improved significantly the success with repair of 
 congenital cardiac lesions. In-hospital mortality for repair of 
most congenital lesions is <2%. With these achievements, a 
significant emphasis has shifted to the long-term neurologic 
sequel and outcomes. The incidence of significant neurologic 
injury has been reported to be between 10 and 25% [31–34]. 
The occurrence of minor long-term neurodevelopmental 
deficits is likely to be even higher. These issues are discussed 
in detail in Chapter 52.

Myocardial protection
The ability of a surgeon to repair accurately and effectively 
even the most complex intracardiac lesions has been signifi-
cantly enhanced by protecting myocardial tissue during 
periods of controlled cardiac arrest. The neonatal myocardium 
is immature, both structurally and metabolically. It differs 
significantly from the mature adult myocardium, particularly 
in its response to myocardial arrest and acute ischemia. 
Myofibrils are organized more randomly and sarcomeres are 
incomplete. T tubules and the sarcoplasmic reticulum are 
rudimentary, so that the neonatal myocardium is exquisitely 
sensitive to extracellular calcium levels, often depending on 
serum calcium to maintain adequate function. There are 
fewer mitochondria and these lack well-developed cristae. 
These structural differences lead to reduced oxidative 
capacity [35]. These differences from adults become less 
pronounced as a child matures.

The fetal and early immature cardiac metabolism depends 
on the consumption and breakdown of carbohydrates [36]. 
This is in sharp contrast to adult myocardium, which depends 
on free fatty acid oxidation. This ability to utilize energy 
stores anaerobically allows the immature myocardium to 
tolerate ischemia and recover myocardial function following 
a brief periods without coronary blood flow.

The ability to achieve an excellent result often depends on 
a motionless heart. Although techniques vary, electrome-
chanical arrest is achieved by utilizing a potassium-based 
cardioplegia solution. While maintaining a clear operative 
field, continued myocardial protection is achieved by inter-
mittent dosing of maintenance cardioplegia solution [37].

Cardioplegia is administered in two dosing regimens. An 
induction dose of 30 ml kg−1 is used to achieve rapid 
electromechanical arrest while at the same time reversing 
any metabolic anomalies that may have occurred within the 

myocardium. Cardioplegia solution is generally perfused 
anterograde under a strictly controlled pressure >120 mmHg 
[38]. The initial arrest can be achieved rapidly and consistently 
with a potassium dose of 15–30 mequiv per liter of solution. 
A potassium concentration >30 mequiv l−1 should never be 
used as it injures the myocardium. Decompressing the 
immature heart is critical during the initial arrest, as coronary 
perfusion pressure is indirectly related to intraventricular 
pressure, with a relaxed, empty heart having the greatest 
coronary perfusion. Once the initial delivery of cardioplegia 
solution is complete and the myocardium relaxed, subsequent 
dosing of maintenance cardioplegia is provided either 
anterograde or retrograde via the coronary sinus. Blood at a 
1:4 blood:crystalloid volume ratio is often added to the 
cardioplegia solution to increase its buffering capacity.

Preventing ischemia depends on safe maintenance of 
electromechanical arrest. The accumulation of injurious 
byproducts of hypoxia has a dramatic effect on postoperative 
myocardial function and must be avoided by providing a 
periodic oxygen supply by intermittent administration of 
cardioplegia with a potassium concentration of 15 mequiv l−1 
every 20–25 min during the arrest period. Also critical to 
myocardial protection is reducing myocardial energy 
demands by lowering the temperature of the heart by a 
combination of systemic and local hypothermia, maintaining 
the electromechanical arrested state of the myocardium, and 
keeping blood flow to the myocardium from noncoronary 
sources to a minimum. Although hypothermia has been 
considered to have the greatest effect on the reduction in 
oxygen demand, a great reduction comes from maintained 
cardiac arrest and preventing ventricular distension [39].

There is evidence that postoperative myocardial damage is 
due more to reperfusion injury caused by free radicals than 
to ischemia per se [40,41], so that myocardial protection is a 
function of not only of how the heart is arrested, but also 
how it is reperfused and restarted.

Left heart bypass
The incidence of paraplegia associated with operations on 
the aortic arch and proximal descending aorta has been 
reported to be 0.2–0.4% in children [42]. The occurrence of 
this devastating complication may result from several factors: 
age, degree of aortic obstruction, lack of collateral arteries, 
number of previous operations on the aorta, and duration of 
operative interruption of distal perfusion. Each factor can 
contribute to the development of spinal cord ischemia [43]. 
The use of partial cardiac bypass during blood flow 
interrup tion to the spinal cord theoretically protects against 
irreversible spinal cord ischemia [44]. Because the incidence 
of ischemia and the resultant paraplegia is extremely low 
and the number of patients who would require these 
techniques is small, it is unlikely that an unbiased, randomized 
clinical study will be accomplished. Therefore, the use of 
partial cardiac bypass has been based on retrospective and 
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small case studies [44]. “Partial cardiac heart bypass” during 
the repair of aortic arch anomalies represents a method to 
bypass the area of surgical repair while maintaining distal 
perfusion.

The procedure is often performed through a posterior-
lateral thoracotomy with the side depending on the position 
of the aortic arch The technique is accomplished by removing 
oxygenated blood from the left atrium, either through the 
appendage or left upper pulmonary vein, augmenting 
perfusion pressure with a simple bio-centrifugal pump, and 
perfusing it into the distal aorta. At the time of cannulation, 
the patient is systemically anticoagulated with 50–100 U kg−1 
of heparin. Depending on the patient’s size, the outflow end 
of the circuit is placed into either the distal descending thoracic 
aorta or the femoral artery via a separate incision. The circuit 
is then meticulously de-aired as there is often no inline 
mechanism to capture air. The pump is started and distal flow 
and pressure are measured appropriately. During the 
procedure, it is critical to realize that pulmonary support must 
be given by a ventilator and cerebral blood flow maintained 
as it would be without the adjunct use of this bypass circuit. 
Once the cross clamp period is finished and the repair 
completed, the circuit is removed. Usually, it is unnecessary to 
reverse the heparin effects with protamine as the duration 
and degree of anticoagulation are usually minimal.

The considerations for use of this technique include the 
patient’s age, degree of aortic obstruction, and the maturity of 
the collateral vessels. In general, newborns with a ductus arter-
iosus supplying the distal systemic circulation will not require 
bypass support during the aortic cross clamp period. An older 
child with a mild gradient across a coarctation and an insuffi-
cient collateral bed often needs perfusion to the distal aorta 
during cross clamping. Although specific data about minimal 
perfusion pressure are lacking, a mean arterial blood pressure 
of <40 mmHg during a test clamp is usually considered an 
indication for augmenting distal perfusion [45].

Mechanical ventricular assistance 
in the failing heart

Extracorporeal membrane oxygenator (ECMO)
ECMO has been used for ∼25 years to treat a variety of 
 conditions in children, but predominately in newborns. The 
general application of ECMO is for conditions that are 
believed to resolve either naturally or by surgery or other 
interventions. Realistically, a patient can be maintained for 
>2 weeks, and occasionally even longer. However, it is a 
temporary management option and if longer support is 
required the patient is often switched to a “Berlin” heart.

Its major use has been to support neonates with respira-
tory failure from meconium aspiration, persistent fetal 
circulation, diaphragmatic hernia, hyaline membrane 
disease, and cardio vascular conditions such as refractory 

septic shock or congenial heart disease, often postoperatively 
for severe cardiovascular instability. Neonates must weigh 
>2 kg and have a gestational age >35 weeks. From the 
Extracorporeal Life Support Organization (ELSO) Registry 
Report 2004, of 29 000 patients reported to date, ∼19 000 
were for neonatal respiratory diseases [46]. The survival rate 
for neonates with pulmonary problems is ∼80%, whereas in 
neonates with congenital heart disease it is ∼40%, but one 
report had a 64% survival following Norwood stage I 
procedure [47]. For congenital heart disease, the rate of 
ECMO usage has remained constant at 200 per year for the 
decade preceding 2005 [46]. ECMO is being used more often 
after the Norwood stage I procedure (28%) in one series [48].

For infants and children, ECMO is used for rapid resuscitation 
for respiratory arrest, postoperative support for cardiac lesions, 
support for failing myocardium, such as from myocarditis or 
acute ischemia, and for patients awaiting transplantation. A 
study of 279 children with a cardiac anomaly found an overall 
survival of 42% [49]. Pre-ECMO predictors of death included 
single ventricle physiology, history of a Norwood stage I 
operation, and signi ficant acidosis, and major complications of 
ECMO were associated with death [49].

ECMO requires medical, nursing, and technical staff 
dedicated almost exclusively to the patient. The equipment 
is large and complex, being the size of a pump–oxygenator. 
Cannulae are placed in the right carotid artery and jugular 
vein and blood is circulated through a membrane oxygenator. 
The patient, sedated and on a ventilator, is constantly 
monitored, especially for mixed venous oxygen level and 
coagulation. The major complications are infections, 
bleeding, and renal insufficiency. Intracranial hemorrhage is 
the most devastating and one reason besides size that 
neonates under 35 weeks’ gestation do not receive ECMO, 
because of cerebral vascular immaturity.

Neonates who have undergone ECMO management 
may have significant long-term respiratory and neurologic 
morbidity. The pre-ECMO mortality risk and prematurity 
were important factors. The post-ECMO abnormalities 
usually do not progress after ∼3 years [50]. In infants and 
children there is a high readmission rate, 62% in one study, 
These were for respiratory problems in 41% and neuro-
logically significant causes in another 21% (the latter being 
epilepsy or developmental delay).

For a comprehensive review of ECMO see Pearson GA, 
Firmin RK, 1995 [51].

Mechanical ventricular assistance is a reliable modality as 
a bridge to cardiac transplantation in children with heart 
failure. The recent introduction into the United States of the 
Berlin Heart EXCOR Pediatric Ventricular Assist Device has 
extended our ability to support neonates, infants, and young 
children. Of >600 EXCOR devices placed world-wide, 270 
have been in the United States. The Berlin Heart EXCOR is 
an extracorporeal ventricular assist device (VAD) initially 
used to support mechanically adult patients with heart 



Pediatric Cardiovascular Medicine

236

 failure [52]. The experience with EXCOR as a bridge to 
cardiac transplantation or as destination therapy in adult 
patients with heart failure led to modifications specific for 
children. The EXCOR system has three primary components, 
and it can be implanted in either a left ventricular or 
biventricular configuration. The components are a blood 
pump, cannulae for connecting the device to the great vessels 
and cardiac chambers, and a pneumatic drive unit. The blood 
pump is made of transparent polyurethane. It has two 
polyurethane trileaflet valves, which allow unidirectional 
blood flow into and out of the pump. A pneumatic 
compressor-operated diaphragm separates the blood chamber 
from an air chamber. Multiple pump sizes allow for different 
body weights in pediatrics. For instance, a 10 ml pump can 
support infants weighing <9 kg or with a body surface area of 
0.43 m2, and a 25 ml pump can support patients weighing 
<30 kg or with a body surface area of 0.95 m2 [53]. Because 
the device is transparent, it can be evaluated daily for clot 
formation. The extracorporeal position of the pump allows 
straightforward exchange under conscious sedation should 
the need arise. Silicone cannulae are designed with several 
internal diameters (4, 6, 9 mm) for children. A layer of 
Dacron velour covers the mid-portion of the cannulae. The 
velour bridges the skin exit site and allows for rapid tissue 
in-growth, preventing an ascending infection. For a left 
ventricular configuration (LVAD), two cannulation sites are 
used. Usually, the left ventricular apex is cannulated for 
inflow to the pump, but the left atrium is an alternative site 
[54]. Left ventricular apical cannulation results in lower left 
ventricular end-diastolic pressure (LVEDP) and consequently 
lowers the right ventricular afterload by 15–25 mmHg [55]. 
The ascending aorta is cannulated for pump outflow. For a 
right ventricular configuration (RVAD), the right atrium is 
cannulated for inflow to the device, and the main pulmonary 
artery is cannulated for outflow. A biventricular configuration 
(BVAD) involves the use of both an LVAD and RVAD. The 
EXCOR ventricular assist device has an electropneumatic 
driving unit called IKUS that uses compressed air to move 
the diaphragm separating the blood and air chambers. This 
movement provides pulsatile blood flow. A positive driving 
pressure of >350 mmHg can be used to compress the 
diaphragm to end-systole, allowing ejection of blood from 
the device. A negative driving pressure up to –100 mmHg is 
used to expand the diaphragm to end-diastole, allowing the 
device to fill. The high driving pressures are necessary 
because of the small cannula sizes [56]. The driver can 
function in either a left ventricular mode or a biventricular 
mode. The system can also function in an asynchronous 
mode that allows separate rates for the RVAD and LVAD 
when biventricular support is necessary. This asynchronous 
mode allows the rate of the RVAD to be less than that of the 
LVAD with a smaller stroke volume (blood pump) to prevent 
pulmonary edema. Finally, all blood-contacting surfaces are 
heparin coated [57].

The first successful report of a left ventricular assist device 
(a centrifugal flow device) was for 12 h as a bridge to cardiac 
transplantation in a child [58], and another report also 
described the use of an adult EXCOR device (50 ml blood 
pump) as a bridge to cardiac transplantation in an 8-year-old 
[59]. The disadvantages of using an adult EXCOR device in 
children quickly became apparent and modifications were 
made, including a range of blood pump and cannula sizes to 
meet the sizes of infants and young children.

The indications for implanting EXCOR in infants and chil-
dren include progressive heart failure refractory to medical 
therapy, cardiac index <2.0 l min−1 m−2, development of met-
abolic acidosis, and signs of end organ dysfunction, such as 
renal insufficiency or elevation of liver enzymes. Other indi-
cations are the need for mechanical ventilation or a mixed 
venous oxygen saturation <40%. In many children, the goal 
of implantation is to provide the recipient time for end organ 
recovery to make the patient a better transplant candidate.

The major use of the Berlin Heart EXCOR ventricular 
assist device has been as a bridge to cardiac transplantation, 
although other uses have been for end-stage congenital 
heart disease, post-cardiotomy heart failure and myocarditis. 
In a 15 year experience with pediatric EXCOR systems, 68 
patients <18 years of age were supported for a mean duration 
of 35 days [60]. Thirty-one (45%) received cardiac trans-
plantation. Eleven other patients (16%) recovered. Thirty-
seven (54%) of the patients were discharged home. Only 
four patients had neurologic injury [60]. In the largest 
American experience at a single center with the EXCOR 
pediatric ventricular assist system[61], 17 patients <18 years 
of age received either an LVAD (n = 13] or BVAD (n = 4). 
Eleven patients were transplanted, one recovered, one 
remained on support, and four died. When the EXCOR 
system was compared with extracorporeal membrane 
oxygenation (ECMO) as a bridge to cardiac transplantation, 
the survival to transplant and recovery was significantly 
higher in the EXCOR group (86%) than the ECMO group 
(57%). Despite this excellent result, 40% of the patients 
sustained neurologic injury [62]. A series of nine patients, 
each with right ventricular dysfunction, with biventricular 
support (BVAD) ultimately received a transplant [63]. The 
mean duration of support was 31 days and eight patients 
(89%) survived to transplant without acute neurologic 
injury, thromboembolic events, or hemolysis. All patients in 
this series had significantly elevated (>90%) panel reactive 
antibodies and 12 pump exchanges were performed because 
of fibrin deposits or clot formation in the device. Other series 
[64,65] reported small sets of patients in whom neurologic 
injury occurred and device exchanges were needed.

The EXCOR system has also been used for fulminant 
 myocarditis [65] either to bridge the child to transplantation 
or until recovery from the disease. Because it may take 
months for the myocardium to recover in patients with 
 fulminant myocarditis, the EXCOR system provides an 
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 excellent means for long-term mechanical support [66]. 
Among its advantages are the ability to extubate the patient, 
give physical therapy, including ambulation, and feed the 
patient. Feeding enhances the integrity of the gastrointesti-
nal tract mucosa, preventing bacterial translocation and 
decreasing the risk for infection.

The EXCOR system has been used in patients with hypo-
plastic left heart syndrome after a BDG and Fontan with 
mixed results [67]. Its versatility makes it ideal for children 
because it can be tailored to the size and needs of the patient. 
The Berlin Heart EXCOR ventricular assist device has become 
a widely accepted form of mechanical circulatory support for 
children in Europe and the United States. Questions remain 
regarding the ideal anticoagulation strategy and the neuro-
logic outcomes. The Berlin Heart EXCOR ventricular assist 
use of partial cardiac bypass support during aortic arch- 
related surgical procedures has filled a void for the increasing 
number of pediatric patients with end-stage heart disease.
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This chapter covers a number of developmental abnormalities 
and acquired problems of the gastrointestinal and renal 
systems that may afflict the perioperative pediatric cardiac 
patient. In a few patients, therapy for these conditions needs 
to consider the cardiovascular status of the patient, and this 
is covered here.

Gastrointestinal complications

Gastrointestinal complications are associated with the 
 gastrointestinal tract and organs supplied by the celiac, supe-
rior mesenteric, and inferior mesenteric arteries. These 
include the esophagus, stomach, small intestine, colon, 
liver, gallbladder, spleen, and pancreas. An extensive list of 
proposed definitions for potential gastrointestinal complica-
tions occurring following pediatric cardiac surgery has been 
published [1]. Although serious gastrointestinal complica-
tions following pediatric cardiac operations are relatively 
uncommon, precise estimates of occurrence rates are limited 
because of the lack of standardized nomenclature and report-
ing, difficulties in identifying temporal associations with 
operation and the assignment of causality in complex 
patients. Children recovering from heart transplantation 
are an exception, since a variety of serious early and late 
gastrointestinal complications, including pancreatitis, chole-
cystitis, recurrent abdominal infections, intestinal pneuma-
tosis, and abdominal malignancies occur in 18% of patients 
[2]. This section focuses on selected gastrointestinal compli-
cations linked to congenital heart disease and its treatment. 
These complications include necrotizing enterocolitis (NEC), 
malrotation and midgut volvulus, abdominal compartment 
syndrome, and inability to eat.

Necrotizing Enterocolitis (NEC)
NEC is a neonatal disease in which the intestinal mucosal 
barrier is compromised, leading to inflammation and bacterial 
translocation, and sometimes to mucosal or transmural 
necrosis and sepsis (see also Chapter 18). The pathogenesis 
of NEC is multifactorial and incompletely understood. 
General risk factors include hypoxic–ischemic injury to 
the gastrointestinal tract, physiological immaturity of the 
gastrointestinal tract, and alterations of the normal micro-
biological flora of the intestines [3]. With systemic hypo-
perfusion in a neonate, reduced mesenteric perfusion occurs 
as blood is shunted preferentially to the heart and brain and 
away from the splanchnic circulation. Reperfusion may 
 promote inflammation and exacerbate intestinal injury. In 
premature patients, compromised integrity of epithelial tight 
junctions and deficient intestinal IgA production may be 
contributory. Impaired peristalsis may facilitate bacterial 
overgrowth and increase the contact time between bacterial 
antigens and enterocytes. Finally, alteration of the 
normal bacterial colonization of the intestines, perpetuated 
by  exposure to broad-spectrum antibiotics or rapid 
increases in volume of feedings, may predispose patients to 
developing NEC.

Given these physiologic considerations, it is not surprising 
that 90% of NEC affects premature neonates. Neonates with 
a complex cardiac malformation have at least a 10-fold 
greater risk of developing NEC than neonates without con-
genital heart disease [4]. The rate of NEC in neonates with 
critical congenital heart disease is approximately 3%, and is 
higher in prematures [4–6]. Neonates with a cardiac lesion 
with significant diastolic runoff through a ductus arteriosus 
or a surgically created systemic to pulmonary shunt, such as 
in hypoplastic left heart syndrome, are also at increased risk 
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[4,7]. NEC may occur before or after cardiac intervention, 
and mucosal ischemia and inflammation related to cardio-
pulmonary bypass may be contributory [8]. Preventive meas-
ures to reduce the occurrence of NEC include administering 
antenatal maternal corticosteroids for threatened preterm 
delivery and feeding with breast milk [3].

The common signs and symptoms of NEC, along with 
 laboratory and radiographic findings, have been used to 
assign stages of NEC based on the modified Bell’s criteria 
[3] (see Chapter 18, Table 18.3). Higher stages of disease have 
a greater risk of mortality. Potential secondary complications 
of NEC include short gut syndrome, stricture formation, 
problems related to the use of parenteral nutrition (e.g., 
catheter-associated bloodstream infection, cholestasis, and 
liver failure), prolonged hospitalization, and worse neurode-
velopmental outcomes [4,9]. In addition to close monitoring 
and supportive care, treatment for NEC includes bowel rest 
and antibiotic therapy directed at aerobic and anaerobic 
organisms. Surgical intervention, either peritoneal drainage 
or laparotomy, is generally reserved for patients with intesti-
nal perforation (Bell’s stage III-B) or clinical deterioration 
despite maximum medical therapy [10,11]. Mortality directly 
attributable to NEC in neonates with congenital heart  disease 
is approximately 10% [4,7,12].

Abdominal compartment syndrome
Abdominal compartment syndrome (ACS) may be defined 
as a sustained increase in intra-abdominal pressure (>17–
20 mmHg in children) associated with dysfunction or failure of 
an organ not previously involved [13]. In children recovering 
from a cardiac operation, ACS often results from a combina-
tion of  factors: ascites, postoperative ileus, and visceral edema 
from elevated central venous pressure and renal insufficiency. 
 Intra-abdominal pressure can be measured directly via an 
intraperitoneal catheter or indirectly via the bladder (intra-
vesical). Palpation of a tense abdomen may be all that is needed 
to make the diagnosis. Increased intra-abdominal pressure 
may contribute to further deterioration of cardiac, respiratory, 
renal, and hepatic function. Elevation of the diaphragm 
reduces lung compliance, which requires higher ventilator 
settings, exacerbates lung injury, and causes pulmonary hyper-
tension and other adverse cardiopulmonary interactions. 
Renal dysfunction may be caused by direct compression of 
renal vessels and be exacerbated by low cardiac output. Similar 
hemodynamic changes may lead to hepatic dysfunction.

Management of ACS involves serial measurement or esti-
mation of intra-abdominal pressure, maintaining adequate 
end-organ perfusion, and, for refractory patients, percutane-
ous or surgical decompression. Elevating the head of the bed 
and prone positioning increase intra-abdominal pressure and 
should be avoided. Patients with evolving ACS should be kept 
flat and supine. Meticulous management of fluid overload 
with diuretics or dialysis, and nasogastric and colonic decom-
pression may help. Inserting a percutaneous catheter to drain 

ascites, air, or other fluid collections may decrease intra- 
abdominal pressure and remarkably increase urine output. 
We have observed marked improvement in ACS in some 
patients who had reached a critical intra- abdominal pressure 
threshold that was alleviated by drainage of a minimal amount 
of ascitic fluid. Similarly, we have observed rapid improve-
ment in ACS following the onset of venoarterial extracorpor-
eal membrane oxygenation (ECMO) in children recovering 
from a complex cardiac operation, presumably from improved 
cardiac output and systemic venous decompression.

Malrotation and midgut volvulus
In addition to complex cardiac malformations, children with 
heterotaxia syndrome often have gastrointestinal abnormal-
ities, the most prominent being abnormalities of intestinal 
fixation. Early in gestation, the midgut rotates around the 
axis of the superior mesenteric artery such that the proximal 
jejunum is anchored by the ligament of Treitz to the retro-
peritoneum in the left upper quadrant and the cecum is 
anchored to the retroperitoneum in the right lower quad-
rant. The resultant broad-based small bowel mesentery is at 
minimal risk for volvulus. In patients with malrotation, there 
is either no rotation or reverse rotation of the midgut loop, 
such that the proximal jejunum and cecum are both affixed 
close to each other in the upper abdomen, on either the right 
or left. The resultant narrow-based small bowel mesentery is 
thereby predisposed to volvulus and potentially fatal necro-
sis of the entire midgut [14].

Malrotation is usually diagnosed with an upper gastrointes-
tinal contrast study, by which the distance between the liga-
ment of Treitz and ileocecal junction is estimated. When 
diagnostic uncertainty persists, a contrast enema may be use-
ful to locate the displaced cecum [15]. The symptoms most 
commonly develop in the neonatal period, and 90% of patients 
present within the first year of life. Evaluation and treatment 
must be undertaken urgently in patients with signs and symp-
toms suggestive of midgut volvulus (e.g., bilious emesis). 
Definitive treatment involves an open or laparoscopic Ladd 
procedure, in which the malrotation is reduced, abnormally 
positioned bands are released, and the bowel is repositioned.

Screening all patients with heterotaxia syndrome for 
 malrotation and performing an elective operation to prevent 
midgut volvulus are controversial. Volvulus occurs in only 
1–7% of patients with malrotation, and between the two 
extremes of normal rotation and malrotation is a spectrum 
of rotational abnormalities, some of which may not 
predispose to the development of volvulus. Therefore, the 
potential for false-positive radiologic diagnosis, the 
complexity of the associated cardiac anomalies, and the risk 
of developing adhesions leading to bowel obstruction (up to 
15%) must be considered when contemplating an elective 
operation. Many physicians do not screen asymptomatic 
heterotaxia patients for malrotation, and follow them 
conservatively when malrotation is diagnosed incidentally 
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[14,16]. Others suggest that all patients with heterotaxia 
syndrome be evaluated for malrotation, and that a Ladd 
procedure be performed in those with malrotation regardless 
of the presence or absence of symptoms [17].

Inability to eat
The inability to ingest adequate liquid and caloric intake 
is common following cardiac surgery in neonates and infants. 
In one prospective study, new-onset dysphagia was diag-
nosed by a speech pathologist in 18% of children recovering 
from a cardiac operation [18]. Contributing factors include 
innate poor suck–swallow coordination (e.g., prematurity, 
DiGeorge syndrome), anomalies of the oropharynx or airway 
(e.g., cleft lip or palate), use of transesophageal echocar-
diogram, prolonged intubation, gastroesophageal reflux, and 
central nervous system injury [18,19]. Vocal cord dysfunction 
associated with dysphagia contributes to aspiration risk. Vocal 
cord dysfunction may be caused by congenital laryngotracheal 
anomalies, prolonged intubation, and central nervous system 
anomalies. In cardiac surgery patients, however, the most 
likely etiology is recurrent laryngeal nerve injury in neonates 
following ductus arteriosus surgery or aortic arch reconstruc-
tion. It also may follow cervical ECMO cannulation.

Evaluating dysphagia may include assessment by a speech 
pathologist, videofluoroscopic swallowing study, upper gas-
trointestinal contrast study, or flexible fiber-optic laryngos-
copy. Children whose postoperative course is complicated by 
inability to eat have increased hospitalization and prolonged 
 hospitalization [19]. Management of children with inability 
to eat following cardiac surgery is guided by the underlying 
eti ologies and expected time course for improvement. Options 
include thickening of feeds, nasogastric feedings, and gastros-
tomy tube placement with or without Nissen fundoplication.

Disorders of the liver and pancreatitis

Virtually any disease of the liver can occur in patients with con-
genital heart disease. This section discusses those encountered 
in perioperative cardiac patients. We have no data document-
ing their prevalence. Common neonatal conditions, such as 
jaundice related to ABO incompatibility, which have no not-
able association with congenital heart disease, are not covered.

Biliary atresia
Direct hyperbilirubinemia is common in a cardiac intensive 
care unit and observed in patients with long-standing 
reduced systemic perfusion and especially with parental 
nutrition (see below). Direct hyperbilirubinemia may indi-
cate extrahepatic biliary atresia associated with the hetero-
taxy syndromes (especially polysplenia) [20,21]. In one 
study extrahepatic biliary atresia occurred in 10% of patients 
with left atrial isomerism (polysplenia) [22]. The relative 
hazard ratio for death was considerably higher for children 

with biliary atresia associated with cardiac malformations 
related to left atrial isomerism (2.76 [1.10–5.46]) than for 
patients without biliary atresia [22]. Biliary atresia has also 
been reported with hypoplastic left heart syndrome [23] and 
other cardiac lesions unassociated with heterotaxy. There is 
little information regarding the effect of biliary atresia on 
outcomes of cardiac surgery.

The impact of cardiac malformations on the outcomes of 
operations for biliary atresia or liver transplantation is also 
poorly defined. Davenport et al. [21] reported 56 children 
with biliary atresia associated with a splenic abnormality 
and noted that the 5-year liver survival was less favorable for 
patients with a splenic abnormality than for those with iso-
lated biliary atresia. This reduction in survival was not related 
to congenital cardiac defect. Vazquez et al. [24] reported the 
results of Kasai operation in 11 patients with polysplenia 
 syndrome, two of whom had a “cardiac malformation.” One 
of the two patients with a “cardiac malformation” survived 
operation. Living donor liver transplantation for end-stage 
hepatic disease in children with a congenital cardiac defect 
can be undertaken with low mortality, although most of the 
reported patients had relatively mild heart disease [25,26].

Cirrhosis is an important risk factor in adults undergoing 
cardiac surgery utilizing cardiopulmonary bypass, with 
patients having Child–Turcotte–Pugh class C disease being at 
particularly high risk of postoperative complications and 
death [27]. Limited information is available for pediatric 
patients. Bacha et al. [28] reported open-heart operations 
involving four patients (aged 10 weeks–2 years) with end-
stage liver disease; two had had the Kasai procedure for 
 biliary atresia and two had Alagille’s syndrome. One patient 
had Child’s class A and three had Child’s class B disease. One 
(Child’s class B with Alagille’s) died of refractory hypoten-
sion due to vasodilation postoperatively, and three were 
hospital survivors.

Acute liver failure
Ischemia can cause acute liver failure (ALF), the histological 
picture of which is confluent or multilobular necrosis [29]. 
Pre- and postoperative cardiac patients might be at risk for 
ischemic ALF because of reduced systemic oxygen delivery, 
systemic arterial hypotension, and increased central venous 
pressure, either alone or in combination. Mildly increased 
serum levels of liver enzymes and bilirubin are indeed 
 common, although full-blown ALF (including hypoglyc-
emia, clinically relevant coagulopathy, and encephalopathy) 
is very unusual. Postoperative Fontan patients seem more 
vulnerable to ALF than most, because they have acutely 
increased central venous pressure (2–5-fold greater than 
before operation), and some also have systemic arterial 
hypotension and reduced systemic oxygen delivery. Indeed, 
given the relatively high incidence of (at least transient) 
hypotension and low systemic oxygen delivery in most 
 congenital cardiac patients after operation, with the very 
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low incidence of ALF, it seems likely that markedly increased 
systemic venous pressure (in concert with the other hemo-
dynamic abnormalities) is often an important factor in the 
 genesis of ALF.

Reports of ALF in pediatric cardiac patients are sparse 
[29–32]. It is difficult to know to what extent the patient’s 
phenotype is shaped by the liver dysfunction as distinct from 
the coexisting severe hemodynamic disturbance. Indeed, for 
unknown reasons, ALF itself can reduce systemic vascular 
resistance and cause hypotension. Renal dysfunction often 
complicates nonischemic ALF [29]. It may be difficult to 
 distinguish ALF-related encephalopathy and even cerebral 
edema from that caused by hemodynamic events. The effect 
of ALF on outcome is obscured by the fact that patients may 
die from a cardiac cause rather than liver disease. As the two 
reports [30,31] discussed below show, the Fontan procedure 
is associated with acute liver injury.

Jenkins et al. [30] reported 11 patients (aged 0.25–20 
years) with ALF in the early postoperative period, six after 
Fontan palliation and the remainder after various reparative 
or palliative operations. Hepatic failure was apparent in the 
first or second postoperative day in seven, and between 
postoperative days 6 and 9 in the remainder. They had low 
cardiac output (cardiac index <2 l min m−2), elevated central 
venous pressure (12–29 mmHg, mean 20 mmHg) and hepatic 
perfusion pressure from 29 to 56 mmHg (mean 42 mmHg). 
Mean systemic arterial pressure ranged from 50 to 85 mmHg 
at the onset of ALF, but the ages of the patients were not 
linked to the arterial pressure, limiting interpretation. Ino-
tropic support (and aortic counterpulsation in two patients) 
was required. Acute renal failure developed in each, with 
seven requiring peritoneal dialysis. Six children died acutely, 
all of intractable cardiac failure, and two died later of their 
cardiac lesions; the authors did not attribute any of the 
deaths to hepatic failure per se.

In a retrospective review of early postoperative “liver 
 dysfunction” after Fontan palliation [31], of 15 consecutive 
patients seven had elevated serum glutamic pyruvic transa-
minase (SGPT) >1000 U l−1 and total bilirubin and abnormal 
prothrombin time. Hepatic dysfunction correlated with car-
diac index, urine output, systolic arterial pressure, and central 
venous pressure. Four of the 15 patients died before hospital 
discharge, but none of the deaths were attributed to liver dys-
function. The same group [32] subsequently reported that in 
Fontan patients, acute postoperative liver dysfunction (as 
measured by elevation of alanine amino transferase and serum 
total bilirubin) was only weakly related to cardiac index, but 
strongly related to hepatic venous oxygen saturation; hepatic 
venous oxygen saturation less than a “critical value” of about 
25% was strongly correlated with hepatic dysfunction.

Preventing ischemic ALF consists in maneuvers to maintain 
adequate systemic oxygen delivery and arterial pressure, 
while minimizing central venous pressure. Close attention 
should be paid to volume infusion and to judge, as best as 

possible, when to switch from augmenting central venous 
pressure to inotropic and pressor agents to maintain ade-
quate arterial pressure and systemic blood flow. Therapy, 
in addition to strategies to increase hepatic perfusion, is 
 supportive: close monitoring and provision of blood glucose, 
monitoring and adjustment of serum electrolytes, replacement 
of coagulation factors as needed, lactulose to treat elevated 
ammonia, monitoring of central nervous system status, and 
responding with appropriate therapy.

Cholestasis
Any of the many causes of cholestasis can affect cardiac 
patients in an intensive care unit, but few occur with any 
 frequency. Biliary atresia and acute liver failure, although 
very uncommon, are two causes discussed above. Conjugated 
hyperbilirubinemia is observed in neonates with chronically 
marginal systemic perfusion, especially if they are receiving 
total parenteral nutrition [33]. The cause of parenteral nutri-
tion-related jaundice in neonates remains unknown [34].

Acute acalculous cholesystitis
Acute acalculous cholecystitis can rarely develop after  cardiac 
surgery or cardiac catheterization [35]. Presenting signs and 
symptoms are fever, right upper quadrant pain, vomiting, 
jaundice, and right upper quadrant mass. Risk factors for 
acute acalculous cholecystitis include shock, sepsis, total 
parenteral nutrition, prolonged fasting, intravenous narcot-
ics, and multiple transfusions – a list which explains why 
postoperative cardiac patients are at risk. Optimal therapy is 
unclear; antibiotics (only), drainage of the gallbladder, and 
cholecystectomy are the usual approaches [35].

Portal hypertension
Portal hypertension is very uncommon. It occurs occasion-
ally in neonates with a cardiac lesion and umbilical venous 
cannulation causing portal venous thrombosis. The most 
common presenting signs and symptoms are splenomegaly 
and gastrointestinal bleeding [36].

Acute pancreatitis
Acute pancreatitis is well described in adults after cardiopul-
monary bypass [37], and there are a few reports in pediatric 
patients after cardiotomy [38–41]. In adults, one retrospec-
tive study found that pancreatic cellular injury (hyperamy-
lasemia with increased serum lipase or pancreatic isoamylase) 
occurred in 27% of post-bypass patients; 9% had abdominal 
signs or symptoms consistent with acute pancreatitis. 
Pancreatic cellular injury was associated with preoperative 
renal insufficiency, valve surgery, postoperative hypoten-
sion, and perioperative administration of calcium chloride.

In a report [40] of 349 patients (all >3 months old) having 
open-heart surgery, 46 had hyperamylasemia and 18 had 
“clinical pancreatitis.” The “pancreatitis” was defined by 
increased serum amylase activity plus high output failure, 
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central nervous system changes, and hypocalcemia, rather 
than abdominal findings or pancreatic imaging. The 
mortality rate for patients with clinical pancreatitis was 
49.2%. The patients had a variety of cardiac lesions and 
the inciting factor(s) for pancreatitis were unknown. A 
subsequent prospective study [40] from the same 
institution found that serum amylase was increased 
relative to preoperative values in 34% of patients after 
cardiac surgery (both closed and open); the incidence of 
clinical pancreatitis was not reported. In a report of four 
children with acute pancreatitis after open-heart surgery 
[38], all were hemodynamically unstable and receiving 
high doses of vasoactive drugs. The authors concluded 
that shock and pre-existing systemic disease are risk factors 
for this disease. In another study, acute pancreatitis 
occurred in four (of 40) patients soon after Fontan 
palliation, two of whom died in the early postoperative 
period [39]. Preoperatively, the patients with pancreatitis 
had a higher echocardiographic tau (suggesting decreased 
ventricular compliance) and lower systemic blood flow 
than patients who did not develop pancreatitis.

Acute Kidney Injury (AKI)

Patients with congenital heart disease have a wide range of 
circulatory alterations that can stress renal compensatory 
mechanisms and contribute to AKI. Potent physiologic 
derangements induced by palliative and reparative congeni-
tal heart surgery can further destabilize the cardiorenal axis. 
Although the responsible biologic mechanisms remain 
unclear, even subtle alterations in renal function are associ-
ated with increased hospitalization and mortality rates 
among a wide range of critically ill patients, including those 
recovering from heart surgery [42–45]. Hospitalization and 
mortality rates in children recovering from cardiac surgery 
increase with the severity of AKI and may approach 60% for 
those requiring dialysis [46–49].

Definition and diagnosis
The more than 30 definitions of AKI have hindered the epi-
demiologic understanding of this important postoperative 
complication. In 2004, the Acute Dialysis Quality Initiative 
developed a consensus definition and staging system for 
adult AKI (RIFLE classification) [50]. In 2007, the Acute 
Kidney Injury Network (AKIN) modified the risk category 
of the RIFLE classification to include patients with a serum 
creatinine increase of ≥0.3 mg dl−1 (AKIN Stage 1) and elimi-
nated the loss and end-stage renal disease categories [51]. This 
was based on the recognition that even a small increase in 
serum creatinine can be associated with hospitalization and 
 mortality rates and that the loss and end-stage renal disease 
 categories were outcomes of AKI, rather than descriptors 
[42]. In both staging systems, the criteria for AKI can be met 
by an increase in serum creatinine concentration or a speci-
fied degree of oliguria (Tables 15.1 and 15.2).

The RIFLE classification system and the closely related 
AKIN staging system have become the de facto definitions of 
AKI in critically ill adults, and are slowly becoming the 
standard in children also. Although creatinine concentration 
and urine output are the currently accepted clinical stand-
ards for assessing renal function in critically ill patients, they 
have limitations, including delay in the rise of the serum 
creatinine concentration after kidney injury, the potential 
uncoupling of serum creatinine and true renal function 
(i.e., glomerular filtration rate) related to tubular secretion 
of  creatinine, and the dependence of creatinine on muscle 
mass [52,53].

There is an effort to find more accurate markers of AKI, 
assayable shortly after renal injury; these include measurement 
of cystatin c, kidney injury molecule-1, neutrophil gelatinase-
associated lipocalin, interleukin-18 (IL-18), and N-acetyl-β-D-
glucosaminidase [54]. These markers are not yet in widespread 
clinical use, but it appears that one (or several) will become so, 
forcing a change in the definition of AKI. Although the use of 
changes in creatinine concentration to define AKI has been 
more accepted in children, its use in neonates is limited. In the 

Table 15.1 RIFLE acute kidney injury classification system.

RIFLE category  GFR criteriaa  Urine output criteriaa

Risk Creatinine increase of 1.5 × or GFR decrease of >25% UOP <0.5 ml kg−1 h−1 × 6 h

Injury Creatinine increase of 2 × or GFR decrease of >50% UOP <0.5 ml kg−1 h−1 × 12 h

Failure Creatinine increase of 3 × or GFR decrease of >75% UOP <0.3 ml kg−1 h−1 × 24 h 

or anuria × 12 h

Loss Complete loss of renal function for >4 weeks

End-stage renal disease Need for renal replacement therapy for >3 months   

aGFR, glomerular filtration rate; UOP, urine output.
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early neonatal period, serum creatinine concentration reflects 
maternal creatinine concentration, not glomerular filtration 
rate, rendering the diagnosis of AKI based on this measurement 
unreliable in this age group [55].

Incidence
Post hoc application of the RIFLE classification system to the 
limited available data regarding renal function after congen-
ital heart surgery (CS-AKI) demonstrates an overall AKI 
prevalence of 20–37%. The prevalence of more than mild 
AKI, corresponding to the Injury, Failure, Loss, and End Stage 
categories, ranges from 12 to 19% [56,57]. Unpublished data 
from 321 patients from the Children’s Hospital Boston 
 suggest that the prevalence of any degree of AKI within 72 h 
of surgery is 33% (n = 107), with 15% (n = 48) in the Injury, 
Failure, Loss, and End Stage categories. Significant threshold 
variation makes the accurate determination of the preva-
lence of AKI severe enough to require dialysis difficult, with 
recently reported rates ranging from 2 to 12% [46,48].

Pathophysiology
The development of CS-AKI is the result of several complex 
processes that often begin well before operation. Focusing 
on the pre-, intra-, and postoperative periods facilitates 
understanding the pathophysiology of CS-AKI. Accumulating 
evidence suggests that pre-existing renal insufficiency is an 
important risk factor for AKI. The potential etiologies of pre-
operative renal insufficiency in pediatric patients include 
coexisting developmental kidney anomalies, shock-induced 
acute tubular necrosis in neonates with delayed recognition 
of ductal dependent heart disease, suboptimal hemodynam-
ics resulting in lower renal perfusion pressure (mean arterial 
pressure – systemic venous pressure), cyanosis, exposure 
to nephrotoxic medications, diuretic-induced prerenal azo-
temia, and renal injury related to previous congenital heart 
surgery. The prevalence of preoperative renal insufficiency 
in children with congenital heart disease is unknown.

Several events during the operation contribute to CS-AKI 
by directly or indirectly causing cellular injury to the tubular 
epithelium, beginning with the induction of general endo-
tracheal anesthesia. Induction can be associated with periph-
eral vasodilation, redistribution of blood flow away from 
vital organs, and occasionally hypotension causing a decrease 
in renal perfusion pressure and a period of relative renal 
ischemia. Most palliative and reparative procedures require 
cardiopulmonary bypass (CPB). The renal perfusion pro-
vided by CPB has complex and deleterious effects on the 
 kidney that are likely proportional to the duration of bypass. 
The lack of pulsatile renal blood flow provided by both roller 
and centrifugal CPB disturbs kidney autoregulation and 
microcirculatory flow, both of which contribute to ischemia–
reperfusion injury of the kidney. Mechanical hemolysis 
related to suction, autotransfusion, CPB cannulae, tubing, 
and pump trauma release iron and free hemoglobin, both of 
which cause renal oxidative stress injury. CPB also induces a 
potent and complex inflammatory response, partly by acti-
vating white blood cells and platelets, an increase in the ratio 
of pro-inflammatory interleukins and cytokines to anti- 
inflammatory proteins, and an upregulation of vascular 
adhesion molecules. The resultant kidney injury from this 
pro-inflammatory cascade is complex and incompletely 
understood, but likely involves direct tubular damage and 
acute tubular necrosis [58,59].

In almost all circumstances, congenital heart surgeons 
utilize some degree of hemodilution during CPB. Because 
of improved rheology and viscosity, hemodilution decreases 
blood exposure and improves perfusion through certain 
microvascular territories. Significant hemodilution during 
CPB (i.e., hematocrit <24%), however, is associated with 
AKI because of a reduced oxygen-carrying capacity to a 
level that induces renal ischemia [60–62]. The optimal 
degree of hemodilution to maximize clinical outcomes, 
including renal function, remains uncertain, but is likely 
above 25%.

Some degree of hypothermia is used in most on-pump 
congenital heart operations. The rationales for hypothermia 
include decreasing global tissue metabolic rate, thus allowing 
lower bypass flow rates, providing greater end-organ protec-
tion, and decreasing CPB-related systemic inflammation. The 
degree of hypothermia achieved on bypass may be associated 
with AKI as a result of renal cortical hypoperfusion during 
rewarming [63].

Cessation of CPB and a period of deep hypothermic circu-
latory arrest (DHCA) are often used during an operation 
where a completely bloodless surgical field is required (e.g., 
repair of obstructed total anomalous pulmonary venous con-
nection) and in operations involving reconstruction of the 
aortic arch. This profoundly altered physiologic state (DHCA) 
has been associated with end-organ dysfunction, particularly 
when prolonged. Whereas most work has centered on the 
relationship of DHCA to neurologic injury, DHCA can be 

Table 15.2 AKIN acute kidney injury staging system.

AKIN stage GFR criteriaa  Urine output criteriaa

Stage 1 Creatinine increase of 

1.5–2 × or creatinine 

increase ≥0.3 mg dl−1

UOP <0.5 ml kg−1 h−1 × 6 h

Stage 2 Creatinine increase of 

>2–3 ×
UOP <0.5 ml kg−1 h−1 × 12 h

Stage 3 Creatinine increase of 

>3 × or need for renal 

replacement therapy

UOP <0.3 ml kg−1 h−1 × 24 h 

or anuria × 12 h

aGFR, glomerular filtration rate; UOP, urine output.
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associated with postoperative AKI, possibly from vascular 
endothelial dysfunction [64].

During complex congenital heart surgery, antifibrinolytics 
are often administered to decrease bleeding. One such med-
ication, aprotinin, attracted much attention after a large 
study of adults undergoing coronary surgery demonstrated 
an association between aprotinin use and a twofold increase 
in AKI requiring dialysis. Because of the studies in adults 
demonstrating increased rates of both mortality and end-
organ dysfunction, aprotinin is no longer marketed. The 
renal toxicity of aprotonin, however, remains controversial. 
Some clinical and basic studies support its role as a nephro-
toxin, but others suggest that it may have nephro-protective 
effects [56,57,65,66].

Early postoperative period events are significant in AKI 
development because of the intraoperative stressors outlined 
above. Myocardial ischemia–reperfusion injury, direct myo-
cardial injury and edema, CPB-induced systemic inflamma-
tory response syndrome (SIRS), and residual cardiac lesions 
each contribute to the postoperative low cardiac output 
 syndrome which results in decreased renal perfusion. The 
decrease in renal perfusion pressure can be compounded by 
renal afferent arteriolar vasoconstriction induced by inotropes 
and vasoconstrictors used to treat the low cardiac  output. 
Furthermore, postoperative fluid overload and decreased 
myocardial compliance elevate central venous pressure and 
contribute to decreased renal perfusion pressure [58,59].

When severe, ascites resulting from a combination of 
 capillary leak secondary to SIRS, accumulation of transudate 
secondary to high central venous pressure, and fluid over-
load related to volume administration can cause abdominal 
compartment syndrome, compromising kidney function 
[67]. Many components of the stress response to congenital 
heart surgery interfere with normal carbohydrate metabo-
lism and cause hyperglycemia, an effect compounded by the 
frequent administration of glucocorticoids in the periopera-
tive period during CPB. Renal mitochondrial dysfunction 
 secondary to intracellular hyperglycemia has been suggested 
as a potential mechanism for hyperglycemia associated with 
AKI [68,69]. Finally, pre-renal states induced by diuretics 
and fluid restriction and the administration of directly neph-
rotoxic medications (e.g., nonsteroidal anti-inflammatory 
agents and aminoglycosides) exacerbate AKI [70].

Prevention and management
There have been many failed attempts at preventing or 
ameliorating CS-AKI, including the use of low-dose 
dopamine, diuretics, volume loading, dexamethasone, theo-
phylline, natriuretic peptides, mannitol, calcium channel 
blockers, angiotensin-converting enzyme inhibitors, preop-
erative  statin therapy, and N-acetylcysteine [59,71]. Two 
renal protection strategies, however, are promising: periop-
erative infusion of sodium bicarbonate (inhibits the produc-
tion of oxygen radicals in the renal tubules) and infusing the 

selective dopamine receptor agonist fenoldopam (renal 
vasodilator) [72,73].

Beyond optimizing hemodynamics to maintain renal 
 perfusion pressure with appropriately selected vasoactive 
medications and minimizing residual cardiac defects surgi-
cally, two important strategies to preserve renal function are 
minimizing nephrotoxic medications and avoiding diuretic-
induced prerenal azotemia. Both exacerbate or cause 
CS-AKI, particularly in a susceptible host. Evolving ascites-
related abdominal compartment syndrome, characterized by 
abdominal distension, a fluid wave, worsening respiratory 
mechanics, and oliguria should be promptly recognized and 
relieved to avoid CS-AKI, intestinal ischemia, and progres-
sive respiratory and hemodynamic compromise.

In patients with severe CS-AKI, renal replacement therapy 
(RRT) may be required, although mortality remains unacceptably 
high despite its use [46–48]. The common RRT modalities after 
congenital heart surgery are peritoneal  dialysis for infants and 
continuous veno-venous hemofiltration for larger patients. The 
indications for RRT after cardiac surgery include anuria with 
hyperkalemia or metabolic  acidosis, severe volume overload 
refractory to diuretics and fluid restriction, and uremic 
encephalopathy or platelet  dysfunction. RRT has the potential 
to alter clinical outcomes and disease course for adults with 
CS-AKI. The timing,  institution threshold, and intensity of RRT 
remain largely unresolved [74–76].
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Fetal Treatment

Helena M. Gardiner
Imperial College, and Queen Charlotte’s and Chelsea Hospital, Royal Brompton Hospital, London, UK

Introduction

Surgical procedures for major congenital heart disease (CHD) 
are performed in the first days to months after birth  following 
the recognition that neonatal mortality is high in  unoperated 
children and secondary myocardial damage (thought in part 
to be due a reduction in coronary angiogenesis) is common 
in children undergoing their first surgical procedure later in 
childhood [1]. It is likely that the substrate for damage occurs 
prenatally [2] and this has led to evaluation of the benefits of 
cardiac intervention for aortic and pulmonary stenosis in the 
fetus [3]. Relatively noninvasive fetal therapy for  arrhythmia, 
with antiarrhythmic drugs given (in relatively high dosage) 
to the healthy mother to treat fetal tachycardia transplacen-
tally, is already well established and usually successful [4,5]. 
More invasive fetal therapies include intrauterine blood 
transfusions for fetal anemia, insertion of pleural shunts 
for recurrent effusions, and laser photocoagulation of 
 placental anastomoses to separate the circulation in mono-
chorionic twins with twin-to-twin transfusion syndrome, 
and are  performed by fetal medicine obstetricians [6,7]. 
Teams  combining this fetal medicine expertise with their 
cardiologists have more recently introduced fetal cardiac 
interventional procedures: valvoplasty of the aortic and 
pulmonary valve, balloon atrial septostomy for restrictive 
or closed interatrial septum, and fetal pacing in complete 
heart block into this range of therapeutic options [8–10].

Assessment of therapeutic efficacy

In general, new fetal therapies are offered where the 
 procedure is either life saving or may improve postnatal 
 outcomes. The rapidity of progression of fetal aortic and 

 critical pulmonary valve stenosis results in substantial 
 ventricular damage, including impaired growth, and affected 
hearts are often considered to lie within the spectrum of 
hypoplastic left or right heart syndrome within weeks 
 following diagnosis [3,11,12].

Several percutaneous fetal procedures, such as bladder 
shunting and opening of posterior urethral valves, have been 
evaluated and largely discarded as ineffective. Open fetal sur-
gery for repair of diaphragmatic hernia and spina bifida has 
been the subject of randomized trials, [13,13a]. The approach 
for these procedures is more invasive and involves 
 exteriorization of the fetus to perform surgery. Where the 
therapeutic efficacy of one treatment versus another, or one 
treatment versus no treatment, has not been established, 
a randomized trial is the ideal assessment tool. However, 
it may be difficult to obtain sufficient power for a rand-
omized  controlled trial for fetal cardiac disease for several 
 reasons, including rarity of suitable patients, relatively poor 
detection rate at an early stage of the disease, compromising 
 recruitment, and the wide diversity of cardiac morphology that 
may require further subgroup analysis and reduce power.

Detection of heart disease in pregnancy

The fetal heart is examined using ultrasound usually as part 
of a fetal anomaly scan at ~20 weeks’ gestation (Videoclip 16.1). 
Antenatal screening tests in the first and second trimesters 
vary depending on health care systems and are undertaken 
by a variety of health professionals. Prenatal detection of 
 cardiac defects remains disappointingly low in many 
 countries, with only one in four affected babies detected in 
screening programs [14,15]. However, if fetal therapy is to 
be evaluated further, an improvement in antenatal detection 
is vital to detect fetuses with semilunar valve stenosis or 
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atresia in the early stages of the disease when valvoplasty is 
most likely to be effective by protecting the growth of the 
supporting ventricle and theoretically preventing the 
 development of a hypoplastic left or right heart [11] 
(Videoclips 16.2 and 16.3).

History of human fetal cardiac 
intervention

Human fetal cardiac intervention was first attempted in the 
1990s because surgical results for critical aortic stenosis in 
the neonate were poor and because aortic valve stenosis 
detected in utero often progressed rapidly to hypoplastic left 
heart syndrome, for which there was no widely available 
successful surgical strategy. The fetuses had advanced  disease 
and technical success was only achieved in about half 
(defined as crossing the valve and achieving forward flow) 
and procedure-related deaths occurred in ~30% with only 
one long-term survivor [16,17]. Fetal valvoplasty was not 
developed further until more recently; the stimulus for this 
is not entirely clear but perhaps the development of fetal 
screening programs with more timely referral of cardiac 
 malformations played a role. Early reports of technical 
 success [8,9] stimulated others to try these techniques, but 
apart from one large center in the United States, there are no 
studies with sufficient power to evaluate efficacy. There are 
important criteria to consider when introducing a new 
 therapy and any new interventional program must be able 
to demonstrate an improvement in outcome over current 
surgical techniques. Current in-hospital survival following 
the Norwood procedure for hypoplastic left heart syndrome 
or the borderline left heart size is ~70% with 2 year survival 
of 55% in most centers. Higher risk morphology has been 
identified and includes babies with an intact or restrictive 
interatrial septum who have only a 30% 1 month survival, 
even in high-volume centers, because of pulmonary 
 lymphangiectasia and pulmonary venous damage [18,19].

Case selection, counseling, and timing

True outcomes for fetuses diagnosed with CHD are not as 
good as those reported in postnatal surgical series because 
such series do not represent the entirety of the disease. 
Fetuses may not be born either because of spontaneous 
demise or interruption of the pregnancy; babies may not 
be offered surgery because morphology or function are 
worse than anticipated from fetal scans, or because of impor-
tant coexisting chromosomal defects or extracardiac 
 malformations which occur in ~10% of patients with aor-
tic and pulmonary stenosis or atresia [20].

Guidelines for selecting patients for left-sided procedures 
have been modified based on best-available but relatively 

short-term experiences of outcome from one center 
(Table 16.1). Not surprisingly, the better the fetal anatomy at 
the time of procedure, the more likely a two-ventricle 
 circulation is after birth. However, the ideal gestation for 
interventions remains unclear [8,21]. The fetus may not 
 tolerate the procedure well below 20 gestational weeks, 
 particularly if the procedure is lengthy or there is hydrops. 
There is a 10–20% risk of procedure-related death with a 
5% risk of premature labor following the procedure [22]. 
We know that cardiac pathology worsens during pregnancy, 
but the risk of preterm delivery after fetal intervention must 
be weighed up when considering its timing as it is unlikely 
that the Norwood [23,24] or hybrid procedure [25] would 
be offered to a baby of <30 weeks gestation because of low 
birth weight, although radiofrequency perforation and 
 dilatation of the pulmonary valve and surgery have been 
performed in low birth weight babies in some large centers 
[26]. As a consequence, in our interventional program we 
have elected not to offer emergency Cesarean section should 
persistent fetal bradycardia occur that is unresponsive to 
 intracardiac atropine or adrenaline.

Patient selection

Aortic valve stenosis
Previous guidance based on one retrospective series  suggested 
that the fetus should have a dilated left ventricle and 
 reasonably sized mitral valve with a Z score better than –4 to 
be considered suitable for fetal intervention. The observation 
of reversed flow in the transverse aortic arch (Videoclip 16.4) 
was identified as an indicator of progression to hypoplastic 
left heart syndrome [11], but this center has subsequently 
revised outcomes, considering only those with the best 
 morphology (Videoclip 16.5) to be suitable for intervention 
because it has become clear that a fetal intervention cannot 

Table 16.1 Revised selection criteria and threshold score for fetal 

aortic valvoplastya.

Aortic valve Stenosis – not atresia

LV size LV length Z score ≥ –2

Mitral valve annulus Z score ≥ –3

LV function MR >15 or AS >10 mmHg

Threshold score ≥4 points (permits 100% sensitivity for BV outcome)

LV length Z score >0 = 1 point

LV width (short axis) Z score >0 = 1 point

Aortic valve annulus Z score ≥ –3.5 = 1 point

Mitral valve annulus Z score ≥ –2 = 1 point

LV function  MR or AS >20 mmHg = 1 point

aAS, aortic stenosis; LV, left ventricular; MR, mitral regurgitation.
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alter outcome from a univentricular circulation in more 
severely affected patients [22] (Table 16.1).

Restrictive interatrial septum
About 6–10% of patients with aortic stenosis and  hypoplastic 
left heart syndrome have a restrictive interatrial septum and 
may be considered for balloon atrial septostomy to maximize 
the chances of developing a normal pulmonary bed (Videoclips 
16.6 and 16.7). However, the stage at which this damage 
occurs and when it becomes irreversible are unknown 
[19]. Abnormalities of lymphatic development cause 
 lymphangiectasia and poor function and this, coupled with 
pulmonary venous stenoses and occlusions, proves almost 
universally fatal in early life. Restrictive interatrial septum 
may also be recognized in fetuses with simple  transposition 
of the great arteries (ventriculo-arterial  discordance). The 
restriction reduces left-to-right shunting at the atrial level 
after delivery and may result in early  pulmonary venous 
hypertension, acidosis, and pulmonary hemorrhage with 
 significantly increased preoperative  morbidity and perinatal 
mortality [27]. However, as  restriction usually occurs towards 
the end of pregnancy, a planned delivery with ready access to 
facilities for  septostomy or early surgery is the more usual 
management pathway.

Pulmonary atresia with intact interatrial septum
Fetuses with critical pulmonary stenosis or membranous 
pulmonary atresia have also been considered for prenatal 
intervention. The United Kingdom and Ireland study 
reported a 64% 10 year survival for live-born children 
with pulmonary atresia with intact ventricular septum 
(PAIVS). Moreover only about 50% of the survivors have a 
 two- ventricle repair, the remainder having a univentricular 

“Fontan” circulation or no final pathway [28,29]. There is a 
spectrum of morphology in this anomaly, and clearly fetuses 
with minute tricuspid valves, diminutive right ventricles, 
and large coronary fistulas will never be suitable candidates 
for fetal intervention as there is no prospect of achieving a 
two-ventricle circulation (Videoclip 16.8). Only fetuses with 
membranous pulmonary atresia with an adequate right 
 ventricle (Videoclip 16.9) are suitable for fetal valvoplasty 
(Table 16.2), and as only a handful of procedures have been 
performed there is insufficient power to assess efficacy of 
outcome [9,30,31]. Some children initially designated to 
 follow a biventricular surgical pathway eventually require 
conversion to a Fontan circulation several years after  delivery 
because of right ventricular failure, often associated with 
pulmonary regurgitation [28]. The substrate for right 
 ventricular failure probably has its roots in fetal life and it is 
this that theoretically may be altered by a fetal intervention 
because cardiomyocyte division and maturation are severely 
compromised under the increased pressure load and 
 post-mortem histopathology reveals intense mineralization, 
calcification, and fibrosis [21].

Fetal pacing
Complete heart block is associated with complex structural 
heart disease in about half of the patients (usually isomerism 
of the left atrial appendages) (Videoclips 16.10–16.12) and in 
the remainder normally connected hearts have been  damaged 
by the transplacental transfer of anti-Ro or anti-La  antibodies 
leading to fibrosis of the conduction tissue,  myocardial 
 calcification, and sometimes diminished cardiac function. 
Their mothers may be asymptomatic or have signs of 
 connective tissue disease such as systemic lupus  erythematosis 
or Sjorgren’s syndrome [32]. There is a  spectrum of fetal 

Table 16.2 Potential selection criteria for fetal pulmonary valvoplastya.

Pulmonary valve Stenosis or membranous atresia

Tricuspid valve annulus and TV/MV ratio Z score ≥ –3.4; TV/MV >0.71 below 31 weeks

Z score ≥ –3.95; TV/MV >0.59 above 31 weeks

Predictive scoreb for BV Selection could be based on scores worse than predictive for BV

<23 weeks (100% prediction BV; 80% UV) TV Z score > –3.4 ; PV Z score > –1.0

<26 weeks (sensitivity 68%; specificity 72%) Median TV Z score > –3.95

26–31 weeks (sensitivity 100%; specificity 100%) (Median PV Z score > –2.8) + (median ratio TV/MV >0.71)

>31 weeks (AUC = 0.87) (Median TV Z score > –3.9) + (median ratio TV/MV >0.59)

Right atrial pressure score Tricuspid regurgitation + ductus venosus + oval foramen dynamics

Values 0–2 per variable: score >3 predictive for BV circulationb

Tricuspid regurgitation None/mild = 0; moderate = 1; severe = 2

Ductus venosus Normal = 0; absent EDF = 1; reverse EDF = 2

Oval foramen dynamics Normal = 0; tense 1–1.5 m s−1 = 1; restrictive >1.5 m s−1 = 2

a AUC, area under the ROC curve; BV, biventricular circulation; EDF, end-diastolic flow; MV, mitral valve; 

PV, pulmonary valve; TV, tricuspid valve; UV, univentricular circulation.
b Based on scoring system in Gardiner HM, Belmar C, Tulzer G, et al. J Am Coll Cardiol 2008;51:1299–308. [30].
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presentation, the worst presenting with complete heart 
block and hydrops in early gestation (Videoclip 16.13) when 
 therapeutic options are limited,  usually unsuccessful, and 
fetal demise is common. [33] Current therapeutic strategies 
have included prophylactic approaches [34] (intravenous 
γ-globulin and maternal  plasmaphoresis) to reduce or 
remove the antibody load early in pregnancy, and those 
intended to prevent progression of atrioventricular block 
(high-dose steroids). There is no  sufficiently powered trial 
of any of these therapies to test their efficacy [35]. When 
there is no hydrops, the  intrauterine course is more stable, 
but if the ventricular rate falls below 55 beats per minute 
fetal hydrops may develop and carry a high risk of intrau-
terine demise. Sympathomimetic drugs have been used to 
increase the fetal heart rate, but not always successfully as 
tolerance develops and higher doses of the drug are not well 
tolerated by the pregnant woman [36]. Fetal pacing is an 
alternative  potential therapy [10] and was first reported in 
1986 where temporary pacing was achieved in a hydropic 
fetus, but not sustained [37,38]. As about 75% of babies 
will require pacing in the first year of life, it is not known 
whether fetal pacing rather than earlier delivery would 
 theoretically improve long-term outcomes as important 
myocardial disease coexists in ~8% and is difficult to man-
age. Most cardiologists try to extend the intrauterine period 
for as long as possible and deliver the fetus as close to term 
as feasible.

Interventional techniques

Fetal valvoplasty is largely performed in the same way as it 
was in the early 1990s, despite animal work that has explored 
various methods of gaining vascular access in the fetus [39] 
and improved imaging using fetal trans-esophageal 
 echocardiography. Although these techniques are very 
attractive, they remain experimental with only isolated 
reports in humans [40]. They are more invasive than  current 
percutaneous methods and lengthen the procedural time, 
both of which put mother and fetus at increased risk and 
increase the likelihood of preterm delivery due to amnionitis 
or rupture or separation of membranes.

Since 2000, improvements in equipment, including ultra-
sound imaging and development of small coronary catheters 
that are suitable for fetal procedures, have encouraged a 
reappraisal of fetal therapy. However, the development of a 
successful fetal therapeutic program requires an experienced 
team approach with the fetal medicine obstetrician key to a 
technically successful procedure. Most procedures have used 
an ultrasound-guided percutaneous technique (Videoclip 
16.14) performed under local or general anesthetic [8,9]. 
The invasive part of the cardiac procedure takes only a few 
minutes once fetal lie is optimal. General anesthesia gives 
some procedural advantages, such as easy manipulation of 

the fetus into a good position for intervention, but increases 
the potential dangers to a pregnant woman.

Equipment and protocol

The mother is given prophylactic intravenous antibiotics to 
prevent amnionitis and the procedure is performed under 
aseptic techniques using local or general anesthesia. A 15 cm 
needle with a flexible stylet is introduced percutaneously by 
the fetal medicine obstetrician through the maternal abdomi-
nal and uterine walls and into the fetal chest. Correct 
 alignment of the needle along the right or left outflow tract is 
essential for technical success and is guided by ultrasound. 
There is a learning curve for this, but experienced fetal 
 medicine obstetricians already have skills in percutaneous 
fetal cardiac access from performing feticide for serious anom-
alies beyond 22 weeks by intracardiac injection of potassium 
chloride prior to terminating pregnancy. The  percutaneous 
technical success rate is high in most reports, although 
 mini-laparotomy has been required by some to gain access to 
the fetal heart in the early stages of their  experience [8,9].

Although debate exists as to whether the fetus has the neu-
ral circuitry and developmental processes to feel pain, fetal 
analgesia (usually fentanyl) is usually delivered using intra-
muscular, intravenous, or intracardiac routes either before or 
just after gaining access [41]. Atropine and adrenaline are 
often prepared to treat sustained fetal bradycardia and may 
be used prophylactically upon entry into the fetal chest. The 
use of a paralyzing agent is not usually necessary and may be 
counter-productive as the fetus may then lie in a fixed, 
 unfavorable position. Following percutaneous access, an 
over-the-wire short coronary balloon is used. The balloon is 
usually slightly larger than the diameter of the valve. An 
8 mm length is the shortest balloon commercially available. 
A high-pressure 4 mm balloon inflated to 18 atm pressure 
may be suitable for creating an interatrial communication. 
The balloon is inflated 2–3 times across the valve if tolerated 
by the fetus and all equipment is removed from the fetal heart 
and uterus in one movement to minimize the development 
of pericardial effusion. A similar technique is used to cross 
the interatrial septum and create a patent oval foramen, and 
a stent has been deployed across the defect to maintain its pat-
ency. This has proved challenging and a wide variety of balloons, 
stents, and radiofrequency catheters have been used to create 
a reasonably sized and persistent communication [42,43].

Post-procedural pregnancy management 
and support

Women who have undergone the procedure using local 
anesthetic can be managed as day patients and reviewed the 
following morning. Those who have had a general  anesthetic 
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or a mini-laparotomy require a longer hospital stay. The risk 
of premature labor associated with this type of procedure is 
~5% and cervical length is usually checked before discharge. 
The cardiologists review the baby’s cardiac function and 
 circulation immediately after the procedure and the  following 
day, and plan for serial evaluation locally or at the referral 
center depending on available expertise and family 
 convenience.

Altering the natural history of disease

The ideal study of any disease comprises a longitudinal series 
of observations beginning before birth [20]. Unfortunately, 
the anomalies for which percutaneous fetal cardiac therapy is 
currently suitable are relatively rare and data are limited, and 
a recent audit of success in the largest series has  substantially 
revised the acceptance criteria for fetal valvoplasty.

It is difficult to envisage a single center, or indeed a 
European country, having enough patients to power a study 
adequately to test whether the natural history has been 
altered by a fetal intervention. The end points of a study 
should ideally include preservation of a two-ventricle 
 circulation in the short term, normal pulmonary pressures, 
and, for those where this has proved impossible, whether 
they are better Fontan candidates and experience less heart 
failure later in childhood or adult life [44]. Thus real benefit 
may only be assessed 20 years later. Centers performing fetal 
valvoplasty should be supported by a surgical program that 
includes a surgical strategy for babies with critical aortic 
 stenosis born with a borderline left ventricle, usually 
 including aggressive resection of endocardial fibroelastosis 
from the left ventricle [45]. Interestingly, neither fetal or 
postnatal valvoplasty nor removal of endocardial  fibroelastosis 
were statistically significant contributors to a successful 
 biventricular circulation in this series [46].

Conclusions

It is tempting to conclude that there is little merit in fetal 
therapy as only those with the very best anatomy have 
achieved biventricular outcomes in the largest series and we 
do not know whether these fetuses would have achieved 
this without intervention. There is still insufficient power 
and a lack of a large contemporaneous natural history series 
to be sure of its potential. However, perhaps too much 
emphasis is placed on the achievement of a biventricular 
 circulation at all costs [1]. We recognize that the early 
 surgical pathway does not always predict the final  circulation 
because of reduced right ventricular function and  progressive 
valvar regurgitation in some. Perhaps the success of a fetal 
intervention should be judged on the medium- and  long-term 
functional outcome of either the one- or two-ventricle 

 circulation, reflecting the optimization of the pulmonary and 
myocardial development that may be achievable following 
successful and timely fetal intervention.
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17 Newborn Diagnosis and Management

Kazuo Momma
Tokyo Women’s Medical University, Shinjukuku, Tokyo, Japan

Critical congenital heart disease: frequency 
of and necessity for early diagnosis

Neonates with critical congenital heart disease (CHD) 
 frequently die within 30 days after birth if not correctly diag-
nosed and treated [1–3]. These diseases were  documented 
in autopsy studies before 1960 in Toronto, Boston, and 
Baltimore, and are tabulated in Table 17.1. The frequency of 
critical CHD has not changed much since those studies [4,5].

Among those critical CHDs, hypoplastic left heart 
 syndrome, complete transposition, and coarctation of the 
aorta are the most frequent conditions. They account for 
60% of the neonatal deaths from critical CHD [1–3]. These 
neonates present in several ways: with cyanosis frequently 
due to a ductus-dependent pulmonary circulation, dyspnea 
and congestive cardiac failure due to excessive volume or 
pressure loads, a heart murmur, or shock with weak or 
absent pulses in the lower extremities or indeed in all 
extremities due to a ductus-dependent systemic circulation.

Advances in surgical techniques have substantially reduced 
the perioperative mortality for neonates with critical CHD, 
but early diagnosis is essential for a good surgical outcome. 
In the best centers, the in-hospital mortality for neonates 
who undergo the arterial switch operation early for simple 
complete transposition of the great arteries now approaches 
1% [6]. In a report from Paris [6], all 68 prenatally diag-
nosed patients survived neonatal arterial switch operation, 
whereas 250 postnatally diagnosed patients had a 6% 
 presurgical mortality and a 9% postsurgical mortality, respec-
tively. The disadvantages of delayed diagnosis have been 
well described in other studies [7,8]. Delay of diagnosis is 
particularly serious in neonates with critical CHD. Many 
infants with missed or late diagnosis of critical CHD die 

[8–10], and most of these neonatal deaths are from 
 hypoplastic left heart syndrome, coarctation of the aorta and 
interrupted arch, and transposition of the great arteries. 
Reports from the United Kingdom that 30–50% of neonates 
with critical CHD left hospital undiagnosed emphasize the 
need for neonatal screening [11,12].

Critical CHD: Presentations

Neonates with critical CHD are usually well nourished and 
developed at birth, because their cardiac malformations do 
not impair the circulation during fetal life [13]. In every 
neonate after birth, the respiration switches from the  placenta 
to the lung, the ductus arteriosus and the foramen ovale 
close, and the right and the left ventricles, which worked in 
parallel prenatally, function in series postnatally. A neonate 
with critical CHD cannot adapt to the postnatal circulation 
brought about by these physiologic changes. Table 17.1 
shows presentations of these forms of critical CHD.

In complete transposition of the great arteries, cyanosis 
persists after birth and increases because the parallel  systemic 
and pulmonary circulations have little blood exchange 
between them [13]. The neonatal patent ductus arteriosus 
permits aorto-pulmonary shunting and increases pulmonary 
blood flow, which increases left-to-right atrial shunting and 
increases arterial oxygen saturation. Postnatal constriction 
of the ductus arteriosus increases aortic hypoxemia, which 
can be treated with prostaglandin E

1
 (PGE

1
), opening the 

ductus arteriosus [14–16].
In coarctation of the aorta, the aortic obstruction is mild 

prenatally, and increases with the constriction of the ductus 
arteriosus postnatally [13]. This occurs usually from 1 to 
7 days after birth [13]. A careful early check may reveal 
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 normal femoral pulses and right-to-left ductal shunting, 
resulting in low SpO

2
 in the lower extremities but a normal 

SpO
2
 in the right arm. A few days after birth, femoral pulses 

are no longer palpable and the SpO
2
 is the same in the upper 

and lower extremities. PGE
1
 infusion in these neonates is 

 effective in lessening aortic obstruction and can be used as a 
bridge to emergency surgery [13]. Similar changes occur in 
the courses of neonates with interruption of the aortic arch. 
Some neonates with very severe coarctation or with severe 
aortic stenosis present with a clinical picture of shock.

In aortic and mitral atresia (hypoplastic left heart 
 syndrome), the neonate deteriorates in the first week of life 
[13]. Cyanosis persists after birth because the entire systemic 
blood flow depends on the right ventricular output and 
blood flow through the ductus arteriosus [13]. Postnatal 
ductal constriction causes circulatory shock and death, which 
occurs between 3 and 7 days after birth in 70% of patients 
[2]. PGE

1
 infusion [14–16] is used to dilate the ductus 

 arteriosus as a bridge to emergency surgery.
In pulmonary atresia or severe pulmonary stenosis with 

intact ventricular septum, the pulmonary circulation depends 
entirely on the ductus arteriosus [13]. After birth, the ductus 
arteriosus constricts, pulmonary blood flow decreases, and 
cyanosis increases. A ductus-dependent pulmonary circula-
tion is present in those critical CHDs associated with 
 pulmonary atresia, including instances with tetralogy of 
Fallot, tricuspid atresia, transposition of the great arteries, or 

single ventricle. In such patients, cyanosis is usually mild at 
birth while the ductus is patent. Then cyanosis may increase 
progressively during the first 7–10 days, or may suddenly 
become severe if the ductus closes rapidly. Apart from the 
cyanosis, the neonate is usually asymptomatic. Only when 
hypoxia is severe, with arterial oxygen saturation below 
45%, do symptoms, particularly tachypnea, appear [13]. 
Metabolic acidemia develops due to tissue hypoxia and 
 stimulation of aortic chemoreceptors causes tachypnea and 
hyperpnea. Urgent treatment of the hypoxia is indicated, as 
discussed later in this chapter.

Diagnosis

Phenotypic signs of chromosomal anomalies [17] may be the 
first clue to congenital heart disease. Down syndrome is 
associated with CHD in 30–50% of patients, including atrio-
ventricular septal defect and tetralogy of Fallot [17]. 
Chromosome 22q11.2 deletion syndrome (DiGeorge 
 syndrome) may present with hypocalcemia in the neonate, 
and is associated with congenital heart disease in 80% of 
patients, with anomalies including tetralogy of Fallot,  truncus 
arteriosus, and aortic arch interruption (type B) [18,19]. 
A heart murmur in a neonate may be the first clue to the 
 disease [20]. It is present in valvar abnormalities, such as 
aortic stenosis and pulmonary stenosis, and is frequently 

Table 17.1 Critical congenital heart disease in the neonate: frequencies (%, total 376 autopsy cases) [1–3], 

presentation, treatment with prostaglandin E1 (PGE1) [14–16], and surgical indicationa.

Critical congenital heart disease Frequency (%) Presentation  PGE1 Surgery

Transposition of great arteries 18 Cyanosis + +

Ventricular septal defect 15 Murmur, dyspnea +

Coarctation of the aorta 13 Absent pulses + +

Aortic and mitral atresia 13 Cyanosis, shock + +

Pulmonary atresia and stenosis 6 Cyanosis, murmur + +

Patent ductus arteriosus 5 Murmur, dyspnea +

Tetralogy of Fallot 4 Cyanosis, murmur + +

Cor biloculare and triloculare 4 Cyanosis + +

Persistent truncus arteriosus 3 Cyanosis +

Atrioventricularis commune 2 Murmur, dyspnea +

Total anomalous pulmonary 

venous return

2 Cyanosis +

Dextrocardia or levocardia 2 Cyanosis, murmur + +

Endocardial fibroelastosis 3 Dyspnea

Miscellaneous  7  –    +

a Note that most of those with a ventricular septal defect died with, but not because of, the defect. Most infants with 

an isolated large ventricular septal defect do not develop congestive heart failure until 4–6 weeks after birth when the 

pulmonary vascular resistance has decreased enough to permit a large left-to-right shunt.
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heard on the first day. It may be slight or absent with severe 
stenosis. A murmur of a small ventricular septal defect may 
be heard in the newborn nursery, but in a large ventricular 
septal defect the murmur appears some weeks later, follow-
ing the decrease in pulmonary vascular resistance and 
the increase in shunting. An innocuous murmur [20] is 
 frequently present in healthy neonates, and is often due to 
peripheral pulmonary artery stenosis, pulmonary blood flow, 
or a small or closing patent ductus arteriosus. The best way 
to determine the origin of these cardiac murmurs is from 
echocardiographic studies.

Peripheral pulses should be evaluated carefully. Tachycardia 
may be associated with heart failure. Easily palpable bound-
ing pulses in all extremities occur in CHD associated with 
large aorta-to-pulmonary shunts, such as a patent ductus 
arteriosus and truncus arteriosus [21]. Weak or absent pulses 
in the lower extremities are associated with coarctation and 
interruption of the aortic arch.

Feeding difficulty, tachycardia, tachypnea, and peripheral 
cyanosis may be signs of cardiac failure.

Cyanosis is a serious sign in neonates, and one to be 
treated with respect. Generalized cyanosis occurring more 
than a few minutes after birth is associated with low cardiac 
output, polycythemia, methemoglobinemia, cyanotic 
 congenital heart disease, and pulmonary diseases. When a 
neonate remains cyanotic after a period of oxygen therapy, 
the clinician must perform a rapid and systematic  evaluation 
to determine whether a cardiac malformation is present so 
that potentially life-saving measures can be instituted and 
must determine if the patient is in an optimal hemodynamic 
and metabolic state to undergo an operation. Neonates 
 suspected of cyanosis are best examined when they are quiet 
or sleeping under a white light, preferably daylight. Central 
cyanosis is noticed in the tongue, mucous  membranes, and 
nail beds, and the extremities are usually warm. A compari-
son of the patient’s nail beds with those of the examiner 
may clarify the presence or absence of  cyanosis. In central 
 cyanosis, the oxygen saturation of  arterial blood is reduced.

Pulse oximetry

Pulse oximetry [8,10,22–25] measures arterial oxygen 
 saturation and pulse rate. In the neonate, an oximeter probe 
is applied to the right hand and a foot. If an adequate pulse 
is not present, as in patients with poor perfusion due to 
shock, or obstruction to flow as in infants with aortic coarc-
tation, the measurement may not be possible or may be 
unreliable. Measurement of arterial oxygen saturation by 
oximetry is more reliable at higher levels of saturation. 
Thus, at oxygen saturation levels >90% the saturation 
 varies by ~2%, at  levels of 70–90% the variation is 3–4%, 
whereas at levels <70% the variation may be 5% or even 
higher [13].

Normal neonatal oxygen saturation [13,23]
Every neonate is cyanotic at birth. The first breaths and 
increasing pulmonary circulation induce a rapid rise in pulse 
oximeter saturation (SpO

2
). The mean preductal (right hand) 

and postductal (foot) SpO
2
 of healthy newborns at the age 

of 2 min is 73% (range 44–95%) and 67% (34–93%), 
 respectively. At 10 min of age, these values increase to 92% 
(65–99%) and 85% (62–99%), respectively, and both of 
these measurements reach 95% within 1 h except in ~5% of 
newborns with a delayed transitional circulation. Thereafter, 
the normal baseline SpO

2
 is fairly stable at ~98%, except for 

short periods when it is lower, such as during feeding and 
apneic spells.

Abnormal oxygen saturation [13,22]
In complete transposition, cyanosis is associated either 
with a generally low level of SpO

2
 (<88%) or a continu-

ous  preductal/postductal difference of at least 7%. Rarely 
with an associated large patent ductus arteriosus, the 
postductal saturation exceeds the preductal saturation. In 
critical CHD with a ductus-dependent pulmonary circula-
tion such as tetralogy of Fallot with pulmonary atresia, 
cyanosis is  associated with a generally low level of SpO

2
 

(<88%). In ductus-dependent obstructive left heart 
defects, such as coarctation of the aorta, the preductal–
postductal SpO

2
  difference is often at least 4–5%. In hypo-

plastic left heart syndrome [26] and total anomalous 
pulmonary venous return, mild cyanosis is associated 
with generally low levels of SpO

2
 (<95%). A pure left-to-

right shunt, such as a  ventricular septal defect, does not 
affect systemic  oxygenation and is not detectable by pulse 
oximetry.

Age at screening [25]
The first hour of life is not suitable for pulse oximetry 
 screening owing to the large number of false-positive 
 findings. Thereafter, infants can be screened at any age, but 
more  reliably at ≥2 h. First-day screening identifies CHD and 
some other problems, whereas later screening is more 
 specific for congenital heart disease. Most institutions screen 
between 6 and 48 h after birth [8,10,24,25].

First-day screening [22,25] is performed at ≥2 h. It is so 
early that even many acute or life-threatening noncardiac 
problems may still be asymptomatic. Many such diseases 
have been detected as false-positive findings during screen-
ing, most of these being respiratory problems and persistent 
pulmonary hypertension (discussed later). First-day 
 screening uses a two-point cut-off to form three groups. 
Immediate echocardiography of all newborns with SpO

2
 

<90% is  indicated. If the first measurement is >95%, no 
 further action is needed [10]. Those within the 90–94% 
group are checked at 6-hourly intervals, including  respiratory 
rate, heart rate, and feeding. Repeat measurements within 
6 h show most of the asymptomatic newborns with an SpO

2
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of 90–94% group as false positive. Later screening [22,24,25] 
is simple because a single measurement is sufficient but may 
delay diagnosis.

Probe site [22,25]
Newborns with transposition or various types of pulmonary 
atresia have reduced SpO

2
 both pre- and postductally. 

Anomalies with a ductus-dependent systemic circulation 
exhibit higher pre- than postductal SpO

2
 levels due to 

 right-to-left shunting of unoxygenated blood to the lower 
body. Pulse oximetry screening is therefore most effective 
with postductal probe placement.

Signal quality and newborn behavior [13,24]
Technical errors are minimized by accepting only high- 
quality pulse oximetry signals, confirmed by a good pulse 
signal displayed simultaneously. The heart rate displayed by 
the oximeter should be within the range expected for a calm, 
regularly breathing newborn (~90–160 min−1). The highest 
average stable SpO

2
 value of the pulse oximetry is recorded.

Cut-off [24,25]
On the first day screening, a cut-off of 95% is adequate. On 
the second day or later, cut-offs of 95–96% appear high 
enough to make the measurement of pre- or postductal SpO

2
 

differences unnecessary.

Sensitivity of pulse oximetry screening [24,25]
The sensitivity of pulse oximetry screening in critical CHD is 
~70%, and higher than that of clinical examination. Cyanotic 
CHDs can be detected by pulse oximetry more often than by 
the clinical examination. Defects in which murmurs are 
 predominantly absent (total anomalous pulmonary venous 
connection, atrioventricular septal defect, and coarctation of 
the aorta) are missed clinically more often than by pulse 
 oximetry. Pure left-to-right shunts such as ventricular septal 
defect or patent ductus arteriosus should not be detectable by 
pulse oximetry. Some of these shunts (5–17%) are screen 
positive, however, within the first 24 h of life, probably due 
to bidirectional shunting during early postnatal pulmonary 
hypertension.

Discharges with undiagnosed heart disease 
[8,10,22,24,25]
Pulse oximetry before discharge reduces the number of 
 discharges with an unrecognized serious defect. For  example, 
in one study six of the eight newborns in whom  asymptomatic 
cyanotic CHD was not diagnosed on clinical examination 
(three with total anomalous pulmonary venous return and 
one each with pulmonary atresia, tricuspid atresia, and 
 common arterial trunk), the anomaly was detected by late 
pulse oximetry screening.

Benefits [8,10,24,25]
Pulse oximetry screening enhances timely diagnosis of 
 critical CHD and minimizes the risk and sequelae of delayed 
detection. Emergency transfer and surgery carry increased 
risk, not to mention parental anxiety.

Drawbacks [22,25]
Pulse oximetry does not detect left-to-right shunts or other 
CHDs not affecting oxygenation. Its sensitivity for most of 
the severe defects is good, but coarctation of the aorta is 
often missed. A recent study has suggested that the more 
accurate newest generation of oximeters reveals smaller 
ductal shunts than previously, allowing for more sensitive 
detection of coarctation of the aorta. Although false-positive 
results incur costs for follow-up echocardiography, they 
are less than those using clinical diagnosis alone, and are 
 probably very low [26].

Further diagnosis

A full cardiac work-up usually includes blood pressure 
 measurements (all limbs), electrocardiogram (ECG), X-rays, 
and oxygen tests, but only echocardiography is mandatory. 
B-type natriuretic peptide concentration reveals CHD  causing 
volume or pressure overload, but its sensitivity is unknown, 
and neonatal reference values need to be refined.

Electrocardiography
In neonates with suspected cardiac anomalies, electrocardiog-
raphy may show patterns specific to each congenital heart dis-
ease. A pattern of right ventricular hypertrophy and right axis 
deviation is present in normal neonates, and is  indistinguishable 
from the pattern in neonates with critical CHD, including 
tetralogy of Fallot, aortic atresia, and  complete transposition of 
the great arteries. In tricuspid atresia, left ventricular hyper-
trophy and left axis deviation are  invariably present.

Chest radiography
In the neonate with cyanosis or dyspnea, chest radiography 
is essential to evaluate any pulmonary disease and also 
 critical CHD. It may show a diaphragmatic hernia, agenesis 
or hypoplasia of the lungs, atelectasis, pneumonia, or other 
lung diseases.

Management: prostaglandin E1 [14–16]

Many neonates with critical CHD become symptomatic as 
the ductus arteriosus closes. Four types of anomalies depend 
on ductal flow postnatally: (1) those in which the systemic 
flow is either totally through the ductus (HLHS) or partially 
(interruption of aortic arch); (2) those in which pulmonary 
blood flow depends on ductal flow (conditions with 
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 pulmonary atresia); (3) those which depend upon ductal 
flow for admixture (complete transposition); and (4) those 
in which ductal closure makes manifest a coarctation.

Maintaining ductal patency with prostaglandin E
1
 (PGE

1
) 

is vital in preoperative management [27]. Although ductal 
closure is rarely immediate, nearly all infants have physio-
logic closure of the ductus by the fourth day of life; 20% of 
infants demonstrate functional ductal closure during the first 
day, and 80% of infants demonstrate ductal closure during 
the second day of life. For this reason, PGE

1
 therapy [14–16] 

should be initiated immediately when HLHS or other 
 ductal-dependent conditions are diagnosed or suspected. 
The patient’s physiologic state directs initial PGE

1
 dosing. For 

patients who present in shock with suspected ductal closure, 
initial doses range from 0.05 to 0.1 μg kg−1 min−1. Once ductal 
patency is ensured, the infusion rate can be decreased to an 
effective dose of 0.01 μg kg−1 min−1. Maintaining ductal 
 patency with the lowest effective PGE

1
 dose minimizes the 

most common dose-dependent side effects of PGE
1
.

Hypotension associated with PGE1 necessitates volume 
resuscitation. The associated respiratory depression  necessitates 
mechanical support. Intravenous caffeine or amino phylline can 
be used to prevent apnea. Caffeine’s loading dose is 20 mg kg−1 
followed by a maintenance dose of 5 to 10 mg kg−1 day−1. 
Aminophylline is given as a bolus dose of 6 mg kg−1 before or 
during the initiation of PGE

1
, and is continued at a dose of 

2 mg kg−1 every 8 h. Patients who receive these have a decreased 
incidence of apnea and may not require intubation.

In complete transposition, intercirculatory mixing between 
the systemic and pulmonary circulations is essential for post-
natal survival [13,28]. In complete transposition with intact 
ventricular septum, the ductus arteriosus is often widely 
 patent after birth. At this time, when pulmonary vascular 
resistance is still high, there is bidirectional ductal flow. With 
a continuous fall in pulmonary vascular resistance, the shunt 
through the ductus is primarily from aorta to pulmonary 
artery, with an equal amount of shunted blood from the left 
to the right atrium [13,28]. Some patients present with a 
delayed fall in pulmonary vascular resistance that results in 
persistent pulmonary hypertension, trivial ductal shunting, 
and limited intercirculatory mixing. Urgent balloon 
 septostomy will not improve the severe hypoxemia, and 
these neonates may need urgent support with early repair or 
extracorporeal membrane oxygenation [13,28]. During the 
brief perinatal transitional interval, there may be sufficient 
intercirculatory mixing to limit cyanosis and avoid severe 
hypoxemia. However, in most affected infants, the ductus 
soon constricts, with resulting increased hypoxia.

In neonates with transposition, PGE
1
 infusion is instituted 

as a bridge to surgery as soon as feasible, including during 
transport to the cardiac surgical center, even before the 
 diagnosis has been confirmed echocardiographically. If the 
PGE

1
 infusion is not effective in improving hypoxemia, 

 balloon atrial septostomy may be required urgently.

Pulmonary atresia and patent ductus arteriosus are 
 associated either with an intact ventricular septum [29] or 
with various congenital heart diseases, including ventricular 
 septal defect, complete transposition, single ventricle, and tri-
cuspid atresia [30]. The pulmonary  circulation depends com-
pletely on the patent ductus in most patients, but only  partially 
in those patients associated with major  aorto-pulmonary col-
lateral arteries (MAPCAs) [30]. In those neonates with a 
ductus-dependent pulmonary circulation, mild cyanosis per-
sists after birth. The timing of postnatal ductal constriction in 
these patients is variable, but in most patients it occurs dur-
ing the first 7 days of life [2]. Infusion of PGE

1
 is life-saving in 

such neonates, and is used as a bridge for surgery [14–16].
Constriction of the ductus arteriosus is important in the 

development of aortic obstruction in infants with  coarctation 
or interruption of the aortic arch. PGE

1
 is used effectively 

in lessening the aortic obstruction and improving left 
 ventricular failure [13]. PGE

1
 is usually effective within the 

first 7–10 days after birth, but has less effect later [14].

Persistent Pulmonary Hypertension 
of the Newborn (PPHN) [31]

This syndrome consists of persistent pulmonary  hypertension 
leading to cyanosis and respiratory failure in a newborn 
[32,33]. The condition usually presents at or shortly after 
birth. The severity of PPHN can run the full spectrum from 
mild with transient respiratory distress to severe hypoxemia 
and cardiovascular instability requiring intensive care 
 support. Current mortality is <10% at most tertiary care 
centers. Most PPHN patients have an associated pulmonary 
parenchymal disease, such as meconium aspiration syn-
drome (MAS) and respiratory distress syndrome (RDS). Some 
occurrences without known lung disease are termed, 
 however, primary PPHN [32–34].

PPHN primarily affects full-term and near-term neonates 
with an incidence estimated to be two per 1000 live births. 
MAS is the most common underlining diagnosis of PPHN, 
followed by primary PPHN. Other diagnoses include RDS, 
pneumonia or sepsis, pulmonary vasoconstriction from 
asphyxia, and pulmonary hypoplasia secondary to  congenital 
diaphragmatic hernia or oligohydramnios [35]. Perinatal 
stress, such as hemorrhage, hypoglycemia, aspiration, or 
hypoxia, may also cause PPHN [32].

Diagnosis [30]
PPHN should be suspected in a newborn with symptoms of 
respiratory distress complicated by labile oxygenation and 
hypoxia out of proportion to the degree of lung disease. 
Physical examination usually reveals tachypnea, intercostal 
retractions, grunting, and cyanosis. Abnormal cardiac sounds, 
such as a systolic murmur of tricuspid regurgitation or a 
prominent S

2
, may be heard. The chest radiograph can be 
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normal in primary PPHN, but in PPHN secondary to 
 parenchymal lung disease obvious changes are evident. An 
atypical course with a poor response to surfactant therapy 
and hypoxia that is out of proportion to the respiratory 
 problem should lead the clinician to suspect cyanotic CHD 
or severe PPHN. A PaO

2
 increase of >20 mmHg or a 

 saturation increase of >10% in response to oxygen suggests 
that  hypoxemia is secondary to lung disease or mild PPHN. 
Higher preductal PaO

2
 and SaO

2
 compared with postductal 

 equivalents  indicate a ductal right-to-left shunt which 
occurs in approximately half of the neonates with PPHN. 
Ductus-dependent critical left-sided CHDs are also associ-
ated with a  right-to-left shunt at the PDA and lower 
 postductal oxygen saturation. The response to inhaled nitric 
oxide (iNO) may help to  differentiate PPHN from cyanotic 
CHD. Most neonates who have PPHN respond rapidly to 
iNO, with an increase in PaO

2
 and SaO

2
. On the other hand, 

neonates with severe PPHN and infants with cyanotic CHD 
may experience little or no increase in oxygenation with 
iNO. An echocardiogram is needed to make an accurate 
diagnosis and if  ductus-dependent CHD is found then PGE

1
 

therapy is begun. In PPHN, echocardiography can also 
 document right-to-left or  bidirectional shunts at the level of 
the ductus or foramen ovale, and can estimate the 
 pulmonary artery pressure from Doppler  velocity 
 measurement of the tricuspid regurgitation jet.

Management [31]
Neonates with PPHN require supportive care tailored to the 
degree of hypoxemia and physiologic instability. The 
approach should focus on restoring the cardiopulmonary 
adaptation while avoiding lung injury and adverse effects on 
systemic perfusion. Prolonged exposure to 100% oxygen 
and aggressive ventilation can be avoided by judicious 
 application of newer therapies, such as iNO, surfactant 
replacement, and inotropic support. A normal PaO

2
 of 

60–90 mmHg is important for postnatal adaptation. There is 
no evidence that a PaO

2
 of >100 mmHg causes a greater 

reduction in pulmonary vascular resistance [31].
Because PPHN is often associated with parenchymal lung 

disease or systemic illness, therapy should target the underlying 
disease. Neonates with mild and transient respiratory distress 
may respond well to supplemental oxygen alone or with 
added nasal continuous positive airway pressure. Neonates 
with moderate respiratory distress and hypoxemia may need 
ventilator support and monitoring of blood gases. Management 
of moderate to severe PPHN requires a  comprehensive 
approach to optimize cardiac function and to achieve  uniform 
lung expansion and pulmonary  vasodilatation. Reversal of 
right-to-left extrapulmonary shunting requires a reduction in 
pulmonary artery pressure and maintenance of the systemic 
blood pressure. Sedation may be necessary to provide  comfort 
and to decrease oxygen  consumption from agitation in 
hypoxic neonates. Finally, neonates who fail to respond to 

optimum medical  management may require extracorporeal 
membrane  oxygenation (ECMO).

Inhaled Nitric Oxide therapy (iNO) [31,34]
This is the most important therapy used as a vasodilator in 
PPHN. The improvement in oxygenation is usually evident 
within a few minutes of starting iNO. iNO improves 
 oxygenation in ≥70% of neonates who have PPHN, with 
the best responses in idiopathic PPHN. The ideal starting 
dose for iNO is 20 ppm, with the effective dose being 
5–20 ppm. Doses >20 ppm do not appear to increase efficacy 
and are associated with more adverse effects. iNO therapy 
can lead to three potential adverse events: methemoglob-
inemia generated by oxidation of hemoglobin by NO, 
 exposure to nitrogen dioxide generated by reaction of NO 
and oxygen, and inhibition of platelet aggregation by 
NO. With the use of iNO at <20 ppm, these adverse effects 
are  insignificant.

Alternatives to iNO [33,35]
These include inhibiting phosphodiesterase-5 by sildena-
fil to preserve cyclic GMP, activation of cyclic AMP by 
PGI

2
, and phosphodiesterase-3 inhibition by milrinone. 

To date, these therapies have been tested in limited clini-
cal trials in patients who did not respond to iNO or when 
iNO was not available. In the most severe PPHN, ECMO is 
utilized [36].
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18 Noncardiac Problems 
of the Neonatal Period

James M. Greenberg
Cincinnati Children’s Hospital Research Foundation, 
University of Cincinnati College of Medicine, Cincinnati, OH, USA

Preterm birth and congenital malformations account for the 
vast majority of mortality and morbidity encountered during 
the neonatal period, typically defined as the first 28 days of 
postnatal life. This chapter focuses on noncardiac problems 
encountered by small preterm infants, problems that can 
have dramatic effects on approaches to the management of 
congenital heart disease and related problems.

Preterm birth

A preterm birth is defined as occurring prior to the 259th 
day (37 weeks) after the onset of the last menstrual period. 
More than 12% of all births in the United States are preterm, 
with rising rates over the past two decades. The preterm 
birth rate in the United States is substantially higher than 
those in most developed countries. Preterm birth is now 
considered a major public health problem and is a major 
contributor to the high infant mortality rates reported by the 
United States [1]. Although preterm birth is typically treated 
as a single entity in vital statistics reports, the problem is a 
consequence of a complex interplay among biologic, genetic, 
environmental, and socioeconomic factors that lead to deliv-
ery prior to 37 weeks’ gestation [2]. Key factors associated 
with preterm birth are listed in Table 18.1.

Threshold of viability

Decisions regarding delivery room resuscitation and 
ongoing clinical care for extremely preterm infants remain 
extraordinarily challenging for parents and caregivers. Most 
developed countries identify gestational ages ranging from 
22 to 26 weeks to define the threshold of viability [3]. 

Reported survival rates range from 15 to 30% among infants 
born at 23 weeks’ gestation and rise to 30–55% among those 
born at 24 weeks’ gestation [4,5]. At 25 weeks’ gestation, 
30–50% of survivors display moderate to severe long-term 
disabilities in the form of neurodevelopmental delay, cerebral 
palsy, blindness, and deafness [6]. However, even published 
data do not account for co-morbid conditions such as major 
malformations or genetic disorders. Accurate gestational age 
dating is imperative. Survival and outcomes improve when 
delivery takes place at a specialty perinatal center with 
on-site level III NICU facilities [7].

The late preterm infant

Infants born at 34–37 weeks’ gestation are the largest 
proportion of preterm infants. These so-called late preterm 
infants may appear healthy at delivery and are frequently 
managed in low-acuity hospital nursery settings. Analysis of 
large data sets demonstrates that these newborns have a 
significantly higher mortality risk than their term counterparts 
[8]. Late preterm infants are also at higher risk for numerous 
complications of premature birth, including hypothermia, 
hypoglycemia, infection, hyperbilirubinemia, and respiratory 
distress requiring positive pressure ventilation (Table 18.2) 
[9]. Long-term follow-up studies suggest that late preterm 
infants are more likely to experience learning difficulties in 
school and attention deficit disorders [10,11].

Many maternity centers are implementing restrictions and 
guidelines for elective inductions and cesarean delivery with 
subsequent reductions in the proportion of late preterm deliv-
ery [12]. Infants with congenital malformations, including 
those with congenital heart disease, are more likely to experi-
ence poor outcomes when delivered prior to 39 weeks [13].
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Table 18.1 Risk factors for preterm birth [2]: the complexity of 

preterm birth is underscored by the spectrum of risk factors – despite 

decades of research, the pathophysiologic mechanisms leading to 

premature delivery remain elusive.

Pregnancy-related conditions
Pre-eclampsia

Chorioamnionitis

Gestational diabetes

Short interpregnancy interval (<6 months)

Family history of preterm birth

Assisted reproductive technology

Polyhydramnios

Cervical dysfunction

Premature, preterm rupture of membranes

Maternal medical conditions
Asthma

Hypertensive diseases

Heart disease

Diabetes

Hyperthyroidism

Autoimmune disease

Proinflammatory states (bacterial vaginosis)

Fetal conditions
Aneuploidy

Multifetal gestation

Congenital malformations

Behavioral/psychosocial
Tobacco use

Alcohol/illicit drug use

Underweight/low BMI

Stress

Sociodemographic
African-American race

Mother <18 years old

Mother >35 years old

Low socioeconomic status

Environmental/toxin exposure

Elective delivery

Table 18.2 Common complications associated with late preterm 

infants: most of the problems encountered by late preterm infants 

resolve with timely diagnosis and treatment; however, the number 

of late preterm births has grown over the past two decades, and 

associated morbidities contribute substantially to the high aggregate 

cost of preterm birth.

Hypothermia/temperature instability

Respiratory distress

 Transient tachypnea

 Respiratory distress syndrome

Hypoglycemia

Feeding difficulties

Hyperbilirubinemia

Maternal considerations

Optimal neonatal management requires careful attention to 
maternal history. Complications of pregnancy have well-
described consequences for neonatal outcomes. Diabetes 
during pregnancy is an excellent example. In addition to an 
increased risk for congenital heart disease, infants born to 
diabetic mothers at any gestational age have elevated risk for 
hypoglycemia, polycythemia, and electrolyte disturbances. 
Those born at or near term are often macrosomic, with an 
attendant risk for shoulder dystocia or birth injury.

Chorioamnionitis is associated with premature rupture 
of membranes and preterm delivery. Fetal exposure to 
proinflammatory cytokines may increase fetal susceptibility 
to neurologic injury [14]. Maternal chorioamnionitis may 
accelerate fetal lung maturation as measured by surfactant 
protein production, but also increase the risk for subsequent 
bronchopulmonary dysplasia [15–17]. Neonatal complica-
tions of pre-eclampsia include growth restriction, throm bo-
cytopenia, neutropenia, polycythemia, and hypoglycemia. 
Maternal autoimmune disorders such as lupus may cause 
fetal heart block, and prompt early delivery.

Respiratory problems

The most common respiratory problem of preterm birth is 
respiratory distress syndrome (RDS), caused by pulmonary sur-
factant deficiency. Since 1990, the availability of exogenous 
surfactant treatment and advances in respiratory support 
have reduced the morbidity and mortality associated with 
this problem [18].

The classic risk factors for RDS include preterm delivery, 
maternal diabetes, perinatal asphyxia, cesarean delivery 
without labor, and genetic factors including male gender 
and surfactant protein gene deficiencies. Newborns with 
RDS typically present with respiratory distress characterized 
by retractions, tachypnea, and grunting respirations. The 
last symptom reflects an effort to increase end-expiratory 
pressure by exhalation against the resistance of a partially 
closed glottis.

The symptoms of RDS are due to increased surface tension 
within the terminal airspaces, with attendant small airway 
collapse and air trapping. The consequences are hypoxemia 
and hypercarbia that progress without treatment. The cor-
nerstone of management of RDS is exogenous surfactant 
treatment. Prompt intratracheal administration reverses the 
surfactant deficiency and improves pulmonary compliance 
and gas exchange.

Some providers are now employing early continuous 
 positive airway pressure (CPAP) support in the delivery 
room instead of early surfactant, with good results. Early 
CPAP safely distends distal airways without lung injury. 
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Either early surfactant administration or CPAP supports 
 respiratory function until endogenous surfactant production 
suffices to reduce alveolar surface tension, usually by 2–3 
days after birth [19].

Surfactant treatment is typically accompanied by positive 
pressure mechanical ventilation. Careful control of  ventilator 
pressure and volumes minimizes lung injury from atelectasis 
or over-distension.

Bronchopulmonary dysplasia (BPD) is the most important 
pulmonary complication of preterm birth. Northway et al. 
first described this disorder as a complication of mechanical 
ventilation for RDS, resulting in chronic respiratory failure 
with associated characteristic chest radiographic findings of 
atelectasis and hyperinflation [20]. This manifestation of 
BPD is less common in the post-surfactant era. Instead, a 
“new” form of BPD is now encountered which is character-
ized by arrest or delay of alveolarization with subsequent 
progressive impairment of gas exchange [21]. Neonates born 
prior to 28 weeks’ gestation represent the highest risk 
group.

The diagnostic criteria for BPD have evolved over the past 
three decades. The current diagnostic definition is based 
upon oxygen requirement at 28 days after birth and further 
designated as mild, moderate, or severe based upon oxygen 
requirement at 36 weeks’ postmenstrual age. Clinical deci-
sion-making surrounding oxygen administration in the 
NICU remains variable and subject to interpretation [22].

Both forms of BPD can be complicated by pathologically 
high pulmonary artery pressures and persistent abnormalities 
of pulmonary function. It remains difficult to predict who 
will develop BPD among the at-risk population. In general, 
the risk of BPD varies inversely with gestational age. RDS, 
especially severe disease, may increase risk. Volutrauma 
(over-distension) from excessive tidal volume delivery 
during mechanical ventilation also clearly raises risk [23]. 
However, some preterm neonates with benign early neonatal 
clinical courses develop BPD.

Vitamin A treatment during the early neonatal period is 
the only intervention capable of reducing the risk of BPD. 
The effect is mild, with the number needed to treat calculated 
as 15 on the basis of a well-controlled clinical trial [24]. 
Several large clinical trials have examined early treatment 
with inhaled nitric oxide to prevent BPD [25,26]. None 
showed consistent benefit, although secondary analysis 
suggests other potential benefits, including reduction of 
neurologic morbidity and respiratory morbidity for certain 
subpopulations.

Treatment options for BPD are supportive and do not change 
important long-term outcomes such as length of stay or mor-
tality [27]. Diuretic treatment remains popular, although only 
short-term improvements in pulmonary compliance and 
 respiratory support occur. Long-term complications of BPD 
account for a large proportion of  hospital readmissions for 
bronchiolitis and pneumonia in the at-risk population, even 

among those with mild disease. Abnor malities of pulmonary 
function persist throughout the first year of life and beyond. 
BPD is an independent predictor of poor neurodevelopmental 
outcome and poor somatic growth [28].

Pulmonary hypoplasia is usually a secondary phenomenon 
following premature preterm prolonged rupture of membranes 
(PPPROM) during pregnancy [29]. Other causes of decreased 
amniotic fluid production, such as bladder outlet obstruction 
and renal dysplasia, also lead to pulmonary hypoplasia. The 
resulting oligohydramnios blunts pulmonary development 
during the period of branching morphogenesis, leading to 
decreased surface area for gas exchange after delivery. The 
severity of pulmonary hypoplasia is directly related to 
the degree and duration of the oligohydramnios and also the 
extent of prematurity. Prenatal treatment with amnio-infusion 
accompanied by shunting procedures to relieve bladder outlet 
obstruction may improve outcomes [30]. Space-occupying 
lesions in the thorax can also cause pulmonary hypoplasia. 
These include congenital dia phragmatic hernia and congenital 
pulmonary adenomatoid malformations (CPAMs).

Whatever the precipitating cause, the clinical presentation 
of pulmonary hypoplasia varies as a function of severity. 
Subtle signs and symptoms include tachypnea and sponta-
neous pneumothorax. As severity increases, respiratory 
 distress escalates, with oxygenation and ventilation affected. 
Elevated pulmonary vascular resistance and pulmonary 
hypertension complicate care, as there is usually a limited 
response to treatment with pulmonary vasodilators, such 
as nitric oxide. Many practitioners, however, offer these 
 therapeutic interventions to reduce the potential for the 
development of fixed pulmonary hypertension.

Feeding and gastrointestinal problems

Difficulty with oral feedings is one of the most common 
problems encountered in the intensive care nursery [31]. 
Prematurity, congenital malformation, gastrointestinal dis-
orders, and neurologic compromise all contribute to feeding 
dysfunction during the newborn period. Immature suck–
swallow coordination and lower esophageal sphincter 
 function in preterm infants resolve with maturation. 
Co-morbidities such as BPD with tracheomalacia invariably 
delay progression to oral feedings [32,33]. Chronic intuba-
tion and associated procedures such as suctioning further 
exacerbate the problem, with oral aversion a significant 
long-term issue that may persist for months to years.

Infants with congenital malformations are at particularly 
high risk for feeding difficulties. For example, the incidence 
of gastroesophageal reflux in patients with congenital 
 diaphragmatic hernia is reported as ≥60% [34,35]. Most are 
refractory to therapy and require long-term gastrostomy 
feedings. Foregut malformations such as congenital tracheo-
esophageal fistula frequently include a significant degree of 
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tracheomalacia and esophageal dysmotility. Careful 
 introduction and advancement of oral feedings using  cue-based 
strategies can optimize feeding outcomes. Experienced bed-
side providers working closely with NICU-based speech and 
occupational therapists best manage the transition to oral 
feedings for the at-risk population. Parents and other post-
discharge caregivers should also be engaged in oral feedings to 
ensure a safe, timely discharge from the NICU.

Necrotizing enterocolitis (NEC) remains one of the most 
 devastating gastrointestinal complications of the neonatal 
period (also see Chapter 15). The etiology of NEC remains 
unclear. Pathologic invasion of the intestinal mucosa by 
endogenous bacterial flora appears to be an important 
 common mechanism. Affected individuals develop inflam-
mation and, if severe, transmural necrosis of the bowel. The 
terminal ileum is preferentially affected, although any region 
of the large or small bowel may be involved.

Preterm infants are the primary at-risk population. The 
incidence of NEC decreases with increasing gestational age. 
Among very low birthweight infants (<1500 g) the incidence 
is ∼7% [36]. The disease is occasionally encountered in term 
infants. Congenital heart disease or myocardial dysfunction 
is associated with increase risk of NEC in the late preterm 
and term neonatal population [37].

The presentation of NEC may be subtle or fulminant and 
is characterized by the acute onset of feeding intolerance, 
with tender abdominal distension and dysmotility. Severe 
disease displays hematochezia, septic shock, and respiratory 

Figure 18.1 Radiographic findings in severe necrotizing enterocolitis. 

This plain film of the abdomen demonstrates many of the classic radiographic 

findings of severe, Bell stage IIIB, NEC (see Table 18.3 for a complete 

staging scheme). Of note there is pneumatosis intestinalis, portal venous gas, 

and pneumoperitoneum. Surgical intervention is indicated and may take the 

form of exploratory laparotomy with resection of necrotic bowel, or placement 

of a peritoneal drain. Mortality risk approaches 50% for stage IIIB disease.

Table 18.3 The modified Bell staging system [1,2] for necrotizing enterocolitis (NEC) guides management and provides a useful basis 

for clinical studies.

Stage  Systemic signs  Abdominal examination Radiographic signs  Treatment

IA (suspected NEC) Nonspecific temperature 

instability, apnea, lethargy, 

feeding intolerance

Normal or subtle 

distension

Normal or mild ileus Bowel rest; 3 day antibiotic 

treatment

IB (suspected NEC) As above with hematochezia As above As above Bowel rest; 

decompression; 3–10 day 

antibiotic treatment

IIA (definite, mild disease) As above As above with tenderness 

or absent bowel sounds

Intestinal dilation, bowel 

wall thickening, and 

pneumatosis intestinalis

Bowel rest; 

decompression; 10 day 

antibiotic treatment

IIB (definite, moderate 

disease)

As above plus mild metabolic 

acidosis, thrombocytopenia

As above; tenderness 

more pronounced

As above; ascites may 

be evident

As above; may require 

correction of acid–base 

abnormalities and blood 

products

IIIA (severe disease with 

intact bowel)

As above with definite metabolic 

acidosis, thrombocytopenia, 

neutropenia, clotting 

abnormalities

As above with definite 

abdominal distension, 

peritonitis

As above As above

IIIB (severe, with bowel 

perforation)

As above As above As above with 

pneumoperitoneum or 

portal venous gas

As above plus surgical 

intervention
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failure exacerbated by compromised diaphragmatic excur-
sion. Abdominal X-rays demonstrate distended bowel loops, 
bowel wall thickening, and pneumatosis intestinalis, a speck-
led pattern of intraluminal radiolucency caused by bacterial 
gas production (Figure 18.1). This X-ray finding is pathogno-
monic of NEC. A staging scheme described by Bell et al. 
remains useful for defining management and prognosis 
[38,39]. Those with Bell stage IIIB (Table 18.3) usually 
require surgical  intervention in the form of peritoneal drain 
placement or exploratory laparotomy with resection of non-
viable bowel. Medical management is supportive. Antibiotics, 
fluid resuscitation, bowel rest, and respiratory support with 
a focus on achieving acid–base balance are the norm. Bell 
stage III or IV disease has a high mortality risk approaching 
40%. Long-term complications among survivors include 
stricture formation and complication of short bowel syn-
drome and also increased risk for developmental delay. 
Prevention strategies remain largely investigational. Pro- 
and prebiotics have shown promise in prospective trials [40]. 
Progress has been limited by variations in such preparations, 
availability, and safety concerns.

Hyperbilirubinemia is common in the early neonatal period, 
with >50% of preterm infants experiencing some degree of 
clinical jaundice [41,42]. Much of this is an exaggerated 
physiologic manifestation of the normal increase in uncon-
jugated bilirubin levels that takes place after delivery. 
Bilirubin is a catabolic bile pigment byproduct of heme 
metabolism. Excess production from pathologic hemolysis 
or impaired catabolism due to hepatic dysfunction or imma-
turity represents a major source of elevated bilirubin levels. 
The overriding concern associated with hyperbilirubinemia 
is kernicterus, the irreversible death of central nervous 
 system structures caused by toxic levels of unbound bilirubin 
crossing the blood–brain barrier.

Treatment of hyperbilirubinemia is directed towards 
 eliminating the risk of kernicterus. In general, the risk of 
kernicterus increases with rising serum bilirubin levels. 
There is no single level of bilirubin that predicts kernicterus, 
especially in a preterm infant. Nomograms designed to 
 predict peak bilirubin levels represent an important advance 
in clinical management [43]. In general, the rate of rise, 
duration of elevated levels, and etiology of bilirubin 
 production are important variables to consider when devel-
oping a  management strategy. The standard first-line treat-
ment of hyperbilirubinemia is phototherapy, its effectiveness 
being a function of maximizing the area of exposed skin 
 illuminated by an effective light source. Specialized banks of 
lights and fiber-optic phototherapy “blankets” are used to 
achieve this therapeutic goal. Recent studies demonstrate 
that immune-mediated hemolysis, such as that caused by 
ABO or rH incompatibility, also responds to reticuloendothe-
lial blockade with intravenous immunoglobulin  treatment 
[44]. If bilirubin levels do not decrease with  phototherapy 
and intravenous immunoglobulin, double- volume exchange 

Figure 18.2 Cranial ultrasound examinations demonstrating 

intraventricular hemorrhage and periventricular leukomalacia. The upper 

panels depict (A) coronal and (B) sagittal views of a severe, grade IV, 

intraventricular hemorrhage involving the right lateral ventricle. A large clot 

and hemorrhage extend into the surrounding brain parenchyma. There is 

also ventricular dilation. In (C), multiple small cystic lesions and excess 

echogenicity of periventricular white matter are seen over the posterior 

horn of the lateral ventricle. These lesions can occur without associated 

intraventricular hemorrhage and may not be apparent on ultrasound 

during the first 1–2 months after delivery. MRI imaging is more sensitive.
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transfusion should be performed. This procedure carries sub-
stantially more risk than phototherapy and should be per-
formed under careful observation by experienced providers.

Neurologic problems (also see Chapter 52)

The preterm infant is at risk for intraventricular hemorrhage 
(IVH) that arises in the germinal matrix and, in more severe 
forms, extends into the lateral ventricles. Staging of IVH is 
based upon anatomic location: grade I hemorrhage is limited 
to the germinal matrix, grade 2 bleeding involves the 
 ventricle without dilatation, grade 3 IVH includes ventricu-
lar dilatation, and grade 4 IVH extends beyond the lateral 
ventricle into the adjacent parenchyma. The incidence of 
IVH has declined with more frequent transfer of high-risk 
mothers to specialty perinatal centers, antenatal steroid 
administration, and surfactant treatment for RDS.

The risk of severe (grade 3 or 4) IVH increases with 
decreasing gestational age, especially at <32 weeks. Most IVH 
occurs within the first 5 days after birth; it is very  unusual to 
encounter new-onset IVH after 10 days of age [45]. Because 
IVH can be asymptomatic, at-risk infants should be screened 
by cranial ultrasound at 7–10 days of age (Figure 18.2). 
Treatment for IVH is supportive. Follow-up cranial ultrasounds 
should be provided for infants with IVH until the hemorrhagic 
process is deemed to be in the  resolution stage. Obstructive 
hydrocephalus is the most common complication of severe 
IVH and may require neurosurgical intervention for 
intraventricular shunt placement [46].

Preterm infants are also at risk for periventricular white 
matter injury, also known as periventricular leukomalacia 
(PVL). Those with IVH or a history of cardiopulmonary 
instability are most likely to develop PVL [47,48]. Affected 
areas may be defined by focal necrosis (cystic PVL) or 
demyelination (Figure 18.2). The periventricular white 
matter in preterm infants is particularly sensitive to ischemia 
due to immature cerebrovascular pressure regulation and 
vascular distribution. The reported prevalence of PVL 
diagnosed by cranial ultrasound is estimated as 5–15% in 
at-risk populations. Improvements in access and protocols 
for MRI techniques, however, may reveal lesions in more 
patients, including those with congenital heart disease. Those 
who have undergone surgical correction appear to be at 
particularly high risk. The clinical and prognostic significance 
of PVL diagnosed by advanced imaging techniques remains 
an important area for future investigation. Long-term 
sequelae include cerebral palsy and developmental delay.
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19 The Epidemiology of Cardiovascular 
Malformations

Christopher Wren
Freeman Hospital, Newcastle upon Tyne, UK

Introduction

Congenital malformations are the commonest cause of infant 
mortality in the Western world, and those affecting the 
cardiovascular system are the commonest type of major 
congenital anomaly [1,2]. Cardiovascular malformations are 
said to account for 6% of infant deaths and 30% of deaths 
due to malformation [3]. Study of the epidemiology of 
cardiovascular malformations is important for several rea-
sons: we may gain insight into possible causes, we can 
measure the disease burden in the population, and we can 
use the data for planning health services and the training 
and provision of facilities for healthcare providers.

Definitions, inclusions, and exclusions

Most reports adopt the definition first proposed by Mitchell 
et al.: “a gross structural abnormality of the heart or intratho-
racic great vessels that is actually or potentially of functional 
importance” [4]. Most also exclude isolated systemic venous 
anomalies, patent ductus arteriosus associated with pre-
maturity, cardiomyopathies, isolated cardiac arrhythmias, 
and cardiac tumors. Bicuspid aortic valve without stenosis 
or regurgitation is another common exclusion. Its reported 
prevalence ranges from 0.4 to 2.25%, so it is more common 
than all other “congenital heart defects” [5,6].

Most congenital cardiovascular malformations are easy 
to define so that their clinical ascertainment should be 
complete. Three common exceptions to this are mild 
pulmonary valve stenosis, mild aortic valve stenosis, and 
atrial septal defect. Very few reports define Doppler veloc-
ities in valve stenosis. None defines atrial septal defect, 
which is a common normal finding in infancy. The frequent 

lack of a definition, and lack of consistency when there is 
one, means that there is likely to be considerable variation 
between studies and this leads to ascertainment bias.

In some reports, double outlet right ventricle is a rela-
tively common diagnosis whereas in others it does not 
occur at all. Double outlet right ventricle defines one part of 
a malformation, which is important when contemplating 
surgical repair [7], but it does not have a constant definition 
[8,9] and does not define an anatomically or physiologi-
cally distinct group of malformations [8]. It includes diag-
noses that may  otherwise be described as transposition of 
the great arteries, tetralogy of Fallot, ventricular septal 
defect, and so on. There are other instances of methods of 
classification leading to apparent inconsistencies in birth 
prevalence of cardiovascular malformations. Pulmonary 
atresia with ventricular septal defect is sometimes consid-
ered as a variation of tetralogy of Fallot and is coded as 
such. This accounts for the apparent lack of patients having 
pulmonary atresia with ventricular septal defect in many 
US reports [10].

Description of complex malformations

Most malformations are easily described by a single term 
such as ventricular septal defect or coarctation of the aorta. 
Some common abnormalities, such as tetralogy of Fallot, 
are made up of more than one morphological abnormality 
but occur together so frequently that the pattern is univer-
sally recognized. Other malformations are complex and 
cannot be described by a single term or combination of 
terms [11]. If this occurs, sequential analysis is used to 
describe the total cardiac morphology and connections, 
beginning at the venous end of the heart and progressing to 
the great arteries [12].
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Diagnostic hierarchy

Classification of patients with multiple cardiovascular mal-
formations can be difficult, and most published reports have 
allocated each patient a single diagnosis based on the malfor-
mation which is judged to be most important. If patients 
with more than one diagnosis have to be given only one 
label, some type of hierarchy is required to decide in which 
category they fit best, but there is no consensus on how this 
is best achieved.

The main hierarchies which have been used can be 
described as anatomic, physiologic, embryologic, and 
  func tional, although many older series ignore the problem 
altogether. Many reports have adopted either the classi-
fication proposed in the New England Regional Infant 
Cardiac Program, which defined a hierarchy based mainly 
on anatomic severity [13], or that in the Baltimore–
Washington Infant Study, in which priority was given to 
“the malformation components with the earliest 
embryonic disturbance” [10]. In practice, these two 
approaches, both of which use a broadly “anatomic” 
hierarchy, are similar. Reports which are institution based 
and which cannot define the denominator population 
usually adopt a “physiologic” hierarchy, taking as the 
most significant that abnormality which requires 
the earliest intervention or which causes the greatest 
hemodynamic disturbance.

Measures of disease frequency

The incidence of disease measures the number of new cases 
arising over a period of time in a population at risk. Prevalence 
is a measure of the disease burden in a population. Neither 
incidence nor prevalence in their classical definitions is 
directly applicable to descriptive studies of congenital mal-
formations. Most congenital cardiovascular malformations 
are not immediately apparent at birth but come to notice 
over time. Hence the period of ascertainment has a signifi-
cant effect on the measure of disease frequency.

Incidence or prevalence?

Hoffman and Kaplan have argued that the population fre-
quency of cardiovascular malformations should be known as 
the incidence [6,14]. Both Ferencz and colleagues [10,15] 
and Daniels [16] favor the use of the term “prevalence at live 
birth.” Because many diagnoses are made retrospectively 
(i.e., some time after birth), the prevalence would appear to 
increase with time, yet this is only due to increasing retro-
spective diagnosis. Open-ended ascertainment obviously 
gives the opportunity for further increase in the apparent 

prevalence at live birth. Ferencz and colleagues therefore 
suggested that reported diagnoses should be made within 
1 year from birth.

The definition of “prevalence at live birth” used here is the 
number of patients with a cardiovascular malformation within the 
population present at birth and diagnosed within the first year of 
life. Obviously this is not a true measure of disease occur-
rence or frequency. It does not consider cardiovascular mal-
formations causing stillbirth or early fetal loss. The rates of 
cardiovascular malformations in stillbirths are many times 
higher than those in live births [17]. Prevalence at live birth 
also cannot take account of antenatally identified lesions 
that lead to termination of pregnancy, and such reports have 
to be made separately. This means that prevalence at live 
birth is the best measure we have but can never be a precise 
measure of total disease frequency. The total amount of dis-
ease is higher because of failure to consider cases causing 
death before birth, continued ascertainment in childhood 
and adult life, and the necessarily restrictive definition of 
cardiovascular malformation.

Prevalence at live birth of cardiovascular 
malformations

There have been many reports of the live birth prevalence 
of cardiovascular malformations in the last 50 years. 
Comparison of reports is hampered by the lack of a common 
method. Early studies included many unconfirmed clinical 
diagnoses (before ultrasound was widely available) and 
some more institution-based recent studies are limited by 
their inability to define the population from which their 
patients were derived. Comparisons between studies are 
also made more difficult by uncertainties over ascertainment 
and because of the different diagnostic categories and 
diagnostic hierarchies employed. The reported disease 
frequency varies considerably. Even if we limit assessment 
to studies which have a defined denominator population, 
exclude stillbirths and terminations of pregnancy, and limit 
ascertainment to the first year of life, there is no evidence 
of a significantly higher or lower number of malformations 
in any specific population [6]. The same applies to individual 
malformations.

The overall prevalence at live birth of cardiovascular mal-
formations is around eight per 1000 live births [14]. The 
reported live birth prevalence has increased over time but 
this is probably entirely due to better ascertainment of minor 
malformations [18]. Figure 19.1a shows a plot of results in 
84 population-based reports published in 1951–2005, and 
Figure 19.1b shows the relationship between smaller studies 
and higher reported live birth prevalence in the same 84 
reports.

Ventricular septal defect is the commonest anomaly in all 
reports (Table 19.1), with a mean live birth prevalence of 
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around 175 per 100 000 (but up to 5000 per 100 000 in 
 studies which used early color Doppler echo to find very 
small defects). Coarctation of the aorta, complete atrioven-
tricular septal defect, transposition of the great arteries, and 
tetralogy of Fallot all have a mean live birth prevalence of 
around 30–40 per 100,000 (Table 19.1). Data for other indi-
vidual anomalies are also summarized in Table 19.1. The 
lack of a definition of malformations such as aortic stenosis, 
pul monary stenosis, and atrial septal defect leads to marked 
 variations in ascertainment.

Some cardiovascular malformations are more prone to 
ascertainment bias than other. Those, such as transposition 
of the great arteries and tetralogy of Fallot, have a widely 
accepted definition, usually occur as isolated anomalies, are 
little affected by prenatal diagnosis and termination of preg-
nancy, and almost always present in the first year of life. As 
expected, they have fairly constant reported birth prevalence 
with variations explained by sample size, that is, a wider 
confidence interval in smaller studies (see Figure 19.2a–d). 
Others, such as ventricular septal defect, atrial septal defect, 
coarctation of the aorta, and pulmonary valve stenosis, are 
affected by variable ascertainment and reporting due to 

lack of a uniform definition, significant numbers being 
first  diagnosed after infancy, variable ranking of diagnostic 
 hierarchy in the presence of multiple malformations, and so 
on. This leads to significant skew when the data are plotted, 
as shown in Figure 19.2e and f.
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Figure 19.1 (a) Relationship between final year of data collection and 

reported prevalence at live birth of cardiovascular malformations. Similar 

results are obtained by plotting middle year of study or year of publication. 

(b) Relationship between study size (denominator live births) and 

prevalence at live birth of cardiovascular malformations.

Table 19.1 Prevalence at live birth of cardiovascular 

malformations – all per 100 000 live birthsa.

Cardiovascular 
malformationb

 Hoffman and 
Kaplan, 2002 
[14]: median

Papers with 
common method 
[41–55]: mean

VSD 283 289

PDA 57 70

ASD 56 101

CAVSD 34 39

PS 53 62

AS 26 21

CoA 36 36

ToF 36 37

TGA 30 34

HLH 23 21

CAT 9 8

TAPVC 9 19

TA 9 10

PA (all) 8 32

DIV/SV/UVH 9 11

PA/VSD – 11

PA/IVS – 8

CTGA – 5

Ebstein 4 5

All  767  620

aA summary of published data on the prevalence at live birth 

of the most common cardiovascular malformations. Data from 

Hoffman and Kaplan [14] are compared with a summary of data 

from papers [41–55] sharing a common method (having a defined 

birth cohort, confining ascertainment to the first year of life, 

excluding stillbirths and terminated pregnancies, and including only 

diagnoses confirmed by echocardiography, cardiac catheterization, 

surgery, or autopsy).
bAS, aortic valve stenosis; ASD, atrial septal defect; CAT, common 

arterial trunk; CTGA, congenitally corrected transposition of the 

great arteries; CAVSD, complete atrioventricular septal defect; CoA, 

coarctation of the aorta; DIV, double inlet ventricle; Ebstein, Ebstein's 

malformation of the tricuspid valve; HLH, hypoplastic left heart; PA, 

pulmonary atresia; PA/IVS, pulmonary atresia with intact ventricular 

septum; PA/VSD, pulmonary atresia with ventricular septal defect; PDA, 

persistent ductus arteriosus; PS, pulmonary valve stenosis; SV, single 

ventricle; TA, tricuspid atresia; TAPVC, total anomalous pulmonary 

venous connection; TGA, transposition of the great arteries; ToF, 

tetralogy of Fallot; UVH, univentricular heart; VSD, ventricular septal 

defect.
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Figure 19.2 Funnel plots of the variation in reported prevalence at live birth of six common cardiovascular malformations. Each funnel plot shows the 

relationship between study size (thousands of live births in the denominator population) on the x-axis and reported live birth prevalence on the y-axis. 

Each individual study is shown by a pink circle. The green line shows the mean, the pale blue lines show two standard deviations from the mean and the 

dashed dark blue lines show three standard deviations from the mean. As can be seen, the variation is much wider with smaller study size. In the absence 

of ascertainment bias, almost all data points will lie within three standard deviations from the mean – as shown here for transposition of the great arteries 

(TGA) in (a) and hypoplastic left heart (HLH) in (b). There is a little more variation for tetralogy of Fallot (ToF) in (c) and complete atrioventricular septal 

defect (CAVSD) in (d). The results for coarctation of the aorta (CoA) in (e) and ventricular septal defect (VSD) in (f) are notably skewed and more widely 

scattered, providing clear evidence of ascertainment bias – see text for further explanation.
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Causes of cardiovascular malformations

About 10–15% of cardiovascular malformations have a 
chromosomal or genetic cause [19–22]. Rather fewer are 
known to be environmental in origin [23,24]. Most envi-
ronmental causes of cardiovascular malformations occur 
within the fetal–placental–maternal “environment.” Factors 
associated with increased risk include maternal illness and 
infection, maternal nutritional excesses and deficiencies, 
 mat ernal drug exposure, and other environmental exposures.

The cause of most cardiovascular malformations remains 
unknown, although many more will probably be found to be 
caused by genetic factors. Epidemiologic studies have produced 
some interesting findings which offer intriguing clues. Cardio-
vascular malformations are more common in the offspring of 
diabetic mothers [25], in twins [26], and in preterm [27] and 
small-for-dates infants [28]. Some anomalies, such as 
transposition of the great arteries, hypoplastic left heart, and 
aortic valve stenosis, are more common in boys, whereas 
atrioventricular septal defects, atrial septal defects, and patent 
ductus arteriosus are more common in girls [29].

Population prevalence of cardiovascular 
malformations

The term “prevalence” measures the total disease burden in 
a population at any given time. Hoffman et al. estimated 
the total prevalence of cardiovascular malformations by 
modeling the survival of individual malformations with and 
without treatment over the period 1940–2002 [30]. They 
produced high and low estimates and predicted the range of 
malformations to be found within the total population. 
Rosa mond et al. assumed that the true prevalence is 
two-thirds of the way between Hoffman et al.’s estimated 

high and low ranges [31]. This leads to predictions that 
the total population prevalence of all cardiovascular 
malformations is 3.9 per 1000 (7.4 in children and 2.4 in 
adults) (Table 19.2).

Marelli et al. used a healthcare administration database 
to determine the population prevalence of severe and 
other cardiovascular malformations in Quebec [32]. The 
prevalence increased over time so that there are now more 
adults than children with cardiovascular malformations 
(Table 19.2).

The increasing number of children with cardiac malfor-
mations who now survive into adolescence and adulthood 
underscores the need for the healthcare community to pre-
pare for the challenging and often complex needs of adults 
with congenital heart defects. The predicted number of 
patients graduating to adult follow-up each year is relatively 
small compared with the number of adults with heart disease. 
These patients, their families, and their cardiologists and 
surgeons, however, have already invested greatly in time, 
effort, and resources. Rapid recent advances have led to the 
emergence of adult congenital heart disease as a distinct 
subspecialty and it is important to be able to predict its future 
growth to ensure appropriate provision of medical man-
power, facilities, and resources for the care of these patients 
[33–35,35a].

Predicting and measuring 
surgical workload

Rosamond et al. [31] used predictions from Moller [36] to 
suggest that cardiovascular malformations needing surgery 
or causing death in infancy occur in 2.3 per 1000 live births. 
The United Kingdom Central Cardiac Audit Database data 
for 2005–2006 showed that 2372 operations were performed 
in infancy – 3.3 per 1000 live births (another 1612 operations 

Table 19.2 Estimates of population prevalence of cardiovascular malformations.

UK EU USA

2005 population 60 266 000 491 875 000 281 422 000

2005 birth rate (per 1000 population) 12.0 10.4 14.1

2005 births 723 000 5 134 000 3 940 000

New cases of CVMa (at 10 per 1000 live births) 7 000 51 000 39 000

Hoffman et al. all CVM 3.9 235 000 1 919 000 1 110 000

 Severe CVM 0.46 28 000 226 000 129 000

Marelli et al. all CVM 4.1 247 000 2 017 000 1 154 000

 Severe CVM 0.38  23 000  187 000  107 000

a CVM, cardiovascular malformation.
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were performed in childhood) [37].There will have been more 
than one procedure per patient, so the number of infants 
requiring intervention is probably around 3–3.5 per 1000 live 
births. These data can be used to predict the surgical workload 
and show that around 2200–2500 infants per year will require 
intervention in the United Kingdom and 15 000–18 000 within 
the European Union. The prediction for the United States of 
12 000–14 000 procedures is close to measured activity [31].

Cardiovascular malformations 
and mortality

Mortality associated with cardiovascular malformations has 
been assessed in several studies, although most include only 
surgical or postoperative deaths. Boneva et al. analyzed death 
certificate data to investigate trends in mortality associated 
with cardiovascular malformations in the United States 
in 1979–1997 [38]. Mortality decreased from 2.5 to 1.5 
per 100 000 persons in the whole population. Mortality in 
infancy declined by 39%. In Western populations, it is 
estimated that 44% of all deaths from malformations are due 
to cardiovascular malformations [39] and that cardiovascular 
malformations cause around 10% of all infant deaths [40].

The contribution of individual malformations to total  mor-
tality can be derived from published data [38]. Figure 19.3a, 
adapted from Botto and Correa [39], shows that hypoplastic 
left heart made the highest individual contribution to 
mortality. Other data show a different picture (Figure 19.3b), 
with ventricular septal defect making the largest contribution 
to infant deaths [35].The discrepancy between these two 
findings is that the US study investigated the cause of death 
whereas the UK study looked at deaths in infants with a 
malformation. Most deaths in infants with a ventricular 
septal defects were not caused by the malformation itself 
but represent the total mortality in patients from associated 
severe noncardiac malformations or chromosomal and 
genetic problems, such as fatal trisomy.
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Introduction

In the first edition of this book, the question was posed as 
to why a chapter needed to be devoted to the nomenclature 
of congenitally malformed hearts, because the lesions 
themselves had not changed since their initial descriptions. 
In fact, two chapters were included in the first edition in 
attempts to answer this question, as not all were agreed at 
that time on the best way to describe and catalog the 
 manifold individual lesions that could coexist within the 
congenitally malformed heart. In this second edition, this is 
the only chapter specifically devoted to anatomy and 
nomenclature, albeit that accounts of salient anatomic 
 features will be provided in the various chapters describing 
well-recognized individual lesions. The reasons why a 
 single chapter is now considered sufficient are multiple. In 
the first place, it is now appreciated that many perceived 
differences between “schools of nomenclature” are more 
apparent than real. More importantly, the techniques used 
to demonstrate the anatomic features of the congenitally 
malformed heart are now sufficiently advanced that 
 morphology can now be  displayed with as much, if not 
more, accuracy during life as when we hold the autopsied 
hearts in our hands. In this chapter, therefore, we summa-
rize the details of sequential segmental analysis, now 
 universally accepted as the point of departure for clinical 
diagnosis. We show how the newly developed diagnostic 
techniques providing three-dimensional information 
 during life have resolved many, if not most, of the previous 
 controversies. We conclude the chapter with brief consid-
erations of the morphology that underpins the understanding 
of septal deficiencies.

Sequential segmental analysis

All congenitally malformed hearts, like normal hearts, have 
three building blocks, namely the atrial chambers, the ven-
tricular mass, and the arterial trunks (Figure 20.1). Initial 
approaches to description and categorization were based on 
the need to recognize the limited potential for variation in 
each of these so-called cardiac segments [1–4]. When some 
of us sought to modify these early approaches [5], our 
 failure to recognize the fact that the terms concordance and 
discordance had been used to describe harmony or dishar-
mony between the segments, rather than the fashion in 
which the components were joined, or not joined, together 
led to decades of ongoing controversy. The initial use of 
 concordance and discordance to account for the relations 
between the topological arrangement of the segments [1,2] 
was reasonable, because at that time it was difficult to be 
sure of how, for example, the cavities of the atrial and 
 ventricular chambers were joined across the atrioventricular 
junctions. The development of cross-sectional echocardio-
graphy changed all that. Thus, when the concept of sequential 
segmental analysis was promoted [5], attention was 
 concentrated on the potential anatomic variations across 
the atrioventricular and ventriculoarterial junctions [5]. 
Junctional connections, of course, cannot be established 
without knowledge of segmental topology, so the arrange-
ments within the segments remained the starting point for 
analysis.

As intimated above, the reason for subsequent dissent 
came because concordance and discordance were used 
 specifically to define the feature now known as “connections,” 
using these terms to distinguish these variants from other 
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arrangements such as double inlet or double outlet [5]. 
Within the original concept, however, patients having  double 
inlet left ventricle within the segmental combination  codified 
as {S,D,D} were also described as exhibiting atrioventricular 
concordance [1,4]. One of the fundamental differences 
between the usual heart (Figure 20.2a) and the heart show-
ing double inlet left ventricle (Figure 20.2b), nonetheless, 
lies in the way that the atrial cavities join the ventricular 
cavities across the atrioventricular junctions. We now over-
come these conceptual difficulties between the segmental 
and sequential segmental approaches by avoiding the use of 
“concordance” and “discordance” to describe the fashion in 
which cavities are joined together across the atrioventricular 
and ventriculoarterial junctions. Instead, we specify the 
existence of concordant or discordant connections.

Sequential segmental analysis, therefore, has evolved with 
the passage of time [5,6]. Despite the changes, it continues 
to follow its initial basic and simple rules. Morphology, 
 connections, and relations of the segmental components are 
recognized as three individual facets of the cardiac make-up. 
Clarity in describing these features is considered more 
 important than brevity. It is the desire to achieve optimal 
clarity that has led to the changes in descriptions made dur-
ing the process of evolution. No apologies are made for these 
changes [7], made in response to valid criticisms, which have 
eradicated initially illogical points from the system to its 
advantage [8]. Should further illogicalities become apparent, 
they will similarly be extirpated.

The morphological method
Segmental analysis depends on the ability to distinguish the 
morphology of the individual atrial and ventricular cham-
bers, and to recognize the nature of the arterial trunks taking 
origin from the ventricular mass. This is not as straightforward 

as it may seem, because when the heart is congenitally 
 malformed, these chambers or arterial trunks may lack some 
of the morphologic features that most obviously characterize 
them in the normal heart. For example, the most obvious 
feature of the morphologically left atrium in the normal 
heart is its connection to the pulmonary veins. In hearts 
with totally anomalous pulmonary venous connection, these 
veins connect to extracardiac sites, yet it is still possible to 
recognize the remnant of the left atrium. It was considera-
tions of this type that prompted the establishment of the 
concept now used to underpin the recognition of the cardiac 
chambers and great arteries, which is known as the morpho-
logic method [9,10]. The principle states that cardiac 
 structures should be recognized in terms of their intrinsic 
morphology, one part of the heart not being defined in terms 
of other structures that are themselves variable.

When applying this concept to the atrial chambers, the 
connections of the great veins are immediately disqualified 
as markers of morphological rightness or leftness, simply 
because the veins do not always connect to their expected 
atrial chamber. Septal morphology is of little help when the 
septum itself is absent, and the atrial vestibule is ruled out 
as a marker because it is usually lacking in hearts with 
 atrioventricular valvar atresia. Fortunately, there is another 
component of the atrial chambers that is almost universally 
present, namely the appendage. When judged on the extent 
of its contained pectinate muscles, this feature always 
 distinguishes between morphologically right and left atrial 
appendages [11]. The morphologically right appendage has 
the shape of a blunt triangle and joins over a broad junction 
with the remainder of the atrium. The junction is marked 
externally by the terminal groove and internally by the 
 terminal crest, while the pectinate muscles lining the append-
age extend all around the parietal atrioventricular junction 
(Figure 20.3a). The morphologically left appendage, in con-
trast, is much narrower and tubular. It has a narrow junction 
with the remainder of the atrium that is marked by neither 
terminal groove nor muscular crest. The pectinate muscles 
are confined within the morphologically left appendage, 
with the posterior aspect of the morphologically left  vestibule 
being smooth-walled as it merges with the pulmonary 
venous component (Figure 20.3b).

The morphologic method also shows its value when it is 
applied to the ventricular mass, which extends from the 
 atrioventricular to the ventriculoarterial junctions. Within 
the ventricular mass, as thus defined, there are almost always 
two ventricles. Description of ventricles, no matter how 
 malformed they may be, is facilitated if they are analyzed as 
possessing an inlet, extending from the atrioventricular jun-
ction to the distal attachment of the atrioventricular  valvar 
tension apparatus, an apical trabecular component, and an 
outlet component, the latter part supporting the  leaflets 
of the arterial valve. Of these three components, it is the 
 apical trabecular component that is most universally 

Atriums

Arterial Trunks

Ventricular Mass

Ventriculo-arterial

Atrio
ventric

ular

Figure 20.1 The three primary cardiac segments are delineated 

anatomically by the discrete atrioventricular and ventriculoarterial junctions.



Pediatric Cardiovascular Medicine

278

present in normal, and also in malformed and incomplete, 
 ventricles. Furthermore, it is the pattern of the apical trabec-
ulations that differentiates best the morphologically right 
from the left ventricle (compare Figure 20.4a and b). This 
remains true when the apical components exist as the basis 
of incomplete ventricles, which lack either an inlet or an 
outlet component, or sometimes both.

When the morphology of individual ventricles is identified 
according to the apical myocardium, all hearts with two 
 ventricles can readily be analyzed according to the way that 
the inlet and outlet components are shared between the 
 apical trabecular components. When describing the overall 
ventricular mass, it is also necessary to describe the way in 
which the two ventricles themselves are related to each 
other. There are two patterns, which are mirror images of 

each other. They can be conceptualized in terms of the way 
that, figuratively speaking, the palmar surface of the hands 
can be placed on the septal surface of the morphologically 
right ventricle. In the morphologically right ventricle of the 
normal heart, irrespective of its position in space, it is 
the palmar surface of the right hand which can be placed on 
the septal surface such that the thumb occupies the inlet and 
the fingers fit into the outlet (Figure 20.5a). The palmar 
 surface of the left hand then fits in comparable fashion 
within the morphologically left ventricle, but it is the right 
hand that is taken as the arbiter for the purposes of categori-
zation. The usual pattern, therefore, can be described as 
right-hand ventricular topology [12]. The second pattern is 
then described as left-hand ventricular topology. It is seen in 
the mirror-imaged normal heart, or in the variant of 

Left atriumLeft atrium

Right atrium

Right atrium

Dominant left ventricle

(b)(a)

Left ventricle

Right ventricle

Figure 20.2 Panel (a) shows how the normal heart has separated atrioventricular junctions for the right-sided and left-sided atrial and ventricular 

chambers. The cavities of the chambers are connected together across these junctions. Panel (b) shows double-inlet left ventricle. The essential feature 

is that both atrioventricular junctions are connected to a dominant left ventricle.

Figure 20.3 The computed tomographic 

reconstructions show the morphologic 

differences, based on the extent of 

the pectinate muscles, between the 

morphologically right (a) and the 

morphologically left atrial appendages (b). The 

pectinate muscles in the right atrium extend 

around the orifice of the tricuspid valve, while 

those in the left atrium are confined within the 

tubular appendage.
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 congenitally corrected transposition found with usual atrial 
arrangement (Figure 20.5b). With this pattern, it is the 
 palmar surface of the left hand that fits on the septal surface 
of the morphologically right ventricle with the thumb in 
the inlet and the fingers in the outlet.

When determining the identity of the arterial trunks, there 
are no intrinsic features that enable an aorta to be  distinguished 
from a pulmonary trunk, or from a common or solitary  arterial 

trunk. The branching pattern of the trunks themselves, 
 nonetheless, is sufficiently characteristic to permit these 
 distinctions (Figure 20.6). Thus, the aorta gives rise to at least 
one coronary artery and the bulk of the systemic arteries. The 
pulmonary trunk gives rise directly to both, or one or other, of 
the pulmonary arteries. A common trunk directly supplies the 
coronary, systemic, and pulmonary arteries. A solitary arterial 
trunk exists in the absence of the intrapericardial pulmonary 

Figure 20.4 Computed tomograms showing 

the characteristic apical trabeculations that 

distinguish the morphologically right ventricle 

(a) from its left ventricular partner (b). Both 

ventricles, nonetheless, have obvious inlet and 

outlet components in addition to the apical 

component.

Figure 20.5 Ventricular topology is 

conceptualized in terms of the way in which 

the right (a) and left hands (b) can be placed 

on the septal surface of the morphologically 

right ventricle. All hearts with biventricular 

atrioventricular connections have either 

right-hand or left-hand topology. Panel (a) 

shows the normal heart and (b) shows the left-

sided right ventricle in the heart from a patient 

with usual atrial arrangement and congenitally 

corrected transposition.
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arteries. In such circumstances, it is impossible to state with 
certainty whether the persisting trunk is common or aortic, 
hence it is best described as being solitary.

Basic analysis
The system depends first on the establishment of the arrange-
ment of the atrial chambers, or atrial situs. Next, attention is 
concentrated on the anatomic nature of the junctions between 
the atrial myocardium and the ventricular myocardial mass. 
This feature, which is described as a type of connection, is 
separate from the additional feature of the morphology of the 
valve or valves that guard the junctions. There are two 
 atrioventricular valves in the normally constructed heart, 
each guarding a separate atrioventricular junction (Figure 
20.2a), but the junction can be a common structure, guarded 
by a common valve, without changing the overall fashion in 
which the atrial myocardium is connected to the ventricular 
mass. Proper analysis of the atrioventricular junctions also 
requires identification of the structure, topology, and rela-
tionships of the chambers within the ventricular mass. When 
the atrioventricular junctions have been dealt with in this 
fashion, the ventriculoarterial junctions are similarly ana-
lyzed in terms of the arrangement of the connections of 
 ventricles with arterial trunks, and the morphology of the 
arterial valves guarding them. Separate attention is directed 
to the morphology of the outflow tracts, and to the relation-
ships of the great arterial trunks. A catalog is then made of 
all  associated cardiac and, when pertinent, noncardiac, 
 malformations. This should include such features as the loca-
tion of the heart, and the arrangement of the other thoracic 
and abdominal organs. Each system is analyzed in its own 
right, and is not designated according to changes observed in 
other systems. When analyzed and described in this fashion, 
there is obviously no such thing as “situs ambiguous.”

Atrial arrangement
Analysis of atrial arrangement cannot be done on the basis 
of venoatrial connections, because this would be a direct 
abrogration of the morphologic method. In the current era, 

there is no problem in analyzing atrial arrangement accord-
ing to the morphology of the junction of the appendages 
with the rest of the atrial chambers (Figure 20.3). Assessment 
on the basis of this myocardial morphology reveals that there 
are four possible patterns of arrangement. This is because all 
hearts have two atrial appendages, each of which can only 
be of morphologically right or left type (Figure 20.7). With 
the usual and mirror-imaged arrangements, the appendages 
are lateralized, the morphologically right appendage being to 
one side of the heart and the morphologically left appendage 
to the other. The two other arrangements show isomerism of 
the atrial appendages. Ideally, this feature should also be rec-
ognized by direct examination of the extent of the pectinate 
muscles around the vestibules, now possible with use of 
cross-sectional echocardiography, particularly in its three-
dimensional format. Morphology of the appendages is also 
accurately displayed with magnetic resonance imaging or 
computed tomography (Figure 20.2).

In most clinical situations, however, it is rarely necessary 
to rely only on direct identification. This is because, almost 
always, the morphology of the appendages is in harmony 
with the arrangements of the thoracic and abdominal organs. 
In patients with usual and mirror-imaged arrangements, it is 
exceedingly rare for there to be disharmony between the 
location of the thoracic and abdominal organs. When the 
appendages are isomeric, there is usually so-called visceral 
heterotaxy. In this setting, the lungs and bronchial tree are 
almost always symmetric, and it is rare for the bronchial 
arrangement to be disharmonious with the morphology of 
the appendages. In suspicious circumstances, therefore, 
isomerism can almost always be inferred from the bronchial 
anatomy. The morphologically left bronchus is long, and 

Aorta Pulmonary
Trunk

Common Arterial
Trunk

Solitary Arterial
Trunk

Figure 20.6 The arterial trunks can be divided into four patterns 

according to the nature of their branching. The solitary trunk exists 

in the complete absence of any intrapericardial pulmonary arteries.

Usual

Isomerism of Right
Atrial Appendages

Isomerism of Left
Atrial Appendages

Mirror-Imaged

Figure 20.7 The four possible arrangements of the atrial chambers 

based on the extent of the pectinate muscles relative to the atrioventricular 

junctions.
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branches only after it has been crossed by a branch pulmonary 
artery, making the bronchus hyparterial. In contrast, the 
morphologically right bronchus is short, and is crossed by a 
pulmonary artery supplying the lower lobe only after it has 
branched, giving an eparterial pattern of branching.

Inferences similar to those provided from bronchial 
arrangement can also usually be obtained noninvasively by 
using cross-sectional ultrasonography to image the abdomi-
nal great vessels [13]. The relation of these vessels to each 
other, and to the spine, generally reflects bodily arrangement, 
although not as accurately as does bronchial anatomy. When 
the atrial appendages are lateralized, the inferior caval vein 
and aorta lie to opposite sides of the spine, with the caval 
vein on the side of the morphologically right appendage. 
When there is right isomerism, the great vessels usually lie to 
the same side of the spine, with the caval vein anterior. The 
finding of an azygos vein carrying the inferior caval venous 
blood on the same side, and posterior to, the abdominal aorta 
is a good indicator of left isomerism, albeit not always 
 differentiating the isomeric variant from usual or mirror- 
imaged arrangement with interrupted inferior caval vein. 
Generally, right isomerism is associated with absence of the 
spleen, whereas left isomerism is associated with multiple 
spleens. Because of this association, patients with isomerism 
of the atrial appendages have traditionally been grouped 
together, from the cardiac standpoint, under the banner of 
the “splenic syndromes.” This approach is much less accurate 
than describing the syndromes directly in terms of isomerism 
of either the right or left atrial appendages [14,15]. In reality, 
it is necessary to describe both the state of the spleen and the 
morphology of the appendages, but it is the latter feature 
that serves to concentrate attention on the heart.

Atrioventricular junctions
In the normal heart, the atrial myocardium is contiguous 
with the ventricular mass around the orifices of both the 
mitral and tricuspid valves (Figure 20.2a). Electrical  insulation 
is provided at these junctions by the fibrofatty atrioventricu-
lar grooves, other than at the site of the penetration of the 
bundle of His. In abnormal hearts, in order to analyze the 
morphology of the atrioventricular junctions accurately, it 
is first necessary to know the atrial arrangement. Equally, 
it is necessary to know the morphology of the ventricular 
mass to establish which atrium is connected to which ventri-
cle. With this information, it is then possible to define the 
pattern of the atrioventricular connections and to determine 
the morphology of the valves that guard the junctions.

In every heart, because there are two atrial chambers, 
there is the possibility for two atrioventricular connections, 
which will be right-sided and left-sided. This is irrespective 
of whether the connections are guarded by two valves or a 
common valve. One of the connections as thus defined may 
be blocked by an imperforate valvar membrane, but this 
does not alter the fact that, in such a setting, there are still 

two atrioventricular connections present. In some hearts, in 
contrast, this possibility is not fulfilled because one of the 
connections is completely absent. Then, the atrial myocar-
dium on that side has no connection with the underlying 
ventricular myocardium, being separated from the ventri-
cular mass by the fibrofatty tissues of the atrioventricular 
groove. This arrangement is the most common pattern 
 producing atrioventricular valvar atresia.

When atrioventricular connections are defined in this 
way, all hearts fit into one of three groups. In the first group, 
by far the most common, each atrial chamber is connected 
actually or potentially, but separately, to an underlying 
 ventricle. In the second group, only one of the ventricles, if 
indeed two are present, has connections with the atrial 
chambers. In the third, and rarest, group, one atrioventricular 
connection is absent, the solitary atrioventricular junction 
being connected to two ventricles by a straddling valve. This 
arrangement is uniatrial but biventricular [16].

There are three possible types of biventricular atrioven-
tricular connections, concordant, discordant, and biventricular 
and mixed. The last arrangement is found in hearts with 
 isomeric appendages, whether they are of right or left mor-
phology. Because of the isomeric nature of the appendages, 
this third arrangement cannot be described accurately in 
terms of concordant or discordant connections. It is a discrete 
biventricular pattern in its own right. The mixed variant is 
independent of ventricular relationships and atrioventri-
cular valvar morphologies, but requires specification of 
 ventricular topology to make the description complete.

There are also three possible junctional arrangements that 
produce univentricular atrioventricular connections [17]. 
The first is when the cavities of right-sided and left-sided 
atrial chambers are connected directly to the same ventricle 
(Figure 20.2b). This is double-inlet atrioventricular connec-
tion, irrespective of whether the right-sided and left-sided 
atrioventricular junctions are guarded by two atrioventricular 
valves or a common valve. The other two arrangements 
exist when one atrioventricular connection is absent, giving 
absent right-sided or absent left-sided atrioventricular con-
nections. The group of univentricular atrioventricular 
 connections is different from the group of biventricular con-
nections, being independent not only of ventricular relation-
ships and valvar morphology, but also of atrial and 
ventricular morphologies. Hearts with concordant or dis-
cordant atrioventricular connections can exist only when 
usually arranged or mirror-imaged atrial chambers are each 
connected to separate ventricles. A heart with biventricular 
and mixed connections can be found only when each of two 
atrial chambers having isomeric appendages is connected to 
a separate ventricle. In contrast, double-inlet, absent right-
sided, or absent left-sided atrioventricular connection can be 
found in the settings of usually arranged, mirror-imaged, or 
isomeric atrial appendages. Each type of univentricular 
 atrioventricular connection can also be found with the atrial 
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chambers connected to a dominant left ventricle (Figure 
20.2b), a dominant right ventricle, or a morphologically 
indeterminate ventricle. Hence it is always necessary to 
describe ventricular morphology in hearts with univentricular 
atrioventricular connections [8].

In the hearts with univentricular atrioventricular connec-
tions, although only one ventricle is connected to the atrial 
chambers, most possess a second ventricle. This second 
 ventricle, of necessity, is incomplete, lacking at least its inlet 
component. It is of complementary trabecular pattern to the 
dominant ventricle. Most frequently, the dominant ventricle 
is morphologically left, and the incomplete ventricle  possesses 
right ventricular apical trabeculations. More rarely, the 
 dominant ventricle is morphologically right and the incom-
plete ventricle is morphologically left. Even more rarely, 
hearts will be found with a solitary ventricular chamber of 
indeterminate morphology, albeit that, in clinical practice, it 
can be difficult to distinguish the truly solitary ventricle from 
apparently solitary left or right ventricles in which the incom-
plete ventricle is too small to be demonstrated.

Description of the type of atrioventricular connection 
accounts only for the way in which the atrial musculature is 
joined to the ventricular mass. The morphology of the valves 
guarding the overall atrioventricular junctional area, within 
the constraints imposed by the connections themselves, is an 
independent feature. Thus, when the cavities of both atrial 
chambers communicate directly to the ventricular mass, the 
right-sided and left-sided atrioventricular connections may 
be guarded by two patent valves, by one patent valve and one 
imperforate valve, by a common valve, or by straddling and 
overriding valves. These arrangements can all be found with 
the concordant, discordant, mixed, or double-inlet types of 
connection. Either the right-sided or left-sided valve may be 
imperforate, producing atresia, but in the setting of a poten-
tial as opposed to an absent atrioventricular connection. 
A common valve guards both right-sided and left-sided atrio-
ventricular connections, irrespective of its morphology. A valve 
straddles when its tension apparatus is attached to both sides 
of a septum within the ventricular mass. It overrides when its 
annulus is connected to ventricles on both sides of a septal 
structure. A right-sided valve, a left-sided valve, or a common 
valve can straddle, can override, or can straddle and override. 
Rarely, both right-sided and left-sided valves may straddle or 
override in the same heart. When one atrioventricular con-
nection is absent, however, the possible modes of connection 
are greatly reduced. This is because there is a solitary atrio-
ventricular valve, which is usually committed in its entirety 
to one ventricle. More rarely, it may straddle, override, or 
straddle and override. These  patterns produce the extremely 
rare group of uniatrial but biventricular connections [16].

An atrioventricular valve that overrides has an additional 
influence on description, as the degree of commitment of 
the overriding atrioventricular junction determines the 
precise nature of the atrioventricular connections. Hearts 

with overriding valves are anatomically intermediate 
between those with, on the one hand, biventricular and, on 
the other hand, univentricular atrioventricular connec-
tions. There are two ways of describing such hearts. One is 
to consider the hearts as representing a special type of atrio-
ventricular connection. The other is to recognize their 
intermediate nature, and to split the series depending on 
the precise connection of the overriding junction. Our 
 preference is for the second option. When most of an 
 overriding junction is connected to a ventricle that already 
receives the other atrioventricular connection, we  designate 
the connection as being double inlet. If the overriding 
 junction is connected mostly to a ventricle not itself 
 connected to the other atrium, each atrium is categorized as 
though connected to its own ventricle.

When describing the atrioventricular valves, the adjectives 
“mitral” and “tricuspid” are strictly accurate only in hearts 
with biventricular atrioventricular connections having 
 separate junctions, each guarded by its own valve. The tricus-
pid valve is then always found in the morphologically right 
ventricle, and the mitral valve in the morphologically left 
ventricle. In hearts with biventricular atrioventricular 
 connections but with a common junction, in contrast, the 
common valve lacks mitral and tricuspid components, even 
when it is divided into right and left components. The essence 
of the left-sided component in this setting is its trifoliate, 
rather than bifoliate, configuration (Figure 20.8). In hearts 
with double inlet connection (Figure 20.2b), the two valves 
are again better considered right-sided and left-sided, rather 
than mitral or tricuspid. Similarly, when one connection is 
absent, although it is usually possible to deduce the presumed 
nature of the remaining solitary valve from concepts of 
 morphogenesis, this is not always practical or helpful. The 
valve can always accurately be described as being right-sided 
or left-sided.

Ventricular topology and relationships
Even in the normal heart, the ventricular spatial relationships 
are complex. The inlet portions are more or less to the right 
and left, with the posteroinferior part of the muscular ven-
tricular septum lying in an approximately sagittal plane. The 
outlet portions are more or less anteroposteriorly related, 
with the septum between them in an approximately frontal 
plane. The trabecular portions extend between these two 
components, with the apical muscular septum spiraling 
between the inlet and outlet components. If a short-hand 
term is needed to account for these complex spatial arrange-
ments, it is provided for by the concept of ventricular topol-
ogy (Figure 20.5). In persons with usually arranged atrial 
chambers and discordant atrioventricular connections, for 
example, the left ventricular mass almost always shows left-
hand  topologic pattern (Figure 20.5b), whereas right-hand 
 ventricular topology is usually found with the combination of 
mirror-imaged atrial chambers and discordant atrioventricular 
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connections. These topological arrangements can be  modified 
by rotation or twisting, accounting for so-called “criss-cross” 
and “upstairs–downstairs” hearts. In noting such unexpected 
ventricular relationships as a feature independent of topo-
logy, it may be necessary to account for right–left, anterior–
posterior, and superior–inferior coordinates. Should it be 
necessary, the position of the three ventricular components 
may be described separately, and relative to each other. 
Description of ventricular topology is also essential when 
accounting for the combination of isomeric appendages with 
mixed and biventricular atrioventricular connections. It is 
equally important to describe both the position and relation-
ships of incomplete ventricles in hearts with univentricular 
atrioventricular connections. Here, the relationships are 
independent of both the connections and the ventricular 
morphology. For example, while the incomplete right ventri-
cle is usually anterior and right-sided in classical tricuspid 
atresia, it can be anterior and left-sided without in any way 
altering the clinical presentation and hemodynamic findings. 
Similarly, in hearts with double-inlet ventricle, the position 
of the incomplete ventricle plays only a minor role in deter-
mining the clinical presentation. Although an argument can 
be made for interpreting such hearts with univentricular 
atrioventricular connections on the basis of presumed 
 morphogenesis in the settings of right-hand or left-hand 
topologies, there are sufficient exceptions to make this 
approach unsuitable in the clinical setting. In accounting for 
the position of incomplete ventricles, therefore, it is best 
 simply to account for their location relative to the dominant 
ventricle, taking note, when necessary, of right–left,  anterior–
posterior, and superior–inferior coordinates.

Ventriculoarterial junctions
Most previous polemics concerning the ventriculoarterial 
junctions have reflected the failure to distinguish between 
connections, relations, and infundibular morphology. It is 

the prerogative of those who choose to define transposition 
in terms of an anterior aorta to speak rightly of “double 
 outlet with transposition.” For those choosing this approach, 
“posterior transposition” is an impossibility. This is not so 
when transposition is defined on the basis of discordant 
 ventriculoarterial connections. Such problems in the qualifi-
cation of transposition, however, are dispelled when the 
term is not used as a descriptor for any single facet of the 
ventriculoarterial junctions, but rather as a combination of 
connections at atrioventricular and ventriculoarterial junc-
tions, as in regular transposition or the congenitally  corrected 
variant. It is possible also to defuse controversies concerning 
the role of the “bilateral conus” in the diagnosis of double-
outlet right ventricle when assessing connections independ-
ently from infundibular morphology. Whenever connections, 
infundibular morphology, and arterial relationships are 
described independently, with mutually exclusive terms, 
there is no confusion.

There are four types of ventriculoarterial connections, 
specifically concordant, discordant, double outlet, and single 
outlet. A single outlet may take one of four forms. A com-
mon trunk exists when both ventricles are connected by a 
common arterial valve to one trunk that gives rise directly to 
the coronary arteries, at least one pulmonary artery, and the 
majority of the systemic circulation. A solitary arterial trunk 
exists when it is not possible to identify any remnant of an 
atretic pulmonary trunk within the pericardial cavity (Figure 
20.6). The other forms of single outlet are single pulmonary 
trunk with aortic atresia and single aortic trunk with pulmo-
nary atresia. These two categories are used only to describe 
those arrangements in which, by use of clinical techniques, 
it is not possible to establish the precise connection of the 
atretic arterial trunk to a ventricular cavity. If its connection 
can be established, but is found to be imperforate, the appro-
priate connection is described, and the imperforate valve is 
then categorized separately. It is also necessary in hearts with 

Aortic leaflet

Superior bridging leaflet
(a) (b)

Mural leaflet

Mural leaflet
Inferior bridging leaflet

Figure 20.8 The left side of the common 

atrioventricular valve seen in association with 

atrioventricular septal defects (a) is a trifoliate 

structure, and bears scant resemblance to the 

bifoliate morphologically mitral valve (b).
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single outlet to describe the ventricular connection of the 
arterial trunk. This may be exclusively from a right or a left 
ventricle, but more usually the trunk overrides the septum, 
being connected to both ventricles.

There are fewer modes of connection at the ventriculoarte-
rial than at the atrioventricular junctions. A common arterial 
valve exists only with a common arterial trunk. Straddling of 
an arterial valve is impossible because it has no tension appa-
ratus. Hence the potentially variable modes of connection are 
two perforate valves, one or both of which may override, and 
one perforate and one imperforate valve. The degree of 
 override of an arterial valve determines the precise ventricu-
loarterial connections. For this purpose, we allocate the 
 overriding valve to the ventricle supporting the greater part of 
its  circumference. For example, if more than half of an over-
riding pulmonary valve is connected to a right ventricle, the 
aorta being connected to a left ventricle, the ventriculoarterial 
connections are appropriately described as  concordant. In 
contrast, if more than half the overriding aortic valve is con-
nected to the right ventricle in this situation, there are double-
outlet ventriculoarterial connections. When making this 
arbitration, it is best to assess the connection of the valve in its 
short axis, determining the proportions of the overriding junc-
tion supported by the right as opposed to the left ventricle 
(Figure 20.9a). This approach, now readily achievable using 
three-dimensional techniques for clinical diagnosis (Figure 
20.9b), again avoids the need for intermediate  categories.

The infundibular regions are no more and no less than the 
outlet components of the ventricular mass. When recognized 

in this fashion, and their morphology described as such, they 
also provide no problems in recognition and description. The 
morphology of the ventricular outlet portions is variable for 
any heart. Potentially, each ventricle can possess a complete 
muscular funnel as its outlet portion, and then each arterial 
valve can be said to have a complete infundibulum. 
Considered as a whole, the outlet portions of the ventricular 
mass in the setting of bilateral infundibulums have three dis-
crete parts (Figure 20.10). Two of the parts form the anterior 
and posterior halves of the funnels of muscle supporting the 
arterial valves. The anterior parietal part is the free anterior 
ventricular wall. The posterior part is the inner heart curva-
ture, or ventriculo-infundibular fold, which separates the 
leaflets of the arterial from those of the atrioventricular 
valves. The third part is the muscular or fibrous septum that 
separates the two subarterial outlets, the outlet or infundib-
ular septum. In most hearts, some part of the infundibular 
musculature is effaced so that fibrous continuity occurs 
between the leaflets of one of the arterial valves and the 
atrioventricular valves. Most frequently, it is the morpho-
logically left ventricular part of the ventriculo-infundibular 
fold that is attenuated, so there is fibrous continuity between 
the leaflets of the mitral valve and the arterial valve sup-
ported by the left ventricle. When both arterial trunks 
are connected to the morphologically right ventricle, 
the  ventriculo-infundibular fold often persists in its entirety, 
and there is bilateral atrioventricular-arterial valvar dis-
continuity (Figure 20.10a). Many hearts in which both 
 arterial valves are connected unequivocally to the right 

Figure 20.9 Overriding arterial valves are assigned to the ventricle supporting their greater circumference as judged relative to the cord subtended by the 

ventricular septum on the valvar orifice. In the examples shown in (a), a circle, representing the aortic valve, is superimposed on the normal heart as viewed 

from the apex in short axis. The red circle shows an aorta predominantly supported by the left ventricle, and the green circle shows an aorta supported 

mostly by the right ventricle. Panel (b) shows how this decision can now be made on the basis of three-dimensional echocardiography.
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 ventricle, nonetheless, have atrioventricular–arterial valvar 
continuity (Figure 20.10c). Such hearts unequivocally 
 possess a  double-outlet ventriculoarterial connection. The 
ventriculo- infundibular fold, therefore, does not need to be 
intact bilaterally to justify the diagnosis of double-outlet 
right  ventricle (Figure 20.10c).

The final feature of the ventriculoarterial junctions requir-
ing description is the relationships of the great arteries and 
their valves. Arterial valvar relationships are best described 
in terms of right–left and anterior–posterior coordinates. The 
positions of the arterial trunks are also important. The 
 pulmonary trunk either spirals around the aorta as it ascends, 
or else the two trunks ascend in parallel. Spiraling trunks are 
usually associated with concordant ventriculoarterial 
 connections, and parallel trunks with discordant or double-
outlet connections, but there is no predictive value in these 
relationships. The arcane conditions of “anatomically 
 corrected malposition” and “isolated ventricular discord-
ance” are greatly simplified when it is realized that these are 
no more than concordant ventriculoarterial connections, 
but with parallel rather than spiraling arterial trunks [18]. 
The aortic arch itself crosses superiorly to the bifurcation of 
the pulmonary arteries. The side of the aortic arch is then 
determined by whether it passes to the right or left of the 
trachea, with the position of the descending aorta defined 
relative to the vertebral column.

Associated malformations

Most patients seen with congenital heart disease have nor-
mal intersegmental connections together with normal 
morphology and relations. In such settings, the associated 

malformation will be the major anomaly. The body of this 
book is concerned with describing the specific morphologic 
and clinical features of these anomalies. Certain anatomic 
principles, nonetheless, pertain to the description of all 
these lesions, and will be discussed briefly below. 
Consideration must also be given to the position within 
the chest of the heart itself, and of the cardiac apex, or, for 
that matter, identification of a heart positioned outside the 
thoracic cavity, so-called ectopia cordis. An abnormal 
 position of the heart within the chest is best considered as 
an associated malformation, and the cardiac malposition 
should not be promoted as a prime diagnosis. This is not to 
decry the importance of cardiac malposition, if only to 
interpret an electrocardiogram, but knowing that the heart 
is malpositioned gives no information concerning its 
 internal architecture. Full sequential segmental analysis 
is needed to determine this analysis, not the other way 
around.

Septal morphology

A majority of congenitally malformed hearts exhibit the 
potential for shunting through holes between the cardiac 
chambers or arterial trunks. Such holes are usually termed 
septal defects, yet not all are found within the septal compo-
nents of the normal heart. Understanding of septal defects, 
therefore, requires an appreciation of the extent of the nor-
mal septal structures, and knowledge of the mechanisms 
that permit shunting outside the confines of these normal 
components. In the normal heart, it is possible to recognize 
atrial, atrioventricular, and ventricular septums. There are 
then additional parts of the cardiac walls that interpose 

Figure 20.10 A morphologic specimen (a) and a comparable three-dimensional echocardiogram (b) revealing the location of the ventriculo-infundibular 

fold (star) and the muscular outlet septum in the setting of double outlet from the right ventricle when the interventricular communication is in the 

subaortic position and there are bilateral infundibulums. Panel (c) shows how the arterial trunks can arise exclusively from the right ventricle in this setting 

even when there is fibrous continuity between the leaflets of the aortic and mitral valves in the roof of the interventricular communication.
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between chambers, but in the form of folds or sandwiches, 
rather than as solitary walls that can be removed without 
compromising the pericardial space [19]. When the  structures 
interposing between the atrial chambers are analyzed in this 
fashion, it is the floor of the oval fossa, and its muscular 
anteroinferior buttress, that qualify as septal structures 
(Figure 20.11a). The extensive superior rim, although often 
described as the “septum secundum,” is the deep infolding 
between the attachments of the superior caval vein to the 
right atrium and the right pulmonary veins to the left atrium. 
Even though a large part of the anteroinferior buttress is also 
a septal structure, when this atrial musculature is traced into 
the septal vestibule of the tricuspid valve, it overlies the crest 
of the muscular septum. It is then possible to place needles 
through this area, the floor of the triangle of Koch, and to 
enter the base of the left ventricle. This area is seemingly an 
atrioventricular muscular septum. More rigorous analysis, 
however, shows that a layer of the inferior atrioventricular 
groove, containing extracardiac fat, interposes between the 
atrial and ventricular musculatures. The area, therefore, is 
an atrioventricular muscular sandwich, rather than a sep-
tum (Figure 20.11b). The only true atrioventricular septum 
in the normal heart is the small part of the fibrous septum 

that interposes between the cavity of the right atrium and 
the subaortic outflow tract (Figure 20.11c). Part of this 
 so-called membranous septum also interposes between the 
ventricular cavities. The greater part of the ventricular 
 septum, nonetheless, is muscular. Not all of the apparently 
septal surface of the right ventricle, however, separated the 
cavities of the right and left ventricles. The apparently septal 
surface of the subpulmonary outlet is part of the free- 
standing muscular sleeve that lifts the leaflets of the pulmo-
nary valve away from the base of the ventricular mass 
(Figure 20.11d). It is this feature that permits the surgeon to 
remove the pulmonary valve as a free-standing structure, 
and to use it as a prosthesis in the Ross procedure [20]. All of 
these anatomic features are also key to understanding the 
structure of the so-called septal defects.

Interatrial communications
There are several lesions that permit shunting between the 
atrial chambers. Not all are correctly described as septal 
defects, at least not when the septal structures are defined as 
suggested above. Only the holes within the confines of the 
oval fossa, so-called “secundum” defects, and the rare holes 
found within the substance of the anteroinferior buttress, 

Figure 20.11 Not all of the walls that 

separate adjacent chambers can be removed 

without trespassing on extracardiac space. 

Four-chamber sections through the walls 

separating the atrial chambers (a and b) show 

that the superior rim of the oval fossa is a 

deep fold (a), whereas the extension of the 

atrial muscle into the vestibule of the tricuspid 

valve is the superior fold of an atrioventricular 

muscular sandwich [double-headed arrow in 

(b)]. A further four-chamber section (c) reveals 

that the only true atrioventricular septum 

in the normal heart is that part of the 

membranous septum superior to the hinge of 

the septal leaflet of the tricuspid valve (yellow 

double-headed arrow). The parasternal long 

axis section (d) then reveals that the 

“septal”aspect of the subpulmonary 

infundibulum is separated by a fibrofatty 

tissue plane from the sinuses of the 

aortic root.
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are true septal deficiencies. The essence of the sinus venosus 
defects is that they are found outside the confines of the oval 
fossa. These holes exist because one of more of the right 
 pulmonary veins achieves a connection to either the supe-
rior or the inferior caval vein while retaining the expected 
connection with the left atrium. The lesions are veno- venous 
collateral channels (Figure 20.12a) rather than septal defects, 
albeit that they unequivocally permit interatrial shunting of 
blood. Shunting between the atrial chambers can also exist 
through the mouth of the coronary sinus when the walls 
that normally interpose between the cavities of the coronary 
sinus and left atrium are either fenestrated or absent. The 
so-called ostium primum defect also permits interatrial 
shunting, but in these instances through an atrioventricular 
rather than an atrial septal defect.

Atrioventricular septal defects
These holes are true septal defects, but their pathogno-
monic feature is the common atrioventricular junction 
(Figure 20.12b). It is the level of shunting across the atrio-
ventricular septal that accounts for the variability within 
the lesion. In the so-called “complete” variant, defined on 
the basis of a common atrioventricular valvar orifice, the 
bridging leaflets float to varying degrees so that shunting is 
possible at both atrial and ventricular levels. The ostium 
primum defect is usually considered a “partial” form of the 
lesion, albeit that the atrioventricular junction is just as 
common as when there is a common atrioventricular val-
var orifice [21]. The feature of the ostium primum defect is 
that a tongue of valvar tissue joins together the bridging 
leaflets so that there are dual valvar orifices within the 

common atrioventricular junction. In most instances, the 
bridging leaflets, along with the connecting tongue, are 
firmly fused to the scooped-out crest of the muscular ven-
tricular septum, this feature serving to confine shunting 
across the septal defect at atrial level. In some instances, 
however, there can be additional minimal shunting at ven-
tricular level through intercordal spaces on the ventricular 
aspect of the bridging leaflets. Rarely, the bridging leaflets 
can be attached to the leading edge of the atrial septum, 
thus serving to confine shunting at ventricular level. It is 
this lesion that is the true ventricular septal defect of atrio-
ventricular canal type. Even more rarely, although now 
recognized with increasing frequency, the atrioventricular 
septal defect itself can undergo spontaneous closure, so that 
there is no shunting even though there is a common 
 atrioventricular junction [22].

Ventricular septal defects
Holes between the ventricles are the commonest congenital 
cardiac malformations, and form part of many other lesions, 
such as common arterial trunk, tetralogy of Fallot, and dou-
ble-outlet right ventricle. In countries where the vernacular 
language is derived from Latin, these holes are often 
described as interventricular communications, which is in 
many ways a better descriptor, since as with holes between 
the atriums, not all the so-called ventricular septal defects 
are found within the confines of the normal ventricular sep-
tum. Problems also exist in defining the plane of space best 
defined as representing the interventricular communica-
tion, raising questions as to whether the interventricular 
communication is necessarily the same thing as the 

Figure 20.12 The images show features of so-called “septal defects,” albeit that not all are true septal deficiencies. In (a), the so-called sinus venosus 

defect is seen to be a veno-venous collateral channel. Panel (b) shows the common atrioventricular junction, which is the pathognomic feature of the 

“ostium primum” defect, thus revealing it to be an atrioventricular rather than an atrial septal defect. Panel (c) shows the aortic valve overriding the crest 

of the muscular ventricular septum in the setting of tetralogy of Fallot, creating problems as to whether the right ventricular aspect of the cone of space 

subtended from the valvar leaflets to the crest of the septum (red line) is the ventricular septal defect, or whether this is the superior continuation of the 

plane of the muscular ventricular septum (blue arrow and line). The latter blue line is certainly the interventricular communication.



Pediatric Cardiovascular Medicine

288

 ventricular septal defect. Consider the situation in the 
 setting of tetralogy of Fallot, where one of the anatomic 
 features is overriding of the orifice of the aortic valve (Figure 
20.12c). The plane of space that is blocked by the surgeon 
when closing the “ventricular septal defect” is the right 
 ventricular aspect of the cone of space subtended from the 
attachments of the overriding valve. The interventricular 
communication, in contrast, is the plane of space marked by 
the superior continuation of the plane of the muscular ven-
tricular septum. Also, in double-outlet right ventricle, the 
interventricular communication is the hole between the 
ventricles, albeit that this hole is never closed by the sur-
geon during an operative repair, but rather is tunneled to 
one or other of the subarterial outlets. In most instances, 
nonetheless, it is the right ventricular border over which the 
surgeon places a patch that is considered to represent the 
“ventricular septal defect,” and this plane is usually consid-
ered as being synonymous with the interventricular 
 communication. Different systems still exist for describing 
the different types of “ventricular septal defect” as thus 
defined, but the differences reflect the feature used for the 
purposes of categorization. Unity can again be achieved if 
note is taken of all the pertinent clinical features. These 
include the size of the hole, the anatomic nature of its bor-
ders as seen from the right ventricle, the direction in which 
the hole opens into the right ventricle, and the additional 
presence of malalignment of the septal components. If all of 
these features are described, there should be no room for 
disagreement on nomenclature [23].

Conclusion

The techniques now available for the clinical diagnosis of 
congenitally malformed hearts are now so sophisticated that 
all the features of normal and abnormal cardiac anatomy 
can be seen with greater facility during life than in the 
autopsy room, with the added advantage that serial studies 
will now permit the establishment of the natural and unnat-
ural history of the various lesions. It is hoped that the  lessons 
being learned from the applications of these new techniques 
will resolve all of the controversies that have bedeviled 
 pediatric cardiologists and pediatric cardiac surgeons over 
recent decades.
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Introduction

An atrial septal defect (ASD) is an opening between the 
atria due to a deficiency of one or more components of the 
interatrial septum (IAS) [1]. The most common type of 
ASD is the secundum defect located in the region of the 
fossa ovalis [1]. It is usually single but multiple fenestrations 
may also be encountered. A patent foramen ovale (PFO) 
should not be considered an abnormal finding per se 
and occasionally may coexist with an ASD. Because of 
its association with paradoxical embolization, it is 
briefly discussed. Partial anomalous pulmonary venous 
connection (PAPVC) to the systemic venous circulation 
shares physiologic similarities with ASD and is often 
associated with it, and is also discussed. Defects in the 
inferior portion of the atrial septum, the so-called primum 
ASDs, represent a form of endocardial cushion defect and 
are discussed in Chapter 22.

An ASD of the secundum or fossa ovalis type is a common 
congenital heart defect (CHD), with an incidence of around 
568 per million live births [2]. The true incidence may be 
even higher because many patients have a smaller defect 
that is not diagnosed until adulthood. It affects 5–10% of 
patients with CHD and is usually considered the fourth or 
fifth most common type of cardiac malformation [3]. 
Additionally, up to 50% of children with CHD have an 
associated ASD. Females are affected approximately 2–3 
times more often than males. Although most secundum ASD 
occurs sporadically, an autosomal dominant inheritance has 
been reported in some families [4]. When it is associated 
with atrioventricular conduction defects there may be a 
mutation of the NKX-2.5 gene [4]. Also, an ASD is associated 
with abnormalities of the radius or radial portion of the hand 
(Holt–Oram syndrome). Because of its relative lack of 

symptoms and at times inconspicuous physical signs in 
childhood, it is one of the most frequent forms of CHD 
initially recognized in adults [1].

Anatomy

The IAS is a complex structure that develops from two 
separate primitive septal ridges (septum primum and septum 
secundum) that must migrate, coalesce with the endocardial 
cushions and sinus venosus, and partially reabsorb to 
function normally in fetal and postnatal life [5]. The 
septum primum appears first, growing superiorly from 
the junction between the inferior vena cava (IVC) and the 
right atrium (RA) towards the septum secundum. It normally 
forms the inferior portion of the atrial septum and the flap-
like valve of the foramen ovale. The septum secundum is 
a crescent-shaped muscular ridge that invaginates from 
the postero-superior portion of the developing atria. It 
forms the anterior and posterior rims of the limbus of the 
fossa ovalis, which demarcates the foramen ovale, and 
much of the superior portion of the IAS [5]. The smooth-
walled posterolateral portion of the RA is the remnant of 
the right horn of the sinus venosus. Abnormal incorporation 
of this structure into the RA produces a sinus venosus 
defect near the orifice of the superior vana cava (SVC) or 
the IVC. The AV canal septum is formed, at least in 
part, by the endocardial cushions and septates the outlet 
portion of the atria and the inlet portion of the ventricles. 
The normal development of the IAS results in formation 
of the fossa ovalis, which is bounded superiorly by the 
septum secundum and inferiorly by the muscular AV canal 
septum [5]. The superior portion of the septum primum 
attaches to the left atrial aspect of the septum secundum 
(Figure 21.1).
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A secundum ASD occurs in the region of the septum 
primum, which is also called the valve of the fossa ovalis 
(Figure 21.1) [5]. It can result from an abnormally short valve, 
an unusually large foramen ovale that is incompletely covered 
by a normal valve, fenestrations in the valve, or a combination 
of these factors [5]. It is by far the most common type of ASD.

The foramen ovale is an opening in the septum secundum 
that is covered on its left atrial side with a flap of tissue 
derived from the septum primum. This flap valve allows 
right-to-left atrial shunting during fetal life. After birth, 
when left atrial exceeds right atrial pressure, the flap usually 
seals the defect and separates the atria. However, persistent 
patency of the foramen ovale from incomplete fusion of the 
valve of the foramen ovale to the septum secundum may 
occur and can be found in 30% of adults at autopsy or 
by echocardiography [6,7]. Usually unassociated with a 
significant left-to-right shunt, it is considered a normal 
finding rather than a pathologic defect. To avoid considering 
a PFO as an ASD, some investigators define an ASD as having 
an opening of >5–6 mm in diameter associated with a dilated 
RA and right ventricle. On the other hand, variable degrees 
of right-to-left shunting may occur through the PFO and 
result in paradoxical embolization and neurologic events in 
an occasional patient. Both ASDs and PFOs may be associated 
with aneurysms of the atrial septum (ASA), although an 
ASA may occur with an intact atrial septum [1].

Sinus venosus defects comprises 3–10% of all ASDs [1,5]. 
They are located in the smooth-walled region of the atrium 
posterior to the fossa ovalis (Figure 21.1). They usually occur 
superiorly near the orifice of the SVC, but an inferior sinus 
venosus defect may also be found near the orifice of the IVC. 
Some 80–90% of patients with a superior sinus venosus 
defect also have PAPVC of the right pulmonary veins to 
either the RA or SVC [8,9].

PAPVC is a connection between one or more (but not all) 
pulmonary vein(s) with a systemic vein, right atrium, or 
coronary sinus. This anomaly is associated with a sinus 
venosus ASD in >85% of patients [9] but can also occur with 
an intact IAS [8]. There are several anatomic variations, with 
the most common types being the left upper pulmonary vein 
connecting to the left innominate vein [10] and one or more 
right-sided veins connecting to the SVC at its junction with 
the RA [9]. Anomalous connection of the inferior or all right 
pulmonary veins to the IVC is known as Scimitar syndrome 
[11], other features of which include hypoplasia or even 
absence of the right pulmonary artery, hypoplasia of right 
lung with secondary dextrocardia, anomalous systemic 
arterial supply to the right lung through collaterals usually 
arising from the descending aorta, pulmonary artery stenoses, 
and bronchial abnormalities. About 70% of these patients 
also have an ASD [11].

A coronary sinus septal defect is a rare type of ASD in 
which the coronary sinus is partially or completely unroofed, 
allowing communication between the coronary sinus and 
the left atrium (LA) with left-to-right shunt through the 
coronary sinus orifice [5]. When this defect is associated 
with a persistent left superior vena cava it is termed Raghib 
syndrome [12] (see Chapter 37).

Finally, a most uncommon type of ASD may be occasionally 
encountered especially in patients with isomerism of the 
right atrial appendages or heterotaxy syndrome. Due to 
leftward malposition of the septum primum, one or more of 
the right pulmonary veins may functionally drain into the 
RA despite being normally connected to the LA [5]. Closure 
of the defect eliminates the left-to-right shunt.

Associated lesions may be encountered with an ASD [13]. 
Occasionally, an unusually large Eustachian valve may be 
found with an ASD or PFO and may contribute to significant 
right-to-left shunting across the IAS when the patient stands 
up (platypnea–orthodeoxia syndrome) [14,15]. Functional 
abnormalities and prolapse of the mitral valve are commonly 
present in patients with an ASD [16–18]. It is unknown 
whether the prolapse is secondary to deformation of the 
mitral apparatus by an enlarged right ventricle, an inherent 
abnormality of mitral valve tissue, or reduced left ventricular 
volume [13]. Although it is common to record a flow-related 
gradient across the pulmonary valve, anatomic pulmonary 
valvar stenosis is found in only 5% of patients with an ASD 
[13]. Despite the posterior displacement and compression of 
the left ventricle (LV), left ventricular systolic function is 

Figure 21.1 Diagram of the interatrial septum viewed from the right 

atrium. The locations of the different types of atrial septal defects 

(secundum, sinus venosus, coronary sinus and primum defects) are 

displayed in different colors.
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usually normal. Left ventricular diastolic distensibility, 
 however, is often decreased, especially in older patients, and 
may complicate closure of the defect [19]. The right ventricle 
(RV) is dilated with larger shunts, but functions well [13]. 
Significant tricuspid regurgitation may develop with marked 
dilatation, especially if pulmonary hypertension coexists. 
Pulmonary regurgitation occurs late in patients with severe 
pulmonary hypertension.

Pathophysiology

The amount of shunting through an ASD depends on the 
relative right and left ventricular compliances [1,5,13,20]. 
Early after birth, flows in the pulmonary and systemic 
circulations equalize with expansion of the lungs and removal 
of the placenta from the circulation. In the neonate, 
compliance of the left and right ventricles is similar, atrial 
pressures are relatively equal, and flow through an ASD may 
be bidirectional with little net left-to-right or right-to-left 
shunt. During infancy, the RV gradually becomes more 
compliant than the LV because of the markedly lower pressure 
and resistance in the pulmonary circulation compared with 
the systemic circuit. Because the increasingly compliant RV 
more readily accepts excess volume, more blood is diverted 
from the LA to the RA through the ASD. Pulmonary blood 
flow, consisting of systemic venous return plus the volume of 
blood that shunts from the LA to the RA, is thus increased. 
The pulmonary-to-systemic flow ratio usually exceeds 1.5:1 
and atrial level left-to-right flow enlarges the RA and RV after 
infancy. Under normal circumstances, flow through an ASD 
is nearly all left-to-right, but there is a phasic variation, with 
a small and transient right-to-left shunt occurring near the 
end of the QRS.

Because the volume and direction of shunting through an 
ASD largely depend on the relative distensibility of the right 
and left ventricles, patients with right ventricular hypertrophy 
secondary to conditions such as pulmonary stenosis or 
pulmonary hypertension have a smaller left-to-right shunt 
[1,5,13,20]. Severe right ventricular hypertrophy with an 
ASD or a PFO results in a net right-to-left shunt and cyanosis. 
In contrast, reduced left ventricular distensibility due to 
aging, ischemic heart disease, diabetes and systemic arterial 
hypertension, may cause left ventricular hypertrophy and 
an increase in left-to-right shunting in late adulthood.

Congestive cardiac failure in an ASD might be thought to 
affect only the overloaded RV, but the cardiac failure is 
atypical in that both ventricles have equally raised diastolic 
pressures, even though the LV is not dilated. The raised left 
ventricular diastolic pressure has been ascribed to compression 
of the LV by a hugely dilated RV, much as ventricular diastolic 
pressures are raised by pericardial tamponade [13].

With PAPVC, the degree of volume overload to the RV 
depends on how much of the pulmonary venous drainage in 

diverted to the right atrium [8]. If only one lobe drains to 
the right atrium, the left-to-right shunt is small (Qp/Qs 
< 1.5) with little or no dilation of the RV. In contrast, if two 
or more pulmonary lobes are draining anomalously to the 
RA, the left-to-right shunt is significant (Qp/Qs > 2) and 
produces RV enlargement. There is more flow to an 
anomalously connected pulmonary vein to the RA than 
through a similarly sized vein connected to the LA because 
the pressure drop across the low-resistance pulmonary 
vascular bed is slightly greater to the RA than to the LA [8]. 
Conversely, little flow passes through a pulmonary lobe if a 
significant stenosis is present in the anomalous pulmonary 
vein draining that lobe.

In patients with Scimitar syndrome, the deleterious 
hemodynamic effects depend on many factors, including 
associated complex cardiac defects, especially in infants; size 
of the right pulmonary artery and the amount of flow 
through it; possible stenoses in either or both pulmonary 
arteries; size, number, and possible obstruction of the anom-
alous pulmonary veins draining into the IVC; and the 
amount of flow through the collateral supply to the lung 
[11]. Bronchial abnormalities may be responsible for respi-
ratory symptoms. Pulmonary arterial hypertension often 
occurs in infants, even without associated lesions, usually 
because of a large systemic-to-pulmonary flow through the 
collateral supply and a decreased size of the right pulmo-
nary arterial bed. Pulmonary venous obstruction may also 
play a role [11].

Natural history

The deleterious effects of an ASD depend mainly on the 
magnitude of the left-to-right shunt. Small shunts through 
defects <5–6 mm in diameter produce no symptoms and few, 
if any, abnormal physical signs [1,5,13]. Larger shunts may 
cause fatigue on exertion, frequent pulmonary infections, 
and with increasing age pulmonary vascular disease, 
congestive heart failure, and atrial arrhythmias. Infective 
endocarditis is rare in the absence of other cardiovascular 
abnormalities such as mitral insufficiency [1].

Depending on its size and the age of the patient, a 
secundum ASD may become smaller and close spontaneously 
[21–28]. An echocardiographic study has suggested that a 
secundum ASD <3 mm in diameter in the first 3 months of 
life nearly always closes, and those >8 mm in diameter are 
unlikely to close [27]. Closure of small defects occurs 
frequently within the first or second year of life, with closure 
rates reaching 74–100% [21–28]. Although closure is much 
more likely with a small defect, it can also occur in patients 
with a relatively large ASD (>10 mm), and even in patients 
with congestive heart failure. Some larger defects become 
smaller but do not close completely. There is no substantial 
rate of spontaneous closure above 6 years of age. On the 
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other hand, an ASD can also increase in size over time 
[25,26,29]. The causes of this increase in size and rate of 
increase are unknown.

Patients with an isolated secundum ASD are generally 
asymptomatic through infancy and childhood. Rarely, 
symptoms of pulmonary overcirculation, frequent respira-
tory infections, and overt congestive heart failure are seen 
in small infants with very large defects who have no other 
identified cardiac abnormality [30–32]. However, associated 
extracardiac anomalies, chromosomal abnormalities and 
chronic lung disease associated with prematurity are 
 common in such symptomatic infants and may contribute 
to the underlying status [33]. Patients diagnosed later in 
childhood often come to the cardiologist’s attention because 
of a relatively inconspicuous murmur. Although they do not 
have overt symptoms, they may appear asthenic [13]. 
Symptoms become progressively more common after the 
age of 20 years and include dyspnea on exertion, fatigue, 
palpitations, and arrhythmias, with 90% of untreated 
patients having one or more of these “minor” symptoms by 
the age of 40 years [13]. More debilitating symptoms due to 
complications, such as congestive cardiac failure,  pulmonary 
arterial hypertension, and recurrent arrhythmias develop in 
~35% of the patients older than 40 years [13]. Usually 
 pregnancy is well tolerated in untreated women but conges-
tive heart failure may occasionally occur [1].

Mild-to-moderate pulmonary hypertension occurs in 
<10% of children with an ASD [1]. Although pulmonary 
vascular disease may occasionally be seen in young children 
with a large defect [34], in a few patients with a (coincidental) 
small ASD, pulmonary vascular resistance remains high 
from birth and resembles idiopathic pulmonary hypertension 
[13]. Pulmonary artery pressure does gradually increase 
with age in patients with an ASD. Approximately half of 
patients older than 30 years have a pulmonary artery mean 
pressure greater than 20 mmHg but only mild elevation of 
pulmonary arterial resistance [35–37]. Advanced histologic 
changes of the small pulmonary arteries are much less 
frequent and take longer to develop with an ASD than with 
other types of CHD with a large left-to-right shunt. As such, 
markedly increased pulmonary vascular resistance is 
uncommon in patients under the age of 20 years. Patients 
living at high altitudes may have pulmonary hypertension at 
an earlier age and progress more rapidly [38]. It is debatable 
whether symptoms and pulmonary hypertension are found 
more often and earlier with sinus venosus than with 
secundum ASDs [39]. Another rare cause of severe 
pulmonary hypertension in a patient with a large ASD is 
thrombosis of the large pulmonary arteries [40,41].

Atrial arrhythmias become increasingly common with 
advancing age. More than half of patients >45 years old have 
intermittent or chronic atrial fibrillation or flutter [42–49]. 
The onset of atrial fibrillation or flutter is a common cause of 
relatively rapid deterioration in a previously minimally 

symptomatic adult. These atrial arrhythmias are probably 
due to the stretched right atrium, but a distended left atrium 
and mitral regurgitation are contributory. A few may present 
with severe paroxysmal supraventricular tachycardia. 
Although an ASD is a potential pathway for paradoxical 
embolization, >90% of strokes in adult ASD patients occur 
in those who have atrial fibrillation [50]. In addition to these 
overt abnormalities in adults, many children with an 
ASD may have subclinical sinus node dysfunction and 
atrioventricular conduction abnormalities [51]. It seems that 
patients with sinus venosus defects do not have an increased 
incidence of arrhythmias preoperatively [1].

Survival of patients with a clinically detectable ASD into 
adulthood is expected, with >75% of patients surviving into 
their 30s. Campbell et al., however, estimated that ~75% of 
patients do not survive past the age of 50 years, and only 
10% survive past the age of 60 years [52]. Because Campbell 
et al.’s patients were identified before the widespread avail-
ability of current sensitive diagnostic tests, these estimates 
may be overly pessimistic and apply accurately only to 
patients with a large, easily detectable ASD. There are 
numerous reports of patients with an ASD surviving past the 
age of 80 years [13].

Finally, an ASD or a PFO also allows possible paradoxical 
embolization of thrombus, air, or other material to the 
systemic circulation, resulting in stroke or ischemic damage 
to the extremities or major organs [53–55]. The risk of 
paradoxical embolization may be increased with pregnancy, 
especially in the peripartum period. Paradoxical embolism 
was inferred originally from autopsies that showed typical 
venous thrombi in an artery [53,54]. Several case–control 
studies of adults with cerebral vascular events showed that 
those without any known risk factors were more likely to 
have a PFO or an ASA that is often associated with a PFO 
[1,56]. Venous thrombi have also been observed straddling 
the foramen ovale at autopsy or on echocardiography [57]. 
Right-to-left shunting through these defects detected by 
echocardiography can occur during transient pressure 
reversal during the cardiac cycle or with release of a 
Valsalva maneuver [55]. An extensive meta-analysis of the 
relationship of PFO and ASA concluded that under 55 years 
of age both lesions were associated with ischemic strokes in 
patients without other likely predisposing causes [1,56]. 
More recently, this association has been shown to be valid in 
patients over 55 years of age [58]. However, in prospective, 
longitudinal, and observational studies in the general 
population, PFOs were not found to be independently 
associated with ischemic strokes [59,60]. As such, any form 
of preventive treatment in asymptomatic patients with PFOs 
detected incidentally appears unjustified at present [1]. 
Additionally, PFOs have also been associated with migraine, 
especially with aura, increased mortality in patients with 
pulmonary embolism, and central nervous system lesions in 
divers [1,55,61–65].
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Diagnosis

Clinical history and physical examination
Because of the lack of both symptoms and an easily audible 
murmur, the diagnosis of an ASD is usually delayed and only 
made at the preschool/school age, and sometimes later in 
adolescence or adulthood [1,5,13]. The clinical history in 
most children is usually unremarkable. It may be possible to 
elucidate a minor difference in exercise tolerance or growth 
compared with siblings, but it is unusual to have failure to 
thrive or clearly reduced exercise tolerance. In adult patients, 
symptoms of overt congestive cardiac failure are more 
common [1,5,13]. Palpitations are a frequent complaint, and 
the onset of atrial fibrillation or flutter may precipitate the 
definitive evaluation and diagnosis. A small percentage of 
patients may be found to have an ASD or PFO on cardiac 
evaluation after a stroke [13].

The physical findings of an ASD may be relatively subtle, 
especially to a noncardiologist. Mild left chest prominence or 
bulge on inspection and a right ventricular lift or heave on 
palpation can be detected in patients with large left-to-right 
shunts. The first heart sound is usually loud at the left lower 
sternal border. The second heart sound at the left upper 
sternal border is characteristically widely split and the 
respiratory variation is greatly reduced, leading to the 
perception of fixed splitting [13]. A large, nonrestrictive ASD 
equalizes the respiratory influence on both right and 
ventricular output, with the wide split resulting from delayed 
emptying of the enlarged RV. The intensity of the pulmonary 
component is usually normal, reflecting normal pulmonary 
artery pressures. There is usually a grade 3 (or less) soft 
systolic ejection murmur at the mid-to-upper left sternal 
border due to the increased blood flow passing through the 
pulmonary valve (flow-related “relative” pulmonary stenosis). 
The murmur radiates to the lung fields posteriorly. Patients 
with a large left-to-right shunt (Qp/Qs >2:1) often have along 
the lower left sternal border a mid-diastolic flow rumble due 
to the increased diastolic flow through the tricuspid valve 
[3,15]. Pulmonary hypertension may accentuate the 
pulmonary component of the second heart sound and also 
normalize its respiratory variation. With severe pulmonary 
hypertension, murmurs of pulmonary regurgitation and 
tricuspid regurgitation may appear [13].

Electrocardiography
The normal regression of right ventricular dominance with 
age usually does not occur and a typical pattern of persistent 
right-axis deviation and right ventricular enlargement 
becomes identifiable in early childhood [5,13]. The QRS 
duration is at the upper limit of normal or mildly prolonged, 
with an rSr’ or rsR’ pattern seen in the right precordial leads 
in ~90% of patients. Crochetage, a notch near the apex of 
the R wave in inferior limb leads, occurs in ~75% of patients 

with an ASD, especially if large, but in <10% of normal 
subjects or patients with other forms of CHD. In the 
occasional patient with severe pulmonary hypertension or 
significant pulmonary valve stenosis associated with an ASD, 
the electrocardiographic pattern may be more typical of pure 
pressure overload with an rR or tall monophasic R wave 
preceded by a small Q wave in lead V

1
 [13].

Conduction abnormalities and arrhythmias become 
increasingly apparent with age [13]. Usually the PR interval 
is normal, in contrast with the prolonged interval found in 
patients with atrioventricular septal (endocardial cushion 
ostium primum) defects [5]. The P waves frequently 
become tall, peaked and slightly prolonged as the right 
atrium enlarges. An advanced first-degree atrioventricular 
block progressing to a second-degree block or a complete 
atrioventricular block may be seen in a familial pattern 
associated with secundum ASDs. Atrial fibrillation (most 
commonly), atrial flutter, and supraventricular tachycardia 
can also develop at older ages, with more than half of patients 
having atrial fibrillation after the fourth decade [42–49].

Chest radiography
The typical appearance is of cardiac enlargement, including 
the RA, RV, and MPA with a small-appearing ascending 
aorta. The SVC shadow is often absent in the posteroanterior 
view due to RA enlargement and clockwise rotation of the 
heart [5]. Right ventricular enlargement may be better 
appreciated in the lateral view with reduction in the normal 
retrosternal clear space. Pulmonary vascularity is increased, 
in proportion to the amount of shunting. With pulmonary 
hypertension, the peripheral pulmonary vascularity may 
gradually become decreased along with increasing size of the 
central pulmonary arteries. In adult patients with congestive 
cardiac failure, especially associated with atrial fibrillation or 
flutter, the pulmonary veins may be prominent and the left 
atrium may become enlarged [13]. In the occasional patient 
with Scimitar syndrome, the heart shadow is shifted to 
the right hemithorax and the right lung is hypoplastic 
with diminished pulmonary vascularity (also known as 
hypertranslucent lung). The anomalously connected right 
pulmonary veins form a curved line in the right lower lung 
field, giving an appearance of a scimitar [5].

Echocardiography
Echocardiography is the primary method of diagnosis and 
evaluation of ASDs. Transthoracic two-dimensional echocar-
diography (TTE) using standard views demonstrates the size 
and location of an ASD, the systemic and pulmonary venous 
connections, and also the expected secondary changes of 
right atrial and right ventricular enlargement [5,13]. 
Estimates of the pulmonary-to-systemic flow ratio may be 
obtained, although their accuracy and reproducibility are 
uncertain [5]. The parasternal views typically demonstrate 
enlargement of the RV with flattening of the left ventricle 
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in the long-axis view. Short-axis views are helpful in 
 demonstrating that the intraventricular septum typically 
maintains a normal rounded contour in systole but is 
 flattened or even concave in diastole because of the right 
ventricular volume overload. Secundum ASDs are seen in 
the central portion of the atrial septum and may extend 
anteriorly to the aortic root. The best views to visualize 
and measure an ASD are from the subxiphoid or subcostal 
 location because the atrial septum is nearly perpendicular 
to the imaging axis [5,13], and measurements of the defect 
are most accurate and correlate with the transesophageal 
echocardiography (TEE) findings (Figure 21.2a and b). In 
contrast, a false drop-out in the middle of the septum is 
 relatively common in the apical view because the ultra-
sound beam is parallel to the septum. The apical view, 
however, is excellent to evaluate the relative size of the 
right and left atria and right and left ventricles. Sinus 

 venosus ASDs are typically more difficult to image than 
 secundum ASDs due to their location in the superior atrial 
septum near the orifice of the SVC. The finding of a sinus 
venosus ASD should prompt thorough evaluation of the 
right-sided pulmonary veins because partial anomalous 
drainage of one or more  right-sided pulmonary veins is 
seen in 90% of affected patients. Complete delineation of 
the anatomy in such patients may be better appreciated by 
TEE or magnetic  resonance imaging (Figure 21.3a and b). 
Color Doppler echocardiography is helpful in confirm-
ing flow through an apparent ASD on two-dimensional 
echocardiography (Figure 21.2b). Normally left-to-right 
flow is relatively  laminar and can be easily seen. In patients 
with a small and restrictive ASD, the left-to-right flow 
may be identified as a higher velocity turbulent jet extend-
ing from the atrial  septum into the right atrium. In patients 
with right  ventricular hypertrophy from pulmonary 

(a)

(b)

Figure 21.2 Two-dimensional echocardiograms of a patient with 

a relatively small secundum atrial septal defect. (a) Transthoracic 

echocardiogram, subcostal view. The defect is seen in the middle 

of the atrial septum measuring 8 mm. The right atrium is dilated. 

(b) Transesophageal echocardiogram, modified four-chamber view (0°). 

Color flow mapping shows the left-to-right shunt (in blue) across the defect.

(a)

(b)

Figure 21.3 Two-dimensional transesophageal echocardiogram of a 

patient with a sinus venosus ASD. (a) Modified four-chamber view shows 

a superior sinus venosus defect and an enlarged right upper pulmonary 

vein connected to the superior vena cava–right atrium junction. (b) Color 

flow mapping in bicaval view shows left-to-right shunting across the 

superiorly located defect.
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 stenosis or pulmonary  hypertension, there may be little 
left-to-right flow, and right-to-left flow may predominate. 
Contrast echocardiography using agitated saline can help 
to demonstrate right-to-left shunting across the inter-
atrium septum at baseline and/or after a Valsalva maneu-
ver in patients with suspected PFOs and paradoxical 
embolization [5]. Also, it can demonstrate the rapid 
appearance of contrast in the LA after injection into the 
left arm in patients with unroofed coronary sinus and 
Raghib syndrome [5].

In younger patients with good windows and une-
quivocal delineation of the underlying anatomy, transtho-
racic echocardiography usually suffices for management 
planning. However, in patients with suboptimal trans-
thoracic echocardiographic windows, especially in obese 
adolescents and adults, TEE may be needed [1,5,13]. It is 
also better for patients with a sinus venosus defect and 
anomalies of the pulmonary veins (Figure 21.3a and b). 
TEE has been used frequently for screening patients who 
are candidates for transcatheter closure of secundum ASDs 
[66–68]. It provides an excellent window to assess the size 
and location of the defect, number of defects, septal rims, 
pliability and total length of the IAS, and other important 
nearby cardiac  structures (Figure 21.4a). It also guides the 
procedure for balloon sizing of the defect (stretched 
diameter), proper device placement and assessment of 
residual leaks [66–69]. Some centers use intracardiac 
echocardiography (ICE) for these purposes with excellent 
imaging views and results (Videoclips 21.1 and 21.2). This 
technique provides better imaging of the posteroinferior 
portion of the IAS near the IVC and obviates the need 
for general anesthesia [70–73]. Whether it is associated 
with cost reduction is debatable [74]. The choice between 
ICE and TEE to guide the  transcatheter procedure depends 
on local issues such as availability of equipment and 
anesthesiology, costs, and familiarity of the operators 
with the techniques. Recently, real-time three-dimensional 
TEE has been used as a new imaging tool to better 
understand the anatomy of the interatrial septum and 
secundum ASDs [75] (Videoclips 21.3 and 21.4). Although 
it provides superb pictures, it is debatable whether 
its use results in better outcomes after transcatheter treat-
ment of the secundum ASD (Figure 21.4b). TEE has 
also been employed intraoperatively to assess surgical 
results, especially after correcting sinus venosus or other 
complex defects [5].

Magnetic Resonance Imaging (MRI)
Magnetic resonance imaging (MRI) is another noninvasive 
modality that may be useful in selected patients with 
a known or suspected ASD, especially adolescents and 
adults who have inconclusive clinical and echocardi-
ographic findings due to suboptimal echocardiographic 
imaging windows [76]. It is an alternative to transesophageal 

echocardiography and diagnostic catheterization. MRI can 
demonstrate the size and location of the ASD and its 
suitability for transcatheter versus surgical closure [5]. MRI 
is particularly helpful in older patients with sinus venosus 
defect and anomalous connections of the pulmonary veins 
[77]. Functional assessment can also be performed to 
estimate the pulmonary-to-systemic flow ratio [78] and RV 
size and function.

(a)

(b)

Figure 21.4 Two-dimensional transesophageal echocardiogram of a 

patient with a secundum atrial septal defect and an atrial septal aneurysm 

who underwent percutaneous closure of the defect. (a) Short-axis view 

shows an anterior defect and an aneurysm of the posterior portion of 

the interatrial septum. The septum bulges into the right atrium. Also, 

there is an additional and very small posterior defect. (b) Real-time 

three-dimensional transesophageal echocardiogram. After percutaneous 

closure of the defect, the left disc of the device is seen on the left side of 

the picture. Its anterior portion is splayed around the aorta, which 

was cut longitudinally.
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Diagnostic cardiac catheterization 
and angiography
Diagnostic cardiac catheterization and angiography are no 
longer indicated in most patients with typical clinical and 
echocardiographic features of an ASD [5]. Catheter-
ization may sometimes be needed to evaluate associated 
abnormalities such as pulmonary valvar stenosis, pulmonary 
hypertension, or exact sites of connection of the pulmonary 
veins. In older adult patients, catheterization is indicated 
preoperatively to exclude concomitant coronary artery 
disease [13].

The hemodynamic burden of an ASD can be evaluated in 
the cardiac catheterization laboratory [20]. Oximetry is 
useful in estimating the relative pulmonary/systemic blood 
flows (Qp/Qs) by the Fick principle, but the inability to 
obtain a true mixed venous saturation introduces a 
significant source of error in the calculations [5,13]. With a 
large shunt, there is considerable reflux of highly saturated 
blood to the SVC coming from the LA and RA. Therefore, 
saturations should be obtained in the high SVC or even in 
the proximal innominate vein. This is particularly true if 
there is suspicion of an anomalous connection of the right 
or left pulmonary vein to the normal right SVC. When 
there is anomalous connection of one or more left 
pulmonary veins to the distal innominate vein through a 
left vertical vein, blood samples should be taken in the left 
internal jugular vein or left subclavian vein. An increase in 
saturation of ∼8–10% is found in the area of left-to-right 
shunting of pulmonary venous blood [20]. The estimated 
Qp/Qs frequently exceeds 2:1, but values as small as 1.5:1 
may be associated with right atrial and right ventricular 
enlargement. Systemic arterial saturation is generally 
normal (occasionally slightly diminished), as is systemic 
cardiac output measured by the Fick method. Estimation of 
the cardiac output by thermodilution is misleading due to 
intracardiac shunting [5]. Right and left atrial pressures are 
usually similar in patients with unrestrictive moderate or 
large defects. Patients with significant pulmonary arterial 
hypertension should be assessed with regard to pressure 
and resistance response to vasodilators such as oxygen and 
nitric oxide [5]. In such patients, if the catheterization data 
suggest that the defect can still be closed, temporary test 
occlusion with a balloon or a device may be advisable [5]. 
When appropriate, a pulmonary arteriogram delineates the 
sites of pulmonary venous connection if the pulmonary 
veins are not entered directly or the oxygen saturation 
values are inconsistent [13]. In patients with severe 
pulmonary hypertension and vascular obstructive disease, 
selective pulmonary angiography with a wedge catheter 
typically shows enlarged proximal vessels with abrupt distal 
tapering. The distal vessels are tortuous and small in 
number. If it is necessary to delineate the secundum ASD 
angiographically, the catheter can generally be passed 
through it in the midportion of the atrial septum and an 

injection of contrast agent in the right upper pulmonary 
vein in a left anterior oblique with cranial angulation 
projection profiles the defect because flow from the vein is 
directed along the atrial septum. If there is a sinus venosus 
defect, the catheter passes into the left atrium near the base 
of the superior vena cava.

Management

Secundum ASDs
The main reasons for closing a secundum ASD (and all ASDs) 
is to prevent late pulmonary vascular disease, arrhythmias, 
and heart failure, all rare at <20 years of age [1]. Because the 
optimal timing for treatment has yet to be defined, the 
 management strategy of a patient with a secundum ASD is 
based on multiple factors including the size and natural 
 history of the defect, magnitude of the shunt and hemody-
namic burden to the RV, age of the patient, and symptoms 
and/or co-morbid diseases [1,5,13]. Asymptomatic infants 
with a secundum ASD <8 mm in diameter should be observed 
expectantly [21–28]. Endocarditis prophylaxis precautions 
are not necessary. More than 75% of such secundum ASDs, 
particularly those <3–4 mm, close spontaneously before 18 
months of age [21–28]. Spontaneous closure can also occur 
in infancy, even among patients who have signs of  congestive 
cardiac failure [27]. If medical management fails, closure of 
the defect may be warranted even in children younger than 
1 year [30,33]. Similarly, infants with associated co-morbid 
diseases, such as genetic syndromes, prematurity, diaphrag-
matic hernia, tracheoesophageal fistula, and chronic lung 
disease, may benefit from earlier closure [32,33]. Defects 
that are >8 mm in diameter in infancy are unlikely to close 
spontaneously and may even become larger with time [27]. 
If an infant with such a defect is asymptomatic and thriving 
well, closure may be deferred and carried out at 3–5 years of 
age, [13] provided that close surveillance is assured. Studies 
have shown no long-term benefit to earlier closure [79]. In 
older children and young adults, elective closure is 
 recommended shortly after diagnosis if there is evidence of 
right ventricular enlargement. The management of an older 
adult patient with a secundum ASD is more controversial 
because of the lack of carefully conducted clinical trials on a 
large number of patients [1]. Despite some discussions about 
which patients need to have defect closure, the limited 
 studies suggest that closure of an ASD in the older patients is 
warranted if the shunt is large and pulmonary vascular dis-
ease is not severe [1]. Although older patients may have a 
higher operative risk (especially if they have significant pul-
monary hypertension with indexed PVR >7 Wood units m−2, 
it seems that outcomes after surgery are better than those 
patients who are treated medically [44–50,80]. Theoretically, 
transcatheter treatment should further improve the  beneficial 
effects of closure in this older age group. If the defect and 
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shunt are small and the right heart is not dilated, the patients 
can be followed, although a few will develop a larger shunt 
or symptoms and require closure of the defect [81].

A patient with an ASD associated with severe pulmonary 
hypertension and severely elevated pulmonary vascular 
resistance must be evaluated carefully. Operative risk is 
 substantially increased by increased pulmonary vascular 
resistance (>7 Wood units m−2) and is contraindicated if pul-
monary vascular resistance is >15 Wood units m−2 [82–84]. 
In the latter, the ASD is probably an associated defect in 
 conjunction with idiopathic pulmonary hypertension rather 
than Eisenmenger’s reaction. Patients with severe idiopathic 
pulmonary hypertension may survive longer and have  better 
exercise tolerance if a small ASD is present, and creation of a 
small ASD has even been used as a form of palliation in this 
situation [13,85]. Patients with a pulmonary resistance 
between 10 and 15 Wood units m−2 need expert investiga-
tion of pulmonary vascular reactivity or even lung biopsy 
[82–84]. Patients in this group whose defects are closed 
usually benefit symptomatically [82].

Closure of a secundum ASD can be performed surgically 
or by transcatheter means. Due to its less invasive nature, 
short hospital stay, no scar formation, and no need to use 
blood products, transcatheter closure of ASDs is indeed more 
appealing and has become the preferred method of  treatment 
for selected patients in the last 5 years. Although no 
 randomized trial has been conducted to compare both 
 management strategies (catheter versus surgery), recent 
studies with contemporaneous cohorts of patients demon-
strated that transcatheter closure of ASDs using either 
Amplatzer or Helex devices is as effective as surgery and 
results in less morbidity [86,87]. These studies resulted in 
approval of the Amplatzer and Helex devices for clinical use 
in the United States. Generally, 80–85% of all patients with 
secundum ASDs are suitable for transcatheter closure [88]. 
Due to evolving techniques, feasibility and indications for 
device implantation have expanded and now include the 
small child (<15 kg), those a with large defect, two or more 
isolated defects, a fenestrated IAS and an ASA, or only 
one insufficient rim (usually the retroaortic) [88–95]. 
Although device closure of secundum ASDs in the small 
child (<10–15 kg) is feasible, safe, and effective, higher rates 
of implantation failure, complications, and residual leaks are 
observed in this age group when compared with older 
patients [92,93]. Therefore, the indications for device  closure 
in an asymptomatic small child who is thriving well and has 
no associated co-morbid conditions should be more strict 
and individualized. On the other side of the age spectrum, 
the elderly adult probably benefits the most from transcath-
eter closure due to anesthetic and thoracotomy issues, and 
other associated ailments that substantially increase the 
operative risks [1,95]. An occasional patient judged 
 unsuitable for device closure may have a very large defect 
(>35–40 mm), defects with more than one inadequate rim, 

too large a defect for the size of the patient (usually in 
 children <10–15 kg), or a combination of these factors. These 
patients and those with all other types of ASDs, when 
 indicated, should undergo surgical repair. Obviously, device 
closure is not indicated when a secundum ASD is associated 
with other cardiac lesions that require surgical correction. 
Although several devices have been used worldwide with 
varied results, only the Amplatzer septal occluder (AGA 
Medical, Golden Valley, MN, USA) and the Helex device (W. 
L. Gore and Associates, Flagstaff, AZ, USA) are approved for 
clinical use in the United States. In terms of costs, device 
closure has generally been less costly than [96,97] or similar 
to surgery [98], except in underdeveloped countries where 
the price of the devices may exceed hospital and professional 
costs [99].

PFOs, paradoxical embolization, and stroke
Because longitudinal studies in the general population fail to 
demonstrate that a PFO is a risk factor for ischemic strokes 
[59,60], any form of preventive treatment in asymptomatic 
patients with PFOs detected incidentally is unjustified at 
present. Therefore, patients with a PFO or a small ASD unas-
sociated with right ventricular and right atrial enlargement 
do not generally require closure unless there is a high risk of 
paradoxical embolization with potentially life-threatening 
consequences (e.g., professional scuba divers) [65,100]. In 
this setting, the rationale of PFO closure is primary 
 prophylaxis. On the other hand, in uncontrolled studies, 
percutaneous closure of the PFO in patients who had a 
 cryptogenic stroke (i.e., unknown cause) due to presumed 
paradoxical embolization has abolished or markedly reduced 
the risk of repeat cerebral embolism (secondary prophylaxis) 
[55,56,101–103]. This is in contrast to the 8–16% recurrence 
rate in a 3–5 year follow-up in patients treated medically 
with antiplatelet medications or anticoagulants [104,105]. 
There are ongoing prospective and randomized clinical trials 
comparing both treatment strategies (device closure versus 
medical treatment) to determine whether device closure 
should be applied to all or some patients with a PFO with a 
single cryptogenic stroke. At present, most authorities and 
published guidelines agree that the PFO should be closed 
percutaneously only in cryptogenic stroke patients who had 
a second event while on medical treatment [106]. There are 
insufficient data to justify routine percutaneous closure of 
the PFO for such patients after the first cerebral event. 
Platelet antiaggregants (aspirin) are as effective as 
 anticoagulants for secondary prevention and are associated 
with less bleeding [104]. Anticoagulants are indicated for 
recurrence prevention only if there is evidence of deep 
venous thrombosis or a coagulopathy [106]. Some offer 
transcatheter closure after the first cryptogenic stroke to 
patients who have unique PFOs with anatomic and/or 
 functional characteristics considered at a higher risk for 
recurrences. These characteristics include large openings 
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(>4 mm), much mobility and redundancy of the interatrial 
septum, an atrial septal aneurysm, a right-to-left shunt at 
rest, massive right-to-left shunting after Valsalva maneuver, 
or a prominent Eustachian valve [102]. Probably a 
 coagulopathy should also be included in the decision to treat 
[1]. Until the results of the prospective trials become availa-
ble, many experts consider the issue of the best treatment 
strategy to be unsolved [1]. Interestingly, many studies in 
which the PFO or a small ASD was closed to prevent cerebral 
embolization reported a marked decrease in the incidence 
of migraine, especially migraine with an aura [61,63,64,
107–110]. Conversely, case–control studies failed to show 
such beneficial effect [111]. Therefore, at present, owing to 
the lack of well-conducted prospective and randomized 
 trials, PFO device closure cannot be indicated as a well-
established form of prophylactic treatment for patients with 
migraines unresponsive to medical treatment.

Sinus venosus defects
These patients have clinical findings similar to those with 
secundum ASDs. Essentially, all patients are referred to 
 surgery because they usually have a significant left-to-right 
shunt through the defect and the commonly associated 
PAPVC [5,8,13]. The SVC type of sinus venosus defect should 
be closed using a prosthetic patch. The patch usually needs 
to be directed to the orifice of the SVC because of the PAPVC 
to this area. In some patients, the SVC needs to be enlarged 
with a patch or transected and relocated to the roof of the 
RA to ensure unobstructed drainage [5]. The rarer form of 
the IVC type of sinus venosus defect should also be repaired 
using a patch to close the defect and redirect the  anomalously 
connected right lower pulmonary vein to the LA.

Partial Anomalous Venous Connections (PAPVCs)
These relatively common lesions have a wide anatomic 
 variation. Usually there is an associated ASD [9]. Surgical 
indications and techniques should be tailored individually, 
considering the likelihood of operative success, expected 
technical difficulties, possible postoperative stenoses, and 
debatable benefits in an individual patient [5,8,9]. Because it 
does not result in a significant left-to-right shunt, PAPVC of a 
single small pulmonary vein does not require an operation 
[5]. On the other hand, PAPVC of all left pulmonary veins 
into a left vertical vein and then to the inomminate vein usu-
ally results in right ventricular volume overload and does 
require surgical treatment [5]. In this anomaly, the vertical 
vein is usually large and long enough to be detached from 
the innominate vein and anastomosed to the LA [5]. In 
neonates and infants, anastomosis of the small anomalous 
pulmonary veins to the LA may be complicated by 
 postoperative stenosis and complete occlusion [5]. The 
 incidental finding of a single anomalous pulmonary vein or 
multiple small anomalous pulmonary veins at a cardiac oper-
ation can be dealt with by simply leaving them alone [5].

Unroofed coronary sinus defects
The management strategy should be tailored to the underly-
ing anatomy. If the mouth of the coronary sinus on the right 
side is small with no right ventricular enlargement, the ASD 
is left alone. If it is large, it should be patch closed with little 
practical consequence if the coronary venous blood cannot 
be redirected to the RA [5]. If a left SVC connected to the LA 
is present, it can be redirected and baffled to the RA or sim-
ply ligated if an adequate innominate vein is present [5].

Scimitar syndrome
This rare entity can be readily diagnosed based on the chest 
X-ray findings. Surgical treatment should be tailored based 
on the age of the patient, associated lesions, the amount of 
flow going across the right lung, and the amount of flow 
through the collateral supply to the lung [11]. The adult 
form of this disease has a more benign presentation and 
limited symptoms. Surgical correction is debatable because 
the amount of left-to-right flow shunting through the 
hypoplastic right lung is usually small [5]. However, if the 
shunt is large and results in RV enlargement, surgical 
redirection of the anomalous vein to the LA should be 
undertaken. In contrast, infants are usually more symptomatic 
from pulmonary hypertension and pulmonary sequestration 
[11]. Although the anomalous right pulmonary veins can be 
surgically redirected to the LA, postoperative obstruction is 
common at this age, causing reduction or abolition of flow to 
the right lung. Alternatively, the right pulmonary veins are 
left alone and the large aortopulmonary collaterals supplying 
the right lung are closed percutaneously, ameliorating 
symptoms and decreasing the pulmonary artery pressures 
[11]. Left pulmonary artery stenoses, if present, can also be 
dilated in the catheterization laboratory. Lobectomy or 
pneumonectomy may be indicated for patients with repeated 
pulmonary infections or hemorrhage due to abnormal 
bronchi [11].

Platypnea–orthodeoxia syndrome
Platypnea–orthodeoxia is a rare and poorly understood 
 syndrome of postural hypoxemia accompanied by breath-
lessness [14]. The predominant symptom, dyspnea induced 
by upright posture, can be striking and debilitating. The 
 precise cause of the syndrome is unclear, but patients develop 
right-to-left intracardiac shunting across a PFO, a small ASD, 
or a fenestrated septal aneurysm despite normal right-sided 
cardiac pressures. A persistent and unusually large Eus-
tachian valve may be seen in some, but not all, patients. 
Hypothetically, standing upright could stretch the interatrial 
communication, thus allowing more streaming of venous 
blood from IVC through the defect, whether or not a 
 persistent Eustachian valve coexists. This redirection of flow 
caused by an anatomic distortion of the atrial septum might 
also result from a variety of conditions, including cardiac 
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(pericardial  effusion), pulmonary (emphysema, 
 art e rio venous malformation, pneumonectomy, amiodarone 
toxicity), abdominal (cirrhosis of the liver or ileus), and vascu-
lar  (aortic aneurysm, aortic elongation) diseases [14]. Catheter 
closure of the interatrial communication results in dramatic 
symptomatic and hemodynamic improvement [15].

Outcomes after treatment

The prognosis for patients with an ASD is generally very 
good, especially if the diagnosis is made early and the defect 
is closed [112]. Young patients who undergo uneventful 
ASD closure have an excellent outlook for survival for the 
next 30 years, but should be evaluated periodically.

Outcomes after surgery for secundum ASDs
Operative closure is accomplished by either direct suture 
 closure or placement of a prosthetic patch over the defect 
with use of cardiopulmonary bypass. Direct suture is usually 
preferred if the defect is not too large because of concern 
about the possibility of thrombus formation on patch 
 material, but no clear data exist regarding the superiority of 
one technique over the other [13]. Surgical techniques have 
improved and the use of a ministernotomy has become 
widespread. Other approaches, such as the submammary 
incision in women, lateral thoracotomy or right axillary 
 incision, can also be used because of the potentially better 
cosmetic result [113–123]. More recently, techniques for 
video-assisted closure [124], robotic-assisted closure 
[125,126], and off-pump closure [127,128] have also been 
applied. In the modern era, the operative mortality risk in 
younger patients should approach zero and even in patients 
>30–40 years old, hospital mortality rates are usually <6.5% 
and indeed are often zero [43–50,79,112,129–138]. On the 
other hand, significant transient complications that delay 
discharge may occur in up to 25% of patients, including 
incomplete defect closure, bleeding, wound or patch 
 dehiscence, wound infection, transient arrhythmia ( including 
sinus node dysfunction and atrial fibrillation), pneumonia, 
pulmonary embolism, pleural effusion, superior vena cava 
obstruction, and postpericardiotomy syndrome requiring 
pericardiocentesis [43–50,79,112,129–138]. Despite these 
in-hospital complications, the average time of  hospitalization 
for ASD closure has been reduced to 3–4 days in some 
 institutions.

Long-term survival after operation is usually very good 
in children and good even in older adults [43–50,79,112,
129–138]. All the survival curves are better than the natural 
history curve derived from autopsy data and comparable to 
the population survival for the younger patients [1]. Patients 
under 20 years of age at the time of surgery show little 
decreased survival with age over a 20–30 year period, with 
their survival curves paralleling those for the normal 

 population [1]. Survival curves for patients over 30 years of 
age at the time of operation show slightly more fall-off with 
age [1]. This does not mean, however, that such patients 
should not undergo closure of their ASD. Late operative 
 closure may or may not lengthen survival in an individ-
ual patient but clearly results in improvement of symptoms 
[43–50]. In this regard, symptoms associated with a large 
left-to-right shunt are generally reversible even if operation 
is undertaken after the age of 60 years [46,139]. Children 
and adults who previously did not admit to symptoms often 
report that they can undertake more activity after the 
 surgery. Even in those in heart failure before surgery, 
 symptoms usually disappear [43–50,79,129–138]. Women 
who had surgery before becoming pregnant had a lower 
incidence of miscarriage, preterm delivery, and cardiac 
symptoms during pregnancy [140]. Exercise capacity 
increases in most patients, no matter the age at operation, 
but does not always return to normal [141–145]. Better 
 performance has been found when defects were closed at <5 
years of age [144].

Late complications and cardiovascular events may occur 
after surgical repair and are generally more common when 
the operation is performed at an older age. These include 
right ventricular dysfunction, residual pulmonary hyperten-
sion, symptomatic arrhythmias, need for pacemaker implan-
tation, endocarditis, and mitral or tricuspid regurgitation 
requiring valvar surgery [13]. Cerebral embolism is also a 
threat, especially in older patients with atrial fibrillation 
[13]. Incomplete closure of the defect is rare and any  residual 
defect is seldom large enough to cause problems [5].

Surgical closure of an ASD usually leads to a progressive 
decrease in size of the RV, usually taking 6–12 months (or 
even more) to attain normal dimensions [1,146–148]. In 
some patients, however, especially those with higher pulmo-
nary blood flows and operated at older ages, the RV remains 
enlarged [1,79,146–148]. Although this residual dilatation 
has been termed cardiomyopathy of volume loading [1], its 
clinical effect on exercise performance is limited [146–149]. 
The left ventricular volume increases due to the shift of the 
septum towards the decompressed right ventricle and this 
plays a major role in the improved exercise response [1]. 
Echocardiography, computed tomography, and functional 
studies have shown better RV improvement in younger than 
older patients and those undergoing closure by  interventional 
catheterization rather than by surgery [150–162]. Pulmonary 
arterial pressure usually decreases but resistance does not 
always return to normal [163–165]. Some may show increase 
in pulmonary arterial pressures during exercise [166].

Management of postoperative arrhythmias is an  important 
issue in patients with an ASD. Persistent or newly developed 
arrhythmias may occur after surgical repair [1]. In general, 
those who already had arrhythmias before operation tended 
to have them postoperatively [167]. Also, the incidence 
of postoperative atrial arrhythmias has correlated with 
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 increasing age of the patient, the left-to-right shunt size, and 
the degree of pulmonary hypertension [168]. A recent 
study suggested that arrhythmias are less frequent after 
 interventional device than surgical closure [169]. In  children, 
postoperative arrhythmias were reported in usually <10% 
after surgery, with most being sinus node dysfunction 
 manifested by ectopic atrial rhythms, bradycardia, or sick 
sinus syndrome [1]. Relatively few had paroxysmal 
or  sustained atrial fibrillation or needed pacemakers. In 
adults, however, paroxysmal or sustained supraventricular 
 tachycardia, atrial fibrillation, or flutter are reported in up to 
20–40% of patients after surgery, being increasingly frequent 
with aging [1,43–50,79,129–138]. The appearance of atrial 
fibrillation is serious because it may result in symptomatic 
deterioration and greatly increases the risk of stroke, which 
can occur late after surgery. In general, the risk of  embolization 
is very low if the patients are <40 years of age and have 
 normal pulmonary arterial pressures, sinus rhythm, and no 
history of preoperative emboli [13,43–50,79,129–138]. 
Although operative closure of an ASD in an older patient 
does not significantly reduce the incidence of late strokes 
because the incidence of atrial fibrillation is not reduced, this 
should not influence the decision to close the defect [13]. 
Therefore, patients should be monitored for the onset of 
atrial fibrillation, and if sinus rhythm does not return, 
 anticoagulation therapy should be considered strongly [13]. 
On the other hand, some patients with atrial flutter revert to 
sinus rhythm after surgery [170]. Alternatively, surgical 
treatment of arrhythmias (Maze procedure) or  radiofrequency 
ablation of atrial flutter or fibrillation have been performed 
successfully at the time of closing an ASD [171–174].

Outcomes after device closure of secundum ASDs
The technical aspects, feasibility of implantation, safety, and 
efficacy of device closure of the secundum ASD should be 
evaluated for each device available on the market. Because 
of the plethora of devices, this is beyond the scope of this 
chapter. The discussion is focused on the Amplatzer septal 
occluder (AGA Medical) and the Helex device (W. L. Gore 
and Associates). In short, the Amplatzer septal occluder, the 
most often used device worldwide, is constructed of a weave 
of relatively fine nitinol (nickel–titanium alloy) wire filled 
with thrombogenic fabric. The device can be withdrawn into 
a delivery catheter and resumes its intended shape as it is 
extruded from the catheter. The shape is that of two rela-
tively flat, round disks connected by a central portion of 
large diameter that provides self-centering and stenting to 
maintain the device in position. It can be easily withdrawn 
and repositioned before release [86]. The Helex device is a 
non-self-centering double disk device consisting of a nitinol 
wire frame on which is bonded a curtain of hydrophilic 
ePTFE (Goretex; W. L. Gore and Associates). The nitinol is 
wound as two opposing spirals such that when the device is 
positioned it configures in two planar parallel discs that sit 

on either side of the IAS. It is also repositionable and 
 retrievable before release and even after it [87]. The success 
rate of implantation of such devices depends on the  operator. 
Due to its design and easier-to-use system, the Amplatzer 
device results in higher rates of successful implantation, 
approaching 99% in experienced hands [86,88–95,175–179] 
(Figure 21.4b) (Videoclips 21.1–21.2). Reasons for failure 
include larger defects, multiple defects, inadequate rims of 
septal tissue, an atrial septal aneurysm, or a combination of 
these factors [86,88–95,175–179]. Whereas the Amplatzer 
septal occluder can close a broad range of ASD dimensions 
including the very large ones, the Helex device should be 
used only for the small to moderate ASD (<18 mm stretched 
diameter) [87,89,180,181].

Complication rates decrease with operator experience. 
Mortality is virtually zero. Occasionally the device embolizes 
immediately after release but can usually be retrieved in the 
catheterization laboratory and replaced. The Helex device is 
the easiest device to retrieve using transcatheter techniques. 
Sometimes surgery is needed to remove the embolized 
device, especially if it is stuck in the RV. Late (1 day–6 years) 
embolization is very unusual [182]. Occasionally there are 
supraventricular arrhythmias or atrioventricular block after 
closure, but no more than after surgical closure [183]. Older 
patients and oversizing of the device may be risk factors for 
arrhythmias. Thrombus formation on the left atrial side of all 
available devices has occasionally been detected immediately 
after placement or in the first 6 months of follow-up, and 
ironically may occur after closure of a patent foramen ovale 
to prevent paradoxical embolism [184]. The prevalence of 
thrombus formation is 2–3%, with the Amplatzer device 
being the least affected [1,184]. Treatment includes medical 
lysis or sometimes surgical removal. Cerebral embolism, 
however, is rare, perhaps no more frequent than after 
 surgical closure of the defect. Fracture of the wire frame of 
the Helex device with no untoward clinical effect has been 
described with the larger diameter devices [185]. Probably 
the most feared complication is early or late erosion into the 
aortic root with subsequent pericardial tamponade and very 
rarely death or production of a fistula between the aorta and 
left or the right atrium [186]. This has been described with 
the Amplatzer device with an incidence of 0.1% [186], and 
also with other devices [187]. Owing to its design, flexibility, 
and softer characteristics, the Helex device has not resulted 
in perforations or erosions. Oversizing of the Amplatzer 
device and a higher ASD location in the IAS are risk factors 
for this complication [186]. Rarely, infective endocarditis 
occurs after device placement [188,189].

Complete closure of the defect depends on the type of 
device, size of the defect, and timing of evaluation. An 
immediate residual shunt may be seen in up to 10–30% of 
patients immediately after device release [86–95,175–181].
With progressive endothelialization of the devices, closure 
rates reach 92–99% after 1 year of follow-up, being higher 
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for the Amplatzer device and smaller defects [86–95,
175–181]. Because of its non-self-centering mechanism, a 
residual leak is more frequently observed with the Helex 
device [87,180,181]. Most, if not all, of these residual leaks 
seen with either device are trivial or small (<3–4 mm) and 
do not result in any hemodynamic burden to the RV. 
Therefore, clinical cure is achieved in virtually 100% of 
patients.

As with surgery, closure of the defect with a device 
decreases the size of the right ventricle, increases the size of 
the left ventricle, and improves cardiac function and exercise 
capacity. Improvement has occurred in children and adults 
without any notable age-related differences, with remode-
ling and cardiac function being slightly better after device 
closure than surgical repair [150–162,190–193].

Outcomes after surgical repair of other types 
of ASDs and PAPVC
Operative mortality for correcting a PAPVC with or without 
a sinus venosus defect is <3% [8]. After surgery, patients 
become asymptomatic or less symptomatic and exercise 
 tolerance increases. Late complications such as reoperation, 
vena cava obstruction, pulmonary vein obstruction, and 
pacemaker implantation are uncommon [9]. Occasionally, 
the technique of repair may stenose the SVC and require 
balloon dilation and stent implantation [5]. Significant 
 postoperative arrhythmias are also uncommon, although an 
occasional patient may show late sinus node dysfuntion due 
to surgical damage to the sinoatrial node [8,9].

Symptomatic infants with the Scimitar syndrome have a 
more guarded prognosis. Pulmonary arterial hypertension is 
a risk factor for operative mortality and may persist in those 
patients undergoing transcatheter closure of the collateral 
arterial supply to the right lung [11]. If surgical reimplanta-
tion of the anomalous pulmonary veins is undertaken, 
 postoperative obstruction is common [5]. In contrast, the 
outcomes after surgical treatment of the adult form of this 
disease are much better [11]. If the right pulmonary artery 
and the right lung are not significantly hypoplastic, 
 redirection of the anomalous veins to the left atrium results 
in symptomatic improvement and reduction of RV size. 
However, postoperative pulmonary vein stenosis is more 
common than for other types of PAPVC [11].

Future directions

In the next 10 years, we will witness the application of 
new technologies for the imaging, diagnosis, and treat-
ment of ASDs. Evolving imaging technology will be applied 
not only for the accurate diagnosis of all types of ASDs but 
also for the guidance of transcatheter closure of the secun-
dum ASD. Real-time three-dimensional intracardiac 
echocardiography will probably be helpful in this regard. 

MRI-guided intervention is an exciting field that may have 
an effect on abolishing the need for radiation exposure in 
the catheterization  laboratory for ASD closure. MRI-
compatible catheters and devices should be developed to 
achieve this goal. Closure devices with reabsorbable mate-
rials have already been employed in clinical practice with 
good short-term outcomes [194–197]. Their main advan-
tage is to allow free transseptal access to the left atrium in 
the future. With the rapid  development of new devices to 
close the left atrial  appendage in high-risk elderly patients 
with atrial fibrillation and to repair functional mitral valve 
insufficiency percutaneously, this is of paramount impor-
tance. Surgical approaches will also evolve and the appli-
cation of less invasive, video-guided robotic surgery 
through small thoracic ports will be available for selected 
patients with ASDs.
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22 Atrioventricular Septal Defects
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Introduction

Atrioventricular septal defects (AVSDs) are common and can 
be associated with morbidity and mortality in the fetus, 
neonates, and young infants. The anatomic defects relate to 
abnormalities in the embryologic development of the 
endocardial cushions including the atrioventricular valves, 
persistence of the atrial ostium primum, and associated 
ventricular septal openings.

Up to 17% of fetuses undergoing echocardiographic exam-
ination have a form of AVSD [1]. The fetal mortality associated 
with AVSDs can be shown by the much lower frequency of 
AVSDs diagnosed after birth, with most studies documenting 
an incidence of AVSDs in the 3–5% range [2,3].

AVSDs are strongly associated with genetic syndromes, 
such as Down syndrome. About 40% of children with Down 
syndrome have a congenital cardiac abnormality of which 
40% have AVSDs. The association of syndromes with AVSDs 
suggests a very strong genetic influence, including the 
localization of these abnormalities to specific genes.

Finally, in general, the prognosis is excellent for most 
infants with AVSDs as surgical outcomes are outstanding. 
The good outcomes for infants with complete, balanced 
AVSDs implies early surgical intervention to avoid and 
prevent severe congestive heart failure or pulmonary 
vascular obstructive disease.

Pathologic anatomy

Currently, AVSD is the most widely used term to describe the 
spectrum of congenital heart malformations characterized 
by a common atrioventricular junction coexisting with 

deficient atrioventricular septation [4]. Many general 
and specific terms have been applied to this lesion, including 
endocardial cushion defect, atrioventricular canal defect, 
ostium primum defect, and common atrioventricular 
orifice. Terms to categorize AVSDs further have included 
partial, transitional, intermediate, and complete. Unfor-
tunately, many of these terms can be interpreted as having 
a similar meaning or referring to a distinct entity, depending 
upon the individual users of the terms. For this reason, 
understanding and communicating about the anatomy are 
best achieved by describing the atrioventricular valve 
morphology and extent of atrial and ventricular septation.

In a normal heart, the tricuspid valve annulus is displaced 
apically with respect to the mitral valve annulus, so that 
separate left and right atrioventricular junctions result. In 
contrast, the morphological hallmark of AVSD is a common 
atrioventricular junction. In ASVD, the ventricular septum 
adjacent to the atrium is “scooped out.” The lower attachment 
of the left atrioventricular valve annulus decreases the inlet 
length, as measured from the annulus to the left ventricle 
apex. Conversely, the outlet length measured from the left 
ventricular apex to the aortic valve is elongated (Figure 22.1) 
[5]. Thus, the aorta is not wedged between the mitral and 
tricuspid valves as in a normal heart (Figure 22.2). With the 
aorta “sprung” anterosuperiorly in AVSD, the left ventricular 
outflow tract is elongated and frequently narrowed, 
producing the so-called “gooseneck” deformity.

The leaflet morphology in AVSD bears little resemblance 
to the normal tricuspid and mitral valves. In AVSD, the valve 
guarding the common atrioventricular junction consists of 
five leaflets. Typically there is a left mural (or lateral) leaflet 
and a right mural leaflet that are positioned over the 
respective ventricles. Occasionally, a mural leaflet can be 
severely hypoplastic, which complicates achieving adequate 
surgical repair. The inferior (or posterior) bridging leaflet is 
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Figure 22.1 Left ventricular aspect of the 

septum in hearts with normal (a) and deficient 

(b) atrioventricular septation. (Reproduced 

from Anderson et al., Cardiol Young 

1991;1:290, with permission from 

Cambridge University Press.)
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Figure 22.2 (a) Diagram depicting the 

relationship of the mitral and tricuspid valves 

to the aortic valve in a normal heart. The 

aortic valve sits wedged between the two 

atrioventricular valves. (b) The same view 

is depicted in this diagram of common 

atrioventricular septal defect. The superior and 

inferior bridging leaflets are demonstrated with 

the “cleft” where the two bridging leaflets 

come together at the ventricular septum. The 

aortic valve is unwedged anteriorly as a result 

of the superior bridging leaflet.

inferiorly positioned and crosses the ventricular septum with 
extensive chordal attachments to the crest of the septum. 
The superior (or anterior) bridging leaflet is positioned 
superiorly. The superior bridging leaflet can be considered 

variably divided, such as described by Rastelli et al. [6]. 
Alternatively, the superior portion of the valve can be 
considered to be composed of the superior bridging leaflet 
and the right anterosuperior (or accessory) leaflet, each of 
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variable size, resulting in the common valve being composed 
of five leaflets (Figure 22.3).

In a normal heart, the left-sided papillary muscles are 
obliquely situated in the posteromedial and anterolateral 
position. In AVSD, the left-sided papillary muscles are rotated 
to a superior and inferior position. The muscles are usually 
equal in size and support the commissures between the 
bridging leaflets and left mural leaflet. Other left atri o-
ventricular valve abnormalities exist in ∼10% of AVSDs. 
Most frequently, accessory mitral valve tissue connects the 
superior and inferior leaflets to create a double-orifice left 
atrioventricular valve. Less frequently, a single papillary 
muscle creates a parachute configuration. Such valve 
abnormalities may complicate surgical repair, with possible 
residual left atrioventricular valve regurgitation, stenosis, or 
both [7]. Two or three papillary muscles are found in the right 
ventricle, including a fairly consistent anterior and posterior 
papillary muscle and variably present and positioned medial 
papillary muscle.

In AVSD, the posterior position of the atrial and ventricular 
septal defects interfere with the development of the normal 
conduction pathways. The atrioventricular node is displaced 
posteroinferiorly from the apex of the triangle of Koch, the 
usual anatomic location [8]. The conduction system then 
courses posterior to the ventricular septal defect, and the left 
bundle is also displaced posteroinferiorly. This anatomic varia-
tion probably accounts for the typical electrocardiographic 
finding of left axis deviation because depolarization of the 
left bundle proceeds from right inferior to left superior. This 
course also has important implications for operative repair. 
In some hearts, both an anomalous anterolateral node 
and a “regular” posteroinferior node give rise to penetrating 
bundles and atrioventricular bundles to form a sling of 

conduction tissues. When AVSD is associated with atrial 
isomerism, dual atrioventricular nodes with conduction 
tissue sling are also found [9].

Partial AVSD
The differentiation of partial from complete AVSD is based 
largely on the common atrioventricular valve being divided 
by a bridge of tissue between the superior bridging leaflet 
and the inferior bridging leaflet, creating two separate 
orifices. Usually the bridging tissue adheres to the crest of the 
ventricular septum, allowing no ventricular level shunting. 
The atrial septal defect is frequently termed a primum defect 
and is anteroinferior to the fossa ovalis and immediately 
adjacent to the atrioventricular valve. The defect size varies, 
but is usually fairly large, allowing for significant atrial 
shunting. A patent foramen ovale or a secundum defect may 
coexist. Rarely, secundum and pri mum defects coalesce, 
producing, in effect, a common atrium.

Although the left atrioventricular valve is referred to as 
cleft, it may also be considered as failure of fusion of the 
superior and inferior bridging leaflets. Regurgitation occurs 
through this defect. Because the valvar defect can extend 
medially towards the ventricular septum, a regurgitant jet 
can be directed through the primum atrial septal defect, 
effectively passing from the left ventricle to the right atrium. 
Abnormalities of the right-sided atrioventricular valve can 
also occur. These include a “cleft” in the septal leaflet or even 
a gap at the commissure, resulting in valve incompetence. 
The term transitional or intermediate form of AVSD has been 
applied when there are two valve orifices and a variably 
sized ventricular septal defect.

Complete AVSD
In complete AVSD, there is both a large inlet ventricular 
septal defect with the characteristic “scooped” appearance of 
the ventricular septum and a primum atrial septal defect. 
The common atrioventricular valve has a single orifice 
spanning the ventricular septal defect. The superior and 
inferior leaflets are not connected by the bridge of tissue, as 
in partial AVSD.

As discussed previously, the common atrioventricular 
valve is generally described as having five leaflets: (1) left 
mural, (2) right mural, (3) right anterosuperior, (4) inferior 
bridging leaflet, and (5) superior bridging leaflet (Figure 22.3). 
Rastelli et al. [6] devised a widely used classification for 
complete AVSD based on superior bridging leaflet morphology 
and the resultant attachment to the ventricular septum 
(Table 22.1). In this classification, the superior bridging 
leaflet is considered to be divided or “cleft” without the 
existence of the right anterosuperior leaflet.

Unbalanced AVSD
In most patients with AVSD, the common atrioventricular 
valve is shared equally between the right and left ventricles, 

Figure 22.3 Arrangement of the atrioventricular valve leaflets in 

complete atrioventricular septal defect as seen from the apex looking 

towards the base.
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creating a “balanced” defect. In the unbalanced form of 
AVSD, the relationship of the atrial or ventricular septum to 
the common atrioventricular valve is shifted either leftwards 
or rightwards with unequal sharing of the common valve 
orifice (Figure 22.4). With leftward shifting of the ventricular 
septum, the right ventricle is dominant and the left ventricle 
hypoplastic. Less commonly, the ventricular septum is 
shifted rightwards, creating left ventricular dominance and 
a hypoplastic right ventricle. Rarely, the atrial septum is 
unbalanced or malaligned, creating a double-outlet atrium. 
When the atrial septum is deviated leftwards, a double-
outlet right atrium exists. Conversely, when the atrial 
septum is deviated rightwards, a double-outlet left atrium 
is created.

An unbalanced AV canal occurs in ∼10% of patients with 
complete AV canal. Commonly, the ventricle receiving the 
smaller amount of blood flow is hypoplastic to some extent. 
In the extreme, one ventricle (usually the left) is severely 
hypoplastic and requires single ventricle palliation. With a 
mild hypoplasia, decisions between single-ventricle palliation 
and two-ventricle repair may be difficult. In a moderately 
unbalanced AV canal, ductal-dependent circulation, large 
VSD, and small ventricular volumes raise concern about the 
adequacy of the underdeveloped ventricle. A complete, 
unbalanced AV canal adds risk for patients undergoing the 
Norwood procedure.

Associated abnormalities

Atrioventricular septal defect 
and tetralogy of fallot
AVSD may be associated with tetralogy of Fallot. Surgical 
series report the association in 2.7–10% of atrioventricular 
septal repairs and 1–6.5% of tetralogy of Fallot repairs [10]. 

Trisomy 21 has been found in ∼77% of patients with 
 AVSD-TOF [11]. This combination of anomalies is not 
 typically seen with heterotaxy syndrome, but the association 
of AVSD and double-outlet right ventricle commonly is [12].

In AVSD with tetralogy of Fallot, the inlet ventricular 
septal defect extends into the outlet septum and underneath 
the inferior bridging leaflet. Usually the atrioventricular 
valve morphology is Rastelli type C [11,13]. Significant 
atrioventricular valve regurgitation is not common [13]. 
The usual features of tetralogy of Fallot are seen. Rarely 
the pulmonary valve is atretic. The pulmonary arteries may 
be variably hypoplastic [10]. Details of this anatomy can be 
demonstrated echocardiographically.

Other associated defects

Almost any other form of congenital heart disease may be 
associated with complete AVSD, including abnormalities of 
venous connections, additional ASDs and VSDs, outflow 

Table 22.1 Rastelli classification of complete AVSD.

Type  Description

A The superior bridging leaflet is divided into two relatively 

equal portions, both attached medially to the muscular 

septum. The membranous septum has formed, and the 

interventricular communication does not extend to the 

region adjacent to the aortic cusps

B The superior bridging leaflet is divided into two relatively 

unequal portions, unattached to the septum, but both 

portions are attached medially to a papillary muscle in 

the right ventricle adjacent to the ventricular septum

C

 

The superior bridging leaflet is undivided and unattached 

to the septum, floating freely above it. The interventricular 

communication is complete under the common superior 

leaflet and extends to the region adjacent to the aortic cusps

RA LARA LA

RV LV RV LV

RA LA

RV LV

RA LA

RV LV

(a) (b)

(c) (d)

Figure 22.4 (a) Diagram showing double-outlet right atrium with 

malalignment of the atrial septum towards the left atrium. (b) Diagram 

showing double-outlet left atrium with malalignment of the atrial septum 

towards the right atrium. (c) Diagram showing unbalanced common 

atrioventricular septal defect (AVSD) to the right with concomitant left 

ventricular hypoplasia. (d) Diagram showing unbalanced AVSD to the left 

with concomitant right ventricular hypoplasia. LA, left atrium; LV, left 

ventricle; RA, right atrium; RV, right ventricle.



Pediatric Cardiovascular Medicine

312

tract obstruction of either ventricle, patent ductus arteriosus, 
and coarctation of the aorta. AVSD is common in patients 
with heterotaxy syndrome (see Chapter 50).

Embryology

During the fourth and fifth weeks of human embryo devel-
opment, two swellings of mesenchymal tissue protrude from 
the superior and inferior portions of the atrioventricular 
junction of the primitive heart. These endocardial cushions 
fuse to form the supporting structure and precursor tissue 
for the atrioventricular valves. Following fusion of these 
endocardial cushions, cells overlying the future valve struc-
tures delaminate, differentiate and migrate to form mature 
valve structures by the sixth week. The embryologic events 
noted above are depicted in Figures 22.5 and 22.6.

AVSD forms from inadequate fusion of the endocardial 
cushions [14]. This process is guided and influenced by a 
number of undetermined pathways. Genetic influences on 
endocardial cushion development are an area of intense 
research focus. Because of the association between trisomy 
21 and AVSD, a major genetic locus for AVSD would be 
 suspected on chromosome 21, but linkage studies have not 
shown this. Linkage studies have pointed towards a  mutation 
in CRELD1 for AVSD associated with trisomy 21 and also in 
isolation [15].

Hemodynamics

The hemodynamics of AVSD vary with the specific defect 
anatomy and physiology. Within the same anatomic subsets 
there may be differences in physiology.

An uncomplicated balanced AVSD typically has the 
physiology of a left-to-right shunt lesion influenced by 
the degree of atrioventricular (AV) valve regurgitation 
and the degree of pulmonary hypertension. The pulmonary 
artery pressure is at systemic level and if the resistance is not 
unduly elevated, the patient has left ventricular volume 
overload from the left-to-right ventricular level shunt. The 
left ven tricular volume overload is accentuated by the AV 
valve regurgitation. Symptoms of heart failure occur as a 
result of both left ventricular volume overload and pulmo-
nary overcirculation.

Patients with Down syndrome may develop elevated pul-
monary vascular resistance early in infancy. As a result, 
heart failure may be attenuated or may not develop because 
of the limitation of left-to-right shunting. Surgical interven-
tion early in infancy is warranted, even if symptoms of heart 
failure are not present, to prevent irreversible pulmonary 
hypertension.

In patients with a primum atrial septal defect and cleft 
mitral valve, the hemodynamics are typical of a large ASD. 
These findings include left-to-right shunt at the atrial 

AV
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Figure 22.5 Sections through the heart at 

4.5, 5 and 6 weeks of age. (a) The common 

atrioventricular canal has shifted to the 

midline. (b, c) Fusion of the endocardial 

cushions gives rise to the mitral and tricuspid 

orifices. The course of the circulation is noted 

in the figures in the lower row. Ao, aorta; 

ventral AV cushion, superior endocardial 

cushion; dorsal AV cushion, inferior 

endocardial cushion; DA, ductus arteriosus; 

IVS, intraventricular septum; M, mitral orifice; 

Pry IVF, primary intraventricular foramen; 

PT, pulmonary trunk; RV, right ventricle; 

T, tricuspid orifice.
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level with accompanying right ventricular volume overload. 
Additionally, mitral regurgitation through the mitral valve 
cleft is associated with a varying degree of left ventricular 
volume overload. Despite these hemodynamics, this variant 
rarely results in significant symptoms in infancy or early 
childhood.

Patients with pulmonary outflow obstruction and AVSD 
present with a clinical picture of tetralogy of Fallot. Patients 
with Down syndrome are overly represented in this group. 
The degree of desaturation from diminished pulmonary 
blood flow varies and tends to progress.

The hemodynamics of the more complex forms of AVSD 
also vary. The left dominant form of AVSD presents like the 
patient with AVSD and tetralogy of Fallot described above. 
The right dominant form of AVSD presents with hypoplasia 
of the left ventricle and ascending aorta much like the infant 
with hypoplastic left heart syndrome. The AVSD variants 
associated with heterotaxy syndromes are influenced by the 
specific associated anatomic conditions.

Natural history

Survival with an unrepaired AVSD is extremely poor. About 
60–80% of non-terminated pregnancies with AVSD are born 
live [16]. If left unrepaired after birth, survival at 6 months 
is 54%, at 12 months 35%, at 24 months 15%, and at 5 
years 4% [17].

Many infants with unrepaired AVSD experience profound 
heart failure. Deaths before 24 months of age are primarily 
from severe congestive heart failure. Unfortunately, patients 
who do not die from heart failure at a young age have 
elevated pulmonary vascular resistance, which becomes 
irreversible if the defect remains unrepaired. As these 
patients age, pulmonary vascular resistance increases until 
they become cyanotic and eventually die from complications 
from pulmonary vascular disease. This process is seemingly 
accelerated in patients with Down syndrome, most likely as 
a result of accompanying airway, lung, and inherent 
pulmonary vascular issues. Hence surgical repair of complete 
AVSD should occur before 6 months of age, before the 
development of pulmonary vascular obstructive disease.

The development of pulmonary vascular disease in infants 
with complete AVSD is more severe than in those with an 
isolated VSD and is related to a cellular intimal proliferation 
that appears to develop earlier in life for unknown reasons. 
One possible factor is the obligatory left ventricular to right 
atrial shunt that delays or prevents the decrease in pulmonary 
vascular resistance. Because severe medial hypertrophy 
and intimal proliferation have been described as early 
as 6 months of life, intervention should occur in the first 
6 months of life. If left untreated or unrecognized, or if the 
patient has arrived from a developing country without 
tertiary care, cardiac shunting may be minimal and right- 
and left-sided resistances are balanced. The time when this 
occurs varies. In later childhood and adolescence, it is not 

Figure 22.6 Embryo at 33 days of age showing inferior, right, and left endocardial cushions. The superior and inferior cushions have yet to fuse and 

divide the AV orifice in two. The right and left endocardial cushions contribute to AV valve formation.
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 uncommon for the shunt to reverse, with the patient 
becoming cyanotic and developing polycythemia, clubbing, 
and complications of fixed pulmonary vascular obstructive 
disease.

Finally, if there is associated pulmonary stenosis or atresia, 
the course and natural history (both treated and untreated) 
resemble tetralogy of Fallot. With an AVSD, the course paral-
lels that of a single ventricle in both the treated and untreated 
forms.

History and physical examination

The history and physical examination vary depending on the 
specific anatomy and physiology of the endocardial cushion 
defect. Although the history and physical examination are 
targeted towards the cardiopulmonary systems, a general 
evaluation seeking information about an associated genetic 
condition should be performed.

Patients with an ostium primum AVSD are asymptomatic 
and do not develop symptoms of heart failure in childhood. 
Rarely, subtle respiratory symptoms and slow growth may 
occur with significant mitral regurgitation. The cardiac 
findings typically include an active right ventricle, a fixed, 
widely split second heart sound in the pulmonic area and 
a pulmonary ejection murmur, usually grade ≤3/6. With a 
large left-to-right atrial shunt, a grade 1–2/4 mid-diastolic 
flow rumble is heard at the mid-left sternal border from 
increased flow across the tricuspid valve. With a cleft in the 
anterior leaflet of the mitral valve and associated mitral 
regurgitation, a high-pitched, apical, pan-systolic murmur 
radiates to the left lower sternal border and axilla. If the 
regurgitant volume is large, an apical thrust and an apical 
mid-diastolic murmur are found.

In patients with complete AVSD, shunting occurs at both 
the atrial and ventricular level and is accompanied by 
variable severity of regurgitation of the common AV valve. 
Most patients develop symptoms in infancy, especially as the 
pulmonary vascular resistance decreases. Left ventricular 
volume overload results from the left-to-right shunt across 
the VSD and the mitral regurgitation [18]. Excess pulmonary 
blood flow and pulmonary hypertension at the systemic 
level are present. As a result, the typical symptoms include 
failure to thrive, frequent respiratory tract infections, and 
heart failure. If symptoms of heart failure are not present or 
resolve spontaneously, significant elevation of pulmonary 
vascular resistance is present.

On cardiac examination, typically the precordium is 
hyperactive, the second heart sound is narrowly split and P

2
 

is loud, and there may be an S
3
 gallop. An apical holosystolic 

murmur is heard with mitral regurgitation and a more 
widely heard holosystolic murmur from the VSD. A mid- 
diastolic murmur is present at the left lower sternal border 
and apex from increased flow across the AV valves. Mild 

 cyanosis and a generalized diminution of pulses may be 
found. Decreased lower extremity pulses may indicate an 
associated coarctation of the aorta. Cyanosis associated with 
a loud, harsh pulmonic murmur suggests right ventricular 
outflow tract obstruction [19].

Electrocardiography

Related to the posteroinferior displacement of the AV node 
and left bundle [20], complete AVSDs have a “northwest 
axis,” typically between –90° and –150° in the frontal 
plane. This is accompanied by left, right, or bi-ventricular 
hypertrophy reflecting the hemodynamics. A prolonged PR 
interval is common (see Figure 22.7). Patients with a primum 
ASD and cleft mitral valve also have a superior leftward axis, 
but not to the degree of a complete canal. Incomplete right 
bundle branch block (rSR′ in the right precordial leads), a 
widened or bifid P wave indicative of left atrial enlargement 
(dependent upon the degree of mitral valve regurgitation 
[21]), a tall P wave indicating right atrial enlargement, and 
electrocardiographic signs of right ventricular hypertrophy 
are typical.

Echocardiography

Transthoracic echocardiography
Transthoracic echocardiography is the primary tool for 
diagnosis and postoperative follow-up of AVSD. Important 
information can be obtained about both morphologic 
features of the defect and physiologic alterations that affect 
surgical planning. Initial evaluation should assess the AV 
valve morphology, atrial and ventricular septal defects, and 
relative ventricular size. Associated anomalies should be 
sought. Following repair, echocardiography is used to assess 
residual lesions.

Atrioventricular valve
The echocardiogram should differentiate between a par-
titioned or common AV valve orifice. This differentiation 
depends on the presence or absence of a tongue of tissue 
connecting the superior and inferior bridging leaflets that 
divides the valve into two separate orifices [22]. The subcostal 
and parasternal short axis views are useful for visualization 
of the AV valve orifice en face. Rotating the transducer 30–45° 
clockwise from the subcostal four-chamber view allows 
visualization of the AV valve en face. When the plane of sound 
is aligned with the fibrous annulus, the nature of the bridging 
tissue can be detected [23]. Although partial AVSD commonly 
lacks a VSD, the presence or absence of a VSD is not sufficient 
to differentiate complete from partial AV canal. Both partial 
AVSD with a large VSD and complete AVSD without a 
ventricular level shunt have been described [22].
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Rastelli et al. described division of the superior bridging 
leaflet in complete forms of AVSD, as described previously 
[24] (Figure 22.8). When the AV valve is viewed en face from 
the subcostal short-axis view, the division of the superior 
bridging leaflet and the status of septal attachments to 
the ventricular septum can be clearly seen [22,24,25]. 
Attachments of the superior bridging leaflet can also 
be  demonstrated by sweeping superiorly from the apical 
 four- chamber view [25].

The left ventricular papillary muscle configuration may 
affect surgical repair. Spacing of the papillary muscles can be 
clearly defined from the parasternal short-axis or subcostal 
short-axis views [26]. When the papillary muscles are closely 
spaced, the left mural leaflet may be small. A single left-sided 
papillary muscle results in absence of the left mural leaflet. 
Closure of the commissure between the superior and infe-
rior bridging leaflets with a deficient left mural leaflet may 
result in left AV valve stenosis. Double-orifice left AV valve 
can be identified from both the parasternal and subcostal 

short-axis views. Double-orifice left AV valve is more 
 common in partial than complete AVSD, and the accessory 
orifice is more commonly associated with the posteromedial 
papillary muscle [27].

Atrioventricular valve regurgitation should be assessed 
with color Doppler. It is important to define the amount and 
location of regurgitation. Sweeps through the AV valve 
should be performed and the valve interrogated from orthog-
onal planes. Coaptation of leaflets may be complex and 
regurgitation may be underestimated from a single imaging 
plane.

Atrial and ventricular septal defects
The presence and size of atrial and ventricular septal defects 
should be determined. A primum atrial septal defect is 
 characterized by deficient atrial septal tissue at the crux of 
the heart (Figure 22.9). These defects are typically well 
 visualized from the apical and subcostal four-chamber views 
(Figure 22.10). Tilting posterior from the four-chamber view, 

Figure 22.7 12-lead ECG of a 3-month-old child depicting a sinus rhythm, northwest axis, and combined ventricular hypertrophy.
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Figure 22.8 Subcostal imaging is helpful in determining the atrioventricular valve morphology. (a) During systole, the AV valve is closed. In Rastelli type 

A, attachments of the anterior bridging leaflet (yellow arrows) to the interventricular septum (white arrow) can be seen. (b) During diastole the valve is 

open and the anterior bridging leaflet is tented by the attachments to the ventricular septum. (c) With Rastelli type C, the anterior bridging leaflet is free 

floating without attachments to the interventricular septum (red arrow).

Figure 22.9 Transesophageal echocardiogram of a partial AV canal 

defect. The primum atrial septal defect is seen at the crux of the 

heart. The inlet ventricular septum is intact. Note that the left and 

right AV valves are at the same level, in contrast to the normal slight 

apical displacement of the tricuspid valve relative to the mitral valve. 

LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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the imaging plane enters the coronary sinus, which may 
erroneously appear to be a primum ASD, particularly when 
the coronary sinus is dilated from receiving a left superior 
vena cava. Subcostal imaging may further delineate the size 
of the primum ASD. In an isolated primum ASD, the common 
AV valve is often divided (partial AVSD) and the bridging 
leaflets are adherent to the interventricular septum [25]. 
Additional ASDs should also be noted. Occasionally, the 
atrial septum is virtually absent, resulting in a common 
atrium. Rarely, the atrial septum is intact.

The inlet VSD is well visualized from the apical four-
chamber view, and its size should be noted. Sweeping 
anteriorly from the four-chamber view may demonstrate 
outlet extension of the defect. From a subcostal short-axis 
view, a ventricular shunt may be demonstrated below the 
bridging leaflets. The inferior bridging leaflet often has dense 
attachments to the crest of the interventricular septum 
limiting shunting. Commonly, the shunt occurs beneath the 
superior bridging leaflet [22]. Extension of the defect into 

the  trabecular muscular septum or outlet septum should also 
be assessed. Additional muscular VSDs should be sought.

Ventricular size
Usually the atrioventricular valve is aligned equally over the 
ventricles. When the AVSD is unbalanced and there is a 
greater commitment of the atrioventricular valve to one 
ventricle, the ventricle receiving lesser inflow may be hypo-
plastic. The degree of hypoplasia varies from mildly but 
 adequate to support systemic circulation to severely 
 hypoplastic. The relative proportion of the atrioventricular 
valve inflow committed to each ventricle can be measured 
by planimetry of the valves en face [28]. Estimating left 
 ventricular volume has also been performed when making 
decisions regarding suitability for two ventricle repair, 
although echocardiography underestimates left ventricular 
volumes in this setting [29].

Left ventricular outflow
In the normal heart, the aorta is wedged in the space anterior to 
the junction of the tricuspid and mitral valves. When the 
atrioventricular valves fail to divide, the aorta is unable to 
assume its usual wedged position and is displaced anteriorly, 
increasing the distance from the left ventricular apex to the 
aortic valve. This increased outflow length may contribute to 
late development of outflow tract obstruction. Additionally, left 
atrioventricular valve chordal attachments may cross the 
outflow tract, increasing the risk of obstruction [22]. A significant 
gradient is rarely found through the left ventricular outflow 
tract at the time of initial repair, but may develop later.

Associated lesions
A complete assessment of cardiac anatomy is important in all 
patients with AVSD to detect associated defects.

Left ventricular outflow tract obstruction may be caused 
by a number of mechanisms, and may be progressive [27]. 
Left ventricular outflow elongation often results in tunnel-
like narrowing, although a gradient is not always present. 
Chordal attachments originating from the superior bridging 
leaflet of the left atrioventricular valve may cross the left 
ventricular outflow tract, resulting in obstruction that is 
more common with partial AVSD or Rastelli type A complete 
AVSD due to the dense chordal attachments to the crest of 
the septum [30]. A discrete fibromuscular ridge may cause 
obstruction, most commonly becoming apparent several 
years following initial repair [22]. Because left ventricular 
outflow tract obstruction often becomes apparent during late 
follow-up, serial assessment after repair is important [27].

Transesophageal echocardiogram
An intraoperative transesophageal echocardiogram helps 
guide surgical repair. Details of intracardiac anatomy can be 
confirmed, although in most patients transthoracic echo-
cardiography clearly delineates the anatomy preoperatively. 

Figure 22.10 Apical four chamber view of a complete AV canal defect. 

(a) The single atrioventricular valve opens into both ventricles during diastole. 

The valve is mildly unbalanced to the right. (b) During systole the primum 

atrial septal defect and inlet ventricular septal defects (arrows) are visualized. 

LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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The four-chamber view allows assessment of atrial and 
 ventricular level shunts. The common atrioventricular valve 
can also be inspected from this view for morphology and 
regurgitation. The long-axis view is useful for assessing the left 
ventricular outflow tract. The AV valve can be viewed en face 
from the transgastric view. Any bridging tissue connecting the 
anterior and posterior bridging leaflets and also division of the 
superior bridging leaflet (Rastelli classification) can be seen 
from this view. Both left and right ventricular outflow tracts 
can also be interrogated from the transgastric view [31].

Fetal echocardiography
Complete AVSD is one of the more common lesions detected 
prenatally, but antenatal detection rates vary between centers 
[32] (Figure 22.11). Common reasons for referral for sub-
specialty evaluation of fetuses with AVSD include abnormal 
four-chamber view, fetal bradycardia, hydrops, and concerns 
about trisomy 21 [33]. AVSD detected prenatally raises 
concerns about other abnormalities that may affect the 
prognosis. Heterotaxy syndrome, with or without complete 
heart block, and ventricular hypoplasia are commonly seen 
in the fetus diagnosed with AVSD [34]. These lesions are 
likely over-represented in fetal series because these more 
severe forms of atrioventricular septal defects are more easily 
detected during the obstetric screening. The relative risk of 
the fetus having an abnormal karyotype (trisomy 21 in 
particular, but also trisomy 13 and 18) is significantly 
increased with AVSD in the absence of heterotaxy syndrome 
[35]. Finding an AVSD in a fetus should prompt discussion 
about amniocentesis. Extracardiac anomalies have been 
reported in 15% of fetuses found to have AVSD [36].

Antenatal detection of AVSD provides the opportunity for 
counseling the family regarding the expected prenatal 
course, delivery plan, and postnatal outcome. The risk of 
hydrops or fetal demise in the fetus with complete AVSD is 
increased [36]. Risk factors in utero include development of 
complete heart block (often associated with heterotaxy 
syndrome) and significant AV valve regurgitation. Fetuses 
with left atrial isomerism appear to have a particularly poor 
prognosis [37]. Signs of significant fetal distress or concern 
about ductal-dependent lesions should prompt delivery at a 
center familiar with the evaluation and management of 
neonates with significant heart disease.

Radiography

The chest X-ray characteristics depend largely on the degree 
of pulmonary over-circulation and the amount of valvar 
regurgitation. With increased pulmonary blood flow, 
the chest X-ray demonstrates cardiomegaly, prominent 
pulmonary vasculature, and a large main pulmonary artery. 
With significant valvar regurgitation, the cardiac size is larger 
than expected for the amount of increased pulmonary 
vasculature.

Cardiac catheterization

Cardiac catheterization is rarely necessary for patients with 
AVSD, because. echocardiography delineates the anatomic 
and hemodynamic features so well. When echocardiography 
is unable to delineate complex associated anatomic abnor-
malities, cardiac magnetic resonance imaging (CMRI) may 
be useful. If the clinical information and echocardiographic 
findings cannot determine suitability for surgery because of 
concerns about elevated pulmonary vascular resistance 
(PVR), cardiac catheterization and measurement of PVR 
with acute pulmonary vasodilator testing may be useful. An 
elevation of PVR >10 units m−2, in the absence of AV valve 
insufficiency, and despite provocative pulmonary vasodila-
tor testing, is considered to deem the patient inoperable.

Cardiac magnetic resonance imaging

CMRI serves a complementary role to echocardiography in 
answering specific clinical issues, including quantification of 
right and left ventricular volume, function, pulmonary to 
systemic flow ratio, and valvar regurgitation. Details of 
intracardiac anatomy are also well demonstrated [38]. 
Volume measurements are typically performed in contiguous 
short-axis images through the ventricles from the apex to 
base of the heart using gradient echo cine imaging. The 
volumes of slices through the ventricles are summed, yielding 

Figure 22.11 Fetal four-chamber image of a complete AV canal defect 

in a patient with heterotaxy syndrome. There is a single common AV valve 

with large atrial and ventricular septal components to the AV canal. LA, left 

atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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the ventricular volumes, which may be indexed to body 
surface area. Ventricular volume measurements at end-
diastole and end-systole allow the calculation of the ejection 
fraction for both the left and right ventricles. Flow assessment 
can be used to quantify anterograde and retrograde flow 
through the atrioventricular valves. In the absence of an intra-
cardiac shunt or significant semilunar valve regurgitation, 
comparison of stroke volumes from short-axis imaging can 
also be used to calculate valvar regurgitation. With borderline 
left ventricular size, ventricular volumes measured on CMRI 
can help with decisions about left ventricular adequacy. 
Left ventricular volume obtained by this method may 
underestimate the potential volume due to shifting of septal 
position towards the left ventricular cavity.

Medical management

In today's era of complete neonatal surgical repair, the 
preoperative management of AVSD involves managing 
pulmonary over-circulation until operation. Anticongestive 
medical therapy reduces preload, enhances cardiac con-
tractility, reduces afterload, improves oxygen delivery, and 
enhances nutrition. Diuretic therapy is the mainstay of 
medical management. Other medications include digoxin 
and ACE inhibitors. Most infants with an AVSD have normal 
ventricular function, so there is little rationale for the use of 
digoxin. Ventricular volume overloading is the rationale for 
using ACE inhibitors, but data on its efficacy are lacking. 
Nutrition should be optimized. Medical management is 
maintained until surgical repair. Few data are available about 
the ideal size for surgical repair, with decisions varying 
between institutions. Excellent outcomes have been reported 
for repair of complete AVSD even in neonates. Pulmonary 
artery banding is rarely performed other than in premature 
or very sick infants or infants with complex anatomy.

After repair, patients typically require no more than 
routine follow-up. Medications are usually not needed after 
discharge from the hospital except for AV valve regurgitation 
when diuretics and/or afterload reduction may be necessary. 
Large residual septal defects are uncommon and would 
typically be addressed prior to hospital discharge.

Surgical repair of AVSD

The first successful repair of AVSD was reported by Lillehei 
and colleagues at the University of Minnesota in the mid-
1950s [39,40]. They initially used cross-circulation for 
cardiopulmonary bypass and the complete AVSD was 
repaired by directly suturing the rim of the atrial septal defect 
(ASD) to the crest of the ventricular septal defect (VSD) 
[Editor's note – This patient is doing well and has not needed 
a reoperation in the 55 years since the operation. J.H.M.]. 

Within 2 years they transitioned to a heart–lung machine 
and along with other pioneering heart surgeons of 1950s, 
such as John Kirklin, Dwight McGoon and Denton Cooley, 
began to incorporate patch material into the repair of AVSD 
[41,42]. Mortality remained high in part because the patients 
were older and at risk for complications from elevated 
pulmonary vascular resistance. Improvements in the 
techniques of surgery and cardiopulmonary bypass paralleled 
the transition to earlier age at repair.

Operative techniques
Cardiopulmonary bypass is used for repair of AVSD. In 
general, mild to moderate hypothermia (25–32 °C), aortic 
cross-clamping, and cardioplegia are used. The conduction 
system is vulnerable along the inferior–posterior edge of the 
defect and the sutures are placed to the right side of the 
interventricular septum to avoid heart block (Figure 22.12) 
[43–45]. Regardless of the specific form of AVSD or the 
specific operative technique, the cleft in the left sided AV 
valve should be closed except when it would lead to stenosis. 
Following closure, valve competence is tested to identify 
important insufficiency [46], which is managed by 
commissuroplasty sutures (Figure 22.13) [47,48].

Transesophageal echocardiography is performed at the 
end of the operation to identify major residual lesions. 
Postoperatively, transesophageal echocardiography (TEE) 
can provide the surgeon with information about residual 
lesions that need to be addressed prior to sternal closure 
[31]. Important details of the postoperative TEE include 
residual atrial or ventricular level shunts, AV valve function, 
ventricular function, and outflow tract obstruction. 
Atrioventricular valves should be closely inspected for either 
regurgitation or stenosis. The degree of AV valve regurgitation 
seen on intraoperative TEE may not correspond to that 
on follow-up transthoracic echocardiography. Multiple 
variables, including level of sedation, inotropic support, 
ventricular function, and filling pressure, may lead to 
discrepancies in the assessment of AV valve function in the 
operating room and at follow-up [49]. Right ventricular 
pressure may be estimated by measuring the velocity of 
either tricuspid valve regurgitation or residual VSD gradient. 
If increased pulmonary vascular resistance is suspected, this 
information may help guide postoperative management.

Partial AVSD (Primum Atrial Septal Defect)
In this form of AVSD, the ventricular septal defect component 
is absent [50]. The morphology of the AV valve varies. In 
some, an annular fibrous ridge separates the left- and right-
sided components of the AV valve. In others, the bridging 
leaflets of the common AV valve attach to the ventricular 
septum, obliterating any ventricular level communication 
but the fibrous separation between the left and right-sided 
components is indistinct. Patients with a partial AVSD are 
unlikely to have congestive heart failure unless there is 



Pediatric Cardiovascular Medicine

320

 significant left AV valve insufficiency. It has been common to 
delay repair until preschool age, but surgery from 3 to 18 
months of age is associated with a lower risk of residual left-
sided AV valve regurgitation [51]. Repair includes closure of 
the left-sided AV valve cleft and patch closure of the defect 
(Figure 22.14) [44]. The conduction system in AVSD is 
exposed along the inferior end of the defect and care is taken 

to place sutures to the right side in this area [51]. Some place 
the coronary sinus ostium on the left side of the patch to 
decrease further conduction system injury.

Transitional and intermediate AVSD
Transitional and intermediate forms of AVSD have distinct 
left- and right-sided AV orifices, an ASD, and a VSD below 
the AV valves [50]. With a transitional AVSD, the ventricular 
component is restrictive and frequently at the level of the 
cleft. Repair includes closure of the cleft and suture closure of 
the VSD component by passing pledget-supported horizontal 
mattress sutures from the right side of the interventricular 
septum through the area of division of the common AV valve 
and then through the bottom of a separate pericardial or 
Gore-Tex patch. With a restrictive VSD, it is not necessary to 
repair in early infancy, but delay past 4 years of age is 
associated with worse long-term left-sided AV valve function 
[52]. The VSD can be nonrestrictive, associated with heart 
failure, and at risk for early development of pulmonary 
vascular disease [52]. Larger ventricular septal defects may 
require a separate VSD patch. The conduction system 
occupies the same position as with a complete AVSD.

Complete AVSD
Elective repair of AVSD is undertaken at between 2 and 4 
months of age to avoid the development of elevated 
pulmonary vascular resistance. Currently there are three 

(a) (b)

Figure 22.12 The conduction system in AVSD. (a) The conduction system in partial AVSD. Note the position of the atrioventricular node (N) in the atrium 

inferior to the coronary sinus ostium (CS) and the course of the penetrating bundle (PB) along the posterior inferior margin of the ASD. (b) The conduction 

system in complete AVSD. The atrioventricular node (N) is in the same position as in the partial AVSD. The course of the penetrating bundle (PB) is along the 

posterior inferior margin of the ventricular septal defect (CAVO). op, partial AVSD; L, limbus; BB, branching AV bundle; RA, right atrium; RBB, right bundle 

branch; RV, right ventricle. (Reproduced with permission from Ilbawi et al. [7].)

Commissuroplasty suture

Figure 22.13 Achieving left AV valve competence is essential for 

successful repair of any form of AVSD. After closure of the cleft, which 

should be possible in most patients, the valve is assessed for competence 

and additional reparative procedures performed. In this example, 

commissuroplasty sutures are shown. (Reproduced with permission 

from Karl, Semin Thorac Cardiovasc Surg 1997;9:26–34.)
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Figure 22.14 Repair of partial AVSD. 

(a) The cleft in the left-sided AV valve has been 

closed and a patch is used to close the ASD. 

(b) To minimize the risk of injury to the 

atrioventricular node and His bundle the ASD 

patch has been sewn in place, leaving the 

coronary sinus on the left side of the patch. 

(Reproduced with permission from Rastelli 

et al. Mayo Clin Proc 1966;41:296–308.)

techniques used to repair AVSDs: the single-patch technique 
initially described by Maloney et al. in 1962 [53], the  two-
patch technique first reported by McGoon et al. at the Mayo 
Clinic in 1959 [42] and reintroduced by Trusler in Toronto in 
1976 [54], and the modified one-patch technique originally 
described by Wilcox et al. in 1977 [55] and subsequently by 
Nicholson et al. in 1999 [56].

The one-patch technique
In this technique, the single AV valve is separated into left 
(mitral) and right (tricuspid) halves by incising the superior 
and inferior bridging leaflets back to the annulus. A single 
patch of pericardium, Dacron, or Gore-Tex, is sutured to the 
right side of the crest of the interventricular septum. The 
valve leaflets are then resuspended to this patch. The cleft in 
the left side of the valve is closed using interrupted sutures 
and then the atrial component of the defect is closed by 
suturing the upper portion of this patch to the native atrial 
septum using continuous suture.(Figure 22.15) The largest 
series of classic single-patch technique are summarized 
in Table 22.2. The classic one-patch technique provides 
excellent exposure of the interventricular septal crest and 
may decrease the risk of a residual VSD. This technique is 
well suited to repair of AVSD with tetralogy of Fallot because 
incising the anterior bridging leaflet provides excellent 
exposure to the outlet component of the VSD. Its suitability 
in neonates and very small infants is questionable because 
their valve tissue is very thin and flimsy. Division and 
reapproximation of the delicate valve tissue are difficult 
without producing insufficiency.

The two-patch repair
In this technique, the VSD component of the AVSD is 
repaired with a separate patch of either pericardium, Dacron, 
or Gore-Tex. This sickle-shaped shallow VSD patch is sutured 
to the right side of the interventricular septum. Sutures are 
then passed from the top of the VSD patch through the 
appropriate dividing line of the superior and inferior bridging 

leaflets and then through the bottom of a separate ASD 
patch. The cleft in the left-sided AV valve is approximated 
with suture and the ASD is then closed by suturing the atrial 
patch to the edge of the defect. The two-patch technique is 
illustrated in Figure 22.16. The two patch repair preserves 
AV valve integrity. Most patients before surgery have a 
competent and non-stenotic common AV valve [57]. With 
the two-patch technique, the valve is not incised but rather 
the VSD patch is placed underneath the intact valve. A 
disadvantage of this approach is more difficult VSD exposure 
than in the classic one-patch technique. The two-patch 
repair of tetralogy of Fallot with AV canal is challenging 
because even after retracting the anterior bridging leaflet, 
exposure of the large outlet extension of the VSD is difficult. 
The two-patch technique may be better in neonates and 
small infants than the one-patch repair but the patch itself 
can distort the common AV valve and additional valvoplasty 
may be necessary to achieve competence. Experience with 
the two-patch repair is summarized in Table 22.3.

The modified one-patch technique
In this technique, a series of sutures are placed along the 
right side of the interventricular septum and then passed 
directly through the appropriate dividing line of the superior 
and inferior bridging leaflets of the common AV valve. These 
sutures are then passed through the bottom of a single patch, 
which is generally pericardium. The VSD is closed by suturing 
the leaflets of the common AV valve directly on to the crest 
of the interventricular septum. The atrial component of the 
defect is closed by approximating the edge of the patch to the 
remaining edge of the atrial septum (Figure 22.17). Valve 
integrity is maintained because no incisions are made in the 
common AV valve. The exposure of the VSD is less important 
because the technique does not require a separate VSD 
patch. It is suitable for neonates and small infants because 
there is minimal manipulation of the delicate leaflets. It is 
not suitable for repair of AVSD with tetralogy of Fallot or a 
large VSD. Direct approximation of the valve leaflets to the 
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Ant. leaflet
mitral valve

Post. leaflet
mitral value

Cleft

Patch
(underside)

Patch

(b)

(a)
Coronary sinus

Divided common ant.
leaflet, tricuspid Posterior leaflet, tricuspid

Figure 22.15 The one-patch repair. (a) A single 

patch is used to close both the ventricular and atrial 

components of the defect. The single patch has been 

sutured to the right side of the interventricular 

septum with interrupted sutures. The divided 

bridging leaflets have been reapproximated to 

the patch. (b) The left-sided AV valve cleft is 

approximated with interrupted suture. (Reproduced 

with permission from Smith et al. Cardiol Young 

2006;16:437–54.)

Table 22.2 Results of one-patch repair.

Authors  Years  Patients Average 
follow-up

 Operative 
mortality (%)

 Late 
mortality (%)

 Mitral valve 
reoperation (%)

 Heart block (%)

Reddy et al. [66] 1992–1997 72 24 months 1.3 1.3  3 0

Prifti et al. [67] 1990–2002 190 4 years 8.4 6.8 12 2.6

Crawford [47]  1995–2007 88  N/A  0  0  10  3.4

crest of the septum could predispose to left ventricular 
outflow tract obstruction. Polimenakos et al. reported the 
development of left ventricular outflow tract obstruction 
with modified one-patch repair, and with longer follow-up 
this complication may prove to be more common [58]. 
Outcomes of the modified one-patch technique are 

summarized in Table 22.4. In comparison with the tables 
summarizing the results of the two-patch and classic 
  single-patch techniques, the series reporting outcomes of the 
modified single-patch technique are more recent, and 
mortality is lower and mitral valve reoperations are fewer 
because of the more recent era and shorter follow-up.
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Figure 22.16 The two-patch repair. (a) The sickle-shaped shallow VSD patch has been sutured to the right side of the interventricular septum beneath the 

undivided common atrioventricular valve. (b) Sutures are then passed from the top of the VSD patch through the appropriate dividing line of the anterior and 

posterior bridging leaflets and then these same sutures are passed through the bottom of a separate ASD patch. (c) The left-sided AV cleft is approximated 

with interrupted suture and the remainder of the ASD closed. (Reproduced with permission from Rastelli et al. Mayo Clin Proc 1966;41:296–308.)

Table 22.3 Results of two-patch repair.

Authors  Years  Patients Average follow-up  Operative 
mortality (%)

Late 
mortality (%)

 Mitral valve 
reoperation (%)

 Heart 
block (%)

Backer et al. [64] 1983–1994 115 2.4 years 6.0 2.6 6.9 3.5

Lacour-Gayet et al. [68] 1995–2006 110 N/A 3.6 1.8 6.3 2.7

Masuda et al. [69] 1981–1999 64 99 months 3.1 4.7 7.8 N/A

Ten Harkel et al. [70] 1990–2001 111 66 months 2.7 2.7 9.0 1.8

Fortuna et al. [71] 1995–2005 209 83% 1 year follow-up 2.9 1.4 7.2 1.0

Litwin et al. [72] 1988–2005 222 N/A 2.7 2.7 5.0 1.4

Suzuki et al. [73] 1997–2002 116 27 months 1.7 1.7 8.0 0

Bakhtiary et al. [74]  1999–2009 100  58 months  0  0  6.0  3.0

Special circumstances

Palliative procedures
Palliation with a pulmonary band is rarely used today but may 
be indicated in an infant with congestive heart failure and a 
contraindication to cardiopulmonary bypass such as intra-
cranial hemorrhage or necrotizing enterocolitis. With tetralogy 
of Fallot and complete AVSD, the right ventricular outflow 
tract obstruction reduces pulmonary blood flow and heart 
failure. This initially ameliorative effect on the pathophysiology 
may complicate subsequent repair. The decreased pulmonary 
blood flow results in less flow across the common atrio-
ventricular valve and therefore a smaller common AV valve 
annulus and decreased biventricular volumes. [46] The smaller 
common AV valve area demands precise partitioning and the 
acceptable margin of error is decreased. Furthermore, the 

smaller annulus limits annuloplasty techniques to deal with 
residual left AV valve regurgitation. Although excellent results 
with repair of tetralogy of Fallot and complete AVSD in infancy 
can be obtained, in a small cyanotic infant, systemic to 
pulmonary artery shunting or right ventricular outflow tract 
stenting provides suitable palliation and allows repair when 
the patient is larger and reparative techniques are more easily 
applied [59,60].

Double-orifice left av valve
Double-orifice left AV valve complicates 5% of AVSD [61]. 
Double-orifice left AV valve almost always consists of 
abnormal holes in essentially normal leaflets, rather than 
abnormal fibrous bridges or adhesions across commissures 
between leaflets [61]. The accessory orifice is not the result 
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of fusion or adhesion between leaflets. Therefore, division of 
the bridging tissue between the accessory orifice and the 
major orifice must be avoided as it will result in left AV valve 
regurgitation. Because the abnormal subvalvar apparatus 
with accessory papillary muscle and crossing chordae 
tendineae can result in inflow obstruction, limited cleft 
closure may be necessary to avoid stenosis of the reconstructed 
LAV valve. Avoiding division of the bridging leaflet tissue 
and selective partial cleft closure achieves results comparable 
to those for uncomplicated AVSD [62,63].

Postoperative status
In patients with coexistent AVSD and tetralogy of Fallot, 
recovery from surgical repair may be more complicated than 
with either anomaly alone. Residual right ventricular outflow 
tract obstruction or pulmonary insufficiency may exacerbate 
right AV valve insufficiency, increasing right  ventricular work 

load [11]. Left AV valve insufficiency can increase pulmonary 
artery pressure, causing pulmonary insufficiency. Surgical 
results have improved, and excellent operative survival has 
been reported [13]. The need for late intervention for residual 
ventricular level shunting or left AV valve insufficiency is not 
unusual. In contrast to isolated complete AVSD, or partial 
AVSD, left ventricular outflow tract obstruction is rare [11]. 
Following repair of AVSD, residual lesions should be 
defined and followed serially. The most common reasons 
for reintervention are left AV valve insufficiency or left 
ventricular outflow tract obstruction [27]. Residual atrial 
and ventricular shunts should be sought.

AV valve function may be abnormal following repair. Left 
AV valve dysfunction is less well tolerated. Residual cleft 
between the superior and inferior bridging leaflets may 
result in residual left AV valve regurgitation. Two-dimensional 
imaging from the parasternal short-axis or subcostal sagittal 
view best demonstrates a residual cleft. Color Doppler may 
quantify and localize the regurgitation using orthogonal 
planes, as the regurgitant jet may have an irregular contour. 
Chamber dilation suggests significant regurgitation. The AV 
valves should also be interrogated for stenosis. Left AV valve 
stenosis should be considered with closely spaced papillary 
muscles, single papillary muscle, or double-orifice left AV 
valve. Continuous-wave Doppler from the apical four- 
chamber view can determine the mean gradient.

Summary and conclusions

A variety of operative techniques are used for repair of AVSD, 
and surgeons have reported excellent outcomes with all 
three approaches [54–75]. All of them achieve the goal of 
separating the VSD component, dividing the common AV 
valve into left- and right-sided components, and closing the 
ASD. In most patients, a durable left-sided AV valve is con-
structed with a low risk of late incompetence. The outcomes 
depend more on a surgeon’s experience than the particular 
technique used. Indeed, most of the large series presented 
are dominated by a single surgeon author with a strong 
interest and experience in this lesion and whose experience 
over time is isolated to generally one technique.

(a) (b)

Figure 22.17 The modified one-patch repair. (a) Sutures are placed along 

the right side of the interventricular septum and then passed directly through 

the appropriate dividing line of the anterior and posterior bridging leaflets of 

the common AV valve. These same sutures are then passed through the 

bottom of a single patch, which is generally pericardium. (b) These 

interrupted sutures are then tied down and this closes the VSD by placing the 

leaflets of the common AV valve directly onto the crest of the interventricular 

septum. The left sided AV cleft is approximated with interrupted suture. The 

atrial component of the defect is then closed by approximating the edge of 

the patch to the remaining edge of the atrial septum (Reproduced with 

permission from Silverman et al. Int J Cardiol 1986;13:309–31.)

Table 22.4 Results of “modified” one-patch repair.

Authors
 

Years  Patients  Average 
follow-up

 Operative 
mortality (%)

 Late 
mortality (%)

 Mitral valve 
reoperation (%)

 Heart block (%)

Wilcox et al. [55] 1992–1995 12 N/A 8.3 0 0 0

Nunn [75] 1983–2005 128 7.3 years 1.6 0 2.3 0

Jonas [48] 1997–2002 34 N/A 0 N/A 0 1

Backer et al. [65]  2001–2006 26  1.8 years  3.8  0  3.8  0
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The dramatic improvements are likely due to many 
 factors, but most importantly an earlier age at operation. 
The younger age of repair has generally eliminated the 
“ pulmonary hypertensive crisis,” previously a common 
 post operative occurrence. Transesophageal echocardiogra-
phy has helped identify residual lesions, particularly mitral 
regurgitation, permitting early reintervention for significant 
left-sided AV valve regurgitation. Improvements in post-
operative control of pulmonary hypertension have also con-
tributed to improved results. Currently, a baby with AVSD is 
likely to have a successful early repair, an uncomplicated 
postoperative course, and a low likelihood of reintervention 
on the left-sided AV valve.

Prognosis after surgery
The outcomes after surgical repair of AVSD are excellent. Left 
AV valve regurgitation is the most common indication for 
reoperation, occurring in 5–15% of patients [74,76–80]. 
Typically, this is caused by incomplete closure of the zone of 
apposition between the inferior and superior bridging  leaflets. 
Stenosis occurs less frequently, particularly when associated 
with parachute choral apparatus. Late left ventricular  outflow 
tract obstruction necessitating intervention occurs in both 
forms of AVSDs, but is more frequent in partial AVSD.
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23 Ventricular Septal Defect
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Introduction and historical background

Anatomists and pathologists have documented defects in the 
ventricular septum for centuries. Defects associated with 
more major malformations have been described or referred to 
in numerous publications during the last 200 years –  especially 
in association with right ventricular outflow tract obstruction 
(pulmonary stenosis or atresia) [1,2]. During the latter part of 
the nineteenth century, two widely different and notable 
publications drew attention to some of the  clinical conse-
quences of ventricular septal defect (VSD). First, the charac-
teristic harsh and strikingly loud systolic murmur present in 
many affected patients was described, and the remarkable 
absence of symptoms experienced by such individuals was 
recognized [3]. Since this publication appeared, the term 
 maladie de Roger has been widely used to imply a small asymp-
tomatic VSD. The second was a report in 1897 by Eisenmenger, 
who described a patient who died at the age of 32 years, 
 having suffered with cyanosis from early childhood [4]. At 
autopsy, he was found to have a ventricular septal defect with 
an overriding aorta and pulmonary  arterial sclerosis. The 
development of cyanosis in adult life was attributed to the 
overriding aorta and so the defect described in this publica-
tion (large VSD with aortic override) came to be known as 
Eisenmenger’s anomaly, and when cyanosis appeared in adoles-
cence or adult life, the combination has been referred to as 
Eisenmenger’s complex by Abbott. In the twentieth century, it 
was the detailed physiological assessments by Paul Wood [5] 
in the 1950s and the pathological studies of Heath and co-
workers [6,7] which highlighted the role of the pulmonary 
vasculature in the development of cyanosis in this setting, the 
condition to which we now refer as Eisenmenger syndrome.

During the second half of the twentieth century, two 
schools of thought regarding the hemodynamic significance 

of a VSD emerged. The first was based on Roger’s premise 
that most patients were asymptomatic and Eisenmenger’s 
observations that unrepaired defects resulted in late cyanosis 
or death. Thus, until the 1970s, the strongly held view of 
many pediatric cardiologists was that most VSDs would if 
unrepaired, inevitably lead to pulmonary hypertension and 
the Eisenmenger syndrome [8]. More recent epidemiological 
studies, however, led to a very different, and more benign, 
view of most defects, suggesting that more than 70% are 
small and clinically asymptomatic and that a large proportion 
close spontaneously during infancy or early childhood [9,10]. 
This perspective is further supported by echocardiographic 
studies using color flow mapping, which have shown a high 
incidence of extremely small defects in the fetal and neonatal 
period or later in infancy. These are usually clinically silent 
and would in the past have gone undetected, often closing 
spontaneously in the first weeks or months of life [11,12].

Incidence and genetics

According to published population-based series, VSD 
accounts for up to 40% of congenital cardiac malformations. 
Of 4390 infants with congenital heart disease in the 
Baltimore–Washington Study, 1411 (32.1%) had VSD. Of 
these, 895 were reported to be perimembranous, 429 to be 
muscular, and 22 to be doubly committed [13]. A significant 
number of VSDs close spontaneously. According to Hoffman, 
∼85–95% of tiny muscular defects close spontaneously in 
the first year after birth and about 70% of small defects close 
during childhood [14]. Of the 10–25% of defects considered 
to be large, ∼10–15% close spontaneously. The quoted inci-
dence, or prevalence, of VSD within populations therefore 
varies according to the age of the population studied and to 
the method of diagnosis. Clinical studies of children born in 
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Bohemia [15] and Merseyside [16] demonstrated a  prevalence 
of 2.56 and 2.74 per 1000 live births, respectively. More 
recent studies using echocardiography rather than clinical 
examination or postmortem have reported a higher preva-
lence. The true point prevalence of VSD at birth is higher 
still, as reported in a prospective echocardiographic study of 
1053 prospective newborns, of whom 56 had a VSD at birth, 
(53.2 per 1000), but nearly 90% of these had closed within 
10 months [17].

The genetic origins of VSD are complex and in most 
patients are probably multifactorial. Thus, an underlying 
genetic predisposition to CHD acts in synergy with other 
influences, including somatic mutations early in develop-
ment, epigenetic factors, environmental influences, and 
purely stochastic effects to produce cardiac anomalies [18]. 
Family aggregation studies strongly suggest that genetic 
 factors play an important role in the development of CHD, 
because the relative risk of having an affected child is 
increased when a first-degree relative also has a cardiac 
 malformation [19]. The multifactorial origin of the majority 
of congenital cardiac defects, including VSD, is probably best 
supported by the observation that even identical twins 
 display a relatively low concordance rate for congenital 
 cardiovascular malformations, usually below 10% [20,21].

In some families, monogenic influences contribute to the 
pathogenesis of congenital cardiovascular malformations, 
including VSD [22]. The characterization of these has facili-
tated the identification of important components of the 
 signaling pathways that regulate cardiac development and 
septation [23–25]. The roles of mutations in the T-box tran-
scription factor gene TBX5, the zinc finger transcription factor 
gene GATA4, and the NKX2.5 homeobox transcription factor 
in abnormal cardiac septation, have received particular 
attention. GATA4 and TBX5 are co-expressed in the heart 
and their interaction is critical for cardiac septation [26]. In 
addition to being expressed in the heart, TBX5 is expressed 
in the upper limb buds and the eyes and the most often- 
reported mutation is associated with the autosomal domi-
nant Holt–Oram syndrome [27,28], characterized by 
abnormalities of the forelimbs and also a number of cardiac 
abnormalities, including atrial septal defect, VSD, and tetralogy 
of Fallot. Recently, a TBX5 polymorphism has been shown to 
be strongly associated with isolated VSD in a population of 
Chinese Han [29]. Recent reports have also identified GATA4 
sequence variants in familial septal defects (particularly 
atrial), although they have also been found in some patients 
with sporadic VSD [30–32].

Even in families with cardiac defects that have been linked 
to monogenetic mutations, pleiotropy and incomplete pen-
etrance are typically seen.

Environmental influences, such as teratogens, including 
maternal alcohol and drugs, maternal infections, and 
untreated maternal metabolic illnesses have all been associ-
ated with VSD [33]. Lastly, many patients with VSD have no 

known predisposing risk factor, so that stochastic events or 
factors may play an important role in their development.

Embryology

The interventricular septum has distinct mesenchymal 
and muscular components [34]. The mesenchymal com-
ponent faces the arterial valves and separates the ven-
tricular inflow and outflow tracts, and appears to originate 
mainly from fusion of the conotruncal and atrioventricu-
lar endocardial cushions. The processes underlying the 
development of the muscular septum are less well defined, 
and at least two hypotheses have been proposed for this. 
Studies of human embryos [35,36] suggested that the 
muscular interventricular septum forms from the coales-
cence of the component of the ventricular wall that is 
interposed between the enlarging free walls of the devel-
oping right and left ventricles. Thus, as the ventricular 
cavities become deeper, the septum grows passively 
inwards. Observations, particularly in chick embryos, 
however, using in vivo labeling did not fully support this 
concept [37,38], and instead suggest that the muscular 
septum originates from a cluster of cells, the so-called 
“primitive interventricular septum” which grows actively 
towards the cushions of the AV canal [38].

Defects of the ventricular septum are likely to develop as 
a consequence of several factors. Failure of complete forma-
tion of the primary septum may contribute to trabecular 
defects, and many muscular defects in the trabecular sep-
tum likely result from excessive undermining beneath and 
between trabeculae, during formation of the trabecular part 
of the septum. Failure of fusion of the atrioventricular cush-
ions, with each other or with the primary septum, may 
result in an inlet VSD, either in the context of an atrioven-
tricular septal defect or as an isolated defect. Malalignment 
or poor development of the outlet cushions contributes to 
outlet defects, and finally, failure of complete closure of the 
area that forms the membranous septum leaves a perimem-
branous defect. Defects in this area are much larger than 
the normal membranous septum and are likely to result 
from incomplete development of one or other components 
of the muscular septum. This leaves a communication of 
such a substantial size that the normal mechanism for 
 formation of the membranous septum is unable to effect 
complete closure.

Pathologic anatomy

VSD, in many respects, is considered to be one of the simpler 
congenital cardiac malformations, so it is ironic that there is 
still no universal consensus for its classification [39]. Some 
defects are completely surrounded by muscle (muscular 
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defects) and classified according to their location within the 
muscular septum (inlet, apex or outlet). Defects at the 
 margins of the muscular septum can be related to the hinge-
points of the leaflets of the atrioventricular valves (perimem-
branous), those of the arterial valves (juxta-arterial), or both 
(Figure 23.1).

Muscular defects are located within the muscular septum. 
They are surrounded exclusively by muscular rims and, 
when viewed from the cavity of the right ventricle, may 
open into its inlet, its outlet, or its apex.

Perimembranous defects: the membranous septum is the 
smallest component of the ventricular septum, lying close 
to the central fibrous body. It delineates a small part of the 
left ventricle, immediately below the aortic valve, and is 
related to the commissure between its right coronary and 
noncoronary leaflets, and the part of the right ventricle 
adjacent to the septal commissure of the tricuspid valve. 
Defects in this area are termed perimembranous VSDs. They 
open into the right ventricle where the subpulmonary out-
flow tract turns superiorly relative to the atrioventricular 
junction, and are characterized by fibrous continuity 
between the leaflets of the tricuspid and the aortic valves, 
which form their postero-inferior margin. When a peri-
membranous VSD extends anterosuperiorly, it tends to lie 
in an immediately “subaortic” position, and may be referred 
to as a subaortic VSD. This type of defect usually excavates 
the outlet septum to a degree and may be called a perimem-
branous outlet VSD. When the aorta overrides such a defect, as 
in tetralogy of Fallot, the term malalignment VSD is some-

times applied. A perimembranous VSD may, alternatively, 
excavate the inlet septum (see inlet VSD) and then lie below 
the septal leaflet of the tricuspid valve, sometimes being 
associated with overriding or straddling of the tricuspid 
valve. A large perimembranous VSD may excavate into all 
three of the muscular parts of the  septum, and this may be 
referred to as a confluent defect.

Part of the membranous septum separates the left ven-
tricular outflow tract, adjacent to the commissure between 
the right and noncoronary leaflets of the aortic valve, from 
an area in the right atrium just above the annulus of the 
tricuspid valve, which is close to its septal commissure. This 
curious feature results from the fact that the anterior part of 
the annulus of the septal tricuspid leaflet is actually attached 
across the middle of the membranous septum, thus separat-
ing it into atrioventricular and interventricular compo-
nents. Further posteriorly, behind the membranous septum, 
the annulus of the septal tricuspid leaflet is also attached at 
the inferior margin of the atrial septum, and is at a lower 
level than the mitral valve on the opposite side. This results 
in the characteristic offsetting of the septal leaflets of the 
mitral and tricuspid valves, readily seen on echocardio-
graphy in the four-chamber view. Such offsetting depends 
on an intact ventricular septum in this area, and a 
 perimembranous VSD extending into the inlet septum 
(inlet perimembranous defect) is usually associated with 
loss of normal offsetting.

Gerbode defects refer to a spectrum of VSDs which are asso-
ciated with a shunt directly from the left ventricle to the 
right atrium. This can occur with a VSD involving the atrio-
ventricular component of the membranous septum, which 
allows direct communication between the left ventricle and 
the right atrium, a typical Gerbode VSD. There are other 
situations when a shunt from the left ventricle to the right 
atrium may occur through a VSD. Most commonly, the 
shunt through a perimembranous VSD that is directly related 
to the septal commissure of the tricuspid valve may flow 
through the commissure, from the left ventricle into the 
right atrium. Alternatively, there may be a defect in the sep-
tal leaflet at the area of the membranous septum, with lack 
of the normal annular attachment across the septum at this 
point, allowing the left ventricle to communicate with both 
the right atrium and the right ventricle.

Doubly committed and juxta-arterial defects are found in an 
area which in the normal heart constitutes a free-standing 
tube of muscular tissue – the muscular infundibulum – 
which supports the pulmonary valve. A defect in this 
region is characteristically associated with continuity 
between the aortic and pulmonary valves. Usually, these 
defects have a postero-inferior rim of muscle. If such 
defects extend into the perimembranous zone, then there 
is also fibrous continuity with the tricuspid valve, the 
 so-called “doubly committed and juxta-arterial and per-
imembranous VSD.”

Doubly-committed

Perimembranous

Muscular
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Figure 23.1 Cartoon demonstrating the position of ventricular septal 

defects from the right side of the ventricular septum. The positions of 

perimembranous, doubly committed, and muscular defects are shown.
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Relation between conduction axis 
and ventricular septal defects
An understanding of the location of the cardiac conduc-
tion system is essential for a cardiac surgeon if damage to 
this pathway is to be avoided during surgical repair of VSD. 
The position of the cardiac conduction system in relation 
to VSDs is easily understood when the site of the defect is 
viewed in relation to anatomic landmarks. Those defects 
that directly abut the area of the membranous septum and 
central fibrous body (perimembranous defects) always 
have the conducting tissue at the posteroinferior margin of 
the VSD and related to the crest of the trabecular part of 
the ventricular septum. With an inlet perimembranous 
VSD, the atrioventricular node and His bundle are posteri-
orly displaced, and the bundle pursues a longer than 
 normal course on the crest of the ventricular septum (as 
occurs with atrioventricular septal defects). With other 
types of perimembranous defects, the position of the His 
bundle tends to be more nearly normal, with a short course 
for the bundle before bifurcation immediately below 
the aortic valve on the left side of the crest of the trabecu-
lar septum.

The relationships between muscular VSDs and the atrio-
ventricular conduction axis are more variable. Inlet defects 
lie consistently below and behind the conducting path-
ways. Trabecular defects usually open into the right ventri-
cle  anterior to the right bundle branch and into the left 
ventricle at a variable point, often with the radiations of 
the left bundle branch running around the anterior and 
the posterior  margins of the defect. Most of these defects 
are distant from the bundle of His, although those that are 
close to the atrioventricular junction may have only a thin 
rim of muscle separating the defect from the bundle, and 
may therefore be vulnerable during repair. Outlet defects 
(muscular or doubly committed) are usually separated 
from the area of the membranous septum, although some 
may have only a slender muscle bar between the defect 
and the membranous septum. In most hearts with a doubly 
committed juxta-arterial defect, the conduction axis is pro-
tected by the muscular postero-inferior rim. However, in 
those juxta-arterial defects which extend into the per-
imembranous region, in which this muscular rim is defi-
cient, the conduction axis will be contained within the 
 postero- inferior rim of the defect, as occurs in other forms 
of  perimembranous defect.

In general, perimembranous defects with their conduct-
ing system are likely to lie at the postero-inferior margin 
and are the most vulnerable to intraoperative damage. This 
is much less likely for muscular VSDs, as the bundle of His 
generally lies in the antero-superior rim of the defect with 
inlet defects and most commonly posterior to or inferior to 
most trabecular and outlet defects, and as such are less likely 
to be damaged.

Associated anomalies
In addition to existing in isolation, VSDs are present in a 
wide range of more complex cardiac malformations, includ-
ing tetralogy of Fallot, tricuspid atresia, and transposition of 
the great arteries. These complex malformations are discussed 
elsewhere in this book. VSD is also commonly associated 
with atrial septal defect or persistent ductus arteriosus. In 
these settings, the clinical signs and symptoms are  typically 
related to the VSD, rather than the other defects. On the other 
hand, when VSD is associated with aortic arch obstruction 
(coarctation or interruption), the clinical features related to 
arch obstruction usually predominate, particularly during 
the early neonatal period.

Association of VSDs with significant left ventricular 
 outflow tract obstruction, either valvar or subvalvar aortic 
stenosis, may compound the clinical presentation, and add 
to the complexity of management. Other obstructive lesions 
of the left side of the heart, such as subaortic, mitral, or 
supramitral stenosis, may also coexist with VSD. The extent 
to which they aggravate the clinical symptoms depends on 
the severity of the associated obstruction.

By contrast, associated right ventricular outflow tract 
obstruction (valvar pulmonary stenosis or infundibular 
 stenosis) may be well tolerated and often diminishes the 
effects of the VSD, especially if the septal defect is large. The 
development of increasing infundibular obstruction, which 
occurs in ∼5% of patients with VSD, is probably related to 
progressive hypertrophy of anomalous muscle bundles in 
the right ventricle. Although different in its embryonic 
 origins, this hypertrophy may progress during the first 
months of life, leading to tight infundibular stenosis, closely 
resembling that associated with tetralogy of Fallot.

Important but uncommon associated anomalies include 
those in which the mitral or the tricuspid valve overrides or 
straddles the VSD, because of malalignment between the 
atrial and the ventricular septums.

So-called aneurysms of the membranous septum are 
found in a high proportion of patients with a perimem-
branous defect, in which a fibrous sack around the right 
ventricular side of the VSD may partially occlude even a 
moderately large communication. These “aneurysms” are 
usually derived from tricuspid leaflet tissue, either of the 
septal leaflet or from accessory leaflet material, which 
becomes adherent to the rim of the VSD. The process of 
adhesion to the edge of the defect often progresses over 
months or years, leading to spontaneous diminution in size 
or closure in many patients.

Aortic valve prolapse may be found in patients with defects 
close to the aortic valve. This phenomenon is particularly 
characteristic of doubly committed defects, in which the pro-
lapsing leaflet (the right coronary leaflet) may partially 
occlude the VSD, creating the impression clinically that the 
defect is small. Some perimembranous defects are associated 
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with prolapse of the noncoronary or the right coronary leaf-
let. Over time, if untreated, prolapse leads to progressively 
increasing aortic incompetence.

Pathophysiology

The key features that dictate the hemodynamic impact and 
clinical effects of a VSD are the amount and direction of 
i nterventricular shunting, the degree of volume loading to the 
cardiac chambers, and the presence of secondary phenom-
ena, including prolapse or regurgitation of the aortic valve 
and obstruction to either the pulmonary or systemic 
 outflow tract.

The amount of interventricular flow is determined first by the 
size of the defect and second by the relative resistances of 
the pulmonary and systemic vasculature. The amount of 
flow through a small, restrictive defect depends primarily on 
its size and, in the absence of other abnormalities, will usu-
ally be from the left to the right ventricle. The magnitude of 
flow through a larger nonrestrictive defect is determined by 
the relative resistances of the systemic and pulmonary 
 vascular beds and may vary considerably during the clinical 
course and over time. Thus, with an elevated pulmonary 
vascular resistance during the early neonatal period, the 
magnitude of shunting, even through a very large defect, 
may be  minimal. Consequently, many infants with an undi-
agnosed large VSD are discharged from the maternity hospi-
tal  asymptomatic, with no appreciable murmur, only to 
develop an increase in the amount of left-to-right shunting 
and symptoms of pulmonary overcirculation as pulmonary 
vascular resistance falls during subsequent weeks. In a 
minority, the normal postnatal fall in pulmonary vascular 
resistance may be delayed or arrested, such that they never 
develop symptoms of excessive pulmonary blood flow and 
unfortunately only present later with signs of pulmonary 
vascular disease.

If a large VSD is unoperated, the pulmonary vascular bed 
remains exposed to a chronic elevation of pulmonary pres-
sure and flow. These patients develop pulmonary vascular 
disease [40]. Pulmonary vascular resistance increases, 
reducing the amount of left-to-right shunting. Ultimately, as 
 pulmonary vascular resistance increases further and exceeds 
systemic resistance, right-to-left interventricular shunting 
ensues, resulting in cyanosis and the so-called “Eisenmenger 
syndrome.” The mechanisms for these changes are now well 
described. Characteristic histologic changes have been 
 demonstrated in the pulmonary microvasculature with 
hypertrophy of the medial smooth muscle, migration of 
smooth muscle distally into normally nonmuscularized small 
vessels, deposition of interstitial elements within the media, 
migration of smooth muscle cells through a disrupted inter-
nal elastic lamina, and ultimately severe destruction of the 
normal vascular architecture and the so-called “plexiform 

lesion” [41]. Studies in humans and animal models show 
that the endothelium plays a central role in the genesis of 
pulmonary vascular disease. Endothelial-derived vasoac-
tive messengers whose synthesis is deranged in pulmonary 
vascular disease contribute both to the alterations in the 
function of vascular smooth muscle and to the structural 
changes characteristic of this condition [40,42,43] (see 
Chapter 5).

An increase in volume loading of the left atrium and ventricle 
typically results from the excessive pulmonary flow and, in 
turn, the increased pulmonary venous return associated 
with a moderate or large VSD. This volume loading dilates 
the left atrium and particularly the left ventricle. In response 
to the increase in wall stress, left ventricular hypertrophy 
may ensue. Significant longstanding pulmonary hyperten-
sion may result in right ventricular hypertrophy and  dilation, 
which then predominate as a patient enters the terminal 
stages of severe Eisenmenger syndrome.

Secondary structural cardiac abnormalities may contribute 
 significantly to the course of patients with VSD. Defects 
located near the aortic valve may be complicated by the later 
 association with aortic valve prolapse. It appears that pro-
lapse occurs secondary to the generation of Venturi forces in 
which the high-velocity jet across a restrictive VSD “sucks” 
the aortic leaflet into the defect [44]. Anatomic factors 
including a lack of structural support for the valvar leaflet 
(for example, in the setting of a doubly committed defect) or 
abnormal commissural suspension may also predispose 
 particular patients to this complication. The type of VSD in 
which aortic prolapse occurs is usually the doubly committed 
subarterial ventricular septal defect, but a perimembranous 
defect may be involved if the VSD lies immediately adjacent 
to the aortic valve, without an intervening septal remnant. 
With a doubly committed defect, the right coronary sinus is 
involved; with a perimembranous defect, either the right or 
the noncoronary sinus is affected (or rarely both are). The 
consequence of aortic prolapse over time is the development 
of aortic regurgitation, which, if left untreated, may worsen 
the degree of left ventricular dilation.

The development of mid-cavity obstruction of the right 
ventricle due to hypertrophy of muscle bands creates the 
entity known as double-chambered right ventricle. This occurs 
in ∼3%, according to the Joint Studies on the Natural History 
of Congenital Heart Disease [45,46], but may be higher [47]. 
The key pathophysiologic characteristic of this condition, 
which may represent accentuated septoparietal trabeculations 
[48], is the creation of a proximal “high-pressure” chamber 
and a distal “low-pressure” chamber within the cavity of the 
right ventricle. There is a well-recognized association between 
double-chambered right ventricle and membranous subaortic 
stenosis [49]. In a study of 21 patients with double-chambered 
right ventricle and VSD, the defect was perimembranous in 
18, muscular in two and doubly committed in one. The defect 
was proximal to the muscle bundle in 13 and distal in eight 
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[50]. A right aortic arch [51] or a more horizontal pulmonary 
outflow tract [52] may be a risk factor for acquired right ven-
tricular outflow tract obstruction.

Clinical features

Clinical history
Many infants with a VSD are asymptomatic at the time of 
presentation and come to notice when a murmur is detected 
on auscultation, either in the neonatal period or later. At 
least 75% of affected patients have a defect that is small with 
a hemodynamically insignificant left-to-right shunt, remain 
asymptomatic, and continue to feed and thrive normally. If 
careful assessment of such patients confirms that the shunt 
is small and that the heart is not subjected to significant vol-
ume loading, or associated anomalies of the outflow tracts or 
valvar dysfunction, there is little likelihood of symptoms 
developing, and the family may be reassured accordingly. 
Most infants with a larger VSD (except those in whom pul-
monary resistance never falls) typically become symptomatic 
at between 2 and 6 weeks of age [53]. At this time, pulmo-
nary resistance falls, and the increased pulmonary blood 
flow and venous return to the left atrium lead to the onset of 
pulmonary venous congestion with tachypnea, dyspnea, 
and feeding difficulties. The increased caloric demands 
resulting from the combination of high cardiac output and 
increased respiratory effort are further compounded by the 
difficulty in feeding. These infants typically fail to thrive.

Associated abnormalities may alter the clinical symptoms 
substantially. For instance, coexisting coarctation of the aorta 
usually leads to an earlier clinical presentation, often as the 
ductus closes in the first days of life. These infants typically 
present with dyspnea, poor feeding, and rapid progression 
to severe manifestations of systemic hypoperfusion and 
 respiratory failure.

Physical examination
The typical murmur associated with VSD is described as a 
high-pitched murmur which usually occupies most, or all, of 
systole (pansystolic). In the early neonatal period, a small, 
restrictive defect may not always produce a typical murmur, 
and instead the murmur may be of medium frequency and 
occur in early to mid systole. The murmur generally becomes 
more characteristic over the next few weeks. There are usu-
ally few if any other abnormal findings on clinical examina-
tion of patients with a small defect. A thrill is present when 
the murmur is sufficiently loud. The murmur and thrill are 
usually most evident along the left sternal border, although 
the site of maximal intensity varies. An apical VSD may 
 produce a murmur that is best heard toward the apex and 
may be mistaken for the murmur of mitral regurgitation.

With a larger VSD, the clinical findings are often different. 
In the early neonatal period and for several weeks, there 

may be no murmur or only a soft, nonspecific ejection mur-
mur. As the shunt increases with gradual fall in pulmonary 
vascular resistance, the murmur becomes louder, often 
longer, and occupying more of systole. At the same time, 
with the increasing size of the left-to-right shunt, the heart 
becomes increasingly hyperdynamic. This is associated with 
a palpable systolic impulse at the left sternal edge due to the 
dilated and hypertensive right ventricle. At the apex, a 
 mid-diastolic murmur due to high flow across the mitral 
valve becomes audible. With pulmonary hypertension, the 
pulmonic component of the second sound is accentuated. 
During this time, most infants become increasingly dyspneic 
and tachypneic and may manifest marked intercostal and 
subcostal retractions. Chronic dyspnea may result in the 
appearance of bilateral Harrison’s sulci (horizontal depres-
sion across the lower thorax corresponding to insertion of 
diaphragm). These infants typically fail to thrive, falling 
away from their height and weight curves on a growth chart, 
and even occasionally from the curve of head circumference, 
and feed poorly, becoming sweaty on minimal exertion or 
on feeding.

Electrocardiographic features
The electrocardiogram (ECG) reflects the effect of the VSD 
on the cardiac chambers and pulmonary vasculature. With a 
small defect, the ECG may be normal. Left axis deviation 
occurs in a few patients and may reflect abnormal distribu-
tion of the left bundle branch [54]. Without other electro-
cardiographic abnormalities, it is usually of no sinister 
significance, but if partial or complete right bundle branch 
block coexists with a superior QRS axis, an atrioventricular 
septal defect or VSD of atrioventricular septal defect type 
should be excluded.

If the VSD is associated with a moderate or large shunt, 
the ECG manifests evidence of combined ventricular 
hypertrophy with increased left ventricular voltages along 
with prominent right ventricular forces or large combined 
voltages (R + S) in the mid-chest leads (V3, V4) (Katz–
Wachtel phenomenon). Left atrial enlargement is also 
found in some patients. Left ventricular hypertrophy on 
voltage criteria may occur, especially in later childhood, 
usually indicating a significant shunt but nearly normal 
pulmonary resistance. Isolated right ventricular hypertro-
phy is a feature of infants with associated infundibular 
 stenosis (similar to tetralogy of Fallot) or of patients 
with severe established pulmonary  vascular disease 
(Eisenmenger’s syndrome).

Chest X-ray
The chest radiograph reflects the hemodynamic disturbance 
associated with a VSD. Normal cardiac size and normally 
pulmonary vascular markings suggest only a minor left-to-
right shunt and as such a hemodynamically unimportant 
defect.
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An increase in the transverse cardiac diameter usually 
indicates a significant shunt. The left ventricular apex is 
displaced laterally and inferiorly. The left atrium may be 
enlarged, producing flattening (upward displacement) of 
the left main bronchus and sometimes a double shadow 
over the right atrium. Increased pulmonary blood flow 
indicated by pulmonary arterial markings is evident as 
cross-sections of hilar vessels, which are distinctly larger 
than their accompanying bronchi. Prominent vessels are 
usually seen well out into the middle and upper zones of 
the lung, whereas such markings are seen only in the lower 
zones (particularly on the right side) in a normal chest 
radiograph. Hyperinflation is frequently seen in an infant 
with a large shunt and probably reflects altered airway 
resistance and compliance. Pulmonary congestion with 
interstitial edema may appear, and infective changes may 
be superimposed.

As pulmonary vascular obstructive disease develops, there 
may be a reduction in cardiac size toward normal, but the 
central pulmonary vascular markings become prominent 
and the peripheral pulmonary vascularity (beyond the hilar 
areas) become reduced (“pruned”).

Echocardiography

A comprehensive echocardiogram is the mainstay of the 
diagnosis in most cardiac units. The goals of the echocardio-
graphic examination, which would be part of a full segmental, 
sequential study, are to provide information about

the location, size, and numbers of defects, whether they  •
are restrictive and whether there are any indicators of their 
likelihood to close spontaneously

the pulmonary-to-systemic flow ratio and the right  •
 ventricular systolic pressure

the degree of volume loading of the left heart and left  •
 ventricular size

the presence of aortic valvar prolapse, double-chambered  •
right ventricle or straddling of an atrioventricular valve

associated subpulmonary, or subaortic (with or without  •
arch) obstruction.

The echocardiographer should be able to conceptualize 
the shape of the ventricular septum by integrating the mul-
tiple cross-sectional images to delineate the size of the defects 
and their relationship with surrounding structures. The 
newer technique of three-dimensional echocardiography 
may facilitate this integration [55,56].

The location of the defect can be determined from cross-
sectional imaging. Depending on the location of the defect 
within the septum, this may be from subcostal, apical, or 
parasternal windows (Figure 23.2) (Videoclips 23.1 and 
23.2). Small defects may only be detected on color Doppler, 
and finding one muscular defect should prompt the search 
for more, as these are commonly multiple. The parasternal 
short-axis projection is particularly important for demon-
strating fibrous continuity between the tricuspid and aortic 
valves to distinguish a perimembranous defect from a mus-
cular defect. This projection is also the best for demonstrat-
ing fibrous continuity between the aortic and pulmonary 
valves in a doubly committed defect, and for demonstrating 
a deviated outlet septum in defects with outlet extension.

VSDs are rarely circular and, in assessing the size of the 
defect, its dimensions should be examined in multiple pro-
jections. The cross-sectional area of the defect can be related 
to that of the aorta or to the body surface area [57]. In 
patients with a perimembranous VSD, it is worth noting 
whether the defect is related to aneurysmal tissue, which, 
with time, will tend to close it. This may be demonstrated 
using either a parasternal short-axis view or an apical 
 four-chamber view. The apical projection is also used to 

(a) (b)

Figure 23.2 Echocardiograms from a patient with a muscular (a) and a perimembranous defect (b) taken from an apical and subcostal window. Ao, aorta; 

LA, left atrium; LV, left ventricle; RV, right ventricle



CHAPTER 23 Ventricular Septal Defect

335

determine the degree of offsetting of the atrioventricular 
valves which will be deficient in patients with defects that 
extend into the inlet septum. Under these circumstances, it 
is particularly important to examine the morphology of the 
left atrioventricular valve to distinguish a ventricular septal 
defect with inlet extension from an atrioventricular septal 
defect, the latter characterized by a trifoliate left atrioven-
tricular valve.

The accurate assessment of the pulmonary-to-systemic 
flow ratio by echocardiography would be welcomed by cli-
nicians. It is theoretically possible to do this by examining 
the flow velocity profiles through the aortic and pulmonary 
valves, combined with an estimate of their cross-sectional 
areas. In general, however, the confidence limits around 
these estimates are wide and, as a result, they are rarely 
used routinely in clinical decision making. Continuous-wave 
Doppler interrogation of the flow velocity across a VSD, in 
the parasternal long- or short-axis projections, or some-
times a subcostal view, allows determination of the pressure 
drop across the defect. With a left-to-right shunt, higher 
velocities between left and right ventricles indicate a lower 
right ventricular systolic pressure. Where possible, this 
assessment should be combined with an examination of 
peak velocity of the tricuspid regurgitation jet, so that an 
estimate of right ventricular systolic pressure can be obtained 
and the relationship between the ventricular pressures can 
be clarified.

The degree of volume loading of the left atrium and ven-
tricle can be assessed from parasternal windows and from 
M-mode measurement of the left ventricular dimensions on 
the short-axis projection. The left ventricular end-diastolic 
dimension is usually normalized to the body surface area 
and a Z-score derived.

In patients with VSD, associated aortic valve prolapse or 
regurgitation can be assessed using apical and parasternal 
projections. These views can also be used to detect obstruc-
tion within the cavity of the right ventricle (double- 
chambered right ventricle) or straddling of either the 
tricuspid or mitral valve. Where straddling exists, it is 
 particularly important to measure the orifices of both 
 atrioventricular valves.

Anterior deviation of the outlet septum may be associated 
with subpulmonary obstruction; whereas posterior devia-
tion beneath the aortic valve may result in muscular subaor-
tic stenosis (Videoclip 23.3) Parasternal short- and long-axis 
views can be used to confirm or exclude these important 
associations. In patients with posterior deviation of the out-
let septum and subaortic obstruction, it is imperative to 
examine the aortic arch carefully, to exclude coexisting 
coarctation or interruption. With a large VSD, the velocity of 
flow across the aortic valve cannot provide an accurate esti-
mate of the degree of its obstruction.

Intraoperative transesophageal echocardiography is 
widely used during surgical closure of VSD to locate defects, 

assess the surgical result, and detect residual defects. 
A recent study of 690 patients undergoing VSD closure 
revealed residual defects using transesophageal echocardi-
ography in 260. Most were trivial, however, and closed 
spontaneously on follow-up. Reoperation was rarely 
needed [58]. Transesophageal echocardiography is consid-
ered essential by many operators in guiding transcatheter 
closure of VSDs.

Cardiac catheterization and angiography

Diagnostic cardiac catheterization is now rarely performed 
before VSD surgery, as echocardiography can provide 
 accurate and detailed anatomic information. Nonetheless, 
there remain some patients for whom preoperative cardiac 
catheterization might be considered reasonable for both 
hemodynamic assessment and occasionally for additional 
profiling – particularly in those with multiple defects or asso-
ciated abnormalities. Cardiac catheterization is occasionally 
performed to assess children in whom it is otherwise difficult 
to determine the severity of the hemodynamic disturbance. 
An example is an asymptomatic child with mild cardiomeg-
aly and pulmonary plethora on chest X-ray, or with electro-
cardiographic changes. In this setting, cardiac catheterization 
helps decide whether it is safe to postpone an operation in 
the hope that the defect may become smaller or spontane-
ously close. Cardiac catheterization may also be indicated in 
patients with suspected pulmonary vascular disease, in order 
to decide about operability or for initiating medical therapy 
to manage this. Finally, cardiac catheterization may be ther-
apeutic, with the intention of performing transcatheter 
 closure of a defect (see below).

Hemodynamics
Hemodynamic measurements in a catheter study include 
 oxygen saturations to assess the magnitude of the left-to-
right shunt, or pulmonary-to-systemic flow ratio (Qp/Qs). 
There fore, blood samples must be taken from the caval 
veins, a pulmonary vein (or left atrium, if it can be entered 
through a patent foramen or atrial septal defect), aorta, and 
pulmonary artery, including the main and branch pulmo-
nary arteries.

Assessing pulmonary vascular resistance requires phasic 
and mean pressure measurements in the right atrium, left 
atrium (and pulmonary artery wedge pressure), main pul-
monary artery, and aorta. In addition, phasic pressures in 
the left and right ventricles should be measured. Oxygen 
consumption should be measured in patients when calculat-
ing pulmonary resistance. Although assumed oxygen con-
sumption values are commonly used, measured oxygen 
consumption in children may be very different from assumed 
values, resulting in significant errors in pulmonary resistance 
calculation [59].
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In patients with elevated pulmonary vascular resistance, 
pulmonary vascular lability should be tested. In our 
 laboratory, we do this by first ventilating the patient under 
conditions aimed at optimizing pulmonary vascular 
 resistance–with 100% oxygen and 20 ppm of inhaled nitric 
oxide for at least 10 min, and then repeating the hemody-
namic measurements. Decisions about suitability for repair 
with an elevated pulmonary resistance depend on the level 
of resting resistance, the evidence of lability or reversibility, 
and the patient’s age. We consider that resistances >8 U m2 
(mmHg l−1 min−1 m−2) under optimal conditions strongly 
indicate irreversible pulmonary vascular disease after the 
first year of life. Significant lability, with the level falling to 
<6 Um2 in 100% oxygen, or with inhaled nitric oxide, and 
young age, however, are  features that in otherwise border-
line patients might favor operation.

Angiography
The anatomy and three-dimensional orientation of the 
 ventricular septum and associated defects are complex. Thus, 
the effective angiographic demonstration of a VSD requires 
operators to have a detailed understanding of the anatomy 
of the ventricular septum in a normal heart and in a range of 
cardiac malformations. Using axial oblique views to profile 
the different parts of the ventricular septum accurately is 
now routine. The radiographic projection used must be 
aligned with the ventricular septum at the site of the defect, 
so that contrast medium passing across the defect is seen in 
profile. It is usually possible to identify the site or sites of 
VSDs with echocardiography before cardiac catheterization, 
thus making the choice of projection simpler.

Defects close to the membranous septum are best demon-
strated by a left anterior oblique projection (40–45° from lat-
eral) with moderate craniocaudal tilt (20°). This is not the 
conventional long-axial projection recommended for dem-
onstrating a perimembranous VSD. The conventional pro-
jection (30° left anterior oblique with 15° craniocaudal tilt) 
is more useful for showing trabecular muscular, anterior 
muscular, or outlet muscular defects.

The so-called four-chamber view (16° left anterior oblique 
with 30° craniocaudal tilt) is used for profiling inlet defects 
and is particularly useful for demonstrating atrioventricular 
septal defects. A right anterior oblique projection is usually 
necessary to demonstrate doubly committed subarterial 
VSDs. When biplane angiography is used, the second plane 
produces a right oblique projection when the first plane is 
recorded in a long-axial, four-chamber, or intermediate 
projection. Thus, if an appropriate projection is obtained to 
exclude defects in the midmuscular, anterior muscular, 
outlet muscular, or perimembranous areas, the second 
 projection will usually demonstrate a doubly committed 
subarterial defect.

The main requirement for angiography of a VSD is the 
need to identify multiple defects. Such defects can present a 

substantial challenge, both to the echocardiographer and to 
the cardiologist performing angiography. Multiple small 
muscular defects in the trabecular septum (“Swiss cheese” 
defects) are usually well demonstrated in a long-axial view. 
In some patients, however, several large defects are located 
at relatively distant sites within the septum. A moderate or 
large perimembranous defect may be accompanied by mus-
cular defects at the apex or in the anterior muscular septum. 
Multiple axial oblique projections may be required to dem-
onstrate all the defects adequately. A limiting factor, which 
may be difficult to surmount, is the equalization of ventricu-
lar pressures, so that shunting across the several defects may 
not be sufficient to outline each defect satisfactorily.

The angiographic study should always include attention to 
coexisting cardiovascular abnormalities that may require 
angiographic demonstration. Coexisting conditions, such as 
aortic coarctation or aortic regurgitation, may necessitate an 
aortogram, which will also help to confirm aortic valve 
 prolapse and exclude an associated patent arterial duct. Right 
ventricular outflow obstruction or abnormalities of the pul-
monary arteries, such as branch pulmonary artery stenosis, 
may necessitate a right ventricular angiogram or pulmonary 
arteriogram.

Other imaging modalities
Although comprehensive diagnostic information is provided 
by echocardiography in most patients, magnetic resonance 
imaging (MRI) may complete the diagnosis under some 
 circumstances [60]. In an adult with a VSD, in whom 
echocardiographic imaging may be limited by suboptimal 
windows, MRI or computed tomography (CT) may improve 
the anatomic definition of the defect [61]. MRI and CT are 
useful adjunctive tools in the diagnosis of double-chambered 
right ventricle in an adult [62,63]. Associated extracardiac 
defects, such as aortic coarctation of the aorta or pulmonary 
artery stenosis, which may be difficult to demonstrate by 
echocardiography in older patients, can be demonstrated by 
these techniques. When the need for VSD closure is in ques-
tion, MRI may provide an accurate assessment of the pulmo-
nary-to-systemic flow ratio [64,65].

Management

Cardiac operation, generally by 3 months of age, is usually 
recommended for symptomatic infants with pulmonary 
hypertension, breathlessness, poor feeding, and failure to 
thrive. While awaiting surgery, improvement may result 
from low doses of diuretics with or without angiotensin-
converting enzyme inhibitors. Digoxin is widely used, 
although we do not use it. The evidence base for these ther-
apies is scanty. Blood pressure and renal function should be 
carefully monitored, because hypotension and renal failure 
are associated with medical therapy.
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Frequently, patients with a VSD present with evidence of 
a volume-loaded left ventricle, from increased pulmonary 
flow, but without evidence of pulmonary hypertension. 
Many recommend surgical or transcatheter closure of these 
defects to avoid left ventricular dysfunction in the long term. 
In such patients without intervention over a follow-up 
period of 8 years, left ventricular end-diastolic dimension 
returned to normal levels in most [66]. The authors con-
cluded that a conservative approach, with regular follow-up, 
might be appropriate for asymptomatic patients with a pres-
sure-restrictive defects even with left ventricular dilation.

The outcome of asymptomatic patients without pulmo-
nary hypertension or increased left ventricular volume load-
ing treated conservatively is excellent. In patients with a 
VSD considered “not to require surgical closure during child-
hood” at mean age of 30 years, the mortality was zero, 
94.6% remained symptom free and left ventricular size 
was normal or borderline in 99% [67]. The incidence of 
endocarditis was 1.8%.

Many small defects close or become smaller. One study of 
patients demonstrated that 68% of small or moderate muscu-
lar defects closed spontaneously, compared with 34% of peri-
membranous defects. Muscular defects closed spontaneously 
up to 88 months of age, but no perimembranous defect closed 
after the age of 62 months [68]. Muscular defects often close 
by ingrowth of muscle at the margins. Some perimembranous 
defects diminish in size, as discussed above. This process often 
produces a pouch of fibrous/leaflet tissue (aneurysm of the 
membranous septum), which can be seen by echocardiogra-
phy or angiography, This is a favorable sign that spontaneous 
diminution in size or closure of the VSD is likely to occur.

Certain VSDs, however small, are unlikely to diminish in 
size or close spontaneously. These include defects in which 
semilunar leaflets of the aortic or pulmonary valve form the 
basal margin of the VSD, as occurs with many malalignment 
defects and doubly committed subarterial defects. Defects of 
the latter type may appear to be partially closed (and may 
be clinically small or trivial) by the distorted aortic sinus 
 (usually the right coronary sinus) or semilunar leaflet tissue, 
which is entrapped in and partially occludes the septal defect.

A consensus has emerged regarding the management of 
patients with, or at risk of, aortic valve prolapse or regurgita-
tion. We recommend that surgery not be delayed until the 
regurgitation becomes moderate or severe, as this will likely 
result in suboptimal repair and a higher likelihood of reop-
eration [69]. We recommend repair for patients with more 
than trivial aortic regurgitation. This recommendation 
applies particularly for patients with a juxta-arterial defect 
because of their high risk of aortic regurgitation and low rate 
of closing spontaneously.

Until recently, the treatment of patients with Eisenmenger 
syndrome was only supportive [70]. These patients should 
avoid dehydration and exposure to high altitudes, as this 
compounds the pre-existing hyperviscosity and arterial 

hypoxemia. Venesection to reduce the effects of poly-
cythemia has been routine in many centers, but this may 
worsen exercise intolerance and iron deficiency and increase 
the risk of stroke [71]. Anticoagulation has been used in 
these patients, although the evidence is lacking about its 
application and the bleeding risk may be considerable [72]. 
Female patients must be made aware that pregnancy is asso-
ciated with substantial maternal and fetal risk (see below).

The recognition of the contribution of endothelial dys-
function to the pathogenesis of Eisenmenger’s syndrome has 
offered new therapeutic options and has revolutionized the 
pharmacological approach to their management [40]. 
Endothelial-based “advanced therapies” are being increas-
ingly used to improve symptoms, quality of life, and survival 
in this condition. Two groups of pulmonary vasodilators are 
being used to treat patients with Eisenmenger’s syndrome: 
inhibitors of the endothelial-derived vasoconstrictor 
endothelin-1, and drugs that enhance the nitric oxide–cyclic 
GMP pathway. The Breathe-5 study demonstrated that 
bosentan, an endothelin receptor antagonist, improved 
6 min walk distances in a randomized placebo-controlled 
trial over 16 weeks [73] and this effect was continued in a 
subsequent open-label extension study [74,75]. Similarly, 
improvements in quality of life and functional capacity have 
been demonstrated in patients with Eisenmenger syndrome, 
in response to the oral phosphodiesterase-5 inhibitor silde-
nafil [76]. Advanced endothelial-based therapies enhance 
survival in these patients [77] (see Chapter 51).

These advances, combined with the observation that many 
patients with Eisenmenger syndrome respond to vasodila-
tors in the catheterization laboratory [78], raise the possibil-
ity that aggressive treatment with endothelial-based therapies 
may make it possible to close a VSD in a previously inoper-
able patient. Despite favorable reports, systematic studies are 
lacking [79].

Surgery
Surgical closure is the mainstay of definitive treatment for 
an uncomplicated VSD. Surgery is performed through a 
midline sternotomy, generally with mild or moderately 
hypothermic cardiopulmonary bypass, with cardioplegic 
arrest. Bicaval cannulation allows direct visualization of the 
defect through the right atrium, facilitated by temporary 
detachment of the septal tricuspid valve leaflet [80]. The 
defect can be closed with a patch (generally autologous peri-
cardium) or, if small, using interrupted or continuous 
sutures. Closure through one of the great arteries, particu-
larly the pulmonary artery (a transpulmonary repair), is also 
fairly common. In patients with doubly committed defect 
with aortic regurgitation, a transaortic approach is used to 
close the defect and repair the aortic valve. Defects in the 
lower trabecular septum are sometimes approached through 
a short “fish-mouth” incision at the left ventricle apex. 
Closure through the right ventricle is rarely necessary. In 
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general, ventriculotomy is avoided as this increases the risk 
of ventricular dysfunction and arrhythmia.

The aim of surgical management is complete closure of the 
defect without damaging adjacent structures. The relation-
ship between the conduction axis and the VSD is of particu-
lar importance. For muscular defects, the conduction axis is 
usually separated from the margin of the defect by a muscle 
bar, so that it is generally safe to place sutures around the 
margin of the defect without risk. For some muscular defects, 
however, this muscle bar might be fairly thin, placing the 
conduction axis at risk. The branching bundles of the con-
duction system can be close to the posterior and inferior 
margins of a perimembranous VSD. Suturing should be 
approached from the right ventricular side of the defect 
and away from its posteroinferior margin. Under some 
 circumstances it might be possible to place very superficial 
sutures on the free margin of the defect [81]. Where a peri-
membranous defect is surrounded by fibrous tissue, it can 
usually be used to anchor the patch [81].

In patients previously considered inoperable due to ele-
vated pulmonary vascular resistance, conventional patch 
closure can cause significant morbidity and mortality from 
intractable elevations in pulmonary arterial and right ven-
tricular pressure, which result in right ventricular failure. 
A modified surgical technique with the creation of a “valved” 
patch which allows unidirectional right-to-left shunting 
across the residual shunt can be performed with low opera-
tive mortality [82]. The benefits of these methods over con-
ventional closure have been questioned [83].

The postoperative course of most children after VSD clo-
sure is relatively uncomplicated, and mortality is exceed-
ingly low. The postoperative period may be complicated by 
pulmonary hypertension – particularly in infants with very 
high preoperative pulmonary blood flow, with trisomy 21, 
or older infants with a large defect. Inhaled nitric oxide is 
commonly used to treat postoperative pulmonary hyperten-
sion [84], although there are few data supporting its use 
early after cardiac surgery [85]. Postoperative disturbances 
of rhythm affect a minority of patients early after surgery. 
A small proportion of patients require temporary pacing for 
postoperative atrioventricular conduction block. Failure to 
return to sinus rhythm within 7–10 days should prompt 
consideration of a permanent pacing system [86]. The long-
term outlook for most children after surgery is excellent and 
quality of life is similar to that of age-matched controls. 
Behavioral and school performance problems may be 
increased in early childhood [87].

Banding of the pulmonary artery was previously per-
formed as an initial palliative procedure to reduce pulmo-
nary blood flow, particularly in small infants. This is now 
rarely performed except for patients with multiple or apical 
defects, in whom surgical access to the VSD(s) is difficult or 
impossible. There has been a recent trend to apply either 
absorbable or balloon-dilatable bands in patients with multiple 

muscular defects, possibly avoiding the necessity for band 
removal if the defects reduce in size or close spontaneously 
[88,89].

Transcatheter closure
Transcatheter techniques for VSD closure have been devel-
oped over the past decade. These are particularly useful for 
achieving closure of muscular defects which are difficult to 
access surgically. A variety of devices have been employed. 
Initially, double umbrellas, originally designed for closure of 
patent ductus arteriosus or atrial septal defects, were used 
[90,91]. More recently, specific septal occluders have been 
developed [92,93]. We always recommend the concomitant 
use of transesophageal echocardiography to guide the trans-
catheter closure. Right ventricular trabeculations can make 
crossing a muscular defect from its right ventricular side very 
challenging. Hence a double catheter technique is usually 
employed. A curved end-hole catheter is advanced through 
the defect from its left ventricular side via the femoral artery 
and aorta. A wire is passed through the catheter and the VSD 
to the right ventricle and pulmonary artery, where it is snared 
and exteriorized out of the internal jugular or femoral vein. 
This provides a stable “rail” along which a long delivery 
sheath can be advanced across the defect (Videoclip 23.4).

There has been considerable interest in transcatheter 
approaches for closure of perimembranous defects. Currently 
this approach is not used in most centers because of the 
unacceptable rate of post-procedure heart block associated 
with available devices (Figure 23.3). Of particular concern is 
that this risk does not appear to subside or decrease with 
time, with late-onset heart block being relatively prevalent 
[94,95]. It is possible that this approach may be reintroduced 
in the future as softer devices are developed.

Hybrid techniques
In smaller patients with muscular VSDs, in whom both 
transcatheter and standard surgical approaches are difficult, 
a hybrid technique combining surgery and transcatheter 
interventional methods has been introduced [96,97]. A ster-
notomy or a subxiphoid incision is performed. Under fluor-
oscopic and transesophageal guidance, the free wall of the 
right ventricle is punctured and a wire passed across the 
defect. An introducer sheath is passed over the wire with its 
tip placed in the left ventricle and the device is introduced 
through the sheath and deployed across the defect [96].

Long-term issues in treated 
and untreated adults

Exercise
Patients with a small defect and normal left ventricular 
 function and pulmonary arterial pressure, without associ-
ated lesions, should have a normal exercise tolerance and 
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exercise restrictions are unnecessary. Patients with elevated 
 pulmonary arterial pressure may have impaired exercise 
 tolerance, and generally self-restrict their exercise levels. 
Exercise studies in adults showed that in those with 
Eisenmenger syndrome the peak levels of oxygen consump-
tion were among the lowest of all patients. The relative 
reduction in peak oxygen consumption correlated with their 
long-term outcome [98].

Endocarditis
Traditionally, antibiotic prophylaxis was recommended to 
prevent procedure-associated endocarditis in patients 
with VSD. However, more recent evidence indicates that 
endocarditis is more likely to result from chronically poor 
oral hygiene. Moreover, there is very little evidence to 
support the efficacy of prophylactic antibiotics in patients 
with congenital heart disease. Recent guidelines for 
prophylaxis do not recommend that patients with a VSD 
receive antibiotic prophylaxis [99]. The primary preven-
tion of dental infections, with careful daily dental hygiene 
and regular dental review, should be emphasized. 
Antibiotic prophylaxis for dental and other procedures is 
still recommended for 6 months after complete surgical or 
transcatheter closure of a VSD and indefinitely for a resid-
ual defect related to patch material which may inhibit 
endothelialization.

Pregnancy
Women with a small VSD and normal left ventricular func-
tion and pulmonary arterial pressures appear not to be at 
increased cardiovascular risk during pregnancy. Those with a 
moderate defect may experience symptoms related to 
increased pulmonary flow because of the increased circula-
tory volume during pregnancy. This may be compensated 
partially by the associated reduction in systemic vascular 

resistance. In women with Eisenmenger syndrome, 
 pregnancy has an extremely high risk of maternal and fetal 
death and of premature delivery [100]. In one series of 17 
ongoing pregnancies in 10 women with Eisenmenger syn-
drome, there was one maternal death, and in another patient 
there was severe maternal deterioration necessitating high-
level intensive care. Four pregnancies resulted in spontane-
ous abortions, and there was one stillbirth. Ten of the 12 
deliveries of live infants occurred prematurely [101]. As a 
result, women with Eisenmenger syndrome should 
be strongly counseled to avoid pregnancy and should be 
referred to a specialist for contraception advice [102]. 
Sterilization may be deemed appropriate for some, although 
this should be undertaken in a specialist center for the care 
of adults with congenital heart disease, as any surgical 
 procedure requiring an anesthetic poses additional risk on 
these patients.
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Anatomic connections between the aorta and the main or 
branch pulmonary artery usually cause aortopulmonary 
left-to-right shunts, although occasionally severe pulmonary 
arterial hypertension causes a right-to-left shunt. The con-
nections from aorta to the main pulmonary artery are the 
patent ductus arteriosus (common) and the aortopulmonary 
window (rare). The connections between the aorta and a 
branch pulmonary artery are anomalous connection of one 
pulmonary artery to the aorta (rare) and multiple aortopul-
monary collaterals; the latter is discussed in Chapter 41.

Patent ductus arteriosus

Introduction and historical background
The ductus arteriosus (DA) is a muscular artery connecting the 
left pulmonary artery to the aorta during intrauterine life. The 
DA is essential to the fetus, but normally it closes shortly after 
birth and is remodeled to form the ligamentum arteriosum. A 
defect in the closure mechanism leads to a clinical condition 
called patent ductus arteriosus (PDA). PDA usually occurs as 
an isolated cardiovascular malformation (CVM), but it may be 
associated with other CVMs. Based on distinctive auscultatory 
findings, PDA is easily diagnosed by physical examination; the 
precise diagnostic values of the physical findings may explain 
why PDA was one of the first congenital CVMs to be success-
fully treated by surgery over 70 years ago [1]. Although PDA 
occurring in preterm infants often closes spontaneously, imma-
turity of ductal closure mechanisms may lead to its persist-
ence; some of these patients require PDA closure.

Epidemiology

Incidence
The incidence of PDA varies with gestational age and the age 
of subjects at the time of study. PDA incidence is ∼1/2000 in 
term neonates, but ∼8/1000 in premature infants, with the 
highest incidence in the youngest patients. The incidence in 
females is 2–3-fold higher than in males. PDA accounts for 
5–10% of all CVMs [2].

Genetics
PDA typically has not been regarded as a genetic disorder 
because it most often occurs sporadically. Occasionally it is 
associated with cytogenetic abnormalities, for example, tri-
somy 21 and 4q-syndrome [3]. The idea that single genes 
can influence PDA has been demonstrated by a mouse 
model resulting from disruption of the prostaglandin E

2
 

receptor [4] and by rare syndromic forms of PDA, such as 
Char syndrome, an autosomal dominant disorder caused by 
mutations in the transcription factor TFAP2B, and familial 
thoracic aortic aneurysm with PDA due to mutations in 
MYH11 [3,5]. PDA recurrence risk is 1–5% [6], but family 
clustering of isolated PDA and PDA with bicuspid aortic 
valve has been reported [3]. In addition, Mani et al. [7] 
found a recurrence risk of 5% in a population with parental 
consanguinity and, using genome-wide linkage analysis, 
identified a locus on chromosome 12q24. Uncommon famil-
ial occurrence and infrequent association with genetic syn-
dromes or cytogenetic abnormalities suggest that inheritance 
of PDA is complex.
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Environmental factors
Prematurity increases the incidence of PDA, probably due to 
physiological factors related to prematurity, such as excess 
sensitivity to vasodilator prostaglandins and nitric oxide, 
decreased production of vasoconstrictor prostaglandins, 
response to inflammatory mediators, and relative resistance 
to local hypoxia–ischemia, rather than an inherent abnor-
mality of the DA [8,9]. Hypoxia in newborns, and also 
altitude- related hypoxia, can also lead to failure of normal 
DA closure [10]. Maternal rubella infection during the first 
trimester of pregnancy is associated with a high incidence of 
PDA and peripheral pulmonary artery stenosis [11]. In con-
genital rubella syndrome, DA histopathology resembles that 
of a very immature ductus.

Embryology and development of DA
In normal cardiovascular development, the proximal por-
tions of the sixth pair of embryonic aortic arches persist as the 
proximal branch pulmonary arteries, and the distal portion of 
the left sixth arch persists as the ductus arteriosus, connecting 
the left pulmonary artery with the left dorsal aorta. This arch 
transformation is complete by 8 weeks of human fetal life. In 
the past decade, our knowledge of the role of neural crest 
cells and the transcriptional networks that regulate smooth 
muscle development in the DA have provided new insights 
into patency and closure of the DA [12,13].

Pathophysiology

Normal postnatal closure of DA
In the fetus, the blood oxygen level is relatively low and the 
oxygen–hemoglobin dissociation curve is shifted to the left, 
enabling fetal blood to release oxygen in low-oxygen condi-
tions. In addition, circulating prostaglandin levels are ele-
vated. The placenta is the major site of prostaglandin 
production, whereas the fetal lung is the major site of pros-
taglandin degradation. As blood flow in fetal lungs is limited, 
the resulting high levels of prostaglandins in the fetus keep 
the DA open. After birth, prostaglandin synthesis is reduced 
due to separation from the placenta, and degradation is 
increased due to increased pulmonary blood flow [9,14]. 
The increased neonatal blood oxygen saturation associated 
with lung ventilation and elevated blood oxygen levels rap-
idly result in contraction of spiral and circular smooth mus-
cle cells in the DA and thickening and shortening of the DA 
walls, leading to occlusion of the DA lumen. Usually, the DA 
is functionally closed within 12 h after birth. The nutrient 
blood vessels within the DA wall are then disrupted, and the 
cells undergo aseptic necrosis. Proliferating fibrous tissues 
then replace these cells, and the DA ultimately forms the 
ligamentum arteriosum. Thus, the combination of increased 
blood oxygen content and the decline of the prostaglandin 
levels that occur after birth are the main causes of postnatal 
DA closure [9,14]. In some premature infants, mechanisms 

other than prostaglandins appear to operate; these involve 
decreased expression of calcium and potassium channel 
genes, and also phosphodiesterase genes that modulate 
cAMP/cGMP signaling [15].

Anatomy of PDA
The DA lies between the pulmonary artery anteriorly and 
the descending aorta posteriorly. PDAs vary with regard to 
size, morphology, and orientation [16,17] (Figure 24.1). 
Usually, the PDA is vertical and is wider on the aortic side 
and narrower and cone-shaped on the pulmonary artery 
side. The opening on the aortic side may be dilated in a horn 
or funnel shape. The PDA can also connect from the right 
aortic arch to the right pulmonary artery or from the left 
subclavian artery to the left pulmonary artery.

For patients with congenital pulmonary artery atresia or 
severe pulmonary artery stenosis, the PDA tends to be very 
narrow and twisted. This causes the site at which it joins the 
aorta to shift towards the concave side of the aortic arch, most 
likely because the direction of blood flow in the DA is reversed 
from the aorta to the pulmonary artery. However, the struc-
ture of the PDA remains normal in these patients, and it can 
normally close after birth, thereby leading to a dramatic 
decline in pulmonary blood flow, exacerbating cyanosis [18]. 
Occasionally the PDA is right-sided or even bilateral.

Left-to-right shunting in the PDA
Normally, flow through the PDA is continuous because of the 
systolic and diastolic pressure gradients between the aorta and 
the pulmonary artery (left-to-right shunt). The arterial blood 
shunted from the aorta and the venous blood that comes from 
the right ventricle are mixed in the pulmonary artery, enter 
the pulmonary circulation, and then return to the left atrium 
and left ventricle. However, the size of the shunt and severity 
of symptoms vary between affected individuals, and are deter-
mined in part by the dimensions and morphology of PDA and 
pulmonary vascular resistance [19,20]. With a large shunt, 
left ventricular stroke volume is significantly increased. When 
the blood flow enters the aorta during systole, the systolic 
pressure in the aorta increases. During diastole, blood flow is 
shunted to the pulmonary artery, which has low resistance 
during diastole because the aortic valve is closed, thereby 
decreasing the diastolic pressure and widening the pulse pres-
sure. As a result, these patients develop increased peripheral 
vascular pulsations, characterized by a rapidly rising and then 
rapidly decaying pulse (collapsing pulse) with an increased 
pulse pressure. The blood ejected from the left ventricle is par-
tially diverted to the PDA and recirculates through the lungs 
to the left atrium. Therefore, blood volume must increase 
correspondingly to meet the requirements of the systemic 
circulation. Large shunts lead to left ventricular enlargement, 
elevated left ventricular end-diastolic pressure, and left atrial 
enlargement. The resulting pulmonary venous hypertension 
may cause pulmonary edema.
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Right-to-left shunting in the PDA
Flow from the pulmonary artery to aorta (right-to-left shunt) 
results in the non-oxygenated blood within the pulmonary 
artery being shunted to the descending aorta. This may result 

in differential cyanosis. Right-to-left PDA shunting may occur 
in obstructed pulmonary venous return to left atrium, cor 
triatriatum, mitral stenosis, or elevated pulmonary vascular 
resistance [21]. When the pulmonary vascular resistance is 
suprasystemic, blood flow can be shunted from the pulmonary 
artery to the aorta via a PDA. When this occurs, pulmonary 
arterial blood flows into the descending aorta, causing dif-
ferential cyanosis, in which cyanosis is present only in the 
lower half of the body and not the upper half [20].

If communication between the systemic and pulmonary 
circulation relies on the PDA alone, such as in complete trans-
position of the great arteries (TGA) without a septal commu-
nication, desaturated blood from the aorta is shunted into the 
pulmonary circulation via the PDA. If TGA is associated with 
coarctation of the aorta and a PDA, the lower body is perfused 
with saturated blood from the left ventricle. The upper 
extremities exhibit cyanosis, but because the lower body has 
high levels of oxygenated blood, it is not cyanotic [20].

Eisenmenger syndrome
All CVMs increasing the flow of blood to the lungs, or 
increasing transmission of pressure to the pulmonary artery, 
tend to develop pulmonary vascular disease. The likelihood 
and rate of development of vascular abnormalities are deter-
mined by several variables, including the amount of left-to-
right shunting, the nature of the underlying defect, and the 
duration of exposure of the pulmonary vascular bed to 
increased flow and pressure. Exposure of the pulmonary 
circulation to increased blood flow impairs endothelially 
mediated relaxation and increases vasomotor tone, and 
produces intimal proliferation and fibrosis, and eventual 
obliteration of pulmonary arterioles and capillaries (see 
Chapters 5 and 51). As a result, pulmonary vascular resistance 
increases progressively. When pulmonary vascular resistance 
approaches and exceeds systemic vascular resistance, shunting 
reverses and becomes right-to-left [22].

Clinical manifestations

Clinical history
The clinical history varies from those who are completely 
asymptomatic to those with severe congestive heart failure or 
Eisenmenger syndrome. Many patients are referred for eval-
uation of an asymptomatic heart murmur. In others, PDA 
may be an incidental finding on echocardiogram. Parents of 
an infant with heart failure may report poor feeding and 
tachypnea. Although most patients with PDA compensate 
well even with a moderate left-to-right shunt and remain 
asymptomatic during childhood, many years of chronic vol-
ume overload may lead to symptoms of congestive heart fail-
ure in adulthood. In these adults, symptoms may begin with 
onset of atrial fibrillation resulting from chronic left atrial 
enlargement. Also in the adult, a previously well-tolerated 
PDA may become clinically significant when its effects are 

Figure 24.1 Diagrammatic representation of PDA configuration as 

demonstrated on the lateral angiogram as described by Krichenko et al. [16]. 

(a) A conical duct with well-defined aortic ampulla and constriction near the 

pulmonary artery end. (b) A large duct with window-like structure, which is 

very short in length. (c) A tubular duct without any constriction. (d) A complex 

duct with multiple constrictions. (e) An elongated duct with constriction 

remote from the edge of the trachea as viewed on lateral angiography. 

(Reproduced from Forsey JT, Elmasry OA, Martin RP. Orphanet J Rare Dis 

2009;4:17, with permission from BioMed Central.)

(a)

(b)

(c)

(d)

(e)
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combined with acquired lesions such as ischemic heart 
 disease, essential hypertension, or calcific aortic stenosis.

Physical examination
The pulmonary artery pressure remains elevated for sev-
eral days after birth, so the PDA shunt may be small with 
no audible murmur. When pulmonary vascular resistance 
decreases, left-to-right shunting occurs and loud murmurs 
may be audible. The hallmark physical finding is a con-
tinuous murmur, located at the upper left sternal border, 
referred to as a “machinery” murmur [3,23]. The murmur 
often radiates down the left side of the sternum and into 
the back, and a thrill may be palpable. Occasionally a 
diastolic rumble is audible at the cardiac apex in patients 
with moderate or large ductal shunts. With elevation of 
pulmonary artery pressure, the pulmonic component of 
the second heart sound is accentuated. If the shunt is 
moderate or large, the left ventricular impulse may be 
prominent, and the pulse pressure increased. The periph-
eral pulses may be prominent, bounding, or sometimes 
collapsing. In premature infants with a large shunt, arte-
rial pulsation is felt in the thenar eminence and the digital 
arteries. The bounding pulses are due both to rapid run-
off from aorta to pulmonary artery and also because 
increased distension of the aortic baroreceptors by the 
large stroke volume inhibits sympathetic vasoconstriction 
and causes increased peripheral run-off. This can be 
shown readily by Quincke’s pulse, a pulsatile blanching of 
the nail bed when it is compressed slightly. Two points 
should be noted. First, with a large VSD, the left ventricle 
has to eject a large stroke volume rapidly, so that the aor-
tic pressure rises quickly. Because, however, most of the 
stroke volume is ejected through the VSD into the right 
ventricle, the actual pulse pressure is not increased as it 
would be in a PDA with a similar stroke volume; this is 
sometimes called the small bounding pulse of a big VSD. 
Second, with severe congestive heart failure, the 
 resultant sympathetic vasoconstriction reduces peripheral 
 run-off, abolishes the typical bounding pulses, and con-
fuses the diagnosis.

Except in older patients with congestive heart failure, rales 
are uncommon even with a large shunt.

The most characteristic sign of a PDA is a continuous 
murmur. Continuous does not mean that the murmur occurs 
during the whole of systole and diastole, but rather that the 
systolic murmur obscures the second heart sound and con-
tinues beyond it. No murmur is present during early systole 
or late diastole. A typical continuous murmur is usually eas-
ily heard and the systolic component is usually louder. 
During diastole, the only source of an audible murmur is the 
vibration of blood coming from PDA shunt. The diastolic 
pressure gradient is usually smaller than the systolic gradi-
ent; therefore, the shunt decreases, and the murmur becomes 
softer immediately following the second sound. The murmur 

is heard clearly in the first and second intercostal spaces at 
the left sternal border.

Patients with Eisenmenger syndrome are cyanotic and 
may have differential cyanosis (cyanosis and clubbing of 
the toes but not the fingers because the right-to-left duc-
tal shunting is distal to the subclavian arteries). Cyanosis 
may be more profound when systemic vascular resistance 
is decreased, such as in hot weather or after exercise. 
There may be no murmur during systole or diastole, 
because  shunting may be minimal. Auscultation may 
reveal a high-frequency diastolic decrescendo murmur 
indicative of pulmonary regurgitation, and/or a holosysto-
lic murmur suggesting tricuspid valve regurgitation. The 
intensity of the pulmonic component of the second heart 
sound may be increased and its closure earlier, leading to 
a loud and single S2. Peripheral edema may be present 
late in the course of disease when right ventricular dys-
function is present.

If the PDA does not close promptly after birth, it may close 
later via a mechanism that has not been fully elucidated, 
called delayed closure of the DA [10,24]. However, once a 
patient has reached 3 months of age, the chance of sponta-
neous closure is low [25]. Others, however, believe that the 
incidence of spontaneous closure is appreciable [26,27], and 
the issue remains to be resolved. The natural disappearance 
of murmur can indicate spontaneous closure, but may also 
be caused by pulmonary hypertension due to progressive 
increase in pulmonary vascular resistance. The symptoms of 
PDA-induced pulmonary hypertension include exertional 
shortness of breath without other symptoms of heart failure. 
In severe pulmonary hypertension, dilation of pulmonary 
arteries may compress the recurrent laryngeal nerve, caus-
ing hoarseness.

Newborns may have no murmur, as their pulmonary 
artery pressure has not yet dropped. Infants may only have 
systolic murmurs as the pressure difference between the 
aorta and the pulmonary artery is not significant during 
diastole. If the shunt volume is large and pulmonary hyper-
tension occurs in older children, the diastolic pressure in the 
pulmonary arteries increases significantly and is close to 
that of the aorta. This means that the diastolic component of 
the murmur disappears first. With the continued increase in 
pulmonary artery pressure, the systolic pressures of the pul-
monary artery and aorta become more similar, causing the 
systolic component of the murmur to become softer and 
shorter and finally disappear. Patients with a large shunt can 
be identified by diastolic murmurs at the apex of the heart 
or even opening snaps of the relatively narrow mitral valve 
due to the large inflow of blood that occurs. To-and-fro 
murmurs can be heard in the anterior fontanelle in infant 
patients with a large shunt. This murmur is due to the exces-
sive inflow of blood in the intracranial blood vessels during 
systole and the increased flow of blood returning to the low-
resistance pulmonary arteries during diastole.



CHAPTER 24 Aortopulmonary Shunts

347

Electrocardiographic (ECG) features
The ECG changes observed in patients with PDA depend on 
the degree of volume overload of the left ventricle and the 
pressure overload of the right ventricle. Patients with a small 
PDA may have a completely normal ECG. Patients with 
moderate to large PDA may exhibit left ventricular hyper-
trophy and/or left atrial enlargement. The ECG may show 
enlargement of both ventricles when pulmonary artery 
pressure is elevated. Patients with Eisenmenger syndrome 
may exhibit right ventricular hypertrophy [28].

Chest X-ray
Heart size in PDA patients is directly related to the shunt 
volume. Infants with heart failure symptoms have enlarged 
hearts with a cardiothoracic ratio >0.6. In most asympto-
matic patients, heart size is normal to mildly enlarged. The 
configuration of the heart shadow is usually normal; how-
ever, left atrial and left and right ventricular enlargement 
may be seen when the shunt is large, and a pulmonary artery 
bulge is present due to high pulmonary artery pressures. The 
ascending aorta is usually normal in infancy but may gradu-
ally dilate with enlargement of the aortic knob with patient 
growth. This may distinguish PDA from findings observed in 
other left-to-right shunts.

Infants usually have enlargement of both ventricles and 
the left atrium. All four chambers of the heart enlarge if the 
pulmonary artery pressure increases, the left-to-right shunt 
remains unchanged, and heart failure occurs. It is not a good 
sign if a previously seen enlarged cardiac silhouette decreases, 
as this means that the shunt has decreased because of pul-
monary hypertension.

Echocardiography
The echocardiogram has emerged as the procedure of choice 
to confirm the diagnosis and to assess the functional sig-
nificance of PDA (Figure 24.2). Combined with clinical 
information, the echocardiogram may be used to classify 
the PDA as silent, small, moderate, or large. The echocar-
diogram also identifies and assesses the presence of other 
CVMs, for example, ventricular septal defect (VSD) and/or 
aortopulmonary septal defect. M-mode echocardiography 
can detect enlargement of the left atrium and left ventricle 
caused by volume overload. When the PDA is small, cham-
ber sizes are usually normal. Moderate or large PDA enlarges 
the left atrium and ventricle. Two-dimensional imaging 
reveals the geometry of the PDA, and color Doppler, a very 
sensitive modality, is frequently used to estimate the degree 
of ductal shunting. Even an extremely tiny (silent) PDA can 
be detected by a color flow signal entering the pulmonary 
artery near the origin of the left pulmonary artery. In 
patients with high pulmonary vascular resistance, the low 
velocity or right-to-left flow in the PDA may be difficult to 
demonstrate with color flow Doppler, even if the PDA is 
large. Echocardiographic  findings such as septal flattening, 

unexplained right ventricular hypertrophy, and high-veloc-
ity pulmonary regurgitation should prompt a thorough 
investigation for a PDA.

Cardiac catheterization and angiography
Typical PDA patients do not need diagnostic cardiac cathe-
terization and angiography. However, therapeutic catheteri-
zation is currently the treatment of choice for PDA. Complete 
hemodynamic assessment before transcatheter closure is 
important in adults and in patients with elevated pulmonary 
artery pressure; assessment of pulmonary vascular resist-
ance and its response to pharmacologic agents may help in 
determining the advisability of PDA closure. Assessing 
hemodynamics during transient occlusion with a balloon 
catheter may also provide information regarding the advis-
ability of PDA closure. Angiography defines the anatomy of 
the ductus arteriosus; detailed assessment is essential before 

Figure 24.2 Echocardiographic study demonstrating PDA. 

(a) Two-dimensional image of a PDA as seen in a high parasternal shortaxis 

view. DAO, descending aorta; MPA, main pulmonary artery. (b) Color 

Doppler image in a similar view shows left-to-right shunting through the 

PDA. (c) Spectral Doppler profile of continuous left-to-right ductal flow. 

(Reproduced from Schneider DJ, Moore JW. Circulation 2006;114:1873–82, 

with permission from Wolters Kluwer Health.)
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transcatheter closure so that the proper device and device 
size can be chosen for the intervention [16,29].

Differential diagnosis
PDA is characterized by a continuous murmur. It is not dif-
ficult to detect in typical patients; however, there are other 
conditions that can result in murmurs that sound similar to 
that produced by PDA:
1 Ventricular septal defect (VSD) in infants. Heart failure 
caused by a large PDA is similar to that caused by VSD in 
infants. VSD generally only causes a systolic murmur, but 
mid-diastolic filling sounds due to increased transmitral flow 
are common when the shunt is large. The combination may 
be confused with a continuous murmur. Unless a patient has 
severe heart failure, a palpable pulse can be detected in the 
patient’s peripheral arteries. Echocardiographic examination 
can easily differentiate these two conditions [3].
2 Aortic sinus (sinus of Valsalva) rupture into the right heart 
[30]. Aortic sinus rupture into the right atrium or ventricle can 
cause a continuous murmur. During the rupture, the patient 
may develop a sudden shock-like syndrome. The murmur, usu-
ally very prominent, is loudest in the precordial region. Again, 
ultrasound examination can distinguish these possibilities.
3 Arteriovenous fistula [31]. If a fistula is connected to 
veins near the coronary artery, intercostal artery, or internal 
thoracic artery, a continuous murmur, similar to that caused 
by a PDA, will be heard. However, the source of the sound 
is superficial and may seem to be generated outside the 
heart [31,32]. A continuous murmur from arteriovenous 
fistulas in the lungs can be heard in unusual places on the 
torso. If blood flow is large enough to generate audible mur-
murs, patients will have cyanosis. Other conditions, such as 
origination of pulmonary artery branch from the aorta 
[32,33] and branch pulmonary artery stenosis, can also 
generate continuous murmurs that mimic some aspects of 
PDA (see below).
4 Anomalies such as a VSD with aortic regurgitation and 
congenital absence of the pulmonary valve can also generate 
systolic and diastolic murmurs; however, the murmurs are 
to-and-fro, not continuous [34].
5 Total anomalous pulmonary venous connection [35]. 
Some types of anomalous pulmonary veins converge into 
the left innominate vein through the vertical vein. If there 
is no obstruction, a continuous murmur that is louder in 
diastole can be heard because there is a large amount of 
blood flow present and the vessels turn sharply. This condi-
tion can be differentiated from PDA by ECG, X-ray, and/or 
echocardiogram.
6 Venous murmur (venous hum). When blood returns to the 
subclavian vein from the jugular vein, a “woop, woop” sound 
may be auscultated in normal healthy children. This sound is 
affected by the turning of the head and neck, body position, 
and respiration. Compression of the jugular vein or having 
the patient lie down can cause the murmur to disappear.

7 Aortopulmonary septal defect (aortopulmonary window). 
See below.

Complications
Patients are usually diagnosed by the incidental finding of a 
heart murmur. Most patients have no complications, but 
complications may occur at any age.

Congestive heart failure
The decrease in pulmonary vascular resistance that occurs 
normally after birth, and the resultant increased shunt, can 
cause congestive heart failure, similar to a large VSD. The 
initial decompensation in heart function that occurs in these 
patients is due to pulmonary congestion induced by left ven-
tricular failure. After a long time, because of the burden of 
continued volume overload, right ventricular failure also 
occurs, and can induce hepatomegaly and subcutaneous 
edema. When the DA is closed by interventional or surgical 
means, this complication can be reversed [36]. Older patients 
with long-standing volume overload of the left atrium and 
ventricle may develop atrial flutter and fibrillation.

Endocarditis
Prior to the availability of surgical and antibiotic therapy, endo-
carditis was the main cause of death of patients with a PDA 
[37]. Fortunately, endocarditis rarely leads to death in these 
patients in the modern era. If a pulmonic valve vegetation 
detaches and enters the pulmonary circulation, pneumonia-
like symptoms will occur. Aggressive antibiotic therapy will be 
required for treatment until further surgical or interventional 
cardiology procedures are performed to close the PDA.

Pulmonary vascular lesions
Large DAs ultimately lead to obstructive pulmonary vascular 
disease. In a few rare instances of pulmonary hypertension, 
the pulmonary artery wall structure does not mature after 
birth and develop the typical characteristics that allow it to 
transform into a thin-walled structure with a wide lumen. 
These patients retain the fetal-type pulmonary artery char-
acteristics, specifically a thick-walled pulmonary artery with 
a narrow lumen, leading to a right-to-left shunt and lower 
body cyanosis [16].

Treatment
Gross performed the first successful surgical ligation of PDA 
in 1938 [1]. Surgery has a very low mortality and offers 
definitive therapy and excellent long-term outcomes [38]. In 
adults, the PDA may be calcified and friable, and occasionally 
closure is best performed with cardiopulmonary bypass.

Interventional catheterization procedures are just as safe, 
and have become the most common method for PDA closure 
in recent years (Figure 24.3). Coils are used for a small PDA 
and an Amplatzer ductal occluder or similar device for a 
larger PDA. There is about a 10% procedural failure rate, 



CHAPTER 24 Aortopulmonary Shunts

349

and there are rare complications such as device embolization 
or hemolysis due to a high-velocity jet through a small 
residual PDA [39]. All patients should therefore receive 
treatment before they reach school age to maintain good 
health and to prevent complications.

In patients with pulmonary hypertension, the safety and 
risks of surgery or intervention must be assessed. Closure 
can be performed if cardiac catheterization examination 
shows that the patient’s pulmonary vascular resistance 
responds to vasodilators, and is <10 Wood units m−2 body 
surface area, especially if <2 years of age. If there is little or 
no response to vasodilators, a balloon catheter can be inserted 
to occlude the PDA. If the pulmonary vascular resistance 
decreases following balloon insertion, then ductal closure 
can be undertaken. Another technique that can be utilized 
to assess pulmonary vascular responsiveness is tightening 
the PDA through a thoracotomy and observing the changes 
in pulmonary artery pressure to determine if ductal ligation 
will be safe and tolerated. Although some children have a 
slow initial reaction, their pulmonary artery pressure 
decreases day by day after PDA ligation. Some patients may 
have continued pulmonary hypertension even in this setting. 
Surgery should not be performed on patients with pulmonary 
vascular resistance >15 Wood units m−2 or differential cyanosis 
caused by right-to-left shunting [40,41].

Treatment of other congenital heart diseases 
associated with PDA
Patients with congenital heart diseases with left-to-right 
shunts, such as VSD and atrial septal defect, may also have 
PDA, which increases the size of their shunts. Therefore, 

these lesions should be treated simultaneously, or in a staged 
operation. If a PDA is associated with other severe cardiovas-
cular malformations, this shunt may be beneficial, and 
physicians should think carefully before closing the PDA. 
If patients have pulmonary atresia or aortic atresia, the 
pulmonary or systemic circulation depends upon a PDA so 
that blood can be transferred from one great artery to the 
other great artery. In these lesions, the PDA is a lifeline and 
should not be closed. Oxygenation should be considered 
carefully in these patients , because an increase in blood 
oxygen in newborns can promote the closure of PDA [42]. 
All measures that maintain DA patency are good for these 
patients. Drip infusions of prostaglandin E

1
 can maintain the 

patency of the DA and provide infants with good preopera-
tive conditions. Other anomalies where the DA should be 
kept open include tetralogy of Fallot, tricuspid atresia, coarc-
tation of the aorta, and aorta arch interruption. In fact, a 
systemic–pulmonary artery shunt operation in patients with 
cyanotic congenital heart disease with decreased pulmonary 
blood flow is like a physiologically created PDA [43].

Treatment of PDA in premature infants
In premature babies, the DA does not close by the usual time 
after birth because the structures that close the DA are 
immature, and premature babies react weakly to the most 
important stimulation for DA closure, increases in blood 
oxygen levels after breathing is initiated. Furthermore, the 
smooth muscle layer of the pulmonary artery is not fully 
developed in premature babies, so the resistance is small and 
the shunt is large. Therefore, patients are prone to heart 
failure and even death [44]. Once the diagnosis is confirmed, 
if conservative medical treatment fails, closure should be 
performed immediately [45].

Even though the shunt in the PDA of premature babies is 
small, it can reduce the blood supply of the systemic circula-
tion and lower systemic blood pressure. Therefore, it causes 
hypoperfusion in many organs, and produces clinical 
symptoms. The decreased blood supply to the brain and the 
widened pulse pressure in patients with PDA increase the 
risk of intracranial hemorrhage. Renal function may also be 
affected, as is the myocardium, especially the subendocar-
dium, due to lack of an adequate blood supply. One cause 
of necrotizing enterocolitis in premature babies is thought to 
be intestinal ischemia; therefore, abdominal circumferences 
and gastric residual volumes should be measured before 
feeding premature babies with PDA. The mortality rate of 
these premature babies can be reduced if their DAs are 
closed early, and should be performed early for abdominal 
distension, increased gastric residuals volumes before feeding, 
bloody stool, diminished peristaltic sounds, and/or pneuma-
tosis intestinalis [24,46].

Patients with anemia should be treated to increase their 
hematocrit to above 45%. The increase in the oxygen-carrying 
capacity of the blood can improve cardiac function. The fetal 

Figure 24.3 Gianturco coil occlusion of PDA. (a) Views of a Gianturco coil 

in its stretched out configuration (top) and in its natural coiled configuration 

(bottom). Note the attached Dacron fibers, which promote thrombosis, 

along its length. (b)–(d) Lateral angiograms demonstrating closure of a PDA 

with a single 0.038 in diameter Gianturco coil. (Reproduced from Schneider 

DJ, Moore JW. Circulation 2006;114:1873–82, with permission from 

Wolters Kluwer Health.)

(a) (b)

(c) (d)
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oxygen–hemoglobin dissociation curve is shifted to the left, 
which is advantageous for oxygen uptake under low oxygen 
conditions but disadvantageous for oxygen release into tis-
sues. Therefore, repeated transfusion of small amounts of 
adult blood can facilitate the release of oxygen from the 
blood release into the tissues. Electrolytes, glucose, and 
nutrition should be supplemented in a timely manner. If 
necessary, intravenous hyperalimentation can be used, and 
patients’ intake of sodium and water should be controlled 
[47,48]. Generally, digitalis should not be used as it has little 
effect on premature babies.

The first choice of medication to close the DA is oral or 
intravenous indomethacin. This can inhibit the synthesis of 
prostaglandins, thereby promoting closure of the PDA. The 
best time to initiate this medication is within 10 days of 
birth. The typical initial dosage is 0.2 mg kg−1, administered 
orally or intravenously. If an intravenous injection is used, 
the dosages vary according to age. If the medication is given 
within 48 h, the next two doses should be 0.1 mg kg−1. 
Patients’ urine output should also be observed. If their 
urine output decreases over 12–24 h, the medication should 
be delayed or stopped. If the murmur reappears, a second 
course of treatment should be given. The contraindications 
to medical therapy include decreased renal function (cre-
atinine >1.6 mg dl−1 or blood urea nitrogen >20 mg dl−1), 
bleeding, shock, necrotizing enterocolitis, or evidence of 
myocardial ischemia on ECG. The most important side 
effect is renal; therefore, the dosage should be closely mon-
itored. Anuria can happen if overly aggressive water restric-
tion occurs while the medication is being administered; 
however, most incidents of low blood sodium and oliguria 
are transient, with no significant sequelae. If a patient’s 
body weight is <1000 g and symptoms appear within 72 h 
after birth, treatment should be initiated immediately [49–
52]. If medical therapy does not control heart failure symp-
toms after 48–72 h, surgical ligation should be performed.

Although there are good theoretical reasons for closing a 
large PDA in premature infants, and some anecdotal evi-
dence of dramatic improvement in some of these infants, 
some authorities believe that there is as yet no evidence that 
closure is beneficial in reducing mortality, complications 
such as bronchopulmonary dysplasia, and the duration of 
intubation or hospital stay [53].

Aortopulmonary window

This is a rare anomaly involving absence of the septum 
between the ascending aorta and the main pulmonary artery 
but with two distinct semilunar valve rings.

Embryology
The anomaly is due to incomplete separation of the primi-
tive truncus by the aortopulmonary septum.

Anatomy and pathology
As a rule the window is large, and round or oval. There are 
three anatomically distinct types. Type I is a proximal defect 
between the semilunar valve and pulmonary artery bifurca-
tion, type II is a distal defect that is usually accompanied by 
an anomalous origin of the right pulmonary artery from 
aorta, and type III is a large defect seen in combination with 
type I and II defects [33,54,55]. PDA frequently coexists 
(∼70%), and >50% of patients have associated anomalies. 
Aortic arch abnormalities are common, including type A and 
type B aortic arch interruption and coarctation of the aorta. 
Associated intracardiac abnormalities include tetralogy of 
Fallot and transposition of the great arteries [34,54–56].

Pathophysiology
Because the aortopulmonary communication is usually 
large, a large left-to-right shunt occurs when pulmonary 
vascular resistance decreases. Early congestive heart failure 
develops, and if the patient survives pulmonary vascular dis-
ease supervenes.

Natural history
If untreated, most of these patients die in infancy and few 
survive beyond 10 years of age [57].

Clinical features
Typically patients present early in life with heart failure with 
a nonspecific history. The physical findings resemble those of 
a PDA but the diastolic component of the murmur is often 
absent because of the high pulmonary arterial pressure. The 
murmur is often more retrosternal than under the left clavicle, 
and at times it resembles the murmur of an VSD rather than 
a PDA.

Electrocardiogram and chest X-ray
There are no distinguishing ECG or chest X-ray findings, 
although in older patients the ascending aorta is not enlarged, 
unlike a PDA.

Echocardiography
The anomaly is usually discovered during echocardiographic 
examination used for detecting other anomalies such as PDA 
and VSD.

Other imaging modalities such as MRI have been used.

Cardiac catheterization
This is needed only if pulmonary vascular reactivity needs to 
be assessed.

Management
Medical treatment is only supportive until closure can be 
performed. The defects are closed either through the aorta or 
pulmonary trunk, with an autologous tissue patch in the 
former and a synthetic patch in the latter [56,58–60]. The 
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occasional smaller defect can be closed by an occluder intro-
duced via a cardiac catheter. Late results appear to be good in 
the absence of associated anomalies.

Anomalous pulmonary artery from aorta

In this rare anomaly, erroneously referred to as “hemitruncus,” 
one branch pulmonary artery arises from the aorta.

Embryology
The proximal form (see below) is considered to be an 
anomaly of truncal septation or a migration defect of the 
sixth aortic arch. The distal form has been attributed to 
abnormal persistence of parts of the fifth or sixth aortic 
arches [32].

Pathological anatomy
An anomalous right is more common than an anomalous 
left pulmonary artery. Usually the right pulmonary artery 
arises from the posterior aspect of the ascending aorta just 
above the aortic valve, but it may arise more distally near the 
innominate artery. The anomalous pulmonary artery is wide, 
but may have a stenotic origin. About 50% have an associ-
ated PDA, and others are associated with tetralogy of Fallot, 
VSD, aortopulmonary window, coarctation of the aorta, or 
interrupted aortic arch [61–64].

If isolated, an anomalous left pulmonary artery almost 
always arises from a right aortic arch. More than 50%, 
however, are associated with tetralogy of Fallot and a left 
aortic arch.

Pathophysiology
This is identical with that of a large PDA, with the same risks 
of congestive heart failure or pulmonary vascular disease. 
Pressures in the anomalous artery are systemic. Some, espe-
cially with distal connections, may have ductus tissue that 
contracts and stenoses the orifice, and then pressures are 
low. The pressure in the normally connected pulmonary 
artery is usually systemic, probably because the total cardiac 
output has to pass through one lung. Pulmonary vascular 
disease begins early and can occur in both lungs unless one 
lung is protected by a stenosis at its origin.

Natural history
Most untreated patients die before 1 year of age from conges-
tive heart failure [57].

Clinical features
These are similar to those of a PDA or aortopulmonary win-
dow, as are the ECG and chest X-ray. If the anomalous artery 
has a stenotic origin, pulmonary vascular markings may be 
decreased on that side. Definitive diagnosis is made by 
echocardiography, angiography, or other imaging modalities.

Cardiac catheterization may be needed to define the anat-
omy and assess pulmonary vascular resistance. In those with 
tetralogy of Fallot, the latter anomaly dominates the clinical 
features.

Management
Unless there is pulmonary vascular disease, the anomalous 
artery can be detached and reimplanted with or without an 
interposition graft. Mortality can be high, especially because 
of pulmonary hypertensive crises [62–64]. Hospital  survivors 
usually have a benign long-term course, although occasion-
ally the reconnected anastomosis may become too small 
from scarring or with growth and need replacement.
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25 Sinus of Valsalva Fistula

Alpay Çeliker & Seden Erten Çelik
Acıbadem University Medical Faculty, Acıbadem Maslak Hospital, Maslak, Istanbul, Turkey

Sinus of Valsalva aneurysm (SVA) is a rare cardiac anomaly 
first described by Hope in 1839 [1]. Lack of differentiation or 
fusion abnormality between the aortic media and aortic valve 
fibrous ring or failure of normal elastic tissue or abnormal 
development of bulbus cordis are the postulated mechanisms 
[2,3]. This weakened area may progress to aneurysm forma-
tion over time when subjected to high aortic pressure. 
Aneurysm progression at its apex may lead to rupture, causing 
shunting from the aorta to a cardiac chamber(s) [4,5].

Incidence and genetics

SVA may be congenital or acquired, comprises 0.1–3.5% 
of congenital heart defects (CHDs), and accounts for 0.14% 
of open heart operations for CHD [5]. The exact frequency of 
the SVA is unknown because they are often silent, although 
an autopsy study revealed 0.09% prevalence in the general 
population [6]. It is seldom familial.

Pathologic anatomy

Congenital SVA usually involves the right sinus (65–85%) of 
Valsalva, and less frequently the noncoronary sinus 
(10–30%) and left coronary sinus (1–5%) [4,5]. The most 
common associated cardiac anomalies are ventricular septal 
defect and aortic regurgitation, but associated bicuspid aortic 
valve, subaortic membranous stenosis, aortic coarctation, 
atrial septal defect, patent ductus arteriosus, and tetralogy of 
Fallot have been described [4,7,8]. Diagnosis in infancy is 
rare [9]. SVA is typically a single defect [10]. There is a male 
preponderance with a ratio of 4:1. SVA is less frequent in 
Western than Eastern countries [11], and the associated VSD 

is supracristal, also more common in Eastern countries [12]. 
Occasionally, giant aneurysms 5–10 cm in diameter occur.

Acquired SVAs are rare compared with congenital forms. 
They may be caused by degeneration of the aortic wall from 
cystic medial necrosis, infections, or trauma [13,14]. The 
rounded and symmetrical shapes of the acquired aneu-
rysms differ from the congenital form of the disease. SVA 
also differs from the diffusely dilated aortic sinuses charac-
teristic of patients with Marfan and Ehlers–Danlos  syndrome 
[15,16]. SVA also occurs in patients with Takayasu arteritis 
and Behçet syndrome [17,18]. Acquired aneurysms 
 frequently occur after infective endocarditis and tend to 
extend superiorly. Left aortic sinus aneurysm is generally 
involved with acquired causes. Rupture of acquired SVA is 
usually extracardiac [15].

Natural history and clinical features

SVA is usually diagnosed by the third or fourth decade, most 
often secondary to complications [5]. Before rupture, most 
patients are asymptomatic, and the aneurysm remains unde-
tected, although palpitations, fatigue, effort dyspnea, angina, 
swallowing problems, and dizziness may be presenting 
symptoms. Syncope may occur secondary to left or right 
ventricular outflow tract obstruction. Several reports describe 
rhythm problems, symptoms of myocardial ischemia from 
coronary artery compression by the SVA, or atrioventricular 
block secondary to pressure of SVA on the AV node or His–
Purkinje system. Stroke occurs infrequently from a throm-
boembolic event in large aneurysms with thrombus formation 
[19,20]. Aortic regurgitation may be from prolapse of a cusp 
into a ventricular septal defect, distortion of the aortic valve 
ring, a bicuspid valve, or infective endocarditis.
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SVA rupture typically occurs between 20 and 40 years of 
age [5] and is rare in infancy or childhood. The rupture 
occurs suddenly and may develop after heavy exercise, 
trauma, or during pregnancy. Right coronary sinus aneu-
rysms usually rupture into the right ventricle, whereas 
aneurysms of the noncoronary sinus and left coronary sinus 
rupture into the right atrium and left atrium, respectively 
[5]. The interventricular septum is seldom affected by the 
 rupture. The consequence of a rupture depends on the 
 rupture speed, the rupture orifice size, and the chamber 
entered. The rupture may cause sudden deterioration, heart 
failure, acute cardiac tamponade, and death. There is left 
ventricular volume overload due to shunting through the 
aneurysmal tract. Ruptures with a small opening progress 

insidiously, and patients become symptomatic only after 
months or years [21].

The first symptoms of rupture are acute chest or upper 
quadrant pain, followed by acute dyspnea or exercise 
 intolerance. Progressive cough, dyspnea, edema, and oligu-
ria are seen later after the acute rupture [5,21]. There are 
pulsatile peripheral pulses, a continuous murmur prominent 
in  diastole, and a thrill at left or right sternal borders [22].

Laboratory investigations

The ECG may be normal or reveal evidence of biventricular 
hypertrophy. Findings secondary to myocardial ischemia or 
conduction problems may be seen in patients with compression 

Figure 25.1 Right coronary sinus to right ventricle fistula with two-dimensional (a) and color Doppler echocardiographic (b) views. Panel (a) in diastole, 

panel (b) in late diastole. The color shows regurgitant flow from the aorta into the aneurysm. An, aneurysm; Ao, aorta; LA, left atrium; LV, left ventricle; 

P LX, long axis; RV, right ventricle.

Figure 25.2 Aortic root angiogram showing right coronary sinus to right ventricle contrast filling via fistula (a) and severe aortic regurgitation 

(b). The patient has a subarterial-type ventricular septal defect.
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of coronary arteries or His–Purkinje system. Following rupture, 
the chest X-ray may show cardiomegaly and signs of pulmo-
nary congestion [22]. Transthoracic echocardiography is very 
important for diagnosis and for demonstrating the extent of the 
aneurysm. The anatomic location of aneurysm, compressed 
cardiac structures, the rupture site, and associated abnormali-
ties can be demonstrated by  echocardiographic examination 
(Figure 25.1). The parasternal short-axis view is the most use-
ful. Transesophageal echocardiography is mandatory in 
patients with SVA or where there is suspicion of aneurysm. 
Three-dimensional echocardiography may delineate the 
spatial relationships of complex abnormalities [23].

A computed tomographic scan is a very rapid diagnostic 
tool to obtain more data regarding the aneurysm size and 
 location and site of rupture and also the coronary artery 
anatomy and its relation to the aneurysm [24]. Cardiac MRI 
examination may be used in patients for functional evalua-
tion in a nonemergency setting [25]. Cardiac catheterization 
and angiography are needed some patients before surgery 
(Figure 25.2).

Management

Unrepaired SVA may cause death in months to years. The 
treatment for ruptured SVA is usually surgical. Early diagno-
sis may prevent endocarditis or further enlargement of the 
fistula, which might complicate surgical repair [5]. Depending 
on the SVA anatomy and related cardiac  anomalies, primary 
or patch closure is the usual surgical approach. A combined 
approach through the involved chamber and aortic root is 
satisfactory. Patch closure of the aneurysm is preferred in 
most centers and gives excellent results, with a mortality of 
<5%. With severe distortion, aortic root replacement or the 
Ross procedure may be needed. Progressive aortic regurgita-
tion is the crucial factor influencing prognosis [26–28], and 
aortic valve replacement may be required. The prognosis of 
small aneurysms is unclear and indications for operation in 
an asymptomatic patient with unruptured aneurysms are 
not defined. Progressive enlargement of the SVA on serial 
evaluation may be an indication.

Percutaneous closure of ruptured aneurysms has been 
reported [29,30]. Kerkar et al. [30] described successful results 
in 18 of 20 patients using an Amplatzer duct occluder. The 
results of this treatment modality, however, will have to be 
compared with surgery to evaluate its safety and  efficacy.
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26 Systemic Arteriovenous Fistula
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Introduction and background

The widely used classification of vascular anomalies was 
proposed by Mulliken and Glowacki in 1982 [1]. This 
 classification, based upon clinical, histologic, histochemical, 
biochemical, and imaging features, divides vascular  anomalies 
into two major categories: tumors and vascular malforma-
tions (Table 26.1). Vascular malformations are divided into 
two major types: the slow-flow (e.g., venous malformation, 
lymphatic malformation) and fast-flow  malformations 
[namely, arteriovenous malformation (AVM) and arterio-
venous  fistula (AVF)].

An arteriovenous shunt implies direct communication 
between the arteries and veins without passing through a 
capillary bed. In AVFs, the shunt is a simple direct communi-
cation between an artery and a vein, whereas in AVMs, the 
shunt is via a complex network of feeding arteries and 
draining veins. This distinction has major clinical, prognostic, 
and therapeutic implications. This chapter focuses on the 
clinical, imaging, and management aspects of systemic 
arteriovenous fistulas excluding the heart and lungs (see 
chapters 46 and 48).

Incidence

Congenital AVFs are much less common than acquired AVFs, 
and are rarely seen even at specialized vascular anomalies 
centers. Congenital fast-flow lesions are the least common 
types of vascular malformations.

The distinction between different types of vascular 
 malformation has often been unclear in the literature. For 
example, Knudson and Alden reviewed 156 infants (<6 months 
old) with high flow lesions, of whom 81 had lesions in the 

CNS, 61 in the liver, and 14 in the lung [2]. The incidence of 
heart failure was 48–67% with a very high mortality 
(43–64%). Many of the patients with liver “high-flow” 
lesions probably had liver hemangiomas (as evident by a 
mass) rather than a true AV shunt. In one review of patients 
with AVFs, only 10% of the AVFs were in the head and neck 
area and none were visceral AVFs [3]. Nevertheless, accu-
mulated experience with these lesions suggests a different 
distribution, with cerebrofacial fast-flow lesions being more 
frequent than in other locations [4].

Acquired AVFs are usually iatrogenic, particularly after 
percutaneous or surgical vascular interventions. Of >13 000 
femoral arterial accesses for cardiac catheterization,  iatrogenic 
AVFs were found in 0.11% [5]. Risk factors are periproce-
dural anti-coagulation, hypertension, and female gender 
[6]. The incidence is also higher with complex procedures 
using larger vascular sheaths. Other examples of acquired 
AFVs are shunts placed for dialysis and those created between 
and axillary artery and vein to enhance pulmonary blood 
flow in a patient with a Glenn anastomosis. Other causes are 
iatrogenic (surgery, biopsy), trauma (war injuries, fractures 
and stab wounds) [7], infection, and tumors.

Etiology and genetics

Formation of the vascular network in the embryo primarily 
includes two distinct mechanisms: vasculogenesis and 
 angiogenesis [8–10]. Vasculogenesis in situ concerns differ-
entiation and growth of blood vessels from mesodermal- 
derived hemangioblasts giving rise to the heart and the first 
primitive vascular plexus, and angiogenesis remodels and 
expands this network [10]. Both the arterial and venous 
 lineages arise from this common plexus with complex 
 network of  communications between them. Nevertheless, 
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there is an essential and early developmental distinction 
between arteries and veins, later exaggerated by blood pres-
sure [11]. Molecular differences between arterial and venous 
channels, which accompany or even contribute to functional 
and morphologic differences, begin before the establishment 
of the circulation with several genes specifying the arterial–
venous distinction (e.g., ephrinB2, EphB4. Notch1, Notch4, 
Dll4, and Jagged1, NRP1, CXCR4, connexin-37,  connexin-40, 
CD44, Bmx, and Alk1) [12,13].

Primitive fetal arteriovenous connections are eventually 
obliterated. Congenital AVFs likely result from persistent 
embryonic connections between the primordia of arteries and 
veins originating from a common mesenchymal tissue between 
the fourth and eighth weeks of embryonic life [14–16].

Congenital AFVs are typically solitary and sporadic (i.e., 
unassociated with syndromes or known genetic defects). 
Several complex and overgrowth syndromes are associated 
with fast-flow vascular anomalies. Examples include heredi-
tary hemorrhagic telangiectasia (Osler–Weber–Rendu syn-
drome), CLOVES syndrome, PTEN hamartoma syndromes, 
and capillary malformation–arteriovenous malformation 
(CM–AVM). AVFs have also been reported in Noonan 
 syndrome [17], Ehlers–Danlos syndrome [18,19], VACTERL 
association and fibromuscular dysplasia [20], and liver 
hemangioma [21], among others. Infantile hemangioma 
and rapidly involuting congenital hemangioma (RICH) are 
probably the most vascular pediatric tumors and can 
 occasionally be associated with arteriovenous shunts. Hepatic 
RICH is typically a large, solitary mass and might be associ-
ated with various types of transhepatic vascular shunts and 
high-output heart failure [22].

Hereditary hemorrhagic telangiectasia (HHT), or Osler–
Weber–Rendu syndrome, is an autosomal dominant disease 
characterized by epistaxis, mucocutaneous and gastroin-
testinal telangiectasia, and arteriovenous malformations in 
the lungs, CNS, and liver [23]. The two most common 
genetic mutations affect endoglin (ENG) (type 1) and ALK1 
(type 2). HHT gene mutations lead to the development of 
abnormal vascular structures, which range from dilated 
microvessels to large AVFs [24]. The resulting disorganized 
cytoskeleton and failure to form cord-like structures are 
common characteristics of endothelial cells in HHT patients 
and disrupted abnormal angiogenesis [25].

Capillary malformation–arteriovenous malformation 
(CM–AVM) is an autosomal dominant disease caused by 
RASA1 gene mutation. Clinically, patients develop multiple 
capillary malformations without overgrowth [26]. Arterio-
venous malformation occurs in about 12% of patients and 
may involve the CNS.

Bannayan–Riley–Ruvalcaba syndrome, caused by mutation 
in PTEN gene, is characterized by macrocephaly, lipomatosis, 
pigmented penile macules, vascular malformations, mental/
developmental delay, Hashimoto’s thyroiditis, and assorted 
tumors [27]. A spectrum of vascular anomalies, including 
 paraspinal AVM, occur in >50% of these patients [28].

CLOVES syndrome (congenital lipomatous overgrowth, 
vascular malformations, epidermal nevi, and skeletal/
scoliosis/spinal anomalies), recently described, is a complex 
overgrowth disorder of vessels [29,30]. Fast-flow spinal–
paraspinal vascular lesions, including AVMs and AFVs, are 
frequently encountered in this syndrome and cause 
debilitating spinal myelopathy [29,31].

Arteriovenous fistula can also be associated with  persistent 
embryonal vessels such as the primitive olfactory [32,33] 
and sciatic arteries [34].

Klippel–Trenaunay syndrome (KTS) and Parkes–Weber 
syndrome (PWS) are two overgrowth syndromes of the 
extremities with complex vascular anomalies. Although 
they may share some clinical features, they are separate 
clinical entities with different pathogenesis and natural 
 history. The designation “Klippel–Trenaunay–Weber 
 syndrome” for a patient is misleading. KTS is a rare limb 
overgrowth disorder with slow-flow vascular anomalies 
including capillary, venous, and lymphatic malformations. 
KTS is not associated with fast-flow lesions [35,36] and the 
reported association between KTS and AVMs (particularly 
in the spinal region) is erroneous [37]. PWS is characterized 
by hypervascular (fast-flow) anomalies and capillary mal-
formation in an overgrown limb (Figure 26.1). The  capillary 
stain is pink, multiple, and diffuse. The symptoms are 
related to distal ischemia and high-output heart failure. 
PWS is not simply KTS with an AVM, as posited in some 
references. Improper assessment of patients can lead to the 
wrong diagnosis, mistreatment, and misdirected research 
efforts [38].

Table 26.1 Classification of vascular anomalies (Reproduced with permission 

from Mulliken JB, Glowacki J. Plast Reconstr Surg 1982;69:412–22.)

Vascular anomalies

Tumors  Malformations

A. Benign (hemangiomas):

1. Infantile hemangioma (IH)

2. Rapidly involuting congenital 

hemangioma (RICH)

3. Non-involuting congenital 

hemangioma (NICH)

Low flow:

1. Capillary malformation (CM)

2. Venous malformation (VM)

3. Lymphatic malformation (LM)

High flow:

  Arteriovenous malformations 

(AVMs) and fistulas (AVFs)

B.  Borderline malignant: 

kaposiform 

hemangioendothelioma (KHE)/

tufted angioma (TA), epithelioid 

hemangioendothelioma

Combined and syndromic

 

C. Other rare tumors, e.g., 

angiosarcoma  
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Figure 26.1 Parkes–Weber syndrome. (a) Diffuse faint capillary stain of 

the warmer hypertrophied right lower extremity. (b) The angiogram of the 

calf shows a diffuse increase in the arterial flow to the soft tissue with 

dense blush and no definite arteriovenous fistulas.

Pathologic anatomy

The two main types of fast-flow vascular malformations are 
AVMs and AVFs. Occasionally they are combined.. AVMs are 
abnormal communications between enlarged feeding arter-
ies and draining veins via a smaller complex network of 
channels (nidus). AVFs are direct end-to-end communica-
tions between an artery and vein, and are classified as simple 
(supplied by one feeding artery) or complex (receiving blood 
supply from two or more feeding arteries) [39].

Based on the angioarchitectural pattern, arteriovenous 
shunts can be classified into three main categories: (1) arterio-
venous (a few arterial feeders reaching a single draining vein 
which represents the initial venous compartment), (2) arteri-
olovenous (several small feeding arteries draining into a single 
vein which constitutes the initial venous  compartment), and 
(3) arteriolovenulous (plexiform pattern of several small feed-
ing arteries shunting into small  corresponding small veins) 
[40]. The advantages of this classification are simplicity, accu-
racy, and the ability to predict the endovascular approach of 
treatment (arteriolovenulous lesions should be treated via the 
arterial route only, whereas arteriovenous and arteriolovenous 
shunt fistulas can be treated via transarterial or transvenous 
approaches). Although this classification was originally pro-
posed for cerebral AVMs, it can be applied to other locations.

The histopathologic changes within the AVF pedicle 
include heterogeneity in vessel size and wall thickness, an 
increase in collagen deposition, splitting of the elastic  lamina, 

multiple layers in the endothelium, and immature features 
of endothelial cells [41].

Pathophysiology

Shunting of arterial blood into a low-resistance draining vein 
causes several pathophysiologic changes. Both feeding artery 
and draining veins progressively dilate with increasing rate of 
left-to-right shunting. To compensate for the blood volume 
diverted via the shunt, both the blood volume and cardiac 
output increase. The sequential hemodynamic and structural 
changes resemble a large left-to-right shunt such as a PDA, 
including elevated arterial systolic pressure with normal/low 
diastolic pressure (widened pulse pressure), cardiomegaly 
(from enlargement of both ventricles), and high output failure 
[42]. Both fetal and postnatal AVFs are associated with persist-
ent pulmonary hypertension (as are large AV shunts) with 
both functional and structural alteration of the pulmonary 
vasculature [43,44]. Following shunt closure, pulmonary 
hypertension subsided dramatically [45]. Significant AV shunt-
ing produces systemic vasoconstriction with decreased renal 
blood flow and activation of vasodilating systems [46–48].

Local hemodynamic and tissue disturbances can be 
attributed to the changes in the arterial and venous sides of 
the fistula. The capillary pressure is higher in tissue sharing 
the same feeding arterial pedicle as the AVF than in the 
draining vein. Blood preferentially flows away from the 
normal tissue, which eventually becomes chronically ischemic 
(steal phenomenon). The direct flow of arterial blood into the 
draining vein causes venous hypertension, which may become 
clinically evident particularly in the lower extremities.

Nicoladoni–Branham sign (bradycardia induced by tem-
porary compression of large AVFs) is caused by arterial 
baroreceptor activation, which leads to decreased  sympathetic 
nerve traffic, and increased arterial baroreflex  sensitivity 
decreases heart rate [49].

Anatomic locations of AVFS

AV shunts have a predilection for the cerebrofacial region. 
Intracranial AV shunts are far more common than extracra-
nial lesions, followed in frequency by the limbs, trunk, and 
viscera. Specific types and anatomic locations of AVFs are 
discussed below.

Intracranial AVFs
Intracranial fast-flow shunts can be broadly categorized as 
pial (parenchymal) and dural. They can be classified accord-
ing to the angioarchitecture and the developmental etiology 
[50], and divided into single (AVM or AVF), multiple 
 non-familial (metameric or nonmetameric), and multiple 
familial (systemic and nonsystemic).

Intracranial dural AVFs are shunts between the dural arteries 
and dural veins and sinuses. Although intracranial fistulas are 
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Vein of Galen Aneurysmal Malformations (VGAMs)
VGAMs are fistulous communications between the 
choroidal and quadrigeminal arteries and the embryonic 
median prosencephalic vein (the precursor of vein of 
Galen) [57]; the use of “vein of Galen” to refer to these 
malformations is a misnomer. Although rare, VGAMs 
represent approximately one-third of the infantile cerebral 
vascular anomalies [58].

Two main angioarchitectural types of VGAM are recog-
nized: choroidal and mural [59]. The arterial supply of 
VGAMs is typically complex. In the choroidal type, multiple 
arteries (e.g., choroidal, subforniceal, pericallosal, 
thalamoperforating) fistulate into the anterior end of the 
vein, whereas the mural type has an AVF located in the 
inferolateral wall of the draining vein [60].

The clinical presentation depends on the patient’s age: 
neonates typically present with high-output cardiac and 
respiratory difficulty, infants and older children with 
hydrocephalus, mental retardation, seizures and headache 
[58–66].

typically considered to be congenital in children (e.g., vein of 
Galen aneurysmal malformation), dural AVFs in adults are 
typically acquired [50]. Several classifications [such as 
proposed by Cognard] (Table 26.2) and subclassifications of 
these lesions have been proposed, based primarily on their 
venous drainage [51,52], although a recent modified 
classification was based on the natural history of the disease 
and the risk of intracerebral hemorrhage or nonhemorrhagic 
neurologic deficits [53]. The venous drainage of dural AVFs is 
also responsible for the clinical presentations, including 
hemorrhage, progressive neurologic deficit, and intractable 
tinnitus. Leptomeningeal or cortical venous drainage is 
associated with a worse clinical presentation and requires 
prompt management [54].

The arterial supply of dural AVFs varies but is typically 
from branches of the external carotid artery, such as the 
middle meningeal, accessory meningeal, internal maxillary, 
occipital, and ascending pharyngeal arteries. Pial supply is 
rare [50]. The venous drainage can be into any dural sinus.

Dural AVFs with minor symptoms and no retrograde flow 
in the sinus or cortical vein can be managed conservatively. 
Endovascular therapy is preferred for most dural AVFs, 
although certain locations warrant neurosurgical or com-
bined techniques (Figure 26.2) [55].

Cerebral (Pial or Parenchymal) AVMs
These are shunts from branches of the internal carotid or 
vertebral arteries and usually affect the cerebral hemispheres, 
including cortical locations, deep nuclei, and corpus callosum. 
Although congenital, they present in adults with variable 
symptoms depending on the location of the AVM and other 
factors. Bleeding, neurologic deficits, seizures, and headaches 
are common presentations. The risk factors predicting 
subsequent hemorrhage with cerebral AVMs are young age, 
previous rupture, deep and infratentorial locations, 
exclusively deep venous drainage, and large size [56]. The 
approach to treatment of cerebral AVMs should be managed 
by an interdisciplinary team. Therapeutic modalities include 
embolization, surgery, and radiotherapy. A combination of 
these is often used. About 10–40% of patients are completely 
cured by embolization.

Figure 26.2 Dural AVF. (a) Axial T2 MR image of the brain depicting the 

dilated torcula herophili and intracranial, orbital, and scalp vessels. External 

carotid angiography demonstrated the fistulas to the dilated torcular 

herophili (b) which was successfully embolized utilizing microcoils and 

Onyx (ethylene–vinyl alcohol copolymer) (ev3 Neurovascular, Irvine, CA, 

USA), as shown in (c) and (d).

Table 26.2 Cognard classification of dural AVFs (Reproduced with 

permission from Alvarez H, Garcia Monaco R, Rodesch G, et al. 

Neuroimaging Clin N Am 2007;17:189–206.)

Type  Drainage

I Normal anterograde flow into a dural sinus

IIa Drainage into a sinus with retrograde flow

IIb Drainage into a sinus with retrograde cortical flow

III Drainage into cortical veins

IV  Drainage into ectatic cortical vein
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The optimal treatment of VGAMs is endovascular therapy 
at a tertiary care center with a multidisciplinary team 
experienced in these challenging malformations (Figure 26.3) 
[60]. Patients who may benefit from the endovascular 
treatment must be carefully selected using a systematic 
evaluation protocol performed within an optimal therapeutic 
window. The objective of therapy is normal development in a 
child without neurologic deficit [66].

Embolization of VGAMs via the arterial approach is widely 
used, but both transvenous and direct injection into the 

 confluence of dural sinuses have also been described [58], 
although the latter was associated with higher mortality. The 
percutaneous transvenous approach is sometimes used to 
treat complex, multipedicular VGAMs [58].

The outcome of embolization treatment of VGAMs at a 
tertiary center of 317 patients, of whom 233 were treated 
with transarterial embolization, revealed that 23 children 
(10.6%) died despite or because of the embolization; 143 of 
193 surviving patients (74%) were neurologically normal, 
30 (15.6%) were moderately retarded, and 20 (10.4%) were 
severely retarded [66].

Spinal dural AVFs
These account for 80–85% of high-flow shunts [67]. Spinal 
shunts are classified into four main categories: type I, dural 
arteriovenous fistulas (AVFs); type II, intramedullary glomus 
AVMs; type III, juvenile or combined AVMs; and type IV, 
intradural perimedullary AVFs [68]. These lesions lead to 
progressive neurologic impairment such as sensory, motor, 
and sphincter dysfunction [69,70]. Dural AVFs can be suc-
cessfully treated with endovascular or surgical therapy [71]. 
Due to the complex angioarchitecture of these AV shunts 
and the presence of adjacent vital areas, super-selective angio-
graphic techniques are used for cerebral and spinal shunts to 
define the site of the shunt precisely without disturbing 
associated structures [72].

Cervicofacial AVFs: Carotid-jugular fistulas
These are likely to be between the external carotid (rather 
than the internal carotid) and the jugular vein. These rare 
lesions may present early after birth with heart failure [73] 
or during the first decade of life [74]. In older children and 
adults, these lesions may present with pain, pulsatile mass, 
tinnitus, cardiac failure, bleeding, or local regional ischemia 
[75–82]. External carotid artery ligation has no role in the 
current management of carotid–jugular fistulas [80]. Ligation 
proximal to the AV shunt is eventually bypassed by collateral 
feeders that are smaller and more complex than the original 
feeding arteries. It also eliminates future transarterial access 
to the lesion. Embolization is the preferred management of 
external carotid–jugular fistulas [75].

Vertebrovertebral AVFs
These are connections between the extracranial vertebral 
artery or one of its branches to the adjacent veins. Most of 
these fistulas are iatrogenic and may occlude spontaneously 
neighboring veins [83]. They also can be congenital or asso-
ciated with fibromuscular dysplasia and neurofibromatosis 
[84,85]. Symptoms are from arterial steal, spinal venous 
hypertension, and compression causing neurologic deficits, 
hemorrhage, and cardiac failure in neonates and infants, 
A local bruit is often the first sign [83,86]. Embolization, 
alone or in combination with surgical repair, is feasible, safe, 
and highly effective, with low morbidity and mortality 

Figure 26.3 Vein of Galen aneurysmal malformation. Axial (a) and 

coronal (b) T2 MR images of the brain show the aneurysmally dilated 

median prosencephalic vein (the precursor of vein of Galen) with 

numerous surrounding flow voids representing arterial feeders. Internal 

carotid angiography in the frontal (c) and lateral (d) projections 

demonstrates numerous fistulas via small branches. Note the persistence 

of the limbic arch. Successfully transarterial embolization with Onyx was 

performed [frontal projection (e)] with excellent control of the 

malformation (f).
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[83,86]. Mandibular AVFs may present severe hemorrhage 
requiring urgent treatment [79–88].

Abdominal AVFs
Acquired renal AVFs are more common than congenital 
lesions and usually result from penetrating trauma, percuta-
neous biopsy, surgery, malignancy, or inflammation [89,90]. 
Spontaneous renal AVFs can be bilateral and often occur in 
females and on the right kidney. Significant morbidity with 
hypertension, hematuria, proteinuria, congestive heart fail-
ure, and rupture of the fistula may occur [91]. Renal AVF 
may present either in infancy [92] or later in life, particu-
larly during pregnancy [93].

Treatment options include embolization [75], surgical 
ligation of the feeding artery [75], or total or partial nephrec-
tomy [94–96]. Embolization should be the initial treatment 
because of its decreasing morbidity and increasing efficacy 
and the potential complications and loss of normal renal 
parenchyma from other treatment methods [96].

Arterioportal fistulas
Arterioportal fistulas can be either intra- or extrahepatic and 
either congenital or acquired (secondary to cirrhosis, tumors, 
trauma, rupture of hepatic artery aneurysm, and iatrogenic 
causes) [97–104]. Most congenital arterioportal shunts are 

sporadic. Rarely, these fistulas are associated with other 
disorders such as Down syndrome, hereditary hemorrhagic 
telangiectasia, Ehlers–Danlos syndrome, and biliary atresia 
[98,105–107]. Congenital arterioportal shunts present early 
in infancy, although symptoms may not present until 
childhood or adulthood. The signs and symptoms can be 
nonspecific, and include those of portal hypertension 
(ascites, malabsorption, gastrointestinal bleeding, and 
abdominal pain), bowel ischemia, and high-output cardiac 
failure [106,108,109].

The angioarchitecture of congenital arterioportal fistulas 
can be simple (end-to-side connection between an arterial 
feeder and the portal vein) (Figure 26.4) or complex with 
numerous small feeders from mesenteric (e.g., the hepatic, 
gastroduodenal, and superior mesenteric) and non- 
mesenteric (e.g., phrenic and internal mammary) arteries. 
Aortography typically depicts a dilated aorta proximal to the 
origin of the celiac artery and distal tapering. The portal vein 
is dilated or focally aneurysmal (portal varix) at the site of 
the fistula. The hepatic artery may have no or little supply to 
the liver parenchyma [98].

These lesions have been stratified into three major 
categories: type 1 is a small peripheral intrahepatic fistula 
(typically secondary to needle biopsy), type 2 is a large central 
fistula, and type 3 is a congenital lesion [110]. Type 1 usually 

Figure 26.4 Simple arterioportal 

fistula. Aortography in the frontal 

(a) projection and selective injection 

(b) shows an enlarged hepatic artery 

with a fistula to an aneurysmal portion 

of the portal vein. (c) Angiographically 

and clinically successful occlusion of the 

fistula with coils.
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resolves spontaneously whereas type 2 and 3 cause portal 
hypertension and hepatic parenchymal changes and should 
be treated. Because portal hypertension develops, even 
asymptomatic arterioportal fistulas should be treated [110]. 
Embolization of congenital lesions allows definitive closure of 
most shunts, and surgical ligation is typically reserved for the 
rare failure of endovascular treatment [100,101,111,112]. 
Minimally invasive embolization techniques allow faster 
recovery, have fewer complications, and can be safely 
repeated [98]. Following embolization, the patient should be 
monitored for acute portal vein thrombosis, particularly if the 
portal vein is aneurysmally dilated. Liver transplantation may 
be considered in some patients in whom both embolization 
and surgical ligation of the fistulas fail [102,103].

The increased flow and pressure within the portal venous 
system from the arterioportal fistula may be decompressed 
via a patent ductus venosus. Acute presentation of 
arterioportal AVF with gastrointestinal bleeding could 
possibly be precipitated by spontaneous closure of the ductus 
venosus. Hence we believe that the ductus venosus should 
not be closed during the embolization treatment of the 
arterioportal AVF because, once obliterated, the ductus 
venosus spontaneously closes [98].

For acquired arterioportal fistulas, some authors consider 
surgical repair to be the procedure of choice for the 
extrahepatic type, whereas embolization is optimal for 
intrahepatic fistulas and for patients whose associated 
co-morbidity prohibits surgical treatment [110].

Portosystemic Fistulas (PSFs)
PSFs, although the shunt in a PSF connects two separate 
venous systems, have many similarities to AVFs. The normal 
pressure gradient between the portomesenteric and systemic 
veins always directs the flow toward the latter. PSFs divert 
portal and mesenteric venous blood into the systemic veins, 
via either intra- or extrahepatic channels, bypassing the 
liver. These rare shunts can be sporadic or associated with 
other disorders (e.g., Down syndrome, congenital heart 
disease, heterotaxy, Goldenhar syndrome, biliary atresia, 
mental retardation, and genitourinary malformations) 
[97,98,113]. Intrahepatic portosystemic shunts are 
connections between the portal vein and hepatic vein or IVC 
and can be divided into four main types: (1) single fistula 
between the right portal vein and the IVC, the most common 
form, (2) localized fistula within a hepatic segment, (3) 
fistula through a varix, and (4) multiple fistulas between 
peripheral portal and hepatic veins [114,115]. Extrahepatic 
portosystemic shunts were first described by Abernethy and 
later classified by Morgan and Superina into complete (type 
1 or end-to-side) and partial (type 2 or side-to-side) 
portosystemic diversion, in addition to other less common 
forms [116,117]. In type I, the portal vein is believed to be 
absent; thus the mesenteric venous return is diverted into 
the IVC. Portosystemic fistulas should be differentiated from 

persistent ductus venosus-related rare hepatic metabolic 
disorders (e.g., neonatal hemochromatosis leading to hepatic 
failure, portal hypertension, and coagulopathy) in which 
closing the ductus venosus is contraindicated [118].

Symptomatic portosystemic shunts present with cardiopul-
monary dysfunction, hepatic encephalopathy, metabolic 
abnormalities (hyperammonemia and galactosemia), coagu-
lopathy, and failure to thrive [119–122]. There is an increased 
risk of developing hepatic tumors (such as focal nodular 
hyperplasia, nodular regenerative hyperplasia, adenoma, 
hepatoblastoma, and hepatocellular cancer) [123–126] and 
hepatopulmonary syndrome [127].

Children seem relatively less prone to develop hepatic 
encephalopathy. Nevertheless, some authors believe that a 
shunt ratio >60% should be corrected because of the risk of 
encephalopathy and liver dysfunction [98,121,122]. Some 
low-flow shunts regress spontaneously during infancy 
[98,119]. Both embolization and surgical banding have 
successfully obliterated these fistulas [98,119,123]. Closure 
of type 1 (complete) extrahepatic portosystemic shunts is 
contraindicated because the fistula is believed to be the sole 
drainage of the splanchnic venous system. For this rare 
subset of patients, liver transplantation has been successfully 
performed [128–133].

In a literature review of 91 reported patients with splenic 
AVFs, 44% were from a ruptured splenic artery aneurysm, 
20% were congenital and 13% were sequelae of splenec-
tomy [134].

Females are more commonly affected than males, and 
pregnancy and multiparity are considered predisposing 
conditions [135]. Splenic AVFs present with signs and 
symptoms of portal hypertension, including variceal 
gastrointestinal bleeding, ascites, abdominal pain, and bruit 
[136–140]. Post-traumatic splenic AVFs may spontaneously 
regress [141]. Because of the fistula’s location, adhesions, 
and extensive portal collateral vessels, surgical repair of the 
fistula can be challenging [142]. As embolization is safe and 
efficacious [143–150], it should be the first line of manage-
ment for these shunts.

Congenital uterine AV shunts are very rare and fed by 
extrauterine arterial branches [151]. Acquired lesions 
typically occur after pregnancy-related procedures, such as 
an abortion or Cesarean section [152]. The treatment of 
uterine AV shunts should consider the patient’s future 
fertility. Thus, embolizing the uterine artery is indicated in 
patients who plan future pregnancies, whereas hysterectomy 
can be considered for recurrent bleeding after embolization 
in patients not planning future pregnancies [153,154].

AVFs of the extremities
The lower extremity is the most commonly affected site [22]. 
Besides trauma, iatrogenic causes are not uncommon and 
follow surgical and interventional procedures [5,6]. For 
instance, postcatheterization femoral artery AVFs are 
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Figure 26.5 Extensive arteriovenous malformation of the left lower extremity and hemipelvis. The angioarchitecture as shown in the arterial phase 

(a) shows numerous dilated arteries from the internal iliac and profunda femoris arteries communicating directly with huge draining veins with some 

venous aneurysmal changes (b). Both fistulas and nidal types shunts are present. (c) The draining veins were embolized percutaneously with a marked 

reduction of the AV shunting.

Figure 26.6 Arteriovenous malformation of the left foot with overgrowth.

frequently encountered at busy cardiac catheterization units. 
Nevertheless, they typically have a benign natural history 
and most (81%) resolve spontaneously [155,156]. Persistent 
femoral AVFs are typically repaired surgically.

Congenital AV shunts are typically complex with a nidal 
angioarchitecture supplied by numerous branches. The 
lesions typically affect the soft tissue component of the limb 
(Figures 26.1 and Figure 26.5), although some are centered 
within and around the bone. Extremity AV shunts can be 
extensive and have a large hemodynamic effect with poten-
tial high-output heart failure [157,158]. They present with 
diffuse, progressive overgrowth of the extremity (Figure 
26.6). Distal to the shunt, signs of ischemia (e.g., skin atro-
phy, hair loss) become evident with time. In advanced dis-
ease, ischemia may also cause ulceration, bleeding, and pain 
[159–161]. Pain is the most common presenting symptom 
and hemorrhage is the rarest but most serious complication. 
Venous hypertension may cause marked cutaneous changes 
such as dark hyperpigmentation, skin thickening, and 
venous ulcers (Figure 26.7). Painful reddish violet cutane-
ous plaques (occasionally referred to as pseudo-Kaposi’s sar-
coma or Stewart–Bluefarb syndrome) may be associated 
with high-flow lesions of the extremities (Figure 26.7). The 
etiology of this phenomenon is not known, but possibly 
related to local venous flow disturbance [160,161].

Subclavian AVFs
Subclavian AVFs are exceedingly rare and may present in 
infancy with congestive heart failure, stridor, facial and neck 
swelling, and venous hypertension [162–165]. Popliteal AVFs 
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are typically caused by trauma and have a high morbidity 
from high cardiac output and leg amputation [166–168].

Treatment of complex extremity AV shunts requires an 
interdisciplinary team [157,159], including interventional 
radiology, cardiology and plastic and orthopedic surgery.

Clinical features and natural history 
of AVFs

AVFs may present at birth or during childhood or adulthood. 
Occasionally, AVFs are diagnosed incidentally. The signs of 
AVFs depend primarily on the volume of blood shunted 

Figure 26.7 (a) Sequelae of long-standing venous hypertension 

associated with AV shunt of the leg including swelling, hyperpigmentation, 

thickened, indurated leathery skin, and venous ulceration. (b) Early 

brownish–reddish macular changes in association with high-flow lesion 

of the foot (Stewart–Bluefarb syndrome).

through the fistula (i.e., the number and size of the fistulas) 
and the anatomic location. Peculiar signs and symptoms can 
be specific to certain affected organs or areas.

Typically, in AVFs not located in a body cavity, the 
affected area is warm and overgrown with thrill or bruit. 
The overlying skin may demonstrate dilated veins, 
telangiectasia, capillary stain or, rarely, signs of ischemia. 
High-flow shunts may cause pain, bleeding, heart failure, 
ulceration, and tissue loss [169]. Associated tissue 
overgrowth can lead to disfigurement and compression of 
adjacent structures. Congenital shunts are a rare cause of 
congestive cardiac failure in newborns and, except for 
intracranial and intrahepatic AVFs, the onset of failure is 
usually later in life [170]. Neonates and young children 
may exhibit poor physical development and nonspecific 
symptoms of stress. For large AVFs, upon manual 
compression or temporary occlusion of the fistula (e.g., by 
an endoluminal balloon), the heart rate drops (Nicoladoni–
Branham sign) [49].

Peripheral AVFs usually follow a progressive course with 
worsening symptoms. Increased blood flow over time leads 
to incorporation of more arterial feeders and draining veins, 
thickening and dilatation of the vessels, aneurysm formation, 
and weakening of the mucocutaneous coverage [169]. 
Chronic AVFs may be difficult to differentiate angiographically 
from nidal-type AVMs; this differentiation has important 
therapeutic implications [171].

Diagnostic imaging

Findings on plain radiographs are nonspecific and usually 
reflect secondary changes of the AV shunting. Chest 
radiographs may show cardiomegaly, increased fluid in the 
alveolar and septal walls, and pleural effusion (Figure 26.8). 
Soft tissue and bony overgrowth, altered opacity, atrophy, 
and opaque embolic agents can also be depicted on plain 
films. Other findings on plain radiographs include bone 
thinning and deformity, pathologic fractures, and enlarged 
vascular foramina of the long bones.

Compared with other vascular anomalies, destructive 
intraosseous changes are more commonly noted in the arte-
rial or high-flow lesions, possibly related to altered skeletal 
growth from mechanical, physiologic, and developmental 
processes [172]. Ultrasonography with color Doppler inter-
rogation is a simple and widely available diagnostic tool for 
the diagnosis of AVFs [173]. The main sonographic findings 
are dilated, tortuous feeding arteries and draining veins, lack 
of soft tissue mass, and thickening/overgrowth of the sur-
rounding tissue. Arterialized veins may mimic arteries with 
low-resistance pulsatile flow (Figure 26.9). The distinction 
between vascular masses (e.g., infantile hemangioma) and 
AV shunts is critical, because their prognosis and treat-
ment are different [175]. Aneurysmally dilated vessels 
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demonstrate turbulence of flow on both gray-scale and 
color Doppler images.

Computed tomography (CT) scanning provides less tissue 
contrast than MRI and is infrequently used for diagnosing 
soft tissue AVFs, but is invaluable for visualizing the bony 
changes. Both MR angiography (MRA) and CT angiography 
(CTA) can be used to depict the AVF’s spatial anatomy and 
relations with the surrounding tissue (Figure 26.10).

Angiography is infrequently needed for the diagnosis of 
AVFs. Nevertheless, some chronic AVFs may mimic AVMs on 
clinical and sonographic examinations and must be differen-
tiated. The typical angiographic features of infantile heman-
giomas include a soft tissue mass with multiple, enlarged 
feeding arteries, well-circumscribed contrast blush in the tis-
sue/capillary phase, and lack of immediate AV shunting. In 
addition, the closely packed proximal feeding arteries form 
an “equatorial” network at the periphery of the hemangi-
oma, sending smaller feeding arteries into the lesion at right-
angles to the peripheral vessels with large draining veins at 
the base of the mass [174].

Management

Management of arteriovenous fistulas is simpler than that of 
the nidus-type AVMs. The latter is one of the most challenging 
interventional procedures and requires extensive experience 

in performing superselective angiography using various 
types of embolic agents.

Proximal embolization of AV shunts by focal obliteration 
of a feeding vessel leaves some distal collateral flow. Proximal 
embolization is equivalent to proximal surgical ligation and 
should be avoided.

There are different approaches to close simple AVFs. The 
fistula can be closed transarterially or transvenously. Direct 
percutaneous access to some accessible fistulas sometimes 
offers a good alternative [175]. In some patients, a combina-
tion of accesses is warranted. Regardless of the approach, the 
fistula should be closed as close as technically possible to the 
direct communication between the artery and the vein.

Figure 26.8 Chest radiograph. High-output heart failure secondary to a 

massive AV shunt. Note cardiomegaly, septal thickening, and small pleural 

effusions.

Figure 26.9 Ultrasound of an extensive AV shunt of the lower extremity. 

Note the abnormally superficial, tortuous arterial branch within the 

subcutaneous tissue. The spectral wave demonstrates a high diastolic 

component (low resistance pattern).
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Figure 26.10 (a) Frontal abdominal aortogram of large renal AVF demonstrates the enlarged, single renal artery (large black arrow) with direct fistulas 

to the renal vein (lower white arrow) and dilated inferior vena cava (upper white arrow). Note the small aneurysm of the proximal segment of the splenic 

artery. (b) Coronal maximum intensity projections (MIP) and (c) volume rendering (VR) display of the AVF. The dilated draining renal artery, vein (lower thick 

arrow), dilated IVC (upper thick arrow) and multiple aneurysms of the splenic artery (thin white arrows) are clearly demonstrated in both techniques.

For complex AVFs with multiple feeding arteries and one 
dominant vein, obliterating the draining vein can achieve 
excellent control of the shunt without the need to embolize 
multiple or numerous feeding arteries.

Some AVFs, commonly arterioportal shunts, present with 
aneurysmal dilatation of the immediate segment of the 
draining vein, which can be large. These are treated by 
embolization transarterially without obliterating the venous 
aneurysm. There is a risk of post-embolization thrombosis of 
the venous aneurysm and, for some large aneurysms, post-
embolization prophylactic anticoagulation is warranted. This 
is particularly important for arterioportal fistulas.

Sacrifice of the feeding artery is rarely needed for complex 
AVFs. The technique is still frequently used for carotico-
cavernous fistulas and life-threatening cervicofacial hemor-
rhage from a carotid artery [176–180].

Proper management of AVFs requires an interdisciplinary 
group of interventional, surgical, and medical specialists.

Clinical and imaging follow-up is preferably performed or 
supervised by the individual who performed the procedure. 
Imaging studies should be simple and safe, particularly in 
children, and complex studies should be used only if essential. 
Minimizing the radiation in pediatric diagnosis and inter-
ventions can be achieved by standardizing workflow and 
encouraging team responsibility [181]. For instance, instead 
of repeating the angiographic or CT studies after embolizing a 
portovenous fistula, adequate diagnostic infor mation can be 
obtained with ultrasonography.
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166 Ilijevski N, Radak D, Radević B, et al. Popliteal traumatic 

arteriovenous fistulas. J Trauma 2002;52:739–44.

167 Ilijevski NS, Nenezić DD, Sagić D, Radak D. Popliteal traumatic 

arteriovenous fistula. Vascular 2005;13:309–12.

168 Frykberg ER. Popliteal vascular injuries. Surg Clin North Am 

2002;82:67–89.

169 Greene AK, Orbach DB. Management of arteriovenous 

malformations. Clin Plast Surg 2011;38:95–106.

170 Hofmann SR, Weise M, Nitzsche KI. An intrathoracic 

arteriovenous malformation discovered as an extremely 

uncommon reason of neonatal congestive cardiac failure. 

Cardiol Young 2009;19:530–3.

171 Lawdahl RB, Routh WD, Vitek JJ, et al. Chronic arteriovenous 

fistulas masquerading as arteriovenous malformations: 

diagnostic considerations and therapeutic implications. 

Radiology 1989;170:1011–5.

172 Boyd JB, Mulliken JB, Kaban LB, et al. Skeletal changes 

associated with vascular malformations. Plast Reconstr Surg 

1984;74:789–97.

173 Paltiel HJ, Burrows PE, Kozakewich HPW, et al. Soft-tissue 

vascular anomalies: utility of US for diagnosis. Radiology 

2000;214:747–54.

174 Burrows PE, Mulliken JB, Fellows KE, Strand RD. Childhood 

hemangiomas and vascular malformations: angiographic 

differentiation. AJR Am J Roentgenol 1983;141:483–8.

175 Inagawa S, Unno N, Yamashita S, et al. Laparotomized direct 

puncture for embolization of a retroperitoneal arteriovenous 

fistula. Cardiovasc Interv Radiol 2010;33:191–5.

176 Tjoumakaris SI, Jabbour PM, Rosenwasser RH. Neuro-

endovascular management of carotid cavernous fistulas. 

Neurosurg Clin N Am 2009;20:447–52.

177 Ong CK, Lam DV, Ong MT, et al. Neuroapplication of Amplatzer 

vascular plug for therapeutic sacrifice of major craniocerebral 

arteries: an initial clinical experience. Ann Acad Med Singapore 

2009;38:763–8.

178 Powitzky R, Vasan N, Krempl G, Medina J. Carotid blowout in 

patients with head and neck cancer. Ann Otol Rhinol Laryngol 

2010;119:476–84.

179 Cohen J, Rad I. Current management of carotid blowout. Curr 

Opin Otolaryngol Head Neck Surg 2004;12:110–5.

180 Kim SH, Shin YS, Yoon PH, Kim DI. Emergency endovascular 

treatment of internal carotid artery injury during a 

transsphenoidal approach for a pituitary tumor – case report. 

Yonsei Med J 2002;43:119–22.

181 Sidhu M, Goske MJ, Connolly B, et al. Image gently, step lightly: 

promoting radiation safety in pediatric interventional radiology. 

AJR Am J Roentgenol 2010;195:W299–301.



374

Pediatric Cardiovascular Medicine, Second Edition. Edited by James H. Moller and Julien I. E. Hoffman. 

© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.

27 Left Ventricular Inflow Obstruction: 
Pulmonary Vein Stenosis, Cor 
Triatriatum, Supravalvar Mitral 
Ring, Mitral Valve Stenosis

Walter H. Johnson, Jr & James K. Kirklin
University of Alabama at Birmingham, Birmingham, AL, USA

Introduction

In this chapter, obstructions to left heart inflow are 
 considered in three broad categories: pulmonary vein 
obstruction, left atrial-level obstruction (cor triatriatum, 
and supravalvar mitral ring), and left ventricular (LV) 
inflow obstruction (mitral stenosis and hypoplasia). All 
have similar hemodynamic and clinical consequences: 
elevated pulmonary vascular resistance and limitation 
of left heart output, with signs and symptoms of heart 
failure, accompanied by pulmonary hypertension and/or 
edema [1] (Figure 27.1). Except for acquired mitral steno-
sis resulting from rheumatic fever, congenital forms of LV 
inflow obstruction are rare, with most occurring with 
other cardiac malformations. Isolated forms of LV inflow 
obstruction are very rare.

Left ventricular inflow obstructions are among the most 
challenging cardiovascular conditions to recognize, evaluate, 
and manage, and despite great advances in diagnosis and 
treatment, they remain very significant sources of morbidity 
and mortality for patients.

Pulmonary vein atresia, hypoplasia, 
and stenosis

Pulmonary vein stenosis (PVS) is rare, occurring more often 
(80%) with other severe cardiac malformations than as an 
isolated condition [2]. Congenital PVS has a reported inci-
dence of 0.4% of congenital heart defects in an autopsy 
series [3] and with an incidence of 0.03% in children under-
going interventional procedures or surgery for congenital 
heart disease [4]. It has been estimated to occur in approxi-
mately two children per 100 000 [5].

Primary pulmonary vein atresia occurs in the setting of 
pulmonary agenesis [6] yet the term is most often used to 
describe the complete obliteration of an existing pulmonary 
vein following a period of progressive stenosis [7,8].

Pathophysiology
Obstruction to pulmonary venous return increases pulmo-
nary vascular resistance, at a post-capillary level, with 
attendant pulmonary edema, pulmonary hypertension, and 
limited cardiac reserve. Infants who appear minimally symp-
tomatic at rest may be unable to increase cardiac output 
appropriately during any increase in cardiac demand (such 
as occurs during feeding, or acute illness, particularly with 
fever) and may develop marked increase in symptoms.

Natural history
Although PVS and even obliteration have been reported 
with increasing frequency in adults, usually as an iatrogenic 
complication of radiofrequency ablation procedures for atrial 
arrhythmias, congenital forms have been recognized, very 
rarely, in adolescents and adults [9–13]. Otherwise, most 
congenital PVS is diagnosed in infancy, likely because of the 
progressive nature of the stenoses and the severe hemody-
namic derangements that accompany it. However, neonatal 
PVS can present clinically as persistent pulmonary hyperten-
sion of the newborn (PPHN) [14,15]. The disease has been 
associated with high mortality [2,4] and is often refractory to 
medical, catheter [16], and surgical [17] interventions [18].

Embryology
The pulmonary veins and parenchymal tissue form from out-
pouchings of the embryonic foregut, whereas the heart forms 
from different precursor tissue. The concept of embryonic 
growth of the pulmonary veins towards the left atrium, with 
eventual incorporation of the veins into the left atrium, is 
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useful in understanding the postnatal pathologic anatomy, 
especially that of total and partial anomalous pulmonary 
venous return (see Chapter 34) and cor triatriatum, but is 
less able to account for pulmonary vein stenosis, particularly 
its progressive nature.

Pathologic anatomy and major associated 
anomalies
The causes of PVS, and especially the progressive nature of 
the disease, are not understood, although the rather con-
stant but nonspecific histopathology has been well described 
for decades [3]. Many have referred to a localized collar of 
intimal fibrous thickening, usually at the venoatrial junc-
tion [3,19]. Distinctive gross pathology types have been 
described and classified [20], but may have less clinical 
prognostic significance than associated cardiac malforma-
tions. Various genetic syndromes (trisomy 21 being the most 
prevalent) have been observed in about one-third of patients 
in two series [2,5], but no characteristic genetic cause is 
known. Familial occurrence of PVS has been reported [21].

The histopathology of PVS is possibly due to abnormal pro-
liferation of myofibroblasts, which has been demonstrated in 
the absence of fibrosis, inflammation, or thrombosis [22]. 
Although other myofibroblastic diseases have sometimes 
been treated with antiproliferative regimens, including 
chemotherapy and radiation, we are not aware of successful 
treatment of PVS in this way. As active proliferation of myofi-
broblasts has not been consistently demonstrated, cell prolif-
eration may occur episodically, and subsequent intimal 
expansion by extracellular matrix and the resulting lumenal 
narrowing is an important factor in PVS [23].

Clinical features

Clinical history
The clinical diagnosis is challenging. The disease is often not 
recognized in early infancy, despite onset of symptoms, 
which are usually respiratory, and diagnosis may occur only 
after repeated diagnostic studies [5,14,24]. An association 
has been observed with prematurity [2] and many patients 

Figure 27.1 Pathophysiology of left ventricular inflow obstruction. Obstruction of pulmonary venous return at any level causes pulmonary venous 

hypertension. Pulmonary edema results in tachypnea in infants and dyspnea in older children and adults. If increased lymphatic flow is inadequate to 

compensate, pleural effusions may occur. Bronchial venous collaterals may develop and distend, leading to hemoptysis. Pulmonary arteriolar constriction 

results in pulmonary artery hypertension and elevated right heart pressures. Right heart failure may result in elevated systemic venous pressure, 

hepatomegaly in infants, and also jugular venous distension and peripheral edema in older children and adults. RVEDP, right ventricular end-diastolic 

pressure. (Adapted from Lucas RV Jr. Congenital causes of pulmonary venous obstruction. Cardiovasc Clin 1972;4:19–51.)
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have been diagnosed with bronchopulmonary dysplasia 
prior to definitive diagnosis with PVS [5].

Physical examination
Physical examination reflects nonspecific findings of pulmo-
nary hypertension, including a loud second heart sound, 
and abnormal lung sounds from pulmonary edema. 
Tachypnea, even at rest, may be due to pulmonary edema 
or, in severe obstruction, to compensation for metabolic aci-
dosis resulting from inadequate cardiac output. Tachycardia 
may reflect the limited filling of the left heart in severe 
obstruction. In this setting, an increase in heart rate is the 
only mechanism whereby cardiac output can increase as 
stroke volume is limited by the obstruction to venous return 
from the lungs.

Electrocardiographic features
The electrocardiogram shows progressive right ventricular 
hypertrophy/enlargement, and right atrial enlargement if 
pulmonary hypertension becomes severe. When PVS is 
accompanied by other cardiac malformations, the EKG find-
ings characteristic for that lesion may predominate.

Chest X-ray
The radiograph classically shows a small heart, but increased 
pulmonary vascular markings, often with hyperinflation. 
The cardiac silhouette is small because of the small volume 
of blood returning to the heart from the lungs. Because PVS 
can be bilateral, unilateral, or even segmental, the X-ray 
may reflect nonhomogeneous vascular markings. Pulmonary 
edema and pleural effusions may be seen.

Echocardiography
Stenosis of the pulmonary veins can be among the most 
challenging diagnoses, especially as the obstruction may 
be progressive and early echocardiography may not detect 
obstruction. PVS is best demonstrated by Doppler as flow 
acceleration from the veins into the left atrium, rather 
than as narrowing of the vein lumen seen by two- 
dimensional echo.

In neonates, the problem is particularly acute, as right-
to-left (pulmonary artery-to-aorta) flow via the ductus and 
right-to-left atrial level shunt via the foramen ovale result 
in limited flow across the stenoses, making flow accelera-
tion impossible to detect, and because normal neonates 
may have transient flow acceleration via normal pulmo-
nary veins [25].

Cardiac catheterization and angiography
Cardiac catheterization can be definitive, and allow precise 
imaging by selective contrast injection of affected pulmonary 
segments. Hemodynamic findings reflect the post-capillary 

nature of the obstruction, with pulmonary arterial capillary 
wedge pressures that are elevated, in the presence of pulmo-
nary artery hypertension. Wedge injection of contrast has 
been used to demonstrate obstructed pulmonary veins (see 
Videoclip 27.1).

Direct measurement of elevated pressure via a catheter 
inserted into an individual pulmonary vein, along with a 
pressure gradient demonstrable on pullback, can be a dra-
matic demonstration of true stenosis. However, a large cath-
eter in a small but normal vein can create a functional 
stenosis, a potential false positive.

Other imaging modalities
Magnetic resonance imaging (MRI) and computed tomog-
raphy (CT) have been successfully used to diagnose 
obstruction and provide high-quality images of the veins 
and level of obstruction [26]. Images obtained have advan-
tages over cineangiography but, as hemodynamic data and 
transcatheter intervention are limited or unavailable, 
these techniques often serve a complementary role with 
catheterization. Pulmonary perfusion scintigraphy can 
provide quantitative estimates of whole lung and lobar 
blood flow distribution but, like catheterization, results in 
some radiation exposure. MRI can provide segmental esti-
mates of relative lung perfusion, and can be especially 
helpful in demonstrating improvement following inter-
ventions [27].

Management

Medical
Medical management is limited to supportive measures and 
nonspecific therapy for pulmonary hypertension, but with-
out definitive and successful gradient relief the outcome is 
poor. Some infants with progressive PVS refractory to surgi-
cal and catheter treatment have undergone treatment with 
anti-inflammatory and antineoplastic drugs in the hope of 
attenuating the basic mechanism involved in the stenosis, 
but with little success.

Surgical
The prime surgical indication is significant symptomatic 
obstruction, especially with progression. The definitive treat-
ment is to achieve gradient relief at the site of any and all 
obstructions and to restore as normal a pathway as possible 
for pulmonary venous return.

Surgical techniques have included patch enlargement 
with autologous left atrial appendage [28] and so-called 
“sutureless” techniques using an in situ pericardial patch to 
avoid anastomotic scarring at the site of stenosis reconstruc-
tion [29]. Unfortunately, restenosis and progression to oblit-
eration in many children have necessitated multiple 
operations [17] and the long-term outcome remains poor in 
many patients.
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Catheter-based therapies include balloon dilation or 
balloon dilation with stent placement [30], either in the 
catheterization laboratory or in the operating room at the 
time of surgery, as a “hybrid” procedure.

Long-term history of treated and untreated 
children and adults
Many have suggested that early intervention may possibly 
produce better outcomes, although this assertion remains 
unproven. When PVS progresses to obliteration, the 
 conventional wisdom is that intervention must precede 
complete occlusion to salvage the lung segment involved. 
However, the nature of the disease appears highly pleo-
morphic, with some children responding favorably to a 
single operation, with no long-term sequelae or reob-
struction, whereas others succumb to progressive and 
incessant obstruction, despite aggressive and repeated 
interventions.

Cor triatriatum

Literally meaning a “heart with three atria,” the term usually 
refers to cor triatriatum sinister in which defective embryonic 
incorporation of the common pulmonary vein into the left 
atrium results in an “accessory” or proximal chamber 
between the pulmonary veins and the distal “true” left atrial 
chamber.

Incidence and genetics
Cor triatriatum is rare, reportedly found in 0.1–0.5% of 
congenital heart patients [31]. It can present at any age but 
most patients are affected in infancy [31–33]. Variable 
degrees of obstruction between the common pulmonary 
vein and the left atrium determine the degree of clinical 
severity.

Isolated forms of cor triatriatum are probably less common 
than cor triatriatum associated with other congenital heart 
malformations. Early series tended to be based on autopsy 
and showed a greater clinical association with ventricular 
septal defect, coarctation, atrioventricular canal, and tetral-
ogy of Fallot, but later series observed less severe lesions, 
including atrial septal defect, partial anomalous pulmonary 
venous return, and persistent left superior vena cava 
[31,32,34].

Embryology
Cor triatriatum has been referred to as “stenosis of the com-
mon pulmonary vein,” reflecting the idea that incomplete 
embryonic absorption of the coalesced pulmonary veins 
[the common pulmonary vein (CPV)] into the left atrium 
results in various degrees of obstruction, with the level of 

connection between the CPV and the true left atrium deter-
mining the shape of the defect.

Pathology
There is a fibromembranous septum between the proximal 
common pulmonary vein and the left atrium, yet the shape 
of this barrier is variable, with tubular, hourglass, and mem-
branous types having been described, and also with variable 
sized openings from the proximal to distal chambers [34]. 
The foramen ovale (or secundum atrial septal defect) is usu-
ally found between the right atrium and true left atrium, but 
sometimes is found between the proximal common pul-
monary venous chamber and the right atrium [33,34] 
(Figure 27.2). The left atrial appendage communicates with 
the left atrial chamber.

Clinical features
Clinical findings resemble other forms of pulmonary venous 
obstruction. Dyspnea and other respiratory signs and symp-
toms predominate. Nonspecific physical findings, such as a 
loud second heart sound and tricuspid regurgitation mur-
mur, reflect pulmonary venous and pulmonary arterial 
hypertension. Murmurs may be absent. Many are mistak-
enly diagnosed as chronic lung disease.

Electrocardiogram and chest X-ray
The electrocardiogram and chest radiograph are nonspecific. 
Right ventricular and right atrial enlargement and hypertro-
phy are present if the patient survives the neonatal period. 
Cardiomegaly, pulmonary edema, pleural effusions, and 
pulmonary artery enlargement may be seen. The dilated 
common pulmonary venous chamber may erroneously sug-
gest left atrial enlargement, making radiographic differentia-
tion from mitral stenosis impossible.

Echocardiography
Echocardiography provides the most likely diagnostic modal-
ity to identify the “membrane” between the pulmonary 
venous chamber and the true left atrium, and Doppler allows 
identification of the communication between the two cham-
bers. The velocity and flow pattern by Doppler can be used 
to estimate the pressure gradient. Transesophageal, three-
dimensional, and contrast echocardiography have all proved 
useful in the evaluation of cor triatriatum, particularly in 
adults [35–37].

Cardiac catheterization and angiography
Cardiac catheterization can confirm the diagnosis, but bal-
loon dilation has not proved useful. Pulmonary artery and 
pulmonary capillary wedge pressures are elevated. When a 
patent foramen ovale or atrial septal defect is present, it 
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almost always communicates with the true left atrium, and 
a catheter advanced across the atrial septum can be used to 
demonstrate normal left atrial and left ventricular pres-
sures. Occasionally, the proximal chamber can be entered 
with a catheter passed retrograde from the left atrium, 
revealing a pressure gradient. Angiography in the right 
ventricle or pulmonary arteries may demonstrate delayed 
transit through the pulmonary veins and allow imaging of 
the common pulmonary venous chamber proximal to the 
obstruction, yet there is a risk that pulmonary vascular tone 
may worsen.

Other imaging modalities
Magnetic resonance imaging and computed tomography can 
demonstrate the cor triatriatum, especially in adults present-
ing late [26]. These techniques have less fidelity and are 
often more subject to motion and heart rate artifact [38] in 
infants than echocardiography.

Surgical management
Surgical resection of the obstructing tissue is usually 
curative. Despite the reliability of two-dimensional echo-
cardiography in establishing the diagnosis of cor triatria-
tum, considerable variability in the precise location of 
the membrane and adjacent structures mandates a gen-
eral surgical approach that may require intraoperative 
modification.

The patent foramen ovale (or atrial septal defect) may lie 
above or below the membrane (Figure 27.2). A persistent 
left superior vena cava may be present, which may connect 
to the coronary sinus draining into the right atrium or 
directly to the upper left atrium (unroofed coronary 
sinus).

In neonates and small infants, continuous hypothermic 
cardiopulmonary bypass with preparations for brief peri-
ods of low flow perfusion or circulatory arrest is advisable 
to optimize exposure. In small patients, a right atrial 
approach is preferred. The foramen ovale (atrial septal 
defect) is enlarged by incising the atrial septum to provide 
access to the left atrium. Before excising the membrane, 
the surgeon must ascertain whether the proximal or distal 
chamber has been entered. The upper (proximal) chamber 
contains the pulmonary venous orifices and the lower 
(distal) chamber the mitral valve and left atrial append-
age. The hole within the membrane is located and enlarged 
for visualization. While excising the membrane, care is 
taken to identify adjacent structures accurately, because 
the lateral attachment of the membrane is usually close to 
the orifice of the left inferior pulmonary vein and the 
mitral valve.

When the common pulmonary venous chamber is 
enlarged in older children and adults, a left atrial approach 
anterior to the right pulmonary veins may be convenient. 
Excision of the obstructing membrane begins at the 
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Figure 27.2 Morphology of cor triatriatum. (a) Cor triatriatum with patent foramen ovale below obstructing diaphragm. The common pulmonary venous 

chamber is separated from the atrial septum medially and immediately below the left inferior pulmonary vein laterally. The lateral attachment is also closely 

related to the mitral valve. The left atrial appendage is in the distal chamber. Clinical presentation is that of pulmonary venous obstruction (like mitral valve 

stenosis) when the hole in the diaphragm is small. The distal chamber communicates with the right atrium through the foramen ovale, but left-to-right 

shunt is small. (b) Cor triatriatum with patent foramen ovale above obstructing diaphragm, through which the common pulmonary venous chamber may 

communicate with the right atrium. Clinical presentation in this situation is that of a large left-to-right shunt or may mimic total anomalous pulmonary 

venous connection. (Reproduced with permission from Kouchoukas NT, Blackstone EH, Doty DB, et al., Kirklin/Barratt-Boyes Cardiac Surgery, 3rd edn. 

Philadelphia: Churchill Livingstone Elsevier, 2003, Copyright Elsevier 2003.)
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 fenestration connecting the upper and lower chambers. 
Resection proceeds leftwards while accurately visualizing 
and preserving the mitral valve and left inferior pulmonary 
vein, and avoiding penetration of the left atrial free wall. 
The repair is completed with closure of the foramen ovale 
and atrial incision.

Results of surgical repair
Hospital deaths are uncommon after repair of isolated cor 
triatriatum, even in critically ill infants. Mortality following 
surgery for complex cor triatriatum is generally related to 
the risk of repairing the associated cardiac malformations.

Supravalvar mitral stenosis

Supravalvar mitral stenosing ring is a rare lesion consisting 
of a membranous disc situated just proximal to, and often in 
continuity with, the mitral valve leaflets. It may exist as an 
isolated lesion [39] but is more often described in association 
with other left heart obstructions [40], often mitral valve 
anomalies.

Incidence and genetics
The etiology of supravalvar mitral stenosis is unknown, 
but postoperative “acquired” and recurrent forms have 
been described [41], and some infants seem to develop 
and then have progressive lesions [42]. Therefore, 
deranged transmitral flow may lead to abnormal tissue 
growth, analogous to that considered to lead to fibromus-
cular subaortic stenosis [43].

Pathology
The pathology has been described in autopsy series [40]. The 
ring is supravalvar but often partially involves the mitral 
valve.

Pathophysiology
The pathophysiology resembles other left ventricular 
inflow obstructions, yet the hemodynamic effect of associ-
ated lesions, especially mitral valvar stenosis, typically 
predominates.

Clinical features
Clinical findings mimic mitral stenosis, or those of the 
hemodynamically most significant associated lesion. 
However, a supravalvar ring may be an unsuspected inci-
dental finding by echocardiography, or at the time of sur-
gery for other lesions.

Echocardiography, catheterization, angiography, 
and other imaging modalities
The diagnosis is most often made by echocardiography. 
Cineangiographic and CTA and MRI detection may be more 

difficult, perhaps due to the proximity to the mitral valve 
itself, and due to the superior beat-to-beat resolution of two-
dimensional echo.

Management
Catheter-based treatment (balloon dilation) is generally inef-
fective. If associated lesions potentially amenable to balloon 
dilation, such as mitral valvar stenosis, exist then balloon 
dilation is not considered advisable due to the supravalvar 
ring [44].

Surgical resection is usually indicated if the lesion is hemo-
dynamically significant, yet not all patients have stenosis. 
The surgical observation that the ring is supravalvar proxi-
mal to the mural or posterior mitral valve leaflet, but intrav-
alvar and attached to the opposing anterior mitral valve 
leaflet, means that careful resection must be performed to 
avoid damage to the anterior mitral leaflet [45].

Mitral Stenosis (MS) and mitral annular 
hypoplasia

Incidence and genetics

Acquired
Most mitral valve disease, both stenosis and insufficiency, is 
acquired as a result of rheumatic fever. Although rheumatic 
fever has become relatively rare in countries with advanced 
economies, the worldwide burden of patients with rheu-
matic valvar disease dwarfs that of congenital heart disease 
survivors (see Chapters 61 and 62).

Rheumatic MS accounts for almost all patients presenting 
in adulthood [46,47]. The typical pathology involves fibrous 
thickening and calcification of the leaflets, and fusion of the 
chordae [46].

Rare causes of “acquired” progressive childhood mitral 
valve thickening and dysfunction include storage diseases 
such as mucopolysaccharidoses, and endocrinopathy, such 
as hyperthyroidism, and genetic conditions, particularly 
Williams syndrome, yet in these conditions mitral regurgita-
tion predominates and stenosis is usually not significant.

Congenital
The mitral valve and its tensor apparatus constitute one of 
the most complex functional units in the human body. Given 
that virtually any derangement of structure can lead to major 
impairments of function, many differing classification sys-
tems exist.

Congenital forms of MS are rare and often associated 
with other cardiac anomalies, including various forms of 
left heart hypoplasia. In an early surgical era, congenital 
MS comprised 0.017% of admissions to a tertiary children’s 
hospital, yet 1.2% of autopsied congenital heart disease 
cases from the same center [48], likely reflecting the 
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increased lethality of the lesion relative to other congenital 
heart malformations.

Genetic factors are only now being elucidated [49], 
although family clustering of individuals with various and 
often discordant types of left heart lesions, including mitral 
valve abnormalities, have been reported [50–52].

Embryology
The atrioventricular valve and atrioventricular septum form 
from embryonic tissue, the endocardial cushions, and are 
the end result of a complex cascade of molecular and cellular 
events. Although the developmental morphometry is well 
described in embryos [53,54], the understanding of normal 
and abnormal differentiation of the endocardial cushions 
into septae and valves is incomplete.

Like other left heart lesions, MS may result in part from 
altered flow through the left heart. Although some lesions 
can be created experimentally by disrupting the normal 
flow in the developing heart, a genetic component is likely 
present also.

Pathologic anatomy and major associated 
anomalies
Several pathologic types are recognized, although pathologic 
descriptions, surgical classification, and functional correla-
tion vary widely among authors [47,55–57].

Atresia and hypoplasia
Mitral atresia and hypoplasia are defining features of the 
relatively common hypoplastic left heart syndrome (HLHS) 
(see Chapters 38 and 39), with management limited to uni-
ventricular palliation. Rarer, less extreme, forms of MS, 
allowing for biventricular repair, are discussed here.

Parachute mitral valve
The most common anomaly resulting in congenital MS 
involves a single papillary muscle with chordal attachments 
to the leaflets that give the appearance of a person suspended 
beneath a parachute. The interchordal spaces are fewer and 
shorter than normal.

Mitral arcade
An arch-like fusion of the papillary muscles occurs, with 
shortened chordae and malformed leaflets.

Commissural fusion
Various forms of commissural fusion may result in incomplete 
opening of the valve, but it almost always accompanied by 
some degree of papillary muscle and chordal abnormality.

Double orifice mitral valve (also see chapter 28)
A double orifice mitral valve may exhibit two well-formed 
orifices and no stenosis or regurgitation, or various degrees 
of stenosis may be present. A short-axis parasternal 

echocardiogram view is characteristic (Figure 27.3) (see 
Videoclip 27.2), although it may be confused with cleft 
mitral valve.

Shone complex
As originally described, the complex comprised four anoma-
lies: supravalvar stenosing ring, parachute mitral valve, sub-
aortic stenosis, and coarctation of the aorta [40]. Most 
patients in the original report did not have each of the four 
lesions, yet the complex was speculated to result from 
deranged left heart flow interfering with normal develop-
ment of proximal and distal structures, and the term “Shone” 
has come to refer loosely to multiple left heart inflow and 
outflow obstructions.

Other associated anomalies
Other anomalies, in addition to those seen in the Shone com-
plex, include atrial and ventricular septal defects, double out-
let right ventricle, and pulmonary stenosis [57]. In the neonate, 
atrial left-to-right shunt at the fossa ovalis (or atrial septal 
defect) and right-to-left shunt via the ductus arteriosus atten-
uates the hemodynamic effects of MS [58], but result, via the 
ductal level shunt, in arterial desaturation in the lower body.

Pathophysiology
As in other forms of left ventricular inflow obstruction, 
increased pulmonary venous pressure leads to pulmonary 
hypertension and attendant right heart failure. In MS, man-
ifestations involving left atrial dilation may help differentiate 
MS from other forms such as pulmonary venous stenosis. 
Left atrial dilation, stretch, and progressive fibrosis are 
arrhythmogenic.

Figure 27.3 Double orifice mitral valve. Two-dimensional 

echocardiogram in parasternal short-axis view of the left ventricle at the 

level of the open mitral valve leaflets, showing the distinctive double 

orifice. In this patient, the finding was hemodynamically insignificant, as 

no stenosis or regurgitation was present.
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The degree of obstruction can be expressed quantitatively 
in various ways. For most cardiac obstructions, the pressure 
gradient is perhaps the most direct and commonly used 
parameter, but as the normal mitral valve has no gradient, 
and as the diastolic gradient in symptomatic MS is often 
deceptively small, and dependent on the transvalvar flow 
(equal to the cardiac output in patients without associated 
mitral regurgitation), a knowledge of the flow and the gradi-
ent can be combined to derive a cross-sectional orifice area 
[59]. This mitral valve area (MVA) can be calculated at cath-
eterization [59] or by Doppler, using the continuity equation 
[60], or the area can be estimated directly from two-
dimensional echocardiogram images of the open valve [61].

In adults, the normal mitral valve area is 4–5 cm2. In adults 
with MS, symptoms do not usually occur if the MVA is 
>2.5 cm2, but patients with mild stenosis (MVA >1.5 cm2) 
may not have symptoms at rest yet typically develop dyspnea 
and other symptoms with any increase in cardiac output 
demand, such as during fever, anemia, exercise, or preg-
nancy, or if they develop atrial arrhythmia. Then, as cardiac 
output increases, the transmitral gradient increases exponen-
tially [62], pulmonary venous and pulmonary artery hyper-
tension increase, and ultimately, the expected increase in 
cardiac output will be blunted. Patients with moderate steno-
sis have an MVA 1.0–1.5 cm2. An MVA <1.0 cm2 is considered 
severe MS and patients may be symptomatic at rest [63].

The MVA may be indexed to body surface area (BSA), to 
compare values in children with the experience with adult 
MVA values. BSA, however, is not linear with age. In a series 
of children with severe congenital MS, the indexed MVA 
ranged from 0.44 to 2.1 cm2 m−2 with a mean of 1 cm2 m−2 
[48]. This should not be confused with a similarly named 
and indexed value, commonly calculated by measuring the 
annulus echocardiographically [64], as it does not express 
orifice area, or include a factor for transmitral flow.

Natural history
The natural history of MS depends upon the etiology and 
severity, and whether the lesion is isolated or associated with 
other malformations, such as coarctation, which may pre-
dominate clinically.

In neonates with borderline or inadequate left ventricular 
size, MS is often lethal without surgery or transplant. Infants 
with less severe stenosis may escape detection and present at 
1–2 years of age with pulmonary hypertension, often during 
an acute febrile respiratory illness. This reflects both their 
fragile cardiac output reserve and the propensity dramati-
cally to increase further their already elevated pulmonary 
vascular resistance.

Mild forms of congenital MS may be well tolerated and 
produce no symptoms at rest, leading to delayed diagnosis in 
adulthood.

In longstanding MS, left atrial dilation may lead to atrial 
arrhythmias, such as atrial fibrillation. Embolic stroke is 

more likely due to the dilated atrium, even in the absence of 
atrial fibrillation.

Clinical features

Clinical history
Isolated MS in neonates may be well tolerated and asympto-
matic, yet with age and growth, signs of tachypnea, poor feed-
ing, and growth failure develop. Mitral stenosis is often clinically 
silent in the presence of other clinically evident lesions, such as 
coarctation or left ventricular outflow obstruction.

Physical examination
Classically, and in rheumatic disease, MS produces a mid-
diastolic or proto-systolic murmur, which may be preceded 
by an opening snap occurring just after the second heart 
sound (S

2
) and at the end of isovolumetric relaxation. An 

apical diastolic thrill may accompany the murmur. The open-
ing snap and the mid-diastolic murmur, however, are rarely 
noted in congenital MS [58]. The first heart sound (S

1
) is 

loud, presumably from delayed and therefore more forceful 
systolic mitral valve closure, unless the stenosis is very 
severe. A loud S

1
 originating from the tricuspid valve may be 

a consequence of right ventricular hypertension.
Pulmonary hypertension leads to a loud S

2
 and, rarely, the 

early diastolic murmur of pulmonary regurgitation (first 
described by Graham Steell in rheumatic mitral stenosis), 
and a holosystolic murmur of tricuspid regurgitation. 
However, differentiation of these right heart murmurs from 
the murmurs of associated aortic valve insufficiency and 
mitral regurgitation may be challenging.

Electrocardiogram
The electrocardiogram may reflect left atrial dilation, atrial 
arrhythmia, and pulmonary hypertension. It may be normal 
in mild mitral valve stenosis, or associated lesions, such as 
left ventricular outflow tract obstruction, may dominate.

Atrial dilation is manifest as broad, often biphasic, M-shaped 
P waves of “P-mitrale.” This feature differentiates MS from most 
other congenital forms of left ventricular inflow obstruction.

In longstanding MS, atrial arrhythmias, often chronic, 
such as atrial fibrillation, develop.

Pulmonary hypertension manifests as varying degrees of 
right ventricular hypertrophy and right atrial enlargement.

Chest X-ray
The chest X-ray, as in other forms of left heart inflow obstruc-
tion, may reflect pulmonary hypertension, pulmonary 
edema, and pleural effusions, but the left atrial enlargement 
in MS helps to differentiate valvar from supravalvar and 
 pulmonary venous forms. The lateral images typically show 
left atrial dilation as the posterior heart border projecting 
towards the vertebral bodies. In infants and children, this 
finding is generally more useful than features of left atrial 
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enlargement on the frontal images, such as elevation of the 
left main bronchus, and a double density. A redistribution of 
pulmonary blood flow to the upper lobes (cephalization) 
may be seen in some children, yet a generalized increase in 
pulmonary vascular markings may result from associated 
left-to-right shunt lesions [48].

Echocardiography
Echocardiography is usually the most valuable means of col-
lecting data about the morphology and function of the mitral 
valve and in assessing associated lesions. Associated findings 
such as supravalvar mitral ring can be difficult to differenti-
ate from pure valvar forms of MS.

Scoring of four variables, subvalvar thickening and leaflet 
mobility, thickening, and calcification, have been used to pre-
dict the efficacy of balloon dilation of rheumatic MS [65].

Mitral annular dimensions are usually measured by 
 two-dimensional echo or angiographically, but because the 
valve annulus is best thought of as a saddle-shaped struc-
ture, simplified to that of an ellipse for the purposes of meas-
urement, care must be taken to measure the valve with 
technique comparable to published normal values. The 
mitral valve diameter is often indexed to BSA and expressed 
as a Z statistic to represent the variance from the mean of 
normal patient values [66,67].

Doppler of the mitral valve diastolic signal allows 
 estimation of the pressure gradient and derived values, 
including valve area, by the continuity equation  technique 
[63]. The mitral valve peak gradient may be estimated from 
the Doppler peak velocity, but the mean gradient [68] is 
more commonly used; both values correlate well with cath-
eterization-derived gradients. Mean mitral valve gradients in 
adults correlate clinically as follows: mild, <5 mmHg; moder-
ate, 5–10 mmHg; and severe, >10 mmHg. [63] In a series of 
congenital MS, retrospective risk stratification by mean gra-
dient at the initial infant echocardiogram (≤ 2; 2–5.5; and 
≥ 5.5 mmHg) based on longitudinal outcomes suggests that 
intervention or death is unlikely in the low-gradient group, 
very likely in the high- gradient group, and of intermediate 
risk with mid-range gradients [69].

A simpler echocardiographically derived value expressing 
only the annular, not orifice, area of the mitral valve has been 
used more commonly than the Gorlin calculation in infants to 
make decisions regarding suitability for biventricular repair ver-
sus single ventricle palliation (<4.75 cm2 m−2 or <–2Z) [64,70,71]. 
This annular mitral valve area and the Gorlin hydraulic calcula-
tion of orifice MVA are different parameters and should not be 
compared with each other. (See Videoclip 27.3.)

Cardiac catheterization and angiography
Catheterization allows the collection of diagnostic data and 
therapeutic options (balloon dilation). The diagnostic role of 
catheterization and angiography has been largely replaced by 
echocardiography, although evaluating associated lesions and 

confirming mitral valve findings by catheterization remains 
common. Elevated pulmonary artery pressure and resistance 
are common. The pulmonary capillary wedge pressure is 
 elevated, reflecting elevated left atrial pressure. Transatrial 
catheter puncture (Brockenbrough procedure) allows for direct 
measurement of the left atrial hypertension, and is  ideally per-
formed with simultaneous measurements of left ventricular 
pressure, allowing for instantaneous gradient measurements 
and calculation of valve area [59]. Without associated left heart 
obstructions, or mitral regurgitation, the left ventricular end 
diastolic pressure (LVEDP) is usually  normal.

The left atrial injection, using axial angiography [72], 
demonstrates the level of obstruction, but does not usually 
offer a level of resolution comparable to echocardiography. 
Angiography, pulmonary arteriography in particular, may 
result in clinically adverse increases in pulmonary vascular 
resistance.

Other imaging modalities
Both CTA and MRI have been used to delineate mitral valvar 
stenosis, although these techniques generally offer better 
image and functional data in adolescent and adult patients 
with slower heart rates.

Management
Management options include symptomatic and palliative 
treatments, yet the ideal treatment, gradient relief of the ste-
nosis, requires balloon dilation, surgical valvoplasty, or valve 
replacement.

There is no single criterion for seeking gradient relief. 
A variety of clinical factors (i.e., failure to thrive, dependence 
upon mechanical ventilation, etc.) and laboratory data (i.e., 
gradient, mitral valve area, degree of pulmonary hyperten-
sion, etc.) are considered, in addition to the potential to 
delay intervention until the child is larger.

Medical
Medical management of MS is limited to symptomatic treat-
ment of right heart failure, including peripheral edema and 
pleural effusions. Pulmonary hypertension does not typically 
respond to medical treatment, but is often rapidly (within 
hours) reversible with effective gradient relief of MS.

Catheterization
Balloon dilation has been successful for rheumatic MS [73] 
and may be effective for congenital MS [74]; however, signifi-
cant mitral regurgitation is a potentially severe complication in 
at least 25% of patients [44]. Balloon dilation is not effective 
for mitral valvar stenosis with associated supravalvar ring.

Surgical management
In congenital MS, the broad spectrum of mitral valve pathol-
ogy, the large number of possible combinations of associated 
lesions, and the relative rarity of patients with the disease 
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make the comparison of surgical treatment outcomes diffi-
cult. Surgical options broadly involve repair versus replace-
ment. Mortality and morbidity remain relatively high 
compared with many other malformations.

Associated conditions, such as coarctation and aortic ste-
nosis (valvar and subvalvar), are often more easily remedied 
and with less risk. Closure of septal defects, such as ventricu-
lar septal defects, and patent ductus arteriosus may elimi-
nate enough left heart volume overload to reduce the relative 
flow across the mitral valve and improve signs and symp-
toms, obviating or at least delaying the need for a direct 
intervention of MS.

Repair is generally considered preferable to and with bet-
ter long-term outcomes than replacement, yet outcomes 
largely depend on the underlying anatomy and associated 
defects [75,76].

Although congenital MS can involve a single component 
of the mitral apparatus, usually multiple components are 
affected. In the absence of severe LV hypoplasia, the mitral 
valve annulus is usually not itself obstructive. Leaflet anom-
alies are common, with congenital absence of one or both 
commissures leading to a continuous sheet of leaflet tissue. 
Leaflet incisions can be made in the location of expected 
commissures, taking care to leave the created leaflet margins 
with adequate chordal support. The subvalvar apparatus 
may contribute to obstruction from short, fused chordae or, 
rarely, complete chordal absence with direct fusion of leaflet 
tissue on to the papillary muscles. Surgical maneuvers 
include splitting of fused chords and papillary muscles, cre-
ating new interchordal spaces, and cutting noncritical sec-
ondary chords that are tethering mitral leaflets. If annulus 
hypoplasia is severe, with a measured Z-value of less than 
–2, then repair is rarely feasible.

Because these reconstructive maneuvers may result in 
important mitral insufficiency, intraoperative evaluation 
with transesophageal echo (TEE) is essential. If TEE indicates 
important mitral regurgitation and elevated left atrial pres-
sure after discontinuing cardiopulmonary bypass, mitral 
valve replacement is advisable.

Currently, mechanical mitral valve prostheses as small as 
15 mm in diameter are available. If the annulus is too small to 
accept an available prosthesis, a portion of the prosthesis can 
be implanted in the supra-annular position, using an elliptical 
patch of Dacron to create a larger effective annulus size.

Valve replacement in children is problematic because a 
small prosthetic valve itself has some intrinsic impedance 
due to its support structures, long-term anticoagulation is 
necessary, and, most importantly, the prosthesis does not 
grow as the child grows. Surgically induced atrioventricular 
block is also an important complication. The risk and 
 technical difficulty in a subsequent surgical revision to a 
larger prosthesis can be considerable. Early postoperative 
hemodynamics after supra-annular implantation often 
remain poor, despite the reduction in transvalvar gradient 

[77]. Long-term data suggest that children who have an 
annular rather than supra-annular prosthesis have a better 
outcome [78]. The long-term outcome of children who 
require mitral valve replacement can be gratifying. Their 
care remains challenging [79] and the close monitoring of 
anticoagulation is critical.

Surgical management of rheumatic MS is often more effi-
cacious relative to congenital forms, as patients usually 
present as older children or adults, and because the annulus 
is of normal size. Valvoplasty, annuloplasty, and valve 
replacement (particularly in patients with accompanying 
mitral regurgitation) are all effective and relatively low-risk 
options.

Long-term history of treated 
and untreated adults
Although congenital forms of all of the various types of pul-
monary venous stenosis and left ventricular inflow obstruc-
tions have been reported to present in adult patients, these 
are usually minimally obstructive lesions with normal or 
near-normal hemodynamics.

The long-term outlook for adults with high-grade sten-
oses requiring intervention in childhood depends mostly on 
the effectiveness of the treatment in restoring the hemody-
namics to normal. Pregnancy in women with mitral stenosis 
in particular can significantly alter the hemodynamics, 
because of both the increase in cardiac output and the 
decrease in the diastolic filling time associated with the 
increased heart rate [80].
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Left Ventricular Inflow Regurgitation
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Toulouse University Hospital, Toulouse, France

Mitral regurgitation may occur as a component of a cardiac 
malformation, such as endocardial cushion defect, or as 
an independent abnormality, the latter as a congenital 
anomaly of the mitral valve mechanism or a component of a 
systemic disease such as Marfan syndrome or as a sequel of 
rheumatic fever or other rheumatic and connective tissue 
diseases (see Chapters 61, 62, 67 and 69).

Anatomy of the normal mitral valve

The mitral valve prevents backflow into the left atrium dur-
ing ventricular systole. The mitral valvar complex comprises 
the annulus, the anterior and posterior leaflets, the chordae 
tendineae, and the papillary muscles. The valve is obliquely 
located in the heart and is closely related to the aortic 
valve.

Mitral annulus
The annulus is defined surgically as the level of visible tran-
sition between the left atrial myocardium and the whitish 
leaflet. It is considered as the fibrous hingeline of the valvar 
leaflets [1]. Due to fibrous continuity between the aortic 
valve and the anterior (or aortic) mitral leaflet, defining its 
exact limits is extremely difficult [2]. The annulus is either 
D-shaped or saddle-shaped [3] (Figure 28.1a), and decreases 
in size during systole [1].

Leaflets
The mitral leaflets are uninterrupted structures of variable 
shape and circumferential length. They are usually divided 
into anterior and posterior segments. Many authors have 
separated them into aortic (anterior) and mural (posterior) 
leaflets because of their connection with the aortic valve. 

Unlike the tricuspid valve, the mitral valve leaflets are not 
attached to the ventricular septum. During systole, when the 
leaflets meet to close the ventricle, the line of coaptation 
looks like a smile.

A commissure is the meeting point between the anterior 
and posterior leaflets, and is located at each end of the 
 closure line, that is, the anterolateral commissure and pos-
teromedial commissure. According to Carpentier’s classifica-
tion [4], the free edge of the posterior leaflet is divided into 
three scallops: P1 (lateral), P2 (middle), and P3 (medial). 
The anterior leaflet is subdivided into the A1, A2, and A3 
regions that oppose the scallops of the posterior leaflet 
(Figure 28.1b).

Tendinous cords
Chordae tendineae connect the leaflets to the papillary 
 muscles. The cords have several shapes and are attached 
to the leaflets at various sites (Figure 28.2a). Thus, the 
 marginal cords (attached to the free edge), rough zone cord 
(attached to the rough zone), and strut cord (attached 
to the basal portion of the posterior leaflet) have been 
 identified [3].

Papillary muscles
The papillary muscles are usually organized as two groups of 
closely packed papillary muscles as opposed to two  distinct 
muscles. These arise from the apical two-thirds of the left 
ventricular wall. The tendinous cords extend from their tips 
(Figure 28.2b). Papillary muscles are in anterolateral and 
posteromedial positions (Figure 28.3). The anterolateral (or 
superior) muscle is vascularized by an artery from the cir-
cumflex or anterior descending branch of the left coronary 
artery [1]. The posteromedial (or inferior) muscle is usually 
supplied by the right coronary artery.
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Figure 28.1 (a) Schematic representation of the saddle-shaped mitral annulus. (b) Schematic view of the mitral valve, seen from the ventricular side, 

showing its close relation with the aortic valve. In this plane, the mitral annulus is D-shaped. Leaflets are divided into three segments according to 

Carpentier’s classification.
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Figure 28.2 (a) Schematic view of the mitral 

valve complex. (b) Anatomic pieces showing 

the connection of chordae tendineae with the 

mitral valve leaflets.
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Physiological and clinical presentation

Three hemodynamic forms are described: acute, chronic 
compensated, and chronic decompensated mitral regurgita-
tion. Pulmonary hypertension (leading to pulmonary edema 
and congestive heart failure) may be observed in both acute 
and chronic decompensated phases.

Acute severe mitral regurgitation
In acute mitral regurgitation, filling of the left ventricle is 
increased because the pulmonary venous return volume is 
combined with the regurgitant volume. Despite the increase 
in total stroke volume, the major part is regurgitated into the 
left atrium and the forward volume is reduced. As a result, 
the end-diastolic pressure is increased. The elevated left atrial 
pressure, in a non-prepared left atrium (low compliance), 
causes pulmonary venous hypertension. The ventricular 
muscle function is normal [5].

Signs of congestive heart failure (orthopnea, dyspnea on 
exertion, fatigue) may occur. There is a short and unimpressive 
systolic murmur. A third heart sound is sometimes heard. 
The apical impulse is not displaced. Pulmonary congestion is 
found by chest radiography.

Chronic compensated mitral regurgitation
When regurgitation is progressive, the left atrium dilates to 
accommodate the increase in volume and reduces the left 
atrial pressure. Eccentric cardiac hypertrophy allows left 
ventricular enlargement, and enables the forward stroke 
volume (the total stroke volume is increased) to be main-
tained The contractile function is normal and the ejection 
fraction is increased [6].

When mitral regurgitation is trivial or mild, patients are 
asymptomatic. A soft (grade 1–2/6), high-pitched holosystolic 
murmur with maximum intensity at the apex and radiation 
to the axilla is heard. Electrocardiography and chest radio-
graphy are usually normal.

When mitral regurgitation is moderate, fatigue, exercise 
limitation, and poor weight gain are common. The systolic 
murmur is louder (grade 3/6), maximum at the apex, and 
radiates to the axilla. A third heart sound and mid-diastolic 
murmur may be detected at the apex. The ECG shows left 
ventricular hypertrophy and left atrial enlargement. 
Cardiomegaly is noted on chest radiography and is propor-
tional to the degree of regurgitation.

Chronic decompensated mitral regurgitation
In the decompensated phase, left ventricular contractile 
 dysfunction (due to the lengthening of cardiac myocytes) 
reduces both total and forward stroke volume and increases 
the left ventricular filling pressure [5,6]. Ventricular dilatation 
aggravates mitral regurgitation as it increases the mitral 
annular diameter.

Signs of pulmonary edema are common. The apical pulse 
is displaced downwards to the left. In most instances, 
supraventricular tachyarrhythmias complicate chronic severe 
regurgitation.

According to Carpentier [7], three types of mitral valve 
dysfunction are observed. In this functional classification 
based on leaflet motion (Figure 28.4), etiology and valvar 

Figure 28.3 Echocardiographic parasternal short-axis view showing 

the normal position of the papillary muscles. ALPM, anterolateral papillary 

muscle; LV, left ventricle; PMPM, posteromedial papillary muscle; RV, right 

ventricle.

Type I Type II Type III

Figure 28.4 Carpentier’s functional classification of mitral regurgitation. 

Type I: leaflet motion is normal and mitral insufficiency is due to mitral 

annulus dilatation or valvar perforation (endocarditis). Type II: motion, 

of one or both leaflets, is excessive (mitral valve prolapse, chordal rupture). 

Type III: leaflet motion is restrictive.
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lesions have not been taken into account voluntarily in order 
to facilitate surgical management. Leaflet motion is described 
as normal (type I), excessive – prolapse (type II) or restrictive 
(type III). Complex mitral valve anomalies may include 
these three mechanisms to various degrees.

Anatomic malformations

Mitral valve prolapse
Mitral valve prolapse (MVP) occurs when the leaflets extend 
above the plane of the mitral annulus during ventricular 
systole [8]. The complications are endocarditis, sudden 
 cardiac death, and severe mitral regurgitation. It is the most 
common cardiac valvar anomaly in developed countries. 
MVP is generally sporadic but is associated with disorders 
affecting the connective tissue, including Marfan and Ehler–
Danlos syndromes, osteogenesis imperfecta, dominant cutis 
laxa, and pseudoxanthoma elasticum. The most common 
auscultatory observation is a mild systolic click heard at the 
cardiac apex and frequently associated with a late systolic 
murmur.

Previously, MVP was overestimated due to inconsistent 
echocardiographic definitions. New echocardiographic cri-
teria have been established based on the understanding of 
the three-dimensional nonplanar shape of the mitral 
annulus. Since then, echocardiographic MVP has been 
defined as a single or bileaflet prolapse of 2 mm or more 
beyond the long-axis annular plane, with or without a 
thickening of leaflets [8]. Only prolapse shown in a par-
asternal long-axis view represents true MVP (Figure 28.5). 
Prolapse simply observed in a four-chamber view does not 
satisfy the diagnosis [9]. Classic prolapse is defined as a 
leaflet thickening exceeding 5 mm whereas a prolapse 
with a lesser degree of leaflet thickening is referred to as 
nonclassic.

In adults, the incidence of complications is proportional to 
the degree of leaflet thickening. Based on these criteria, the 
Framingham study, with its community-based population 
(as opposed to hospital-based populations in previous stud-
ies), revealed that 1.3% of the 3491 subjects had classic 
mitral valve prolapse and 1.1% had nonclassic mitral valve 
prolapse [10]. No difference was noted according to gender. 
MVP is uncommon before adolescence and its prevalence 
increases subsequently.

Causes
In adults, myxomatous degeneration is the most common 
etiology. Accumulation of proteoglycans and structural 
alterations of collagen are responsible for both leaflet thick-
ening and redundancy, with interchordal hooding, chordal 
elongation, and annular dilatation [8]. Most myxomatous 
MVP are sporadic family-type instances and are described 
with mapped gene mutations.

MVP may be secondary to distortion of the left ventricular 
geometry as in unrepaired atrial septal defect (right ventricular 
volume overloading and left ventricular size reduction). The 
mitral valve is normal histologically and the prolapse usually 
resolves postoperatively.

MVP is also observed in connective tissue disorders [8], 
especially in children. In Marfan syndrome, the percentage 
of MVP ranges from 40 to 91% [8,11]. In an adult popula-
tion, however, fewer than 2% of patients with MVP have a 
related connective tissue disorder.

The Marfan syndrome is associated with mutations in 
fibrillin-1 on chromosome 15q21.1 and with mutations in 
TGF-β receptor 2 on chromosome 3p24.2-p25 [12]. Severe 
mitral valve disorders associated with the Marfan syndrome 
are generally observed in infants. As for adults, most compli-
cations are due to aortic aneurysm [13].

MVP most commonly involves both leaflets and is 
 symmetrical (Figure 28.6), whereas it more frequently affects 
one leaflet (posterior) in myxomatous degeneration [11].

Management
Most patients with MVP have an excellent prognosis and are 
asymptomatic. Although mitral regurgitation is usually triv-
ial or mild, long-term follow-up is recommended because 
the prolapse can progress slowly over the years. The most 
serious complication is severe mitral valve regurgitation, 
which is uncommon [14]. Patients with thickened valve 
leaflets, posterior leaflet prolapse, increased left ventricular 
dimensions, hypertension, and an increased body mass 
index are at high risk of developing severe mitral regurgita-
tion. Vasodilator therapy is not recommended for treating 
asymptomatic patients with severe mitral regurgitation and 
a normal left ventricular function, as this may increase the 

Figure 28.5 Mitral valve prolapse. 2D echocardiography parasternal 

long-axis view. Leaflets are thickened and the superior displacement 

of the anterior leaflet exceeds 2 mm in a young patient with Marfan 

syndrome.
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risk of paradoxical worsening in mitral regurgitation [8]. 
Men aged >50 years are more likely to need valve surgery. 
Mitral valve repair, rather than replacement, is reserved for 
patients with symptomatic severe mitral regurgitation or 
ventricular enlargement or dysfunction in an asymptomatic 
patient.

The risk of endocarditis is higher for patients with MVP 
than for the general population, especially if the valve has 
thickened [8]. Antibiotic prophylaxis is not recommended 
according to the new ACC/AHA guidelines [15].

The incidence of sudden cardiac death is increased 
(twice as high as expected for the general population) in 
patients with MVP, but the mechanism is unknown 
[8,10,16]. 

MVP may confer a small risk of cerebrovascular events in 
older patients with advanced mitral regurgitation [8,16]. 
Prophylactic aspirin is sometimes used to prevent such 
events in patients with severe regurgitation.

Isolated cleft of the mitral valve
Although a cleft in the mitral valve can be present in either 
the anterior or posterior leaflet of the valve, it is usually in 
the anterior leaflet.

Isolated cleft of the anterior mitral valve 
leaflet (Figure 28.7)
This is rare with a pediatric incidence of 1/1340 [17]. The 
defect is a slit in the mid-portion of the anterior mitral  leaflet, 

unassociated with an atrioventricular septal defect. It might 
be due to abnormal development of the embryological endo-
cardial cushion tissue.

Isolated cleft of the anterior mitral valve leaflet is 
 morphologically different from a cleft as observed in atriov-
entricular septal defect [17], even if some authors consider 
it as a forme fruste [18]. In isolated cleft of the anterior 
mitral valve  leaflet, the mitral valve is supported by an 
annulus, which is separated from the right side of the heart 
by well-formed atrioventricular structures. In contrast, in 
atrioventricular septal defect, the valve ring is common to 
both atrioventricular valves. Furthermore, the isolated cleft 
points to the left ventricular outflow tract when the valve 
opens during diastole, whereas in atrioventricular septal 
defect, the cleft is directed towards the ventricular inlet 
 septum [17].

A cleft anterior leaflet may also occur with a ventricular 
septal defect, coarctation of the aorta, transposition of 
the great arteries, double-outlet right ventricle, patent 
arterial duct, anomalous pulmonary venous connection, 
tricuspid atresia, and tetralogy of Fallot [19]. Chordal 
attachments may connect the edges of the cleft to the 
ventri cular septum and subsequently create a subaortic 
obstruction [20].

Repair of isolated cleft of the anterior mitral valve leaflet 
associated with mitral regurgitation is preferred to replace-
ment and usually consists in direct suture of the cleft [19,20]. 
Sometimes, an additional pericardial patch is used to close 
the cleft.

Figure 28.6 Mitral valve prolapse. Apical four-chamber view showing a bileaflet prolapse causing moderate mitral regurgitation in a child with 

Marfan syndrome.
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Isolated cleft of the posterior mitral valve 
leaflet (Figure 28.8)
The predominant localization of the cleft is within scallop 
P2 [21], but it can occur at any segment of the posterior 
leaflet. The cleft may be isolated or associated with papil-
lary muscle malrotation [22], accessory mitral valve leaflet 
[23], mitral valve prolapse [24], chordal rupture, and ante-
rior leaflet cleft [25,26]. Mitral regurgitation is severe in 

50% of clefts. Reconstruction of the mitral valve is the pre-
ferred management [27].

Double-orifice mitral valve
Double-orifice mitral valve (DOMV) is a rare anomaly 
 characterized by a mitral valve with a single fibrous annulus 
and two orifices (Figure 28.9C). DOMV usually is associated 
with more complex cardiac anomalies [17], particularly 

Figure 28.7 Isolated cleft of the anterior mitral valve leaflet. (a) 2D apical four-chamber color Doppler view. Mitral regurgitation is going through the 

anterior leaflet. (b) 2D parasternal short-axis color Doppler view showing the split anterior leaflet. (c) 3D left atrial view of the mitral valve providing 

a precise anatomic description of the cleft in order to define the ideal approach for surgical reconstruction. (d) Surgical view of the cleft.

(a)

(c) (d)

(b)
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Figure 28.8 Isolated cleft of the posterior mitral valve leaflet. (a) 2D apical four-chamber view. The regurgitant jet is laterally directed and goes through the 

cleft. (b) 3D left ventricular view of the mitral valve. The posterior leaflet is divided into two equal parts by the cleft. AL, anterior leaflet; PL, posterior leaflet.

Figure 28.9 Surgical views of congenital mitral malformations causing mitral regurgitation. (a) Normal mitral valve. (b) Isolated cleft of the anterior mitral 

valve leaflet. (c) Double-orifice mitral valve (eccentric accessory orifice). (d) Parachute mitral valve. (e) Hammock mitral valve.

(a) (b) (c)

(d) (e)
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a trioventricular septal defect [28]. Thus, echocardiographic 
identification of DOMV is usually accidental because symp-
toms are not related solely to this anomaly. The mitral valve 
functions normally in 50% of patients [29]. Mitral regurgita-
tion is the most frequent functional anomaly, but mitral ste-
nosis, when either isolated or associated with regurgitation, 
is uncommon. According to the Baño-Rodrigo classification 
[29], DOMV almost always consists of abnormal holes in 
essentially normal leaflets, rather than abnormal fibrous 
bridges or adhesions between normal leaflets. Two types of 
DOMV are described: the eccentric hole with a small acces-
sory  orifice located at one of the commissures (85%) and the 
central hole with two equal-sized orifices (15%). The tensor 
apparatus of the mitral valve is always abnormal. Various 
malformations are observed such as a chordal ring, accessory 
papillary muscles, subdividing muscular ridge, parachute 
mitral valve, crossing chordae tendineae or central fibrous 
subdivision. DOMV is diagnosed and assessed through two- 
and three-dimensional echocardiography [30]. The manage-
ment of DOMV is either continued observation or valve 
repair or replacement.

Parachute mitral valve
In an echocardiographic study of 13 400 subjects, parachute 
mitral valve was found in 0.17% [17]. Parachute mitral 
valve is characterized by the attachment of mitral chordae 
to a single or fused papillary muscle [17,31] (Figures 28.9d 
and 28.10). In a variant, parachute-like asymmetric mitral 
valve (PLAMV), there are two papillary muscles with one 
papillary muscle receiving most or all of the mitral chordae 
[31]. In this variant, the dominant papillary muscle is nor-
mal and the other is elongated and displaced towards the 
mitral annulus. Chordae tendineae are commonly attached 

to the posteromedial papillary muscle in both parachute 
mitral valve and PLAMV. Oosthoek et al. [32] assumed that 
disruption of the development of papillary muscles occurs 
between the fifth and nineteenth weeks of gestation 
and causes their condensation into a single muscle. Mitral 
valve leaflets are thickened and their motion is usually 
restricted.

Doppler echocardiography shows significant mitral steno-
sis. Mitral regurgitation is less common but more progres-
sive. Due to the left inflow obstruction, parachute mitral 
valve and PLAMV are associated with other obstructive 
lesions affecting the left heart [17,33], such as the supra-
valvar mitral ring, subaortic stenosis, and coarctation of the 
aorta. This combination produces either a complete or 
incomplete form of Shone’s complex. The outcome is gener-
ally poor in patients with multilevel heart obstruction 
[31,33].

Hammock mitral valve
The hammock mitral valve is a very dysplastic valve without 
chordae and having the two papillary muscles directly fused 
with the leaflet tissue at the expected locations of the com-
missures (Figure 28.9e). This malformation causes mitral 
stenosis or regurgitation, or both. From the atrial side, it 
looks like a hammock. It may be difficult to distinguish para-
chute mitral valve and the hammock valve.

Anomalous mitral arcade
The mitral arcade is extremely rare and is characterized by 
thickened mitral leaflets with either shortened chordae or 
no chordae at all. The enlarged and elongated papillary mus-
cles [34] are inserted directly into the leaflets by a typical 
fibrous tissue bridge acting as a single “muscle arcade” [35]. 

Figure 28.10 Parachute mitral valve. 2D echocardiography parasternal long- and short-axis views showing a single papillary muscle (SPM). LA, left atrium; 

LV, left ventricle; RV, right ventricle.
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This fibrous continuity restricts valvar motion and limits 
coaptation of the leaflets. Mitral regurgitation progresses and 
may be associated with stenosis.

Mitral valve chordal rupture
Chordal rupture of the mitral valve is often associated with 
endocarditis, trauma, or acute rheumatic fever. Few exam-
ples of spontaneous rupture have been reported [36]. 
Common signs include acute pulmonary edema with severe 
mitral regurgitation. Echocardiography reveals a flail mitral 
valve leaflet with moderate to severe mitral regurgitation 
[37]. Both the left ventricle and atrium are normal in size. 
A linear structure moving around within the left heart 
chambers in a “whipping” manner is usually observed. 
Corrective surgery is required.

Submitral left ventricular aneurysm
Submitral left ventricular aneurysm occurs almost exclu-
sively in young black African people. This anomaly is 
believed related to a congenital tissue weakness of the 
fibrous annulus at the connection point of the posterior 
mitral valve leaflet [38]. A submitral left ventricular aneu-
rysm protrudes into the pericardial space either towards the 
floor of the left atrium or behind the left ventricle. Mitral 
regurgitation is caused by a limited leaflet motion and dimin-
ished coaptation due to distortion of the mitral annulus. 
Complications include calcification, thromboembolism, ven-
tricular arrhythmia, compression of the left circumflex 
artery, and aneurysmal rupture into the left atrium. Surgical 
repair using either a transmitral or a transatrial approach is 
the best method to prevent the aneurysm. A meticulous 
description of the relationship existing between the aneurysm, 
the mitral valve, and the annulus is required for successful 
repair [39]. Echocardiography (transthoracic or transesopha-
geal), MRI, and cardiac catheterization are usually used to 
define the anatomy.

Ebstein’s malformation of the mitral valve
This exceptional anomaly is due to the downward displace-
ment of the posterior leaflet of the mitral valve, which 
 produces a functional atrialization of the proximal part of 
the left ventricle [40]. It causes a high mortality and occurs 
isolated or with another cardiac malformation.

Functional mitral regurgitation

Mitral regurgitation may occur with a normal mitral struc-
ture when the geometry of the valve is modified by another 
disease that increases left ventricular volume, including 
 ventricular septal defect, patent ductus arteriosus, or dilated 
cardiomyopathy.

Dilated cardiomyopathy
Among cardiomyopathies, dilated cardiomyopathy is the 
most common in children with a high rate of mortality. It 
represents the main indication for the need for a heart 
transplantation in over 5-year-olds [41]. Mitral regurgita-
tion is caused by dilatation of the annulus. Severe mitral 
regurgitation is an independent predictor of death [42]. 
Some authors have reported that mitral annuloplasty is 
sometimes efficient and may delay or replace the need for 
heart transplantation [43].

Ischemic mitral regurgitation
Abnormalities of the coronary arteries can cause myocardial 
ischemia leading to papillary muscle dysfunction (see 
Chapter 48). Regurgitation is due to disturbances of the pos-
terior leaflet displacement, left ventricular dilatation, annular 
dilatation, and papillary muscle discoordination.

Congenital anomalies of the coronary system require 
prompt recognition and treatment because of the high lethal 
risk. Thus, an anomalous origin of the left coronary artery, 
congenital atresia of the left coronary artery, and coronary 
aneurysm (usually due to Kawasaki disease) must be metic-
ulously detected. Cardiac catheterization or a CT scan may 
be particularly helpful in this context.

An anomalous origin of the left coronary artery from the 
pulmonary artery concerns one out of 300 000 live births 
[44]. After surgery, the majority of patients normalize mitral 
regurgitation. Regurgitation might sometimes persist or 
become worse. In this lesion the initial mitral insufficiency 
is due to a restrictive leaflet motion which itself is second-
ary to both the regional myocardial dysfunction and 
ischemia of the papillary muscle [45]. Due to myocardial 
desynchronyzation, chordae are elongated and cause a leaf-
let  prolapse, which is the persistent mitral regurgitation 
mechanism. Direct coronary reimplantation is the preferred 
technique for repair in order to restore a two-coronary cir-
culation  system [46]. Associated mitral valve plasty seems 
to increase postoperative mortality and may not be required 
upon  initial repair. Nevertheless, a few patients might need 
additional mitral valve repair for persistent severe mitral 
regurgitation [44].

Quantification of mitral regurgitation

Two-dimensional echocardiography

Left heart size and function
Two-dimensional echocardiography is used to assess the 
shortening and ejection fractions by measuring the left 
ventricular end-diastolic and end-systolic dimensions. Left 
ventricular volumes can be calculated using Simpson’s 
method. Left ventricular size increases progressively in 
chronic mitral regurgitation. In contrast to adults, in chil-
dren no validated values are available to determine the 
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timing of surgery because the left ventricular size normally 
increases during childhood and depends on body weight. 
Nevertheless, changes in ventricular size and function 
must be serially monitored. A rapid increase in the end-
systolic dimension reflecting the ability of the ventricle 
to eject the increased preload is reliable evidence of left 
ventricular pump failure. Measurements of left atrial vol-
umes are also helpful for assessing the severity of mitral 
regurgitation.

Quantitative doppler method
The regurgitant volume is defined as the difference between 
the forward stroke volume across the mitral valve and 
the cardiac output at the aortic valve. It can be determined 
by using the pulsed Doppler technique and the following 
calculation:

MMV MSA VTI= ×

AoAV ASA VTI= ×

= −RV MV AV

where MV = mitral stroke volume, MSA = mitral surface area, 
AV = aortic stroke volume, ASA = aortic surface area, RV = 
regurgitant volume, VTIM = mitral velocity time integral of 
mitral inflow, and VTIAo = aortic velocity time integral.

The mitral annular diameter is calculated from an apical 
view and the aortic annular diameter from a parasternal 
long-axis view.

This method is applicable only in pure mitral regurgitation 
(with no associated aortic insufficiency). A small error in 
the diameter measurement leads to large variations of the 
 annular area. Finally, this method assumes a circular geom-
etry of the valve even though the mitral annulus is more 
D-shaped.

The regurgitant fraction (RF) is defined as

=
RV

RF
MV

Mitral regurgitation is classified as mild (RF < 30%), moder-
ate (30 < RF < 49%) and severe (RF ≥ 50%).

The effective regurgitant orifice area is calculated by using 
the Doppler technique and the equation

=
MR

RV
OA

VTI

where ROA = regurgitant orifice area and VTIMR = velocity 
time integral of the mitral regurgitation jet.

All of these values may also be more difficult to determine 
by two-dimensional volume analysis.

Proximal Isovelocity Surface Area (PISA) 
method (Figure 28.11)
The color Doppler technique is used to assess RV and ROA. 
Assuming that PISA is a hemisphere, RV and ROA are calcu-
lated with the following equations:

= π ×2  2QMR r VAL

Figure 28.11 PISA method. (a) Radius of 

the isovelocity area for an aliasing velocity 

of 30.8 cm s−1. (b) Velocity–time integral 

of the mitral regurgitation jet.
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Figure 28.12 3D echographic PISA analysis. The isovelocity radius is measured in the longitudinal plane (r1) and the two diameters are measured 

in the transversal plane at the orifice level. The PISA shape is estimated according to these three measurements. (Reproduced with permission from 

Ziani et al. Arch Cardiovasc Dis 2009;102:185–91.)

MR

MR

Q
ROA

V
=

MRRV ROA VTI= ×

where QMR = regurgitant flow rate, r = radius of the PISA, VAL = 
aliasing velocity, ROA = regurgitant orifice area, VMR = peak of 
regurgitant velocity, and VTIMR = velocity time integral of the 
mitral regurgitation jet.

Three-dimensional echocardiography
Three-dimensional echocardiography assesses the severity 
of mitral regurgitation by determining the stroke volume 
or using the proximal isovelocity surface area (PISA 
method) [47]. Because the isovelocity surface is rarely 
hemispherical, regurgitation is frequently overestimated 

with the two-dimensional echocardiography PISA method. 
The isovelocity radius (measured in the longitudinal plane) 
and two diameters (measured in the transversal plane) are 
required to calculate the surface of the PISA (Figure 28.12). 
Thus, according to the mechanism, the PISA shape is 
described as hemispherical (20%), prolate hemispheroid 
(27%), oblate hemispheroid (47%), and hemiellipsoid 
(6%) (Figure 28.13).

Cardiovascular Magnetic Resonance (CMR)
CMR is a noninvasive technique that allows the accurate 
measurement of ventricular volumes. When quantifica-
tion of mitral regurgitation is difficult by echocardio-
graphy, CMR may be particularly helpful. The regurgitant 
fraction, regurgitant volume, and direct planimetry of 
the anatomic regurgitant lesion are easily determined 
[48,49].
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Surgical management

Because of the wide range of mitral anomalies and the 
 frequent associated lesions, performing mitral valve surgery 

on children is very delicate. When possible, mitral valve 
repair is preferred to replacement, because of the latter’s 
mortality and morbidity. In children, bioprosthetic valves 
have early valve failure. Therefore, mitral valve replacement 
is  performed with a mechanical prosthesis. Mitral valve 
replacement is complicated by the limited availability of ade-
quate-sized prostheses for small children and the need for 
lifelong anticoagulation. In contrast, with repair, the subval-
var apparatus and ventricular geometry are maintained and 
left ventricular function is preserved. Significant predictors 
for poor freedom from reoperation and midterm survival are 
age <1 year,  hammock mitral valve, and associated cardiac 
anomalies [50].

Mitral valve surgery is performed through a median ster-
notomy under cardiopulmonary bypass. According to the 
lesion, different techniques are used to repair the valve, as 
follows:

Annulus dilatation
Various annuloplasty techniques exist to treat a dilated 
annulus. The following are the most commonly performed. 
Strip materials, either autologous pericardium or Gore-Tex, 
are commonly used. There are several techniques:

Posterior annuloplasty using strip or suture plication. •
The commissure plication principle (Kay–Wooler-type  •

annuloplasty) consists in shortening the posterior annulus 
by a suture placation (Figure 28.14a). It is frequently used 
for small infants.

Strip plication (Paneth-type annuloplasty) is used in chil- •
dren and adolescents. The posterior annulus is shortened 
with strip reinforcement (Figure 28.14b).

Artificial ring annuloplasty is used for older children  •
(Figure 28.14c).

Leaflet prolapse
Elongated chordae are either shortened or artificial chordae 
(Gore-Tex) are used.

Isolated cleft
The direct suture technique is the preferred method, although 
a pericardial patch is sometimes used to close the cleft.

Parachute valve
Following a careful commissurotomy, the papillary muscle is 
incised to divide it into two portions (Figure 28.14d).

Hammock valve
Splitting the papillary muscle is a difficult technique because 
the new papillary muscles must have a sufficient thickness 
to perform their function.

Chordal rupture
When prolapse of P2 of the posterior leaflet is caused by 
a chordal rupture, the flail segment is plicated towards 
the ventricle by a V-shaped suture line with stabilization of 

Figure 28.13 PISA geometries: mathematical model representations and 

their 3D visualization. (a) Hemispherical PISA shape. (b) Prolate 

hemispheroid PISA shape. (c) Oblate hemispheroid PISA shape. (d) 

Hemiellipsoid PISA shape. (Reproduced with permission from Ziani et al. 

Arch Cardiovasc Dis 2009;102:185–91.)
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the posterior annulus by a strip such as for Gerbode-type 
annuloplasty.

Perioperative echocardiography allows an immediate 
functional evaluation of the mitral valve and may help the 
surgeon improve reconstruction (Figure 28.15).

Conclusion

In children, mitral regurgitation results from a number of 
anatomic variations, the most common being mitral valve 

Figure 28.14 (a) Schematic 

representation of the posterior annuloplasty 

procedure using suture plication. (b) 

Schematic representation of the posterior 

annuloplasty procedure using strip 

plication. (c) Schematic representation of an 

artificial ring annuloplasty. (d) Incision of a 

single papillary muscle for a parachute 

mitral valve.

(a)

Pericardial strip(b)

Artificial ring(c) (d)

Figure 28.15 Perioperative transesophageal 

echocardiography images (two-chamber 

views) showing two residual mitral 

regurgitation jets after mitral valve repair in a 

child with isolated cleft of the anterior mitral 

valve leaflet. LA, left atrium; LV, left ventricle.
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prolapse and isolated cleft of the anterior mitral valve leaflet. 
Echocardiography allows both quantification of mitral regur-
gitation and morphological analysis of the mitral valve appa-
ratus. It should be used to assist the surgeon during operation. 
Surgery is often difficult and mitral valve repair is always 
preferred to mitral valve replacement.
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29 Right Ventricular Inflow Obstruction

James H. Moller
University of Minnesota, Minneapolis, MN, USA

Right ventricular inflow obstruction is relatively uncommon, 
occurring in ∼3% of children with a cardiac malformation. 
The two most frequent causes are tricuspid atresia and 
pulmonary atresia with intact ventricular septum, each 
accounting for ∼1.4% of congenital heart disease. They are 
discussed in Chapters 35 and 40, respectively. This chapter 
reviews rare and unusual congenital and acquired conditions 
which obstruct blood flow into the right ventricle. Some are 
found predominately in neonates and others occur in older 
children and adolescents.

Neonatal period

In the neonatal period, right ventricular inflow obstruction 
is predominantly associated with either tricuspid atresia 
(Chapter 35) or pulmonary atresia with intact ventricular 
septum (Chapter 40). Other causes are very uncommon in 
this age group, but despite their rarity must be considered in 
the differential diagnosis because treatment and prognosis 
varies.

Cardiac malformations obstructing blood flow into the 
right ventricle have several common features that are well 
recognized in the two anomalies with an atretic valve, either 
tricuspid or pulmonary. Because of the obstruction, the right 
atrium is enlarged and usually the right ventricle is 
hypoplastic. An atrial right-to-left shunt occurs through a 
patent foramen ovale or atrial septal defect; the shunt is 
usually large (often 100%), so the neonate is intensely 
cyanotic. The pulmonary circulation is derived from flow 
through a ductus arteriosus while it remains patent. There is 
either no murmur or that of a patent ductus. The transverse 
diameter of the cardiac silhouette is enlarged primarily by 
the right atrial shadow to the right of the midline. The 
pulmonary arterial vascularity is decreased. Administration 

of prostaglandin E
1
 to maintain ductal patency benefits the 

neonate and allows time for accurate diagnosis and planning 
for treatment.

Three other conditions must be considered in the 
differential diagnosis of right ventricular inflow obstruction 
and distinguished from either tricuspid atresia or pulmonary 
atresia with intact ventricular septum.

Isolated hypoplastic right ventricle

In isolated hypoplastic right ventricle, the tricuspid valve is 
hypoplastic and its orifice narrowed by the small size of the 
tricuspid annulus, but the valve leaflets are diminutive but 
otherwise normal. This is distinct from congenital tricuspid 
stenosis, in which the valve orifice is narrowed by 
commissural fusion, forming a membrane-like structure 
with a small aperture [1]. Because of the hypoplasia, right 
ventricular volume is reduced and pulmonary blood flow 
limited. Right atrial pressure is elevated and a right-to-left 
shunt occurs through a patent foramen ovale or atrial septal 
defect. Usually the patients present in the neonatal period 
with intense cyanosis and tachypnea. There are no murmurs. 
The clinical picture resembles pulmonary atresia with intact 
ventricular septum.

Patients with milder degrees of hypoplasia are less cyanotic 
and relatively asymptomatic as newborns. Such patients do 
not need immediate treatment and can be followed until they 
are larger and older, even into adulthood. The ECG is not 
diagnostic, resembles that of pulmonary atresia with intact 
ventricular septum, and characteristically has a normal QRS 
axis, tall peaked P waves, and a small r wave in lead V1 and a 
prominent R wave in lead V6. The chest X-ray shows 
cardiomegaly and diminished pulmonary vascular markings. 
An echocardiogram helps to distinguish this condition from 
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pulmonary and tricuspid atresia and from Ebstein’s 
malformation. On subcostal and apical cross-sectional views, 
there is an enlarged left ventricle and an adjacent small right 
ventricle. Although the diameter of the tricuspid annulus is 
reduced, the tricuspid and pulmonary valves appear normal. 
Doppler interrogation shows anterograde flow across both the 
valves. A right-to-left shunt is seen across the atrial septum 
and the size of the communication can be assessed. Cardiac 
catheterization and angiography are not needed for diagnosis 
or management decisions. Right atrial pressure may be 
elevated but right ventricular and pulmonary artery pressures 
are normal. It is one of the few anomalies with a right-to-left 
shunt and normal right ventricular systolic pressure.

Although the etiology is unknown, three families have been 
reported in which more than one sibling had this anomaly, 
and in one of these families more than one generation was 
affected [2]. Medd et al. [3] reported two infant siblings who 
died with this anomaly. We have cared for three siblings who 
presented in the newborn period with cyanosis [4–6]. Two 
died shortly after admission and the third following an 
aortopulmonary shunt. They were admitted over a 5 year 
period at a time when echocardiography was unavailable and 
the clinical diagnosis was pulmonary atresia with intact 
ventricular septum. An autopsy was preformed on each. Each 
component of the right ventricle was present but diminutive. 
The tricuspid valve was normal but the annulus was 
hypoplastic. Valproate administration to a pregnant woman 
has also been associated with this anomaly in a neonate [7].

Treatment has varied. Often the initial step is placement of 
an aortopulmonary shunt. Later, in some with only moderate 
hypoplasia, closure of the atrial defect by a device [8] or 
surgery [9] has been done, establishing a two-ventricle 
circulation. In those with more severe hypoplasia, 
cavopulmonary shunt procedures are performed.

Cor triatriatum dextrum

In the fetus, blood flow from the inferior vena cava is directed 
across the atrial septum by the inferior sinus venosus valve 
[10]. By 9–15 weeks, the valve differentiates into the 
eustachian (valve of the inferior vena cava) and thebesian 
valves (valve of the coronary sinus). If the inferior sinus 
venosus valve persists and extends towards the superior 
vena cava, the right atrium is divided into two parts, one 
receiving the systemic venous return and the other portion 
containing the tricuspid valve and the right atrial appendage 
[11,12]. The systemic venous return may be directed across 
the atrial septum through a perforation in the sinus venosus 
valve and some blood can reach the tricuspid valve. The 
quantity of blood presenting to the tricuspid valve and right 
ventricle is limited, so both of these structures can be 
hypoplastic. The clinical presentation is that of tricuspid or 
pulmonary atresia [12–15]. Echocardiography, particularly 

from subcostal views [16], allows identification of the flow 
passing from the inferior vena cava towards the superior 
vena cava. The right-to-left shunt is found across the atrial 
septum. The size and characteristics of the tricuspid valve 
and size of the right ventricle can be assessed.

Once recognized, the anomaly can be treated by resection 
of the membrane dividing the right atrium.

A variant is persistence of the eustachian valve, which if 
large and redundant can obstruct the tricuspid valve. At times 
it may form a windsock that prolapses into the right ventricle. 
In patients with a large valve eustachian there may be an atrial 
right-to-left shunt and some right ventricular hypoplasia [17]. 
In another variant, a 20 mm long narrow tube-like structure 
from the sinus venosus valve passed through the tricuspid 
valve and resembled a mass on an echocardiogram [18].

Cor triatriatum dextrum may not be recognized until an 
older age and the symptoms include ascites, weight loss and 
other signs of elevated venous pressure [19].

Rhabdomyoma

As indicated in Chapter 66, rhabdomyomas are the most 
common cardiac tumor in children overall and by far the 
most common in neonates. Associated with tuberous 
sclerosis in many (30–50%), they can arise in any cardiac 
chamber, but more frequently in the left side of the heart. 
Typically they arise in papillary muscles, from the ventricular 
septum, or in either atrium. In any location they are 
intramyocardial and not pedunculated. If large they obstruct 
flow through cardiac chambers. We have seen two neonates 
with a tumor that obstructed RV inflow arising in the right 
ventricle immediately below the tricuspid valve. Because of 
the obstruction, cyanosis occurred from an atrial septal 
defect. The tumors can be multiple and vary in size. They 
may be identified by echocardiography as a bright reflective 
mass(es). Although they may regress, they also can increase 
in size, becoming more obstructive. In cyanotic neonates the 
tumor can be resected with a risk of ∼5%.

In two other conditions of neonates, a tumor-like mass 
can be present in the right atrium and prolapse through the 
tricuspid valve, causing obstruction. Premature infants 
weighing <1.5 kg are particularly prone to fungal infections 
because they are immunocompromised, require invasive 
therapy, such as indwelling catheters, and usually receive 
broad-spectrum antibiotics and occasionally steroids [20]. 
They can develop intracardiac fungal masses often attached 
to an indwelling catheter. We have seen them as large as 
2 × 2 cm, prolapsing through the tricuspid valve during 
diastole. Portions can embolize to the lung. The mass can be 
removed by cardiac surgery using inflow stasis [21].

Multiple small pinpoint cysts are commonly found on the 
atrial surfaces of atrioventricular valves at autopsy of infants 
up to 6 months of age. A cyanotic 4-month-old was found 
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with a large cyst shown by cineangiography to move freely 
though the tricuspid valve [22]. This angiogram also showed 
an atrial right-to-left shunt. At operation, the right atrium 
was filled by a large smooth bluish mass attached to septal 
leaflet by a thin 5 mm pedicle. The mass protruded into the 
right ventricle. It was found to be a unilocular cyst filled with 
blood and lined by endothelium.

Children and adolescents

Whereas much emphasis in this chapter has focused on 
neonates and infants, the lesions obstructing flow into the 
right ventricle can persist or appear in older children and 
adolescents. In these, the jugular venous pulse can be ele-
vated, the liver enlarged, ascites present, and exudative 
enteropathy present. The patient may have mild cyanosis 
from an atrial right-to-left shunt as in older patients with a 
mildly hypoplastic right ventricle. The features resemble 
those of constrictive pericarditis (Chapter 59) or restrictive 
cardiomyopathy (Chapter 58).

Tricuspid stenosis (TS)

In tricuspid stenosis, abnormalities of each component of the 
valve can lead to obstruction. The tricuspid valve may be 
affected in rheumatic fever and develop changes associated 
with rheumatic heart disease. It is part of rheumatic multi-
valvar disease, in which the mitral and aortic valves are also 
abnormal (see Chapter 62). The valve can become stenotic 
with fused commissures, thickened leaflets, and fixed sten-
otic orifice. Tricuspid stenosis of this cause is found predom-
inantly in the developing world.

Congenital TS accounts for 0.3% of all congenital heart 
disease and usually coexists with other cardiac anomalies. 
Various types of deformity of leaflets (thickened, redundant), 
chordae (shortened, reduced interchordal spaces), commis-
sures (fused) and annulus (narrowed), occurring alone or in 
combination, can narrow the tricuspid orifice [23,24]. The 
mortality is related to the age of the patient and underlying 
etiology. Tricuspid stenosis has been significantly reduced by 
balloon valvoplasty [25–27]. Rarely, TS is related to systemic 
lupus erythematosis or with endocarditis. Endocarditis on 
TV is relatively uncommon, even in i.v. drug users [28–30]. 
It can occur in children with a structurally normal heart. A 
large vegetation may obstruct the valve orifice.

Congenital polyvalvular disease

It was Bharati and Lev who gave the name congenital 
polyvalvular disease to a complex in which each of the 
cardiac valves is involved in a dysplastic process [31]. The 

leaflets are irregularly thickened, immobile, redundant, and 
often stenotic. The chordae are shortened, thickened, and 
nodular. There is an increase in spongiosa with degeneration 
and a lack of elastic tissue in the leaflets [32]. An increased 
amount of acid mucopolysaccharides is found in the valves. 
The condition has been found in trisomy 18 and trisomy 
13–15 and is rare otherwise [33].

Tricuspid stenosis from interventional 
procedures

Tricuspid stenosis can follow interventional procedures. 
Reports have described the development of tricuspid stenosis 
years after placement of pacemaker leads through the 
tricuspid valve into the right ventricle [34–36]. The valvar 
change has been attributed to perforation of a cusp and to 
inflammation and fibrosis of the leaflets from a redundant 
pacemaker lead. It leads to elevated venous pressure and can 
result in ascites and can be treated by balloon valvoplasty. 
Severe tricuspid stenosis has also followed placement of an 
Amplatzer device for closing a perimembraneous ventricular 
septal defect in which the device caused adherence of the 
device to the septal leaflet [37].

Right atrial myxoma

These tumors can be found in patients as young as 3 years of 
age, but much more commonly in adolescents. Overall they 
are predominately found in adults, ∼75% in females. As 
indicated in Chapter 66, atrial myxoma accounts for half of 
primary cardiac tumors. Up to 25% are found in the right 
atrium. In the right atrium they can reach twice the size of 
one in the left atrium before causing symptoms [38]. Usually 
originating from the atrial septum by way of a pedicle, they 
can protrude into the tricuspid orifice and cause obstruction. 
The patient experiences fatigue and peripheral edema and 
then progressive signs of right heart failure.

Portions of the tumor may embolize to the lungs, causing 
acute symptoms or the findings of pulmonary hypertension 
if the emboli are small, multiple, and recurrent. There may 
be constitutional symptoms of fever, joint pains, and weight 
loss, with laboratory findings of increased acute-phase reac-
tants. The tumor is recognizable by echocardiography and 
can be resected with a small risk of recurrence.

Carcinoid syndrome

Carcinoid syndrome is characterized by diarrhea, flushing of 
the head and upper chest, and bronchospasm. It results from 
a carcinoid tumor often located in the appendix, but it can 
arise elsewhere in the gastrointestinal tract. The tumor may 
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metastasize and those which do to the liver are believed to 
cause carcinoid cardiac disease [39]. The cardiac lesions are 
thought to result from large amounts of circulating sero-
tonin. The lesions are found predominantly on the ventricu-
lar surface of the tricuspid valve and the arterial surface of 
the pulmonary valve, the endocardial surfaces of the right 
ventricle, and the lining of the vena cava and pulmonary 
artery. Plaques of fibrous tissue form on the tricuspid valve, 
making it thick, rigid, and stenotic, and at times regurgitant. 
An echocardiogram shows valvar thickening. The youngest 
patient with carcinoid syndrome was 10 years old.
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30 Left Ventricular Outflow 
Obstruction: Aortic Valve Stenosis, 
Subaortic Stenosis, Supravalvar Aortic 
Stenosis, and Bicuspid Aortic Valve

Colin McMahon
Our Lady’s Children’s Hospital, Crumlin, Dublin, Ireland

Introduction

Left ventricular outflow tract (LVOT) obstruction describes 
any obstruction to the egress of blood from the left ventricu-
lar cavity to the aorta. This may include one or more forms 
of obstruction, including subvalvar aortic stenosis (SAS), 
valvar aortic stenosis (AS), or supravalvar aortic stenosis 
(SVAS). SAS is unique as it is an acquired form of congenital 
heart disease whereas AS and SVAS obstruction tend to be 
congenital. The aortic valve morphology varies significantly 
in AS, although a bicuspid aortic valve (BAV) may exist with 
or without significant obstruction.

Incidence and genetics

The incidence of AS is reported as 0.4 per 1000, of SAS as 
0.09 per 1000, and of SVAS as 0.05 per 1000 [1]. LVOT 
obstruction is not unique to humans. SAS is commonly 
encountered in Newfoundland puppies and similarly to 
humans tends to occur outside the neonatal period [2]. 
Genetic factors have been implicated in several forms of 
LVOT obstruction. BAV occurs in several families and is 
strongly associated with coarctation of the aorta [3]. 
Elastinopathies occur in both recognized syndromes such as 
Williams syndrome (chromosome 7q11.23 gene deletion) 
and familial non-Williams SVAS [4,5]. There are rare 
 familial examples of SAS, but this is less common than 
familial SVAS [6].

Aortic valvar stenosis

Valvar AS accounts for 60–75% of LVOT obstruction. BAV is 
the most common congenital cardiac anomaly but may not 
come to attention until later in life when aortic valve 
 dysfunction in the form of either stenosis or regurgitation 
ensues [7,8]. Valvar AS accounts for 3–6% of all cardiac 
defects [9]. There is a male to female ratio of 4:1. Recurrence 
risk is reported as 8% for mothers and 3.8% for fathers 
with AS [10]. Associated anomalies are recognized in 20% of 
patients and include coarctation of the aorta, interrupted 
 aortic arch, ventricular septal defect and pulmonary stenosis.

Pathology
Valvar AS is associated with malformation in the aortic  leaflet 
cusps and commissures. The valve develops by cavitation of 
three tubercles, two of which are positioned on the distal 
edge of truncal swellings involved in partitioning the 
 primitive trunk and the third opposite to these [11]. Stenosis 
results from a failure of separation of the tubercles. The 
 valvar leaflets are thickened with reduced excursion of the 
leaflets due to fusion of the commissures. There is a wide 
variation in the valve morphology, including unicuspid, 
bicuspid, tricuspid, or quadricuspid. There may be only a 
tiny aperture in critical stenosis. The most common pattern 
is a BAV with a single fused commissure and eccentric 
 orifice. The deficient or absent commissure is intercoro-
nary in the majority of bicuspid valves with right anterior 
and left  posterior functional commissures. When the left 
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 noncoronary or right noncoronary commissure is deficient, 
the  commissures are left anterior and right posterior.

During systole, the limitation in valve opening often 
results in valve leaflet doming. The aortic annulus is 
 hypoplastic in many patients. Critical neonatal AS results in 
severe left ventricular hypertension, left ventricular 
 hypertrophy, and finally endothelial disruption represented 
as endocardial fibroelastosis (EFE) [12]. EFE occurs initially 
in the subendocardial region and rarely extends to the 
 subepicardial region. In such patients, left ventricular filling 
is compromised, reducing atrial level shunting; consequently, 
right ventricular output through the ductus predominates, 
with resultant hypoplasia of the ascending aorta and aortic 
arch, left ventricle, and mitral valve. In older children, the 
left ventricular pressure loading results in left ventricular 
hypertrophy but not EFE.

Physiology
Valvar AS is characterized by a systolic pressure gradient 
between the left ventricle and aorta because of obstruction 
at the valve. LVOT gradient is a function of flow and  annulus/
aortic orifice size. This is not a linear relationship, however, 
and a doubling of blood flow has a squared result in gradient 
(increased by four). The Gorlin equation calculates the aortic 
valve area, AVA (cm2 m−2), as [13]

 

 

 

AVA −

−

−

=

=

2 2

2

2

(cm  m )

flow /systolic - second (ml m )

44.5 mean gradient(mmHg)

stroke volume (ml m )/ systolic ejection time (s)

44.5 mean gradient (mmHg)
 

Severe aortic obstruction has an AVA of <0.5 cm2 m−2, moder-
ate between 0.5 and 0.8 cm2 m−2, mild >0.8 cm2 m−2, and 
 normal 2.0 cm2 m−2. Changes in preload or afterload  systemic 
resistance may alter the true LVOT gradient, and simultane-
ous flow and pressure need to be measured to  calculate 
LVOT obstruction accurately. Generally, a peak systolic pres-
sure >60 mmHg and an aortic orifice <0.5 cm2 m−2 constitute 
severe AS.

Hemodynamics
Valvar AS results in increased left ventricular systolic 
 pressure, increased wall stress, and peak myocardial force. 
Wall stress increases as the left ventricular pressure increases 
but returns to normal in the setting of compensatory 
left ventricular hypertrophy (LVH). In older children, left 
 ventricular function tends to be preserved or hyperdynamic, 
as a consequence of left ventricular hypertrophy and reduc-
tion in LV cavity size. Only in younger children or neonates 
is the development of left ventricular dysfunction typically 

encountered. End-systolic wall stress is inversely related to 
left ventricular function and hyperdynamic systolic  function. 
In patients with AS, hyperfunction is a result of reduced 
end-systolic wall stress rather than increased myocardial 
contractility.

End-systolic wall stress is reduced because end-systolic 
wall thickness is increased, and end-systolic pressure is nor-
mal. At twice the normal cardiac output, increased cardiac 
output depends primarily on increase in heart rate and less 
so on increase in stroke volume. At higher exercise levels, 
there is a progressively higher stroke volume with a sharp 
increase in gradient, the change being proportional to the 
square of the increase in flow velocity. This reduces the 
 filling time, which restricts coronary blood flow, particularly 
in the subendocardial region where flow is almost entirely 
diastolic. An estimate of potential coronary flow can be made 
from the area between the aortic and left ventricular diasto-
lic pressures, the diastolic pressure time index (DPTI) [14]. 
The left ventricular oxygen requirement can be obtained 
from the area under the ventricular pressure curve during 
ejection, the systolic pressure time index (SPTI). In the 
absence of coronary disease, the DPTI/SPTI ratio allows a 
measure of the oxygen supply/demand ratio (see Chapter 4). 
Patients with an aortic valve area <0.7 cm2 m−2 and a heart 
rate of 100 beats per minute have a DPTI × arterial oxygen 
content (g dl−1)/SPTI ratio <10, consistent with  subendocardial 
ischemia [15]. With exercise-induced tachycardia, the 
diastolic filling time is reduced even more than the systolic 
ejection time, and myocardial oxygen delivery is decreased 
as systolic work is increasing.

Electrocardiographic ST depression appears consistently in 
left ventricular leads during exercise in patients with a 
 resting LVOT catheter gradient of ∼50 mmHg [16]. This level 
of obstruction can result in myocardial injury and subendo-
cardial fibrosis, which may manifest as chest pain, syncope, 
arrhythmia, or sudden cardiac death. Ventricular  arrhythmia 
is particularly a risk in a scarred dilated ventricle. Left 
 ventricular baroreceptors may contribute to syncope in 
AS [17]. Any stimulus that elevates left ventricular systolic 
 pressure may stimulate these receptors, resulting in vasodil-
atation that could reduce coronary flow. Left ventricular 
diastolic function may be impaired even when systolic 
 function is well preserved [18]. As LVH progresses, elastic 
recoil and ventricular relaxation rate are reduced, so that 
passive chamber stiffness increases and active relaxation 
becomes impaired.

Natural history
The natural history of AS is related to the degree of LVOT 
obstruction. About 10% of patients presenting in childhood 
develop congestive heart failure in the first year of life, 
 two-thirds in the first 2 months [19]. Patients with AS with 
hypoplastic left heart syndrome who are “duct dependent” 
experience circulatory collapse once ductal closure occurs 
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(see Chapter 38). Patients with borderline left ventricular 
dimensions may manage to maintain reasonable cardiac 
output, but at the cost of developing pulmonary venous and 
arterial hypertension later in life.

Patients with trivial AS may show minimal progression. 
Half of patients presenting with mild or moderate AS remain 
unchanged over one to two decades [20]. In a large natural 
history study of over 400 patients over 2 years of age, 
 predicted survival in an age-matched normal population 
was 96%; 25-year survival of study patients was 92.5% for 
those with an initial catheter gradient <50 mmHg and 81% 
in those with a gradient ≥50 mmHg [21]. Sudden death from 
cardiac arrhythmia increases when the catheter- derived 
 gradient exceeds 50 mmHg. An increase in severity occurred 
in 30–50% of patients with mild AS (gradient <40 mmHg) 
and 70–90% of patients with moderate AS (50–79 mmHg) 
[21,22].

History and physical examination
Persons with trivial to mild AS are asymptomatic and may 
present with a murmur. In patients with moderate to severe 
AS, symptoms may include exercise intolerance, chest pain, 
dyspnea, or syncope. Neonates with critical AS (including 
hypoplastic left heart syndrome) often present with circula-
tory collapse presenting with tachypnea, dyspnea, pallor, 
thready pulses, and acidosis. Failure to re-establish ductal 
patency promptly results in death secondary to acidosis, 
multiorgan failure, and arrhythmia.

Although a typical ejection murmur may be heard at birth 
with mild to moderate AS, the murmur is often minimal 
when obstruction is extreme and flow is low. Infants with 
mild or moderate AS have signs similar to those in older 
 children. Beyond 1 year, most patients with mild AS (Doppler 
gradient 30–40 mmHg or catheter gradient 25–30 mmHg) 
have no  cardiac symptoms, and 95% show normal growth 
and development [23]. Symptoms are rare in patients 
with moderate AS (Doppler gradients <70 mmHg or catheter 
 gradients <55 mmHg), although as this level is approached 
a lack of competitive stamina is sometimes evident. 
Syn cope occur red in 9% of patients with a catheter gradi-
ent >80 mmHg. In children, the typical signs of mild AS 
include normal venous pressure and a pulse that is normal or 
slightly jerky. There is a long ejection systolic murmur radiat-
ing to the suprasternal notch and usually associated with a 
thrill, and the second heart sound varies normally with 
 respiration. As the severity of AS increases, the frequency of 
the murmur rises. With moderate obstruction, the A wave 
amplitude of the jugular venous pulse becomes more promi-
nent over the years, resulting from impaired right heart 
 filling from LVH. The signs most reliably related to moderate 
obstruction are not the intensity of the murmur but a reduc-
tion in pulse pressure and the respiratory variation in  splitting 
of the  second heart sound. A slowly rising pulse as a sign of 
 severity is much less common in children than in adults.

Splitting of the second heart sound is narrowed as there 
is delayed valve closure due to prolonged left ventricular 
ejection interval. In some patients, splitting of the second 
sound may only be heard in expiration. An ejection click 
often present after the first heart sound is best appreciated in 
the fourth left intercostal space, apex, and lower left back. 
With increased stenosis, the click moves closer to the first 
heart sound. Aortic regurgitation (AR) is characterized by a 
diastolic descrescendo murmur. An Austin Flint murmur 
secondary to the regurgitant jet abutting the anterior leaflet 
of the mitral valve may be appreciated in mixed aortic 
valve disease.

Electrocardiography and exercise testing
A normal ECG does not exclude significant AS. LVH does 
not discriminate between the AS severity (Figure 30.1). 
However, LVH with a strain pattern usually indicates severe 
AS. Right ventricular dominance is usual regardless of the 
severity of AS in the early weeks of life, but left ventricular 
dominance and hypertrophy become manifest in three-
quarters of older infants with important AS and normal left 
ventricular  volume [24]. A sum of the voltages of the S wave 
in V

2
 and the R wave in V

6
 of 40 mm carries ∼70% probability 

of LVH at any age. ST or T wave depression is virtually 
diagnostic of significant LVH.

Exercise stress testing adds further information regarding 
the severity of AS. There is some correlation between 
 severity of AS and exercise duration, systolic blood pressure 
response, and ST segment depression with maximal  exercise. 
ST depression >1 mm for more than 0.08 s after the J point 
has been reported to indicate a resting gradient >50 mmHg 
by catheter [25]. However, further studies showed a 
 false-positive rate of up to 40% in patients with gradients 
of 30 mmHg [26]. Stress testing does not reliably indicate 
severity of AS.

Chest radiography
In infants with congestive heart failure secondary to AS, the 
chest radiograph demonstrates cardiomegaly with plethoric 
lung fields. In older children, the degree of pulmonary pleth-
ora is less significant. In critical neonatal AS, left-to-right 
shunting at the atrial level contributes to the pulmonary 
overcirculation. In older patients, poststenotic dilatation of 
the ascending aorta is a feature.

Echocardiography
Echocardiography is central in assessing AS and has 
 supplanted the need for diagnostic cardiac catheterization. 
Standardized imaging planes include subcostal, apical 
 parasternal, and suprasternal imaging planes.

Parasternal long-axis views allow evaluation of leaflet 
thickening and doming of the aortic valve in systole. Imaging 
in the parasternal short-axis plane usually allows visualiza-
tion of leaflet anatomy, establishing the orientation of the 
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(a) (b)

Figure 30.2 Two-dimensional echocardiograms in the parasternal short-axis plane demonstrating (a) a bicuspid aortic valve and (b) a unicommisural 

valve with dilated aortic root.

opening plane and allowing judgment of leaflet numbers 
and structure (Figure 30.2a). A valve that appears to be 
 tricommissural in diastole (even though somewhat distorted) 
is frequently shown in systole to be essentially bicommis-
sural but with a raphe in the fused leaflet. Some degree of 
fusion is also frequently shown at one of the two commis-
sures; if marked, this can effectively produce a unicommissural 
valve (Figure 30.2b). Detailed two-dimensional and M-mode 
measurements are required to measure the aortic annulus 
and septal and free wall thickness and assess papillary 
 muscle anatomy, left ventricular dimensions, and  ventricular 

 function [27,28]. All values are compared with normal 
 values. Assessment of the adequacy of the left ventricle and 
aortic arch, mitral valve, and aortic valve is particularly 
important in critical AS in the newborn. A highly echogenic 
endocardium suggests EFE, particularly with regional motion 
abnormalities.

Pulsed-wave, continuous-wave, and color Doppler 
 interrogations assess the site and severity of obstruction and 
 associated lesions [29,30]. Assessment can be based on 
the left ventricular aortic gradient with the modified 
Bernoulli equation [31] or the valve area according to the 

Figure 30.1 Electrocardiogram 

demonstrating criteria of left ventricular 

hypertrophy. Note the dominant R wave 

in lead V6 and the deep S wave in lead V1.
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continuity equation [32]. The reliability of the simplified 
Bernoulli equation [2]:

= × 2pressure gradient 4 peak velocity

has been validated. The peak instantaneous gradient is gen-
erally significantly higher than the peak-to-peak  gradient 
recorded at cardiac catheterization [33], due partly to seda-
tion or damping in catheter systems, but mainly to the dif-
ference in the phase of the pressure pulses recorded. The 
peak instantaneous and mean gradient are higher in patients 
with higher pulse pressures, a finding which may be associ-
ated with a lesser degree of AS and increased by the presence 
of coexisting AR. There is no consistent correction factor to 
allow comparison between catheter peak-to-peak and 
echocardiographic-derived peak instantaneous calculations. 
On average, catheter-derived measurements are 80% of the 
echocardiographically derived gradient in patients with criti-
cal stenosis.

An echocardiographically acquired mean gradient correlates 
better with the catheter-derived figure [29]. With echo 
Doppler, valve area is derived from a direct application of the 
continuity equation:

V
A

V
= ×

(LVOT)
valve area (LVOT)

(AV)

where A = area, LVOT = left ventricular outflow tract, 
V = mean velocity, and AV = aortic valve. Meticulous align-
ment of the Doppler signal is essential. Because the LVOT 
and aorta share the same ejection volume, measurement is 
valid in the presence of AR.

Cardiac MRI
Cardiac MRI can accurately define aortic valve morphology 
(Figure 30.3) and also provides accurate flow velocity and 
valve gradient data using velocity-encoded cine magnetic 
resonance imaging. This demonstrates good correlation with 
Doppler-derived gradients [34].

Cardiac catheterization
Catheterization is rarely required to define the severity of 
stenosis. It is indicated in severe AS or children with symp-
toms such as syncope, dizziness, or angina with a mild to 
moderate AS. Cardiac output is measured using the Fick 
methods or thermodilution. Left and right heart catheteriza-
tion are performed. The left heart is accessed either antero-
grade with the transseptal puncture technique or in many 
centers retrograde via the femoral artery. The simultaneous 
recording of pressure in the left ventricle and ascending 
aorta is best to determine valve gradients, although a “pull-
back” of the catheter across the valve will also determine the 
gradient. The Gorlin equation is used to calculate valve area. 
This equation assumes that 100% of the pressure drop across 

the aortic valve produces flow. Discrepancies have been 
noted between valve areas calculated from the Gorlin equa-
tion and actual measured areas, with questionable increases 
during exercise and questionable measurements at low flows 
[35–37]. An in vitro model showed that the estimate from 
the Gorlin equation of a known area increased directly with 
increase in flow, so that substantial errors are to be expected 
at both low and high flows [38]. At a critical point, small 
errors become important – an area of 0.6 cm2 m−2 is on the 
margin of the severe range, and an area of 0.8 cm2 m−2 is in 
the mild to moderate range. The Gorlin equation remains 
the basis for comparisons with other methods, but it is by no 
means a true “gold standard.”

Gaining retrograde access to the left ventricle may be 
 challenging in a severely stenotic valve and requires careful, 
delicate manipulation of the catheter. Left ventricular 
 angiography allows visualization of the valve doming, tether-
ing of leaflets, and the jet of AS. This is best performed using 
cranial tilt of the left anterior oblique view and straight 

Figure 30.3 ECG-gated MRI cine bright blood with fast gradient echo 

image demonstrating trileaflet aortic valve in the short-axis view. AOV, 

aortic valve.



CHAPTER 30 Left Ventricular Outflow Obstruction

411

oblique views (usually about 60° left anterior oblique and 
30° right anterior oblique) of the annulus.

After valve dilatation, the degree of AR should be assessed. 
A typical convention describes the AR as mild if opacification 
of the left ventricle does not equal that of the aorta,  moderate 
if opacification is equalized after three cycles, and severe if it 
is equalized in less than three cycles [39]. The AR volume 
can be calculated by subtraction of net forward flow 
 (calculated by the Fick method) from the total flow derived 
from angiography.

Comparison between catheter- and 
doppler-derived gradient
In adults, catheter peak-to-peak gradients averaged about 
80% of Doppler peak instantaneous gradients with rea-
sonable correlation but moderate scatter [40]. Interestingly, 
Doppler peak instantaneous gradients in these studies 
averaged only slightly above 80% of catheterization peak 
instantaneous gradients, primarily due to poor alignment 
of the Doppler signals in adult studies. Currie et al. showed 
an excellent  correlation between simultaneous catheter 
and echocardiographic peak instantaneous gradients in 
children [41]. Assessments of mean gradients by echo 
Doppler and  catheterization are much closer, catheter 
 figures ranging from 2 to 4 mmHg higher on average than 
echo Doppler  figures. Although more accurate, the mean 
gradients  warranting intervention are less well estab-
lished. For  example, in an adult population judged to 
need  operation because valve area was <0.75 cm2, all 
patients had a mean gradient of >30 mmHg, and more 
than half >50 mmHg [42]. In children, by contrast, 11 
patients with a mean gradient in the range 17–27 mmHg 
were judged to need operation [30]. A Doppler peak 
instantaneous  gradient of 90–100 mmHg (equivalent to a 
peak-to-peak catheter gradient of >75 mmHg) or a valve 
area of 0.5 cm2 m−2 usually justifies early intervention. 
A Doppler peak instantaneous gradient of 70 mmHg 
(equivalent to a peak-to-peak gradient of ∼55 mmHg) or 
an area <0.7 cm2 m−2 warrants intervention in the presence 
of  symptoms or LVH with strain. Intervention may be 
judged appropriate in patients with a catheter or Doppler 
mean  gradient of 30 mmHg, but a level of 50 mmHg is 
more  common in older patients.

Treatment
Treatment is dictated by the severity of LVOT obstruction in 
addition to the size of the left heart structures and left 
 ventricular volume. In the majority of children with mild AS 
there may be no indication for therapy. Treatment of AS can 
be described for children before and after 1 year of age and 
in the fetus. The UK National Institute for Health and Clinical 
Excellence (NICE) guidelines report increased risk of endo-
carditis in patients with valvar disease with either significant 
stenosis or regurgitation [43].

Fetal management of aortic 
valvar stenosis

Fetuses with AS have demonstrated progressive arrest of 
growth of the left ventricle, aortic valve, and mitral valve. 
This prompted the development of in utero interventional 
treatments in an attempt to alleviate LVOT gradient and 
allow potential biventricular repair. Kohl et al. reported the 
first series of 12 patients in which seven procedures were 
successful but only one fetus survived [44]. Other early 
reports demonstrated technical success but poor outcome 
[45]. A recent study of 70 fetuses with critical AS reported 
technical success in 74% with 17 patients reaching 
 biventricular repair [46]. Nine pregnancies did not survive. 
Despite the investigators devising a multivariable threshold 
scoring system to define patients with poor prognosis, patient 
selection remains a challenge (see Chapter 16).

Management of infants younger 
than 1 year

Neonatal aortic stenosis
Infants presenting with critical AS or AS with the  hypoplastic 
left heart syndrome or a borderline left ventricle represent the 
most seriously affected group. They may undergo acute car-
diogenic collapse from ductal constriction or closure and loss 
of right ventricular systemic output. Immediate initiation of 
prostaglandin therapy is needed to re-establish cardiac out-
put. Cardiorespiratory and inotropic support and mechanical 
ventilation are required. Balloon valvoplasty is the appropri-
ate procedure in isolated AS. In neonates with a hypoplastic 
mitral valve and left ventricle, a single ventricle strategy is 
best adopted if parents agree. The most challenging group of 
patients is those with AS and a borderline left ventricle. 
Pursuing a biventricular approach in these infants may result 
in survival but at the cost of later pulmonary hypertension 
that may make cardiac transplantation impossible. Patients 
with severe AS and a small left ventricle and marked EFE may 
not respond well to valvoplasty and high left heart filling 
pressures may result in progressive  pulmonary hypertension.

The aortic valve annulus, mitral annulus, and left 
 ventricular volumes should be indexed to BSA and Z-scores 
derived. Additional features including non-apex forming left 
ventricle, hypoplastic mitral valve, EFE, infarction of 
 papillary muscles, mitral regurgitation, and retrograde flow in 
the ascending aorta should be considered in the decision for 
biventricular repair [47,48]. Specific factors associated with 
a poor outcome include end-diastolic volume < 20 ml m−2, 
left ventricular inflow dimension (aortic annulus to apex) 
<25 mm, aortic annulus <5 mm, and mitral annulus <9 mm 
[49]. The Rhodes score was derived to predict likelihood of 
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good prognosis in neonates with aortic valve stenosis. This 
correctly predicted outcome in ∼90% of patients, a discrimi-
nating score less than −0.35 predicting death:

BSA AOi LAR
MVAi

= + +
+ −

score 14.0( ) 0.943( ) 4.78( )
0.157( ) 12.03

where BSA is body surface area, AOi and MVAi are aortic 
sinus dimension and mitral valve area indexed to body 
 surface area, respectively, and LAR is the ratio of the long 
axis of the left ventricle (from the plane of the mitral valve 
annulus to the apex of the ventricle) to the long axis of the 
heart (apical four-chamber view of the distance from the crux 
of the heart to the apical endocardium, either left or right 
ventricle, whichever forms the apex of the heart) [50].

If the score is below the critical level, a single ventricle 
 palliation may be offered. There may be a higher risk of poor 
outcome in neonates with a borderline LV and significant LV 
mass in a single ventricle due to LV–RV interaction. Other 
crucial parameters in outcome are left ventricular function, 
rate, and potential for growth of left heart structures 
 postoperatively. Colan et al. highlighted that minor errors in 
 measurements of left-sided structures could result in an 
erroneous score [51].

Surgical intervention
Surgical valvotomy for isolated AS is less frequently 
required, given the improvements in interventional 
 catheterization technology and techniques. Valvotomy is 
palliative and not curative. It may be indicated if the valve 
is unsuitable for balloon valvoplasty, cannot be crossed, or 
does not respond to dilatation. Valvotomy has excellent 
results with a low mortality among patients with normal 
ventricular function. Aortic commissurotomy can be 
 performed with excellent alleviation of LVOT obstruction 
and minimal aortic valve regurgitation. When the surgeon 
attempts to abolish the valve gradient completely, moderate 
to severe AR may result. In one recent study of 36 patients 
after surgical valvotomy, 15 of whom had depressed left 
ventricular systolic function [52], there were no deaths 
among patients with normal left ventricular function but 
mortality increased to 47% among those with depressed left 
ventricular function. Several reports have demonstrated a 
good reduction in gradient with low mortality [53–58]. 
Aortic valve morphology has a significant impact on 
 outcome. Commissurotomy resulting in trileaflet anatomy 
reduced mortality (0 versus 5%) and risk of reintervention 
(33 versus 92%), aortic reoperation (45 versus 92%) and 
aortic valve replacement (57 versus 100%) compared with 
patients with BAV [59]. Actuarial survival was 100% 
 compared with 85% in favor of trileaflet valve morphology. 
A subgroup of children undergoing surgical valvotomy with 
restrictive left heart filling developed persistent pulmonary 
hypertension [60].

Balloon valvoplasty
Balloon valvoplasty is recommended in most centers if the 
severity of AS exceeds 60 mmHg gradient with a normal 
 cardiac output or an effective aortic orifice <0.5 cm2 m−2. 
Valvoplasty is also indicated in patients with LVH and strain 
or with symptoms at a lower gradient. In some centers, val-
voplasty is undertaken with a gradient exceeding 50 mmHg. 
Valvoplasty is often undertaken in children with coexist-
ing coarctation but not with other significant intracardiac 
lesions or the presence of mild or more severe aortic valve 
regurgitation.

Reports of valvoplasty in the 1980s demonstrated this to 
be an effective mode of treatment [61–63]. A balloon to 
annulus (BAR) ratio of 0.9–1.0 is advocated with many 
 centers using a balloon diameter 1 mm less than the aortic 
annulus to avoid creating significant AR. Successful valvo-
plasty is considered to be a 60% reduction in peak-to-peak 
systolic echo gradient [64–67]. A recent study reviewed 1004 
patients between 1 day and 18 years of age who underwent 
balloon aortic valvoplasty between 1985 and 2006 at 20 
European centers [68]. The mean pressure gradient decreased 
from 65 (±24) to 26 (±16) mmHg and remained stable during 
a mean follow-up of 32 months. Newborns in the study had 
the most significant disease, with 60% manifesting impaired 
LV function predilatation. Complications occurred in 15% of 
newborns, 11% of infants, and 6% of older  children. 
Freedom from intervention at 10 years was 50%. Severe 
AR may result from a tear of the valve cusp or raphe or 
valve detachment (Figure 30.4). Other complications from 

Figure 30.4 Two-dimensional echocardiogram using color Doppler 

imaging in the apical four-chamber view demonstrating severe aortic valve 

regurgitation. AO, aorta; AR, aortic valve regurgitation; LA, left atrium; 

LV, left ventricle.
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valvoplasty include arrhythmia, bleeding, stroke, thrombo-
sis, mitral valve injury, and rarely death. In the  collaborative 
Valvuloplasty and Angioplasty of Congenital Anomalies 
(VACA) Registry, four of the five deaths among 204 patients 
occurred in infants younger than 1 month, as did all three 
life-threatening arrhythmias [69]. Loss of the femoral pulse 
may occur in 10% of children younger than 1 year of age 
[70]. Failed balloon valvoplasty, defined as  residual gradi-
ent >60 mmHg or >50% of predilatation  gradient, occurs in 
up to 30% patients. Factors in such patients include a dys-
plastic thickened valve, BAR ratio <0.9, age <3 months, and 
unrepaired coarctation. Balloon valvoplasty exacerbates 
AR in 20–70% of patients, 10% of which may be severe 
[71,72].

Technical aspects of balloon valvoplasty
Aortic valvoplasty may be performed via the femoral artery, 
carotid artery, or the umbilical artery. Outcomes are similar 
with either anterograde or retrograde approaches [64]. The 
femoral artery approach is often used in older children but 
the carotid approach may be required in neonates. The 
umbilical arterial approach has been used but it limits 
 balloon manipulation. In older children, an anterograde 
approach can be used with a transseptal procedure and this 
is increasingly employed in neonates. Retrograde access can 
be achieved by placing an appropriately curved catheter 
above the aperture in the valve and advancing a small-gauge 
soft-tipped wire to the left ventricle. From an aortogram, 
the jet stream can be identified, which will aid entry into the 
left ventricle. Once entered, an extra-stiff wire with a soft 
tip can be curled in the left ventricle to maintain balloon 
stability.

The balloon should have a BAR ratio of 0.9–1.0. Firm 
control of the catheter shaft avoids displacement to either 
the left ventricle or aorta. Adenosine has been used in the 
past to produce temporary asystole and prevent valve 
 tearing during valvoplasty [73]. Rapid ventricular pacing 
has also been used to stabilize balloon inflation [74]. Full 
dilatation should be maintained for about 4–5 s, and the 
 balloon should be withdrawn to the aorta after dilation. 
Additional valvoplasty is not performed as it may exacer-
bate AR. A trivial increase in AR has been reported in 14% 
and moderate or severe AR in 4% of patients [75,76]. The 
risk of AR is greater in unicuspid valves. Permanent pulse 
loss occurred in 5–10% of patients, the risk being higher 
in infants. The use of low profile compliant balloons in 
adults achieves excellent alleviation of the aortic valve 
 gradient with no mortality or worsening of AR [77]. Left 
bundle branch block, complete atrioventricular block, 
 ventricular ectopics, and ventricular tachycardia have also 
been reported. Cardioversion or temporary pacing may 
occasionally be required. The mortality rate is 1%. The 
 success rates of balloon aortic valvoplasty and surgical 
 valvotomy are comparable [65,78].

Hybrid approach in children with borderline 
left ventricle
A hybrid approach may allow some children with a border-
line left ventricle to achieve a biventricular repair. This 
approach includes ductal stenting, balloon atrial septostomy 
(± stent implant), and banding of the pulmonary arteries. 
This approach gives the left ventricle several months to adapt 
to lower pressure and normoglycemic conditions, and may 
allow the infant to bridge to a biventricular repair [19].

Management of children older 
than 1 year

Surgical intervention
The surgical mortality is less than 2% in this age group 
[61–63]. The commissures are incised judiciously to mobilize 
the fused leaflets and yet avoid AR. Patients >1 year of age 
have a better prognosis than younger children as the left 
ventricle is capable of sustaining cardiac output. Survival 
after surgical valvotomy is 95% at 5 years, 85% at 15 years, 
and 75% at 25 years [79]. Mild to moderate AR was reported 
in 10–28% of patients after valvotomy; AR may progress 
and be underestimated on clinical examination. In the 
Second Natural History Study, moderate or severe AR was 
diagnosed at follow-up of unoperated patients in 8% by 
 clinical evaluation and 24% by echocardiography [80]. 
Among the operated patients, these figures were 12 and 
30%, respectively. The need for reoperation begins 4–5 years 
after the first procedure, and up to 40% of patients require a 
second operation by 25 years [80].

Surgical intervention may include a Ross procedure, in 
which the pulmonary valve is placed within the aortic valve 
position and a biological valve replaces the native  pulmonary 
valve. This procedure has the benefit of the valve growing as 
the child grows and avoids the need for anticoagulation. It 
tends to be favored in young children and older adults. It 
remains an option for younger adults. In a recent study of 
487 patients who underwent the Ross procedure, survival 
was 82% at 16 years and hospital mortality 3.9% [81]. 
Freedom from reintervention was 82% and from autograft 
failure was 83%. Other studies have demonstrated similar 
freedom from valve reintervention of 95% at 8 years of 
 follow-up [82]. A disadvantage of the Ross procedure is 
 operating on both semilunar valves in a single valve disease. 
There have been several reports of neoaortic root dilatation, 
usually most dramatic in the first year, after which it levels off 
[83,84]. In a small group of patients, significant AR  developed 
particularly when the Ross procedure was undertaken for AR 
[85,86]. The degree of AR is usually mild and remains 
 relatively static. The need for further aortic valve replacement 
is 10% over 20 years. Additional postoperative complications 
include pulmonary homograft obstruction, usually amenable 
to balloon dilatation or percutaneous valve implantation. 
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Patients with combined AS and SAS may undergo a 
 Ross–Konno procedure in which the subvalvar area is 
 extensively reconstructed using an aortic  ventriculoplasty.

Balloon valvoplasty
Balloon valvoplasty remains the treatment of choice in older 
children as it is less invasive and avoids cardiac bypass. 
Gradients on average are decreased from 70 mmHg or higher 
to 30 mmHg [69,87,88]. In the VACA study, 192 of 204 patients 
showed some benefit [69]. In patients in whom the BAR ratio 
is 0.9–1.0, there is minimal risk of valve damage and  significant 
AR. Annulus size should be measured by echocardiography 
and aortography to ensure accurate measurement.

Prognosis
Long-term prognosis is worse in those presenting at a 
younger age with a significant obstruction or left ventricular 
dysfunction. Continued medical management helps preserve 
left ventricular function and minimize the risk of both 
 sudden death and heart failure. Many patients will require 
future aortic valve replacement. Approximately 50% of 
patients avoided the need for aortic valve replacement at 10 
years following balloon valvoplasty [68]. Long-term survival 
has been around 75% at 5 years, 60% at 10 years, and 40% 
at 15 years [89]. Although intervention in patients with 
 aortic valve stenosis is often palliative, exercise capacity, 
NYHA status, and survival are generally good.

Percutaneous aortic valve replacement
Percutaneous aortic valve implantation (PAVI) is a procedure 
gaining popularity and becoming more widely used for the 
treatment of patients with severe AS at high risk for 
 operation. Two devices are under evaluation, the CoreValve 
ReValving System and the Edwards SAPIEN valve [90]. Both 
devices are generally deployed retrogradely, mainly trans-
femorally or via the subclavian artery, or, less commonly, 
transapically. Initial experience has been encouraging, with 
good short-term outcomes. Long-term data are lacking. 
Currently PAVI is advocated only for symptomatic high-risk 
older patients with AS. One series reported a reduction in 
peak LVOT gradient from 83.8 ± 23 to 12.6 ± 6 mmHg [91]. 
In a recent study of 30 adult patients (mean age 80 years) 
who underwent PAVI using the CoreValve ReValving System 
[92], implant was successful in 90% of patients with a reduc-
tion of peak from 76 ± 24 to 22 ± 7 mmHg at 30 days after 
device placement. Major adverse cardiovascular and cerebral 
events occurred in seven patients.

Subaortic stenosis

Subaortic stenosis (SAS) is a heterogeneous group of condi-
tions that are either isolated in one-third of patients or 
 associated with specific congenital cardiac lesions including 

 atrioventricular septal defect, ventricular septal defect, 
 coarctation, interrupted aortic arch, or double-chambered 
right ventricle [93–95]. It may develop after surgical repair 
of primum atrial septal defect [96]. SAS accounts for 15–20% 
of patients with LVOT obstruction and may be familial 
[97,98]. It is more common in males. In Shone syndrome, it 
is associated with a supravalvar mitral ring, parachute mitral 
valve, and coarctation of the aorta [99]. SAS is not a con-
genital lesion and typically develops after infancy [2,100].

Pathology
The most common forms of SAS include fibromuscular ridge, 
discrete membrane, and tunnel SAS. These may be com-
bined, for example, a ridge with a discrete membrane. The 
membrane or ridge may extend to either the anterior leaflet 
of the mitral valve or the undersurface of the aortic valve 
leaflets. Histologically the ridge consists of irregularly 
 oriented acellular dense collagen fibers, smooth muscle cell 
layer, elastic tissue, and abnormal myocytes with their own 
capillaries. There may be an intermediate group possessing 
some characteristics of ridge and membranous obstruction. 
Long narrow tunnel SAS can also occur in Shone syndrome. 
The degree of obstruction is SAS varies and may cause LVH. 
Some patients have an associated bicuspid aortic valve and a 
variable degree of AS. Over time, aortic valve function may 
be compromised by a systolic jet striking the aortic valve 
leaflets and in 40% of patients AR develops [101,102]. Aortic 
valve deformation may also result from extension of the 
ridge or membrane on to the aortic valve [103]. Feigl et al. 
described the involvement of at least one cusp of the aortic 
valve in 16 of 18 postmortem specimens and speculated that 
this is the mechanism of aortic valve damage and AR [104].

Pathogenesis
Although one fetus has been reported with SAS, the lesion 
develops after infancy and is recognized as an acquired con-
dition [105]. The etiology is not fully known. An increased 
aortoseptal angle, increased mitral–aortic separation, and 
aortic override have been implicated in its development 
[106,107]. One study in patients with ventricular septal 
defect and coarctation reported an increased risk of SAS 
developing in patients with aortoseptal angle >135° or 
mitral–aortic separation >4 mm. The positive predictive value 
was 83% and the negative predictive value was 90% [107]. 
Another study demonstrated aberrant flow patterns by color 
Doppler flow in the LVOT proximal to the region of SAS, 
probably reflecting abnormal flow which would result in 
abnormal wall stress and endothelial proliferation [108].

Natural history
SAS tends to progress [109–111]. The median age of diagno-
sis is typically between 5 and 9 years [112,113]. Progression 
occurs in 75%, particularly in tunnel-type SAS and in 
patients younger at the time of diagnosis. The increase in 
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gradient across the LVOT may relate to an increase in 
 thickness of the membrane or ridge or a narrowing of the 
LVOT tract in the tunnel-type obstruction [114]. This causes 
further septal and LVH that exacerbates the LVOT gradient. 
Detection of SAS has increased since the widespread 
 availability of echocardiography and has resulted in its ear-
lier diagnosis. Patients with coarctation, interrupted aortic 
arch type B, or double-chambered RV should be examined 
 carefully because of an increased risk of SAS [115].

Over time, the SAS jet deforms the aortic valve and causes 
regurgitation. One study reported aortic regurgitation in 
30% of patients at diagnosis, and this increased to 54% at a 
mean follow-up of 3.7 years [113]. Another study of 220 
patients with SAS (109 of whom had SAS resection and 111 
had no surgery) showed that risk factors for moderate to 
severe aortic regurgitation were older age at diagnosis, 
 previous balloon or surgical aortic valvoplasty, and a longer 
follow-up period [102]. Excluding patients with previous 
surgical or balloon aortic valvoplasty, a higher maximal 
Doppler gradient was an independent risk factor for  moderate 
to severe AR. Although there is an increased risk of bacterial 
endocarditis, the incidence is low.

Clinical findings
Many children with SAS are asymptomatic and have a short 
systolic murmur. As the SAS progresses to moderate or 
severe obstruction, symptoms may include fatigue, dyspnea, 
syncope, or rarely chest pain. Physical findings may include 
a prominent left ventricular impulse, and at the left lower to 
right upper sternal edge a long ejection systolic murmur 
radiating to the carotid arteries. The A2 component softens. 
In some patients with aortic regurgitation, a diastolic  murmur 
can be detected. Differentiating SAS from valvar AS may be 
challenging. Typically, an ejection click is not heard except in 
those with a BAV and AS.

Chest radiography is typically normal. Unlike valvar AS, the 
ascending aorta is not prominent. The electrocardiogram may 
demonstrate left ventricular hypertrophy with strain in patients 
with severe LVOT obstruction. The electrocardiogram, how-
ever, may not detect progressive severe LVOT obstruction.

Echocardiography
Echocardiography is the diagnostic modality of choice. 
A thorough segmental analysis should be performed in all 
patients. Two-dimensional imaging is performed in stand-
ard views (Figure 30.5). Color Doppler and spectral Doppler 
interrogation of the LVOT complete the data set. The 
 anatomic details of the LVOT and involvement of the aortic 
valve and mitral valve leaflets should be evaluated care-
fully. Doppler interrogation of the LVOT should start at the 
LV apex in the four-chamber view and the cursor moved 
across the LVOT to the ascending aorta to determine the 
peak instantaneous gradient. The severity of AR should 
be  determined using the vena contracta diameter, aortic 

 annulus/vena contracta ratio, and the presence of retro-
grade flow in the descending aorta [102,116–118]. 
Typically,  measurement of the aortoseptal angle and mitral 
aortic  separation is not performed [107]. In older patients, 
 transesophageal echocardiography may be required for 
 accurate analysis of SAS [119].

Cardiac catheterization
Cardiac catheterization is rarely needed in patients with SAS. 
If transthoracic echocardiography cannot define the subaortic 
gradient or severity of AR, then transesophageal echocardi-
ography usually provides this information. In patients with 
coexisting valvar AS and SAS, a gradient  pullback will help to 
define the location of the gradient as being primarily at the 
valvar or subvalvar level. If a left  ventriculogram is performed, 
the optimal angiographic views of the LVOT are biplane axial 
angiography and cranial angulation in either left anterior 
oblique or lateral projections. Aortic angiography quantifies 
the severity of AR. Balloon angioplasty of SAS can be carried 
out, but the results are mixed [120].

Management – surgical intervention
Surgical resection usually involves ridge or membrane 
 excision or enucleation, with or without surgical myectomy 
[121–123]. It remains contentious whether myectomy is 
required and whether this reduces risk of recurrence 
[123,124]. Any membrane or ridge that has extended on to 
the undersurface of the mitral valve or aortic valve leaflets is 
carefully peeled from the valve [125]. There is a very low 
morbidity and mortality from isolated membrane or ridge 
resection. A myectomy may increase the risk of complete 
heart block. Recurrence has been reported in 7–25% of 
patients at a mean follow-up of 4–5 years [123–128].

Figure 30.5 Two-dimensional echocardiogram in the parasternal long-axis 

view during systole demonstrating discrete fibromuscular ridge (arrow) in the 

subaortic region. Aortic valve leaflets (thin arrows) lie against aortic wall. 

AOV, aortic valve; LA, left atrium; LV, left ventricle; SAS, subaortic stenosis.
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Progressive AR may occur in patients with unoperated 
SAS. Children with mild SAS gradients often exhibit little 
progression of valve dysfunction [121]. In those with a 
higher gradient, AR may progress after surgical intervention 
[121,129]. Endocarditis is rare after surgical intervention 
[121]. Indications for operation in fixed SAS remain conten-
tious. Because the incidence of residual stenosis is increased 
in patients with a high preoperative gradient [130], and AR 
is associated with more severe obstruction, some have 
 advocated excision or enucleation with a catheter gradient 
of 25–30 mmHg or a mean Doppler-derived or catheter-
measured gradient of 30 mmHg [130,131]. Others recom-
mend operation when the gradient is higher, or when there 
is progression of obstruction or regurgitation, because some 
patients with a mild or moderate gradient remain stable for 
many years. Surgical resection is generally recommended 
when the Doppler-derived peak instantaneous gradient 
is >50 mmHg or when there is associated mild or greater AR. 
Serial echocardiography is required to evaluate progression 
of SAS and AR. A model exists to predict the progression of 
the SAS gradient [132].

Patients with tunnel-type SAS undergo a Konno  procedure 
in which the LVOT is augmented by an aortoventriculoplasty 
or valve replacement [133,134]. There is a higher risk of 
complete heart block with the Konno procedure [135]. In 
some patients who require aortic valve replacement also, a 
Ross–Konno procedure is undertaken [136]. Progressive 
dilatation of the neoaortic root may occur in the Ross 
 population, particularly in patients with mismatch between 
the sizes of native aortic and pulmonary valves [137].

Recurrence of SAS
Recurrence risks range from 7 to 25% [123–128]. In a study 
of 111 patients following successful surgical resection of SAS 
[125], predictors of reoperation in 16 patients (14%) were a 
distance of <6 mm between the aortic valve and the obstruc-
tion and a Doppler peak gradient ≥60 mmHg. If intraopera-
tive variables are also considered, peeling of the membrane 
from the aortic valve or mitral valve at first operation, a 
 distance of <6 mm between the SAS and the aortic valve, 
and a Doppler peak gradient ≥60 mmHg were associated 
with recurrence. Dodge-Khatami et al. studied 58 patients 
and found younger age at operation, complex defects, 
 residual postoperative gradient, and an aberrant right 
 subclavian artery increased recurrence in 19% of patients 
[127]. Myectomy in addition to membrane resection, even 
in simple lesions, did not reduce the risk of reoperation.

Supravalvar aortic stenosis

Supravalvar aortic stenosis (SVAS) accounts for 6% of LVOT 
obstruction [138]. There is a strong association with Williams–
Beuren syndrome, an elastin gene mutation on chromosome 

7q11.23 [139]. Features of the syndrome include a charac-
teristic “elfin” facies, hypercalcemia, and developmental 
delay [140]. Half of SVAS occurs in patients with Williams 
syndrome. Familial SVAS has been described in an autosomal 
dominant pattern (25% of patients) [6]. A further 25% of 
patients have sporadic SVAS. SVAS has been reported in 
37–73% of patients with Williams syndrome [141].

Pathology
The classic pattern of SVAS is an “hourglass” deformity of 
 fibromuscular hypertrophy at the level of the sinotubular 
 junction. The stenosis is a localized, hourglass deformity of the 
ascending aorta in 80% of patients and more diffuse in 20% 
[142]. The aortic wall at this level has a characteristic patho-
logic appearance involving all three layers with intimal hyper-
plasia, fibrosis, loss of the internal elastic lamina with indistinct 
intimal medial junctions, medial hypertrophy and dysplasia 
with distorted elastic fibers, and adventitial fibroelastosis [143].

One-quarter of patients have associated BAV [144]. As 
many as 60% of patients have coexisting branch pulmonary 
arterial stenosis which may extend into the distal branch 
pulmonary arteries and varies from mild to severe [145]. 
Other associations include renal artery stenosis, mitral valve 
stenosis/regurgitation, atrial and ventricular septal defect, 
PDA, and coarctation.

The coronary arteries may be obstructed at the ostial 
 origin or the arterial wall may be involved by the medial 
hypertrophy, intimal fibrosis, and hyperplasia. This may 
cause myocardial ischemia or myocardial infarction.

Pathophysiology
The degree of obstruction correlates with the degree of 
left ventricular hypertension and LVH. Coronary arterial 
involvement produces myocardial subendocardial ischemia 
particularly when associated with significant LVH. The jet 
through the supravalvar narrowing often hugs the aortic 
wall (Coanda effect), with the right brachial artery pressure 
being greater than the left.

Natural history
Half of patients present at <5 years of age. This syndrome is 
rarely diagnosed initially in adulthood. Patients with Williams 
syndrome and severe generalized arteriopathy have a higher 
mortality than children without an underlying genetic 
 condition. Peripheral pulmonary arterial stenosis may affect 
the course of patients with Williams syndrome. Those with 
extensive pulmonary arterial disease may be relatively 
asymptomatic and survive for a prolonged period, as even 
severe pulmonary arterial stenosis tends to improve over 
time [146,147]. Patients with suprasystemic RV pressure, 
however, have a poorer prognosis [148].

Echocardiography
Imaging from the parasternal and suprasternal windows 
identifies the pattern and site of obstruction. In patients with 
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an hourglass deformity or diffuse hypoplasia of the  ascending 
aorta, the diameter of the proximal ascending aorta is less 
than that of the aortic annulus. Careful imaging is required 
to detect coronary ostial abnormalities; intermittent  coronary 
artery obstruction by tethered aortic valve leaflets may 
be difficult to diagnose. The aortic valve morphology and 
gradient across the LVOT are assessed. Serial obstruction 
(at the valve and supravalvar level) may result in an over-
estimation of the gradient, whereas the modified Bernoulli 
equation may underestimate the gradient when there is 
long-segment stenosis. Echocardiography may also identify 
branch pulmonary arterial stenosis and elevated right 
 ventricular systolic pressure.

Cardiac catheterization
Catheterization may complement echocardiography. 
Cineangiograms demonstrate the extent and morphology of 
SVAS, involvement of the coronary arteries (Figure 30.6), 
and the degree of involvement of the branch pulmonary 
arteries. Pulmonary arterial stenosis may include discrete 
stenosis at the origin of the pulmonary arterial origins or 
 diffuse branch pulmonary arterial stenosis [145,149].

Magnetic resonance imaging
MRI can assess the extent and severity of SVAS using 
black blood and gradient spin echo sequences. Phase 
 contrast imaging can assess the velocity of blood flow 
through the area of obstruction. Additionally, quantifica-
tion of left ventricular systolic function, LV mass,  pulmonary 
arterial stenoses, and pulmonary arterial flow can be 
 performed [150].

Management – surgical intervention
Surgical repair is the treatment of choice for SVAS, and 
 balloon angioplasty has no role except for pulmonary  arterial 
stenosis. Patients with symptoms, left ventricular strain pat-
tern on electrocardiography or gradients >50 mmHg at car-
diac catheterization or 75 mmHg at echocardiography require 
surgery. Patch angioplasty extends from above the area of 
stenosis down to the aortic sinuses [151,152]. There is a low 
mortality but reintervention may be required in up to 
10–20% of patients for restenosis at the distal end of the 
patch. Patients with BAV may require valve replacement or 
the Ross procedure [153].

Bicuspid aortic valve

Bicuspid aortic valve (BAV) is the most common congenital 
cardiac anomaly [154] It usually occurs in isolation but is 
associated with coarctation of the aorta, interrupted aortic 
arch, ventricular septal defect and hypoplastic left heart 
 syndrome [155–158]. There is a high incidence in Turner 
syndrome [159]. BAV may be familial, transmitted in an 
autosomal dominant fashion, or occur sporadically [160]. 
There is a male predominance of 2–4:1 which suggests an 
X-linked etiology. Mutations in the NOTCH1 gene (chromo-
some 9) may cause signal abnormalities which give rise to 
valvar calcification in addition to a bicuspid valve [161]. 
Downregulation of ubiquitin fusion degradation 1-like 
(UFDIL) gene on chromosome 22 has also been implicated 
[162]. Other genetic associations include 22q11 deletion, 

(a) (b)

Figure 30.6 Frames from cineangiograms in two patients with supravalvar aortic stenosis and dilatation of aortic valve ring and sinuses. (a) Injection 

into left ventricle in right anterior oblique projection in a 15-year-old girl with severe stenosis (arrowhead) above the aortic valve. The diameter measured 

15 mm compared with 26 mm across the aortic sinus. The left coronary artery (L) is dilated. (b) Left ventricular injection in left anterior oblique projection 

in a 7-year-old boy with moderate supravalvar stenosis (arrowhead), diameter 6 mm. The ascending aorta is mildly hypoplastic, diameter 12 mm. The aortic 

valve leaflets are thickened and domed, and adherence of the left leaflet obstructed flow into the dilated left coronary artery (L).
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ACTA2 gene mutation, and endothelium-derived nitric 
 synthase expression [163,164].

Pathology
In BAV, the deficient or absent commissure is intercoronary 
in half of patients. The functional commissures are right 
anterior and left posterior, although the degree of obliquity 
may vary. When either the right noncoronary or the left 
noncoronary commissure is deficient, the commissures are 
left anterior and right posterior. In most patients, the com-
bined leaflet is larger than the single leaflet. If a raphe cannot 
be identified, the valve is classified as indeterminate when 
the coronary arteries arise from separate sinuses.

Fewer than 10% of valves have equal sized cusps and two 
sinuses of Valsalva. Right and left coronary cusp fusion 
occurs in 80%, right and non-coronary cusps in 15%, and 
left and noncoronary cusps in 3% [165]. Echocardiographic 
studies have shown right–left fusion in 70% of cases and 
right–noncoronary fusion in 30% [166]. Usually the larger 
cusp has two sinuses and the nondominant cusp has a single 
sinus. The valve appears like a fish mouth because of partial 
valve opening. Unicuspid and quadricuspid valves are less 
common. Most BAV are non-stenotic but flow turbulence 
gives rise to a systolic murmur.

The aortic wall often demonstrates three distinctive 
 histopathologic features: loss of vascular smooth muscular 
cells, fragmentation of elastic fibers, and increases in 
basophilic ground substances within cell-depleted areas of 
the ascending aorta media [167]. Patients with BAV demon-
strate a reduction in fibrillin-1 relative to those with a 
 trileaflet valve [168]. Fibrillin-1 is a glycoprotein which 
maintains the structural integrity of the wall and leaflets 
by tethering vascular smooth muscle cells to a matrix of 
 collagen and elastin.

Incidence
Various studies have reported the incidence to be from 0.44 
to 2.25% [169–171], the variability reflecting reporting 
based on patients with infective endocarditis or a predispo-
sition to males. The incidence is probably closer to 1%, 
as found in a study of 293 bicuspid valves among 21 417 
postmortem specimens [172].

Natural history
Typically, BAV thicken and calcify over the decades. Early 
signs of calcification become evident in the second to third 
decade of life and most patients in their sixth decade have 
calcified sclerotic valves. Progressive calcification results in 
valvar stenosis, but eventually AR may predominate. Valve 
deterioration may be accelerated in patients with right– 
noncoronary fusion compared with right–left fusion [16]. In 
children there is often little valve dysfunction and as the 
child develops into a young adult AR predominates. Older 
age is associated with increasing AS. Pachulski and Chan 

studied 51 patients from 21 to 67 years old, 31 of whom had 
a peak gradient <25 mmHg [173]. Over a mean follow-up of 
21 months, 4/31 patients developed severe AS and 3/31 
developed significant AR. Once older patients become symp-
tomatic with congestive heart failure, the mean survival is 
2 years [174]. Isolated AR tends to occur in a younger 
patient. This is better tolerated than AS, although in patients 
with significant AR left ventricular dilatation may result in 
 progressive left ventricular dysfunction.

Aortic root dilatation
The diameters of the ascending aorta and aortic root are 
 significantly dilated with BAV compared with a trileaflet 
valve. Dilatation of the root and ascending aorta was present 
in 56% of persons <30 years old and in 88% of those >80 
years old [175]. The rate of growth of the ascending aorta 
ranges from 0.2 to 1.9 mm per year [176]. Larger aortas have 
a greater rate of growth and a high risk of rupture when the 
aortic diameter reaches 6 cm. For patients with aortic  diameter 
>6 cm, the annual risk of rupture was 3.6%, dissection 3.7%, 
and aorta-related death 10.8% [177]. Serial review of these 
patients should include echocardiography, MRI or ECG-gated 
multidetector CT with three-dimensional reconstruction.

First-line medical therapy includes beta-blockers, but 
there is no evidence to suggest that ACE inhibitors, statins, 
or ACEII receptor blockers have a role [178,179]. Recent 
published criteria for surgical intervention include aortic 
diameter >4.5 cm when other clues indicate severe disease 
or if there is rapid dilatation of the aorta of >0.5 cm per year 
[180]. Surgical intervention is rarely needed in  childhood.

Echocardiography
Two-dimensional echocardiography in the parasternal long 
and short axes allows detailed imaging of the valve. Pulse- 
and continuous-wave Doppler can quantify the LVOT 
 gradient from the apical four-chamber and suprasternal 
views. Color Doppler imaging allows the determination of 
AR in the parasternal long- and short-axis views. The aortic 
valve morphology can be assessed in parasternal short-axis 
views and doming of the aortic valve can be visualized in 
parasternal long-axis views (Figure 30.7). Close attention to 
the pulmonary valve to assess the degree of regurgitation is 
important in assessing suitability for the Ross procedure.

Cardiac MRI
Black-blood double inversion–recovery fast spin-echo 
 imaging of the ascending aorta can be performed in a sagittal 
plane to provide accurate aortic arch and root dimensions. 
Cine bright blood steady-state precession with fast gradient 
echo image demonstrates the systolic flow jet through 
the stenotic valve (Figure 30.8). Magnetic resonance angi-
ography with three-dimensional reconstruction following 
 gadolinium administration allows excellent delineation of 
the aortic arch [181].



CHAPTER 30 Left Ventricular Outflow Obstruction

419

Figure 30.7 Two-dimensional echocardiogram in the parasternal 

long-axis view demonstrating prominent doming of bicuspid aortic valve.

(a) (b)

Figure 30.8 ECG gated cardiac MRI of an ascending aorta aneurysm with bicuspid aortic valve, cine bright blood steady-state precession with fast 

gradient echo image in the (a) coronal and (b) sagittal views.

CT imaging
Spiral CT angiography is generally used for routine arch 
evaluation. Where indicated, multidetector CT with three-
dimensional reconstruction should be used with minimum 
radiation using ECG-gated imaging [182].

Management – surgical intervention
In patients with significant AR, aortic homograft replace-
ment, or Ross procedure are potential surgical interventions. 
Increasingly, older patients with other co-morbidities may 
be candidates for percutaneous CoreValve replacement for 
significant AS.

Surgical repair of BAV has become more popular recently 
in patients with isolated AR secondary to cusp disease, with 
or without aortic root disease. Boodhwani et al. reported 122 
patients who underwent surgery for AR (43%), aortic root 
disease (14%), or both (43%) [183]. Raphe repair was 
 performed by shaving (21%), resection with primary closure 
(60%), or pericardial patch (18%). Aortic annuloplasty was 
undertaken using sub-commissural annuloplasty, ascending 
aortic replacement, or aortic root replacement using a 
 reimplantation or remodeling technique. At discharge, 93% 
of patients had either no or minimal aortic regurgitation and 
7% grade 2 aortic regurgitation. Freedom from aortic valve 
reoperation was 94 and 83% at 5 and 8 years follow-up and 
freedom from aortic valve replacement was 96 and 92%, 
respectively.

In patients in whom aortic valve repair is not possible, 
prosthetic valve replacement is a successful option. A recent 
adult study of 1000 patients, mean age 70 years, who 
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 underwent Carpentier–Edwards valve replacement, at a 
mean follow-up of 6 years reported surgical mortality of 7% 
with only 2.6% of patients requiring reoperation [184].

Endocarditis and bicuspid aortic valve

A recent study reported 50 adult patients with BAV develop-
ing endocarditis among 856 patients [185]. Patients with 
BAV were younger, had fewer co-morbidities, and had a 
higher risk of paravalvar abscess formation. Surgery was 
required in 72% of patients with BAV with a perioperative 
mortality of 8%. The UK NICE guidelines report that patients 
with aortic valve disease including stenosis or regurgitation 
have an increased risk of endocarditis [43].
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Introduction

In hearts with concordant ventriculoarterial connections, the 
left ventricular outflow extends from the area of fibrous 
continuity between aortic and mitral valves to the sinutubular 
junction between the ascending aorta and sinuses of Valsalva 
[1]. It thus encompasses portions of the left ventricular free 
wall, the muscular and membranous interventricular septums, 
the aortic valvar leaflets, arterial wall of the aortic sinuses, and 
the ostia of the coronary arteries. Although “left ventricular 
outflow obstruction” (see Chapter 30) is widely used to describe 
a variety of anomalies that impede blood flow through any 
portion of this area, from the left ventricle into the systemic 
circulation, its hemodynamic opposite, “left ventricular outflow 
regurgitation,” is a less familiar concept. These are lesions 
which place a volume overload on the left ventricle, 
independent of a shunt, and cause the systemic blood pressure 
to approximate that in the left ventricle during diastole. The 
morphologic substrates for left ventricular outflow regurgitation 
include aortic, neo-aortic, and prosthetic valve disease, left 
ventricular aortoventricular tunnel, sinus of Valsalva fistula to 
the left ventricle (see Chapter 25), and coronary arterial fistula 
to the left ventricle (see Chapter 48). Although this chapter 
addresses only the first two and is limited to normally connected 
hearts, obstruction and regurgitation may also affect the left 
ventricular outflow of hearts with discordant, solitary or 
double-outlet ventriculoarterial connections.

Incidence

Regurgitant lesions of the left ventricular outflow tract are 
rare in children, yet encompass a wide spectrum of congenital 
and acquired pathology. They may be conveniently divided 

into those affecting primarily the valvar leaflets (Table 31.1) 
and those in which regurgitation results from disease of the 
supporting vascular wall, with or without leaflet involvement 
(Table 31.2).

Because it is the commonest congenital heart defect, 
affecting ∼1% of the population, a two-leaflet aortic valve is 
probably the most common cause of aortic regurgitation. 
However, in the absence of balloon valvoplasty, only about 
7% of children with a bicuspid valve develop aortic 
regurgitation of at least moderate severity [2], and this 
generally presents with some degree of obstruction after 
about 8 years of age. In infancy, the most common cause of 
left ventricular outflow regurgitation is aortoventricular 
tunnel [3].

Embryology

The leaflets and sinuses of the aortic valve derive from two 
embryologic components of the developing proximal outflow 
tract [4]: the septal endocardial cushion, with an ephemeral 
neural crest contribution, gives rise to the right and left 
coronary aortic sinuses and leaflets, while the noncoronary 
leaflet and sinus are formed from the rightward, inferior 
(aortic) intercalated cushion or “disc.” Before this time, 
approximately Carnegie stages 18–20 in the human embryo, 
the septal and parietal cushions have fused progressively from 
the distal to the proximal outflow tract, dividing it into aortic 
and pulmonary trunks, with the so-called “dog-leg bend” 
indicating the ultimate site of sinutubular junctions. By 
mechanisms not yet fully understood but possibly related to 
changes in the extracellular matrix, myocardium that 
surrounds the developing valvar sinuses then regresses, leaving 
the right ventricular outflow supported by a free-standing 
muscular infundibulum, and the left communicating with the 
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extracardiac space. Coronary arteries grow through this 
muscular cuff before its disappearance, into what become 
the left and right aortic sinuses, when the leaflets and sinuses 
finally assume their respective tissue types.

The commonest type of bileaflet (or bicuspid) aortic valve 
is that in which the right and left coronary leaflets are fused, 
with both coronary arteries arising from the conjoined R–L 
sinus. This morphology is associated most often with 
coarctation of the aorta and aneurysms of the ascending 
aorta. In contrast, valves with fusion of the right and 
noncoronary aortic leaflets retain a coronary orifice in each 
sinus and tend to have more rapidly progressive stenosis and 
regurgitation. Observations in hamsters and mice [5] suggest 
that the former result from abnormal fusion of the septal 
cushions (or their contributions from the neural crest or 
second heart field), whereas the latter are produced by fusion 
of the septal cushion with an intercalated disc. Interestingly, 
fusion of the left and noncoronary aortic leaflets is exceedingly 
rare, and it is this commissure with its interleaflet triangle 

that is virtually always conserved in the neonatal “unicusp” 
aortic valve [6]. Aorto-left ventricular tunnels are found in 
the tissue plane between the definitive aortic and pulmonary 
trunks, nearly always lie above the right or left aortic sinus, 
sometimes involve coronary arterial ostia, may be associated 
with bicuspid aortic or pulmonary valves, and usually 
communicate with the ventricle through the fibrous 
interleaflet triangle between left and right aortic leaflets, all 
of which support speculation that they too represent 
malformations of septal cushions, perhaps at an earlier stage 
of development [3].

Aortic regurgitation

Pathologic anatomy
Regurgitation through the aortic valve occurs whenever 
there is loss of coaptation between the leaflet free edges or 
a defect within the body of a leaflet. With inflammatory 

Table 31.1 Valvar causes of aortic regurgitation and their genetic or immunologic associationsa.

Condition    Incidence  Association Ref.

Congenital valvar malformations One leaflet

Two leaflets

Four leaflets

Five leaflets

1% of population

<0.008% at autopsy

3 reported patients

NOTCH1 26,27

28

29

Trauma Blunt chest injury 30

Balloon valvoplasty

Atrial septal defect occluder ∼1% 31

Metabolic storage disease Gaucher disease type 3

Mucopolysaccharide disorders

D409H 32

33

Nonsyndromic myxomatous valve 

dystrophy

Xq28 34

Skeletal dysplasia Omani-type spondyloepiphyseal dysplasia CHST3 35

Secondary to other cardiac 

malformations

Ventricular septal defect

Subaortic stenosis

Common arterial trunk

Aorto-left ventricular tunnel

Inflammation Rheumatic fever

Systemic lupus erythematosus

10% of children with 

acute rheumatic fever

∼13% of children with SLE

36

37

Infection Endocarditis

Postoperative TGA – arterial switch operation 10–50% 38,39

Damus–Kaye–Stansel procedure ∼5% 40

Ross operation (pulmonary autograft) 10–30% 41

Parental consanguinity 42

Drugs Ecstasy

Ergot alkaloids, serotonin uptake inhibitors, 

and ergot-derived dopamine agonists

43

44

aTGA, transposition of the great arteries; SLE, systemic lupus erythematosus.
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processes, such as rheumatic fever or autoimmune diseases, 
the leaflets become thickened with subsequent scarring that 
shortens their body and retracts the now bulky, rolled free 
edges from each other. This contrasts with regurgitation 
resulting from aneurysmal expansion of the aortic root, 
where, initially at least, normal, thin leaflets are stretched 
across an enlarged outflow, allowing central regurgitation.

In patients with ventricular septal defect and aortic regur-
gitation, one leaflet of the valve (usually the right coronary 
cusp) is poorly supported and “sucked” down into the defect 
by a Venturi effect, usually with elongation of the body of 
the cusp. Enlargement of the leaflet conserves coaptation, 
but eventually the prolapsed leaflet becomes thickened and 
retracted, resulting in valvar regurgitation. Subaortic steno-
sis may cause aortic regurgitation by two mechanisms: accel-
eration of an eccentric jet of blood through the fibrous ring 
damages the ventricular surface of the valve or, less fre-
quently, the membrane extends up onto the ventricular 
aspect of a leaflet and restricts its mobility.

Congenitally malformed valves, generally with two leaflets, 
may have shortening of the leaflet free edge relative to the 
valve circumference. This results from abbreviated interleaflet 
triangles [6] and leaves insufficient tissue for effective coapta-
tion. Alternatively, the conjoined leaflet, when larger and 
lacking in support by a normal interleaflet triangle, may pro-
lapse into the ventricle and fail to oppose its opposite number. 
If the “raphe” of the fused leaflet is anchored to the wall of the 
aortic sinus by a thread of fibrous tissue, rupture of this struc-
ture allows sudden leaflet prolapse and produces acute regur-
gitation in a previously competent bicuspid valve.

Discrete holes in a leaflet are usually produced by infec-
tion, but are sometimes due to a wayward suture during 
ventricular septal defect closure, damage during surgical 

enlargement of a ventricular septal defect or resection of 
subaortic stenosis, and inappropriate resection of infundibu-
lar muscle during repair of tetralogy of Fallot. These latter 
complications tend to occur near the leaflet hinge points. In 
regurgitation following balloon valvoplasty or blunt chest 
trauma, it is usually the mid-portion of a leaflet that is rup-
tured completely from free edge to hinge point.

In all of the above, regurgitation through the valve causes 
turbulence and shear stress, producing further distortion of 
the leaflet tissue, which progressively intensifies valvar dys-
function.

Pathophysiology
Chronic aortic regurgitation subjects the left ventricle 
simultaneously to increased preload from the regurgitant 
volume, and to increased afterload from greater wall stress 
resulting both from increased end-diastolic volume and 
systolic hypertension when an enlarged stroke volume is not 
accommodated within the systemic vascular compliance. 
Early on, compensation at a molecular level by division of 
myocardial sarcomeres, combined with enlargement of 
myofibrils and myocytes, produces eccentric ventricular 
hypertrophy. This conserves the ratio of cavity radius-to-
wall thickness and maintains normal wall stress and normal 
systolic function. With time, ventricular hypertrophy 
becomes insufficient to compensate for progressive cavity 
dilatation, resulting in impaired systolic function. 
Subsequently, elevation of end diastolic pressure transmits 
pressure back into the left atrium and pulmonary circulation, 
while reduction of coronary arterial flow occasionally 
compounds heart failure from aortic regurgitation with 
myocardial ischemia. Pathologic hypertrophy and dilatation, 
and also some degree of systolic dysfunction, are reversible, 

Table 31.2 Vascular causes of aortic regurgitation.

Condition    Incidence  Associationa  Ref.

Connective tissue disorders Marfan syndrome

Loeys–Dietz syndromes

Ehlers–Danlos syndrome type IV

Osteogenesis imperfecta 12% of affected patients

FBN1

TGFBR1 or TGFBR2

COL3A1

45

46

47,48

49

Vasculitis/inflammatory Wiskott–Aldrich syndrome

Takayasu’s arteritis

4 per million live male births X p11.22 50,51

52,53

Behçet diseaseb 54

Ankylosing spondylitisb/juvenile 

spondyloarthropathyb
8–10% of patients with 

B27-JA

HLA B-27 55,56

Drugs Cocaine 25–36% of patients with 

dissection related to cocaine

57

aAssociation refers to genetic or molecular associations.
bAlso affects leaflet tissue.
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however, if the left ventricular volume overload is relieved 
before contractility is impaired.

Acute aortic regurgitation, in contrast, subjects the left 
ventricle to a sudden volume overload for which the only 
compensatory mechanism is an increased heart rate. If 
inadequate to maintain cardiac output, left atrial and left 
ventricular end-diastolic pressures rise, leading to pulmonary 
edema and circulatory collapse (shock).

Systolic aortic regurgitation occurs in the rare combination 
of an incompetent aortic valve with a systemic blood pressure 
exceeding that of the left ventricle. It has been observed after 
the Damus–Kaye–Stansel procedure, with ventricular 
arrhythmias, and in patients on extracorporeal support. 
Although its pathologic significance is uncertain and probably 
variable, the phenomenon does reflect ineffective contraction 
of the underlying ventricle.

Natural history
Patients with acute aortic regurgitation generally become 
symptomatic with dyspnea and tachycardia within hours of 
its onset. Without intervention, the ventricle fails over 
several days, culminating in cardiac arrest and death. With 
infective endocarditis, less than one-third of patients who 
develop acute valvar regurgitation survive for 1 year. 
However, if the left ventricle was previously hypertrophied, 
as in balloon valvoplasty for critical aortic stenosis, acute 
regurgitation may be surprisingly well tolerated. Similarly, if 
the degree of regurgitation is not large, as in a limited cusp 
perforation, there may be time for ventricular adaptation to 
evolve to chronic aortic regurgitation.

Patients with chronic aortic regurgitation generally remain 
compensated with normal systolic ventricular function and 
no symptoms for many years or even decades. In adults [7], 
only ∼3.5% per year experience deterioration of ventricular 
function in the absence of symptoms, and <6% per year 
develop either left ventricular dysfunction or symptoms. In 
contrast with obstruction of left ventricular outflow, the risk 
of sudden death is extremely low, <0.2% per year. The onset 
of impaired systolic ventricular function, however, portends 
clinical deterioration, with ∼25% of such patients becoming 
symptomatic each year thereafter. Whereas >90% of patients 
survive 5 years after a diagnosis of severe aortic regurgita-
tion, <10% are still alive at 10 years. Factors associated with 
death include severe left ventricular hypertrophy on the 
electrocardiogram, a cardiothoracic ratio of >0.6 on the 
chest X-ray, ventricular extrasystoles, and symptoms of 
heart failure.

Clinical features
Aortic regurgitation is usually associated with aortic valve 
stenosis, conal septal abnormalities, and ventricular septal 
defect. Thus, it is most commonly found during evaluation 
of (1) aortic root abnormalities, such as Marfan syndrome; 
(2) bicuspid aortic valve, often accompanied by a dilated 

aortic root; (3) rheumatic heart disease; or (4) endocarditis. 
Severe aortic regurgitation during early gestation is likely 
incompatible with fetal or neonatal viability [8]. In a child 
with a trileaflet aortic valve, rheumatic heart disease should 
be considered, especially with mitral valve regurgitation.

Children encountered in office practice rarely describe 
symptoms. The vital signs are notable for elevated systolic 
and decreased diastolic pressures. The patient is best examined 
sitting and leaning forward. On palpation, the apical impulse 
migrates towards the inferior lateral chest as the left ventricle 
enlarges. Auscultation discloses an early high-pitched 
diastolic decrescendo murmur along the mid-left sternal 
border. With increasing severity of regurgitation, the murmur 
becomes louder and longer, extending throughout diastole. 
The pulse pressure widens due to both an increased systolic 
stroke volume and also the retrograde diastolic runoff into 
the left ventricle. This abrupt upstroke and collapse are 
described as a “Corrigan’s” or “water hammer” pulse. A high 
stoke volume may also produce a soft, systolic ejection 
murmur at the base of the heart from the increase ejection 
across the aortic outflow area. The Austin Flint murmur, 
heard at the apex as a rumbling diastolic sound, is attributed 
to fluttering of the mitral valve with severe regurgitation or 
to a posterior and laterally directed jet of regurgitation. Acute 
aortic regurgitation will not have these classic features if 
there is left ventricular decompensation, and then tachycardia 
and a third heart sound dominate the physical findings.

Echocardiography
Although cardiac magnetic resonance imaging (CMR) has 
become a standard for quantifying the severity of aortic 
regurgitation [9], in part because of inconsistency and lack of 
agreement by even experienced echocardiographers regarding 
the grading of moderate or severe regurgitation [10], most 
patients can be managed satisfactorily with echocardiography 
as the primary imaging tool. The left ventricular outflow tract 
is best assessed and measured in the parasternal long axis. The 
morphology of the aortic valve is scrutinized for leaflet motion, 
coaptation, and vegetations or leaflet perforation. A discrete 
subaortic membrane is seen best from the subcostal or apical 
projections, because this provides the most surface area for 
echo detection. Deformation of the right aortic sinus should 
raise the suspicion of an infundibular ventricular septal defect, 
which has been occluded by the aortic root. Diameters of the 
aortic valve annulus, aortic root, and the sinutubular junction 
are measured in early to mid-systole [11]. Although 
morphologically the subaortic region may be elliptical, a circle 
is assumed by measuring its maximum dimension. Dimensions 
of the left ventricle should also be quantified. Three-
dimensional echocardiography can often provide excellent 
images of valve morphology, and also quantification of left 
ventricular volumes and ejection fraction. However, technical 
limitations still thwart its use in younger children.
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Color flow Doppler localizes the region of regurgitation. The 
vena contracta (the smallest area of the jet of regurgitation, 
usually in or just below the valve plane) should be measured 
from at least the parasternal long- and short-axis views 
(Figure 31.1). It must be scrutinized from multiple projections. 
Continuous-wave Doppler measurement of the terminal 
aortic regurgitation velocity slope and the pressure half-time, 
useful especially for serial evaluation, are sensitive to alterations 
both in ventricular diastolic function and systemic vascular 
resistance. An increasing deceleration rate and a decreasing 
pressure half-time correlate with an increase in aortic 
regurgitation. A recently developed model employs a two-
variable parasternal vena contracta-derived area divided by 
body surface area, and an abdominal aorta Doppler retrograde 
velocity–time integral divided by anterograde velocity–time 
integral to predict severity of regurgitation [12].

Cardiac catheterization and angiography
Cardiac catheterization and angiography are usually 
unnecessary in managing isolated aortic regurgitation but 
occasionally may be needed to document left ventricular end 
diastolic pressure or coronary artery anomalies. Angiography 
should be done with a pigtail catheter skillfully positioned in 
the ascending aorta, so as not to cause leaflet distortion. Long 
axial oblique and a companion right anterior oblique views 
will generally display the left ventricular outflow tract.

Other imaging modalities
If echocardiography imaging is suboptimal, CMR offers a 
robust alternative. Indeed, it has substantial advantages over 
both echocardiography and angiography for quantification 
of valve regurgitation, as it permits the quantification of both 
flow and ventricular volume. Cine CMR to image ventricu-
lar volume typically utilizes gradient recalled echo (GRE) or 
more commonly a steady-state free precession (SSFP). 
During image acquisition, the regurgitation is depicted as a 
dephasing intervoxel artifact retrograde into the ventricle. It 
is important to quantify both right and left ventricular vol-
umes. If there is no other significant regurgitation or shunt-
ing, then left ventricular end systolic (LVESV) and diastolic 
volume (LVEDV) can be compared with right ventricular 
end systolic (RVESV) and diastolic volume (RVEDV). LV 
stroke volume – RV stroke volume then estimates the aortic 
regurgitation. Alternatively, phase contrast magnetic reso-
nance (PCMR) maps flow velocity. The flow and velocity are 
measured through a slice placed immediately above the aor-
tic root or, if possible, in the subvalvar plane. The resultant 
image shows the aorta as a circle. The estimated retrograde 
volume is divided by the prograde volume to derive a regur-
gitation fraction. The severity of aortic regurgitation, in 
adults, is arbitrarily graded by this regurgitant fraction: triv-
ial <10%, mild 10–20%, moderate 21–39%, severe >40% 
[13]. A very similar scheme has been used in children [12]. 

Methods for grading aortic regurgitation are summarized in 
Table 31.3. However, it is always important for the physician 
to integrate the data from various sources into the proper 
context for managing an individual patient.

Management

Medical
In children with a dilated aortic root, slowing the rate of its 
progression would not only reduce complications and the 
need for surgery, but also preserve aortic valve function. 
Beta-blockers have disappointing efficacy in retarding root 
dilation in the Marfan syndrome [14], but angiotensin II 
blockade with, for example, losartan has demonstrated 
benefit in small cohorts [15].

Medical therapy for valvar aortic regurgitation should 
improve forward stroke volume, reduce the regurgitation, 
and preserve left ventricular function. There have been no 
large pediatric studies on this issue, however. Among 18 
children with moderate-to-severe aortic regurgitation treated 
with angiotensin-converting enzyme (ACE) inhibitors for an 
average of 2.3 years, there were no significant effects on left 
ventricular dimensions or shortening fraction, but there was 
a small increase in the aortic regurgitation [16]. A study of 
patients treated with captopril, most of whom had rheumatic 
heart disease, showed favorable effects on left ventricular 
volume and aortic regurgitation over 1 year; but this cohort 
likely included subjects with spontaneous improvement 
[17]. The American College of Cardiology and American 
Heart Association Task Force report (concerned primarily 
with adult patients) recommends vasodilator therapy and 
especially noted the use of nifedipine [18]. However, in a 
well-designed controlled trial on adults, neither nifedipine 

Table 31.3 Grading severity of aortic regurgitationa.

Method  Mild  Moderate  Severe

Diastolic murmur ≤Grade 

1, short

Grade 2 ≥Grade 2, 

long

Pulse pressure Normal

LVEDD z score <3 3–5 >5

Color flow Doppler 

central jet width

<25% of 

LVOT

25–64% of 

LVOT

≥65% of 

LVOT

PW Doppler descending 

aortic diastole flow

Brief, low 

velocity

Intermediate Pandiastolic, 

high velocity

MR phase contrast or 

LV–RV SV calculation

<20% 21–39% ≥40%

aLVEDD, left ventricular end diastolic dimension; LVOT, left ventricular 

outflow tract; LV, left ventricle; RV, right ventricle; PW, pulse width; 

MR, magnetic resonance; SV, systolic volume.
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nor enalapril favorably changed left ventricular dimensions, 
aortic regurgitation volume, or timing of surgery [19]. 
Therefore, with normal ventricular systolic function and 
without root enlargement, no good evidence supports the 
use of any medicine.

Different types of athletic activity and physical work have 
varying effects on the heart. Aerobic exercise decreases sys-
temic vascular resistance and thus decreases aortic regurgi-
tation. High-intensity isometric work, such as power weight 
lifting, however, transiently increases blood pressure, sys-
temic resistance, and therefore aortic regurgitation. This 
physiology mandates limitations on patients who do more 
than a modest amount of isometric work. Aortic root 
enlargement (at z ≥ 3.5) alone warrants restriction from 
high intensity static work or sports with collision potential. 
Under medical supervision, athletes having mild or moder-
ate aortic regurgitation and a left ventricle that is only 
mildly enlarged can participate in all competitive sports. 
After scrutiny of the cardiac rhythm and exercise testing, 
athletes with aortic regurgitation and moderate left ven-
tricular enlargement can engage in moderate static and 
high dynamic competitive sports. Those with severe aortic 
regurgitation and more than moderate root enlargement 
should only participate in low-intensity sports. If there is 
root enlargement, greater than 45 mm (corresponding to a 
z value of about 5), activity should be limited to only 
 low-intensity sports [20].

Surgical
Indications for surgery in aortic regurgitation are similar in 
pediatric and adult patients, although clinical judgment in 
children may be additionally influenced by associated car-
diac or noncardiac malformations, patient size, and institu-
tional experience. The indications are based on five 
parameters: symptoms, degree of aortic regurgitation, left 
ventricular systolic function, left ventricular dilatation, and 
degree of aortic dilatation. Symptoms, ventricular dysfunc-
tion (ejection fraction <50%), and ventricular enlargement 
(comparable to more than an adult end systolic diameter of 
55 mm) each individually constitutes a class I or class IIa 
indication for operation. Referral for an operation is there-
fore an easy decision in a child with decreased physical work 
capacity, or symptoms from heart failure, angina, or ven-
tricular arrhythmia.

When the degree of aortic regurgitation is severe and 
accompanied by either impaired systolic left ventricular 
function or severe left ventricular dilatation, operation is 
indicated even in the absence of symptoms. For regurgitation 
secondary to aortic root dilatation in connective tissue 
disorders, a diameter of 50 mm in patients with Marfan 
syndrome and 40 mm in those with Loeys–Deitz syndrome 
generally trigger surgery. This threshold may be lowered by 
unusually rapid progression of enlargement or a family 
history of complications.

As aortic regurgitation begins to increase from a mild or 
moderate degree, its serial quantification can provide insight 
and guidance for management. By echocardiography, 
increasing z-value for left ventricular end diastolic dimension, 
increasing ratio of aortic regurgitation vena contracta to left 
ventricular outflow tract and to body surface area, increasing 
retrograde flow velocity, or increasing relative descending 
aorta VTI ratio are used to time an operation. By magnetic 
resonance imaging, a regurgitant fraction of >40% leads to 
consideration of operation.

The goal of surgery is conservation or restoration of left 
ventricular function and removal of the risk of complica-
tions, but there is no perfect valve substitute with which to 
accomplish this. Hence all procedures on the left ventricular 
outflow tract should be regarded as palliative. Accordingly, 
valve reconstruction should be the first option, either as a 
valve-sparing root replacement [21] or by leaflet repair [22]. 
In the authors’ personal, unpublished experience this proved 
possible in all of an unselected, consecutive series of 25 
infants, children, and young adults operated for severe aortic 
regurgitation from a variety of causes (including two-leaflet 
valves). Operative and late death now approach zero, and 
long-term follow-up showed a 60% freedom from aortic 
valve replacement as long as 18 years after repair [22].

When conservation of the native valve is not possible 
(usually in acute endocarditis or at a reoperation), the two 
implants that offer a completely unobstructed, hemodynam-
ically superior outflow are the aortic homograft and the pul-
monary autograft (Ross operation). Early and late mortality 
for these procedures in patients with all types of aortic valve 
disease is ∼1% today, and freedom from autograft reopera-
tion at 15 years is 89% [23]. Moreover, the Ross procedure 
appears to confer a survival advantage over mechanical 
valve replacement (<4% versus 50% mortality), in patients 
<5 years of age (most of whom are operated on for aortic 
stenosis rather than regurgitation) [24]. Implantation of the 
pulmonary autograft in the subcoronary position is virtually 
always possible in patients with aortic regurgitation and may 
avoid late autograft dilatation, the commonest cause of 
autograft failure following the Ross operation.

Mechanical prosthetic valves, in theory and in contrast to 
the above, should have infinite durability and a lower rate of 
reoperation. Nevertheless, even when it is possible to implant 
an adult-sized valve, there remains a constant, late-phase 
risk of mortality and morbidity, from ingrowth of pannus, 
complications of anticoagulation, and infection [24]. 
Moreover, the necessity for anticoagulation places major 
life-style restrictions upon young patients, and when a 
mechanical valve fails (due to thrombosis, for example), it is 
often sudden and catastrophic.

A final option for larger children is a bioprosthetic 
prosthesis (pericardial or porcine). Although these valves 
have reduced durability in young patients (sometimes lasting 
less than 1 year and rarely >5 years) and, in smaller sizes, 
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may cause a significant gradient across the left ventricular 
outflow, they do not require anticoagulation and can be 
replaced with very low morbidity and mortality. As such, 
they may serve to transition a teenager or young adult 
through periods of participation in contact sports, 
noncompliance with drug therapy, or pregnancy, after which 
a mechanical prosthesis may become a more acceptable 
alternative.

Long-term history of treated 
and untreated adults
Provided they do not contract endocarditis, patients who 
reach adulthood with mild, stable aortic regurgitation from 
isolated valve disease generally enjoy a normal life span. 
When regurgitation is severe, however, systolic left 
ventricular function tends to deteriorate, usually producing 
symptoms, at a rate of ∼5% of patients per year. Once 
symptomatic, deterioration accelerates to ∼25% 5 year and 
50% 10 year mortality among untreated adults. With heart 
failure, survival drops below 50% at 2 years. Restoring a 
competent valve improves ventricular function and 
prolongs life, both for patients who undergo operation as 
adults and those operated in childhood, although 
documentation of very long-term outcomes in the latter 
group is limited. Overall, there seems to be a constant rate 
of late reoperation among patients surviving into adulthood 
after aortic valve surgery. Depending upon a variety of 
factors, this ranges from ∼1% to as much as 10% per year. 
When regurgitation is associated with other congenital 
heart malformations or is secondary to a systemic disease, 
those conditions usually determine overall clinical course 
and outcome.

Aortoventricular tunnel

Pathologic anatomy
Aortoventricular tunnel is a tubular, extracardiac structure 
connecting the ascending aorta above the sinutubular 
junction with the left ventricular outflow, usually through 
the interleaflet triangle between right and left coronary 
aortic valve leaflets (Figure 31.2) [3,58]. The most common 
variant of this rare anomaly lies above the right aortic 
sinus and passes through the tissue space between the 
aortic root and subpulmonary muscular infundibulum to 
reach the cavity of the left ventricle immediately below 
the hinge point of the aortic valve. Massive, diffuse 
enlargement of the ascending aorta is almost invariable. 
The size of both the aortic and ventricular openings of 
tunnels, and also the diameter of the tunnels themselves, 
are highly variable, ranging from a slit-like defect of a few 
millimeters to a structure >1 cm in diameter. Either the 
left or the right coronary artery may arise within a tunnel, 
or an ostium may be absent. Stenotic or atretic aortic and 
pulmonary valves are among the more frequently 
associated lesions, and tunnels have been observed in 
hearts with atrial septal defect, ventricular septal defect, 
or tricuspid atresia [3].

Pathophysiology
Despite the occasional occurrence of valve-like tissue within 
its walls, a tunnel affords unobstructed flow of blood from 
the left ventricle to the aorta during ventricular systole, and 
from the aorta into the ventricle throughout diastole. The 
volume-overloaded ventricle hypertrophies and dilates, 
and may suffer ischemia from inadequate coronary flow 
secondary to the large diastolic run-off. Because it is 
unsupported on its ventricular aspect, the right coronary 
leaflet tends to prolapse into the ventricle over time, 
compounding regurgitation through the tunnel with valvar 
regurgitation. A very large tunnel may displace the 
subpulmonary infundibulum and cause right ventricular 
outflow obstruction.

Natural history
In general, patients with aortoventricular tunnel develop 
symptomatic heart failure within the first year of life, if not 
during the neonatal period. The natural history, however, is 
difficult to characterize because of its variability and the 
rarity of the defect. Spontaneous closure of a very small 
tunnel, asymptomatic survival into adulthood, death in utero, 
and sudden death in infancy have all been described. Given 
the developmental basis of the anomaly and its ascending 
aortic enlargement, it would not be surprising if patients 
surviving into adulthood were eventually to manifest aortic 
aneurysms and dissections.

Figure 31.1 Aortic regurgitation. Color flow Doppler echocardiography 

of the left ventricular outflow tract in the parasternal long-axis view shows 

an 8 mm jet of aortic regurgitation (arrow), compared with a left 

ventricular outflow diameter of just over 12 mm.
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Clinical features
The characteristic presentation of aortoventricular tunnel is 
a very loud “to-and-fro” murmur, heard over most of the 
precordium and accompanied by both systolic and diastolic 
thrills. Peripheral pulses are bounding, and a wide pulse 
pressure can be appreciated in older patients. The chest 
X-ray demonstrates cardiomegaly with dilatation of the 
ascending aorta, both of which may be out of proportion to 
the observed degree of heart failure. In some patients, the 
“bulge” of a very large tunnel may be seen along the left 
cardiac border. On the electrocardiogram, left ventricular 
hypertrophy with “strain” is usually found. On a fetal 
echocardiogram, hypertrophy and dilatation of the left 
ventricle with an enlarged aortic root and apparent aortic 
regurgitation are findings supporting a diagnosis of 
aortoventricular tunnel.

Echocardiography
Visualizing the tunnel beside the aortic root is done in a 
parasternal long-axis view, from which the tunnel can be 
followed to its aortic and ventricular ends. Using color-flow 
imaging, systolic and diastolic flow can be demonstrated in 
the tunnel. Associated valvar and coronary artery anomalies 
are not uncommon and should be characterized, and 
ventricular size and function quantified.

Cardiac catheterization and angiography
Although an aortoventricular tunnel may be demonstrated 
by angiography, it is unnecessary for diagnosis. Cardiac 
 catheterization is used to clarify coronary arterial anatomy 
and associated defects when these are not sufficiently 
elucidated by noninvasive imaging. Subpulmonary obstruc-
tion by the tunnel may cause increased right ventricular 
systolic pressure, but right heart hemodynamics are otherwise 
normal. There may be elevated left ventricular end diastolic 
pressure and widened aortic pulse pressure. When valvar 
aortic stenosis coexists, a gradient may or may not be found 
across the left ventricular outflow tract, as a large tunnel can 
obscure even atresia of the aortic valve.

Other imaging modalities
Both magnetic resonance imaging (Figure 31.3) and 
computed tomographic angiography offer elegant 
demonstrations of the complex anatomic relationships in 
this malformation. Their use, however, is generally more for 
follow-up of older or postoperative patients, as most patients 
are diagnosed and operated on in early infancy.

Management

Medical
Beyond resuscitation and stabilization for surgery, medical 
management offers little to these patients, most of whom 
will die from congestive heart failure without early repair. 

Figure 31.2 Aortoventricular tunnel. Schematic drawing of the most 

common type of tunnel, with an aortic orifice above the right sinus of 

Valsalva, and the ventricular opening in the fibrous interleaflet triangle 

between right and left coronary aortic leaflets. The potential for 

compression of the right ventricular outflow tract may be appreciated, 

although this usually occurs at a more proximal level than illustrated due 

to the position of the subpulmonary infundibulum. Ao, aorta; 

LV, left ventricle; N, non-coronary sinus of Valsalva; PA, pulmonary artery; 

R, right sinus of Valsalva.

Figure 31.3 Aortoventricular tunnel. Single slice of a magnetic 

resonance angiogram using steady-state free precession imaging (FIESTA, 

GE Healthcare) to demonstrate the abnormal channel between the aorta 

and left ventricle (arrow) in a 13-year-old child. (Image provided by Dr Paul 

Julsrud and Dr Nandan S. Anavekar, Mayo Clinic, Rochester, MN, USA.)
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Reversal of left ventricular dysfunction becomes progres-
sively less likely after about 6 months of age, and distortion 
of the aortic valve superimposes aortic regurgitation, 
complicating later surgical intervention. The one exception 
is the exceedingly rare patient with a very small tunnel and 
good support of the aortic valve leaflets. As spontaneous 
closure of such a tunnel has been reported, observation is 
reasonable in this situation. However, if a tunnel is sufficiently 
large to require medical treatment of heart failure, it needs 
surgical repair.

Surgical
Most tunnels have been repaired using a pericardial patch, 
inserted through an aortotomy, to close the aortic end, and a 
prosthetic patch, inserted below the aortic valve through the 
opened tunnel itself, to close the ventricular end and support 
the valvar leaflet. When a coronary artery arises within the 
tunnel, it can be resected with a surrounding button of 
tunnel wall and reattached to the ascending aorta. Associated 
malformations are managed on their own merits, which 
may involve aortic or pulmonary valvotomy, aortic valve 
repair or replacement, aortic root replacement, or 
aortoventriculoplasty. Survival following primary repair of 
isolated aortoventricular tunnel now approaches 100%.

Long-term history of treated 
and untreated adults
Although they have not yet been followed to adulthood, 
patients in whom the tunnel was repaired before about 6 
months of age have normalized left ventricular function on 
echocardiography and do not develop valvar aortic regurgitation 
during childhood. The ascending aorta remains enlarged, 
however, and in one patient showed myxomatous changes of 
connective tissue disease when a valve-sparing root 
replacement was later performed. Therefore, all patients need 
careful, life-long follow-up for this anomaly. Untreated adults 
are a very small population but have been reported. Most 
eventually develop aortic regurgitation and die of congestive 
heart failure, although occasional patients, for reasons not 
completely understood, remain asymptomatic [25].
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32 Coarctation of the Aorta 
and Interrupted Aortic Arch

Eric Rosenthal
Evelina Children’s Hospital, St Thomas’ Hospital, London, UK

Coarctation of the aorta

Coarctation of the aorta is a narrowing of the aortic lumen at 
the origin of the descending aorta with obstruction to blood 
flow. First described by the anatomist Johann Meckel in 
1750 and expanded upon by Paris in 1791, clinical recogni-
tion occurred from the early 1900s [1–3]. Coarctation is usu-
ally discovered in infancy, although adult presentation is 
more frequent (although not exclusively) in third-world 
populations. Coarctation occurs in 7% of live births with 
congenital heart disease [4]. The prevalence per 10 000 live 
births is significantly higher for white males (6.52) than for 
white females (3.17), but less common in black populations 
with no significant difference between the sexes (2.64 males 
and 1.69 females) [5].

Coarctation usually occurs sporadically, although occa-
sionally more than one family member is affected [6]. There 
are also reports of monozygotic twins concordant for 
coarctation [7]. In girls with Turner’s syndrome (46 XO), the 
incidence of coarctation is 10% [8,9].

Pathology and embryology

Pathology
The coarctation narrowing is in the thoracic aorta distal to 
the origin of the left subclavian artery and opposite the 
 ductus arteriosus or ductal ligament [10]. The narrowing 
may be discrete but in some a more diffusely narrowed 
segment occurs. The literature divides coarctation into two 
common types, “preductal” or infantile and “postductal” or 
adult, and a third less common type, “juxtaductal” [11]. 
Clinically, however, juxtaductal is sufficiently descriptive, 
and the postductal position in adult coarctation is probably 
acquired during growth. The eccentric narrowing is formed 

by a posterior “ridge-like” infolding of the aortic wall medial 
layer containing a shelf of tissue that is ductal in origin and 
connected as a sling around the aorta to the ductus arteriosus 
[12,13]. Ductus smooth muscle extends into the aortic wall 
above and below the coarctation.

Intimal thickening is usually present. Beyond the obstruction, 
the aorta is often dilated (poststenotic dilatation), and 
the aortic wall demonstrates intimal proliferation and 
medial and elastic tissue disruption. Infective endarteritis 
may occur in this location as may aneurysm formation and 
dissection in later life [14]. The posterior shelf is the earliest 
echocardiographic marker of coarctation in the descending 
aorta in neonates even before a significant gradient develops. 
Hypoplasia of the aortic arch to varying extents is a common 
accompanying feature [15]. The origin of the left subclavian 
artery may be hypoplastic, and anomalous origin of the right 
subclavian artery below the coarctation occurs in >5% of 
patients [10]. Rarely, a coarctation is present in other 
locations, such as in the aortic arch before the left subclavian 
artery or in the descending thoracic or abdominal aorta [16]. 
Renal and mesenteric artery involvement frequently 
occurs, with abdominal coarctation found more commonly 
in girls [17].

The commonest associated cardiac anomaly is a bicuspid 
aortic valve, followed by a ventricular septal defect (isolated or 
multiple), aortic stenosis (valvar or subvalvar) and mitral valve 
anomalies (supravalvar ring, dysplasia of mitral leaflets, and 
“parachute” mitral valve). The combination of coarctation of 
the aorta, subaortic stenosis, and mitral stenosis is known as 
Shone syndrome [18]. Other cardiac lesions commonly 
associated with coarctation include double-outlet right ventricle, 
especially Taussig–Bing anomaly; tricuspid atresia, especially 
with d-transposition of the great arteries; d-transposition of 
the great arteries with an inlet ventricular septal defect and 
right ventricular hypoplasia; atrioventricular septal defect; 
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hypoplastic left heart syndrome; double-inlet left ventricle; 
and l-transposition of the great arteries. The arch is often 
hypoplastic with these complex defects. A bicuspid valve occurs 
in >50% of patients [19].

As a result of aortic obstruction, there is a progressive 
development of collateral blood flow around the coarctation 
segment, mainly from the subclavian artery and its branches 
through the internal mammary, intercostal, musculophrenic, 
transverse cervical, scapular, lateral thoracic, superior epi-
gastric, and spinal arteries [4]. Dilatation of the left subclavian 
artery increases over time and the dilated and tortuous 
collateral arteries may erode the lower margins of the ribs in 
older children to produce “rib notching” on the chest X-ray. 
Berry aneurysms may develop in the circle of Willis due to 
the raised upper body blood pressure [20,21].

Embryology
The embryonic origin of coarctation is not completely defined 
and two competing theories prevail. The first considers 
coarctation as the result of an intrinsic defect in the media of 
the aortic wall. In mice, a deficiency of endothelin-1 has 
been associated with the development of tubular hypoplasia 
of the aortic arch, aberrant right subclavian artery, ventricular 
septal defect, abnormalities of the left ventricular outflow 
tract, and interrupted aortic arch [22]. An alternative theory 
is that abnormal fetal hemodynamics promote the develop-
ment of coarctation [23]. The aortic isthmus between the left 
subclavian artery and the ductus arteriosus normally receives 
<10% of the combined ventricular output and is smaller in 
diameter than either the ascending or descending aorta in 
fetal life. Cardiac lesions that reduce left ventricular output 
may decrease blood flow through the aortic isthmus and 
lead to coarctation. Consistent with this hypothesis is the 
frequency of coarctation with a ventricular septal defect that 
is associated with posterior malalignment of the outlet 
septum and the fact that coarctation does not occur with 
pulmonary atresia. Similar considerations of fetal flow 
patterns apply to the higher incidence of a persistent left 
superior vena cava in coarctation patients [24]. The 
hemodynamic theory alone, however, does not explain the 
pathogenesis of isolated coarctation.

Pathophysiology
In fetal life, there is little effect of the coarctation, although 
when severe or with marked arch hypoplasia, the right ven-
tricle and pulmonary artery are dilated early in gestation and 
the left ventricle and aorta are mall [25–27]. After birth, 
obstruction in the aortic arch elevates pressure and resistance 
in the upper extremity arteries and increases left ventricular 
work. Closure of the ductus postnatally increases acutely left 
ventricular afterload and left ventricular failure develops – 
often causing acute cardiovascular collapse. Decreased blood 
flow to the descending aorta leads to ischemia of abdominal 
organs and the lower extremities. Metabolic acidosis and 

renal failure ensue. Although closure of the ductus does not 
always lead to instantaneous collapse, with severe coarcta-
tion the elevated left ventricular  afterload is eventually no 
longer tolerated and decompensation  follows.

In infants with milder coarctation, the left ventricle adapts 
to the increased afterload, and overt heart failure does not 
always occur. Activation of the sympathetic nervous system 
initially increases the heart rate, myocardial contractility, 
and peripheral arteriolar constriction to maintain perfusion 
of the descending aorta and the abdominal organs. The left 
ventricular end-diastolic volume and pressure increase 
(Frank–Starling mechanism), and to a point sustain a nearly 
normal cardiac output. Subsequently, left ventricular 
hypertrophy enables the left ventricle to develop increased 
systolic pressure while maintaining a normal or nearly 
normal left ventricular wall stress [28]. The renin–
angiotensin–aldosterone system is activated secondary to 
reduced renal perfusion, and raises systemic blood pressure, 
increasing perfusion to the lower body. Finally, as the child 
develops a collateral circulation, systemic arterial pressure 
and afterload decrease and blood supply to the abdominal 
organs and kidneys improves.

Associated cardiovascular lesions may aggravate the 
hemodynamic burden associated with coarctation. The 
increased systemic afterload increases both the amount of 
left-to-right shunting through atrial and ventricular septal 
defects and the amount of atrioventricular valve regurgita-
tion in an atrioventricular septal defect. In coexisting aortic 
stenosis and coarctation, both left ventricular afterload and 
myocardial oxygen demand are further increased.

Natural history
Untreated coarctation of the aorta beyond infancy signifi-
cantly decreases long-term survival, and death frequently 
occurs within the fourth to fifth decade of life [29,30]. Early 
postmortem studies showed that of those who survived the 
first 2 years of life, 25% died before age 20 years, >50% 
before 31 years, 75% before 43 years, and 90% before 55 
years [31]. Causes of death with an unrepaired coarctation of 
the aorta include congestive heart failure (26%), aortic rup-
ture (21%), bacterial endarteritis (18%), and intracranial 
hemorrhage (12%) [29,30]. Both intracranial hemorrhage 
and ruptured aorta also occurred in children and young 
adults without exceptionally high blood pressures [32]. The 
risk of endocarditis in unrepaired coarctation of the aorta 
was 1.3% per year before the surgical era and improvements 
in public health and dental hygiene [32].

History and physical examination
Clinical features depend on the age at presentation 
(Table 32.1). Despite the frequency with which coarctation is 
now suspected prenatally and routine childhood auscultation 
is performed, neonatal collapse and late detection in adoles-
cence and adulthood still occur as in previous eras [33,34].
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Neonates and infants
Neonates typically present with acute heart failure in the 
first 2–3 weeks of life shortly after duct closure when the 
compensatory mechanisms (see above) are inadequate. 
They are well at discharge from the hospital (the duct is still 
patent and femoral pulses are palpable) and present with a 
sudden onset of tachypnea and pallor. If not immediately 
diagnosed and correctly treated, shock, acidosis, and death 
can occur rapidly. A neonate presenting in shock from a 
critical coarctation (or aortic stenosis) is often erroneously 
diagnosed as septic or with a metabolic disorder, delaying 
appropriate management. Other infants with coarctation 
have a more insidious presentation with congestive heart 
failure. Typically, such infants have a history of dyspnea 
from shortly after birth and sweating with feeding, but 
failure to thrive brings them to medical attention. Rarely, 
an infant presents with an apparent dilated cardiomyopathy 
and a minimal gradient across the coarctation (due to 
low cardiac output), which can cause diagnostic difficulty. 

Asymptomatic detection of a murmur during infancy is an 
occasional presentation.

Children, adolescents, and adults
Most individuals with coarctation are asymptomatic and the 
coarctation is detected when the arterial blood pressure is 
measured incidentally (e.g., for headache or nose bleeding). 
Reduced or absent femoral pulses (if looked for!) rapidly leads 
to the diagnosis. If symptoms are present, they are  usually 
related to reduced blood supply to the lower  extremities 
 causing exercise-induced claudication (rare) or, even less 
commonly, complications of upper extremity hypertension 
(cerebral bleeding, aorta rupture) [35]. Endocarditis is now 
extremely rare.

Physical findings
The hallmarks of coarctation of the aorta are absent or 
diminished femoral pulses and hypertension in the upper 
extremities, together with a systolic murmur radiating to the 
back. Less commonly, the femoral pulses can be maintained 
by collateral flow, and upper limb hypertension in addition 
to the murmur is the clue [36]. Because the left subclavian 
artery is frequently involved with the coarctation segment 
or there is associated arch hypoplasia in some, the right arm 
is the preferred location for measuring upper extremity 
blood pressure in children.

Sometimes almost no blood pressure gradient or pulse 
 difference will be found on physical examination:
1 In neonates with a patent ductus arteriosus, the right 
ventricle perfuses the lower part of the body at systemic 
pressure, eliminating a pressure difference between the arms 
and legs. Even when the pulmonary artery pressure falls, the 
duct ampulla may serve as a “bypass” around the developing 
coarctation.
2 Infants in severe heart failure, with poor left ventricular 
function, cannot maintain cardiac output and all extremity 
pulses are weak, so blood pressure differences may not be 
detectable.
3 In those with an aberrant right subclavian artery that 
arises below the coarctation, there is no difference in blood 
pressure between the right arm and lower extremities.
4 In a few adults, collateral size and flow are adequate to 
maintain similar pressures between the upper and lower 
extremities. Because of the long collateral pathway, how-
ever, there is usually a detectable delay between the right 
radial and the femoral pulses.

A prominent left ventricular heave may be present. 
A systolic thrill is uncommon and usually due to associated 
cardiovascular anomalies. The first heart sound is normal. 
A systolic ejection click is frequently present with a 
bicuspid aortic valve. The second heart sound is normal 
except in infants with congestive heart failure and 
pulmonary hypertension, when the second heart sound is 
narrowly split with increased intensity of the pulmonary 

Table 32.1 Presenting features of coarctation.

Fetal life

Ventricular disproportion (right ventricle enlargement)

Great vessel disproportion (small transverse arch)

In association with other congenital heart disease

Nuchal thickening/chromosomal abnormality (Turner syndrome)

Neonates

Acute collapse with shock and acidosis

Heart failure

Systolic/continuous murmur radiating to back

Weak or impalpable femoral pulses

Upper limb hypertension

Infants

Heart failure and failure to thrive

Systolic/continuous murmur conducted to back

Weak or impalpable femoral pulses

Upper limb hypertension

Cardiomyopathy rarely

Children, adolescents, and adults

Systolic/continuous murmur conducted to back

Collateral murmurs over scapula

Weak or impalpable femoral pulses

Radio-femoral delay

Upper limb hypertension

Exercise intolerance

Claudication and leg fatigue

Cold feet

Cardiac arrest (left ventricular hypertrophy, and arrhythmia)

Hypertensive retinopathy/encephalopathy

Intracranial bleeding

Aortic dissection/rupture

Infective endocarditis
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component. A grade 2–3/6 systolic ejection murmur is 
usually heard along the left sternal border and between 
the spine and the left subscapular region. Systolic murmurs 
may also be from aortic stenosis, mitral regurgitation, or 
a ventricular septal defect. In older children with 
an unrepaired coarctation, continuous murmurs, due to 
collateral blood flow, can be heard over the back and chest. 
Collateral pulsation may also be felt, especially over the 
scapular margins or under-side of the ribs. Enlarged 
tortuous retinal arteries may be seen on retinoscopy. 
Neonates with congestive heart failure usually have a 
gallop and significant hepatomegaly.

With abdominal coarctation, a loud murmur is heard in 
the abdomen and not the chest and is associated with 
more severe elevation in diastolic blood pressure. Collateral 
 pulsations are usually absent.

Electrocardiogram
In the neonate or infant with congestive heart failure and 
coarctation of the aorta, right ventricular hypertrophy is usual 
[37], and reflects the in utero right ventricular dilatation and 
the postnatal pulmonary hypertension required to perfuse the 
descending aorta via the patent ductus arteriosus. T wave 
inversion may be present in the left precordial leads, but if 
 significant left ventricular hypertrophy is present, there is likely 
to be coexisting severe aortic stenosis. By the second to third 
year of life, a pattern of left ventricular hypertrophy gradually 
emerges. Patients with isolated coarctation of the aorta may 
have a normal electrocardiogram even into adult life.

Chest film
In a neonate, the chest film shows cardiomegaly and 
increased pulmonary vascular markings (consistent with 
pulmonary edema). In an older child, the typical radiologic 
features of coarctation are a “3” sign consisting of the 
 ascending aortic knob and the poststenotic dilatation that is 
usually present. After 5 years of age, rib notching may begin 
to be noted (Figure 32.1). The rib notching is most promi-
nent on the lower margins of the upper ribs; if notching of 
the lower ribs is present, the diagnosis of an abdominal 
coarctation should be considered. More commonly, how-
ever, the chest X-ray appears normal.

Pseudocoarctation is a “kinking or buckling” of the aorta 
that results in an X-ray picture similar to coarctation of 
the aorta. In pseudocoarctation, unlike in coarctation, 
there is little or no obstruction to blood flow. Although 
pseudocoarctation is usually benign, in some patients 
dilatation and aneurysm formation develop just distal to the 
pseudocoarctation [38].

Echocardiographic features
Echocardiography has replaced cardiac catheterization as the 
primary diagnostic tool for coarctation of the aorta [39–42]. 
Associated lesions such as a patent arterial duct, ventricular 

septal defect, aortic stenosis, and more complex congenital 
heart disease are all readily evaluated.

The hallmark finding in coarctation is a posterior shelf 
with narrowing of the descending aorta in the juxta-ductal 
position (Figure 32.2). It is associated with turbulent color 
flow and an increased velocity with diastolic extension of 
the systolic waveform and a double envelope. There is often 
left ventricular hypertrophy and dilatation in older patients. 
Aortic arch hypoplasia and aberrant origin of the subclavian 
artery should be sought. A bicuspid aortic valve is present in 
half of patients.

In neonates, the diagnosis is not always immediately 
apparent. When the ductus is patent and the ductal sling 
around the aorta has not contracted, the coarctation shelf 
may not be fully developed. Prominence of the anterior duct 
ampulla, which overlies the coarctation area in some views, 
should not be interpreted as a sign of coarctation. Although 
initially flow at ductal level may be right to left, this changes 
to left to right as the pulmonary resistance falls. As the duc-
tus constricts, the coarctation begins to be unmasked, but 
may not be clearly apparent until complete closure of the 
ductus or indeed even some weeks later [24].

Fetal echocardiography
In fetal life, the coarctation is not easily identified due to 
lack of flow across the isthmus [the ascending and 
descending aorta are perfused by the left and right (via the 
ductus)  ventricles, respectively, which have an identical 
pressure] and the arterial duct (with high flow) overlies the 
 coarctation site [25–27]. Furthermore, constriction of the 

Figure 32.1 Chest X-ray showing rib notching (arrows) in unrepaired 

coarctation.
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ductal sling around the aorta does not occur until after 
birth. The finding of right ventricular dilatation early during 
fetal life is a pointer towards coarctation development – 
especially when associated with additional transverse arch 
hypoplasia (Figure 32.3). Right ventricular dilatation in late 
gestation is common and without concomitant aortic arch 
hypoplasia is a much less specific sign of coarctation [25]. 
Antenatal detection is variable with a low rate in general 
obstetric units where great vessel assessment is not routine 
and mild ventricular disproportion may be ignored [41–43]. 
Even in dedicated fetal cardiology units there is a significant 
false-positive rate with more than two-thirds being normal 
at birth. Similarly, in those suspected to have a coarctation 
and a ventricular septal defect, two-thirds had only a 
ventricular septal defect postnatally [25,44]. When the 
disproportion between the ventricle and great vessels is 
marked, this may indicate progression to hypoplastic left 

heart syndrome, particularly if blood shunts left to right 
across the foramen ovale. Then continued evaluation is 
required until term.

Cardiac catheterization and angiography
With echocardiography and cross-sectional imaging with 
MRI, cardiac catheterization is no longer needed for  anatomic 
assessment. It is performed primarily for interventional 
treatment. It retains a role in the hemodynamic assessment 
of mild or borderline coarctation or recoarctation associated 
with an increased Doppler gradient and mild hypertension.

Magnetic resonance imaging
Magnetic resonance imaging (MRI) with 3D reconstruction, 
supplemented by gadolinium contrast, has become the 
 imaging modality of choice after clinical findings and 

Figure 32.2 Echocardiogram in neonate showing coarctation shelf (arrow) in 2D (a) and the turbulent color jet (b). The continuous-wave Doppler trace 

shows continuous flow and a double envelope (c). After repair by end-to-end anastomosis, the arch is widely patent with echogenicity at the suture line 

(d) and laminar flow (e). The Doppler trace is now normal (f).
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Figure 32.4 MRI scan in a 19-year-old asymptomatic male with an incidental blood pressure of 220/135. Black blood sequence in (a) shows a discrete 

coarctation beyond the left subclavian artery (LSCA). In (b) an SSFP sequence shows the coarctation with a jet of high turbulence (arrow). The ascending 

aorta (AAo) is dilated in (c). AAo, ascending aorta; DAo, descending aorta; LSCA, left subclavian artery; PA, pulmonary artery.

Figure 32.3 Fetal echocardiogram at 20 weeks’ gestation showing right ventricular dilatation in early gestation (a). The aorta is smaller than the 

pulmonary artery in (b) and (c) and the isthmus is smaller than the duct in (c). An extended arch repair was performed a few days after birth. Ao, aorta; La, 

left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle; SVC, superior vena cava.

 echocardiography have established the diagnosis. MRI gives 
unparalleled definition of the entire ascending and des-
cending aorta and great vessels. Both the coarctation and 
hypoplasia of the aortic arch are clearly demonstrated and 
allow planning of interventional or surgical management. 
Demonstrating an aberrant subclavian artery is essential to 
planning the correct surgical approach. Following repair, 
MRI can demonstrate recurrent coarctation and aneurysm 
 formation [45]. In addition, comprehensive assessment of 
aortic valve and left ventricular function are obtained during 
the same examination [46] (Figure 32.4). It has virtually 
supplanted diagnostic cardiac catheterization. It can  diagnose 
pseudo-coarctation that has a fold in the medial aortic wall 
(inner curvature of the arch).

Management

Antenatal diagnosis
With suspicion of severe coarctation, the fetus should be 
delivered in a pediatric cardiology center so that a 
prostaglandin (PGE

1
) infusion (5 ng kg−1 min−1) can be 

commenced immediately. After echocardiographic con-
firmation of a posterior shelf at the coarctation site, 
prostaglandins are continued until elective surgical repair a 
few days later. When the findings are less convincing, the 
fetus is delivered and observed closely without prostaglandins 
while the duct closes. Regular monitoring of the four-limb 
blood pressure and femoral pulses and daily or alternate 
daily  echocardiograms are performed until it is clear whether 
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a coarctation is developing. After ductus closure, those 
without a coarctation are allowed home but should be 
reviewed again in 4–6 weeks and finally at 6 months because 
of the occasional late detection of coarctation in the 
antenatally suspected cohort [25].

Early postnatal presentation
Neonates presenting with cardiovascular collapse require 
full resuscitation (intubation, ventilation, inotropes, and 
correction of metabolic acidosis) before transfer and  surgery 
Prostaglandin (PGE

1
) infusion to reopen the ductus,  initially 

50–100 ng kg−1 min−1, may be needed for some hours to 
 re-establish ductal patency, then the dose is reduced gradu-
ally to 5–10 ng kg−1 min−1. Reopening of the duct together 
with inotopic support improves the hemodynamic status 
and corrects the acidosis so that an operation can be per-
formed with the neonate in an optimal condition. With 
complex associated lesions, such as transposition, the coarc-
tation is repaired at the time of the corrective surgery. 
When a ventricular septal defect (VSD) is the only addi-
tional lesion, a varied approach is taken;. either repair of 
all lesions on cardiopulmonary bypass or coarctation repair 
and banding of the pulmonary artery for later repair or 
even coarctation repair alone, deferring VSD repair until 
clinically indicated (heart failure or pulmonary hyperten-
sion) [47–50].

Infantile presentation
In older infants in whom the diagnosis is established 
because of clinical findings, development of mild cardiac 
failure, and/or failure to thrive, elective surgery is under-
taken shortly after the diagnosis has been established. 
Rarely, an infant presents with an apparent dilated car dio-
myopathy and a low gradient across the coarctation 
(due to low cardiac output), which can cause diagnostic 
difficulty. Since 1980, the surgical mortality for simple 
coarctation has progressively declined and is significantly 
lower than medical management [51]. Surgical repair is now 
routinely performed in neonates and infants at the time of 
diagnosis [52].

Childhood, adolescent, and adult presentation
In children beyond the first year of life, adolescents, and 
adults, both catheter intervention and surgery are options – 
the choice often depending on the views of individual cent-
ers. In adolescents and adults, catheter intervention is more 
likely to be used than surgery.

There are rare individuals with a mild coarctation, a 
systolic arm–leg gradient <20 mmHg, normal arm blood 
pressure, and normal ventricular function in whom no 
intervention is necessary. They should be examined peri-
odically because aortic obstruction can increase and local 
complications can occur.

Operative repair
The first successful repair of coarctation of the aorta using 
primary end-to-end anastomosis was reported in 1945 by 
Craaford and Nylin [53] and by Gross [54]; neonatal repair 
was reported in 1952 by Kirklin et al. [55].

Resection and end-to-end anastomoses
Resection with end-to-end anastomosis is classically 
performed through a left posterior lateral thoracotomy 
(Figure 32.5). Extensive mobilization of the aorta from the 
left subclavian artery past the ductus arteriosus to the 
descending aorta is required. The ductus is divided and 
ligated. Sacrifice of dilated collateral intercostal arteries is 
often necessary for exposure. Adequate repair requires 
excision of the entire coarctation segment and the creation 
of a tension-free anastomosis. Early repairs using silk 
suture in a continuous running fashion were associated 
with a high incidence of restenosis [56]. Most surgeons 
advocate a continuous suture posteriorly and an interrupted 
layer anteriorly [57,58]. This operation theoretically 
removes all abnormal ductal and coarctation tissue and 
avoids the use of prosthetic material. When a tension-free 
anastomosis is impossible, an alternative method of repair 
may be required.

Prosthetic patch aortoplasty
The prosthetic patch aortoplasty was introduced in 1957 
(Figure 32.5) [59]. A longitudinal incision is made in the 
aorta, the coarctation shelf is excised, and an elliptical patch 
of either Dacron or polytetrafluoroethylene is sutured to the 
aortotomy edges. This technique avoids extensive dissection 
and a prolonged operating time. Because of the late develop-
ment of aneurysms on the posterior aortic wall opposite the 
patch, especially when Dacron was used [60–63], patching is 
now used only in selected circumstances.

Aneurysm formation has been attributed to excision of 
the posterior coarctation membrane weakening the poste-
rior aortic wall or altered hemodynamics arising from the 
difference in tensile strength between the prosthetic patch 
and the posterior aortic wall [60–65].

Subclavian flap aortoplasty
Subclavian flap aortoplasty, introduced in 1966, is used 
extensively in infants and small children (Figure 32.5) [66]. 
The left subclavian artery is mobilized and divided and used 
to patch over an incision across the coarctation. The 
procedure is simple, avoids extensive aortic dissection and 
prosthetic patch material, and allows for growth. 
Disadvantages include complications from sacrificing the 
major vascular supply to the left arm [67,68], development 
of aneurysms [69,70], and recurrences from inadequate 
resection of ductal tissue [71]. It is currently less favored, 
although some centers continue with the technique [72].
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Interposition grafts
A prosthetic or homograft interposition graft, first described 
in 1960, is currently used only for either older individuals 
with an associated aneurysm or recoarctation when end- to-
end anastomosis cannot be accomplished (Figure 32.5) [73]. 
Disadvantages include predisposition to infection, aneurysm 
formation, and their lack of growth potential. In other 
patients, a subclavian artery (or carotid artery after a previ-
ous subclavian flap repair) to descending aorta graft is placed. 
Ascending to descending aorta bypass grafts can be used for 
repair of complex coarctation and aortic arch abnormalities – 
usually after prior surgery [74].

Extended end-to-end anastomosis
Extended end-to-end repair was introduced in the mid-
1980s to correct both the coarctation and associated aortic 
arch hypoplasia [75–77]. After resecting the coarctation, 
an incision is made on the inferior surface of the arch and 
the distal aorta is then brought up and sutured to this 
incision (Figure 32.6). Temporary occlusion of the left 
subclavian artery and/or left carotid artery and part of the 
right innominate artery may be needed. The most obvious 
advantages are excising potentially abnormal aortic tissue 
and, by extending the incision across the isthmus and 
transverse aortic arch, correcting the transverse arch 
hypoplasia [78]. Recoarctation rates are as low as 3–6% 
after neonatal repair [79–82]. Disadvantages are similar 

to those of end-to-end repair: extensive dissection and 
sacrificing of collateral arteries. A tension-free anastomosis 
is necessary, and occasionally is achieved by sacrificing the 
left (and even right) subclavian artery. There is a risk of 
tracheal and left bronchus compression. Extended end-to-
end anastomosis is now the preferred technique for most 
infants. Its use for routine extended arch repair when the 
transverse arch is mildly hypoplastic, however, has been 
questioned, as adequate treatment of the coarctation site 
alone results in rapid remodeling of the hypoplastic arch in 

Figure 32.5 Diagrams of coarctation (a) repair using an end-to end anastomosis (b), interposition graft (c), subclavian to descending aorta conduit (d), 

Dacron patch repair (e, f), and subclavian flap repair (g, h).

Figure 32.6 Diagram of coarctation and hypoplastic arch (a) repair using 

an extended end-to end anastomosis (b).



Pediatric Cardiovascular Medicine

444

many infants [83,84]. Failure to perform an extended arch 
repair when the arch is hypoplastic, however, leads to a 
significant incidence of arch obstruction despite “successful 
coarctation repair,” and may lead to repeat surgery via a 
sternotomy and bypass approach [85]. In infants with a 
severely hypoplastic arch and in those needing intracardiac 
repair of associated lesions, repair is performed on 
cardiopulmonary bypass.

Early complications after surgical repair
Major operative complications include hemorrhage, para-
doxical hypertension, stroke, paraplegia, and damage to adja-
cent structures. Bleeding is an early postoperative complication 
related to the extent of the dissection, a coagulopathy, and 
excessive tension along the suture line, and is worsened by 
paradoxical hypertension. Turner syndrome is associated with 
an increased incidence of hemorrhage because of abnormal 
tissue fragility [86]. Currently, surgical repair is performed 
with a low mortality even in neonates.

Paradoxical hypertension occurs after transection of the aorta 
and damage to sympathetic nerves [87,88]. During the initial 
phase of hypertension, the sympathetic nervous system is 
activated with a marked increase in systemic catecholamine 
secretion. The catecholamine hyperactivity activates the 
renin–angiotensin–aldosterone system, ultimately leading to 
sustained hypertension and fluid retention. If untreated, the 
hypertension can result in post-coarctation syndrome (severe 
abdominal pain, distention, and tenderness, and also fever) 
[89]. Acute inflammatory changes in the mesenteric arteries 
(possibly due to over-distention of these thin-walled arteries 
previously exposed to a low blood pressure) cause intestinal 
ischemia, necrosis, and death. Paradoxical hypertension can 
be either prevented if β-blockers are administered before 
surgery [90], or treated early postoperatively by the 
intravenous administration of β-blockers, converting enzyme 
inhibitors, or nitroprusside. The incidence is very low in 
neonates and infants [91].

Stroke and paraplegia are rare postoperative complications. 
Prolonged or excessive cross-clamping of cerebral vessels 
may cause ischemia, but is uncommon now. In the few who 
need repair with cardiopulmonary bypass, the risk may be 
higher. Paraplegia occurs in 0.4% of patients [92]. Predisposing 
factors include inadequate collaterals, anomalous origin of 
the right subclavian artery, and prolonged distal hypotension, 
but surprisingly neither sacrificing intercostal arteries nor 
aortic cross-clamp time was related [93]. To prevent spinal 
cord paraplegia, most surgeons try to maintain distal aortic 
pressure >50 mmHg. If pharmacologic measures are 
ineffective in preventing distal hypotension, a temporary 
shunt or femoral bypass with a distal pump oxygenator is 
used [94]. Paraplegia is more of a concern for repeat surgery 
involving extensive dissection when the collaterals have 
diminished and the risk may be as high as 2.6% [95]. 
Paraplegia sometimes occurs weeks after surgery and may 

respond to spinal decompression [95]. Undertaking late and 
complicated repeat surgery with cardiopulmonary bypass 
and deep circulatory arrest or with left heart bypass through 
a lateral thoracotomy has been proposed to reduce morbidity 
and allow full repair [96–98]. Ascending to descending aorta 
bypass grafts may reduce the risk of paraplegia by avoiding a 
repeat left thoracotomy [74,99].

Adjacent structure damage can involve injury to the phrenic 
nerve, resulting in diaphragmatic paralysis, injury to the 
recurrent laryngeal nerve affecting the vocal chords, damage 
to the sympathetic trunk, resulting in Horner’s syndrome, 
and, rarely, the development of chylothorax due to injury of 
the thoracic duct.

Mortality for coarctation repair even in the neonatal period 
and infancy is low. because of adequate preoperative stabili-
zation and improved anesthesia, surgery, and intensive care 
[100]. In early series mortality rates were >30%, but are 
now ∼3% [52,101,102]. Primary coarctation repair in adults 
carries a higher risk. The aorta above and below the coarcta-
tion is atheromatous and friable, and there are often large, 
thin-walled intercostal aneurysms.

Catheter intervention
Percutaneous balloon angioplasty to avoid the risks of 
coarctation surgery or repeat surgery for recoarctation 
dates back to 1979, when Sos et al. demonstrated successful 
balloon dilatation of aortic coarctation in postmortem 
neonates [103]. Shortly thereafter, balloon dilatation was 
performed clinically, and in many centers it became the 
procedure of choice [104–108]. Stent implantation was first 
reported in 1991 and is becoming preferred to balloon 
dilatation, particularly with the development of covered 
stents in the early 2000s [109–111].

Balloon dilatation
Balloon dilatation acts by stretching and tearing the thickened 
intimal coarctation shelf and adjacent media layers, but tears 
in the adjacent “normal” aortic wall also occur, perhaps 
reflecting an inherent aortic weakness in coarctation 
[112,113]. Limiting damage to the coarctation shelf is 
not always possible and adventitial extension can lead 
to acute rupture, dissection, and aneurysm formation. For 
recoarctation, with added external support from previous 
scarring, it rapidly became the treatment of choice [114–118]. 
Acute rupture and dissection are rare, but aneurysms can 
develop later [119,120].

Safety is improved by avoiding overdilatation of the coarc-
tation segment. In general, the balloon size should not be 
greater than either the aorta proximal to the coarctation 
(isthmus) or at the level of the diaphragm. After initial 
enthusiasm, balloon dilatation is now generally avoided in 
the first 6–12 months of life because of a high incidence of 
recoarctation (postulated to be due to elastic ductal tissue 
stretching and recoiling without sufficient tearing of the 
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coarctation shelf) and femoral artery damage [121]. The 
development of stenting has virtually restricted balloon 
 dilatation to children weighing <25 kg [123,124].

Stent implantation
Stent implantation overcomes the natural recoil of elastic 
tissues after balloon dilatation and leads to greater relief of 
obstruction without excessive dilatation. The stent struts 
also splint any smaller tears against the aortic wall, preventing 
progressive dissection and aneurysm formation. Mild 
coarctation is less amenable to balloon dilatation and large 
balloons are needed to overcome the natural recoil with a 
risk of aortic tearing. Stent implantation allows mild 
coarctation to be easily treated, albeit with a small risk of 
stent migration [123]. Nevertheless, over-dilatation of a tight 
coarctation has caused aneurysm formation and rupture 
[124,125]. To prevent this, submaximal dilatation during the 
first procedure, allowing a period for healing, and further 
dilatation at a second procedure can be employed [126]. This 
strategy produces excellent results and stent implantation 
rapidly began to replace balloon dilatation (Figure 32.7 a 
and b; Videoclips 32.1 and 32.2). When aortic valve or root 
replacement or coronary bypass grafting is needed, 
presurgical stenting of the coarctation removes the need to 
dissect the coarctation area or to recover from 
cardiopulmonary bypass in the face of an aortic obstruction 
[127]. Stent implantation is also used for aortic arch 
hypoplasia either at the time of coarctation stenting or after 
prior successful treatment of the original coarctation [128].

For delivery of a stent large enough to open the aorta to 
adult size, the size of the delivery sheath in the femoral artery 
precludes use in most children weighing <25 kg [129,130]. 
In older children, the stents can be redilated after growth. 
[131]. Stents have been implanted in smaller children and 
even in neonates when surgical risks are considered to be too 
high [132,133]. The longer-term outcome of these “rescue” 
procedures is unknown.

Covered stent implantation
Covered stents were initially developed to treat acute 
dissection and aneurysm formation after aggressive stent 
implantation. A polyurethane sleeve attached to the outside 
of the stent sealed any tears from distension by the blood 
pressure. It subsequently found a role for primary 
implantation in tight coarctation in place of bare metal stents 
(Figure 32.7c and d). The disadvantages include the need for 
larger femoral artery sheaths to advance the covered stent, 
and a risk of occluding arch vessels when stenting the 
transverse arch. These stents are also used to seal existing 
aneurysms occurring either spontaneously or after surgical 
repair or catheter intervention. For more extensive aneurysm 
formation and dissection of the aorta longer than 25 mm, 
vascular stent-grafts, mounted on 22–24F delivery systems 
which require femoral or iliac exposure are used [134,135].

Early complications after catheter intervention
Early complications after catheter intervention are uncom-
mon and include hemorrhage, femoral artery damage, 

Figure 32.7 Coarctation (a) treated with a bare metal stent implantation in (b) abolishing the gradient. In another patient (c) an aneurysm (black dots) 

develops following bare metal stenting (white lines indicate length of stent) and is treated with a covered stent inside the first stent (white lines indicate 

length of second stent). Videoclips 32.1 and 32.2 demonstrate the acute effect on collateral flow of the patient in Figure 32.7a and b. (Reproduced from 

Eric Rosenthal, Heart, 2005; 91(11): 1495–1502, with permission from BMJ Publishing Group Ltd.)
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 cerebrovascular accidents, and dissection and rupture. When 
performed after the first year of life, morbidity and mortality 
are lower than with surgery.

Regarding femoral artery damage, occlusion immediately 
after the procedure due to spasm and thrombosis responds to 
a heparin bolus and/or infusion for a few hours. If signs of 
occlusion persist, thrombolysis is usually effective. Less 
commonly, a dissection flap causes obstruction and surgical 
reconstruction of the puncture site is needed. Pseudo-
aneurysm formation from inadequate compression after 
sheath removal can be treated by local thrombin injection 
and compression. Surgery is not needed. Acute rupture or 
avulsion of a femoral or iliac artery from a large sheath is 
extremely rare but requires emergency vascular repair. The 
leak can be occluded temporarily by a balloon inserted from 
the opposite femoral artery. With modern low-profile  balloon 
catheters and femoral sheaths, the complications are reduced, 
although for stent implantation larger sheaths are still 
required.

Cerebrovascular accidents are rare and usually relate to 
 inadequate heparinization and failure to de-air and flush the 
long sheath. The long guide-wire may also be a source of 
emboli.

Acute dissection and rupture are very rare and potentially 
life-threatening complications requiring immediate action. 
Initially a period of balloon tamponade allows volume 
replacement and then placement of a long covered stent. If 
this fails, then open surgery is performed.

This complication can occur when dilating a native 
coarctation without surrounding surgical scarring or after 
intervention for recoarctation [120,136]. Stent implantation 
with less aggressive dilatation has reduced but not abolished 
the occurrence [111,126]. Stent migration can be managed by 
capturing the stent on the balloon (or a larger balloon) and 
re-inflating to oppose the stent more closely to the aortic 
wall. If it is not possible to reposition the stent in the 
coarctation, it is expanded in an adjacent segment of the 
descending aorta or aortic arch and a new stent is implanted 
into the coarctation. Migration of a covered stent is a greater 
concern if it blocks either the arch or abdominal vessels and 
requires surgical removal.

Paraplegia has not been reported after catheter interven-
tion. It occurs infrequently with stent-graft placement for 
extensive atheromatous dissection [135].

Surgery or catheter intervention – which to use?
The effectiveness of coarctation repair has evolved as each 
new technical approach has been introduced and refined. 
There are no sizeable randomized trials and few comparative 
series, and we are limited by retrospective analysis. In most 
centers, repair in the first year of life is performed through a 
left thoracotomy with either an end-to-end anastomosis or an 
extended arch repair when the arch is hypoplastic. In children 
beyond the first year of life, surgery or balloon  dilatation are 

common approaches depending on the views of individual 
centers, and in adolescents and adults catheter intervention 
with stent implantation is increasingly being used. A choice 
between the two approaches is not without controversy 
[111,137–144]. The difficulty in making a direct comparison 
is confounded by the concept that two catherizations may be 
better than one thoracotomy. Recurrence of the coarctation 
after surgery is invariably treated by catheter intervention 
and this is less controversial! [74,99,145].

Long-term outcome
Although coarctation of the aorta appears to be a simple, cor-
rectable lesion with operative repair in neonates or by catheter 
intervention in older patients, ongoing issues persist [146].

In 1987, the first large long-term series of 226 survivors of 
coarctation surgery with 15–30 years of follow-up reported a 
late mortality of 12% and hypertension in 68% (despite 
normal blood pressure after surgery) [147]. An even larger 
series of patients operated on from 1946 to 1981 revealed 
significant morbidity and mortality in the 571 survivors with 
a median follow-up of 20 years. Deaths due to coronary artery 
disease, sudden death, heart failure, cerebrovascular accidents, 
and ruptured aortic aneurysm occurred in 15% at a mean age 
of 38 years and were associated with systolic hypertension. 
Additional surgery was required in 11% and hypertension 
required treatment in 25%. Operations before the age of 9 
years resulted in the best long-term survival [148]. A longer-
term study of 254 survivors followed for 24–53 years revealed 
a cardiovascular mortality of 18% at a mean age of 34 years 
after surgery due to coronary artery disease and re-operation. 
Hypertension was present in 35%. [149].

Currently, the acute results from repair in infancy show a 
low mortality and morbidity. Coupled with the benefits of 
catheter intervention for recoarctation, the long-term results 
should be better than in the early series. Until this evidence 
emerges, however, a patient with a treated coarctation 
should be considered palliated rather than cured [19,150].

Long-term surveillance is required to monitor for:
recoarctation •
persistent or developing hypertension with attendant car- •

diovascular complications
aortic aneurysm formation •
aortic valve disease progression with ascending aorta dila- •

tation and the risk of dissection.

Recoarctation
Recoarctation may follow surgical or catheter intervention, 
but the relative incidence is difficult to assess. Partly this is 
due to definitions. Previously, recoarctation was diagnosed 
when heart failure or hypertension was severe enough to 
mandate repeat intervention. Milder “recoarctation” with 
minimally elevated blood pressure might not have been 
categorized as such. The designation of recoarctation as an 
arm to leg blood pressure gradient of 20 mmHg and 
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hypertension has recently been changed to a 30 mmHg 
gradient and hypertension [151,152]. Obstructions at arch 
level with a “perfect” result at the coarctation site have been 
labeled as recoarctation by some but not others. When stent 
implantation deliberately underdilated the coarctation to 
stage the treatment, some (often surgeons!) classified this as 
recoarctation [126]. In reviewing the literature, the 
distinction between an inadequate initial repair with 
immediate “recoarctation” and true late occurrence of 
recoarctation is not always evident. Even more difficult has 
been the interpretation of gradients that develop with 
exercise in patients with normal blood pressure and gradients 
less than 20–30 mmHg at rest. It is unclear whether this 
reflects recoarctation or results from differential responses of 
the peripheral vasculature in the upper and lower body 
segments that persist despite correction [153,154].

For patients younger than 3 months treated between 1985 
and 1990, freedom from recoarctation after 4 years was 57% 
after subclavian flap repair, 77% after end-to-end anastomosis, 
and 83% after extended end-to-end anastomosis [155]. 
Following changes to the technique of end-to-end repair and 
with the development of the extended end-to-end repair, reco-
arctation rates are now <10% after neonatal repair [79–82].

It is difficult to compare angioplasty with surgical correc-
tion of coarctation, as the technique has been evolving since 
the mid-1980s and there are no large randomized studies. 
The recoarctation rate in children under 1 year of age is high, 
with rates up to 31–50% [122,156]. For children older than 
1 year, the recurrence rates after balloon dilatation are much 
lower [157]. In 102 patients followed up to 10 years after 
balloon dilatation for native coarctation, immediate success 
was achieved in 93 patients, of whom 21 (22%) required 
a repeat intervention. Most of these were younger than 
7 months – for those children older than 7 months, the inci-
dence of recoarctation was only 10% [158].

A randomized study of 36 children aged 3–10 years, of 
whom 20 underwent balloon dilatation and 16 surgical repair 
of native coarctation, showed no statistical difference in the 
incidence of recoarctation [159]. Late follow-up of 21 of 
these patients, an average of 10 years after intervention, 
showed no difference in the blood pressure, gradients, or 
reintervention rate, although the aneurysm rate was higher 
after balloon dilatation [160]. A nonrandomized study of 46 
children showed a low recoarctation rate with both proce-
dures (<7%) and no aneurysms in either [161]. Another 
nonrandomized retrospective study of 80 patients found a 
reintervention rate of 32% in the catheter intervention group 
(some had stenting) and 0% in the surgical group [162].

Management of recoarctation
Before 1983, reoperation was the accepted treatment for 
 recoarctation. Repeat surgery, however, did not always abolish 
the residual obstruction, mortality was 3–33%, and significant 
morbidity included spinal cord damage and cerebrovascular 

events [117,163–166]. Balloon dilatation rapidly became the 
method of choice for recoarctation after surgical repair [167]. 
Recoarctation after balloon dilatation could be treated with 
either repeat dilatation or surgery. Surgery is not compromised 
by the previous balloon dilatation, although when collaterals 
have regressed femoral bypass or extra-anatomic repair are 
performed to prevent paraplegia [74,99,145]. Since the 
introduction of stent implantation (and covered stent 
implantation), recoarctation after previous balloon dilatation 
is more likely to be treated by catheter intervention. Small 
aneurysms that previously might have been treated surgically 
rather than by catheter intervention can now be addressed at 
the same time with a covered stent [111,168].

Aneurysm formation
Aneurysms may occur spontaneously in coarctation, particu-
larly if it is untreated for many years. They also occur after 
any type of coarctation surgery, but most often with Dacron 
patch repair. and after balloon dilatation and stent implanta-
tion. The incidence is low after covered stent implantation, 
which is also used to treat aneurysms [111,168]. Because of 
varying definitions of aneurysms and the lack of randomized 
studies, their incidence is unknown. Many surgical and bal-
loon dilatation series report no aneurysm formation but the 
incidence rises with the duration of follow-up [14,169–175].

A 16% incidence of ascending or descending aortic wall 
complications causing death or requiring a surgical or 
catheter intervention was reported in 235 adults (182 
surgical repair, 28 catheter intervention, and 26 untreated) 
[175]. Ascending aortic complications were three times more 
frequent than in those in the descending aorta (coarctation 
site). Age or type of repair did not predict aortic wall 
complications, but age at the time of follow-up and a bicuspid 
aortic valve were predictive. Importantly, even untreated 
patients with a mild coarctation had a 15% incidence in 
aortic wall complications. A smaller study of 124 adults after 
coarctation repair revealed a bicuspid aortic valve in 62%, 
and 28% required an aortic valve intervention. Ascending 
aorta dilatation >4.0 cm was present in 28% [176]. Bicuspid 
aortic valve is an independent risk factor for ascending aorta 
dilatation [177]. Presumably, minor increases in systemic 
blood pressure and/or a transverse arch or coarctation site 
gradient may accentuate the ascending aorta dilatation in 
coarctation patients with a bicuspid aortic valve.

Hypertension
Treatment of coarctation, whether by catheter or surgery, 
usually results in a rapid fall in upper limb blood pressure. 
In the longer term, however, numerous series report 
 hypertension requiring medication in about one-third of 
patients. Hypertension contributes to the high mortality seen 
in the long-term studies of patients operated on many years 
previously. Although recoarctation is an obvious cause of 
ongoing hypertension, it is not the only factor [178,179]. 
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Often a degree of transverse arch hypoplasia that did not 
warrant surgery in early life appears on MRI scanning later to 
be more significant and is associated with hypertension and 
increase in left ventricular mass [180,181]. Acceptance of 
gradients of 5–25 mmHg across the aortic arch or coarctation 
site may also be responsible for the incidence of hypertension 
[182]. In earlier years, a “perfect” result was less important 
than survival without major morbidity, and so recoarctation 
was defined by what was achievable. The long-term results of 
the extended end-to-end repair should address these issues. 
A counter argument is that the repair site, even if wide enough, 
cannot distend during exercise or acts as an obstruction to 
the arterial wave form, thus causing a gradient [183]. The 
incidence of hypertension may relate to the age of repair. 
Thus, either the early renal hypoperfusion prior to correction 
has “reset” the renin–angiotensin–aldosterone system or the 
upper limb hypertension has “reset” the aortic baroreceptors 
permanently [184,185]. Even early repair is accompanied by 
hypertension and increased arterial stiffness [186–188].

Ambulatory blood pressure should be obtained from the 
right arm so that the effects of the hypoplastic arch and left 
subclavian involvement in the coarctation or its repair do 
not falsely lower the blood pressure reading. Blood pressure 
measurements during exercise have been used to assess the 
repair state and blood pressure response. The significance of 
an exaggerated response in a patient with normal or 
 minimally elevated blood pressure is unclear [189,190].

Coronary artery disease
Coronary artery disease seems accelerated in postoperative 
coarctation patients with early cardiac death observed 
[147–149,191]. Accelerated atheroma of the internal 
mammary arteries has been observed [192]. Although the 
etiology of this accelerated atherosclerotic heart disease is 
unknown, a number of factors probably play a role, 
including hypertension, residual mild obstruction, aortic 
valve disease, peripheral vasculature abnormalities, and 
the coronary microcirculation [154]. After coarctation 
repair, in the arm but not the leg, resistance is elevated and 
has a reduced hyperemic response [154,193,194]. The 
pulsatility of the poststenotic aorta, which is severely 
impaired prior to repair, does not return to normal, and the 
degree of impairment may correlate with the age at surgery 
[195]. The intima–media thickness in the precoarctation 
segment (carotid artery) remains greater than in the 
postcoarctation segment (femoral artery) after repair [196]. 
More recently, abnormal long-axis ventricular function 
and subendocardial ischemia in patients with a “good” 
repair have been found [197,198].

Future directions
Advances in prenatal detection should allow more accurate 
prediction of coarctation postnatally and avoid the risk of 
acute cardiovascular collapse in undiagnosed neonates. Pulse 

oximetry in the nursery also detects some patients not 
otherwise suspected of this diagnosis. Longer-term follow-up 
of current neonatal repair will reveal the likelihood of cure 
without ongoing hypertension and the risk of other 
cardiovascular complications. Fundamental issues such as the 
cause (and effect) of aortic elastic impairment and abnormal 
vascular reactivity need to be addressed [153,154]. Newer 
stents that are biodegradable may encourage implantation in 
small children [199], and lower profile delivery systems will 
reduce the risk of vascular access complications.

Interrupted aortic arch

Interrupted aortic arch differs from coarctation of the aorta 
in that continuity between the ascending and descending 
aorta is absent. When a fibrous cord is present across the 
interruption, the anomaly is called aortic arch atresia, but it 
has identical clinical presentation. In arch atresia with fibrous 
continuity at the level of the coarctation, the clinical presen-
tation resembles severe coarctation because of collateral 
development. In some infants, a severe coarctation may 
progress to acquired atresia. Interrupted aortic arch is a rare 
anomaly that accounts for <1.5% of all congenital heart 
 disease [200].

Pathology and embryology
Celoria and Patton [201] classified interrupted aortic arch 
into three types according to site of the interruption: A, dis-
tal to the left subclavian artery; B, between the left subcla-
vian artery and the left common carotid artery; and C, 
between the left common carotid and innominate arteries 
(Figure 32.8). Types A and B have been subdivided into A2 
and B2 when the right subclavian artery arises anomalously 
from the descending aorta. The most common type is B, and 
C is the rarest [201–203]. Interruption is invariably associ-
ated with other intracardiac anomalies, the commonest 
being a ventricular septal defect. In a series of 105 patients 
[202], a ventricular septal defect was present in 98, and the 
only coexisting malformation in 58. The ventricular septal 
defect is usually a perimembranous or muscular outlet with 
varying degrees of posterior deviation of the outlet septum 
that can cause subaortic obstruction, but doubly committed 
defects also occur [204]. Other coexisting anomalies include 
aortopulmonary window, double-outlet right ventricle, ven-
triculoarterial discordance, congenitally corrected transposi-
tion, and Shone syndrome. There are no reports associating 
interruption with pulmonary atresia. The most common 
extracardiac association is DiGeorge syndrome, due to micro-
deletion in the long arm of chromosome 22 [205], occurring 
in up to 44% of patients with type B interruption.

The most widely accepted theory on the embryologic basis 
of interrupted aortic arch is that the posteriorly deviated 
malaligned outlet septum alters fetal hemodynamics so that 
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reduced aortic flow hampers development of the aortic arch. 
Thus, the magnitude of blood flow through the fetal arch is 
critically important to both its enlargement and its evolution 
[206,207]. The rare patient of Pillsbury et al. [208], without 
any intracardiac malformations, however, suggests that mor-
phogenic factors in addition to anterograde aortic blood flow 
are involved.

Pathophysiology
At birth, blood flow to the descending aorta depends on a 
patent ductus arteriosus. When the ductus closes, perfusion to 
the lower part of the body and kidneys becomes inadequate, 
renal function becomes impaired, urine output diminishes, 
and severe metabolic acidosis leads to hemodynamic collapse. 
If the ductus remains patent, then as the pulmonary resistance 
falls, pulmonary blood flow increases at the expense of reduced 
systemic perfusion. This is accompanied by left ventricular 
volume overload and acidosis that leads to progressive 
biventricular failure. Without treatment of interrupted aortic 
arch, the median age of death is 4–10 days [200]. Long-term 
survival is only possible with persistent patency of the ductus 
arteriosus and the development of pulmonary vascular disease 
from the increased right ventricular systolic pressure needed 
to perfuse the lower body.

History and physical examination
Patients with interrupted aortic arch often present with 
severe symptoms soon after birth – most with severe conges-
tive heart failure during the first 2 weeks of life [200].

The physical findings depend on the size of the ductus 
arteriosus, the pulmonary vascular resistance, and the type 
of intracardiac malformations. The neonate is tachypneic 
with retractions, tachycardia, and hepatomegaly, and usu-
ally has rales. Precordial activity is always increased, and the 
second sound is accentuated. A systolic murmur is heard 
along the left sternal border due to increased pulmonary 
blood flow. A mid-diastolic rumble over the mitral valve 
from excessive pulmonary blood flow may also be heard. 
A gallop rhythm is usually present and an ejection click if 
the aortic valve is bicuspid.

Femoral pulses are usually weak, and there is almost 
always a blood pressure difference between upper and lower 
extremities. The difference in pulse character can be helpful 
in differentiating the type of interrupted aortic arch. In type 
C interruption, absent femoral and left carotid and brachial 
pulses and a normal right carotid and brachial pulse are 
found; type B interruption may have absent left brachial and 
femoral pulses, yet normal right and left carotid pulses; type 
A is similar to coarctation with only absent femoral pulses. If 
the right subclavian artery arises aberrantly from the 
descending aorta, the right carotid pulse is strong and the 
right brachial pulse weak. When the ductus is widely patent, 
there is little difference in upper and lower extremity pulses 
and blood pressures. With severe hemodynamic collapse, 
differences in pulses are often not apparent until resuscitation 
has improved the cardiac output.

In individuals who have normally related great arteries, 
differential cyanosis between the upper and lower parts of 
the body may be noted (a pink head and blue abdomen), but 
this is usually not striking because of massive intracardiac 
left-to-right shunting. In patients with double-outlet right 
ventricle or d-transposition, the upper part of the body may 
be cyanotic whereas the lower part of the body is acyanotic, 
resulting in reversed differential cyanosis. Although these 
differences in oxygen saturation may not be detected by 
physical examination alone, they can frequently be detected 
by pulse oximetry. In the rare natural survivors, finger club-
bing is present in the cyanotic segment.

Electrocardiogram and chest film
The electrocardiogram is not diagnostic and its pattern 
depends on associated anomalies; there are usually  right-
axis deviation and right ventricular hypertrophy. The chest 
film is also not diagnostic, showing cardiomegaly and 
increased pulmonary vascular markings. Absence of a 
thymus shadow may suggest an associated 22q deletion.

Echocardiographic features
The site of interruption can be visualized from suprasternal 
arch views [209,210]. In interrupted aortic arch, type B, the 

Figure 32.8 Anatomic classification of 

interrupted aortic arch.
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ascending aorta is smaller than usual and can be seen to termi-
nate in the left carotid artery, and the ductus arteriosus contin-
ues into the descending aorta which is large (Videoclip 32.3). 
There is no evidence of an aortic arch linking the ascending 
and descending portions of the aorta. Flow to the left subcla-
vian artery is retrograde from the descending aorta. If there is 
an anomalous right subclavian artery, this too can be seen.

The apical and parasternal views can delineate the mar-
gins of the ventricular septal defect and its relationship to 
the great arteries and other intracardiac anomalies. Evidence 
of or potential for left ventricular outflow tract obstruction, 
which occurs in >50% of these children, is assessed. Useful 
preoperative echocardiographic predictors of left ventricular 
outflow tract obstruction include the cross-sectional area of 
the left ventricular outflow tract, an aortic valve annulus 
<4.5 mm and a Z score <−5 [211,212]. Type B interruptions 
have a higher incidence of outflow tract obstruction than 
type A, as does an aberrant right subclavian artery.

Cardiac catheterization and angiography
Cardiac catheterization has been supplanted by echocardiog-
raphy. When the exact arch anatomy remains unclear, then 
tomographic cardiac CT or MRI are more frequently used 
than angiography to clarify the anatomy (Figure 32.9; 
Videoclip 32.3) [213]. Angiography is rarely needed for 
defining anatomic features that have not been clearly 
resolved by other imaging techniques. It has a role for inter-
vention after surgical repair.

Medical management
When diagnosed prenatally, the neonate should be delivered at 
a cardiac center and commenced on a prostaglandin E

1
 infusion 

(5 ng kg−1 min−1) to maintain ductal patency until corrective 
surgery. In those who present in shock or heart failure, urgent 
stabilization, including mechanical ventilation,  inotrope 
therapy, and prostaglandin infusion, is required. Higher doses 
of prostaglandin (50–100 ng kg−1 min−1) are needed for some 
hours to re-establish ductal patency in these neonates. Once 
the hemodynamics have stabilized and the acidosis is resolved, 
surgery is performed. A high inspired concentration of oxygen 
is avoided as it may reduce the pulmonary vascular resistance 
and by increasing pulmonary blood flow reduce systemic 
perfusion and worsen the acidosis. Calcium levels should be 
measured because of the high incidence of DiGeorge syndrome 
and irradiated blood should be used for transfusion.

Surgical management
The first successful repair of interruption was in 1955 by 
Merrill et al. [214], who divided the ductus and performed 
an end-to-side anastomosis between the ascending and 
descending aorta in a 3½-year-old child. Two ventricular 
septal defects were subsequently closed 4 years later.

Re-establishment of continuity between the ascending 
and descending aorta is ideally performed without a pros-
thetic conduit. Although effective at relieving the aortic 
obstruction, conduits require replacement with growth of 
the child and increase morbidity and mortality from reoper-
ating in a heavily scarred area [215]. Currently, a direct 
anastomosis is performed if possible [216]. This requires 
meticulous dissection to mobilize the proximal and distal 
ends of the aorta for a tension-free anastomosis and removal 
of all ductal tissue. Frequently, the left subclavian artery is 
ligated and divided for this purpose. When there is an anom-
alous right subclavian artery originating from the descend-
ing aorta, this too may need sacrificing. It is then impossible 
to measure an upper limb blood pressure. The recurrent 
laryngeal and phrenic nerves on the left can be damaged, 
and the spinal cord may be at risk during clamping of the 
descending aorta after the ductus is ligated and excised. The 
left main bronchus may be compressed by the newly con-
structed arch and may require subsequent surgical aortopexy 
[217,218]. Narrowing at the repair site responds well to bal-
loon dilatation (and may be repeated with growth), but 
reoperation is needed in some [216,219,220]. Repeat surgi-
cal options include patch enlargement, extra-anatomic 
bypass, and subclavian or carotid turn-down procedures.

The approach to correcting the intracardiac anomalies has 
evolved since the first repairs when palliation for the intra-
cardiac anomalies was invariable (Figure 32.10). The change 
to primary repair is well illustrated by Menahem et al. [220]. 
From 1979 through 1984, 15/17 infants underwent a two-
stage repair with initial reconstruction of the arch and pul-
monary artery banding with a surgical mortality of 65%. 
From 1984 through 1988, 22/29 had a single-stage repair 
with a mortality of 13%. Although single-stage repair is now 
routine, an individualized approach may be needed – for 

Figure 32.9 MRI scan to clarify the anatomy in a neonate with a right 

arch and interruption between the carotid arteries which was not clear on 

echocardiography. This is exquisitely demonstrated in Videoclip 32.3. Asc 

Aorta, ascending aorta; Desc Aorta, descending aorta; LCCA, left common 

carotid artery; LSCA, left subclavian artery; MPA, main pulmonary artery; 

RCCA, right common carotid artery; RPA, right pulmonary artery; RSCA, 

right subclavian artery.
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example, in low birth weight or premature neonates, staged 
repair is still more commonly used [220–225].

During single-stage repair, the most challenging aspect is 
managing left ventricular outflow tract obstruction [226,227]. 
Although complete repair including a subaortic myotomy/
myectomy is ideal, leaving a residual mild subaortic 
obstruction may be better than damaging the aortic valve by 
too extensive a dissection. Other approaches include the 
following: (1) Ross–Konno procedure –aortic root replacement 
with a pulmonary autograft combined with incision into the 
outlet septum and a pulmonary homograft placed in the right 
ventricular outflow tract [228,229]; (2) patching the 
ventricular septal defect to create a double-outlet left 
ventricle, aortopulmonary anastomosis, and conduit from 
right ventricle to pulmonary artery [230]; (3) resecting part 
of the outlet septum from a right atrial approach with patch 
closure of the enlarged ventricular septal defect to widen the 
subaortic area [231]; (4) placing the ventricular septal defect 
patch on the left side of the septum to deflect the outlet 
septum anteriorly and away from the subaortic area without 
resecting the outlet septum [223]; and (5) abandoning repair 
of the left ventricular outflow tract in favor of transplantation 
[232] or the Norwood procedure [233].

Currently, in patients with interruption and more complex 
intracardiac anomalies, for example, truncus arteriosus or 
double-outlet right ventricle, a biventricular repair is under-
taken during the neonatal period, although the results are not 
as favorable. In a series of 50 neonates with interruption and 
truncus arteriosus who underwent predominantly one-stage 
repair, the survival at 6 months was 44% and at 10 years 31% 
[234]. Even in the setting of interruption and aortic valve 
atresia, single-stage repair is possible by repairing the arch 
and performing a Damus–Kaye–Stansel procedure [235].

When interruption is associated with a functional single 
ventricle, subaortic obstruction can be addressed by a Damus–

Kaye–Stansel procedure or the Norwood procedure. If outflow 
obstruction resection is required, it is ideally performed 
without a ventriculotomy to preserve ventricular function for 
a future single-ventricle repair. Good results have also been 
achieved with initial pulmonary artery banding followed by 
the Damus–Kaye–Stansel procedure [236].

Long-term outcome
Regardless of the type of repair, a high incidence of recurrent 
arch narrowing, left ventricular outflow obstruction, and 
bronchial compression are reported. The largest prospective 
study reported 472 neonates with interrupted arch and 
ventricular septal defect [237]. In this multi-institutional study, 
neonates were enrolled from 1987 to 1997. Nineteen died 
before repair from complications of prematurity and poor 
cardiac function. Of those who underwent surgery, the survival 
was 67% at 16 years, with 28% undergoing a second 
procedure. (The same group reported a 63% survival at 4 years 
when only 183 neonates had been enrolled [224].) In the 
subgroup who also underwent a left ventricular outflow tract 
procedure, survival was 63% at 16 years, with 28% undergoing 
a second procedure. A second arch procedure was performed 
in 109 patients, 52 by catheter intervention. Although direct 
anastomosis resulted in a lower mortality than with PTFE 
patch augmentation of the arch, the need for reintervention 
was similar. The risk factors for death and for left ventricular 
outflow tract procedure were low birth weight, younger age at 
repair, female gender, type B interruption, and major associated 
cardiac anomalies. The predicted mortality for an “ideal 
patient” – male, 3.5 kg, ventricular septal defect closed at the 
time of repair without PTFE augmentation of the arch and no 
other cardiac anomalies, was 7% at 16 years [237].

Other series have reported better results, but are much 
smaller with selected patient populations, retrospective, and 
often with shorter lengths of follow-up [215]. Although the 
mortality rates from surgery for this condition have improved, 
concerns remain about the neurodevelopmental outcomes 
[238]. Selective cerebral perfusion has improved mortality 
rates but not reduced neurodevelopmental disability [239]. 
Whereas the duration of deep hypothermic circulatory arrest 
correlates with worse developmental indices, as do chromo-
somal abnormalities, presentation with circulatory collapse 
and acidosis may also contribute.

Future directions
Improved surgical techniques are needed to minimize cerebral 
dysfunction during repair and correction of left ventricular 
outflow obstruction. Better prenatal diagnosis should prevent 
preoperative cardiovascular and neurological compromise.

Acknowledgments

I am grateful to Kelly Nugent, Debbie Rawlins, Nicky 
Callaghan, Vita Zidere, John Simpson, Aaron Bell, and Albert 
Rocchini for providing images.

Figure 32.10 Diagram of interruption repair with interposition graft and 

pulmonary artery banding and duct ligation (a) and complete one-stage 

repair with a direct arch anastomosis and ventricular septal defect closure 

(b). LCA, left carotid artery; LSCA, left subclavian artery; PA, pulmonary 

artery; RCA, right carotid artery; RSCA, right subclavian artery; VSD, 

ventricular septal defect.
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Right ventricular outflow tract obstruction may occur within 
the ventricle, at the valve itself, or in the pulmonary arteries. 
The obstruction may be solitary or occur at multiple levels. 
As an isolated lesion, pulmonic stenosis accounts for ∼10% 
of cardiac malformations. In association with other lesions, 
the incidence may be as high as 25–30% of congenital 
heart disease.

Valvar pulmonic stenosis

Incidence and genetics
This is a common lesion that may occur sporadically or recur 
in families (>3% of siblings also have pulmonic stenosis) [1]. 
It may occur in the Noonan syndrome, the LEOPARD 
 syndrome, or neurofibromatosis [2,3].

Embryology
The pathologic process has been ascribed to an abnormality 
in the development of the distal bulbus cordis [4]. The exact 
cause is unclear.

Pathology
Pulmonic stenosis may occur in a tricuspid, bicuspid, or 
 dysplastic pulmonic valve. Usually, there are three cusps 
with fusion of the commissures. As a result, the valve 
becomes dome shaped and projects into the pulmonary 
trunk [5]. The stenotic valve orifice is usually central, but is 
occasionally eccentric. The valve cusps are usually thin, but 
can be thickened and even calcified.

As a result of the obstruction, generalized right ventricular 
hypertrophy occurs. This may be more marked in the 
infundibular region, where dynamic obstruction may 
develop. The right atrium may become dilated if the stenosis 
is severe and compliance of the right ventricle decreased. 

The wall of the right atrium may thicken, and the foramen 
ovale dilate.

The pulmonary artery shows post-stenotic dilatation, 
which may extend into one of the branches and is almost 
always present after infancy. The left pulmonary artery is 
usually dilated as the “jet” through the stenotic orifice is 
directed towards the left pulmonary artery. There is no 
 correlation between severity of the obstruction and the 
degree of post-stenotic dilatation. Although post-stenotic 
dilatation may occur in a dysplastic valve, its incidence is 
lower than in patients with classic pulmonic stenosis.

An important pathologic subgroup (having clinical and 
therapeutic implications) is that of the dysplastic valve, with 
an incidence in Noonan syndrome of ∼60%. This valve 
 consists of three thickened, immobile cusps with little, if any, 
commissural fusion. The cusps are composed of disorganized 
myxomatous tissue. The valve annulus is usually narrow, 
and the supravalvar area of the pulmonary trunk is also 
hypoplastic.

Pathophysiology
Regardless of the features of the pulmonary valve, the 
 physiologic effects depend on the degree of stenosis. As the 
valve orifice diminishes, right systolic ventricular pressure 
increases (roughly as a squared function) to maintain 
the cardiac output. Right ventricular hypertrophy develops 
in proportion to the right ventricular systolic pressure. The 
ventricular trabeculations are increased. In severe stenoses, 
the right ventricular cavity is decreased in size.

Rarely in severe stenosis with suprasystemic right 
 ventricular systolic pressure and especially if it is long-standing, 
myocardial ischemia may occur and lead to myocardial fibro-
sis and eventually congestive cardiac failure [6]. Rudolph 
has made a significant contribution to our understanding of 
fetal and neonatal factors contributing to the physiology in 
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such patients [7]. An essential difference in the response of 
the very young to afterload is hyperplasia in addition to 
hypertrophy of myocardial fibers. In the neonatal response 
to afterload, the number of capillaries is increased. This 
 provides the capacity to produce extremely high systolic 
ventricular pressures. The stroke volume is usually main-
tained by the hypertrophied muscle although, after a period 
of sustained elevated pressure, cardiac failure may occur if 
the ventricle dilates. Cardiac output is usually maintained.

Pulmonary blood flow is decreased and cyanosis is present 
when right-to-left shunting occurs at the atrial level in asso-
ciation with right ventricular fibrosis (and decreased compli-
ance), right ventricular failure, or decreased size of the right 
ventricle (due to hypertrophy, which also causes decreased 
compliance). Hypoplasia of the right ventricle, a separate 
entity, may simulate the last condition [8]. There is a 
 continuum between severe neonatal pulmonary stenosis 
and pulmonary atresia with intact ventricular septum.

Clinical features

Clinical history
Neonates with critical stenosis may be in congestive heart 
failure or cyanotic from a right-to-left atrial shunt. In the 
first days of life, the gradient increases as pulmonary vascu-
lar resistance decreases. Symptoms may be mild provided 
that the arterial duct is patent and rapid deterioration may 
occur with duct closure.

Beyond the neonatal period, most patients are asympto-
matic, even with severe stenosis. Currently, most patients 
undergo treatment to relieve the stenosis before symptoms 
appear (certainly those beyond the neonatal period). In 
infancy, symptoms are rare, but can include dyspnea and 
fatigue on effort. Even in severe stenosis, marked symptoms 
are unusual because the right ventricle maintains cardiac 
output for long periods before decompensation. Rarely, chest 
pain, syncope, and even sudden death may occur during 
exercise in patients with severe stenosis.

Cyanosis is rare in childhood but possibly occurs in adults 
as right ventricular compliance decreases and shunting 
occurs through a patent foramen ovale.

In nonsyndromic patients, intelligence is usually normal.

Physical examination
Growth and development are usually normal, regardless of the 
degree of the stenosis. Facial and other features may be spe-
cific in the Noonan syndrome [2,3], the LEOPARD syndrome, 
and neurofibromatosis. In the first two conditions, there are 
triangular facies, ptosis, and hypertelorism. In those with the 
Noonan and LEOPARD syndromes, both growth and develop-
ment may be subnormal (often below the 10th percentile).

Cardiac findings depend on the severity of the obstruction. 
Signs of congestive cardiac failure are usually present only in 
severe stenosis during infancy. The peripheral pulse and 

 systemic blood pressure are normal. The jugular venous 
pulse may be altered in severe stenosis, with a prominent a 
wave. A right ventricular heave may be found, depending 
on the degree of right ventricular hypertrophy. A systolic 
thrill at the second and third left intercostal spaces is com-
mon; it does not parallel severity of the lesion and is often 
present in mild to moderate stenosis.

Auscultation is particularly accurate in predicting the 
 severity of the lesion, probably more so than in any other 
congenital lesion [9,10]. The first heart sound is usually 
 normal. An early ejection systolic click is a typical and often 
identifying feature of classic pulmonic valvar stenosis. The 
ejection sound is heard with mild or moderate stenosis. It does 
not occur in subvalvar or supravalvar stenosis and is absent in 
patients with severe stenosis or a dysplastic valve. The click 
becomes louder during expiration and softer in inspiration. In 
expiration, the right atrial contractile force decreases so that 
the pulmonary valve is in a relatively closed position when 
the right ventricle contracts; therefore, its systolic excursion is 
increased, and the ejection sound is louder.

A systolic ejection murmur is heard best at the upper 
left sternal border. It may be transmitted throughout the 
 precordium and importantly to the left upper back. In 
 general, louder murmurs indicate more severe stenosis, but 
the distinction is imperfect.

The length and timing of the peak of the murmur vary 
with the severity of stenosis, which obviously determines 
the length of contraction. In patients with mild stenosis, the 
murmur is relatively short, and the peak does not occur 
beyond mid-systole. In moderate stenosis, the peak occurs 
later, and the murmur may end at or slightly beyond the 
aortic component of the second heart sound. With severe 
stenosis, the peak occurs even later in systole, and the mur-
mur ends beyond the aortic component of the second sound. 
With increasing severity of stenosis, the frequency of the 
murmur also increases because the velocity of flow through 
the narrow orifice is increased.

The degree of splitting of the second heart sound varies 
with severity. In mild stenosis, the split is normal, and the 
pulmonic component is clearly audible. The degree of 
 splitting increases with increasing severity and the pulmonic 
component becomes softer in severe stenosis so that the 
duration of the split may be 0.12–0.14 s and the pulmonic 
component soft or inaudible. In addition, if it is audible, the 
split may be almost unchanging because of a fixed right ven-
tricular volume. A fourth heart sound may be heard in 
patients with severe stenosis. In infants with severe stenosis, 
an additional systolic murmur that increases with inspira-
tion, indicating tricuspid insufficiency, may be audible.

Electrocardiographic features
The electrocardiographic changes are right atrial  enlargement, 
right-axis deviation, and right ventricular hyper trophy [11]. 
In mild valvar stenosis, the electrocardiogram is often 
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 normal, with only mild right-axis deviation and often an 
rSR′ or rR′ pattern in lead V1. In moderate stenosis, the 
 electrocardiogram is abnormal in >90% of patients. Right-axis 
deviation may be present (usually between 90 and 30° mean 
frontal axis). On occasion, right atrial enlargement is found. 
An rR′ or RS complex is usually present in lead V1. In severe 
stenosis, the P wave is abnormal. The mean frontal axis varies 
from +100 to +170°. In lead V1, a pure R wave or RS or QR 
pattern may be present. The T waves may remain negative but 
often become upright in severe stenosis. An R wave above 
30 mV in lead V1 correlates with severe  stenosis. Although 
the electrocardiogram may be normal in aortic  stenosis, even 
if severe, this is extremely rare in  pulmonic stenosis.

In patients with a dysplastic valve (usually those with 
Noonan’s syndrome), the electrocardiogram is atypical with 
a left anterior hemiblock pattern and counterclockwise QRS 
frontal plane loop. The mean frontal QRS axis is superiorly 
directed, and deep S waves are present in the precordium, 
regardless of the level of systolic pressure in the right 
 ventricle. With associated hypertrophic cardiomyopathy, left 
ventricular hypertrophy may be present.

Arrhythmias are rare in pulmonic stenosis. Supra-
ventricular arrhythmia may occur in an untreated patient 
with severe stenosis, and ventricular arrhythmias may occur 
in the older untreated patients, especially during exercise.

Chest X-ray
Radiographic features are much less reliable than physical 
 findings and electrocardiographic features in assessing the 
severity of the lesion. Cardiac size is usually normal. Post-
stenotic dilatation of the main and often the left pulmonary 

artery is present and produces a prominent pulmonary 
artery segment on the posteroanterior chest radiograph. The 
 prominence of the pulmonary artery does not correlate with 
the degree of stenosis, and although dysplastic valves may 
have little or no post-stenotic dilatation, this is certainly not 
a general rule [12]. It is not uncommon for a normal adoles-
cent to be referred for evaluation of possible congenital heart 
disease because of a prominent pulmonary artery segment 
on the chest radiograph.

Echocardiography
The abnormal pulmonary valve can be visualized on a 
 parasternal short-axis view at the level of the great arteries. 
The valve may also be evaluated from a subxiphoid short-
axis view (Figure 33.1, Videoclips 33.1 and 33.2). The valve 
domes during systole, appearing as a convex line of varying 
thickness at the pulmonary annulus. The pulmonary trunk 
is dilated (post-stenotic dilatation). Color Doppler imaging 
shows the direction of the jet through the valve, and contin-
uous-wave Doppler imaging allows assessment of the sever-
ity of the stenosis. The peak instantaneous systolic gradient 
across the valve may be calculated by the simplified Bernoulli 
equation (ΔP = 4 × Vmax

2). A gradient ≤40 mmHg is consid-
ered mild, 40–70 mmHg is considered moderate, and 
>70 mmHg is severe. The right ventricular systolic pressure is 
increased according to the severity of the pulmonic stenosis. 
The severity of stenosis may be assessed qualitatively by the 
degree of thickening of the right ventricular wall or by the 
presence or absence of systolic flattening of the intraven-
tricular septum on a short-axis view. However, flattening of 
the septum appears even when the systolic pressure in the 

Figure 33.1 Typical 2D and color Doppler 

image of isolated valvar pulmonary stenosis 

in a modified parasternal long-axis view. The 

right ventricular outflow tract is not stenotic. 

Arrow points to doming valve.
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right ventricle is less than systemic. Due to increased wall 
stress of the RV free wall, there is prolonged right ventricular 
shortening as compared with left ventricular shortening, 
causing the septum to bow leftwards in late right ventricular 
systole, which coincidences with early left ventricular 
 diastole/filling. If there is tricuspid regurgitation, the right 
ventricular systolic pressure may be assessed quantitatively 
by applying the simplified Bernoulli equation to the regurgi-
tation jet. The right ventricular systolic pressure equals the 
peak systolic gradient of this jet in addition to the right 
atrial pressure (usually 5–10 mmHg). This pressure may be 
 compared with the systemic blood pressure measured by the 
blood pressure cuff.

In neonates there might be a patent arterial duct with left-
to-right shunt.

In infants with severe valvar pulmonic stenosis, a right-to-
left shunt across the foramen ovale may be demonstrated by 
color Doppler or contrast-enhanced echocardiography. In 
these infants, some hypoplasia of the right ventricular cavity 
may be present, and this decreases the compliance of the 
ventricle and enhances the right-to-left shunt. Bowing of 
the atrial septum from right to left may be seen with a right-
to-left shunt at the atrial level because of the increased right 
atrial pressure. In a dysplastic pulmonary valve, the leaflets 
are markedly thickened and move poorly, and there may be 
hypoplasia of the pulmonary valve annulus and narrowing 
of the pulmonary trunk.

Cardiac catheterization
Cardiac catheterization is principally performed for balloon 
valvoplasty. In most patients, oxygen saturation data do not 
demonstrate an intracardiac shunt, although the combina-
tion of pulmonic stenosis and a secundum atrial septal defect 
is common. In patients with severe obstruction and  associated 
intracardiac communication, a right-to-left shunt through a 
foramen ovale may be detected.

The severity of the stenosis is determined by the peak 
systolic pressure gradient across the pulmonary valve and 
the systolic pressure ratio of the right ventricle to the aorta 
or the left ventricle. Carefully obtained withdrawal pressure 
tracings from the pulmonary artery to the right ventricle 
provide information concerning the site and severity of the 
stenosis.

When the resting right ventricular systolic pressure is 
<50 mmHg or the gradient is <30 mmHg, the stenosis is 
 characterized as mild. In moderate valvar pulmonic stenosis, 
the right ventricular systolic pressure may equal that of the 
aorta or the gradient may be 30–50 mmHg. In severe obstruc-
tion, the resting right ventricular pressure is suprasystemic, 
and the gradient is >50 mmHg (the gradients measured at 
catheterization are usually less than those measured by 
Doppler echocardiography.) The pulmonary valve area may 
be calculated the Gorlin equation and is normally about 
2 cm2 m−2. Because cardiac output is usually normal, even in 

severe stenosis, the valve area is only rarely calculated. The 
most important hemodynamic factor that influences the 
systolic pressure gradient is the heart rate.

The end-diastolic pressure in the right ventricle may be 
normal, but when there is severe obstruction or right 
 ventricular dysfunction, it may be elevated. Tall right atrial a 
waves are usually present in severe pulmonic stenosis, 
 particularly when there is only a small interatrial communi-
cation. Tall right atrial v waves are present when moderately 
severe tricuspid insufficiency is associated. In severe  stenosis, 
the pulsatility of the pulmonary artery pressure tracing is 
absent. Associated infundibular stenosis may be present, 
especially in severe stenosis, and may be suspected from the 
withdrawal pressure tracing.

Angiography
Right ventriculograms in the PA and lateral projections with 
a 25° cranial tilt provide information about the right 
 ventricular size and function, any associated infundibular 
stenosis, and the pulmonary valve (Videoclip 33.3).

The right ventricular size is usually normal, although there 
can be moderate to severe right ventricular hypoplasia, espe-
cially in neonates. The typical stenotic valve is thickened and 
domes during systole. The annulus is usually normal but 
may be hypoplastic in neonates or infants and in those with 
severe valvar pulmonic stenosis. Post-stenotic dilatation of 
the pulmonary trunk and left pulmonary artery is usually 
seen. In a dysplastic valve, the leaflets are thickened and 
relatively immobile. The main pulmonary artery and the 
annulus may be moderately hypoplastic. There may be post-
stenotic dilatation of the pulmonary trunk, although this is 
less marked than in classic valvar stenosis.

In patients with severe valvar pulmonic stenosis, diffuse 
narrowing of the right ventricular outflow tract due to 
hypertrophy may be seen during middle to late systole, but 
this narrowing disappears during diastole.

Other imaging modalities
Magnetic resonance imaging (MRI) represents an important 
noninvasive imaging tool apart from echocardiography. 
Although in neonates the spatial resolution is an important 
limitation of this technique, its role is increasing, especially 
in adults. The static, three-dimensional anatomic features 
of the RVOT can easily be appreciated on MRI. Further, 
cine images give dynamic information on the function of 
the RVOT; for instance, they can nicely demonstrate any 
dynamic muscular RVOT obstruction. MRI also offers a 
quantitative analysis of pulmonary regurgitation in those 
patients who develop pulmonary insufficiency after surgical 
or interventional treatment. Most importantly, MRI repre-
sents the most valid technique to determine right ventricu-
lar size, function, and wall thickness and thereby facilitate 
the assessment of pathophysiology in the presence of RVOT 
dysfunction.
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If MRI is contraindicated, cardiac computed tomography 
(CT) can be used for the three- dimensional assessment of 
the anatomy, and three-dimensional reconstruction of the 
RVOT throughout the cardiac cycle (“four-dimensional 
imaging”) is possible. These images help in planning 
 interventional strategies in these patients. Nevertheless, 
echocardiography represents the most important and easily 
accessible noninvasive imaging technique in the setting of 
RVOT obstruction.

Management
Patients with mild valvar pulmonic stenosis do not require 
intervention. They should be treated as normal children and 
not restricted from physical activity [13–15]. An indication 
for treatment in infants, children, and adolescents, with or 
without symptoms, is a transvalvar gradient >40 mmHg in 
the absence of fixed subpulmonary obstruction or additional 
lesions that need operative interventions. Most patients are 
asymptomatic, even with severe obstruction. The successful 
relief of obstruction improves clinical outcome. Severe  valvar 
pulmonic stenosis leads to symptoms and signs of right-sided 
heart failure, especially in long-standing obstruction in 
adults [16–20].

Neonates
In contrast to older infants and children, critical pulmonic 
stenosis in neonates requires emergency treatment to 
 prevent death [21–23].

Initially, infusion of prostaglandin E1 or E2 should be 
 commenced as early as possible to maintain ductal patency 
until definitive treatment is available. Treatment, when 
 necessary, consists of balloon valvoplasty, which gives excel-
lent results. Surgical valvotomy is limited to patients with 
more complex lesions or those with dysplastic valves in 
whom balloon dilation has failed.

Successful dilatation occurs in >95% of neonates [24–40]. 
In some neonates, the smaller and noncompliant right ven-
tricle may be inadequate for maintaining normal pulmonary 
blood flow. Prolonged prostaglandin infusion gives time for 
the right ventricular compliance to improve after regression 
of its hypertrophy. If slow recovery is to be expected, 
 prostaglandin is not tolerated or if cyanosis persists (oxygen 
saturation <80%) after 3 weeks of prostaglandin infusion, 
ductal stenting or a systemic-to-pulmonary artery shunt 
should be considered.

Complications are more common in neonates than in 
older patients, with a mortality rate of 3%, major complica-
tions 3.5%, and minor complications 15% [24–34,41]. On 
longer follow-up, about 10–15% of patients need reinter-
vention, either repeated balloon dilatation or surgery for 
either infundibular stenosis or a dysplastic valve. Morphologic 
follow-up studies have confirmed that the valve matures 
from its dysplastic appearance, and the annulus and right 
ventricular cavity grow [39]. The results compare favorably 

with operation [40]. Hence we currently consider balloon 
valvoplasty to be the treatment of choice in neonates with 
isolated critical valvar pulmonic stenosis, regardless of mild 
right ventricular hypoplasia or valve morphology.

Infants
Asymptomatic infants with severe valvar pulmonic stenosis 
should be treated electively, usually around the age of 9–12 
months. Balloon valvoplasty may be performed earlier if the 
lesion is extremely severe. The rationale for intervention has 
included relief of symptoms, prevention of secondary 
changes in the right ventricle and pulmonary artery, and 
prevention of progression to more severe obstruction. 
Successful relief of obstruction is associated with an improved 
clinical outcome [16–20].

Balloon valvoplasty
After hemodynamic measurements of the right ventricle/
aortic pressure ratio and the transvalvar gradient, accurate 
measurements of the diameter of the valve annulus are 
obtained from AP and lateral angiocardiograms. A guidewire 
of appropriate stiffness is positioned in a distal pulmonary 
artery. With the wire carefully fixed in place, the balloon 
dilatation catheter is advanced over the wire until the valve 
lies exactly half way along the length of the balloon. When 
a single balloon is used, the balloon diameter should be 
∼20% larger than the diameter of the pulmonary valve 
annulus. The balloon is inflated until the waist is abolished 
and not beyond its prescribed pressure. The balloon is then 
rapidly deflated, with the entire cycle of inflation and defla-
tion taking no more than 10–15 s. The inflation–deflation 
process is repeated with the balloon repositioned slightly 
 forwards or backwards between each inflation if the waist 
could not be abolished or the balloon position was not stable 
during inflation (Figure 33.2, Videoclip 33.4).

For a larger valve annulus, a double-balloon technique 
was developed. For this technique, a second exchange wire 
for a second balloon can be used. Alternatively, a multi-track 
balloon catheter allows for the advancement of two balloons 
over the same wire. When two balloons are used, the com-
bined diameters of the two balloons should be at least 1.6–1.8 
times the diameter of the valve annulus. The two balloons 
are inflated and deflated simultaneously. Although double-
balloon dilatations are rarely required, several added advan-
tages immediately become apparent for large patients. The 
two balloons inflate and deflate faster than a single larger 
balloon. This, coupled with the persistent “lumen” through 
the valve between the two inflated balloons, results in much 
less effect on the systemic arterial pressure at maximal infla-
tion than with a single balloon. Even in a smaller valve, the 
relatively smooth contour of the two much lower profile bal-
loons results in less trauma to the vessels at the site of intro-
duction. Because of these advantages, the double-balloon 
technique has been adapted for most pulmonary valve 
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 dilatations in adult patients, even if a single adequate-sized 
balloon is available.

The goal of the pulmonary valve dilatation is to relieve 
outflow tract obstruction with residual gradient as low as 
possible. Often, the gradient across the valve can be reduced 
to <10–15 mmHg. However, particularly in patients with 
more severe stenosis, there may be dynamic subvalvar right 
ventricular outflow tract obstruction. Once the valvar 
obstruction is relieved, the subvalvar gradient becomes 
manifest, and angiographically the subvalvar area narrows 
markedly. This reaction was recognized long ago by the sur-
geons as the “suicide right ventricle” after operative relief of 
severe valvar stenosis. Fortunately, in the catheterization 
laboratory, without the trauma of operation and cardiopul-
monary bypass, this is a nonfatal reaction, and the stenosis 
regresses with time if the valvar stenosis has been adequately 
relieved.

Some severely dysplastic pulmonary valves cannot be 
dilated adequately. Unless there are extreme degrees of these 
echocardiographic and angiocardiographic features, the 
valve may be mildly dysplastic and possible to dilate. An 
attempt should be made to dilate these valves when 
 significant stenosis is present.

The safety and efficacy of balloon valvoplasty of a stenotic 
pulmonary valve in infants, children, adolescents, and adults 
have been confirmed by numerous studies [42–72]. Acute 
and long-term results are excellent, with reduction of valve 
gradient in most patients to a hemodynamically insignificant 
level. In comparison with valvotomy, balloon valvoplasty 
provides equivalent long-term gradient relief with only triv-
ial to mild pulmonary insufficiency during follow-up in most 
patients [41,48,49–66].

Follow-up data for 533 patients from 22 institutions up to 
7 years after an initial balloon valvoplasty [73] demonstrated 

that 23% of patients had a suboptimal outcome because of 
either a residual peak systolic gradient ≥36 mmHg or need for 
further treatment of pulmonic stenosis by repeated  balloon 
pulmonary valvoplasty or surgical valvotomy. Significant 
independent predictors of suboptimal long-term outcome 
are an earlier year of the initial valvoplasty, a small valve 
hinge point diameter, and a higher immediate residual gra-
dient. A small ratio of balloon-to-valve hinge point diameter 
significantly predicted suboptimal outcome for patients with 
valves morphologically classified as either typical or complex 
(primarily post-surgical valvotomy) but not for patients with 
dysplastic or combined morphologic features (dysplasia with 
commissural fusion). The patient’s age, Noonan’s syndrome 
or associated cardiac lesions, pre-balloon valvoplasty 
 gradient, and use of the double-balloon technique did not 
independently predict follow-up outcome [61]. Other inves-
tigators [74] found that intervention in patients with a 
 systolic  gradient between 40 and 60 mmHg achieved a lower 
 long-term gradient and fewer late symptoms.

Results of balloon pulmonary valvoplasty for patients with 
a dysplastic pulmonary valve vary and depend on the relative 
contribution to the degree of obstruction made by the thick-
ened and immobile leaflets, the nodular tissue in the leaflet, 
the sinuses, and the commissural fusion, all of which may 
form a continuum with typical pulmonic stenosis. Because the 
degree of valve fusion is difficult to define, in the absence of a 
hypoplastic annulus (<75% of that predicted for age and body 
surface area), and perhaps the finding of a dilated pulmonary 
trunk, balloon valvoplasty should be attempted [41,48,75–80]. 
Although undersized balloons may be associated with a poor 
acute result, the use of oversized balloons increases the risk 
of valve disruption, outflow tract damage, and vascular 
 complications [81]. Unsuccessful results were generally due to 
an inability to cross the valve, especially in neonates.

Figure 33.2 Lateral right ventricular angiograms (LAO 90°) of an infant with valvar pulmonary stenosis undergoing balloon dilation. (a) Before the 

intervention with a thick, doming valve and post-stenotic dilation of the main stem pulmonary artery. (b) The dilating balloon with a tight waist at the level 

of the stenosis. With higher pressure the waist disappears. (c) Typical result with a good central opening of the valve and a narrow right ventricular outflow 

tract (“reactive infundibular stenosis”) which is due to right ventricular hypertrophy and will diminish over time.
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The experience in adults confirms the technical simplicity 
and hemodynamic improvement seen in the pediatric age 
groups [21,82–92].

Surgical valvotomy
Surgical valvotomy should be limited to patients with more 
complex lesions or those in whom balloon dilation is 
 contraindicated or failed (severe dysplastic valves).

Surgical valvotomy may be performed by an open or 
closed technique, although almost all are performed under 
direct vision [22]. The approach is through the pulmonary 
artery, and valvotomy is performed. With a dysplastic 
 pulmonary valve, the same approach is used. Balloon 
 valvoplasty is attempted; should this fail because of either 
the thickened leaflets or the supravalvar stenosis, operative 
treatment is necessary. Valvotomy alone does not usually 
suffice, and valvectomy, partial or total, may be necessary. 
Enlargement of the annulus and patch enlargement of the 
pulmonary trunk may also be necessary.

The results of the surgical valvotomy on nondysplastic 
valves are excellent. Mortality is minimal.

After an operation, some pulmonary insufficiency may be 
present. This is usually minor and clinically insignificant and 
only rarely needs valve replacement. Associated infundibu-
lar hypertrophy, which occurs in severe stenosis and is 
 probably secondary or functional, poses a special situation. 
Occasionally, infundibular obstruction does not regress after 
valvotomy, or the obstruction increases postoperatively. 
Death has been reported from the so-called suicidal right 
ventricle. Significant subvalvar obstruction recurring 
 immediately after valvotomy may require treatment with a 
β-blocker. If there is no response, resection may be  necessary. 
In most patients, however, the secondary obstruction 
decreases and resolves with time.

Natural history and long-term history 
of treated and untreated adults
The Natural History Study produced important information 
on the natural history of patients with valvar pulmonic 
 stenosis [15,18]. In mild pulmonic valvar stenosis (defined 
as a gradient <30–35 mmHg), no intervention is indicated 
and long-term outcome is excellent in almost all patients. 
Exercise tolerance is normal or only mildly reduced [93]. 
Further, in postoperative patients with mild stenosis, 
 reoperation is rarely necessary.

Patients with pressure gradients <25 mmHg did not 
 experience an increase in gradient with time. If the gradient 
was >50 mmHg, valvotomy was deemed necessary. The 
management of patients with a gradient between 40 and 
49 mmHg was controversial. There were 22 deaths, 19 in the 
surgically managed patients and three in the medically man-
aged patients [15]. In the medical group, two of the three 
deaths were noncardiac and the third death was a result of 
ventricular fibrillation during catheterization. In the surgical 

group, 12 of 19 patients died of cardiac-related causes, 
including eight perioperative deaths. Morbidity after 
 admission to the study was uncommon but was significant 
in individual patients, related to conditions such as bacterial 
endocarditis, brain abscess, syncope, congestive cardiac 
 failure, stroke, and pacemaker implantation.

Apart from residual stenosis, both surgical valvotomy and 
balloon valvoplasty can induce relevant pulmonary regurgi-
tation acutely or during follow-up. The incidence of severe 
pulmonary regurgitation long after balloon valvoplasty has 
been reported to be >15% [94].

Chronic severe pulmonary regurgitation late after surgical 
repair of tetralogy of Fallot is related to impaired exercise 
performance, right ventricular dilatation, and/or dysfunction 
and increased risk for arrhythmia [95–97]. However, the 
effect of long-standing, isolated pulmonary insufficiency on 
morbidity and mortality remains unknown. Accordingly, the 
indications and timing for pulmonary valve replacement in 
isolated severe pulmonary regurgitation are controversial.

Importantly, the currently used valved conduits (hom-
ografts, Hancock conduits, etc.) for pulmonary valve replace-
ment all exhibit a limited lifespan, which ranges from 10 to 
15 years [98–104]. Because of this limited life span, patient 
management strategies have been based on delaying surgical 
intervention for as long as possible (so that number of open-
heart surgeries performed on any individual patient is kept 
to a minimum) but not beyond a theoretical point when RV 
dysfunction and functional impairment might be irreversi-
ble. Finding the right parameter to detect the point of no 
return in right ventricular volume overload has been 
described as the Holy Grail of pediatric cardiology [105], 
 particularly for adults with congenitally malformed hearts, 
emphasizing the complexity of this issue.

With advanced cardiac magnetic resonance imaging, efforts 
have been made to establish volume thresholds as predictors 
for outcome after conduit placement. Cut-off points for end-
systolic and end-diastolic right ventricular volumes have 
been reported [106–108] The end point in these studies was 
normalization of right ventricular volumes after correcting 
pulmonary regurgitation, with or without surgical remode-
ling of the right ventricular outflow tract. However, the effect 
of the timing of pulmonary valve replacement on RV  function, 
exercise performance, and in particular long-term survival 
and risk for arrhythmia remains undefined.

Currently, we recommend pulmonary valve replacement 
for the following if this impairment cannot be explained 
adequately by extracardiac factors: symptomatic pulmonary 
regurgitation; moderate to severe right ventricular dilatation 
with a right ventricular volume of >150 ml m−2; right  ventricle 
to left ventricle end-diastolic volume ratio of >1.5; moderate 
to severe right systolic dysfunction; progressive tricuspid 
regurgitation; or significantly impaired exercise capacity 
(<65% of predicted maximal oxygen consumption on 
 cardiopulmonary exercise testing).
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Peripheral pulmonary artery stenosis

Incidence and Genetics
Peripheral pulmonary artery stenosis (PPAS) accounts for 
>3% of all congenital heart defects. PPAS may be sporadic or 
familial. It may be an isolated lesion (40%) or combined 
with other cardiac lesions (60%), such as valvar pulmonic 
stenosis, atrial septal defect, ventricular septal defect, and 
patent ductus arteriosus; about 20% of patients with 
 tetralogy of Fallot have associated PPAS. Other complex- 
associated lesions include mitral obstruction and transposi-
tion of the great arteries. Another important association is 
with supravalvar aortic stenosis [109], classically present in 
the Williams syndrome and also as the central feature of a 
developmental complex that includes supravalvar stenosis of 
the aorta and pulmonary trunk, dysplasia of valves, and ste-
nosis of ostia of coronary arteries and branches of the aortic 
arch [110]. In this complex, histologic examination of the 
aorta and major pulmonary arteries showed two patterns 
that may alternate from segment to segment in a given 
patient. One pattern is of a mosaic orientation of medial 
 elements, and the other is of thickening of the media that 
appears to have an excess number of units of elastic and 
intervening layers. Syndromes that have PPAS as an impor-
tant feature also include the rubella, Alagille, Keutel [111], 
cutis laxa, Noonan, and Ehlers–Danlos syndromes and 
 familial supravalvar aortic stenosis.

Specific genetic abnormalities have been described for 
 several syndromes associated with isolated PPAS. In Williams 
syndrome, a genetic deletion within chromosome 7 has been 
identified, which results in abnormal elastin production 
[112]. Further, a deletion in chromosome 20 is linked with 
the Alagille syndrome [113].

Embryology
Although probably multifactorial, the exact pathogenesis 
of PPAS remains unclear. In contrast, teratogenic agents 
such as the rubella virus are believed to affect directly the 
 pulmonary artery tree.

Pathology
Functional or physiologic PPAS is relatively common in both 
premature and full-term neonates. The stenosis, evidenced 
by the typical murmur and a small gradient (echo Doppler), 
is mild. With time, these arteries grow, and the murmur 
 disappears within a few months and almost invariably is 
gone by the first birthday.

PPAS may occur at a single site or, more commonly, at 
multiple sites of obstruction. The stenosis may be present at 
any level above the pulmonary valve and may involve one or 
many pulmonary artery branches. In a simplified  classification 
[114], four types of obstruction were described: (i) stenosis of 
the pulmonary trunk; (ii) bifurcation stenosis extending into 

the right or left pulmonary arteries (or both); (iii)  multiple 
peripheral pulmonary artery stenoses; and (iv) stenoses of 
both the pulmonary trunk and peripheral arteries.

PPAS also follows post-surgical aortopulmonary shunt 
placement. Insertion of the shunt into either the left or right 
pulmonary artery can lead to distortion and upward pulling 
of the pulmonary branches during somatic growth, resulting 
in significant obstruction.

Sometimes, closure of the ductus arteriosus leads to 
 isolated stenosis of the left (or. in the presence of ductal or 
aortic arch anomalies. right) pulmonary artery. This lesion 
is called “pulmonary coarctation.”

Pathophysiology
The pathophysiology and hemodynamics resemble valvar 
pulmonic stenosis. Proximal to the obstruction, the systolic 
pressure is elevated, and distally it is normal or low. Therefore, 
depending on the degree of obstruction, the right ventri-
cular systolic pressure is elevated, as is the pressure in the 
pulmonary artery proximal to the obstruction. The diastolic 
pressure is often low and equal in the pulmonary artery both 
proximal and distal to the obstruction. Hence pressure 
tracing in the proximal pulmonary artery resembles the right 
ventricular pressure contour, although the diastolic pressure 
is not zero.

The pathophysiologic consequences of increased right 
ventricular afterload have been described above.

Another consequence of PPAS is unequal pulmonary 
perfusion. With several severely obstructed regions, non-
stenotic areas experience high flow and/or high pressure 
and may develop pulmonary vascular disease. On the other 
hand, proximally obstructed vessels often remain small and 
“underdeveloped.”

Clinical features

Clinical history
In general, PPAS is a more severe disease than isolated 
 pulmonary stenosis. The patient’s general appearance is 
either normal or that of an associated syndrome involved 
with possible typical facial features of the Noonan, rubella, 
Williams, or Alagille syndromes. Growth and development 
are normal in most patients or possibly delayed in the 
 syndromes. Most patients are asymptomatic. With severe 
obstruction, fatigue or dyspnea on exertion is usually present. 
Signs of congestive cardiac failure are rare.

Physical examination
Decreased compliance of the right ventricle may be associated 
with a right-to-left shunt at the atrial level and cyanosis. In 
mild to moderate stenosis, no thrills or heaves are palpable; 
with severe obstruction, a right ventricular heave may be 
palpable.

The first heart sound is normal. The second sound is split, 
the width intensifying with the increasing severity of the 
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 stenosis. No ejection click is present. Typically, the murmur 
is absent or soft over the precordium. It is heard below both 
clavicles. Of particular importance is the wide distribution of 
the murmur over the back and axillae; this is a major clinical 
clue pointing to the diagnosis. With multiple PPAS or an 
associated left-to-right shunt, a continuous murmur may be 
present and widely distributed over the precordium, back, 
and axillae. Its intensity varies with the degree of stenosis.

Electrocardiography
The electrocardiographic features are similar to those of  valvar 
pulmonic stenosis. They vary from normal to those of severe 
right ventricular hypertrophy and even “strain”  pattern.

Chest X-ray
Pulmonary vasculature is usually normal regardless of severity, 
although decreased vasculature may occur in severe stenosis. 
The main pulmonary artery segment is not pro minent (as 
opposed to valvar stenosis). In severe unilateral stenosis, a 
difference in vasculature may be seen between the two lungs. 
Often with marked differences of stenosis in the two lungs, no 
significant differences in vasculature may be evident.

Echocardiography
Narrowing of the pulmonary artery branches may be present 
in either diffuse or discrete forms. The proximal right and 
left pulmonary arteries may be imaged from the suprasternal, 
high parasternal short-axis, or subxiphoid view. Flow into 
the narrow pulmonary artery branches is anterograde 
throughout the cardiac cycle, and this causes a characteristic 
systolic–diastolic high-velocity flow on Doppler study. The 
systolic Doppler gradient across a long obstruction is unreli-
able, but the severity of the narrowing may be assessed by 
the right ventricular systolic pressure.

Cardiac catheterization
Cardiac catheterization is important to confirm the diagnosis 
of PPAS and may be an important therapeutic modality for 
balloon angioplasty and endovascular stent implantation. 
The indications for cardiac catheterization are symptoms or 
noninvasive evidence of right ventricular hypertension 
(greater than two-thirds of systemic pressure), echocardio-
graphic or X-ray findings of asymmetric pulmonary 
 perfusion, and assessment after surgical repair (e.g., after 
repair of tetralogy of Fallot or the Fontan operation).

Carefully obtained withdrawal pressure tracings from the 
distal branches demonstrate systolic pressure gradients across 
the narrowest segment of the arteries. Systolic pressure 
gradients >10 mmHg are considered abnormal. With 
unilateral stenosis, a pressure gradient is usually present 
across the narrowed segment, but the proximal pulmonary 
artery pressure is normal. Sometimes, pressure is also 
elevated in the contralateral pulmonary artery. The pressure 
tracing proximal to the obstruction has a contour similar to 

that of the right ventricle in length and time up to the dicrotic 
notch; it also has a wide pulse pressure that becomes more 
pronounced with increasing severity of the obstruction. In 
unilateral or partial PPS, the pressure gradient is often lower 
than anatomically expected because there is increased flow 
to the nonobstructed regions with decreased flow to the 
contralateral lung.

Angiography
Selective angiography is important to define the location, 
extent, and distribution of the lesions in each pulmonary 
artery. The right pulmonary artery is best seen in an AP view 
and the left pulmonary artery in a left anterior oblique view 
with cranial angulation. Demonstrating stenosis in the main 
pulmonary artery and the origin of both left and right pul-
monary arteries requires cranial angulation. Aortography 
should be performed to exclude frequently associated sys-
temic arterial stenoses.

Other imaging modalities
MRI represents the most accurate and reproducible imaging 
technique for assessing right ventricular size, function and 
wall thickness. MR contrast agent (gadolinium)-enhanced 
three-dimensional angiography provides a noninvasive 
technique for visualizing the pulmonary artery tree. The 
sensitivity and specificity for assessing PPAS of the proximal 
and up to the third to fourth generation pulmonary arteries 
have been shown to be ∼100%. Further, repeated accurate 
measurements of PPA dimensions are possible with this 
technique. There are, however, some limitations to visual-
izing the distal pulmonary vasculature; intravascular stents 
can significantly reduce the diagnostic performance of MRI 
in patients with PPAS.

Lung perfusion scintigraphy had been a useful noninva-
sive method for accurately determining relative pulmonary 
blood flows, allowing the clinician to plan and follow 
up transcatheter interventions in the pulmonary arteries 
[115–118]. However, “washout” effects from additional 
blood  supply to the lung can make flow quantification inac-
curate. Currently, MRI represents the gold standard for 
assessing differential blood flow to the lungs as derived by 
flow  calculation in the branch pulmonary arteries.

Especially in patients with multiple previous stenting of 
the pulmonary tree, CT imaging is preferred. Similarly to 
MRI, contrast-enhanced CT provides excellent imaging of 
the proximal and distal pulmonary vasculature. For  assessing 
hemodynamic relevance, however, catheterization remains 
the gold standard.

Management
Mild or moderate unilateral or bilateral PPAS does not 
 usually require treatment. The indications for treating severe 
PPAS include cardiovascular symptoms, such as exercise 
intolerance, dyspnea, cyanosis, and signs of right-sided heart 
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failure; near-systemic (or higher) right ventricular pressure; 
markedly decreased flow to affected lung segments; 
 hypertension in the unobstructed pulmonary artery; and 
documented stenosis in distal pulmonary arteries not easily 
accessible as a surgical prelude to definitive repair of a 
 coexisting cardiac anomaly [117,118].

An operation performed to relieve pulmonary artery 
 stenosis directly is difficult and often ineffective in relieving 
obstruction, with a success rate of ∼30% [119–121]. In the 
surgical approach, a pericardial or Dacron ellipsoid patch is 
used to widen the lumen of the vessel. Furthermore, the 
surgical approach is confined to a small group of patients 
with well-localized stenosis of the pulmonary trunk or bifur-
cation of the origins of the main branch pulmonary arteries. 
The intraparenchymal pulmonary arteries are surgically 
inaccessible. For patients with multiple PPS or hypoplastic 
pulmonary arteries, there is no surgical alternative;  therefore, 
interventional options such as balloon angioplasty and 
endovascular stent placement have been developed.

Successful angioplasty results in longitudinal or oblique 
intimal tears, medial disruption, and, in some patients, 
 transmedial tears, with organization of intramural hemor-
rhage and scar formation as the mode of healing [122,123]. 
Pseudoendothelialization is complete in 3–6 weeks; areas of 
mural thinning within the scar may predispose to aneurysm 
formation. After angioplasty, perivascular fibrosis may 
 reinforce the outer vessel wall, but several months must pass 
to allow complete tissue granulation and healing of transme-
dial tears induced by catheter intervention [123,124].

Balloon dilatation is usually well tolerated and should be 
considered an initial form of intervention, at least for 
 postoperative stenosis. Acute technical success is judged by 
the modified criteria of the Boston group [117], and includes 
at least two of the following criteria: an increase in vessel 
diameter of >50% of the predilatation diameter, an increase 
of >20% in the relative blood flow to the affected lung, and 
a decrease to <60% of the systolic right ventricular/aortic 
pressure ratio. Balloon angioplasty for PPS has been effective 
according to these criteria in 50–60% of patients [117,118]. 
Restenosis occurs in 15–20% of patients and a long-term 
favorable result is achieved in 35–50% of patients [118,125] 
by the following criteria: resolution of the stenosis and avoid-
ance of surgical intervention; optimization of future surgical 
intervention, judged by one of two standards: (1) pulmo-
nary artery anatomy or pressure suitable for surgical repair 
in patients with pulmonary artery anatomy or pressure that 
was previously considered a contraindication for surgical 
repair or (2) obviating the need for surgical intervention in 
the areas of balloon angioplasty during the succeeding surgi-
cal repairs and reduction of the systolic right ventricular/
aortic pressure ratio to <60% [126,127].

Significant complications may follow percutaneous  balloon 
angioplasty of PPAS [124–128]. These complications include 
a mortality rate of ∼1–2%, usually from exsanguination from 

a ruptured pulmonary artery during dilatation. Other 
 complications include hemoptysis, transient pulmonary 
edema, thrombosed iliac veins, pulmonary artery aneurysm, 
cyanosis, and hypotension. Late death may also occur from 
aneurysm rupture.

Even after a technically successful procedure, these 
patients require careful serial evaluation and may need 
repeat cardiac catheterization to evaluate accurately the 
mid- and long-term results of the angioplasty procedure. 
Patients who develop aneurysms should be observed even 
more closely because the prognosis of these aneurysms 
remains unknown.

Importantly, although intuitively suggested, the clinical 
benefit of balloon dilatation of native PPS cannot yet  formally 
be demonstrated. 

Endovascular stents
The incidence of recurrent narrowing after balloon 
 angioplasty (∼17%) could be related to the elastic recoil of 
the pulmonary artery wall. The efficacy of endovascular 
stents to relieve such obstructions and the safety of implan-
tation have been demonstrated with a success rate of >96% 
[129–132]. Excellent long-term results have been reported 
[133,134]. If obstructions are near to the bifurcation or 
side branches, simultaneous implantation of stents is 
 recommended [133]. Sometimes resistant stenoses remain 
or develop within or adjacent to the stents following 
 implantation, which can be treated effectively with ultra-
high-pressure balloons [135] (Figure 33.3).

Major complications are few but include death from 
 pulmonary artery embolism, vascular rupture, pulmonary 
bleeding, and embolization of incorrectly placed stents [136–
139]. Compression of coronary arteries may also occur and 
must be excluded by simultaneous test-balloon dilation and 
coronary angiography [140]. Bronchial compression has 
been described [141].

Minor complications include occlusion of side branches, 
[136,139], longitudinal break of the stent during redilata-
tion, acute thrombosis of the pulmonary artery distal to the 
stent that resolves after thrombolytic therapy, and balloon 
rupture during expansion [130].

Natural history and long-term history 
of treated and untreated adults
In PPAS in association with other cardiac defects, such as 
Williams and Noonan syndrome or tetralogy of Fallot, the 
long-term history is determined by the severity of the car-
diac and extracardiac manifestation of the disease. In patients 
with mild to moderate PPAS, the degree of obstruction often 
remains stable or even reduces with growth. In severe PPAS 
and failure of stenting or surgery, prognosis, however, can be 
poor. Right ventricular failure due to chronic pressure over-
load can be observed as a terminal event. Untreated isolated 
PPAS in adults is rare, but has to be excluded in the presence 
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of a long-standing murmur since childhood. Long-term 
results of effectively treated supravalvar or peripheral 
 stenosis are usually good [134]. Large stents positioned in an 
extra-anatomic, especially retrosternal, position may suffer 
from fatigue of the material, leading to compression or 
breaking [142].

Subvalvar stenosis

Two main types of obstruction may occur within the right 
ventricle: isolated infundibular stenosis and anomalous 
 muscle bundles.

Isolated infundibular stenosis
This rare condition consists of narrowing of the infundibu-
lum. The narrowing is either muscular or fibromuscular.

Physiology
The hemodynamics resemble those of other right-sided 
obstructions with a gradient within the right ventricle,  causing 
hypertrophy of the proximal chamber. Clinically, the general 

features are similar to valvar stenosis. The features of right 
ventricular hypertrophy depend on the severity of obstruc-
tion. A systolic ejection murmur is heard along the left sternal 
border or in the pulmonary area. In severe stenosis, cyanosis 
develops from a right-to-left shunt at the atrial level.

The absence of an ejection click and the often lower 
 position of the murmur help in differentiation from valvar 
stenosis. The murmur is often harsher than in valvar  stenosis. 
The second sound is usually narrowly split. The electrocar-
diogram is nondiagnostic and varies with the degree of right 
ventricular hypertrophy. The chest radiograph shows  normal 
cardiac size. The main pulmonary artery is not dilated; the 
pulmonary vasculature is usually normal. The apex may be 
elevated in severe stenosis.

Echocardiography
An infundibular subpulmonic obstruction may be present 
permanently or transiently after relief of valvar pulmonic 
 stenosis. Normally, the tunnel-like obstructed subvalvar 
region is easy to recognize, but sometimes the entire right 
ventricular outflow tract must be visualized with 2D and color 
Doppler to find a discrete stenosis which is more  typical for 

Figure 33.3 Pre- and post-

interventional bilateral angiograms 

[(a) and (c) LAO 20°, cranial 20°; (b) 

and (d) LAO 90°] of a 20-year-old 

female with severe residual left 

pulmonary artery stenosis following 

multiple operative and percutaneous 

pulmonary valve implantation. Panels 

(a) and (b) show the stenosis distal to 

the bifurcation with contrast injection 

through a pigtail catheter in the left 

pulmonary artery. Panels (c) and (d) 

show the result of stent implantation 

with guidewire and balloon catheter 

still in place. Contrast is administered 

through a long delivery sheath with 

the tip just proximal to the stent-

mounted pulmonary xenograft valve.
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the double-chambered right ventricle (see below). A charac-
teristic Doppler jet with a concave downstroke is indicative of 
dynamic subvalvar narrowing. When a fixed obstruction is 
present, the jet has a regular, convex  downstroke.

Natural history
The degree of obstruction tends to increase with age.

Treatment
Definitive treatment is surgical, which has good results. In 
dynamic stenosis, β-blockers can temporarily reduce the 
 gradient and thereby allow for postponement of surgery.

Anomalous muscle bundles
The other form of stenosis within the right ventricle is 
 anomalous muscle bundles.

Physiology
In this condition, muscle bundles divide the ventricle into two 
chambers (hence the synonym double-chambered right ventricle) 
[143] (Figure 33.4). The muscle bundles pass from the septal 
wall close to the base of the anterior papillary muscle to the 
anterior wall of the right ventricle. A  ventricular septal defect 
is present in most patients, although in some patients the 
muscle bundles may functionally close the  septal defect. In 

addition, a discrete membranous subaortic membrane com-
pletes a triad of commonly associated pathologic findings.

Right ventricular obstruction often progresses. Clinically, 
the patients are usually asymptomatic. The position of the 
ventricular septal defect may occasionally affect the clinical 
picture. If the septal defect is situated above the muscle 
 bundles, a left-to-right shunt may predominate and even 
lead to heart failure. However, right-to-left shunting may be 
present only occasionally when the septal defect is below the 
muscle bundles.

The most striking clinical feature is a long, usually harsh, 
ejection systolic murmur heard along the left sternal border, 
possibly radiating to the pulmonary area. A thrill is often 
present. The heart sounds are usually normal. A systolic click 
is not present. The electrocardiogram shows different degrees 
of right ventricular hypertrophy, depending on the severity 
of the obstruction. The radiographic features are  nonspecific.

Echocardiography
On echocardiography, the muscle bundle may be well imaged 
from a subxiphoid short-axis or a right anterior oblique view, 
which can be obtained by counterclockwise rotation of the 
transducer. The severity of the obstruction may be assessed 
by continuous-wave Doppler imaging.

Figure 33.4 Bilateral angiograms [(a) RAO 0°; (b) LAO 90°] of a 23-year-old patient with circumscribed muscular stenosis of the right ventricular outflow 

tract forming the so-called double-chambered right ventricle. The long, thin arrow points to the anomalous muscle bundle and the short, thick arrow to the 

position of the pulmonary valve.
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Cardiac catheterization
Usually no evidence of shunt is found. On occasion, left-to-
right or right-to-left shunting may be present. A pressure 
gradient is measured by catheter withdrawal.

Angiocardiography
The muscle bundles are characteristically demonstrated by 
filling defects in the right ventricle. The left-to-right or right-
to-left shunt may also be demonstrated.

Treatment
When indicated by the severity of the gradient, treatment is 
surgical with removal of the muscle bundles. A characteristic 
dimple on the right ventricular free wall is the surgical 
 landmark of the muscle bundle attachment. The associated 
ventricular septal defect is closed, and the subaortic 
 membrane is excised.

Rare causes of right ventricular 
outflow tract obstruction

Rare causes of right ventricular obstruction include:
pouch-like structures in the right ventricle, such as the  •

“windsock” lesion
tumors in the right ventricle – rhabdomyoma •
prolapse of right aortic cusp through a ventricular septal  •

defect
sinus of Valsalva aneurysm, which may prolapse into the  •

right ventricular outflow region [144].
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Introduction

Anomalous pulmonary venous connections are rare 
 congenital anomalies that can be either total or partial. Total 
anomalous pulmonary venous connection (TAPVC) encom-
passes anomalies in which the pulmonary veins are con-
nected to the systemic venous circulation through persistent 
splanchnic connections. In partial anomalous pulmonary 
venous connection (PAPVC), only some of the pulmonary 
veins drain into the systemic venous system.

Historical background, incidence, 
and genetics

TAPVC was first described in 1798 by Wilson [1]. Friedlowsky 
(1868) first described an isolated supracardiac TAPVC [2]. 
Kirklin and Burroughs performed the first surgical repair 
under cardiopulmonary bypass in 1956 [3].

TAPVC is rare, representing 1.5–2% of all congenital 
cardiovascular abnormalities [4]. In a population-based 
registry, TAPVC represented 1.5% of all congenital cardio-
vascular malformations and had a prevalence of 6.8/100 000 
live births [5]. The genetic basis for TAPVC is not under-
stood. Most instances are sporadic, although there are a 
few reports of TAPVC recurring among siblings, father and 
two children, and twins [6,7]. TAPVC is rare in other 
genetic syndromes or chromosomal anomalies. Lead and 
pesticide exposure during pregnancy may be related to 
TAPVC [5]. Pesticide exposure and family clustering are 
related, suggesting that there could be a genetic predispo-
sition to pesticide related injury.

Embryology

During early development of the lungs, blood drains to the 
splanchnic plexus, which in turn connects to the paired 
common cardinal and umbilicovitelline veins. The right 
common cardinal vein evolves into the right horn of the 
sinus venosus that ultimately develops into the right superior 
vena cava and the azygos vein. The left common cardinal 
vein evolves into the left horn of the sinus venosus, which 
ultimately develops into the left superior vena cava and the 
coronary sinus. The umbilicovitelline system becomes the 
inferior vena cava, ductus venosus, and portal vein.

During early development, the pulmonary venous plexus 
is not in direct communication with the left atrium, but 
retains connections to the right superior vena cava, left 
superior vena cava, and portal system. At 27–29 days’ gesta-
tion, an endothelial out-pouching occurs from the posterior 
superior left atrial wall and represents the primitive (com-
mon) pulmonary vein that connects with the pulmonary 
venous plexus by 30 days’ gestation. The tributaries to the 
common pulmonary vein form a common chamber which 
progressively incorporates into the posterior wall of the prim-
itive left atrium. The pulmonary venous part of the splanchnic 
plexus gradually loses its connection with the cardinal and 
umbilicovitelline veins.

Most forms of TAPVC result when the common pulmonary 
vein fails to develop or fails to connect with the pulmonary 
venous plexus. This leads to the persistence of one or more 
earlier venous connections. Connection to the right com-
mon cardinal vein results in TAPVC to the left vertical vein/
innominate vein or to the right superior vena cava. 
Persistence of connection to the left common cardinal vein 
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results in TAPVC to the coronary sinus, and persistent 
 connection to the umbilicovitelline vein leads to infracardiac 
TAPVC. Failure of the septum primum to form normally, or 
abnormal septation of the sinus venosus, can lead to direct 
connection of the pulmonary veins to the right atrium.

Pathologic anatomy and major 
associated anomalies

The affected heart of all forms of TAPVC has in common 
dilatation and hypertrophy of the right ventricle and right 
atrium, dilatation of the pulmonary artery, a normal-sized 
left ventricle, and reduced left atrial size and volume. The 
specific findings depend on the type of TAPVC. The pulmo-
nary veins usually form a confluence, also known as a com-
mon chamber, directly behind the left atrium. An anomalous 
channel termed the vertical vein connects the pulmonary 
venous confluence to the systemic venous system.

The classification proposed by Darling and colleagues [8] 
is widely followed and consists of four types: supracardiac, 
cardiac, infracardiac, and mixed. TAPVC can further be 
classified by the presence or absence of obstruction. The 
potential sites of connection of various forms of TAPVC are 
given in Table 34.1.

A supracardiac connection is present in ∼55% of patients 
with TAPVC. Classically, the pulmonary vein confluence 
drains superiorly into the innominate vein via a left-sided 
ascending vertical vein. The common chamber is behind 
the left atrium and the vertical vein passes anteriorly, usu-
ally anterior to left pulmonary artery and left main bron-
chus, but sometimes between them. Rarely, the vertical 

vein may drain directly to right or left superior vena cava, 
or azygos vein. Anomalous connection to the right supe-
rior vena cava is often associated with complex cardiac 
malformations [9].

A cardiac connection occurs in ∼30% of patients with 
TAPVC. The pulmonary venous confluence drains into the 
coronary sinus near the AV groove. The coronary sinus 
ostium is enlarged, but is normally placed. Rarely, the pul-
monary venous confluence may connect directly by a short 
channel into the posterior aspect of the right atrium, usually 
near the midatrial septum, or individual pulmonary veins 
may connect directly into the right atrium.

Approximately 13% of patients with TAPVC have an inf-
racardiac connection. A vertical vein from the pulmonary 
vein confluence descends anterior to the esophagus and 
traverses the diaphragm through the esophageal hiatus. 
Most commonly it drains into the portal venous system. 
Rarely, it drains into the ductus venosus, hepatic veins, or 
the inferior vena cava.

Finally, a mixed type of TAPVC occurs in ∼ 2–5% of 
patients and can involve any or all components of the previ-
ous three types. Most commonly, the left pulmonary veins 
connect via a left vertical vein into the left innominate vein 
and the right pulmonary veins drain directly into the right 
atrium or coronary sinus.

Obstruction is uniformly present in the infracardiac type 
because the pulmonary venous blood must pass through the 
sinusoids of the liver, and may worsen due to constriction or 
closure of ductus venosus. The obstruction may also occur as 
the descending vein travels through the diaphragm or at its 
junction with the portal vein system. Obstruction, consid-
ered rare in the cardiac type, has been underestimated and 
may occur in 22% of patients [10] when a very short, nar-
row channel connects the horizontally placed pulmonary 
veins to the coronary sinus. In supracardiac TAPVC, obstruc-
tion can be either intrinsic or extrinsic: obstruction most 
commonly occurs from compression of the ascending verti-
cal vein between the left main stem bronchus posteriorly 
and left pulmonary artery anteriorly, but rarely intrinsic 
anatomic narrowing occurs at the pulmonary vein conflu-
ence and vertical vein, or at the insertion of the vertical vein 
into the innominate vein. In all forms of TAPVC, narrowing 
of individual pulmonary vein(s) can also produce varying 
degrees of obstruction.

A patent foramen ovale or an atrial septal defect is always 
present and considered a part of the TAPVC complex. A pat-
ent ductus arteriosus (PDA) is usually found in neonates 
presenting with TAPVC. TAPVC occurs alone in two-thirds 
of patients and occurs as part of a group of heart defects (e.g., 
heterotaxy syndromes) in approximately one-third of 
patients. Asplenia or right isomerism is characterized by two 
atrial chambers of right atrial morphology. TAPVC is a 
common feature in right isomerism as these hearts lack a 
morphological left atrium and coronary sinus.

Table 34.1 Classification of TAPVC according to the site of anomalous 

connection.

TAPVC Site

Supracardiac TAPVC Left brachiocephalic (innominate) veina

Right superior vena cava

Azygos vein

Left superior vena cava

Hemiazygos vein

Cardiac TAPVC Coronary sinusa

Right atrium

Infracardiac TAPVC Portal venous systema

Splenic vein

Splenic, superior mesenteric vein confluence

Ductus venosus

Hepatic veins

 Inferior vena cava

a Commonest sites of drainage.
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Pathophysiology

The physiologic consequence of TAPVC in fetal life is 
 negligible as only a small amount of blood normally flows 
through the lungs. When the neonatal lungs expand, pul-
monary flow increases markedly, but because of the anom-
alous connection in all patients with TAPVC, the systemic 
blood flow depends on a right-to-left shunt through an 
atrial septal defect or patent foramen ovale. Venous 
obstruction and size of the atrial septal defect are the criti-
cal determinants of the size of the morphological left 
atrium and coronary sinus, and hemodynamics and clini-
cal presentation.

Obstructed TAPVC increases the pulmonary venous pres-
sure, and usually presents with pulmonary edema in 
neonates. Increase in pulmonary lymphatic flow, recruit-
ment of pulmonary-bronchial venous anastomoses, and 
reflex pulmonary vasoconstriction ensue as compensatory 
mechanisms. All these changes increase pulmonary artery 
and right ventricular pressures. Right ventricular compli-
ance decreases and consequently pulmonary blood flow 
diminishes. Because flow across an atrial septal defect is 
determined by the relative compliance of the pulmonary 
and systemic circulations, right-to-left shunting across the 
atrial septum increases, causing marked hypoxemia. 
Progressive hypoxia leads to acidosis, shock, and multiorgan 
dysfunction. Thus, obstructed TAPVC in a neonate is charac-
terized by pulmonary edema, pulmonary hypertension, 
reduced pulmonary blood flow, and intense cyanosis.

The size of the atrial septal defect determines the systemic 
blood flow. In a few patients, the atrial septal defect or 
foramen ovale is small. Neonates with a restrictive atrial sep-
tal defect present early. During fetal life, the flow across the 
foramen ovale is only mildly increased in TAPVC. Hence 
70–80% of patients with isolated TAPVC have only a patent 
foramen ovale at birth. As pulmonary blood flow increases 
after birth, pulmonary venous return also increases. Rapid 
growth in the first few weeks increases the demand for sys-
temic output that a relatively restrictive foramen ovale is 
unable to accommodate. Hence right atrial, pulmonary 
venous, and pulmonary arterial pressures increase, producing 
systemic and pulmonary venous congestion. There is a large 
increase in pulmonary blood flow with a reduced systemic 
blood flow.

In unobstructed TAPVC, the oxygenated pulmonary 
venous drainage mixes with systemic venous drainage. 
Hence saturations are the same or nearly the same in the 
right and left cardiac chambers beyond the point of admix-
ture. With a nonrestrictive atrial septal defect, the relative 
pulmonary and systemic blood flows depend on the relative 
compliances of the ventricles. Normally, a low pulmonary 
vascular resistance is associated with a compliant right ven-
tricle and the pulmonary blood flow is significantly increased. 

Hence mild cyanosis exists with increased pulmonary blood 
flow, and significant enlargement of the right atrium, right 
ventricle, and pulmonary artery. Conversely, the left atrium 
and left ventricle are small. Pulmonary artery hypertension 
develops in obstructed TAPVC and also in longstanding 
unobstructed TAPVC. With an increase in pulmonary vascu-
lar resistance, the right ventricle hypertrophies and become 
less compliant. The pulmonary arterial blood flow decreases 
and cyanosis increases. Severe pulmonary artery hyperten-
sion leading to Eisenmenger syndrome may also develop in 
a minority [11].

Natural history

With obstruction, the lifespan is brief. Pulmonary edema and 
right ventricular failure ensue within days to weeks of birth. 
Most infants die in the first few days or weeks of life and 
survival for up to 3–4 months is exceptional [12]. The natural 
history is unfavorable even in patients with unobstructed 
TAPVC, most of whom die within 3–6 months of birth; 
75–90% of symptomatic infants do not reach 1 year of life. 
Heart failure and infections are the major causes of mortality. 
The minority who present after the first year of life invariably 
have a low pulmonary vascular resistance and a nonrestrictive 
atrial septal defect.

Clinical features

Patients with TAPVC with pulmonary venous obstruction 
often present in the early neonatal period, whereas patients 
with unobstructed TAPVC may present later; the majority 
present in infancy. The sex distribution is equal in supracar-
diac TAPVC, in contrast to the female preponderance in atrial 
septal defect. A strong male preponderance (3:1) is observed 
in infra-diaphragmatic TAPVC [13]. Cyanosis and respira-
tory distress are marked in symptomatic neonates with 
obstructed TAPVC. Pulmonary edema and shock may occur. 
In infra-diaphragmatic TAPVC, feeding may exacerbate 
symptoms due to worsening obstruction at the esophageal 
hiatus or an increase in intra-abdominal pressure. With a 
restrictive atrial septal defect, symptoms of heart failure and 
mild cyanosis on crying start in the first month of life and 
worsen progressively. Cyanosis is mild in unobstructed 
TAPVC and may escape clinical attention. Infants often 
present with tachypnea, feeding difficulties, diaphoresis, and 
failure to thrive. Pulmonary infections worsen the clinical 
course and are especially common in developing countries. 
Exceptional adult survivors may present like an atrial septal 
defect but with a dusky appearance.

In neonates and infants, physical signs are limited and are 
not easily appreciable owing to respiratory distress. In infants 
with obstructed TAPVC, signs of pulmonary hypertension 
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predominate. The second sound is loud and often single or 
closely split, and flow murmurs are usually not apparent. 
A soft, short, mid-systolic murmur in the pulmonary area 
may be the only murmur. A pulsatile liver may indicate 
restrictive communication at the atrial septal level.

The physical signs of unobstructed TAPVC generally 
resemble those of an atrial septal defect except that they 
begin earlier. Cardiac failure occurs in most patients before 
6 months of age. There is right ventricular volume over-
load evident on physical examination. The tricuspid com-
ponent of the first heart sound is loud and the second heart 
sound is widely and fixedly split. A right ventricular third 
heart sound is heard in most patients. A fourth heart sound 
may be heard in older patients. An ejection systolic mur-
mur in the pulmonary area and a tricuspid diastolic flow 
murmur are frequent. Increased flow across the vertical 
vein, innominate vein, and superior vena cava can lead to 
a continuous murmur along the upper left sternal border, 
but is uncommon. Unlike a physiological venous hum, this 
murmur is not louder during diastole, and does not change 
with posture. As the pulmonary vascular resistance 
increases, the flow murmurs are attenuated. The second 
heart sound split narrows or disappears with a loud pulmo-
nary component. A pulmonary ejection click and murmurs 
of tricuspid regurgitation and pulmonary regurgitation 
(Graham Steell murmur) may appear.

Chest X-ray
In neonates with obstructed TAPVC, chest radiographs reveal 
a normal heart size with a scattered, reticular, nodular, 
ground-glass pattern fanning out from the hilum (Figure 
34.1). Meconium aspiration and hyaline membrane disease 
are important differential diagnoses for such an X-ray.

In unobstructed TAPVC, there is cardiomegaly with 
enlargement of the right atrium, right ventricle, and pulmo-
nary artery. Radiological evidence of increased pulmonary 
blood flow becomes more apparent with increasing age. 
Enlargement of the anomalous channels results in distinct 
radiological signs, but these signs take time to develop. In 
supracardiac TAPVC, a “figure-of-eight” or “snowman” 
appearance is found (Figure 34.2). The upper part is formed 
by the dilated left vertical vein, innominate vein, and right 
superior vena cava. The dilated right ventricle and atrium 
form the lower portion.

Electrocardiogram
The ECG of a neonate with obstructed TAPVC shows right 
ventricular hypertrophy, mostly with a qR complex in right 
chest leads. Right atrial enlargement is infrequent. The elec-
trocardiogram in unobstructed TAPVC resembles that of an 
ostium secondum atrial septal defect in most patients. The 
ECG usually shows right axis deviation and right atrial and 
ventricular enlargement with an incomplete right bundle 
branch block pattern.

Figure 34.1 Chest X-ray showing scattered, reticular, nodular, 

ground-glass pattern fanning out from the hilum and relatively small heart 

characteristic of obstructed TAPVC.

Figure 34.2 Chest X-ray showing snowman appearance, cardiomegaly, 

and increased pulmonary blood flow. The upper part of this “figure-of-8” 

appearance is due to dilated left vertical vein, innominate vein, and right 

superior vena cava. Dilated right ventricle and atrium form the lower 

portion.
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Echocardiography
Echocardiography is usually diagnostic and can identify 
associated abnormalities. Right atrial and right ventricular 
enlargement with a smaller than normal left atrium and 
left ventricle are evident. The interatrial septum and 
interventricular septum bulge to the left and there is para-
doxical ventricular septal motion. Inability to demonstrate 
any pulmonary veins connected to the left atrium is the 
initial clue. Subcostal long- and short-axis views show the 
size of the atrial septal defect with right-to-left shunting 
across it (Figure 34.3a). A restrictive atrial septal defect is 

associated with a right-to-left shunt with a continuous 
Doppler signal. The pulmonary venous confluence is easily 
identified as an echo free, non-pulsatile space posterior to 
the left atrium. Individual pulmonary veins and their con-
fluences are best identified in apical, parasternal, and 
suprasternal views.

The size of the individual pulmonary veins is an impor-
tant independent predictor of survival in TAPVC [14]. The 
size of and flow patterns across the superior vena cava, cor-
onary sinus, and inferior vena cava give clues to the site of 
drainage. Commonly, the suprasternal view (crab’s view) 

Figure 34.3 Echocardiographic images of a 

typical supracardiac TAPVC. (a) Modified 

subcostal view showing a nonrestrictive atrial 

septal defect with right-to-left flow across the 

defect. RA, right atrium; LA, left atrium; RV, 

right ventricle; LV, left ventricle; ASD, atrial 

septal defect.(b) Suprasternal view showing a 

left-sided ascending vertical vein draining into 

the left innominate vein (LIV) and to the right 

superior vena cava (SVC).

(a)

(b)
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shows an ascending vertical vein draining into the left 
innominate vein (Figure 34.3b). Modifications of this view 
identify all the various forms of supracardiac sites of drain-
age. Apical four-chamber and subcostal views best identify 
cardiac TAPVC. Rarely, there may be more than one portal 
of entry into the coronary sinus and a persistent left supe-
rior vena cava [15]. The subcostal view identifies a descend-
ing vein entering ductus venosus or portal veins with 
increased flow across the sinusoids of liver in infra- 
diaphragmatic TAPVC. The descending vertical vein is com-
monly located between the inferior vena cava on the right 
and the descending aorta on the left. The flow in this anom-
alous channel is characterized by venous-type flow away 
from the heart. A pulmonary venous flow velocity >2 m s−1 
identifies obstruction [16]. Commonly, the venous channel 
dilates proximal to the obstruction and there is no phasic 
variation in flow pattern. The size of the individual pulmo-
nary veins, the size and location of the pulmonary venous 
confluence, and the course of the vertical vein must be 
ascertained before surgery.

Fetal diagnosis
Because the fetal blood flow through the anomalous con-
nections is limited, TAPVC may be difficult to diagnose. 
All forms of TAPVC have right ventricle volume overload, 
an enlarged right atrium, and a leftward bowing of the inter-
atrial septum. TAPVC should be suspected when no pulmo-
nary veins can be seen entering the left atrium on the 
short-axis scan. The common pulmonary channel may be 
identified behind the left atrium, with the pulmonary veins 
draining into it. The channel may be followed to the site of 
its connection [17].

Cardiac catheterization
Cardiac catheterization is rarely performed these days for 
diagnosis of TAPVC. Current indications are atrial septo-
stomy or balloon dilation to relieve venous obstruction, or 
assessment of pulmonary vasoreactivity in older infants or 
children suspected of severe pulmonary hypertension. 
Occasionally it is used to identify complex mixed pulmonary 
venous connections. The saturations are usually similar in 
all the cardiac chambers, the pulmonary artery, and the 
aorta, but exceptions due to selective streaming are not 
uncommon [18,19]. Angiograms after right and left pulmo-
nary artery injection with venous phase follow-through 
identify the site of connection. A direct injection into the 
vertical vein or individual pulmonary vein is usually unsat-
isfactory in the absence of obstruction because excess flow 
does not allow retrograde filling of the pulmonary vein. With 
obstruction, excellent visualization is possible, but the injec-
tion should be made by hand and done quickly because the 
pulmonary venous pressure may rise to dangerous levels 
with a catheter across an obstruction in a neonate. Some 
cardiologists advise against such an injection for this reason.

Atrial septostomy offers short- and intermediate-term 
palliation in selected patients [20]. Atrial septostomy may 
be technically challenging, especially in cardiac forms of 
TAPVC, due to a small left atrium without pulmonary 
venous connections. Echocardiographic guidance is often 
helpful. Blade septostomy or static balloon dilatation may 
be needed in older patients. The success of a septostomy in 
TAPVC is indicated by a drop in pulmonary artery pressure, 
an increase in systemic pressure, and a drop in systemic sat-
uration [21]. Atrial septostomy in a patient with a restricted 
atrial septal defect increases cardiac output and relieves sys-
temic and pulmonary venous congestion. These favorable 
hemodynamics lead to clinical stabilization, and help in 
optimizing the timing of surgery.

Balloon dilatation or stent placement is occasionally per-
formed to relieve obstruction in sick neonates presenting 
with obstructed TAPVC [22,23]. Palliative stenting can be 
potentially life-saving in sick neonates and may aid preop-
erative stabilization.

Other imaging modalities
A computed tomography (CT) angiogram can identify the 
varied patterns of pulmonary venous connection in TAPVC. 
One study showed CT angiograms to be more sensitive than 
echocardiography for the accurate diagnosis of TAPVC [24]. 
CT angiography clearly establishes the course of the abnor-
mal vessel into the systemic venous system (Figure 34.4) 
[25]. It is especially useful in mixed and unusual forms of 
TAPVC.

Magnetic resonance imaging (MRI) identifies the various 
sites of connection, and the site and severity of obstruction. 
In one study, the combination of axial and coronal MRI visu-
alized 96% of the individual anomalous pulmonary veins 
and all the common pulmonary veins [26]. MRI is especially 
useful in complex heterotaxy syndromes associated with 
TAPVC and postoperative patients with residual pulmonary 
vein stenosis.

Management

Medical management is only supportive in managing TAPVC, 
and only intended to stabilize the patient before surgery. 
Preoperative stabilization includes correcting acidosis and 
hypotension, fluid management, and mechanical ventila-
tion. Prostaglandin is occasionally helpful in keeping ductus 
venosus open in infra-diaphragmatic TAPVC, but in other 
forms it is harmful [27].

Surgery for TAPVC is aimed at achieving unobstructed pul-
monary venous drainage to the left atrium. The clinical con-
dition of the patient will usually decide the timing of surgery. 
In general, the diagnosis of TAPVC of any type is an indication 
to proceed with early surgery. An emergency operation is 
required in neonates with obstructed forms of TAPVC.
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Surgical technique

The surgical approach to all anatomic forms of TAPVC is via 
a median sternotomy. In patients with the cardiac type of 
TAPVC, a pericardial patch is often harvested and treated 
with 0.6% glutaraldehyde for 5–10 min. This will be used 
subsequently in the repair. Purse string sutures are placed on 
the aorta and the right atrial appendage. After adequate sys-
temic heparinization, cardiopulmonary bypass (CPB) is 
established and core cooling commenced.

Supracardiac TAPVC
The vertical vein is dissected and ligated, taking care to pre-
serve the left phrenic nerve. A variety of surgical approaches 
have been used to establish a communication between the  
 pulmonary venous chamber and the pulmonary venous 

atrium. These include the following: (a) In Muller’s closed 
approach, the pulmonary venous confluence is directly anas-
tomosed to the left atrial appendage without using CPB. 
(b) In Cooley’s trans-atrial approach, the right atrium is 
opened and the interatrial septum is incised. Following this, 
corresponding incisions are made in the posterior wall of the 
left atrium and the common pulmonary venous chamber 
and an anastomosis is fashioned between the two, with sub-
sequent closure of the atrial septal defect and the right atrium. 
(c) In Schumaker and King’s transverse biatrial approach, an 
incision is made in the right atrium inferior to the right atrial 
appendage. This incision is carried posteriorly through the 
foramen ovale and into the posterior wall of the left atrium. 
The common pulmonary venous is then incised and 
an  anastomosis is made between the left atrium and the 
 common chamber. (d) In Tucker’s superior approach, the 
 common pulmonary venous chamber is exposed through the 

Figure 34.4 CT angiograms. (a) Coronal 

oblique multiplanar reconstruction (MPR) image 

shows the confluence of the pulmonary veins 

into a common channel, which in turn drains 

into the SVC. (Reproduced from Shaheen F, 

Gojwari TA, Andrabi M, Sofi S, Singh M, Indian 

J Radiol Imaging 2009;19:54–6, an open 

access publication.) (b) 3D reconstruction 

showing infracardiac TAPVC. All the pulmonary 

veins form a narrow, long, common chamber 

draining into the portal vein through a long 

descending vertical vein that has narrowing at 

the lower margin. A, anterior; L, left; 

P, posterior; R, right; SVC, superior vena cava.

(a)
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 transverse sinus of the pericardium after retracting the aorta 
to the left and the superior vena cava to the right. Transverse 
incisions are then made in the common chamber and the left 
atrium followed by anastomosis between the two. (e) In 

Kirklin’s right lateral approach, the posterior pericardial 
 attachments of the heart are divided and the atria and vena 
cavae are retracted anteriorly and to the left. The common 
chamber is then exposed from within the pericardium and, 

Figure 34.5 (a) Operative exposure from the left side of the operating table for a patient with type I (supracardiac) TAPVC during continuous 

cardiopulmonary bypass and cold blood cardioplegic arrest. The heart is retracted to the right and superiorly out of the pericardial cavity to expose the 

confluence of the pulmonary veins and the vertical vein. The vertical vein is controlled with a snugger that can be enforced during the anastomosis. The 

dotted lines represent proposed incisions of the confluence of the pulmonary veins and the left atrium, respectively, for the intended side-to-side anastomosis. 

(b) Once retrocardiac exposure is established, the vertical vein is controlled with the snugger, and a left atrial incision is performed from the base of the left 

atrial appendage centrally towards the interatrial septum corresponding to the confluence of the right upper and lower pulmonary veins. The patent foramen 

ovale is immediately encountered toward the inferoposterior portion of the left atrium and is closed with the running suture technique. (c) Side-to-side 

confluence of the pulmonary veins to the left atrial anastomosis is then performed in segments as the heart is lowered symmetrically into the pericardial 

cavity. To achieve this, care is taken to alternate small sections of the suture line reconstruction between the superior and inferior borders. In our technique, 

the right pleura is completely opened and the heart is dropped into the right pleural cavity as described in the text. Ao, aorta; IVC, inferior vena cava; LA, left 

atrium; LAA, left atrial appendage; LLPV, left lower pulmonary vein; LPA, left pulmonary artery; LUPV, left upper pulmonary vein; RPV, right pulmonary vein; 

V V, vertical vein. (Reproduced from Mavroudis C, Backer CL. Operat Tech Thorac Cardiovasc Surg 2001;6:12–23, with permission from Elsevier.)
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after making corresponding transverse incisions on the  common 
chamber and the left atrium, an anastomosis is made between 
the two.(f) In Ebert’s posterior approach, the heart is lifted 
cephalad and to the right to expose the common pulmonary 
venous chamber, followed by incision of the chamber and the 
left atrium and anastomosis between the two (Figure 34.5).

At our institution, we prefer a modified posterior approach 
[28] (Figure 34.5). The anastomosis between the pulmonary 
venous chamber and the left atrium should be as large as pos-
sible and purse stringing of the suture line should be avoided.

In patients in whom the pulmonary venous confluence 
drains into the superior vena cava (SVC), the pulmonary 
venous drainage may be baffled across the atrial septal defect 
into the left atrium via a right atrial incision.

Cardiac TAPVC
This is approached via the right atrium. In patients with a coro-
nary sinus type of TAPVC, the coronary sinus is unroofed by 
cutting back its ostium towards the ASD, and closed using a 
pericardial or PTFE patch. Thus the pulmonary venous return 
drains via the coronary sinus into the left atrium. TAPVC directly 
to the right atrium is repaired by using the previously harvested 

pericardium to create a baffle to direct the pulmonary venous 
return through the atrial septal defect to the left atrium.

Infracardiac TAPVC
The vertical vein is dissected to the level of the diaphragm and 
is ligated or divided (Figure 34.6). Care must be taken that the 
corresponding incisions in the pulmonary venous chamber and 
the left atrium are vertical and in cephalad direction, so that the 
resulting anastomosis is wide and unobstructed (Figure 34.6).

Mixed TAPVC
Principles of repair similar to those described above apply for 
the confluence of the three veins, with management of the 
fourth vein depending upon its size. If it is large enough, it can 
be re-anastomosed to the left atrial appendage or directed into 
the left atrium via the ASD if it is draining into the superior 
vena cava. However, if the vein is small and stenosis of the 
anastomosis is anticipated in the long term, we prefer to leave 
it alone and accept a small left-to-right shunt that may range 
between 1.02 and 1.82 [29]. Other forms of mixed TAPVC are 
more complex, in which two veins from either side drain to 
different sites. In these, repair has to be tailored to the indi-
vidual anatomy, avoiding pulmonary venous obstruction.

Postoperative management

The postoperative course of many patients, in particular 
neonates with obstruction, tends to be prolonged. Meticulous 
attention to mechanical ventilatory support is required to 
prevent pulmonary hypertensive crises.

Immediate postoperative complications include low 
 cardiac output, bleeding, pulmonary hypertensive crises, 
and bradyarrhythmias (after repair of coronary sinus type 
of TAPVC). Pulmonary hypertensive crisis is particularly 
common after repair of obstructed TAPVC. Its prevention 
consists in avoiding hypercarbia, acidosis, and hypoxemia 
and using minimal endotracheal suction. Crises are man-
aged by hyperventilation, correcting acidosis, sedation, and 
paralysis, and by using pulmonary vasodilators such as 
sodium nitroprusside, nitroglycerin, milrinone, dob-
utamine, or inhaled nitric oxide. ECMO support may be 
needed if there is profound hypoxemia and acidosis. 
Delayed problems include pulmonary venous obstructive 
disease and arrhythmias.

Outcomes

The outcomes for patients undoing surgery for TAPVC 
have improved. Operative mortality was ∼10–30% in the 
1970s and 1980s. Currently it ranges from 5 to 9% in 

Figure 34.6 When type III TAPVC is encountered, the orientation of the 

side-to-side anastomosis should be tailored to accommodate a “best lie” 

configuration. This drawing shows the vertical incision in the confluence of 

the pulmonary veins and a corresponding incision in the left atrium, which 

produces the most favorable anatomic and geometric union for unrestricted 

flow. The anastomosis is started at the far center of the pulmonary vein 

confluence and left atrium as shown. Note that the inferior vertical vein is 

ligated and the patent foramen ovale is closed. IVC, inferior vena cava; LA, 

left atrium;  LLPV, left lower pulmonary vein; LUPV, left upper pulmonary 

vein; V V, vertical vein. (Reproduced from Mavroudis C, Backer CL. Operat 

Tech Thorac Cardiovasc Surg 2001;6:12–23, with permission from Elsevier.)
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patients undergoing TAPVC repair in the setting of normal 
biventricular physiology [30]. Independent risk factors for 
early mortality are preoperative pulmonary venous obstruc-
tion, univentricular heart, associated chromosomal or non-
cardiac syndromes, poor preoperative condition, severe 
pulmonary arterial hypertension, small pulmonary veins, and 
severe pulmonary hypertensive crisis after operation [30].

The long-term outcome for patients following repair of 
TAPVC early in infancy continues to be good, and more than 
90% patients are in NYHA class I. Actuarial survival rates of 
up to 88% at 18 years have been reported [4]. In these 
patients, the pulmonary artery pressure and cardiac index 
often return to normal. In our own experience of TAPVC 
repair in a developing country, the actuarial survival was 
73% at 9 years of follow-up [31].

Postoperative pulmonary vein stenosis occurs in 5–15% 
patients following repair of TAPVC [32–35]. This can be 
either anastomotic site stenosis or stenosis of individual 
 pulmonary veins. Pathologically there may be an anasto-
motic fibrous stricture, discrete stenosis of the pulmonary 
venous ostia, or diffuse sclerosis of the pulmonary veins. 
The obstruction usually occurs in children 6–12 months 
after surgery and is identified by high-velocity turbulent 
flow exceeding 2 m s−1 across the vein or the site of anasto-
mosis [36].

Most of the management options for recurrent pulmonary 
vein stenosis provide only temporary relief, and repeated 
interventions are required [33–35]. Nonoperative manage-
ment consists of balloon dilatation with or without stenting, 
with steroids or chemotherapy to minimize the fibrosis. 
Recurrence is common. Surgical methods are equally 
unsatisfactory, and consist of patch enlargement using 
pericardium, native atrium, or PTFE. Ostial endarterectomy 
of intimal hyperplasia is another option. If the anastomosis is 
narrowed, consideration must be given to revising the 
 common pulmonary vein to left atrium anastomosis. 
“Sutureless in situ pericardial repair” has also been proposed 
to enlarge the pulmonary veins and create a neo-atrium 
[37]. In this technique, the left atrium is disconnected from 
the pulmonary veins and the obstructed pulmonary veins 
are completely laid open. The opened left atrium is then 
sutured to the pericardium in situ so that suture placement 
into the pulmonary veins is completely avoided. Recent 
reports have focused on this as the primary method of repair 
to prevent pulmonary venous obstruction [38]. Long-term 
follow-up of the methods is not available.
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35 Tricuspid Atresia

P. Syamasundar Rao
University of Texas at Houston Medical School, Houston, TX, USA

Introduction

Tricuspid atresia is a cyanotic cardiac malformation defined 
as congenital absence or agenesis of the morphologic 
tricuspid valve [1,2]. It is the third most common cyanotic 
cardiac anomaly and is the most common cause of cyanosis 
with left ventricular hypertrophy. The first patient with 
tricuspid atresia was described by Kreysig in 1817 [3], 
although the 1812 report by the Editors of London Medical 
Review [3] appears to fit the description of tricuspid atresia 
but without use of the specific term. Some authors [4,5] 
stated that tricuspid atresia was first described by Kühne in 
1906 or Holmes in 1824, but a thorough review by Rashkind 
[3] suggests that this is not so.

Nomenclature

There has been a debate about terminology: tricuspid atresia, 
univentricular heart, or univentricular atrioventricular con-
nection [6]. On the basis of evidence and arguments presented 
by Bharati and co-workers [7–9], Wenink and Ottenkamp 
[10], Gessner [11], and Rao [6,12], tricuspid atresia is the 
 correct and logical term to describe this well-characterized 
pathologic and clinical entity [6] and is used in this chapter.

Incidence

Estimates of the incidence of tricuspid atresia based on 
autopsy and clinical series are 2.9% and 1.4% of cardiac mal-
formations, respectively [13]. Assuming a prevalence of con-
genital heart disease of 0.8% of live births, tricuspid atresia 

occurs in approximately one in 10 000 live births [13]. A 
slight male preponderance has been suggested [4,14], but 
detailed analysis when gender is known [13] did not indicate 
a gender preponderance. However, male preponderance 
(66% versus 34%) was found in tricuspid atresia patients 
with coexisting transposition of the great arteries (types II 
and III) [13]. No difference in either geographic prevalence 
or racial background for tricuspid atresia has been described 
[13], although geographic differences in  relative prevalence 
for aortic coarctation and  stenosis have been found.

Embryology

The atrioventricular valves develop shortly after the 
 atrioventricular canal divides. The tricuspid valve leaflets 
develop from several structures. The septal leaflet of the 
tricuspid valve mostly develops from the inferior and superior 
endocardial cushions. The anterior and posterior tricuspid 
valve leaflets develop by undermining of a skirt of ventricular 
muscle tissue. The process of undermining extends until the 
atrioventricular valve junction is reached. The muscle tissue 
undergoes resorption, producing normal-appearing valve 
leaflets and chordae tendineae [15–17]. Whether a muscular 
type of tricuspid atresia develops or well-formed but fused 
tricuspid–valve leaflets develop depends on the stage of 
development when the embryologic aberration takes place 
[12,17,18]. The classic muscular form of tricuspid atresia 
develops if the embryologic insult occurs early in gestation, 
and fused valve leaflets occur if the embryologic abnormality 
occurs slightly later than this in gestation. If the valve fusion 
is incomplete, stenosis of the tricuspid valve develops.

The pathologic, clinical, and electrocardiographic features 
of tricuspid stenosis and atresia are similar [19]. Consequently, 
the facts that isolated congenital tricuspid stenosis belongs 
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(see Chapter 29) to the group of tricuspid atresia defects and 
that their embryologic developments are similar are no 
 surprise. Thus, the tricuspid valve stenosis, tricuspid atresia 
with well-formed but fused valve leaflets, and the muscular 
type of tricuspid atresia represent a spectrum of morphologic 
abnormalities [12,17,18].

Classification

Tricuspid atresia has been classified on the basis of valve mor-
phology [20], radiographic appearance of pulmonary vascu-
lar markings [21]. and associated cardiac anomalies [22–24].

Classification based on valve morphology
Van Praagh et al. [20] proposed a classification based on 
morphology of the atretic tricuspid valve, and this was modified 
and expanded by that group and others [25]. The most 
common type is the muscular variety, characterized by a 
dimple or a localized fibrous thickening in the floor of the 
right atrium at the expected site of the tricuspid valve 
(Figure 35.1). The muscular type constitutes 89% of all 
tricuspid atresia (Table 35.1). Other types, namely membra n-
ous, valvar, Ebstein, atrioventricular septal defect, and 
unguarded with muscular shelf, account for the remaining 11% 
(Table 35.1) [7,15,20,25–31]. Pathologic, echocardiographic, 
and angiographic examples of the rare anatomic types can be 
found in previous publications [25,32].

Classification based on radiographic pulmonary 
vascular markings
Astley et al. [21] classified tricuspid atresia on the basis of 
pulmonary vascular markings on the chest radiograph: group A, 
decreased pulmonary vascular markings; and group B, 

increased pulmonary vascular markings. To this Dick et al. 
[4] added a third group: group C, transition from increased to 
decreased pulmonary vascular markings. This  categorization 

Figure 35.1 Muscular type of tricuspid atresia; the right atrium is opened 

by cutting through the right atrial appendage (RAA). There is a dimple 

(arrow) in the floor of the right atrium with muscle fibers radiating around 

it. Atrial septal defect (ASD) is shown. (Reproduced from Rao et al., 

Am Heart J 1991;122:829–35, with permission of Mosby/Elsevier.)

Table 35.1 Prevalence of types of tricuspid atresia based on valve morphology.

Authors  Year  Total Na  Muscular  Membranous Valvar  Ebstein AVa septal 
defect  

Unguarded with 
muscular shelf

Van Praagh et al. 1971 38 32 3 0 3 0 0

Rao et al. 1973 38 37 0 0 1 0 0

Bharati et al. 1976 172 157 12 0 3 0 0

Anderson et al. 1977 83b 76 4 1 2 0 0

Weinberg 1980 33 25 4 2 2 0 0

Ando et al. 1980 29 20 8 0 1 0 0

Ottenkamp et al. 1984 34b 29 4 0 1 0 0

Scalia et al. 1984 76b 68 0 3 1 0 4

Rao 1987 28 27 0 0 0 1 0

Total (%)    531  471 (89)  35 (6.6)  6 (1)  14 (2.6)  1 (0.2)  4 (0.6)

aN, total number of patients; AV, atrioventricular.
bNumber of patients who are common to these three studies cannot be ascertained.

Percentages in parentheses

Adapted with permission from Rao PS. Tricuspid Atresia, 2nd edn. Mount Kisco, NY: Futura Publishing, 1992:59–79.
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has clinical value, although more precise noninvasive defini-
tion of the defect complex by echo Doppler studies and pulse 
oximetry is readily available.

Classification based on associated defects
The interrelationship of the great arteries, used by Kühne 
[22] in 1906 as a basis for classification, was expanded later 
by Edwards and Burchell [23] and popularized by Keith et al. 
[24]. A variety of other classifications have been proposed, 
reviewed elsewhere [1,25]. To include all variations of great 
artery anatomy and to maintain uniformity of subgrouping, 
the present author proposed a comprehensive yet unified 
classification [1] that is listed in Table 35.2. The primary 
grouping is based on great artery relationships: type I, 
 normally related great arteries; type II, d-transposition of 
great arteries; type III, other malpositions of great arteries, 
which are subdivided into subtypes 1–5 (Table 35.2); and 
type IV, persistent truncus arteriosus. The major types and 
subtypes are divided further into subgroup a, pulmonary 
atresia; subgroup b, pulmonary stenosis or hypoplasia; and 
subgroup c, normal pulmonary arteries (no pulmonary 
 stenosis). The status of the ventricular septum and the other 
associated malformations (Table 35.3) [33] should then be 
stated for each heart.

This unified classification considers all variations in great 
artery anatomy described thus far, can be expanded if new great 
artery positional abnormalities are described, and maintains 
uniformity in subgroups but preserves the basic principles of 

previous classifications [22–24] If one wants to follow the 
terminology of congenital heart disease proposed by Van Praagh 
[34], the remaining cardiac segment subsets (i.e., visceroatrial 
situs and ventricular loop) could be added, and each heart is 
described by the notations {S,D,S}, {S,D,D}, and {S,D,L} as shown 
in the schematic drawing depicted in Figure 35.2.

Pathologic anatomy

The pathology of this lesion is best described by reviewing 
variations in the morphology of the atretic tricuspid valve. 
In the most common muscular type (Figure 35.1), no valve 
material can be identified by either gross or microscopic 

Table 35.2 A unified classification of tricuspid atresia.

Type I Normally related great arteries

Type II d-Transposition of the great 

arteries

Type III Malpositions of the great arteries 

other than d-transposition

 Subtype 1 l-Transposition of the great arteries

 Subtype 2 Double-outlet right ventricle

 Subtype 3 Double-outlet left ventricle

 Subtype 4 d-Malposition of the great arteries 

(anatomically corrected 

malposition)

 Subtype 5 l-Malposition of the great arteries 

(anatomically corrected 

malposition)

Type IV Persistent truncus arteriosus

Each type and subtype are divided:

 Subgroup a Pulmonary atresia

 Subgroup b Pulmonary stenosis or hypoplasia

 Subgroup c  Normal pulmonary arteries 

(no pulmonary stenosis)

Reproduced from Rao Am Heart J 1980;99:799–804, with permission of 

Mosby/Elsevier.

Table 35.3 Associated cardiac anomalies in tricuspid atresia

Anomalies that form the basis of classification

d-Transposition of the great arteries

l-Transposition of the great arteries

Double-outlet right ventricle

Double-outlet left ventricle

Other malpositions of the great arteries

Truncus arteriosus

Anomalies that may need attention before or at the time of palliative 

or total surgical correction

Absent pulmonary valve

Aneurysm of the atrial septum

Anomalous origin of the coronary arteries from the pulmonary artery

Anomalous origin of the left subclavian artery

Anomalous origin of the right subclavian artery

Aortopulmonary fistula

Coarctation of the aorta

Common atrium

Cor triatriatum dexter

Coronary sinus septal defect

Double aortic arch

Double-outlet left atrium

Hemitruncus

Hypoplastic ascending aorta and aortic atresia

Ostium primum atrial septal defect

Parchment right ventricle

Patent ductus arteriosus

Persistent left superior vena cava

Right aortic arch

Subaortic stenosis

Total anomalous pulmonary venous connection

Tubular hypoplasia of the aortic arch

Valvar aortic stenosis

Others

Juxtaposition of the atrial appendages

Anomalous entry of coronary sinus into the left atrium

Reproduced with permission from Rao PS, Covitz W, Chopra PS. Tricuspid 

Atresia, 2nd edn. Mount Kisco, NY: Futura Publishing, 1992: 297–320.



Pediatric Cardiovascular Medicine

490

examination [24]. Other types are described elsewhere 
[25,32]. In the membranous type, the atrioventricular 
 portion of the membranous septum forms the floor of the 
right atrium at the expected location of the tricuspid valve 
[7,15,20]. An unusually high incidence of absent pulmo-
nary valve leaflets occurs with this type of tricuspid atresia 
[25]. In the valvar type, the minute valve cusps are fused 
[24,27,28]. The Ebstein type, with fusion of the tricuspid 
valve leaflets (which had been displaced downwards and 
plastered on to the right ventricular wall), is rare [7,20,26]. 
In the atrioventricular septal defect type, the valve leaflet of 
the common atrioventricular valve seals off the only 
entrance into the right ventricle [31,35] The final form, in 
which the right atrioventricular junction is unguarded but 
the inlet component of the morphologic right ventricle 
is separated from its outlet by a muscular shelf [30], is 
also rare.

The right atrium is usually enlarged and its wall is thick 
and hypertrophied. The interatrial communication, neces-
sary for survival, is usually a stretched patent foramen ovale, 
sometimes it is an ostium secundum atrial septal defect, and 
occasionally an ostium primum atrial septal defect. Rarely, 
the interatrial communication is obstructive and may form 

an aneurysm of the fossa ovalis. The left atrium may be 
enlarged, especially if the pulmonary blood flow is increased. 
The mitral valve is morphologically normal; the mitral  orifice 
is large and occasionally incompetent. The left ventricle is 
clearly a morphologic left ventricle with only occasional 
abnormalities [7]; however, it is enlarged and hypertro-
phied. In contrast, the right ventricle is small and hypoplas-
tic; even the largest of the right ventricles, seen in patients 
with a large ventricular septal defect (VSD) or transposition 
of the great arteries, is smaller than normal. Right ventricu-
lar size is determined by the anatomic type of tricuspid 
atresia. In patients with  pulmonary atresia and normally 
related great arteries, the right ventricle may be extremely 
small and escape detection. However, in most patients, it is a 
true right ventricle [7,8], consisting of a sharply demarcated 
infundibulum with septal and parietal bands and a trabecu-
lated sinus portion that  communicates with the left ventricle 
through a VSD. The inflow region of the right ventricle, by 
definition, is absent, although papillary muscles may occa-
sionally be present.

The relative position of the great vessels varies, as described 
in the classification section. Most have either normally 
related great arteries (type I) or d-transposed great arteries 

Type I
RV LV

RA LA

RV LV

RA LA

{S,D,S}

{S,D,D}

LV RV

RA LA

{S,L,L}

RV LV

RA LA

{S,D,D}

RV LV

RA LA

LV RV

RA LA

{S,D,D}

{S,L,D}

RV LV

RA LA

{S,D,L}

RV LV

RA LA

{S,D, Truncus}

P

A

L R

Type II

Normally related
Great Arteries

D-Transposition
of the Great Arteries

Type III

Subtype 1
L-Transposition
of the Great Arteries

Type III

Subtype 2
Double outlet
Right Ventricle

Type III

Subtype 3
Double outlet
Left Ventricle

Type III

Subtype 4
D-Malposition of the
Great Arteries
(anatomically corrected
malposition)

Type IV

Truncus Arteriosus

Type III
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L-Malposition of the
Great Arteries
(anatomically corrected
malposition)

Figure 35.2 Representation of segmental subsets of tricuspid atresia with the heart in the left side of the chest. Only commonly described types are 

depicted. Each type can occur with dextrocardia and atrial inversion. Both double-outlet right ventricle and double-outlet left ventricle can occur with 

{S, D, L} and {S, L, L}. A, anterior; {–,D,–}, d-loop; {–,–,D}, d-transposition; {–, L, –}, l-loop; {–, –, L}, l-transposition; LA, left atrium; LV, left ventricle; 

P, posterior; R, right; RA, right atrium; RV, right ventricle; {S, –, –}, situs solitus; {–, –, S}, solitus normal great arteries. (Reproduced with permission from Rao PS. 

Tricuspid Atresia, 2nd edn. Mount Kisco, NY: Futura Publishing, 1992:59–79.)
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(type II), but a few have other positional anomalies of the 
great arteries (type III) or truncus arteriosus (type IV).

Pulmonary outflow tract obstruction is common in type I 
tricuspid atresia. The pulmonary valve may be atretic 
 (subgroup a), and either a patent ductus arteriosus or 
 aortopulmonary collateral vessels supply the lungs. A sten-
otic pulmonary outflow tract (subgroup b) is more common. 
The stenosis is either subvalvar or valvar in patients with 
transposition of the great arteries, whereas in patients with 
normally related great arteries, obstruction occurs at the 
VSD level [36–42]. In a few patients, subvalvar pulmonary 
stenosis, a narrow outflow tract of the hypoplastic right 
 ventricle, and rarely valvar pulmonary stenosis may be 
responsible for the pulmonary outflow obstruction. A 
 normal pulmonary outflow tract (subgroup c) without 
 stenosis may be present, although less commonly than those 
with  obstruction. The ascending aorta is normal or 
enlarged.

The VSD may be large, small, or nonexistent, or multiple 
VSDs may be present. The VSD may be conoventricular or 
perimembranous (located inferior to the septal band), 
conal septal malalignment (located between the anterosu-
perior and posteroinferior limbs of the septal band), mus-
cular (located inferiorly compared with the two previous 
types), or of the atrioventricular canal type [43] Muscular 
VSDs are the most common [36,37]. Most VSDs are restric-
tive, producing subpulmonic stenosis in patients with nor-
mally related great arteries and mimicking subaortic 
obstruction in patients with transposed great arteries 
[36–42].

About 30% of tricuspid atresia patients have associated 
anomalies (Table 30.3). Significant among these are  persistent 
left superior vena cava and aortic coarctation, the latter more 
frequent in type II patients.

Pathophysiology

Prenatal circulation
In tricuspid atresia, both vena caval streams are shunted 
across the foramen ovale into the left atrium and left 
ventricle. Therefore, the arterial PO

2
 is the same in all parts 

of the body. Whether a higher PO
2
 in blood passing to lungs 

influences the pulmonary arteriolar smooth muscle develop-
ment is not known [44]. The lower than normal PO

2
 to the 

brain and upper part of the body does not seem to impair 
development, at least as observed clinically.

The pulmonary blood flow in type I (normally related 
great arteries) patients with intact ventricular septum or 
 pulmonary atresia (type Ia) and type II (transposition of the 
great arteries) patients with pulmonary atresia (type IIa) 
must be supplied entirely through the ductus arteriosus. 
Because the ductus carries only the pulmonary blood flow 
(from left to right), representing 8–10% of combined 

 ventricular output in contrast to 66% (from right to left) in 
the normal fetus [44], the ductus arteriosus is smaller than 
normal. This fact and the acute angulation of the ductus 
from its aortic origin because of reversal of direction of  ductal 
flow may render the ductus less responsive to the usual 
 postnatal stimuli [44].

In type I patients with VSD, the amount of blood flow 
from the left ventricle through the VSD into the right 
 ventricle, pulmonary artery, and ductus arteriosus compared 
with the quantity of blood flow retrograde from the aorta 
through the ductus arteriosus varies with size of the VSD. 
The larger the VSD, the greater is the amount of anterograde 
ductal flow.

In type I patients with either a small or no VSD, most of 
the left ventricular blood is ejected via the aorta to the entire 
body and the placenta. Thus, the aortic isthmus carries a 
larger proportion of ventricular output than normal; this 
presumably explains the rarity of coarctation of the aorta in 
tricuspid atresia without transposition of the great arteries. 
In type II (transposition) without significant pulmonary 
stenosis, because the VSD is usually smaller than the 
pulmonary valve annulus [45], a larger proportion of blood 
traverses the pulmonary artery and ductus arteriosus 
anterograde. Therefore, the isthmic blood flow is less, thus 
accounting for the high incidence of coarctation of the aorta 
and aortic arch anomalies in patients with tricuspid atresia 
and transposition [44,45].

Postnatal circulation
An obligatory right-to-left shunt occurs at the atrial level 
in most types and subtypes (exception: type III, subtypes 1 
and 4; see Table 35.2) of tricuspid atresia. Consequently, 
the  systemic and coronary venous blood mixes with 
 pulmonary venous blood in the left atrium. This mixed 
pulmonary,  coronary, and systemic venous blood enters 
the left ventricle. In type III, subtypes 1 and 4, because of 
ventricular inversion, the occluded morphologic tricuspid 
valve is left-sided and the pathophysiology is that of mitral 
atresia with left-to-right shunting of pulmonary venous 
blood.

In type I (normally related great arteries) patients with a 
VSD, a ventricular left-to-right shunt occurs, thus perfusing 
the lungs. If the ventricular septum is intact, the pulmonary 
circulation comes from a patent ductus arteriosus or through 
bronchopulmonary or persistent aortopulmonary collateral 
vessels. The aortic blood flow comes directly from the left 
ventricle.

In type II (with d-transposition of the great arteries), the 
pulmonary circulation is directly supplied from the left 
ventricle. The systemic circulation is supplied through the 
VSD and the right ventricle. In other type III and type IV 
patients, the systemic and pulmonary blood flows are 
determined by the size of the VSD and other associated 
anomalies.
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Other physiologic principles

Arterial desaturation
Because of complete admixture of the systemic, coronary, 
and pulmonary venous returns in the left atrium and left 
ventricle, systemic arterial desaturation is always present. 
The oxygen saturation is proportional to the magnitude of 
the pulmonary blood flow [45,46]. The pulmonary-to- 
systemic blood flow ratio (Qp/Qs), which represents the 
 pulmonary blood flow, has a curvilinear relationship with 
the arterial oxygen saturation. A Qp/Qs of 1.5–2.5 appears to 
produce an adequate oxygen saturation [46].

Pulmonary blood flow
The magnitude of pulmonary blood flow is the major 
 determinant of clinical features in tricuspid atresia. An 
infant with markedly decreased pulmonary blood flow 
presents early in the neonatal period with severe cyanosis, 
 hypoxemia, and acidosis. An infant with markedly increased 
pulmonary flow has minimal cyanosis but usually presents 
with signs of heart failure. Patients with decreased pulmo-
nary flow  usually belong to type I (normally related great 
arteries), and those with increased pulmonary blood flow 
are usually type II (transposition of the great arteries) and 
occasionally type Ic.

The quantity of pulmonary blood flow depends on the 
degree of obstruction to the pulmonary outflow tract and 
patency of the ductus arteriosus. The pulmonary outflow 
obstruction is either valvar or subvalvar in type II patients 
and valvar, subvalvar, or at VSD level in type I patients. In 
the present author’s experience, the obstruction has been 
found most commonly at the VSD level [36–40]. If the VSD 
is large and nonrestrictive and the pulmonary valve not 
stenotic, the pulmonary flow is inversely proportional to the 
pulmonary-to-systemic vascular resistance ratio; the lower 
this ratio, the higher is the pulmonary flow.

Left ventricular volume overloading
Because the entire systemic, coronary, and pulmonary 
 circulations are supplied by the left ventricle, greater than 
normal volume is ejected. This volume overloading is  further 
increased if Qp/Qs is increased either because of minimal 
obstruction to pulmonary blood flow or a large surgical 
shunt, and may lead to heart failure. Normal left ventricular 
function is critical for a successful Fontan-type procedure. 
Left ventricular function tends to decrease with increasing 
age, Qp/Qs, and arterial desaturation [47–49].

Size of the interatrial communication
The interatrial communication is usually a patent foramen 
ovale. Because the entire systemic venous return must pass 
through the patent foramen ovale, it is not surprising to find 
interatrial obstruction, although this is clinically significant 
in only a few patients with tricuspid atresia [4]. Right-to-left 

shunt occurs in late atrial diastole with augmentation during 
atrial systole (a wave) [50]. A mean atrial pressure gradient 
>5 mmHg is usually associated with interatrial obstruction. 
Tall a waves in the right atrial pressure trace also indicate 
interatrial obstruction.

Natural history

With growth and development, several changes occur in 
patients with tricuspid atresia. The natural history of indi-
vidual defects followed by that of the entire defect complex 
will be reviewed.

Patent ductus arteriosus
Closure of the ductus arteriosus in the early neonatal period 
may result in severe hypoxemia.

Interatrial communication
The size of the interatrial communication may diminish 
either in absolute terms or relative to the volume of the 
systemic venous return and cause systemic venous conges-
tion, as alluded to above. Atrial septostomy may be 
required.

Ventricular septal defect
A VSD is necessary to maintain adequate intracardiac shunt-
ing essential for survival of the patient; these types of VSDs 
are physiologically advantageous VSDs [37–40]. Intermittent 
functional [40] and complete or partial anatomic [36–39,
41,42,51] closure of the VSD has been reported. Intermittent 
functional closure of a VSD is likely to produce cyanotic 
spells in tricuspid atresia. The causes of such functional 
 closure are not clearly delineated but are likely to be similar 
to those suspected in tetralogy of Fallot [40,51]. Complete 
or partial anatomic closure in type I patients produces 
 progressive cyanosis, increasing polycythemia, or disap-
pearance of the heart murmur, requiring an operation 
 earlier than planned [36,37,51]. In type II patients, partial 
closure of the VSD results in subaortic, systemic outflow 
obstruction; such obstruction may cause severe left 
 ventricular hypertrophy which may contraindicate Fontan 
correction. Complete VSD closures have not been reported 
in these patients.

The prevalence of VSD closure in tricuspid atresia is 
 difficult to estimate. The best estimates, based on the present 
author’s data [36,37,51] and those of Sauer and Hall [42], 
are 38–44%, similar to that of spontaneous closure of an 
isolated VSD [52,53]. The ages at which the VSD closures 
take place vary, starting before 1 year and up to 20 years, 
with a median of 1.3 years [51]. Thus, a higher proportion of 
VSD closure occurs in early life, as has been found with an 
isolated VSD. Several mechanisms of closure have been 
observed, the most common being progressive muscular 
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encroachment of the margins of VSD with subsequent 
 fibrosis and covering by endocardial proliferation. The  factors 
initiating closure of VSD are unknown. There is a great 
 natural tendency for a VSD to close spontaneously, whether 
it is isolated or a part of a more complex cardiac anomaly 
[38,51,54]. The reason for this tendency remains unclear.

Defect complex
Actuarial survival curves from three early clinical 
series [4,14,55] are shown in Figure 35.3. High mortality 
is seen in the first year of life. This may be related to 
hypoxemia, heart failure, surgical intervention, and/or a 
combination thereof. There is a plateau between the first 
year through the middle of second decade. A second bout 
of mortality occurs from the middle of the second decade 
onwards, presumably related to impaired left ventricular 
function.

Clinical features

Clinical history and physical examination
Nearly half of the patients with tricuspid atresia present with 
symptoms on the first day of life, and 80% have symptoms 
by 1 month of age [4,55]. Two modes of clinical presentation 
are related to pulmonary blood flow: either decreased or 
increased.

Infants with pulmonary oligemia present with symptoms 
of hypoxemia within the first few days of life; the more 
severe the pulmonary oligemia, the earlier is the clinical 
presentation. These hypoxemic infants are cyanotic and 
develop hyperpnea and acidosis if the pulmonary blood 
flow is markedly decreased. Most are type Ib. Patients with 
associated pulmonary atresia (subgroup a), irrespective of 

the major type, also present with early cyanosis, especially 
as the ductus begins to close. Hypoxic spells are uncommon 
in a neonate, although they can occur later in infancy. 
Physical examination reveals central cyanosis, tachypnea 
or hyperpnea, normal pulses, a prominent a wave in the 
jugular venous pulse (if there is significant interatrial 
obstruction), and no hepatomegaly. Presystolic hepatic pul-
sations may be felt if severe interatrial obstruction exists. 
The precordium is quiet, and no thrills are usually felt. The 
second heart sound is single. A soft holosystolic murmur 
suggestive of a VSD may be heard at the left lower or 
 midsternal border. Diastole is clear. In patients with associ-
ated pulmonary atresia,  murmurs are usually not present, 
except occasionally the continuous murmur of a patent 
ductus arteriosus. Signs of congestive heart failure are nota-
bly absent.

Infants with pulmonary plethora usually present with 
signs of heart failure within the first few weeks of life, 
although an occasional infant may present within the first 
week of life [56]. They are only minimally cyanotic but 
present with dyspnea, fatigue, difficulty in feeding, and 
 perspiration. Recurrent respiratory tract infection and failure 
to thrive are other modes of presentation. Most of these 
patients are type IIc, although a small number may be of 
type Ic. The association of coarctation of the aorta with type 
II patients may result in early cardiac failure. Examination 
reveals tachypnea, tachycardia, decreased femoral pulses 
(with coarctation of the aorta but without a large patent 
ductus arteriosus), minimal cyanosis, prominent neck vein 
pulsations, and hepatomegaly. Prominent a waves in jugular 
veins or presystolic hepatic pulsations may be observed with 
interatrial obstruction. The precordial impulses are increased 
and hyperdynamic. The second heart sound may be either 
single or split. A loud holosystolic murmur of a VSD is usually 
heard at the left lower sternal border. A loud third sound or 
an apical mid-diastolic murmur is often heard. Signs of 
congestive cardiac failure are usually present.

Issues related to long-standing cyanosis, such as clubbing, 
polycythemia, relative anemia, cerebrovascular accident, 
brain abscess, coagulation problems, and hyperuricemia, are 
similar to those of other cyanotic cardiac malformations [57]. 
The risk for development of endocarditis resembles that 
observed in other cardiac abnormalities.

Patients with tricuspid atresia are particularly prone to 
atrial arrhythmias; atrial fibrillation is more common, occur-
ring in older children and adolescents with long-standing 
cyanosis, systemic-to-pulmonary arterial shunt, and left 
ventricular volume overloading.

Electrocardiographic features
The electrocardiogram is virtually diagnostic of tricuspid 
atresia in the presence of cyanosis. The characteristic features 
are right atrial hypertrophy, an abnormal, superiorly oriented 
major QRS vector (so-called left-axis deviation) in the frontal 
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Figure 35.3 Actuarial survival curves from three series compiled by Dick 

and Rosenthal [55] show a high initial mortality in the first year of life, a 

plateau between the first year and the middle of the second decade of life, 

and a second bout of mortality from the middle of the second decade 

onward, presumably related to impaired left ventricular function. 

(Reproduced with permission from Rao PS. Tricuspid Atresia, 2nd edn. 

Mount Kisco, NY: Futura Publishing, 1992:59–79.)
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plane, left ventricular hypertrophy, and diminished right 
ventricular forces (Figure 35.4).

Right atrial hypertrophy, manifested by tall, peaked P waves 
exceeding 2.5 mm in amplitude, may be present in 75% of 
the patients with tricuspid atresia [58]. A double-peak, spike-

and-dome configuration of the P wave, referred to as P 
 tricuspidale, may be present [58]. The first taller peak is con-
tributed by the right atrial depolarization, and the second 
smaller peak is presumed to be from left atrial depolarization 
[59]. Regardless of the configuration, the P wave duration is 
 prolonged, perhaps owing to right atrial enlargement.

An abnormal, superiorly oriented major QRS vector 
(ASV), more popularly called left-axis deviation, between 0 
and −90° in the frontal plane, is present in most patients 
with tricuspid atresia (Figure 35.5). ASV is present in >80% 
of patients with type I anatomy (normally related great 
arteries), but <50% of patients with type II and type III 
 anatomy show such a typical electrocardiographic pattern. 
Normal (0 to +90°) or right-axis deviation is present in a few 
patients, most of them with type II or type III anatomy. The 
mechanism of ASV has not been clearly delineated, but may 
include destructive lesions in the left anterior bundle, fibrosis 
of left bundle branch, abnormal distribution of the conduction 
system (unusually long right bundle branch and origin of 
left bundle branch close to the nodal–His bundle junction), 
small right ventricle, large left ventricle, and others [59]. 
Ventricular activation data from our group suggested that 
this characteristic QRS pattern in tricuspid atresia is produced 
by interaction of several factors, the most important being 
right-to-left phase asynchrony of ventricular activation, 
right-to-left ventricular disproportion, and the asymmetric 
distribution of the left ventricular mass favoring the superior 
wall [59,60].

Regardless of the frontal plane mean QRS vector, electro-
cardiographic left ventricular hypertrophy is present in most 
patients, manifested by S waves in right chest leads and R 

V1

I II III aVR aVL aVF

V2 V3 V4 V5 V6

Figure 35.4 Electrocardiogram highly suggestive of tricuspid atresia: 

abnormal, superiorly oriented mean QRS vector in the frontal plane (−45°, 
left axis deviation), left ventricular hypertrophy and strain, and diminished 

anterior (R waves in leads V1 and V2) and rightward (S waves in leads V5 

and V6) forces. Prominent P waves appear in several leads.

Figure 35.5 Subcostal four-chamber two-dimensional echocardiogram of a neonate with tricuspid atresia. (a) Enlarged left ventricle (LV), small right 

ventricle (RV), and a dense band of echoes (ATV) are shown at the site where the tricuspid valve echo should be. Atrial (ASD) and ventricular septal defects 

and the mitral valve (MV) are visualized. (b) Attachment of anterior leaflet of detectable atrioventricular valve to left side of atrial septum. LA, left atrium; RA, 

right atrium. (Reproduced from Rao Fetal and Neonatal Cardiology. Philadelphia, PA: Saunders, 1990: 525–40, with permission of W.B. Saunders/Elsevier.)
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waves in left chest leads beyond the 95th percentile or by 
adult progression of the QRS in the chest leads in the 
neonates and infants. ST-T wave changes suggestive of left 
ventricular strain are present in half of patients [59]. Left 
ventricular hypertrophy is due to left ventricular volume 
overload and also lack of opposition to the left ventricular 
forces by the hypoplastic right ventricle. Biventricular hyper-
trophy may occasionally be present, and most of these 
patients have type II or type III anatomy with an adequately 
sized right ventricle [59]. Diminished R waves in right chest 
leads and S waves in left chest leads are related to right 
 ventricular hypoplasia.

Electrocardiographic features of rare types of tricuspid 
atresia are reviewed elsewhere [59].

Chest X-ray
Radiographic features depend on the total pulmonary blood 
flow. In patients with decreased pulmonary flow (most 
infants fall into this category), cardiac size is either normal or 
mildly enlarged, whereas those with increased pulmonary 
blood flow have moderate to severe cardiomegaly. A variety 
of cardiac configurations have been described in the litera-
ture: “characteristic” tricuspid atresia appearance [61], coeur 
en sabot configuration [62], and egg-shaped [63], bell-shaped 
[64], and square [21] heart, but in the present author’s and 
others’ experience [63], no consistent pattern is diagnostic of 
tricuspid atresia. There may be concavity in the region of the 
pulmonary artery segment in patients with pulmonary 
oligemia and a small pulmonary artery. The right atrial 
shadow may be prominent.

A right aortic arch is present in 8% of patients with tricus-
pid atresia [63] and is less common than in tetralogy of 
Fallot (25%) and truncus arteriosus (40%). An unusual 
contour of the left cardiac border suggestive of l- transposition 
may be seen in association with or confused with tricuspid 
atresia [65].

The greatest use of the chest radiograph is its ability to 
categorize neonates into those with decreased pulmonary 
vascular markings and those with increased pulmonary 
 vascular markings. Often, this is all that is necessary to make 
a correct diagnosis once a history, physical examination, and 
electrocardiogram have been obtained [65].

Echocardiography
M-mode echocardiographic features include an enlarged left 
atrium (usually proportional to the magnitude of pulmonary 
blood flow), a dilated left ventricle with normal or decreased 
left ventricular shortening fraction, a large mitral valve in 
continuity with the posterior semilunar valve, and a small 
right ventricle [65,66]. The pulmonary valve may or 
may not be recorded. The tricuspid valve is conspicuously 
absent [65].

Two-dimensional echocardiography, apart from showing 
an enlarged right atrium, left atrium, and left ventricle and a 

small right ventricle, demonstrates the atretic tricuspid valve 
directly. In the most common muscular type, a dense band 
of echoes is seen at the site where the tricuspid valve should 
be [65,67], and the anterior leaflet of the detectable atrio-
ventricular valve is attached to the left side of the interatrial 
septum (Figure 35.5). The anatomy is best demonstrated in 
the apical and subcostal four-chamber views. A persistent 
left superior vena cava, when present, can usually be identi-
fied emptying into the coronary sinus, as can the entries of 
the superior and inferior venae cavae into the right atrium. 
Atrial and ventricular septal defects can also be demon-
strated. Semilunar valves can be identified as pulmonary or 
aortic by following the great vessel until the bifurcation of 
the pulmonary artery or arch of the aorta is seen; this will 
identify associated transposition of the great arteries. 
Coarctation of the aorta, often present in type II patients, 
may be shown in the suprasternal notch view.

Contrast echocardiography with two-dimensional  imaging 
clearly demonstrates sequential opacification of the right 
atrium, the left atrium, the left ventricle, and then the right 
ventricle, although this is not necessary for diagnosis.

Doppler echocardiography is helpful in demonstrating 
shunts and the degree of pulmonary stenosis. Right-to-left 
shunting across the atrial septum can be visualized by  placing 
the pulsed Doppler sample volume on either side of the atrial 
defect and by color flow mapping. Most right-to-left  shunting 
occurs during atrial systole. Left-to-right shunting, although 
transient, can be demonstrated by Doppler study during 
atrial diastole, secondary to instantaneous pressure differ-
ences across the atrial septum [50]. High-flow velocity across 
the VSD can be demonstrated in type Ib tricuspid atresia; the 
higher the velocity, the smaller is the defect. Color-guided 
continuous-wave Doppler, with use of the modified Bernoulli 
equation, is useful in quantitating the left-to-right ventricu-
lar pressure difference, thereby estimating the size of the 
VSD. Interrogating the right ventricular outflow tract may 
demonstrate subvalvar or valvar pulmonary stenosis. Careful 
interrogation of Doppler velocities across the VSD in type II 
patients identifies subaortic (at the VSD level) obstruction. 
Similarly, Doppler evaluation of the descending aorta is 
 useful in demonstrating aortic coarctation.

M-mode, two-dimensional, Doppler (pulsed, continuous-
wave, and color), and, when indicated, contrast echocardi-
ography are useful in delineating most anatomic and 
physiologic issues related to tricuspid atresia.

Cardiac catheterization and angiography

The diagnosis of tricuspid atresia based on clinical, electro-
cardiographic, and echocardiographic features is relatively 
simple, and cardiac catheterization with selective cineangi-
ography rarely, if ever, is essential for the diagnosis [46]. 
Cardiac catheterization should be performed only if sufficient 
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data needed for management are unavailable from echo 
Doppler and other noninvasive studies. Catheterization is 
generally recommended before operative correction to pro-
vide the surgeon with accurate anatomic detail. Specific 
information on the pulmonary artery anatomy, size, and 
pressures and left ventricular function is necessary before a 
Fontan-type procedure. Assessment of Choussat’s hemody-
namic and angiographic parameters [68] (Table 35.4) 
should be undertaken, although exceptions to some criteria 
can be made.

Catheter insertion and course
A percutaneous femoral venous route is used for catheteri-
zation [46,69]. The right ventricle cannot be directly entered 
from the right atrium because of atresia of the tricuspid 
valve, but the catheter can easily be advanced into the left 
atrium across the patent foramen ovale and from there into 
the left ventricle through the mitral valve. With the avail-
ability of balloon-tipped catheters and a variety of guidewires, 
it is usually possible to catheterize the right ventricle (through 
the VSD), pulmonary artery, and aorta. However, in a sick 
neonate, the procedure may be terminated after left 
 ventricular angiography because further manipulation of 
the catheter may produce an arrhythmia or precipitate a 
hypercyanotic spell. In infants with clinical evidence of 
 aortic coarctation (type II patients), retrograde femoral arte-
rial catheterization may be necessary if left ventricular 
 angiography does not clearly define the problem.

Oxygen saturations
Systemic venous oxygen saturation is decreased in 
proportion to systemic arterial desaturation and severity of 
congestive heart failure. Because of obligatory right-to-left 
shunting across the patent foramen ovale, a left-to-right 
shunt is ordinarily not detected. An increase in right atrial 
oxygen saturation, however, may be attributed to transient 
reversal of flow secondary to instantaneous pressure 
differences between the atria [50].

The pulmonary venous oxygen saturations are usually 
normal, with a lower left atrial oxygen saturation reflect-
ing the atrial right-to-left shunt. Left ventricular oxygen 

saturation is also diminished and represents better admixture 
than that in the left atrium. The oxygen saturations in the 
left atrium, left ventricle, right ventricle, pulmonary artery, 
and aorta are similar. Systemic arterial desaturation is 
always present, the extent of oxygen desaturation 
being a function of the pulmonary-to-systemic flow ratio 
(Qp/Qs).

The vena caval, left atrial, and left ventricular oxygen 
 saturations are generally lower in type I than in type II 
patients, presumably related to a greater preponderance of 
pulmonary oligemia in type I patients [46].

Pressures
The mean right atrial pressure is mildly increased, similar to 
or slightly higher than that in the left atrium. The right atrial 
a waves are prominent. A mean atrial pressure difference 
greater than 5 mmHg and giant a wave in the right atrial 
pressure trace indicate interatrial obstruction. When the left 
ventricular end-diastolic pressure is markedly elevated, lack 
of pressure difference across the atrial septum does not 
exclude interatrial obstruction [46].

Mean left atrial and left ventricular end-diastolic pressures 
are usually normal but increase with an elevated Qp/Qs and 
decreased left ventricular function. The left atrial v waves are 
lower than a waves in patients with decreased pulmonary 
blood flow. As the pulmonary flow increases, the v waves 
become taller.

The left ventricular peak systolic pressure is usually normal 
but may be elevated with aortic coarctation or subaortic 
stenosis. Aortic peak systolic pressure is normal unless there 
is associated aortic coarctation. Aortic diastolic pressure may 
be low because of diastolic runoff, secondary to an operatively 
placed aortopulmonary shunt. In a type II (transposition) 
patient, careful pressure pullback across the aortic and sub-
aortic region should be performed. A peak pressure gradient 
between the ventricles indicates subaortic obstruction 
secondary to a small VSD [36,37].

The right ventricular peak systolic pressure is usually 
 proportional to the size of the VSD in type I patients; the 
larger the VSD, the higher is the pressure. The pressure is 
occasionally high in the presence of a small VSD associated 
with right ventricular outflow tract stenosis. The right ven-
tricular  systolic pressure is at systemic level in type II 
patients.

Every attempt should be made to catheterize the pulmo-
nary artery [46] because of the importance of measuring 
pulmonary artery pressure [68] in evaluating tricuspid 
atresia patients for corrective operation. When all methods 
fail, pulmonary venous wedge pressure should be measured 
to estimate the pulmonary artery pressure [70]. The pulmo-
nary artery pressures are usually normal in type I patients, 
although they may be high in type Ic patients with a large 
VSD. In type II patients with transposition, the pulmonary 
artery pressure depends on the degree of subvalvar and 

Table 35.4 Choussat criteria.

Normal vena caval connections

Normal right atrial volume

Mean pulmonary artery pressure ≤15 mmHg

Pulmonary vascular resistance ≤4 Wood units m−2

Pulmonary artery to aortic root diameter ratio ≥0.75

Normal left ventricular function

Competent mitral valve

Undistorted pulmonary arteries
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Figure 35.6 Cineangiograms from (a) superior vena cava (SVC) and (b) right atrium (RA) in frontal projection from two patients. There is sequential 

opacification of the left atrium (LA) and left ventricle (LV) without opacification of the right ventricle. The nonopacified right ventricular “window” (arrows) 

is formed by the RA on the right, the LA superiorly, and the LV on the left. This is a classic appearance of the muscular variety of tricuspid atresia. 

(Reproduced from Rao Atlas of Heart Diseases, Vol XII. Philadelphia, PA: Current Medicine, 1997: 14.1–14, with permission of Current Medicine/Springer.)

 valvar pulmonary stenosis or the effectiveness of an 
 operatively placed pulmonary artery band.

Calculated variables
Pulmonary and systemic blood flows, vascular resistances, 
and shunts may be calculated by the Fick principle, with 
either assumed or measured oxygen consumption. The 
principles and methods of calculation are detailed  elsewhere 
[44,46] (see Chapter 10). The Qp/Qs ratio and pulmonary 
vascular resistance are the most important. The Qp/Qs ratio 
is diminished in type I and type II patients with pulmonary 
atresia and in type Ib patients with a small VSD. It may 
be markedly increased in type I patients with a large VSD 
(type Ic) and most type II patients.

Because of pulmonary outflow tract obstruction, pulmo-
nary vascular resistance is normal in most patients with 
 tricuspid atresia. In type Ic patients with a large VSD, type IIc 
patients without pulmonary stenosis, and patients with a 
large systemic–pulmonary artery shunt, the pulmonary 
resistance may be elevated.

Another calculated variable, described by Mair et al. [71], 
the preoperative catheterization index, recognizes the impor-
tance of pulmonary vascular resistance and left ventricular 
diastolic function. This index may be calculated as Rp + 
[LVEDP/(PI+SI)] where Rp is pulmonary vascular resistance 
(units m−2), LVEDP is left ventricular end-diastolic pressure 
(mmHg), and PI and SI are pulmonary and systemic flow 
indices, respectively (l min−1 m−2).

An index of ≤4 is associated with lower early and total 
mortality after a Fontan operation than is an index >4. This 
is a useful index, although with some limitations [71].

Angiography
The absence of direct anatomic continuity between the right 
atrium and the morphologic right ventricle is the hallmark of 
the angiographic features of tricuspid atresia. Selective 
superior vena caval or right atrial angiograms reveal 
successive opacification of the left atrium and left ventricle 
without immediate opacification of the right ventricle 
(Figure 35.6); this “typical sequence of tricuspid atresia” is 
considered characteristic. The negative shadow between the 
right atrium and left ventricle, named the right ventricular 
window, corresponds to failure of early filling of the right 
ventricle (Figure 35.6). These features are best demonstrated 
in the posteroanterior view. The size and location of the atrial 
septal defect are optimally shown in hepatoclavicular or 
lateral views and may produce the so-called onionskin or 
waterfall appearance (Figure 35.7) if the atrial septum is 
obstructive.

Reflux of the contrast material into the venae cavae and 
hepatic veins is seen normally after right atrial angiogra-
phy. Dense opacification of the coronary sinus (Figure 35.8) 
suggests interatrial obstruction. The size of the right 
atrium and the location and size of the right atrial append-
age should also be evaluated. For example, left-sided 
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 juxtaposition of the atrial appendages (Figure 35.9) occurs 
more  frequently in tricuspid atresia, especially when associ-
ated with transposition of the great arteries. Finally, differ-
ent morphologic types of atretic tricuspid valves may be 
 recognized [25,32,72].

Once tricuspid atresia is demonstrated, it is important 
to define the ventricular anatomy, type and size of the 
 interventricular communication, ventriculoarterial con-
nections, pulmonary artery anatomy, and associated abnor-
malities. Left innominate vein angiography to demonstrate 
a persistent left superior vena cava and bridging innomi-
nate vein, should also be performed; such information 
is useful in  considering bidirectional Glenn and Fontan 
operations.

Selective left ventricular angiography reveals finely 
trabeculated, morphologically left ventricular anatomy. The 
origin and relative positions of the great arteries (Figures 
35.10 and 35.11), the size and location of the VSDs, any 
mitral regurgitation, and the size of the right ventricle can be 
demonstrated. The present author initially performs left 
ventricular angiography in frontal and lateral views. 
Angiography is performed in additional views, such as left 
anterior oblique, hepatoclavicular, or long axial oblique, 

Figure 35.9 Selective superior vena caval injection in the right anterior 

oblique projection shows the right atrial appendage (RAA) juxtaposed 

leftwards. There is an imperforate tricuspid valve (arrowheads). LV, left 

ventricle; RA, right atrium. (Reproduced with permission from Schwartz 

and Rao Tricuspid Atresia, 2nd edn. Mount Kisco, NY: Futura Publishing, 

1992: 223–46.)

Figure 35.8 Selective superior vena caval (SVC) injection in four-chamber 

projection (hepatoclavicular) shows tricuspid atresia and filling of the left 

atrium (LA) through a restrictive atrial septal defect (arrows). There is 

retrograde filling of the coronary sinus (CS). RA, right atrium. (Reproduced 

with permission from Schwartz and Rao Tricuspid Atresia, 2nd edn. Mount 

Kisco, NY: Futura Publishing, 1992: 223–46.)

Figure 35.7 Selective superior vena caval (SVC) angiogram in a four-

chamber (hepatoclavicular) projection reveals no opacification of the right 

ventricle and typical, onionskin appearance of the interatrial 

communication (arrows). Contrast material streams into the roof of the left 

atrium (LA). IVC, inferior vena cava; RA, right atrium. (Reproduced with 

permission from Schwartz and Rao Tricuspid Atresia, 2nd edn. Mount 

Kisco, NY: Futura Publishing, 1992: 223–46.)
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Figure 35.10 Selective left ventricular (LV) cineangiograms in lateral (a) and four-chamber (b) views demonstrate normal position of aorta (Ao) and 

pulmonary artery (PA). Ventricular septal defect (VSD) is seen with visualization of right ventricle (RV). (Reproduced from Rao, P.S., in Long, W.A. (ed.), 

Fetal and Neonatal Cardiology, 1990, p. 541, with permission of W.B. Saunders/Elsevier.)

Figure 35.11 Selective left ventriculogram in frontal view in infant with 

type II tricuspid atresia shows transposition of the great arteries. Ao, 

aorta; DAo, descending aorta; LV, left ventricle; MPA, main pulmonary 

artery; RV, right ventricle. (Reproduced with permission from Schwartz 

and Rao Tricuspid Atresia, 2nd edn. Mount Kisco, NY: Futura Publishing, 

1992: 223–46.)

depending on the structures that need greater definition. 
Special attention should be paid in evaluating subaortic 
obstruction at the VSD level in patients with transposition 
[36.37]. Quantitative measurements of the size and function 
of the left ventricle [47–49] should also be undertaken. 
Selective injections into the right ventricle, aorta, and 
pulmonary artery provide greater definition of these 
structures. Particular attention should be paid to define 
sources of pulmonary blood flow and pulmonary artery 
anatomy. Selective angiography with the catheter positioned 
proximal to or in the previously created shunts is also useful 
in evaluating the pulmonary arteries and, of course, the 
shunt itself.

Other laboratory studies

Pulse oximetry is readily available in an outpatient setting 
for noninvasive measurement of oxygen saturation. 
Hemoglobin level and hematocrit along with red blood 
 indices should be routinely obtained to assess the degree of 
polycythemia and hypoxemia and to identify relative iron 
deficiency anemia [57]. Computed tomography (CT) and 
magnetic resonance imaging (MRI) are useful in defining 
issues not clearly defined by echocardiography.
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Differential diagnosis

Differential diagnosis differs with the mode of presentation 
(Table 35.5).

Decreased pulmonary blood flow
Causes of cyanosis with decreased pulmonary blood flow are 
listed in Table 35.5. The electrocardiogram is most useful in 
the differential diagnosis [73]. Echocardiography and cine-
angiography may occasionally be necessary for confirming 
the diagnosis, especially in complex defects.

Increased pulmonary blood flow
The differential diagnostic considerations are also listed in 
Table 35.5. Although the characteristic electrocardiographic 
pattern (abnormal, superior vector, or left-axis deviation) of 
tricuspid atresia is helpful, it is not always present in tricuspid 
atresia with transposition. Furthermore, some of the condi-
tions listed in Table 35.5 also have a similar displacement of 
the mean frontal plane vector. Often, echocardiograms and 
angiocardiograms are necessary for final diagnosis.

Management

Physiologically “corrective” operations for tricuspid atresia 
[74,75] and their modifications are usually performed in 
patients older than 2 years. Most patients present with 

symptoms as neonates and should be effectively palliated to 
enable them to reach the age at which correction can be 
undertaken. The objective of the management plan, apart 
from providing symptomatic relief and increased survival 
rate, should be to preserve, protect, and restore structure 
(good-sized and undistorted pulmonary arteries) and 
function (normal pulmonary artery pressure and preserved 
left ventricular function) to normal such that a corrective 
procedure can be performed later.

Medical management at the time of presentation
In infants with low arterial PO

2
 and oxygen saturation and 

with ductus-dependent pulmonary blood flow, the ductus 
should be kept open by intravenous administration of 
prostaglandin E

1
 (PGE

1
) [76] (see Chapter 17). The ductal 

dilatation increases pulmonary blood flow, thereby improving 
oxygenation and reversing the metabolic acidosis so that 
further diagnostic studies and other interventions can be 
performed with relative safety.

An occasional infant with signs of congestive heart failure 
(more common in type II patients) should be treated with 
routine anticongestive measures. Patients with associated 
severe coarctation of the aorta may also be helped with PGE

1
 

infusion; this time, the ductal dilatation improves systemic 
perfusion. This is followed by relief of aortic obstruction by 
operation or balloon angioplasty [77].

Palliative treatment of specific physiologic 
abnormalities
The type of palliation undertaken depends largely on the 
hemodynamic abnormality produced by the basic lesion and 
associated cardiac anomalies. These may be broadly grouped 
[33] into decreased pulmonary blood flow, increased 
 pulmonary blood flow, and intracardiac obstruction.

Decreased pulmonary blood flow
Systemic–pulmonary artery shunts are most commonly used 
in palliating pulmonary oligemia. Since the description of 
subclavian artery to ipsilateral pulmonary artery anastomo-
sis in 1945 by Blalock and Taussig [78], several other types 
of procedures have been devised to improve pulmonary 
blood flow. Modified Blalock–Taussig shunt with a Gore-Tex 
graft interposed between the subclavian artery and the ipsi-
lateral pulmonary artery [79] is most commonly utilized, 
although distortion of the pulmonary artery sometimes 
created by the shunt may be a problem later.

Enlarging the VSD or resecting the right ventricular 
outflow tract stenosis has been recommended by Annecchino 
et al. [80] to augment the pulmonary blood flow. This 
ingenious approach attacks the site of obstruction rather 
than bypassing it. However, it requires cardiopulmonary 
bypass and may be unnecessary in neonates [33]. Stenting 
the arterial duct is not currently an initial therapeutic choice 
because of limited experience [81]. Rarely, the predominant 

Table 35.5 Differential diagnosis of tricuspid atresia in the neonate.

Decreased pulmonary blood flow

Tetralogy of Fallot including pulmonary atresia with ventricular septal 

defect

Pulmonary atresia or severe stenosis with intact ventricular septum

Tricuspid atresia

Complex cardiac anomalies with severe pulmonary stenosis or atresia 

including d-transposition with ventricular septal defect; l-transposition 

with ventricular septal defect; single ventricle, double-outlet right 

ventricle, and asplenia syndrome

Increased pulmonary blood flow

d-Transposition of the great arteries with large ventricular septal defect

Coarctation of the aorta with ventricular septal defect

Multiple left-to-right shunts (ventricular septal defect, common 

atrioventricular canal, and patent ductus arteriosus)

Single ventricle, double-outlet right ventricle, and other complex 

cardiac defects without pulmonic stenosis

Total anomalous pulmonary venous connection without obstruction

Hypoplastic left heart syndrome

Truncus arteriosus

Adapted from Rao Fetal and Neonatal Cardiology. Philadelphia, PA: 

Saunders, 1990: 525–40, with permission of W.B. Saunders/Elsevier.
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obstruction may be at the pulmonary valve level and, in 
such patients, balloon pulmonary valvoplasty [82] may 
augment pulmonary blood flow.

Despite the availability of many palliative procedures to 
increase pulmonary blood flow, some produce complications 
that prevent a successful Fontan–Kreutzer procedure 
subsequently. The Blalock–Taussig anastomosis or one of its 
modified versions is the preferred procedure with the least 
number of long-term complications, but at the same time 
it preserves suitable anatomy for subsequent corrective 
procedures and therefore is recommended as the procedure 
of choice for palliation of tricuspid atresia patients with 
decreased pulmonary blood flow.

Increased pulmonary blood flow
Infants with a moderate increase in pulmonary blood flow 
may not have significant symptoms and are less cyanotic 
than the pulmonary oligemic patients. Markedly increased 
pulmonary blood flow as in type Ic and type IIc patients, 
however, can produce congestive heart failure.

In type I patients, aggressive anticongestive measures 
should be promptly instituted. Natural history studies 
indicate that the VSD becomes smaller, and patients with 
pulmonary plethora will, in due course, develop pulmonary 
oligemia and require a palliative shunt. Right ventricular 
outflow tract obstruction may also develop, resulting in 
decreased pulmonary blood flow. Therefore, pulmonary 
artery banding should not be performed initially in this 
group of patients. If optimal anticongestive therapy does 
not relieve symptoms after a time [33], pulmonary artery 
banding should be considered. In those without a 
pulmonary artery band, careful follow-up with periodic 
assessment of pulmonary artery pressure and timely 
intervention are necessary to prevent pulmonary vascular 
obstructive disease.

Pulmonary artery bands with absorbable material have 
been used for palliation in such infants [83]. The absorbable 
polydioxanone band decreases pulmonary artery pressure 
by restricting the pulmonary blood flow, and initially helps 
abate symptoms of heart failure. As the VSD spontaneously 
closes, the pulmonary artery band is resorbed and does not 
produce the severe pulmonary oligemia that might have 
been associated with a conventional nonabsorbable band. 
Although this is an ingenious approach, it is likely to help 
only a limited number of patients [84].

In type II patients, banding of the pulmonary artery should 
be performed once the infant is stabilized with anticongestive 
therapy. If there is associated coarctation of the aorta, or 
aortic arch interruption or hypoplasia, adequate relief of the 
aortic obstruction should be provided concurrently with 
pulmonary artery banding, and a patent ductus arteriosus 
should be ligated. The importance of PGE

1
 administration in 

the control of congestive heart failure has already been 
alluded to.

Intracardiac obstruction
Intracardiac obstruction can occur at two different levels: 
patent foramen ovale and VSD.

Interatrial obstruction
The interatrial defect should be large enough to accommodate 
the egress of the entire systemic venous return. A mean 
atrial pressure difference of 5 mmHg or more with prominent 
a waves (15–20 mmHg) in the right atrium is generally 
considered to represent obstruction of the interatrial septum 
[33]. It may be necessary to relieve the obstruction by 
balloon atrial septostomy [85]; if that is unsuccessful, by 
blade atrial septostomy [86,87] and rarely by surgical atrial 
septostomy. Significant interatrial obstruction requiring 
atrial septostomy in the neonate is unusual, although this 
can be a significant problem later in infancy [36,87].

Interventricular obstruction
Spontaneous closure of the VSD can occur, causing severe 
pulmonary oligemia in type I patients and subaortic obstruc-
tion in type II patients. Functional and anatomic closures 
have been reported in patients with normally related great 
arteries [37,40]. In functional closure, cyanotic spells similar 
to those in tetralogy of Fallot [40] may occur, and the man-
agement is similar, namely, knee–chest position, humidified 
oxygen, and morphine sulfate (0.1 mg kg−1). If the spells are 
not averted, β-blockers (propranolol or esmolol) or intrave-
nous vasopressors (methoxamine or phenylephrine) may 
be given to increase systolic blood pressure by 10–20%. 
Correction of metabolic acidosis or anemia, if present, should 
also be considered. If there is no improvement, immediate 
operative palliation may be necessary. If the infant improves, 
correction by a Fontan-type procedure or palliation by a 
 systemic–pulmonary artery shunt or a bidirectional Glenn 
operation may be performed subsequently.

In partial or complete anatomic closure of the VSD, 
 pulmonary oligemia with consequent hypoxemia and 
 polycythemia ensues. Augmentation of the pulmonary 
blood flow is indicated and can be accomplished by several 
 methods (see earlier). If the age and size of the patient or 
cardiac  anatomy and hemodynamics are unsuitable for per-
forming a modified Fontan or bidirectional Glenn opera-
tion, a systemic–pulmonary artery shunt, such as modified 
(Gore-Tex) Blalock–Taussig procedure [79], should be 
undertaken. A classic Glenn procedure should not be per-
formed because if the VSD closes completely, the left pul-
monary artery will be without flow, which may result in 
thrombosis or  underdevelopment of the left pulmonary 
artery. In addition, long-term complications of the Glenn 
operation [51], particularly development of pulmonary 
arteriovenous fistulas, are of concern. Central aortopulmo-
nary shunts should be avoided because they tend to raise 
pulmonary artery  pressure and resistance and kink or dis-
tort the pulmonary arteries. Thus, a Blalock–Taussig type of 
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shunt [classic or modified (Gore-Tex) Blalock–Taussig] or a 
bidirectional Glenn  procedure is preferable. In the present 
author’s view, in younger infants a Blalock–Taussig shunt is 
to be preferred; in older infants and children, a bidirectional 
Glenn procedure preparatory to a modified Fontan opera-
tion is recommended.

Partial spontaneous closure of the VSD in type II patients 
causes subaortic obstruction [36,37,51], which should be 
relieved or bypassed in case the resultant left ventricular 
hypertrophy poses increased risk at the time of the Fontan 
procedure [88]. The obstruction must be tackled at the time 
of either a bidirectional Glenn or a modified Fontan opera-
tion. Resection of the conal muscular septum [89,90], thus 
enlarging the VSD, is a direct approach, although concern 
for development of heart block and spontaneous closure of 
the surgically produced VSD remains [51]. Alternatively, the 
VSD, right ventricle, and aortic valve may be bypassed by 
anastomosis of the proximal stump of the divided pulmo-
nary artery to the ascending aorta (Damus–Kaye–Stansel) at 
the time of bidirectional Glenn (or Fontan) operation. 
Limited data are available about the superiority of one 
method over the other.

Medical management after a palliative operation
Problems encountered with tricuspid atresia patients are 
similar to those in other cyanotic cardiac malformations. 
Appropriate monitoring for and treatment of relative 
anemia, polycythemia, coagulopathy, and hyperuricemia 
should be undertaken. Hyperuricemia, gout, and uric acid 
nephropathy can develop in adolescents and adults with 
long-standing cyanosis and polycythemia and should be 
prevented by timely palliative or corrective operative 
therapy. If prevention is not feasible, periodic measurement 
of uric acid levels and treatment with allopurinol (if the uric 
acid level is >8 mg per 100 ml) may have to be instituted. 
The risks for developing a cerebrovascular accident or brain 
abscess are similar to those with other cyanotic anomalies, 
and appropriate consultation and treatment are indicated. 
Antibiotic prophylaxis before any bacteremia-producing 
procedures or surgery is indicated, as is routine immunization 
plus consideration for palivizumab (for prevention of RSV 
infection in infancy), polyvalent pneumococcal vaccine, or 
influenza vaccine.

Physiologic corrective surgery
Since the original descriptions by Fontan and Baudet [74] and 
Kreutzer et al. [75] of physiologically corrective  operations for 
tricuspid atresia, many modifications of these procedures have 
been suggested [91,92]. The Fontan operation was based on 
the concept of using the right atrium as a pump. As originally 
described, it consists of superior vena cava–right pulmonary 
artery (Glenn) shunt, anastomosis of the proximal end of the 
divided right pulmonary artery to the right atrium directly or 
by means of an aortic homograft, closure of the atrial defect, 

insertion of a pulmonary valve homograft into the inferior vena 
caval orifice, and ligation of the main pulmonary artery, thus 
bypassing the right ventricle comple tely [74]. Kreutzer’s concept 
was that the right atrium may not function as a pump and that 
the left ventricle is the only suction pump in the system. His 
original operation consisted of direct anastomosis of the right 
atrial appendage with the pulmonary artery or through a 
pulmonary homograft. The atrial septal defect was not closed 
and neither a Glenn procedure nor prosthetic valve insertion 
into the inferior vena cava was performed [75].

Initially the approach was a classic Glenn anastomosis or a 
valve at the inferior vena cava–right atrial junction [91,92]. 
A bidirectional Glenn procedure followed by direct atriopul-
monary anastomosis (without a valved conduit) has becme 
the standard procedure for most tricuspid atresia patients.

Bidirectional glenn procedure
In the bidirectional Glenn procedure [93–95], the upper end 
of the divided superior vena cava is anastomosed end-to-side 
to the superior aspect of the undivided right pulmonary 
artery, thus diverting the superior vena caval blood into both 
right and left pulmonary arteries [93–96]. There are hemo-
dynamic advantages associated with the bidirectional Glenn 
procedure, including improved effective pulmonary flow, 
reduced total pulmonary flow, and less left ventricular vol-
ume overloading. When both right and left superior venae 
cavae are present, bilateral bidirectional Glenn shunting 
should be performed, especially if the bridging innominate 
vein is absent or small.

Total cavopulmonary diversion
On the basis of hydrodynamic studies, de Leval et al. [97] 
concluded that the right atrium has no efficient pump 
 function; pulsations in the nonvalved circulation generate 
turbulence with a consequent decrease in net flow, and 
energy losses occur in the nonpulsatile chambers, corners, 
and obstructions. They devised and performed total cavopul-
monary diversion in which bidirectional Glenn procedure 
was performed, and the inferior vena caval blood is directed 
through an intra-atrial tunnel into the cardiac end of the 
superior vena cava, which in turn is connected to the under-
surface of the right pulmonary artery. The advantages of this 
procedure are technical simplicity, maintenance of low right 
atrial and coronary sinus pressure, and reduction in risk of 
formation of atrial thrombus. Experimental studies by 
Sharma et al. [98] suggested that complete or minimal offset 
between the orifices of the superior vena caval connection 
may decrease energy losses.

Extracardiac conduit
Diversion of the inferior vena caval blood into the  pulmonary 
artery via an extracardiac conduit [99] was conceived as an 
alternative to the lateral tunnel in surgical completion of the 
Fontan procedure.



CHAPTER 35 Tricuspid Atresia

503

Staged fontan procedure
Performing a bidirectional Glenn procedure initially  followed 
later by diversion of the inferior vena caval blood into the 
 pulmonary artery [100,101] is the norm instead of performing 
all Fontan connections at the same time. Staging appears to 
decrease overall mortality, presumably related to improving the 
ventricular function by avoiding/correcting afterload mis-
match associated with a one-stage Fontan  procedure [101].

Fenestrated fontan
The criteria (Table 35.4) outlined by Choussat et al. [68] have 
been modified or exceeded by many groups of workers. 
These factors, when abnormal, make a Fontan–Kreutzer 
operation a high-risk procedure. They should be identified at 
the time of preoperative evaluation. They include elevated 
mean pulmonary artery pressure >18 mmHg or resistance >4 
Wood units m−2), distorted or small (McGoon ratio of 1.8 or 
less) pulmonary arteries, poor left ventricular function 
 (end-diastolic pressure >12 mmHg), significant mitral 
 regurgitation, subaortic obstruction, and severe left ven-
tricular hypertrophy. With one or more of these risk factors, 
physiologically corrective procedures of the Fontan type 
may carry significant risk. In such high-risk Fontan–Kreutzer 
patients, leaving open a small atrial septal defect to allow 
decompression of the right atrium in the immediate postop-
erative period with a plan to close the defect later has 
been used by some workers [102–104]. The atrial defect is 
closed by a preplaced suture [102,103] or by transcatheter 
 techniques [104]. Significant improvement in postoperative 
pleural effusions, systemic venous congestion, and higher 
cardiac index and possibly shorter hospitalization have been 
the beneficial effects of the fenestration, but at the expense 
of systemic arterial hypoxemia.

Operations that divide the pulmonary and systemic venous 
returns (Fontan–Kreutzer) are feasible for most patients 
with tricuspid atresia. The age (and weight) of the patient 
and anatomic and physiologic substrate determine the type 
of surgery. In neonates and young infants (3–6 months), a 
modified Blalock–Taussig shunt is the procedure of choice. 
Between 3 (or 6) months and 1 year of age, a bidirectional 
Glenn procedure is the procedure of choice. Between 1 and 
2 years of age, a bidirectional Glenn procedure is used unless 
there is a contraindication. Beyond 2 years of age, total 
cavopulmonary anastomosis with or without fenestration, 
depending on the risk factors, may be performed. However, 
even at this age, staged cavopulmonary connection (initially 
bidirectional Glenn and then an extracardiac conduit diver-
sion of inferior vena caval blood into the pulmonary artery) 
is recommended.

Preoperative catheter evaluation to define the pulmonary 
artery pressure and anatomy and to exclude a persistent left 
superior vena cava (because it may divert blood away from 
the pulmonary arteries) prior to bidirectional Glenn surgery 
should be undertaken. At the time of bidirectional Glenn 

procedure, stenoses, if any, of the pulmonary artery should 
be repaired. Issues related to subaortic obstruction and mitral 
valve regurgitation should also be addressed. Immediately 
prior to Fontan conversion, cardiac catheterization should 
be performed to ensure normal anatomy and pressure of the 
pulmonary artery and normal left ventricular end-diastolic 
pressure. At the same time, aortopulmonary collaterals 
should be evaluated by means of selective subclavian artery 
and descending thoracic aortic angiography. Any collateral 
vessels should be occluded with coils or devices, as appropri-
ate. In patients with transposition of the great arteries, early 
pulmonary artery banding, treatment of aortic coarctation, 
and relieving or bypassing subaortic obstruction should also 
be incorporated into the treatment plan.

Catheter interventions
A number of catheter interventional procedures are useful 
in managing tricuspid atresia patients:
1 During the neonatal period, obstruction at the level of the 
atrial septum may be treated with conventional Rashkind 
balloon atrial septostomy [85]. In infants and children, the 
interatrial septum may be too thick to be torn with balloon 
septostomy; therefore, Park blade septostomy should pre-
cede the Rashkind procedure [86,87].
2 The obstruction to pulmonary blood flow is at the ven-
tricular septal defect (VSD) level or in the subpulmonary 
region in most patients. In a rare patient, the obstruction is 
at the pulmonary valve, and then balloon pulmonary valvo-
plasty may improve pulmonary blood flow and oxygen satu-
ration [82]
3 If progressive hypoxemia develops after a prior Blalock–
Taussig shunt and is secondary to shunt stenosis, balloon 
dilatation [105] or stent implantation [106] may improve 
oxygen saturation. If the patient is of sufficient size and age 
to undergo a bidirectional Glenn procedure, this should be 
performed instead of catheter intervention to enlarge the 
narrowed Blalock–Taussig shunt.
4 If severe aortic coarctation is present, particularly in 
patients with tricuspid atresia type II, balloon angioplasty 
may relieve aortic obstruction and achieve better control of 
congestive heart failure [107,108]
5 If significant branch pulmonary artery stenosis is present 
either before bidirectional Glenn and Fontan conversion 
surgery or after a Fontan procedure, balloon angioplasty or 
placement of intravascular stents [109,110] is recom-
mended.
6 Aortopulmonary collateral vessels develop. Before the 
final Fontan conversion, these vessels should be occluded in 
the catheterization laboratory, usually with Gianturco coils. 
This reduces reduces left ventricular volume overloading 
[111,112].
7 After a Fontan procedure, some patients may develop 
recurrent pleural effusion, liver dysfunction, plastic bron-
chitis, or protein-losing enteropathy. In these patients, 
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obstructive lesions in the Fontan circuit, if any, should be 
addressed by balloon angioplasty or stent. If the problem 
persists, creation of an atrial fenestration to produce right-
to-left shunt may be beneficial [113]. In such situations, 
puncture of the atrial septum by using a Brockenbrough 
technique followed by static balloon atrial septal dilatation 
[114] or stent implantation may be helpful.
8 Patients who undergo a fenestrated Fontan operation or 
who have a residual atrial defect despite correction may 
have clinically significant right-to-left shunting causing 
severe hypoxemia. These residual atrial defects may be 
closed by using transcatheter techniques [115–118].
9 Some patients may develop systemic venous-to- pulmonary 
venous collateral vessels following Fontan operation, caus-
ing arterial desaturation. These vessels should be defined 
and closed by coils, plugs, or devices, depending on the size, 
location, and accessibility [111,112,119,120].
10 Emerging therapies. Two-stage cavopulmonary connection 
is currently recommended for achieving Fontan circulation. 
Konertz et al. proposed a staged surgical-catheter approach 
[121]. Initially, a modified hemi-Fontan surgery is performed 
which is later completed by a transcatheter method [121,
122]. This approach attempts to reduce the total number of 
operations. The modified hemi-Fontan operation consists of 
the usual bidirectional Glenn procedure. In addition, the 
lower end of the divided superior vena cava is anastomosed 
to the undersurface of the right pulmonary artery. The 
superior vena cava is then banded around a 16-gauge 
catheter with 6–0 Prolene suture slightly above the cavoatrial 
junction. A lateral tunnel with a Gore-Tex baffle is created to 
divert the inferior vena caval blood towards the superior 
vena cava. The baffle is then fenestrated with 3–5 five mm 
wide holes. Thus, the first stage achieves a physiologic 
bidirectional Glenn circulation. At the time of the trans-
catheter stage, the superior vena caval constriction is balloon 
dilated and fenestrations are closed with devices or by 
implantation of a covered stent. These procedures have been 
performed in a limited number of patients [121–124], and 
preliminary data suggest that the usual post-Fontan 
complications, such as pleural effusion and ascites, have not 
occurred with this approach. Examination of the results of 
larger experience and longer term follow-up and the ready 
availability of covered stents are necessary for routine 
application of this innovative approach.

Follow-up after corrective operation
Close follow-up after correction is indicated. Some patients 
need continued inotropic and diuretic therapy. Afterload 
reduction with an angiotensin-converting enzyme inhibitor 
is generally recommended to augment left ventricular  output 
with consequent improvement in pulmonary flow, although 
controlled studies substantiating this principle have not been 
undertaken. Because of the potential for development of 
thrombi in the right atrium, anticoagulants are routinely 

used by most cardiologists. The present author recommends 
platelet-inhibiting doses of aspirin; others advocate warfarin 
anticoagulation.

Most patients do well after operation (Figure 35.12) [125]. 
However, several problems have been observed after corrective 
surgery: arrhythmia, obstructed pulmonary outflow pathways, 
persistent shunts, and systemic venous congestion including 
protein-losing enteropathy. Supraventricular arrhythmias 
(atrial flutter or fibrillation, paroxysmal supraventricular tach-
ycardia) are common and should be treated with appropriate 
pharmacologic therapy. In a patient without adequate control, 
electrophysiologic study and  surgical or transcatheter ablation 
may be indicated [126]. Revision of the Fontan pathway to 
a cavopulmonary  connection with elimination of the enlarged 
right atrium has been considered an alternative solution. Sick 
sinus node syndrome and atrioventricular block occur in some 
children and may require pacemaker therapy. Ventricular 
arrhythmia is less frequent.

Symptoms and signs indicative of obstruction to Fontan 
pathways should be promptly investigated. Poor echocardi-
ography windows make noninvasive evaluation difficult, 
and catheterization and angiography may be necessary. 
Obstructive lesions, if identified, should be treated with 
 balloon angioplasty, stenting, or even surgery, as indicated.

A persistent shunt may be secondary to intentional 
 fenestration of the atrial septum or a residual atrial septal 
defect. If significant hypoxemia is present, the residual shunt 
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should be closed, preferably by a transcatheter device 
[115,118]. Test occlusion of the defect is advisable to ensure 
that adequate cardiac output is maintained after occlusion.

Recurrent pleural effusion, liver dysfunction, and protein-
losing enteropathy have occurred in a small number of 
patients. Protein-losing enteropathy has a high mortality 
(75%) [113,127]. The cause of protein-losing enteropathy is 
unknown, but appears to be related to loss of protein in the 
bowel by lymphatic distention secondary to increased  systemic 
venous pressure, although this can occur in patients with 
 reasonably “normal” pressures for the Fontan procedure. 
Symptoms usually appear 6 months after the Fontan–Kreutzer 
procedure or later, and include diarrhea, edema, ascites, and 
pleural effusion. Significant hypoalbuminemia and increased 
α

1
-antitrypsin in the stool are present. Evidence for obstruction 

of the Fontan–Kreutzer pathway must be scrutinized and, if 
found, relieved [113]. A medium-chain triglyceride diet and 
parenteral albumin supplementation may be supportive. Some 
workers have used prednisone [128], with favorable effect, 
although the experience with this mode of therapy is limited. 
So, too, is experience with regular high molecular weight 
heparin, low molecular weight heparin, an elementary diet, 
calcium replacement, somatostatin, high-dose spironolactone, 
sildenafil, and  resection of localized intestinal lymphangiecta-
sia (if demonstrated), all with variable success. Because pro-
tein-losing enteropathy appears to be a fatal complication of 
the Fontan procedure, aggressive management is suggested. In 
these patients with so called “failed Fontan,” after excluding 
and addressing obstructions and residual shunts apart from 
other conventional treatment, consider (1) reducing right atrial 
pressure by creating an atrial septal defect (Brockenbrough’s 
puncture plus static dilatation of the atrial septum114), (2) 
right atrial and left ventricular (atrioventricular sequential) 
pacing [129,130], (3) converting an atrioventricular Fontan 
procedure to total cavopulmonary anastomosis [131,132], 
and/or (4) cardiac transplantation [133,134]. However, most 
patients do well after the Fontan–Kreutzer procedure.

Long-term history of treated and untreated adults
Although tricuspid atresia patients usually present in infancy 
and only 10–20% of untreated patients may survive their 
first birthday [4,55], improvements in early identification, 
neonatal care, noninvasive diagnoses, anesthesia, neonatal 
cardiac surgery, and normalization of pulmonary blood flow 
by PGE

1
 infusion and aortopulmonary shunt in patients with 

decreased pulmonary blood flow and by banding of the pul-
monary artery in patients with pulmonary plethora has 
improved the survival. The potential for improved prognosis 
exists, and therefore each patient with tricuspid atresia 
should be offered aggressive medical and operative therapy. 
The advantages of the Fontan–Kreutzer procedure [125], 
namely decreasing or eliminating hypoxemia and normaliz-
ing ventricular volume overloading, have further improved 
childhood survival. Consequently, a substantial number of 

patients reach adulthood. Some of them do well, but 
 others develop an arrhythmia (atrial flutter or fibrillation, 
 paroxysmal supraventricular tachycardia), obstructed Fontan 
pathways, branch pulmonary artery stenosis, thromboem-
bolism, persistent right-to-left shunts (Fontan fenestrations 
or atrial septal defects), systemic venous-to-pulmonary 
venous  collateral vessels and protein-losing enteropathy. 
Detailed evaluation of these problems and appropriate treat-
ment are mandatory to prolong survival and maintain qual-
ity of life. This is usually accomplished by a team approach in 
an Adult Congenital Heart Disease Clinic.
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36 Ebstein Anomaly of the Tricuspid Valve

David J. Driscoll & Joseph A. Dearani
Mayo Clinic, Rochester, MN, USA

Introduction and historical background

On 28 June 1864, a 19-year-old laborer was admitted to 
 All-Saints Hospital in Breslau, Germany, with shortness of 
breath and palpitations since childhood. The patient died on 
6 July 1864 and Wilhelm Ebstein (1836–1912) performed 
the autopsy [1]. Although Ebstein is credited with this first 
description of the anomaly that would bear his name, he 
also is credited with describing postinfectious uric acid  kidney 
stones, acute leukemia, funnel chest, and the “Pel–Ebstein” 
fever of lymphoma. He also studied purine metabolism, 
grouped obesity, gout, and diabetes as inheritable metabolic 
diseases, and authored a book on the treatment of obesity 
with a low carbohydrate diet [2].

Before the 1970s, the surgical treatment of Ebstein anomaly 
was poorly defined. Indeed, Engle et al. cautioned that even 
cardiac catheterization of these patients was risky because 
the catheter might become entangled and entrapped in the 
delicate tricuspid valve apparatus or provoke a fatal arrhyth-
mia [3]. This, of course, was before the development of 
 cardiac defibrillators. In 1974, Watson reported the outcome 
of 505 patients with Ebstein anomaly [4]. There were 13 
deaths from 363 cardiac catheterizations. The surgical mor-
tality was 54%. For palliative operations the mortality was 
64% and for valve replacement it was 45%. He  concluded 
that “patients … are bad surgical risks. Operation cannot be 
advised in the hope that if they (patients) are no better, at 
least they will be no worse … Palliative operations are not 
helpful … they have no place in treatment and are probably 
contraindicated.”

Despite these admonitions, surgical procedures were 
 gradually developed to treat patients with Ebstein anomaly. 
In the 1950s, the Blalock–Taussig procedure was used. In 
1958, Hunter and Lillehei attempted to reposition the septal 

and posterior tricuspid valve leaflets [5]. In 1963, Barnard 
and Schire replaced the tricuspid valve with a prosthesis. [6] 
In 1966, the Glenn anastomosis was used for some of these 
patients [7]. Hardy and Roe, in 1969, attempted to recon-
struct the valve [8,9]. In 1972, Danielson et al. described a 
technique to reconstruct the valve as a monocusp [10], an 
operation adopted widely for many years. In 1988, Carpentier 
et al. reported an operation in which the tricuspid valve was 
repositioned to the normal level [11]. In 1991, Starnes et al. 
described a technique for dealing with the highly lethal form 
of Ebstein anomaly presenting in the neonate [12] using a 
single ventricle strategy. In 2007, da Silva et al. described the 
“cone procedure,” a near anatomic repair, the early results of 
which are fairly promising [13].

Incidence

Ebstein anomaly is relatively rare. It constitutes <1% of 
 cardiac malformations and occurs in one in 210 000 live 
births. It is noted in one in 1000 autopsies.

Embryology and pathologic anatomy

The embryologic basis of Ebstein anomaly is failure of the 
tricuspid valve leaflets, especially the septal leaflet, to delam-
inate from the ventricular muscle (Figure 36.1).

The anterior leaflet, albeit the most completely delaminated, 
is usually fairly large but also may have tethered attachments 
to the right ventricular free wall. Thus, the apparent orifice of 
the tricuspid valve is displaced into the right  ventricle. The 
true orifice, however, is not displaced and the portion of the 
heart between the true and apparent orifice is the  so-called 
“atrialized portion” of the right ventricle (Figure 36.2).
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The abnormalities in Ebstein anomaly are not limited to 
the tricuspid valve. The right ventricle is always, to a greater 
or lesser extent, myopathic. In some patients, the left ventri-
cle also may show fibrosis.

About 50–70% of patients have an atrial septal defect 
(ASD) or stretched patent foramen ovale (PFO), and 30% 
have an associated a right-sided accessory bypass tract or 
Wolff–Parkinson–White (WPW) syndrome.

Figure 36.1 Artistic representation of (a) normal delamination of the tricuspid valve and (b) failure of delamination resulting in Ebstein anomaly. 

EC, endocardial cushion; RA, right atrium; RCA, right coronary artery; RV, right ventricle. TV, tricuspid valve.
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Figure 36.2 Composite of the typical 

features of Ebstein anomaly. (a) autopsy 

specimen demonstrating marked cardiomegaly 

and globular shaped heart. (b) a pathologic 

specimen prepared to demonstrate the 

downward displacement of the tricuspid valve, 

tethering of the anterior leaflet to the right 

ventricular wall and shift of the ventricular 

septum toward the left ventricle. (c) a typical 

radiograph of Ebstein anomaly. 

(d) Echocardiogram showing downward 

displacement of tricuspid valve and enlarged 

right atrium.
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Ebstein anomaly can be associated with pulmonary stenosis 
or pulmonary atresia. It may be difficult to determine if a 
patient with pulmonary atresia and intact ventricular  septum 
(in which the tricuspid valve is usually dysplastic and always 
regurgitant) should be classified as “pulmonary atresia with 
intact ventricular septum” or as “Ebstein anomaly and 
 pulmonary atresia.” This distinction becomes important for 
planning surgical strategy and for measuring treatment 
 outcomes. It may be reasonable to classify these patients 
as “pulmonary atresia with intact ventricular septum” if 
the right ventricle is smaller than normal and as Ebstein 
 anomaly with pulmonary atresia if the right ventricle is 
larger than normal.

Pathophysiology

The pathophysiology depends on the degree of dysplasia of 
the tricuspid valve and of tricuspid valve regurgitation or 
rarely tricuspid valve stenosis. In addition, determinants of 
clinical severity include the severity of right ventricular 
myopathy and presence or absence of the following: an 
interatrial communication, degree of right ventricular 
 outflow tract obstruction, degree of right or left ventricular 
dysfunction, or ventricular pre-excitation.

Patients with an intact atrial septum do not have a right-
to-left shunt and their exercise tolerance is better than those 
with an ASD and a right-to-left shunt. Because of tricuspid 
regurgitation, pulmonary blood flow and hence cardiac out-
put may be reduced, particularly during exercise. Also, with 
the downward displacement of the tricuspid valve and the 
atrialized portion of the right ventricle, anterograde blood 
flow may be impeded by the contraction of the atrialized 
portion of the right ventricle with an unguarded true  tricuspid 
valve annulus.

Natural history

Without treatment, survival of patients with Ebstein anom-
aly is significantly less than normal [14] (Figure 36.3). Poorer 
survival occurs with major associated anomalies, and greater 
degrees of cyanosis, cardiomegaly, and echocardiographic 
severity [15–20].

Clinical features

History
The presentation and clinical course of patients with 
Ebstein anomaly vary, depending upon the severity of the 
malformation. At one end of the spectrum fetal death can 
occur, one of the more common reasons for demise among 

fetuses with a cardiac anomaly. At the other end of the 
spectrum, patients with mild forms of Ebstein anomaly 
can live a normal life span without medical or surgical 
intervention.

The classic presentation at birth is cyanosis and/or marked 
cardiomegaly. The cyanosis in neonates occurs from right-to-
left shunting through a PFO or ASD, and is intensified by the 
high early postnatal pulmonary vascular resistance. Shunting 
can be so great and forward flow from the right ventricle so 
limited that the neonate, mistakenly, may be thought to 
have anatomic pulmonary valve atresia. In fact, there may 
be “functional” pulmonary atresia because of poor forward 
flow. Some have massive cardiomegaly with a cardio thoracic 
ratio that exceeds 85% on chest radiography. These infants 
have functionally small lungs and pulmonary vascular bed, 
and without reduction of heart size are unlikely to survive.

Beyond the newborn period, patients may present because 
of a murmur, fatigue, dyspnea, cyanosis, atrial arrhythmias, 
or cardiomegaly discovered serendipitously. Increasingly, the 
diagnosis of Ebstein anomaly is made prenatally using fetal 
ultrasound.

Physical examination
For patients with an ASD, cyanosis usually is apparent. 
Despite significant tricuspid regurgitation, because of the 
capacitance of the dilated right atrium the jugular venous 
pressure is usually normal. The cardiac impulse may be 
 diffuse due to cardiomegaly and a volume overloaded right 
ventricle. Classically, patients with Ebstein anomaly have 
been described as having a “quadruple rhythm.” This results 
from splitting of S

1
 because of delay in the second component 

of S1, presumably because of the abnormal tricuspid valve 
apparatus. Splitting of S

2
 is a result of right bundle branch 
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Figure 36.3 Composite survival curves of unoperated patients. (Courtesy 

of Dr. Julien Hoffman and reproduced from Hoffman, J., The Natural and 

Unnatural History of Congenital Heart Disease, Wiley-Blackwell, 2009, 

reproduced with permission of the publisher and the author.)
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block. Usually there is a systolic murmur of tricuspid regur-
gitation. Rarely, if the valve is stenotic, a tricuspid diastolic 
murmur is present. In addition, there may be ventricular 
diastolic filling sounds. In our experience, these “classical” 
auscultatory findings are apparent in only ∼50% of patients, 
possibly because the “classical” findings were described 
when only the most severe forms of Ebstein anomaly came 
to medical attention; now, with echocardiography, milder 
forms come to medical attention.

Patients with Ebstein anomaly may have a distinctive 
 violaceous hue, particularly of the malar area and the upper 
arms, even without a right to left shunt and even after 
 operation. The reason is unclear.

Electrocardiography
The classic finding in Ebstein anomaly is right atrial enlarge-
ment and right bundle branch block. Because 30% of 
patients with Ebstein anomaly have ventricular pre- 
excitation, these patients may have a short PR interval and 
a delta wave.

Chest radiography
Usually the chest radiogram shows cardiomegaly from 
enlargement of the right atrium and ventricle to an extent 
proportional to the severity of the lesion and the degree 
of tricuspid regurgitation (Figure 36.4). The pulmonary 
 vasculature is diminished.

Echocardiography
Echocardiography (two-dimensional and, more recently, 
three-dimensional) is a mainstay in diagnosis [21,22] (Figure 
36.5). The anatomy of the tricuspid valve can be delineated 
and associated anomalies, such as an ASD and right ven-
tricular outflow tract obstruction, can be identified. Right 
atrial and right ventricular size and function can be  estimated, 

as can left ventricular function. The accuracy of measurement 
of both right and left ventricular function, however, is 
 suboptimal because of the large size of the true and atrialized 
right ventricle, and the displacement of the ventricular 
 septum towards the left ventricle (i.e., D-shaped left ventricle) 
by the enlarged right ventricle.

Two mathematical equations have been described to 
 quantitate the severity of Ebstein anomaly. The first is the 
“displacement index,” obtained by dividing the distance 
between the attachment of the septal leaflet of the tricuspid 
valve and the septal attachment of the mitral valve by the 
body surface area. A ratio of ≥0.8 cm m−2 is considered 
 diagnostic of Ebstein anomaly.

The second is the “Celermajer index,” calculated by dividing 
the combined areas of the right atrium and atrialized portion 
of the right ventricle by the combined areas of the functional 
RV, LV, and LA [19,20]. It has been used as a marker of 
 outcome in neonatal Ebstein anomaly. A value >1 portends 
a high mortality.

Echocardiography can provide detailed information about 
the anatomy of the tricuspid valve. In general, the four-
chamber view is the most helpful because it demonstrates 
the degree of tethering between the tricuspid leaflets and the 
free wall of the right ventricle and the location of these 
attachments relative to the true tricuspid annulus and the 
right ventricular apex. It also provides information about the 
degree of displacement of the septal leaflet and the amount 
of septal leaflet present. Other valve features that echocardio-
graphy provides include the size of the anterior leaflet and 
the status of its leading edge (free versus tethered), and 
any direct muscular insertions into the leading edge of the 
 anterior leaflet. Finally, echocardiography can define the 
nature of the regurgitant jet(s), that is, a single central jet of 
regurgitation as opposed to multiple origins of regurgitation 
or fenestrations of the leaflets [21,22]. When the functional 

Figure 36.4 (a) Preoperative and 

(b) postoperative radiographs of a patient 

with Ebstein anomaly.
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tricuspid orifice is markedly displaced towards the right 
 ventricular outflow tract (i.e., tricuspid and pulmonary 
 leaflet tissue noted in the short-axis view at the base of the 
heart), tricuspid valve repair can be difficult.

Magnetic resonance imaging
The utility of MRI in the management of Ebstein anomaly 
is undefined but, intuitively, may have an important role 
and is being used with increasing frequency. A major diffi-
culty in determining the indications for operation and the 
short- and long-term results of treatment is the accuracy 
of measuring right ventricular size and function in this 
anomaly. Echocardiography has shortcomings in obtaining 
these measurements. An MRI might obviate these. Even 
with MRI, the “gold standard” for these measurements is 
unclear.

Cardiac catheterization
Cardiac catheterization is rarely necessary in a patient with 
Ebstein anomaly. Indications for cardiac catheterization 
include hemodynamic assessment in selected circumstances 
if a concomitant bidirectional cavopulmonary shunt is being 
considered, particularly if left ventricular function is 
depressed. It also may be necessary to exclude distortion of 
the pulmonary artery or pulmonary hypertension in patients 
in whom a systemic to pulmonary shunt had been placed 
previously. If anatomic pulmonary valve stenosis coexists, a 
balloon valvoplasty may be necessary.

Exercise testing
Patients with Ebstein anomaly have reduced exercise 
 tolerance [23,24], the major determinant of which is right-
to-left shunting in patients with an interatrial communication. 

Other factors that may contribute to exercise intolerance are 
tricuspid valve regurgitation, reduced right or left ventricular 
function, and right ventricular outflow tract obstruction. 
After eliminating the right-to-left shunt, exercise tolerance 
improves significantly.

Intuitively, establishing a competent tricuspid valve should 
improve exercise tolerance. There are anecdotal examples 
to suggest that this is true, but no studies have sufficient 
 statistical power to prove it.

Pregnancy and reproductive issues
We reported the outcome of pregnancy for 82 women who 
had an operation for Ebstein anomaly [25]. Before opera-
tion, 59 of these women had a total of 140 pregnancies, and 
after operation, 27 women had 62 pregnancies. There were 
no maternal deaths. The miscarriage rate before operation 
was 19% and after operation 33%. There were 232 liveborn 
children, 88 to fathers and 144 to mothers with Ebstein 
anomaly. Nine of the liveborn children (4%) were reported 
to have a cardiac abnormality including tricuspid atresia, 
atrial fibrillation, patent ductus arteriosus, “hole in  heart” 
(that was surgically closed), Down syndrome with complete 
atrioventricular septal defect, an unspecified “valve 
 problem,” mitral valve prolapse, Ebstein anomaly, and ASD. 
Six were born to mothers and three to fathers with Ebstein 
anomaly.

Arrhythmias
Atrial arrhythmias are common in patients with Ebstein 
anomaly [26,27]. These can be associated with either 
 ventricular pre-excitation (WPW syndrome) or dilated right 
atrium. Accessory conduction pathways should be identified 
and ablated during a preoperative electrophysiologic study. 

Figure 36.5 Normal four-chamber view of 

(a) a normal heart and (b) Ebstein anomaly. 

The downward displacement of the septal 

leaflet of the tricuspid valve (STL) is apparent, 

as is the “sail like” anterior leaflet. AML, 

anterior mitral leaflet, LV, left ventricle; 

RA, right atrium; RV, right ventricle. Arrows 

indicate separation of septal leaflets of mitral 

and tricuspid valves.
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Atrial arrhythmias secondary to dilated atria become less 
 frequent after tricuspid valve repair/replacement and right 
reduction atrioplasty. The frequency of atrial arrhythmias, 
however, tends to increase again as time passes postopera-
tively. When paroxysmal or continuous atrial tachyarrhyth-
mias occur preoperatively, a concomitant maze procedure 
should be performed at the time of operation. In selected 
patients, a prophylactic maze procedure can be considered at 
the time of operation.

Management, clinical course, and outcome
Treatment, clinical course, and outcome depend upon the 
severity of the deformity, age at presentation, and any 
 associated anomalies.

Neonates with severe hypoxemia and extreme cardio-
megaly are particularly challenging. Because of severe 
 tricuspid valve regurgitation and elevated pulmonary vascular 
resistance, some neonates have “functional pulmonary 
atresia” without anatomic pulmonary atresia. They eventu-
ally respond to PGE

1
. If there is anatomic pulmonary atresia 

or stenosis, a systemic to pulmonary shunt or a balloon pul-
monary valvoplasty will be needed. Most require intubation 
and mechanical ventilation.

If pulmonary balloon valvoplasty is necessary and produces 
pulmonary valve regurgitation, the patient may demonstrate 
a “circular shunt.” This consists of blood flowing from the aorta 
through the ductus arteriosus and then retrograde through 
the pulmonary valve to the right ventricle, retrograde through 
the tricuspid valve, then from the right to the left atrium, then 
through the left ventricle to the aorta, and finally back through 
the ductus. This volume of blood never participates in  effective 
pulmonary blood flow or systemic perfusion. In these patients, 
some investigators have recommended discontinuing PGE

1
, 

instituting nitric oxide inhalation, and passively allowing the 
ductus to close or actively closing it with indomethacin, a coil, 
a device, or operation [28].

Neonates who do not improve with these maneuvers may 
require an early operation. One option is the Knott–Craig 
repair of the tricuspid valve, which leads to a two-ventricle 
repair. This technique also includes a right reduction atrio-
plasty and, if possible, reduction (plication) of the size of the 
right ventricle [29] to allow space for the lungs. The second 
option is the Starnes procedure, leading to a one-ventricle 
repair. This technique involves placing a fenestrated patch 
over the tricuspid valve to exclude the right ventricle from 
the circulation, assuring that there is a large atrial septal 
defect, and performing a right reduction atrioplasty and a 
systemic to pulmonary artery shunt [12]. If the patient has 
an incompetent pulmonary valve, the pulmonary artery 
should be ligated. Sano et al. described a modified Starnes 
procedure in which the free wall of the right ventricle is 
resected and closed with a patch to reduce its size [30]. At a 
later date, these patients are considered for a modified 
Fontan procedure. The third option is neonatal cardiac 

 transplantation. Transplantation rarely is required in the 
current era, but should be considered when there is signifi-
cant left ventricular dysfunction.

Neonates without associated anomalies or extreme cardi-
omegaly who can be weaned from PGE

1
 and/or nitric oxide 

and remain well can be considered for later operative repair 
when early mortality is substantially lower. Appropriate 
indications for operation must be defined because not all 
patients need an operation. The principle concept of opera-
tion is to provide the patient with a competent, nonstenotic 
tricuspid valve, eliminate right-to-left shunts, and reduce 
the size of the right atrium and, at times, the right ventricle. 
Some patients may require ablation or division of an acces-
sory pathway, and others may require a maze procedure for 
atrial arrhythmias. The goal of reducing the volume over-
load of the right ventricle is to optimize right ventricular 
function and improve its longevity. Although establishing 
tricuspid competence by repair or replacement reduces right 
ventricular size after operation, there are no data to indicate 
that it improves right ventricular function. Indeed, because 
the RV is myopathic, this might not occur. In general, it is 
more desirable to repair than to replace the tricuspid valve, 
provided that a competent valve can be created.

There are several indications for operation:
1 Marked cardiomegaly or a progressively enlarging heart, 
because a C/T ratio >0.65–70 is associated with increased 
risk of sudden death and of operative death.
2 A right-to-left shunt because of the associated morbidity.
3 Declining left ventricular function because the operative 
mortality is higher with depressed left ventricular function. 
We have shown that left ventricular function usually 
improves after operation [31].
4 Other indications include right-sided heart failure, New 
York Heart Association (NYHA) class 3 or 4, progressive 
exercise intolerance, uncontrolled arrhythmias, and signifi-
cant associated lesions such as ASD, VSD, or right ventricu-
lar outflow obstruction.

The technique for repairing the tricuspid valve has evolved 
over the past five decades. Many techniques have been 
described to repair Ebstein anomaly. Indeed, surgeons very 
experienced with repair of the tricuspid valve employ con-
cepts from more than one type of repair technique to address 
the wide anatomic variability of the malformed valve.

Perhaps the technique used most frequently over the past 
30 years has been monocusp reconstructions of either the 
“Danielson” type [10] or the “Carpentier” technique as 
described above [11]. Because of the great variability in the 
anatomy of the tricuspid valve with Ebstein anomaly, some 
valves are unrepairable and replacement is necessary. Early 
experience with the “cone” procedure, a near anatomic 
repair, suggests that this may be a superior technique with 
very few valves not amenable to repair [13]. Limited 
 long-term outcome results are available for this relatively 
new operation. Relative contraindications to the cone repair 
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are age >50 years, moderate or severe pulmonary hyperten-
sion, left ventricular ejection fraction <30%, complete fail-
ure of delamination of the septal and inferior leaflets, and 
<50% delamination of the anterior leaflet, severe right ven-
tricular enlargement, and severe dilatation of the true right 
 ventricular annulus.

If the tricuspid valve cannot be repaired adequately, 
valve replacement is necessary. We prefer a porcine 
 bioprosthetic valve that has proven fairly durable and 
avoids the need for long-term anticoagulation. A mechanical 
valve can be considered after failure of two bioprosthetic 
valves, and for patients who already are treated with war-
farin because of a mechanical valve in another position. 
Mechanical valves should be avoided when right ventricular 
function is poor (as often happens with Ebstein anomaly), 
because the discs may not open and close properly and are 
thus more susceptible to thrombosis even with adequate 
warfarin anticoagulation.

Currently, the potential role for the so-called “bidirec-
tional Glenn” operation as an adjunct to valve repair/
replacement in Ebstein anomaly is being explored [32,33]. 
Indications include severe right ventricular enlargement 
and/or dysfunction (RV ejection fraction <25%), displace-
ment of the left ventricular septum (D-shaped left ventri-
cle),  preoperative arterial desaturation at rest or with 
exercise, a post- repair RA:LA pressure ratio of >1.5:1, and a 
small effective tricuspid orifice after tricuspid repair. A bidi-
rectional Glenn procedure has the potential benefit to 
unload volume from the dysfunctional right ventricle and to 
improve preload of the left ventricle. The potential disad-
vantage of the bidirectional Glenn operation is that it limits 
venous access to the heart, complicating future pacemaker 
lead placements or electrophysiological studies. No recent 
studies have demonstrated the utility of the bidirectional 
Glenn operation is this setting. Leaving an atrial septal 
fenestration routinely or when there is right ventricular 
dysfunction has been described [13]. Our policy is to close 
an interatrial communication in each patient undergoing 
operation for Ebstein anomaly when operation is being per-
formed beyond the neonatal period.

We reported the long-term outcome for 539 patients with 
Ebstein anomaly who had operation at the Mayo Clinic from 
1 April 1972 to 1 January 2006 [34]. The mean age of the 
initial operation at our institution was 24 years (range 8 days 
to 79 years). A total of 143 patients (26.5%) had a prior car-
diac procedure before coming to the Mayo Clinic. At the first 
operation, 182 patients had tricuspid valve repair and 337 
had tricuspid valve replacement. The 30-day mortality was 
5.9% for the entire cohort (2.7% after 2001). Late survival 
was 71.2% at 20 years and the 20-year survival and freedom 
from reoperation was 46% (Figure 36.6).

Risk factors for mortality or reoperation can be divided 
into those present before the operation and those found at 
the time of the operation. Most are indications of increased 

severity and many also predict longer operative proce-
dures. Therefore, before operation the risk factors are a 
prior cardiac operation (especially a Glenn shunt), high 
hematocrit, larger C/T ratio on chest X-ray, right ventricu-
lar outflow tract obstruction, absence of sinus rhythm, 
moderate to severe right or left ventricular dysfunction 
systolic dysfunction, and mitral valve regurgitation judged 
marked enough to require operative repair. At the time of 
the operation, other important risk factors are the need for 
tricuspid valve replacement or a surgical procedure for 
arrythmia, and also the need for postoperative mechanical 
support or to reopen the chest in the ICU. Added risk fac-
tors are the absence of accessory pathways or sinus rhythm 
after surgery. The only unexpected risk factor was male 
gender.

We obtained follow-up medical survey information from 
285 patients of 448 (64%) not known to be deceased at the 
time of the study [25]. At late follow-up (mean 6.9 years), 
237 (83%) patients were in NYHA class I or II, 12% in class 
III, 4% in class IV, and 34% were taking no cardiac medica-
tion. A total of 103 patients (36%) reported an incident 
of atrial fibrillation or flutter, five patients (2%) reported 
 having had endocarditis, and one patient (<1%) reported 
a stroke.

We assessed the effect of reduced left ventricular function 
on surgical outcome [31]. Of the 495 patients with preopera-
tive echocardiographic assessment of LV function, 50 had 
moderate or greater LV systolic dysfunction. The tricuspid 
valve (TV) was repaired in 12 of these patients and replaced 
in 36 patients. One patient had a 1.5 ventricle repair and one 
patient had cardiac transplantation. There were five early 
deaths (10%). LV function after operation improved in all 
but four patients. and worsened in none. The 1-, 5-, and 
10-year survivals were 86, 77, and 67%, respectively (Figure 
36.7). Using univariate analysis, absence of sinus rhythm 
at dismissal (p = 0.003) was associated with greater overall 
 mortality. For the entire cohort of 539 patients, LV 

Figure 36.6 Kaplan Meier curve of over-all survival of 538 patients who 

had operation for Ebstein anomaly at the Mayo Clinic.
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 dysfunction, assessed echocardiographically, was independ-
ently  predictive of late mortality (odds ratio 3.76, p < 0.001).

Tricuspid stenosis or insufficiency not 
associated with ebstein anomaly

Although relatively rare, Ebstein anomaly accounts for most 
congenital tricuspid valve dysfunction in children.

Pulmonary atresia with intact ventricular septum always 
is associated with tricuspid regurgitation and dysplasia of the 
tricuspid valve (see Chapter 40). The valve may have  features 
reminiscent of Ebstein anomaly and, indeed, if the right 
 ventricle is of near normal or normal size, distinguishing it 
from Ebstein anomaly with pulmonary atresia may be chal-
lenging. As noted above, this distinction becomes important 
for planning surgical strategy and for measuring treatment 
outcomes.

Transient tricuspid insufficiency of the newborn is associ-
ated with variable degrees of the neonatal stress such as 
 perinatal asphyxia. It has been attributed to ischemic 
 papillary muscle dysfunction, myocardial hypoxia associated 
with increased pulmonary vascular resistance, perinatal 
asphyxia, hypoxemia, and hypercarbia, and premature 
in utero constriction of the ductus [35–38]. These patients 
usually have respiratory distress and a holosystolic murmur 
of tricuspid regurgitation that frequently is confused with 
the murmur of a ventricular septal defect. Frequently, these 
infants are cyanotic because of right-to-left shunting across a 
PFO. In most instances, the tricuspid regurgitation resolves 
with time. Supportive therapy, mechanical ventilation and 

using pulmonary vasodilators and inotropic support may be 
necessary in severely ill infants, and death can occur.

Congenital tricuspid valve dysplasia is a relatively rare 
cause of tricuspid stenosis and/or regurgitation. It can be 
confused with Ebstein anomaly. With proper attention to the 
echocardiographic features, however, this confusion should 
not occur. Ammash et al. reported 22 patients who were mis-
diagnosed as Ebstein anomaly [39]. The correct diagnoses 
were tricuspid dysplasia (n = 9), tricuspid  prolapse (n = 4), 
traumatic tricuspid valve rupture (n = 4), tricuspid valve 
endocarditis (n = 1), tricuspid annular dilation  secondary to 
pulmonary regurgitation (n = 1), and right ventricular dys-
plasia (n = 3). The management of tricuspid dysplasia depends 
upon the severity of the stenosis or regurgitation. Symptoms 
include fatigue, hepatic congestion, fluid retention, and 
atrial arrhythmias. Patients with  tricuspid stenosis can 
develop protein-losing enteropathy. The indications for 
operations are the same as those for Ebstein anomaly.

References

1 Ebstein W. Ueber einen sehr seltenen Fall von Insufficienz der 

Valvula tricuspidalis, bedingt durch eine angeborene hochgradige 

Missbildung derselben. Arch Anat Physiol 1866;238–54.

2 Mann RJ, Lie JT. the life story of Wilhelm Ebstein (1836–1912) 

and his almost overlooked description of a congenital heart 

disease. Mayo Clin Proc 1979;54:197–204.

3 Engle M, Payne T, Bruins C, Taussig H. Ebstein’s anomaly of the 

tricuspid valve: report of three cases and analysis of clinical 

 syndrome. Circulation 1950;1:1246–60.

0
0

20

40

60

80

100

2

Follow-up time (year)

Overall survival by LV function

p < 0.001

LV function Moderate, and worse

S
ur

vi
va

l (
%

)

Rest of group

4 6 8 10

Moderate, and worse
Rest of group

50 37 31 24 19 13
489 374 325 278 222 187

Figure 36.7 Comparison of survival for patients with 

significant reduction of left ventricular function with those 

with normal or mild reduction of left 

ventricular function.



CHAPTER 36 Ebstein Anomaly of the Tricuspid Valve

517

 4 Watson H. Natural history of Ebstein’s anomaly of the tricuspid 

valve in childhood and adolescence: an international coopera-

tive study of 505 cases. Br Heart J 1974;36:417–27.

 5 Hunter SW, Lillehei CW. Ebstein’s malformation of the tricuspid 

valve: study of a case together with suggestion of a new form of 

surgical therapy. Dis Chest 1958;33:297–304.

 6 Barnard C, Schire V. Surgical correction of Ebstein’s malforma-

tion with prosthetic tricuspid valve. Surgery 1963;54:302–8.

 7 Glenn W, Browne M, Whittemore R. Circulatory bypass of the 

right side of the heart: cava-pulmonary artery shunt – indications 

and results (a report of a collected series of 537 cases). In: Cassels 

DE, ed. The Heart and Circulation in the Newborn and Infant. New 

York: Grune & Stratton, 1966: 345–57.

 8 Hardy KL, Roe BB. Ebstein’s anomaly: further experience with 

definitive repair. J Thorac Cardiovasc Surg 1969;58:553–60.

 9 Hardy KL, May IA, Webster CA, et al. Ebstein’s anomaly: a func-

tional concept and successful definitive repair. J Thorac Cardiovasc 

Surg 1964;48:927–40.

10 Danielson GK, Maloney JD, Devloo RE. Ebstein anomaly:  surgical 

repair of Ebstein’s anomaly. Mayo Clin Proc 1979;54:185–92.

11 Carpentier A, Chauvaud S, Macé L, et al. A new reconstructive 

operation for Ebstein’s anomaly of the tricuspid valve. J Thorac 

Cardiovasc Surg 1998;96:92–101.

12 Starnes VA, Pitlick PT, Bernstein D, et al. Ebstein’s anomaly 

appearing in the neonate: a new surgical approach. J Thorac 

Cardiovasc Surg 1991;101:1082–7.

13 da Silva JP, Baumgratz FJ, Fonseca L, et al. The cone reconstruc-

tion of the tricuspid valve in Ebstein’s anomaly. The operation: 

early and midterm results. J Thorac Cardiovasc Surg 2007;133:

215–23.

14 Hoffman, JIE. The Natural and Unnatural History of Congenital Heart 

Disease. Oxford: Wiley-Blackwell, 2009.

15 Kumar AE, Fyler DC, Miettinen OS, Nadas AS. Ebstein’s ano-

maly. Clinical profile and natural history. Am J Cardiol 

1971;28:84–95.

16 Jaiswal PK, Balakrishnan KG, Saha A, et al. Clinical profile and 

natural history of Ebstein’s anomaly of tricuspid valve. Int 

J Cardiol 1994;46:113–9.

17 Gentles TL, Calder AL, Clarkson PM, Neutze JM. Predictors of 

long-term survival with Ebstein’s anomaly of the tricuspid valve. 

Am J Cardiol 1992;69:377–81.

18 Attie F, Rosas M, Rijlaarsdam M, et al. The adult patient with 

Ebstein anomaly. Outcome in 72 unoperated patients. Medicine 

(Baltimore) 2000;79:27–36.

19 Celermajer DS, Cullen S, Sullivan ID, et al. Outcome in neonates 

with Ebstein’s anomaly. J Am Coll Cardiol 1992;19:1041–6.

20 Celermajer DS, Bull C, Till JA, et al. Ebstein’s anomaly: presenta-

tion and outcome from fetus to adult. J Am Coll Cardiol 

1994;23:170–6.

21 Oh J, Seward J, Tajik AJ. The Echo Manual, 3rd edn. 

Philadelphia: Wolters Kluwer–Lippincott, Williams & Wilkins, 

2006.

22 Seward JB. Ebstein’s anomaly: ultrasound imaging and hemody-

namic evaluation. Echocardiography 1993;10:641–64.

23 Driscoll DJ, Mottram C, Danielson G. Spectrum of exercise intol-

erance in 45 patients with Ebstein’s anomaly and observations 

on exercise tolerance in patients after surgical repair. J Am Coll 

Cardiol, 1988;11:831–6.

24 MacLellan-Tobert SG, Driscoll DJ, Mottram CD, et al. Exercise 

tolerance in patients with Ebstein’s anomaly. J Am Coll Cardiol 

1997;29:1615–22.

25 Brown ML, Dearani JA, Danielson GK, et al. Functional status 

after operation for Ebstein anomaly: the Mayo Clinic experience. 

J Am Coll Cardiol 2008;52:460–6.

26 Khositseth A, Danielson GK, Dearani JA, et al. Supraventricular 

tachyarrhythmias in Ebstein anomaly: management and out-

come. J Thorac Cardiovasc Surg 2004;128:826–33.

27 Greason KL, Dearani JA, Theodoro DA, et al. Surgical manage-

ment of atrial tachyarrhythmias associated with congenital car-

diac anomalies: Mayo Clinic experience. Semin Thorac Cardiovasc 

Surg Pediatr Card Surg Annu 2003;6:59–71.

28 Wald R, Adatia I, van Arsdell G, Hornberger L. Relation of limi-

ting ductal patency to survival in neonatal Ebstein’s anomaly. 

Am J Cardiol 2005;96:851–6.

29 Knott-Craig CJ, Overholt ED, Ward KE, et al. Repair of Ebstein’s 

anomaly in the symptomatic neonate: an evolution of technique 

with 7-year follow-up. Ann Thorac Surg 2002;73:1786–93.

30 Sano S, Ishino K, Kawada M, et al. Total right ventricular exclu-

sion procedure: an operation for isolated congestive right ventri-

cular failure. J Thorac Cardiovasc Surg 2002;123:640–7.

31 Brown ML, Dearani JA, Danielson GK, et al. Effect of operation 

for Ebstein anomaly on left ventricular function. Am J Cardiol 

2008;102:1724–7.

32 Quinonez LG, Dearani JA, Puga FJ, et al. Results of the 

1.5- ventricle repair for Ebstein anomaly and the failing right ven-

tricle. J Thorac Cardiovasc Surg 2007;133:1303–10.

33 Malhotra S, Petrossian EV, Reddy M, et al. Selective right ventric-

ular unloading and novel technical concepts in Ebstein’s ano-

maly. Ann Thorac Surg 2009;88:1975–81.

34 Brown ML, Dearani JA, Danielson GK, et al. The outcomes of 

operations for 539 patients with Ebstein anomaly. J Thorac 

Cardiovasc Surg 2008;135:1120–36.

35 Bucciarelli RL, Nelson RM, Egan EA, et al. Transient tricuspid 

insufficiency of the newborn: a form of myocardial dysfunction 

in stressed newborns. Pediatrics 1977;59:330–7.

36 Nelson RM. Bucciarelli RL, Eitzman DV, et al. Serum creatine 

phosphokinase MB fraction in newborns with transient tricuspid 

insufficiency. N Engl J Med 1978;298:146–9.

37 Donnelly WH, Bucciarelli RL, Nelson RM. Ischemic papillary 

muscle necrosis in stressed newborn infants. J Pediatr 1980;

96:295–300.

38 Setzer E, Ermocilla R, Tonkin I, et al. Papillary muscle necrosis in 

a neonatal autopsy population: Incidence and associated clinical 

manifestations. J Pediatr 1980;96:289–94.

39 Ammash N, Warnes C, Connolly H, et al. Mimics of Ebstein 

 anomaly. Am Heart J 1997;134:508–13.



518

Pediatric Cardiovascular Medicine, Second Edition. Edited by James H. Moller and Julien I. E. Hoffman. 

© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.

37 Anomalies of the Coronary Sinus
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Introduction

Compared with the coronary arteries, far less attention is paid 
to the cardiac veins and coronary sinus. With advancements 
in interventional and surgical treatment for heart disease, 
interest in the anatomy of the coronary sinus and coronary 
sinus anomalies has increased. Failure to understand and 
identify coronary sinus anomalies may be associated with 
serious consequences during surgery or interventional 
 procedures.

Embryology

In early development, paired symmetrical veins join to form 
the sinus venosus and drain into the common atrium. The 
three sets of veins include the vitelline, umbilical, and 
 common cardinal veins, which drain into the atrium through 
right- and left-sided channels [1]. Simultaneously, as devel-
opment continues, the atrial septum begins to form and 
the venous connections become incorporated into the right 
atrium. A remodeling process occurs, resulting in anastomoses 
between the right and left systemic veins with preferential 
flow of blood to the right side. The right-sided venous return 
enlarges, continues remodeling, and becomes incorporated 
into the right atrium [2]. With the formation of the  anastomotic 
channels, the left-sided venous return decreases in size. 
During this process, the left sinus wall becomes incorporated 
into the left atrioventricular groove, forming the coronary 
sinus. This process has been described as a fold of the left 
sinus venosus, which migrates to connect with the right 
atrium, whereby the fold itself creates the floor between the 
left atrium and the coronary sinus [3]; however, it appears that 
this is not completely accurate and the left sinus  venosus 

actually retains its own wall and is incorporated into the left 
atrioventricular groove [1,4]. The proximal and transverse 
portions of the left sinus venosus in the left atrioventricular 
groove become the coronary sinus and the distal left sinus 
venosus and left cardinal vein normally obliterate and 
become the ligament of Marshall [2].

Coronary sinus anomalies

There is a range of anomalies of the coronary sinus. Mantini 
et al. divided the defects into four categories: enlarged 
 coronary sinus, absent coronary sinus, hypoplastic coronary 
sinus, and atresia of part of the coronary sinus [5]. The more 
commonly encountered anomalies are discussed below in 
further detail.

Persistent left superior vena cava
Failure to identify the uncommon anomalies of the coronary 
sinus can have serious consequences during cardiac surgery 
or interventional procedures. Formed from the left sinus 
venosus, it can retain connection with the left cardinal vein, 
creating a  persistent left superior vena cava (PLSVC), which 
is the most common thoracic venous anomaly. PLSVC as an 
isolated anomaly, has a reported frequency of 0.3–0.5% in 
autopsy studies [6–8]. PLSVC is more common in congenital 
heart disease and may occur with any type of congenital car-
diac anomaly [5]. The frequency of PLSVC associated with 
other cardiac anomalies ranges from 1.3 to 10% [5,8].

In most instances of PLSVC, the left-sided embryologic 
venous structures persist and connect to the coronary sinus, 
resulting in an enlarged ostium of the coronary sinus. Rarely, 
the LSVC connects directly to the left atrium. A right  superior 
vena cava (RSVC) is usually present and the left  innominate 
vein (bridging vein), connecting the RSVC and LSVC, may 
or may not be present [5].
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The PLSVC is usually without clinical significance. It may 
be significant when associated with additional coronary 
sinus anomalies, such as unroofed coronary sinus or atresia 
of the coronary sinus, or when discovered during surgery 
while using retrograde cardioplegia or attempts at placement 
of pacemakers or defibrillators.

Unroofed coronary sinus
Unroofed coronary sinus consists of a range of anomalies 
associated with a defect in the wall between the coronary 
sinus and left atrium.

Complete unroofed coronary sinus, also referred to as 
Raghib syndrome, was first described in 1965 [3]. The 
 syndrome is a combination of anomalies including PLSVC 
terminating in the left atrium, absent coronary sinus, and 
atrial septal defect in the posteroinferior angle of the atrial 
septum. Initially believed to be a result of failure of the left 
sinus venosus to migrate within the atriovenous fold to con-
nect with the right atrium [3], it now appears that the 
 anomaly results from failure in the formation of the wall 
between the coronary sinus and the left atrium [4]. As a 
result, the LSVC usually connects to the left atrium between 
the pulmonary veins posteriorly and the base of the left atrial 
appendage anteriorly [3]. These patients have the possibility 
of developing TIAs or brain abscess because of the right-to-
left shunt (LSVC-LA). Notably, 80–90% of cases do not have 
a left innominate vein [3,9]. Since the coronary sinus is 

absent, cardiac veins drain independently into the atria. 
From the right atrial aspect, the atrial septal defect is in the 
typical location of the coronary sinus ostium, posterior and 
inferior to the fossa ovalis, inferior and medial to the inferior 
vena cava, and superior to the septal leaflet of the tricuspid 
valve (Figure 37.1a). From the left atrial aspect, the defect is 
above the posteromedial commissure of the mitral valve 
(Figure 37.1b). Atrial septal tissue surrounds the defect 
 anteriorly, superiorly, and inferiorly. The posterior left atrial 
wall forms the posterior boundary [3]. This condition may 
have an additional atrial septal defect, either at the fossa 
ovalis or within the endocardial cushions [9,10].

Variants
Within the range of unroofed coronary sinus is the partially 
unroofed or fenestrated coronary sinus defect. This condi-
tion is the result of a defect within the partially formed wall 
between the coronary sinus and the left atrium, resulting in 
a defect or fenestration between the coronary sinus and left 
atrium. This rare form of unroofed coronary sinus may be 
associated with a left-to-right shunt and may be clinically 
apparent. The clinical and diagnostic features resemble those 
of an atrial left-to-right shunt [11].

Echocardiography or MRI [12] may demonstrate the 
defect between the coronary sinus and left atrium. If there is 
a PLSVC, there may be a small right-to-left shunt into the 
left atrium [9]. Surgically, the defect is usually closed through 

(a) (b)

Figure 37.1 (a) Right atrial view of unroofed coronary sinus defect. The coronary sinus atrial septal defect (CS ASD) is at the posterior–inferior angle of 

the right atrium superior to the tricuspid valve (TV). The atrial septal defect is inferior to the fossa ovalis (FO) and inferior vena cava (IVC). (b) Left atrial view 

of unroofed coronary sinus defect. The CS ASD in the left atrium is superior to the posteromedial commissure of the mitral valve (MV).
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the left atrium [13]. If there is no LSVC, the surgical 
 correction is simply to close the coronary sinus ostium in the 
right atrium. The defect has reportedly been closed by a cov-
ered stent in an infant with cardiac failure due to a large 
left-to-right shunt [14]. This variant has also been associated 
with either right- or left-sided atrioventricular valve atresia 
or stenosis [9,10].

In another variant, the coronary sinus ostium opens 
directly into the left atrium and the distal segment is atretic. 
In this variant, the coronary sinus ostium is located in the 
posterior wall of the left atrium above the posteromedial 
commissure of the mitral valve and there is no right atrial 
component (Figure 37.2) [3,9]. This very rare variant often 
is not of clinical significance. It comes to cardiac surgeons’ 
attention when they try to introduce retrograde cardio plegia 
during open-heart surgery and discover that there is not 
a coronary sinus ostium in the right atrium. It also is 
 important to recognize this variant when attempting device 
 placement, as the leads may enter the left atrium.

Atresia of coronary sinus
Atresia of the coronary sinus is rare and several variations 
exist. There may be atresia of the entire coronary sinus, a 
segment of the coronary sinus, or the coronary sinus ostium. 
If a segment is atretic, this results in a blind-ended pouch 
behind the left atrium. In some instances, a PLSVC coexists 
and the cardiac venous blood emptying into this segment 
travels retrograde via the LSVC to the left innominate vein, 
continuing to the right superior vena cava, with eventual 
drainage into the right atrium [15]. The terminal coronary 
sinus empties through the right atrial ostium and drains only 
a small percentage of the cardiac venous blood [16].

There may be atresia of the coronary sinus ostium in the 
right atrium (Figure 37.3). The coronary sinus is present; 
 however, it ends blindly behind the left atrium. Cardiac 
venous drainage is by retrograde flow via the PLSVC, to the 
left innominate vein, to the right superior vena cava, to the 
right atrium. Atresia of the right atrial coronary sinus ostium 
may be an  isolated anomaly. It has also been reported with a 
variety of different types of cardiac anomalies. Atresia of the 
coronary sinus is often of little clinical significance; however, 
due to dependence of cardiac venous drainage via the PLSVC, 
care must be taken not to ligate the LSVC during surgery, 
which would result in myocardial congestion, distention, 
and ischemia [17,18].

(a) (b)

Figure 37.2 (a) Variant of unroofed coronary sinus defect with coronary sinus ostium (CSO) connecting directly to the left atrium superior to the 

posteromedial commissure of the mitral valve (MV). (b) Closer view of (a). The CSO connects directly to the left atrium above the MV.

Figure 37.3 Right atrium with absent coronary sinus ostium. The typical 

location of the coronary sinus is labeled CS. There is no coronary sinus 

ostium in the right atrium. Tricuspid valve (TV) and fossa ovalis (FO) are 

normally formed.
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Absence of the coronary sinus is part of the complex 
 cardiac malformations present in heterotaxia syndromes, 
 particularly the asplenia syndrome. Common atrial compo-
nents of asplenia are bilateral SVC, common atrium, and 
absence of the coronary sinus [5]. Malformations associated 
with asplenia syndrome are discussed in greater detail in 
Chapter 50.

Other abnormalities of the coronary sinus
Enlarged coronary sinus occurs with partial or total 
 pulmonary venous connection. The pulmonary confluence 
which collects the pulmonary venous drainage connects to 
the coronary sinus with subsequent drainage into the right 
atrium (Figure 37.4) [5].

Other types of anomalous drainage to the coronary sinus 
include partial anomalous hepatic drainage to the coronary 
sinus and drainage of the inferior vena cava through the 
hemiazigous vein to a left superior vena cava to the coronary 
sinus [5].
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38 Hypoplastic Left Heart Syndrome

Robert B. Hinton & D. Woodrow Benson
Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, USA

Introduction

Although hypoplasia of the left ventricle resulting in single 
ventricle physiology is a cardinal feature of hypoplastic left 
heart syndrome (HLHS), the pathologic definition includes 
atresia or stenosis of both the aortic and mitral valves, and 
hypoplasia of the left ventricle and ascending aorta with intact 
ventricular septum and normally related great arteries. This 
definition excludes anatomic variations of left ventricular 
hypoplasia, including atrioventricular septal defect and double-
 outlet right ventricle that presumably have different causes. 
The diagnosis, treatment, and care of patients with HLHS have 
improved dramatically over the past 30 years. (Table 38.1).

Incidence and genetics

The prevalence of HLHS has been estimated as 0.06–1.20 
(median 0.22) per 1000 live births [1]. This is consistent 
with findings from the larger epidemiologic studies, includ-
ing the New England Regional Infant Care Program 
(NERICP) and the Baltimore–Washington Infant Study 
(BWIS), which place the prevalence at 0.16–0.27 per 1000 
live births [2,3]. HLHS accounts for approximately 4–8% of 
all cardiovascular malformations (CVMs) [4]. Some fetal 
loss has been attributed to HLHS, but in general HLHS is 
viable in utero. HLHS is slightly more common in males; 
there is no ethnic or geographic association. Despite only 
one in 5000 live births resulting in HLHS and approximately 
2000 infants born each year in the United States, the burden 
on society is substantial. The direct costs, medical morbidity, 
and utilization of a disproportionate share of pediatric 
 cardiac resources make HLHS a central problem in pediatric 
cardiology [5,6].

Despite dramatic improvements in diagnosis, treatment, 
and prognosis, the cause of HLHS remains largely unknown. 
Recurrence risk provides significant evidence that HLHS has 
a genetic basis, but no genes have been identified. For a long 
time, HLHS was considered a rare, sporadic occurrence; 
however, Shokeir identified consanguineous families with 
multiple instances and proposed that HLHS was a recessive 
phenotype [7]. In a landmark paper, Brenner et al. identified 
a disproportionate number of first-degree relatives affected 
with bicuspid aortic valve (BAV) in families identified by an 
HLHS proband, further suggesting a genetic basis [8]. The 
heritability of HLHS has been estimated as 78–95% [9,10]. 
A large, family-based study in which all family members 
were screened with echocardiography for CVM identified a 
recurrence risk of 8% for HLHS and 22% for any CVM, 
including a 10-fold increase in BAV [10].

Analyses to date suggest HLHS is a complex trait, not 
 following simple Mendelian inheritance; thus, a single gene 
mutation does not result in HLHS. There is substantial evi-
dence supporting genetic heterogeneity. For example, HLHS 
is associated with genetic syndromes in ~10% of patients, 
most commonly Turner syndrome, trisomy 18, and Jacobsen 
syndrome [11,12]. Less common associations include Smith–
Lemli–Opitz syndrome, VACTERL association, and 
Rubinstein–Taybi syndrome. There have been additional 
reports of HLHS in numerous other genetic syndromes; 
however, many of these reports equate left ventricular 
 hypoplasia with HLHS (e.g.. Holt–Oram syndrome), and 
therefore may provide limited insight into the underlying 
genetic basis of HLHS. Interestingly, 25% of patients who do 
not have an identifiable genetic syndrome have noncardiac 
malformations, consistent with the idea that HLHS is a true 
syndrome [11]. Noncardiac anomalies include craniofacial, 
genitourinary (especially kidney), and central nervous 
 system (CNS) abnormalities, and can be clinically significant in 
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the acute and chronic management of this patient popula-
tion. Nearly half of all patients have CNS abnormalities, 
including microcephaly and evidence for preoperative 
white matter injury [13,14]. In addition, there is a dispro-
portionate number of small for gestational age infants with 
HLHS and, in general, they have relatively low birth weights 
[15]. In a small number of patients, NKX2.5 and GJA1 
 mutations have been identified in HLHS probands [16,17]. 
Recently, two significant loci for HLHS and associated CVM 
have been identified on chromosomes 10q22 and 6q23 
[18]. The  clinical taxonomy is based on anatomy and 
 physiology; however, as more is learned about the genetic 
basis of HLHS and other complex forms of CVM, this 
 taxonomy will have to be  reconciled with the emerging 
molecular  taxonomy.

Embryology

HLHS pathology occurs in different cardiovascular tissue 
types, namely valve, muscle, and artery. Cardiac develop-
ment for these tissues types spans primary cardiogenesis 
[19]. There are two hypotheses about the developmental 
origins of HLHS. First, in the context of reduced flow through 
the left-sided structures, as can happen with restriction of 
left ventricular outflow, for example aortic stenosis, or inflow 
obstruction, for example restriction of the foramen ovale, 
the left-sided structures fail to grow. Second, aberrant devel-
opmental programs selectively impair the left-sided struc-
tures (e.g., the aortic valve, the aorta, the left ventricular 
myocardium). Because aortic stenosis has been identified as 
part of the in utero natural history of HLHS in at least a subset 
of patients [20], a fetus may have a genetically based aortic 
valve malformation, which results in embryonic or fetal 
obstruction and subsequent growth failure of the remaining 
left-sided structures in the context of reduced blood flow. 
Given the severity of the phenotype, an early but viable 
insult would be expected. There are no animal models for 

HLHS, although some models have recapitulated the left 
ventricular hypoplasia aspect of the phenotype. For exam-
ple, in the chick embryo, ligation of the left atrial appendage 
results in reduced left atrial size and consequently left 
 ventricular hypoplasia [21,22]. Notably, however, the aortic 
and mitral valves in this model are normal. The inability to 
induce this lesion in fetal animals combined with the strik-
ing absence of this phenotype in targeted mutagenesis mouse 
models of CVM further supports the idea that HLHS is 
a complex genetic phenotype [19,23].

Pathologic anatomy

HLHS was originally described in 1849 by Canton [24]. Lev 
was the first to describe the pathologic anatomy in a series 
of patients, and referred to the findings as “hypoplasia of 
the aortic tract complex” [25]. Noonan and Nadas described 
this constellation of findings as the “hypoplastic left heart 
syndrome” in 1958 [26]. Lev subsequently proposed a 
 classification scheme based on valve morphology that 
 continues to be in wide use. Based on these studies, four 
criteria are required for diagnosis (Table 38.2) and those 
that are diagnosed may be classified further by the status of 
the left-sided valves as either atretic or stenotic (aortic 
atresia, mitral atresia; aortic atresia, mitral stenosis; aortic 
stenosis, mitral stenosis) [27]. Of note, the hypothetical 
group aortic stenosis, mitral atresia does not occur. The 
 surgical nomenclature defines HLHS broadly and prefers 
the term “hypoplastic left heart complex” to include numer-
ous variants such as Shone anomaly [28]. This approach 
illustrates the heterogeneity of some of these findings, for 
example, left ventricular  hypoplasia.

The anatomic features required to satisfy a diagnosis of 
HLHS include atresia or stenosis of the aortic and mitral 
valves and hypoplasia of the left ventricle and ascending 
aorta (Figure 38.1). Each of these findings has a continuum 
of severity, providing a breadth of subgroups. In addition, 

Table 38.1 HLHS: historical landmarks.

Year  Landmark  Author

1849 Pathologic description Canton

1952 Pathologic anatomy and classification scheme Lev

1958 Entity named “hypoplastic left heart syndrome” Noonan and Nadas

1970s Genetic basis proposed Shokeir

1980s Surgical reconstructive palliation Norwood

1980s Epidemiology elucidated BWIS

1989 Etiologic connection between HLHS and BAV proposed Brenner

1990s Specialized intensive care and anesthesia Wessels

2000s Fetal intervention  Tworetzky
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there are features common to all patients. The left atrium is 
small. The right atrium, right ventricle, and pulmonary artery 
are enlarged. The morphologic right ventricle is hypertro-
phied and dilated, making the overall heart size large. A patent 
foramen ovale is present; in some infants, premature closure 
of the foramen ovale occurs in utero. Associated CVMs include 
discrete coarctation of the aorta (20–65%), tricuspid and 
pulmonary valve abnormalities (40–65%), and intact atrial 
septum (5–15%). The surprising finding of right-sided valve 
abnormalities has significant clinical implications and raises 
intriguing questions about the origin of HLHS. In some 

patients, the myocardium appears normal, whereas in others 
there is endocardial fibroelastosis in 10–40%, subendocardial 
fibrosis, or left ventricle to coronary artery fistulae.

Pathophysiology

There is an obligatory left-to-right shunt at the atrial level, 
and in the right atrium oxygenated pulmonary venous blood 
mixes with the systemic venous return, and the mixed blood 
then flows into the right ventricle. From the right ventricle, 
the blood is delivered to both the pulmonary and systemic 
circulations. The brachiocephalic vessels and coronary arter-
ies are perfused through retrograde flow from the ductus 
arteriosus into the transverse aortic arch and hypoplastic 
ascending aorta. These changes may be compatible with 
 normal intrauterine growth or, in some instances, decreased 
somatic and head growth late in gestation.

After birth, transitional physiologic changes result in 
rapidly progressive hemodynamic disturbances that precipi-
tate symptoms in the first week of life. There is a gradual 
decrease in pulmonary vascular resistance and spontaneous 
constriction of the ductus arteriosus. The gradual decrease in 
pulmonary vascular resistance in the first few days of life 
leads to a progressive increase in pulmonary blood flow, 
which in turn improves systemic arterial oxygen saturation 
but also diminishes systemic blood flow, lowers perfusion 
pressure, and causes volume overload of the right ventricle. 
The increased pulmonary blood flow is accompanied by 
 pulmonary congestion and increased left atrial and pulmo-
nary venous pressure. A restrictive interatrial communi-
cation, if present, further elevates left atrial pressure. Because 
the systemic and coronary circulations depend on flow 
through the ductus arteriosus, its constriction in the first few 
days of life leads to poor systemic perfusion, hypoxemia, 
and metabolic acidosis, eventually resulting in vascular 
shock and death. The coronary blood flow depends on the 
perfusion pressure in the aortic arch and the size of the 
ascending aorta. Various compensatory mechanisms, includ-
ing redistribution of blood away from the less vital organs, 
such as the gastrointestinal tract, temporarily maintain 
nearly normal arterial pressure and coronary perfusion.

The pulmonary and systemic blood flows in infants with 
HLHS are determined by the ratio of the pulmonary to 
 systemic vascular resistances. While the ductus arteriosus 
remains patent, most infants maintain a balance between 
the pulmonary and systemic resistances, resulting in 
 adequate pulmonary and systemic perfusion. However, in 
some infants, excessive reduction of the pulmonary to sys-
temic vascular resistance ratio leads to pulmonary overcir-
culation, with the development of congestive heart failure 
and diminished systemic perfusion. Less often, a higher 
pulmonary-to-systemic vascular resistance ratio leads to 
diminished pulmonary blood flow, as may occur when 

Table 38.2 HLHS: diagnostic features and associated findings.

Feature  %

Diagnostic features

Aortic valve atresia or stenosis 100

Mitral valve atresia or stenosis 100

Left ventricular hypoplasia 100

Hypoplasia of the ascending aorta 100

Associated findings

Tricuspid valve abnormalities 40–65

Discrete coarctation of the aorta 20–65

Endocardial fibroelastosis 10–40

Intact/restrictive atrial septum   5–15

Figure 38.1 HLHS gross pathology showing longitudinal transection of 

the left-sided structures. There is hypoplasia of the aortic valve (AoV), 

mitral valve (MV), left ventricle (LV), and ascending aorta (AscAo). The 

aortic valve is bicuspid (arrowheads identify two commissures) and 

dysplastic.
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 pulmonary vascular resistance remains high in infants with 
persistent pulmonary hypertension or with an intact or 
restricted interatrial septum. The consequence is severe 
hypoxemia, progressive tissue hypoxia, metabolic acidosis, 
and death. The significance of the interaction between the 
pulmonary and systemic resistance in determining pulmo-
nary and systemic blood flows and also systemic arterial 
 oxygen saturation is crucial to understanding the clinical 
presentation of these infants and the pre- and postoperative 
management [29].

Clinical features

Clinical history
The circulatory hemodynamics in the fetus with HLHS 
appear adequate for normal development. At birth, the 
infant typically has normal Apgar scores without cardiovas-
cular symptoms, and without the use of pulse oximetry may 
be sent home undiagnosed [30]. Symptoms usually appear 
within the first days of life. Clinical presentation in a neonate 
may occur in one of three ways: respiratory distress, shock, 
or cyanosis. Respiratory distress with tachypnea and mild 
cyanosis, the most common presentation, usually begins on 
the second or third day of life. Respiratory symptoms are due 
to the progressive increase in pulmonary blood flow and 
pulmonary congestion that result from the normal transi-
tional decrease in pulmonary vascular resistance. The duski-
ness is due to mild hypoxemia. The second most frequent 
presentation, shock, occurs with precipitous constriction of 
the ductus arteriosus, resulting in low cardiac output as 
 evidenced by hypotension, poor peripheral perfusion, and 
severe  metabolic acidosis. Because this presentation may 
occur after neonatal discharge from the hospital, the arrival 
of the patient in an emergency department in vascular 
 collapse is often mistaken for septic shock. The physical find-
ings on examination are those of shock and severe cardiac 
failure; there is profound myocardial dysfunction, metabolic 
acidosis, and anuria. Seizures may also occur. The least 
 common presentation is that of cyanosis, usually occurring 
shortly after birth on the first day of life. The cyanosis results 
from premature closure of the foramen ovale, inadequate 
atrial level shunting, or persistence of pulmonary artery 
hypertension of the newborn.

Physical examination
The incidence of small-for-gestational-age birth weights and 
microcephaly is increased. In addition, head size can be dis-
proportionately small when indexed to somatic size. Physical 
examination reveals marked tachypnea and tachycardia. 
There is a right ventricular impulse at the xiphoid, and 
hepatomegaly. The peripheral pulses are diminished through-
out, and there is poor capillary filling and mottling of the 
skin. Cyanosis is often not apparent because hypoxemia is 

relatively mild and may be masked by simultaneous 
hyperbilirubinemia. Typically, a single second heart sound 
and gallop rhythm are heard. There is often a soft systolic 
ejection murmur audible at the bases and back bilaterally 
due to physiologic peripheral pulmonary stenosis accentu-
ated by increased pulmonary blood flow. An additional 
regurgitant systolic murmur may be heard at the left lower 
sternal border if tricuspid regurgitation is present. An art-
erial blood gas obtained in room air usually has a PaO

2
 

of ∼45–60 mmHg, with normal or moderately decreased 
PaCO

2
 of 30–35 mmHg and low pH as a result of moderate 

 metabolic acidosis. When the infant is breathing 100% 
 oxygen, the PaO

2
 may rise to ≥100 mmHg. Systemic arterial 

oxygen  saturation measured by a pulse oximeter may be in 
the mid to high 80s or low 90s and is similar in all four 
extremities. With persistent poor perfusion and increasing 
metabolic  acidosis, there may be associated hypoglycemia, 
hypocalcemia, and hyperkalemia and subsequently the 
development of  disseminated intravascular coagulopathy.

Electrocardiographic features
The electrocardiogram soon after birth usually shows a 
 dominant R wave in V

1
 and a dominant S wave in V

6
. This R/S 

reversal, rare in normal newborns, indicates left ventricular 
hypoplasia rather than pure right ventricular hypertrophy. 
Subsequent changes are related to left ventricular hypoplasia 
and right ventricular volume and pressure overload, and may 
include right atrial enlargement, right ventricular hypertro-
phy, and progressive diminution in left ventricular forces with 
absence of a Q wave in the left precordial leads and a pure R 
or QR in lead V

1
. Right ventricular myocardial ischemic ST–T 

wave changes may appear. Conduction  disturbances are rare.

Chest X-ray
The chest radiograph may be normal immediately after birth, 
but usually demonstrates cardiomegaly and increased 
 pulmonary vascular markings on the first day of life. In 
infants with an intact or restricted interatrial communica-
tion, there is usually a pattern of pulmonary edema, and in 
those with persistent pulmonary hypertension the pulmo-
nary vascular makings are diminished. While the infant is 
receiving prostaglandin E

1
, progressive pulmonary edema 

and cardiomegaly are observed.

Echocardiography

Echocardiography is the gold standard for diagnosis, and cur-
rently >50% of patients are identified in utero. A prenatal diag-
nosis of HLHS may be made by fetal echocardiography as early 
as 16 weeks gestation after cardiogenesis. HLHS is typically 
identified during a screening obstetric ultrasound, often when 
there is a family history of congenital heart  disease. Prenatal 
diagnosis has led to an improved ability to plan for care and 
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provide counseling to the family [31]. Longitudinal studies in 
the fetus have shown that aortic stenosis is part of the in utero 
natural history of HLHS. At mid-gestation, at the earliest stage 
imaging can be reliably obtained, a fetus that will have HLHS as 
a neonate may have obvious HLHS or isolated aortic stenosis, 
and severity of fetal aortic stenosis can be stratified based on 
physiologic parameters such as reverse flow in the transverse 
aorta. Interestingly, the left ventricular morphology progresses 
from ostensibly normal to dilated and dysfunctional and 
 ultimately to hypoplastic during the second half of gestation.

A definitive diagnosis is made by two-dimensional and 
Doppler transthoracic echocardiography at birth (Figure 38.2). 
The characteristic echocardiographic features of HLHS include 
(1) atresia or stenosis of the aortic and mitral valves, (2) left 
ventricular hypoplasia, (3) hypoplasia of the ascending aorta 
and transverse arch with or without discrete coarctation, and 
(4) right ventricular enlargement. Once the diagnosis is estab-
lished, special attention should be given to the interatrial com-
munication, the ductus arteriosus, tricuspid valve morphology 

and function, the distal aortic arch, and right ventricular 
function. Echocardiography is the primary tool to monitor 
patients between palliative stages. After stage I palliation, 
assessment of right ventricular and tricuspid valve function 
is critical, and also the adequacy of the interatrial communi-
cation, any functional abnormality of the pulmonary 
(neoaortic) valve, and presence of a left superior vena cava. 
If both a right and left superior vena cava are present, and 
there is no bridging innominate vein, a bilateral bidirectional 
caval–pulmonary connection may need to be established. 
Complications include recoarctation of the aorta at either 
the proximal or distal end of the anastomosis, and tricuspid 
regurgitation, either of which can result in ventricular  failure 
(Figure 38.3).

In HLHS, the right ventricle functions as the systemic 
ventricle and is challenged by increased afterload and 
increased preload prior to stage 2 palliation. Myocardial 
ischemia, coronary abnormalities, and additional volume 
loading from tricuspid regurgitation may contribute to this 

Figure 38.2 Echocardiographic findings of HLHS upon diagnosis. These show the following. (a) In the parasternal long axis view, aortic valve (AoV) 

atresia, left ventricular (LV) hypoplasia and mitral valve (MV) stenosis; in addition, there is mild endocardial fibroelastosis (EFE) along the ventricular 

septum in close proximity to the aortic valve and hypoplasia of the ascending aorta (AscAo). LA, left atrium. (b) In a modified suprasternal view, marked 

hypoplasia of the ascending aorta and retrograde flow in the descending (DescAo) and transverse (TAo) aorta. PDA, patent ductus arteriosus. (c) A discrete 

juxtaductal coarctation of the aorta (COA). (d) Thickened dysplastic tricuspid valve (TV) with abnormal chordal attachments (arrowhead). RA, right atrium; 

RV, right ventricle.

Figure 38.3 Interstage complications as identified by echocardiography include (a) neoartic (NeoAo) obstruction at the proximal aspect of the aortic patch 

(arrowhead), (b) residual or recurrent coarctation of the aorta (arrowhead), and (c) tricuspid regurgitation (arrowhead). DescAo, descending aorta; NeoAoV, 

neoaortic valve; RA, right atrium; RV, right ventricle; TV, tricuspid valve.



Pediatric Cardiovascular Medicine

528

burden. A subset of patients with HLHS develop right 
 ventricular failure and are at risk of increased morbidity. 
Systolic and diastolic function were assessed in children 
with HLHS to compare ventricular function following stage 
I palliative surgery with either an aortopulmonary shunt or 
a right ventricle to pulmonary artery shunt [32]. There were 
no early significant differences in right ventricular size, 
shape, or systolic and diastolic function between groups. 
Regardless of the type of stage I procedure, patients showed 
a decrease in both systolic and diastolic indices that persisted 
through stage II palliation months later [32]. Right 
 ventricular mechanical dyssynchrony has been studied in 
children with HLHS using tissue Doppler imaging and strain 
derived from vector velocity imaging [33]. Right ventricular 
mechanical dyssynchrony was common and may contribute 
to ventricular dysfunction in some patients.

Cardiac catheterization, angiography, 
and other imaging modalities

Cardiac catheterization is rarely necessary for diagnosis. 
Angiography may be useful in the infant with critical aortic 
stenosis and a small but not diminutive left ventricle to assess 
the severity of left-sided obstruction or left ventricular hypo-
plasia if biventricular repair is contemplated. Interventional 
cardiac catheterization, with an atrial septostomy or blade 
septectomy, may be necessary for urgent relief of severe inter-
atrial obstruction. Cardiac catheterization may be performed 
postoperatively to assess hemodynamics, patency of an aor-
topulmonary shunt, or other confounding anatomic features. 
Cardiac catheterization and angiography are essential for 
complete functional and anatomic assessment before stage II 
palliation (Glenn). Cardiac catheterization is done to assess 
stenoses, hypoplasia, or deformity of the pulmonary arteries, 
for direct or indirect measurement of pulmonary artery pres-
sures, and to assess recurrent coarctation of the aorta and, if 
necessary, perform balloon dilatation of the  aortic obstruc-
tion. Before stage III (Fontan), cardiac hemodynamic and 
angiographic studies are performed to determine pulmonary 
artery pressure, any possible deformity or obstruction of the 
pulmonary arteries, tricuspid valve competency, and right 
ventricular function. Major systemic venous  collaterals that 
may be associated with obstruction of the cavopulmonary 
connection or large aortopulmonary  collaterals, particularly 
from the internal mammary arteries, may require interven-
tional therapy. The systemic venous  collaterals may steal or 
direct blood away from the lungs. Aortopulmonary collaterals 
increase pulmonary blood flow and subsequent right 
 ventricular volume overload and also pulmonary congestion. 
Large collaterals are occluded at the time of cardiac catheteri-
zation by metal coils or other devices.

Currently, there is a limited role for alternative imaging 
modalities. CT and MRI may be used to delineate  preoperative 

associated CVM or elucidate complex postoperative  anatomy. 
Ultimately, MRI may have a role in comprehensively and 
longitudinally evaluating right ventricular function.

Management

General considerations
The management of infants with HLHS varies significantly 
among physicians, institutions, and countries. If the diagnosis 
is made in the early prenatal period, termination of preg-
nancy may be an acceptable option for some families and is 
the preferred option in many European countries. Once the 
infant is born, some parents may elect to provide supportive 
care only. This decision is highly individualized and depends 
on the family, physician, and available services for care of 
these patients. Supportive care was much more prevalent in 
the United States previously than it is today. Options are 
 discussed with the family and the recommendation, in the 
majority of centers, is staged palliative reconstructive surgery 
(Table 38.3). The ethical and economic dilemmas posed by 
HLHS infants are societal issues that require the cooperation 
of families, physicians, insurers, and various government 
institutions. The ethical issues raised in the management of 
these infants include the cost and potential benefits of treat-
ment in an era of limited resources, potential distress and suf-
fering of the infant and family associated with multiple major 
cardiac operations, and uncertain long-term prognosis.

Fetal management
Based on the observation that aortic stenosis is part of the 
natural history of HLHS, there has been enthusiasm for in 
utero balloon valvoplasty of the aortic valve in select patients 
who are predicted to evolve into HLHS. The fetal cardiology 
group at the Children’s Hospital Boston has reported tech-
nical success in relieving aortic stenosis in second trimester 
fetuses, and in some patients preventing progression to 
HLHS [34]. Although this pertains only to a subset of HLHS, 
in most patients fetal severe aortic stenosis progresses to 
HLHS. The benefits of preserving a two-ventricle circula-
tion balance the considerable risks of intervening during 
gestation, including fetal death and preterm labor (see 
Chapter 16).

Medical management
After establishing a diagnosis by echocardiography, the  initial 
steps in managing an infant with HLHS include maintaining 
ductal patency by prostaglandin E

1
 infusion and stabilizing 

hemodynamics before stage I palliation. Mechanical ventila-
tion and inotropic support are required in some patients. 
Sedation is typically needed, and some patients benefit from 
increasing the hematocrit through blood transfusion. The 
focus of medical management is  optimizing the balance 
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between pulmonary (Qp) and  systemic (Qs) blood flow, and 
the general goal is to reduce pulmonary blood flow and right 
ventricular volume load [35]. Estimating Qp/Qs can be done 
using the arterial saturation (SaO

2
), systemic venous satura-

tion (SvO
2
), and pulmonary venous saturation (SpvO

2
) as 

follows:

Qp/Qs = (SaO2 − SvO2)/(SpvO2 − SaO2) 

Optimal oxygen delivery occurs when Qp/Qs = 1 and the 
arterial venous oxygen saturation difference is 25%. This 
occurs when SaO

2
 = 75% and SvO

2
 = 50%, assuming fully 

saturated SpvO
2
. Although SvO

2
 can vary, confounding inter-

pretation of SaO
2
, one strategy to promote patient stability is 

to use inspired carbon dioxide, which increases pulmonary 
vascular resistance and consequently increases systemic 
 oxygen delivery [36]. Recently, near-infrared spectroscopy 
(NIRS) has been used to monitor somatic and cerebral tissue 
oxygenation and to provide an estimate of SvO

2
 [37]. Stage I 

operative risk factors have been identified (Table 38.4).

Surgical management
HLHS is uniformly fatal without neonatal surgery. The intro-
duction of prostaglandin E

1
 to maintain patency of the ductus 

arteriosus in the 1970s prepared the way for surgical inter-
vention, including staged reconstructive procedures and 
 cardiac transplantation (Figure 38.4). The first successful 
reconstructive procedure, performed by Norwood et al. in 
1983 [38], involved connecting the right ventricle to the 

 systemic circulation by the main pulmonary artery and 
restricting pulmonary blood flow by creating an aortopulmo-
nary shunt. Stage I palliation may also proceed with a right 
ventricle to pulmonary artery shunt instead of an aortopul-
monary shunt [39]. Alternatively, stage I palliation may be 
deferred by use of the Hybrid procedure [40]. A second or 
intermediate stage, modeled after the operation proposed by 
Glenn in 1958 [41], is subsequently performed, creating a 
superior vena cava to pulmonary artery connection and 
eliminating the shunt. In a third stage, the remaining  systemic 
venous flow is connected to the pulmonary artery by the 
Fontan  procedure, introduced in 1971 to treat tricuspid 
atresia [42]. There have been numerous modifications of 
each stage. Currently, the typical surgical course is stage 
I (Norwood) in the first week of life, stage II (Glenn) at 3–6 
months, and stage III (Fontan) at around 2–4 years. The 
alternative operative procedure, cardiac transplantation, was 
first successfully performed by Bailey et al. in 1986, but is 
rarely used now due in part to limited donor availability [43].

Stage I palliation (Norwood)
The Norwood procedure is designed to (1) provide 
unobstructed systemic blood flow to the ascending aorta by 
dividing the main pulmonary artery and creating an anasto-
mosis between the proximal main pulmonary artery trunk 
and the ascending aorta (patch augmentation is required to 
enlarge the ascending aorta and extend it beyond the coarc-
tation); (2) provide pulmonary blood flow by creating an 
aortic-to-pulmonary artery anastomosis or aortopulmonary 
shunt (also known as a Blalock–Taussig shunt, typically a 
Gore-Tex 3.5 mm graft interposed between the right subcla-
vian and right pulmonary arteries); (3) create a large intera-
trial communication by performing atrial septectomy. 
Alternatively, a right ventricle to pulmonary artery shunt 
can be used (also known as a Sano modification, typically a 
Gore-Tex 5–6 mm graft) instead of the aortopulmonary 
shunt to establish pulmonary blood flow (Figure 38.4a). This 
modification may be a particularly attractive option in a 
small infant. It has the hypothetical advantage that diastolic 
pressure and therefore coronary perfusion are maintained 
by eliminating diastolic run-off. Despite mixed results in 
 initial studies, a recent multi-center, prospective clinical 
trial performed by the Pediatric Heart Network (www. 
pediatricheartnetwork.com) comparing the aortopulmonary 
shunt with the right ventricle to pulmonary artery shunt 
determined that there is improved early survival using the 
right ventricle to pulmonary artery shunt; however, the 
 long-term effects of a right ventriculotomy in a single right 
ventricle heart remain unknown [44]. Recently, the so-
called Hybrid approach to defer stage I palliation has been 
used. This innovative procedure combines expertise from 
cardiothoracic surgery and cardiac catheterization, and can 
be performed in the operating room or a Hybrid-ready cath-
eterization suite. The procedure entails banding of the branch 

Table 38.3 HLHS: management options.

Prenatal

Pregnancy termination

Fetal intervention

Observation

Postnatal

Supportive care

Staged palliative reconstruction

Cardiac transplantation

Table 38.4 Risk factors for stage I palliation.

Associated genetic syndrome

Intact/restrictive atrial septum

Birth weight less than 2.5 kg

Aortic atresia, mitral stenosis subtype

Ascending aorta dimension <2 mm

Moderate plus tricuspid regurgitation

Prematurity (separate from weight)
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pulmonary arteries, stenting of the patent ductus arteriosus, 
and balloon atrial septostomy [40]. This requires sternotomy 
without cardiopulmonary bypass, and bridges the patient to 
stage II palliation. Early results demonstrated that stage II 
palliation in these patients is far more complicated and 
 carries a higher mortality; however, a few centers have 
reported early  outcomes similar to stage I palliation. This 
strategy appears to be a good option for the high-risk patient, 
and trades a simpler initial operation for a more complex 
second operation that combines aspects of conventional 
stage I and stage II palliation. This trade may be advanta-
geous in avoiding complex surgery in the neonate. It is 
unclear whether the Hybrid procedure will be established for 
routine use, but it is being used more frequently.

Stage II palliation (Glenn)
The second reconstructive operation is a bidirectional Glenn 
procedure, performed at ~3–6 months of age (Figure 38.4b). 
The superior vena caval blood flow is directed to the 

 pulmonary arteries, and the connection between the supe-
rior vena cava and right atrium is closed with the placement 
of a patch. At the same time, the aortopulmonary shunt is 
ligated. Systemic venous blood from the head and arms now 
perfuses the lungs to provide oxygenated blood, which then 
returns to the left atrium and through the atrial septal defect 
into the right atrium. After mixing with all the deoxygen-
ated blood from the inferior vena cava, it is then pumped by 
the right ventricle into the aorta. The advantages of this 
operation are that it removes the right ventricular volume 
overload from the prior aortopulmonary shunt, tends to 
protect the pulmonary vascular bed from the development 
of pulmonary artery hypertension, and increases the diasto-
lic systemic arterial blood pressure. Stage II palliation allows 
remodeling of right ventricular geometry, reducing stress 
while normalizing the mass-to-volume ratio of the chamber. 
It is also during this stage that other associated cardiac prob-
lems are corrected, such as tricuspid valve repair for tricus-
pid regurgitation, pulmonary angioplasty for any pulmonary 

Figure 38.4 Staged reconstructive surgical palliation. 

HLHS patients generally undergo three operations: 

stage I (Norwood) may use either an aortopulmonary 

Blalock–Taussig shunt (a) or a right ventricle to pulmonary 

artery shunt (b), followed by stage II (Glenn) (c) and stage 

III (Fontan) (d). (Modified from Barron et al. Lancet 

2009;374:551–64, with permission.)
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artery deformity or stenosis, and, if necessary, further 
enlargement of a restrictive interatrial defect.

Stage III palliation (Fontan)
The third stage of the physiologic repair is performed at ~2–4 
years of age. It involves creating an inferior cavopulmonary 
connection with a separation between the oxygenated and 
deoxygenated blood in the right atrium so that blood from 
the inferior vena cava and also from the superior vena cava 
flows directly into the pulmonary arteries (Figure 38.4c). 
The conduit was initially intra-atrial, but recently extra-atrial 
tunnels have become popular. A small fenestration or 
 connection between the conduit and right atrium is typically 
left to allow gradual accommodation for the increased 
venous flow, decompression of the conduit should systemic 
venous pressure rise excessively, and reduction in the 
 frequency and severity of postoperative pleural effusions 
and other complications. The fenestration may diminish in 
size or close spontaneously with time, or it may be closed at 
cardiac catheterization.

Immediate postoperative management is designed to 
maintain adequate pulmonary blood flow by hyperoxygena-
tion, hyperventilation, and the development of mild respira-
tory and metabolic alkalosis. Recently, more emphasis has 
been placed on adequacy of systemic blood flow, because 
pulmonary blood flow tends to be relatively constant,  coming 
as it does through a conduit [45]. Systemic oxygen transport 
is monitored by measuring oxygen saturation in the fixed 
superior vena cava and manipulating systemic flows accord-
ingly. The transpulmonary pressure gradient is monitored 
from a central venous line and a line placed in the “left” atrial 
chamber. An elevated transpulmonary gradient may indi-
cate increased pulmonary vascular resistance or anatomic 
 obstruction. Persistent postoperative pulmonary effusions 
may require prolonged pleural drainage and adequate fluid 
replacement therapy. Some patients will eventually need 
ligation of the thoracic duct or pleurodesis.

Postoperative management
Stage I palliation leads to hemodynamic parameters similar 
to those that existed preoperatively, with pulmonary blood 
flow and systemic blood flow closely related to the ratio of 
pulmonary-to-systemic vascular resistance. Residua follow-
ing stage I palliation have been identified (Table 38.5). After 
stage I, there is right ventricular pressure overload, because 
the right ventricle functions as the systemic ventricle and 
there is continued volume overload from the aortopulmo-
nary shunt. The pressure overload may be aggravated by 
such factors as residual coarctation and volume overload 
complicated by residual tricuspid regurgitation. If the 
aortopulmonary shunt is large, there may be a decrease in 
systemic blood flow and perfusion with low diastolic pres-
sure, which may in turn lead to diminished coronary blood 

flow. In the immediate postoperative period, pulmonary 
vasoconstriction with moderate to severe hypoxemia is 
 common and usually resolves with appropriate ventilatory 
support and maintenance of normal acid–base balance. 
Extracorporeal membrane oxygenation is occasionally used 
and is limited to patients with reversible myocardial 
 dysfunction, an unexplained increase in pulmonary vascular 
resistance, or acute respiratory disease. Intravenous infusion 
of fentanyl or morphine is used for sedation and analgesia. 
Parenteral alimentation is started on the second postoperative 
day, particularly in those at risk for necrotizing enterocolitis. 
The importance of a well-trained staff and a designated 
pediatric cardiac intensive care unit cannot be overempha-
sized as essential for optimal outcome of infants with HLHS. 
In less seriously ill infants, early feedings are initiated by 
nasogastric tube and subsequently given orally. Feeding 
intolerance is common and needs to be treated aggressively.

Interstage monitoring programs vigilantly assess weight 
gain in addition to SaO

2
 and improve survival [46]. 

A small dose of aspirin (20 mg per day) is administered as an 
anti coagulant. Angiotensin-converting enzyme inhibitors 
and  diuretics are often started before discharge from the 
 hospital to decrease right ventricular workload and improve 
pulmonary blood flow. Recently, a randomized clinical trial 
performed by the Pediatric Heart Network showed that 
 angiotension-converting enzyme inhibitors are not recom-
mended for empiric use [47].

Mortality during and after operation remains fairly high. 
The mortality is 10–20% in the first stage, 4–30% while await-
ing stage II, 0–5% for second-stage surgery, 5–7% while 
awaiting the third stage, and under 10% for the third stage. As 
a result, current 10-year survival after all three stages is about 
40–60%, although recent results appear to be better [48].

Long-term history of treated adults

There are significant long-term sequelae following stage III 
palliation for HLHS (Table 38.6). Because the systemic circu-
lation depends on the right ventricle, maintaining normal 

Table 38.5 Residua following stage I palliation.

Hypoxemia

Congestive heart failure

Sudden unexplained death

Restrictive interatrial communication

Pulmonary artery hypoplasia

Right ventricular dysfunction

Tricuspid regurgitation

Coarctation of the aorta

Tracheobronchial obstruction
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right ventricular function is essential. Ischemia and hyper-
trophy of the right ventricle may in turn lead to fibrosis, 
which decreases myocardial function. Rhythm and conduc-
tion disturbances are often accompanied by symptoms and 
may be life-threatening. Atrial tachyarrhythmias and sick 
sinus syndrome increase in frequency with advancing age 
and require close monitoring, pharmacologic therapy, and 
not infrequently interventional or surgical therapy. Resistant 
atrial flutter may require conversion of a classic Fontan to a 
cavopulmonary tunnel or extracardiac conduit or perform-
ance of the maze procedure alone or combined with epicar-
dial pacemaker implementation.

Protein-losing enteropathy develops in ∼4–13% of patients 
who have had a Fontan procedure for univentricular heart 
and often presents with abdominal pain, diarrhea, or periph-
eral edema. It occurs on the average of approximately 
3 years after the Fontan procedure with the development of 
albuminemia, malnutrition, and a compromised immune 
state. The loss of albumin depletes intravascular volume and, 
when coupled with a higher central venous pressure, predis-
poses the patients to thromboses and strokes. Protein-losing 
enteropathy in these patients is difficult to treat. Diet alone 
and periodic albumin replacement may be effective in mild 
or early enteropathy. Steroids may induce remission in some 
patients, but are often discontinued because of side effects. 
Subcutaneous heparin has been effective in many patients. 
Cardiac transplantation when necessary is also effective.

Neurodevelopmental abnormalities are one of the greatest 
long-term concerns in children with HLHS. There is both imag-
ing and histopathologic evidence that brains from fetuses and 
newborns with HLHS are abnormal before  surgery [14,49,50]. 
Reported associated congenital CNS malformations include 
agenesis of the corpus callosum, holoprosencephaly, micro-
cephaly, Arnold–Chiari malformation, and immature cortical 
mantle. These abnormalities may predispose the patient to 
acquired CNS abnormalities, including periventricular leu-
komalacia, cerebral necrosis, intracranial  hemorrhage, and 
cerebral ischemia or infarction. In  addition, the compound 
effects of chronic cyanosis and multiple major operations 
requiring cardiopulmonary bypass in early  childhood are 
known to predispose to developmental delay. Although most 
stage III survivors demonstrate normal  intelligence and 

 communication skills, a significant proportion demonstrate 
 cognitive, motor, and behavioral deficits in late childhood and 
adolescence that may adversely impact quality of life.
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Introduction

The univentricular heart [1], single ventricle or “common” 
ventricle [2,3], accounts for ≤2% of congenital cardiac 
defects [4], predominating in males by a factor of 1.5–2 [2,5]. 
For many years, the definition of a univentricular heart has 
been disputed by various authors [1,3,6,7], differing in 
terminology and characterization criteria. In 1964, Van 
Praagh et al. [2] defined single ventricle as the absence of the 
sinus portion of a ventricular chamber, excluding tricuspid 
and mitral atresia. In contrast, Anderson et al. [1] and 
Shinebourne et al. [8], basing their definition on the anatomy 
of the atrioventricular valves [9] and the atrioventricular 
connections, rather than ventricular morphology per se, 
included hearts with one valve and >50% of the second 
valve, or >75% of a common atrioventricular valve, entering 
one ventricle [8–10]. Therefore, they included as univen-
tricular hearts the single ventricle, the double-inlet ventricle 
with overriding atrioventricular valve of >50%, the 
unbalanced common atrioventricular canal [11], tricuspid 
atresia, and mitral atresia [8,9]. Because most of these hearts 
have two ventricles, although one is rudimentary or 
hypoplastic, single ventricle seemed an inappropriate term. 
Therefore, the term univentricular atrioventricular 
connection [12] was proposed when two atrioventricular 
valves (double inlet), one common atrioventricular valve 
(common inlet), and one single atrioventricular valve (single 
inlet) are connected completely or in their greater component 
to a certain ventricle (Figure 39.1). The second or additional 
ventricular chamber can be hypoplastic when it has an inlet 
portion (<50% of an atrioventricular valve or <25% of 
a common atrioventricular valve), including the overriding 
atrioventricular valves, or a rudimentary chamber in 
its absence. When the rudimentary chamber is superior, 

it is morphologically a right ventricle (thick trabecular 
component); when it is posteroinferior, it is morphologically 
a left ventricle (fine trabeculated component). The concept 
of single ventricle by Van Praagh et al. is based on morphology 
of the ventricle itself rather than surrounding structures and 
thus appears more scientifically sound. However, in clinical 
practice, the concept of single ventricle by Anderson et al. is 
often considered more practical and therefore is used more 
commonly.

A univentricular heart can be classified morphologically 
[13] as follows (Figures 39.1 and 39.2):
 I Single ventricle, with two subtypes

A Single left ventricle, due to agenesis of the right ven-
tricular inlet
B Single right ventricle, due to agenesis of the left 
 ventricular inlet

II Unbalanced ventricles with a dominant ventricular cham-
ber, which can have either

A Dominant left ventricle (hypoplastic right ventricular 
inlet) or
B Dominant right ventricle (hypoplastic left ventricular 
inlet).

According to Anderson et al. [1], unbalanced ventricles have 
>1.5 atrioventricular valve rings or >75% of a common 
 atrioventricular valve ring aligned to a dominant right or left 
ventricle; the other atrioventricular valve or portion of it is 
aligned with a hypoplastic right or left ventricle.

Embryology

Comparative morphologic studies [14] suggest that single 
ventricle in humans is not an evolutionary phylogenetic 
regression of the human heart towards the single ventricle 
present in amphibian, fish, and lower reptiles but rather 
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results from defective cardiac ontogenesis. Once cardiac 
looping is complete, the internal structure of the heart still 
consists of a single convoluted tube including atria, ventricle, 
bulbus cordis, and truncus arteriosus. The morphologically 
left ventricle is known to be derived from the ventricle of 
the bulboventricular loop [14]. By Streeter’s stages XI–XV, 
the atrioventricular canal of the embryo opens entirely into the 
left ventricle. Thus, common inlet and double-inlet left 
ventricle are potentially present in human development and 
may represent an arrest at this stage.

The morphologic aspects of the embryogenesis of single 
ventricle are still controversial [1,7,13,15]. According to Van 
Praagh et al. [13], in single left ventricle, there is agenesis of 
the right ventricular inlet; the right ventricle fails to evaginate 
from the ventricle of the bulboventricular loop, and the 
ventricular septum shifts toward the side of the absent right 
ventricle (anterior and to the right in a d-loop, anterior and 
to the left in an l-loop). As the ventricular septum moves 
beneath the infundibulum, it can create the picture of an 
infundibular outlet chamber. In a single or dominant right 
ventricle, the absent or poorly developed left ventricle shifts 
the ventricular septum posteriorly and to the left in a 
ventricular d-loop or posteriorly and to the right in an l-loop. 
In these anomalies, the location of the ventricular septum 
away from the infundibulum generally prevents the 
development of an infundibular outlet chamber.

Others have suggested that double-inlet left or right ventricle 
results from an abnormal shift of the atrioventricular canal 
septum by either growth failure or excessive rightward shift. 
Thus, some examples of straddling atrioventricular valve can 
be explained as a lesser degree of abnormal positioning of 
the atrioventricular canal relative to the ventricular chamber 
[1,7,15] (see Chapter 1).

Pathologic anatomy

An anatomico-clinical classification of univentricular hearts 
according to their atrioventricular connection is shown in 
Figure 39.2.

On the basis of a segmental approach to diagnosis [8,10], 
a pathologic study described 22 hearts with univentricular 
atrioventricular connection from a total of 196 congenital 
heart defects [16]; of the 22, six were single ventricles, six 
were unbalanced ventricles (four with dominant right 
 ventricle and two with dominant left ventricle), five had 
classic tricuspid atresia, and five had mitral atresia.

Tricuspid atresia constitutes a typical anatomico-clinical 
entity among the hypoplastic right ventricles. Similarly, 
mitral atresia belongs to the hypoplastic left heart variants – 
although it may coexist with a large left ventricle. In both 
entities, the atrial septum is aligned normally to the 
 interventricular septum at the level of the crux of the heart. 
This feature allows their echocardiographic characterization. 
Mitral and tricuspid atresia are not considered in this chapter 
(see Chapters 35 and 38). However, diagnostic and manage-
ment approaches are shared by all these lesions.

Single ventricle, with double inlet or with 
common inlet
On the basis of a pathologic study of 60 hearts, single ventri-
cle was classified by Van Praagh et al. [2] into four types 
(Figure 39.3):

Type A, single morphologically left ventricle, characterized  •
by numerous fine apical trabeculations, obliquely oriented. 
The papillary muscles originate from the ventricular free 
wall, into which two atrioventricular valves drain. An 
infundibular outlet chamber of superior position is separated 
from the ventricle by the bulboventricular septum and 
 connected to it by the bulboventricular foramen.

Type B, single morphologically right ventricle, characterized  •
by thick, few, coarse, and straight apical trabeculations, with 
septal band and moderator band extending to the papillary 
muscle of the conus; the atria drain through one or two 
 atrioventricular valves.

Type C, common ventricle, with severe deficiency of the  •
interventricular septum.

Type D, undetermined ventricle (diagnosed as neither left  •
nor right ventricle).

RA

RA RA RA RALA LA

RA RA RA

VOC

RV

RV RV LVR
V

LV

LV

LV RV L
V

LA

(a) (c) (e)

(b) (d) (f)

LA

Figure 39.1 Schematic classification of univentricular atrioventricular 

connection. Atretic atrioventricular connection: tricuspid atresia (a) and 

mitral atresia (b). Single ventricle: single left ventricle IA with rudimentary 

bulboventricular outflow chamber in anterosuperior position (right 

ventricle) (c); single right ventricle with common atrioventricular valve and 

atrial dextroisomerism (d). Unbalanced ventricles: dominant right ventricle 

with hypoplasia of the left ventricle, common atrioventricular valve, and 

atrial dextroisomerism (e); dominant left ventricle with hypoplastic right 

ventricular inlet (f). RA, right atrium; LA, left atrium; LV, left ventricle; 

RV, right ventricle; VOC, ventricular outlet chamber.
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With the segmental approach, single ventricle was classified 
according to its arterial relationships: I, normal or solitus; II, 
d-aorta anterior; III, l-aorta anterior; IV, l-aorta posterior 
(inversus). In addition, the ventricular loop was differentiated 
as dextro (d) or levo (l), according to the ventricular situs. 
The atrioventricular connections, the ventriculoarterial rela-
tionships (transposition, double outlet, or single outlet), and 
any obstruction at the pulmonary or aortic level were also 
determined.

The original type C [2] is not currently considered a form 
of single ventricle because of having two well-developed 
ventricles with absent or extremely hypoplastic interven-
tricular septum [13]. Type D is considered to be a single right 
ventricle not adequately identified [13].

Single left ventricle
Single left ventricle (Figure 39.4) accounts for 80% of single 
ventricles [2,13,17], 90% of which have an infundibular 
outlet chamber and discordant ventriculoarterial connections 
(transposition). Ventricular l-loop with l-transposition and 
left outlet chamber occurs in 55% of patients; ventricular 
d-loop with d-transposition and right-sided infundibular 
outlet chamber is less common (35%) (Figure 39.4a). The 
remaining 10% have concordant ventriculoarterial connec tion 

with right-sided infundibular outlet chamber and normally 
related great arteries (Holmes heart [18]).

The bulboventricular foramen is restrictive in 40% of the 
patients with discordant ventriculoarterial connection, causing 
subaortic stenosis, and in 90% of those with concordant 
ventriculoarterial connections (Holmes heart), causing sub-
pulmonary stenosis. Coarctation of the aorta is associated in 
15% of the patients with type IA and coexists with subaortic 
stenosis. Pulmonary stenosis or atresia occurs in 40% of 
patients.

There are usually two atrioventricular valves, right and left 
sided. The valve in contact with the bulboventricular septum 
is anatomically a tricuspid valve, and that related to the free 
wall of the ventricle without attachments to the septum is 
anatomically a mitral valve. Fibrous continuity commonly 
exists between the atrioventricular valves and the posterior 
semilunar valve. The atrioventricular valves appear “normal” 
in 70% of the patients but can be dysplastic with significant 
regurgitation (15%), more frequently of the left-sided valve. 
In 15% of patients, the atrioventricular valves are stenotic or 
even imperforate, particularly the right one.

When the infundibular outlet chamber is left sided and 
the ventriculoarterial connection is discordant (type IA III), 
the left coronary artery is usually dominant [17]. Close to its 
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Figure 39.2 An anatomico-clinical classification of univentricular hearts according to their atrioventricular (AV) connection. Ao, aorta; RV, right ventricle.
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Figure 39.3 Classification of hearts with a single ventricle. Ao, aorta; AoV, aortic valve; Inf, infundibulum; LA, left atrium; LV, left ventricle; LVM, 

left ventricular mass; PA, pulmonary artery; PV, pulmonary valve; RA, right atrium; RV, right ventricle; RVM, right ventricular mass. (Reproduced with 

permission from Van Praagh R, Ongley P, Swan HJC. Am J Cardiol 1964;13:367–86.)
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origin in the posterior and leftward aortic cusp, the left 
coronary gives origin to a left delimiting artery that outlines 
the left bulboventricular septal groove. The right coronary 
originates in the right aortic sinus and runs in the right 
atrioventricular groove, giving origin to the right delimiting 
artery and two to six parallel delimiting arteries that cross 
the anterior surface of the heart, at the site of ventriculotomy 
for a ventricular septation procedure. When the infundibular 
chamber is right-sided and the ventriculoarterial connection 
is concordant, the delimiting arteries also course around the 
hypoplastic infundibular chamber.

In double-inlet single ventricle, the conduction system is 
characterized by an accessory atrioventricular anterolateral 
node [19,20] localized in the floor of the right atrium, at the 
acute anterolateral margin of the right atrioventricular ring. 
Through a nonbranching long bundle, it penetrates the ring, 
reaches the right parietal wall of the ventricle, and passes 
towards the rudimentary outlet chamber, following its 
right edge. If the infundibular outlet chamber is left sided, 
the bundle crosses the outflow tract of the main chamber 

anteriorly towards the outlet chamber, immediately anterior 
and in proximity to the ring of the posterior great artery. If 
the outlet chamber is right sided, it crosses at the inferior and 
right edge of the bulboventricular foramen (Figure 39.5).

The location of the sinoatrial node depends on the atrial 
situs, which is solitus in most patients, rarely ambiguous, 
and inversus in 1% [21].

Single right ventricle
A single right ventricle is present in 20% of patients with 
single ventricles [2,13,22]. This includes examples of double-
outlet single right ventricle with or without subaortic or 
bilateral conus, with anterior aorta (subaortic conus) or side-
by-side great vessels.

More than 90% of the patients have associated pulmonary 
stenosis or atresia. Among other associated anomalies are 
common atrioventricular valve, ambiguous atrial situs 
[23,24], ostium primum atrial septal defect or common 
atrium, double-outlet right ventricle, anomalies of systemic 
venous return (interrupted inferior vena cava with azygos 
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Figure 39.4 Arterial long-axis sections showing the anteroposterior position of the ventricular outlet chamber in single left ventricle IA (a) and the 

posteroinferior position of the hypoplastic left ventricle in unbalanced ventricles with dominant right ventricle IIB (b). Ant, anterior; Inf, inferior; LV, left 

ventricle; Post, posterior; RV, right ventricle; Sup, superior. (Reproduced from Barra Rossi et al., Rev Lat Cardiol Cir Cardiovasc Infant 1986;3:171.)
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Figure 39.5 Diagrams illustrating the conduction system in single left 

ventricle with right and left ventricular outlet chamber (a, b) and in 

unbalanced ventricle with dominant left ventricle (c). (Parts (a) and (c) 

reproduced from Barra Rossi et al., Rev Lat Cardiol Cir Cardiovasc Infant 

1986;3:171.)

continuation in patients with polysplenia), inferior vena 
cava ipsilateral to the descending aorta (in patients with 
asplenia), double superior venae cavae, unroofed coronary 
sinus, and anomalous pulmonary venous connections of the 
extracardiac variety (asplenia) or at cardiac level (polysplenia) 
(see Figure 39.2) [24].

Unbalanced ventricles
We exclude in this chapter the overriding atrioventricular 
valves, when the overriding into the contralateral ventricle 
is <50% of an atrioventricular valve or <75% of a common 
atrioventricular valve [25], as these are considered as 
biventricular hearts. An unbalanced ventricle with either a 
dominant left ventricle [5](IIA) or a dominant right ventricle 
(IIB) (see Figures 39.1, 39.2, and 39.4) differs from a single 
ventricle [2,5] in that it has two ventricular inlet portions 
[26], resulting in an unbalanced biventricular heart, but 
with a univentricular atrioventricular connection. These are 
regarded as univentricular hearts. One ventricle is hypoplastic 
or secondary, and the other is dominant or major. There can 
be two atrioventricular valves, a common atrioventricular 
valve [27], or a single patent valve with an imperforate 
second atrioventricular valve, aligned to both ventricles, 
although predominantly to the dominant one.

Malalignment between the interventricular septum and 
the atrial septum, with an abnormal atrioventricular septal 
angle of 30–90° (normal 10°), has been described [28].

Among patients with unbalanced ventricles, 60% [5] have 
an unbalanced common atrioventricular valve [11] with 
either a dominant right ventricle (type IIB, 71%; see Figure 
39.4b) or, less frequently, a dominant left ventricle (type IIA, 
29%) [29]. They are commonly associated with heterotaxia, 
often asplenia syndrome, and a large ostium primum atrial 
septal defect or a common atrium [23,24], and other 
associated anomalies such as double-outlet right ventricle 
and pulmonary stenosis or atresia.

About 30% of patients with unbalanced ventricles have 
a dominant left ventricle (type IIA) with a conoventricular 
septal defect extending into the inlet septum. The atrioven-
tricular valves are at the same level [5] with overriding of 
>50% of the tricuspid valve and insertion into an anomalous 
papillary muscle from the free wall of the left ventricle (Figure 
39.6). The remaining 5–10% have a dominant right ventricle 
(type IIB) with overriding and straddling of the anterosuperior 
portion of the anterior leaflet of the mitral valve. The anterior 
mitral valve leaflet, commonly with a cleft, inserts on the 
anterior papillary muscle of the right ventricle through an 
anterior ventricular septal defect secondary to malalignment 
of the conal and anterior muscular septum.

When there are two atrioventricular valves, the ventriculo-
arterial connection is discordant in 70% of patients [26] and 
occasionally associated with superoinferior ventricles. Double-
outlet right ventricle occurs in a few patients. Rarely, the 
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ventriculoarterial connection is concordant. In an unbalanced 
ventricle, the atrioventricular valves are  commonly abnormal 
[5]. There may be a dysplastic tricuspid valve with insufficiency, 
a cleft or stenotic mitral valve, or a common atrioventricular 
valve. The last is common in patients with heterotaxia and 
unbalanced common  atrioventricular valve into a dominant 
right ventricle [24–26,28,29].

Heterotaxia is common in patients with unbalanced 
ventricles (60%) and rare in patients with single ventricle 
(10%). When present, more commonly it is associated with 
a single right ventricle [5,24,29].

Hemodynamics

Hemodynamic patterns in patients with a univentricular 
heart [30–34] depend mostly on the presence or absence of 
obstruction to outflow into the aorta or pulmonary artery, 
the morphology and function of the single or dominant 

ventricle, the type of atrioventricular connection, and the 
function of the atrioventricular valves.

Pulmonary blood flow
Patients without pulmonary stenosis [34] have increased 
pulmonary blood flow with a high Qp/Qs (≥3) and signs of 
congestive heart failure that appear during the first weeks of 
life. Systemic oxygen saturations approximate 90% without 
significant clinical cyanosis. When Qp/Qs approaches 2, they 
may present with mild cyanosis, with oxygen saturation 
approaching the mid-80s. These patients are generally well 
and compensated hemodynamically. Patients with moderate 
pulmonary stenosis and Qp/Qs approach ing 1 have cyanosis 
with oxygen saturations of ~75–80%. When there is severe 
pulmonary stenosis and Qp/Qs is <1, their cyanosis may 
become extreme with saturations of 60–70% or less (Figures 
39.7 and 39.8) Patients with coexisting pulmonary atresia 
present in the newborn period when the patent ductus closes 
spontaneously, as in other ductus-dependent lesions.

Ventricular and atrioventricular valve morphology
Although the effect of anatomy on function is not always 
predictable, when the single or dominant ventricle is 
anatomically a left ventricle, ventricular dysfunction is less 
common and tends to develop later. When the single or 
dominant ventricle is anatomically a right ventricle, however, 
it may perform adequately initially but with volume and 
pressure overload is more prone to evolve into a dilated 
myopathy because of mismatch between the ventricular mass 
and volume. This occurs commonly with progressive 
atrioventricular valve regurgitation. The clinical scenario 
resembles that in other patients with a systemic right ventricle, 
such as those with corrected transposition or transposition of 
the great arteries after the Senning or Mustard procedure. 
Abnormal and dysplastic atrioventricular valves can also be 
regurgitant, even without pressure or volume overload, and 
this may trigger early ventricular dysfunction.

Rarely, a stenotic or imperforate atrioventricular valve is 
associated with a restrictive atrial septal defect, causing 
pulmonary edema early in life and requiring emergency 
intervention to allow left atrial decompression and adequate 
mixing.

Systemic blood flow
In single left ventricle, obstruction to systemic blood flow is 
typically due to subaortic obstruction as a consequence of 
a progressive and relative decrease in the size of the 
bulboventricular foramen [31]. It can also occur acutely after 
a sudden decrease in preload and ventricular volume when 
a partial right-sided heart bypass operation is performed 
(bidirectional Glenn), in patients after pulmonary artery 
banding [32,35,36], or when preload normalizes in patients 
after total right-sided heart bypass operation [36]. Associated 
arch obstruction in patients with subaortic stenosis can be 

Minimal(a)

Moderate(b)

Extreme(c)

Figure 39.6 Illustration of the three grades of straddling of one 

atrioventricular valve. (Reproduced from Barra Rossi et al., Rev Lat Cardiol 

Cir Cardiovasc Infant 1986;3:171.)
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severe. If there is severe arch hypoplasia, patients are ductus 
dependent and present similarly to neonates with hypoplastic 
left heart syndrome.

Natural history

Most patients with single ventricle develop symptoms during 
the first weeks or months of life. Those with increased 
pulmonary blood flow show signs of congestive heart failure 
and pulmonary hypertension, whereas those with decreased 
pulmonary blood flow and pulmonary stenosis present with 

cyanosis. Without treatment by operation, death occurs in 
infancy in 64% of these patients; more than half die during 
the neonatal period [37].

Patients with increased pulmonary blood flow [33] develop 
permanent pulmonary hypertensive vascular changes after 
the first year of life. This leads to a decrease in the Qp/Qs 
ratio and congestive heart failure, followed by progressive 
chronic cyanosis.

Among adult survivors without surgical intervention, 
75% have pulmonary stenosis of moderate degree, and the 
remaining 25% have pulmonary hypertension with various 
levels of hypertensive pulmonary arteriopathy [38,39]. Most 
have congestive heart failure and are classified as New York 
Heart Association class II. They typically have a single left 
ventricle with two well-functioning atrioventricular valves, 
situs solitus, nonrestrictive subaortic bulboventricular 
foramen, and sinus rhythm. Complete heart block develops 
in 20% of these patients, requiring a pacemaker [39].

Progressive regurgitation of the atrioventricular valves is 
poorly tolerated in patients with univentricular heart, 
especially with a single or dominant right ventricle [35].

Single ventricle can be classified into types A and C, according 
to the presence or absence of a rudimentary outlet chamber 
[33,34]. Patients with type C have a poor prognosis, with 50% 
mortality by 4 years after diagnosis, compared with a 50% 
mortality at 14 years after diagnosis for patients with type A. 
The cause of death in patients with type A can be congestive 
heart failure, arrhythmia, or sudden death [39]. Patients with 
unbalanced ventricles have an even worse prognosis owing 
to the frequent association with heterotaxia [25], higher 
incidence and severity of their pulmonary stenosis, dominant 
right ventricle, and regurgitation of the atrioventricular valves 
that can lead to ventricular dysfunction [35].

History and physical examination

Pulmonary stenosis and limited pulmonary 
blood flow
Pulmonary stenosis occurs in 60% of the patients, who 
develop clinical manifestations similar to those of patients 
with tetralogy of Fallot with or without pulmonary atresia. 
Rarely, the pulmonary stenosis is mild, and the patient may 
be acyanotic.

In these patients, cyanosis tends to be moderate to severe; 
clubbing is evident in older patients. Patients rarely have 
thoracic deformities during infancy, but may later manifest 
scoliosis. The precordial activity is commonly normal, but 
patients with coexisting l-transposition may have a left 
superior parasternal lift. The peripheral pulses are usually 
normal, unless there is a coexisting coarctation of the aorta. 
There is a systolic ejection murmur, the intensity and 
duration of which correlate directly with the amount of 
pulmonary blood flow and inversely with the severity of the 
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Figure 39.8 Demonstration of physiology of single ventricle with 

complete mixing showing an exponential increase in the pulmonary to 

systemic flow ratio associated with rising aortic oxygen saturation for any 

given arteriovenous gradient (A – V)DO2. (Reproduced from Cardiac 

Surgery of the Neonate and Infant, Castaneda AR, Jonas RA, Mayer JE, 
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Figure 39.7 Hemodynamic graph indicating relationship between 

systemic (Qs) and pulmonary (Qp) blood flow in a hypothetical patient with 

single ventricle after initial neonatal palliation with an arterial oxygen 

saturation of 75%. In the absence of lung disease, a balanced Qp/Qs of 1 

is likely present. AO, aortic oxygen saturation; MV, mixed venous or 

systemic venous oxygen saturation; PA, pulmonary artery oxygen 

saturation; PV, pulmonary vein oxygen saturation.



Pediatric Cardiovascular Medicine

542

pulmonary stenosis and level of cyanosis. The absence of 
a systolic ejection murmur suggests severe pulmonary 
stenosis or atresia. A continuous murmur from a patent ductus 
arteriosus or a collateral may be heard in the pulmonary 
areas. The second heart sound is commonly loud, single 
(aortic component), and maximal at the upper left sternal 
border, particularly in patients with l-transposition.

Without pulmonary stenosis and increased 
pulmonary blood flow
About 40% of patients present similarly to those with an 
unrestrictive ventricular septal defect, increased pulmonary 
blood flow, and pulmonary hypertension. These patients 

develop congestive heart failure early in life with dyspnea, 
retractions, and poor weight gain. Cyanosis in infancy is 
minimal or absent. They more commonly have thoracic 
deformities and a hyperdynamic precordium. The second 
heart sound is loud and single. An S

3
 gallop and a mitral 

mid-diastolic rumble can be heard in the apex. When 
a systolic thrill appears at the base and suprasternal notch, 
subaortic stenosis secondary to a restrictive bulboventricular 
foramen in types A III and A II should be suspected. On 
auscultation in such patients, there is a harsh, loud systolic 
ejection murmur at the base and midprecordium with 
radiation to the neck. A soft systolic ejection murmur in the 
midprecordium with radiation to the axilla and the back 
represents relative pulmonary stenosis. With coarctation of 
the aorta, the femoral pulses are diminished or absent.

More severe pulmonary edema and congestion than are 
accountable for by the amount of pulmonary blood flow or 
ventricular dysfunction suggest either severe stenosis or an 
imperforate left atrioventricular valve with restrictive atrial 
septal defect or anomalous pulmonary venous connections 
with obstruction, particularly in patients with asplenia.

Electrocardiography

Patients with single left ventricle, leftward bulboventricular 
outlet chamber, and ventricular l-loop (type IA III) have an 
inverted initial activation with q waves in the right precordial 
leads (qRS or qR in V

1
) and no q waves in the left precordial 

leads (RS in V
6
). Their QRS axis in the frontal plane is 

inferior and rightward, simulating left posterior hemiblock 
with clockwise loop [21] and qR in II, III, and aVF (Figure 
39.9a). With time, complete atrioventricular block may 
develop [33]. Patients with single left ventricle with 
rightward outflow chamber and ventricular d-loop (types 
IA II or IA I) [40–42] have an electrocardiogram similar to 
tricuspid atresia, although generally without left anterior 
hemiblock. The precordial leads show an rS in V

1
 and tall R 

waves in the left precordial leads consistent with left 
ventricular hypertrophy, with or without septal depolari-
zation q waves (qR or R in V

6
, due to abnormal initial 

activation directed anteriorly and to the left) (Figure 39.9b). 
In the frontal plane, the QRS axis is often in the left inferior 
quadrant.

Patients with single right ventricle (type IB) have signs of 
right ventricular hypertrophy (R, qR, or rsR’). The QRS axis 
is superior in the frontal plane with a counterclockwise 
loop. Rarely, the electrocardiogram may show rS waves in 
all the precordial leads. Patients with unbalanced ventricles 
commonly have a left anterior hemiblock pattern with signs 
of left ventricular hypertrophy when the left ventricle is 
dominant (type IIA). If there is a dominant right ventricle 
(IIB), the electrocardiogram most commonly shows right 
ventricular hypertrophy (Figure 39.10).

(a)

(b)

I II III aVR aVL aVF

V4R V1 V2 V3 V4 V5 V6

V4R V1 V2 V3 V4 V5 V6

I II III aVR aVL aVF

Figure 39.9 Electrocardiograms in patients with single left ventricle 

without pulmonary stenosis. (a) Type IA III, 28 days old, with QRS axis of 

105° and counterclockwise loop, QR in V4R, and no q waves in left 

precordial leads. (b) Type IA II, 45 days old, with QRS axis of 45°, rS in V1, 

and R in V6.
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Patients with heterotaxia and asplenia syndrome or 
dextr oisomerism can have two sinus nodes, and those with 
polysplenia or levoisomerism may lack a sinus node and 
have a low atrial rhythm. However, the sinus node 
coincides with the anatomic atrial situs in most patients 
with asplenia [29]. Congenital complete atrioventricular 
block in fetal life is associated with levoisomerism and a 
poor prognosis [43].

Imaging studies

Chest radiography
Patients can be characterized by chest radiography [4,44–46] 
as follows:

patients with pulmonary stenosis, normal cardiac size, and  •
diminished pulmonary vascular markings; or

patients without pulmonary stenosis, severe cardiomegaly  •
(cardiothoracic ratio >65%), and increased pulmonary arterial 
markings due to high flow or pulmonary venous congestion 
(pulmonary venocapillary hypertension secondary to con-
gestive heart failure).

An atypical chest X-ray finding may be the first indication of 
a complex cardiac anomaly, such as a univentricular heart, in 
a patient who otherwise shows clinical signs of an unrestrictive 
ventricular septal defect or tetralogy of Fallot (Figure 39.11).

Patients with single ventricle typically have a cardiac 
silhouette with abnormal superior mediastinal densities, 
suggesting abnormal position and orientation of the great 
vessels [4,44–46]. Patients with normally related great 
arteries often show a “triad of densities” in the superior 
mediastinum which include in the frontal view ascending 
aorta, transverse aortic arch, proximal descending aorta, and 
pulmonary trunk [46]. The lack of an ascending aorta on the 
right and its presence on the left can indicate l-transposition 
(see Figure 39.11). A narrow superior mediastinum is 
commonly seen with d-transposition. The left cardiac border 
can appear abbreviated because of a bulge in the upper third 
from an inverted ventricular outlet chamber. A notch 
indicates the edge of the rudimentary outflow chamber 
located leftward and superiorly [46] A left anterior oblique 
projection demonstrating a hypoplastic right ventricle and 
enlargement of the left ventricle, supports a diagnosis of 
single left ventricle with outflow chamber.

An unbalanced complete atrioventricular canal can be 
suspected on chest radiography in patients with associated 
abdominal and cardiac malpositions, such as dextrocardia or 
mesocardia, suggesting heterotaxia. Dextroisomerism is 
more common in these patients and an unbalanced canal 
with dominant right ventricle with absent or hypoplastic left 
ventricle and double-outlet right ventricle is usually found.

Progressive cardiomegaly which develops in an older 
patient suggests the onset of dilated myopathy. Signs of 
pulmonary venous hypertension out of proportion to the 
amount of pulmonary blood flow can be observed with 
regurgitation or stenosis of the left atrioventricular valve 
with a restrictive atrial septal defect or anomalous pulmonary 
venous connection with obstruction, most likely in patients 
with asplenia.

Cardiovascular magnetic resonance (CMR)
CMR has become a powerful diagnostic tool [47], comple-
mentary to echocardiography, and it can replace diagnostic 
cardiac catheterization. It provides anatomic and functional 
information in addition to tissue characterization. It is 
considered the gold standard for evaluating ventricular 
volumes, mass, and ejection fraction [48,49]. The 
measurements can be made without assuming a certain 
geometric ventricular shape, which is highly advantageous 

(a)

(b)

I II III aVR aVL aVF

V1 V2 V3 V4 V5 V6

V1 V2 V3 V4 V5 V6

I II III aVR aVL aVF

Figure 39.10 Electrocardiograms from patients with unbalanced 

ventricles. (a) Type IIA with pulmonary stenosis: left anterior hemiblock and 

absent right ventricular forces in a 2-year-old patient with a double-inlet 

dominant left ventricle. (b) Type IIB with pulmonary stenosis: low atrial 

rhythm, left anterior hemiblock, and right ventricular hypertrophy in a 

1-month-old patient with polysplenia with interrupted inferior vena cava 

and common atrioventricular canal with a dominant right ventricle.
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in patients with single ventricle as often ventricular shape 
is atypical. A limitation is that CMR cannot quantify pulmo-
nary artery pressure or ventricular end diastolic pressure. In 
addition, particularly in young children, sedation or 
anesthesia is needed.

The protocol includes dark blood sequences (T1 and T2 
weighted), bright blood sequences (cine-CMR or cine-loop), 
phase-contrast velocity mapping, gadolinium-enhanced 3D 
magnetic resonance volumetric angiography, 3D reconstruc-
tion (3D contrast MR angiography), and delayed enhance-
ment (late gadolinium-enhanced CMR) for evaluating 
myocardial viability. Myocardial wall mechanics can be 
evaluated using tagging techniques [50].

The CMR evaluation in patients with single ventricle can 
be complex given the highly variable anatomic substrate 
(Figure 39.12). Prior to an operation, CMR can identify 
patient risk factors. Although many centers continue to 
perform elective cardiac catheterization in all patients before 
bidirectional Glenn and Fontan procedure, some only study 

invasively those with risk factors [51] which have been 
identified by CMR.

In preparation for upcoming surgical staging, CMR allows 
the evaluation of chronic lung disease, heterotaxy, 
atrioventricular valve regurgitation, ventricular dysfunction, 
aortic regurgitation, pulmonary artery or vein stenosis or 
distortion, and systemic venous anomalies, all of which are 
considered high risk factors. Thus, CMR may indicate the 
need for a modified surgical procedure or an interventional 
cardiac catheterization [52]. The anatomic definition by 
CMR (Figure 39.13) confirms the underlying diagnosis, 
following the segmental analysis [52], especially focusing on 
the pulmonary vasculature to rule out hypoplasia, stenosis, 
compression, and distortion. The functional evaluation 
allows determination of ventricular volume, mass, and 
ejection fraction (Figure 39.14).

The development of veno–veno collaterals can be identi-
fied and systemic venous flow can be studied (Figures 39.15 
and 39.16).

(a) (b)

(c)

(e)

(d)

Figure 39.11 Chest radiographs and schematic X-ray 

drawings in patients with single ventricle. (a, b) Newborn 

with no pulmonary stenosis and congestive heart failure. 

(c, d) Infant with no pulmonary stenosis and congestive 

heart failure, d-transposition. (e) A 3-year-old child with 

pulmonary stenosis and l-transposition.
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(a)

(b)

Figure 39.12 (a) Transverse image obtained by magnetic resonance in a 

patient with unbalanced ventricles (IIB) with a common atrioventricular 

canal and right ventricular dominance of >75% of the common 

atrioventricular valve aligned with the right ventricle. Note the hypoplastic 

posterior left ventricle. (b) Cine magnetic resonance imaging in a coronal 

plane of a total cavopulmonary anastomosis through a right-sided 

intra-atrial lateral tunnel showing widely patent anastomoses. Note direct 

anastomosis of the superior vena cava (SVC) to the right pulmonary artery 

(APD) and anastomosis of the inferior vena cava (IVC) to the right 

pulmonary artery through the intra-atrial tunnel (TUNNEL).

The position of the aorta or neoaorta relative to the 
sternum can be demonstrated, which is helpful prior to a 
repeat sternotomy (Figure 39.17).

Pleural or pericardial effusions can be quantified. Flow 
studies using phase-contrast velocity mapping allow one to 
evaluate flow dynamics in arteries and veins [53] and 
determine the relationship between both right and left 
pulmonary blood flow and also the Qp/Qs.

Following total right heart bypass or modified Fontan proce-
dure, a similar protocol to that used post-Glenn is selected, 
incorporating some additional sequences and cuts [54].

In patients with an atriopulmonary anastomosis [55], the 
right atrial dimensions are assessed in addition to the usual 
pattern of slow flow (smoke-like) within the chamber 
(Figure 39.18), the presence of any thrombus (Figure 39.19), 
and anatomic features in addition to flow dynamics within 
the systemic veins and pulmonary arteries [56] and veins 
(Figures 39.20 and 39.21). Similarly, flow patterns and 
anatomy are addressed in patients with lateral tunnel Fontan 
or extracardiac conduits (Figures 39.22 and 39.23) [57,58]. 
A fenestration can be visualized and sized.

In assessing the distribution of pulmonary blood flow, lung 
scintigraphy has been traditionally considered the gold stand-
ard. However, its value in patients with single ventricle follow-
ing surgical palliation can be limited, as the results are highly 
dependent on the site of injection (upper or lower extremity) 
and streaming flow patterns. Such limitations can be overcome 
with CMR, which allows determination of the relationship of 
right versus left pulmonary blood flow based on flow velocities. 
In addition, CMR allows quantification of aortopulmonary col-
lateral flow via plane phase-contrast velocity mapping [59].

It is important to address ventricular function by CMR by 
determining myocardial fibrosis by delayed enhancement, 

Figure 39.13 Three-dimensional contrast MR angiography demonstrates 

interruption of the inferior vena cava with azygos continuation following 

bidirectional Glenn procedure or Kawashima. In a posterior view two 

arches are demonstrated (aortic and azygos).
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Figure 39.14 MR angiography in patient with single left ventricle after systemic to pulmonary artery shunt. Short-axis cuts from the ventricular apex to 

the base allow evaluation of ventricular volumes, ejection fraction, and ventricular mass.

Figure 39.15 “Defunctionalized” bidirectional Glenn. (a) Real-time sequence following bolus of gadolinium. Through the azygos vein, which is 

recannalized, contrast travels to the inferior vena cava, instead of the pulmonary arteries. (b) 3D contrast MR angiography. Multiplanar 3D reformation 

using maximum intensity projection (MIP) of the 3D dataset. Note the enlarged azygos vein decompressing the bidirectional Glenn circuit.

(a) (b)

as this information cannot be provided by any other 
diagnostic test with equivalent accuracy. CMR with the 
PAMM (spatial modulation of magnetization) technique 
[60,61] has allowed the study of right ventricular regional 
wall motion and strain analysis in patients at different stages 
of single ventricle surgical palliation. With this method, it is 

possible to compare ventricular mechanics in patients with a 
single ventricle with those in patients with a systemic right 
ventricle and to study ventriculo-ventricular interactions. In 
both groups, there were abnormalities in regional myocardial 
strain, twisting motion, and regional radial motion. In 
patients with a univentricular right heart, the lack of 
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(a)

(b)

Figure 39.18 Cardiac MR cineangiogram performed in patient with 

l-transposition after atriopulmonary anastomosis. The coronal plane image 

(a) shows moderate to severe enlargement of the right atrium. Spin-echo 

T1 in axial plane (b) with isodense signal within the right atrium indicating 

slow flow. The anastomosis itself is wide open (APA). *, Superior vena 

cava; Ao, aorta; L, left pulmonary artery; R, right pulmonary artery.

Figure 39.16 3D contrast MR angiography, coronal cuts. Right single 

ventricle, with right pulsatile bidirectional Glenn, with wide open 

anastomosis (*). The left superior vena cava (LSVC), not seen prior to surgery, 

which enlarged to become a significant decompressing veno–veno collateral.

Figure 39.17 Cardiac MRI image from a patient with heterotaxy, single 

left ventricle, interrupted inferior vena cava with azygos continuation. 

Spin-echo dark blood sequence. Axial cut at the level of the aortic valve 

showing the close relationship of the aorta to the sternum.

ventriculo-ventricular interaction determined by inferior 
wall paradoxical systolic wall motion is different from that 
observed in patients with a Senning operation, in whom 
paradoxical septal motion occurs.

The abnormalities in ventricular mechanics and geometry 
secondary to stress, strain, and regional twist in univentricu-
lar hearts with a right ventricular anatomy are similar to 
those in hearts with a left ventricular anatomy [57]. Such 
changes in ventricular mechanics generate a regional 
increase in oxygen consumption, which may play a role in 
the development of ventricular dysfunction.
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(a) (b)

(c) (d)

Figure 39.19 Single left ventricle, pulmonary atresia status post-atriopulmonary anastomosis. Spin-echo dark blood axial cut (a), with hyperintense signal 

in the right atrium (RA), due to slow flow demonstrates severe right atrial dilation with a round image consistent with intracavitary thrombus (T). Coronal 

cut spin-echo (b) with filling defect due to thrombus surrounded by slow flow with hyperintense signal. Coronal cut MR angiogram (c) shows ovoid 

thrombus (50 × 60 mm) surrounded by white blood. (d) Single left ventricle status post-extracardiac conduit. 3D contrast MR angiography demonstrates in 

coronal partition filling defect at main pulmonary artery stump consistent with thrombus (20 × 17.5 mm) which does not enhance with gadolinium (arrow). 

T, thrombus; *, coronary sinus.

Echocardiography
Two-dimensional echocardiography allows sequential deter-
mination of thoracoabdominal situs, atrioventricular and 
ventriculoarterial alignments and connections, morphology 
and function of the single ventricle or dominant ventricle and 
atrioventricular valves, position of the infundibular outlet 

chamber and size of the bulboventricular foramen, and asso-
ciated cardiac defects.

The thoracoabdominal situs is determined from a 
subxiphoid window, in a transverse view at the level of the 
twelfth thoracic vertebral space, by analyzing the location of 
the inferior vena cava and the descending aorta relative to 
the spine. A second superior vena cava and communicating 
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Figure 39.22 3D contrast MR angiographic reconstruction with surface 

rendering in a patient with single left ventricle with a history of bilateral 

bidirectional Glenn procedures followed by Fontan completion 

demonstrates stenosis at the distal anastomosis of the extracardiac conduit.

Figure 39.20 Following atriopulmonary anastomosis, a giant right 

atrium is documented with compression of the right upper pulmonary vein 

(RSPV) (arrow).
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Figure 39.21 Inferior vena cava flow curves showing a biphasic pattern 

with a large systolic (S) and a small early diastolic peak (D), and retrograde 

flow in late diastole (A).

vein can be investigated from a high parasternal view. From 
an apical four-chamber view, scanning from posterior to 
anterior, the atrioventricular connection is demonstrated 
[5,62–66]. Patients with a single ventricle can have either 
two atrioventricular valves positioned at the same level 
(Figure 39.24) [5] or, rarely, one common atrioventricular 
valve aligned to the only ventricular chamber. In a short-axis 

view, the morphologic aspects of each valve can be analyzed, 
including the number of leaflets and their attachments and 
relationship to each other (Figure 39.24). In addition, the 
position of the infundibular outlet chamber can be 
determined; it is always superior in patients with single left 
ventricle (Figure 39.24). The morphologic character of the 
ventricle can also be diagnosed by echocardiography, by 
finding either left ventricular thin trabeculations or right 
ventricular thick trabeculations and moderator band.

From parasternal long-axis, subxiphoid long-axis, and 
oblique views, the ventriculoarterial relationship is identified. 
Patients with single left ventricle most commonly have a 
posterior pulmonary artery and an anterior aorta arising 
from the infundibular outlet chamber (Figure 39.24). In 
patients with a Holmes heart, the pulmonary artery is 
anterior and aligned to the infundibular outlet chamber. The 
aorta is posterior, aligned to the single left ventricle, and has 
fibrous continuity with the atrioventricular valve.

From these projections, the size of the bulboventricular 
foramen is determined [64] by the ellipse formula, 
πD

1
D

2
/4 m−2, where D

1
 and D

2
 are the major and minor 

diameters of the ellipse. A measurement of <2 cm2 m−2 is 
consistent with a restrictive bulboventricular foramen. 
Although the gradient may be underestimated by continuous-
wave Doppler study, color Doppler examination may localize 
the site of turbulent flow and the highest gradient. If the 
Doppler gradient is >1.5 m s−1, the bulboventricular foramen 
is considered to be restrictive [64].
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(a) (b)

Figure 39.23 Anterior (a) and posterior (b) view of 3D contrast MR angiographic reconstruction with surface rendering in a patient with a history of 

atriopulmonary anastomosis. A markedly dilated right atrium is demonstrated with normal pulmonary artery branching pattern and development.

The morphologic features of the ventricular septal defect 
in patients with unbalanced ventricles and dominant left 
ventricle (type IIA) can be determined from an apical four-
chamber view. Conoventricular septal defects extend to 
the inlet septum when there is additional malalignment of 
the ventricular septum to the atrial septum. In such 
patients, the atrioventricular valve and >50% of the 
second one or >75% of a common atrioventricular valve 
are aligned to the left ventricle (Figure 39.25). Patients 
with dominant right ventricle (type IIB) and common 
atrioventricular valve also have a primum atrial septal 
defect.

An unbalanced common atrioventricular canal is best 
diagnosed from an apical four-chamber view (Figure 39.25). 
From a parasternal short-axis view, a small component of 
the atrioventricular valve ring is identified aligned to a 
hypoplastic left ventricle. A double-outlet right ventricle can 
be diagnosed from a subxiphoid projection.

The maximal instantaneous gradients at aortic, subaortic, 
pulmonary, and subpulmonary levels are examined with 
continuous-wave Doppler study. The function of the 
atrioventricular valves is examined by color Doppler study.

The single ventricle differs from the normal left ventricle 
that resembles an ellipse. Hence it is not amenable to 
geometric assumptions and, therefore, functional assessment 
has been only qualitative and subjective. The myocardial 
performance index (MPI or Tei index) [67] is a Doppler-
derived index of ventricular function that is independent of 

geometric constraint. It has been used for evaluating patients 
with single ventricle [68,69].

However, accurate assessment of ventricular function in 
single ventricle must rely on three-dimensional recon-
struction, which can be done using two orthogonal views of 
the subcostal sagittal and coronal planes. This technique has 
been used to evaluate effects of resynchronization therapy 
with multisite pacing in univentricular hearts [70].

Transesophageal echocardiography
This is particularly indicated in patients with poor echocar-
diographic windows, or as part of the intraoperative and 
perioperative assessment Patients with single ventricle 
 particularly benefit from this diagnostic tool when there is a 
need to rule out intracardiac thrombus prior to cardioversion 
or following a stroke or transient ischemic attack.

A high horizontal plane allows anatomic determination 
of the atrial appendages and atrioventricular connections. 
A transgastric short-axis view allows verification of the atrio-
ventricular connections and gradients across the ventricular 
outflow tracts.

Catheterization and angiography

Diagnostic cardiac catheterization
Cardiac catheterization and angiography in patients with 
single ventricle [33,71–73] or unbalanced ventricles 
[74,75] provide anatomic and hemodynamic information 
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necessary for management. Diagnostic anatomic data, which 
corroborate the results of noninvasive diagnostic tests, 
include the following:
1 Atrial situs.
2 Systemic venous connections (an additional superior vena 
cava, innominate vein, site of entry of the inferior vena cava 
and hepatic veins, interrupted inferior vena cava with  azygos 
continuation).
3 Pulmonary venous connections.

4 Atrioventricular valves and connections [74]. These can be 
recognized by cineangiocardiography, through demonstration 
of anterograde flow through the atrioventricular valves 
during atrial injection or, more commonly, ventricular 
injection (unopacified blood). Valvar morphology can be 
determined by trapping of contrast material underneath the 
valve leaflet, by delineating the valve ring, or from the 
configuration of the closed valve after ventricular opacification 
or as a curved or lineal tangential defect if the valve is 

Figure 39.24 (a) Echocardiogram performed in a patient with {S,D,D} double-inlet left ventricle and d-malposed great arteries and subaortic infundibular 

outlet chamber. On apical four-chamber view, the two AV valves are demonstrated situated at the same level. (b) They can also be visualized opening 

“en-face” from subxyphoid view (*). (c) The anatomy of the bulboventricular foramen is demonstrated on subxyphoid view (arrow). There is a subaortic 

infundibular outlet chamber (*). LA, left atrium; LV, left ventricle; RA, right atrium.

(a) (b)

(c)
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stenotic. A large valve annulus suggests either single or 
common atrioventricular valve, whereas when it is small, a 
hypoplastic or stenotic valve is likely. The relationship of the 
atrioventricular valves to the semilunar valves and degree of 
development of the conal septum (mitral to aortic continuity 
rules out subaortic conus) are delineated by a ventriculogram. 
A gooseneck deformity on a left ventriculogram is diagnostic 
of an atrioventricular septal defect [74].
5 Morphologic aspects of the single or dominant ventricle, 
infundibular outlet chamber, and hypoplastic rudimentary 
ventricle. A left ventriculogram in four-chamber view 
demonstrates the absence of the posterior ventricular septum 
in single left ventricle (type IA) (Figure 39.26) or a malaligned 
interventricular posterior septum in unbalanced ventricles 
with a dominant left ventricle (type IIA) (Figure 39.27).
6 Pulmonary or systemic obstruction (restrictive bulboven-
tricular foramen, stenotic pulmonary or aortic valve).
7 Ventriculoarterial alignments and connections.
8 Anatomy of the pulmonary arteries (size of central 
pulmonary arteries, Nakata index [75] and McGoon ratio 
[76], arborization abnormalities and branch pulmonary 
artery stenosis, washing out of contrast medium by competing 
flow from aortopulmonary collaterals, pulmonary transit 
time, and arteriovenous fistulas).
9 Aortic arch anatomy, branching abnormalities, and any 
aortopulmonary collaterals.
10 Ventricular function (ejection fraction) and ventricular 
geometry (mass/volume relationship).

After any surgical procedure, a diagnostic cardiac catheteri-
zation is performed to rule out sequelae from prior operations, 
including acquired pulmonary artery stenosis at the site of 
previous shunt or pulmonary artery banding, pulmonary 
arteriovenous fistulas in patients with partial right ventricular 
bypass (classic Glenn, bidirectional Glenn, or Kawashima 

operation) [77], cavocaval or cavoportal [78] decompressing 
venous collaterals after partial right-sided heart bypass, 
sources of right-to-left shunt after a total right-sided heart 
bypass through fenestration, interatrial communications 
[79], and baffle leaks or left-to-right shunts by aortop-
ulmonary collaterals [80].

Before a second- or third-stage palliation, a complete 
hemodynamic study is performed. To obtain accurate and 
complete data, two pressure transducers must be used to 
record the transpulmonary gradient by simultaneous 
recording of pulmonary artery and pulmonary venous, left 
atrial, or ventricular end-diastolic pressures. Ideally, oxygen 
consumption should be measured and the patient should be 
in stable hemodynamic condition, preferably well sedated 
but breathing spontaneously, with normal arterial pH to 
avoid a falsely elevated estimated pulmonary vascular 
resistance. Oversedation should be avoided, given that 
retention of CO

2
 and secondary respiratory acidosis increase 

the pulmonary vascular resistance, and airway obstruction 
leads to significant variability in intracardiac pressures. With 
the difficulties in achieving perfect sedation in some age 
groups, many authorities favor the use of general anesthesia, 
selecting drugs that minimally affect cardiovascular perfor-
mance and performing the hemodynamic measurements at 
the time when the patient is relatively lightly anesthetized. 
Two sets of hemodynamic data should be collected and be 
consistent. Because major management decisions depend on 
the hemodynamic data, these should be collected with the 
utmost precision and accuracy. As a result, pulmonary 
arterial pressure, pulmonary vascular resistance, Qp/Qs ratio, 
and functional data evaluating ventricular mechanics 
(ventricular end-diastolic pressure, preload, and afterload) 
will be determined and/or calculated. A pulmonary vascular 
resistance <3 mmHg l−1 min−1 m−2 is required for successful 
surgical staging (see discussion about hematocrit and 
viscosity in Chapter 10).

With advances in noninvasive imaging, particularly CMR, 
some have adopted the practice of not performing routine 
cardiac catheterizations before surgical staging in patients 
who have a benign clinical course and no risk factors identi-
fied on echocardiography and CMR [51]. This approach 
remains controversial, as CMR does not provide complete 
hemodynamic data, often requires anesthesia, and not all 
cardiac centers have the necessary congenital cardiac CMR 
expertise to address accurately all potential risk factors for 
surgical staging.

Interventional cardiac catheterization
Patients with a univentricular heart may require a tran s-
catheter intervention early in their course and before the 
initial surgical procedure if they have a restrictive atrial 
septal defect and left atrial outlet atresia or stenosis. 
Transcatheter creation of a new atrial septal defect with 
septostomy and balloon septoplasty may decompress the left 

Figure 39.25 In apical four-chamber view the echcocardiogram 

demonstrates unbalanced common atrioventricular canal with dominant 

right ventricle (RV) and a hypoplastic left ventricle (*).
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Figure 39.27 Angiocardiogram in a patient with unbalanced common 

atrioventricular canal and dominant right ventricle. There is double-

outlet right ventricle and a hypoplastic posteroinferior left ventricle. 

Lateral view.

Figure 39.26 Left ventriculogram in the frontal plane demonstrating the 

anatomy of single double inlet left ventricle with L- transposition ({S,L,L} 

segmental combination) with acquired pulmonary atresia. Unopacified 

blood enters the left ventricle via two atrioventricular valves (*). There is 

a left sided subaortic infundibular outlet chamber (IOC). Ao, Aorta; 

LV, left ventricle; black asterix, right sided mitral valve; white asterix, 

left sided tricuspid valve.

atrium with significant improvement of hemodynamics, 
reduction in pulmonary venous congestion, and pulmonary 
vascular resistance. Patients with ductal-dependent lesions 
have been managed by stent placement in the ductus 
arteriosus [81]. This can be done to provide either an 
aortopulmonary shunt in patients with ductal-dependent 
pulmonary blood flow, or systemic blood flow in those with 
ductal-dependent systemic perfusion. Indeed, an accepted 
management option is to perform a hybrid procedure in 
patients with a single ventricle as an alternative to a Norwood 
procedure. Bilateral pulmonary artery banding and stent 
implantation in the patent ductus arteriosus are performed 
as a single procedure jointly by a surgeon and an 
interventional cardiologist. Some centers have pioneered 
this approach [81] and use it as a first-line therapy for 
neonates s with hypoplastic left heart syndrome and variants. 
Others use this approach only in high-risk patients (those 
who are born prematurely, with multiple congenital 
anomalies, significant ventricular dysfunction, or atrioven-
tricular valve regurgitation, etc.).

Patients with severe pulmonary stenosis or atresia may 
have pulmonary arteries that are inadequate to allow future 
second- and third-stage surgical palliation. Transcatheter 
pulmonary artery rehabilitation through serial balloon 
dilatation procedures may be the only option for these 
patients to become candidates for either staged single 
ventricle palliation or heart transplantation.

If a source of potentially detrimental postoperative right-
to-left or left-to-right shunting is identified during cardiac 
catheterization, transcatheter closure is indicated [82] to 
avoid excessive cyanosis or paradoxical embolus. Examples 
are a small, persistent, left superior vena cava draining to the 
coronary sinus (in the absence of coronary sinus ostia 
stenosis or atresia), other potential decompressing venous 
connections (particularly in patients with heterotaxia), and 
significant aortopulmonary collaterals.

Following the various stages of surgical intervention for 
single ventricle, interventional cardiac catheterization plays 
a key role in optimizing hemodynamics, particularly in 
symptomatic patients. Many abnormalities are amenable to 
transcatheter treatment (Table 39.1). Sometimes, emergency 
cardiac catheterization in the immediate postoperative 
period is needed in a severely compromised patient to create 
a new or augment a baffle fenestration [83], close a baffle 
leak, or dilate or stent a stenotic vessel.

Interventional catheterizations are also performed later 
postoperatively. Catheter interventions may be on either the 
primary defect or on a coexisting cardiac abnormality. 
Examples are coil embolization of a small, persistent, left 
superior vena cava or aortopulmonary collaterals [80,82], 
balloon dilatation of peripheral pulmonary artery stenosis, 
and rarely pulmonary valvotomy or balloon dilatation of 
a native coarctation in selected high-risk surgical patients. 
Interventions may be performed on postoperative 
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abnormalities [82–85], such as branch pulmonary artery 
balloon dilatation or stent placement at a prior shunt 
insertion site, coil embolization of a patent aortopulmonary 
shunt and acquired aortopulmonary collaterals after prior 
thoracotomy, transcatheter closure of residual anterograde 
flow through the pulmonary valve, coil embolization of 
decompressing venous collaterals, transcatheter closure 
of fenestration or baffle leaks, and balloon dilatation of 
postoperative coarctation (Table 39.2; see also Table 39.1).

The role of interventional cardiac catheterization as 
adjunct to operation is clearly illustrated by transcatheter 
closure of a baffle fenestration after a total right-sided heart 
bypass procedure [84.85]. A complete hemodynamic study 
is performed, including test balloon occlusion of the 
fenestration, and if well tolerated (see Table 39.2), trans-
catheter closure is performed.

Management

In a normal biventricular circulation, the right ventricle 
allows an increase in the cardiac output with exercise 
without a rise in systemic venous and ventricular end-
diastolic pressures [86]. Ventricular septation developed 165 
million years ago, when the right ventricle appeared in 
reptiles and birds and allowed adaptation to air breathing, 
aerobic exercise, and flying [87]. Patients with univentricular 
circulation after total right heart bypass lack this important 
mechanism of adaptation to aerobic exercise.

In managing patients with univentricular hearts, the initial 
objective is to protect the pulmonary vasculature and 

ventricular function, keep pulmonary artery pressures low, 
and allow adequate systemic oxygen saturation (≥80%). 
Early in life, this can be achieved at the original palliative 
surgery by a pulmonary artery banding or a Blalock–Taussig 
shunt (Table 39.3), according to the underlying anatomic 
substrate. Stent implantation of a ductus is an alternative to 
an aortopulmonary surgical shunt; the intermediate and 
long-term results are not well known [88].

Three different types of “corrective” operations have been 
proposed for these patients. Theoretically, ventricular 
septation [89] would be ideal, although it is possible only in 
rare anatomic types with two normal atrioventricular valves 
with adequate distribution of papillary muscles and 
attachments to allow partitioning. The technical difficulties 
and high early and late mortality have restricted ventricular 
septation to patients with both ideal anatomy and major risk 
factors that contraindicate a right-sided heart bypass 
procedure. Ventricular septation has been performed in 
patients with univentricular heart type IA III, normal 
atrioventricular valves, nonrestrictive bulboventricular 
foramen, no prior palliative operations, chronic cyanosis, and 
severe polycythemia. An additional requirement is a diastolic 
ventricular volume 250% larger than a normal left ventricle 
[89]. This procedure is also possible in patients with common 
ventricle (type C of Van Praagh et al. [2]) because there are 
two well-developed ventricles with a markedly deficient 
interventricular septum.

The most common surgical approach is staged surgical 
palliation by a partial (bidirectional Glenn procedure) or 
total (Fontan–Kreutzer procedure) right heart bypass 
operation.

Table 39.1 “Abnormalities” in the total right-sided heart bypass circulation.

Type  Manifestation  Characteristics

Obstructions Ventricular pressure overload Cardiac: outflow tract obstruction, aortic valve stenosis

Systemic arterial: arch obstructions, systemic hypertension

Systemic venous pressure overload Systemic venous: baffle stenosis

Pulmonary arterial: branch pulmonary artery stenosis, high 

pulmonary vascular resistance

Pulmonary venous: stenosis of pulmonary veins (intrinsic or extrinsic 

by compression)

Shunts Right-to-left shunt 

Cyanosis

Cardiac: fenestration, interatrial communications, decompressing 

veins to left atrium

Systemic venous: decompressing venous collaterals

Pulmonary atrial: arteriovenous malformations

Left-to-right shunt 

Ventricular volume overload

Cardiac: residual anterograde flow into main pulmonary artery, 

patch leak in atriopulmonary anastomosis with tricuspid valve patch

Systemic arterial: aortopulmonary collaterals, residual patent ductus 

arteriosus or surgical grafts

Pump failure or 

dysfunction

 Cardiomyopathy causing systolic or diastolic dysfunction, 

arrhythmias, atrioventricular valve insufficiency
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Table 39.2 Suggested sequential steps for transcatheter 

fenestration closure.

Step  Procedurea

1 Determine RA or PA and AO saturations and pressures at 

baseline

2 Test balloon occlusion for 10 min

3 Determine RA or PA and AO saturations and pressures 

during balloon occlusion of the fenestration (after 10 min)

4  If RA pressure >16 mmHg and CI decreases to <2 l min−1 

m−2, the fenestration is left open. If RA pressure <16 mmHg 

and CI >2 l min−1 m−2, the fenestration may be closed

aAO, aorta; CI, cardiac index; PA, pulmonary artery; RA, right atrium.

As a last option, some patients with univentricular heart 
may undergo cardiac transplantation, if unsuitable for staged 
surgical palliation or after a failed the surgical approach.

Surgical management

Initial palliative surgery
Neonates with coexisting severe pulmonary stenosis or 
pulmonary atresia who present with marked hypoxia (PO

2
 < 

30 mmHg) require prostaglandin E
1
 to maintain ductal patency 

and increase blood flow to the pulmonary vasculature until a 
permanent source of pulmonary blood flow is established 
either surgically by an aortopulmonary shunt, or via a 
transcatheter approach with stenting of the ductus arteriosus. 
A modified Blalock–Taussig shunt with a Gore-Tex graft 

positioned between a subclavian artery and the ipsilateral 
pulmonary artery is the most widely used type of shunt. 
Similarly, those with aortic arch hypoplasia or severe 
coarctation require prostaglandin infusion until arch 
reconstruction can be performed.

Neonates with increased pulmonary blood flow, elevated 
pulmonary artery pressures, and congestive cardiac failure 
need manipulation of the pulmonary vascular resistance to 
maintain an adequate preoperative Qp/Qs ratio, allowing 
sufficient systemic perfusion while limiting pulmonary blood 
flow [34,90]. This may be achieved either by use of a closed 
hood [91], to increase inspired PCO

2
 and pulmonary vascular 

resistance, or by hypoventilation using mechanical ventilation, 
sedation, and paralysis. This can be achieved in some patients 
by a low inspired FiO

2
 (<21%). Supplemental oxygen and 

hyperventilation should be avoided, as should any factor that 
could lower the pulmonary vascular resistance. Once patients 
are hemodynamically compensated, an initial palliative 
operation is performed (see Table 39.3). When pulmonary 
artery banding is indicated, this is achieved narrowing the 
pulmonary trunk to a luminal diameter of 21 mm + 1 mm 
kg−1 body weight [92]. By intraoperative pressure measure-
ment, the distal pulmonary artery pressure should be ~50% 
of the systemic pressure. If the oxygen saturation drops to 
<80% or the patient develops bradycardia in the operating 
room, the band should be loosened. If the banding is 
unsuitable because of marked cyanosis (PO

2
 <30 mmHg), 

persistent high pulmonary blood flow (oxygen saturation 
>85%, or high pulmonary venous flow velocity measured by 
echocardiography >0.7 m s−1 and transmitral flow E >1 m s−1), 
a second procedure to revise the banding is indicated.

Table 39.3 Management algorithm for patients with univentricular heart.

Ductus
dependent  

Pulmonary 
obstruction 

Systemic
obstruction 

Primary
procedure  

Secondary 
procedure  

Final 
procedure

YES

YES NO
BTS BDG

Complete 

right heart 

bypass or 

Fontan 

 

PDA stent BDG

NO YES

Arch repair + PAB (#) 
BDG

Norwood

Hybrid procedure Comprehensive 

stage II + BDG

NO

YES
NO

< 3m – BTS or medical 

therapy if cyanosis not 

severe

BDG

> 3m – BDG

NO 
YES

Arch repair + PAB
BDG

DKS/BTS

NO  PAB  BDG  

(#) if isolated aortic arch obstruction 

BDG, bidirectional Glenn operation ; BTS, Blalock-Taussig shunt, usually of modified type; DKS, Damus-Stansel-Kaye 

operation; PAB, pulmonary arterial band; PDA, patent ductus arteriosus.
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Currently, the early operative mortality for the initial 
palliative procedures in neonates is <5%, but varies from 2.7 
to 17%. according to the extent of procedures performed 
[90,93]. If an aortopulmonary shunt is performed after the 
neonatal period, the mortality is significantly lower than 
when aortic arch reconstruction or a Damus–Kaye–Stansel-
type anastomosis is required.

After pulmonary artery banding, the reduction in the 
ventricular volume can decrease the size of the bulboven-
tricular foramen, and subaortic stenosis may develop. This 
occurs in >73% of patients with coexisting transposition 
[94], for whom pulmonary artery banding should be avoided 
whenever there is a significant risk for development of 
subaortic stenosis.

In the intermediate and long-term follow-up of patients 
after the initial palliative procedure, ventricular dysfunction 
may become significant [95]. The increase in preload relative 
to the ventricular volumes at end-systole and end-diastole 
(2.5–3 times normal) reduces the long-axis/short-axis 
relationship (normal, 1.9:1).As a result, the ventricle 
becomes rounder, the end-systolic stress (afterload) increases, 
and ventricular function, mass/volume relationship, and 
ventricular contractility are reduced [95].

Second-stage palliative surgery: partial 
right-sided heart bypass (bidirectional 
Glenn procedure)
A partial right-sided heart bypass can be performed by a right 
cavopulmonary anastomosis, as proposed by Glenn [96] in 
1958 and Bakulev and Kolesnikov [97] in 1959. Hopkins 
et al. [98] extended this concept in 1985 to a bidirectional 
cavopulmonary connection.

This operation can be performed with standby cardiopul-
monary bypass, except when other intracardiac procedures 
are performed concomitantly, for example, atrioventricular 
valvoplasty, augmentation of the bulboventricular foramen, 

Damus–Kaye–Stansel procedure (Figure 39.28), or branch 
pulmonary arterioplasty.

To optimize pulmonary blood flow distribution, the cavopul-
monary anastomosis should be placed as centrally as possible. 
An end-to-side anastomosis is performed with readsorbable 
suture, interrupted in four quadrants. The azygos and or 
hemiazygos veins, when present, are always divided.

Pulsatility can be allowed by leaving anterograde flow 
across a restrictive open pulmonary outflow tract or a patent 
modified Blalock–Taussig shunt, predominantly perfusing the 
contralateral lung [99]. When anterograde flow is retained, a 
pulmonary artery band is adjusted over a 3 mm Hegar bougie 
to control the amount of pulmonary blood flow.

Pulmonary artery branch plasty can be performed with 
untreated autologous pericardium. In patients who require 
pulmonary arterioplasty, it is preferable to leave a source of 
pulsatility. To correct a restrictive bulboventricular foramen, 
a Damus–Kaye–Stansel procedure or a partial resection of 
the bulboventricular foramen may be performed (see Figure 
39.28). Atrioventricular valve regurgitation is a difficult 
problem and is considered a significant risk factor, probably 
because of its association with ventricular dysfunction. 
When two atrioventricular valves are present, one of which 
is normal in size and function, closure of the regurgitant one 
may be considered, in association with resection of the atrial 
septum. A valve ring annuloplasty can be performed in the 
remaining atrioventricular valve to avoid its dilatation 
secondary to ventricular enlargement. If there is an 
insufficient single or common atrioventricular valve, an 
attempt at valvoplasty or even valve replacement may be 
undertaken. In patients with both right and left superior 
venae cavae without a significant communicating vein, 
cavopulmonary anastomosis should be performed bilaterally. 
Around 3 months of age, after cardiac catheterization and 
angiocardiography to identify risk factors for right-sided 
heart bypass (Table 39.4), a bidirectional cavopulmonary 

LV

(a)
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RV
PA

AO

LV

(b)

RA

RV
PA

AO

(c)

LV

RA

RV
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Figure 39.28 Damus–Kaye–Stansel anastomosis for single ventricle and subaortic stenosis. (a) The pulmonary artery (PA) is transected proximal to the 

bifurcation. An appropriately positioned and sized incision is made in the ascending aorta. (b) The distal end of the pulmonary artery is oversewn, and the 

proximal end of the pulmonary artery is anastomosed to the opening in the aorta. (c) An appropriately shaped hood (Dacron tube, pericardium, allograft, or 

Gore-Tex) is added to the anastomosis. AO, aorta; LV, left ventricle; RA, right atrium; RV, right ventricle. (Reproduced with permission from Park, Pediatric 

Cardiology for Practitioners, 3rd edn, Mosby, St. Louis, 1996, p. 234.)
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anastomosis is performed. Severe high-risk factors, such as 
Nakata index <120 mm2 m−2, severe ventricular dysfunction, 
and severe peripheral pulmonary artery stenosis with distal 
hypoplasia, may contraindicate the operation.

After partial right-sided heart bypass, there is a more 
 efficient pulmonary blood flow, as the Qp becomes effective 
blood flow (Qe), allowing adequate systemic oxygen satura-
tion (80–85%) and a reduction in preload and atrial filling 
pressures [100]. An aortopulmonary shunt, which requires 
a Qp/Qs ratio >2 to keep oxygen saturation above 80%, is 
replaced by a hemodynamically advantageous  system that 
allows adequate oxygen saturations, a Qp/Qs ratio of <1, 
without recirculation of blood [101], while reducing the 
ventricular volume load and preserving  ventricular function 
[102,103]. Long-standing ventricular volume overload with 
an aortopulmonary shunt can lead to dilated myopathy and 
ventricular dysfunction [35,104], particularly with a single 
right ventricle and/or  atrio ventricular valve insufficiency. 
The change in ventricular geometry after a bidirectional 
Glenn anastomosis (decrease in ventricular volume and 
increase in the ventricular mass/volume ratio) results in an 
immediate 25%  reduction in the area of the  bulboventricular 
foramen [105]. This frequently produces subaortic  stenosis 

in patients with transposition [94]. Similarly, after a total 
right-sided heart bypass [105], the change in ventricular 
geometry causes a 40% reduction in the bulboventricular 
foramen size.

A bidirectional Glenn anastomosis is pulsatile with 
additional pulmonary blood flow from a shunt or anterograde 
flow across the pulmonary valve. In these situations, systemic 
oxygen saturation tends to be higher at the expense of 
increased ventricular volume and higher pulmonary artery 
pressures. A pulsatile bidirectional Glenn anastomosis is 
particularly indicated for patients with small or stenotic 
pulmonary arteries, in whom a simultaneous pulmonary 
arterioplasty is performed. 

If there is significant atrioventricular valve regurgitation 
and depressed ventricular function, or if the intraoperative 
superior vena caval pressure is >14 mmHg, any source of 
pulsatility should be eliminated, The technique described 
by Kawashima et al. [106] can be employed in patients with 
heterotaxia, interrupted inferior vena cava, and azygos or 
hemiazygos continuation. After this operation, all systemic 
venous return, except from the hepatic veins, is directed to 
the pulmonary arteries. This should be considered a partial 
right-sided heart bypass operation, because the hepatic 

Table 39.4 Risk factors for a total right-sided heart bypass operation: proposed incremental risk scalea.

Risk factor  No incremental risk Moderate increase in risk High risk

Age (years) <2b <1.5 <1

Mean PA pressure (mmHg) <15 15–18 ≥18

McGoon indexc >2.4 1.8–2.4 <1.8

Pulmonary vascular resistance 

(PVR) (Wood units)

<2 2–3 >3

Transpulmonary gradient (mmHg) <6 6–12 >12

Ventricular end-diastolic pressure 

(VEDP) (mmHg)

<10 10–14 >14

Ejection fraction >60 45–60 <45

AV valve insufficiency None or mild Moderate Severe

Heterotaxia No heterotaxia Polysplenia Asplenia

History of PA banding No PA banding Yes PA band associated with branch 

PA stenosis

Mayo Clinic indexd <2 2–4 >4

Nakata indexe >250 250–200 <200

PA stenosis None Mild to moderate Severe

Restrictive BVF No restriction Mild (<30 mmHg) Moderate to severe (>30 mmHg)

Left AV valve  Normal  Stenosis  Atresia valve

aAV, atrioventricular; BVF, bulboventricular foramen; PA, pulmonary artery.
bAccording to institutional preferences, this age may be variable. At the Buenos Aires Children’s Hospital, the cutoff age between low and moderate risk 

is considered to be 4 years.
cMcGoon index: [RPA (mm) + LPA (mm)]/descending aorta at the diaphragm (mm).
dMayo Clinic index: [PVR (Wood units) + VEDP (mmHg)]/[Qp (l min−1 m−2) + Qs (l min−1 m−2)].
eNakata index: RPA + LPA (mm2 m−2).
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venous flow is still excluded from the pulmonary 
circulation.

Lung perfusion scan
The distribution of pulmonary blood flow after a cavopulmo-
nary connection is preferentially to the ipsilateral pulmonary 
artery [107,108]. On lung scintigraphy, with upper extremity 
intravenous isotope injection, both the pulsatile and 
nonpulsatile bidirectional Glenn procedures show dominant 
perfusion of the ipsilateral pulmonary artery, and this is 
reproduced during exercise. With time, this distribution 
could lead to relative hypoplasia of the contralateral 
pulmonary artery [109]. Other late complications after a 
bidirectional Glenn anastomosis include the development of 
pulmonary arteriovenous microfistulas [77,110] 50–100 μm 
in diameter, particularly in the lower lobes, which are the 
best-perfused areas. The absence of hepatic blood flowing 
into the pulmonary circulation has been postulated in their 
pathogenesis [77]. An additional source of pulmonary blood 
flow providing pulsatility in addition to blood flow that has 
passed through the liver may prevent the development of 
these fistulas. A larger volume of pulmonary blood flow and 
the pulsatility may also play a role in pulmonary arterial 
growth [102,111,112]. Therefore, some prefer a pulsatile 
bidirectional Glenn anastomosis [99] with a controlled 
source of pulmonary blood flow, maintaining the mean 
pulmonary artery pressure at <15 mmHg and the pulsatility 
amplitude at <5 mmHg higher than the mean pulmonary 
artery pressure.

Doppler flow dynamics
The echocardiographic evaluation of superior vena cava and 
pulmonary artery flow dynamics in a bidirectional Glenn 
procedure demonstrates [108,113] continuous laminar flow 
of low velocity (<0.5 m s−1) (Figure 39.29). With an additional 
source of pulsatile flow, in the contralateral pulmonary 
artery there may be a low or moderate velocity (1 m s−1), 
continuous flow (aortopulmonary shunt), or systolic flow 
(anterograde flow through the pulmonary valve). Doppler 
evaluation of the superior vena cava may identify (see Figure 
39.29) continuous venous flow (hypopulsatile bidirectional 
Glenn), a reduction in the systolic flow (pulsatile bidirectional 
Glenn), or retrograde flow during systole (hyperpulsatile 
bidirectional Glenn) (Table 39.5).

Right-to-left shunts (venous collaterals, 
arteriovenous fistulas)
The increasing cyanosis in patients after a bidirectional 
Glenn procedure can be explained by the patient’s growth, 
because the contribution of the head and neck vessels to 
the total cardiac output diminishes with time [114]. Other 
common sources of a right-to-left shunts such as 
decompressing venous collaterals [115,116], particularly in 
patients with a bidirectional Glenn anastomosis and an 

elevated pulmonary artery pressure, should be excluded. 
The incidence of decompressing venous collaterals ranges 
from 13% [110] to 75% [117].

Contrast echocardiography with fast injection of saline or 
dextrose solution (3–6 ml) in an upper extremity may show 
rapid filling of the pulmonary veins, suggesting pulmonary 
arteriovenous fistulas but decompressing venous collaterals 
to the pulmonary veins cannot be excluded by this finding. 
An abnormality in the upper extremity contrast 
echocardiogram occurs in 15% [117] to 60% [110] of these 
patients. Arteriovenous fistulas can be suspected from a 
typical radiographic reticular image in the lower lobes, which 
extends to the periphery. After a Kawashima operation 
[118], there is evidence of a right-to-left shunt with oxygen 
saturations of ~90% initially, with subsequent progressive 
cyanosis attributed to the development of pulmonary 
arteriovenous fistulas [80,110,118]. The progressive right-
to-left shunt also results from decompressing venous 
collaterals, in particular with anomalous cavoportal 
connections [119], which become more prominent with 
time. In these patients, transcatheter embolization may be 
therapeutic.

The Doppler evaluation of the lower pulmonary venous 
flow during inspiration demonstrates continuous flow 
(>0.5 m s−1) that decreases markedly in expiration (Figure 
39.30), probably because of collapse of the microfistulas 
because of increased intrathoracic pressure. Diagnosis of 
pulmonary arteriovenous fistulas is confirmed by cardiac 
catheterization. Pulmonary angiograms demonstrate 
dilated terminal arteries, absent capillary phase, early pul-
monary venous opacification, and dilated pulmonary veins. 
Oximetry reveals desaturation of the pulmonary veins that 
is not corrected with administration of oxygen. There are 
few therapeutic options for patients with pulmonary 
arterio venous malformations. A brachial or axillary arter-
iovenous fistula can be performed to increase the pulmo-
nary blood flow and allow blood from the liver to be 
incorporated in the pulmonary circulation [120,121]. 
Regression after liver transplantation in patients with liver 
disease [122] and after complete right-sided heart bypass 
[123] supports the hypothesis that pulmonary arteriov-
enous fistulas can be reversible with incorporation of 
hepatic blood flow.

Exercise capacity
Patients with partial right-sided heart bypass, whether 
pulsatile or not [124], have markedly depressed exercise 
capacity (48% of estimated functional capacity) directly 
related to the level of systemic desaturation [124]. The 
chronotropic response is normal, as it is in cyanotic 
congenital heart defects [125]. Exercise stress testing 
demonstrates that even with an adequate resting systemic 
saturation (>85%), marked desaturation (<70%) develops 
with exercise.
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(a) (b)

(c) (d)

Figure 39.29 Two-dimensional Doppler flow dynamics in superior vena cava. (a) Normal, anterograde biphasic with increase at early inspiration. (b) 

Nonpulsatile bidirectional cavopulmonary anastomosis, with continuous flow and inspiratory increase in velocity. (c) Pulsatile bidirectional cavopulmonary 

anastomosis, anterograde flow with systolic slowing. (d) Hyperpulsatile bidirectional cavopulmonary anastomosis, with retrograde systolic flow in superior 

vena cava.

Definitive palliative surgery: total right heart 
bypass (Fontan–Kreutzer procedure)
A total or complete right heart bypass directs all systemic 
venous return into the pulmonary arteries in the absence of 
a ventricular pump. The operation was first performed by 
Fontan and Baudet in 1971 [126] for tricuspid atresia IB 
with the concept that the thickened atrium could be “ven-
tricularized” [127]; they inserted inlet and outlet valves in 
the atrium. In the same year, and unaware of Fontan and 
Baudet’s reported experience, we performed a total right-
sided heart bypass in Argentina [128]. Even in that early 
experience, valves in the inferior or superior venae cavae 

were avoided by our group. What is now known as a fenes-
trated Fontan procedure [85,129] was first performed in 
Argentina in 1971 by leaving a residual 6 mm atrial level 
communication to serve as a pop-off valve. We performed 
the atriopulmonary connection with a different hemody-
namic concept to that of Fontan and Baudet, as we consid-
ered the right atrium to be a compliant chamber without any 
significant pump function and that the suction force of the 
system would be generated by the end-diastolic pressure of 
the systemic ventricle [130–132].

Multiple modifications of the initial Fontan procedure 
have been proposed and performed over time (Figure 39.31). 
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Table 39.5 Flow dynamics by transthoracic two-dimensional echo Doppler in bidirectional 

cavopulmonary connection.

Flow  Superior vena cava  Pulmonary artery (PA)

Nonpulsatile Continuous Continuous

<0.5 m s−1 <0.5 m s−1

↑ Inspiration ↑ Inspiration

Pulsatile Continuous, decreasing in systole Right PA: continuous, <0.5 m s−1, ↑ 

inspiration<0.5 m s−1

↑ Inspiration Left PA: pulsatile, >0.5 m s−1

Hyperpulsatile Retrograde during systole Right PA: continuous

Anterograde during diastole Left PA: hyperpulsatile, >1 m s−1

  ↑ Inspiration   

Initially, as described above, the anterior atriopulmonary 
connections were performed, as reported by Fontan and 
Baudet [126], Kreutzer et al. [128], and Bjork et al. [133]. In 
1978 the posterior atriopulmonary connection was intro-
duced [55,134], but later improved surgical techniques were 
developed: the lateral tunnel by de Leval et al. [135], Jonas 
and Castaneda [136], and Puga et al. [137] and the extracar-
dial conduit by Puga and co-workers in 1988 [138] and 
Marcelletti et al. in 1990 [139]. Both the lateral tunnel and 
extracardiac conduit are considered excellent surgical tech-
niques. Although the extracardiac conduit has become the 
preferred approach at most centers, it remains controver-
sial, and both approaches have excellent reported outcomes 
[140]. However, follow-up of the extracardiac conduit is 
shorter than for the lateral tunnel [130]. The lateral tunnel, 
which tends to produce more arrhythmias, is more often 
performed in small patients, given the growth potential of 
the surgical pathway. The extracardiac conduit has less ten-
dency to produce arrhythmias because of the lack of atrial 
sutures and low-pressure exposure of the sinus node can 
be performed without an aortic cross-clamp, and for some, 
the fenestration may be closed without the need for an 
implantable device [141]. Indeed, at the Buenos Aires 
Children’s Hospital, it is routine to close the fenestration 
before hospital discharge by adjusting a snare under local 
anesthesia [141].

Authorities differ about the optimum timing of this proce-
dure. Following a partial right heart bypass, as the systemic 
oxygen saturation decreases below 80% or the hematocrit 
rises above 55%, completion to a total bypass (Fontan–
Kreutzer procedure) should be considered, irrespective of 
age. Adults with a single ventricle can undergo total right 
heart bypass with low morbidity and mortality [142]. After a 
total bypass, even when performed on ideal patients, the 
clinical status may deteriorate with time, even with a normal 
Qp/Qs ratio of 1. This observation reinforces the concept that 
the procedure is indeed only palliative. The worrisome long-

term complications that follow total right heart bypass oper-
ations make one reconsider the approach to timing of this 
palliative surgery.

The complications of pregnancy in patients after a total 
right heart bypass should be discussed preoperatively with 
female patients. Limited experience has demonstrated only 
45% incidence of live births among 33 pregnancies [143]. 
The alternative of chronic cyanosis in a palliated partial right 
heart bypass circulation, however, is not a benign physiology 
for a pregnancy. A total right heart bypass normalizes oxi-
metry, eliminates shunts, abolishes the risk of brain abscess, 
and establishes a series circulation but with only a single sys-
temic ventricular pump.

In the long-term follow-up of patients with total right-
sided heart bypass [144–154], poor results have been 
reported for patients with heterotaxia, low age at operation, 
weight <15 kg, elevated pulmonary artery pressure, atrio-
ventricular valve dysfunction, and right atrial pressure 
>20 mmHg or left atrial pressure >10 mmHg in the early 
postoperative period [147,148,153].

Typically following cardiac catheterization and cineangi-
ography or alternative noninvasive testing to determine risk 
 factors for a total right heart bypass (Table 39.6; see also 
Table 39.4), patients undergo a total cavopulmonary anasto-
mosis [101,135] with lateral intra-atrial tunnel, extracardiac 
 conduit, or a cavoatriopulmonary anastomosis [155,156], 
each of which may or may not be fenestrated [84,129]. The 
 cavoatriopulmonary modification protects the sinus node, 
allows low pressure in the coronary sinus [157], and permits 
homogeneous distribution of pulmonary blood flow, because 
it includes a mixing chamber similar to that in an atriopul-
monary anastomosis [107]. The most common technique 
used currently in the United States is the fenestrated extra-
cardiac conduit.

Associated cardiac malformations increase risk factors for 
a total right-sided heart bypass (see Table 39.4) and demand 
technical modifications.
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(a)

(b)

(c)

Figure 39.30 Flow dynamics by two-dimensional Doppler echocardiography at pulmonary veins (left) and mitral valve (right) in normal (a), atriopulmonary 

anastomosis (b), and late failure after atriopulmonary anastomosis (c). The pulmonary venous flow in (b) is triphasic anterograde (prodiastolic, telediastolic, 

and protosystolic), with increase in velocity during inspiration, the same as the transmitral flow. In (c), there are high velocities recorded in pulmonary veins 

(1.5 m s−1) with a monophasic protodiastolic flow, differing from the transmitral flow velocity (0.7–1 m s−1). Atrial flutter is present.

A staged approach for performing a total right heart bypass 
has allowed a significant reduction in morbidity [158] by 
avoiding a sudden change in ventricular geometry. After a 
total right-heart bypass performed without a prior staging 
partial bypass procedure, there is a 100% reduction in the 
ventricular chamber volume and an increase in both ven-
tricular wall thickness and mass/volume ratio [159,160], 

which leads to diastolic ventricular dysfunction early 
 postoperatively [160].

An atriocavopulmonary anastomosis (central tunnel) 
(Figure 39.32) [155,156] with or without prosthetic mate-
rial, is an alternative technique for performing a total right 
heart bypass. It is particularly useful in the conversion of 
atriopulmonary anastomosis by creating an intra-atrial 
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Figure 39.31 Modifications of the total right-sided heart bypass operation. (a) The original Fontan procedure [126]: an end-to-end anastomosis of the 

RPA to SVC, an end-to-end anastomosis of the right atrial appendage to the proximal end of the RPA by an aortic valved homograft, closure of atrial septal 

defect, insertion of a pulmonary valve homograft into the IVC, and ligation of the main pulmonary artery. (b) Total right-sided heart bypass [128]: 

anastomosis of right atrial appendage to the main pulmonary artery with its intact pulmonary valve (excised from the RV) after closing the atrial and 

ventricular defects. A Glenn operation was not performed, and no IVC valve was used. (c) Bjork et al. [133] anastomosed the right atrial appendage directly 

to the RV outflow tract if the pulmonary valve was normal, using a roof of pericardium to avoid a synthetic tube graft. (d) The posterior anastomosis of the 

RA to the PA [134]. (e, f) Separate anastomosis of the divided SVC to the RPA: insertion of an IVC to SVC intra-atrial baffle (total cavopulmonary 

connection) with (f) and without (e) fenestration. (g) Extracardiac conduit between the RPA and a bidirectional Glenn operation. AO, aorta; 

IVC, inferior vena cava; LPA, left pulmonary artery; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RPA, right pulmonary artery; RV, right ventricle; 

SVC, superior vena cava. (Modified with permission from Park, Pediatric Cardiology for Practitioners, 3rd edn, Mosby, St. Louis, 1996, p. 217.)

 tunnel. If made of autologous tissue, it is constructed using 
the patient’s own atrial wall, reducing the size of the atrial 
chamber. The use of native atrial tissue may lead to increased 
incidence of arrhythmias long term, but allows for growth 
potential. In addition, a bidirectional cavopulmonary anas-
tomosis is performed. The inferior vena cava is connected 
through this tunnel to the main pulmonary artery trunk and 
branches, similarly to performing an atriopulmonary anasto-
mosis. The advantages of this central tunnel technique [156] 
are excluding the sinus node and coronary sinus from higher 
pressure [157], growth potential, absence of suture lines 
near the sinus node and nodal artery, avoiding prosthetic 
material, and theoretically favorable distribution of inferior 

vena cava blood flow to both lungs. The extracardiac conduit 
technique [118] shares some advantages with the central 
tunnel technique, such as the absence of atrial suture lines, 
although it uses prosthetic material, lacks growth potential, 
and usually causes preferential distribution of inferior vena 
caval blood flow to the ipsilateral pulmonary artery, depend-
ing on the position of the anastomosis. The postoperative 
electrocardiogram in these patients shows small-amplitude P 
waves in the right precordial leads, suggesting low right 
atrial wall stress. The flow dynamics by Doppler evaluation 
demonstrate presystolic pulsatility in the inferior vena cava.

After atriopulmonary connection, late failures are com-
mon, [144], even in patients with ideal preoperative condition 
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according to the original Choussat’s criteria (see Table 39.6) 
[150]. Experience has demonstrated that these criteria 
should be regarded as only a guide, because the absence of 
one or more of these factors should not be considered an 
absolute contraindication to surgery. It is no longer standard 
to use these criteria to determine candidacy for Fontan com-
pletion. Some patients with significant high-risk factors may 
still benefit from staged palliation even if considered as a 
bridge to cardiac transplantation.

Postoperative follow-up
As long-term follow-up data become available, more 
 complications and side effects are identified associated with 
the procedure and specific techniques that have become 
outdated. The late results of all these procedures indicate 
that having a total right heart bypass operation has major 
long-term adverse consequences secondary to chronic 
venous hypertension. Limited follow-up data are available 
for patients with the more recent modifications. The mid-
term results after extracardiac conduit are favorable, particu-
larly regarding the incidence of atrial arrhythmias [152].

Exercise capacity
Patients with total right-sided heart bypass have mildly dimin-
ished functional capacity [124] to ∼79% of estimated capacity 
as determined by ergometry. They have mild desaturation and 
subnormal chronotropic response [151–165]. Cardiac output 
does not increase normally [151–163], in part from both 
reduced pulmonary blood flow and impaired chronotropic 
and contractile responses to exercise [164]. Minute ventila-
tion and the ventilatory equivalent for  oxygen and carbon 
dioxide remain above normal [165]. In addition, arrhythmias 
are more frequent with exercise than at rest [161].

Lung perfusion scan
After total cavopulmonary anastomosis, preferential blood 
flow distribution to the lung ipsilateral to the cavopulmonary 
connection is commonly observed [107,108,166]. Certain 
technical modifications allow a more homogeneous distribu-

tion of blood flow that may have an effect on pulmonary 
arterial growth. Results can be difficult to interpret, however, 
as they vary according to the site of injection and streaming 
patterns, with the exception of the atriopulmonary anasto-
mosis where there is a chamber of complete mixing.

Doppler flow dynamics
Hemodynamic failure after total right-sided heart bypass can 
be detected by Doppler echocardiographic analysis of flow 
dynamics (Table 39.7) [108].

Complications following total 
right heart bypass

Among the causes or manifestations of failure following a 
total right-sided heart bypass procedure are the following.

Increased transpulmonary pressure gradient
The flow dynamics after a total right-sided heart bypass depend 
on the pressure gradient between the right atrium and the left 
atrium, the transpulmonary gradient. This  gradient should ide-
ally not exceed 6 mmHg. Failure after a total right-sided heart 

Table 39.6 Choussat’s criteriaa.

Age 4–15 years

Sinus rhythm

Normal drainage of caval veins

Normal volume of right atrium

Mean PA pressure ≤15 mmHg

Pulmonary resistance <4 U m−2

Ratio PA/Ao ≥0.75

Normal ventricular function

No impairing effect of shunt

a PA, pulmonary artery; Ao, aorta. (a)

(c)

(b)

(d)

Figure 39.32 (a–d) Surgical technique for the central cavoatriopulmonary 

anastomosis with autologous material. (Reproduced with permission from 

Kreutzer et al. J Card Surg 1997;12:37–40.)
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bypass may be secondary to a rise in the transpulmonary gradi-
ent with time. Various factors may contribute to this increase, 
such as deficient pulmonary  arterial growth (Nakata index 
becoming smaller with time) [167,168] or chronic pulmonary 
micro- or macro-thromboembolism [169,170]. In these 
patients, oral anticoagulants should be routinely prescribed.

Giant right atrium
Another long-term complication after total right-sided heart 
bypass of the atriopulmonary anastomosis variety is the 
development of a giant right atrium. Commonly atrial 
arrhythmias and thromboembolic complications are associ-
ated, and the right pulmonary veins may be compressed by 
the posterior right atrial wall (Figure 39.20), which further 
increases the transpulmonary gradient. Patients benefit from 
conversion to a lateral tunnel connection [171,172] to 
increase their functional capacity and release compression of 
the right  pulmonary veins.

Right-to-left shunts
In some patients, failure after a total right-sided heart bypass 
is characterized by cyanosis. Right-to-left shunting can result 
from a baffle leak, fenestration, and/or decompressing 
venous collaterals to pulmonary veins or to cardiac veins. 
Small interatrial communications can develop and cause cya-
nosis in the long-term follow-up, particularly in those with 
atriopulmonary connections [173]. To date, there have been 
no reports of pulmonary arteriovenous fistulas in patients 
with atriopulmonary connections or total cavopulmonary 
shunts with homogeneous distribution of hepatic venous 
blood flow to both lungs.

Thromboembolism
Patients with single ventricle variants following the Fontan 
procedure are at an increased risk for thrombosis, with sig-
nificant morbidity and mortality. Those with atriopulmonary 
anastomosis can develop atrial flutter and chronic throm-
boembolism [169,170]. The incidence of thromboembolic 
complications (3.9%) seems to be independent of the type of 
connection for total right-sided heart bypass [169]. Systemic 
embolism can also follow a total right-sided heart bypass, 
particularly in those with a source of right-to-left shunting 
(fenestration).

There are anatomic predisposing factors, such as areas of 
blood flow stasis including in the central pulmonary arteries 
in patients with prior bilateral Glenn procedure [174], the 
main pulmonary artery surgical stump [175], a giant right 
atrium after atriopulmonary anastomosis, a prior Kawashima 
connection type, thrombogenic foreign material, arrhyth-
mias, ventricular dysfunction, prolonged immobilization, 
and protein-losing enteropathy [176].

The prevalence of thrombosis following the Fontan proce-
dure has ranged from 17 to 33% using transesophageal 
echocardiography [177–179]. Retrospective reviews report 
>15% risk for thrombosis and 1–7% risk for thrombosis-re-
lated events [176].

Patients with single ventricle variants may have intrinsic 
and acquired alterations in thrombophilic factors, which can 
predispose them to both bleeding and thrombosis [180–182]. 
Although these findings may explain the incidence of such 
complications, they have not altered practice guidelines, as 
typically extensive coagulation laboratory workups are not 
routinely performed prior to surgical staging.

Table 39.7 Flow dynamics by transthoracic two-dimensional echo Doppler in atriopulmonary anastomosisa.

Flow  “Normal” function  Dysfunctional

Inferior vena cava Anterograde biphasic S/D Anterograde in inspiration

<0.5 m s−1 Retrograde in expiration

↑ Inspiration

Pulmonary artery Anterograde biphasic S/D with PS exacerbation Anterograde in inspiration

0.5 m s−1 <0.5 m s−1

↑ Inspiration Retrograde in expiration

Pulmonary veins Anterograde biphasic D > S Anterograde diastolic

<0.6 m s−1 >1 m s−1

↑ Inspiration ↑ Inspiration

Mitral valve E > A <0.6 m s−1 Restrictive E ≥1 m s−1

↑ Inspiration ↑ Inspiration

     Gradient VP – MV

aA, late diastolic filling; D, diastolic; E, early diastolic filling; MV, mitral valve; PS, presystolic; S, systolic; VP, 

pulmonary veins.
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Controversy continues about thrombosis prophylaxis in 
patients with single ventricle variants. Limited numbers of 
publications have addressed this issue. A retrospective obser-
vational study by Seipelt et al. [183] showed that patients 
taking either aspirin or warfarin had lower event rates than 
those without antithrombotic therapy. A study demonstrated 
that when using solely postoperative aspirin as antithrom-
botic agent, no thrombotic events occurred at mid-range 
follow-up (mean follow-up 40 months) [184]. Other studies 
have suggested that there may be no benefit to thrombo-
prophylaxis [185,186].

In general, antiplatelet therapy with aspirin (3–5 mg kg−1 
per day) has been recommended after Stage I palliation and 
also following bidirectional Glenn procedure. Many con-
tinue the use of antiplatelet therapy for long-term anticoag-
ulation after Fontan procedure, although some advocate 
oral warfarin. Some elect a stronger anticoagulation regimen 
for 3–12 months after Fontan procedure and then continue 
with antiplatelet therapy alone. Which approach is the best 
management option with regard to risk–benefit is unknown. 
The ACC/AHA 2008 Guidelines for the management of 
adults with congenital heart disease [187] recommend the 
use of warfarin as a Class I recommendation (level of evi-
dence C) for adult patients who after Fontan procedure have 
documented atrial shunt (all those fenestrated), atrial throm-
bus, atrial arrhythmias, or a thromboembolic event.

Arrhythmias
About 37% of patients with total cavopulmonary anastomo-
sis have sinus node dysfunction [188,189]. This may occur 
from direct damage to the sinus node artery or to the node 
itself. Sinus node dysfunction can also occur after atriopul-
monary connection (12%) and is particularly frequent after 
bidirectional Glenn or hemi-Fontan procedures [189].

Arrhythmias may occur in the early postoperative period, 
particularly in patients with high-risk factors and poor post-
operative hemodynamics. Among these, atrial arrhythmias, 
junctional ectopic tachycardia, and even ventricular arrhyth-
mias may develop [190]. Junctional ectopic tachycardia 
can occur in the immediate postoperative period after total 
 right-sided heart bypass [191], particularly in patients 
younger than 3 years, and has a poor prognosis.

Supraventricular tachycardia seems to be less frequent in 
patients with total cavopulmonary connection than in those 
with atriopulmonary connection, although the follow-up 
periods are not comparable [191].

Protein-losing enteropathy
This serious complication of chronic venous hypertension 
occurs in >11% of the patients [148]. They present with 
hypoproteinemia, hypoalbuminemia, chronic edema, pleu-
ral effusions, ascites, pericardial effusions, and increase of 
fecal α

1
-antitrypsin. Clearance of α

1
-antitrypsin is currently 

the best method of evaluating protein-losing enteropathy. 

Various management options have been considered for such 
patients, including steroid treatment, low molecular weight 
heparin, selective pulmonary vasodilator therapy, fenestra-
tion creation, heart transplantation, and Fontan takedown.

Plastic bronchitis
Another rare manifestation of failure after a total right-sided 
heart bypass has been chyloptysis and expectoration of bron-
chial casts, a rare, life-threatening complication of uncertain 
physiopathology [192,193]. However, procedures which 
decrease venous pressures may result in its resolution. 
In addition, cardiac transplantation is also generally thera-
peutic. The presentation is variable, typically during late follow-
up, but may happen early. Manifestations include a chronic 
productive cough, which progresses to severe  life-threatening 
airway obstruction. Patients cough bronchial casts that are 
acellular, made of mucin, fibers, and few mononuclear cells.

Liver disease
As more patients survive for many years after a single 
 ventricle repair, the effects of long-term passive congestion 
of the liver are being reported. Apart from frequent distur-
bances of liver enzymes and clotting factors produced by the 
liver, established cardiac cirrhosis has been observed in 
10–30% of patients, and hepatic adenoma and carcinoma 
have been reported [194–199]. There is some concern that 
these complications may develop more often with time, and 
evaluating the liver may need to be done more frequently.

General complications and management
Clinical failure after a total right-sided heart bypass is  managed 
according to the specific hemodynamic abnormality or mani-
festation of failure. Anticongestive medications, afterload-re-
ducing agents, and oral anticoagulants are widely used. 
Cardiac catheterization and potential transcatheter interven-
tions should always be performed. Invasive evaluation of 
arrhythmias with possible ablation, in addition to medical 
management, may be beneficial [200]. Some patients improve 
after conversion from one form of total bypass to another 
with more favorable hemodynamics [172,201]. Other patients 
can only be either reverted to a partial right-sided heart bypass 
or referred for cardiac transplantation.
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40 Pulmonary Atresia with Intact 
Ventricular Septum

Henry Chubb & Piers E. F. Daubeney
Royal Brompton Hospital, London, UK

Epidemiology and genetics

Pulmonary atresia with intact ventricular septum (PAIVS) is 
a relatively rare cardiac anomaly, accounting for ∼3% of 
congenital heart disease, with an incidence of 7–8 per 100 
000 live births. In the current era of fetal diagnosis (and in 
some countries the parental option for termination), the 
incidence has fallen to ∼4.5 per 100 000 live births in 
the United Kingdom and Sweden [1–4]. There is no signifi-
cant geographical variation and both sexes are equally 
affected. Several familial clusters of PAIVS have been noted 
[5–7], but most instances are sporadic with no genetic cause 
identified.

Pathogenesis

The pathogenesis of PAIVS is controversial [8]; develop-
mentally, the disease is restricted to the right ventricle (RV), 
tricuspid valve (TV), and pulmonary valve (PV). Often 
critical pulmonary stenosis has progressed to pulmonary 
atresia in utero [2,9,10], but the etiology of the initial stenosis 
and subsequent atresia is incompletely understood.

More than one primary pathology may ultimately present 
with PAIVS [8]. There are those with a severely regurgitant TV, 
in whom the RV becomes severely dilated. Early in development 
the PV is patent, but acquired functional atresia develops 
because of reduced forward flow through the RV outflow tract 
from poor RV function and severe TR. The functional atresia 
progresses to anatomic atresia of the PV [11].

The remaining forms that present with a hypoplastic RV 
may be caused by two different pathologies. Histologic findings 
suggest that patients with large RV to coronary artery 

connections (RVCACs – see below) have a different 
intraventricular pathology compared with those without 
RVCACs. The latter are more likely to have significant 
endocardial fibroelastosis (EFE) [12,13]. The implication is that 
RVCACs may steal forward flow from the RV, thus reducing 
the anterograde flow across the PV, so that the RVCACs are 
thought to be part of the cause rather than the effect: there are 
reports of RVCACs forming even with severe TR [14]. In those 
without RVCACs, the EFE appears to be related to persistently 
high intraventricular pressure, and the atresia of the pulmonary 
valve appears to be the primary event.

Morphology

By definition, there is anatomic atresia of the pulmonary 
valve and an intact ventricular septum, although patients 
with a coexisting small restrictive muscular ventricular septal 
defect present in a very similar manner. The atrial situs is 
normal or solitus, with concordant atrioventricular and 
ventriculoarterial connections and a left-sided aortic arch in 
almost all patients [1,15,16], although PAIVS has been 
associated with congenitally corrected transposition of the 
great vessels [17–19].

In the majority of patients, the cardiac morphology can 
be classified within a spectrum as outlined in Table 40.1; the 
minority with a dilated right ventricle form a separate 
group.

Pulmonary valve

In 75% of patients, the atresia of the PV is membranous [1] 
(Figure 40.1). In the remaining 25% of patients. the atresia is 
muscular, with implications for catheter-based interventions. 
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Table 40.1 Spectrum of cardiac morphology in patients with 

pulmonary atresia and intact ventricular septum.

  
Dilated RV

 
Mild RV 
hypoplasia  

Moderate RV 
hypoplasia  

Severe RV 
hypoplasia

RV 

morphology

Huge and 

thin-walled

Tripartite “Bipartite” “Unipartite”

Timing of 

closure of 

PV in utero

Any Late ⇒ Early

Tricuspid 

valve

Large (z > 0) Normal/small 

(z = 0 to −2)

Very small 

(z = −2 to −5)

Tiny (z < −5)

Angle of 

arterial duct

Obtuse/

acute

Obtuse Obtuse/acute Acute

RVCACsa  Not present  Not present/

mild

 Mild/major  Major/

RVDCCa

aRVCAC, right ventricle to coronary artery connection; RVDCC, right 

ventricular-dependent coronary circulation.

Figure 40.1 Morphology of imperforate (asterisk) pulmonary valve with 

well-formed, but completely fused, commissures. (Reproduced with 

permission from Freedom RM, Mawson JB, Yoo SJ, Benson LN. Congenital 

Heart Disease: Textbook of Angiocardiography. Armonk, NY: Futura 

Publishing, 1997.)

In those with muscular atresia, the RV is usually small, with 
fibrous valve tissue above the level of the muscular obstruction. 
One patient was reported with an atretic RV infundibulum 
and a patent PV situated above it [20].

For those with membranous PV atresia, the PV morphology 
is of two distinct types. With a lower pressure RV (as with 
severe TR), prominent commissural ridges meet at the center 
of the thickened valve. In contrast, those with a higher 
pressure RV have less prominent commissural ridges and a 
smooth, thin, central portion of the valve [9,15]. The valve 
is usually tricuspid, although bicuspid variations have been 
described [21].

Tricuspid valve

The tricuspid valve (TV) is always abnormal [22]. The leaflets 
are often thickened, with short chordae tendineae and small 
papillary muscles, tethering the leaflets and reducing 
mobility. The TV annulus is usually small, and the largest 
population-based study of 182 patients found a mean 
tricuspid valve z-score of −5.2 (interquartile range −8.4 
to −2.6) [1]. The z-scores calculated for the same valve vary 
depending on the z-score algorithm used and whether the 
normal data were derived from echocardiograms or 
postmortem specimens (Figure 40.2) [23–26]. Not all studies 
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Figure 40.2 The z-score for the tricuspid valve (TV) annulus calculated 

from the most commonly used z-score algorithms in the literature [23–26]. 

The z-score is calculated for a neonate of typical body surface area (BSA) 

of 0.21 m2. Note that the Rowlatt study [26], although widely used, is 

based on a postmortem series. The reason why Daubeney et al.’s data [23] 

have a steeper curve is the smaller spread of their normal data and hence 

smaller standard deviation.
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report the algorithm used to calculate z-scores, so comparisons 
between studies should be interpreted with caution.

Patients with a significantly regurgitant TV have a poor 
prognosis. An Ebstein-type malformation of the tricuspid 
valve has been reported in 10% [1,27] to 37% [28] of 
patients, and an unguarded tricuspid orifice may occur 
[28–30]. The severe regurgitation can produce the so-called 
“wall-to-wall” heart [11] (Figure 40.3), with a near total 
absence of the myocardium and a paper-thin ventricular 
wall resembling Uhl’s anomaly [31]. In this form of PAIVS, 
the pulmonary arteries are frequently hypoplastic [1].

Right ventricle

The RV morphology ranges from a severely hypoplastic and 
hypertrophied ventricle to a huge dilated thin-walled cavity. 
The RV has been described as tripartite (containing inlet, out-
let, and apical components), bipartite (containing inlet and 
outlet components), or unipartite (inlet component only) 
(Figure 40.4). In reality, however, the three components are 
always present, but may not be identified because of intracav-
ity muscle overgrowth. The occurrence of each type at birth is 
tripartite(59%), bipartite(34%), and unipartite(7%) [1].

The myocardium is generally abnormal. There is 
myocardial disarray with fibrosis and reduced numbers of 
myocytes, especially with the smaller RVs [32,33]. The 
moderator band and papillary muscles are often poorly 

defined, and in ∼25% there is significant endocardial 
fibroelastosis (EFE). EFE is rarely significant if there are 
RVCACs, but they may coexist [12,34]. Ventricular function 
may be further compromised by frank ischemia, infarction, 
and myocardial rupture, due to the abnormal coronary 
circulation in some (see below), and changes may involve 
left ventricular myocardium of the left ventricle by the 
time of birth [35].

Pulmonary arteries

The pulmonary arteries are usually normal in size and 
confluent. They are hypoplastic in about 9% of patients, 
particularly with significant RV dilatation. Rarely, the arteries 
are not confluent and supplied by separate ducts [36], or 
there may be aortopulmonary collaterals [1].

Arterial duct

When the RV is well formed, the arterial duct is usually 
normal and creates an obtuse angle at its junction with the 
distal aorta [1]. The more hypoplastic the RV, the more likely 
the duct is to be longer, more tortuous, and to join the aorta 
proximally and at an acute angle [1,2,9,37,38] (Figure 40.5). 
The earlier closure of the pulmonary valve in fetal life 
correlates with a more acute angle of ductal insertion into 
the aorta [9].

Coronary arteries

Abnormalities of the coronary circulation in PAIVS vary and 
can confuse the clinician. They are the most important 
determinants of long-term outcome [39]. The changes in the 
coronary circulation of a hypertensive right ventricle 
represent a continuum, ranging from clinically unimportant 
myocardial sinusoids, through right ventricular coronary 
connections (RVCACs), to a right ventricular-dependent 
coronary circulation (RVDCC) [27]. Some have attempted to 
grade these connections (Table 40.2).

Nomenclature varies, with the term “RV coronary artery 
connections” (RVCACs) used synonymously with “coronary 
artery fistulas” and even “myocardial sinusoids.” The first 
two terms are generally held to be equivalent, but we concur 
with Freedom et al. that the use of the term “sinusoids” to 
describe these connections is incorrect [12]. Gittenberger-de 
Groot and co-workers have drawn a distinction between 
effectively blind-ending “myocardial sinusoids” that may 
connect to the myocardial capillary bed and “ventricular–
coronary connections” that are direct communications with 
the coronary arteries (Figure 40.6a and b) [34,42,43]. Only 

Figure 40.3 Chest radiograph from a patient with pulmonary atresia and 

intact ventricular septum with severe tricuspid regurgitation.



575

Figure 40.5 Ductal angle in pulmonary atresia with intact ventricular septum. (a) Echocardiogram showing normal obtuse angle of duct to descending 

aorta (>90°) in a patient with a tripartite RV and membranous pulmonary atresia. (b) abnormal acute angle duct (<90°) in a patient with “unipartite” RV 

and muscular pulmonary atresia. Ao, aorta; DAO, descending aorta; LA, left atrium. (Reproduced from Daubeney et al. J Am Coll Cardiol 2002;39:1670–9, 

with permission from the Journal of the American College of Cardiology.)

Figure 40.4 Spectrum of pathology in pulmonary atresia with intact ventricular septum. Right ventricular (RV) angiograms showing (a) dilated thin-walled 

RV and right atrium (RA) with severe tricuspid regurgitation and membranous pulmonary atresia (anteroposterior view); (b) so-called tripartite RV with 

membranous atresia (lateral view); (c) so-called bipartite RV with membranous atresia, with some RV-to-coronary fistulas (lateral view); (d) tiny so-called 

unipartite RV with muscular atresia and RV-to-coronary fistulas with retrograde filling of the aorta (lateral view). (Reproduced from Daubeney et al. J Am 

Coll Cardiol 2002;39:1670–9, with permission from the Journal of the American College of Cardiology.)
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in the latter would histologic abnormalities of the coronary 
system be expected to occur [12,34,44].

Typically, the RVCACs connect to branches of either the 
right coronary artery (RCA) or the left anterior descending 
artery (LAD). Reversed turbulent flow from the hypertensive 
RV disturbs the formation of the normal coronary vasculature. 
These effects range from mild intimal and medial thickening, 
with a normal-sized lumen, to complete loss of the normal 
arterial wall morphology, with replacement by fibrocellular 
tissue that causes severe stenosis or obliteration of the 
arterial lumen [12,34] (Figure 40.7). Macroscopically, 
stenoses and even interruption of the epicardial coronary 
arteries may develop, and occasionally the RVCACs become 
dilated and ectatic [1] (Figure 40.8). The affected coronary 
arteries are usually the proximal LAD and distal RCA 
[1,27,40] adjacent to the RV. Rarely, the circumflex artery is 
involved [1,14].

Right ventricular-dependent coronary 
circulation (RVDCC)
The most severe disruption of the native coronary arteries 
can cause an RVDCC. This occurs when the coronary 
artery blood supply depends upon maintaining systemic 
or suprasystemic RV pressures. An RVDCC is present 
when there is:

coronary ostial atresia •
interruption of a single major coronary artery •
significant stenosis of a single major coronary artery •
markedly ectatic coronary artery connections sufficient to  •

cause severe coronary steal if the RV were decompressed 
[1,12,45].

Table 40.2 Grading of connections.

Grade
 

RVCACa

 

RVDCCa

 

Frequency 
(range) (%)b

0 Nil No 46 (25–55)

1 Small and insignificant No 18 (8–21)

2 Significant, filling the 

aortic root from RV 

injection

Possible 20 (18–23)

3 Associated with one 

interruption in a major 

coronary artery

Yes 10 (4–20)

4 Associated with 

interruptions in two 

major coronary arteries

Yes 5 (2–15)

aRVCAC, right ventricle to coronary artery connections; RVDCC, right 

ventricular-dependent coronary circulation.
bFrequency was calculated from review of a total of 511 patients, 

although exact definitions vary between observers [1,27,40,41].

Figure 40.6 (a) The angiocardiographic appearance of spongy myocardium 

with extensive myocardial sinusoids (arrows) is demonstrated by this lateral 

right ventriculogram. (b) Ventriculocoronary connections between a diminutive 

right ventricle and both coronary arteries. Frontal right ventriculogram 

demonstrates opacification of both right and left coronary arteries. The curved 

black arrow notes the ventriculocoronary connection. The right coronary artery 

(black arrows) is also opacified and shows minimal luminal irregularities. The 

left anterior descending coronary artery shows multiple levels of stenosis 

(white arrows). AO, aorta; RV, right ventricle. (Reproduced with permission 

from Freedom et al. Congenital Heart Disease: Textbook of Angiocardiog-

raphy. Armonk, NY: Futura Publishing, 1997, pp. 617–62.)

Some have more stringent criteria for defining RVDCC, 
requiring the involvement of two coronary arteries [40,46], 
but this seems excessive. Ultimately, the absence of an 
RVDCC in the presence of RVCACs can only be confirmed if 
decompression of the RV is tolerated by the coronary 
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Figure 40.7 Cross-section of the anterior descending coronary artery 

demonstrates virtual luminal occlusion by myointimal hyperplasia in this 

neonate with, in retrospect, a right ventricular-dependent coronary 

circulation. (Reproduced with permission from Freedom et al. Congenital 

Heart Disease: Textbook of Angiocardiography. Armonk, NY: Futura 

Publishing, 1997, pp. 617–62.)

Figure 40.8 Various types of right ventricular-dependent coronary 

circulations in pulmonary atresia and intact ventricular septum. (a) Absent 

connections between coronary arteries and aorta; (b) multiple connections 

with proximal right coronary artery narrowing and left anterior descending 

interruption; (c) severe ectasia of both right and left coronary arteries with 

ventriculocoronary connections; (d) multiple ventriculocoronary connections 

with origin of left coronary artery from pulmonary artery. (Reproduced with 

permission from Freedom et al. Congenital Heart Disease: Textbook of 

Angiocardiography. Armonk, NY: Futura Publishing, 1997, pp. 617–62.)

been established, the implications for the management are 
profound.

Left-sided structures

Although PAIVS is considered a pathologic condition of the 
right heart, it has important implications for left-sided heart 
development as a consequence of the disruption of the 
myocardium of the left ventricle and its coronary blood 
supply [35]. Additionally, the hypertensive RV may create a 
convex distortion of the LV septum, forming a subaortic 
bulge (Figure 40.9a–c). There is a relatively high proportion 
of coexisting LV and outflow tract abnormalities (8% in one 
population study [1]), aortic stenosis [48,49], and coarctation 
of the aorta [50,51].

Conduction system

The cardiac conduction system is generally normal [52], 
although Wolff–Parkinson–White syndrome has been 
reported [29,53].

Rare associated anomalies

Associated anomalies are rare and a large retrospective 
postmortem review found no significant associated 
extracardiac anomalies [54]. PAIVS has been associated with 
trisomy 21 [2], trisomy 18 [41,55], and 22q11 deletion [56].

Clinical presentation

Fetal diagnosis
PAIVS is increasingly being diagnosed in fetuses. The 
diagnosis is suspected from asymmetry on a four-chamber 
view, and features of critical pulmonary obstruction can be 
seen as early as 12 weeks’ gestation [36]. Since an association 
with chromosomal or extracardiac abnormalities is rare, 
decisions regarding continuation of pregnancy are generally 
based on the malformation’s severity. Gardiner et al. [10] 
formed a set of parameters that predict a final biventricular 
circulation with a sensitivity of 92% and a specificity of 
100%, and other groups have reported similar results [57,58] 
(see Chapter 16). RVCACs can be detected in utero in some 
patients [10,44,59]. In the United Kingdom, the termination 
rate for antenatally diagnosed PAIVS was ∼60% in the early 
1990s [2].

When the pregnancy is continued, in a few centers in utero 
pulmonary valvoplasty is considered in selected patients 
(discussed later). At birth, appropriate plans can be put in 

circulation, and the intra-procedure ECG is a sensitive 
barometer of this measure [47].

The proportion of patients with an RVDCC varies between 
7.6% [1] and 23% [8,12]. Once a diagnosis of RVDCC has 
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Figure 40.9 (a) Echocardiographic apical four-chamber view. A subaortic bulge is seen in this patient with a bipartite RV. (b) Convex septal bulge in a 

patient with a small and hypertensive RV. This septal bulge produces the substrate for LV outflow tract obstruction after volume-reducing surgery such as 

bidirectional cavopulmonary connection or a Fontan-type procedure. (c) Left long axial oblique left ventriculogram demonstrates the convex septal bulge 

(arrows) promoting dynamic left ventricular outflow tract obstruction. AO, aorta; LV, left ventricle; MV, mitral valve. (Parts (b) and (c) reproduced with 

permission from Freedom et al. Congenital Heart Disease: Textbook of Angiocardiography. Armonk, NY: Futura Publishing, 1997, pp. 617–62.)

place for a neonate with a duct-dependent lesion; the degree 
of hypoxia prior to intervention is generally much reduced 
in patients with an antenatal diagnosis, but so far there is no 
proven survival benefit [2,60].

History and examination
The initial presentation of an undiagnosed neonate with 
PAIVS is typically with cyanosis when the duct begins to 
close soon after birth, usually within the first 48 h. On 
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examination, the first heart sound is normal, the second 
heart sound single and soft, and there is no ejection click. 
A ductal murmur may be audible at the left upper sternal 
edge, or a soft blowing pansystolic murmur at the left 
lower sternal edge from tricuspid regurgitation. The 
peripheral pulses are generally good, unless the atrial 
 septal defect is severely restrictive, with normal four-limb 
blood pressures and saturations low but equal in all 
extremities.

The presentation in neonates with severe tricuspid 
regurgitation is considerably different. The left side of the 
chest may be bulging, with a rocking precordium and systolic 
thrill, accompanying the loud pansystolic murmur. Heart 
failure is often conspicuous, with significant hepatomegaly. 
Respiratory distress or ventilatory difficulties may result 
from hypoplastic lungs.

Electrocardiogram and chest X-ray
The EKG in most neonates with PAIVS reflects the small 
right ventricle. The rhythm is generally normal sinus. The 
P waves are tall and peaked, reflecting right atrial 
hypertrophy. The mean frontal QRS axis is less rightward 
than in most neonates, between +30° and +90°. In the 
chest leads, there is a more adult-type pattern with an rS 
waveform in the right precordial leads (V4R and V1) and a 
pure R wave in the left precordial leads (V5 and V6). There 
may be markers of left ventricular hypertrophy, but EKG 
evidence of right ventricular hypertrophy is rare despite 
the RV muscle bulk. Occasionally, ST-T changes reflect 
myocardial ischemia.

The chest X-ray shows a relatively normal cardiothoracic 
ratio, except in those with a “wall-to-wall” heart. The right 
atrial border is prominent. The pulmonary vascular markings 
are diminished. The aortic arch is generally left sided.

Echocardiography
Echocardiography remains the most important imaging 
modality in the diagnosis of PAIVS. In such a heterogeneous 
condition, all morphologic features of the heart must be 
systematically evaluated to optimize management [61].

Atrial septal defect
The ASD is usually unrestrictive in a term neonate. The size 
and flow across the ASD should be defined. The right atrium 
is generally enlarged.

Tricuspid valve
The size of the tricuspid valve annulus should be measured 
from the four-chamber view in early diastole to allow 
comparison with published z-scores [23–25]. The 
anteroposterior diameter can be evaluated on a modified 
long-axis parasternal view, but it should not be used as a 
measurement for z-score calculation. The tricuspid valve is 
frequently dysplastic and small. With severe right ventricular 

hypertrophy it may be difficult to evaluate the subvalvar 
apparatus. A short-axis sweep, from either a parasternal or 
subcostal view, should define the valve’s morphology, 
particularly of the septal leaflet.

Right ventricle
The RV often looks smaller on echocardiography than its 
true size, as the intertrabecular spaces appear obliterated. 
Surrogate markers of RV size, such as TV annulus, are often 
used and have been well validated [62–64]. Some advocate 
RV length as a more accurate marker of RV size [61], 
although it may be difficult to define because of thick apical 
trabeculations. From a four-chamber and a modified 
oblique subcostal view, the inlet, apical, and infundibular 
portion of the RV can be assessed. This allows classification 
of the RV as “unipartite,” “bipartite,” or “tripartite.” The RV 
systolic pressure is usually suprasystemic, and can be 
estimated from the velocity of the TR jet. There may 
occasionally be a small, insignificant muscular VSD, which 
is unmasked after RV decompression.

Pulmonary valve and branch pulmonary arteries
The size and morphology of the PV are generally evaluated 
from the short-axis parasternal view, and measurements for 
calculation of z-scores should be made from that position. It 
may be difficult to differentiate critical pulmonary stenosis 
from pulmonary atresia. The only clue about valve patency 
may be a few pixels of regurgitation on color flow evaluation. 
In patients with severe TR and poor RV function, particularly 
those with a “wall-to-wall” heart, differentiation of anatomic 
atresia from functional atresia of the PV may be difficult. 
Again, regurgitation is the most sensitive measure of patency 
of the PV.

The main pulmonary artery and branch pulmonary arter-
ies are generally confluent and of good size. Rare anomalies 
should be excluded.

Coronary arteries
Significant RVCACs may be found on color Doppler 
evaluation. The Nyquist limit should be set low, ∼40–60 cm s−1 
[65], and at high sensitivity. Transmural color Doppler flow 
may be seen from RV cavity to coronary arteries during 
systole with reversed flow in diastole. The flow within 
RVCACs may be confused with flow within the deep 
trabeculations of the RV, but can be differentiated as the 
flow in the trabeculations should be towards the RV 
chamber in systole. The most useful view is a subcostal 
long-axis view, but four-chamber and short-axis parasternal 
views may also be helpful.

The origins of the coronary arteries at the aortic root 
should also be evaluated. z-Score algorithms are widely 
available for measurements of coronary arteries at signifi-
cant positions, and an increased z-score (> +2) should arouse 
suspicion of RVCACs if not already identified (Figure 40.10). 
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Color and pulsed-wave Doppler evaluation of the coronary 
flow close to the coronary orifice should also be employed. 
Retrograde systolic or bidirectional flow suggests significant 
RVCACs [66,67].

Stenoses of the native epicardial coronary arteries are 
more difficult to identify, unless they occur in a region of the 
coronary artery that is well visualized. Occasionally, atresia 
of the coronary orifice may occur [68,69], and if a coronary 
orifice cannot be identified on transthoracic echocardiography 
this should be evaluated with another imaging modality.

Left heart structures
LV wall motion abnormalities should lead to a search for 
RVCACs, if not already identified [65]. The LV length and 
MV annulus should be measured to compare with the size of 
right heart structures, Aortic stenosis and coarctation should 
be excluded.

Diagnostic cardiac catheterization

The role of diagnostic catheterization in PAIVS has evolved. 
Catheter pulmonary valvotomy is now established as a com-
mon management technique for those with favorable anat-
omy and angiography is routinely performed during the 
procedure [70].

For those patients not undergoing catheter intervention, 
selective angiography remains the way to define the coro-
nary anatomy. At some centers, all patients with PAIVS 
undergo cardiac catheterization [14,27]. Finding RVCACs 
alone does not contraindicate RV decompression of the right 
ventricle. Therefore, at other centers, diagnostic cardiac 

catheterization is reserved for those most likely to have an 
RVDCC. This includes patients with the smallest right ventri-
cles; for those determined suitable for only a univentricular 
repair, it may be appropriate to perform the angiography 
later in these patients, before a bidirectional cavopulmonary 
anastomosis [36].

Angiography should include a RV angiogram, to define 
the form and function of the RV and the presence of 
RVCACs. Aortic root angiography should be performed in 
the same planes to establish the relationship of the RVCACs 
and the native epicardial coronary anatomy [71,72]. 
Angiograms require extensive experience in reviewing 
normal coronary anatomy and should be interpreted by 
the most experience operator available [27]. If a large 
RVCAC is identified but there is no retrograde flow into 
the aorta, dense opacification of the aortic root is required 
to rule out an interruption of the coronary artery 
[71–73].

Hemodynamic evaluation usually shows a right atrial 
pressure slightly higher than the left, and suprasystemic RV 
pressure.

Other imaging modalities

Computed tomography (CT) and magnetic resonance imag-
ing (MRI) techniques have not been established in the rou-
tine evaluation of a neonate with PAIVS. Newer CT 
multidetector techniques, such as Flash spiral mode, can 
provide increasingly detailed coronary artery anatomy in 
neonates. They have not been validated, however, in the 
unusual anatomy that exists in PAIVS.

Figure 40.10 A large right coronary artery (solid 

arrows) arising from the aortic root should lead to 

a search for RVCACs. Left coronary artery shown 

by dotted arrows. (Courtesy Dr J. Simpson, Evelina 

Children’s Hospital, London.)
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MRI may play a future role in evaluating the hypoplastic 
RV, paralleling studies of the hypoplastic left heart. Currently, 
MRI is not used routinely to evaluate ventricular volumes 
and function of neonates.

Initial management

Fetal intervention
A fetal diagnosis of PAIVS is made in 30–70% of patients 
with PAIVS [60], depending upon the resources for fetal 
diagnosis. Fetal intervention is available in some centers, but 
the worldwide experience of in utero valvoplasty remains 
extremely small [74–77] (see Chapter 16). Limited evidence 
suggests that valvoplasty may improve RV growth in utero 
and the later chances of a biventricular outcome. Patients 
should be considered for the procedure only if they are at 
the severe end of the disease spectrum, likely to receive a 
univentricular repair without intervention and without 
significant RVCACs that would prevent RV decompression 
postnatally [10,74]. In 2006, the UK National Institute for 
Health and Clinical Excellence (NICE) issued guidelines on 
percutaneous fetal balloon valvoplasty [78], but noted that 
evidence is lacking for this procedure.

Treatment algorithms
At birth, the neonate has a duct-dependent pulmonary 
circulation. Therefore, the infant should be maintained on a 
prostaglandin E

1
 infusion to maintain duct patency. In patients 

with severe RV hypoplasia and the greatest likelihood of 
possessing an RVDCC, good right-sided filling pressures and a 
high RV pressure must be maintained. Once the RVDCC is 
compromised, it is difficult to resuscitate these patients as 
extracorporeal membrane oxygenation (ECMO) generally 
reduces RV pressure, and cardiopulmonary resuscitation is 
also less effective than in most other neonates [79].

Once stabilized and evaluated, the best treatment pathway 
is selected on an individual basis according to RV and 
coronary anatomy. The management protocol for neonates 
remains controversial. Centers that achieve a balance of 
biventricular and univentricular pathways for patients 
generally have the best survival outcomes [80].

With the exception of those patients with an RVDCC or 
a severely regurgitant TV, it is becoming more widely 
accepted that most patients with membranous atresia and 
a tripartite and possibly bipartite ventricle should undergo 
RV decompression. [64,81]. This entails establishing 
forward flow through the RV, even if hypoplastic. There 
are several factors to be considered. First, the RV growth 
potential and regression of RVCACs following decom-
pression are difficult to predict [1,62,81,82]. Second, LV 
function in a univentricular circulation is hampered by the 
adjacent hypertensive RV [83]. Third, in some patients, 
RVCACs progress postnatally to an RVDCC when the RV is 
not decompressed [1]. The risks of a more technically 
demanding procedure increase with the smallest RVs, and 
risk–benefit assessment must be individualized for each 
patient [84]. Table 40.3 illustrates the parameters suggested 
by various investigators to delineate the borderline heart 
anatomy.

Forward flow can be established by either catheter or 
surgical intervention. The RV of patients with borderline 
anatomy is often incapable of supplying the entire pulmonary 
circulation after creating forward flow. In these patients, the 
pulmonary blood flow can be augmented by one of three 
methods: continued prostaglandin E

1
 infusion, stenting the 

arterial duct, or creating a systemic to pulmonary shunt. In 
those patients with the smallest RV, the atrial septal defect is 
often enlarged in the initial procedure [64]. The patient then 
requires careful evaluation at each follow-up as biventricular, 
one-and-a half ventricle, and univentricular outcomes all 
remain possible.

Table 40.3 Parameters suggested by investigators to determine treatment pathwaya.

Parameterb  Biventricular route  Borderline  Univentricular route

TV z-score [64] >−2.5 −2.5 to −5 <−5

RV morphology [85] Tripartite Bipartite Unipartite

RVDI [86] >0.35 <0.35 <0.35 and muscular atresia

Presence of RV infundibulum [87] Yes Small and narrow No

RVCACs Nil/minor Minor/major RVDCC

Treatment at presentation  RF perforation or closed 

surgical valvotomy

 RF perforation or surgical valvotomy/

RVOT patch and consider PDA stent/BTS

 Palliative procedure – BTS ± BAS

aRVDI, RV development index {calculated as [RVEDV (%N) × TVD (%N) × RVOD (mm) × 10−5]/BSA (m2), where BSA, body surface area};%N, 

percentage of normal, RVEDV, RV end diastolic volume,  RVOD, RV outflow diameter, TVD, TV diameter, RVCAC, RV to coronary artery connections; 

RVDCC, RV-dependent coronary circulation; RVOT, RV outflow tract; BTS, Blalock–Taussig shunt; BAS, balloon atrial septostomy.
bNote TV z-score is highly dependent upon z-score algorithm, and some investigators do not report which algorithm has been used.
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Catheter intervention
Transcatheter laser-assisted balloon pulmonary valve 
dilatation in pulmonary valve atresia was first described in 
1991 [88]. Over the last two decades, significant progress has 
been made in terms of safety and technical limitations 
[89–96], and catheter pulmonary valvotomy now forms the 
mainstay of treatment for PAIVS in many centers for patients 
with favorable anatomy [8,36,97,98]. Results of the procedure 
are good, and may be better than in primary surgical 
intervention [97,99–103]. Comparison with surgical results is 
difficult, because patients selected for catheter valvotomy 
tend to have the most favorable anatomy [102].

Techniques for catheter perforation of the pulmonary 
valve include the use of mechanical force [104], laser energy, 
and radiofrequency energy (Figure 40.11a–e). The first two 
have been largely replaced by the last. The equipment 
required to produce radiofrequency energy is safer and 
more readily available than laser equipment, and is often 
already used in laboratories performing electrophysiologic 
procedures. Some use both arterial and venous access, with 
catheters “kissing” across the atretic pulmonary valve prior 
to perforation [70], whereas others use only venous access 
[105]. The greatest risk of the procedure is that the wire may 
burn through the pulmonary trunk, causing cardiac 
tamponade. Once the wire has been safely positioned across 
the atretic valve, a balloon is passed over the wire and the 
valve is dilated. Forward flow can be seen on subsequent RV 
angiography. The catheter technique is increasingly difficult 
with smaller patients and smaller RVs, and a hybrid procedure 
may be used in the highest risk patients. Direct access to the 
right ventricle is obtained via a small subxiphisternal incision 
and a transventricular sheath is placed to provide optimum 
position and stability for radiofrequency perforation of the 
valve [106,107].

At the end of the procedure, the arterial duct may be 
stented, if the pulmonary blood flow needs to be augmented 
for the first few months of life [90,108,109]. If such an 
approach is planned, the prostaglandin infusion should be 
stopped at the beginning of the catheter valvotomy to allow 
the duct to constrict and allow safe stent placement [70]. 
After opening the pulmonary valve, the RV becomes smaller, 
thus demonstrating the need for the stent [110]. The long-
term results of this approach are unknown.

Surgical intervention
Operative management as the initial procedure has 
progressively become reserved for patients with the most 
severe forms of PAIVS, particularly at centers with the facility 
to perform catheter valvotomy. In patients in whom RV 
decompression is not contraindicated, a closed pulmonary 
valvotomy is performed or the right ventricular outflow tract 
(RVOT) is enlarged with a patch [47,62,65,80,81,84,85,98]. 
A Blalock–Taussig or central shunt is then created to 
supplement pulmonary blood flow in all patients except 

those with the most favorable anatomy. In patients assumed 
to follow a univentricular pathway, a balloon atrial 
septostomy is performed before creating the shunt [16,36].

Those who advocate a more aggressive approach towards 
achieving a biventricular repair also ligate the RVCACs in 
the initial procedure [65,81]. In this technique, the RVCACs 
are identified from preoperative echocardiography and angi-
ography, and monitored in real time during the operation by 
both surface and transesophageal echocardiography. The 
RVCACs are trial occluded and the operators monitor for 
EKG and wall motion abnormalities. If the trial occlusion is 
well tolerated, the RVCAC is ligated. The aim is for patients 
with borderline RVDCC to progress to a biventricular circu-
lation. In addition, this surgical procedure allows for tighten-
ing the ASD and encouraging forward flow through the TV 
and an increase in RV volume. Alternatively, those patients 
with significant RVCACs but without an RVDCC may 
undergo thromboexclusion of the RV [39,111], to protect 
the LV from the effects of a suprasystemic RV. From that 
point onwards, a univentricular outcome is mandated.

For patients with a proven RVDCC, the options are more 
limited. The RV cannot be decompressed, and the initial pro-
cedure is to create a systemic to pulmonary shunt [40,47]. 
Thereafter, the treatment pathway is towards a Fontan circu-
lation, but thromboexclusion should not be performed [39].

The surgical treatment of those patients with severe tricus-
pid regurgitation is very different, and is similar to that for 
severe Ebstein’s malformation. Rarely it is possible to repair 
the tricuspid valve, aiming for a biventricular repair. However, 
in most patients a univentricular outcome is pursued, and 
frequently a Starnes procedure [112] is appropriate. In this 
procedure, the tricuspid valve is closed with autologous peri-
cardium and a 4 mm aortopulmonary shunt is placed.

Transplantation
The patients at the most severe end of the spectrum of 
RVDCC are those with aortocoronary atresia (Figure 40.12). 
This malformation is incompatible with life, with no 
survivors reported [47,68], except for one patient who had 
a direct collateral vessel from the descending thoracic aorta 
connecting with the coronary circulation [69]. These 
patients should be put forward for early transplantation if 
appropriate. Bridging the patients to transplant is difficult as 
they are not good candidates for ECMO: the right ventricle 
must remain filled and pressure loaded at all times. There is 
only a single report of a successful transplant performed for 
this pathology [113].

Late management and prognosis

The aim is to separate the pulmonary and systemic circulations, 
abolish cyanosis, and close systemic to pulmonary or pulmonary 
to systemic shunts. This may be achieved in a biventricular, 



Figure 40.11 Catheter-based therapy for pulmonary atresia and intact ventricular septum using radiofrequency-assisted perforation of the atretic pulmonary 

valve. (a) Cranially tilted frontal right ventriculogram shows atresia (arrow) of the pulmonary valve. (b) Lateral pulmonary angiogram shows an imperforate 

pulmonary valve. (c) The Judkins right coronary artery catheter is introduced anterograde from the femoral vein to the right ventricular (RV) outlet (three 

arrows). After an application of radiofrequency energy to the atretic valve, a wire has been advanced into the pulmonary artery (PA). The pulmonary valve 

sinus has been marked by a wire introduced retrograde through the ductus arteriosus (single arrow). (d) The wire is advanced from the RV, through the PDA, 

and into the descending aorta to allow a balloon (black arrow) to be introduced across the perforated pulmonary valve for valvotomy. (e) After valvotomy, 

right ventricle–pulmonary artery continuity is clearly established with less tricuspid regurgitation. PDA, patent ductus arteriosus; RA, right atrium. (Reproduced 

with permission from Freedom et al. Congenital Heart Disease: Textbook of Angiocardiography. Armonk, NY: Futura Publishing, 1997, pp. 617–62.)



Pediatric Cardiovascular Medicine

584

one-and-a-half ventricle or univentricular circulation. Where 
not possible, the circulation remains mixed [114].

Biventricular pathway
A single procedure is rarely sufficient, and further 
interventions are frequently required for eventual 
biventricular outcome [36,99,100].

Residual pulmonary stenosis: •  Balloon dilatation should be 
considered for a gradient greater than 50 mmHg or symptoms 
of dyspnea or presyncope.

Cyanosis: •  Residual cyanosis (saturations <90%) represents 
a residual atrial right-to-left shunt. Early postoperation 
(<3 months), it may be necessary to augment the pulmonary 
blood flow with a systemic to pulmonary shunt or stenting 
of the arterial duct if still patent. Later following operation 
(>1 year), it is necessary to decide if the RV can support the 
entire pulmonary blood flow. If the RV is capable, the ASD 
should be closed, either surgically or by device. Trial occlusion 
of the ASD reduces the risk of misjudging the RV potential. 
If the RV is small and restrictive but with good function, an 
RV overhaul, which enlarges the RV cavity, should be 
considered [115]. If the RV remains very small and has little 
prospect of supporting the entire pulmonary blood flow, a 
one-and-a-half ventricle pathway may be indicated (see 
below). MRI may help assess RV size and function.

Closure of shunts: •  Systemic-to-pulmonary shunts and arterial 
duct stents may close spontaneously. If they remain patent 

into childhood, they should be closed, usually by a catheter 
technique.

Late concerns: •  The course resembles that of repaired tetralogy 
of Fallot. The pulmonary valve is frequently regurgitant, and 
may require replacement, either percutaneously or surgically. 
The dysplastic tricuspid valve may require repair.

Growth of the right ventricle
Evidence of RV growth in patients with a biventricular circu-
lation is controversial. Growth implies that the z-scores of 
markers of RV size increase over time. Following surgical 
intervention, some groups have reported RV catch-up 
growth, particularly in those with the smallest RVs 
[63,82,116,117]. Follow-up studies of patients who have 
undergone catheter valvotomy have not shown convincing 
evidence of RV growth [100,118].

One-and-a-half ventricle pathway
In a one-and-a-half ventricle circulation, the superior vena 
cava drains directly to the pulmonary arteries via a 
bidirectional cavopulmonary anastomosis (CPA), while the 
inferior vena cava drains to the RV providing pulsatile blood 
flow to the lungs [119–122]. The atrial septal defect is closed. 
The cavopulmonary anastomosis is often combined with an 
RV overhaul procedure [115,121]. Although this approach 
provides some physiologic advantages, there is little evidence 
that long-term outcome in terms of exercise tolerance or 
freedom from arrhythmia is improved compared with a 
univentricular circulation [121,122].

Univentricular pathway
The Fontan circulation in patients with PAIVS is generally 
completed within the first 4 years of life. The complications 
of a univentricular circulation are the same as for other 
patients with a single ventricle circulation, and described in 
Chapter 39. Chronic low cardiac output and elevated 
systemic venous pressures create long-term concern about 
thrombotic events, arrhythmias, and protein-losing 
enteropathy [123].

There is a detrimental effect of the hypertensive RV 
adjacent to the LV [83] causing abnormal septal wall motion 
and convexity into the LV outflow tract resulting in subaortic 
obstruction [1,124]. Therefore, with a Fontan circulation RV 
thromboexclusion should be considered [39].

Right ventricular-dependent coronary 
circulation
Cardiopulmonary bypass (CPB) has a higher risk in patients 
with RVDCC because of the requirement to ensure adequate 
RV filling throughout the procedure [79]. With careful 
monitoring throughout CPB, the overall mortality is broadly 
comparable to that for other patients with PAIVS undergoing 
a Fontan procedure (19%) [47].

Figure 40.12 Retrograde aortogram shows dense opacification with 

atresia of the origins of both coronary arteries in a patient with pulmonary 

atresia with intact ventricular septum. AO, aorta. (Reproduced with 

permission from Freedom et al. Cardiol Young 2000;10:60–3.)
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Prognosis

The prognosis for patients with PAIVS is difficult to compare 
across studies because of its heterogeneity and the wide 
range of approaches used by different institutions. Table 40.4 
shows the cumulative experience of the largest multicenter 
and population-based studies: overall survival into 
adolescence is ∼60–70%. Studies universally report excellent 
survival after the first year of life.

The overall quality of life for survivors with PAIVS has 
been found to be good, with no significant difference between 
a univentricular or biventricular circulation [126]. Exercise 
tolerance is universally decreased, and there is only a minor, 
if any, increase in exercise tolerance for those with 
biventricular compared with univentricular circulation 
[127,128].

Long-term concerns include tachyarrhythmia, but there 
are few data about patients with PAIVS in adulthood. 
Sudden death due to arrhythmia and atrial arrhythmias 
have been reported, but the overall incidence appears low 
[39,121,129]. As expected, the RV remains restrictive in 
later life [130]. Life-long surveillance is mandatory for all 
patients with PAIVS, but special care should be given to 
those with significant RVCACs and RVDCC, where evi-
dence of progressive myocardial ischemia, LV dysfunction, 
and malignant ventricular arrhythmia should be sought 
[131,132].

Pregnancy

Successful pregnancies have been reported in women with 
PAIVS following biventricular repair [133]. Close super-
vision is required, preferably in an obstetric unit with 
expertise in the requirements of congenital heart disease 
patients.
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41 Tetralogy of Fallot and Pulmonary 
Atresia with Ventricular Septal Defect

Andrew Redington
University of Toronto and Hospital for Sick Children, Toronto, ON, Canada

Introduction

Tetralogy of Fallot is the commonest of the cyanotic  congenital 
heart diseases and, in its simplest form, was one of the first to 
be successfully treated by palliative (the classical Blalock–
Taussig shunt in 1945) and then open-heart surgery over 
50 years ago. The survivors of these ground-breaking 
 procedures are entering late middle life, and already there 
are more adults than children with the disease.

The term tetralogy of Fallot is often used as an umbrella 
diagnosis that includes those with abnormal ventriculo- 
arterial connections (tetralogy of Fallot with double-outlet 
right ventricle), and particular associated features (e.g., 
tetralogy of Fallot with pulmonary atresia, with and without 
major aortopulmonary collateral arteries, tetralogy of Fallot 
with absent pulmonary valve syndrome).

Anatomy

The fundamental abnormality that characterizes the disease 
is anterior and cephalad deviation of the outlet septum 
(Figure 41.1). The secondary effects of this singular 
 abnormality are the creation of a ventricular septal defect 
(VSD), aortic override, and right ventricular outflow tract 
obstruction and hypertrophy [1–3].

Right ventricular outflow tract obstruction
The hallmark of the right ventricular outflow tract  obstruction 
in tetralogy of Fallot is infundibular stenosis. This is due to 
many factors, the most important of which is the anterior 
cephalad deviation of the outlet septum [2]. Outlet obstruc-
tion is further aggravated by hypertrophy of the outlet 
 septum, the anterior limb of the septomarginal  trabeculation, 

and the septoparietal trabeculations. Indeed, in the absence 
of these coexisting abnormalities, the degree of outflow tract 
obstruction resulting from the malaligned outlet septum 
alone may be minimal or none, the intracardiac anatomy of 
the “Eisenmenger VSD” being almost indistinguishable from 
that of tetralogy of Fallot, except for the subpulmonary 
 stenosis. [2]

The right ventricular outflow tract obstruction, however, 
is not limited to the infundibular region. In most patients, 
the pulmonary valve is stenotic, the pulmonary valve 
 annulus itself can be hypoplastic, and supravalvar  obstruction 
may be present at the level of the sinotubular ridge and 
extend to involve the pulmonary trunk. The branch 
 pulmonary arteries can be diffusely small or may have focal 
areas of narrowing, most commonly at their origins, but also 
involving the lobar and segmental divisions. Obstruction is 
commonly in the proximal left pulmonary artery at the 
 juxtaductal or juxtaligamental site. Delineating the sites of 
right ventricular outflow tract obstruction is important for 
planning repair.

Ventricular septal defect
The VSD in patients with tetralogy of Fallot is usually large 
and unrestrictive. In most patients, the VSD is perimembra-
nous, with the central fibrous body forming the inferior  border 
and the conduction system running adjacent. In approxi-
mately 20% of patients there is a muscular  posteroinferior 
rim (Figure 41.1) [3]. Controversy remains as to whether 
tetralogy of Fallot can coexist with a doubly committed VSD. 
The hallmark of the doubly committed VSD is fibrous conti-
nuity of the leaflets of the aortic and  pulmonary valves. This 
implies absence of the muscular outlet septum, which then 
clearly cannot be deviated anterior and  cephalad. Nonetheless, 
there exists a group of children with identical anatomy and 
physiology to that of “classical” tetralogy, but who possess a 
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doubly committed defect (sometimes described as the South 
American Tet, the Mexican Tet, the Asian Tet, etc.). As an 
accommodation, some suggest that the “fibrous component” 
of the outlet septum does indeed persist in these patients (a 
small ridge of fibrous tissue is often seen separating the semi-
lunar valve leaflets), thus allowing the diagnosis of tetralogy.

Although most patients have a single large defect, 
additional muscular VSDs may be found.

Aortic override
The degree of aortic override varies considerably. It should be 
remembered that tetralogy of Fallot is a diagnosis, whereas 
double-outlet right ventricle defines a ventriculo-arterial 
 connection, and the two may coexist. If the degree of  override 
is >50%, then the designation of tetralogy of Fallot with 
 double-outlet right ventricle may be made. This is sometimes, 
but not always, associated with a bilateral infundibulum 

(associated muscular separation of the mitral and aortic valve 
leaflets). The latter is neither required for the definition of 
double-outlet connection (it may occur in the setting of a 
clearly dominant connection of the aorta to the left ventricle) 
nor excludes the diagnosis of tetralogy of Fallot.

Associated anatomic features
Several anatomic features frequently associated with  tetralogy 
of Fallot can have considerable clinical and  therapeutic 
 implications. Atrial communications are fairly frequent and 
 usually at the fossa ovalis as either a patent foramen ovale or 
more rarely a true secundum atrial septal defect. Approximately 
25% of patients have a right-sided aortic arch that can alter the 
approach to a palliative shunt. Tetralogy of Fallot may coexist 
with atrioventricular septal defect (AVSD), and should be 
 especially considered in  children with Down syndrome. 
A  primum component may not be present in these, and under 
such circumstances the clue to the presence of an AVSD is a 
trileaflet left atrioventricular valve on echocardiographic 
 imaging. Straddling atrioventricular valve is a rare associated 
feature. Abnormalities of the coronary arteries, such as the left 
anterior descending coronary artery arising from the right 
 coronary artery, occur in ~4% of patients (Figure 41.2). This 
anomaly is exceedingly  important to recognize, as the left 
anterior descending coronary then crosses the right ventricular 
outflow tract, and failure to identify this vessel can result in its 
inadvertent transection during outflow tract repair. 
Occasionally, significant systemic-to-pulmonary collaterals are 
present even when the outflow tract is patent. This is  commonly 
associated with discontinuous branch pulmonary arteries or 
bilaterally diminutive  central pulmonary arteries.

Tetralogy of Fallot with absent 
pulmonary valve

Tetralogy of Fallot with absent pulmonary valve affects 
2–10% of patients with intracardiac anatomy typical of 
tetralogy of Fallot, but characterized by the absence of a 

Figure 41.1 An anatomic specimen from tetralogy of Fallot. 

Note the hypertrophied outlet septum (OS), which is malaligned 

with respect to the rest of the septum. Consequently there is 

aortic override (AO), and right ventricular outflow tract 

obstruction with hypertrophied septoparietal trabeculations 

(SPT). Note that in this case there is a muscular postero-inferior 

rim (*) to the ventricular septal defect (VSD), separating the 

tricuspid valve (TV) leaflet from the aortic valve. Original image 

kindly supplied by Professor RH Anderson.

Figure 41.2 Aortogram in a long-axis oblique/cranial projection. The left 

anterior descending (LAD) coronary artery can be seen arising from the 

proximal right coronary artery (RCA) with a course that traverses the right 

ventricular outflow tract. CIRC, circumflex coronary artery.
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functioning pulmonary valve [3]. The pulmonary annulus is 
usually small with vestigial pulmonary valve leaflets, result-
ing in some degree of stenosis and severe regurgitation. The 
anatomic hallmark of this lesion is aneurysmal dilatation of 
the main and branch pulmonary arteries, particularly the 
right, which may result in bronchial compression and  airway 
compromise that can be life-threatening. The arterial duct 
and/or ligament is usually absent, and this feature has been 
implicated in the pathogenesis of the disease. The physiology 
varies considerably, but the early management depends 
 primarily on the severity of the airway disease.

Tetralogy of Fallot with 
pulmonary atresia

This variant can be considered at the most severe end of the 
spectrum of tetralogy of Fallot, and occurs in 11–24%. The 
intracardiac anatomy is identical with that of classic  tetralogy 
of Fallot with a large outlet VSD, an overriding aorta, normal 
or near-normal sized right and left ventricles, and normal 
atrioventricular valves. The outflow tract anatomy is  variable, 
however, ranging from valvar atresia alone to muscular 
atresia beneath a usually small pulmonary trunk arising in 
the usual position, and to muscular atresia with absence of 
the pulmonary trunk (single-outlet connection) [3,4]. As a 
result, the pulmonary artery anatomy is much more  variable. 
In the least complex form, the main pulmonary artery is 
supplied by the arterial duct. These patients are currently 
managed by complete repair in the early neonatal period. At 
the other end of the spectrum, the central pulmonary  arteries 
are either absent or diminutive, and the segmental pulmo-
nary blood flow is supplied by multiple aortopulmonary 
 collateral arteries (MAPCAs). These MAPCAs arise usually 
from the descending thoracic aorta, but occasionally from 
the innominate or subclavian arteries or the upper part of 
the aortic arch; rarely they arise from the abdominal aorta. 
MAPCAs can supply multiple bronchopulmonary segments 
in either a unifocal manner or with a multifocal distribution 
of pulmonary blood flow to different segments by the central 
pulmonary arteries and the MAPCAs. Careful delineation of 
the segmental blood supply is required prior to surgical 
 management. Although advanced imaging techniques 
(CT and MRI) are able to define the anatomy of the MAPCAs 
and central PAs, there remains an important role for cardiac 
catheterization and angiography, to define the nature of the 
segmental connections in the more complex patients.

Incidence

Tetralogy of Fallot occurs in 3–5/10 000 live births (see 
Chapter 19) and is among the three or four most common 
cardiac lesions requiring cardiac catheterization or  operation 

in the first year of life [5–7]. It is slightly more common in 
males than females and is associated with chromosomal 
abnormalities in ~11% of patients, nonchromosomal 
 syndrome complexes in ~8%, and problems of other major 
organs in ~16% (Table 41.1). A microdeletion of  chromosome 
22q11 may be present in 20–30% of patients with  tetralogy 
of Fallot, with higher values if there is also pulmonary atresia 
[8–11]. This same chromosome is involved in DiGeorge 
 syndrome and abnormalities con sidered  previously such as 
the velocardiofacial syndrome (Shprintzen  syndrome).

The recurrence risk for tetralogy of Fallot in families with 
one affected child is probably 2–5%. For mothers who have 
tetralogy of Fallot, the transmission risk for congenital heart 
disease in offspring is probably 5–10%; for fathers with 
tetralogy of Fallot, the transmission risk is ≤ 5 [12].

Natural history

Fallot’s prediction [13] that ~75% of older cyanotic children 
would have tetralogy of Fallot was true before the advent of 
cardiac surgery. This lesion has the best untreated outcome 
of any cyanotic malformation, although the median age at 
death in different series has ranged from age 4 to 12 years 
[14,15]. Only ~10% of untreated patients live beyond 20 
years [15–18], and they have neither pulmonary atresia nor 
absent pulmonary valves. Fewer than 5% survive to age 40 
years [19]. Most long-term survivors had only mild cyanosis, 
although they are still at risk of many of the complications of 

Table 41.1 Conditions associated with tetralogy of Fallot.

Trisomy 21 (Down)

Velocardiofacial (Shprintzen)

22q11 deletion or CATCH-22a syndrome

Goldenhars

Thrombocytopenia absent radius

CHARGEb

VATERc/VACTERLd

Fetal alcohol

Pierre Robin

Associated organ abnormalities

Include tracheoesophageal fistula, imperforate anus, hydrocephalus, 

omphalocele

a CATCH-22 = cardiac defects, abnormal facies, thymic hypoplasia, cleft 

palate, hypocalcemia, and abnormality of chromosome 22.
b CHARGE = coloboma, heart disease, atresia choanae, retarded 

growth and development, genital abnormalities, ear anomalies.
c VATER = vertebral defects, anal atresia, tracheoesophageal fistula, 

renal defects, and radial upper arm dysplasia.
d VACTERL = VATER + cardiac and limb anomalies.
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chronic cyanotic heart disease (see Chapter 52). In addition, 
ventricular tachycardia occurs with increasing frequency as 
they age [20].

About half of the patients with tetralogy of Fallot and 
absent pulmonary valve die before 1 year of age [3], mainly 
because of airway complications. The remainder continue to 
be mildly cyanotic for 5–20 years but die prematurely 
because of right ventricular failure caused by volume 
 overload.

About half of the patients with tetralogy of Fallot and 
 pulmonary atresia die before 1 year of age, and presentation 
with severe cyanosis and small MAPCAs is ominous [3,21]. 
The amount of pulmonary blood flow governs the outcome 
for the remainder, with some patients able to survive 
 unoperated into adulthood.

Physical examination 
and clinical presentation

The clinical presentation of patients with tetralogy of Fallot 
depends primarily on the degree of right ventricular outflow 
tract obstruction. Presentation can range from a profoundly 
cyanotic newborn with ductus-dependent pulmonary circu-
lation to an asymptomatic child with adequate  pulmonary 
flow presenting with a murmur. Because of this wide spec-
trum of presentation, the physical findings vary widely. 
Relatively few are cyanotic at birth, but most become cyan-
otic by 3 months of age.

Inspection often reveals an apparently healthy infant or 
child, although major extracardiac anomalies, such as 
 hypospadias, cleft lip and palate, pectus carinatum, and other 
bony abnormalities, can be seen [22]. Cyanosis is present to 
varying degrees and can be best appreciated in the mucous 
membranes or nail beds. The degree of cyanosis depends not 
only on the amount of right-to-left intracardiac shunting, 
but also on the hemoglobin concentration. To appreciate 
cyanosis, there must be approximately 3–5 g dl−1 of 
 desaturated hemoglobin in arterial blood; this quantity is 
easier to achieve at higher hemoglobin concentrations. 
Therefore, the relatively erythrocytotic neonate may appear 
more cyanotic shortly after birth than at a few months of age 
during the period of normal postnatal physiologic anemia.

The level of cyanosis in a given individual also varies with 
activity and metabolic rate. Fever and exercise increase the 
level of cyanosis, both from the decreased systemic vascular 
resistance and from a resultant increase in right-to-left 
shunting, and also increased oxygen consumption by the 
 tissues, with a resultant fall in mixed venous saturation.

Although rarely observed in “developed” countries, older 
children with unrepaired tetralogy of Fallot often squat. This 
position is thought to improve systemic saturation by increas-
ing the systemic vascular resistance by kinking the large 
arterial vessels in the legs. The increased systemic resistance 

shifts the biventricular output such that more blood flow 
enters the lungs across the pulmonary outflow obstruction, 
and forms the basis of the “knee–chest” positioning 
 recommended for the early treatment of hypercyanotic spells 
in younger children.

Tetralogy spells or hypercyanotic spells are periods of 
severe cyanosis associated with hyperpnea, tachypnea, and 
agitation that can result in coma. They begin between 3 
months and 2 years of age, and occur more commonly in the 
mornings, during the summer months, and during intercur-
rent illnesses. The episodes are usually self-limited and 
 usually last 15–30 min, but they can be prolonged. The 
hypoxemia can be severe enough to alter mental status and 
even result in death. The physiologic basis for these episodes 
remains obscure, although a number of hypotheses have 
been proposed, including increased infundibular contractil-
ity or spasm, peripheral vasodilatation, hyperventilation, 
and stimulation of right ventricular mechanoreceptors [23]. 
The lack of a “sphincter-like” orientation of the muscles of 
the right ventricular outflow tract, and the occurrence of 
almost identical spells in the setting of a doubly committed 
VSD (and hence no infundibulum), make the popular 
 characterization of “infundibular spasm” unlikely, and 
 treatment is directed at modifying the SVR and mixed venous 
oxygen saturation, not the putative spasm. A child admitted 
with one of these spells should be diagnosed rapidly and 
clinically. Diagnostic investigations are not required. The 
combination of hyperpnea, deep cyanosis, and normal air 
entry into lung fields (thus excluding a foreign body in the 
airways) is pathognomonic. Some infants have minor spells 
with inconsolable irritability and only a slight increase in 
cyanosis. They are often erroneously diagnosed as having 
colic and, when severe, may even have been diagnosed as 
having seizures.

Clubbing of the fingers and toes develops in patients with 
chronic cyanosis. Although usually seen in older patients, it 
can develop in infancy. Clubbing resolves with restoration of 
normal systemic oxygen saturation after complete repair.

In a preoperative patient, the jugular venous pulsations 
are usually normal, although difficult to evaluate in infants. 
The right ventricle remains relatively compliant with normal 
or only mildly elevated diastolic pressures, and significant 
tricuspid regurgitation is uncommon. Thus the a and v waves 
in the jugular pulse are usually normal.

The peripheral pulses are usually normal, and accentuated 
pulses should suggest a large patent ductus arteriosus or 
 significant aorticopulmonary collateral arteries. The precordial 
impulse can be normal, but usually a right ventricular 
 parasternal lift can be appreciated. Hepatomegaly is unusual.

Auscultation reveals a normal first sound and a single 
 second (aortic) sound that is loudest at the mid-left sternal 
border. With significant right ventricular outflow tract 
obstruction and low pulmonary arterial pressures, the 
 pulmonary component of the second heart sound is usually 
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inaudible. Occasionally, if the outflow tract obstruction is 
not severe, splitting of the second heart sound can be appre-
ciated. Third and fourth heart sounds are uncommon. An 
early systolic ejection click can be heard at the left mid-to-
upper sternal border caused by the dilated ascending aorta 
and the increased systemic blood flow.

The murmur in patients with unrepaired tetralogy of 
Fallot is generated by the right ventricular outflow obstruc-
tion. The VSD is large and unrestrictive, and the right-to-left 
shunt does not produce a murmur. The murmur is classically 
described as a low-pitched, systolic crescendo/decrescendo 
ejection murmur best heard at the left mid-to-upper sternal 
border with radiation to the back. However, it is not uncom-
mon for the murmur to resemble that of plateau quality, best 
heard at the left mid-to-lower sternal border. In these 
patients, one needs to rely on other physical findings such as 
cyanosis or a single second heart sound to suspect the diag-
nosis of tetralogy of Fallot. In an acyanotic neonate, the 
murmur caused by the left-to-right shunt across a small VSD 
is difficult to separate from the murmur of infundibular ste-
nosis, and it is easy to misdiagnose the infant. The distinction 
can be made clinically in most infants; a neonate with tetral-
ogy of Fallot will have a forceful right ventricular lift and 
usually a loud and single second heart sound.

Unlike pulmonary valve stenosis with an intact ventricu-
lar septum in which the intensity and length of the murmur 
increase with increasing obstruction, the murmur in tetral-
ogy of Fallot diminishes with worsening obstruction. This is 
because the intensity of the murmur is related not only to 
the degree of obstruction, but also to the amount of flow 
across the obstruction. In tetralogy of Fallot, as the right ven-
tricular outflow tract obstruction progresses, the right ven-
tricular systolic output is preferentially shunted across the 
VSD and into the systemic circulation. The flow across the 
right ventricular outflow tract is reduced, resulting in a softer 
murmur. This phenomenon is best demonstrated by a tetral-
ogy spell, during which the outflow obstruction can become 
so severe that the murmur becomes inaudible while the 
patient becomes progressively more cyanotic.

Diastolic murmurs are rarely heard in an unoperated 
patient with tetralogy of Fallot. A continuous murmur in the 
left infraclavicular region suggests a patent arterial duct. 
Very rarely a right-sided duct results in a continuous mur-
mur in the right infraclavicular region. Continuous murmurs 
heard in the posterior lung fields raise concern about signifi-
cant aorticopulmonary collaterals. An early diastolic mur-
mur along the left sternal border is one of the hallmark 
findings in tetralogy of Fallot with absent pulmonary valve.

The physical examination in a postoperative patient 
depends on the type of procedure performed. Palliation with 
a systemic shunt produces a continuous murmur similar to a 
patent duct. Appreciation of this murmur in the immediate 
postoperative period may be difficult because of a ventilator 
or other competing noises. In this situation, auscultating 

with the bell of the stethoscope briefly applied to the end of 
the endotracheal tube often allows appreciation of the mur-
mur because of the proximity of the shunt to the bronchi.

After complete repair of tetralogy of Fallot, a variety of 
physical findings can be found. On inspection, cyanosis 
should be absent and clubbing should resolve with time. If 
tricuspid regurgitation has developed, a prominent v wave 
can be appreciated in the jugular pulsations. Depending on 
the degree of pulmonary insufficiency and residual outflow 
tract obstruction, one can palpate a right ventricular par-
asternal lift. On auscultation, the first heart sound remains 
normal. The second heart sound frequently remains single. 
When, however, the pulmonary valve is partially or com-
pletely intact, or a valved conduit is used, the second heart 
sound can split normally with respiration or, if there is right 
bundle branch block, is widely split. It varies with respira-
tion, but the split persists during expiration. Frequently, an 
ejection systolic murmur is present at the left mid-to-upper 
sternal border from mild residual right ventricular outflow 
obstruction. A louder ejection murmur should raise concern 
about more significant obstruction. During follow-up, long 
systolic ejection murmurs that are best appreciated at the left 
upper sternal border or in either the axilla or the back indi-
cate branch pulmonary artery stenosis and usually warrant 
further investigation. A blowing, pansystolic murmur from a 
small residual VSD or tricuspid regurgitation may be heard 
at the left lower sternal border. A low-pitched delayed diastolic 
decrescendo murmur at the mid-left sternal border is com-
mon and results from pulmonary regurgitation caused by 
relief of the right ventricular outflow obstruction. This 
diastolic murmur should be differentiated from the high-
pitched early diastolic decrescendo murmur at the left ster-
nal border generated from aortic regurgitation. This latter 
murmur is not expected unless patients have had long-
standing pulmonary atresia with a dilated aortic root, and it 
also warrants further evaluation. Most patients with satisfac-
tory surgical results have soft systolic/diastolic to-and-fro 
murmurs of mild pulmonary stenosis and regurgitation 
along the mid-to-upper left sternal border.

Absent pulmonary valve

This is characterized by severe dilatation of the pulmonary 
arteries with mild pulmonary stenosis and severe pulmonary 
regurgitation. The dilated pulmonary arteries can compress 
the bronchi and result in life-threatening airway compro-
mise as early as the immediate newborn period. Standard 
airway support, such as endotracheal intubation and 
mechanical ventilation, is sometimes only partially effective. 
Positioning the infant prone improves airway compromise 
by removing bronchial compression and can be life-saving.

Alternatively, if these infants do not have significant air-
way compromise, they are more apt to develop congestive 
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heart failure as their right ventricular outflow obstruction is 
less severe and left-to-right shunting with pulmonary 
 overcirculation is possible. These infants may be intensely 
cyanotic at birth, but then after a few days, as pulmonary vas-
cular resistance decreases and pulmonary blood flow increases, 
cyanosis is often mild or absent. On palpation, a prominent 
precordial impulse with a right ventricular lift is common, and 
a thrill may be present. Hepatomegaly can accompany other 
signs of congestive heart failure. On auscultation, the first 
heart sound is normal, and the second heart sound is single. 
Third or fourth sounds can be heard. There is a characteristic 
prominent systolic/diastolic to-and-fro murmur (“sawing 
wood” murmur) heard along the left sternal border. The 
murmur is often fairly loud. The systolic component is an 
ejection quality murmur generated by the pulmonary 
 stenosis, and the diastolic component is a low-pitched 
 decrescendo murmur generated from the severe pulmonary 
regurgitation.

Postoperatively, these patients may still have significant 
airway compromise. Depending on the type of repair, 
 physical findings on cardiac examination often resemble 
those in other patients with tetralogy of Fallot.

Tetralogy of Fallot with pulmonary atresia

Auscultation reveals a single second heart sound and usually 
a continuous murmur from the arterial duct or MAPCAs. 
Occasionally, patients have no audible murmur, and, 
 conversely, patients rarely can have loud continuous 
 murmurs (predominantly over the back) and bounding 
pulses when pulmonary blood flow is unrestrictive and 
 congestive heart failure can ensue.

Patients with a balanced degree of pulmonary flow and 
soft murmurs may escape detection in the neonatal period 
and be recognized only as their cyanosis becomes apparent, 
or physical examination becomes significant in terms of 
murmur or prominent precordial ventricular impulse.

Diagnosis

An acyanotic neonate with tetralogy of Fallot must be 
 distinguished from an infant with a simple VSD (see earlier). 
If cyanotic, the infant needs to be distinguished from infants 
with other forms of cyanotic heart disease with pulmonic 
stenosis, including double-outlet right ventricle,  transposition 
of the great arteries and a VSD, single ventricle, and tricuspid 
atresia with normally related great vessels. Each of these has 
distinctive echocardiographic features. Tricuspid atresia has 
a characteristic electrocardiogram, and all these entities are 
much less common than tetralogy of Fallot.

The diagnosis of tetralogy of Fallot is aided by electrocardi-
ography and chest radiography. The electrocardiogram is 

useful because it always shows right ventricular  hypertrophy. 
In addition, right atrial enlargement and right-axis deviation 
are also usually present. Left-axis deviation should raise the 
possibility of an associated atrioventricular septal defect. 
Biventricular hypertrophy may be seen in patients who have 
so-called pink tetralogy with increased pulmonary blood 
flow. In a neonate, the first or only sign of right ventricular 
hypertrophy can be an upright T wave in lead Vi or V

4
R after 

3 days of age. As the child gets older, typical signs of right 
ventricular hypertrophy are present: right axis deviation, 
increased anterior (large R waves, or an rR’ pattern or a QR 
pattern in V1) and rightward (large S in V6) forces, and 
upright T waves in V1.

The chest radiograph of the typical patient shows normal 
visceroatrial situs, a tilted-up apex, a concave main pulmo-
nary artery segment, and normal to decreased pulmonary 
vascularity. The heart is usually not enlarged (see Figure 41.3). 
A right-sided aortic arch can be identified in ~25% of patients 
with tetralogy of Fallot.

Patients with tetralogy of Fallot and absent pulmonary 
valve usually have an enlarged heart and markedly enlarged 
main, right, and left pulmonary arteries. Frequently, lung 
hyperinflation and tracheobronchial compression occur 
(see Figure 41.4).

The electrocardiogram and chest radiograph in patients 
with co-existing pulmonary atresia are usually identical 
with those found in patients with simple tetralogy of Fallot. 

Figure 41.3 Posteroanterior radiograph showing the tetralogy of Fallot. 

The apex of the heart is elevated, resulting in a boot-shaped configuration 

(open arrows). The heart is not enlarged, and the pulmonary vasculature 

is at the lower limits of normal, suggesting a mild form of tetralogy of 

Fallot. There is displacement of the superior vena cava (arrows) by a 

right-sided aortic arch, which also displaces the esophagus towards 

the left (black arrow).
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The rare patient with increased pulmonary blood flow 
caused by a large ductus or a large collateral can show an 
enlarged heart with increased vascularity and hyperinflated 
lung fields.

Echocardiography
Two-dimensional echocardiography and Doppler echocardi-
ography usually completely define the diagnosis of tetralogy 
of Fallot, both prenatally and postnatally. Tetralogy of Fallot 
has been diagnosed as early as 14 weeks’ gestation using 
transvaginal ultrasound.[24] This lesion, however,  continues 
to evolve through mid and late gestation [25–28]. Serial 
studies of the embryo and fetus with tetralogy of Fallot are 
essential in preparing families for the postnatal course of 
these infants. Early in gestation, the large malalignment 
 perimembranous VSD and aortic override can be seen. 
Anterior deviation of the outlet septum is also apparent. By 
mid-gestation, there is considerable variation in the size of 
the main pulmonary artery, ranging from normal to 
 hypoplastic. The branch pulmonary arteries are usually of 
normal size. In the second half of pregnancy, patients with 
more severe forms of tetralogy of Fallot demonstrate 
 abnormal growth of the main and branch pulmonary 
 arteries, resulting in progressive hypoplasia, and even in loss 
of anterograde flow. The aorta may be normal or increased 
in size during mid-gestation, with an increased rate of growth 
compared with a normal fetus, resulting in the large 
 ascending aorta characteristic of this lesion.

The likelihood of prenatal detection of tetralogy of Fallot 
during ultrasound screening depends on both the severity of 

the lesion and the experience of the ultrasonographer. 
Although the VSD should be seen in the four-chamber view 
during obstetric screening (Figure 41.5), this lesion has been 
missed during screening examinations that rely on this view 
alone. Visualization of the outflow tract views increases the 
likelihood of prenatal diagnosis of tetralogy of Fallot, 
although fetuses with a milder forms of this anomaly have 
relatively normal outflow tract views at mid-gestation. In 
large prenatal echocardiographic series using multiple 
 imaging planes for comprehensive evaluation, tetralogy of 
Fallot is one of the more commonly diagnosed lesions, 
accounting for 4–28% of identified congenital cardiac 
 anomalies. The subset of fetuses with tetralogy of Fallot with 
absent pulmonary valve are disproportionately represented 
in prenatal series, almost certainly because the dilated right 
ventricle and pulmonary arterial tree that characterize this 
lesion result in their more frequent identification.

During prenatal echocardiographic examination, the 
 characteristic VSD can be demonstrated in the long-axis, 
sagittal, and four-chamber views. Doppler interrogation of 
the VSD should be included to rule out the rare restrictive 
VSD. Short-axis and sagittal views can be used to delineate 
the right ventricular outflow tract and main and branch 
 pulmonary arteries. Although Doppler interrogation of the 
right ventricular outflow tract is important in assessing the 
severity of obstruction postnatally, flow velocities in the par-
allel fetal circulation are usually in the normal range [28,29]. 
Doppler interrogation and Doppler color flow mapping can, 
however, readily demonstrate the to-and-fro flow pattern 

Figure 41.4 Posteroanterior radiograph of tetralogy of Fallot and 

absence of the pulmonary valve. Typically the right pulmonary artery 

shows massive dilatation (arrows). The heart is markedly enlarged because 

of the increased stroke volume of the right ventricle. Dilatation of the left 

pulmonary artery may occur but is much less common.

RA
LA

LV
RV

Figure 41.5 Echocardiogram showing a four-chamber image of a fetus 

with tetralogy of Fallot at 32 weeks’ gestation, demonstrating large 

ventricular septal defect (arrow). LA, left atrium; LV, left ventricle; RA, right 

atrium; RV, right ventricle.
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seen in fetuses with absent pulmonary valve. Sagittal 
 imaging also allows examination of the arterial duct and 
aortic arch. Fetuses with more severe right ventricular 
 outflow tract obstruction have retrograde ductal flow in utero 
[25,30]. Other evidence of the severe right ventricular 
 outflow tract obstruction includes significant hypoplasia of 
the main and branch pulmonary arteries and poor growth of 
the  pulmonary arterial tree during the course of serial 
 examinations.

As with all prenatal diagnoses of congenital heart disease, 
fetuses with tetralogy of Fallot should undergo assessment of 
fetal karyotype and comprehensive ultrasound examination 
to rule out extracardiac anomalies. Families should be 
 counseled regarding the in utero evaluation of this lesion and 
the need for serial evaluations. All fetuses with the prenatal 
diagnosis of tetralogy for Fallot should be delivered at a 
 tertiary care center with appropriate support staff for 
 evaluating and managing these infants.

Postnatally, complete echocardiographic evaluation must 
include examination of all aspects of anatomy important to 
management. At most institutions, echocardiography is the 
primary method of evaluation before operation, with cardiac 
catheterization reserved for those patients with specific 
unresolved questions after echocardiographic examination. 
Elements of anatomy that must be assessed include the 
 anatomic type and boundaries of the VSD, the presence or 
absence of multiple VSDs, the severity and level of right 
 ventricular outflow tract obstruction, the anatomy of the 
pulmonary arteries, the anatomy of the aortic arch, the 
course of the coronary arterial tree, and the presence of 
associated abnormalities.

The large VSD present in this lesion can be imaged in  multiple 
views. Its relationship to the aorta, the mitral valve, and the 
large VSD can be seen in the long-axis view (Figure 41.6). 
The relationship between the defect and the tricuspid valve can 
be seen in the parasternal short-axis view, in which the 
potential for extension as a doubly committed defect can also 
be assessed. The apical four-chamber view usually demon-
strates the continuity among the tricuspid, aortic, and mitral 
valves and also allows assessment of the degree of aortic 
override. Caudal angulation of the transducer can be used to 
examine the degree of posterior extension of the defect.

The subcostal right oblique view is perhaps the most  useful 
view to evaluate the VSD and outlet septum (Figure 41.7). 
Here, the relationship between the tricuspid and aortic valves 
in infants with a perimembranous defect is well seen. In the 
rare instances of obstruction of the VSD, the subcostal 
 coronal view allows demonstration of the abnormal or 
 accessory tricuspid valve tissue obstructing the defect and of 
possible attachments to the infundibular septum [31,32]. 
This abnormal tricuspid valve tissue can also be imaged in 
parasternal axis views.

The levels of right ventricular outflow tract obstruction 
are best assessed in the parasternal short-axis and subcostal 
views. The prominent septoparietal trabeculations can be 
seen intruding on the infundibular region in the subcostal 
coronal view. In the parasternal short-axis and subcostal 
 sagittal views, the anterior and superior deviation of the 
infundibular septum can be appreciated, and the abnormal 
pulmonary valve can be seen (Figures 41.8 and 41.9). 
Measurements of the pulmonary valve annulus are  important 
in predicting the need for transannular patch.

Figure 41.6 Echocardiogram showing a parasternal long-axis view of an 

infant with tetralogy of Fallot, demonstrating a large perimembranous 

ventricular septal defect, aortic override, and mitral/aortic valve fibrous 

continuity. AO, aorta; LA, left atrium; LV, left ventricle; RV, right ventricle.

Figure 41.7 Echocardiogram showing a subcostal right oblique view in a 

neonate demonstrating large ventricular septal defect, overriding aorta, 

tricuspid/aortic valve fibrous continuity, and anterior deviation of the 

infundibular septum (*). Arrows identify tricuspid valve leaflet. AO, aorta; 

LV, left ventricle; RA, right atrium; RV, right ventricle.
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The parasternal short-axis view allows evaluation of the 
pulmonary artery confluence and proximal branch pulmonary 
arteries; the suprasternal short- and long-axis views also allow 
verification of the confluent nature of the pulmonary arteries 

and visualization of the branch pulmonary arteries more 
 distally. When the pulmonary arteries are not confluent, 
alternative sources of blood supply can be identified from 
these views. Assessment of the size and symmetry of the 
branch pulmonary arteries is important in both the  decision 
regarding the appropriateness of primary repair and the 
need for patch augmentation of the proximal pulmonary 
arteries at the time of operation. Despite the multiple levels 
of right ventricular outflow tract obstruction and the 
 elongated nature of the infundibular obstruction, predicted 
outflow tract gradients using the modified Bernoulli 
 equation  compare favorably with catheterization data [33], 
allowing verification of the usually low pulmonary arterial 
pressure.

These same views can be used to assess the right ventricu-
lar outflow tract in infants with tetralogy of Fallot and absent 
pulmonary valve. In these infants, the infundibular 
 obstruction may not be as severe, although there is  significant 
obstruction at the small pulmonary annulus and, in some 
patients, by dysplastic valvar tissue. There is marked 
 dilatation of the proximal main and branch pulmonary 
 arteries, and Doppler interrogation demonstrates the severe 
pulmonary insufficiency that characterizes this lesion.

Several groups have described the echocardiographic 
 evaluation of coronary artery anatomy in this lesion 
[34–36]. Echocardiographic evaluation must demonstrate 
that no major coronary arteries cross the right ventricular 
outflow tract (Figure 41.10). The origin and course of the 

Figure 41.8 Echocardiogram showing a diastolic frame from parasternal 

short-axis view of a 3-week-old infant with tetralogy of Fallot. Tricuspid 

valve leaflets partially obscure ventricular septal defect (double arrows). 

Anterior deviation of the infundibular septum and small pulmonary 

annulus (single arrow) are demonstrated. AO, aorta; LA, left atrium; 

PA, pulmonary artery; RA, right atrium.

Figure 41.9 Echocardiogram demonstrating a subcostal sagittal image 

from an infant with tetralogy of Fallot and a large ventricular septal defect 

(double arrows) with aortic override and anterior deviation of the 

infundibular septum (single arrow). AO, aorta; LA, left atrium; LV, left 

ventricle; PA, pulmonary artery; RV, right ventricle.

Figure 41.10 Echocardiogram showing a parasternal short-axis view with 

counter-clockwise rotation from a neonate with tetralogy of Fallot, 

demonstrating the right coronary artery (single arrow) originating from 

the right coronary orifice and giving rise to the left anterior descending 

coronary artery, which crosses the pulmonary outflow tract anteriorly (double 

arrows). AO, aorta; PA, pulmonary artery; RPA, right pulmonary artery.
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left and right coronary arteries can be traced in multiple 
views, although the parasternal long- and short-axis views 
may be the most helpful. Any concerns regarding 
abnormal  coronary anatomy should be verified angio-
graphically.

Aortic arch anatomy can be demonstrated by echocardiog-
raphy using suprasternal long- and short-axis views, first to 
determine the relationship between the trachea and the 
arch, and then to define the branching pattern. Doppler 
color flow mapping can be used to exclude a ductus  arteriosus 
or prominent aortopulmonary collaterals.

Complete echocardiographic evaluation must also exclude 
associated anomalies important in planning the surgical 
approach. Two-dimensional imaging and color flow  mapping 
in multiple planes must be used to identify an associated 
atrial septal defect and additional VSDs. Abnormalities of 
pulmonary and systemic venous connection must be 
 delineated, and rare left-sided lesions, such as mitral valve 
abnormalities (e.g., straddling) and subaortic obstruction, 
must also be identified.

Postoperative studies must define residual septal defects 
and the degree and level of residual outflow tract  obstruction. 
Care should be taken to examine the branch pulmonary 
arteries distally to identify branch stenosis at the sites of 
 previous shunts or at the juxtaductal site (Figure 41.11). 
Many patients after transannular patch repair have 
 significant pulmonary regurgitation, which can be assessed 
either  comparing the width of the regurgitant jet to the 
annulus [37] or assessing the distal extent of the regurgitant 
jet from the annulus [38]. Although pulmonary  regurgitation 
is  generally well tolerated, assessment of right ventricular 
size and wall motion, and also tricuspid valve function, 
should be part of all postoperative echocardiographic 
 studies.

Patients with coexisting pulmonary atresia and VSD have 
similar intracardiac anatomy to classic tetralogy of Fallot. In 
the absence of anterograde flow from the right ventricle to 
the pulmonary artery, careful echocardiographic study of the 
central pulmonary arteries is necessary. Echocardiographic 
study should define the intracardiac anatomy, evaluate 
 ventricular function, valvar regurgitation, and coronary 
 origins, define the status of central pulmonary arteries, 
measure the size of the main, right, and left pulmonary 
arteries, define the presence or absence of either a left- or 
right-sided ductus arteriosus, and define the site of origin 
and proximal distribution to right or left lungs of as many 
MAPCAs as possible. These studies can be difficult and time 
consuming, with the need for extensive color-flow mapping. 
A reasonable road map should be obtained before the 
 necessary cardiac catheterization procedures. Intracardiac 
anatomy should be defined completely so that contrast 
media can be conserved at catheterization for comprehen-
sive delineation of pulmonary artery origin, distribution, 
and anatomy.

Computed tomography and magnetic 
resonance imaging
CT scanning is sometimes performed to delineate the 
 anatomy and distribution of the central pulmonary arteries 
and MAPCAs in those with pulmonary atresia, but in  general 
avoiding ionizing radiation is preferred. Consequently, MRI 
is more often chosen, particularly as full diagnostic studies 
can now be performed during postprandial sleep, or with 
sedation, even in young infants. In postoperative patients, 

(a)

(b)

Figure 41.11 Two angiograms from a 22-year-old patient after complete 

repair in childhood with residual branch pulmonary artery stenosis and 

right ventricular hypertension. (a) The bilateral branch stenosis is well 

visualized (long arrows). A small diverticulum of the right ventricular 

outflow tract (short arrow) is demonstrated. (b) Angiography 

demonstrated relief of proximal pulmonary artery stenosis.
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MRI has become the mainstay of assessment of right 
 ventricular function and volumes, particularly as they 
 pertain to decision-making regarding the timing of pulmo-
nary valve replacement. MRI allows the assessment of all 
aspects of cardiac and extracardiac anatomy, and the basics 
of RV function (Figure 41.12). Most importantly, it has 
become the gold standard for assessing pulmonary 
 regurgitation, which, as discussed below, is one of the most 
important factors in late follow-up.

Medical management

The medical management of a patient with tetralogy of Fallot 
depends on the clinical presentation. A cyanotic neonate 
who is duct dependent should be stabilized with prostaglan-
din E

1
 infusion.

In an asymptomatic infant with adequate pulmonary flow 
and systemic saturation, no initial therapy may be necessary. 
This infant can be followed as an outpatient with close 
 attention to growth, symptoms, and systemic saturation. If 
the child develops significant cyanosis or reaches an 
 appropriate size or age, repair can be performed electively. 
The development of tetralogy spells is an indication for early 
intervention.

Medical management of hypercyanotic spells is directed 
towards improving pulmonary blood flow and sustaining 
mixed venous oxygen saturations (reducing systemic  oxygen 
consumption). Parents should be educated to comfort the 
child while placing him or her in the knee–chest position to 
increase systemic afterload and force more blood flow across 

the pulmonary outflow tract. In a hospital, the patient’s 
 airway and breathing should be assessed, the patient placed 
in the knee–chest position, and 100% oxygen given. Sedation 
with morphine sulfate (0.1 mg kg−1) can be given intrave-
nously (i.v.), or intramuscularly (i.m.) should an  intravenous 
line not be available. Acidosis may develop and should be 
treated with bicarbonate. An intravenous fluid bolus 
(5–10 ml kg−1) of saline or lactated Ringer’s solution ensures 
adequate right ventricular filling. Should these measures 
fail,  intravenous beta-blockade with propranolol or esmolol 
slows the heart rate and increases systemic vascular 
 resistance, while decreasing catecholamine stimulation and 
contractility. Systemic afterload can be increased with alpha-
agonists in an effort to force more blood flow through the 
right ventricular outflow tract. Phenylephrine (Neo-
Synephrine) 0.02 mg kg−1 i.v. or 0.1 mg kg−1 i.m. is often more 
rapid and successful than other therapies [39]. Finally, 
should all measures fail, general anesthesia can reverse the 
episode or prepare the patient for an emergency aortopul-
monary shunt if hypoxemia persists.

In patients with chronic hypoxemia, oral therapy with 
propranolol (0.5–1 mg kg−1 b.i.d.–q.i.d.) can improve oxygen 
saturations and reduce the risk of hypercyanotic spells. These 
patients are also at risk for thromboembolic complications, a 
risk that is highest in patients with coexisting iron deficiency 
anemia. Close monitoring of both hemoglobin  concentration 
and hematocrit is necessary so mean corpuscular volume 
can be calculated. The hemoglobin should be approximately 
one-third of the hematocrit; if less, the patient has iron 
 deficiency anemia. These patients should have an elevated 
hemoglobin at baseline, and a normal hemoglobin value 
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Figure 41.12 Magnetic resonance image of the right ventricle (left panel), with flow assessment in the right ventricular outflow tract (right panel). Note 

the anterograde and retrograde flow, the latter quantifiable as the volume of pulmonary regurgitation (PR).
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may actually represent a relative anemia. Iron deficiency 
anemia should be treated with supplemental iron.

Whether an infant or young child undergoes initial 
 palliation or complete repair depends on the institution. In 
the past, the approach was to delay complete repair until 
later childhood. In the mid-1990s, successful complete repair 
in early infancy and even the immediate neonatal period 
was demonstrated, and most large units now reserve pallia-
tion (either surgical or by interventional catheterization 
[40–42]) for very small and/or premature infants, or those 
with additional abnormalities [43–45]. Elective primary 
repair is usually performed at 6–18 months of age.

Cardiac catheterization
Cardiac catheterization is now reserved for those with 
 complex additional abnormalities, such as MAPCAs. The 
catheterization is most commonly performed from a femoral 
approach where both arterial and venous access is obtained. 
The left side of the heart can often be reached via an atrial 
communication so that most of the hemodynamic measure-
ments can be performed with the venous catheter. Pressures 
and oxygen saturations should be obtained in the superior 
vena cava, both ventricles, both atria (if there is an atrial 
communication), and the aorta. If left atrial saturations are 
low, pulmonary venous saturations should be obtained. 
Systemic left and right ventricular systolic pressures should 
be expected, and any variation from this requires further 
investigation. Ventricular end-diastolic and atrial pressures 
are often  normal or only mildly elevated. A wide systemic 
pulse  pressure should suggest a patent arterial duct or large 
 systemic to pulmonary artery collateral vessels. Saturation 
values usually demonstrate some right-to-left shunting, 
which can be at both the atrial and ventricular levels. 
Evidence of left-to-right shunting may also be found if the 
pulmonary arteries are entered. Whether to cross the right 
ventricular outflow tract in a patient who is being prepared 
for elective repair depends on the operator. The benefit is 
that pulmonary artery pressures and saturations can be 
obtained; pulmonary flow, pulmonary resistance, and left-
to-right shunting can be calculated. Additionally, branch 
pulmonary artery stenosis may be further examined, 
although this may be difficult to assess in the presence of 
significant proximal obstruction. The benefits must be 
weighed against the risks, which include arrhythmia, 
 perforation, and hypercyanotic spells, associated with 
attempts to cross the stenotic outflow tract.

Angiography should be guided by the anatomic questions 
to be answered. Biplane cineangiography is needed, and the 
angiograms that provide the most important information for 
a particular patient should be performed first. This ensures 
adequate contrast availability, should multiple angiograms 
of a particular structure be necessary.

With multiple levels of obstruction to pulmonary flow, 
including infundibular, valvar, supravalvar, and branch 

 pulmonary artery, an injection of contrast material into the 
right ventricle is often indicated (Figure 41.11). To visualize 
the branch pulmonary arteries and their bifurcation better, it 
is helpful to angle the anteroposterior (AP) camera about 
30° cranially with a small amount of left anterior oblique 
(LAO) rotation. The cranial angulation prevents overlap of 
the outflow tract on to the pulmonary artery bifurcation. 
The LAO rotation of the camera improves evaluation of the 
proximal left pulmonary artery, which may be difficult to 
visualize in a straight AP projection. Keeping the lateral 
camera in a straight lateral (90° LAO) projection usually 
 provides excellent imaging of the right ventricular outflow 
tract and allows evaluation of the infundibular, valvar, and 
supravalvar areas. Additionally, right-to-left shunting across 
the VSD may be seen in this view.

Evaluating the coronary arteries and aorta can often be 
accomplished with a single injection of contrast material into 
the ascending aorta. The catheter should be positioned close 
to the aortic valve to ensure adequate visualization of the 
coronary arteries. Camera positioning should be tailored to 
delineate the proximal coronary artery origins and distribu-
tion. A variety of camera angles have proven useful. Some 
have even advocated selective coronary angiography, 
although this has a risk in small infants and children. We 
have found that with the AP camera in 30° right anterior 
oblique (RAO) and the lateral camera in 70° LAO and 20° 
cranial (long axial oblique) positions, the injection usually 
delineates the coronary distribution adequately (see Figure 
41.2). Should a particular view not demonstrate the  coronary 
anatomy adequately, the operator should be prepared to try 
alternative views. The ascending aortic injection also  provides 
information about the aortic arch (right- or left-sided), 
 brachiocephalic vessels (distribution and size), and the 
 ductus arteriosus and collateral vessels. Embolization of 
 collateral vessels can be performed if deemed necessary.

An injection of contrast material into the left ventricle 
 provides useful information about VSDs, degree of aortic 
override, and, if there is any significant left-to-right shunting, 
the right ventricular outflow tract obstruction. This is often 
best accomplished with the AP camera in a 30° RAO projec-
tion and the lateral camera in a long axial oblique  projection.

Postoperative catheterization is usually reserved for 
patients with residual abnormalities, such as intracardiac 
shunting, right ventricular outflow tract obstruction, 
 significant pulmonary regurgitation, or branch pulmonary 
artery stenosis. The goal may be purely diagnostic but is 
often therapeutic. The refinement of balloon angioplasty 
and percutaneous stenting techniques have proved 
 invaluable in managing patients with residual obstruction 
that may be difficult or impossible to repair surgically 
(Figures 41.11 and 41.13).

Patients with pulmonary atresia and VSD present a diffi-
cult challenge for both diagnostic and interventional 
 catheterization. Preoperative catheterization must attempt 
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to delineate all sources of pulmonary blood flow and identify 
the number of bronchopulmonary segments supplied by 
central pulmonary arteries and by MAPCAs. Ascertaining 
whether dual blood supply is present is also a goal, in  addition 
to determining the severity of stenoses of central pulmonary 
arteries and MAPCAs. Various techniques to obtain these 
data include balloon occlusion aortography at various levels 
in the descending aorta (Figure 41.13), selective injection of 
MAPCAs or ductus (Figures 41.14 and 41.15), and  pulmonary 
vein wedge angiography (Figure 41.16).

Postoperative catheterizations may be necessary to assess 
the patency of shunts or unifocalization procedures that have 
been performed, the growth of central pulmonary arteries, the 
distribution of flow to various bronchopulmonary segments, 
the presence of stenoses, and the presence of unifocal or dual 
blood supply from central pulmonary arteries and MAPCAs to 
various bronchopulmonary segments. Balloon dilatation of 
stenotic arteries and stenting of vessels are a major part of the 
reconstructive process for these patients. In addition, some 
patients need coil occlusion of redundant collaterals or 
MAPCAs to prevent pulmonary overcirculation.

Surgical repair
The report of the Blalock–Taussig (BT) shunt in 1945 opened 
the door to palliation of patients with tetralogy of Fallot by 
creating some type of aortopulmonary anastomosis [3] (see 
Chapter 14). A modification of this approach – anastomosis 

of the main pulmonary artery to the ascending aorta – is 
sometimes performed in patients with pulmonary atresia 
and MAPCAs in an attempt to grow diminutive but  confluent 
pulmonary arteries.

The BT shunt provides excellent palliation, and it was not 
until 1954 that complete intracardiac repair, with closure of 
the VSD and relief of the right ventricular outflow  obstruction, 
was demonstrated by Lillehei and colleagues [3]. Although 
fundamentally the technique has changed little, there have 
been many modifications. The VSD is now rarely closed via 
a ventriculotomy, with a transatrial approach now the 
method of choice. The extent of the ventricular incision has 
thus been markedly reduced and, when possible, avoided 
altogether in order to preserve infundibular and global right 
ventricular function. Similarly, the degree of resection of 
outflow tract muscle has diminished with experience. 
Formerly, cardiologists thought that residual obstruction was 
the root of all postoperative evils, but pulmonary regurgita-
tion is now regarded as a much more frequent culprit. 
Consequently, transection of septoparietal trabeculations is 
preferred over removal, and preservation of the pulmonary 
valve has become more frequent. Indeed, often a small 
amount of residual obstruction will be tolerated, if a 
 transannular patch can be avoided.

Figure 41.13 Balloon occlusion angiogram in the descending aorta. 

Berman’s angiographic catheter has been passed from the right ventricle 

anterograde into the ascending aorta and positioned in the descending 

aorta. The balloon has been inflated to prevent runoff into the distal aorta 

during the injection. Dense opacification of the descending aorta with a 

large unobstructed collateral to the left lung and a severely stenotic 

collateral to the right lung can be seen.

Figure 41.14 Selective injection of a major aorticopulmonary collateral 

vessel. A 4 French right coronary catheter is engaged to the ostium of a 

single collateral vessel arising from the mid-thoracic aorta, and contrast 

agent is injected manually. Opacification of a well-developed lower left 

pulmonary artery is demonstrated. In addition, one can clearly see the 

seagull appearance of the extremely hypoplastic true or native pulmonary 

arteries (arrow).
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One of the more important postoperative abnormalities is 
restrictive right ventricular physiology. Although much 
decreased in frequency since its original description in the 
mid-1990s [46–49], when present it predictably slows postop-
erative recovery, and can be associated with a markedly 
reduced cardiac output. As a result, it has become common to 
leave a patent foramen ovale to enhance systemic output from 
right-to-left atrial shunting in the early postoperative period.

The surgical approach to the patient with tetralogy of 
Fallot and absent pulmonary valve is less clear, particularly 
in the patient with significant respiratory compromise. 
Arguments have been made both for initial palliation to 
 control the pulmonary blood flow and regurgitation and for 
initial complete repair. Most now favor early complete repair 
for symptomatic infants [3]. In essence, the surgeon closes 
the VSD, reconstructs the outflow tract, if necessary with a 
patch, and attempts to remove bronchial compression by 

 plicating the aneurysmal pulmonary artery or even transect-
ing and reimplanting the pulmonary artery in a more  suitable 
position. Some surgeons implant a pulmonary valve.

Patients with tetralogy of Fallot and pulmonary atresia 
represent a more difficult surgical challenge [3]. Patients 
with good-sized central pulmonary arteries supplied by a 
ductus with distribution of normal or near-normal  branching 
patterns to the majority of bronchopulmonary  segments, 
and without significant MAPCAs, can follow a surgical 
 algorithm similar to a standard tetralogy of Fallot patient. 
Unfortunately, a large number of patients have hypoplastic 
or absent central pulmonary arteries either with MAPCAs 
supplying the majority of bronchopulmonary segments 
alone or with a dual blood supply from MAPCAs and  central 
pulmonary arteries. In these, a major goal of the initial 
 operation has been to enlarge central pulmonary arteries by 
establishing continuity from the right ventricle to the main 

Figure 41.15 Collateral vessels arising from the brachiocephalic vessels. Selective manual injections are performed in the subclavian arteries. (a) A small 

but well-developed left pulmonary artery is supplied by a collateral from the left subclavian artery. (b) A well-developed right pulmonary artery is supplied 

by a collateral vessel arising from the right subclavian artery. (c) As the contrast agent passes further into the right pulmonary artery, the hypoplastic true or 

native pulmonary arteries can be seen with the typical seagull appearance (arrow).

(a) (b)

(c)



Pediatric Cardiovascular Medicine

604

pulmonary artery or to the confluence of the right and left 
pulmonary arteries, or by implementing a central shunt to 
provide growth of these arteries, such that an eventual repair 
could be performed. When central  pulmonary arteries 
 provide blood flow to only a limited number of bronchopul-
monary segments, however,  unifocalization procedures 
must be performed so that  central pulmonary arteries can be 
connected to the  majority of the bronchopulmonary 
 segments. This may require  procedures in which shunts are 
performed to each lung with separate operations in which 
MAPCAs are divided from the aorta and connected together, 
with the shunt then providing all the blood flow to the 
 ipsilateral lung. If possible, these unifocalized vessels are 
connected to a central right or left pulmonary artery. If no 
central pulmonary arteries are present, the eventual goal is 
to connect the  unifocalized pulmonary arteries in the right 
and left hila using a central graft that can then be connected 
to the right ventricle with a valved or nonvalved conduit or 
homograft. Although this approach has been reported since 
the late 1980s, success has been variable, and many patients 
have not had enough growth of pulmonary arteries to 
undergo closure of the VSD [50–55].

Hanley and co-workers advocated early repair using 
extensive mobilization of MAPCAs and central pulmonary 
arteries with preferred time of operation from 3 to 6 months 
of age [56]. Small central arteries are enlarged considerably 

with homograft material, and in most patients, connection is 
made to the right ventricle with a valved or nonvalved 
 containing graft. If enough bronchopulmonary segments 
have been connected and the augmented pulmonary  arteries 
appear to be of reasonable size, the VSD can be closed. These 
authors described a procedure for help with the decision 
about  closure of the VSD. Immediately after pulmonary 
artery surgery, the heart–lung pump is used to direct a 
 normal cardiac index through the lungs before the decision 
is made regarding VSD closure. If the pulmonary arterial 
pressure has not risen markedly during this procedure, the 
VSD is closed. With this procedure, the authors were able to 
achieve complete repair in most infants [57]. Although most 
units have adopted a similar approach, institutional 
 preferences vary, as do results, and this remains a controver-
sial area, with uncertain long-term results [58]. Furthermore, 
despite successful unifocalization and reparative procedures, 
these patients frequently have multiple stenoses in both the 
surgically created anastomoses and the native MAPCAs and 
pulmonary arteries. These patients require postoperative 
catheterization and frequently balloon dilatation or stent 
placement to achieve satisfactory right ventricular systolic 
pressure.

Postoperative problems 
and long-term outlook

Postoperative problems include both hemodynamic abnor-
malities and arrhythmias, which are listed in Table 41.2.

Residual VSD is uncommon with current surgical 
 techniques. Echocardiography is fairly useful to detect 
 left-to-right ventricular shunting but, in the presence of a 
 surgical patch, estimating the size of the defect and the 
degree of shunting may be difficult.

Residual right ventricular outflow tract obstruction, valvar 
stenosis, annular stenosis, and supravalvar main pulmonary 
arterial obstruction can occur, particularly when transannu-
lar patching is avoided. The site and severity of obstruction 
can usually be determined  echocardiographically, and 
 balloon valvoplasty may be useful when there is valvar 
obstruction. If there is a  moderate or severe residual 
 supravalvar, annular, or infundibular  stenosis, reoperation is 
 usually required. Pulmonary artery branch stenosis is 
 relatively common postoperatively and usually occurs in the 
left pulmonary artery at the site of prior ductal insertion, or 
at the site of a previous shunt. Fortunately, these conditions 
can now be treated with a high degree of success by using 
 transcatheter balloon  arterioplasty with or without the use 
of stents (see Figure 41.12).

Tricuspid regurgitation is relatively rare early after the 
repair, but increases with progressive right ventricular 
 dilation and dysfunction. When operation is required for 
pulmonary valve replacement or correction of residual 

Figure 41.16 Pulmonary vein wedge angiogram. No arterial supply 

could be identified to the right lung in this child after an initial right 

unifocalization. A wedge catheter has been positioned in the right upper 

pulmonary vein. The balloon is inflated to occlude flow. Contrast agent 

is slowly injected retrograde into the capillary bed, followed rapidly with 

a saline flush. The right pulmonary artery (arrow) is easily seen and 

densely filled, indicating that it is patent but not being supplied with 

anterograde flow.



CHAPTER 41 Tetralogy of Fallot and Pulmonary Atresia with Ventricular Septal Defect

605

 outflow obstruction, tricuspid valve annuloplasty can be a 
useful adjunctive procedure.

Pulmonary regurgitation commonly accompanies  tetralogy 
of Fallot repair because of the frequent need for transannular 
patching for adequate relief of right ventricular outflow tract 
obstruction. Pulmonary regurgitation is usually well toler-
ated when pulmonary arterial and right ventricular pressures 
are low. If any degree of pulmonary hypertension or pulmo-
nary artery stenosis is present, pulmonary  regurgitation is 
enhanced and right ventricular dilatation is accelerated. In 
the long term, pulmonary regurgitation is the single most 
important factor in the pathogenesis of  symptomatic decline 
[1]. The natural history of isolated  congenital pulmonary 
valve regurgitation has been reviewed. The development of 
cardiovascular symptoms increases with age, reaching 20% 
after 40 years and 48% after 50 years in patients without 
associated pulmonary stenosis, pulmonary hypertension, or 
a right ventriculotomy [59]. If right  ventricular dysfunction 
develops in a high percentage of patients with an otherwise 
normal heart by age 50 years, postoperative patients with 
prominent pulmonary  regurgitation almost certainly will 
have similar problems with increasing age.

Arrhythmias can be a significant postoperative problem. 
There has been a history of late sudden death in as many as 
5% of patients on long-term follow-up [60–67]. This 
 incidence appears to be declining with earlier age at operation. 
Patients who appear to be most at risk for ventricular 
tachyarrhythmia and sudden death have right ventri cular dila-
tation, right ventricular dysfunction, right ventricular press-
ure overload, marked or rapidly developing QRS prolongation 
[68], and an older age at the time of repair. Both 
supraventricular tachycardia and ventricular tachycardia 
can occur. Because most patients have right bundle branch 
postoperatively, they have wide complex tachycardia, and it 

may be difficult to differentiate between the two types of 
tachycardia. The “supraventricular” arrhythmia is usually 
atrial flutter or fibrillation. “SVT” will show a RBBB pattern 
but VT after tetralogy repair will nearly always have an 
LBBB pattern because of the right ventricular origin of the 
tachycardia.

Patients with documented arrhythmia associated with 
symptoms should undergo electrophysiologic studies and 
concurrent hemodynamic evaluation by electrophysiologists 
experienced in congenital heart disease. Supraventricular 
tachycardia and ventricular tachycardia may coexist. When 
either type of tachycardia is documented, radiofrequency 
ablation may be curative, or patients may be treated with an 
antitachycardia device. An alternative strategy, particularly 
if pulmonary valve replacement is contemplated, is for 
intraoperative mapping of the arrhythmia and cryoablation. 
This has proven particularly successful for those with 
ventricular tachycardia, where transcatheter ablation is less 
effective.

Infective endocarditis is rare after operation [69].
Exercise performance after tetralogy repair is less than 

normal, and the degree of impairment is usually directly 
related to the amount of pulmonary regurgitation [70–73]. 
Right ventricular dysfunction, as assessed by ventricular size 
and ejection fraction, has often been found in patients with 
more severe pulmonary insufficiency. Such patients also 
have a larger transannular patch and right ventriculotomy, 
factors that also depress ventricular function [74,75]. 
Pulmonary valve replacement usually decreases right 
 ventricular size, increases ejection fraction, and improves 
exercise capacity [76–78]. However, right ventricular dys-
function [79] and chronotropic impairment of unknown 
origin [80] also contribute to diminished exercise tolerance.

The decision as to when to perform pulmonary valve 
replacement for pulmonary regurgitation is difficult. Patients 
with progressive right ventricular enlargement, particularly 
if associated with decreased exercise tolerance documented 
with exercise testing, clinical arrhythmia, or signs of right 
ventricular dysfunction should have the valve replaced, 
 preferably when these signs or symptoms occur. Several 
groups have sought to define a threshold for right ventricu-
lar dilatation, above which reverse remodeling may not 
occur after valve replacement. Although far from resolved, 
most studies have found that a right ventricular end- diastolic 
 volume of 150–170 ml m−2 or more makes recovery less 
likely, at least in adults [81,82]. There is usually a modest 
decrease in heart size after operation and often resolution of 
sy mptoms and ventricular ectopy. Several reports indicate 
favorable results with pulmonary valve replacement [76–78], 
with an earlier operation associated with better results.

Right ventricular aneurysms described after tetralogy 
repairs are usually not true aneurysms but simply prominent 
outflow patches that were too large to begin with. These 
patches are akinetic, can contribute to right ventricular 

Table 41.2 Postoperative problems.

Residual hemodynamic problems

Ventricular septal defect

Right ventricular outflow tract obstruction

Pulmonary valvar and/or annular stenosis

Supravalvar pulmonary artery stenosis

Pulmonary artery branch stenosis

Pulmonary regurgitation

Tricuspid regurgitation

Right ventricular dysfunction

Right ventricular outflow tract aneurysm

Left ventricular dysfunction

Pulmonary hypertension

Arrhythmia and conduction disturbances

Supraventricular tachycardia

Ventricular tachycardia

Complete heart block
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 dysfunction, and should be resected and retailored when 
reoperation is required.

Transcatheter pulmonary valve replacement
Transcatheter valve replacement was first described by 
Andersen et al. in 1992 [83], but it failed to capture the 
imaginations of cardiologists or industry, perhaps because of 
a lack of importance attributed to pulmonary valve 
 dysfunction at that time. However, in 2000, Bonhoeffer [84] 
described the use of a bovine jugular valve mounted in a 
stent, to reconstruct the right ventricular outflow tract in 
patients with stenosis and/or regurgitation. A dilated  outflow 
tract makes transcatheter valve replacement infeasible for 
most patients, at least for the time being. Nonetheless, the 
introduction of the technique has been one of the most 
 significant advances in the recent history of cardiology, 
spawning an explosion of methods for treating acquired and 
congenital valve diseases. For those with tetralogy of Fallot, 
this therapy is essentially restricted to those patients with a 
conduit between the right ventricle and pulmonary artery. 
Even so, the results have been very encouraging. Relief of 
stenosis and abolition of regurgitation can be expected in 
most, and these results seem to be sustained in the majority 
during the first 5 years after implantation. The technique has 
evolved during the decade since its original description by 
Bonhoeffer and colleagues [85], so the longer term  outcomes 
of contemporary series remain to be seen. Furthermore, 
development of techniques to overcome the anatomic 
 limitations in most of those without a conduit will likely 
change the face of, and indications for, pulmonary valve 
replacement in these patients (see also Chapters 10 and 33).

Most postoperative patients lead normal or near-normal 
lives. Patients who have excellent results with normal to 
near-normal heart size, and no residual significant 
 hemodynamic lesions, can engage in high-level recreational 
and sports activities [86].

Long-term outcome after repair of tetralogy of Fallot has 
been reported to be very good for most patients, with 
 actuarial survival reported as 86% after 32 years compared 
with an expected rate of 96% [87], 85% after 36 years 
[88], 84% after 20 years [89], and 84% after 15 years [90]. 
These survival rates are for some of the earliest patients 
receiving repair, and survival after successful early repair 
with more current techniques would be predicted to be 
even better.
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42 Complete Transposition 
of the Great Arteries
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Complete transposition of the great arteries (TGA) is a 
 common and life-threatening cardiac malformation charac-
terized by isolated ventriculo-arterial discordance. Neonatal 
survival depends on shunts between the two parallel circula-
tions, mainly through the foramen ovale. Ductus arteriosus 
patency [natural or by prostaglandin E

1
 (PGE

1
) infusion] can 

also influence clinical tolerance but to a lesser extent and not 
always favorably.

About two-thirds of the neonates have no other cardiac 
abnormalities apart from a patent foramen ovale and a small 
patent ductus arteriosus. The remainder may have a 
 ventricular septal defect, a large atrial septal defect, a large 
patent ductus arteriosus, or significant subpulmonic steno-
sis. The first group and those with only a small ventricular 
septal defect are often termed simple TGA. The rest are 
included in the group of complex TGA, which also includes 
those with pulmonic or tricuspid atresia and various types of 
double-outlet ventricles (see Chapter 44). Other terms that 
are used include dextro-TGA (d-TGA), aortopulmonary 
transposition, and transposition of the great vessels.

Key points

Every cyanotic neonate without respiratory distress should  •
be considered as possibly having TGA until two-dimensional 
echocardiography has shown a normal relationship between 
the great vessels and the ventricles.

TGA is usually fatal soon after birth, and neonates can be  •
saved by an early balloon atrioseptostomy (the Rashkind 
procedure).

Prenatal diagnosis is possible. Deterioration soon after birth  •
can be predicted from the size of the foramen ovale in utero, 
and delivery should be organized at a center where an early 

Rashkind procedure can be performed with two-dimensional 
echocardiographic guidance in the delivery room.

Atrial repair leaving the ventriculo-arterial discordance  •
but adding atrioventricular discordance (the Mustard or 
Senning procedure) gives good immediate and midterm 
results but leads to frequent rhythm disturbances, and right 
ventricular failure may occur in the long term.

Anatomic repair (arterial switch) gives excellent long-term  •
results with a low perioperative mortality, but it can be 
 performed only in a neonate while the left ventricle is still 
able to develop systemic pressures. Long-term follow-up is 
necessary to be sure that the fate of the great arteries and 
coronary arteries will allow a normal life.

Embryology and epidemiology

This lesion represents ∼5% of congenital heart disease, occur-
ring in ∼1/3000 liveborn infants. TGA, especially simple TGA, 
has a marked male preponderance [1,2]. Extracardiac mal-
formations or chromosome anomalies are uncommon [1,2]; 
in particular, there is no association with microdeletion of 
chromosome 22. The etiology is unknown, and the low 
recurrence rate in siblings and the low transmission rate to 
offspring [1,2] suggest that genetic effects play little role. 
Overt maternal diabetes has been associated with TGA [1,3].

The embryology is discussed in Chapter 1.

Pathologic anatomy

In TGA, the aorta rises from the right ventricle above an 
infundibulum, so that there has not been resorption of the 
subaortic conus. The pulmonary artery rises from the left 
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ventricle and is usually in continuity with the mitral valve, 
indicating complete resorption of the subpulmonic conus 
(Figure 42.1) (see Chapters 1 and 20). This means that 
TGA has a discordant ventriculo-arterial connection. The 
pulmonary artery rather than the aorta is situated in the 
center of the heart in continuity with both atrioventricular 
valves (see Chapter 44). The aorta is usually positioned 
anteriorly and to the right of the pulmonary artery (d-TGA), 
but can be in front of or beside the pulmonary artery; 
rarely, it can to the left of or posterior to the pulmonary 
artery, even though it is connected to the right ventricle.

The atria are normal, and there is almost always a  patent 
foramen ovale, seldom a true secundum atrial septal 
defect. The ventricles are also normal, but the wedging of 
the pulmonary artery into the center of the heart pro-
duces a small central fibrous body and atrioventricular 
and membranous interventricular septa that are smaller 
than normal [4,5]. The ventricular septum, if intact, is 
relatively straight rather than sigmoid, so that the right 
and left ventricular outflow tracts are parallel. After 2 
months of age, there is often functional subpulmonic 
obstruction from the ventricular septum bulging into the 
left ventricular outflow tract where it is apposed to 
the septal leaflet of the mitral valve [4–10]. A ridge of 
 endocardial thickening may be found where the mitral 
valve edge contacts the septum. The obstruction usually 
disappears after an arterial switch repair but persists after 
an atrial baffle repair.

There may be minor anomalies of the mitral and tricuspid 
valves, but these are clinically important in <5% of patients 
with simple TGA [4,5,11].

The conduction system is normal except that the left 
bundle originates more distally than usual from the bun-
dle of His and as a single cord rather than as a sheaf of 
fibers [12].

The coronary arterial anatomy is of great importance. 
The posterior commissure of the aortic valve is usually 
aligned with the anterior commissure of the pulmonary 
valve, and the coronary arteries arise from the posterior 
sinuses (never from the anterior sinus). The origin and 
 distribution of the coronary arteries are important for a sur-
geon performing an arterial switch, because they have to be 
moved to the new aortic root. The right coronary artery is 
nearly always dominant. The left circumflex artery comes 
frequently (25%) from the right coronary artery 
(Figure 42.2). The two coronary ostia usually rise laterally 
from the two posterior sinuses, but they can rise in between 
the vessels from a single ostium or from two ostia near the 
posterior commissure; the latter pattern is often associated 
with an intramural left coronary artery (usually the left 
anterior descending). Multiple classifications have been 
used to describe the coronary arterial origin and  distribution 
[11,13–15], the first and still most commonly used being 
the Yacoub classification [13] shown in Figure 42.2. The 
sinus node artery usually originates from the proximal right 
coronary artery and courses upward and to the right, being 
partly embedded in the upper part of the limbus of the atrial 
septum [11].

Although there is no structural abnormality of the cardiac 
chambers in complete TGA, the function and the mass of 
the right and left ventricles are normal only in the fetal 
and neonatal periods when both ventricles have similar 
afterloads. After birth, the right ventricle facing a systemic 
afterload grows more than the left ventricle because the 
latter supports the low pressure of the pulmonary 
circulation. Thus, after a few weeks, the left ventricle 
becomes unable to sustain a systemic pressure unless it is 
prepared for it by an artificial increased afterload 
(pulmonary arterial banding) that leads to preoperative 
hypertrophy.

In some patients, for unknown reasons, pulmonary vascu-
lar disease occurs. This complication is rare at <3 months of 
age [16–19], but it may develop in 25% of patients aged <1 
year and in 15–67% of patients >12 months of age [11,16–19]. 
These pulmonary vascular changes are mild and do not cause 
profound pulmonary hypertension, but rarely (∼1%) they 
may do so [17]. When pulmonary hypertension is signifi-
cant, it does not react to oxygen or nitric oxide, and the small 
arteries histologically resemble classic pulmonary vascular 
disease, although sometimes numerous microthrombi are 
seen.

Figure 42.1 Pathology to show discordant ventriculo-arterial 

connections.
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Figure 42.2 Yacoub classification of coronary 

arteries. (Reproduced with permission from Yacoub 

and Radley-Smith Thorax 1978;33:418–24.)

(a) (b) (c)

(d) (e)

Hemodynamics and pathophysiology

The fetus

The fetus with TGA appears to have no disability. Because 
the pattern of streaming of the venous return is normal in 
these fetuses, the left ventricle receives much of its blood 
from the umbilical circulation (see Chapter 3), as in normal 
subjects, but then this blood, with an oxygen tension of 
about 24 mmHg, is distributed to the lungs and through 
the ductus arteriosus to the lower body (Figure 42.3). The 
heart and brain, on the other hand, receive blood with an 
oxygen tension of about 18 mmHg. There might possibly 
be greater flows through the lungs (less hypoxemia to cause 
vasoconstriction) and the heart and brain (autoregulation 
because of more hypoxemia). Whether these changes 
cause differences in vascular development of the organs is 
unknown.

Normal development of the cardiac chambers is expected 
in a fetus with TGA, because atrial and ductus communica-
tions equalize preload and afterload of the ventricles. The 
respective volumes and outputs of the two ventricles should 
be the same in a fetus with TGA as in a normal fetus with 
right ventricular output greater than left ventricular out-
put. On the other hand, the sizes of the great arteries and 
of the foramen ovale that depend on the flow through 
them during fetal life are likely to be different (see Figure 
42.3). Fetuses with TGA are likely to have a larger ascend-
ing and  transverse aorta and a larger aortic isthmus because 

of the higher right ventricular output, and the ductus arte-
riosus and the foramen ovale should be smaller because the 
higher pulmonary blood flow (due to a higher than normal 
PaO

2
 in the pulmonary artery) decreases the amount of 

blood that passes through these structures during fetal life 
(see Figure 42.3). These factors may explain the rarity of 
coarctation of the aorta in simple TGA, and may also explain 
the devastating postnatal course due to inadequate shunt-
ing of blood between the two circulations in the absence of 
treatment.

There are increased number and size of pancreatic islet 
cells and an increased weight of the adrenal cortex; both of 
these findings resemble those found in infants of diabetic 
mothers.

The neonate

Without communications between systemic and pulmonary 
circulations, a neonate with TGA cannot survive more than 
a few minutes after the neonatal “placental–pulmonary 
switch.” Because the two circulations are in parallel, blood 
oxygenated in the lungs returns exclusively to the lungs, 
whereas the desaturated systemic blood returns through the 
aorta to the systemic tissues. Survival is possible only through 
one or more communications that allow some oxygenated 
blood to cross from the left side of the heart or the pulmo-
nary artery to the right side of the heart or the aorta and 
desaturated blood to cross back from the right side of the 
heart to the left side (Figure 42.4). Of necessity, the same 
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amount of blood must cross in each direction; otherwise, 
one circulation would empty into the other. It is only this 
shunted blood that allows some oxygen uptake in the lungs 
and some oxygen transport to the tissues.

Initially, there may be bidirectional shunts through the 
ductus arteriosus and across the atrial septum. At birth, 
the ductus arteriosus is open, and aortic and pulmonary 
arterial pressures are similar. During systole, left ventricu-
lar ejection imparts enough kinetic energy to the blood 
that some  oxygenated blood passes through the ductus 
arteriosus into the descending aorta. In diastole, aortic 
blood may enter the  pulmonary artery with its lower 
 vascular resistance. Then, with the rise in systemic vascu-
lar resistance that  follows removal of the placenta and a 
decrease in pulmonary vascular resistance, pulmonary to 
aortic shunting ceases. The flap (Vieussens valve) of the 
foramen ovale (that is intended to close the atrial septum 
when the pressures become higher in the left compared 

with the right atrium) usually crosses a foramen ovale 
 distended by the increased pulmonary blood flow and 
allows a left-to-right atrial shunt; in addition, the rise in 
right atrial pressure due to the increased systemic vascular 
resistance helps to keep the valve of the foramen ovale 
open. In early ventricular diastole, blood shunts from right 
to left atrium because of the lower resistance to filling of 
the left ventricle [20]. In  ventricular systole, blood shunts 
from left to right atrium because the left atrium has higher 
pressures and is less  distensible. Respiration also influ-
ences atrial shunting because inspiration increases the 
caval venous return to the right atrium. These atrial shunts 
explain why most neonates with TGA do well at birth with 
an adequate flow through the ductus arteriosus from aorta 
to pulmonary artery (shunt of desaturated blood destined 
for the lungs) associated with a quantitatively equivalent 
left-to-right atrial flow of oxygenated blood destined for 
the body.

Figure 42.3 Fetal circulation in a normal subject (a) and one with TGA (b). The percentages shown are proportions of the combined ventricular output 

coming from each ventricle and being distributed to various regions of the body. The figures in parentheses in the ventricles are the oxygen tensions 

(mmHg). In (a), the desaturated blood returning from the lungs and body is shown by dark arrows. The better oxygenated blood returning from the 

umbilical vein is shown by the pale arrow, and it is distributed to the head, coronary arteries, and aortic isthmus, which is the narrowest part of the aortic 

arch. The lungs and descending aorta receive blood of intermediate saturation. In (b), note that in TGA, the aorta, main pulmonary artery, and aortic 

isthmus are wider than in the normal subject and that the foramen ovale and the ductus arteriosus are smaller. The distribution of well and poorly 

saturated blood differs from the normal. CS, coronary sinus; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; 

SVC, superior vena cava. (Courtesy of Dr David F. Teitel.)
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The ductus arteriosus, smaller than normal in TGA, 
becomes progressively smaller soon after birth. When this 
happens, the neonate’s survival depends on bidirectional 
shunting at the atrial level. If, however, the foramen ovale is 
too small or the flap is too large and closes the foramen ovale 
instead of crossing it, the atrial communication is absent or 
restrictive. These changes are poorly tolerated because the 
shunt is inadequate (severe hypoxemia); any shunting that 
occurs is possible only with a high left atrial pressure (due to 
increased pulmonary flow) and a resulting high capillary 
pressure that can cause pulmonary edema.

After the neonatal period, with adequate atrial shunting 
through a natural or post-Rashkind atrial communication, 
the hemodynamic status usually improves. There is an 
increased pulmonary blood flow (Qp/Qs ≈ 2) and adequate 
shunting (about half of systemic flow) so that aortic satura-
tion is ∼70%, the pulmonary arterial saturation is ∼85%, 
and mixed venous caval blood saturation is ∼40%. With a 
normal decrease in pulmonary vascular resistance, pulmo-
nary arterial pressure is low, and the pathophysiologic proc-
ess resembles a simple atrial septal defect but with obligatory 

cyanosis from blood going directly from the caval veins to 
the aorta. The major consequence of this fall in pulmonary 
arterial pressure is that the left ventricle in a neonate or 
infant behaves like a right ventricle in a normal circulation 
with an atrial septal defect. The left ventricle increases in size 
but loses wall thickness and perhaps forever the ability to 
develop a normal systemic pressure, and probably loses 
 adequate coronary vascular bed growth.

Collateral circulation from the aorta to the pulmonary 
artery by bronchial arteries and from pulmonary veins to 
azygos vein can also play a role in the physiologic circulation 
in TGA. It can ensure some shunting in patients with closed 
foramen ovale, but the amount is insufficient to compensate 
for inadequate shunting at atrial and ductus levels. The 
 collateral circulation complicates the evaluation of pulmo-
nary blood flow and vascular resistance by the Fick method 
during catheterization because it alters the oxygen satura-
tion proximally in the caval veins and distally in the pulmo-
nary artery.

About half of the children with TGA have a greater than 
normal distribution of blood flow to the right lung, as shown 
by chest radiography, angiography, or radionuclide lung 
scans [21]. This effect is thought to be due to the abnormal 
rightward inclination of the main pulmonary artery towards 
the right pulmonary artery. This diversion probably does not 
have major physiologic effects, but it may explain associated 
hypoplasia of the left pulmonary arterial vessels and the 
occasional report of unilateral (always left-sided) pulmonary 
vein hypoplasia or stenosis [22,23].

Natural history

The natural history of untreated simple TGA is bleak; <5% 
survive more than 2 months [2,11,24]. Some with a large 
atrial septal defect may survive longer, but only 5–10% of 
them reach their first birthday. Death is usually from hypox-
emia and acidosis, sometimes complicated by pulmonary 
edema.

Physical examination

These neonates are usually of normal birth weight, although 
reports of underweight and overweight exist, especially in 
the complex group [1]. They are initially well but may look 
dusky rather than overtly cyanotic. At this stage, pulses and 
breathing patterns are normal, as is activity. The heart is not 
enlarged and has the expected normal neonatal right 
ventricular lift. The first heart sound is normal. The second 
sound is usually single and heard with greatest intensity at 
the upper left sternal border because of the high position of 
the anterior aortic valve above the conus. A soft pulmonic 
closing sound is occasionally heard. No other sounds or clicks 

Figure 42.4 Diagram to show where shunts essential for survival (gray 

circles) after birth take place in simple TGA. It is possible for bidirectional 

shunting to occur through the ductus arteriosus, but the amounts are 

small. The least saturated blood is indicated by the darkest arrows, the 

best saturated blood by the lightest arrows. Intermediate saturations are 

suggested by intermediate shades of gray. CS, coronary sinus; IVC, inferior 

vena cava; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right 

ventricle; SVC, superior vena cava.
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are present. There may be no murmurs or only the soft 
murmur of a ductus arteriosus or a short midsystolic murmur 
along the midsternal border.

As hours or days pass, the ductus closes and shunting at 
ductus and atrial levels becomes inadequate. The neonate 
becomes deeply cyanotic, and this is usually equal in fingers 
and toes. Respiration becomes deep but without retractions, 
and there is usually no tachypnea unless there is acidosis. 
With the onset of severe acidosis, the baby’s activity becomes 
reduced.

In older children who have not undergone surgical  correction, 
there may be a soft ejection murmur along the upper left 
 sternal border to indicate mild subpulmonic stenosis.

Electrocardiography

This shows merely the expected right ventricular dominance 
of the newborn term infant. After the first week, however, 
persistent upright T waves in the right precordial leads sug-
gest abnormal right ventricular hypertrophy, as do decreased 
r waves in the left precordial leads. Should left forces be 
prominent (tall R waves in leads V

5
 and V

6
), some cause for 

a high left ventricular systolic pressure, such as pulmonary 
vascular disease or severe subpulmonic stenosis, should be 
sought.

Chest radiography

The pulmonary vascular markings are increased because 
pulmonary blood flow is usually increased. The heart is 
slightly enlarged, and the characteristic oval shape is due to 
absence of the pulmonary artery segment. As a rule, the thy-
mus, although present, is notably small, so that the narrow 
mediastinal shadow gives an “egg on its side” or “apple on a 
string” appearance that is almost pathognomonic. The aortic 
arch is almost invariably left sided. The chest film may lack 
these diagnostic features immediately after birth. It is impor-
tant not to exclude the diagnosis of TGA because of a non-
specific X-ray picture.

Echocardiography

In the fetus
TGA is well tolerated by the fetus, and the diagnosis can be 
made on two-dimensional echocardiography if the screening 
is not limited to the four-chamber view (that is normal in 
TGA) but includes the great vessels (see Chapter 8). It is 
 crucial to check the size of the foramen ovale and the 
anatomy of the atrial flap to predict early closure of the 
atrial septum at birth and the need for an early Rashkind 
 procedure.

In the neonate
Two-dimensional echocardiography with Doppler 
interrogation is the major diagnostic method. It confirms 
the diagnosis by demonstrating a normal heart architecture 
but with two great vessels arising in parallel from the 
ventricles instead of crossing early after their origins (Figure 
42.5). The anterior vessel that arises from the right ventricle 
above an infundibulum is the aorta because it is directed 
anteriorly and gives off the neck vessels, and the posterior 
vessel arising from the left ventricle in continuity with the 
mitral valve is a pulmonary artery because it is directed 
posteriorly and bifurcates or trifurcates into two branches 
and the ductus arteriosus. The two outflow tracts are 
parallel. On a transverse view, the aorta is usually anterior 
and to the right of the pulmonary artery, and there is 
usually good alignment between the commissures of the 
aorta and pulmonary artery with coronary arteries arising 
always from the posterior sinuses of the anterior vessel 
(Figure 42.6).

It is especially important to visualize the atrial septum 
(subxiphoid view) and the ductus view, as these are the sites 
of shunting in TGA. Although the need for the Rashkind 
procedure is primarily determined clinically, it should be per-
formed early when the foramen ovale is obstructed by the 
flap as shown by a high Doppler velocity (>1 m s−1) (unless 
arterial switch can be performed immediately). Conversely, 

Figure 42.5 Echocardiogram, subcostal view, from a neonate with 

simple TGA. The left ventricle (LV) gives rise to the pulmonary artery 

(MPA), which divides into the left pulmonary artery (L) and ductus 

arteriosus (D). The right ventricle (RV) gives rise to the aorta (AO) from 

which the innominate artery (IA) originates. (Courtesy of Dr Norman H. 

Silverman.)
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if the atrial communication is large and the patient is not 
doing well, echocardiography helps to find a reason for the 
symptoms (e.g., high pulmonary vascular resistance, or asso-
ciated cardiovascular anomalies such as coarctation of the 
aorta or subpulmonic stenosis), and eventually indicate early 
surgery to obtain better oxygenation of the neonate and deal 
with high pulmonary vascular resistances.

It is particularly helpful to look at the atrial shunting. With 
an exclusive left-to-right atrial shunt, there must be another 
communication at the ventricular or the arterial level; if it is 
not at the ductal level, it must be elsewhere (ventricular sep-
tal defect or collateral circulation). If there is a bidirectional 
atrial level shunting, then no other significant communica-
tion is present and the ductus arteriosus is closed. If the duc-
tus is widely patent and bidirectional atrial shunting is 
present, then the pulmonary vascular resistance is high.

Echocardiography helps to assess the hemodynamics by 
assessing the velocity of flow across the ductus arteriosus 
and foramen ovale and analyzing septal geometry. (Left 
 ventricular deformation is related to the pressure difference 
between the ventricles.)

Finally, the coronary artery ostial origins and course 
should be examined. It is important to note an unfavorable 
distribution, for example, if one coronary artery passes 
between the great vessels and especially if it is intramural. 
However, because coronary artery transfer is always possible 
by a highly trained cardiac surgeon, it does not seem legiti-
mate to use invasive techniques and deliver irradiation to 
the neonate to define precisely coronary anatomy.

Cardiac catheterization

Cardiac catheterization is useful only when a Rashkind 
 procedure is indicated. Rarely is it used to look for associated 
abnormalities such as a trabecular ventricular septal defect, 
collateral circulation, abnormal coronary arteries, or a small 
aortic isthmus if a coarctation is suspected (this can also be 
looked at by MRI or CT scan).

The technique of cardiac catheterization is standard, 
except that special maneuvers are needed to enter the 
 pulmonary artery from the left ventricle [24,25].

Calculating flows by the Fick method is inexact because it 
is difficult to have mixed pulmonary arterial saturation 
 samples if the ductus is open and when there is bronchial 
circulation (common). Pulmonary arterial samples are taken 
proximal to the entry of the bronchial collaterals that  contain 
desaturated blood, so that a true mixed pulmonary arterial 
blood sample cannot be obtained. If bronchial collateral 
blood flow is only 10% of total pulmonary blood flow, there 
could be a 40% overestimate of pulmonary blood flow [17]. 
Another complication is that the arteriovenous difference 
of oxygen saturation across the pulmonary vascular bed is 
usually small, so that a tiny measurement error is translated 
into a large error in estimating pulmonary blood flow. 
Comparison of pulmonary blood flows measured by angio-
graphic and Fick techniques suggests that pulmonary flows 
as calculated by the Fick method are about twice the true 
flows [26]. This means that pulmonary blood flow is usually 

Figure 42.6 Echocardiograms showing the origin of the coronary arteries in TGA. (a) The left coronary (LCA) and right coronary (RCA) arteries arise from 

the facing aortic (AO) sinuses. PA, pulmonary artery. (b) Long intramural course of the LCA. RA, right atrium; RVO, right ventricular outflow tract. (Courtesy 

of Dr Norman H. Silverman.)

(a) (b)
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overestimated, and pulmonary vascular resistance is under-
estimated. Nevertheless, in simple TGA, pulmonary blood 
flow is usually almost twice that in normal children, even 
without a large shunt.

Differential diagnosis

In a cyanotic neonate without respiratory distress, TGA must 
be the diagnosis until two-dimensional echocardiographic–
Doppler examination shows a normal position of the great 
arteries. The differential diagnosis therefore concerns the 
distinction between simple and complex TGA in which a 
ventricular septal defect, an abnormality of the great vessels 
(pulmonary artery stenosis, coarctation of the aorta), an 
anomaly of the atrioventricular or semilunar valves, or an 
abnormality of size or function of the ventricles is present.

Three major diagnostic difficulties exist:
1 A muscular ventricular septal defect, especially at the 
apex, may be difficult to see on echocardiography. Such a 
ventricular septal defect should be sought when there is left 
ventricular hypertension unexplained by a widely patent 
ductus arteriosus or an exclusive left-to-right atrial shunt 
with a closed ductus arteriosus (see earlier).
2 An associated coarctation of the aorta when the ductus is 
open, especially if the right ventricle is smaller than the left 
ventricle and the pulmonary artery is much larger than the 
aorta. In this circumstance, it may be useful to stop PGE

1
, 

so that the ductus arteriosus closes, and then evaluate the 
femoral pulses and the aortic isthmus. Catheterization may 
be needed to decide whether a coarctation repair should be 
done with an arterial switch.
3 Anatomic subpulmonic stenosis when an abnormal 
 pulmonary arterial gradient cannot be explained by bulging 
of the ventricular septum. Particular attention should be 
paid to the mitral valve insertions on the septum or an 
abnormal pulmonary artery valve (bicuspid and/or dysplas-
tic pulmonary valve).

Clinical course

Without an adequate atrial communication, death occurs 
early with metabolic acidosis. With an adequate atrial 
communication (natural or after a Rashkind procedure), 
the infant with TGA survives for years with only mild or 
moderate cyanosis. These patients are exposed to the 
complications of hypoxemia and polycythemia, mainly 
brain abscess or infarction (see Chapter 52) and progressive 
right ventricular failure. Some survive into adulthood, but 
most have problems by the age of 5 years (an age chosen in 
the 1960s and early 1970s for the Mustard operation). 
Progressive subpulmonic stenosis due to the bulge of the 
septum (displaced by the systemic right ventricle) under 

the pulmonary valve causes a systolic ejection murmur and 
left ventricular hyper trophy [6–10].

Medical management

Medical therapy at birth is based on balloon atrial septostomy 
(the Rashkind procedure) and maintaining or vasodilating 
the ductus arteriosus by PGE

1
 infusion. These therapies have 

greatly improved the outcome of neonatal TGA.
When TGA is diagnosed prenatally, delivery should be 

carried out at a center where a Rashkind procedure can be 
performed safely and quickly (Figure 42.7; see Chapter 10 
for details of the procedure). This can be done under  two- 
dimensional echocardiographic guidance via the umbilical 
vein (through the ductus venosus) even in the delivery room.

If prenatal diagnosis was not made and severe hypoxemia 
occurs in the delivery room, PGE

1
 should be infused and an 

emergency transfer organized to the nearest pediatric cardi-
ology center that is able to perform the Rashkind procedure. 
Meanwhile, it may be useful to put an umbilical catheter 
into the heart in an attempt to push the flap and allow some 
atrial mixing before the Rashkind procedure or an emer-
gency arterial switch.

PGE
1
 infusion may be useful in the hypoxic neonate before 

the Rashkind procedure to allow some mixing and avoid 

Figure 42.7 Diagram of Rashkind balloon atrial septostomy. (a) The 

catheter with the balloon deflated is passed from the right atrium (RA) 

through the foramen ovale into the left atrium (LA). (b) The balloon is 

inflated. (c) The inflated balloon is jerked back into the right atrium, 

tearing the atrial septum. RV, right ventricle; LV, left ventricle.

(c)

(b)(a)

LV

LA

RV

RA
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(sometimes, but not always) metabolic acidosis and death. 
It can also be useful after the Rashkind procedure to improve 
mixing (decrease hypoxemia) and increase pulmonary 
 arterial and left ventricular pressure in preparation for an 
anatomic repair.

PGE
1
 infusion has its drawbacks, however, because it can 

lead to apnea (with the need for artificial ventilation) and to 
pulmonary edema by the increase in pulmonary blood flow 
and pressure (especially if the foramen ovale is restrictive 
before or after a Rashkind procedure). This is why PGE

1
 infu-

sion should not be used routinely but reserved for neonates 
who do not tolerate hypoxemia. Rashkind procedure has 
also its drawbacks, even if it is done carefully with good 
equipment. A clot or air in the catheter may pass to the brain 
[27], and if the balloon is not kept in the left atrium it may 
damage the mitral valve. In addition, if the foramen ovale is 
small, the Rashkind procedure is only mildly  efficient but 
can leave profound cyanosis. This is why, in a setting where 
surgery can be performed quickly, the Rashkind  procedure is 
limited to real emergencies or when surgery has to be post-
poned for several days (infection, enterocolitis, or other).

Neonates with TGA are also at risk for hypoglycemia (they 
have pancreatic hyperplasia and increased insulin secretion) 
and necrotizing enterocolitis (the gut is perfused with a 
higher PaO

2
 in utero than after birth). Therefore, these patients 

benefit from parenteral alimentation with high glucose con-
centrations for the first day of life and for 24 h after a Rashkind 
procedure.

Surgical management

Surgery is the only solution for these patients. Their natural 
history is catastrophic in the short term unless the atrial sep-
tal defect is large, and even then they are exposed to serious 
neurologic and myocardial complications in the long term 
because of the chronic cyanosis.

There are two surgical options for treating TGA. The first 
is the anatomic option of correcting the ventriculo-arterial 
discordance by an arterial switch of the great vessels above 
the sinuses of Valsalva (Figure 42.8). Both arterial roots and 
semilunar valves have similar sizes, shapes, and histologic 
features, at least at birth. The coronary arteries that arise from 
the aortic sinuses of Valsalva need to be moved to the new 
aortic root to perfuse the myocardium at high pressure 
with fully oxygenated blood. Second is the “physiologic” 
option or atrial repair consisting of creating atrioventricular 
discordance (by intra-atrial rerouting) to correct the physi-
ologic consequences of the ventriculo-arterial discordance 
(Figure 42.9).

In most pediatric cardiologic centers, anatomic repair is the 
choice in neonates. It restores the left ventricle to its normal 
systemic function and avoids extensive atrial surgery that is 
often responsible for subsequent rhythm disturbances.

The arterial switch remains challenging (see Figure 42.8), 
particularly because the transfer of the coronary arteries 
may sometimes be difficult.

The operation is performed with cardiopulmonary bypass. 
The ductus arteriosus is ligated and divided at the beginning 

Figure 42.8 Diagram of arterial switch operation. (a) The anterior aorta 

is shown giving off the coronary arteries. The dashed line shows where the 

ascending aorta is transected. (b) The posterior pulmonary artery. The 

dashed line shows where the main pulmonary artery is transected. (c) The 

coronary arteries have been removed from the aorta and implanted into 

the old pulmonary root, now the neoaortic root. The holes left in the aorta 

are patched. (d) The distal pulmonary arteries are brought anteriorly after 

cutting the ligamentum arteriosum or the ductus arteriosus (Lecompte 

maneuver) and anastomosed to the old aortic root, now the neopulmonary 

arterial root. The pulmonary artery now receives blood from the right 

ventricle. The distal aorta has been anastomosed to the neoaortic root 

behind the pulmonary artery, and it receives blood from the left ventricle. 

Ao, aorta; LCA, left coronary artery; PA, pulmonary artery; RCA, right 

coronary artery.
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of cardiopulmonary bypass. The aorta is cross-clamped and 
the heart is arrested with a cardioplegic solution infused into 
the aortic root. The aorta and the pulmonary trunk are 
transected above the semilunar valves. The coronary arteries 
are excised from the aortic root with a button of aortic wall 
and relocated on the native pulmonary root. The branch 
pulmonary arteries are dissected down to the pulmonary 
hila to gain sufficient length and allow a tension-free 
 translocation of the pulmonary bifurcation anterior to the 
ascending aorta (Lecompte or “French” maneuver [28]). The 
native pulmonary root (now the neoaortic root arising from 
the left ventricle) is anastomosed to the ascending aorta. 
The defects created by the excision of the coronary arteries 
are covered with a patch of autologous pericardium. The 
native aortic root (now the neopulmonary root arising from 
the right ventricle) is anastomosed to the pulmonary artery.

The most difficult surgical step is the transfer of the coro-
nary arteries with its inherent risk of coronary ischemia. 
Coronary transfer is usually easy in patients with “normal” 
coronary arteries (60–65% of neonates). In coronary patterns 
with arteries coursing either posterior or anterior to the great 
vessels (posterior and/or anterior loops – 30% of patients), 
there is an increased risk of kinking or elongation of the 
abnormal artery, but these potential problems can usually be 
overcome. In ∼5% of neonates, the coronary arteries course 
between the great arteries; this is very often associated with 
an intramural course which may be stenotic. Coronary trans-
fer is then always difficult; innovative and aggressive surgical 
techniques are necessary to avoid coronary ischemia.

The perioperative mortality, in experienced centers 
[29,30], is <5%; most deaths are due to ischemia from inad-
equate coronary artery transfer. Beyond the perioperative 
period, mortality and morbidity are extremely low [31]. 
Morbidity concerns the fate of three structures:
1 The new pulmonary artery. When the coronary arteries are 
removed from the aortic root, large buttons of aortic tissue 
are taken so as not to encroach on the coronary ostia. 
Large pericardial patches are used to fill the holes made by 
the harvesting of the coronary arteries. Following the 
Lecompte maneuver, the pulmonary trunk becomes anterior 
to the aorta and the pulmonary bifurcation may be elon-
gated, leading to PA branch stenosis and asymmetrical PA 
blood distribution Thus, the previous aortic root (new 
 pulmonary root) is the great artery that has had the most 
damage during the arterial switch operation [32]. Mild 
 supravalvar pulmonary stenosis is the rule after an arterial 
switch (with systolic gradients of ∼30 mmHg). Some patients, 
about 10% in our early experience, needed an operation 
during childhood to treat PA stenosis, but this is now fairly 
rare even with a 20 year follow-up, and it is unlikely to be 
a significant long-term problem. In the few patients with 
 stenosis, percutaneous balloon dilatation of the stenotic 
 pulmonary trunk has partially relieved the obstruction, 
but this procedure is successful in only one-third of patients. 
Stenting may improve the percutaneous results, but it is 
essential to check that the dilatation before the stenting does 
not  compress the left coronary artery, which is usually close 
to the pulmonary trunk. If the artery is compressed, ST 

Figure 42.9 Diagram of atrial switch operation. 

(a) The right atrium has been opened. The four 

pulmonary veins and the tricuspid valve can be seen. (b) 

A patch made of pericardium (the Mustard procedure) 

or a displaced atrial septum (the Senning procedure) is 

shown in the shaded structure. It is placed to direct the 

drainage from the superior and inferior venae cavae 

through the mitral valve into the left ventricle, thence 

into the pulmonary artery (not shown, but posterior to 

the patch). At the same time, the patch directs the 

pulmonary venous return through the tricuspid valve 

into the right ventricle and thence into the aorta 

(arrow). This diagram does not show the precise 

anatomy  of the patch. (c) The right atrium is closed 

with a patch to enlarge it and minimize the risk of 

obstruction to the pulmonary venous drainage.(c)

(a) (b)



CHAPTER 42 Complete Transposition of the Great Arteries

619

changes develop during dilatation. Before reoperation on 
the  pulmonary trunk, we recommend a selective coronary 
angiogram to ascertain that no coronary arterial branches 
run in front of the pulmonary artery (commonly there is a 
right coronary artery in type E distribution). Pulmonary 
regurgitation is common after the switch operation, but it is 
usually mild and well tolerated by the right ventricle.
2 The new aorta. Dilatation of the new aortic root and minor 
leak of the new aortic valve is the rule after a neonatal switch 
operation. In our experience, it has nearly always been mild 
and well tolerated, and it has never required medical or 
surgical treatment during a 15 year follow-up. In patients 
from the late 1970s and early 1980s who had pulmonary 
artery banding before the arterial switch, aortic regurgitation 
can be moderate or even severe, and now after 30 years we 
 recommend a Bentall operation in more patients because of 
LV or aortic root dilatation We have twice had to change the 
valves and the aortic root in such patients. However, dilatation 
of the aortic root and aortic regurgitation have a  tendency to 
increase also in patients with neonatal switch, and this may 
lead in the long term to more aortic regurgitation and sinus 
of Valsalva dilatation. Reoperation may become necessary 
and involve, according to the lesions, aortic valve replacement, 
replacement of the ascending aorta with preservation of the 
valve (David operation), or combined replacement of the 
valve and ascending aorta (Bentall operation). The indications 
for these procedures are similar to those in other diseases, 
such as Marfan syndrome and bicuspid aortic valve. To date, 
the need for such reoperations has been extremely low. The 

shape of the aorta is different after the Lecompte maneuver 
because the ascending aorta is pushed posteriorly which 
leads to a more angulated aortic arch. The so-called “gothic” 
arch (see Figure 42.10) is associated with enhanced reflection 
of the systolic pulse wave, dilatation of the ascending 
aorta, and aortic regurgitation [33]. The pathophysiologic 
mechanisms of the gothic arch have been well studied in 
post-coarctectomy patients with abnormal geometries of the 
aortic arch. Using MRI, we have demonstrated the direct 
impact of the acute angulated arch on the central aortic fluid 
and biomechanics. A gothic arch is associated with increased 
systolic wave reflection that leads to a systolic reflux in the 
ascending aorta, and also increased central aortic stiffness 
that contributes to the dilatation of the aortic root [34,35].
3 The coronary arteries. The major long-term concern after 
the arterial switch operation is left ventricular myocardial 
ischemia. Indeed, left ventricular coronary perfusion may be 
impaired by acquired lesions of the coronary arterial ostia 
resulting from surgical transfer, for example, stenosis or 
atresia by torsion or compression by the pulmonary artery 
or by fibrous tissue. This is the major cause of operative 
and early postoperative mortality and morbidity of the 
arterial switch procedure. Late coronary ostial stenosis or 
atresia is rare after an arterial switch, but most centers have 
not looked carefully at the fate of the coronary arteries after 
the switch. The assumption has been made that if clinical, 
electrocardiographic, or echocardiographic signs of ischemia 
did not develop after the operation and before discharge 
from the hospital, the coronary arteries were normal and 
would remain normal and grow normally. Coronary arterial 
damage, however, has been responsible for late deaths [31]. 
By performing selective coronary arterial angiograms 
in postoperative patients, we found coronary arterial 
anomalies in ∼5% of patients who apparently had no 
evidence of postoperative ischemia [36,37]. Most had minor 
signs of ischemia on electrocardiography and echo-
cardiography, but some showed no ischemia at all, even on 
a myocardial perfusion thallium scan. Selective coronary 
arterial angiograms disclosed coronary arterial stenosis or 
complete obstruction, almost always in the left coronary 
artery (except one in the right coronary artery), usually with 
adequate collateral circulation from the right coronary 
arterial bed. Patients in whom reversible ischemia could be 
demonstrated underwent reoperation. In most patients 
(even with obstructed arteries), normal coronary perfusion 
can be restored by surgical patch angioplasty of the stenosed/ 
obstructed coronary artery. The patients who do not have 
ischemia are left with only one coronary artery; they may in 
the long term develop coronary arterial disease sooner and 
more often than will the normal population. Even without 
coronary artery stenosis, myocardial reserve may be impaired 
by inadequate position of the ostia for perfect diastolic filling, 
because of the high implantation of the coronary artery on 
the upper part of a dilated sinus of Valsalva, or by endothelial 

Figure 42.10 Gothic arch. The ascending aorta is pushed posteriorly 

by the Lecompte maneuver so that is embraced by the pulmonary artery 

branches. Note the acute angulation of the aortic arch.
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damage from the operation (cannulation and cold blood 
flushing). In theory, there could be a constitutional inade-
quacy of the left ventricular coronary circulation because 
the right coronary artery is nearly always dominant in TGA, 
and the left circumflex or left anterior descending artery is 
frequently small. We do not have information on myocardial 
reserve in these patients, but positron emission tomographic 
scanning with dipyridamole (Persantine) in a few patients 
suggests that myocardial reserve may be decreased.

Despite these concerns, however, with a mean follow-up 
of >14 years, and more than 20 years for 300 patients, almost 
all these children after an arterial switch live a normal life, 
including participation in competitive sports.

Our patients are followed up yearly in the outpatient clinic 
with clinical history and examination, two-dimensional 
echocardiography–Doppler study, and an electrocardiogram; 
after 5 years of age, they have formal exercise testing. If 
ischemia is suspected, a coronary angiogram is indicated. We 
checked the coronary arteries systematically by a selective 
coronary angiogram by the age of 6 years, but we now perform 
a multislice CT scan and perform selective coronary angiogram 
only if the scan is abnormal. We have shown that 64-slice CT 
coronary angiography performs as well as invasive angiography 
for detecting significant coronary lesions (>30% reduction 
diameter) [38]. It allows direct visualization of the coronary 
artery lumen, and the course of the vessel in relation to the 
nearby major cardiovascular structures. CT also provides 
information about the underlying mechanism of coronary 
lesions, for example through stretching, compression, and/or 
kinking caused by the surrounding great arteries (see Figure 
42.11). MRI is another modality that may be useful for 
follow-up imaging after arterial switch operation, particularly 
because it does not deliver X-radiation [39]. New-generation 
machines already offer promising results on cooperative 
children who can hold their breath during image acquisition. 
Our current policy is to perform a cardiac MRI in cooperative 
children for a complete and comprehensive anatomic and 
functional evaluation after the arterial switch. Coronary 
arteries and the great vessels are assessed on high-resolution 
3D imaging with ECG- and respiratory-gated sequences (see 
Figure 42.12). Central aortic fluid dynamics and biomechanics 
of the ascending aorta are assessed on velocimetry mapping 
sequences. Myocardial perfusion and viability are also 
evaluated using first-pass perfusion and myocardial delayed 
enhancement, respectively. The long time required for the 
scan and the potential need for anesthesia are substantial 
drawbacks in small children. With a normal exercise test result 
and coronary angiogram, the children are allowed to 
participate in all sports, including competition.

Beyond the neonatal period
The arterial switch can be performed only in the neonatal 
period while the left ventricle is still competent to develop 
systemic pressures. Until recently, on the basis of echocar-

diographic characteristics of the thickness and shape of the 
left ventricle [40], the upper age limit for the arterial switch 
was set at 3–4 weeks. The belief was that if the left ventricle 
was much thinner than the right ventricle, and if the 
ventricular septum bulged into the lower pressure left 
ventricle, the left ventricle would be unable to support 
systemic arterial pressures and flows. However, some centers 
have observed that the arterial switch can be performed 
safely up to 8 weeks of age, whatever the shape of the left 
ventricle and the interventricular septum [41,42]. Beyond 
that age, only patients with a left ventricle having a high 
systolic pressure (because of an open ductus or subpulmonic 
stenosis) are good candidates.

For patients who do not meet these criteria, the arterial 
switch can be performed safely only if the left ventricle is pre-
pared by an afterload challenge (usually pulmonary artery 
banding). If this causes severe hypoxemia, the patient may also 
need an aortopulmonary shunt. This two-stage surgery with a 
quick (∼10 days) left ventricular preparation before the arterial 
switch has been successful in some centers [43]. It is not an 
easy procedure, however, and in our experience it has an 
increased mortality and morbidity. Furthermore, the left ven-
tricular myocardium may have inadequate fiber quality and 
decreased coronary reserve; there is little evidence for growth 
of coronary arteries after the newborn period. Therefore, many 
centers (such as ours in Paris) perform an “atrial repair” rather 
than an arterial switch. Our current practice is to place a loose 
pulmonary band to maintain a degree of high pressure in the 
left ventricle; if the atrial switch is performed in infancy, the 
banding should become tighter as the child grows with subse-
quent increase in left ventricular pressure; the hope is to pre-
serve septal geometry and tricuspid valve function and also to 
prepare the left ventricle for a late arterial switch.

Atrial repair: the Mustard and Senning 
operations
When the left ventricle has lost its systemic competence or 
when the surgical team has too high a mortality with the 
arterial switch, an atrial baffle repair can correct the physio-
logic abnormalities by rerouting the venous return. This is 
done by directing systemic venous drainage towards the 
mitral valve and pulmonary venous drainage toward the tri-
cuspid valve by placing pericardial patches around the caval 
veins, as in the Mustard operation [44] introduced in 1964, 
or by moving the atrial septum in the Senning operation 
[45], described in 1959 but subsequently modified and made 
easier to perform in 1977 [46].

These operations can be performed at any age and have a 
low mortality. Most of the patients (80–90%) are doing well 
with a follow-up of >20 years [47]. There are, however, three 
major problems or theoretical concerns with this procedure.
1 The atrial channels can become obstructed, leading to 
caval or pulmonary venous hypertension. These uncommon 
complications can usually be treated or improved by 



CHAPTER 42 Complete Transposition of the Great Arteries

621

 interventional catheterization with dilatation and stents. 
They rarely require reoperation. When the stenosis is limited 
to the superior vena caval channel, there is usually an effi-
cient rerouting of the blood by the azygos or hemiazygos 
veins towards the inferior vena cava. When the pulmonary 

venous channel is obstructed, the clinical picture resembles 
cor triatriatum or mitral stenosis with pulmonary edema and 
postcapillary hypertension. In some patients, this pulmonary 
arterial hypertension “prepared” the left ventricle for a late 
switch procedure.

Figure 42.11 CT assessment of the coronary arteries and their relationship with the surrounding great arteries. (a) Note the anterior position of the 

reimplanted left ostium so that the left coronary artery has a course between the pulmonary artery (PA) and the aorta (Ao). There is a tight compression 

of the left ostium in (b).

Figure 42.12 Cardiac MRI for the follow-up imaging of the reimplanted coronary arteries. The left ostium gives rise to both the left anterior descending 

artery (LAD) and the right coronary artery (RCA). The circumflex artery (Cx) rises from the right aortic sinus and has a long retro-aortic course.
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2 The incidence of atrial dysrhythmias is high, probably 
because of damage to the sinus node or its artery, or the inter-
nodal tracts, during the operation. The dysrhythmias can be 
severe and difficult to treat, with a risk of sudden death even 
after pacemaker implantation. Abnormal sinus node dysfunc-
tion was reported first in 1972 [48]. Sinus node dysfunction 
progresses over time [49–51], and 10 years after operation 
only ∼14% of these children remain in normal sinus rhythm 
[51]. The others have a tendency for bradycardia and junc-
tional rhythm, sometimes with a restored sinus rhythm dur-
ing exercise. These passive bradycardias are usually benign 
and rarely symptomatic, but 10–20% need a pacemaker. 
Dysrhythmias can also be “active” in these patients, with the 
appearance of ectopic atrial tachycardia, atrial flutter, or even 
atrial fibrillation [52]. A high proportion of these patients 
have inducible atrial flutter during electrophysiologic studies 
postoperatively [53], and many of these later develop sponta-
neous atrial flutter. On electrocardiographic examination, the 
atrial flutter is atypical, with rates often from 180–260 beats 
per minute, frequently with 1:1 atrioventricular conduction. 
The flutter waves are of low amplitude and may be difficult to 
see. In fact, any patient after an atrial baffle repair with a rest-
ing heart rate above 100 beats per minute should be checked 
carefully to exclude atrial flutter with 2:1 or 3:1 atrioventricu-
lar block. These active tachycardias or arrhythmias are dan-
gerous for the patients and for right ventricular function. 
They can lead to serious myocardial or neurologic complica-
tions and even sudden death [54]. They are difficult to treat 
because they are associated with a weak or damaged sinus 
node, and antiarrhythmic drugs may be hazardous because of 
the risk of severe bradycardia. Therefore, treatment of these 
atrial tachycardias often requires pacemaker implantation.
3 The long-term function of a right ventricle and a tricuspid 
valve working at systemic pressure is uncertain [55]. Some 
of these patients develop heart failure after 10, 20, or 30 
years. The example of patients with double discordance 
 (corrected transposition) shows that the long-term failure of 
a systemic right ventricle is not a certainty (some patients 
can live to 70 years without heart failure). Most of those 
with an atrial baffle, however, will probably develop heart 
failure, perhaps in part owing to inadequate myocardial 
 protection during surgery (especially in the early days of this 
repair) and in part owing to associated anomalies of rhythm 
and atrioventricular conduction.

When the right ventricle begins to dilate, the attachments 
of the tricuspid valve to the septum are pulled laterally, 
thereby inducing tricuspid regurgitation that increases the 
ventricular dilatation. A vicious circle is thus established. 
Furthermore, because the regurgitant blood enters the 
new pulmonary venous atrium, tricuspid regurgitation 
causes pulmonary venous hypertension and eventually 
 pulmonary edema.

When right ventricular failure develops after a Senning or 
Mustard procedure, chronic dysrhythmia may be the 

 mechanism. If right ventricular failure is present without 
dysrhythmia, nonspecific medical therapy with diuretics, 
converting enzyme inhibitors, and digoxin (with care for 
sinus node dysfunction) can be tried, but are seldom success-
ful for long. The only possibility other than cardiac transplan-
tation is conversion of the right ventricle into a subpulmonary 
ventricle by performing an arterial switch procedure and tak-
ing down the atrial baffle to reroute the venous returns to 
their original ventricles [56]. For this transformation, the left 
ventricle must be prepared for the arterial switch by an after-
load challenge (pulmonary arterial banding).

This procedure of late preparation is different from the 
two-stage preparation done in the older infant with TGA 
and a low-pressure left ventricle. After a Mustard or Senning 
procedure, the heart has a circulation in series without 
hypoxemia, and the banding will directly affect only the left 
ventricle, although it may indirectly affect the preload of the 
right ventricle. The severe hypoxemia attendant on prepar-
ing the left ventricle in the infant with TGA is not a problem. 
The preparation of an older left ventricle cannot be obtained 
in few days, however, and it needs a long and uncertain 
process (several years in some patients) before achieving 
adequate left ventricular mass. Little information is available 
about the quality of the fibers and the coronary reserve. This 
situation is identical with the problem of treating a patient 
with double discordance or congenitally corrected transposi-
tion in whom the right ventricle is failing and the tricuspid 
valve regurgitating. The issues concern fundamental unan-
swered questions about postnatal ventricular growth and 
coronary artery angiogenesis.

Experience has shown, however, that pulmonary arterial 
banding changes the septal geometry in some patients, 
pushing the septum back towards the right ventricle, and 
improves both right ventricular and tricuspid valve function 
by decreasing tricuspid regurgitation. Often two or three 
banding adjustments may be needed to prepare the left 
ventricle during several years, while avoiding left ventricular 
failure. Hence it is crucial to evaluate right ventricular function 
in the follow-up of these patients and not wait for severe 
dysfunction and heart failure to develop before “retraining” 
a left ventricle.
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43 Congenitally Corrected Transposition 
of the Great Arteries

Tim S. Hornung & A. Louise Calder
Auckland City Hospital, Auckland, New Zealand

Congenitally corrected transposition of the great arteries 
(CCTGA) is a rare cardiac anomaly characterized by  combined 
atrioventricular and ventriculoarterial discordance. Other 
terms for this anomaly include physiologically corrected 
transposition of the great arteries, l-transposition, double 
discordance, and ventricular inversion. Congenitally cor-
rected transposition is used preferentially because systemic 
venous blood is directed to the pulmonary arteries and 
 pulmonary venous blood is directed to the aorta. This dif-
ferentiates CCTGA from “complete transposition” (d-TGA) 
in which there is ventriculoarterial discordance but atriov-
entricular concordance.

Incidence

CCTGA represents approximately 0.5–1% of all congenital 
heart disease. In one series of 10 535 patients with congeni-
tal heart disease, 101 had corrected transposition [1]. 
Excluding patients with a univentricular atrioventricular 
connection reduced the prevalence to 0.57%. In another 
study of 4390 infants, there were 47 infants with CCTGA 
[2]. The anomaly is more common in males.

Embryology

CCTGA is due to failure of normal looping of the primitive 
heart tube. The heart tube has fixed proximal and distal 
attachments so its rapid growth necessitates looping of the 
tube. Looping is normally rightwards (D looping), but in 
CCTGA with situs solitus looping is leftwards (L looping). 
Therefore, the morphologic right ventricle is displaced left-
wards and the morphologic left ventricle rightwards. 
The ventricles are in a more side-by-side relationship than 

the usual anteroposterior position. The atrioventricular 
valves loop with the respective ventricles, so the tricuspid 
valve connects to the morphologic right ventricle and the 
mitral valve to the morphologic left ventricle. After the loop-
ing process, truncus arteriosus development occurs. The 
conotruncal ridges divide the truncus into an aorta that con-
nects to the left-sided ventricle and is displaced leftwards, 
anterior and superior, and a pulmonary artery that connects 
to the right-sided ventricle and is displaced more posteriorly 
and rightwards. The outflow tracts and great arteries are 
essentially parallel rather than crossing as in a normal heart.

Anatomy

There is usually normal connection of the systemic veins to 
the right atrium and the pulmonary veins to the left atrium. 
The right atrium connects via the mitral valve to the 
 morphologic left ventricle, which supplies the pulmonary 
artery. The left atrium connects via the tricuspid valve to the 
morphologic right ventricle, which supplies the aorta via a 
subaortic infundibulum or conus. The cardiac connections 
are therefore:

systemic veins → right atrium → morphologic left  ventricle → 
pulmonary artery

pulmonary veins → left atrium → morphologic right  ventricle 
→ aorta

An important anatomic implication is that the morphologic 
right ventricle supplies the systemic circulation.
The exact anatomic arrangement varies considerably 
(Table 43.1). The usual arrangement is situs solitus with 
L-looping of the ventricles and the aorta anterior and 
leftward of the pulmonary artery {S,L,L}, found in 19/22 of 
our postmortem subjects [3]. The aorta was anterior and 
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rightwards {S,L,D} in two subjects with situs solitus, both 
with criss-cross atrioventricular connections. The remaining 
subject (5%) had situs inversus with D-looping of the 
ventricles and aorta anterior and rightwards {I,D,D}.

In patients with situs solitus, the heart is frequently meso-
cardic but the apex remains leftwards in most: in our series, 
there was true mesocardia in one and dextrocardia in two 
others with situs solitus. Either ventricle may be hypoplastic, 
particularly the left-sided right ventricle. The anomaly may 
be associated with double-inlet ventricle or AV atresia [4].

Coronary artery anatomy
The coronary arteries are inverted (Figure 43.1). Thus, the 
morphologic left coronary artery (LCA) arises from the patient’s 
right-sided sinus and the morphologically right coronary artery 
(RCA) from the left-sided sinus (Figure 43.1a and b). A variety 
of coronary arterial patterns is seen [4–7] (Figure 43.1). The 
two main coronary arteries may arise from the same sinus. 
The RCA may arise from the LCA and pass either anterior to 
the aorta (Figure 43.1c) or around and behind the pulmonary 
artery (Figure 43.1d). A variant of Figure 43.1d shown in 
Figure 43.1e is a separate right ventricular branch from the 
aorta. Another variation (Figure 43.1f) in a patient with 
pulmonary atresia and commisural malalignment had both 
coronary arteries arise from the same sinus. The single coronary 
artery may arise from either the right or left coronary sinus.

Anderson et al. pointed out the vulnerability of the coronary 
arteries in CCTGA with surgery [8], particularly the anterior 
descending artery running anterior to the pulmonary artery. 
Careful preoperative delineation of the coronary anatomy is 
particularly important before the double-switch operation.

Coronary venous anatomy
Coronary sinus anatomy varies and shows abnormalities in 
about 25% of patients. It usually drains normally into the 
right atrium. It may be absent with the coronary veins drain-
ing into the ipsilateral atrium, and in other patients some veins 
drain to one of the atria and others to the coronary sinus [9].

The coronary sinus could be assessed in 20 of our patients 
and was absent in five (25%). When the coronary sinus is 
absent, the coronary veins usually drain to the ipsilateral atria. 
In one of our patients, the coronary veins entered the right 
atrium via separate entrances. In Uemura et al.’s series with 
atrioventricular discordance (including double-outlet right 
ventricle) [9], all the left coronary veins drained directly to the 
right atrium in 20%, some directly to the right atrium and some 
to coronary sinus in 63%, and completely to coronary sinus in 
17%. The right coronary veins all drained to coronary sinus in 
87% and partially or totally directly to left atrium in 11%.

Conduction system
The anatomy of the conduction system is abnormal with the 
atrioventricular node because of the septal malalignment 
unable to connect to a penetrating atrioventricular conduc-
tion bundle. A second atrioventricular node positioned ante-
riorly gives rise to an elongated atrioventricular bundle [10].

Associated cardiac abnormalities

CCTGA without associated intracardiac abnormalities is rare. 
Coexisting lesions occur in >90% of patients, most frequently 
ventricular septal defect, left ventricular outflow tract 

Table 43.1 Demographic data and segmental combinations in CCTGA with two ventricles, detailing individual and 

combined data from the series by Allwork et al. [7], Van Praagh et al. [11] and our own series in Auckland.

  Allwork et al. Van Praagh et al. Auckland  Total   Mean (%)

Number 38 33 22 93

Age: median 3 years 8.9 years

Age: range 40 h to 65 years 19 weeks’ 

gestation to 48 

years

Gender: male/

female ratioa

19/13 = 1.5 18/3 = 6

Corrected TGA in 

situs solitus

86 92

CCTGA {S,L,L,} 31 31 19 81 87

CCTGA {S,L,D}  2 1 2 5 5

Corrected TGA in 

situs inversus

CCTGA {I,D,D}   5  1  1  7  8

aOne unknown in each series.
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Figure 43.1 Coronary arterial patterns in CCTGA {S, L, L}. (a) A sketch of the morphological left ventricle (right-sided) and the morphological right 

ventricle (left-sided) viewed from the front, and the leftward, anterior aortic valve and the rightward, posterior pulmonary valve in a superior plane view. 

The coronary arteries usually arise from the right- and left-sided facing sinuses. (b) The usual coronary arterial pattern in CCTGA with the morphologic left 

coronary artery arising from the right-sided facing sinus. The anterior descending and circumflex coronary arteries arise from the left coronary artery. The 

morphologic right coronary artery arises from the left-sided facing sinus and passes around the atrioventricular groove adjacent to the right ventricle. (c–f) 

Single sinus origins of coronary arteries. In (c) the right coronary artery arises from the left anterior descending and then crosses anteriorly to the aorta to 

reach the atrioventricular groove. In (d) the right coronary artery arises from the left circumflex coronary artery and passes posteriorly to the great arteries 

to reach the atrioventricular groove. (e) is similar to (d) but with an additional branch to right ventricle arising from the left-sided coronary sinus. In (f), 

because of commissural malalignment, the coronary arteries do arise form the same sinus but on opposite sides. AD, anterior descending; AoV, aortic valve; 

Circ, circumflex; L, left; LCA, left coronary artery; LV, left ventricle; PV, pulmonary valve; PD, posterior descending. R, right; RCA, right coronary artery; 

RV, right ventricle.

Left-sided
facing sinusRight-sided

facing sinus

RVLV

R L

(a)

PV

AoV
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obstruction, tricuspid valve abnormalities, and conduction 
abnormalities. All may occur in the same patient. Data from 
three postmortem series [7,11] with data from 93 patients 
are given in Table 43.2.

Ventricular septal defect
From the three combined series, a ventricular septal defect 
(VSD) was present in 84% of autopsies (Table 43.2); most 
clinical series have a similar high incidence. The defect is 
commonly a large perimembranous outflow (subpulmo-
nary) defect and is thought to result from malalignment 
between the atrial and the ventricular septum. Other 
types of VSD have been described, including doubly com-
mitted subarterial (conal) (Figure 43.2a and b), muscular, 
and atrioventricular canal type Perimembranous defects 
may be partially obstructed by aneurysmal membranous 
septum tissue or overriding or straddling tricuspid valve 
tissue.

Left ventricular outflow obstruction
Left ventricular (pulmonary) outflow tract obstruction is 
also common, and in the three series was found in 53%, 
including 16% with pulmonary atresia (Table 43.2). The 
severity of the obstruction varies from mild stenosis to 
atresia. Obstruction occurs at the valvar or subvalvar level. 

Subpulmonary stenosis may be from a fibromuscular 
membrane or tunnel-like hypoplasia. It may be related to an 
aneurysm of the membranous ventricular septum prolapsing 
into the left ventricular outflow tract because of the systemic 
pressure in the morphologic right ventricle (Figure 43.3) or 
from accessory mitral or tricuspid valve tissue or systolic 
anterior motion of the mitral valve.

Tricuspid valve abnormalities
The tricuspid valve is abnormal in most patients at autopsy, 
but not necessarily clinically relevant. The abnormality often 
involves dysplastic valve leaflets and/or Ebstein’s anomaly 
(Figure 43.2c). The severity varies widely, with the worst 
being severe Ebstein’s anomaly. In the three combined series, 
the tricuspid valve was abnormal in 87%, with Ebstein’s 
anomaly in 50% (Table 43.2).

Mitral valve abnormalities
Mitral valve abnormalities are less frequent than those of the 
tricuspid valve (Table 43.2). Gerlis et al. reported mild 
abnormalities in the number of leaflets in 21% and of the 
tension apparatus in 21% in their autopsy series of 29 hearts 
[12]. Less common abnormalities present in 13% included 
dysplasia, common atrioventricular orifice, stenosis, and 
cleft valve.

Table 43.2 Associated anomalies in congenitally corrected TGA, detailing individual and combined data from 

the series by Allwork et al. [7], Van Praagh et al. [11] and our own series in Auckland.

  
Allwork 
et al.  

Van Praagh 
et al.  

Auckland
 

Combined 
mean (%)

Number 38 33 22

Ventricular septal defects 30 (78%) 25 (76%) 22 (100%) 85

Tricuspid valve anomalies 34 (89%) 30 (91%) 18 (82%) 87

 Ebstein’s anomaly 23 (61%) 20 (61%)  6 (27%) 50

 TV stenosis or hypoplasia  5 (13%)  5 (15%)  1 (4%) 12

 Straddling/overriding TV  6 (18%)  6 (27%) 22

Left ventricular outflow 

obstruction

20 (53%) 17 (52%) 13 (59%) 54

 Pulmonary valve stenosis 14 (37%) 11 (33%)  7 (32%)a 34

 Subpulmonary stenosis  9 (41%)a

 Pulmonary valve atresia  6 (16%)  6 (18%)  3 (14%) 16

Mitral valve anomalies

 Mitral regurgitation  5 (15%)  1 (4%) 10

 Cleft mitral valve  5 (15%)  2 (9%) 12

 Mitral stenosis  1 (3%)  0 1.8

Aortic outflow obstruction

 Aortic stenosis  4 (12%)  0 7

 Aortic atresia  2 (6%)  0 3.6

Heterotaxy syndromes    1 polysplenia 2 asplenia   

aSix patients had both valvar and subvalvar stenosis.
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Aortic valve abnormalities
Aortic valve abnormalities are uncommon (Table 43.2). 
Unusual extensions of the aortic valve sinuses inferiorly have 
been reported by McKay et al. [6]. The wall of the sinus in the 
enlarged areas was irregular with a lattice-like appearance.

Pathophysiology

In the patient with CCTGA without associated cardiac 
abnormalities, the prognosis is determined by progressive 
systolic dysfunction of the systemic right ventricle. Although 
there are macroscopic and microscopic structural differences 
between the morphologically left ventricle and right 
ventricle, the reasons for developing right ventricular 
dysfunction remain unknown. At a microvascular level, the 
coronary supply to the right ventricle differs from that of the 

left ventricle. Sestamibi myocardial perfusion scanning 
suggests that impaired myocardial perfusion and right 
ventricular myocardial fibrosis are frequent in this condition 
and associated with regional hypokinesis [13]. Recent 
attempts to confirm this finding using magnetic resonance 
delayed enhancement imaging have produced conflicting 
results [14,15]. Positron emission tomographic data have 
demonstrated that although resting myocardial blood flow 
to the systemic right ventricle does not differ from the 
systemic left ventricle in normal subjects, coronary flow 
reserve to the systemic right ventricle is substantially reduced 
(2.5 compared with 4.0) in the CCTGA group [16]. Thus, 
chronic low-grade coronary insufficiency may contribute to 
the progressive right ventricular dysfunction.

Tricuspid valve regurgitation frequently accompanies right 
ventricular dysfunction. The effect of tricuspid valve abnor-
malities may be greater in CCTGA because the right ventricle 

Figure 43.2 Ventricular septal defects in CCTGA. (a) and (b) from a 48-year-old man with a doubly committed (conal) type of VSD. (a) View from the left 

ventricle shows the VSD adjacent to both pulmonary and aortic valves. (b) A view of the VSD from the right ventricle with a deficient conal septum. (c) View 

from left atrium to right ventricle from a 10-year-old with a dysplastic (*) and mildly downwardly displaced (DD) left-sided tricuspid valve. AoV, aortic valve; 

LA, left atrium; MV, mitral valve; PV, pulmonary valve; RV, right ventricle; TV, tricuspid valve; VSD, ventricular septal defect.
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is developing systemic pressure, therefore increasing the 
back-pressure on the tricuspid valve. The altered ventricular 
pressure relationship shifts the ventricular septum towards 
the left ventricle. This alters the geometry of the tricuspid 
annulus, which becomes more rounded than usual, and 
increases the likelihood that the tricuspid valve will become 
regurgitant. As the right ventricle fails and becomes more 
dilated, the associated tricuspid regurgitation worsens, add-
ing to the right ventricular volume load.

Natural history

In a series of antenatal diagnoses from Guy’s Hospital, when 
the pregnancy was continued, 19 of 23 babies survived to the 
end of pregnancy [17]. Postnatally the natural history of 
patients with CCTGA is largely dictated by right ventricular 
function and by the nature of associated lesions [18]. Patients 
with isolated CCTGA who have been diagnosed incidentally in 

(a)

PV

MV *

*

(b)

MV

LV

LV

PV

MV

*

(d)

Aneurysm of
membranous

septum

LV

PA

(c)

Figure 43.3 Left ventricular outflow tract obstruction in CCTGA. Views of left ventricular outflow obstruction produced by a postoperative remnant of a 

fibromuscular membrane between asterisks in (a), poor expansion and fibrous nodules in (b), aneurysm of the membranous septum bulging into the 

outflow in (c), and by accessory tissue (asterisk) attached to the mitral valve (MV) in (d). LV, left ventricle; MV, mitral valve; PA, pulmonary artery; 

PV, pulmonary valve.
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the fifth to seventh decades of life have been reported [19,20]. 
Although the right ventricle may supply the systemic 
circulation for decades, this appears to be the exception. Most 
patients develop progressive right ventricular dysfunction, 
sometimes as early as the first decade of life. A multinstitutional 
study of 182 adults with CCTGA showed that important 
systemic right ventricular dysfunction and congestive cardiac 
failure symptoms are common by the third decade of life and 
increase in frequency with advancing age, both in patients 
with and without associated lesions [21]. In this study, 25% of 
patients without associated lesions had clinical heart failure by 
age 45 years, compared with 67% of those with associated 
lesions. The study showed moderate or severe right ventricular 
dysfunction in 32% of patients without associated lesions and 
56% of those with associated lesions. A single center review of 
131 patients with CCTGA showed a survival rate of 75% at 
age 20 years, with a median age at death of 13 years [22].

Functional outcomes
In the muticenter study mentioned above [21], approximately 
60% of patients with associated lesions were in Warnes–
Sommerville functional class one, with most of the remainder 
being in class two. In patients without associated lesions, ∼70% 
were in class one. Nevertheless, when measured objectively, 
most patients with CCTGA have impaired functional capacity. 
In a group of 41 adult patients [23], there was a markedly 
reduced maximal oxygen uptake of 22 ml kg−1 min−1 in the 
19–29 years age group and 21 ml kg−1 min−1 in the 30–39 years 
age group (both were approx imately half that of normal 
controls). In the 40–55 years age group, this dropped to 11 ml 
kg−1 min−1, less than one-third of that of the healthy controls. 
Important causative factors include impaired ventricular 
function, limited chronotropic response to exercise, and 
abnormal lung function, partic ularly following cardiac surgery.

Electrophysiologic issues
Because of the abnormal anatomy of the atrioventricular node 
and the atrioventricular conduction bundle, patients with 
CCTGA have a 2% annual risk of developing complete heart 
block [24]. Careful follow-up with regular electrocardiograms 
and ambulatory electrocardiographic (Holter) monitoring 
should be performed to monitor cardiac conduction.

These patients have a high incidence of tachyarrhythmias 
[20,21,25], typically re-entry tachycardia due to either 
accessory atrioventricular pathways or a re-entry circuit 
between the two atrioventricular nodes [25]. In adult patients, 
the risk of atrial fibrillation increases and is related to 
ventricular dysfunction, atrioventricular valve regurgitation, 
and atrial dilatation.

Pregnancy
In a retrospective review of 60 pregnancies in 22 women with 
CCTGA over a 17 year period [26], 49 pregnancies resulted in 
live births. One woman had 12 pregnancies, of which 10 were 

successful; she had various complications, including conges-
tive heart failure, endocarditis, and myocardial infarction. 
Only one of the 22 patients developed cardiac complications, 
congestive heart failure related to tricuspid valve regurgitation 
necessitating tricuspid valve replacement at 2 months post-
partum. In another experience of 45 pregnancies in 19 patients, 
five had cardiac complications, including heart failure, wors-
ening cyanosis, and cerebrovascular accident [27].

Although pregnancy may be well tolerated, detailed pre-
pregnancy assessment should be performed. Women with 
functional class three or four, more than mild ventricular 
dysfunction, or significant tricuspid regurgitation should be 
counseled against pregnancy. Some data suggest that 
systemic right ventricular function may deteriorate, 
potentially irreversibly, during pregnancy. This concern 
should be discussed with patients [28]. During pre-pregnancy 
counseling, the uncertain maternal longevity in patients 
with CCTGA should be discussed.

Outpatient follow-up
Because of the concerns regarding the longer term outlook for 
patients with this diagnosis, all patients with CCTGA should 
be followed by a pediatric cardiologist or adult cardiologist 
with specific expertise in congenital heart disease. A follow-up 
interval of at least every 1–2 years is necessary. Because of 
the risk of progressive heart block, electrocardiography should 
be performed at each visit, with consideration of 24 h ambu-
latory electrocardiographic monitoring. Regular assessment of 
ventricular function is important. As cardiac magnetic 
resonance imaging (MRI) becomes more widely available, this 
should be performed at least every 3 years in patients without 
permanent pacemakers.

Clinical features

Clinical history
If not diagnosed antenatally, young children with CCTGA 
without associated lesions are likely to be asymptomatic. 
With an associated lesion, a murmur and/or symptoms of 
congestive cardiac failure are likely to be present. Older 
children and adults present with symptoms related to 
systemic right ventricular dysfunction. Cardiac conduction 
defects cause symptoms related to bradycardia. The diagnosis 
of isolated CCTGA is sometimes made in a previously 
asymptomatic adult patient in their sixth or seventh decade 
during investigation of a coronary event [19,20].

Physical examination
The pulse may be slow due to complete heart block. Palpation 
of the cardiac apex may reveal relative mesocardia or 
dextrocardia. A very loud single second heart sound due to 
the anterior positioning of the aorta is heard. With an associated 
lesion, a murmur is present. This may be a pan-systolic 
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murmur of a VSD or of tricuspid regurgitation, or may be an 
ejection systolic murmur of left ventricular outflow tract 
obstruction. With a large left-to-right ventricular level shunt, 
the infant shows signs of congestive cardiac failure with 
tachypnea, dyspnea, and hepatomegaly. Likewise, an older 
child or adult may develop signs of heart failure secondary to 
progressive systolic dysfunction of the systemic right ventricle.

Electrocardiographic features
The electrocardiogram is characteristic, at least in patients with 
situs solitus, with left-axis deviation and Q waves in the right 
but not the left precordial leads. Varying degrees of atrioven-
tricular block may also be present and the combination of 
these two features strongly suggests the diagnosis of CCTGA.

Chest X-ray
There is a variable degree of mesocardia in some patients 
with CCTGA, and a minority have dextrocardia. The upper 
left heart border is straightened, representing the leftward 
position of the ascending aorta. The right pulmonary artery 
is often prominent because of the more medial position of 
the pulmonary trunk. Depending on associated lesions, there 
may be cardiomegaly, for example with a large VSD or 
significant tricuspid regurgitation.

Echocardiography

With increasing frequency, the diagnosis is made at antena-
tal echocardiography. Sharland et al. published a series of 34 
antenatal diagnoses over a 10 year period [17]. In the fetal 

four-chamber echocardiographic view, the normal apical 
offsetting of the tricuspid valve is reversed, thus alerting the 
sonographer to the fact that the right atrium connects to a 
ventricle of left ventricular morphology. In a large VSD with 
inlet extension, especially with straddling or overriding of 
the tricuspid valve, the normal offsetting is not present.

Postnatally, echocardiography is the mainstay of diagnosis 
(Figure 43.4) A detailed sequential approach to the cardiac 
anatomy, starting with the visceral atrial situs and working 
through to the great arteries, must be used. The subcostal 
coronal view is very informative, allowing identification of 
venous, atrioventricular, and ventriculoarterial connections 
by sweeping through from posterior to anterior. In patients 
with CCTGA and situs solitus, the systemic veins connect to 
the right-sided atrium, which then connects via a mitral 
valve to a right-sided morphologically left ventricle. The 
mitral valve and left ventricle can be identified by the fine 
apical trabeculations, the smooth upper half of the ventricular 
septum, the basal offsetting of the septal hinge point of the 
atrioventricular valve, and the absence of septal insertions of 
the atrioventricular valve. The morphologic left ventricle 
connects to a bifurcating vessel (pulmonary artery), and 
there is mitral–pulmonary continuity.

On the left side, the pulmonary veins connect normally to 
the left atrium, but the left atrium connects via a tricuspid 
valve to the left-sided morphologic right ventricle. The 
tricuspid valve and right ventricle have characteristic features 
of heavy trabeculation of the ventricle apex, apical offsetting 
of the septal hinge point of the atrioventricular valve and 
septal insertions of the atrioventricular valve. The right 
ventricle connects to an arching vessel (aorta), which gives 

Figure 43.4 Echocardiographic images of CCTGA. (a) Apical four chamber view showing atrioventricular discordance with apical displacement of the 

tricuspid valve (Ebstein’s anomaly). (b) Equivalent apical four chamber view with color Doppler showing regurgitation through the tricuspid valve. 

LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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rise to the coronary arteries. The aorta arises from a muscular 
infundibulum or conus. Therefore, there is tricuspid–aortic 
discontinuity.

In the parasternal short-axis view, the ventricles are 
essentially side-by-side and the septum is in an anteroposterior 
plane. The aortic and pulmonary valves are both seen en 
face in the short-axis view, due to the parallel arrangement 
of the great arterial origins. In most patients, the aorta is 
anterior and leftwards and the pulmonary artery posterior 
and rightwards. The coronary arterial anatomy is important 
and can usually be delineated by careful echocardiographic 
imaging, particularly using the parasternal short-axis view. 
The parasternal long-axis view is oriented more vertically 
than usual and, because of the anteroposterior orientation of 
the ventricular septum and side-by-side relationship of the 
ventricles, images may be obtained of only a single ventricle 
and outflow (either right ventricle and aorta, or left ventricle 
and pulmonary artery), which would not be possible when 
imaging a normal heart.

Associated lesions should be defined and the function of 
the systemic right ventricle and tricuspid valve assessed.

Cardiac catheterization and angiography

Prior to echocardiography, when cardiac catheterization 
was the major diagnostic method, the course of the catheters 
helped to reveal the abnormal relationships of the great 
arteries to the ventricles. Ventriculography demonstrated 
the ventricular “inversion” and the more vertical orientation 
of the ventricular septum. Occasionally, aortography may 
be necessary to delineate coronary anatomy, for example 
when the patient is being considered for a double-switch 
procedure, although cardiac computed tomography (CT) or 
MRI may provide this information noninvasively. 
Hemodynamic catheterization is usually necessary prior to 
considering the double-switch procedure, and to assess left 
ventricular retraining and adequacy of left ventricular 
pressure loading.

Other imaging modalities

Magnetic resonance imaging
Cardiac MRI has an increasing role in the quantitative 
assessment of systemic right ventricular function 
(Figure 43.5). Even MRI assessment of right ventricular 
function is challenging because of the complex shape of the 
right ventricle and the multiple coarse apical trabeculations 
and hypertrophy associated with systemic pressure 
functioning [29]. We use cardiac MRI as our primary method 
of tracking right ventricular size and function in patients 
without pacemakers, usually performing MRI approximately 
every 2–3 years in clinically stable patients.

Radionuclide ventriculography
In patients with a permanent pacemaker, MRI is not possible 
and echocardiography remains the primary imaging modal-
ity. In such patients, radionuclide ventriculography can 
assess the right ventricular function. This technique holds 
theoretical appeal for assessing the morphologic right ventri-
cle because it is a blood pool technique which potentially 
solves the problems related to its shape and trabeculations. 
Radionuclide ventriculography, however, requires careful 
positioning and analysis, and should be performed by cardi-
ologists trained in nuclear medicine or radiologists with 
expertise in the analysis of congenitally abnormal hearts. 
Radionuclear ventriculography of the systemic right ventri-
cle correlates well with MRI in the related Mustard and 
Senning groups [30].

Medical management

Drug therapy
Data regarding the drug management of ventricular dysfunc-
tion of a systemic right ventricle are limited. In patients with 
symptomatic heart failure or moderate systemic right ven-
tricular dysfunction, conventional left ventricular protection 
strategies are usually used. Angiotensin-converting enzyme 
(ACE) inhibitors and angiotensin receptor blockers have lit-
tle or no benefit in postoperative Mustard and Senning 
patients, but the studies are small [31]. Beta-blocker use has 
not been studied in the CCTGA population, but there is some 
suggestion of benefit in Mustard and Senning patients [32].

Resynchronization therapy
Many CCTGA patients eventually require permanent pacing 
for complete heart block, with the ventricular lead being 
placed in the morphologic left ventricle. This may negatively 
affect the systemic right ventricle because of the resulting 
interventricular dyssynchrony. Resynchronization approac-
hes to the systemic right ventricle have been used in patients 
with severe ventricular dysfunction, a coronary sinus lead 
being used to pace the right ventricle [33]. This approach has 
produced symptomatic improvement in some patients with 
class three to four symptoms.

Anatomic variations of the coronary sinus, mentioned above, 
have implications for placement of a coronary sinus lead to pace 
the right ventricle and would potentially make this approach 
impossible, necessitating a more invasive epicardial approach.

Surgical management

Conventional repair
Until recently, patients underwent repair of their associated 
lesions, for example VSD repair and/or insertion of a left 
ventricle to pulmonary artery conduit for pulmonary valve 
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atresia or stenosis. After this repair, the right ventricle 
remained the systemic ventricle and the right ventricular 
dysfunction could be exacerbated by the negative myocardial 
effect of bypass surgery. Long-term results of this type of repair 
are disappointing: one group reported 52 patients with 15% 
operative mortality and a 10 year survival of 55% for patients 
with VSD and left ventricular outflow obstruction and 71% 

for patients with VSD alone [34]. Another group reported 123 
patients with a 10 year survival of 70% for VSD ± pulmonary 
stenosis or atresia [35]. Freedom from right ventricular 
dysfunction was ∼40% at 15 years, with factors predicting 
right ventricular dysfunction being Ebstein’s anomaly, 
tricuspid valve replacement, and postoperative complete heart 
block. Another group reported 127 patients (including nine 

(c) (d)

(b)(a)

Figure 43.5 Magnetic resonance images of CCTGA. (a) Four-chamber image demonstrating atrioventricular discordance and mesocardia. The left 

atrium connects to a ventricle with heavy apical trabeculations and an apically displaced atrioventricular valve. (b) Short-axis image showing a 

hypertrophied, heavily trabeculated right ventricle on the right of the image and a thin-walled left ventricle on the left of the image. The septal 

position reflects the high-pressure right ventricle. (c) Long-axis view demonstrating the left atrium connecting to the right ventricle which supplies the 

aorta. (d) Image demonstrating the parallel course of the great arteries.
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double-switch procedures) [36]. Operative mortality was 6%, 
20 year survival was 48%, and the reoperation rate was 56%. 
Survival did not differ according to type of lesion.

Surgical management of systemic tricuspid valve 
regurgitation
Progressive tricuspid regurgitation is common and often 
associated with increasing right ventricular dysfunction. At the 
Mayo Clinic, 40 patients underwent tricuspid valve surgery, 
with valve replacement in 39 [37]. Preoperatively 68% were 
NYHA class three or four. Early mortality was 10%. With a 
median follow-up of 4.7 years (maximum 26 years), there 
were eight late deaths from congestive cardiac failure related to 
systemic right ventricular dysfunction. The 5 year survival was 
78% and 10 year survival 68%. The surgery and preoperative 
right ventricular ejection fraction were correlated with survival. 
With right ventricular ejection fraction <44% the survival was 
49% at 5 years and 20% at 10 years, whereas with right 
ventricular ejection fraction ≥44% the survival was 100%. The 
authors recommended that surgery for significant tricuspid 
regurgitation should be considered at the earliest sign of 
progressive right ventricular dysfunction. The Leiden group 
recently reported tricuspid valve surgery in 16 patients with a 
systemic right ventricle (including patients with d-TGA after 
the Mustard and Senning operations) [38]. Eight patients 
underwent repair and eight replacement. There was a trend 
towards decreased survival after valve repair compared with 
replacement and, after initial improvement in those undergoing 
repair, the regurgitation increased over the first postoperative 
year. This supports the impression that an approach of primary 
tricuspid valve replacement should be taken. Finally, pulmonary 
artery banding has been proposed as a definitive procedure to 
reset the position of the ventricular septum and improve 
tricuspid regurgitation in a systemic right ventricle [39].

Anatomic repair
Recent surgical approaches have focused on “anatomic” repair 
which returns the left ventricle to the systemic circulation and 
may improve long-term prognosis. These are major and 
technically challenging surgical procedures. Patients without 
left ventricular outflow obstruction and a pulmonary valve 
suitable to function as a neo-aortic valve may be operated 
using the double-switch procedure: this combines (1) the 
Senning atrial baffle procedure which redirects blood flow at 
atrial level and (2) the arterial switch procedure where the 
great arteries are transected and switched. Successful outcome 
depends on the left ventricle being adequately prepared to 
function at systemic arterial pressure. With a large VSD, the 
left ventricle has functioned at systemic pressure, but in the 
absence of associated lesions it has been functioning at normal 
pulmonary artery pressure. The low-pressure left ventricle 
can be “retrained” in younger children by pulmonary artery 
banding to increase left ventricular systolic pressure, although 
this approach has had mixed success. Patients with coexisting 

VSD and left ventricular outflow obstruction can be approached 
using the Rastelli–Senning procedure. The Senning operation 
is combined with a Rastelli procedure which channels the left 
ventricular outflow across the VSD to the aorta and then 
places a right ventricle to pulmonary artery valved conduit.

Several series of double-switch and Rastelli–Senning pro-
cedures have reported a surgical mortality generally ranging 
from 0 to 10%. At the Cleveland Clinic, 46 patients under-
went anatomic repair, with median age at surgery 28 months, 
the oldest patient being 16 years of age [40]. There were no 
hospital deaths and one late cardiac death during a median 
follow-up of 24 months. The Tokyo group published a series 
of 84 anatomic repairs with a 15 year survival of 75% for the 
double-switch and 80% for the Rastelli–Senning/Mustard 
procedure [41]. In another series of 54 patients, 7 year sur-
vival was 85% for the double-switch and 95% for the 
Rastelli–Senning procedure [42].

Left ventricular dysfunction is common after the double-
switch procedure, being more frequent in those who required 
retraining [43]. The requirement for permanent pacing was 
a predictor for left ventricular dysfunction in one study of 44 
patients [44].

Anatomic repair: patient selection
Most groups consider anatomic repair in patients requiring 
repair of associated defects when the left ventricle has been 
functioning at high systolic pressure. In patients without an 
associated lesion, subsystemic left ventricular pressure, and 
either right ventricular dysfunction or significant tricuspid 
regurgitation, retraining the left ventricle with pulmonary 
artery banding should be considered. Most centers would not 
recommend a double-switch procedure for such patients who 
have normal right ventricular and tricuspid valve function.

During childhood, the left ventricle has been successfully 
retrained using progressive pulmonary artery banding to 
increase left ventricular pressure load, promoting 
hypertrophy. Cardiac catheterization, echocardiography, and 
MRI can assess left ventricular pressure and wall thickness, 
mass, and function. In childhood a left ventricular systolic 
pressure at least 70–80% of systemic pressure and in 
adolescence a left ventricular systolic pressure closer to 
100% of systemic pressure have been recommended to 
restore the left ventricle to the systemic circulation [40]. 
Others recommend a left ventricular mass: left ventricular 
volume ratio of >1.5 [45] or a normal left ventricular wall 
thickness and mass, using established echocardiographic or 
MRI values. During the banding process, the left ventricle 
must be monitored carefully. Development of left ventricular 
dysfunction is regarded as failure of left ventricular retraining. 
Age is one of the best predictors of failure of retraining, with 
most successfully retrained patients being <10 years of age. 
In a series of 23 patients considered candidates for a Senning 
plus arterial switch protocol [46], pulmonary artery banding 
was performed in 15 patients, in 11 for the sole purpose of 
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left ventricular retraining. The two oldest, aged 12 and 14 
years, developed left ventricular failure necessitating band 
removal. Another banding patient following a double-switch 
procedure at age 7 years required heart transplantation for 
severe left ventricular failure with diastolic dysfunction.

The early results with the double-switch procedure have 
been promising, but long-term follow-up is uncertain.
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44 Transposition and Malposition 
of the Great Arteries with Ventricular 
Septal Defects

Daniel Sidi, Pascal Vouhé & Phalla Ou
Hôpital Necker – Enfants Malades, Université Paris V, Paris, France

Introduction: A new approach based 
on surgery

Conventionally, pediatric cardiology books have different 
chapters covering transposition of the great arteries with 
ventricular septal defects (VSDs) and double-outlet  ventricles 
(especially double-outlet right ventricle). This is because the 
usual approach in pediatric cardiology is to classify malfor-
mations into subgroups according to their anatomy and 
hemodynamics and then apply the surgical technique appro-
priate for each subgroup. This approach, however, does not 
work well for this group of malformations because of their 
extreme anatomic polymorphism and because of the 
 difficulty in defining surgically helpful subgroups based on 
classical definitions. In addition, there are controversies 
about the definitions of some malformations, for example, 
double-outlet right ventricle, that are based by some authors 
on embryology (the double infundibulum, regardless of the 
malposition of the vessels or the location of the VSDs), by 
others on anatomy (focusing on the malalignment between 
the vessels and the presumed septum), and by yet others on 
hemodynamic and surgical features depending on the 
 position of the VSD relative to the great arteries.

Our group therefore decided to put these malformations 
together under the global appellation of either “malposition 
of the great arteries” or “abnormal ventriculoarterial con-
nection with ventricular septal defect” and to base our 
approach in a nonconventional way on the different surgical 
options rather than on the different anatomic subgroups. We 
first describe the different surgical techniques and their 
 anatomic and hemodynamic requirements, then look at 
the malformations to determine the best match between the 
repair and the malformation. We believe that each of these 

malformations deserves a “tailor-made” operation and not 
an operation “off the peg.”

Key points

1 This group of lesions includes a large variety of malforma-
tions with different embryologic origins and different patho-
logic definitions but a common surgical approach.
2 The clinical presentation and surgical indications are based 
on the presence or absence of pulmonic stenosis and the 
position of the great arteries with respect to the VSD and the 
annuli of the atrioventricular valves.
3 Surgery is based on anatomic correction by constructing a 
tunnel between the left ventricle and the aorta (or the 
switched pulmonary artery) and reconstructing a right 
 ventricle–pulmonary artery communication (or a communi-
cation to the switched aorta), if possible without prosthetic 
material. Despite the apparent complexity, with pertinent 
indications and when the VSD is perimembranous (below 
the infundibula of the great arteries) without added 
 malformations of ventricular sizes or atrioventricular valves, 
the surgical results and the prognosis are good.

Epidemiology

These lesions represent ∼5% of congenital malformations 
and ∼20% of conotruncal malformations. Unlike tetralogy 
of Fallot, pulmonary atresia with VSD, and truncus arterio-
sus, these malformations are rarely (except in heterotaxia 
syndromes) associated with extracardiac malformations or 
chromosome abnormalities and have a low recurrence 
rate.
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Embryology, pathology, and definitions

Cardiac malformations involving the ventriculoarterial 
 connection are linked to the fate of the subarterial conus 
(infundibulum) during the later part of cardiac  embryogenesis 
(see Chapter 1). Because conotruncal resorption participates 
not only in the spatial relationship between the aorta, the 
pulmonary artery, and the atrioventricular valves but also in 
the closure of the ventricular septum in the perimembra-
nous and infundibular portion, the association of the three 
anomalies is frequent. The association results in an extreme 
polymorphism of malformations, however, because the 
three anomalies will not always combine in a consistent pat-
tern. The VSD is usually in the perimembranous part of the 
septum just beneath the infundibulum of the great arteries 
(often persisting below both great arteries) and is often the 
consequence of malalignment between the infundibular 
septum and the rest of the ventricular septum (trabecular 
septum) [1–6]. This malalignment eventually produces sub-
pulmonic stenosis when the infundibular septum is deviated 
towards the pulmonary artery (as in tetralogy of Fallot) 
[1,4,6] or subaortic stenosis when the infundibular septum 
is deviated towards the aorta (as in coarctation of the aorta 
or an interrupted aortic arch) [7]. As a result of the obstruc-
tion, the fetal growth of the corresponding great artery is 
impaired, producing a small aorta or pulmonary trunk (but 
with normal intrapulmonary branches).

The other major intracardiac consequence of a persistent 
conus is that it maintains the arterial orifice at a distance from 
the atrioventricular annulus and, depending on the length of 
the infundibulum, the great vessels arise near to or far from 
the atrioventricular valve annulus (Figure 44.1). In addition, 

if there is an asymmetric infundibulum, the distances from the 
artery to the mitral valve and the tricuspid valve will differ.

To understand the wide spectrum of these malformations 
and why there are difficulties and debates about defining 
and classifying some of them (namely, the wide spectrum of 
the malformation called double-outlet right ventricle), it is 
necessary to describe the normal relationships between the 
great arteries and the ventricles and to realize that there is a 
large difference between concordance and alignment. The 
normal heart is characterized by an aorta that with the 
resorption of its infundibulum moves posteriorly into the 
center of the heart, in continuity with the annuli of the 
 atrioventricular valves and the ventricular septum, whereas 
the pulmonary artery stays well above its persisting 
infundibulum in discontinuity with the atrioventricular 
valves (Figures 44.2 and 44.3). In addition, there is torsion 
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Figure 44.1 Diagram to show different relationships of the annulus of a 

great artery (A, shown by the upper circle with the triradius in it) to the 

mitral valve annulus (M) and the tricuspid valve annulus (T). (a) Close 

relationship. (b) The great artery annulus is further away, but its distances 

to both atrioventricular annuli are equal. (c) Not only is the great artery 

annulus far away, but also its distances from the mitral and tricuspid valve 

annuli are unequal.

(a) (b)

RV

Figure 44.2 Diagram of normal heart to show aortic annulus in center of 

heart, closely associated with the annuli of the other three valves. (a) Right 

ventricular (RV) view. (b) Left ventricular (LV) view.  o, aortic valve annulus; 

MV, mitral valve annulus; PA, pulmonic valve annulus; TV, tricuspid valve 

annulus.

(a) (b)

Figure 44.3 Diagram of normal heart to show continuity between the 

aortic valve annulus (Ao) and the annuli of the tricuspid valve (TV) and the 

mitral valve (MV). It also shows the discontinuity between the pulmonic 

valve annulus (PA) and the annuli of the tricuspid and mitral valves. Note 

that the pulmonary artery is anterior. (a) Cross-sectional view; 

(b) LA, left atrium; longitudinal section; LV, left ventricle; RA, right atrium; 

RV, right ventricle.
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between the upper part of the heart (the origin of the great 
arteries) and its apical part (determined by the axis of the 
trabecular septum). This  torsion explains why, in a normal 
heart, the aorta rises from the left ventricle but because of 
the twist appears to arise in line with the right ventricular 
outlet and the pulmonary artery from the right ventricle but 
above the left ventricle (Figure 44.4). Therefore, concord-
ance does not match alignment even in the normal heart. 
When the septum is intact, however,  concordance is evident, 
nobody pays attention to the  “physiologic anatomic 
 malalignment,” and there is no controversy about the con-

nections of a normal heart or the ventriculoarterial dis-
cordance of a complete transposition of the great  arteries. 
When there is a large subarterial VSD, the question of 
 connection and alignment is much more  difficult to answer 
because the origin of the great artery depends on the 
 supposed  situation of the upper part of the ventricular 
 septum (Figure 44.5).

This is precisely the problem with double-outlet right 
 ventricle, a congenital anomaly in which both great arteries 
arise wholly or principally from the right ventricle. This def-
inition is clear only in theory. In reality, this definition leads 
to controversies when there is a large VSD beneath the 
infundibula of the great arteries.

Most pathologists insist on the alignment of the great 
arteries in relation to the ventricle; if more than half of 
the artery is over one ventricle, it is considered to arise 
from this ventricle, regardless of atrioventricular disconti-
nuity (or subarterial conus) [4,8–10]. Because septal 
alignment is not physiologic, even in the normal heart, we 
believe that this definition is misleading, particularly 
when the two great arteries are above a VSD. Indeed, the 
origin of the vessel depends entirely on the way in which 
the VSD is closed at the upper edge of the septum, and this 
is not constant (see Figure 44.5). If the upper part of the 
septum is the conus between the aorta and the pulmonary 
artery, each artery arises from a different ventricle and 
there is no double-outlet right ventricle (Figure 44.5b). If 
the upper part of the septum is at the lateral edge of the 
conus, the two arteries arise from the right ventricle if the 
septum is at the left edge of the conus (double-outlet right 
ventricle) (Figure 44.5c). On the other hand, if the sep-
tum is at the right edge of the conus, the heart ends up 
with a double-outlet left ventricle (Figure 44.5a) [11]. In 
addition, what matters for the patient is not which part of 
the persisting infundibulum is really the upper septum, 
but what difficulty the surgeon has in closing the VSD in a 
correct position and allowing normal ventriculoarterial 
concordance or discordance without obstruction.

Figure 44.4 Diagram to show the normal spiral relationship of the aorta 

(Ao) and pulmonary artery (PA) to the right ventricle (RV).

(a) (b) (c)

Figure 44.5 Diagram to show how the position of the 

infundibular septum determines whether there is a double-outlet 

left ventricle (a), a normal connection (b), or a double-outlet 

right ventricle (c). Ao, aorta; LV, left ventricle; PA, pulmonary 

artery; RV, right ventricle.
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Other pathologists require for the definition of double- 
outlet right ventricle a double infundibulum, regardless of 
the septal alignment [6]. This may have interesting 
 embryologic or etiologic implications (in the chicken, various 
kinds of double-outlet right ventricle are created by stopping 
the embryologic process prematurely), but surgically speak-
ing, it is not helpful or can even be misleading because the 
malformation is not completely identified by the conus 
abnormality alone. Some double-outlet right ventricles are 
nearly like a simple VSD despite a long subaortic infundibu-
lum. Others with subpulmonary stenosis resemble a tetral-
ogy of Fallot or a transposition of the great arteries with VSD 
with or without pulmonary stenosis. Some even resemble a 
more complex malformation such as a single ventricle if atri-
oventricular valve abnormalities, significant differences in 
ventricular cavity sizes, or even multiple VSDs are present.

This dilemma cannot be solved by the recommendation of 
Lev et al. [9] to identify double-outlet right ventricle by the 
position of the VSD relative to the great arteries: subaortic, 
subpulmonary, doubly committed, or noncommitted. The 
problem with this classification is that it is impossible to 
define clearly the extreme polymorphism of these 
 malformations by this method alone because the polymor-
phism is determined by three independent variables 
(Figure 44.6). More important, there is no strict correlation 
between the commitment of the VSD to one or the other 
artery and the surgical options. Repair in many patients with 
 double-outlet right ventricle and a subpulmonary VSD can 
be achieved by intraventricular rerouting, as for a subaortic 

VSD, without an arterial switch or displacement of the 
 pulmonary artery. Conversely, some subaortic VSDs may 
require other types of repair than just an intraventricular 
patch or a tunnel between the left ventricle and the aorta.

Double-outlet left ventricle is less controversial because 
this rare malformation is characterized almost always by 
complete resorption of the two infundibula, which brings 
the two great arteries into continuity with the atrioventricu-
lar valves above a large perimembranous VSD [11]. Pulmonic 
stenosis is usually present, there being a small annulus with 
a stenosed valve. The relation between the vessels and the 
atrioventricular valves and the presence or absence of pul-
monic stenosis determine the best surgical strategy by the 
same rules as for any “malposition with a VSD.”

Malposition of the great arteries can occur also in complex 
malformations such as atrioventricular canal or a large inlet 
VSD, particularly in heterotaxia syndromes.

The problem with any anatomic definition of these 
 malpositions with VSD is that the malformation cannot be 
fully characterized by identifying the relationship between 
the great arteries alone, or the relation of the arteries with the 
atrioventricular valves alone, or the location of the VSD alone, 
because the three anomalies play independent roles. It is 
 necessary to consider each of the three anatomic  components, 
because they determine an infinite variety of anatomic 
 malformations with different hemodynamics and surgical 
strategies. To summarize, under the conditions  discussed in 
this chapter, if neither the clinician nor the  surgeon is able to 
classify the individual patient into a single clear category, the 

(a)

(b)

Figure 44.6 Diagram to show how the simple 

classification of Lev et al. [9] (a) becomes less 

useful once variations in the position of the 

infundibular septum occur (b).
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patients may receive a standardized but nonoptimal operation 
based on an incomplete anatomic description. Furthermore, 
the medical community cannot evaluate the results because it 
is difficult to know from the literature which anatomic lesion 
was operated on with each particular technique.

We think that the only way to achieve appropriate surgical 
decisions is not to classify subgroups of patients anatomically 
but to consider each patient with malposition and VSD as 
unique [12]. Then we need to determine whether the car-
diac anatomy and hemodynamics fit with one of the possible 
anatomic repairs. If more than one surgical option exists for 
any given patient, one should choose the best and least risky 
procedure. It is therefore necessary for the pediatric 
 cardiologist to know in detail the surgical requirements for 
the different operations. Then the cardiologist checks by con-
structing mentally and on the echocardiography screen what the 
outflows of the two ventricles will be after repair.

Surgical options and preoperative 
screening

Anatomic repair
We call anatomic repair a surgical procedure that allows the 
left ventricle to be connected to the aorta and the right ven-
tricle to be connected to the pulmonary artery as directly as 
possible, preferably without a prosthetic conduit.

Before the different surgical options are described, it is 
necessary to remember certain important facts:
1 The infundibular septum can be removed with no risk of 
atrioventricular block if the VSD is perimembranous [8,13,14], 
even when there are tricuspid insertions on the septum.
2 The great arteries can be switched if there is no org anic 
 subpulmonic stenosis and if the pulmonary valve is normal, 
regardless of the coronary artery distribution (see Chapter 42).

3 The pulmonary artery can be connected to the right 
 ventricle without a prosthetic conduit if the pulmonary 
artery branches are not fixed because of previous surgery 
 (aortopulmonary shunts) [11,15–18]. This maneuver, how-
ever, sacrifices the pulmonary valve and therefore can be 
applied only if the pulmonary vascular resistance is low, 
 pulmonary arteries are of adequate size without stenoses, 
and postcapillary hypertension (due to left ventricular or 
mitral valve dysfunction) is absent.

On the basis of these considerations, there are three funda-
mental types of anatomic repair (two ventricles and no tube).

Intraventricular repair
Intraventricular repair (IVR) consists of creating an intra-
ventricular patch to direct the left ventricular blood towards 
the aortic orifice (Figure 44.7). The operation resembles 
simple closure of an isolated VSD, but if the aorta is far 
removed from the mitral valve, the operation requires a 
long intracardiac tunnel that passes posterior to the right 
ventricular outflow tract. The fundamental consideration is 
that the right ventricular outflow tract should not be 
obstructed by the tunnel, and this depends mainly on the 
position of the pulmonary artery in relation to the tricuspid 
valve. If the distance between the tricuspid valve and the 
pulmonary artery is long enough (equal to or greater than 
the distance to the aortic annulus), the left ventricular to 
aortic tunnel will not obstruct the right ventricular outflow 
tract regardless of the length of the tunnel (Figure 44.7a). If 
the distance from the pulmonary artery to the tricuspid 
valve is less than to the aortic annulus, either the pulmo-
nary artery must be moved (Figure 44.7b) (see the later 
 section on REV) or the tunnel must be constructed from the 
left ventricle to the pulmonary artery in association with a 
switch of the great arteries (Figure 44.7c) (see the next 
 section on arterial switch).

(a) (b) (c)

Figure 44.7 Diagram to show factors affecting the type of surgery for double-outlet right ventricle. (a) A long tunnel connects the left ventricle to the 

aorta without obstructing the outflow to the pulmonary artery. (b) If the tricuspid valve annulus is closer to the pulmonary artery than to the aortic annulus, 

the pulmonary artery can be removed and inserted into the anterior wall of the right ventricle in the REV operation. (c) Alternatively, the great arteries can 

be switched, and a tunnel connects the left ventricle to the pulmonary artery. Ao, aorta; LV, left ventricle; PA, pulmonary artery; RA, right atrium; 

RV, right ventricle.
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To avoid left ventricular to aortic obstruction and to make 
this tunnel as short as possible (to avoid diminishing the size 
of the right ventricular cavity), the infundibular septum 
should be removed whenever it is in the way, that is, poste-
rior to the aorta. If the VSD is perimembranous, there is no 
theoretical risk of atrioventricular block. If the tricuspid 
valve is inserted on the infundibular septum, the septum is 
not resected but mobilized posteriorly and reinserted on the 
patch. The only contraindication to this operation is  insertion 
of the mitral valve on the infundibular septum.

Arterial switch with ventricular septal 
closure (IVR + Switch)
This operation consists in creating an intraventricular patch 
to direct the left ventricular blood towards the pulmonary 
artery, which will become an aorta after the arterial switch 
(Figure 44.7c). This is possible when the pulmonic valve is 
normal and there is no subpulmonic organic obstruction due 
to musculofibrous pulmonary valve tissue or mitral valve 
insertion in the subpulmonic region. As in IVR, the patch 
should not obstruct the future right ventricular outflow 
tract. In this respect, the same rules as for IVR are applied 
and the infundibular septum should be resected if it is 
 anterior to the pulmonary artery (future aorta).

Intraventricular repair with reposition 
of the pulmonary artery on the right 
ventricle (Rastelli and REV)
Both operations have the same principles: creating an intra-
ventricular tunnel to direct the left ventricular blood flow 
towards the aortic orifice and creating a new connection 
between the right ventricle and the pulmonary artery.

In the classical Rastelli operation [19], the left ventricle to 
aorta connection is achieved without resecting the conal 
septum and the right ventricle to pulmonary artery pathway 
is created using an extracardiac valved conduit. This proce-
dure has major drawbacks: risk of subaortic stenosis, severe 
amputation of the right ventricular cavity, need for multiple 
reoperations for conduit obstruction, and high risk of 
 endocarditis.

To obviate most of these problems, Lecompte and co-
workers developed an operation called REV (réparation à 
l’étage ventriculaire) [17]. Compared with the Rastelli pro-
cedure, the REV operation presents two major modifications 
(Figure 44.7b). (1) The infundibular septum is always 
resected extensively (even if the VSD is large). This creates a 
short and straight intracardiac tunnel and reduces the risk of 
subaortic stenosis, reduces the amputation of the right 
 ventricular cavity, and thus preserves right ventricular func-
tion, and finally improves left ventricular function by avoid-
ing a large septal patch which may act as a diverticulum or 
even an aneurysm. (2) The pulmonary artery is translocated 
anterior to the aorta and reimplanted directly on the right 
ventricle; this reduces the need for multiple reoperations 

(although the risk of developing RVOT obstruction is not 
completely avoided).

For all these reasons, in patients who need intraventricu-
lar repair with repositioning of the pulmonary artery, the 
REV operation is the procedure of choice, unless there are 
anatomic reasons (hypoplastic pulmonary arteries, elevated 
pulmonary arterial pressure) which demand a competent 
pulmonary valve.

Bex–Nikaidoh operation
The Bex–Nikaidoh procedure can be used when it is not 
 possible to connect the left ventricle with one of the great 
arteries through the VSD [20,21]. This usually occurs when 
the VSD is not beneath the arteries (inlet or trabecular VSD), 
and may sometimes happen when there are abnormal inser-
tions of the mitral valve on the infundibular septum.

The principle is to excise the aortic root with the subaortic 
conus from the right ventricle (as for the Ross operation) 
and to reimplant the aortic root on the left ventricular out-
flow tract (eventually after enlarging the conal septum, as 
for the Konno–Ross operation); this, of course, needs the 
concomitant transfer of the coronary arteries. The right ven-
tricular outflow tract can be reconstructed using various 
techniques: with the native pulmonary valve when it is 
abnormal, using an extracardiac valved conduit, or by direct 
reimplantation (as for the REV procedure).

Nonanatomic repair
We consider a repair to be nonanatomic when the opera-
tion results in the right ventricle being located beneath the 
aorta or when each ventricle does not receive the correct 
venous return. We also need to differentiate between the 
one-ventricle repair (total cavopulmonary circulation 
equivalent to the repair of a single ventricle) and the 
“1½-ventricle repair,” in which only part of the caval venous 
return (usually from the inferior vena cava) enters the right 
ventricle while the other part (usually from the superior 
vena cava) goes directly to the lungs (partial  cavopulmonary 
anastomosis) [22,23].

A biventricular but nonanatomic repair can be achieved by 
leaving the right ventricle beneath the aorta in very special 
anatomy where the left ventricle or mitral valve is abnormal. 
The VSD is closed, allowing the creation of a nonstenotic right 
ventricle to aorta tunnel, and the left ventricle to pulmonary 
artery connection can be achieved with or without a tube 
depending on the anatomy. Sometimes it is necessary to add 
an atrial switch by a Mustard or Senning procedure in order 
to bring the oxygenated blood from the pulmonary veins to 
the subaortic right ventricle, as in double switch for corrected 
transposition when a Mustard or Senning procedure is neces-
sary to bring oxygenated blood to the left ventricle.

If the ventricle is small, one can achieve the so-called “1½ 
ventricle repair” by adding to the repair a partial  cavopulmonary 
circulation (usually performed as a palliative procedure first). 
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This type of surgery can leave the right ventricle beneath the 
aorta if it is the left ventricle or mitral valve that is not well 
developed or be more anatomic if the left ventricle can be put 
beneath the aorta when the right ventricle is too small.

Finally, sometimes the “best or the least worst” option is to 
abandon the idea of an intraventricular repair and plan for a 
single-ventricle strategy with a total cavopulmonary circula-
tion. This option is often due to reduced left ventricle cavity 
size, straddling of the mitral valve, or multiple VSDs with 
more holes than septum.

Preoperative anatomic evaluation
Each patient must be regarded as unique, and all anatomic 
and hemodynamic aspects important to the operation must 
be investigated. The pediatric cardiologist must, like an 
architect, construct the tunnel mentally and use echocardi-
ography to assess whether there is potential outflow tract 
obstruction after the anatomic repair (left ventricle to future 
aorta and right ventricle to future pulmonary artery). It is 
useful to perform the two-dimensional echocardiogram with 
the surgeon present to clarify particular anatomic details. 
Three-dimensional echocardiography and MRI will be par-
ticularly helpful in the future in this group of malformations 
[24]. The examination must evaluate the feasibility of an 
anatomic repair and, if it is possible, the feasibility of IVR. 
The echocardiographer must look carefully at the position 
of the VSD and search for multiple VSDs, especially at the 
apex; the relative position of the great arteries and above all 
their relation to the atrioventricular valves; the function 
and the insertions of the atrioventricular valves; and the size 
of the ventricles. MRI is very useful with relative hypoplasia 
of the RV in order to decide on the possibility of a two-ven-
tricle repair, the help of a partial cavopulmonary circulation, 
or the need to accept a single-ventricle strategy. Quantitative 
assessment of ventricular volumes and function can be 
determined accurately based on the combination of a 3D 
data set and a high spatial and temporal resolution of the 
cardiac cavities regardless of their morphologies and without 
geometric assumptions. Independence from geometric 
assumption is especially important in this setting as the right 
ventricle may have an unusual shape. MRI is also a useful 
adjunct to echocardiography for a comprehensive assess-
ment of the relationships of the great arteries with respect to 
each other, and also the relative positions of the great vessels 
with respect to the VSD and the atrioventricular valves.

Feasibility of an anatomic repair
Anatomic repair requires adequacy of both ventricles to 
assume their future workload. Therefore, both ventricles 
must be of adequate size and function; there is usually con-
cern about the size of the left ventricle in malpositions with 
pulmonic stenosis (and reduced pulmonary venous return) 
and with the size of the right ventricle in malposition with 
coarctation of the aorta. Abnormal ventricular size or func-

tion, however, also occurs with a restrictive VSD [25,26] or 
an inlet VSD with an overriding atrioventricular valve. We 
believe that the best index of ventricular size is the size of 
the atrioventricular valve annulus (in the absence of an 
overriding or straddling valve). An atrioventricular annulus 
size >2 SD below normal is a contraindication to anatomic 
repair. Assessment of ventricular function is based on ven-
tricular contractility, knowing that the ventricle should be 
hyperkinetic if the afterload is low (increased pulmonary 
blood flow or atrioventricular valve regurgitation) or have 
adaptive hypertrophy secondary to valvar or subvalvar aor-
tic obstruction or secondary to a restrictive VSD that  functions 
like a subaortic stenosis if both great arteries originate from 
the right ventricle [25,26].

Both atrioventricular valves should be inspected carefully, 
not only for size and function but also for the subvalvar 
apparatus (chordae and papillary muscles), particularly any 
abnormal insertion on the subarterial infundibula. Tricuspid 
valve chordal attachments on the infundibular septum or 
even straddling it are not a contraindication because the 
valve can be repaired adequately and suffice for a low- 
pressure subpulmonic ventricle. Conversely, abnormal 
attachments of the mitral valve are usually a contraindication 
unless the valve is competent and the surgeon can avoid 
touching it during surgery without creating obstruction.

Multiple trabecular VSDs (Swiss cheese) or an inlet VSD 
may lead to serious complications.

A restrictive VSD can be a problem not only if it affects nor-
mal growth and function of the left ventricle (see earlier), but 
also if the VSD is not perimembranous. If it is not, any enlarge-
ment of the defect is dangerous for the conduction system 
(although anterior extension of the VSD is theoretically safe).

Finally, the afterload of both ventricles must be acceptable. 
We should pay particular attention to pulmonary arterial 
stenosis, especially after an aortopulmonary anastomosis, 
and to pulmonary hypertension. With pulmonic stenosis, 
the criteria are similar to those applied to tetralogy of Fallot. 
With pulmonary hypertension, assessing pulmonary  vascular 
resistance is necessary, just as for a simple VSD with the 
added questions of operability and necessity for a patent pul-
monary valve in the long term. It is these afterload factors 
that may justify cardiac catheterization.

Feasibility of an intraventricular repair
For this repair, the crucial point is to determine whether it is 
possible to construct a left ventricular to aortic tunnel 
between the tricuspid and pulmonic orifices. This is possible 
if the tricuspid to pulmonic distance is equal to or longer than 
the diameter of the aortic annulus. This is best seen on a sub-
xiphoid right anterior view (Figure 44.8). If the pulmonary 
artery is above a well-developed infundibulum with a tricus-
pid to pulmonic distance greater than the aortic annulus, an 
IVR is possible regardless of the size of the aortic infundi-
bulum. On the left anterior subxiphoid view (Figure 44.9), 



CHAPTER 44 Transposition and Malposition of the Great Arteries with Ventricular Septal Defects

645

we can best see the infundibular septum that may need to be 
resected to construct a nonobstructed tunnel if the aorta is 
anterior (and the infundibular septum is  posterior to the 
aorta) because it stands in the way from the posterior left 
ventricle to the anterior aorta. Conversely, when the aorta is 
posterior to the pulmonary artery, the infundibular septum 
is anterior to both the aorta and the left ventricular to aortic 
tunnel and may even constitute part of its wall.

If, however, the tricuspid to pulmonic distance is short 
(less than aortic annulus size), a simple IVR is not feasible. 
The choice is then between a tunnel from the left ventricle 
to the pulmonary artery in association with an arterial switch 
or a Bex–Nikaidoh operation and a tunnel from the left ven-
tricle to the aorta with occlusion of the pulmonic orifice and 
direct right ventricle–pulmonary artery continuity (REV) or 
a right ventricle–pulmonary artery conduit (Rastelli).

Surgical classification

1 Malposition that can be treated by IVR: IVR is possible when 
the pulmonary artery annulus is far from the tricuspid valve 
annulus (see Figure 44.7a), regardless of the position of the 
aorta, as that determines only the length of the tunnel. If 
there is pulmonic or subpulmonic stenosis, the operation is 

Figure 44.8 Two-dimensional echocardiogram in subxiphoid view (oblique 

left anterior). This echocardiogram shows where a tunnel from the left 

ventricle (LV) to the aorta (Ao) would have to be for an intraventricular 

repair. PA, pulmonary artery; RV, right ventricle.

Figure 44.9 Two-dimensional echocardiograms in subxiphoid view (right 

anterior) of the same patient as in Figure 44.8. Because the distances from 

the tricuspid annulus to the aortic and pulmonary artery annuli cannot be 

seen in the same plane, two different views are needed. (a) The crosses 

show the distance between the tricuspid valve (TV) annulus and the annulus 

of the aorta (Ao). In this patient, the distance is 6.2 mm. (b) The crosses 

show the distance between the tricuspid valve annulus and the annulus of 

the pulmonary artery (PA). In this patient, the distance is 10.1 mm. Because 

the size of the subpulmonic conus is too short for an IVR, the appropriate 

correction would be a REV operation (see text). RA, right atrium.

(a)

(b)
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similar to that for a tetralogy of Fallot with the same concerns 
about the coronary artery distribution (see Chapter 41).
2 Malposition that can be treated by a tunnel from the left ventricle 
to the pulmonary artery in association with an arterial switch: 
This operation is possible when there is no pulmonic or 
 subpulmonic stenosis and when the aortic annulus is far 
from the tricuspid valve annulus. This distance allows a 
 nonobstructive right ventricular outflow tract connection to 
the pulmonary artery (previous aorta) anterior to the left 
ventricular to aortic (previous pulmonary artery) tunnel 
(Figure 44.7c).
3 Malposition that can be treated by a left ventricular to aortic tun-
nel in association with the displacement of the pulmonary artery 
(REV): This operation can be done if there is a pulmonic ste-
nosis (valvar or subvalvar) that contraindicates an arterial 
switch and when the pulmonary artery annulus is near the 
tricuspid annulus, which would lead to pulmonary artery 
obstruction by a left ventricular to aortic tunnel (Figure 
44.7b). The pulmonary annulus and valves are sacrificed, 
and the junction between the right ventricle and the pulmo-
nary artery is made either by a conduit (Rastelli operation) 
or better by the translocation of the pulmonary artery ante-
riorly on to the right ventricle (REV).
4 Complex malpositions that cannot lead to a “simple” biventricu-
lar repair: Biventricular repair usually cannot be performed 
when the VSD (inlet or trabecular) is not committed to a 
great artery because placing a tunnel from the left ventricle 
to one of the great arteries is difficult when both arise from 
the right ventricle. It can also be difficult to repair these mal-
formations when there are anomalies of the ventricles or the 
atrioventricular valves or when the conal septum cannot be 
removed because of mitral attachments.

These complex malpositions need careful discussion before 
a decision is made between a palliative operation and correc-
tive surgery with a high risk of atrioventricular block, atrio-
ventricular valve replacement, or ventricular damage. Many 
of these complex situations can probably be solved using the 
Bex–Nikaidoh principle.

One interesting option in some patients is a 1½ ventricle 
repair (see earlier) when the right ventricle is too small 
 initially or when it becomes too small after the left  ventricular 
to aortic tunnel has been placed.

For clinical assessment, natural history, and pathophysiol-
ogy, it is necessary to distinguish patients with and without 
pulmonary artery stenosis.

Malposition with ventricular septal 
defect without right ventricular outflow 
tract obstruction

Pathophysiology
The absence of right ventricular outflow tract obstruction 
leads (as in simple VSD) to pulmonary artery hypertension 

with increased pulmonary blood flow and a long-term risk 
of developing pulmonary vascular obstructive disease.

As in VSD, because the pulmonary vascular resistance 
decreases slowly after birth, pulmonary blood flow is not 
excessive in the neonatal period and heart failure does not 
occur unless there is aortic obstruction, usually associated 
with coarctation of the aorta [27].

Because of the malposition, some hypoxemia is present, 
depending on the relative position of the great arteries with 
respect to the ventricles and on the streaming patterns. 
Hypoxemia is never severe because of the increased pulmo-
nary blood flow and adequate shunting through the VSD 
(right ventricle to pulmonary artery in systole and left to 
right ventricle in diastole).

Clinical findings, diagnosis, and management
In the fetus, malposition of the great arteries with a VSD is 
well tolerated. Diagnosis can be made on two-dimensional 
echocardiography if the screening includes exploration of 
the outlet septum and vessels and is not limited to the four-
chamber view that can be normal.

In the neonate, there is usually mild cyanosis without respi-
ratory distress and a systolic murmur (not constant) in an 
otherwise apparently healthy infant. If there is early heart 
failure, arterial pulses are usually diminished in the legs 
because of an associated coarctation of the aorta. After a few 
weeks, because of the increased pulmonary flow and left 
ventricular volume overload, congestive heart failure devel-
ops, manifested by dyspnea, liver enlargement, nutritional 
difficulties, and failure to gain weight. The clinical picture is 
that of a large VSD with mild cyanosis.

Chest radiography
The chest film shows cardiomegaly and increased lung vas-
cularity. The thymus is present, and there is usually a left 
aortic arch.

Electrocardiography
The electrocardiogram shows right ventricular hypertrophy, 
sometimes with right axis deviation, depending on the 
location of the VSD and the course of the conduction 
 pathways.

Echocardiography
Echocardiography confirms the diagnosis, demonstrating the 
VSD and the abnormal position of the great arteries. These 
have to be assessed independently. There is no correlation 
between the relative positions of the great arteries and the 
position of the VSD [17].

It evaluates pulmonary vascular resistance (if the patient is >3 
months old) by evaluating left ventricular dimensions, 
 looking at left ventricular dilatation as a sign of increased 
pulmonary blood flow and low pulmonary vascular resist-
ance. It may be possible to estimate pulmonary artery 
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 diastolic  pressure from the velocity of a pulmonary artery 
regurgitant jet.

It indicates the likely type of surgery. It is crucial to analyze 
precisely the relationship of the aortic and pulmonary artery 
annuli to the atrioventricular valve annuli and also the size 
and position of the VSD. The two-dimensional echocardio-
graphic subxiphoid view allows visualization of a tunnel 
between the left ventricle and one of the great arteries to see 
what it will look like (Figures 44.8 and 44.9). The  examination 
also identifies any valvar attachment to the conal septum 
that would be removed at surgery.

Cardiac catheterization
Catheterization is usually not needed to define anatomic 
details except if there is a doubt on two-dimensional 
echocardiography about pulmonary artery branches or an 
associated trabecular VSD. Cardiac catheterization is useful 
for evaluating pulmonary vascular resistance in older chil-
dren. In particular, it is the only way to assess the streaming 
patterns and to determine pulmonary artery oxygen satura-
tion and therefore the arteriovenous difference in oxygen 
content that allows calculation of pulmonary vascular 
 resistance. In the neonate, a streaming pattern with higher 
 saturation in the pulmonary artery than in the aorta is a 
good indication for a Rashkind procedure that will probably 
improve aorta saturation without increasing pulmonary 
artery blood flow.

Natural history
Pulmonary vascular disease can develop as early as 3 months 
of age and be manifested by increased cyanosis and decreased 
congestive heart failure.

In some patients, the VSD becomes smaller and obstructs 
the left ventricular outflow if both vessels originate from the 
right ventricle, especially if there is no atrial septal defect. If 
there is a large atrial septal defect, there will be a rerouting 
of the blood and a progressive exclusion of the left ventricle 
from the circulation, so that the left ventricle will not grow 
properly.

Treatment and results
Medical treatment is nonspecific and intended to improve the 
circulation and stabilize the infant so that an operation can be 
performed soon. As in all patients with a VSD and heart fail-
ure, improvement can usually be obtained by   diuretics, blood 
transfusion in anemic patients (to improve arterial oxygen 
content and decrease lung flow by increasing pulmonary vas-
cular resistance through increased viscosity), vasodilators, 
and digoxin. If a neonate has cardiac failure, usually in 
 association with coarctation of the aorta, prostaglandin 
E

1
 (PGE

1
) infusion, artificial ventilation, and inotropic sup-

port with dobutamine are helpful. If there is inadequate 
mixing or a high left atrial pressure, with increased flow 
and a functional gradient across the mitral valve, a Rashkind 

atrioseptostomy is indicated to improve the clinical status 
(heart failure and cyanosis) before surgery.

Surgery is mandatory before 3 months of age to protect 
the lungs from developing pulmonary vascular disease.

Pulmonary artery banding may be indicated to protect the 
small pulmonary arteries, either if there is no straightfor-
ward anatomic repair or to wait until the infant is larger and 
healthier before undergoing an operation that may be diffi-
cult (e.g., if the tunnel will be long, if the tricuspid valve is 
attached to the infundibular septum, or if the right ventricle 
will be small after surgery). The banding is done by thora-
cotomy or sternotomy, improves congestive heart failure, 
but increases hypoxemia and may hinder an eventual  arterial 
switch by dilating the pulmonary sinuses of Valsalva and 
altering the future aortic leaflets.

Corrective surgery with anatomic repair is usually possible 
(see the surgical classification earlier) either by a tunnel from 
the left ventricle to the aorta (IVR) if the pulmonary annulus 
is far enough from the tricuspid valve annulus or by a tunnel 
from the left ventricle to the pulmonary artery in association 
with an arterial switch if the aortic annulus is far from the 
tricuspid valve annulus.

With coarctation of the aorta, most surgical teams perform 
corrective surgery at once in the neonatal period rather than 
go through a coarctation repair and pulmonary artery 
 banding as a first-stage procedure.

Hospital mortality for correction is ∼10%, with excellent 
results. The patient needs an annual evaluation with two-
dimensional echo Doppler examination to assess the left 
and right ventricular outflow tracts and the growth of the 
two great arteries. If an arterial switch has been performed, 
a coronary artery angiogram should be considered. 
Obstruction of the left ventricular–aortic junction is rare 
when the surgery has involved adequate removal of the 
conal septum. Usually, the heart grows in harmony, close to 
normal anatomy.

The long-term follow-up and results of IVR are similar to 
those for isolated VSD, because left ventricular-aortic 
obstructions are rare (none in the Lecompte series). When 
an arterial switch is added, complications of the switch pro-
cedure may be encountered (see Chapter 42) with common, 
but rarely severe, supravalvar pulmonic stenosis, common 
aortic dilatation with minimal (color Doppler) aortic regurgi-
tation, and a few ischemic complications or potential com-
plications due to the association of the coronary artery 
transfer with coronary ostial stenosis. When coarctation of 
the aorta is present, the follow-up should include the search 
for residual aortic obstruction and systemic hypertension at 
rest or during exercise. A scan or magnetic resonance  imaging 
of the aorta may be useful to check the aortic isthmic anatomy 
after the aortoplasty.

When anatomic repair is not possible, the situation is 
similar to a single ventricle with pulmonary hyperten-
sion. It is imperative to protect the pulmonary arteries by 
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banding with the intention of later creating a cavopulmo-
nary circulation.

Malposition with ventricular septal 
defect and pulmonic stenosis

Pathophysiology
The pathophysiologic features of this combination are simi-
lar to those in tetralogy of Fallot with more hypoxemia for 
the same degree of pulmonic stenosis because some of the 
oxygenated blood may return to the lungs as a result of 
streaming. There are usually no hypoxic spells because the 
subpulmonic stenosis is less muscular (especially if the ves-
sels are transposed). The pulmonary artery branches are 
usually of normal size without proximal or distal stenosis.

If there is a higher saturation in the pulmonary artery 
than in the aorta, hypoxemia can be treated by creating an 
atrial septal defect by a Rashkind procedure (see Chapters 10 
and 42).

Clinical findings, diagnosis, and management
In the fetus, malposition of the great arteries with VSD and 
pulmonic stenosis is well tolerated. The diagnosis can be 
made on two-dimensional echocardiography if the outlet 
septum and vessels are examined and the screening is not 
limited to the four-chamber view that can be normal.

In the neonate, cyanosis is present and is associated with a 
rough systolic ejection murmur in an otherwise apparently 
healthy infant. With severe pulmonic stenosis or even pul-
monary atresia, cyanosis can be severe in the neonate, who 
may need early intervention with PGE

1
 to maintain patency 

of the ductus arteriosus, followed by an early operation 
(usually a palliative shunt, but also a balloon dilatation). 
Cyanosis increases rapidly because of the increased oxygen 
consumption and decrease in pulmonary flow.

Chest radiography
The chest film shows normal cardiac size and variable lung 
vascularity. A thymus is present, and the aortic arch is usu-
ally left sided.

Electrocardiography
The electrocardiogram shows nonspecific right ventricular 
hypertrophy.

Echocardiography
It confirms the diagnosis, demonstrating the VSD, the abnor-
mal position of the vessels, and the pulmonic stenosis.

It evaluates the degree and the type of the pulmonic stenosis, 
which is usually subvalvar and valvar and only rarely has 
anomalies of the pulmonary artery branches.

It helps establish the type of surgery. As explained before, it is 
crucial to analyze precisely the relationship of the aortic and 

pulmonary annuli with the atrioventricular valve annuli 
and also the size and position of the VSD. The two-dimen-
sional echocardiographic subxiphoid view allows the physi-
cian to visualize the tunnel between the left ventricle and 
the aorta. The examination can also identify any valvar 
attachment to the conal septum that might need to be 
removed at surgery.

Cardiac catheterization
Catheterization is usually unnecessary unless a Rashkind 
procedure is indicated, except to assess pulmonary artery 
branches after a previous shunt or if there is a doubt on two-
dimensional echocardiography, MRI, or CT scan about the 
pulmonary artery branches, associated trabecular VSD, or 
coronary artery disposition if there is to be a Fallot-type 
repair. Pressures in the pulmonary arteries (taken directly or 
through an occluded pulmonary vein) may also be useful in 
deciding about incorporating a valve in the right ventricle–
pulmonary junction.

Natural history
Cyanosis increases, polycythemia occurs, and there will be 
increased collateral circulation from the aorta to the pulmo-
nary arteries.

Treatment and results
If a neonate has severe hypoxemia, usually in association 
with pulmonic atresia or severe stenosis, PGE

1
 infusion 

maintains ductal flow. A Rashkind procedure is often useful 
to improve the mixing of the blood.

Balloon dilatation may be useful if there is a valvar compo-
nent to the pulmonic stenosis to avoid or delay an aortopul-
monary anastomosis or defer corrective surgery. Balloon 
dilatation is especially effective when oxygen saturation is 
lower in the pulmonary artery than in the aorta (as in tetral-
ogy of Fallot). This finding is common when the aorta is near 
the left ventricle, but it may occur even when the great arter-
ies are transposed because of the streaming patterns due to 
the location (especially the angulation) of the infundibulum 
with respect to the outflow tracts of the ventricles.

Surgery
Aortopulmonary anastomosis can be performed to delay 
corrective surgery until the infant is larger and healthier. 
The anastomosis is usually carried out through a median 
sternotomy and although it improves hypoxemia, it may 
hinder later corrective surgery by distorting and fixing a 
pulmonary artery branch that will be difficult to mobilize 
for the REV.

Corrective surgery is usually possible by a tunnel from the 
left ventricle to the aorta, either by an IVR associated with 
removal of a right ventricular tract obstruction, as in a tetral-
ogy of Fallot repair, or by mobilizing the pulmonary artery in 
an REV or Rastelli repair when the distance from the  pulmonary 
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artery annulus to the tricuspid valve annulus is less than that 
to the aortic annulus. When the pulmonary artery is near the 
tricuspid valve annulus, the pulmonary artery is closed above 
the valve, and the distal pulmonary artery is mobilized and 
translocated on the right ventricle in an REV operation or 
 connected to the right ventricle by a prosthetic tube in a 
Rastelli operation.

Most surgical teams try to wait for at least 6 months or for 
a patient’s body weight to reach 6 kg before performing an 
REV operation, especially to avoid the risk of subaortic 
 stenosis by inadequate resection of the conal septum, and to 
wait for several years for a Rastelli repair. They start with a 
Rashkind procedure and an aortopulmonary anastomosis or 
a balloon dilatation.

Mortality is ∼10%, with excellent results. Annual  follow-up 
is needed as in tetralogy of Fallot for IVR or REV and as in 
truncus arteriosus for a Rastelli procedure.

When indicated, a Bex–Nikaidoh procedure can be per-
formed early in life. The late results are unknown,  particularly 
the fate of the reconstructed right ventricular outflow tract. 
Nevertheless, over an average follow-up of 11 years, the 
results of this procedure were far better than those of the 
Rastelli procedure, albeit with some reoperations for right 
ventricular outflow tract obstruction [28].
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Common Arterial Trunk 
(Truncus Arteriosus)

Albert P. Rocchini & Bryan H. Goldstein
University of Michigan Health System, Ann Arbor, MI, USA

Introduction, incidence, and genetics

Common arterial trunk, also called truncus arteriosus, is an 
anomaly in which the systemic, pulmonary, and coronary 
circulations each arise from a single vessel and valve at the 
base of the heart. First described by Wilson in 1798 [1], it was 
re-reported by Buchanan in 1864 [2]. It is uncommon, occur-
ring in 0.086/1000 live births [3]. The most common genetic 
syndrome associated with truncus arteriosus is chromosome 
22q11 deletion (DiGeorge syndrome). In a large prospective 
cohort of patients with conotruncal defects, the 22q11 
deletion was found in 34.5% of patients with truncus [4].

Embryology

Van Mierop et al. [1] and Bartelings and Gittenberger-de 
Groot [5] described conal and aortopulmonary septation in 
great detail. Truncal swellings, similar to the endocardial 
cushions, develop and divide the truncal lumen into an aor-
tic and pulmonary trunk. The left ventricular origin of the 
aorta and the right ventricular origin of the pulmonary 
artery result from fusion of the proximal portion of the 
truncal septum (derived from the truncal swellings) with 
the developing conal septum (derived from the conal swell-
ings). Valve swellings develop from truncal tissue at the 
point of fusion between the truncal and conal septa. 
Excavation of these swellings leads to formation of the aortic 
and pulmonary valves. In the embryo of ∼5–6 mm, the right 
and left primitive pulmonary arteries (from the sixth pair of 
aortic branchial arteries) are symmetrical structures with 
respect to the truncus arteriosus. However, this symmetrical 
arrangement is quickly lost, because the primitive right and 

left pulmonary arteries rotate clockwise, resulting in a 
 relative shift of the primitive right and left pulmonary arter-
ies towards the left. The primitive right pulmonary artery 
approaches the left and the neighboring parts of the walls 
fuse and then later the fused part is reabsorbed. Thus a 
short, undivided stem is formed and the primitive right 
pulmonary artery appears to originate from the left. The 
right dorsal aorta distal to the right subclavian artery and 
the distal part of the primitive right pulmonary artery disap-
pear, and the left dorsal aorta and distal part of the primitive 
left pulmonary artery persist as the descending aorta and 
the ductus arteriosus. The result is that the embryonic pul-
monary artery originates from the left side of the truncus 
and the paired fourth aortic arches shift rightwards. The 
roof of the aortic sac (a structure that lies distal to the 
conotruncus and gives rise to six bilaterally symmetric aor-
tic arch arteries) invaginates to form an aortopulmonary 
septum that eventually fuses with the distal extent of the 
truncal septum. This results in the right and left pulmonary 
arteries originating from the pulmonary trunk and the 
aortic arches arising from the ascending aorta. The spiral 
course of the truncoaortic partition produces the normal 
intertwinement of the great arteries.

If the conotruncal or truncoaortic septation does not occur 
normally, various types of conal truncal anomalies may 
result [1]. If the conotruncal septum fails to develop, the 
pulmonary trunk has a left-sided origin from the undivided 
truncus arteriosus. In addition, either deficiency or absence 
of the conal septum produces a large ventricular septal 
defect. Because the valve swellings develop from truncal tis-
sue at the point of fusion between the truncal and conal 
septa, failure of fusion results in deformities of the single 
truncal valve. If remnants of distal truncoaortic septation 
develop, the pulmonary arteries may arise together from a 
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short pulmonary trunk; otherwise, they arise separately 
from the truncal root.

Migration of neural crest tissue into both the developing 
cardiac tube and the developing truncal swellings plays a 
critical role in conal and aortopulmonary septation [6–9]. 
Preventing migration of neural crest tissue by administering 
teratogenic agents has been shown to produce conotruncal 
defects [10]. Finally, Thomas et al. demonstrated that mouse 
embryos lacking Rac1 (a small GTP-binding protein) in neu-
ral crest cells develop abnormal craniofacial development 
and a persistent truncus arteriosus [11]. Their data suggest 
that although Rac1 is not required for normal neural crest 
migration, during craniofacial and cardiac development Rac1 
plays a critical cell-autonomous role in post-migratory neu-
ral crest cells by regulating the integrity of the craniofacial 
and pharyngeal mesenchyme.

Pathologic anatomy, anatomic 
classification, and major 
associated anomalies

Pathologic anatomy
The basic feature of truncus arteriosus is that one large trunk 
leaves the base of the heart and gives rise to the coronary 
arteries, aorta, and pulmonary arteries. The single semilunar 
valve is tricuspid in 69%, quadricuspid in 22%, bicuspid in 
9%, and rarely either unicommissural or pentacuspid [12–
15]. The truncal valve is always in fibrous continuity with 
the mitral valve, and when the septal band is not well devel-
oped it is also in fibrous continuity with the tricuspid valve. 
The truncal valve overrides the ventricular septum and faces 
downwards and slightly forwards. The valve is frequently 
thickened and also may have nodular dysplastic cusps, pro-
lapse of unsupported cusps, and inequality of cusp size [12]. 
These abnormalities frequently result in some truncal regur-
gitation and rarely truncal stenosis.

A ventricular septal defect results from either absence or pro-
nounced hypoplasia of the infundibular septum, and is almost 
always present and generally large. Very rarely the ventricular 
septal defect is small and restrictive or even absent [16].

Variations in coronary artery distribution and origin have 
important surgical implications. Usually there are two coro-
nary arteries, the left arising above a left posterior cusp and 
the right arising above a right anterior cusp. Van Praagh and 
Van Praagh studied 57 specimens with truncus arteriosus [13]. 
In 29 they found abnormalities of the coronary ostia. Of these, 
one coronary artery arose totally or partially above the non-
coronary sinus in 20, with 12 of these being the right coro-
nary. However, in 49%, the coronary ostia are abnormal, the 
most frequent variant being either right (19%) or left (5%) 
coronary arteries arising from noncoronary cusps. Other coro-
nary anomalies included the left anterior descending artery 
being small and displaced leftwards with a large conal branch 

from the right, the posterior descending coronary artery aris-
ing from the left circumflex (27%), a single coronary artery, 
and two coronary ostia arising from the same truncal sinus. A 
high coronary ostial origin (above the sinotubular junction) is 
common in truncus. However, when the origin is at or slightly 
above a valve commissure, the ostium involved (frequently 
the left) may be functionally stenotic. Rarely, the left coronary 
artery originates from the pulmonary artery [17–19].

Anatomic classification
The variations in pulmonary artery anatomy, in large part, 
are the basis for the anatomic classification of truncus arterio-
sus. In 1949, Collett and Edwards proposed the first anatomic 
classification [14] They described five types:

Type I: A single pulmonary trunk and an ascending 
aorta arising from the common trunk.

Type II: The left and right pulmonary arteries arising 
closely together from the posterior or dorsal 
wall of the truncus.

Type III: Right, left, or both pulmonary arteries arising 
independently from either side of the truncus.

Type IV: No pulmonary arteries and apparent absence of 
the sixth arterial arch, the lung being supplied 
by way of bronchial arteries.

Type V: Aortopulmonary fenestration (AP window).

Currently, most cardiologists take issue with including Types 
IV and V as variants of truncus. Type IV is really pulmonary 
atresia with a ventricular septal defect and Type V is an aor-
topulmonary window.

Van Praagh and Van Praagh proposed a modified Collett 
and Edwards classification [13]. The Van Praagh classification 
originally was divided into Type A, those with a ventricular 
septal defect, and Type B, those without (only 2/57 specimens 
had no ventricular septal defect). In fact, Type B is probably 
not truncus, since both of these patients had two semilunar 
valves and therefore resemble a variety of aortopulmonary 
window. The Van Praagh Type A is subdivided into:

A1: Same as Collett and Edwards Type I.
A2: Same as Collett and Edwards Type II and III.
A3: Absence of one of the pulmonary artery branches, 

the respective lung being supplied by collaterals 
(incidence of 16%).

A4: Truncus with an interrupted aortic arch or severe 
coarctation and with a large persistent ductus arte-
riosus (incidence of 11–19%). The interruption of 
the aorta is almost always between the left carotid 
and left subclavian (Type B interruption). This lesion 
has a high incidence of DiGeorge syndrome [20].

The pulmonary arteries usually arise from the left postero-
lateral aspect of the truncus arteriosus. Frequently, the lesion 
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appears to be Type 1 when viewed from the front but Type 2 
from the posterior aspect. The Van Praagh A3 probably rep-
resent patients in which one of the pulmonary arteries is 
either isolated or severely stenotic at its origin and initially 
supplied by a patent ductus; when the ductus closes, the pul-
monary artery disappears. In a truncus, the absent pulmo-
nary artery is most frequently on the side of the arch, 
whereas in tetralogy of Fallot, the absent pulmonary artery 
is frequently on the side opposite to the arch.

Associated anomalies
A right aortic arch with mirror-image brachiocephalic branch-
ing is associated more commonly with truncus arteriosus 
(∼36%) than any other congenital cardiac malformation except 
pulmonary atresia with ventricular septal defect [13,15]. Patent 
ductus arteriosus is absent in approximately half the patients 
with truncus arteriosus, but when present remains patent 
postnatally in nearly two-thirds of patients [13]. A secundum 
atrial septal defect occurs in 9–20%, an aberrant subclavian 
artery in 4–10%, and a persistent left superior vena cava drain-
ing to the coronary sinus in 4–9%. Other rare associated 
anomalies include partial anomalous pulmonary venous con-
nections, tricuspid atresia, mitral atresia, ventricular inversion, 
and asplenia complex [21–24]. Extracardiac anomalies occur 
in up to 30% of patients, and include skeletal deformities, 
hydroureter, bowel  malrotation, and diaphragmatic hernia.

Pathophysiology

Physiologically, truncus arteriosus is an admixture type of 
cyanotic heart disease. The ventricular septal defect and single 
outlet result in nearly total mixing of blood from both ventri-
cles. Sometimes the location of the pulmonary artery may 
permit preferential flow from the right ventricle into the pul-
monary arteries and can result in a difference in oxygen satu-
ration between pulmonary arteries and aorta of up to 10%. 
The clinical picture of individuals with truncus arteriosus is 
largely determined by the amount of pulmonary blood flow, 
which in turn depends on the pulmonary vascular resistance 
and/or narrowing of the pulmonary arteries. In most infants 
with truncus arteriosus, there is high pulmonary flow with 
low pulmonary resistance. This causes severe congestive heart 
failure and mild cyanosis (an oxygen saturation of 85%). 
Coexisting insufficiency of the truncal valve further aggravates 
the congestive failure. For those children who initially survive 
the initial high pulmonary blood flow without protection of 
the pulmonary vasculature, pulmonary vascular disease rap-
idly develops. As the pulmonary vascular resistance increases, 
pulmonary flow decreases and congestive heart failure gradu-
ally disappears, but cyanosis increases and the child ultimately 
develops Eisenmenger syndrome. Rarely, children are born 
with some pulmonary artery stenosis, but the stenosis is 
 frequently segmental and only portions of the pulmonary 

 vascular bed are protected while the other unprotected regions 
develop aggressive vascular disease.

Natural history

Most infants with truncus present within the first few weeks 
of life with severe congestive heart failure. Because the pul-
monary arteries are exposed to increased flow and pressure 
in both systole and diastole, congestive failure develops 
much earlier than in infants with just a ventricular level 
shunt. In the series of Calder et al., the median age of death 
was 5.5 weeks and 85% of untreated individuals died before 
1 year of age [25]. Other contributors to early death include 
severe truncal regurgitation or stenosis and coronary artery 
abnormalities. In infants who survive the first year of life, 
congestive heart failure gradually improves as pulmonary 
vascular disease develops and they show better growth and 
exercise tolerance. By the end of the first decade, however, 
most of these children develop increasing cyanosis and the 
improved exercise tolerance begins to deteriorate. Survival 
into the third decade is extremely uncommon. Death results 
from hemoptysis, intrapulmonary thrombotic events, heart 
failure, and/or tachyarrhythmia.

Clinical features

Physical examination
The first heart sound is usually normal and the second sound 
is loud. In approximately half of the patients, the second 
sound may be narrowly split. Victorica et al. documented 
splitting of the second heart sound on phonocardiogram and 
speculated that the splitting was due either to the cusps not 
closing synchronously or to a duplicated sound set up by 
vibrations in the aorta [26]. A constant systolic ejection click 
is almost always heard. Most patients have a grade 2–3/6 
systolic ejection murmur, although occasionally no murmur 
is heard. A mid-diastolic flow rumble is frequently heard at 
the apex. An early high-frequency diastolic decrescendo 
murmur, probably from truncal regurgitation, was heard in 
36% of the patients reported by Calder et al. [25]. Rarely, a 
continuous murmur can be present.

Electrocardiogram
The electrocardiogram is not diagnostic and usually 
demonstrates right-axis deviation and biventricular 
hypertrophy (documented by large RS complexes in the 
mid-precordium).

Chest X-Ray
There is no typical X-ray for truncus arteriosus. In most 
instances, both the heart size and pulmonary vascularity are 
increased. In ∼36% of patients, a right aortic arch is present; 
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the combination of a right arch, cardiomegaly, and pulmo-
nary plethora should make one suspect the diagnosis of 
truncus arteriosus.

Echocardiography
The diagnosis of truncus arteriosus may be made in utero 
with fetal echocardiography. A recent review of the fetal 
echocardiography database at the University of Michigan 
yielded 24 patients with prenatally diagnosed truncus arte-
riosus over 11 years. There were two in utero deaths (one 
spontaneous and one elective termination) and one fetus 
remains in utero. Of the 21 live births, 16 patients (76%) 
were correctly diagnosed with truncus arteriosus, and five 
patients (24%) were misdiagnosed (pulmonary atresia with 
intact ventricular septum and aortic atresia with ventricular 
septal defect accounted for the correct postnatal diagnoses). 
Despite vast improvements in ultrasound technology and 
referral rates to regional perinatal assessment centers, >50% 
of patients with truncus arteriosus do not receive a prenatal 
diagnosis [27].

Postnatally, transthoracic echocardiography is currently 
the standard diagnostic modality of choice. The differential 
diagnosis includes other conoventricular malformations, 
including tetralogy of Fallot and pulmonary atresia with 
ventricular septal defect (Figure 45.1), and also aortopul-
monary window and anomalous origin of one pulmonary 
artery from the ascending aorta (“hemitruncus”). The sub-
costal coronal view demonstrates the overriding truncal 
root, posterolateral arising pulmonary artery, and large 
conoventricular septal defect (Figure 45.2). Truncal valve 
morphology may be assessed from both the subcostal sagit-
tal and parasternal short-axis views. Truncal valve stenosis 
and regurgitation may be assessed quantitatively from the 
apical, suprasternal and parasternal views. A complete study 

must evaluate the aortic arch for interruption, determine 
arch sidedness, examine the ventricular septum for addi-
tional defects, define coronary artery anatomy (including 
origin, branching and course), and visualize the branch pul-
monary arteries. Imaging the pulmonary arteries from the 
subcostal coronal, parasternal short-axis, and suprasternal 
coronal views allows the determination of the anatomic 
type of common arterial trunk. Echocardiography may suc-
cessfully distinguish patients with truncus arteriosus and 
normal aortic arch from those with interrupted aortic arch, 
and those with ascending aortic origin of one pulmonary 
artery (“hemitruncus”).

Cardiac catheterization and angiography
Preoperative cardiac catheterization is now rarely under-
taken in the neonate with truncus arteriosus. Catheterization 
may be indicated for angiography when precise anatomic 
detail, for example, exact pulmonary artery anatomy, is in 
question after echocardiography (Figure 45.3). With late 
diagnosis of truncus arteriosus (even if the child is only a 
couple of weeks old), catheterization may be performed to 
measure pulmonary vascular resistance and evaluate pul-
monary vascular obstructive disease, which may develop 
fairly rapidly in this lesion [28]. Inhaled oxygen and nitric 
oxide may be used to measure pulmonary vasoreactivity and 
determine the appropriateness of surgical correction.

Because of streaming and the small arteriovenous differ-
ence in oxygen content across the pulmonary vascular bed, 
calculated pulmonary blood flow and vascular resistance can 
be greatly in error. At times, the clinical status (congestive 
heart failure and failure to thrive versus apparently normal 
wellbeing and growth) is a better indicator of the presence or 
absence of pulmonary vascular disease than the data derived 
from catheterization.

Other imaging modalities
Cardiac magnetic resonance imaging (cMRI) may be utilized 
in lieu of invasive catheterization when echocardiography 
fails to provide complete anatomic detail of the lesion. 
Further evaluation of the pulmonary arteries and delinea-
tion of the aortic arch in a complex interruption are the two 
most common (although still rare) indications for use of 
cMRI preoperatively (Figure 45.4).

Management

Medical
In patients with a fetal or early neonatal diagnosis, surgical 
repair is generally undertaken within days, after a brief 
period of intensive care medical management, consisting of 
general stabilization and treatment of pulmonary overcircu-
lation. Patients with associated arch interruption require 
continuous prostaglandin infusion to maintain ductal patency. 

Figure 45.1 Two-dimensional echocardiographic image in the 

parasternal long-axis view demonstrates a large conoventricular septal 

defect in a neonate with truncus arteriosus. The differential diagnosis of 

this defect includes tetralogy of Fallot and pulmonary atresia with 

ventricular septal defect.
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Infants diagnosed later than a few months of life may require 
catheterization for pulmonary vasoreactivity testing prior 
to surgical repair, if there is concern for early irreversible 
pulmonary vascular obstructive disease.

Surgical
Because most neonates develop heart failure, early develop-
ment of pulmonary vascular obstructive disease is common 
[28], and surgical techniques and outcomes have improved 
markedly [29–32], complete repair of truncus arteriosus in 

the neonatal or early infant period is the standard of care. 
The modern approach of complete repair of truncus arterio-
sus in the neonatal or early infant period was pioneered in 
the 1970s by Ebert and co-workers [29]. A staged approach 
consisting of neonatal palliative pulmonary artery banding, 
followed by later complete repair, is no longer considered a 
primary strategy, given its tendency to cause severe  anatomic 
abnormalities of the pulmonary arteries (ranging from sten-
osis to atresia) [33–36] and the residual risk of pulmonary 
vascular obstructive disease [36].

Figure 45.2 Two-dimensional echocardiographic images in the subcostal coronal view of a neonate with truncus arteriosus. These panels demonstrate 

a large conoventricular septal defect, common arterial trunk and posterior origin of the pulmonary artery (a) with a thickened, dysplastic truncal valve (b).

(a) (b)

Figure 45.3 Angiocardiographic images in left anterior oblique (a) and anteroposterior (b) views in a neonate with truncus arteriosus and discontinuous 

pulmonary arteries. Panel (a) depicts the right pulmonary artery arising from the common trunk and (b) depicts the left pulmonary artery arising from the 

patent ductus arteriosus.

(a) (b)
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Figure 45.4 Steady-state free precession sequence cardiac magnetic resonance imaging in a 3-year-old child with unrepaired truncus arteriosus. The 

sagittal-oblique (a) and axial (b) planes demonstrate the large conoventricular septal defect, overriding truncal valve and posterior origin of the pulmonary 

arteries.

(a) (b)

Figure 45.5 Overall survival after repair of 

truncus arteriosus at University of Michigan 

from 1985 to 2007. Numbers in parentheses 

on the x-axis are the number at risk.
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Complete operative repair in the patient without associated 
lesions consists of ventricular septal defect closure, right 
 ventricular outflow tract reconstruction (to the detached pul-
monary arteries) using a valved conduit (typically valved, 
although some centers utilize a valveless conduit), and repair of 
the aortic wall deficiency (where the pulmonary arteries once 
arose). Aortic arch reconstruction (direct end-to-end anasto-
mosis or patch augmentation) is performed for an interrupted 
aortic arch. Truncal valve repair or replacement at the time of 
initial repair is considered only in patients with severe truncal 
valve regurgitation. If necessary, valve repair is preferred as 
neonatal valve replacement options are severely limited.

Since the initial reports of early primary neonatal repair in 
the early 1990s by Bove et al. [30] and Hanley et al. [37], 
many centers have reported early and mid- to long-term 
results after neonatal/infant truncus repair [29,31,32,38–40]. 
Perioperative mortality ranges from 4 to 12.5% with 1-year 
survival of 84–92%. Commonly identified risk factors for 
early mortality include weight ≤2.5 kg, need for truncal valve 
repair or replacement at initial surgery, and, in some series, 
an interrupted aortic arch [29,41].

We recently completed a thorough review of operated 
truncus arteriosus patients at the University of Michigan from 
1985 to 2007. A total of 113 neonates with truncus arteriosus 
underwent primary complete repair at a mean age of 19 days 
and a weight of 3.01 kg. Hospital survival was 87.6%, with no 
difference in hospital survival between patients with or with-
out interrupted aortic arch. Neither weight nor age at time of 
repair was a risk factor for mortality. Major postoperative 

complications, including stroke, cardiac arrest, and need for 
tracheostomy or extracorporeal membrane oxygenator sup-
port, occurred in 21.2% of patients. Survival was 84.4% at 
1 year and 77.6% at 5 years (Figure 45.5).

Long-term history of treated 
and untreated adults

Although survival into adulthood with unrepaired truncus 
arteriosus has been reported, early death is the norm. 
Approximately 70% of infants with unrepaired truncus arte-
riosus die in the first year of life, typically from heart failure 
[42]. For those surviving beyond the first few years of life, 
death usually occurs in late childhood or adolescence due to 
complications of pulmonary vascular obstructive disease, 
endocarditis, or, less commonly, heart failure. After age 3–4 
years, repair is generally not undertaken because of severe, 
irreversible, pulmonary vascular obstructive disease.

Long-term management of repaired patients revolves, in 
large part, around the function of the truncal valve. 
Although mild truncal valve stenosis or regurgitation is 
generally well tolerated for years, more significant valvar 
disease (almost always regurgitation) may require inter-
vention. A variety of valve repair techniques have been 
used [29,32,43]. In the University of Michigan experience, 
freedom from truncal valve intervention was 89% at 5 years 
and 84.6% at 10 years (Figure 45.6).

Figure 45.6 Freedom from truncal valve 

intervention after repair of truncus arteriosus at 

University of Michigan from 1985 to 2007. Numbers 

in parentheses on the x-axis are the number at risk.
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The right ventricle to pulmonary artery conduit will 
become obstructed and require replacement in all patients. 
Percutaneous conduit balloon angioplasty and stent place-
ment may delay conduit replacement [44,45]. Nevertheless, 
most patients will require at least one conduit replacement 
by the early teen years, if not much earlier. The more recent 
availability of a transcatheter pulmonary valve may further 
delay surgical conduit replacement by relieving obstruction 
and restoring functional pulmonary valve competence [46]. 
Although patients could once expect to undergo three or 
four or more operative conduit revisions in a lifetime, the 
availability of a transcatheter pulmonary valve may substan-
tially reduce this surgical burden.

A single pulmonary artery has also been associated with 
an increased incidence of late death after repair of truncus 
arteriosus. In 1985, the Mayo Clinic reported their experi-
ence with 19 patients with a truncus arteriosus and a single 
pulmonary artery [47] who had corrective operations per-
formed from 1969 to 1983. Compared with the 148 patients 
with truncus and two pulmonary arteries, patients with a 
single pulmonary artery had a similar operative mortality 
but a significantly high late mortality. In our series of 113 
neonates repaired between 1985 and 2007, there was no 
patient with a single pulmonary artery.

Additional anatomic sequelae include pulmonary artery sten-
oses (typically proximal), recurrent aortic arch obstruction (in 
those who have undergone aortic arch reconstruction), and, 
less frequently, supravalvar aortic stenosis at the site of initial 
pulmonary artery connection. Many of these residual lesions 
can be managed successfully in the catheterization laboratory.
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46 Pulmonary Arteriovenous Malformations

Shivu Kaushik & James Gossage
Medical College of Georgia, Augusta, GA, USA

Introduction

Pulmonary arteriovenous malformations (PAVM) are 
 abnormal communications between pulmonary arteries and 
veins. Although these lesions are uncommon, they are 
important in the differential diagnosis of common problems 
such as dyspnea, hemoptysis, hypoxemia, and pulmonary 
nodules. Churton, in 1897, reported the first description of 
PAVM [1]. Several terms have been used in the older litera-
ture to describe PAVM, including “pulmonary arteriovenous 
fistulas.” We will use the term PAVM, currently the preferred 
 scientific term. Specific literature with regard to PAVM in the 
pediatric population is sparse and there is considerable overlap 
with the adult population.

Incidence and genetics

PAVM are uncommon; the exact incidence in the pediatric 
population is unknown. Three reports, representing the 
 collected Mayo Clinic experience, documented 194 patients 
of all ages with PAVM over 45 years, yielding an annual inci-
dence of 4.3 patients per year at a large medical center [2–4]. 
PAVM are uncommonly identified in infancy and childhood, 
and gradually increase in incidence through the fifth and 
sixth decades of life. PAVM in the neonatal period are also 
extremely rare, with only 12 reports in the literature between 
1975 and 2000 [5]. Giordano et al. [6] studied the incidence 
of PAVM in 19 children with genetically confirmed heredi-
tary hemorrhagic telangiectasia (HHT). PAVM were detected 
in 10/19 patients using contrast echocardiography and com-
puted tomography (CT) for an incidence of 53%. The authors 
noted that the incidence of PAVM in their pediatric popula-
tion was similar to that in their adult population with HHT.

Much of the study regarding the genetics of PAVM has 
been done in the context of HHT. HHT is an autosomal dom-
inant inherited disease, with variable inter- and intrafamilial 
expressivity and age-dependent penetrance [7]. Over 90% 
of affected subjects manifest signs or symptoms by the age of 
40 years. Mutations in at least five genes can cause HHT. 
HHT1 is due to a mutation in the endoglin gene [8] whereas 
HHT2 is due to a mutation in the ACVRL1 gene [9]. PAVM 
are most common in patients with HHT1. In a large study in 
The Netherlands, PAVM large enough to warrant treatment 
were found in 32% of patients with HHT1 versus only 3% of 
patients with HHT2 [10]. Genetic testing of children in fami-
lies with known HHT may assist in early screening for PAVM, 
even in those who are asymptomatic [11].

Etiology

There are no universally acceptable criteria for the classifica-
tion of PAVM. Broadly, PAVM may be divided into congenital 
and acquired. HHT is the most common congenital etiology 
of PAVM, with at least 80% of congenital PAVM occurring in 
the context of HHT [12]. In our own experience, >95% of 
children with congenital PAVM ultimately have HHT. 
Although the PAVM in HHT are inherited, they are not 
always present at birth and, similarly to other clinical mani-
festations of HHT, the prevalence of PAVM is believed to 
increase with age.

An extremely rare congenital cause of PAVM is the 
Abernethy malformation, which arises from defects in vitel-
line vein formation [13]. In the Abernethy malformation, 
there is a shunt of venous blood from the intestines and 
spleen to the inferior vena cava without passing through the 
liver. It is postulated that there is no first pass metabolism of 
some unknown pulmonary vasodilator – resulting in a type 
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of hepatopulmonary syndrome (HPS). The Abernethy 
 malformation syndrome is characterized clinically by radio-
graphic findings of chronic liver disease combined with 
dilatation of subpleural pulmonary vessels resembling spider 
nevi, predominantly in the lower lobes of the lung [14,15].

Among the acquired causes of PAVM, one of the most 
commonly described is the HPS in children with juvenile cir-
rhosis and chronic liver disease. The prevalence of HPS in 
children with liver disease is 2–8% [16,17]. The hypoxemia 
that accompanies this syndrome is due to failure of the blood 
in the center of the dilated capillaries (15–100 μm) to 
 oxygenate completely due to an increased distance from 
alveolar gas. As in adults, there is no correlation between the 
severity of hepatic dysfunction and the severity of hepatop-
ulmonary syndrome.

Another common cause of acquired PAVM in children 
 follows surgery for congenital heart disease. PAVM are a 
well-established complication following the classic Glenn 
shunt [18], bidirectional cavopulmonary anastomosis 
(BCPA) [19], and total cavopulmonary shunt (TCPS) [20]. 
Post-surgical macroscopic PAVM occur most commonly in 
the right lower lobe and are due to focal exclusion of normal 
hepatic venous blood from the pulmonary arterial circula-
tion [19,21,22]. Kim et al. [20] prospectively studied the 
prevalence of PAVM in 27 patients after bidirectional cavo-
pulmonary shunt (BCPS) and in 10 patients after total 
cavopulmonary shunt (TCPS). PAVM was diagnosed if  testing 
showed a shunt fraction >11% by lung perfusion scan, a 
positive contrast echocardiogram, or a positive pulmonary 
angiogram. They were further classified to have clinical or 
subclinical PAVM by the presence or absence of progressive 
oxygen desaturation by pulse oximetry plus aortic saturation 
of <80% at heart catheterization. All 10 patients with TCPS 
had PAVM, of which 50% were clinical. Interestingly, 70% 
of patients with BCPS had PAVM and all were subclinical. 
There was a combined mortality of 11% and a combined 
significant morbidity of 27% after 7 years of follow-up in 
untreated patients following these procedures [23].

Other rare acquired causes of PAVM more commonly 
described in adults include trauma, mitral stenosis, actino-
mycosis, Fanconi’s syndrome, metastatic thyroid carcinoma, 
and schistosomiasis [24].

Embryology

Embryologic development of the vascular system occurs from 
the fifth to tenth week of intrauterine life, when a continu-
ous differentiation of the vascular bed occurs, resulting in 
separate arterial and venous channels that are interconnected 
by capillaries. When a mistake or halt occurs in this process 
of vascular differentiation, malformations may appear at 
 different sites, including the lungs, and with variable mor-
phology depending on the stage of differentiation [25].

Anatomy and pathogenesis

PAVM are pathologically similar to AVM that occur elsewhere 
in the body. Two basic elements make up these malforma-
tions. The first element is thin-walled vascular channels, 
lined with a layer of endothelium [26]. The second element 
is the connective tissue stroma, which is usually scant with 
little or no connection to the surrounding lung tissue [26]. 
Occasionally the wall is thickened with fibrous tissue and 
elastic fibers. The malformation may have one of three typi-
cal appearances: (1) a large single sac, (2) a plexiform mass 
of dilated vascular channels, or (3) a dilated and often 
 tortuous direct communication between an artery and a 
vein. Uncommonly there may be mural thrombi or mural 
calcifications associated with the PAVM [26].

Anatomically, PAVM are classified as diffuse or focal, and 
focal PAVM are further classified as simple or complex. About 
80–90% of focal PAVM are simple in both adults and  children, 
with all feeding arteries arising from a single subsegmental 
artery [27,28]. PAVM perfused by more than one subsegmental 
artery are defined as complex. Smaller (microvascular) tel-
angiectasias are most commonly complex [29]. Although dif-
fuse PAVM are uncommon in adults, they are seen in 29% of 
children presenting for treatment with transcatheter embo-
lotherapy (TCE) [28]. About 95% of PAVM are supplied by 
 pulmonary arteries and are usually drained by pulmonary 
veins, but may occasionally be fed by systemic arteries and/or 
drain directly into the left atrium or inferior vena cava. 
Macroscopically, the lesions may appear as a single sac, a 
plexiform mass of dilated vascular channels, or a dilated and 
direct anastomosis between artery and vein [29].

The pathogenesis of PAVM remains unknown. Proposed 
mechanisms include (a) a defect in terminal arterial 
loops which allows dilation of thin-walled capillary sacs; 
(b) incomplete resorption of the vascular septae that  separate 
the arterial and venous plexuses during fetal development; 
(c) development of multiple small PAVM because of failure 
of capillary development during fetal development, followed 
by progressive dilation of favored limbs of smaller plexuses 
and formation of multiloculated sacs (ultimately, rupture of 
intervening vascular walls may result in formation of a  single 
saccular PAVM); and (d) development of many small PAVM 
consisting of a single artery to vein connection without an 
intervening plexus [24].

The role of cytokines and various vascular growth factors 
in the development of PAVM is under intense investigation. 
Previous studies had shown serum vascular endothelial 
growth factor (VEGF) levels to be higher in adults with HHT 
than healthy controls. Giordano et al. [30] studied the cor-
relation between growth factor levels and PAVM in 13 chil-
dren with genetically proven HHT and age-matched controls. 
Although they found no difference in VEGF between 
 children with HHT and controls, VEGF was significantly 
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higher in HHT children with PAVM than in those without 
PAVM. No difference was seen in transforming growth fac-
tor-β

1
 levels. The authors suggested that the low levels of 

VEGF in children without PAVM may protect against PAVM, 
whereas the high levels in adults might be compensatory for 
the bleeding that occurs more commonly in adults.

Clinical features

Symptoms
Unlike the adult population, the specific clinical manifesta-
tions of PAVM in children have not been well studied. This is 
partly because symptoms of PAVM often develop between 
the fourth and sixth decades [24]. The later presentation of 
symptoms may be because PAVM generally tend to increase 
in size and rarely regress spontaneously. Features of PAVM 
that have been correlated with severity of symptoms in some 
studies have included HHT, the number of PAVM, size of the 
PAVM, and the magnitude of the shunt fraction [3,4,31,32]. 
Usually, a single PAVM <2 cm in diameter does not cause 
symptoms [4,33]. Patients with diffuse microvascular PAVM 
are always symptomatic [4,28].

Faughnan et al. [28] reported the first large series of chil-
dren with PAVM and described their clinical presentation. 
From a database of 617 consecutive patients with PAVM 
treated by TCE at three HHT centers, they found 42 who 
were <18 years old. Some 86% of children were diagnosed 
to have HHT, 57% reported dyspnea on exertion or exercise 
intolerance, 7% reported previous hemoptysis (minor), and 
none had previous spontaneous hemothorax.

Epistaxis is the most common symptom of pediatric PAVM 
patients with HHT and has been reported in children as young 
as 4 years of age [34]. Bleeding from telangiectasias on the 
skin and gastrointestinal tract also occurs in HHT [24], but is 
uncommon in children. Other complaints described in the 
literature include chest pain, cough, platypnea (improvement 
in breathing with reclining), migraine headaches, tinnitus, 
dizziness, dysarthria, syncope, vertigo, and diplopia. Many of 
these symptoms are vague and may be related to hypoxemia, 
polycythemia, or cerebrovascular complications such as 
stroke [24]. The exact incidence of these symptoms as pre-
senting complaints in children with PAVM is unknown.

Neurologic complications of PAVM (transient ischemic 
attack, MRI-detected stroke, and cerebral abscesses) occurred 
in 19% of children reported by Faughnan et al. [28]. Seven 
of the eight patients (88%) with previous neurologic 
 complications were cyanotic [28].

Physical signs
Superficial telangiectasias attributable to underlying HHT are 
the most common – and frequently the only – physical  finding 
in patients with PAVM. These lesions are macular but occa-
sionally papular, round, 1–3 mm in diameter, ruby colored, 

well demarcated from surrounding skin with few dendritic 
projections, and blanch easily with pressure (Figure 46.1). 
They are most commonly on the fingers, lips, nose, tongue, 
cheeks, and ears [7,24]. Although telangiectasias have been 
described in children as young as 1 year [35], their occur-
rence increases progressively with age. One study found a 
mean of nine telangiectasias in patients <20 years old, versus 
a mean of 56 in patients 20–40 years old [36]. In the study by 
Faughnan et al., cyanosis was seen in 60% and clubbing in 
45% of patients requiring TCE [28]. Occasionally, a murmur 
or bruit may be heard over the site of the PAVM [24].

Chest X-ray
The classic roentgenographic appearance of a PAVM is that 
of a round or oval mass of uniform density, frequently lobu-
lated but sharply defined, more commonly in the lower 
lobes, and ranging from 1 to 5 cm in diameter (Figure 46.2) 
[24]. Individual PAVM may show feeding vessels, with the 
artery radiating from the hilum and the vein deviating 
toward the left atrium (Figure 46.2) [3,4]. Cottin et al. [37] 
in a retrospective study found the sensitivity of chest radiog-
raphy to be 70% for detecting treatable (amenable to embol-
ization) PAVM in HHT patients. In some patients with 
complex malformations involving large segments of the 
lung, the only visible abnormality may be an increase in vas-
cular markings or a hazy increase in opacity over the affected 
area [38]. Some individuals may show only evidence of a 
previous thoracotomy for PAVM excision [38].

Diagnosis

Shunt fraction
The fraction of cardiac output that shunts from right to left 
(shunt fraction, normal <5%) is elevated in 88–100% of 
selected patients with PAVM [24]. However, all studies thus 

Figure 46.1 Multiple HHT-type telangiectasias on the fingers of an adult 

with HHT.
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far have reported mainly adults and none have reported chil-
dren exclusively. Shunt fraction is most accurately assessed 
by the oxygen method which involves measuring PaO

2
 and 

SaO
2
 after breathing 100% oxygen for 15–20 min [24]. 

A shunt fraction >5% by this method is considered abnormal 
and warrants consideration of PAVM in appropriate patients. 
However, this test is usually not performed in children as it 
requires arterial puncture. Other pitfalls such as technique 
(air leaks) and duration of oxygen breathing can affect the 
results [24], making this test ill-suited in children.

Contrast echocardiography
Transthoracic contrast echocardiography (TTCE) utilizes 
microscopic gas bubbles to visualize the right-to-left shunt-
ing characteristic of PAVM. The technique is performed by 
injecting 4–10 ml of saline that has been agitated with 
0.1–1 ml of air into a peripheral vein while simultaneously 
imaging the atria with two-dimensional echocardiography. 
Intracardiac shunting is suggested when bubbles appear in 
the left atrium following a delay of less than or equal to two 
cardiac cycles after their appearance in the right atrium, 
whereas intrapulmonary shunting is suggested by a delay of 
three or more cycles [39–41]. Contrast enhancement may 
also localize to a draining pulmonary vein in a patient with 
PAVM [42]. There are no specific criteria about interpreting 
contrast echocardiography results in children, and studies in 
children [6] have utilized the standard criteria in adults. 
Transesophageal contrast echocardiography is more sensi-
tive than transthoracic echocardiography for detecting 

intrapulmonary shunt but is more invasive and typically 
unnecessary in asymptomatic patients [43].

In the largest study to date, van Gent et al. examined the 
prevalence of PAVM by TTCE and CT in 189 patients with 
genetically characterized HHT and 63 unaffected relatives 
[10]. TTCE was positive for intrapulmonary shunting in 85% 
of HHT1 and in 35% of HHT2 subjects. However, only 32% of 
HHT1 and 3% of HHT2 had treatable PAVM by CT examina-
tion. The negative predictive value for TTCE was 100%, mak-
ing it an ideal screening tool for detecting PAVM. Although 
this study was performed mainly in adults, in our experience 
it is equally applicable to children.

One pitfall of contrast echocardiography is that it is positive 
in some patients with no visible PAVM on chest CT [37]. It also 
remains positive after TCE of PAVM in up to 90% of patients, 
even when no residual PAVM are seen on pulmonary angiog-
raphy [44]. Such positive TTCE tests without  visible PAVM are 
believed to represent microscopic PAVM causing genuine 
right-to-left shunting (with as yet unknown clinical signifi-
cance), although a false-positive result cannot be excluded.

Computed tomography
A noncontrasted helical multidetector computed tomogra-
phy (CT) scan of the chest with 1–2.5 mm reconstructions 
is now the method of choice for determining whether a 
PAVM is amenable to TCE. Using this technology, a PAVM 
typically shows one or more enlarged arteries feeding a 
 serpiginous or lobulated mass, and one or more draining 
veins (Figure 46.3) [45]. Although contrast enhancement 
may be seen with central or larger PAVM, the characteristic 

Figure 46.2 Screening chest radiograph in a 14-year-old girl with HHT 

complicated by recurrent epistaxis but no pulmonary complaints. A classic 

2 cm PAVM sac is clearly seen in the left lower lung zone along with a 

feeding artery and draining vein (white arrows). Left-sided pulmonary 

angiography confirmed this PAVM along with six other smaller PAVMs 

which are not well seen on this radiograph.

Figure 46.3 Chest CT scan in an adult with HHT complicated by severe 

hypoxemia and strokes. A bilobed PAVM sac with a prominent associated 

vessel (long white arrow) is seen in the lateral right lower lobe. A second 

PAVM sac is seen in the posterior left lower lobe (short white arrow); a 

feeding artery and vein are visible in other cuts. A possible small PAVM is 

seen in the anterior left upper lobe (black arrow), but it is too small to 

characterize fully.
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appearance on a thin-cut CT makes contrast unnecessary 
for most patients. Other vascular malformations, such as 
pulmonary varices, may be mistaken for PAVM, although 
the diagnosis may be corrected by checking for both affer-
ent and efferent vessels of the putative PAVM [46,47]. In 
addition, nonspecific micro-nodules of uncertain signifi-
cance are seen more commonly in children with HHT than 
in children without HHT [48]. The rare association of pul-
monary hypertension with HHT may also be suspected by 
enlarged central pulmonary arteries and abnormalities in 
parenchymal attenuation [49].

Magnetic resonance imaging
Magnetic resonance imaging (MRI) of PAVM has not been 
studied as much as chest CT. With improving technology, 
however, there may be a role for its use in imaging of PAVM. 
Schneider et al. [50] screened 203 consecutive subjects (6–83 
years old) with known HHT or their first-degree relatives 
using contrast-enhanced magnetic resonance angiography 
(CE-MRA). CE-MRA detected 124 PAVM in 56 patients. 
Direct comparison in 40 evaluable patients who subse-
quently underwent pulmonary angiography showed that 
only 79% of PAVM seen on CE-MRA were detected on pul-
monary angiography. The authors concluded that CE-MRA 
is a sensitive screening tool for PAVM and potentially supe-
rior to pulmonary angiography.

The advantages of MRI lie in the true noninvasiveness of 
the examination, and also the ability to delineate PAVM 
angioarchitecture without ionizing radiation. The main limi-
tations include expense, limited availability, breath-holding 
time exceeding 20 s, respiratory motion artifact, need for 
sedation in children, and the need for highly specialized 
techniques for accurate interpretation.

Cardiac catheterization/pulmonary angiography
Pulmonary angiography has been the gold standard to deter-
mine the position and structure of abnormal vascular lesions 
in the lungs prior to treatment. Angiography is sensitive for 
detecting PAVM that are amenable to TCE, and when supple-
mented with hyperselective angiograms can accurately define 
the angioarchitecture of individual lesions [24]. Unfortunately, 
pulmonary angiography is cost, time, and radiation intensive, 
and therefore is impractical as a screening tool for patients 
with HHT. Radiation exposure is especially problematic in 
children. Minor and major complication rates ranging from 
0.17 to 7% have been reported [51,52]. Therefore, pulmo-
nary angiography is generally reserved for patients who have 
been determined by other screening techniques such as CT or 
CE-MRA to have PAVM large enough for TCE.

Diagnostic approach
The consensus guidelines for HHT recommend screening all 
adults with possible HHT for PAVM with TTCE, but do not 
specifically address the optimal method to screen children [11]. 

There is general agreement that children with HHT with cya-
nosis, clubbing, dyspnea, or possible neurologic complica-
tions of PAVM should undergo TTCE screening. In addition, 
our own approach involves supine and seated pulse oxime-
try in children <10 years old followed by TTCE in those with 
a resting saturation of <97% or in those who require an IV 
at the time of screening for other aspects of HHT (e.g., brain 
MRI). Children ≥10 years also receive TTCE. Children with a 
grade 2 or 3 shunt [41] or neurologic complications are 
referred for noncontrasted CT.

Management

Medical
In general, all PAVM with a feeding artery diameter of ≥2–3 
mm should be treated [11]. The treatment of choice for 
PAVM in adults is transcatheter embolotherapy (TCE) 
because it avoids major surgery, prolonged periods of gen-
eral anesthesia, and loss of pulmonary parenchyma. Data in 
children are, however, limited. Faughnan et al. retrospec-
tively studied the outcome of TCE in 42 patients with a mean 
age of 12 years (range 4–18 years) [28]. TCE was performed 
for 172 focal PAVM and 35 diffuse regions (regional TCE) 
using standard embolic material: stainless-steel coils, plati-
num coils, detachable balloons, or a combination of these. 
The technical aspects of TCE were similar to those described 
in adults, except that general anesthesia or heavy sedation 
was frequently required in children. After TCE in patients 
with focal PAVM, oxygenation improved significantly. Acute 
complications included pleurisy after 24% of TCE sessions 
and deployment complications in <3% of sessions. Other 
rare complications included transient intraprocedural angina, 
perioral pain, intraprocedural leg pain, and transient bra-
chial plexus injury caused by prolonged decubitus position. 
During long-term follow-up over a mean of 7 years, they 
found that 15% of PAVM reperfused in 45% of children, 
similar to the 10–15% reperfusion rate in adults [53]. The 
authors concluded that TCE has similar efficacy and safety in 
children and adults, and should be considered the treatment 
of choice in children. Although there are minimal data on 
the use of TCE to treat PAVM in the rare pediatric patient 
without HHT, there is no reason to expect that the results 
would be any different. In general, children should be 
referred to an HHT center of excellence for treatment of 
PAVM.

Surgery
With excellent safety and efficacy of TCE in children, there is 
little role for surgery in the management of PAVM in this age 
group [11]. This is because children may develop more PAVM 
or enlargement of small PAVM later in life, requiring repeat 
therapy. Rarely, surgery may be considered for complex 
PAVM not amenable to TCE, in patients with life-threatening 



CHAPTER 46 Pulmonary Arteriovenous Malformations

665

hemoptysis in hospitals without TCE expertise, or in patients 
with untreatable allergy to contrast material. Surgery may 
involve ligation or excision of the PAVM and carries the same 
risks of any similar thoracic surgical procedure. Successful 
video-assisted thoracoscopic resection of PAVM has been 
described in adults [54]. Lung transplantation has also been 
performed in patients with diffuse and bilateral PAVM not 
amenable to TCE [55,56].

Complications and long-term follow-up

The main aim of treating PAVM is to prevent serious compli-
cations. Neurologic complications are the most common and 
include strokes, transient ischemic attacks, cerebral abscess, 
migraine, and seizures. Less common but potentially life-
threatening complications include hemothorax and hemop-
tysis. As mentioned previously, neurologic complications are 
less frequent in children than adults. However, serious 
 complications are more common in cyanotic than acyanotic 
children [28].

Long-term follow-up is recommended following TCE. 
Although only 15% of PAVM develop reperfusion during 
follow-up, this occurs in almost half of children [28]. In the 
study by Faughnan et al. [28], follow-up was performed 
annually or biannually with helical CT of the chest. Our own 
practice is to follow the HHT consensus recommendations to 
repeat a noncontrasted CT scan at 6–12 months after TCE 
and then every 3 years thereafter [11], and also to follow the 
development of worsening hypoxemia or dyspnea. A signifi-
cant increase in the size of PAVM warrants closer follow-up 
or repeat pulmonary angiography to detect continued or 
recurrent perfusion of the PAVM.

Finally, we recommend that patients with PAVM – even if 
only detectable on TTCE – be given antibiotic prophylaxis 
before dental and potentially bacteremic surgical procedures 
to the reduce risk of brain abscess [11]. Scuba diving should 
be avoided owing to the theoretically increased risk of air 
embolism, but snorkeling and flying are safe. When placing 
intravenous lines, care should be taken to avoid air embo-
lism. Also, patients and their families should be educated 
about their diagnosis of PAVM and its clinical implications 
and complications.
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47 Vascular Rings

Kevin K. Whitehead & Paul M. Weinberg
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Introduction

Vascular rings are generally defined as complete encirclement 
of the trachea and esophagus by segments or atretic remnants 
of vascular tissue [1,2]. Although individually there are a 
confusing array of anatomic configurations, the etiology of 
all vascular rings can be thought of as occurring from two 
causes: incomplete regression of the distal fourth arch and 
dorsal aorta bilaterally or a ductus arteriosus contralateral to 
the side of the aortic arch, arising from the descending aorta 
or aberrant (retroesophageal) subclavian artery.

Incidence and genetics

The incidence of vascular rings in most surgical series repre-
sents ∼1% of operations for congenital defects. Most vascular 
rings are secondary to either double aortic arch or right arch with 
aberrant left subclavian artery and diverticulum of Kommerell, 
which together account for ∼90% of all vascular rings.

The genetics of vascular rings are ill-defined. Although 
they are occasionally associated with syndromes, most 
patients have no identified genetic abnormalities. The most 
commonly associated syndrome is 22q11 microdeletion [3]. 
There is also an increased incidence of vascular rings in 
patients with congenital heart disease, especially those with 
conotruncal abnormalities, such as tetralogy of Fallot, 
transposition of the great arteries, and truncus arteriosus.

Embryology

The embryology of the aortic arch is well described, with six 
bilateral primitive arches appearing and involuting sequen-
tially, eventually forming the definitive arch, proximal head 

and neck vessels, and ductus arteriosus. Vascular rings are 
caused by changes in the regression of the various segments 
of the arch such that the trachea and esophagus are encircled 
by vascular tissue. (Figure 47.1) Normally, the dorsal aorta on 
one side (generally the right) regresses, leaving a single arch. 
If neither regresses or one only partially regresses, then a 
double aortic arch is formed. Similarly, an aberrant subclavian 
artery results from regression of the fourth aortic arch instead 
of the dorsal aorta. A diverticulum results when there is a 
ductus arising from the dorsal aorta on the side of the aberrant 
subclavian artery, such that all ductal flow must run through 
this region and dilate this dorsal aortic segment.

Pathologic anatomy and major 
associated anomalies

When addressing vascular rings, it is useful to classify them 
by the three fundamental mechanisms by which a vascular 
ring is formed: (1) double aortic arch with or without atresia 
of one arch, (2) duct from an aberrant subclavian artery on 
the opposite side of the arch, and (3) duct directly from the 
descending aorta on the side opposite the aortic arch.

Double aortic arch
The double aortic arch is the most common form of a vascular 
ring, accounting for about half of all surgical procedures in 
vascular rings. Usually both aortic arches are patent. The 
most common pattern is a right-dominant double arch, the 
right aortic arch being larger than the left arch (Figure 47.2). 
Less common is the dominant left arch, followed by both 
arches being relatively equal in size. Often one of the 
apparently equal arches narrows posteriorly near the 
connection with the descending aorta and may be better 
visualized by 3D modalities.
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Figure 47.1 Hypothetical double aortic arch. During development, 

interruptions may occur at various sites (1 to 4), which give rise to 

different anatomic patterns of arch anatomy. If interruption occurs 

at site 1, a normal left aortic arch forms (c). If interruption occurs 

at site 4, a right aortic arch with mirror-image branching is formed (d). 

Interruptions at sites 2 and 3 form a left aortic arch with aberrant right 

subclavian artery (a) or a right aortic arch with aberrant left subclavian 

artery (b), respectively. If neither arch is interrupted, a double aortic 

arch with either right descending aorta (e) or left descending aorta 

(g) results. Two interruptions may occur in the hypothetical double 

aortic arch, giving rise to interruption of the aortic arch. One example is 

shown (f) in which the double arches were interrupted at sites 1 and 3, 

giving rise to interruption of the aorta distal to the left carotid artery. 

Ao, aorta; LCC, left common carotid artery; LPA, left pulmonary artery; 

LSC, left subclavian artery; PT, pulmonary trunk; RCC, right common 

carotid artery; RPA, right pulmonary artery; RSC, right subclavian artery.
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Figure 47.2 (a) Off-axis axial gradient echo image of a double aortic arch with a severely hypoplastic left arch (LAoA). (b) Volume rendered 3D 

reconstruction of the gadolinium magnetic resonance angiograph from the same patient, demonstrating the vascular ring. Note that the narrowest part of 

the arch is between the left carotid and the left subclavian arteries, but it can often occur distal to the left subclavian artery. This is difficult to discern with 

2D imaging, but is fairly clear on the 3D volumetric rendering. This information is important in surgical planning. (c) 3D rendering of patient with double 

aortic arch and nearly equal arches. In these patients, flow measurements using magnetic resonance phase contrast velocity mapping can be useful in 

determining the dominant arch. RAoA, right aortic arch. Double-headed orientation arrows: A, anterior; L, left; P, posterior; R, right.
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Less commonly, a double aortic arch may be associated with 
atresia of the left arch. The atresia can be distal to the subclavian 
artery (Figure 47.3a, Video 47.1) or between the carotid and 
subclavian arteries. The former can appear similar to a 
contralateral ductus from the descending aorta (Figure 47.3b) 
and the latter can be difficult to distinguish from an aber-
rant subclavian artery with a diverticulum of Kommerell 
(Figure 47.4a). Clues that can distinguish an atretic arch from 
a ligamentum arteriosum include the posterior dimple on the 
subclavian or carotid artery, the extent of posterior course of 
the proximal head and neck vessels, and the orientation of the 
distal diverticulum or dimple.

Retroesophageal subclavian artery 
with diverticulum of Kommerell
The second most common type of vascular ring consists of 
a right aortic arch with an aberrant left subclavian artery 
with a diverticulum of Kommerell (Figures 47.4a and 
47.5a). The diverticulum represents the pathway of fetal 

ductal flow across the proximal subclavian artery and 
implies a ligamentum arteriosum on the opposite side of 
the arch, completing the vascular ring. It is important to 
understand that the diverticulum extends behind the 
trachea and the caliber change will be on the side of the 
aberrant subclavian artery and opposite the arch. A 
subclavian artery without a duct has some tapering at its 
base but it is more gradual and does not extend to the level 
of the trachea (Figure 47.5c).

Although much less common, it is possible to have a 
diverticulum associated with a left arch and aberrant right 
subclavian artery (Figure 47.5b). In fact, the original 
diverticulum described by Kommerell was in the setting 
of a left aortic arch and aberrant right subclavian artery. 
Hence patients diagnosed with an aberrant right subclavian 
artery by echocardiography and with high clinical 
suspicion of a vascular ring clinically should generally 
undergo a magnetic resonance imaging (MRI) scan to rule 
out a vascular ring.

LL RR
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(a)

RR LL
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(b)
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Figure 47.3 (a) Double aortic arch with atresia of the left arch (LAoA) distal to the left subclavian artery. Note that the distal left arch points towards the 

proximal left arch and note the dimple on the posterior aspect of the left subclavian artery. (b) Similar configuration of a right aortic arch (RAoA) and mirror 

image branching with a left ductus from the descending aorta. However, note the different configuration of the duct dimple (DD) and lack of significant 

posterior course of the left subclavian artery. Double-headed orientation arrows: as in Figure 47.2 plus I, inferior and S, superior.

(a) (b)

Div

ALSCA

Arch

Figure 47.4 (a) Superior view of right aortic arch with an aberrant left subclavian artery (ALSCA) and diverticulum of Kommerell (Div). (b) Similar 

appearance of a cervical right aortic arch with a left descending aorta and ALSCA. Note that the subclavian artery does not pass behind the trachea. Instead, 

the aortic arch (Arch) itself crosses the midline and forms the posterior portion of the vascular ring. Double-headed orientation arrows: as in Figure 47.2.
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Duct from descending aorta, contralateral 
to side of aortic arch
A less common vascular ring comes involves a duct arising 
directly from the descending aorta on the opposite side of 
the aortic arch. This can be with either a thoracic descending 
aorta on the same or opposite side of the aortic arch. The 
most common in this category is a right aortic arch with a 
left thoracic descending aorta, also known as circumflex 
aortic arch, usually associated with a cervical arch (Figure 
47.4b). Note that whereas nearly all descending aortas of 
right arches eventually cross over to the left by the level of 
the diaphragm, this circumflex arch refers to the fairly abrupt 
high crossing of the thoracic aorta superior to the level of the 
carina. A circumflex arch implies a left ductus or ligamentum 
or an atretic left arch. Similarly, a left aortic arch with a right 
descending aorta, again often with a cervical aortic arch, 
implies a right ductus or ligamentum creating a vascular 
ring. Note that although these forms of a vascular ring often 
also occur in the setting of an aberrant subclavian artery 
(Figure 47.4b), in this anomaly the aberrant subclavian 
artery is incidental and does not directly contribute to the 
ring. The subclavian artery does not cross the trachea or 
esophagus and therefore cannot contribute to symptoms. 
The posterior limb of the vascular ring is actually the crossing 
aortic arch.

Another form of vascular ring in this category is a right 
aortic arch with mirror image branching and a left 
ligamentum from the right-sided descending aorta 
(Figure 47.3b, Video 47.2). In this anomaly, the ligamentum 
actually forms the posterior limb of the vascular ring. As 

such, no diverticulum or posterior limb can be visualized. 
The only evidence will be a leftward-directed dimple on the 
descending aorta that represents the residual aortic ductal 
ampulla. A theoretical analog with a left aortic arch has not 
been described. Therefore, a left aortic arch with a left 
descending aorta is the only arch anatomy that can always 
be assumed to rule out a vascular ring.

Other arch anomalies
As discussed, a retroesophageal subclavian artery without a 
diverticulum is not a vascular ring and generally does not 
cause symptoms. However, some patients report varying 
degrees of dysphagia with only an aberrant subclavian artery 
and no other structural abnormalities. Furthermore, these 
patients have apparent relief from symptoms when the aber-
rant subclavian artery is either ligated or reimplanted. This 
finding is generally referred to as dysphagia lusoria. It most 
commonly occurs in adults in their fourth or fifth decade of 
life and is thought to be related to dilatation, calcification, 
and hardening of the subclavian artery. However, it has been 
reported in teenagers, and less commonly in infants and 
children. Esophageal manometry has been reported as help-
ful in confirming compression as the cause of symptoms in 
these patients [4].

Occasionally there can be significant vascular compression 
of the trachea in the absence of a vascular ring. However, 
these rarely reach clinical significance. These anomalies 
include compression between the ascending and descending 
aorta when they are in the same anterior–posterior plane, 
and compression by the innominate artery, often with 

Figure 47.5 (a) Coronal dark blood 

view of right aortic arch with an aberrant 

left subclavian artery (ALSCA) and 

diverticulum of Kommerell (Div). 

(b) Off-axis coronal of rare left arch with 

aberrant right subclavian artery (ARSCA) 

and Div. (c) For comparison, right arch 

with ALSCA and no Div, which is not a 

vascular ring. (d) Bright blood image 

demonstrating an ARSCA without a Div. 

Note the gradual taper typical of an 

aberrant subclavian artery. Double-headed 

orientation arrows: as in Figure 47.3 plus 

RA, right anterior and LP, left posterior.
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tracheomalacia. Innominate artery compression that needs 
relief can occur with extreme opisthotonus.

Another arch anomaly of note is that of a retroesophageal 
innominate artery because it is one of the rare instances 
when the branching pattern fails to identify arch sidedness. 
The first branch is on the same side as the aortic arch and 
can therefore make the identification of arch sidedness by 
the branching pattern (as done routinely in echocardiogra-
phy) misleading. In a right aortic arch with an aberrant 
innominate artery, the first arch branch will be the right 
carotid artery (Video 47.3).

Natural history

The age and type of presentation are presumably in part 
 secondary to the “tightness” of the ring. About 75% with a 
double aortic arch, 55% with a right aortic arch and aberrant 
left subclavian artery, and 95% with compression by an aber-
rant innominate artery [5] present in infancy with respiratory 
symptoms, including stridor, persistent cough, and frequent 
respiratory illnesses. Others can present in later childhood or 
even as teenagers and young adults with a history of respira-
tory symptoms that can mimic asthma or exercise-induced 
asthma. Some subjects remain asymptomatic throughout 
 childhood and are occasionally diagnosed incidentally later in 
life. Because surgery is usually recom mended for symptomatic 
vascular rings, the natural history of untreated symptomatic 
vascular rings has not been well studied.

The later the presentation, the more likely are gastrointestinal 
symptoms to be the prevailing symptoms. Vascular rings can 
present with significant dysphagia, occasionally with weight 
loss or failure to thrive. Choking or gagging on solid foods can 
result from interference with esophageal motility caused by 
vascular compression.

In adults, an aneurysmal origin of an aberrant subclavian 
artery can dissect or rupture.

Clinical features

History
The clinical history should be focused on the nature, severity, 
and timing of respiratory and gastrointestinal symptoms. 
Recurrent stridor and coughing in infants and children 
without concurrent infection are highly suspicious for a 
vascular ring. A history of refractory asthma, often with 
minimal or incomplete relief by bronchodilators and steroids, 
should raise the suspicion of a vascular ring. Older children 
may complain of wheezing or coughing with exercise or 
activity; they may carry the diagnosis of exercise-induced 
asthma. Dysphagia is a common presenting complaint in 
older patients. This is usually with solid foods, such as a piece 

of steak, that are not masticated completely. Occasionally, 
dysphagia can present in infants as choking or gagging on 
foods after solids are introduced into the diet, occasionally 
progressing to feeding refusal and failure to thrive.

Physical examination
The physical examination is often unremarkable. Stridor or 
wheezing may occur, but their absence does not rule out a 
vascular ring.

Electrocardiographic features
There are no characteristic findings in patients with vascular 
rings, because most have normal cardiac position and 
 segmentation with structurally normal hearts. Any abnor-
malities are secondary to other associated structural heart 
disease.

Chest X-ray
A routine chest film may reveal a right-sided aortic knob or 
suggest a double aortic arch, but cannot definitively diagnose 
or exclude a vascular ring. Therefore, it should play little 
role in the routine workup of a suspected vascular ring. It 
may be useful in excluding other causes of respiratory 
symptoms.

Echocardiography
Because the air-filled trachea is often difficult to visualize 
on ultrasound, arch imaging tends to rely on defining the 
branching pattern of the aortic arch. A double aortic arch 
can be diagnosed by suprasternal sagittal imaging, defining 
two separate arches in different sagittal planes. A right 
aortic arch can be diagnosed if the first branch off the aortic 
arch goes to the left. If the first vessel does not branch, 
then an aberrant subclavian artery is suspected. However, 
it is often difficult to image directly posterior structures 
such as the subclavian artery, and defining the subclavian 
artery to determine whether there is a diverticulum is 
especially challenging. Furthermore, there are exceptions 
to these branching rules, including the rare aberrant 
innominate artery, in which the first branch off the arch is 
on the same side as the arch.

The reported degree of success in correctly identifying 
vascular rings by transthoracic echocardiography has ranged 
from one in six [6] to 100%.

Cardiac catheterization
Aortic angiography can certainly delineate aortic arch 
anatomy, and in the past has been the gold standard for the 
diagnosis of vascular rings. However, with better noninvasive 
tomographic and volumetric imaging methods now available, 
invasive angiography should no longer play a role in the 
routine diagnosis of vascular rings.
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Other imaging modalities

Magnetic resonance imaging (MRI)
Because of their noninvasive nature and better ability to 
visualize 3D structures, tomographic and volumetric imaging 
methods are now the preferred technique in diagnosing 
vascular rings. Because it does not use ionizing radiation and 
has the ability to diagnose definitively all forms of vascular 
rings reliably, MRI is the preferred imaging modality for 
diagnosis.

Axial, bright blood images gated to end-diastole can be 
used effectively to visualize the branching pattern of the 
aorta. A second coronal stack, preferably turned slightly off-
axis by multi-planar reformatting of the initial axial stack to 
align with the vessel of interest, is useful for identifying the 
caliber change of a diverticulum. If a vascular ring is 
identified, dark blood imaging aligned with the trachea can 
be performed to identify tracheal narrowing.

Volumetric imaging such as gadolinium angiography (or 
whole heart bright blood techniques if gadolinium is 
contraindicated) can allow the visualization of features 
difficult to see by planar imaging. These include identifying 
an aortic dimple where a ligamentum or atretic arch inserts, 
better visualization of a diverticulum, and visualizing the 
posterior portion of the two limbs of a double arch to 
determine which arch is smaller. The first two are important 
in diagnosis and the last is crucial information for the surgeon 
in planning which side to perform the thoracotomy. For this 
reason, high-resolution 3D magnetic resonance angiography 
should be performed routinely in the evaluation of a vascular 
ring. The only time when a vascular ring can be ruled out 
definitively by static axial imaging alone is a left aortic arch 
with normal branching and a left descending aorta.

Phase contrast velocity mapping can play a role in a double 
aortic arch with both arches nearly equal in size. Flow 
quantification in both arches distal to the origins of the 
subclavian arteries permits the determination of which arch 
carries the lesser flow.

Computed tomography (CT)
Chest CT can provide much of the same information as MRI, 
with the potential for decreased scan times and increased 
resolution. However, this comes at the cost of significant 
doses of ionizing radiation in a particularly vulnerable 
population.

Management

Medical
There is little role for medical management in vascular rings. 
Because airway symptoms are caused by a fixed obstruction, 
medications are ineffective. Older, asymptomatic individuals 
may be followed expectantly without intervention.

Surgical
Most recommend that all symptomatic young children 
diagnosed with vascular rings undergo surgical repair. Infants 
and toddlers have a very high likelihood of becoming 
progressively symptomatic, so even relatively minor 
symptoms should be considered for repair. Older children 
and adults with symptoms should also be referred electively 
for repair. However, incidental findings in older patients may 
be managed expectantly, with the understanding that future 
symptoms cannot be ruled out.

Surgical repair generally involves a thoracotomy on the 
side of the vascular structure that needs to be divided, either 
the opposite side of the arch or in a double arch, the side of 
the smaller or atretic arch. In the double aortic arch, the 
smaller arch is ligated and divided, generally at the narrowest 
segment, which is either between the carotid and subclavian 
arteries or distal to the subclavian artery. In a diverticulum, 
the ligamentum is simply ligated and divided [1]. Compression 
from an innominate artery can be treated by arteriopexy or 
transection and reimplantation.

Recovery is generally rapid and the primary postoperative 
issue is pain management. Some infants, however, require 
prolonged intubation for tracheal narrowing, and occasionally 
need reconstructive tracheal surgery. Transient pleural 
effusions are not uncommon. Rarely, recurrent chylous 
pleural effusions secondary to thoracic duct injury may 
require longer chest tube placement. The risk of recurrent 
laryngeal nerve injury should be minimal in the hands of an 
experienced surgeon.

In younger patients, division of the ring is almost always 
sufficient and relief of symptoms is rapid. Surgeons report 
dramatic relief of the vascular compression in the operating 
room. However, in older patients, long-standing compression 
and reduced tissue elasticity may make relief less dramatic. 
Some have advocated resecting the compressing diverticulum 
in this population [7] by reimplanting or ligating and 
sacrificing the subclavian artery. The ligation is generally 
well tolerated, but can put the patient at risk for a subclavian 
artery steal.

Long-term history

Children undergoing vascular ring division generally have 
long-term relief of symptoms. One series reported freedom 
from stridor in 19/20 in follow-up for 18 months [8] and 
another reported freedom from all symptoms in 47/48 
patients with follow-up from 6 months to 14 years [9]. 
However, the latter study noted abnormal pulmonary function 
testing in 9/17 patients who consented to pulmonary function 
testing [8]. Others have reported that up to 40% of patients 
have long-term stridor, particularly those with younger age at 
repair [10].
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48 Coronary Arterial Abnormalities 
and Diseases

Julien I. E. Hoffman
University of California San Francisco, San Francisco, CA, USA

Classification

Anomalies of coronary arteries are classified as anomalies of 
origin from the aorta, of intrinsic anatomy and distribution, 
and of termination [1].

Incidence

Isolated coronary vascular anomalies (excluding innocuous 
variants) occurred in 0.3–1.3% of autopsies at all ages [2], 
0.13–0.19% of pediatric autopsies [3], 0.3–1.5% of angiograms 
performed in adults [4–7], and 1.14% in echocardiograms of 
children [8]. In congenital heart disease, various coronary 
vascular anomalies that may be important only during surgery 
are common, and are described in their respective chapters.

Embryology

The primitive myocardium has sinusoids that develop into 
intramural vessels. These join a network of subepicardial 
vessels, which in turn join endothelial buds that emerge 
from the sinuses of Valsalva of both the aorta and main 
 pulmonary artery [9]. The regulation of this organization is 
beginning to be explored [10].

Normal anatomy and variants

The right coronary artery (RCA) and left main coronary 
artery (LMCA) arise from the right and left sinuses of Valsalva 
(RSV, LSV), respectively, but sometimes are at or just above 
the supravalvar ridge. Their ostia are round or elliptical, and 

the arterial stems emerge approximately radially from the 
aorta [11]. The LMCA divides into the left anterior descending 
(LAD) and circumflex (LCx) branches, and the RCA gives off 
the conus branch and continues as the posterior descending 
artery to supply part of the posterior left ventricular wall 
(Figure 48.1a). About 35–50% of people have a separate 
conus branch coming from the RSV [7,12] (Figure 48.1b). 
About 1% of people have separate origins of the LCx and 
LAD arteries from the LSV [5–7,12–14] (Figure 48.1c). About 
1% of coronary angiograms show a dual LAD, with a short 
proximal portion coming from the LCA and a longer portion 
arising from the RCA or RSV and taking a variable course to 
supply the distal part of the ventricles [15,16]. In 2% of 
angiograms, the origin of the LCx is acutely angulated 
where it arises from the LMCA [17]. None of these variants 
is clinically important unless it affects selective coronary 
artery catheterization, percutaneous transluminal coronary 
angioplasty (PTCA) or surgery.

There are excellent articles illustrating the anatomy of 
normal and abnormal coronary arteries as shown by mag-
netic resonance imaging (MRI) [18] and multidetector com-
puted tomography (CT) [19].

Disorders of origin

Ectopic aortic origin of one or more 
coronary arteries

Origin of a coronary artery from the appropriate 
sinus of Valsalva with an abnormal orifice 
or intramural course
In some patients who died suddenly, and a few at operation, 
a coronary artery, usually the right, had a long intramural 
aortic course and emerged tangentially, making an angle of 
<45° to the aortic wall (Figure 48.1, inset). The ostium of the 
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artery was slit-like and partly covered by a valve-like ridge 
[11,20]. Most of these patients were adults.

Abnormal origin of one coronary artery or 
a branch from the wrong sinus of Valsalva

Left main coronary artery from right sinus of Valsalva
This constitutes 1–12% of major coronary artery anomalies 
[4,5,14,21,22]. Four patterns are found [8,23,24]. In ∼60%, 
the LMCA passes obliquely through the aortic wall and then 
between the aorta and the main pulmonary artery before 
bifurcating (interarterial course, Figures 48.2a and 48.3a). 
Its aortic origin may be slit-like and covered by a flap. 

The intramural portion is elliptical with a diameter smaller 
than that of the extramural portion of the artery [25].The 
posterior or retro-aortic type occurs in 18%; a long LMCA 
passes behind the aorta and pulmonary artery before 
bifurcating (Figures 48.2b and 48.3b). In ∼16% of these 
anomalous arteries [26], the LMCA passes intramyocardially 
through the ventricular septum along the floor of the right 
ventricular outflow tract (the septal type), and then reaches 
the surface before bifurcating (Figures 48.2c and 48.3c). The 
anterior type occurs in 8%; the LMCA runs on the anterior 
surface of the right ventricle almost like a normal conus 
branch, and bifurcates at about the mid septum (Figures 48.2d 
and 48.3d).

LMCA

LA

LAA

LCx

LAD

LMCA

RCA

(a)

RA RVO

PV
SVC

B

P
L

R

Conus branch

(c)

LA

LAA

LCx

LADRCA

RCA

Conus branch

RA RVO

PVSVC

(b)

LMCA

LA

LAA

LCx

LAD

LMCA

RCA

Conus branch

RA RVO

PV
SVC

Figure 48.1 Normal and innocuous 

variations. (a) Normal main right and left 

coronary arteries, seen in an exploded frontal 

view (above) and diagrammatically from above 

(below). The inset shows a normal radially 

directed right coronary artery but an abnormal 

narrow, intramural LMCA emerging at an 

acute angle from the aortas. (b) Separate 

origin of conus branch of right coronary 

artery. (c) Separate origins of left circumflex 

and left anterior descending coronary arteries. 

The abnormal anatomy is shown in gray 

shading. L, left coronary sinus; LA, left atrium; 

LAA, left atrial appendage; LAD, left anterior 

descending coronary artery; LCx, left circumflex 

coronary artery; LMCA, left main coronary 

artery; P, posterior or non-coronary sinus; 

PV, pulmonary veins; R, right coronary sinus; 

RA, right atrium; RCA, right coronary artery; 

RVO, right ventricular outflow tract; SVC, 

superior vena cava. 
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Figure 48.2 Left main coronary artery from 

right sinus of Valsalva. (a) Inter-arterial course; 

(b) posterior course; (c) intramural septal 

course; (d) anterior course. Abbreviations and 

views as in Figure 48.1. Abnormal anatomy 

shown in gray shading.

Right coronary artery from left sinus of Valsalva
This accounts for ∼33% of all major coronary arterial 
anomalies [26]. The orifices of the RCA and LMCA are 
adjacent, and in 97% of patients the RCA passes between 
the aorta and the right ventricular outflow tract to reach 
the atrioventricular groove, after which it is distributed 
normally (Figures 48.4 and 48.5). The orifice can be slit-
like and the proximal portion of the artery may be 
angulated [27–30].

Origin of left anterior descending, left circumflex, 
or both arteries from the right sinus of Valsalva 
or right coronary artery
An LCx coming from the RCA or RSV is common [26]. The 
LCx runs behind the aorta to the atrioventricular sulcus 
behind the atrioventricular valve rings (Figure 48.6a).

The LAD can originate in the RSV or the RCA. This 
anomaly is rare without congenital heart disease but is 
common in tetralogy of Fallot. The artery usually passes in 

front of the right ventricular outflow tract or through the 
interventricular septum. (Figure 48.6b).

Occasionally, both the LCx and the LAD arise by separate 
orifices from the RSV. These arteries take posterior and 
 anterior courses, respectively, as described above.

Single coronary artery
These comprise 5–20% of major coronary arterial anom-
alies [26].

The best known of many classifications are those by Lipton 
et al. [31] and a variant by Shirani and Roberts [32]. There is 
a single ostium in the RSV or LSV; these are equally  frequent. 
In type I, the single coronary artery (SCA) from the left 
ostium forms an LMCA that divides into LAD and LCx 
arteries, the latter continuing past the crux to form the 
RCA (type L1 of Lipton et al., IB of Shirani and Roberts) 
(Figure 48.7a) or the SCA from the right ostium forms an 
RCA that is normally distributed, but the right posterior 
circumflex artery continues beyond the crux of the heart to 
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(c) (d)
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LAD
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Figure 48.3 MRI sections and reconstruction 

of various courses of LCA coming from the 

right sinus of Valsalva. (a) Inter-arterial; (b) 

retroaortic (with stents in RCA); (c) transseptal 

passage of LAD, not LMCA; (d) anterior. Ao, 

aorta; LAD, left anterior descending; LM, left 

main coronary artery; PA, pulmonary artery; 

RCA, right coronary artery; RVOT, right 

ventricular outflow tract. (Reproduced from 

Patel Semin Roentgenol 2008;43:100–12, with 

permission from Elsevier.)
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PV

RVO
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LCx
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Figure 48.4 Right coronary artery from left sinus of Valsalva. 

Abbreviations and views as in Figure 48.1. Abnormal anatomy shown in 

gray shading.

Figure 48.5 RCA (white arrows in (a), black arrow in (b)) from left 

sinus of Valsalva. Note acute angulation of RCA as it leaves the aorta. 

(a) surface view, (b) and (c) cross-sectional views. Right coronary artery 

(RCA) shown by arrows. (Reproduced from Sato et al. Int J Cardiol 

2008;127:274–5, with permission from Elsevier.)
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Figure 48.7 Single left coronary artery. 

(a) Type I. Right coronary artery as 

continuation of left coronary artery (L1 or IA); 

dashed outlines indicate passage in posterior 

atrioventricular groove. (b). Type II. Transverse 

right coronary artery with anterior course 

(L2a or IB1). (c) Type II. Transverse right 

coronary artery with inter-arterial course 

(L2b or IB2). (d) Type II. Transverse right 

coronary artery with posterior course (L2p 

or IB4). Abbreviations and views as in Figure 

48.1. SLCA, single left coronary artery. 

Classifications with L by Lipton et al. [31] and 

classifications with I by Shirani and Roberts 

[32]. Abnormal course shown by gray shading.
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form the LCx and LAD arteries (type R1 of Lipton et al., 
IIA of Shirani and Roberts) (Figure 48.8a). Alternatively, the 
single artery branches early into typical right and left 
coronary arteries; each of these type II patterns is further 
subdivided according to whether the transverse branch 
passes anterior to the pulmonary artery (R2a and L2a, or IB1 
and IIB1) (Figures 48.7b and 48.8b), between the great 
arteries (R2b and L2b, or IB2 and IIB2) (Figures 48.7c and 
48.8c), posterior to the aorta (R2p and L2p, or IB4 and IIB4) 
(Figures 48.7d and 48.8d), or through the septum (IB3 and 
IIB3). Both classifications introduce added groups (three for 
Lipton et al., groups IIC and IID for Shirani and Roberts) in 
which the branching patterns are uncommon. Type II 
variants are more common than type I variants. Type I 
variants are seen more often in single left coronary arteries, 
whereas type II variants occur slightly more often with single 
right coronary arteries.

Miscellaneous anomalies
Many uncommon variations of coronary arterial origins 
have been reported [26].

Associated anomalies
Most coronary anomalies are isolated but may be associated 
with other forms of congenital heart disease, particularly 
conotruncal abnormalities.

Pathology and pathophysiology
Some patients with a coronary arterial anomaly have 
a subendocardial scar from episodes of ischemia, or even 
a myocardial infarct. The suddenness of death, however, 
usually prevents infarction. Some patients had physiological 
hypertrophy of the left ventricle. Severe atherosclerosis may 
occur in a segment of the abnormal coronary artery, even in 
children, and is particularity frequent in the anomalous LCx 
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Figure 48.8 Single right coronary artery. 

(a) Type I. Left coronary artery as continuation 

of right coronary artery (R1 or IIA); dashed 

outlines indicate passage in posterior 

atrioventricular groove. (b) Type II. Transverse 

left coronary artery with anterior course (R2a 

or IIB1). (c) Type II. Transverse left coronary 

artery with inter-arterial course (R2b or IIB2). 

(d) Type II. Transverse left coronary artery with 

posterior course (R2p or IIB4). Abbreviations 

and views as in Figure 48.1. SRCA, single right 

coronary artery. Classifications with R by 

Lipton et al. [31] and classifications with II by 

Shirani and Roberts [32]. Abnormal course 

shown by gray shading.
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[4,21,33,34]. Occasionally, the initial few millimeters of 
artery run in the aortic wall or may be narrowed, or the 
whole anomalous artery is hypoplastic. Finally, the 
anomalous artery may arise tangentially from the aorta, 
and its ostium may be slit-like and partly covered by a valve-
like flap.

Mechanisms of death
Sudden death is common, especially during exercise, almost 
certainly from myocardial ischemia that produces ventricular 
fibrillation or electromechanical dissociation. During stren-
uous exercise, blood flow and pressure increase and the 
left ventricular myocardium has an enormous demand 
for oxygen. The aortic root distends in systole, and any 
intramural anomalous artery may be compressed, or an 
artery running adjacent to the wall may be stretched or 
compressed. The ostial flap may occlude the inflow into the 
artery when maximal flow is needed, especially when blood 
pressure decreases rapidly post-exercise but skeletal muscle 
arterioles are still dilated [35,36]. Ischemia may cause acute 
ventricular dilatation with stimulation of cardiac sensory 
nerve endings that causes vasodepressor syncope. Why some 
patients have apparently identical anomalies but survive 
without ischemia until old age is unknown; there may be 
progressive obstruction to the orifice and first part of the 
artery with aging.

Natural history
Whereas ischemic pain usually leads to tests that reveal the 
diagnosis, the major concern with these anomalies is sudden 
death, a risk that varies with the precise anomaly.

The most dangerous anomaly is the LMCA arising from 
the RSV. Sudden death is rare <10 or >20 years of age, 
and is predominantly in those with intra-arterial passage 
(Table 48.1).

There were 228 patients with LCA from the RSV, of whom 
175 had an interarterial course. Of these 175, 132 (75%) 
either died or had symptoms of ischemia, whereas the figure 
was 24/53 for all other courses combined. There were 109 
deaths; 83(76%) were from the anomaly and the other 26 
from other causes. Among the 83 deaths from the anomaly, 
78/83 (94%) were from an interarterial course.

A similar literature search of patients with an interarterial 
course by Moustafa et al. [37] (almost certainly with overlap 
of patients) showed sudden death in 96/130 (74%) of these 
patients.

The issue is less clear for an RCA from the LSV. Once 
 considered benign, there are now many reports of myocardial 
ischemia, infarction, deaths, and near deaths with this lesion 
[38]. Most deaths occur in teenagers or young adults, but 
seven neonates and infants died with this anomaly. There 
were 45 deaths in 83 patients (54%) due to the anomaly. 
Compared with anomalous LMCA, more deaths at <10 years 
of age occurred with anomalous RCA [26].

Anomalous origin of the LCx is usually benign, except for 
a tendency for premature atherosclerosis [21], and it can be 
compressed if both aortic and mitral prosthetic fixation rings 
are implanted [39].

An anomalous LAD can cause ischemic symptoms, but 
rarely sudden death, in the absence of coronary athero-
sclerosis.

A single coronary artery usually produces no symptoms 
without severe atheroma (which is more serious with only 
one main artery supplying the whole heart), but a few 
 premature deaths or infarctions have been reported [40,41].

Clinical features
Anomalous coronary arteries may be found during angiogra-
phy for congenital heart disease or myocardial ischemia. As 
lesions causing primary problems, they are most often found 
in autopsies performed for sudden death. They may be 
detected by imaging studies of children and young adults pre-
senting with syncope (especially with exercise), chest pain, 
arrhythmia, or other evidence of myocardial ischemia, includ-
ing myocardial infarction. These symptoms usually come on 
during or just after strenuous exercise, and most victims have 
been athletes. There are no specific clinical findings.

Diagnosis and diagnostic studies
Any episode of syncope or severe chest pain during or 
after exercise requires intensive cardiac investigations, 
beginning with a standard clinical examination and an 
elec trocardiogram to look for ventricular hypertrophy, 
arrhythmias, or prior infarction. A near maximum exer-
cise test to evaluate blood pressure response and the elec-
trocardiogram can be useful but has some risk; injecting 
a radioisotope at peak exercise might reveal ischemia. 
A normal exercise test,  however, does not exclude a seri-
ous coronary artery anomaly, and exertional syncope or 
prolonged chest pain in a child or young adult warrants 
careful imaging studies.

Table 48.1 Details of outcome with LCA from RSV.

Course Due to anomaly Not due to anomaly Total

 Death Symptoms Death Symptoms  

Interarterial 78 54 15 28 175

Other  5 19 11 18  53

Total  83  73  26  46  228

Based on data from the literature reported by Hoffman The Natural and 

Unnatural History of Congenital Heart Disease. Oxford: Wiley-Blackwell. 

2009:384–400.

LCA, left coronary artery; RSV, right sinus of Valsalva.
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Imaging studies
Echocardiography
An echocardiogram with Doppler interrogation should 
always be done to exclude intracardiac anomalies and 
hypertrophic cardiomyopathy. Arteries arising tangentially 
from the sinuses of Valsalva are readily detectable. Technically 
satisfactory transthoracic echocardiography has, however, 
sometimes failed to detect an anomalous coronary artery. In 
larger children and adults, transesophageal echocardio-
graphy has been more useful [42].

Aortic and coronary angiography
Failure to recognize an anomalous coronary arterial origin 
or branching pattern can lead to misdiagnosis of branch 
occlusion when selective coronary arteriography is done or a 
sinus of Valsalva shows no coronary ostium during an 
 angiogram. In addition, an anomalous artery can be injured 
during an operation performed near the aortic and pulmo-
nary arterial roots, particularly if the anomalous artery was 
buried in muscle or concealed in scar tissue.

Good descriptions of the cineangiographic features have 
been published for the various types of course taken by an 
LMCA arising from the right aortic sinus [43], other anoma-
lies [44], and single coronary arteries [31].

Other imaging studies
Ultrafast CT or MRI has been used successfully [18,19,45,46]. 
MRI has excellent sensitivity and specificity for detecting 
these anomalies [47,48]. The sensitivity and specificity of 
axial CT have not been evaluated.

Treatment
Treatment is advisable for a known sinister anomaly with 
symptoms indicating myocardial ischemia, and is advisable 
for symptoms even without ischemia [49,50]. With a more 
benign anomaly, or no symptoms, provocative testing with 
exercise, pacing, dobutamine, or ergonovine might  determine 
if the patient is at risk.

Coronary arterial bypass graft is inadvisable in younger 
patients because of doubts about graft longevity and the risk 
of competitive flow. No long-term follow-up has been 
described. The alternative is to remove tissue flaps that are 
covering the orifice, and revise the intramural aortic course 
of the artery. If the intramural artery runs distal to the 
commissure, unroofing the artery along its length creates a 
long orifice without obstruction [37,51,52]. If, however, the 
intramural artery is below the commissure, unroofing 
requires detaching and then replacing the commissure, 
risking aortic regurgitation. The surgeon may then unroof 
the distal part of the intramural anomalous artery up to the 
commissure and suture the edges to the aorta, creating a 
neo-orifice, and then obliterate the proximal part of the 
artery [52]. Both procedures eliminate stenosis at the orifice 
and the acute angulation of the first part of the artery. With 

no intramural course, the surgeon reimplants the coronary 
artery into the correct sinus.

With these procedures, the portion of the LMCA between 
the aorta and pulmonary artery is not rerouted, suggesting 
that intra-arterial compression is not a major factor in 
producing ischemia. Occasionally there is a single coronary 
artery ostium that does not permit any of the above 
procedures to be done. In these patients, the pulmonary 
artery has been transected and translocated in such a way as 
to open up the space between the aorta and the pulmonary 
artery [52]. Perhaps opening the space reduces the angulation 
that may contribute to ischemia.

Because the obstruction may be from a narrowed 
 intramural passage as well as acute angulation as the artery 
leaves the aorta, stenting of the initial portion of the artery 
may relieve the obstruction [25]. This is unproven.

After surgery, there has usually been relief of symptoms, 
and few late postoperative deaths are reported [49,53]. 
Exercise tolerance and quality of life are excellent [54].

In older patients with atherosclerotic occlusion of the 
anomalous artery, PTCA or stenting has been used. Relieving 
a stenosis in an anomalous artery, however, does not mean 
that angulation or narrowing at its origin may not cause 
problems later.

Absence or atresia of both main 
coronary arteries
Complete absence of both main coronary arteries is rare, 
occurring most often in pulmonary or aortic atresia with a 
small hypertrophied ventricle, suprasystemic pressures, and 
sinusoids supplying distal coronary arteries.

Atresia or stenosis of the coronary 
arterial origin

Pathological anatomy
Stenosis or atresia of the ostium or first few millimeters of the 
LMCA has been reported in ∼60 patients. The LMCA is 
connected by a fibrous cord to a dimple in the LSV, but its 
distal branches are normal and supplied by multiple collaterals 
from the RCA [55,56]. Atresia of the RCA is rare [57,58]. 
Atresia may be associated with supravalvar aortic stenosis, 
but whether atresia is primary or secondary is not known.

A few patients had ostial stenosis, but whether this was 
congenital or acquired is unknown. Rarely, the coronary 
arteries are hypoplastic and may cause death in young 
adults.

Pathophysiology
With stenosis or atresia of the LMCA, the anterolateral 
portion of the left ventricular free wall is ischemic and 
dysfunctional, either reducing stroke volume or increasing 
left ventricular diastolic volume. Stress intensifies ischemia, 
and may elicit it even if it is absent at rest.
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Clinical presentation
Patients present from 3 months to 60 years of age, most being 
<20 years of age. Younger patients present with congestive 
heart failure, and older patients present with angina pectoris 
or myocardial infarction. Sudden death, sometimes with 
exercise, is rare. Occasionally there are no symptoms. Signs 
of anterolateral ischemia or infarction of the left ventricle 
make one suspect anomalous origin of the left coronary 
artery from the pulmonary artery that is much more common 
than atresia.

Diagnosis
This diagnosis can be made when echocardiography or 
cineangiography fails to show the LMCA arising from the 
aorta, and when attempts made to catheterize the LMCA 
from the aorta fail. The distinction between atresia and 
anomalous origin of the LMCA from the pulmonary artery is 
that with atresia no flow enters the pulmonary artery from 
the LMCA as determined by echocardiography–Doppler or 
cineangiography studies; in particular, failure to fill the 
anomalous LMCA during a pulmonary angiogram favors the 
diagnosis of atresia.

Similarly to an atretic LMCA, a single RCA shows a large 
RCA and no left main coronary artery arising from the aorta 
or pulmonary artery. However, by angiography the atretic 
coronary artery anomaly shows collaterals from the RCA 
entering large major branches of the LCA, whereas in a  single 
right coronary artery, blood flows through progressively 
smaller arteries as it passes towards the periphery [56].

Treatment
Several reports have described successful coronary artery 
bypass grafting, with a saphenous vein [59] or an internal 
mammary artery [55,56,59].

Ectopic origin of one or both coronary 
arteries from the main or peripheral 
pulmonary arteries

All coronary arteries from pulmonary trunk
Rarely, both main coronary arteries, or a single coronary 
artery, arise from the pulmonary trunk; by 1986 only 25 
such anomalies had been described. Unless there is a cardiac 
lesion causing pulmonary hypertension, these children 
usually do not survive infancy, and even with other lesions 
survivors are rare [60–62].

Left main coronary artery from 
the pulmonary trunk
This anomaly, termed ALCAPA (anomalous left coronary 
artery from pulmonary artery) occurs in 6.5–15.3 per million 
live births. The first report relating clinical and autopsy 
findings in a 3-month-old boy was by Bland et al. [63], and 
the anomaly is often called the Bland–White–Garland 

syndrome. The history of the diagnosis and treatment of this 
lesion has been described [64].

Pathological anatomy
The RCA is greatly dilated and large superficial collaterals are 
seen. The LMCA enters the pulmonary artery, usually the 
left pulmonary sinus but occasionally a branch. Rarely, it is 
attached to the non-facing sinus [65]. It is usually only 
2–5 mm long before it branches. The connection between 
the LMCA and pulmonary trunk may be narrow or even 
stenotic. Occasionally the initial portion of the LMCA is 
intramural.

In infancy, the left ventricle and atrium are dilated 
and hypertrophied. The anterolateral papillary muscle is 
atrophic and scarred, and its chordae may be shortened. 
Sometimes the posterior papillary muscle is similarly affected 
[13,60].

There may be diffuse endocardial fibroelastosis of the left 
ventricle, and the anterior mitral valve leaflet is often 
thickened. The anterolateral left ventricular wall and apex 
are thinned and scarred from infarction, and there are 
often mural thrombi. A biopsy of the affected left ventricu-
lar free wall at surgery in five patients showed that 
51 ± 32% of the wall was fibrotic, and that the remaining 
muscle fibers, although viable, showed a paucity of 
 contractile fibers [66].

In adults, the LCA is thin walled, resembling a vein. The 
heart is usually enlarged, but less than in infants, and there 
is usually no endocardial fibroelastosis. However, there is 
usually scarring and calcification of the anterolateral papillary 
muscle, and occasionally even of the adjacent left ventricle 
[14,67].

Associated lesions
ALCAPA has occasionally been associated with patent ductus 
arteriosus, ventricular septal defect, tetralogy of Fallot, or 
coarctation of the aorta [60]. If there is pulmonary hype r-
tension, as with a large ventricular septal defect, left 
ventricular perfusion may be adequate, but closure of the 
defect with a fall in pulmonary arterial pressure may be 
catastrophic [68].

Pathophysiology
In fetal life this anomaly is innocuous. Pressures and oxygen 
saturations are similar in aorta and pulmonary artery, 
myocardial perfusion is presumably normal, and there is no 
stimulus to collateral formation. After birth, however, the 
left ventricle, with its huge demand for oxygen, is perfused 
with desaturated blood at low pressures. Collateral vessels 
between the normal right and abnormal LMCA enlarge, and 
so does the RCA.(Figure 48.9).

This collateral flow is of little use because most of the 
 collateral flow that enters the left coronary arterial system 
tends to pass into the pulmonary artery rather than into 
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the high resistance myocardial blood vessels (Figure 48.9), 
as first demonstrated by Sabiston et al. [69]. The amount 
of left to right shunting is small relative to cardiac output, 
but large relative to coronary flow. Initially, left ventricular 
myocardial vessels dilate to reduce their resistance and 
increase flow, but when coronary vascular reserve becomes 
exhausted, myocardial ischemia ensues. At first, ischemia 
is transient and occurs only with exertion such as feeding 
or crying, but further increases in myocardial oxygen 
demand lead to infarction of the anterolateral left ven-
tricular free wall. This causes congestive heart failure, often 
made worse by mitral regurgitation secondary to a dilated 
mitral valve ring or infarction of the anterior papillary 
muscle [70–72].

In some patients, the connection of the LMCA to the 
pulmonary artery is restrictive, no steal occurs, and all the 
collateral flow perfuses the free wall of the left ventricle. 
These patients may include many of the 15% of patients 
with these anomalies in whom myocardial blood flow is 
adequate to sustain myocardial function at rest or even 
during exercise, and who reach adult life [60,73]. Prolonged 

survival is more likely in patients with a dominant right 
coronary system [73,74].

Natural history
About 87% of children born with this rare anomaly present 
in infancy, and if untreated 65–85% die before 1 year of 
age from intractable congestive heart failure, usually >2 
months of age [26,60,74,75]. A few improve spontane-
ously. Others never have symptoms, perhaps because they 
have extensive collaterals or a restrictive opening between 
the origin of the left coronary artery and the pulmonary 
trunk. Nevertheless, even they are at high risk of sudden 
death [74,76], especially during exercise. Some present 
as adults with angina of effort or myocardial infarction 
[67,77,78], arrhythmias [78], or left ventricular dysfunc-
tion or even congestive heart failure associated with mitral 
regurgitation [79,80]. Operation markedly improves func-
tion. Whether an operation is required for an adult with 
this anomaly but no evidence of ischemia at rest or on 
exercise is unknown. The course  without treatment is pre-
sented in Figure 48.11.
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Figure 48.9 Left main coronary artery from 

pulmonary artery. (a) In fetus. (b) In neonate. 

The light gray apical region indicates the 

ischemic region. (c) In older infant. The slightly 

darker gray apical region indicates worsening 

ischemia, and the very dark central area is the 

infarct. The gray vessels joining left anterior 

descending and right coronary arteries are 

collaterals. The pale gray arrows indicate the 

direction and approximate magnitude of 

collateral blood flow and its distribution. The 

open arrows indicate the direction and 

approximate quantity of flow in the proximal 

and distal left coronary artery.
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Clinical findings
In infancy, the description by Bland et al. [63] still pertains. 
They wrote:

Nothing remarkable was noted about the patient until the 

tenth week; while nursing from the bottle, the onset of an 

unusual group of symptoms occurred which consisted of 

 paroxysmal attacks of acute discomfort precipitated by the 

exertion of nursing. The infant appeared at first to be in obvi-

ous distress, as indicated by short expiratory grunts, followed 

immediately by marked pallor and cold sweat with a general 

appearance of severe shock. Occasionally, with unusually 

severe attacks, there appeared to be a transient loss of con-

sciousness. The eructation of gas at times seemed to relieve 

the discomfort and to shorten the duration of the attack 

which usually lasted from 5 to 10 minutes, and following 

which the infant might proceed to nurse without difficulty 

and remain free of symptoms for several days. … It seems 

probable that in this infant the curious attacks of paroxysmal 

discomfort … were those of angina pectoris. If this is true, it 

represents the earliest age at which this condition has been 

recorded.

Some infants present with signs and symptoms of conges-
tive heart failure. A few children have severe difficulties in 
infancy and then gradually become asymptomatic. Rarely, 
this anomaly causes sudden death in infancy. Older children 
and adults may be entirely asymptomatic, or have dyspnea, 
syncope, ventricular arrhythmias, or angina pectoris on 
effort. Sudden death after exertion has been common 

[74,76]. Typical myocardial infarctions or congestive heart 
failure are rare in adults.

On physical examination, there may be signs of 
congestive heart failure. In infants, the heart is usually 
enlarged,  predominantly the left ventricle. There may be 
right ventricular enlargement and loud pulmonic closure if 
left ventricular failure has caused pulmonary hypertension. 
The first heart sound may be soft or absent (if there is 
mitral regurgitation), and apical gallop rhythms are common. 
There may be no murmurs, or the murmur of mitral 
regurgitation, or at times a soft continuous murmur at the 
upper left sternal border that resembles the murmur of a 
coronary arteriovenous fistula or a small patent ductus 
arteriosus.

Electrocardiography
By the time the infant presents for diagnosis, there is 
usually an anterolateral infarct, with abnormal q waves 
(≥3 mm deep and ≥30 ms duration [81]) in leads I, aVl, and 
precordial leads V4–V6 (Figure 48.10). There may also be 
abnormal R waves or abnormal R wave progression 
through the mid to left precordial leads. Although this 
pattern occurs in myocardial infarcts from other causes, or 
in cardiomyopathies, if found, the diagnosis of ALPACA 
should be considered and evaluated by other means. Even 
in asymptomatic adults, the resting electrocardiogram is 
abnormal, and abnormal ischemic responses occur with 
exercise [67].

I

V4R V1

(N/2) (N/2) (N/2) (N/2)

V2 V3 V4 V5 V6

II III aVR aVL aVF

Figure 48.10 Electrocardiogram in ALCAPA. 

Note abnormal q waves in leads V5 and V6, 

and also abnormal R wave progression in the 

precordial leads.
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Radiological findings
There is marked cardiomegaly, predominantly of the left 
atrium and ventricle, and pulmonary edema. These features 
are similar to those of cardiomyopathy, with which this 
anomaly is often confused.

Thallium uptake can show reduced uptake in the 
anterolateral ischemic region, but this finding has occur red 
in some patients with cardiomyopathies [82].

Echocardiography
The abnormal attachment of the origin of the LMCA must be 
sought in more than one view to avoid problems from lateral 
drop out. Doppler interrogation shows flow passing from the 
coronary artery to the pulmonary trunk, so that even if the 
attachment of coronary artery to great artery is uncertain, 
the direction of flow is diagnostic. The transverse sinus of the 
pericardium should not be confused with a normal left 
coronary artery. False negatives are rare, but one has been 
described [83]. The echocardiogram also shows the very 
large RCA and the enlarged collateral arteries. The size and 
function of the cardiac chambers, particularly the left 
ventricle, regional left ventricular wall motion abnormalities, 
and mitral regurgitation are shown. There may be increased 
echogenicity of the papillary muscle and adjacent endo-
cardium due to fibrosis and fibroelastosis.

Cardiac catheterization
This is used only if echocardiography is not definitive; it may 
cause death due to arrhythmias. An unnecessary cardiac 
catheterization however is better than missing a potentially 
treatable anomaly.

Symptomatic infants have a low cardiac output, high filling 
pressures, and usually some elevation of pulmonary artery 
pressures. In asymptomatic older patients, cardiac output is 
usually normal, but left ventricular end-diastolic pressure 
may be increased. There may be a left to right shunt at the 
pulmonary arterial level, but as the amount of shunting may 
be small its absence does not exclude the diagnosis of ALCAPA. 
Angiography reveals the dilated left ventricle and atrium with 
dysfunction of the anterolateral left ventricular free wall, and 
any mitral regurgitation. Aortic root angiography shows the 
dilated RCA and, if there are large collaterals, shows filling of 
the LCA and passage of contrast material from the LMCA to 
the main pulmonary artery. Main pulmonary arterial 
angiography often shows reflux of contrast medium into the 
origin of the LMCA. This anomaly has to be distinguished 
from the very rare anomaly of an atretic LMCA (see above).

Treatment
Initially, ligating the origin of the LCA was performed to 
 prevent the steal [69]. Most children benefit from this pro-
cedure, especially if they have extensive coronary to pulmo-
nary arterial shunting, but late sudden death can occur 
[67,84–86]. Ligation is performed off cardiopulmonary 

bypass and is quick, but the circulation cannot be supported 
if ventricular fibrillation occurs.

Ligating the origin of the left coronary artery and reconsti-
tuting flow through it with a subclavian arterial or saphenous 
venous graft has also been successful [87,88], although clotting 
or stenosis of the graft has occurred. Late obliterative changes 
in saphenous vein grafts have occurred [87] and are dangerous, 
because by ∼3 years after successful saphenous vein grafting 
for this anomaly there is usually a marked reduction of 
collaterals from the right coronary artery [89,90]. Possibly 
internal thoracic artery grafts would have longer survival.

Currently, recommendations are to reimplant the origin of 
the LMCA into the aorta (with a button of pulmonary artery 
around the origin) [91,92], or create an aortopulmonary win-
dow and then fashion a tunnel that directs the blood from the 
aorta to the left coronary ostium [93–95]. There have been 
few reports of occlusion of these nongrafted connections, and 
a short, wide connection is not likely to become occluded. 
Sometimes the tunnel procedure causes supravalvar pulmo-
nic stenosis, and may need reoperation [96]. The longer the 
follow-up period, the more the two-artery approach seems 
better than ligation or bypass grafting [85,97–101].

Occasionally the orifice of the LMCA is far from the aorta, as 
for example attachment to the non-facing sinus. Then either 
the LMCA must be connected to the aorta by an interposition 
graft or a variety of flaps [102–104], tunneled through to the 
aorta, or else connected by some other technique [65].

The mortality of surgery in the very sick infant is up to 
20%, often because of ventricular fibrillation occurring 
before the sternotomy [105], so some surgeons recommend 
the less desirable but safer simple ligation procedures (with 
or without cardiopulmonary bypass) for the sickest infants 
[105]. Recent reports indicate that satisfactory results are 
obtained in good centers with even the sickest infants 
[72,98], although postoperative support with left ventricular 
assist device (LVAD) or extracorporeal membrane oxy-
genation (ECMO) might be needed [106,107].

Late results after operation are good, even in adults. The 
heart becomes smaller, congestive heart failure abates, mitral 
regurgitation regresses, and left ventricular shortening fraction 
improves [72,78,84,95,98–102,108]. Symptoms disappear, and 
exercise tolerance is either normal or slightly reduced [109]. 
In one study, coronary flow reserve was slightly reduced 
[109]. The region of hypoperfusion shown by radionuclide 
scans may disappear or become smaller [107], suggesting 
that some ischemic tissue was hibernating. Because of the 
improvement in mitral regurgitation, mitral valve repair is 
not usually performed during the initial operation [70,72,
92,102,107]; it might, however, be required later [72].

Right main coronary artery from 
pulmonary trunk
This anomaly (termed ARCAPA) is rare, with ∼100 patients 
reported.
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Pathological anatomy
The RCA is attached to the pulmonary trunk, usually the 
anterior facing sinus, and receives many dilated collateral 
arteries from the LMCA. Myocardial infarction is rare, and 
the only grossly abnormal findings are increased size of the 
LMCA and thinning of the wall of the RCA. The RCA is usu-
ally free from atheroma, but its origin may be stenotic.

Associated lesions
This anomaly may be associated with aortopulmonary win-
dow, ventricular septal defect, tetralogy of Fallot, and a few 
other lesions [26,110]. As expected, older patients have 
fewer of these associated lesions.

Pathophysiology
This is similar to ALCAPA, with collaterals from the LMCA 
supplying the RCA, and retrograde flow from the RCA into 
the pulmonary artery. Because of the steal from the LCA, 
ischemic dysfunction of the left ventricle may occur. 
Coronary flow reserve is reduced. [111]

Natural history
This is a more benign lesion than ALCAPA (Figure 48.11). 
Sudden or early deaths are unusual, and only 10% present 
before 1 year of age [26]; 50% are diagnosed >20 years of 
age, the oldest being 90 years old [26]. About half of the 
patients are asymptomatic, but late-onset syncope or cardiac 
arrest can occur. The proportion of asymptomatic patients 
decreases with age.

Clinical findings
Most patients are asymptomatic, especially if young. Syncope, 
cardiac arrest, sudden death, angina pectoris (due to coro-
nary steal), dyspnea, and congestive heart failure have 
been described [14,110]. The youngest patient reported was 
2 months old [110]. There may be a continuous murmur at 
the left sternal border.

Electrocardiogram
This may be normal, show ischemic changes with exercise, 
or show signs of left ventricular ischemia at rest.

Echocardiography
This shows the anomalous connection of the RCA to the pul-
monary artery, and high-velocity retrograde flow from the 
RCA into the pulmonary artery. There may be left ventricu-
lar dilatation, reduced ejection fraction, and wall motion 
abnormalities in the most severely affected patients.

Cardiac catheterization and angiography
These are usually unnecessary, but confirm the echocardio-
graphic findings. The Qp/Qs ratio is seldom much elevated, 
but the proportion of cardiac output due to coronary flow is 
increased [111].

Treatment
Most patients are asymptomatic, and there is no way of 
determining which are at risk of sudden death. Some patients 
managed conservatively have done well. Nevertheless, most 
cardiologists recommend operation, especially for symptoms 
or objective evidence of myocardial ischemia. The RCA is 
reimplanted into the aortic root [112,113].

Left anterior descending or left circumflex 
coronary artery from pulmonary trunk
These anomalous attachments are rare; ∼20 of each have 
been described [114,115].

Pathological anatomy
The anomalous artery is attached to the main pulmonary 
trunk, but often an anomalous LCx is attached to a branch 
pulmonary artery. Left ventricular pathology is similar to 
that seen in ALCAPA, but usually less extensive.
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Pathophysiology
This is similar to that described for ALPACA, with similar 
dependence of left ventricular wall flow on pulmonary arte-
rial pressure and the adequacy of collateral formation from 
the normally attached coronary arteries.

Natural history
This is better than that for ALCAPA (Figure 48.11). Apart 
from a 7-month-old child who died with an anterior 
myocardial infarct, all the others have been from 7 to 55 
years old. Seven had angina pectoris, one an anterior 
myocardial infarct, and one had mitral regurgitation from 
papillary muscle dysfunction. One 9-year-old child died 
suddenly. Congestive heart failure is uncommon.

Clinical features
Most patients had exertional dyspnea, chest discomfort, or 
frank angina of effort, but many were asymptomatic and 
detected by chance. Precordial murmurs were common, but 
there were no specific physical findings.

Electrocardiogram
Most patients had electrocardiographic evidence of ischemia 
at rest or after exercise, with the site of ischemia depending 
on the involved artery.

Cardiac imaging
X-rays were normal in about half of the patients and showed 
mild cardiomegaly in the rest. MRI done in a few patents 
was diagnostic. Thallium studies with exercise may reveal 
silent ischemia.

Cardiac catheterization and angiocardiography
These studies are usually unnecessary if the other imaging 
tests are adequate.

Management
Surgical treatment is recommended even in asymptomatic 
patients because of the risk of late ischemia. The best choice 
is reimplanting the anomalous artery into the aorta, but 
there may not be enough length for this to be done without 
tension. The alternatives are to ligate the artery, connect it to 
the aorta with an interposition graft, or ligate the proximal 
portion and perform a coronary bypass graft to the distal 
portion [14,115].

Disorders of structure or distribution

The coronary arteries can be involved in many forms of gener-
alized systemic disease, for example, Kawasaki disease (Chapter 
63), systemic lupus erythematosus (Chapter 69), and infantile 
polyarteritis nodosa (Chapter 69). These will not be discussed 
further here, but certain other abnormalities will.

Calcific arteriopathy of infancy
Fewer than 100 patients have been reported [116].

Pathology
This disease affects mainly the muscular arteries: coronary 
arteries in 90% of patients, and renal, pancreatic, and splenic 
arteries in 50%. The internal elastic lamina fragments, and 
then calcification begins there and extends to the media, 
where large calcium clumps form and destroy the muscle. 
Intimal connective tissue proliferation occurs and eventually 
occludes the lumen [117]. We do not know if there is a single 
etiology or several different processes with common end 
results [118]. The disease is unrelated to chronic renal disease, 
hypervitaminosis D, hyperparathyroidism, and HIV infection, 
or trisomies 13–15 and 17–18, all of which can show arterial 
calcification. An inherited genetic disease associated with 
elastin formation has been suggested because several sets of 
siblings with the disease have been described [119]. Arterial 
thromboses may occur, but spare the cerebral arteries [117].

Clinical features
The patients present in congestive heart failure by about 
2 months of age, and may have signs of myocardial ischemia 
and infarction; less often, they have renal failure and hyper-
tension [117,120]. Diagnosis is made by palpating hardened 
superficial arteries in the neck and limbs, finding calcified 
arteries on X-ray [121,122], and sometimes by ophthalmos-
copy. Most infants die before 6 months of age, but some 
improve spontaneously [117,122,123]. Diphosphonates 
have been used therapeutically but their effectiveness has 
not been proved [119,124].

Myocardial infarction
Myocardial infarction in the fetus or neonate is rare 
[125,126].

Etiology
Many infarcts are probably due to intrauterine emboli from 
umbilical, hepatic, or renal veins [125,126], some to coronary 
arteriopathy [117], a few to severe intrauterine hypoxia and 
stress, and a few to coagulopathies, but most to unknown 
causes. Some unusual causes are the antiphospholipid syn-
drome; collagen vascular diseases, especially systemic lupus 
erythematosus; takotsubo cardiomyopathy after severe 
emotional distress; Kounis syndrome (allergic anaphylactoid 
angina) [127]; hyperlipoproteinemia; and Kawasaki syndrome 
(see Chapter 63). Occasionally, they occur from postnatal 
paradoxical embolism, or embolism from material extruded 
from cardiac catheters, particularly after several changes of 
guide wires [128]. The risk of coronary embolism may be 
particularly high in children with cyanotic heart disease. If 
there is an infarct, it is essential to exclude an anomalous 
coronary artery arising from the pulmonary artery.
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Diagnostic features
The children present with angina pectoris and often have 
congestive heart failure or shock. Electrocardiography shows 
evidence of infarction, and echocardiography demonstrates 
the left ventricular dysfunction. Thallium studies confirm 
regional ischemia. Because of its rarity, most children with 
myocardial infarction come to cardiac catheterization and 
angiography.

Treatment
Pediatric cardiologists see myocardial infarction so rarely 
that they should consult an adult cardiologist about the use 
of thrombolytic agents.

Coronary aneurysms
These have been found in 1–5% of coronary angiograms, 
the difference depending in part on the definition of an 
aneurysm; the usual definition is a localized dilatation with 
diameter >50% of the adjacent segments or the patient's 
largest coronary artery [129,130]. Possible causes are listed 
in Table 48.2.

The most common cause in children is Kawasaki syndrome 
(see Chapter 63), and in adults aneurysms are associated 
with coronary atherosclerosis. All other causes are rare. 
Aneurysms are usually found while investigating other 
problems. Occasionally, they appear on X-ray because of 
calcification. They are shown well by imaging techniques, 
usually echocardiography or angiography, but better details 
are often seen with MRI or CT.

Apart from problems pertaining to the underlying disease, 
aneurysms may thrombose and cause either coronary 

 stenosis or distal coronary embolism, with resulting 
myocardial ischemia or infarction. Rupture is rare [132]. 
Treatment ranges from nothing to antiplatelet medication, 
thrombolytic agents for acute thrombosis, coronary bypass 
grafting for occlusive disease, and even excision of the 
aneurysm [132].

Myocardial bridges
The large epicardial coronary arteries are superficial, with 
only their terminal branches penetrating the muscle, but in 
40–50% of people, part of an epicardial artery dips beneath 
the epicardial muscle (the muscle bridge) for several 
millimeters [133,134]. These bridges are probably present at 
birth. Most are over the LAD, predominantly its proximal 
half [134,135]. In ∼75%, the LAD runs in the interventricular 
groove and may be covered by a few superficial bridging 
muscle fibers; in 25%, the LAD deviates towards the right 
ventricle and runs deep in the ventricular septum, where it 
is crossed by a bundle of muscle extending from the right 
ventricular apex to the septal muscle [135]. Most bridges are 
not functionally important, particularly if they are superficial. 
There are, however, reports of myocardial ischemia [135], 
infarction [136], or even death [137] associated with them, 
and of relief of ischemia after myotomy. Symptoms may 
occur if the bridge is abnormally long or deep, especially if 
the RCA is small [138].

During coronary angiography, a portion of the coronary 
artery appears to be narrowed in systole but widely patent in 
diastole [133,135].

Because myocardial bridges are so common and do not 
necessarily indicate present or future coronary arterial 
disease, the decision about myotomy to relieve anginal 
symptoms depends on demonstrating ischemia, based on 
lactate production in the regional vein, electrocardiographic 
changes, or deficient thallium uptake. Ischemia more likely 
occurs with long, thick bridges that compress the artery and 
relax unusually slowly so that diastolic filling beyond the 
bridge is impaired. Disappearance of symptoms and signs of 
ischemia may follow myotomy. Some patients obtain relief 
from anti-anginal therapy with β-adrenergic blockade. 
Myocardial bridges causing ischemia are rare in children; 
they are more common in children with ventricular 
hypertrophy, particularly hypertrophic cardiomyopathy 
[139,140].

Coronary atherosclerosis and atheromatosis
This is one of the major epidemic diseases of the developed 
world. Although precursors of coronary atherosclerosis 
appear in early childhood (see Chapter 65), the full-blown 
disease is rare in childhood. The most common causes of 
severe coronary arteriosclerosis in children are secondary to 
Kawasaki disease and to homozygous familial hypercholes-
terolemia; heterozygotes for familial hypercholesterolemia 
are also at risk. Children who have had heart transplants 

Table 48.2 Etiologies of coronary arterial aneurysms.

1. Congenital

2. Atherosclerotic

3. Inflammatory and infectious causes:

a. Kawasaki syndrome

b. Syphilis

c. Mycotic

d. Infective endocarditis

4. Trauma, including PTCA

5. Connective tissue disorders:

a. Marfan syndrome

b. Ehlers–Danlos syndrome

6. Vasculitides:

a. Takayasu arteritis

b. Polyarteritis nodosa

c. Scleroderma

d. Systemic lupus erythematosus

7. Miscellaneous: Osler–Rendu–Weber disease, metastatic tumor

Modified from Smith et al. Cathet Cardiovasc Diagn 1984;10:583–91.
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are at risk for diffuse coronary artery vasculopathy as a 
 manifestation of rejection. Other causes include the rare 
Hutchinson–Gilford syndrome (progeria).

Disorders of termination: fistulas between 
coronary arteries and cardiac chambers, 
venous vessels, or pulmonary arteries

A normally originating coronary artery may have a precapil-
lary connection with the atria or ventricles (coronary–cameral 
fistula) or the coronary sinus, superior vena cava, or pulmo-
nary artery (coronary–arteriovenous fistula). These anoma-
lies constitute 0.2–0.4% of all congenital cardiac anomalies 
[60,141], with similar incidences in males and females. They 
are observed in 0.08–0.18% of routine coronary angiograms 
in adults, and make up 8–13% of the congenital coronary 
arterial anomalies observed in these studies [4,5].

Embryology
Persistence of wide intertrabecular spaces in the primitive 
myocardium could lead to coronary–cameral fistulas [142]. 
On the other hand, fistulas from coronary arteries to pulmo-
nary or bronchial arteries, or the very common tiny com-
munications between the coronary arteries and the 
pericardial, diaphragmatic, or mediastinal arteries [12] or 
even the superior vena cava, are probably communications 
between the primitive coronary arteries and the mediastinal 
plexus of vessels.

Anatomy and pathology
About 55–60% of the fistulas arise from the right coronary 
artery and ∼5% arise from more than one coronary artery 
[143]. About 90% drain into the lesser circulation 
[60,141,143]: the right ventricle in 40%, the right atrium or 
venae cavae in 22%, and pulmonary artery in 30%. About 
1.4% enter the coronary sinus, 5.5% enter the left ventricle, 
and 1.5% enter the left atrium [143]. Occasionally a com-
plex fistula drains into several sites. The pulmonary artery is 
a favored site of entry of small fistulas, and most bilateral 
fistulas enter the pulmonary artery [144].

The fistulous coronary artery may be very small, particu-
larly if it arises from the distal part of the artery [145], or 
may be dilated up to 40 mm in diameter and tortuous, with 
variations of diameter along its length. Sometimes there are 
bundles of small vessels rather than one large fistula. The 
fistula enters the affected chamber by one or several open-
ings; occasionally plexiform lesions are seen. Saccular aneu-
rysmal dilatation of the fistula can be seen, and these 
aneurysms are thin walled and often gigantic; some of the 
largest measured 14 × 12 × 11, 15 × 15 × 10, 8 × 10 × 22, and 
17 × 23 × 14 cm. All these giant aneurysms were described in 
patients over 50 years of age [143].

Associated anomalies
Other congenital cardiac lesions can coexist [60,146], but 
most coronary artery fistulas are isolated. Connections 
between myocardial sinusoids and coronary arteries in pul-
monary atresia with an intact ventricular septum carry blood 
into, not away from, the coronary arteries.

Pathophysiology
Small fistulas have no hemodynamic effect. A large fistula, 
however, causes a left-to-right shunt great enough to cause 
congestive heart failure. When a fistula enters the low-pres-
sure lesser circulation, the shunt is continuous in systole and 
diastole. When it enters the left ventricle, the shunt is exclu-
sively diastolic. A significant run-off through the fistula may 
reduce flow through more distal arteries, and cause a coro-
nary steal and myocardial ischemia [147,148].

Natural history
Fistulas may be detected at any age from birth to the ninth 
decade [143]. Under 1 year of age, and particularly under 
1 month of age, most patients are symptomatic. From 1 to 20 
years of age, most are asymptomatic and detected by either 
a prominent murmur or an echocardiogram done for another 
diagnosis. After 20 years of age, ~75% of these patients are 
symptomatic. Asymptomatic coronary fistulas are uncom-
mon in adults.

Because huge aneurysms are found only after 50 years 
of age, the lesion may progress, at least in some patients. 
However, very small fistulas, usually between a coronary 
artery and the pulmonary artery, may never increase 
in size or cause hemodynamic problems. Fistulas may, 
however, develop infective endocarditis [143], which 
usually occurs only in large fistulas. Spontaneous closure 
of fistulas has been described in >40 patients [143], 
possibly due to infection in some. Most closed at <15 years 
of age, and in several series of patients, spontaneous 
closure occurred in ∼13%. Larger fistulas may cause 
congestive heart failure, dyspnea, fatigue, angina pectoris 
due to a coronary steal or to accelerated atherosclerosis, or 
rarely myocardial infarction. They rarely rupture [60,149], 
which is surprising in view of the massive aneurysmal 
dilatation of these thin-walled fistulas. Thrombotic 
occlusion has caused acute myocardial infarction, but 
rarely in children [26].

Clinical features

History
Those with small fistulas are asymptomatic, but the shunt 
can be so large that congestive heart failure occurs [60]. 
Symptoms are rare before 20 years of age [150], but in young 
adults, atrial fibrillation, fatigue, exertional dyspnea, or 
ischemic chest pain may appear, and myocardial infarction 
has been reported [150]. Angina pectoris is rare in children 
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but present in 80% of these patients >50 years of age [151], 
due to either coronary atherosclerosis or a coronary steal. 
About 10% of these patients present with infective endo-
carditis, even in children [146,152,153].

Physical findings
The cardinal finding is a continuous murmur resembling 
that of a patent ductus arteriosus but often sounding unusu-
ally superficial. The murmur is usually heard best at the mid 
left or right sternal border, or even the lower sternal border, 
but may be heard at the upper left sternal border, particu-
larly if the fistula enters the pulmonary artery. The murmur 
often is louder in mid-diastole than mid-systole when the 
fistula enters the right ventricle. There may be a thrill, but 
not if the fistula enters the posterior part of the heart. 
Continuous murmurs are not heard when the fistula drains 
into the left ventricle, and fistulas can be silent. Other fea-
tures include signs of a large left-to-right shunt, congestive 
heart failure, and occasionally an accentuated pulmonary 
valve closure.

Electrocardiography
The electrocardiogram is normal with small shunts, shows 
evidence of chamber enlargement and hypertrophy with 
large shunts, and occasionally shows evidence of myocardial 
ischemia.

Radiology
The heart may be normal, or affected chambers are enlarged 
with increased pulmonary vascular markings due to a large 
left-to-right shunt. Occasionally, an unusual soft tissue shadow 
seen on a heart border indicates the tortuous dilated fistula.

Nuclear medicine studies may indicate regional myocar-
dial ischemia, but cannot exclude coronary atheroma as the 
cause. MRI [154,155] or multidetector CT [156] define these 
fistulas well.

Echocardiography
Echocardiography with Doppler studies shows the dilated 
parent artery and the fistula, including its entry into the 
chamber or vessel. Transesophageal echocardiography has 
been valuable in large patients [157]. Wall motion abnor-
malities on exercise indicate myocardial ischemia, but not its 
cause.

Cardiac catheterization and angiography
Although echocardiography, MRI, and multidetector CT 
scanning make the diagnosis, cardiac catheterization and 
angiography are often needed to show fine details of fistula 
drainage. Because many fistulas are closed by interventional 
methods, cardiac catheterization is a necessary preliminary 
procedure.

Treatment
Two comprehensive reviews should be consulted [145,158].

All patients with symptoms probably should have definitive 
treatment [158], although some older patients with mild 
angina pectoris have been managed successfully con-
servatively, with or without with β-blockers. A large fistula, 
however, should be closed to prevent infective endocarditis, 
congestive heart failure, myocardial ischemia or infarction, 
or the occasional rupture. With increasing age, symptoms 
increase, as do the complications of surgery; the complication 
rate was 23% >20 years of age and 1.5% for younger 
patients [151].

Until recently, closure was surgical. The fistula must be 
ligated near its origin and also near its entrance to the cardiac 
chamber where there may be multiple entries. Distal ligation 
alone may be followed by re-establishment of the fistula by 
collaterals that bypass the site of ligation. Proximal ligation 
risks ischemia in the territory supplied by normal branches 
of the fistulous artery. Although surgery can usually be 
performed without cardiopulmonary bypass, it is often 
necessary to open the cardiac chamber to find and ligate the 
points of entry. The risks of surgery are not negligible in 
older patients: myocardial ischemia or infarction, thrombosis 
of the parent coronary artery, rupture of the fistula, and 
ventricular fibrillation have been reported [60]. Surgical 
mortality, however, is <1% even in older and sicker patients 
or those with associated cardiac disease.

The long-term results of surgery are excellent, with 95% of 
the patients being asymptomatic; residual shunts or recanali-
zation are rare, as is death associated directly with the fistula.

Because >90% of these fistulas enter the right side of the 
circulation, they are candidates for closure by interventional 
catheterization without risking systemic embolization 
[159–162]. Devices used include various types of coils and 
plugs. Occasionally, small or multiple fistulas are closed 
by micro embolization with 300–500 μm diameter poly(vinyl 
alcohol) foam particles [163] or rapidly solidifying glues 
(cyanoacrylates) or plastics [164]. In some patients, a covered 
stent allowed closure of fistulous side branches without 
compromising flow to the more distal myocardium [165,166].

During the procedure, the operator usually occludes the 
fistula with a balloon for up to 10 min to make sure that 
occlusion does not produce ischemia. If it does, then an 
individual decision to proceed or not must based on the need 
for closure and the magnitude of the ischemia.

As compared with surgical closure, device closure has a 
slightly higher incidence of residual shunts, but this inci-
dence is still <10%. Thrombosis of the fistula extending into 
the normal artery and causing an infarct occasionally occurs. 
Recanalization after device closure has not been described, 
but reconstitution of the fistula from small, previously 
 undetected branches can occur. The proximal part of the 
 fistula may remain dilated, especially in older patients.
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There is little guidance for treatment of small fistulas in 
asymptomatic patients. Many of the small coronary to 
pulmonary artery fistulas cause no symptoms and may not 
enlarge. These do not have to be closed, but ought to be 
followed at least annually to determine if they are enlarging. 
Even if they do not enlarge, there is a risk of infective 
endocarditis, although this is rare in childhood. It seems 
reasonable to observe them for several years because some 
small fistulas may close spontaneously. However, Latson 
[158] recommended closure of all fistulas that were still 
clinically apparent after 3–5 years of age.
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Introduction and historical background

Pulmonary arterial sling (PAS) is a congenital anomaly of the 
left pulmonary artery (LPA), where the LPA arises extraperi-
cardially from the proximal portion of the right pulmonary 
artery (RPA), passes posteriorly over the right main bronchus, 
around the right side of the distal trachea, and then courses to 
the left lung between the distal trachea and the esophagus 
and anterior to the descending aorta to the left hilus 
(Figure 49.1). The ductus arteriosus (DA) or the ligamentum 
arteriosum (lig. art.) passes from the descending aorta along 
the left side of the trachea to the end of the main pulmonary 
artery (MPA) at the level of the bifurcation. Hence together 
the DA or lig. art with the LPA form a sling, compressing the 
distal trachea and the right or both main stem bronchi.

PAS was first reported 1897 by Glaevecke and Doehle [1]. 
The first successful operation for this anomaly was published 
1954 by Potts et al. [2].

Incidence and genetics

PAS is rare. Within the 40 years from 1947 to 1987, only 
nine patients with PAS were described [3,4]. In the last 20 
years, however, nearly 200 patients have been reported. 
The male-to-female ratio is about 1.5:1 [5,6]. One report of 
PAS in identical female twins is – as far as we know – the 
only report of familial occurrence of PAS [7]. Association of 
22q11 deletion, trisomy 18 and Mowat–Wilson syndrome 
have been described in patients with PAS [8–10].

Embryology

The embryologic basis of PAS is unknown, but has been 
 postulated to result from abnormal development of the 

proximal segments of the left sixth aortic arch [11], leading 
to the RPA (derived from right sixth aortic arch) vascular-
izing the undivided primitive lung. With separation of the 
primitive lung buds, a branch of the RPA passes to the left 
lung behind the tracheobronchial tree and becomes the 
LPA. The anterior segment makes no link to the developing 
vascular plexus of the left lung or else resorbs after the 
 connection [11].

A partial left pulmonary artery sling is rare, with a normal 
LPA supplying the left upper lobe and an anomalous compo-
nent arising from the RPA and crossing to the left, behind 
the airway, supplying the left lower lobe [12]. Airway 
obstruction also occurs in partial PAS.

Pathologic anatomy and major 
associated anomalies

The LPA and the ductus ligament form a vascular ring, which 
compresses the right main bronchus (RMB) and the distal 
trachea [7,11], leading to tracheomalacia [13–15]. In 30–70% 
of the patients, complete cartilaginous rings of the trachea 
can be found [5,13,15–18]; the tracheal cartilage is not “U” 
shaped with a dorsal pars membranacea, but there is a com-
pletely closed ring of the cartilage (“O” shape). As a result, 
the trachea cannot grow in relation to the child’s growth. 
Increasing airway obstruction and dyspnea result.

Other frequent anatomic findings are the origin of the 
right pre-eparterial bronchus from the trachea (bronchus 
suis) or a bridging bronchus (BB), arising from the left main 
bronchus, crossing the mediastinum to the right, supplying 
the right middle and lower lobes of the right lung.

Two forms of PAS are generally distinguished: type IA and 
B and type IIA and B (Figure 49.2) [18]. In type IA, there is 
a basically normal bronchial branch pattern and the sling 
(LPA) passes posteriorly above the RMB and behind the 
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 carina or lower trachea. By imaging techniques the carina 
projects on vertebral level T4–T5 with normal tracheobron-
chial angles. Type IB resembles type IA, but there is a bronchus 
suis, the sling LPA passes to the left between the RMB and 

bronchus suis and behind the carina or lower trachea, the 
carina projecting on T4–T5 as in type I A.

In type IIA and B, a BB has a horizontal course from the 
LMB to the right middle and lower lobe the origin of the BB 
from the LMB (pseudocarina) projects on vertebral level T6. In 
type IIA, there is a right tracheal bronchus (bronchus suis) for 
the upper lobe, projecting as a true carina on T4–T5. Type IIB 
resembles type IIA, but the right tracheal bronchus is absent 
and the right lung may be hypoplastic. The sling LPA passes 
above the BB and behind the LMB to the left. Patients with 
PAS type II regularly show tracheal and LMB stenosis and 
abnormal tracheal and left main bronchial  cartilage rings [18].

Associated cardiovascular anomalies

Approximately half of patients have additional congenital 
heart defects: patent ductus arteriosus, atrial or ventricular 
septal defect, and persistent left superior vena cava. Rare 
associations are tetralogy of Fallot, atrioventricular septal 
defect, coarctation of the aorta, complete transposition, 
truncus arteriosus, scimitar syndrome, and single ventricle.

Miscellaneous associated 
non-cardiovascular anomalies

Occasionally, patients with imperforate anus and PAS have 
been reported, including the triad of imperforate anus, secun-
dum ASD, and persistent left superior vena cava. Absent gall 
bladder was associated in four patients, one combined with 
an imperforate anus. Additional less frequent associations 
are with trisomy 21 and 18, Apert sydrome, Goldenhar syn-
drome, diaphragmatic hernia, and Hirschsprung’s disease.

Pathophysiology

Tracheal and bronchial compression occur as the LPA passes 
posteriorly and caudally to the RMB and to the left behind the 
trachea. The course of the anomalous LPA to the right of the 
trachea deviates the lower trachea to the left, compressing the 
RMB and lower trachea. This causes airway obstruction that 
primarily affects the right lung, although compression of the 
lower trachea and left mainstem bronchus can result in bilateral 
obstruction. Compression caused by the sling produces obstruc-
tive emphysema, atelectasis of the right and left lungs, or both.

Natural history

Because pulmonary artery sling is rare, its natural history 
remains poorly defined. At least 65% have symptoms within 
the first year, and 85% by 10 years, but a few asymptomatic 
adults have been described.
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Figure 49.2 Tracheobronchial arborization disorders associated with 

sling left pulmonary artery (see text). The large black dot indicates the 

location of the sling relative to the tracheobronchial tree. (Modified 
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Clinical features

Clinical history
If the trachea is nearly normal and not constricted, patients 
with PAS can be asymptomatic for a long time. More frequently, 
the sling is narrow and causes respiratory obstruction soon 
after birth with expiratory and/or inspiratory stridor and 
tachypnea leading to emergency intubation. Up to 90% 
of patients become symptomatic within the first year of life 
[5] with tachypnea, dyspnea, stridor, apnea, wheezing, and 
hypoxemic attacks with intermittent cyanosis [17]. 
Hypoplasia or compression and stenosis of the distal trachea 
or of RMB and LMB may lead to unequal aeration with 
obstructive emphysema of parts of the lungs, especially of 
the right upper lobe [19].

Physical examination
Significant findings on history and physical examination 
relate either to associated structural heart disease or to res-
piratory symptoms. In mild forms of PAS, history and physi-
cal examination findings are normal. Symptoms and signs of 
severe respiratory distress or stridor should raise suspicion 
for this diagnosis. Intercostal retractions may be evident. 
Prolonged expiratory phase of respiration may be heard.

Electrocardiographic features
There are no specific electrocardiographic features in patients 
with PAS.

Chest X-ray
The chest X-ray may show an overaeration with hyperex-
pansion of the right lung in 25–30% of patients and of the 
left lung in 4%, with displacement of the mediastinum and 

the distal trachea to the contralateral (mainly the left) side 
[4,5,16–18]. If displaced to the right side, hypoplasia or 
aplasia of the right lung has to be considered, as it may be 
associated with PAS. Dextrocardia with situs solitus also 
associated with PAS must be considered in the differential 
diagnosis. Viral or bacterial infections may lead to dys-
telectasis, atelectasis, or to lobar emphysema in ∼28% of 
patients [20,21]. With more heavily penetrated X-rays taken 
in the AP projection, narrowing of the distal trachea from 
the right side and in the lateral view from behind can be 
seen in 77% of patients.

A horizontal course of the RMB and LMB (“inverted T-sign”) 
and a lower than normal bifurcation on the vertebral level 
T5–T6 are typical radiographic signs of PAS (type II), but a 
classification based on the level of the carina is difficult because 
of different X-ray projections and different air contrast. The 
position and angles of the carina vary with respiratory cycle, 
diaphragm level and age.

Barium-filled esophagram
Barium-filled esophagram is the diagnostic procedure of 
choice and shows an anterior indentation of the esophagus 
at the level of the bifurcation of the trachea and the fifth 
dorsal vertebra (Figure 49.3) [20,22]. Anterior esophageal 
indentation is rare with any other type of vascular ring.

Echocardiography
Echocardiography demonstrates the absence of normal pul-
monary artery bifurcation and the anomalous origin of the 
left pulmonary artery from the proximal right pulmonary 
artery [4,23,24], if there are satisfactory suprasternal, par-
asternal, or subcostal windows. Overaeration of the lungs, 
however, often makes echocardiography difficult. Antenatal 
detection of PAS has been reported by ultrasound, revealing 
an echogenic right lung from stenosis of RMB [25].

(a) (b)

Figure 49.3 (a) Bronchography confirming a 

bridging bronchus (BB), originating after a 

short distance from the left main bronchus 

(MB). (b) Multidetector computed tomography 

showing the same BB. RL, right upper lobe. 

(Modified from Baden W, Schaefer J, Kumpf 

M, et al. Eur Respir J 2008;31:1125–31, with 

permission from the European Respiratory 

Society.)
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Cardiac catheterization and angiography
Diagnosis of PAS can usually be established noninvasively. 
Pulmonary artery angiography can delineate anatomic details 
prior to surgical correction. Angiography permits diagnosis 
of variations of the blood supply into the left lung present in 
some patients. The PAS can be best detected in an anterior–
posterior or left-anterior view with cranial angulation.

Other imaging modalities

Assessment of the trachea
Because of the high incidence of tracheal anomalies other 
than from simple compression by the sling, complete assess-
ment of the trachea should be undertaken. This should include 
bronchoscopy and at least one other mode of imaging to 
delineate the severity and extent of tracheal stenosis. This 
may include computed tomographic scanning or magnetic 
resonance imaging.

Tracheobronchoscopy is important to exclude associated tra-
cheobronchial anomalies, that is, a complete ring or stenosis 
of the trachea. In PAS, external dorsal compression of the 
trachea and compression with pulsations of the right main 
bronchus (RMB) can be seen. In addition, cartilaginous 
rings, stenosis of the trachea and the RMB, and abnormal 
branching of the bronchi can be detected (Figure 49.3). 
Tracheobronchography with water-soluble contrast is some-
times necessary for long-segment stenosis. Bronchography 
can produce spectacular imaging of tracheal stenoses but is 
generally reserved for children who are also undergoing 
angiography to define vascular anatomy, if unclear from 
echocardiography alone, or associated cardiac problems.

Multidetector computed tomography (MDCT) allows accurate 
quantitation of the tracheal luminal diameter and area at 
various levels and demonstrates complete rings. It is pre-
ferred by some centers because of the high quality of the 
images and short acquisition time, but the radiation dosage 
is not negligible [26].

With magnetic resonance imaging (MRI), the PAS can be 
diagnosed accurately (Figure 49.4) and noninvasively without 
radiation exposure [27,28]. MRI is considered the imaging 
technique of choice to diagnose PAS. However, MRI requires 
anesthesia, especially in newborns and infants, is expensive, 
and the acquisition is time consuming.

Differential diagnosis
Other forms of vascular rings, aortic arch anomalies, and res-
piratory disorders have to be excluded: bronchogenic cysts, 
lobar emphysema, which can occur even in patients with 
PAS and with coexisting congenital heart defects [29], and 
especially foreign body aspiration. Dextrocardia and meso-
cardia with underdevelopment of the right lung are associated 
with PAS [4]. Dextrocardia without PAS may also be associated 
with airway obstruction due to normally related, but deviated, 
great vessels [30].

Management

Medical
Medical care is only supportive until the patient can undergo 
operation. Hypoxemia and respiratory distress should be 
treated with supplemental oxygen and endotracheal intuba-
tion if indicated. Pneumonia should be treated with appropri-
ate antibiotics, but respiratory tract infections may be difficult 
to clear completely before operation because of the difficulty 
in adequately clearing secretions. Infants without airway 
obstruction and with minimal symptoms may not require an 
operation, but this is an exception.

Surgical
Surgery is reserved for children with respiratory symptoms 
from the sling – the majority of children with PAS. In 1954, 
Potts and associates described an approach to a PAS through 
a left thoracotomy with division and translocation of the 
LPA anterior to the trachea and reimplantation [2]. 
Frequently, narrowing or occlusion of the LPA has been 
observed [2,13,31], especially if the LPA was small and 
hypoplastic or if the anastomosis was under stretch or 
kinked. The operative mortality has been reported to be as 
high as 50% [2,13,31,32].

In the early 1980s, repair by reimplantation of the left 
pulmonary artery was performed through a median 
 sternotomy using cardiopulmonary bypass. None of the 
 previous techniques had dealt directly with the frequently 
associated tracheal stenosis. Although primary repair of 
the tracheal anomaly had been suggested previously, it 
had not been attempted because of fear of early and late 
tracheal anastomotic problems in the infant. Improved 
cardiopulmonary bypass techniques, improved sutures, 
greater familiarity with microvascular techniques, and 
improved perioperative management strategies [33] have 
decreased the risk of tracheal anastomosis in infants [34]. 
Tracheal resection is currently considered an integral part 
of the repair when the sling is associated with significant 
localized tracheal stenosis [35–41]. Preoperative studies 
must identify the details of tracheal compression. Simple 
compression stenosis of the carinal region may be relieved 
by translocation of the left pulmonary artery. Localized 
anatomic stenosis of the trachea (generally associated 
with complete tracheal rings in this area) is best dealt 
with by tracheal resection and anterior translocation of 
the left pulmonary artery. Finally, diffuse and severe nar-
rowing of the trachea related to complete tracheal rings 
may necessitate an extensive tracheoplasty procedure in 
addition to relocation of the left pulmonary artery 
[12,33–39]. Because of associated tracheomalacia,  tracheal 
stenosis, and/or bronchial stenosis, postoperative symp-
toms of  airway obstruction are common, but may resolve 
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 gradually with time. Left pulmonary artery  stenosis may 
occur and can progress.

Long-term history of treated 
and untreated adults

Surgical survivors may be free of significant symptoms at 
long-term follow-up. Because many patients demonstrate 
some degree of persistent airway obstruction, they should 
be closely observed for both airway and pulmonary artery 
complications.
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Introduction

Malposition of the heart is a nonspecific term used to  indicate 
an abnormal position of the heart within or outside the tho-
rax. It gives no specific information about cardiac structure, 
such as atrial situs, ventricular arrangement, or position of 
great arteries.

Levocardia indicates a left-sided heart and is the normal 
position of the heart in individuals with situs solitus; dextro-
cardia indicates a right-sided heart and is the normal position 
in individuals with situs inversus; mesocardia is the midline 
position of the heart in the thorax. Ectopia cordis is the mal-
formation in which the heart is outside the thorax.

Cardiac position is genetically determined and is usually con-
cordant with the ventricular loop; exceptionally, it is discordant.

The embryologic events that result in D-ventricular 
 looping also usually result in levocardia, whereas events 
producing L-ventricular looping usually result in dextrocar-
dia. When there is concordance between the visceroatrial 
situs and the position of the heart in the thorax (levocardia 
in a D-loop and dextrocardia in an L-loop), the pivoting of 
the ventricle has been complete. On the other hand, the piv-
oting of the heart is incomplete when discordance between 
the situs and the position of the heart occurs, resulting in 
malposition. With atrioventricular discordance, either in 
situs solitus or in situs inversus, the pivoting of the heart is 
more often incomplete, resulting in varying cardiac position 
(levocardia, dextrocardia, mesocardia). The same concept 
may be applied to patients with asplenia/right isomerism 
and polysplenia/left isomerism. However, because of ambig-
uous atrioventricular connections. these conditions preclude 
 designated situs and therefore a concordant or discordant 
loop. It is not surprising to find a high prevalence of cardiac 
malposition in situs ambiguus.

The classification of cardiac malposition is difficult, and 
few discussions have been more controversial than those 
about the nomenclature of complex cardiac malformations 
[1–9]. Diagnosis is enhanced by a segmental approach to 
diagnosis [1,6,8,9] of patients with complex cardiac anoma-
lies and in particular children with malposition of the heart. 
Because intracardiac anomalies frequently coexist in cardiac 
malpositions, segmental analysis is essential to understand 
and describe the cardiac anatomy. Three segments must be 
considered: (1) atrial situs, (2) ventricular position and con-
nection to the atria, and (3) position of great arteries and 
connections to the ventricle.

Atrial situs

The first step to understanding the morphology of a heart is 
determining visceroatrial situs. The left–right orientation of 
the abdominal organs and of the hearts in vertebrates is a 
nonrandom and highly conserved phenomenon controlled 
by several genes [10–23].Visceroatrial situs refers to the rela-
tionship between the abdominal viscera and the cardiac 
atria. The three types of visceroatrial situs are situs solitus 
(normal), situs inversus (mirror image of normal), and situs 
ambiguus (similar anatomy of both atria).

Situs solitus
Visceroatrial situs solitus is the usual pattern present and 
 frequently occurs with malformed hearts. In situs solitus, the 
major lobe of the liver, the inferior vena cava, and the ana-
tomic right atrium are on the right side of the body, as is the 
trilobed lung and the eparterial bronchus. The stomach, the 
spleen, the descending aorta, and the anatomic left atrium 
are on the left side of the body, as is the bilobed lung and 
hyparterial bronchus.
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In individuals with situs solitus, the heart is usually in the 
left hemithorax. Cardiac malposition in situs solitus includes 
dextrocardia and mesocardia.

Situs inversus
Situs inversus is the mirror image of situs solitus so that the 
major lobe of the liver, the inferior vena cava, and the ana-
tomic right atrium are on the left side of the body, as is the 
trilobed lung and eparterial bronchus. The liver, descending 
aorta, anatomic left atrium, bilobed lung, and hyparterial 
bronchus are on the right side of the body.

The heart in situs inversus is in the right hemithorax 
 (dextrocardia), but the cardiac mass may also be “malposed” 
to the left side.

Situs inversus may be associated with Kartagener syn-
drome, including bronchiectasis and primary ciliary dyski-
nesia [10–14].

Situs ambiguus
In any arrangement other than situs solitus or situs inversus, 
there is random orientation of different organs, a pattern 
defined as situs ambiguus or heterotaxy and some causative 
factors have been identified [24–40].

Situs ambiguus consists in all abnormalities of lateraliza-
tion that show anomalous relationships and unpredictable 
anatomic relationships between major organs.

Altered left–right asymmetry is accompanied in >90% of 
instances by severe cardiac malformations and frequently with 
cardiac malposition, such as mesocardia or dextrocardia.

Other organs, such as the liver, spleen, and intestine, show 
abnormal morphology and position. In patients with hetero-
taxy, the genetic message of visceral asymmetry is completely 
or partially lost and morphologic symmetry of some organs, 
such as atrial appendages, bronchi, and lungs, is common 
This aspect prompted some authors to define these condi-
tions as atrial isomerism or isomerism [33,34] of the atrial 
appendages [36,39,40]. Other investigators [35,37,38,41], 
although affirming the concept of isomerism as it relates to 
the heart, believe that it has never been biologically proved, 
is diagnostically difficult to assess, and is surgically irrelevant. 
Two forms of situs ambiguus, however, have been defined 
according to the status of the spleen and the morphology of 
the atrial appendages, bronchi, and lungs [30–32].

The first subtype of situs ambiguus is the asplenia syndrome 
with right isomerism of atrial appendages. In this type of het-
erotaxy, the spleen is absent (asplenia) and the atrial append-
ages, bronchi, and lungs tend to be mirror images of each 
other and to show the anatomic features of the right-sided 
structures (right isomerism) [33–40].

The second subtype of situs ambiguus is the polysplenia 
 syndrome with left isomerism of atrial appendages. In this type 
of heterotaxy, two or more splenic masses (polysplenia) are 
present along the great curvature of the stomach on the right 
or the left side of the abdomen. The atrial appendages, bronchi, 

and lungs tend to be mirror images of each other and to 
show the anatomy of the left-sided structures (left isomerism) 
[30–35]. In these patients, there may be levocardia, dextro-
cardia, or mesocardia [42].

Genetics of situs ambiguus
The genetics of cardiac malformations and human situs 
abnormalities are a complex issue characterized by hetero-
geneity, gene–environment interaction, variable expression, 
and reduced penetrance [10–14]. Studies, including familial 
clustering, detailed descriptions of large series of patients 
and phenotype/genotype correlations, have improved our 
knowledge.

Human heterotaxy is usually sporadic, but many families 
have been described with horizontal recurrence (affected 
siblings born to unaffected parents), frequent twinning, and 
spontaneous abortion [10–14]. Consanguineous parents are 
not rare. This recurrence pattern is consistent with a mater-
nal effect in a significant proportion of patients [28].

Situs ambiguus can be associated with a large number of 
genetic syndromes, including VACTERL, Alagille, Cantrell, 
Smith–Lemli–Opitz, oral–facial–digital, Ellis–van Creveld, 
Bardet–Biedl, Goldenhar, and del22q11.2 [10–15]. In addi-
tion, partial or complete trisomies and monosomies, balanced 
and unbalanced translocations, deletions, and inversions 
have all been described and show a possible location of genes 
involved in laterality development [10–14]. Situs ambiguus 
has also been associated with environmental exposures, 
such as retinoic acid, maternal diabetes, and first trimester 
cocaine use [13–26].

Studies of animal models, such as zebrafish, frog, chick, 
mouse, and shell, have increased our understanding the genetic 
mechanisms of left–right axis determination [10–25,28].

At present more than 80 genes involved in laterality 
defects have been detected in model organisms. Many of 
these genes have a conserved function in humans but rela-
tively few mutations of these genes have been identified in 
children with situs ambiguus. These include NODAL [16], 
ZIC3 [20], LEFTYA [21], Criptic [22], ACVR2B [23], CRELD1 
[24], and NKX2.5 [25].

The signaling cascade producing left–right asymmetry in 
humans remains unclear, but an early role of the Sonic 
Hedgehog gene has been established. Moreover, the NODAL 
gene encoding a TGFβ family transcription factor induces 
other genes as LEFTY1, LEFTY2, and PITX2 that are also 
expressed asymmetrically at the left side of Hensen’s node 
[10–14]. At the level of the node, an asymmetric leftward 
flow of extraembryonic liquid caused by clockwise rotation 
of the cilia is involved in the early establishment of left–right 
asymmetry [10–14]. Mice with situs inversus consistently 
express NODAL gene in the right side of the node, the oppo-
site side from normal.

Some mutations of genes involved in left–right asymme-
try have been identified also in patients with situs solitus 
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and an isolated cardiac anomaly, such as transposition of 
great arteries [16,17]. Moreover, recent studies on familial 
recurrence [18], experimental teratology [19], and genetic 
mutations [16,17] suggest that isolated transposition of 
great arteries can be considered a laterality defect consisting 
only in an abnormality of spiralization of infundibula and 
great arteries. Nodal signaling, involved in left–right asym-
metry and spiralization of great arteries in vertebrates [16], 
is a conserved gene causing also the normal and abnormal 
chirality of snail shells [27]. Therefore, these phenotypic 
and genetic similarities between spiralization of great arter-
ies in vertebrates [16] and spiral pattern of snail shell [27] 
expand the phylogenetic development horizon of the 
human heart [28].

Along with the categorization of visceroatrial situs, car-
diac malpositions can be classed in three types: with situs 
solitus, with situs inversus, and with situs ambiguus and 
heterotaxy.

Cardiac malposition with situs solitus

Dextrocardia
Dextrocardia is the most common type of malposition. 
Initially described by Fabricius in 1749 [43], dextrocardia 
simply means that the heart is predominantly in the right 
hemithorax. The incidence of dextrocardia is one in 12 000 
births with a similar number of patients with situs solitus, 
situs inversus, and situs ambiguus [44]. Numerous classifica-
tions of dextrocardia have been proposed. Terms such as 
mirror-image dextrocardia, false dextrocardia, primary or 
secondary dextrocardia, dextroversion, and dextrorotation 
represent attempts to describe and categorize this condition 
[45,46]. In this chapter, we distinguish dextrocardia and 
dextroversion. Dextrocardia is the location of the heart in 
the right thorax with the apex pointing to the right (Figure 
50.1), and it is usually due to anomalous pivoting of the ven-
tricles [7]. Dextroversion is the location of the heart in the 
right thorax with the apex normally pointed towards the 
patient’s left; it occurs in congenital or acquired lesions, such 
as diaphragmatic hernia or right lung hypoplasia, that push 
the heart to the right (Figure 50.2).

Dextrocardia with situs solitus
This is the most common type of dextrocardia in reported 
pathologic series. In dextrocardia but also in mesocardia, the 
incomplete pivoting of the ventricular septum determines a 
progressively narrower angle between the atrial and ven-
tricular septa.

Dextrocardia with D-ventricular loop 
and normally related great arteries {S,D,S}
This is the second most frequent type of cardiac condition in 
dextrocardia; corrected transposition in situs solitus {S,L,L} is 

the most common. Several cardiac malformations have been 
described, in particular septal defects [3,47].

Dextrocardia with normal atrioventricular and ventriculo-
arterial relations {S,D,S} may be part of a syndrome usually 
with midline defects, as described by Cantrell et al. [48]. Five 
components are present: (1) midline epigastric abdominal 

Figure 50.1 Dextrocardia, thoracic radiograph in posteroanterior 

projection. The heart is displaced in the right hemithorax with the apex 

towards the patient’s right.

Figure 50.2 Dextroversion of the heart, thoracic radiograph in 

posteroanterior projection. The major part of the heart is displaced in the 

right hemithorax because of the enormous dilatation of the right atrium 

(Ebstein malformation). The apex of the heart is pointed towards the 

patient’s left.
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wall defect, often associated with herniation or omphalocele; 
(2) defect of the lower sternum; (3) deficiency of the ante-
rior diaphragm; (4) defect of the diaphragmatic portion of 
the pericardium; and (5) diverticulum of the left or right 
ventricle with possible intracardiac thrombus [49]. A cardiac 
malformation often coexists, most frequently tetralogy of 
Fallot or ventricular septal defect. Although the presentation 
of Cantrell syndrome varies, one-stage repair of the cardiac 
defect is usually feasible [50].

Dextroversion of the heart
The malposition of a heart with atrioventricular and ven-
triculoarterial concordance {S,D,S} in the right thorax with 
the apex normally pointed towards the patient’s left is 
defined as dextroversion (Figure 50.2). This mimic of dextro-
cardia is generally from a variety of anatomic or functional 
abnormalities of the lung, diaphragm, or thoracic cage.

These include right lung hypoplasia and dextroversion of 
the heart [51], usually associated with congenital lesions such 
as renal abnormalities (oligohydramnios), right bronchial tree 
abnormalities, deformity of the thoracic spine and rib cage, 
and left-sided diaphragmatic hernia. Diaphragmatic hernia is 
the most common cause of congenital dextroversion [51]. 
Hypoplastic left heart syndrome is commonly observed in 
fetuses with left diaphragmatic hernia. Fetal echocardiographic 
studies have shown that preferential streaming of the ductus 
venosus and inferior caval vein towards the right heart is asso-
ciated with left heart under development with left-sided dia-
phragmatic hernia [51a]. This abnormal flow results from 
intrathoracic abdominal organ herniation and rightward dis-
placement of the heart.

Acquired lesions resulting in dextroversion are left pneumo-
thorax and pericardial or mediastinal tumor. Scimitar syn-
drome is one well-described anomaly [52] associated with 
dextroversion. It combines hypoplasia of the right lung, right 
pulmonary artery, and right bronchus; partial anomalous 
connection of the right pulmonary veins to the inferior vena 
cava; and anomalous arterial vessels arising from the 
descending aorta and directed to the right lung, often associ-
ated with bronchopulmonary sequestration (Figures 50.3 
and 50.4).

Dextrocardia with D-ventricular loop and 
transposition of the great arteries {S,D,D}
Transposition of great arteries occurs frequently in dextro-
cardia (Figure 50.5). Complex forms of transposition of great 
arteries are more common in dextrocardia than in levocar-
dia, with 75% having a ventricular septal defect and 75% 
left atrial appendage juxtaposition [47]. Dextrocardia is twice 
as common in transposition of great arteries with left atrial 
juxtaposition than in simple transposition of great arteries 
[53]. Dextrocardia in situs solitus reduces the size of the 
atrial free wall and may cause difficulties at surgery in creat-
ing an atrial baffle [54].

Dextrocardia with D-ventricular loop 
and L-malposition of the aorta {S,D,L}
Dextrocardia is frequent in this group of rare cardiac malfor-
mations that include double-outlet right ventricle with 
L-aorta and subaortic ventricular septal defect, anatomically 
corrected malposition of the great arteries, and double-outlet 
left ventricle.

(a) (b)

Figure 50.3 Dextroversion of the heart, scimitar syndrome. (a) Thoracic radiograph, heart in right hemithorax. The right hemithorax is smaller than the left 

because of the right lung hypoplasia. The right hemidiaphragm is elevated. (b) Pulmonary arteriogram shows hypoplastic vasculature in the right lung.
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A peculiar form of dextrocardia with {S,D,L} arrangement 
is represented by the crisscross heart [55]. In these patients, 
the right-sided right atrium is connected to the left-sided 
right ventricle, and the left-sided left atrium is connected to 

the right-sided left ventricle, so that the pathways of blood 
flowing through the atrioventricular valves cross each other. 
The great arteries are transposed, or both arise from the right 
ventricle with the aorta anterior and left-sided. In crisscross 
heart, the tricuspid valve and the right ventricle are always 
anterior and usually hypoplastic. The right ventricle fre-
quently is superior so that crisscross heart and upstairs–
downstairs ventricle (superoinferior ventricle) coexist [55] 
(Figure 50.6).

Dextrocardia with L-ventricular loop 
and transposition of the great arteries 
or double-outlet right ventricle {S,L,L}
This is characterized by discordant atrioventricular conne ct-
ion (L-ventricular loop) and discordant ventriculoarterial 
connection with anterior and left-sided aorta (L-aorta) 
(Figure 50.7). Thus, the anatomic features are those of 
 congenitally corrected transposition. In double-outlet 
right ventricle with L-loop of the ventricles (atrioven-
tricular  discordance), both great arteries arise from the 
left-sided morphologic right ventricle. About 40% of 
patients with corrected transposition in situs solitus have 
dextrocar dia [7,47]. Frequently, associated anomalies are 
found (Figure 50.8).

Corrected transposition of great arteries can be included 
in the group of cardiac defects due to anomalies of lateraliza-
tion [18,56].

(a) (b)

Figure 50.4 Dextroversion of situs solitus. (a) Heart in right hemithorax. (b) Injection in anterior ventricle (AV). Aorta (A) and left atrium (LA) 

are opacified. The descending aorta is on the left.

Figure 50.5 Left ventricular angiogram in a patient with dextrocardia and 

{S,D,D} and transposition of the great arteries. The pulmonary artery (P) 

originates from the left ventricle (LV).
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Dextrocardia with L-ventricular loop 
and inverted related great arteries {S,L,I}
In hearts with situs solitus, atrioventricular discordance and 
ventriculoarterial concordance, and inverted related great 
arteries, dextrocardia is common [47]. This rare anomaly is 
associated with conotruncal anomalies, often tetralogy of 
Fallot. Atresia of the right superior vena cava with left supe-
rior vena cava connecting to the coronary sinus has been 
reported [57].

Cardiac malposition with situs inversus
Situs inversus with atrioventricular concordance (L-ventri cular 
loop) shows dextrocardia as a frequent feature (Figure 50.9). 
An L-ventricular loop, “normal” in situs inversus, pivots the 
heart into the right hemithorax. In situs inversus and dextro-
cardia, there is alignment between the atrial and the ventricu-
lar septa, as in situs solitus and D-ventricular loop. Consequently, 
malposition of the heart in situs inversus should be defined as 
in patients with L-ventricular loop and levocardia.

(a) (b)

Figure 50.6 Two-dimensional echocardiography in an {S,D,L} crisscross heart. (a) The right atrium (RA) is connected (arrowhead) with the left-sided right 

ventricle (RV), which is anterosuperior and gives rise to the aorta (A). Note the horizontal position of the interventricular septum and the superoinferior 

position of the ventricles. The right ventricle is hypoplastic. (b) In a more posterior plane with respect to (a), the left atrium (LA) is connected (arrowhead)

with the right-sided left ventricle (LV). Note the inferior position of the left ventricle compared with the right ventricle. (Reproduced with permission from 

Marino and Thieme, Anatomia Ecocardiografia delle Cardiopatie Congenite, USES Edizione Scientifiche, Florence, 1990, pp. 72–3.)

(a) (b)

Figure 50.7 (a) Two-dimensional echocardiography in a patient with {S,L,L}, corrected transposition of great arteries, and dextrocardia. The left atrium (LA) 

is connected with the left-sided morphologic right ventricle (RV), which gives rise to the aorta (A) supported by a muscular infundibulum. (b) The right 

atrium (RA) is connected with the right-sided morphologic left ventricle (LV), which gives rise to the pulmonary artery (P). The arrow indicates the left 

ventricular outflow tract. (Reproduced with permission from Marino and Thieme, Anatomia Ecocardiografia delle Cardiopatie Congenite, USES Edizione 

Scientifiche, Florence, 1990, p. 60.)
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The expected position of a normal heart in situs inversus, 
that is, L-ventricular and inverted normal related great 
arteries (also called mirror-image dextrocardia), is in the 
right thorax. In contrast, situs inversus and levocardia 
(Figure 50.10), also called isolated levocardia, is almost 
always associated with cardiac defect. In publications on 
malposition of the heart in situs inversus, descriptions of the 
different positions of the heart in the thorax and the pat-
terns of associated defects are usually included [45,46]. 
Therefore, we have included these conditions, for example, 
the normal dextrocardiac heart in situs inversus, although in 
fact they are not truly malpositions.

Dextrocardia

Dextrocardia with L-ventricular loop 
and inverted related great arteries {I,L,I}
This represents the normal heart in situs inversus. It is 
 characterized by situs inversus (I), L-ventricular loop (L), 
and inverted, normally related great arteries (I). Because it 
might escape clinical detection when there are no associated 
malformations, its incidence is unknown. The commonly 
associated anomalies are ventricular septal defect, atrial 
 septal defect, tetralogy of Fallot, double-outlet right ventri-
cle, and pulmonary atresia with intact ventricular septum.

Kartagener syndrome
Kartagener first described a group of children and adults 
with situs inversus, chronic sinusitis, and airway disease 
[58]. This triad of symptoms with familial occurrence, known 
as Kartagener syndrome, appears to be due to ciliary dyski-
nesia and bronchiectasia [59,60]. Clinical studies indicate 

Figure 50.8 Left ventricular angiogram in a patient with {S,L,L} and 

double-outlet right ventricle (RV). The angiogram shows dextrocardia, situs 

solitus [the catheter is on the right side of the spine and the aorta (A) on 

the left], atrioventricular discordance [the morphologic left ventricle (LV) is 

on the right], and double outlet from the left-sided morphologic right 

ventricle.

Figure 50.9 Posteroanterior chest radiograph in a patient with 

dextrocardia and atrial and visceral situs inversus. The liver shadow 

is in the left upper quadrant of the abdomen and the stomach bubble 

is on the right. The apex of the heart is pointed towards the patient’s 

right.

Figure 50.10 Angiogram in a patient with situs inversus and levocardia 

(so-called isolated levocardia). The angiogram demonstrates the 

innominate vein (IV) and the superior vena cava (SVC) (both on the left) 

connecting with the left-sided morphologic right atrium (RA). The coronary 

sinus (arrow) drains into the right atrium.
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that infertility was present in males as a result of sperm tail 
motility disorders [59]. Ciliary action is important in the 
embryogenesis, probably being one of the determinants of 
the situs [10,14]. Abnormal ciliary motility has been found 
in some patients with left isomerism [61].

Dextrocardia with L-ventricular loop 
and transposition of the great arteries {I,L,L}
In situs inversus, this is homologous with complete transpo-
sition of situs solitus {S,D,D}. Associated cardiac anomalies 
are frequent and include ventricular septal defect, hypo-
plastic left ventricle, and pulmonary stenosis with intact 
 ventricular septum.

Dextrocardia with D-ventricular loop and 
transposition of the great arteries {I,D,D}
In situs inversus, this is homologous with corrected transpo-
sition in situs solitus {S,L,L} and occurs in 5–8% of patients 
with corrected transposition [62,63]. The segmental descrip-
tion of this anomaly is {I,D,D} and consists of situs inversus 
(I), atrioventricular discordance (ventricular D-loop), and 
ventriculoarterial discordance (D-transposition of the great 
arteries). The combination of atrioventricular and ventricu-
loarterial discordance allows a normal circulation. In 70% of 
patients, the heart is in the right thorax; in the remaining 
30%, the heart is either mesocardia or levocardia. Associated 
anomalies are ventricular septal defect (60–100%) [62–66] 
and subvalvar and valvar pulmonary stenosis or pulmonary 
atresia (70–100%) [62–66]. Spontaneous or postoperative 
atrioventricular block appears less common than in patients 
with corrected transposition in situs solitus [65], perhaps 
from the more usual location of the conduction tissue [66].

Diagnostic features of malposition 
of the heart in situs solitus and inversus

On physical examination, the right and left hemithoraces 
should show symmetric excursion regardless of cardiac 
 location. Reduced excursion of the right hemithorax may be 
evident in patients with dextroversion from right lung hypo-
plasia, as in scimitar syndrome, or in patients with diaphrag-
matic hernia; in these, on percussion, reduced movement of 
the right hemidiaphragm is noted.

The thoracic radiograph shows the position of the heart in 
the thorax and abdominal situs. The apex of the heart points 
downwards and to the left in the normal heart of levocardia, 
and downwards and to the right in dextrocardia (Figures 
50.1, 50.2, and 50.9). In dextroversion, the heart is in the 
right hemithorax but the apex points towards the left, for 
example, left pneumothorax or diaphragmatic hernia. 
The situs can usually be determined by the position of the 
abdominal viscera. With few exceptions, the anatomic right 
atrium is almost always on the same side as the main liver 

mass. An important radiologic guide to abdominal visceral 
situs is the gastric air bubble. The thoracic situs corresponds 
closely to atrial situs and may be determined by bronchial 
morphology, often evident on the standard or overpenetrated 
chest radiograph.

The electrocardiogram often allows determination of the 
situs and the position of the heart in the thorax. The P wave 
representing atrial activation is initiated from the SA node 
high in the right atrium. Hence, in situs solitus, the mean P 
wave vector in the frontal plane is ∼+60, whereas in situs 
inversus it is +120, because the sinus node in the anatomic 
atrium is on the patient’s left. The P wave on the horizontal 
plane proceeds posteroanteriorly in both types of situs but is 
towards the left (solitus) or right (inversus).

Using a segmental approach, echocardiography is the best 
tool for recognizing the cardiac situs and cardiac anatomy. 
The abdominal aorta and the inferior vena caval relation-
ship, cardiac chamber morphology, their orientation in 
space, and their connections are easily recognizable by 
echocardiography, allowing a precise identification of the 
situs, atria, ventricular loop, and great artery relationship 
(see Chapter 8).

Magnetic resonance imaging (MRI) can improve the diag-
nostic accuracy for vascular and extracardiac structures in 
children and adolescents.

Cardiac catheterization and angiocardiography can be 
indicated in the preoperative physiologic assessment and in 
the evaluation of some anatomic details, such as the anat-
omy of the branch pulmonary arteries, the coronary artery 
circulation, or the venae cavae.

Surgical treatment of malposition of the 
heart in situs solitus and situs inversus

A variety of cardiac lesions can coexist in association with 
malpositioned hearts. The hearts can be divided into those 
amenable to univentricular palliation and those treatable 
with biventricular repair. Among the former are single ven-
tricle or severely unbalanced ventricles, and apicocaval jux-
taposition (dextrocardia with situs solitus or levocardia with 
situs inversus), which would be treated with a cava-to- 
pulmonary artery connection [67,68]. Among those suitable 
for biventricular repair are balanced biventricular hearts 
with atrioventricular and ventriculoarterial concordance or 
with either ventriculoarterial or double (atrioventricular and 
ventriculoarterial) discordance.

Coexisting atrioventricular and ventriculoarterial con-
cordance is usually associated with a D-ventricular loop 
and associated anomalies that are amenable to total 
repair.

For anomalies of ventriculoarterial connection associated 
with ventricular septal defect and balanced ventricles with an 
intraventricular repair [69,70], a Rastelli-type [71] or a REV 
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procedure [72], or an arterial switch procedure (with the 
construction of a left ventricle-to-pulmonary orifice  tunnel) 
[69,70], can be performed (see Chapters 42 and 44).

With combined atrioventricular and ventriculoarterial dis-
cordance and balanced ventricles, double-switch procedures 
can provide anatomic repair. Double discordance with left 
ventricular outflow tract obstruction (pulmonary or subpul-
monary stenosis) can be treated by combined Senning/
Mustard and Rastelli procedures [73,74], whereas patients 
with unrestricted pulmonary blood flow are best treated by 
combined atrial and arterial switch [75–77]. Double-switch 
procedures are usually feasible regardless of the cardiac mal-
position or atrial situs. Double-switch procedures in patients 
with situs inversus are more advantageous because of the 
D-loop arrangement of double discordance and have a lower 
incidence of atrioventricular conduction disturbances com-
pared with an L-loop arrangement of this cardiac malforma-
tion in situs solitus [74].

Isolated ventriculoarterial or, sporadically, atrioventricular 
discordance can occur in malpositioned hearts. Arterial 
switch and atrial switch are the procedures of choice.

Biventricular repair has been suggested for crisscross heart 
[78], which is often associated with dextrocardia. A right 
ventricular volume >45% of normal and absence of strad-
dling atrioventricular valves are the main requirements for a 
biventricular repair [79], although a one-and-a-half ven-
tricular repair has been used in those with right ventricular 
hypoplasia [80].

Cardiac malposition with situs ambiguus

Heterotaxy remains an intriguing condition. The prevalence 
of these syndromes associated with heterotaxia is estimated 
to be 1–1.5 in 10 000 live births and accounts for ∼3% of 
cardiac malformations [81–83] and for 30% of patients 
dying with cardiac malposition [84]. Asplenia/right isomer-
ism is more common in males, whereas polysplenia/left 
isomerism has an equal gender preponderance [30]. These 
syndromes are usually sporadic, although several familial 
occurrences [10–14], in particular in children born of con-
sanguineous parents, have been described [81–85]. 
Occasionally in the same family heterogeneous laterality 
defects including situs inversus, asplenia, and polysplenia 
are found [10–14,85].

Cardiac morphology

Extracardiac and cardiac anomalies are common to both 
asplenia/right isomerism and polysplenia/left isomerism 
syndromes, but there are also specific differences between 
them in the prevalence, anatomic types, and severity of car-
diac malformations [86]:

1 The abdominal organs are abnormal in shape and position. 
The liver tends to be symmetric and to occupy a transverse 
position across the upper abdomen with both lobes showing 
a “right-like” shape [86,87]. The gallbladder may be absent 
or hypoplastic. Malrotation of the bowel and of the midgut 
loop is present [33] and may cause intestinal obstruction 
[30]. Adrenal and genitourinary tract anomalies have been 
described [32]. Extrahepatic biliary atresia leading to obstruc-
tive jaundice [88] has been found in polysplenia/left isomer-
ism. The spleen is absent in asplenia/right isomerism and 
multiple in polysplenia/left isomerism, but its characteristics 
may be discordant with the type of isomerism of the atrial 
appendages [33,34]. Among extracardiac anomalies, midline 
defects are particularly frequent (about 40%) [89], and pri-
mary ciliary dyskinesia may be present [60].
2 The thoracic organs tend to be symmetric [30–33]. In 
patients with asplenia/right isomerism, the lungs are trilobed 
and have bilateral eparterial bronchi with the pulmonary 
artery coursing anterior to the main stem bronchus [32]. In 
patients with polysplenia/left isomerism, there are bilateral 
bilobed lungs and hyparterial bronchi; the pulmonary artery 
courses over and behind the main stem bronchus [30]. 
Pulmonary arteriovenous fistulas occur in patients with 
polysplenia/left isomerism [90]. In ∼40% of children with 
asplenia/right isomerism and with polysplenia/left isomer-
ism, cardiac malposition including mesocardia and dextro-
cardia is present.
3 Systemic venous connections are frequently anomalous 
[30,32,91,92]. In more than half of patients with heterotaxy, 
bilateral superior venae cavae connect to the respective atria 
and the innominate vein is absent. If a single superior vena 
cava is present, it is usually opposite to the cardiac apex. In 
most patients, the coronary sinus is absent. In patients with 
asplenia/right isomerism, the inferior vena cava and the 
abdominal aorta are ipsilateral and lie together on the right 
or left side of the spine (Figure 50.11). The inferior vena 
cava connects with the right or left side of the atria. In a few 
of these patients, the hepatic veins connect separately from 
the inferior vena cava (Figure 50.12). Interrupted inferior 
vena cava is extremely rare in patients with asplenia/right 
isomerism [38,93], but is present in >70% of patients with 
polysplenia/left isomerism. It connects into the azygos vein 
and terminates in either the left or right superior vena cava. 
The hepatic veins connect directly to the left or right side of 
the floor of the atria. Uncommonly, a small inferior vena 
cava persists on one side of the abdomen connecting to the 
atria, and an enlarged azygos vein connects to the superior 
vena cava on the opposite side. In other patients, the inferior 
vena cava ascends on one side of the abdomen and crosses to 
the opposite side at the level of the diaphragm to enter the 
azygos vein.
4 Pulmonary venous connections are often anomalous 
[29–32,38,40,91–94]. Over 80% of patients with asplenia/
right isomerism have total anomalous pulmonary venous 
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connection (TAPVC) and in nearly half of these it is 
obstructed. TAPVC may be to either a supracardiac or an 
infradiaphragmatic location [38–40]. Significant hypoplasia 
of the pulmonary veins may coexist [95]. In polysplenia/left 
isomerism, the pulmonary veins connect to the atria, and 
TAPVC is rare. In 40% of these patients, the pulmonary 

veins from each lung enter the posterior wall of the atria 
separately on opposite sides of midline, simulating a partial 
anomalous pulmonary venous connection [94].
5 Anomalies at atrial level and of the atrioventricular valves 
are frequent [29–32,38,40,91–94,96]. A common atrium 
with virtually absent atrial septum and bilateral sinus nodes 
are present in asplenia/right isomerism. The coronary sinus is 
usually absent. A narrow band, a remnant of the atrial 
septum, passes in an anteroposterior direction and crosses 
the midportion of the atria (Figure 50.13). Each atrial 
appendage shows a broad-based pyramidal morphology with 
pectinate muscles extending bilaterally round the atri-
oventricular junctions (right isomerism). In asplenia/right 
isomerism, the complete form of atrioventricular canal is the 
rule, with a common atrioventricular valve and left ventricular 
 dominance. The morphology of the common atrioventricular 
valve differs from complete atrioventricular canal with situs 
solitus in showing a rudimentary common atrioventricular 
valve and reduced number of leaflets and papillary muscles 
which are short and hypoplastic [97]. Moreover, the inlet 
ventricular septum frequently shows severe hypoplasia, the 
ventricular septal defect is very large, and the atrioventricular 
canal is type C of Rastelli’s classification [97]. Common 
atrium is also present in polysplenia/left isomerism (Figure 
50.14), but the more frequent pattern is a large ostium 
primum atrial septal defect, a partial atrioventricular canal, 
and a cleft mitral valve. The septum primum is frequently 
displaced either leftwards or rightwards, depending on 
whether there is levocardia or dextrocardia, respectively. This 
displacement is responsible for the apparent partial  anomalous 

Figure 50.11 Two-dimensional echocardiography in abdominal short-axis 

view in a patient with asplenia/right isomerism. Note the ipsilateral position 

of the aorta (A) and the inferior vena cava (IVC) lying together on the right 

side of the spine (S). The liver (L) presents a symmetric transverse position. 

(Reproduced with permission from Marino and Thieme, Anatomia 

Ecocardiografia delle Cardiopatie Congenite, USES Edizione Scientifiche, 

Florence, 1990, p. 47.)

Figure 50.12 Two-dimensional echocardigraphy in subcostal view in a 

patient with asplenia/right isomerism shows the hepatic veins (HV) 

connected with the single atrium (SA) separately from the inferior vena 

cava (IVC). L, liver. (Reproduced with permission from Marino and Thieme, 

Anatomia Ecocardiografia delle Cardiopatie Congenite, USES Edizione 

Scientifiche, Florence, 1990, p. 48.)

Figure 50.13 Two-dimensional echocardigraphy in subcostal view in a 

patient with asplenia/right isomerism and dextrocardia. In the common 

atrium (CA), a narrow band (arrow) crosses the midportion of the atria. 

SV, single ventricle. (Reproduced with permission from Marino and 

Thieme, Anatomia Ecocardiografia delle Cardiopatie Congenite, USES 

Edizione Scientifiche, Florence, 1990, p. 49.)
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pulmonary venous connection [30,94]. Each atrial appendage 
is long and narrow, showing the features of a left appendage 
(left isomerism). This atrial anatomy is similar to that observed 
in patients with Ellis–van Creveld  syndrome [98] and with 
other postaxial polydactyly syndromes [99].
6 Anomalies at ventricular level are also frequent [29–32,
38,40,91–94,100,101]. An L-loop of the ventricles occurs in 
∼40% of patients with both syndromes. A single ventricle of 
right ventricular type from malalignment of the atrioven-
tricular canal with a hypoplastic left ventricle is the more 
frequent pattern, but single left ventricle and biventricular 
heart are also found. Ventricular septal defect in the setting 
of complete atrioventricular canal is constant in these 
children. In contrast, in polysplenia/left isomerism, a single 
ventricle is less frequent and the biventricular heart (with 
D- or L-loop ventricle) is common with intact ventricular 
septum in 20–30%.
7 Conotruncal defects and anomalies of the great arteries are 
usual [29–32,38,40,91–94,100–104]. The classic conotrun-
cal pattern in asplenia/right isomerism occurring in most 
patients is double-outlet right ventricle with an anterior 
aorta associated with pulmonary stenosis or atresia, and 
hypoplasia of the infundibular septum. Transposition of 
great arteries is also present. Usually there is a bilateral 
 muscular subarterial conus. With pulmonary atresia, the 
pulmonary arteries are usually confluent with ductus- 
dependent pulmonary circulation. In those with nonconflu-
ent pulmonary arteries and bilateral ductus arteriosus 
(Figure 50.15), major aortopulmonary collateral arteries 
may be present [105]. A correlation between atresia of the 

 pulmonary valve and obstruction of the pulmonary venous 
connection [38,93,100,104] may explain the small size of 
the pulmonary veins [95]. Ventriculoarterial concordance 
with normally related great arteries is extremely rare [96]. 
Right-sided aortic arch with mirror-image branching of the 
brachiocephalic trunk may be present. In contrast, over 70% 
of  children with polysplenia/left isomerism have concordant 
ventriculoarterial connection [92,101,106]. The great arter-
ies are normally related in patients with D-loop ventricles, 
or inversely normally related (mirror image) with L-loop 
 ventricles [101,106]. Double-outlet ventricle may be present 
with infundibular morphology of tetralogy of Fallot, whereas 
transposition of great arteries is rare. Obstruction of the 
 pulmonary blood flow is present in ∼30%, one-third with 
pulmonary atresia. Left-sided obstructions including mitral 
stenosis, hypoplastic left ventricle, aortic stenosis, and aortic 
coarctation are present in 25% of patients.

In summary, in patients with asplenia/right isomerism, the 
cardiac malformations are complex. The classic anatomy 
includes transverse liver; bilateral trilobed lungs and 
 eparterial bronchi; levocardia, mesocardia or dextrocardia, 
bilateral superior venae cavae with absent coronary sinus, 
inferior vena cava coursing with the abdominal aorta on the 
same side of the spine connecting to the atria, extracardiac 
TAPVC (frequently obstructed), common atrium, right bilat-
eral morphology of the atrial appendages, complete atrio-
ventricular canal malaligned to a dominant right ventricle, 
D- or L-loop ventricle, transposition or double-outlet right 
ventricle with anterior aorta, and pulmonary stenosis or 
atresia (Figure 50.16).

In patients with polysplenia/left isomerism, the pattern of 
cardiac anomalies is less rudimentary, and they are less com-
plex. The usual morphology includes transverse liver; 

Figure 50.14 Two-dimensional echocardigraphy in subcostal four-

chamber view in a patient with polysplenia/left isomerism shows common 

atrium (CA) with biventricular heart, D-loop of the ventricles, and intact 

ventricular separation. LV, left ventricle; RV, right ventricle. (Reproduced 

with permission from Marino and Thieme, Anatomia Ecocardiografia 

delle Cardiopatie Congenite, USES Edizione Scientifiche, Florence, 1990, 

p. 69.)

Figure 50.15 Angiocardiography with injection into the aorta in a patient 

with asplenia/right isomerism and pulmonary atresia. Bilateral ductus 

arteriosus supplies the right and left pulmonary arteries.
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 bilateral bilobed lungs and hyparterial bronchi, levocardia, 
mesocardia, or dextrocardia, bilateral superior venae cavae, 
interruption of inferior vena cava with azygos continuation 
(Figure 50.17), pulmonary veins draining into the right and 
left posterior sides of the atria, common atrium or large 
ostium primum atrial septal defect, left bilateral morphology 
of the atrial appendages, partial atrioventricular canal, D- or 
L-loop ventricles with balanced or unbalanced ventricular 
masses, concordant ventriculoarterial connection, ventricu-
lar septal defect (frequent), pulmonary stenosis (possible), 
and systemic outflow tract obstruction (possible). Some 
crossover exists, however, with individuals presenting ana-
tomic patterns of asplenia/right isomerism in the presence of 

polysplenia/left isomerism, and vice versa. Moreover, the 
heart may be completely normal in patients with polysple-
nia/left isomerism. An interesting subgroup of patients 
shows a hypoplastic or rudimentary spleen with many of the 
features of asplenia/right isomerism but sometimes present-
ing systemic obstruction [42].

Clinical features and diagnostic approach

Asplenia/right isomerism
The most frequent presentation is of a male neonate with 
intense cyanosis, respiratory distress, and systolic murmur 
or no murmur. A right-sided apical impulse, the heart sounds 
and murmur heard better over the right hemithorax, and 
the transverse lower hepatic margin are characteristic.

The electrocardiogram is generally abnormal. The P wave 
axis is directed inferiorly and to the right (90–105°) in 
patients with levocardia and to the left (75–90°) in those 

(a)

(b) (c)

Figure 50.16 (a) Two-dimensional echocardiography in a patient with 

heterotaxy with asplenia/right isomerism. Complete atrioventricular canal 

with common atrium, dominant right ventricle and hypoplastic left 

ventricle. DAo, descending aorta; CA, common atrium; LV, left ventricle; 

RV, right ventricle. (b) Angiography, anteroposterior view. Note the 

dominant right ventricle and both great arteries arising from a single 

infundibulum connected with the right ventricle. RV, right ventricle; Ao, 

aorta; LPA, left pulmonary artery. (c) Angiography, lateral view. Note the 

dominant right ventricle, the hypoplastic left ventricle and both great 

arteries arising from a single infundibulum (*) connected with the right 

ventricle. The aorta is anterior and the stenotic pulmonary artery (arrow) 

is posterior. Ao, aorta; LV, left ventricle; PA, pulmonary artery; RV, right 

ventricle.

Figure 50.17 Magnetic resonance imaging (MRI) of systemic vein 

anomalies. (a) Multiplanar reconstruction (MPR) of angio-MRI. (b) Volume 

rendering (VR) of angio-MRI. Heterotaxy, azygos continuation of the 

inferior vena cava; RPA, right pulmonary artery.
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with dextrocardia [107]. The frontal plane QRS axis is usually 
directed superiorly because of atrioventricular canal.

Clues to the diagnosis of asplenia/right isomerism are 
often present on the thoracic radiograph, which shows car-
diac malposition frequently with mesocardia or dextrocardia 
and with the cardiac apex discordant with the position of the 
liver and the stomach. The lower hepatic margin lies hori-
zontally across the upper abdomen. Cardiac size is normal. 
Pulmonary vascular markings are diminished from pulmo-
nary stenosis or atresia (Figure 50.18) or show pulmonary 
edema from TAPVC obstruction (Figure 50.19). With tomog-
raphy or high-kilovoltage radiographs, the bilateral eparte-
rial bronchi may be visualized [108,109].

The diagnosis of asplenia syndrome and of the associated 
cardiac malformation can be established by two-dimensional 
echocardiography with color Doppler using the segmental 
approach [110–114]. With a short-axis subcostal view, the 
abdominal aorta and the inferior vena cava can be visualized 
on the same side of the spine (Figure 50.12); with a long-
axis abdominal view with color Doppler, the infracardiac 
TAPVC can be imaged [115]. Furthermore, two-dimensional 
echocardiography cannot detect a spleen [116]. Isomerism 
of the atrial appendages is difficult to diagnose by echocardi-
ography. Common atrium, complete atrioventricular canal 
[113], and single ventricle [112] are well imaged with 
echocardiography (Figure 50.13), and other details of intra-
cardiac anatomy, including the conotruncal morphology, can 
be defined. Cardiac malposition (dextrocardia or mesocardia) 

or horizontal liver on the chest radiograph (heterotaxy) and 
the echocardiographic recognition of common atrium, com-
plete atrioventricular canal, single ventricle with anterior 
aorta, and pulmonary stenosis or atresia are the most precise 
diagnostic signs of asplenia/right isomerism.

Cine magnetic resonance imaging has improved morpho-
logic diagnosis [117–119]. Because of anatomic complexity 
and the need for hemodynamic data, particularly of pulmo-
nary vascular resistance, preoperative evaluation by cardiac 
catheterization and angiocardiography is still indicated in 
many children [93]. Angiocardiography is particularly use-
ful to delineate the anatomy of pulmonary arteries and the 
pulmonary blood supply in patients with pulmonary atresia 
[102,104,120]. Moreover, angiocardiography reveals the 
site of pulmonary venous connection and the presence of 
pulmonary venous obstruction, although it might be masked 
by the pulmonary stenosis or atresia (Figure 50.20). 
Furthermore, angiocardiography in association with color 
Doppler echocardiography can quantify the degree of atrio-
ventricular valve regurgitation that in neonates, but in par-
ticular in older children, can deeply influence the natural 
history [121–123].

Polysplenia/left isomerism
The clinical manifestations vary and usually appear later 
compared with asplenia/right isomerism because the pulmo-
nary obstruction is less severe and the pulmonary veins are 

Figure 50.18 Chest radiograph in a patient with asplenia/right 

isomerism shows symmetric liver, dextrocardia, and reduced pulmonary 

blood flow. Figure 50.19 Chest radiograph in a patient with asplenia/right isomerism 

shows symmetric liver and mesocardia.
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not obstructed. Cyanosis is present only in children with 
pulmonic stenosis or atresia. Patients may be asymptomatic 
or show features of congestive heart failure.

The electrocardiogram shows distinctive features. Because 
the sinus node is a right atrial structure it may be absent, 
displaced, or hypoplastic [120]. A leftward and superiorly 
directed P wave axis and ectopic atrial rhythm are frequently 
present [107]. Even the QRS axis is superiorly directed 
because of the atrioventricular canal. Congenital complete 
atrioventricular block is occasionally present and may 
progress even in fetal life [124–126].

Thoracic radiographs may suggest this syndrome, showing 
dextrocardia or mesocardia with discordance between the 
position of the heart and the liver and the stomach. Moreover, 
the absence of an inferior vena caval shadow on the lateral 
view and an enlarged azygos vein suggests polysplenia/left 
isomerism [127]. A high-kilovoltage chest radiograph may 
show a symmetric bronchial branching pattern characteristic 
of left pulmonary isomerism [108,109].

Echocardiography is the best tool for the noninvasive 
diagnosis of intracardiac malformations. Interruption of 
the inferior vena cava with azygos continuation and the 
pattern of pulmonary venous connection can be identified 
[110,111], as can malformations of atria, ventricles, and 
great arteries [101].

A cardiac malposition (dextrocardia or mesocardia) or 
horizontal liver on the chest radiograph and the echocardio-
graphic recognition of azygos continuation, partial atrioven-
tricular canal, biventricular heart or single ventricle, and 
normally aligned great arteries (concordant ventriculoarterial 
connections) are the best diagnostic signs of polysplenia/left 
isomerism.

Fetal echocardiography can reliably detect heterotaxy 
[128,129], but prenatal diagnosis seems not to improve 
 neonatal survival [130]. During prenatal life, polysplenia/
left isomerism is diagnosed more frequently but also sponta-
neous abortion occurs more frequently in fetuses with 
 asplenia/right isomerism, probably due to the fetal heart 
block [129]. The spectrum of fetal cardiac defects in poly-
splenia/left isomerism seems more complex than found 
 postnatally [131]. Moreover, echocardiography can identify 
the presence of multiple spleens [116].

Cardiac catheterization and angiocardiography are often 
required for definitive preoperative anatomic and functional 
assessment. Interruption of the inferior vena cava often 
requires a percutaneous approach from the neck to reach 
the heart directly and avoid the catheter loop in the azygos 
vein and superior vena cava [132]. A lateral view of a pul-
monary arteriogram can demonstrate the superimposed 
branches of the pulmonary arteries arching posteriorly from 
the pulmonary trunk, because each has the characteristics of 
a left pulmonary artery [133].

Natural history

Asplenia/right isomerism
The natural history of asplenia/right isomerism is extremely 
poor [86], and death occurs in more than one-third of 
untreated neonates in the first week of life [134]. In a study 
among 191 patients, the mean age of death was 2.6 months 
[135]. Hypoxemia from cardiovascular abnormalities is the 
prominent cause of death, followed by sepsis secondary to 
the increased susceptibility to infections when spleen is 
absent [32,136–138].

Figure 50.20 Heterotaxy syndrome, right isomerism, pulmonary atresia, 

ductus arteriosus, confluent pulmonary arteries and mixed pulmonary vein 

connection. Aortography in the frontal plane. (a) Right aortic arch. 

Opacification of the ductus arteriosus (white arrow) and of the right and 

pulmonary arteries. (b) Left pulmonary veins (white circles), right inferior 

pulmonary vein (solid white arrow) drain in a collector to the superior vena 

cava (VCS). Right superior pulmonary vein (dashed white arrow) drains 

separately in the superior vena cava.
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Polysplenia/left isomerism
The natural history of polysplenia/left isomerism is better 
than with asplenia/right isomerism [139–141]. Associated 
cardiac abnormalities are the main cause of death, followed 
by rhythm disturbances [92,125] and extrahepatic biliary 
atresia [140,141].

Medical management

Asplenia/right isomerism
Neonates usually develop severe cyanosis with hypoxemia 
and metabolic acidosis during the first hours of life from either 
pulmonary stenosis or atresia and/or obstructed TAPVC. 
Prostaglandin therapy may improve the oxygen saturation 
provided that the pulmonary venous system is unobstructed. 
Otherwise, prostaglandin therapy can unmask or increase the 
degree of pulmonary venous obstruction by increasing the 
total pulmonary blood flow [121,142,143]. Patients with infra-
 cardiac TAPVC should be operated on without delay. In the 
other neonates, the degree of pulmonary venous obstruction 
should be carefully evaluated under prostaglandin infusion 
[143] to provide the best indication for operation.

Because of the susceptibility to infection [136–138], 
aggressive perioperative antibiotic prophylaxis is important. 
Antibiotic prophylaxis against encapsulated bacteria with 
penicillin or amoxicillin is indicated daily. Immunization 
against pneumococcus is indicated at age 2 years.

Polysplenia/left isomerism
Few patients with polysplenia/left isomerism develop 
severe neonatal cyanosis because they do not usually have 
the obstructive lesions so typical of asplenia/right isomerism. 
If they do, prostaglandin therapy is required. If neonates 
become symptomatic soon after birth, it is from congestive 
heart failure and metabolic acidosis secondary to a 
combination of pulmonary overcirculation and systemic 
obstruction from severe aortic stenosis, coarctation, or 
hypoplastic left heart syndrome. Such patients should be 
managed appropriately [144,145]. Rarely, complete 
atrioventricular block is the main cause of neonatal 
symptoms [125]. Most patients become symptomatic some 
months after birth. Clinical manifestations differ according 
to the underlying lesions. Cyanosis is usually related to 
pulmonary outflow tract obstruction, even though it is 
occasionally associated with pulmonary arteriovenous 
fistulas [90]. On the other hand, heart failure is usually 
related to complete atrioventricular canal or isolated 
ventricular septal defect. Patients with common atrium or 
partial atrioventricular canal usually become symptomatic 
later in life, often in association with cardiac rhythm 
disturbances [146,147]. Biliary atresia can complicate the 
clinical status [88,140,141].

Surgical treatment of malposition of the 
heart in situs ambiguus

Single-ventricle repair

Asplenia/right isomerism
Almost all patients are unsuitable for biventricular repair. 
Such treatment, however, is often affected by pulmonary 
venous abnormalities, pulmonary outflow obstruction, and/
or atrioventricular valve abnormalities [148].

TAPVC can be present in 90% of patients, with 30% hav-
ing obstructed pulmonary veins. Both early and late mortal-
ity for the initial palliative procedure are high, especially in 
younger age and when TAPVC requires repair [121,122,149–
151]. For this reason, in patients with confluent pulmonary 
arteries, without juxtaductal pulmonary stenosis, and unob-
structed TAPVC, a simple initial palliation with a prosthetic 
shunt is preferred. This postpones pulmonary vein repair 
until after the first month of life and achieves a better 
chance of survival [134]. In all other neonates, a more 
extensive palliation with cardiopulmonary bypass must be 
performed, especially if pulmonary veins are obstructed. 
A systemic–pulmonary shunt should be performed in most 
neonates with patent, although stenotic, pulmonary inflow, 
to ensure an adequate pulmonary blood supply [149]. 
Pulmonary vein obstruction and pulmonary outflow obstruc-
tion are independent risk factors for earlier mortality. 
Recurrent pulmonary venous obstruction is common after 
TAPVC repair in patients with asplenia/right isomerism, and 
has been associated with the histologic evidence of abnormal 
development of the pulmonary vasculature, particularly in 
the veins, even without clinical evidence of pulmonary 
venous obstruction [150]. Primary sutureless repair of the 
pulmonary veins has a low incidence of postoperative 
 pulmonary venous obstruction [152].

A major atrioventricular valve anomaly is present in >90% 
of patients and an independent risk factor for mortality. 
Common atrioventricular valve regurgitation occurs more 
frequently in heterotaxy than in other patients and may be 
amplified by a systemic-pulmonary shunt, especially in right 
univentricular hearts. Atrioventricular valve regurgitation 
requires thorough evaluation and aggressive surgical treat-
ment, to be carried out preferably during staging towards 
Fontan operation [153].

More than 50% of patients with asplenia/right isomerism 
and single-ventricle physiology die before reaching the stage 
of Fontan operation. Both morbidity [154–156] and mortal-
ity (15–30% depending on the series) at Fontan are higher 
than those reported for nonisomeric patients [157–159], 
although dramatically lower than the preliminary experi-
ence of most groups. Preliminary reports described also an 
increased mortality after the Fontan operation in patients 
with asplenia/right isomerism, compared with patients with 
polysplenia/left isomerism, mainly due to a prevalence of 
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right ventricular morphology in asplenia/right isomerism, 
and the association with anomalous pulmonary venous con-
nections. Such a difference is no longer described [159], and 
excellent long-term survival has been reported in patients 
with asplenia/right isomerism provided that anomalous and/
or obstructive pulmonary venous return and atrioventricu-
lar valve regurgitation are treated aggressively, the Fontan 
repair is staged, a fenestration is used liberally, and the tech-
nique is carefully chosen to minimize the risk of pulmonary 
venous obstruction [159].

Fontan staging with a bidirectional cavopulmonary anas-
tomosis has been proposed to reduce the risk of the Fontan 
operation [160]. A bidirectional cavopulmonary anastomosis 
can be constructed in patients with anomalous pulmonary 
venous connection with morbidity and mortality that are not 
different from those in patients with normal pulmonary 
venous connections [161]. Furthermore, early reduction of 
the ventricular volume load may be especially beneficial in 
patients with a common atrioventricular valve to prevent 
development of incompetence, which occurs more easily 
when the ventricular end-diastolic pressure is elevated and 
the atrioventricular valve annulus is dilated [162]. On the 
other hand, there is some controversy concerning the benefit 
of a bidirectional cavopulmonary an astomosis alone on an 
already regurgitant common atrioventricular valve, whose 
moderate to severe occurrence has been reported as a risk 
factor for mortality early postoperatively [163].

Modifications of surgical technique have played a crucial 
role in the improvement of results of surgery in patients 
with asplenia/right isomerism. A part from the extensive use 
of extracardiac tube grafts and conduit fenestration for safe 
direction of inferior vena cava and hepatic venous drainage 
to the pulmonary arteries [164,165], specific technical mod-
ifications have been described for separate drainage of 
hepatic veins [166], sometimes associated with apicocaval 
juxtaposition [67,68,167,168]. Such anatomic peculiarities 
need to be specifically addressed from a surgical point of 
view, taking into account the distance between inferior vena 
cava and hepatic veins and their reciprocal relationship with 
the spine, in order to construct an unobstructed pathway for 
blood diversion to the pulmonary arterial tree. Evolution of 
surgical techniques and careful attention to the specific ana-
tomic patterns of the disease may play a crucial role in the 
improvement of survival of patients with asplenia/right 
isomerism [169].

Polysplenia/left isomerism
About 50–70% of patients with polysplenia/left isomerism 
have a cardiac anatomy that is unsuitable for biventricular 
repair and are consequently candidates for single-ventricle 
repair [141,170–172]. Initial palliation usually includes 
a systemic–pulmonary shunt (pulmonary obstruction), a 
Norwood-type procedure (hypoplastic left heart complex), 
or a pulmonary artery banding (unobstructed pulmonary 

outflow). Pulmonary artery banding may be required at the 
time of coarctation repair, but may be needed also in patients 
without aortic outflow obstruction.

Single-ventricle physiology is an independent risk factor 
for increased mortality among patients with polysplenia/left 
isomerism. Additional extracardiac and cardiac factors inde-
pendently affecting survival in patients with single-ventricle 
physiology, on a par with those with biventricular physiol-
ogy, are biliary atresia, other gastrointestinal malformations, 
low birth weight, atrioventricular block, and coarctation of 
the aorta [141]. In contrast to asplenia/right isomerism, 
abnormal pulmonary venous connections are not associated 
with an increased risk, whereas fetal atrioventricular block 
and coarctation of the aorta are associated with poorer prog-
nosis, the former in spite of pacing [173] and the latter due 
to its frequent association with aortic outflow obstruction 
and hypoplastic left ventricle [141].

Staging towards Fontan operation in patients with poly-
splenia/left isomerism and single-ventricle physiology is 
accomplished by the Kawashima operation [174], a bidirec-
tional cavopulmonary anastomosis draining to the lungs 
almost the whole systemic venous return because of the 
 azygos continuation of the inferior vena cava.

Early outcome of Kawashima operation, initially consid-
ered a sort of definitive palliation, is affected by an increased 
occurrence of pulmonary arteriovenous fistulas early post-
operatively [90,175,176], due to the exclusion of the hepatic 
venous blood from the pulmonary circulation. From a theo-
retical viewpoint, an increased incidence of pulmonary 
 arteriovenous malformations in patients with azygos con-
tinuation and bidirectional cavopulmonary anastomosis 
could be related to other factors, such as polysplenia/left 
isomerism [90,175–177] or a lesser extent of bronchial col-
lateral flow related to a higher Qp/Qs ratio compared with 
bidirectional cavopulmonary anastomosis in the absence of 
azygos  continuation. However, their complete regression 
after baffling the hepatic veins to the confluent pulmonary 
arteries [178–184] outlines the crucial role of a putative 
hepatic or splanchnic factor that prevents precapillary chan-
nels of the pulmonary circulation from dilating [185,186]. 
Pulmonary arteriovenous fistulas have been described as 
increasing early morbidity and mortality after a modified 
Fontan operation owing to severe arterial desaturation 
[187]. For this reason, patients with polysplenia/left isomer-
ism who have undergone a Kawashima bidirectional cavo-
pulmonary anastomosis should be strictly followed to assess 
the early onset of pulmonary arteriovenous fistulas by con-
trast echocardiography [188] and transcutaneous pulse 
 oximetry and Fontan completion should be performed 
timely at a relatively short interval.

The mortality with Fontan operations in polysplenia/left 
isomerism has been reported to range from 0 to 30% 
[141,156,189], with an improvement over time [156], but 
with a mortality up to 50% for the extracardiac Fontan 
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operation. In fact, conduit interposition between the hepatic 
veins and the pulmonary circulation carries an increased 
susceptibility to thrombosis due to a genetic hypercoagulable 
condition of patients with interrupted inferior vena cava 
(i.e., factor XII deficiency or heterozygous presence of factor 
V Leiden mutation) [190] and a flow imbalance mechanism 
between the relatively low upward flow from the hepatic 
veins and the preponderant downward flow of the 
Kawashima bidirectional cavopulmonary anastomosis. 
Improved survival has recently been reported using a hepato-
azygos connection, a sort of end-to-side anastomosis between 
hepatic veins and the nearby segment of the azygos vein, 
aimed at reproducing the normal anatomic pattern of the 
systemic venous system [182–184,191,192]. The optimal 
spatial arrangement provided by direct hepatoazygos con-
nection obviates power dissipation associated with fluid col-
lision [193] and avoids flow stagnation in the hepatic 
vein–pulmonary artery conduit in the case of conventional 
Fontan completion after the Kawashima operation [192].

Finally, close attention needs to be paid to atrioventricular 
valve function in patients with single-ventricle physiology 
and polysplenia/left isomerism on a par with those with 
asplenia/right isomerism. About 75% of initial patients 
receiving the Kawashima bidirectional cavopulmonary anas-
tomosis were reported as receiving concomitant replacement 
of the incompetent common atrioventricular valve [174]. 
Furthermore, the degree of preoperative atrioventricular 
valve regurgitation was described as a significant risk factor 
for increased mortality rate in heterotaxy patients at the 
time of the Fontan operation [189]. Accurate evaluation and 
possible treatment of atrioventricular valve incompetence 
during staging are mandatory to improve the subsequent 
candidacy of such patients for the Fontan operation [153].

Despite the good results of the Fontan procedure quoted 
in recent studies of patients with polysplenia/left isomerism, 
the incidence of both early and late postoperative arrhyth-
mia remains high, with freedom from late bradyarrhythmia 
and tachyarrhythmia at 78 and 70%, respectively [153]. 
Certainly, the extracardiac Fontan modification has led to a 
general reduction in arrhythmias, by effectively preserving 
sinus node function [194]. However, in spite of that, both 
early and late postoperative arrhythmias are more common 
in patients with heterotaxy syndrome. In particular, 87% of 
arrhythmias are bradyarrhythmia in patients with hetero-
taxy, and severe bradyarrhythmia requiring permanent 
pacemaker implantation is more common in those with 
polysplenia/left isomerism [172].

Biventricular repair

Asplenia/right isomerism
About 10% of patients with asplenia/right isomerism have a 
cardiac anatomy suitable for biventricular repair. Criteria 
[34,195,196] for biventricular repair in heterotaxy patients 

are the presence of two balanced ventricles of adequate 
 volume and function, associated with septatable atrioven-
tricular valves and venoatrial connections, although some 
complex associated lesions may still contraindicate biven-
tricular repair even in the presence of favorable prerequisites 
[152,196,197]. Given the extent of the anatomic variability 
of these patients, there are no clear criteria to determine 
suitability for biventricular repair, and each case needs to be 
considered on an individual basis. Focusing on asplenia/right 
isomerism, sporadic cases and limited series of complex 
 biventricular repair have been reported with overall satisfac-
tory results and early and late survival [198] of >90% [199]. 
The most common anomalies are transposition complexes, 
 complete atrioventricular canal defect, double-outlet right 
ventricle, and pulmonary artery and pulmonary vein anom-
alies [199–203]. The unfavorable factors noted for the Fontan 
strategy are also common for biventricular repair, including 
anomalous venoatrial connections often accompanied by 
obstruction of the pulmonary venous drainage and hypopla-
sia of the pulmonary arteries [157,204].

Literature reports indicate that atrioventricular valve 
regurgitation and, possibly, anomalous pulmonary venous 
connections do not place a heterotaxy patient at risk for 
mortality after biventricular repair (as opposed to the Fontan 
operation). Furthermore, although long-term morbidities, 
including arrhythmia and reoperation/reintervention, are 
equivalent to those of Fontan patients, biventricular repair 
provides better hemodynamics with lower systemic venous 
pressure than the Fontan procedure and good NYHA status 
[199]. For this reason, in selected circumstances with suit-
able morphologic features, biventricular repair should be 
considered for definitive repair in patients with asplenia/
right atrial isomerism [198].

Polysplenia/left isomerism
In contrast to asplenia/right isomerism, biventricular atrio-
ventricular connection has been reported to be present in up 
to 72% of patients with polysplenia/left isomerism, with two 
separate atrioventricular valves in 43% [202]. Not all of 
these patients are amenable to biventricular repair because 
of abnormalities of atrioventricular concordance or systemic 
and pulmonary venous connections [205]. However, in 
recent reports, surgeons have reported their ability to per-
form biventricular repair in 30–50% of patients presenting 
with left polysplenia/left isomerism [141,170–172].

Criteria to pursue biventricular repair do not differ from 
those described for asplenia/right isomerism. The frequent 
associated concordant ventriculoarterial connection [205,206] 
and normal outflow tracts [172] may further facilitate the 
feasibility of repair.

Biventricular repair in polysplenia/left isomerism includes 
different procedures, namely atrial partition associated with 
septation of a common atrioventricular valve and closure of 
a ventricular septal defect (complete atrioventricular canal 
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defect), suture of a mitral cleft (partial atrioventricular 
canal defect), ventricular septal defect closure (ventricular 
septal defect), and interventricular rerouting associated 
with right ventricular outflow tract reconstruction 
(tetralogy- type double-outlet right ventricle), depending 
on the coexisting conditions. Atrial partition may require 
septation with a straight patch, when systemic and pulmonary 
veins connect into either side of the atrium independently; 
intra-atrial rerouting with a tailored baffle, to separate the 
pulmonary veins from systemic veins; or atrial switch, 
when the pulmonary veins connect into the functional 
right atrium or more than two systemic veins connect into 
the functional left atrium [202]. Multiple lesions may 
coexist, requiring complex procedures as in the case of atrio-
ventricular canal defect with common atrioventricular 
valve and double-outlet right ventricle [203].

Results of biventricular repair in polysplenia/left isomer-
ism are excellent, leading to early survival >90–100% 
[172,199] and very good long-term outcome [171]. The 
presence of a common atrioventricular valve is a significant 
risk factor for morbidity leading to reoperation [207], but 
not for additional mortality. Arrhythmias are typical of 
polysplenia/left isomerism and may be unrelated to surgery. 
This can be due to absence, hypoplasia or abnormal location 
of the sinus node, or abnormalities of atrioventricular con-
duction system related to associated abnormalities of atrio-
ventricular connection and ventricular architecture [208]. 
Some studies suggest that atrioventricular block is more 
common (7–39%) in patients with polysplenia/left isomer-
ism and is four times more common in those with an associ-
ated atrioventricular canal defect [209]. Furthermore, 
progressive slowing of the atrial rhythm is also typical of 
polysplenia/left isomerism [147], even in the absence of intra-
cardiac abnormalities [172]. However, the incidence of 
 postoperative arrhythmia is significant in patients with 
polysplenia/left atrial isomerism [199] treated with biven-
tricular repair compared with those undergoing single ven-
tricle palliation [153,169], with an overall incidence of up to 
50% [171]. Studies suggest that the types of atrial baffling, 
atrioventricular valve regurgitation, and systemic and pul-
monary venous anomaly are not related to the occurrence of 
arrhythmia. However, tachyarrhythmia has been reported 
in association with older age at biventricular repair, whereas 
the need for right ventricular outflow tract procedures to 
relieve stenosis has been described in relationship to the 
development of bradyarrhythmias [199].

Mechanical assistance for malposition 
of the heart

Recent reports outline the peculiar usefulness of a ventricu-
lar assist device and extracorporeal membrane oxygenation 
in neonatal palliation of cardiac abnormalities associated 

with asplenia/right isomerism, especially when obstructed 
total anomalous pulmonary venous drainage coexists [152]. 
In fact, a ventricular assist device and extracorporeal 
 membrane oxygenation may be used to support the myocar-
dium through a pulmonary hypertensive crisis and can be 
discontinued after stabilization of pulmonary reactivity.

On the other hand, scattered reports in the literature 
describe specifically left ventricular assist device implanta-
tion as bridge to recovery [210] or in heart transplantation 
[211] patients with abnormalities of the situs, without par-
ticular technical differences compared with patients with 
situs solitus. However, patients receiving mechanical assist 
device implantation may become sensitized to a wide variety 
of leukocyte antigens [212–217] and, therefore, require 
thorough evaluation and treatment, whenever required, 
before and after heart transplantation is performed 
[218,219].

Cardiac transplantation for malposition 
of the heart

Neonatal cardiac transplantation has been advocated as a 
primary therapy for some forms of complex cardiac anoma-
lies, such as those associated with asplenia/right isomerism 
[220,221]. Apart from the general shortage of adequate 
donors for small recipients, there is general agreement to 
reserve cardiac transplantation for patients with asplenia/
right isomerism, mainly already palliated up to the stage of 
bidirectional cavopulmonary anastomosis [222], with uncor-
rectable atrioventricular valve incompetence associated with 
severe ventricular dysfunction. From this viewpoint, asple-
nia/right isomerism does not differ from polysplenia/left 
isomerism or from other cardiac malformations with single-
ventricle physiology [223] with/without abnormalities of 
the situs.

Focusing on particular problems associated with ortho-
topic heart transplantation in patients with complex car-
diac anomalies and abnormalities of the situs, they are 
mainly related to the position within the recipient’s chest of 
the  systemic venous return and to the previous surgery 
performed.

In fact, when examining the anatomy of cardiac struc-
tures for heart transplantation regardless of the situs, the 
left atrium is a midline structure that receives the right and 
left pulmonary veins, the pulmonary artery is a midline 
structure at some point, and the aorta is usually anterior 
and to the right of the pulmonary artery, regardless of 
whether it originates normally or is transposed [224]. 
Abnormalities of the situs, therefore, are mainly character-
ized by variations up to complete reversal of the anatomic 
position of the systemic venous return and require particu-
lar modification of the surgical technique to deal with them. 
Several reports have described technical modification of 
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the standard transplantation technique for patients with 
situs inversus, reported as being a serious technical chal-
lenge due to the complete reversal of the anatomic position 
of the systemic venous return [224–234]. Reconstruction 
of the mirror-image systemic venous pathway is generally 
performed using autologous tissues or prosthetic conduits 
[224,229,232], and the donor heart is seated in a some-
what clockwise-rotated position with the apex tipped 
 frontwards [133,230] or completely within the recipient’s 
pericardium in dextrocardia [234], according to the tech-
nique used. In the subset of patients with heterotaxia, 
 pediatric cardiac transplantation has been reported 
[223,226,234–236], with a few in patients with situs ambig-
uus [237,238]. The operative technique in such patients 
can be complicated by the position of the heart, the abnor-
malities of systemic and pulmonary venous connections 
[223,225,235,236,239,240], and the relationship between 
the great vessels [241,242].

The surgically demanding effects of preliminary pallia-
tive procedures on the pulmonary arterial tree and chest 
adhesions [224,227,236,240] are a less important aspect 
related to previous surgical procedures. The major problem 
with heart transplantation in patients who have already 
undergone previous cardiac operations is the potential 
development of HLA-directed antibodies allowing allosen-
sitization. In particular, patients who received homograft 
implantation, blood/platelet transfusions, and/or mechani-
cal assist device implantation may become sensitized to a 
wide variety of leukocyte antigens [243]. They represent a 
heart transplant population at high risk of hyperacute 
rejection and require specific consideration and both pre-
transplant and postoperative immuno-treatment options 
[218,219].

Early results of pediatric cardiac transplantation for car-
diac malformations showed in the past a significantly 
increased early mortality compared with idiopathic cardio-
myopathy [244,245] because of major operative procedure-
related complications. However, increasing proportions of 
positive results with cardiac transplantation in children 
with cardiac malformations have progressively been 
described despite multiple previous cardiac operations 
[223,224,236,240,246,247]. Under such circumstances, 
abnormalities of situs do not show a negative impact on 
both early and late results compared with series of patients 
undergoing heart transplant for congenital cardiac defects 
in situs solitus or dilated cardiomyopathy [224,228–
230,235,238].

Nowadays, heart transplantation can be considered a 
safe and highly effective treatment for patients with com-
plex congenital heart defects, irrespective of the situs 
[225]. In fact, according to the current literature, the out-
come in patients with congenital heart disease does not 
differ from that in patients without such abnormalities 
[248–250].

Ectopia cordis

Classification
Ectopia cordis is the partial or complete location of the heart 
outside the thorax. This extremely rare condition occurs in 
5.5–7.9 per million live births [251,252]. Anatomic and clin-
ical similarities with Cantrell syndrome are evident [48–50]. 
Kanagasuntheran and Verzin [253] divided ectopia cordis 
into five types: cervical, thoracocervical, thoracic, thoraco-
abdominal, and abdominal. The cervical form was found 
only in malformed fetuses; the abdominal form is extremely 
rare, with only one patient described. Hence, for practical 
purposes, only two types of ectopia cordis need be consid-
ered: the thoracic and the thoracoabdominal forms.

The thoracic type is the classic form of ectopia cordis. In 
these patients, there is a cleft of the sternum that allows pro-
trusion of the heart outside the thoracic cavity, absence of 
the parietal pericardium, cephalic orientation of the cardiac 
apex, epigastric omphalocele, diastasis recti, and small tho-
racic cavity. The thoracoabdominal form is a partial form of 
ectopia cordis that is characterized by partial absence or cleft 
of the lower sternum, defect of the parietal diaphragmatic 
pericardium, midline diaphragmatic defect resulting in free 
communication between the pericardium and abdominal 
cavity, and diastasis recti with partial displacement of the 
ventricular portion of the heart into epigastrium. Many types 
of cardiac malformations are associated with ectopia cordis: 
tetralogy of Fallot, ventricular septal defect, atrioventricular 
canal, common atrium, tricuspid atresia, pulmonary stenosis 
and atresia, and transposition of the great arteries. There are 
at least five instances of ectopia cordis without a cardiac 
anomaly [47].

Oligohydramnios due to amnion rupture causing com-
pression of the heart during cardiogenesis has been hypoth-
esized as a mechanism of both thoracic and thoracoabdominal 
ectopia cordis [254]. Despite this mechanical explanation, 
chromosome abnormalities [251,255,256] and associated 
anomalies such as cleft lip and palate, cranial anomalies, 
 gastrointestinal and renal anomalies, and pulmonary hypo-
plasia have been identified in some affected patients 
[47,257,258].

Treatment
A dismal outcome is generally reported in patients with 
ectopia cordis [257–260], mainly because of associated extra-
cardiac and cardiac anomalies [257,258]. The first successful 
operative treatment of thoracoabdominal ectopia cordis 
without cardiac and extracardiac anomalies was performed 
in 1888 by Lannelongue and reported 22 years later [261]. 
Major extracardiac problems in the treatment of ectopia 
cordis include external cardiac compression, lung hypopla-
sia, and large airway obstruction due to distorted vascular 
anatomy.
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The prognosis is particularly poor in patients with the 
 thoracic form of ectopia cordis. In these patients, even 
though the thoracic cavity may appear normal in size, the 
liver occupies much of the cavity and precludes placement of 
the heart in the thorax. Although the outcome for patients 
with thoracoabdominal ectopia cordis is considered more 
favorable than that for patients with the thoracic form, 
the mortality is still high in both groups. The outcome of a 
large group of children and infants with ectopia cordis and 
cardiac anomalies [262] shows that affected infants and chil-
dren can survive beyond early infancy and undergo success-
ful repair or definitive palliation of their cardiac anomaly.

Thoracopagus conjoined twins

The most common form of conjoined twins shows a fusion 
in the midportion of the body, and these children are called 
thoracopagus twins. These patients represent a rare type of 
cardiac malposition because the fusion involves the anterior 
chest region and the heart. Conjoined twins occur once in 
every 50 000 births. Female twins represent more than 
three-quarters of patients [263,264].

In thoracopagus twins, the livers are conjoined and the 
sternum is usually partially or totally absent (Figure 50.21). 
The pericardial and pleural cavities may be either separate or 
common to both children, and the cardiovascular fusion 
may be classified into three types [265]: common pericar-
dium but separate hearts, fusion at atrial and ventricular 
 levels, and fusion at atrial level only. Simple or, more 

 frequently, complex cardiac malformations may coexist and 
may be discordant between the children.

Anomalies of visceroatrial situs are frequent in dicephalus 
(86%) and in thoracopagus twins (71%), occurring most 
frequently in the twin on the right side [265]. These lateral-
ity defects have been explained by the inhibition of the gene 
Sonic Hedgehog in the left side of the right twin due to the 
effect of Activin gene produced at the right side of the left 
twin [266].

Because anomalies of the visceroatrial situs and discord-
ant atrioventricular and ventriculoarterial connections are 
frequent [267], the segmental approach to cardiac diagno-
sis [1,2,6,8] is mandatory in these patients. At atrial level, 
the most frequent anomalies are single atrium and large 
atrial septal defect. Venous channels interposed between 
the superior venae cavae and connecting the systemic 
venous drainages of the twins are frequent, as is partial or 
total anomalous pulmonary venous connection. At ven-
tricular level, the most common anomalies are single 
 ventricle and ventricular septal defect [268]; transposition 
of the great arteries and double-outlet right ventricle are 
the most common conotruncal defects. Pulmonary and 
aortic stenosis or atresia occur frequently, and one twin 
may show one of these conditions and the opposite twin 
the other [269].

The fetal diagnosis can be made by radiography [270]. 
Prenatal echocardiographic examination details the intracar-
diac anatomy [271].

At birth, the diagnosis of separate hearts can be sus-
pected if one twin differs from the other in pulse rate and 

(a) (b)

Figure 50.21 (a) Chest radiograph and (b) computed tomographic angiogram in thoracopagus twins. Note the conjoined livers and the fusion of the 

chests (twin A is right-sided and twin B is left-sided in the figure).
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if they show separate QRS complexes on an electrocar-
diogram [270]. Echocardiography can diagnose the site 
and dimension of the heart fusion and the morphology of 
 intracardiac anomalies [269]. Computed tomographic 
 angiography [269,272] may also be useful for the diagno-
sis, but cardiac catheterization and angiocardiography, 
although technically difficult in these patients, are usually 
mandatory to assess the feasibility of separation [269,273]. 
Aortography and coronary angiography should be indi-
cated to exclude fusion of the coronary vascular beds at 
ventricular level. Furthermore, the assessment of electro-
myocardial continuity should be considered in the preop-
erative work-up [274].

Separation of conjoined twins represents an operative 
challenge [275–283] and is best delayed until the infants 
are relatively mature (6–12 months of age). The assess-
ment of the cardiovascular system is fundamental in plan-
ning the operative separation, but the evaluation of the 
liver, pancreaticobiliary tract, gastrointestinal tract, urinary 
tract, and central nervous system is also important. 
Therefore, the operative team must include many specialty 
consultants and surgeons. Moreover, the use of skin 
expanders and prosthetic mesh is mandatory to facilitate 
wound closure.

The ethical and legal problems of separation of conjoined 
twins are important aspects in medical and surgical treat-
ment [282,283]. With conjoined hearts, the possibility of 
sacrificing one twin, allowing the other to lead a potentially 
normal life, comes into question [283]. The hospital’s ethics 
committee is helpful in this respect, but obviously the par-
ents always have the right to refuse surgical separation.

There are no reported long-term instances of separation of 
twins with conjoined ventricles (one patient survived for 3 
months) [283] and there were few successes when the junc-
tion was at atrial level [276,277].
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Introduction

Pulmonary arterial hypertension (PAH) in children is a 
life-threatening disease characterized by progressive 
obliteration of the pulmonary vasculature leading to right 
heart failure and death if untreated. Prior to the current 
treatment era, PAH carried a poor prognosis and survival 
rate [1]. PAH in children may be idiopathic (IPAH) or 
associated with other diseases (APAH), more commonly 
with congenital heart disease (CHD). IPAH is diagnosed by 
excluding other diseases. The first description of PAH 
associated with CHD was made in 1897 by Victor Eisenmenger, 
who described the autopsy findings of a 32-year-old man 
with a large ventricular septal defect and pulmonary vascular 
disease (PVD). In 1958, Paul Wood’s description of the 
Eisenmenger syndrome (ES) as pulmonary hypertension 
(PH) at the systemic level due to high pulmonary vascular 
resistance (PVR) with bidirectional or reversal of shunt is still 
relevant to our understanding today [2].

The prognosis of PAH has changed dramatically over the 
past decade since the introduction of new therapeutic agents 
and the off-label application of adult pulmonary hypertension 
(PH)-specific therapies to children [1,3–5]. Nevertheless, PH 
remains serious and extremely challenging to manage. The 
data in children are often limited by the small number of 
patients, and extrapolating from adults to children is not 
straightforward. The degree of pulmonary vasoconstriction 
relative to fixed pulmonary vascular obstruction is important 
in children in any form of PH and appropriate therapies must 
be carefully chosen according to the etiology and pulmonary 
vasoreactivity. In PAH associated with CHD, pulmonary 
vasoreactivity is very important in deciding whether the 
patient is a candidate for surgical repair or not. PAH still has 
no cure and the treatment aims at prolonging survival by 

improving quality of life, symptoms, exercise tolerance, and 
hemodynamics.

Definition and classification

PAH is defined as a mean pulmonary artery pressure (PAP) 
≥25 mmHg at rest, with a normal pulmonary capillary wedge 
pressure (≤15 mmHg). Some authors also include an 
increased pulmonary vascular resistance index [≥3 Woods 
Units (WU) m2] as part of the definition for PAH [6,7]. 
Exercise criteria have been deleted from the current defini-
tion, but some children show an abnormal vasoconstrictor 
response of the pulmonary vascular bed with increased 
PAP only with exercise at the early stage of the disease. 
Measurement of PAP during exercise, however, is extremely 
challenging in children. Compared with adults, children are 
thought to have a greater vasoreactive response to hypoven-
tilation with a more pronounced oxygen desaturation [8].

A revision of the classification, including most of the forms 
of PH encountered in children, was proposed at Dana Point 
in 2008 (Table 51.1) [9]. A recent article reviewed the clini-
cal presentation of children with PAH and outlined the dif-
ficulties of classifying pediatric PH according to this 
classification [10]. Category 1 includes idiopathic and famil-
ial PAH and also PAH related to or associated with various 
diseases, including CHD. The rationale for including PAH 
associated with CHD is that the histologies of category 1 PAH 
diseases are indistinguishable from each other, with the 
plexiform lesion being the cornerstone of severe pulmonary 
vascular disease (PVD). The plexiform lesions of patients 
with idiopathic or familial PAH contain monoclonal prolifer-
ating endothelial cells, whereas those of patients with associ-
ated PAH contain polyclonal endothelial cell proliferation 
[11]. The most common forms of associated PAH (APAH) in 
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children except CHD are related to chronic lung disease and 
hemoglobinopathies.

In the new Dana Point classification, venous PH has been 
renamed PH due to left heart disease and classified in category 2. 
It is divided into PH related to left ventricular (LV) systolic 
dysfunction, LV diastolic dysfunction, and left heart valvar 
disease. Except for restrictive cardiomyopathy, PH secondary 
to left ventricular diastolic dysfunction is rare in children and 
the most common causes of PH related to left heart disease 

in children are left-sided CHD and cardiomyopathies. 
Nevertheless, with the emergence of childhood obesity, insu-
lin resistance, systemic hypertension, and survivors of heart 
transplantation, PH due to diastolic dysfunction will become 
more frequent in children. The classification of PH does not 
address adequately the heterogeneity of PVD in children, par-
ticularly for two causes of pulmonary venous hypertension: 
pulmonary veno-occlusive disease (PVOD) is classified in cat-
egory 1′ and congenital pulmonary vein stenosis is not men-
tioned in this classification. It is still a matter of debate whether 
a specific pediatric classification should be developed.

Epidemiology and genetics

Data on pediatric epidemiology remain scarce and the exact 
incidence and prevalence of PH in children are not known. 
Although there are many registries of adult patients, regis-
tries of children with PH are less well established and pow-
ered [12–14]. PAH may be idiopathic or heritable with no 
underlying cause, or associated with a specific disease (asso-
ciated PAH). Based on available data in children, the etiology 
of PH is probably more diverse than in adults, with PAH 
being much more common than pulmonary venous hyper-
tension. In children, the predominant diagnoses are IPAH 
and PAH associated with CHD and shunt lesions [12]. ES is 
rarely seen now in developed countries because of early 
referral and surgical repair. Nevertheless, access to specialist 
care in developing countries is insufficient, and CHD remains 
the most common etiology of PAH worldwide [15]. Persistent 
pulmonary hypertension of the newborn (PPHN) is the most 
common cause of PH in the neonatal period. PH associated 
with chronic lung disease and hemoglobinopathies are less 
common and probably underreported causes of PH in infants 
and children. Two recent large registries will give important 
data about pediatric epidemiology in the near future.

PAH appears to be a disease of “predisposed” individuals in 
whom various stimuli may initiate the PVD process. A genetic 
trait may account for the variability in expression of differ-
ent degrees of PH to similar stimuli. A genetic mutation of 
the bone morphogenetic protein receptor type 2 (BMPR2) 
on chromosome 2q33, a gene encoding a TGF-β receptor 
(the PPH1 gene), has been recognized in some patients with 
familial PAH (>50% of the patients) and IPAH (∼20–25%), 
and in sporadic examples of PAH (26%) [16,17]. BMPR2 
mutations are inherited as an autosomal dominant pattern 
with reduced penetrance and genetic anticipation. Often, 
the child is the first family member to present with severe 
disease, and evaluating first-degree relatives reveals milder 
forms of PAH. The genetics of PAH in children are still unclear 
but mutations of the BMPR2 gene seem to be involved in 
some patients [18,19], whereas other children may have a 
different genetic background [20]. More recently, a study by 
Rosenzweig et al. found that BMPR2 mutation positive 

Table 51.1 Revised classification of pulmonary hypertension from 

Dana Point 2008. (Reproduced from Simonneau G, et al. J Am Coll 

Cardiol 2009;54(1 Suppl):S43–54, with permission from Elsevier.)

1 Pulmonary arterial hypertension (PAH)

 1.1 Idiopathic PAH

 1.2 Heritable

  1.2.1 BMPR2

  1.2.2  ALK1, endoglin (with or without hereditary 

hemorrhagic telangiectasia)

  1.2.3 Unknown

 1.3 Drug and toxin induced

 1.4 Associated with

  1.4.1 Connective tissue diseases

  1.4.2 HIV infection

  1.4.3 Portal hypertension

  1.4.4 Congenital heart diseases

  1.4.5 Schistosomiasis

  1.4.6 Chronic hemolytic anemia

 1.5 Persistent pulmonary hypertension of the newborn

1′  Pulmonary veno-occlusive disease (PVOD) and/or pulmonary 

capillary hemangiomatosis (PCH)

2 Pulmonary hypertension owing to left heart disease

 2.1 Systolic dysfunction

 2.2 Diastolic dysfunction

 2.3 Valvar disease

3 Pulmonary hypertension owing to lung diseases and/or hypoxia

 3.1 Chronic obstructive pulmonary disease

 3.2 Interstitial lung disease

 3.3  Other pulmonary diseases with mixed restrictive and 

obstructive pattern

 3.4 Sleep-disordered breathing

 3.5 Alveolar hypoventilation disorders

 3.6 Chronic exposure to high altitude

 3.7 Developmental abnormalities

4 Chronic thromboembolic pulmonary hypertension (CTEPH)

5 Pulmonary hypertension with unclear multifactorial mechanisms

 5.1  Hematologic disorders: myeloproliferative disorders, 

splenectomy

 5.2  Systemic disorders: sarcoidosis, pulmonary Langerhans cell 

histiocytosis, lymphangioleiomyomatosis, neurofibromatosis, 

vasculitis

 5.3  Metabolic disorders: glycogen storage disease, Gaucher 

disease, thyroid disorders

 5.4  Others: tumoral obstruction, fibrosing mediastinitis, chronic 

renal failure on dialysis
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children appeared less likely to respond to acute vasodilator 
testing than BMPR2 mutation negative children [19]. 
Mutation in the BMPR2 gene is less common in PAH associ-
ated with CHD than in IPAH, but when present, it seems to 
have a profound impact on outcome.

Pathophysiology

Idiopathic PAH (IPAH)
PAH in adults and children shows many similarities but there 
are specific differences in children. PAH is a process of pul-
monary vasoconstriction and proliferation and remodeling 
of the pulmonary vascular bed [21,22]. An imbalance in the 
biosynthesis of prostacyclin and thromboxane A2 [23,24] 
with increased thromboxane, endothelin, and serotonin and 
decreased prostacyclin and nitric oxide (NO) has been 
described [25]. In older children, intimal hyperplasia and 
occlusive changes and also plexiform lesions are found in 
the pulmonary arterioles [26]. In contrast to adults, children 
with IPAH have more pulmonary vascular medial hypertro-
phy, less intimal fibrosis, and fewer plexiform lesions [27,28]. 
This suggests that vasoconstriction leading to medial hyper-
trophy occurs early in the disease and may precede the 
development of fixed pulmonary vascular changes. This may 
explain severe acute pulmonary hypertensive crises occur-
ring more often in response to pulmonary vasoconstrictor 
triggers in children than in adults.

PAH associated with CHD
Increased pulmonary artery pressure (PAP) and/or pulmo-
nary blood flow (PBF) causes an increased pulmonary vas-
cular resistance (PVR) related to active vasoconstriction and 
pathologic remodeling of the pulmonary circulation consist-
ing of decreased luminal area of the pulmonary arteries ± a 
diminished number of vessels. This is reflected in the 
response to pulmonary vasodilatation with a decrease in 
PVR in patients with CHD [29,30]. Increased wall stress and 
endothelial shear stress serve as a growth stimulus and 
increased matrix protein synthesis responsible for the remod-
eling lesions [31]. In infants with CHD, vasoconstriction is 
predominant, but even in older children and adults the 
markedly increased PVR may remain reactive to pulmonary 
vasodilators. The normal physiologic response to increased 
flow is vasodilatation and decreased vascular resistance. The 
increased PVR associated with increased flow from CHD sug-
gests resting vasoconstriction and/or pulmonary vascular 
remodeling [32].

The distinction between reversible and irreversible PVD 
and the ability to predict whether the PVR will decrease fol-
lowing surgical correction of CHD is crucial. Indeed, in 
patients with ES, closure of the pulmonary to systemic con-
nection is associated with a worse clinical outcome than the 
natural history of the disease [2]. Patients with Eisenmenger 

syndrome may show a small degree of vasodilatation in 
response to pulmonary vasodilator testing, thus providing 
some rationale for therapy [33]. In children <2 years of age 
with mildly elevated PVR, PVR returns to normal after elim-
inating the shunt. In older patients with increased PAP and 
PVR, however, PVD may progress even after surgical correc-
tion. Medial hypertrophy is assumed to regress after removal 
of increased PAP and/or PBF [34].

Some variables have a major impact on the probability of 
reversal of PVD after surgical repair: the type of CHD, the age 
of the patient, and the level of PVR at the time of operation. 
Genetic and environmental factors are responsible for con-
siderable individual variability of the pulmonary vasculature 
to CHD. The rapidity of evolution of pulmonary vascular 
remodeling towards irreversible lesions depends on whether 
the defect is associated with increased PAP, PBF, or both [35]. 
For patients with a mild increase in PBF, such as atrial septal 
defect (ASD), the risk of developing PVD is low in those <20 
years of age [36]. With more pronounced increase in PBF, 
such as isolated ventricular septal defect (VSD), if closure is 
performed in the first 2 years of life, with a few exceptions 
an elevated PVR becomes normal. Favorable pulmonary 
vascular remodeling is even better when surgical closure is 
performed in the first year of life [37]. CHD with increases in 
both PAP and PBF evolves more rapidly towards severe PVD 
compared with those with increased PAP or PBF alone. 
Complex cardiac lesions with increased PAP and PBF together 
with high pulmonary arterial oxygen saturation (SaO2), low 
systemic SaO2, and polycythemia are at increased risk for the 
development of early PVD. For example, infants with unre-
paired d-TGA and intact ventricular septum may have 
increased PBF but normal PAP after the early neonatal period 
and are at risk of developing increased PVR and PVD in the 
first year or two of life [38]. Infants with d-TGA and VSD or 
patent ductus arteriosus (PDA) develop early severe PVD in 
the first year of life, and some patients may develop PVD 
despite neonatal arterial switch operation [39]. Particular 
lesions prone to develop early PVD are common arterial 
trunk or aortic origin of a pulmonary artery [40]. For the 
latter, pulmonary vascular changes may occur even in the 
normally connected lung, emphasizing the role of other cir-
culating vasoactive mediators.

PAH associated with hemoglobinopathies
Recently, several publications have reported an increased 
incidence of PH in children with hemolytic anemia, particu-
larly sickle cell disease (SCD), but also thalassemia and sphero-
cytosis. In a prospective study, Nelson et al. reported that 
31% of children ≥10 years of age with SCD had evidence of 
pulmonary hypertension by Doppler echocardiography [41]. 
Factors associated with suspected PH were male sex and 
elevated reticulocyte count. In those patients, PH likely 
results from multiple factors, including high output state 
related to anemia, left ventricular diastolic dysfunction, and 
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thromboembolic disease due to hypercoagulability elevating 
PVR [42,43]. Moreover, intravascular hemolysis releases 
hemoglobin, which reacts and destroys nitric oxide [44].This 
reduced NO bioavailability stimulates an increase in endothe-
lin-1, which further exacerbates PH [45].

PAH associated with chronic liver disease
Hepatopulmonary syndrome (HPS) and portopulmonary 
hypertension (PPHTN) are complications of portal hyperten-
sion [46]. HPS is defined as pulmonary arteriovenous mal-
formations resulting in intrapulmonary vascular shunting, 
ventilation-perfusion mismatch, and chronic hypoxemia. 
There is vasodilatation of pulmonary arterioles and capillaries. 
In a study by Whitworth et al., intrapulmonary vascular 
shunting was present in 19% of children with stable cirrho-
sis or extrahepatic portal hypertension [47]. PPHTN is defined 
as PH caused by a pulmonary arteriopathy in the presence of 
portal hypertension, with elevated PAP and PVR [48]. The ori-
gin is from several factors: hyperdynamic circulation, 
increased cardiac output, sheer stress injury to vascular walls, 
and imbalance of circulating vasoactive peptides, especially 
endothelin-1, and each has been implicated in the pathogen-
esis [49].The pathology of those two disorders is completely 
different with vasodilatation of arterioles and capillaries 
causing arteriovenous shunting in HPS and intimal fibrosis 
with endothelial and smooth muscle proliferation leading to 
increased PVR in PPHTN.

Persistent pulmonary hypertension 
of the newborn (PPHN)
PPHN is characterized by failure of the pulmonary circula-
tion to achieve or sustain the normal drop in PVR following 
birth (see Chapter 17). There may be an abnormal transition 
to the extrauterine life with failure of the pulmonary vascu-
lature to dilate. Strong experimental and clinical data sup-
port the role of impaired vascular endothelial growth factor 
(VEGF) signaling in the pathogenesis of two major clinical 
disorders of the developing lung circulation: PPHN and bron-
chopulmonary dysplasia (BPD). These disorders are each 
characterized by impaired vascular growth, structure, and 
reactivity, which are at least partly due to endothelial cell 
dysfunction [50,51]. Laboratory studies have identified the 
important role of NO–cGMP signaling in regulating the 
 perinatal pulmonary circulation, leading to the development 
and application of inhaled NO therapy and cGMP-specific 
phosphodiesterase inhibitors (PDE) such as sildenafil 
[52,53].

Pulmonary capillary hemangiomatosis (PCH) 
and pulmonary veno-occlusive disease (PVOD)
PCH and PVOD are both characterized by precapillary PAH 
and are included in classification category 1. They are char-
acterized by widespread vascular obstruction at either the 
alvelolar capillary bed (PCH) or the pulmonary venules 

(PVOD). These disorders are difficult to diagnose and their 
treatments are different because pulmonary vasodilators 
may worsen the patient’s status by inducing pulmonary 
edema [54]. Treatment of PCH and PVOD is frequently 
unsuccessful and requires lung transplantation.

PH associated with left heart diseases
Left heart diseases may increase pulmonary venous pressure 
and be responsible for pulmonary venous hypertension (or 
postcapillary PH). The initial pathophysiologic mechanism is 
a passive rise in PAP as downstream pressure increases to 
maintain left heart preload and cardiac output. The hemody-
namic data in this setting show a normal transpulmonary 
gradient (<10 mmHg), a low PVR (<5 WU m2) and a diastolic 
PAP equal to the left atrial pressure. Subsequent reflex vaso-
constriction of the pulmonary arteries or veins, or both, 
leads to an increased transpulmonary gradient (>10 mmHg), 
increased PVR (>5 WU m2) and diastolic PAP exceeds left 
atrial pressure. The patients usually respond to pulmonary 
vasodilators by a decrease in both the transpulmonary gradi-
ent and the PVR. Finally, the pulmonary arteries or veins 
have fixed vasoconstriction and are unresponsive to pulmo-
nary vasodilators. The histopathology shows medial thicken-
ing of both pulmonary arteries and veins (“arterialization” of 
the pulmonary veins) [55]. Lymphangiectasia is seen in both 
longstanding venous PH and following in utero elevation of 
pulmonary venous pressure (pulmonary vein atresia, total 
anomalous pulmonary venous drainage, or hypoplasic left 
heart syndrome with intact atrial septum). Advanced lesions, 
such as cellular intimal proliferation or plexiform lesions, are 
not seen. PH regresses if the left heart obstruction or dys-
function is addressed early.

PAH associated with neonatal 
and chronic lung disease
Bronchopulmonary dysplasia (BPD) is a chronic lung disease 
in prematurely born or immature infants. BPD is predomi-
nantly defined as disruption of distal lung growth with 
abnormal growth of the alveoli and the pulmonary circula-
tion. The number of small pulmonary arteries is reduced, 
leading to a reduced alveolar–capillary surface area and 
impaired gas exchange [56]. PH which presents early in the 
course of the disease contributes significantly to high mor-
bidity and mortality of neonates with BPD [57]. Abnormalities 
of the pulmonary circulation in BPD include increased vas-
cular tone and vasoreactivity, hypertensive remodeling, and 
decreased growth, leading to increased PVR with marked 
vasoconstrictor response to hypoxia [58]. The reduced vas-
cular surface area implies that even a relatively minor 
increase in left-to-right shunting of blood through a patent 
foramen ovale (PFO) or patent ductus arteriosus (PDA) may 
induce a much greater injury to the lung vasculature than in 
normal infants. Early closure of shunt lesions should be per-
formed prior to the development of progressive PH. Chronic 
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sildenafil therapy is well tolerated, safe, and effective for 
infants with PH related to chronic lung disease [52].

Congenital diaphragmatic hernia presents as PPHN. In 
utero lung growth is compromised by the intrathoracic posi-
tion of the abdominal contents and leads to pulmonary vas-
cular changes. A recent study by Keller et al. has shown that 
infants with congenital diaphragmatic hernia and poor out-
come had higher plasma endothelin-1 (ET1) levels and sever-
ity of pulmonary hypertension than infants discharged on 
room air. The severity of pulmonary hypertension was asso-
ciated with ET1 levels [59]. The two main factors determin-
ing long-term outcome are the degree of lung hypoplasia and 
the severity of the pulmonary vascular abnormalities [60].

Assessment

Clinical history and physical examination
Symptoms of PAH in children are frequently misleading and 
the diagnosis may be unrecognized for some time. A high 
degree of suspicion should be the rule, and PAH should be 
suspected in any child with undue shortness of breath, exer-
cise intolerance, tiredness, or syncopal episodes. In children 
with congenital cardiac shunt lesions, feeding difficulties, 
poor weight gain, and recurrent respiratory tract infections 
are common signs of high PBF. Recurrent collapse of differ-
ent lobes or segments of lung can be secondary to dilated 
proximal pulmonary arteries and airway compression. The 
signs and symptoms of heart failure usually improve as PVR 
increases and the patient may become asymptomatic until 
the shunt reverses and becomes obvious with arterial oxy-
gen desaturation. In children with Eisenmenger syndrome, 
central cyanosis and digital clubbing are present. Patients 
with ES are at increased risk of hemoptysis in early adult life. 
In children with PAH, exercise intolerance is common and 
can be graded according to the WHO functional classification 
(Table 51.2).

The physical signs of PAH include a right ventricular lift, an 
accentuated and palpable second heart sound, and a pulmo-
nary systolic ejection click secondary to a dilated pulmonary 
trunk. A high-pitched diastolic murmur of pulmonary insuf-
ficiency, a holosystolic murmur of tricuspid regurgitation, or 
gallop rhythm may be audible. The resting systemic arterial 
oxygen saturation should be normal in the absence of an int-
racardiac right-to-left shunt. Hepatomegaly with peripheral 
edema may be present in right heart failure. Even if associ-
ated PAH is rare in children except for CHD, all potential eti-
ologies should be evaluated and treated (Table 51.3).

Electrocardiogram (ECG)
ECG findings include right ventricular hypertrophy and 
strain, right atrial enlargement, and right axis deviation 
(Figure 51.1). Atrial arrhythmias may be the presenting 
symptoms of PAH.

Table 51.3 Pulmonary hypertension related to congenital heart 

diseases.

Left-to-right shunts •  Atrial septal defect (ASD)

•  Ventricular septal defect (VSD)

•  Atrioventricular septal defect (AVSD)

•  Patent ductus arteriosus (PDA)

•  Aortopulmonary window

Increased pulmonary 

venous pressure

•  Cardiomyopathy

•  Coarctation of the aorta (CoA)

•  Hypoplastic left heart syndrome (HLHS)

•  Shone complex

•  Mitral stenosis (MS)

•  Supravalvar mitral ring

•  Cor triatriatum sinister

•  Pulmonary vein stenosis

•  Pulmonary veno-occlusive disease (PVOD)

•  Total or partial anomalous pulmonary 

venous connection (TAPVC/PAPVC)

Cyanotic heart lesions •  Transposition of the great arteries (TGA) 

with VSD

•  Common arterial trunk (CAT)

•  Tetralogy of Fallot (TOF)

Univentricular heart with unobstructed 

pulmonary blood flow (with/without 

restrictive atrial septum)

Anomalies of the 

pulmonary artery

•  Origin of a pulmonary artery from the 

aorta

• Unilateral absence of a pulmonary artery

• Scimitar syndrome

Shunt anastomosis • Waterston anastomosis

• Potts anastomosis

 •  Blalock–Taussig anastomosis

Table 51.2 World Health Organization (WHO) functional classification 

in PH.

Class I •  PH with no limitation of physical activity

Ordinary physical activity does not cause undue 

dyspnea or fatigue, chest pain or near syncope

Class II •  PH with slight limitation of physical activity

•  Comfortable at rest

•  Ordinary physical activity causes undue dyspnea 

or fatigue, chest pain or near syncope

Class III •  PH resulting in marked limitation of physical activity

•  Comfortable at rest

•  Less than ordinary physical activity causes undue 

dyspnea or fatigue, chest pain or near syncope

Class IV •  PH with inability to carry out any physical activity 

without symptoms

•  Signs of right heart failure

•  Dyspnea and/or fatigue may be present even at rest

 •  Discomfort is increased by any physical activity



CHAPTER 51 Pediatric Pulmonary Hypertension

735

Chest X-ray
Chest X-ray findings in severe PAH are enlarged central 
 pulmonary arteries and diminished peripheral pulmonary 
vascular markings (Figure 51.2a). Cardiomegaly is usual, 
secondary to right heart enlargement. In children with PAH 
related to congenital shunt lesions, the chest X-Ray is reas-
suringly plethoric when the PVR is sufficiently low to allow 
high PBF and will show dilatation of the proximal vessels 
with peripheral hypoperfusion in significant PAH. The chest 
X-ray in children with venous PH shows obvious pulmonary 
edema (Figure 51.2b).

Echocardiography
Although cardiac catheterization is necessary for disease 
confirmation and PAP measurement, echocardiography is a 
useful noninvasive tool for the diagnosis and follow-up of 
PAH. In the absence of pulmonary stenosis, echocardiogra-
phy allows the estimation of the systolic PAP by measuring 
the peak systolic pressure gradient between the right ventri-
cle and the right atrium using the TR jet and the modified 
Bernoulli equation (ΔP = v2, where ΔP is the pressure gradi-
ent and v the velocity) and by adding the estimated right 
atrial pressure (Figure 51.3a). One must be aware that using 

the TR jet velocity as an estimate of systolic PAP can over- or 
underestimate the PAP [61]. Echocardiography also allows 
the estimation of the end-diastolic and mean PAP from the 
pulmonary insufficiency (PI) flow velocity (Figure 51.3b). 
Good correlation has been demonstrated between echo-
cardiographic and catheterization estimate of PAP. 
Echocardiography may reveal right heart dilatation and right 
ventricular hypertrophy and dilatation with bowing of the 
interventricular septum to the left (Videoclips 51.1 and 
51.2). In children with a shunt lesion, the systolic PAP can 
also be estimated from the velocity through the shunt using 
the modified Bernoulli equation. In VSD or PDA, right-to-
left shunt or low-velocity left-to-right shunt may suggest an 
elevated PAP.

Depending on the degree of PH, the interventricular sep-
tum may flatten only in systole (mild–moderate PH) or 
throughout the cardiac cycle (severe PH). The left ventricular 
eccentricity index (EI) is a measure of the interventricular 
septal shift towards the LV in end-diastole and is usually >1 
in patients with PAH (Figure 51.3c). Marked septal shift can 
cause underfilling of the left ventricle with redistribution of 
LV filling from early to late diastole as a reflection of reduced 
LV compliance and diastolic dysfunction [62]. A pericardial 

Figure 51.1 Electrocardiogram in a child with IPAH showing right ventricular hypertrophy and strain, right axis deviation, and incomplete right bundle 

branch block.

Non validé

V4rV5

V6 V7

V2

V3

aVL

aVF

aVRI

II

III

II

V1 V4 V3r



Pediatric Cardiovascular Medicine

736

effusion is rare in children but is associated with an increased 
risk of poor outcome [63]. Right ventricular (RV) function 
can be assessed by echocardiography using the tricuspid 
annular plane systolic excursion (TAPSE) or the RV fractional 
area change (RVFAC). In adults with PAH, a TAPSE of <1.8 cm 
is associated with RV systolic dysfunction and a lower sur-
vival rate [64]. (Figure 51.3d). A RVFAC of ≤40% is consid-
ered abnormal, reflecting RV systolic dysfunction. A good 
correlation between RVFAC and EF by cardiac MRI, which 
represents the gold standard for evaluating RV systolic func-
tion, has been demonstrated. A reduced systolic velocity S′ 
obtained by tissue Doppler imaging from the RV free wall at 
the tricuspid annulus also reflects RV systolic dysfunction.

Cardiac catheterization
Cardiac catheterization is necessary to exclude subtle CHD, 
such as pulmonary venous obstruction. PAH must be con-
firmed by catheterization, and pulmonary vasoreactivity 
testing should be performed, usually with inhaled nitric 
oxide (NO), but intravenous epoprostenol, adenosine, or 
inhaled iloprost may also be used [65,66]. Protocols for pul-
monary vasodilator testing are center specific, but 20 ppm 
NO with or without increased oxygen concentration for 
10 min usually achieves sufficient pulmonary vasodilatation. 
Acute responders should show a decrease of ≥10 mmHg in 
mean PAP with a mean PAP of ≤40 mmHg or a decrease in 
≥20% in the mean PAP or PVR with an unchanged or 
increased cardiac output. It is uncertain if the same defini-
tion of vasoreactivity should be applied for adults and chil-
dren with PAH. Recent data suggest that 7% of children with 
IPAH and 6% of those with APAH respond to acute vasodila-
tor testing [12].

Cardiac catheterization in children with PAH related to 
CHD follows different rules and calculation of pulmonary 
and systemic blood flow and vascular resistance using the 
Fick principle with measured oxygen consumption is essen-
tial [67]. A baseline PVR index <6 WU m2 with a pulmonary 
to systemic resistance ratio (PVR/SVR) of <0.3 indicates a 
favorable outcome following surgical repair. In children 
undergoing a Fontan operation, a mean PAP of >15 mmHg 
may be associated with both early and late mortality [68].

The measurement of the transpulmonary gradient (nor-
mal TPG <10 mmHg) is essential, particularly in patients 
with venous PH, and requires an accurate pulmonary capil-
lary wedge pressure (PCWP) measurement. Wedge angiog-
raphy is helpful in evaluating the severity of PVD (Videoclip 
51.3). In patients with severe PAH and PVD, it shows 
decreased arborization, reduced background opacification 
and delayed venous filling. The pulmonary arteries may 
appear tortuous or have segmental dilatation and show 
abrupt tapering toward the periphery, characteristic of a high 
PVR [69]. Aortography should be performed at initial diag-
nosis to rule out aortopulmonary collaterals.

Exercise capacity
In children aged ≥7–8 years, exercise capacity can be assessed 
with a 6 min walking test (6-MW test). The 6-MW test 
remains the standard tool for testing exercise capacity in 
most clinical trials in adults with PAH [70], but is difficult to 
standardize in children, even though recent publications of 
reference values in healthy children are available [71–73]. 
The 6-MW test has not been validated in children with PAH. 
In older children, cardiopulmonary exercise testing to deter-
mine maximum oxygen consumption (VO2), work rate, and 

Figure 51.2 Chest X-ray (a) in a child with IPAH with enlarged central pulmonary arteries and peripheral hypoperfusion and (b) in a child with pulmonary 

veno-occlusive disease with obvious pulmonary edema secondary to pulmonary venous hypertension.

(a) (b)
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anaerobic threshold may be useful. Children with PH have 
significant impairment in aerobic capacity with decreased 
VO2 compared with healthy controls [74]. Cardiopulmonary 
exercise testing can be performed safely in children with PH, 
with the exception of patients with severe limitation [75].

Cardiac magnetic resonance imaging (MRI)
Cardiac MRI is emerging as a potentially valuable tool for 
evaluating PH. The measurement of right ventricular vol-
ume, muscle mass, and left ventricular septal bowing, the 
calculation of stroke volume based on PBF, and delayed con-
trast enhancement suggestive of myocardial fibrosis may 
have a role in the serial follow-up of children with PH [76].

Nevertheless, cardiac MRI in young children necessitates 
anesthesia, which is an important consideration. Hence the 
risk of anesthesia must be carefully weighed against the 
benefit of additional information.

Brain natriuretic peptide (BNP)
BNP may be a useful tool to assess disease progression. Serial 
changes in BNP measurements correlate with the change in 
the functional status, hemodynamics, echocardiographic 
parameters, and outcome in children with PAH [77–79]. 
BNP correlates positively with functional status in children 
with PAH and a value >130 pg ml−1 is associated with 
increased risk of death or need for transplantation [78]. 

Figure 51.3 Doppler echocardiography with high-velocity tricuspid regurgitation (a) allowing for estimation of right ventricular systolic pressure 

(RVSP = TRVmax
2 + RAP), and with pulmonary insufficiency (b) allowing for estimation of end-diastolic pulmonary arterial pressure (PAP diast = PIVmin

2 + 

RAP) and mean pulmonary arterial pressure (PAP mean = PIVmax
2) using the modified Bernoulli equation. (c) 2D echocardiography in a patient with IPAH 

showing hypertensive and dilated right ventricle with septal shift towards the left ventricular and increased eccentricity index (EI > 1). (d) M-mode 

echocardiography in a patient with IPAH showing a decreased tricuspid plane systolic excursion (TAPSE <1.8 cm). PAP, pulmonary arterial pressure; 

PIVmax, maximal pulmonary insufficiency velocity; PIVmin, minimal pulmonary insufficiency velocity; RAP, right atrial pressure; RVSP, right ventricular systolic 

pressure; TRVmax, tricuspid regurgitation velocity max.

(a)

(c) (d)

(b)
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Furthermore, change in BNP over time correlates with 
change in hemodynamic and echocardiographic parameters 
in children with PAH. A BNP value >180 pg ml−1 predicts 
decreased survival [77].

Others
Serological studies (HIV, hepatitis) and blood screening for 
connective tissue diseases and coagulation disorders may help 
to discover potential causes of PAH. Ventilation–perfusion 
scan should be performed to exclude chronic thromboembolic 
disease, including patients with Eisenmenger syndrome 
because of their known increased incidence of thromboembolic 
events. An abdominal ultrasound scan should be  performed 
to exclude portopulmonary hypertension. A  high-resolution 
chest CT scan should also be performed before initiating 
pulmonary vasodilator therapy to exclude pulmonary capillary 
hemangiomatosis (PCH) or pulmonary veno-occlusive disease 
(PVOD) (Figure 51.4). Pulmonary function testing shows a 
mild restrictive pattern in about 20–50% of patients with 
IPAH and a mild reduction in the diffusion capacity in most of 
them [80]. Lung biopsy is rarely performed given its relatively 
high risk, but may be helpful, particularly in small children, to 
exclude certain diseases, such as PVOD, PCH, or alveolar cap-
illary dysplasia. Those patients respond poorly to treatments 

currently available for PAH and need a definitive diagnosis for 
lung transplant listing [81]. In IPAH, the lung biopsy shows 
the classic features of medial hypertrophy, intimal fibrosis, 
microthrombi, and plexiform lesions.

Figure 51.5 summarizes the diagnostic algorithm recom-
mended for pediatric patients with pulmonary hypertension.

A suggested work-up (with normal values) for pediatric 
pulmonary hypertension is presented in Table 51.4.

Figure 51.4 Chest CT scan in a patient with pulmonary veno-occlusive 

disease (PVOD) with diffuse typical infiltrate.

Figure 51.5 Schematic representation of the 

diagnostic work-up recommended in pediatric 

patients with PAH. (Reproduced from 

Rosenzweig EB, et al., Prog Pediatr Cardiol, 27, 

pp. 7–11, Copyright (2009), with permission 

from Elsevier.)
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Table 51.4 Pediatric pulmonary hypertension: suggested work-up (with abnormal values).

Chest radiograph •  Cardiomegaly

•  Enlarged central pulmonary arteries

•  Peripheral pulmonary hypoperfusion

Electrocardiogram •  Right atrial hypertrophy

•  Right ventricular hypertrophy and strain

•  Right axis deviation

•  ST segment changes

Echocardiography •  Right atrial dilatation

•  Right ventricular hypertrophy (free wall >0.5 cm) and dilatation

•  Decreased right ventricular function

 •  Fractional area change (FAC) <40%

 •  Tricuspid annular plane systolic excursion (TAPSE) <1.8 cm

 •  Tissue Doppler S′ <10 cm s−1

•  Increased right heart filling pressure (IVC dilatation)

•  TR jet velocity >2.8 m s−1

•  Flattening of the interventricular septum

 •  Eccentricity index (EI) > 1

•  Myocardial performance index (MPI) >0.28 ± 0.04 s−1

•  Pericardial effusion

Cardiac catheterization •  Mean pulmonary artery pressure (mPAP) >25 mmHg

•  Pulmonary vascular resistance index (PVRI) >3 WU m2

•  PVR/SVR >0.3

•  Pulmonary capillary wedge pressure (PCWP) >15 mmHg

•  Right atrial pressure (RAP)

•  Pulmonary vasoreactivity testing (NO ± O2)

•  Aorto-pulmonary collaterals and/or pulmonary arteriovenous malformations

Liver evaluation •  Liver function tests (ASAT, ALAT, γGT)

•  Abdominal ultrasound (portopulmonary hypertension)

Complete blood count (CBC) •  Anemia or erythrocytosis

•  Abnormal red blood cells

•  Thrombocytopenia

Urinalysis •  Proteinuria

Blood chemistry •  BNP >130 pg ml−1

•  NT-proBNP

Serologies •  HIV

•  Hepatitis profile

Hypercoagulable evaluation •  Disseminated intravascular coagulation (DIC) screen

•  Factor V Leiden

•  Factor II, V, VII, VIII

•  Antithrombin III

•  Prothrombin mutation 22010

•  Protein C and S

•  Von Willebrand Ag

•  Von Willebrand sirtocetin cofactor

•  Anticardiolipin IgM and IgG

Electrophoresis •  Serum protein

•  Hemoglobin

Collagen vascular disease work-up •  Antinuclear antibody (ANA) with profile (DNA, Smith, RNP, SSA, SSB, centromere, SCL-70)

•  Rheumatoid factor (RF)

•  Erythrocyte sedimentation rate (ESR)

•  CH50 complement and components

Thyroid function tests •  TSH and free T4

Genetic •  BMPR2 testing

Lung evaluation •  Pulmonary function tests with DLCO and bronchodilator

•  Sleep study and pulse oximetry

(continued)
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Therapeutic approach to PAH

Evidence-based treatment recommendations for children 
with PAH do not exist, primarily because results from 
randomized clinical trials are lacking for pediatric patients. 
The aim of medical treatment is to dilate and reverse the 
abnormal remodeling of the pulmonary vascular bed and to 
restore endothelial function, by acting on the prostacyclin, 
endothelin, and nitric oxide (NO) pathways (Figure 51.6). In 
practice, the therapeutic algorithm developed for PAH in 
adults appears to guide treatment of children with PAH [6] 
(Figure 51.7). Nevertheless, there are some difficulties in 
applying adult criteria and dosage regimens to children.

The main determinant of treatment is the response to 
vasodilator testing at cardiac catheterization. Acute 
responders with IPAH can be treated initially with calcium 
channel blockers (CCBs). In children with PAH associated 
with CHD, acute responders are candidates for surgical 
repair with shunt closure. In nonresponders with right 

heart failure, the first-line treatment consists of continuous 
intravenous prostacyclin, whereas in the absence of right 
heart failure, other targeted therapies (endothelin receptor 
blockers, phosphodiesterase inhibitors, or prostacyclin 
analogs) may be tried first. Nonresponders have a very 
limited survival if not treated with targeted therapies [1,82]. 
Nonresponders with PAH associated with CHD are also 
candidates for targeted therapies. These therapies have not 
been approved for use in children with PAH, except for the 
pediatric formulation of bosentan, which has been recently 
approved in Europe [83].

Conventional medical therapy
Diuretic therapy may be necessary for children with heart 
failure, but should be initiated cautiously because children 
with PAH may be preload dependent to maintain an optimal 
cardiac output. Although the use of digoxin in PAH has not 
shown clear benefits in children, it is sometimes used for 
right ventricular failure or arrhythmias [84].

Figure 51.6 Schematic representation of the three pathways involved in the therapeutic approach of PAH. EC, endothelial cell;  ECE, endothelin 

converting enzyme; ET, endothelin; NOS, nitric oxide synthase; PDE, phosphodiesterase type 5; PGI, prostacyclin; PGIS, prostacyclin synthase; VSMC, 

vascular smooth muscle cell.
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Table 51.4 (cont’d)

•  Chest CT scan

•  Ventilation/perfusion (V/Q) scan

•  Lung biopsya

Exercise capacity •  Six-minute walking test (walking distance and saturation)

 •  Cardiopulmonary exercise test (VO2 max, work rate, and anaerobic threshold)

aLung biopsy may be useful in infants with PAH to exclude pulmonary veno-occlusive disease (PVOD), pulmonary capillary 

hemangiomatosis (PCH). or alveolar capillary dysplasia.
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The benefits of chronic anticoagulation have not been 
widely studied in children with PAH, but may be beneficial 
in patients with low cardiac output leading to sluggish blood 
flow through the pulmonary arteries or in those with 
hypercoagulable states at risk of thrombosis in situ. The risk/
benefit of anticoagulation should be weighed carefully, 
especially in small children prone to hemorrhagic com-
plications. Low-dose warfarin is frequently used to target an 
INR of 1.5–2 [85]. In younger children, maintenance of an 
adequate anticoagulation level is frequently difficult and 
antiplatelet therapy with aspirin is sometimes used, even 
though data are unavailable for children with PAH. For 
teenagers requiring contraception, oral contraceptive agents 
without estrogen content are recommended to avoid the risk 
of thromboembolic events.

Enhanced inspired oxygen is usually not used as a mainstay 
of therapy in children with normal daytime saturations. 
Nevertheless, some children may show mild nocturnal 
hypoventilation and desaturation known to exacerbate PAH, 
which can be avoided using night-time supplemental 

oxygen. Children with PAH should have oxygen supplement 
available at home for an emergency. They should receive 
supplemental oxygen during any respiratory tract infection 
associated with desaturation and also during air travel. For 
children with RV failure and resting hypoxemia secondary 
to increased oxygen extraction, chronic supplemental 
oxygen therapy may be considered. For children with PAH 
associated with CHD, enhanced inspired oxygen may be 
beneficial especially for those with hypoventilation or lung 
disease. Nevertheless, for those with right to left interatrial 
shunting, oxygen supplement does not usually improve 
oxygen saturation. A controlled study in patients with 
Eisenmenger syndrome showed no benefit in survival or 
level of hemoglobin [86].

Nitric oxide (NO) is a potent vasodilator with selective 
effect on pulmonary circulation. NO activates soluble 
guanylate cyclase in the pulmonary smooth muscle cells, 
increases cyclic GMP, and decreases intracellular calcium 
concentration, leading to smooth muscle relaxation and 
vasodilation. NO is useful in all forms of PH [87], and has 
been beneficial for treating postoperative pulmonary 
hypertensive “crisis” [88–90]. Rebound PH is problematic 
and may prolong postoperative NO administration in some 
patients [91]. The delivery system is a major limitation but 
chronic home administration of NO can be achieved in 
children using a pulsed nasal delivery system, which 
appears to have the same efficacy as the continuous delivery 
system [92].

Calcium channel blockers (CCBs) inhibit calcium influx into 
cardiac and smooth muscle cells, causing pulmonary 
vasodilation. Chronic calcium channel blockade is efficacious 
in patients who demonstrate an acute response to vasodilator 
testing. Recent data suggest that ∼7% of children with PAH 
are “responders” and can be effectively treated with oral 
CCB [12]. In children with IPAH, Barst et al. showed that 
5-year survival rates improved significantly in acute 
vasoreactive responders treated with CCBs compared with 
non-responders [1]. For acute responders treated with CCBs, 
survival at 1, 5, and 10 years was 97, 97, and 81%, 
respectively with a treatment success of 84, 68, and 47%, 
respectively, in IPAH [93].Careful follow-up is essential as 
some acute responders may become nonresponders with 
time [93]. Those patients usually deteriorate clinically and 
hemodynamically and should be switched to other targeted 
therapies. CCBs are usually not indicated in PAH associated 
with CHD [6]. Nevertheless, in patients with Eisenmenger 
syndrome complicating VSD, nifedipine has been shown to 
improve exercise tolerance and arterial oxygen saturation 
with exercise [94]. The long-term effect of nifedipine on 
PVR in children with PAH and CHD still needs to be 
determined [95]. The major side effect is systemic 
hypotension. The dosage for children is extrapolated from 
adult studies and the optimal dose for children still has to be 
determined.

Figure 51.7 Therapeutic algorithm recommended for pediatric patients 

with PAH.
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Targeted therapies
Based on known mechanisms of action and the endothelial 
dysfunction, three classes of drugs are commonly used to 
treat children with PAH: prostacyclin analogs, endothelin 
receptor antagonists and phosphodiesterase inhibitors.

Prostacyclin analogs
Prostacyclin is a metabolite of arachidonic acid endogenously 
produced by the vascular endothelium. It is a potent pulmonary 
and systemic vasodilator with antiplatelet activity. Children 
with severe PAH show diminished NO and prostacyclin 
synthase expression in the pulmonary vasculature [25].

Epoprostenol, a prostacyclin analog mainly used by 
intravenous infusion, improves hemodynamics, quality of 
life, exercise capacity, and survival in adults and children 
with IPAH and APAH [1,4]. Barst et al. have shown improved 
survival in children treated with long-term IV epoprostenol, 
with a 4-year survival rate for treated children of 94% 
compared with 38% in untreated patients [1], and Yung 
et al. have reported a 10-year treatment success rate (freedom 
from death, transplantation, or atrioseptostomy) of 37% 
[93]. Epoprostenol lowers PAP and increases cardiac output 
and oxygen transport. In adults and children with PAH 
associated with CHD, epoprostenol decreases PVR, improves 
oxygen delivery, and increases exercise capacity, with a 
demonstrated effect on survival [96–98]. Tolerance may 
develop and most children need periodic dose escalation. 
The optimal dose of i.v. epoprostenol shows a significant 
patient variability, and should be titrated incrementally, with 
children usually needing relatively much higher doses than 
adults. Adverse effects are antiplatelet activity and systemic 
vasodilation. Diarrhea and jaw pain are common side effects. 
Epoprostenol has a short half-life (1–2 min), necessitating a 
continuous intravenous infusion with a permanent central 
venous catheter. Complications such as line sepsis, local 
infection, and catheter dislodgement are not unusual 
[99,100], and can be responsible for life-threatening rebound 
PAH. Recently, the use of specific closed hub systems has 
been described in children [101,102] Alternative routes of 
delivery are attractive but are not as efficacious.

Iloprost is an inhaled prostacyclin analog with a longer 
half-life. A recent review summarizes its use in pediatric 
PAH [103,104]. In children treated with iloprost, WHO 
functional class was improved in 35%, remained unchanged 
in 50%, and decreased in 15% [105]. Lower airway 
reactivity is a problem in some children, as is poor com-
pliance with the need for frequent aerosol administrations 
(6–8 times daily). The short- and long-term efficacy of 
inhaled iloprost is still controversial [106]. In the critical 
care of CHD, inhaled iloprost is as efficacious as NO in 
lowering mean PVR and improves systemic oxygen 
saturation [107]. Nevertheless, clinical deterioration, side 
effects, and poor compliance could limit its chronic admin-
istration in children [105].

Treprostinil is a prostacyclin analog usually administered by 
continuous subcutaneous infusion, and is also FDA approved 
for intravenous and inhaled delivery in adults with PAH. 
Subcutaneous treprostinil improves exercise tolerance, 
clinical signs, symptoms, and hemodynamics in adult patients 
with PAH [108]. Discomfort at the infusion site is common 
and represents the major limiting factor. No change in exercise 
capacity was noted in children on changing from intravenous 
epoprostenol to intravenous treprostinil, but side effects were 
less [109]. The use of treprostinil in children can be considered 
for patients who have been on a stable dose of intravenous 
epoprostenol with clinical improvement. Treprostinil has 
been studied in inhaled and oral forms [110].

Beraprost is an oral prostacyclin analog, shown to improve 
hemodynamics and survival in patients with IPAH, including 
children [111]. Data in children are scarce and beraprost is 
not available in the United States or Europe but is used in 
Japan [112].

Endothelin receptor antagonists
Endothelin-1 is a potent vasoconstrictor peptide produced 
primarily by the endothelial cell. Endothelin-1 expression 
and plasma levels are increased in patients with PAH and 
correlate inversely with prognosis. The endothelins are a 
family of isopeptides consisting of ET-1, ET-2, and ET-3. ET-1 
is a potent vasoactive peptide produced primarily in the 
vascular endothelial cell, but also may be produced by 
smooth muscle cells. Two receptor subtypes, ETA and ETB, 
mediate the activity of ET-1. ETA and ETB receptors on 
vascular smooth muscle mediate vasoconstriction, whereas 
ETB receptors on endothelial cells cause release of NO and 
prostacyclin (PGI2), and act as clearance receptors for 
circulating ET-1.

Bosentan is an oral dual endothelin receptor antagonist 
acting on both ETA and ETB receptors [113]. A recent review 
summarizes its use in pediatric PAH [114]. In children with 
PAH, Barst et al. have demonstrated the beneficial effect of 
bosentan in lowering PAP and PVR [115]. In an open 
uncontrolled study in children with PAH, bosentan lowered 
mean PAP and PVR and improved WHO functional status 
and survival estimates at 1 and 2 years (98 and 91%, 
respectively) [116]. Nevertheless, in a study including both 
children and adults with PAH and a systemic-to-pulmonary 
shunting, bosentan therapy produced only short-term 
improvement in WHO functional class and 6-MW test [117]. 
The beneficial effect of bosentan declined progressively after 
1 year, with a more pronounced decline in children, who 
tended to have more severe disease at baseline. In adults 
with ES, bosentan has been shown to decrease modestly 
both PAP and PVR [118] with an increased oxygen saturation 
at rest and a decreased level of hemoglobin [119]. Common 
side effects include dose-related hepatotoxicity, teratogenicity, 
and possibly male infertility [120]. Liver function tests 
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should be performed monthly. The safety of bosentan 
therapy in children with PAH has recently been reported by 
Beghetti et al. [120]. Elevated transaminase levels were 
reported in 2.7% of children compared with 7.8% of patients 
aged ≥12 years, and the overall discontinuation rate from 
bosentan was 14% in children compared with 28% 
in patients aged ≥12 years. In children with ES, bosentan 
is well tolerated and exercise capacity and hemodynamics 
improve without compromising peripheral oxygen satu-
ration [118]. A specific pediatric formulation has recently 
been approved in Europe [83].

Sitaxsentan and ambrisentan are oral selective ETA receptor 
antagonists with a long half-life. They block the 
vasoconstrictor effect of ETA receptors while maintaining the 
vasodilator effect and clearance function of ETB receptors. 
Sitaxsentan and ambrisentan have beneficial effects on 
exercise capacity and NYHA functional class in adult patients 
[121–123], but no data are available for children.

Phosphodiesterase inhibitors type 5 (PDE-5)
PDE-5 prevents the breakdown of cyclic GMP resulting in 
pulmonary vasodilatation. PDE-5 are acute pulmonary 
vasodilators as efficient as inhaled NO and potentiate 
pulmonary vasodilatation when used together with NO. 
They may be particularly beneficial where withdrawal of NO 
may lead to rebound PAH [124,125].

Sildenafil can be used orally or intravenously but is 
currently only available orally. Sildenafil has been approved 
for the treatment of WHO functional class II–IV PAH adult 
patients [126–128], but the data for children remain limited. 
In a pilot study of 14 children with PAH [129], oral sildenafil 
decreased PAP and PVR significantly and improved the mean 
6-MW test, but a plateau was reached between 6 and 
12 months. In a small study of children with IPAH and PH 
associated with CHD, sildenafil was well tolerated and safe, 
with improved oxyhemoglobin saturation and exercise 
capacity without significant side effects [130]. In children 
with PAH associated with chronic lung disease, sildenafil 
improved hemodynamics in 88% of patients, and was well 
tolerated and safe [52]. Moreover, PDI-5 appears to be highly 
expressed in the hypertrophied human right ventricle and 
acute inhibition with oral sildenafil has been shown to 
improve right ventricular contractility [131]. Side effects 
include systemic hypotension and penile erection. Preliminary 
safety and efficacy trials of oral sildenafil are under way in 
pediatric patients and results are to be expected soon. 
Intravenous sildenafil has been shown to potentiate the 
increase in cGMP in response to NO in children with increased 
PVR related to CHD or to postoperative state. Nevertheless, 
sildenafil infusion was associated with increased intra-
pulmonary shunting and augmentation of hypoxemia related 
to V/Q mismatch in the postoperative patient [132,133]. In 
neonates with PPHN associated with congenital diaphragmatic 
hernia resistant to NO, oral sildenafil improved cardiac 

output by reducing PH [134]. In neonates with PPHN and an 
oxygenation index >15, continuous intravenous sildenafil 
was well tolerated and allowed acute and sustained 
improvements in oxygenation [135].

Tadalafil is also a selective PDE-5 with a longer duration of 
action. No data are available for children but tadalafil has 
been shown to improve oxygenation in an animal model of 
newborn PAH [136]. Tadalalfil was approved by the FDA in 
2009 for adults with PAH. In adults with severe PAH, tadalafil 
has been used in addition to prostacyclin with some 
improvement [137].

Combination therapy
As for patients with heart failure, combination therapy is an 
attractive option to address simultaneously the multiple 
pathophysiologic pathways present in PAH. Acting on the 
three different pathways of PAH may be more efficacious 
than acting on a single one, by additive or synergistic effects. 
In adult patients with PAH, beginning combination 
therapy with epoprostenol and bosentan tended to show a 
greater improvement in hemodynamics compared with 
epoprostenol alone [138]. In a randomized placebo-
controlled trial of initiating sildenafil or placebo at the 
same time as epoprostenol, the addition of sildenafil to long-
term intravenous epoprostenol therapy improved exercise 
capacity, hemodynamic measurements, time to clinical 
worsening, and quality of life [139]. A therapeutic approach 
utilizing bosentan, sildenafil, and inhaled iloprost, by acting 
on the three pathways, improved survival and lowered the 
need for lung transplantation and for intravenous iloprost 
therapy in adult patients with severe PAH [140]. In a pediatric 
study by Ivy et al. [141], bosentan was successfully used in 
children on long-term epoprostenol therapy, and concomitant 
use of bosentan allowed for a decrease in epoprostenol dose. 
If the patient is started on intravenous epoprostenol before 
the availability of nonparenteral therapy, transition to oral 
or inhaled therapy for pulmonary arterial hypertension 
appears safe with efficacy maintained, but needs close 
follow-up [142].

Whether combination therapy should be used as a first 
step by simultaneous initiation of two or more drugs, or by 
addition of a second treatment to a previous therapy once 
insufficient, is unknown. More studies are needed to establish 
guidelines. Even if empiric combination of drugs is not 
uncommon in pediatric patients with PAH, there is a clear 
lack of studies in this area.

Atrioseptostomy
Atrioseptostomy is beneficial in patients with severe 
PAH and poor cardiac output, recurrent syncope, and/or 
intractable right heart failure refractory to vasodilator 
treatment. Right-to-left shunting through an interatrial 
defect allows maintenance of cardiac output but with 
increased hypoxemia. It alleviates signs of right heart failure 
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by decompressing the right heart [143,144]. Improvement 
of symptoms and an increase in survival have been reported, 
but this remains controversial. In a small series of 20 children 
deteriorating with severe PAH, atrioseptostomy improved 
symptoms and quality of life [143]. Patients with severe 
PAH, right heart failure, and markedly elevated PVR may 
not tolerate atrioseptostomy because of massive intracardiac 
right-to-left shunting and secondary severe hypoxemia.

Potts shunt
In patients with severe PAH, markedly elevated PVR, and 
right heart failure who do not tolerate an atrioseptostomy, 
creating a Potts shunt (anastomosis between the left pulmo-
nary artery and the descending aorta) may decrease right 
ventricular afterload and improve right ventricular function 
[145,146]. Because of the high risk of the procedure, it 
should be reserved and used cautiously for the treatment of 
children with severe right heart failure resistant to other 
forms of therapy.

Transplantation
Lung or heart–lung transplantation remains the only 
available treatment for patients unresponsive to vasodilator 
treatment or with certain lesions such as pulmonary vascular 
obstructive lesions [147]. Its use is limited by the shortage of 
donors and the high incidence of bronchiolitis obliterans, 
which limits the long-term survival after lung transplantation 
[148] (see Chapter 70). Therefore, transplantation should be 
reserved for children with PAH which has progressed despite 
optimal medical therapy. Children should be listed for 
transplantation when their probability of 2-year survival 
without transplantation is ≤50% [149].

Future therapies [22,150]
Platelet-derived growth factor (PDGF) has been implicated in 
these processes. Altered PDGF signaling may be involved in 
the vascular remodeling observed in PAH [151] and a PDGF 
receptor antagonist such as imatinib or sorafenib could 
reverse pulmonary vascular disease [152,153]. Studies in 
animal models have suggested that Rho-kinase and NO 
synthase play important roles in the regulation of 
vasoconstrictor tone in physiologic and pathophysiologic 
states and that pulmonary hypertension can be reversed by 
agents that inhibit Rho-kinase, generate NO, or stimulate 
soluble guanylate cyclase [154]. Stimulating the soluble 
guanylate cyclase, a component of the nitric oxide receptor, 
by BAY 63-2521 sensitizes the receptor to NO and may 
reverse right heart hypertrophy and structural lung vascular 
remodeling [155]. Vasoactive intestinal polypeptide (VIP) has a 
potent vasodilator effect on the pulmonary and systemic 
circulations and may exert an overall pulmonary 
vasodilatory effect in adults with PAH [156]. Rho-kinase 
has been shown to be involved in regulating baseline tone 
and in mediating pulmonary vasoconstrictor responses. 

The 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase 
inhibitor simvastatin inhibits Rho-kinase activity and atten-
uates and induces regression of chronic hypoxic pulmonary 
hyper tension and reduces pulmonary artery pressure in 
animal models [157]. In a recent clinical trial in adult 
patients with PAH, simvastatin added to conventional 
therapy produced a small and transient early reduction in 
right ventricular mass and NT-proBNP levels in patients 
with PAH, but this was not sustained over 12 months [158]. 
In animal models of PAH, the Rho-kinase inhibitor Y–27632 
attenuated increases in pulmonary arterial pressures in 
response to vasoconstrictor agents [154]. Serotonin is a 
pulmonary vaso constrictor and smooth muscle cell mitogen 
and is thought to be necessary for initiating the development 
and main tenance of pulmonary vascular remodeling. Com-
plete reversal of PAH by fluoxetine, a 5-HT inhibitor, has been 
shown to reverse those lesions completely in an animal 
model of PAH [159]. These novel therapies are currently 
under active investigation either in animals or in preliminary 
studies in adults and may also be of interest for pediatric 
patients in the near future.

Management of PAH associated with CHD

Acute responders with PAH associated with congenital shunt 
lesions are considered candidates for surgical repair. 
Treatment for patients with CHD and nonreactive PAH (ES) 
is based on the same selective pulmonary vasodilators as in 
IPAH, even if data are limited [160,161].

Operability
Most PVD related to CHD may be prevented by correcting 
the defect at an early age, preventing permanent remodeling 
of the pulmonary vasculature and irreversible PVD. The 
window of opportunity for surgical correction and prevention 
of permanent PVD is wide and essentially lesion specific. 
Individual, environmental, and genetic susceptibilities also 
play a role; patients with Down syndrome are prone to early 
and fixed pulmonary vascular remodeling and have a more 
reactive pulmonary vascular bed in the postoperative period, 
being prone to pulmonary hypertensive “crisis.” This may be 
related to the association of chronic upper airway obstruction 
responsible for alveolar hypoxia, hypercarbia, and acidosis 
with adverse effect on PVR.

Risk stratification of patients with PVD and CHD is 
important [67,68,162,163]. As previously mentioned under 
catheterization, a baseline PVR index <6 WU m2 associated 
with a pulmonary to systemic resistance ratio of <0.3 without 
a vasoreactivity test is interpreted as indicating a favorable 
outcome following operations resulting in a biventricular 
circulation. Acute vasodilator challenge using oxygen/NO 
has been strongly encouraged if baseline PVR index is 
between 6 and 9 WU m2 with a pulmonary to systemic 
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resistance ratio from ∼0.3 to 0.5. Although there is no 
absolute consensus, operability with a favorable outcome is 
considered likely if the following criteria are met [163]:

a decrease of 20% in the PVR index •
a decrease of  • ∼20% in the ratio of pulmonary to systemic 

vascular resistance
a final PVR index of <6 WU m • 2

a final ratio of pulmonary to systemic resistance of <0.3. •
It remains unclear which preoperative pulmonary 

hemodynamic parameters correlate best with outcomes. 
Moreover, individual patient factors, such as type of cardiac 
lesion and genetic predisposition, influence the outcome but 
are incompletely understood. In children with a VSD, Neutze 
et al. found that those with PVR <8 WU m2 who showed 
reactivity (decrease in PVR <7 WU m2 after pulmonary 
vasodilatation with isoproterenol) had normal or modestly 
increased PVR after surgical repair [164]. In children with 
various types of CHD, Balzer et al. showed that a decrease in 
PVR of <5.3 WU m2 and in PVR/SVR of <0.27 after pulmonary 
vasodilatation with 100% FIO2 and inhaled NO was 97% 
sensitive for identifying patients with good outcome after 
repair [66].

It should be noted that the above criteria do not apply to 
patients with single ventricle physiology who are being 
assessed for a Fontan procedure. In those patients, obtaining 
accurate hemodynamic measurements can be even more 
difficult. Ideally, they should have PVR near normal and 
certainly ≤3 WU m2. A mean pulmonary artery pressure of 
>15 mmHg has been associated with increased early and late 
mortality after the Fontan operation [68].

In general, ASD are repaired by 4–5 years, VSD during the 
first year of life, complete AVSD, and PDA by 6 months of 
age and d-TGA with VSD and common arterial trunk during 
the first few weeks of life. For neonates with a single ventricle 
physiology or complex CHD and unobstructed PBF (no 
pulmonary protection), the goal is to secure normal PAP 
with a pulmonary artery banding before proceeding to the 
cavopulmonary anastomosis.

Pulmonary artery banding
Placing a restrictive band on the main PA can reduce the PAP 
distal to the band and reverse pathologic pulmonary vascular 
remodeling [165,166]. Another alternative to PA banding is 
partial closure of the shunt, allowing for some degree of 
right-to-left shunting to prevent right heart failure. The use 
of a fenestrated VSD patch closure has been reported to be 
beneficial in children with high PVR [167,168].

Immediate postoperative care
In the immediate postoperative period, a child with PAH 
related to CHD is the most vulnerable. Postoperative 
pulmonary hypertensive “crisis” is characterized by acute 
and labile increase in PVR following cardiac surgery, 
related to heightened vascular reactivity secondary to 

vasospastic stimuli. Pulmonary hypertensive crisis leads to 
acute right heart failure, low cardiac output with systemic 
hypotension and myocardial ischemia, and may be lethal. 
Patients with extracardiac syndromes (particularly Down 
syndrome) seem to be at increased risk. In general, 
corrective surgery in the first 6 months of life decreases the 
risk of postoperative pulmonary hypertensive crisis, 
particularly for AVSD and VSD. For high-risk cardiac 
lesions, such as common arterial trunk or d-TGA, surgical 
repair should be performed at an earlier age [35]. 
Precipitating factors should be avoided, particularly 
stressful stimuli such as tracheal suction, pain, and anxiety, 
and also hypoxia, hypercapnia, acidosis, hyperthermia, or 
fluid overload. Adequate sedation, hyperventilation, and 
the use of sodium bicarbonate are useful in the immediate 
postoperative care of such patients [169].

In general, there is no clear level of PAP indicating the 
need for postoperative specific pulmonary vasodilator 
therapy. Patients with a mean PAP >25 mmHg or >50–60% 
of systemic pressure associated with signs of low cardiac 
output should be treated. Inhaled NO has become the 
accepted therapy because of its selective vasodilator effect 
on the pulmonary vascular bed. There is no optimal dosage 
but there is little benefit from doses >10–20 ppm [170]. 
Rebound PH is a common complication upon rapid 
withdrawal of NO [91] and can be minimized by slow 
weaning, particularly in the last 5 ppm, and adding oral 
sildenafil at 0.3–0.5 mg kg−1 [125].

Medical therapy
PVD related to CHD may be prevented by early diagnosis 
and correction. Once permanent pulmonary vascular 
remodeling is established and nonreactive to pulmonary 
vasodilator testing, therapy is supportive rather than 
designated to decrease PVR, even though patients with ES 
may show some improvement with targeted therapies.

Eisenmenger syndrome (ES)
ES represents the most advanced form of PAH associated 
with CHD. Treatment options for patients with ES were 
historically limited to palliative measures and heart–lung 
transplantation. Treatment most commonly involved the use 
of digoxin, diuretics, antiarrhythmics, and/or anticoagulants. 
None of these classes of drugs significantly modifies survival. 
The efficacy of calcium channel blockers in patients with ES 
is neither proven nor generally recommended, as their use 
can result in an acute decrease in systemic arterial pressure 
and increased right-to-left shunting, which may lead to 
syncope and sudden death. Patients with ES are at particular 
risk during cardiac and noncardiac surgery and anesthesia, 
and as a result of dehydration, chest infections, high altitude, 
and intravenous lines. They should also avoid strenuous 
exercise and competitive sports.
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Nonoperable pre-Eisenmenger syndrome
These patients have a PVR considered too high for surgical 
repair but not at a level to diagnose ES. So far, the therapeutic 
approach for this group is to watch and wait. However, with 
the upcoming new targeted therapies use to treat PAH, the 
concept to treat and repair has emerged [171].

In PAH associated with CHD and a large shunt lesion, it is 
thought that the pressure and/or volume load on the 
pulmonary vascular bed leads to pulmonary vascular 
remodeling and lesions. By reducing PVR, the possibility 
arises that pretreatment with vasodilators can improve a 
patient’s condition and an inoperable patient could be 
considered operable. Pretreatment may not always be 
efficacious, depending on the extent and severity of the 
lesions. Although pretreatment may reduce PVR, PAH could 
remain postoperatively, resulting in a worse prognosis. 
Moreover, the reversal of vascular remodeling and lesion 
formation with pretreatment, leading to an initial decrease 
in PVR, could actually result in an increase in pulmonary 
blood flow, re-establishing the propensity towards pulmonary 
vascular damage and lesions later.

Several reports have described pretreatment with 
prostacyclins or bosentan being used prior to CHD surgery to 
prepare borderline patients [172–175]. These reports suggest 
some benefit in improving hemodynamics and making 
conditions more favorable for repair. Nevertheless, most of 
these patients had simple CHD such as ASDs. A retrospective 
analysis of national registries of this type of data would be 
required to gain a complete picture.

Persistent pulmonary hypertension late 
after surgical repair [176]
Acute treatment and survival in the immediate postoperative 
period do not mean that PH resolves and the patient may 
present persistent PAH after successful repair. Literature on 
this subgroup of patients remains scarce, but the 
hemodynamics and prognosis appear very similar to those in 
idiopathic PAH [12]. This emphasizes the importance of 
accurate decision for operability, because survival may be 
better with a persistent shunt lesion and ES than with a 
closed shunt and RV failure [177].

Pulmonary hypertension and the Fontan
circulation
The Fontan procedure (total cavopulmonary connection) 
results in a pulmonary circulation very different from 
physiological conditions, and a small increased in PAP has a 
profound effect on the passive pulmonary blood flow. As the 
child ages, PAP may increase and lead to failure of the Fontan 
circulation over time. For this reason, the idea of treating 
failing Fontan patients with a therapy that lowers PVR has 
emerged [178]. Therapies approved for PAH may, therefore, 
provide benefits in this patient population, but few data have 
been reported.

Inhaled NO is predominantly effective in patients with 
central venous pressure ≥15 mmHg and/or a transpulmonary 
pressure gradient (TPG) ≥8 mmHg [179]. In the early 
postoperative period, inhaled NO and milrinone are very 
effective in reducing the TPG [180,181]. The use of 
prostacyclins in the perioperative course of Fontan is seldom 
reported, but beraprost reduced mean PAP and PVR in 
preoperative Fontan candidates with mild elevation in PAP 
[182], and intravenous epoprostenol prevented the rebound 
effect after NO cessation in the early postoperative phase 
[183]. Treatment of late Fontan patients with inhaled NO 
reduced PVR but had no effect on cardiac index [184], 
whereas sildenafil improved exercise capacity and 
hemodynamic response to exercise [185]. The use of 
bosentan is anecdotal, but has improved functional class, 
symptoms, exercise capacity, and hemodynamic parameters 
in a child with plastic bronchitis following Fontan [186]. 
Given the important role of the pulmonary circulation in the 
Fontan physiology and the current lack of data, there is a 
need for clinical studies on the safety and efficacy of those 
potential therapies.

Outcome

Historically, PAH in children has had a poor prognosis, with 
a less than 1 year survival in untreated children [187].

For patients with IPAH who responded to calcium 
channel blockers, Yung et al. reported survivals at 1, 5, and 
10 years of 97, 97, and 81%, respectively, with a treatment 
success (freedom from death, transplantation or 
atrioseptostomy) of 84%, 68%, and 47%, respectively; 
treatment success decreased significantly when acute 
responders became nonresponders [93]. For non-
responders with IPAH treated with IV epoprostenol, 
survival at 1, 5, and 10 years was 94%, 81%, and 61%, 
respectively with a treatment success of 83%, 57%, and 
37%, respectively. Since 1995, survival was even better for 
children with IPAH treated with intravenous epoprostenol 
with a survival rate of 97%, 97%, and 78% at 1, 5, and 
10 years [93]. In children with severe IPAH treated with 
continuous prostacyclin, Barst et al. reported survival rates 
of 86.9, 72.4, and 63.3 at 1, 2, and 3-years, respectively 
[1], whereas Haworth and Hislop reported survival rates of 
85.6, 79.9 and 71.9% at 1, 3 and 5 years, respectively, for 
those treated with a combination of intravenous epopro-
stenol and either bosentan or sildenafil, or both [12]. In 
APAH, survival rates were 92.3, 83.8 and 56.9% at 1, 3 and 
5 years, respectively, with postoperative CHD-associated 
PAH having the worst outcome. Indeed, in a 5-year 
retrospective study of children with PAH in the United 
Kingdom, the subpopulation with postoperative CHD-
associated PAH fared far worse than those with PAH 
associated with complex (unoperated) CHD and ES, and 
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almost one-quarter of these children died [12]. Children 
with ES had a greater cumulative survival time by 1.3 years, 
indicating that surgical repair is not necessarily always the 
best option.

Conclusion

Advances in the understanding of pulmonary vasculature 
have led to new therapeutic options and improved survival 
in children with PAH. In children with CHD, increased PBF 
is a potent stimulator to both active vasoconstriction and 
pathologic remodeling of the pulmonary vascular bed 
leading to increased PVR. With the exception of a few high-
risk congenital cardiac malformations, irreversible PVD 
seldom occur in the first 1–2 years of age. Timely diagnosis 
is crucial as early surgical repair of congenital shunt lesions 
and earlier treatment of PAH leads to improved outcome. 
In children with PAH, an extensive work-up is necessary to 
determine the etiology, as the most successful strategy 
involves treatment of the underlying disorder. Initial 
evaluation includes acute vasodilator testing at cardiac 
catheterization, which determines initial and long-term 
therapy. Several novel therapeutic agents are under 
investigation and evolving clinical research should better 
define the role of new treatments for children with PAH. 
Moreover, improved delivery of medical and surgical care 
in underprivileged areas of the world should reduce PAH 
associated with CHD.
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52 Central Nervous System Complications

Jane W. Newburger
Harvard Medical School and Children’s Hospital, Boston, MA, USA

Dramatic improvements in the survival of children with 
heart disease have been accompanied by the recognition 
that this population manifests a high prevalence of  neurologic 
and developmental abnormalities, including mental 
 retardation and lifelong language and learning problems [1]. 
The factors underlying central nervous system (CNS) 
 morbidity in children with heart disease are complex, 
 multifactorial, and probably cumulative. Such morbidities 
may be mediated by known genetic disorders (e.g., trisomy 
21, chromosome 22q11 microdeletion). Developmental 
abnormalities for which a genetic origin is suspected are 
common in congenital heart disease (CHD) patients, in 
whom the prevalence of cerebral dysgenesis ranges from 10 
to 29% in autopsy studies and varies with the underlying 
cardiac lesion [2–4]. Infants with hypoplastic left heart syn-
drome (HLHS) appear to be at particular risk for associated 
developmental cerebral abnormalities, ranging in severity 
from microdysgenesis to gross malformations such as 
 holoprosencephaly [2]. Increasingly, abnormal fetal cerebral 
hemodynamics are suspected to play a role in adverse 
 neurodevelopmental outcome of children with CHD [5].

Other neurologic abnormalities are acquired postnatally, 
either as sequelae of congenital heart disease itself or from 
its therapies. Neurologic complications of open heart surgery 
have received the greatest scrutiny, in part because CNS 
 protection during cardiopulmonary bypass constitutes a 
 modifiable risk factor. Brain injury among patients with CHD 
may be caused by pre- or postoperative hemodynamic 
 instability and adverse events, severe chronic hypoxemia or 
congestive heart failure, episodes of arrhythmia or cardiac 
arrest, thromboembolic events unrelated to operation, poor 
nutritional status, and CNS infection.

Not surprisingly, given these risk factors, children with 
heart disease, compared with a normative sample, have 
 significantly lower scores on IQ and achievement tests, 

delays in reaching motor milestones, higher frequencies of 
learning disabilities, use of special services, and speech, 
 language, and behavioral abnormalities [6–14]. In general, 
outcomes after repair of simple lesions, such as atrial septal 
defect, are similar to those in the normal population [15], 
whereas developmental outcomes appear to be worse after 
biventricular repair of more complex lesions [14,16,17]. 
Importantly, adverse developmental outcome is most 
 common among those with various forms of single ventricle 
[7,18,19]. For this reason, children with cardiac disease 
should undergo periodic neurodevelopmental screening 
and evaluation to facilitate prompt institution of inter-
ventions when needed.

Genetic factors

Wide variance in neurodevelopmental outcomes in CHD 
patients cannot be explained solely by intraoperative 
 perfusion variables or other obvious risk factors. Hence 
the relationship of genetic factors to neurologic and 
 developmental outcomes in CHD patients has been subject 
to increasing investigation.

Genetic factors causing congenital heart defects may also 
affect brain development. The association of cardiac defects 
and CNS impairment has long been described in patients 
with aneuploidy (e.g., trisomy 12, 18, and 21, Turner 
 syndrome) and in chromosomal structural abnormalities, 
such as monosomy 22q11. The role of single-gene defects in 
causing CHD and neurodevelopmental impairment has been 
discovered more recently. For example, JAG1 encodes a lig-
and for the Notch intercellular signaling pathway, which is 
of tremendous importance in brain development [20–24]; 
mutations in JAG1 cause Alagille syndrome, which affects 
the heart, liver, kidney, and brain. Approximately 10% of 
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children with facial dysmorphism and multiple congenital 
anomalies in a series of 373 patients with a normal 
 chromosome analysis had a chromosomal deletion and/or 
duplication by microarray [25]. More than three dozen 
genetic syndromes have been associated with single  ventricle, 
a diagnosis particularly notable for its association with 
 neurodevelopmental delays [26–30].

Children with CHD with a genetic or phenotypic 
syndrome fare worse and have a wider standard deviation in 
development scores than patients without such genetic 
abnormalities [31].

Fetal milieu

In some forms of CHD, the fetal circulation is associated with 
abnormalities of cerebral hemodynamics and brain 
 metabolism. For example, in a fetus with HLHS, the brain is 
perfused retrograde through the ductus arteriosus. The 
 association of microcephaly in HLVS with a smaller diameter 
of the ascending aorta suggests that inadequate cerebral 
 perfusion may complement dysgenesis as a cause of 
 abnormally small brain size at birth. Cerebral blood flow 
characteristics are also abnormal in mid-gestation fetuses 
with evolving HLHS, suggesting low cerebral vascular 
 impedance [32]. Third-trimester fetuses with complex CHD 
have smaller gestational age- and weight-adjusted brain 
 volume than normal fetuses and evidence of impaired 
 neuroaxonal development and metabolism [32]. Thus, 
impaired cerebral perfusion and substrate delivery during 
fetal life may adversely affect the fetal brain. Furthermore, 
delayed or abnormal fetal brain development caused by 
 perturbations in cerebral  hemodynamics may increase the 
vulnerability of neonates with CHD to ischemia and 
 reperfusion injury perioperatively [33].

Neonatal intracranial hemorrhage

Perhaps due to hemodynamic instability, the risk period for 
intraventricular–periventricular hemorrhage [34], charac-
teristic of premature infants, appears to extend  further 
into maturity in infants with a cardiac anomaly (see also 
Chapter 18). The diagnosis of intraventricular– periventricular 
hemorrhage in a neonate with CHD complicates operative 
planning. In these infants, the use of anticoagulants, the 
increase in fibrinolytic activity [35], and the variation in 
 cerebral perfusion pressure during cardiopulmonary bypass 
may each predispose to extension of intraventricular– 
periventricular hemorrhage or hemorrhagic transformation 
of ischemic lesions. The timing and management of cardiac 
surgery in infants with intraventricular–periventricular 
hemorrhage attempt to balance the risks of extension of 
hemorrhage during a cardiac operation against those of 

ischemia–reperfusion injury and further hemorrhagic 
 extension during the persistent cardiorespiratory instability 
associated with an uncorrected cardiac malformation. The 
severity of the cardiac anomaly, the expected complexity 
of the operation, and the severity of the intracranial 
 hemorrhage must be considered. Hemorrhage confined to 
the  subependymal region should not delay operation. It is 
 probably advisable to delay cardiopulmonary bypass for 
at least 1 week in infants with intraventricular hemor-
rhage, preferably longer in those with intraparenchymal 
 hemorrhage.

The perioperative period

Acquired brain injury among patients with congenital  cardiac 
anomalies has been well studied among those undergoing 
palliative and repairative cardiovascular surgery. Bypass-
related sources of brain injury include  hypoperfusion, 
 macroemboli, and microemboli, both particulate and 
 gaseous. The risk of brain injury related to cardiopulmonary 
bypass in infants and children may be influenced by many 
variables, including the duration of total support, the depth 
of hypothermia, the rate and duration of core cooling 
[36,37], the type of pH management chosen during core 
cooling (alpha-stat versus pH-stat) [17,38,39], the degree of 
hemodilution [40–42], the duration of total circulatory arrest 
[43–47], the type of oxygenator (bubble versus membrane), 
the use of arterial filtration, the use of regional cerebral 
 perfusion [48], and other aspects of the biochemical milieu.

Pre- and postoperative risk factors interact with intraop-
erative vital organ support, with its “planned ischemia and 
reperfusion injury,” in producing CNS injury. In particular, 
recent data have underscored the frequency and importance 
of preoperative neurologic state. Miller and colleagues 
showed that brain metabolism and microstructure, as 
 measures of brain maturation, are abnormal in a high 
 percentage of infants with CHD before they undergo cardiac 
surgery [33]. Indeed, the imaging findings are similar to 
those in premature infants. Licht and colleagues studied 
 full-term infants with D-transposition of the great arteries 
and HLHS, demonstrating that brain maturation was delayed 
by ~1 month compared with a normative sample without 
CHD [49]. Thus these term infants had brains that were 
smaller and less mature prior to cardiac surgery, potentially 
predisposing to white matter injury. Furthermore, 
 preoperative cerebral blood flow is reduced in neonates with 
CHD compared with normal infants [50]. In the  preoperative 
period, more than half of infants with critical CHD have 
abnormalities on neurologic examination [51]. Abnormal 
preoperative neurological status is an important predictor of 
adverse longer term outcome in patients with CHD [12,52].

CNS damage may also be caused by early postoperative 
events, when cerebral vasoregulatory systems disrupted by 
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hypothermic circulatory arrest and bypass techniques may 
make the brain more vulnerable to hemodynamic fluxes, 
such as hypotension [53–56].

Neuropathologic studies of individuals who have 
 undergone congenital heart surgery have demonstrated both 
diffuse cerebral injury, as might result from ischemia 
 reperfusion injury related to hypoperfusion, and also focal 
infarctions from thromboembolic events. Among infants 
who died after reparative or palliative cardiovascular  surgery, 
the most widespread and severe injury occurred in the 
 cerebral white matter, where periventricular leukomalacia 
and diffuse white matter gliosis were evident [57]. Gray 
matter injury, however, was also detected. Autopsy series 
are subject to bias, however, because the most severely ill 
children are those who succumb.

Magnetic resonance imaging (MRI) has provided a 
“ window” into the CNS in the perioperative period. Mahle 
and colleagues [58] conducted a prospective MRI study of 
infants with various types of CHD before and after surgical 
correction of their cardiac lesions. Periventricular 
 leukomalacia was present in more than half of the subjects 
postoperatively, but white matter and gray matter injury were 
already present preoperatively in 15 and 8% of  subjects, 
respectively. Neonates more likely demonstrate evidence of 
brain injury than infants older than 6 months of age at 
 surgical correction [59]. Furthermore, preoperative mag-
netic resonance spectroscopy (MRS) showed that more than 
half of the children had elevated cerebral lactate peaks. In 
preoperative MRI studies, McConnell and colleagues [60] 
found enlargement of ventricles and subarachnoid spaces 
consistent with cerebral atrophy in one-third of their study 
sample. MR imaging performed on patients with CHD 
 following surgery has revealed findings consistent with both 
gray matter and widely distributed white matter injury [61]. 
Taken in aggregate, documentation by MRI of brain 
 abnormalities in children with CHD both before and after 
cardiac surgery suggest that the preoperative condition of 
the brain, and also perioperative course, contribute to 
 long-term developmental outcome.

Postoperative delayed recovery 
of consciousness

Although hypoxic–ischemic reperfusion injury is 
often  associated with postoperative delayed recovery of 
 consciousness, postoperative hepatic or renal impairment 
resulting in accumulation of toxic metabolites or impaired 
metabolism or excretion of sedating drugs must be excluded. 
Prolonged use of neuromuscular blocking agents may delay 
the recovery of motor function [62–64] and, if severe, may 
mimic a state of impaired consciousness. As discussed later, a 
significant minority of infants develop postoperative  seizures, 
which may recur serially and may be clinically silent [65]. 

A persistent depression of consciousness warrants considera-
tion of occult seizures or a prolonged postictal state.

Postoperative seizures

Seizures are probably the most common neurologic 
 complication of open heart surgery in infants and are 
 clinically manifest in up to 15% of patients in the early 
 postoperative period [65–67]. Prospective long-term video 
electroencephalographic monitoring has demonstrated a 
 significantly higher incidence of electrographic seizure 
 activity in this early postoperative period, frequently  without 
typical behavioral seizure manifestations [65]. Postoperative 
seizures may have a number of possible etiologic factors; of 
greatest concern to long-term outcome are those resulting 
from hypoxic–ischemic reperfusion injury due to either 
 generalized cerebral hypoperfusion or focal vasocclusive 
 disease. More commonly, however, these early  postoperative 
seizures remain cryptogenic and are often referred to as 
post-pump seizures. Although post-pump seizures are often 
assumed to be related to hypoxic–ischemic reperfusion 
injury, they differ in several respects from other forms of 
seizures. First, post-pump seizures typically occur later after 
injury than, for instance, those occurring after birth asphyxia. 
Whereas most asphyxial seizures have their onset within the 
first 12 h after birth, post-pump seizures are usually seen first 
during the second postoperative 24 h. Second, although 
post-pump seizures are associated with later neurologic and 
developmental dysfunction [68], they have a less  devastating 
prognosis than asphyxial seizures, in which as many as 50% 
of infants are left with neurologic disability [69–71]. The 
delayed onset of post-pump seizures and their more  favorable 
outcome may reflect the neuroprotective effective of 
 hypothermia during cardiopulmonary bypass [72].

The prognosis of postoperative seizures varies with the 
underlying cause. A prospective study using continuous 
video electroencephalography demonstrated a significant 
association between post-pump seizures and worse 
 neurologic and developmental outcome at ages 1 year [68] 
and 4 years [73]. None of these patients had developed 
 epilepsy by age 4 years, however. Among infants whose 
 seizures had a specific cause, long-term outcome is related 
to etiology. For instance, if seizures are a presenting 
 symptom of cerebral dysgenesis, poor long-term outcome is 
nearly universal and subsequent epilepsy is common. If 
 seizures result from a stroke, the risk of subsequent  epilepsy 
ranges from 19 to 28% [74,75]. In these patients , the  epilepsy 
risk relates to age at the time of stroke and the latency to 
first seizure after the stroke. In a neonate, the risk for 
 subsequent epilepsy is low [76], whereas longer latency to 
first seizure is associated with greater incidence of epilepsy 
[75]. These  features may guide decisions  regarding  duration 
of anticonvulsant therapy.
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Movement disorders

Soon after the development of deep hypothermic cardiac 
surgery, striking movement disorders were reported [77–89]. 
Although the incidence in different series has ranged from 
0.5% [90] to 19% [80], underdiagnosis and underreporting of 
these dyskinesias are such that the true incidence is unknown. 
Despite their relative rarity, these movement  disorders are 
often dramatic, frequently intractable, and, if severe, associ-
ated with a substantial mortality. Although choreoathetosis is 
the most frequent form of dyskinesia  complicating a cardiac 
operation, other movement disorders have been described, 
including oculogyric crises [91] and parkinsonism [92].

The appearance of postoperative movement disorders is 
 typically preceded by a latency period of 2–7 days, during 
which neurologic recovery from operation appears 
 uncomplicated. The dyskinesia is usually heralded by the 
 subacute onset of delirium, with marked irritability, insom-
nia, confusion, and disorientation, followed shortly by 
abnormal involuntary movements. These movements begin 
in the distal extremities and orofacial muscles, progressing 
proximally to involve the girdle muscles and trunk; if severe, 
violent  ballismic thrashing may develop. The abnormal 
movements are present during wakefulness, peak with 
 distress, and resolve during sleep. In addition, an apraxia of 
oculomotor and oromotor function develops, with a loss of 
feeding and expressive  language skills. A supranuclear 
 ophthalmoplegia often appears, with a loss of voluntary gaze 
but sparing of reflex extraocular movements; these patients 
do not appear to look at parents or caretakers and show 
 minimal facial signs of recognition, thereby arousing 
 concerns about blindness. The onset of  involuntary 
 movements is usually followed by a period of deterioration 
lasting about 1 week, a plateau period of 1–2 weeks during 
which the movements remain relatively  constant, and finally 
a recovery phase of more variable  duration.

Diagnosis of postoperative hyperkinetic syndromes is 
 clinical; to date, adjunctive neurodiagnostic tests have been 
useful primarily to exclude other disorders. Neuroimaging 
studies, including computed tomography (CT) and MRI, 
have shown nonspecific changes, most commonly diffuse 
cerebral atrophy. Focal abnormalities are rare [85–87,89]. 
Single-photon emission computed tomography (SPECT) 
functional brain imaging studies have shown a high  incidence 
of both cortical and subcortical perfusion defects even in the 
absence of structural defects on CT and MRI [93]. 
Electroencephalographic studies are commonly normal or 
show diffuse slowing; ictal activity is not seen during these 
movements. Autopsy studies are limited and the 
 neuropathologic findings are inconsistent [81,94], ranging 
from normal to extensive degrees of neuronal loss and  gliosis, 
particularly focused in the external globus pallidus [94]. 
Typical features of infarction are characteristically absent.

The prognosis depends largely on their initial severity. 
Mild movement disorders tend to resolve within weeks to 
months, but more severe instances have an associated 
 mortality approaching 40% and a high incidence of  persistent 
neurodevelopmental deficits in survivors [89]. Only ~10% 
of survivors in the severe group demonstrate normal 
 neurologic outcome [89]. Common residual deficits include 
generalized hypotonia, developmental delay, and expressive 
language impairment. However, these reports are anecdotal, 
and detailed long-term follow-up is lacking.

The mechanisms underlying these movement disorders 
after a cardiac operation remain elusive [95–97]. Despite the 
absence of a unifying mechanism, a number of risk factors 
have been identified. Children at particular risk include 
those with a cyanotic cardiac malformation, especially with 
systemic-to-pulmonary collaterals from the head and neck, 
age at operation older than 9 months, and excessively short 
cooling periods before attenuation of intraoperative blood 
flow. Some authors have suggested deep hypothermia itself 
as a cause [97]. Several reports have cited prolonged use of 
fentanyl and midazolam as a cause of postoperative dyskine-
sias. These drug-related dyskinesias tend to be relatively mild 
and to resolve during a period of weeks [98–100].

Cerebrovascular accident (stroke)

CHD is the most common condition associated with stroke in 
childhood, being present in 25–30% of affected patients 
[74,101,102]. Stroke of cardiac origin, that is, cardiogenic 
stroke, has three broad mechanisms. First, arterial emboli 
may be generated from an intracardiac source  (cardioembolic 
stroke). Second, emboli may arise from a systemic venous or 
right-sided heart source and bypass the pulmonary  circulation 
through a right-to-left shunt (paradoxical embolic stroke). 
Finally, cerebral venous thrombosis may result from a 
 combination of central venous hypertension, venous  stasis, 
and polycythemia. Risk factors for cardiogenic stroke include 
altered vascular surface, stasis, hypercoagulability, and 
 paradoxical vascular pathways.

Open heart surgery presents multiple risk factors for 
stroke. During cardiopulmonary bypass, particulate and 
 gaseous emboli originating from the cardiopulmonary 
bypass apparatus or operative field enter the systemic 
 circulation directly [103–106]. Improvements in bypass 
 circuits,  particularly the switch from bubble to membrane 
 oxygenators, have decreased the incidence of macroemboli-
zation; reduction in microembolic load is suggested by a 
smaller total ischemic area as assessed with retinal  fluorescein 
angiography after use of membrane oxygenators  compared 
with bubble oxygenators [107]. Although  bypass-related 
cerebral injury in adults is related primarily to atheromatous 
emboli or fixed cerebrovascular stenoses, such injury in 
infants results most commonly from global hypoperfusion 
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during periods of decreased or arrested systemic blood flow. 
A further potential mechanism of intraoperative vascular 
injury may relate to the often marked inflammatory response 
triggered by the extensive and prolonged exposure between 
bypass blood and artificial surfaces [108–110]. These factors 
trigger complex cascades, including endothelium–leukocyte 
interactions [111–114]. Stroke in the early postoperative 
period may present with focal motor weakness and speech 
and visual dysfunction. Seizures are a particularly common 
presentation of stroke in young infants [74,115].

Patients with CHD are also at risk for stroke from factors 
 outside the operating room. Cardiac catheterization poses a 
risk of both particulate and gaseous emboli, particularly in 
cyanotic patients who are at risk for paradoxical  embolization. 
In patients with cardiomyopathy, cerebral emboli can arise 
from intracardiac thrombus. Similarly, embolic stroke may 
occur in patients with a left atrial clot who convert to normal 
sinus rhythm from atrial fibrillation, prompting the recom-
mendation for either transesophageal  echocardiography or 
anticoagulation before planned  cardioversions. Vascular sur-
faces may promote  thrombosis secondary to endothelial 
injury or prosthetic tissue,  especially in an area of vascular 
stasis [59,116,117]. Patients with a  left-sided  prosthetic valve 
are at risk for thromboembolic complications. Those with 
left-sided infective endocarditis may have septic cerebral 
emboli and occasional intracranial mycotic aneurysms (see 
later). A number of risk factors for stroke  converge in patients 
who have undergone the Fontan  procedure. In a  retrospective 
review of 645 patients after the Fontan  operation, the 
 incidence of stroke was reported to be 2.6% [59]. In the 
Pediatric Heart Network’s cross-sectional study of Fontan 
patients, the incidence of stroke was 2% [118].

Stroke prevention may be regarded as primary (i.e., 
 treatment of high-risk patients to prevent a first stroke) or 
secondary (i.e., aimed at preventing stroke recurrence) [119]. 
Most pediatric cardiologists use prophylactic  anticoagulant 
therapy in children with a prosthetic heart valve and intrac-
ardiac thrombus identified by echocardiography. The need 
for stroke prophylaxis in  individual patients should consider 
risk factors such as elevated right atrial  pressure, intracardiac 
prosthetic material, and a right-to-left shunt in children 
requiring prolonged bedrest. Many pediatric cardiologists 
administer  antithrombotic therapy, either aspirin or warfa-
rin, i ndefinitely after Fontan surgery and in those with a 
dilated cardiomyopathy. Secondary stroke prophylaxis aims 
to  balance the risk of recurrent embolism and that of 
 hemorrhagic transformation of a bland cerebral infarction.

Headaches

Headaches in patients with a cardiac malformation com-
monly require evaluation. Acute severe headache should 
always raise the concern of a subarachnoid hemorrhage, 

 particularly in patients with a history of coarctation of the 
aorta. Patients with severe polycythemia experience more 
frequent headaches. Raised central venous pressure, as occurs 
after the Fontan procedure or the bidirectional Glenn proce-
dure, may increase cerebral venous pressure, which by itself 
may be associated with headaches. Raised central venous 
pressure may also impair absorption of cerebrospinal fluid, 
resulting in communicating hydrocephalus [120]  elevating 
intracranial pressure and causing headaches. Headache is the 
most common presenting feature in the  otherwise often sub-
tle clinical presentation of a brain abscess (see later).

Infectious endocarditis

Children with a cardiac anomaly are at increased risk for 
infectious endocarditis with its protean neurologic 
 manifestations [121]. These include meningitis, brain abscess, 
seizures, and, most commonly, cerebrovascular injury. 
Despite modern antibiotic advances, approximately one-
third of children with infectious endocarditis have  neurologic 
complications, approximately half of which are embolic in 
origin [122]. Not only are cerebrovascular  complications the 
most common form of neurologic injury in endocarditis, but 
they also have the highest mortality, reaching 80–90% with 
hemorrhage of mycotic aneurysms [123]. The high risk of 
hemorrhagic transformation of septic infarction or of direct 
subarachnoid hemorrhage through mycotic aneurysms con-
traindicates the use of anticoagulation in children with infec-
tious endocarditis and  cerebrovascular disease [124].

Brain abscess

Cyanotic cardiac malformations constitute the major 
 predisposing factor for brain abscess [125], with an incidence 
ranging from 2 to 6% [126]. Conversely, CHD was present in 
almost half of childhood brain abscess cases in a single-center 
series [127]. Arterial oxygenation is inversely correlated 
with the incidence, morbidity, and mortality of brain abscess 
in CHD [126]. In cyanotic patients with polycythemia, 
 periods of systemic illness and dehydration may critically 
disturb cerebral microvascular perfusion with subsequent 
localized areas of ischemia. Organisms bypassing the 
 pulmonary  filtration system may gain direct access to the 
brain, where they breach the disrupted blood–brain barrier, 
passing into necrotic areas to form focal septic cerebritis and, 
 subsequently, an abscess.

In children with a cardiac anomaly, brain abscess is rare 
before the age of 2 years [128]. The clinical manifestations of 
brain abscess result from a combination of intracranial 
hypertension, focal neurologic injury, and sepsis. Headache 
is the predominant and usual presenting symptom [127]. 
The initial presentation is often subtle and the course 



Pediatric Cardiovascular Medicine

758

progresses slowly . Occasionally, the presentation may be 
abrupt, for example, a seizure. Headache, a common early 
symptom, is present in 50% of patients, and is often 
 associated with vomiting, fever, and photophobia [127]. 
Personality changes and irritability occur early.

The diagnosis of brain abscess is best confirmed by MRI with 
gadolinium enhancement [129]. Contrast-enhanced CT scans 
are less sensitive, but can be obtained more quickly in emer-
gency settings. A lumbar puncture should be obtained only 
after exclusion of a significant mass effect by brain imaging, and 
may show elevated protein but often only mild leukocytosis.

Brain abscess is usually managed by a combination of 
antibiotic therapy and surgical drainage (diagnostic and/or 
therapeutic) [129]. With or without surgery, high-dose 
 antibiotic therapy should be administered for ≥6 weeks, with 
duration of therapy guided by clinical response and imaging 
studies. Two or more pathogens were isolated in cultures of 
39% of patients in a recent series, and streptococcal species 
were the most common isolates in patients older than 
1 month [127]. In immunosuppressed patients (e.g., after 
 cardiac transplantation), pathogens can include lower 
 virulence organisms and also fungi (e.g., Aspergillus) and 
parasites (e.g., Toxoplasma). Therapy should be guided by 
culture results, when they become available.

Although diagnostic and therapeutic advances have 
reduced the mortality of brain abscess [130], a minority of 
survivors return to their premorbid baseline function [127]. 
Epilepsy develops in as many as one-third of survivors, often 
after many years [127,131].

Future directions

Reparative infant cardiac surgery, with its necessity for 
the use of cardiopulmonary bypass techniques and 
 ischemia–reperfusion injury, provides an unparalleled 
opportunity for prospective clinical trials of improved 
 methods of cardiopulmonary bypass, neuroprotective phar-
macologic agents, and postoperative interventions [132]. 
Standardization of the interpretation of existing 
 neuroimaging techniques and the development of novel 
neuromonitoring modalities are needed to assess outcomes 
of new neuroprotective strategies. Finally, as CNS morbidity 
in  cardiac children has moved to the forefront of outcomes 
research in pediatric cardiovascular disease, multi-center 
registries and trials should investigate the  influence of genetic 
factors, including the host response to injury, and practice 
variation on neurodevelopmental outcomes.
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Over several decades, the life expectancy of individuals born 
with congenital heart disease (CHD) has increased substan-
tially. Consequently, the population of adults with palliated 
and repaired CHD has grown, and many of these patients 
require lifelong subspecialized care. The practice of “Adult 
Congenital Cardiology” has emerged out of necessity to 
provide adequate care to these patients who require the 
expertise of both a pediatric cardiologist and an internist or 
adult cardiologist.

Demographics

With improved treatment for CHD, the number of patients 
>18 years of age with CHD has expanded rapidly. The long-
term survival of infants born with CHD is ∼85–95% [1,2]. 
Over 1 million adults in the United States have CHD, in 
addition to an estimated 3 million persons with bicuspid 
aortic valve [2].

These adults can be categorized by the complexity of their 
cardiac defect to determine the health burden of this patient 
cohort to develop and allocate healthcare resources prop-
erly. The 32nd Bethesda Conference [3] classified congenital 
cardiac defects in adults into those of mild, moderate, and 
high complexity and provided estimates of the prevalence of 
each (Table 53.1). Recommendations for ongoing care 
depend on the complexity of the patients’ cardiac defect. 
More complex defects have an increased need for repeat sur-
gical and interventional procedures in adulthood in addition 
to increased mortality. Such patients require closer surveil-
lance. Although an internist may care adequately for those 
with relatively simple disease, patients with moderate or 
highly complex CHD require periodic or regular ongoing 
subspecialized care.

Transition and transfer of care

The number of adults with CHD who are currently receiving 
appropriate care in the United States reflects only a small 
proportion of the total number of patients [3]. Whereas chil-
dren with CHD receive routine cardiac care, many patients 
are lost to care in the transition to adulthood. The reasons 
include lack of, or lack of access to, appropriate healthcare 
resources, failure to understand the need for lifelong cardiac 
care on the part of the patient or their pediatric healthcare 
providers, or the pediatric cardiologist’s unawareness of 
acquired adult co-morbidities [4].

Transition
Transition of care is a process by which adolescents with CHD 
prepare to take responsibility for their health. This  educational 
process should begin by early adolescence when these 
patients should receive ongoing, age-appropriate instruction 
regarding the items listed in Table 53.2. A checklist of 
 age-appropriate topics can accompany each patient’s chart, 
documenting that the topics have been adequately covered. 
Although such education may be the responsibility of the 
primary care physician, the pediatric cardiologist may be a 
better source of information. Education on these transitional 
issues may directly affect the patient’s later cardiac morbidity 
and mortality [4], so all adolescents should receive adequate 
education before graduating from the pediatric cardiology 
clinic. Transitional education may be given by the pediatric 
cardiologist, clinical nurse specialists devoted to adolescent 
education, a formalized transition clinic within the pediatric 
cardiology practice, or through a combined pediatric cardiol-
ogy–adolescent health facility. Historically, education on 
important lifestyle issues has not been performed well [4–6]. 
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Young adults often leave a pediatric cardiology clinic without 
understanding their CHD, their long-term prognosis, or the 
effect of their disease on childbearing [4–6].

Transfer of care
Currently, >60% of adults with CHD after leaving a  pediatric 
cardiac facility have a significant lapse in cardiac care (median 
10 years, range 2–50 years) before establishing care at an 
adult facility [4]. Delayed transfer is  associated with more 
adverse outcomes and often need for urgent c ardiac inter-
vention [4]. Many adults with CHD are cared for by adult 

cardiologists untrained in CHD, or  pediatric cardiologists 
untrained in adult co-morbidities. Consequently, the patient 
does not receive the needed comprehensive medical care.

The ideal age to transfer a patient from the pediatric to an 
adult facility is unclear. Appropriately counseled patients 
with chronic illness usually can transition to an appropri-
ately designed adult healthcare system when aged 17–19 
years. At these ages, increasing maturity, better education, 
and improved confidence and social skills combine to 
improve patients’ understanding of their condition, their 
participation in medical decision making, definition of health 
and life goals, recognition of changes in overall health, and 
ability to use the medical system successfully.

Although mortality rates associated with CHD have stead-
ily improved, the improvement has primarily affected 
 children [7]. Failure of appropriate transition and transfer is 
thought to decrease patient survival [4].

Establishing an ACHD service

Adults with congenital heart disease (ACHD) represent a 
unique clinical challenge. Although pediatric cardiologists 
understand their complex anatomy and physiology, the 
acquired co-morbidities of adulthood are often foreign to 
pediatricians. To address this challenge, regionalized ACHD 
centers are being developed. The minimal requirements for 
such a center have been established [3], recognizing that 
there is not a single optimal design.

Outpatient resources
An ACHD outpatient clinic may be in either a separate  location 
within a children’s hospital or an adult hospital. Both models 
are successful and depend upon the availability of skilled 

Table 53.1 Classification of congenital cardiac defects in adults.

Simple CHD  Moderate complex CHD  Severe complex CHD

Care by routine provider ACHD clinic visits at least every 2 years ACHD clinic visits at least annually

Aortic valve abnormalities Aorto–left ventricular tunnel Conduits – valved or nonvalved

Mitral valve abnormalities, except Anomalous pulmonary–venous connection Double-outlet right ventricle

  parachute and cleft Coarctation of aorta Eisenmenger syndrome

Patent foramen ovale or small ASD Ebstein’s abnormality All forms of single ventricle

Small VSD Significant RVOT obstruction Fontan

Mild pulmonary stenosis PDA Pulmonary atresia

Ligated or occluded PDA Pulmonary regurgitation – moderate or severe Pulmonary Vascular disease

Repaired ASD without residua Sinus of Valsalva aneurysm Transposition complexes

Repaired VSD without residua Sinus venosus ASD Truncus arteriosus

Aortic stenosis – sub- or supravalvar Atrioventricular or ventriculoarterial discordance

  VSD with outflow obstruction or valvar abnormalities  

Table 53.2 Educational topics to be covered prior to transfer.

Underlying cardiac diagnoses, preferably by way of pictorial illustration, 

   in order to provide this information to other healthcare providers 

that they encounter

Importance of any residual cardiac lesions 

The need for and rationale behind lifelong cardiac care 

Instruction that congenital heart disease is markedly different to other 

forms of heart disease and that they must follow up with 

providers specializing in adult congenital heart disease.

Signs and symptoms of cardiac decompensation, where appropriate 

The natural history of their disease, including need for eventual cardiac 

transplantation where appropriate 

Insurability 

Contraception counseling 

Counseling regarding fertility, risks of pregnancy to mother and fetus, 

and the importance of a pregnancy plan 

Career and vocational planning 

Safety of recreational activities 

Cardiovascular risk factors for ischemic heart disease 

Physical fitness 

Endocarditis
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personnel and high-quality diagnostic testing, including 
congenital cardiac echocardiography, congenital cardiac MRI 
and CT, and diagnostic and interventional  catheterization.

Inpatient resources
Physicians knowledgeable about both CHD and adult cardiac 
and noncardiac co-morbidities must care for these patients. 
Because these patients often present with a variety of medi-
cal issues, they need, in addition to cardiologists trained in 
CHD, other medical and surgical subspecialty services to 
consult about their problems.

Unless instructed otherwise, patients typically utilize the 
emergency department affiliated with the location where 
they receive their outpatient care [8]. Emergency depart-
ment providers, whether adult or pediatric, must be able to 
provide immediate medical care to these patients, who may 
present with problems unrelated to their underlying CHD 
[8,9]. Although they usually present with cardiovascular 
problems, such as arrhythmia, heart failure, syncope, aortic 
dissection, and endocarditis [9], they often need other 
 subspecialty services [9].

Surgical resources
Although children with CHD who undergo an operation 
have it performed by a trained congenital cardiac surgeon, 
the same is not true for identical cardiac lesions in adults 
who often undergo an operation by a surgeon without 
 specific training in congenital cardiac surgery [10]. The 
 surgical results are not as good as for similar patients 
 undergoing the same cardiac operation by a cardiac sur-
geon who devotes >75% of the time to congenital heart 
surgery [10]. Morbidity and mortality are often greater in 
adults than  children with the same surgical procedure due 
to  medical co-morbidities, acquired cardiac co-morbidities, 
or difficulty attaining vascular access for cannulation. 
Most CHD operations in adults are reoperations. The 
number of previous reoperations is a risk factor for adverse 
outcome, as is preoperative cyanosis or congestive heart 
failure,  prolonged cardiopulmonary bypass time, and 
Fontan revision [11].

Patients with cyanotic CHD have an increased risk of 
adverse outcome with elective noncardiac surgery. Such 
operations should be performed in a facility with ACHD 
services and cardiac anesthesiology.

Preoperative imaging should assess the proximity of con-
duits or other cardiac structures to the posterior sternum. As 
vascular access may be required, we routinely assess the 
 patency of the femoral vessels during preoperative MRI, 
catheterization, or preoperative ultrasound. Because of 
 multiple preoperative co-morbidities, there is increased risk 
of postoperative morbidity, especially renal and liver 
 dysfunction, endocrine disturbances, and gastrointestinal 
bleeding. Ready access to multiple medical and surgical adult 
subspecialties is required.

The ACHD team

The core group of care providers comprising an ACHD team 
includes a cardiologist with training in both CHD and inter-
nal medicine. This training may exist in one individual or by 
the combined expertise of two or more physicians. Guidelines 
for ACHD training have been published [12]. In addition to 
cardiologists trained in ACHD, the core team should include 
at least one nurse practitioner or physician assistant, at least 
two echocardiographers experienced and certified in con-
genital cardiac imaging, and affiliation with a cardiovascular 
surgical program experienced in operating on adults with 
CHD. The number of personnel must be adequate to provide 
both outpatient care and inpatient management.

Immediate access to a wide variety of medical and surgical 
consultants is required, especially heart failure/transplant 
services, genetics, pulmonary hypertension, cardiac anesthe-
sia and intensive care, diagnostic and interventional cardiac 
catheterization, cardiac imaging, electrophysiology, gynecol-
ogy, and high-risk obstetric/maternal fetal medicine.

Differences between the adult 
and the child with CHD

Arrhythmias
Ventricular and atrial arrhythmias are more frequent in adults 
with moderate and high complexity CHD lesions and may 
not respond well to medical therapy. In patients with tetral-
ogy of Fallot, dextro-transposition of the great arteries 
(d-TGA) following atrial baffling procedures, and a Fontan 
connection, the risk of sudden death is significant. Residual 
hemodynamic lesions should be sought and treated as poten-
tial precipitants of arrhythmia. Implantable cardioverter defi-
brillator (ICD) therapy should be considered in a timely 
manner, although guidelines for its use are still poor. Predictors 
of sustained ventricular tachycardia (VT) or sudden death in 
this group of patients include impaired systemic ventricular 
systolic function and marked QRS prolongation [13].

Thrombosis
The risk of venous thromboembolism increases with age. 
Postoperative thromboprophylaxis following cardiac and 
noncardiac surgery is required in adolescents and adults who 
will not ambulate for some time. Routine medications asso-
ciated with thromboses, such as oral contraceptives, should 
be discontinued during the perioperative period.

Cardiac management
Medical and surgical management guidelines may differ 
between adults and children having identical cardiac lesions. 
The natural history of specific cardiac defects differs at 
 various ages, particularly as adults acquire co-morbidities that 
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affect progression of CHD. Changing operative procedures 
have produced adults with cardiac repairs, such as atrial 
 baffles, which are no longer performed. Patients following 
an atrial switch require monitoring for atrial baffle leaks, 
baffle obstruction, and progressive sinus node dysfunction. 
Because of the differing natural history of cardiac lesions in 
adulthood, a comprehensive list of lesion-specific guidelines 
has been assembled to assist the clinician in the care of these 
often complex patients [14].

Contraception

Beginning in adolescence, women with CHD should be 
provided with accurate information about contraception 
and learn about the implications of their cardiac disease 
for pregnancy. Many young women do not receive such 
counseling before becoming sexually active [5,15,16]. 
Medical personnel with an understanding of the gyneco-
logic issues that these women face should perform coun-
seling; patients may be told by their cardiologist that 
pregnancy is contraindicated, when, in fact, it is not [16]. 
Instructing a patient not to become pregnant is not an 
effective form of birth control and more specific informa-
tion should be provided. Which form of contraception is 
optimal for the patient depends partly upon the degree of 
maternal risk associated with pregnancy. Various forms of 
contraception are associated with different efficacy rates 
(Table 53.3) [17] and the patient should receive counseling 
about this.

Combination oral contraceptives
The “birth control pill” (OCP), a common contraceptive, 
contains estrogen and progesterone. Estrogen has prothrom-
botic effects and increases the risk of intracardiac and venous 
thromboembolism (VTE) by increasing prothrombin and 
decreasing antithrombin III. Therefore, certain women with 
CHD should not receive this form of contraception 
(Table 53.4). Over the years, the dose of estrogen in oral 
contraceptives has decreased. Whereas first-generation 
estrogen doses started at 150 μg, second-generation dosages 
decreased to 50 μg, and current third-generation doses are 
now even lower, ranging from 20 to 35 μg of ethinylestradiol 
(EE). The decrease in estrogen dose has led to a decrease in 
VTE, but current third-generation OCP users still have a risk 
of developing VTE which is 2–8 times greater than that of 
nonusers. Risk factors which further increase the risk of 
thrombosis include age >35 years, smoking, increased 
weight, and inherited thrombophilias.

Within the general population, women who are over-
weight (BMI 25–30 kg m−2) have an estimated age-adjusted 
odds ratio of VTE of 11.6 (95% CI: 7.5–18.1) when com-
pared with healthy weight women. Women who are obese 
(BMI ≥30 kg m−2) have an estimated age-adjusted odds ratio 

of 23.78 (95% CI: 13.3–42.3) of developing VTE. When 
 considering whether a patient is suitable to receive OCPs, all 
risk factors for thromboses should be considered [18,19].

If OCPs are not contraindicated but an increased poten-
tial for thrombosis exists (atrial dilation with a history of 
atrial arrhythmias, moderately impaired systemic ventricu-
lar function, ASD/PFO with DVT risk factors, nonfenes-
trated lateral tunnel, or extracardiac conduit Fontan), a 
third-generation OCP with the lowest possible effective 
estrogen dose (20 μg EE) should be recommended for 
women. Preparations containing 20 rather than 30 μg of 
EE have been associated with reduced risk of VTE [18]. In 
addition, the type of progestogen should be considered, as 
the newer OCPs containing drospirenone have been 
associated with an increased risk of VTE when compared 
with those containing levonorgestrel [19].

Table 53.3 Contraceptive methods and their efficacy rates.

Contraceptive method Annual efficacy 
rate (%) (typical/
perfect use)

Combined hormonal contraception:

 Oral pill 97/99

 Vaginal ring 99.4

 Transdermal patch 99.3/99.6

Progestin-only contraception:

 Progestin-only pill (mini-pill) 88/97

 Progestin injection (Depo-Provera) 99.7

 Progestin implants (Norplant/Implanon) 99.8

 Intra-uterine device (Mirena) 99

Barrier methods:

 Male condom 88/97

 Male condom with spermicide 99.9

 Vaginal spermicide alone 79/94

 Female condom 79/95

 Vaginal sponge 91

 Diaphragm 94

Sterilization 99.6

Table 53.4 Women with cardiac anomalies who should not receive 

combination hormonal contraception.

Eisenmenger syndrome

Mechanical cardiac valves

Severe systemic ventricular dysfunction

Previous thromboemboli

Intracardiac right-to-left shunting

Pulmonary arterial hypertension

Systemic arterial hypertension

Patients with an atrio-pulmonary Fontan anastomosis
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Combination nonoral contraceptive hormones
Alternative forms of hormonal contraception include 
the transdermal patch and vaginal ring. Although these 
birth control methods are associated with improved compli-
ance, there is no evidence to support a reduced risk of VTE. 
Hence they remain contraindicated in certain patient groups 
(Table 53.5).

Progesterone contraception

Progestin-only pills
A lack of consistent and correct use is a common cause of 
unintended pregnancy with progesterone-only pills [18,19]. 
In contrast to combined oral contraceptives, progestin-only 
pills require women to adhere more strictly to the time of 
day when they take their pills. This form of contraception is 
not contraindicated in any specific CHD, and is a suitable 
alternative to combination hormonal therapy in very com-
pliant patients. The most common side effects include men-
strual irregularities.

Contraceptive injections or subcutaneous 
implants
Both intramuscular and subcutaneous progesterone injec-
tions (depot medroxyprogesterone) have been approved 
by the FDA to prevent pregnancy, and in the United States 
are available under the name Depo-Provera. The perfect-
use failure rate for intramuscular Depo-Provera in the first 
year is 0.3%, with a typical-use failure rate in the first year 
estimated to be ∼3% [18,19]. The most common side 
effects include menstrual irregularities and weight gain 
[18]. The use of Depo-Provera is associated with a decrease 
in bone mineral density that is reversible over time upon 
cessation of use [20]. When contemplating the seriousness 
of this side effect, the magnitude of bone mineral density 
loss is comparable to that sustained during pregnancy and 
breast feeding [20].

An alternative form of nonoral progesterone-only contra-
ception is the subdermal implant, Implanon. This 4 × 2 mm 
progesterone-containing rod is implanted subdermally under 
local anesthesia. The primary benefit is reliable contracep-
tion for up to 3 years after implantation. Local side effects 
are not uncommon and systemic side effects are similar to 
those described for Depo-Provera [21].

Intra-uterine devices
For nonpermanent birth control, the newer progesterone-
eluting intra-uterine devices (Mirena) are reliable and 
favored in patients who should not receive oral contracep-
tives due to risk of thrombosis and in whom pregnancy is 
not desired or carries associated maternal risk. Although 
the device may be more easily placed in a woman with a 
prior pregnancy, nulliparity is not a contraindication. An 
experienced healthcare provider should insert the device. 

Contraception is effective for 5 years from implantation, and 
fertility may be readily restored upon earlier removal. 
Reported side effects are rare and include menstrual irregu-
larities [18,19].

Table 53.5 Cardiovascular medications and pregnancy.

Drug  Potential side effects  Riska

Adenosine None reported C

Amiodarone IUGR, prematurity, congenital goiter, 

hypo-/hyperthyroidism, prolonged QT

D

ACE inhibitors/

ARB

Oligohydramnios, IUGR, prematurity, 

neonatal hypotension, renal failure, 

anemia, death, skull ossification defect, 

limb defects

D

β-Blockers: Fetal bradycardia, IUGR, hypoglycemia

 Acebutolol B

 Labetalol C

 Metoprolol C

 Propranolol C

 Atenolol D

 Sotalol B

Digoxin None reported C

Diltiazem Major birth defects in small animals C

Diuretics:

 Furosemide ↓ placental perfusion C

 Spironolactone 1 report of oral cleft D

 Thiazides Congenital defects, ↓↑ electrolytes D

Flecainide Limited data C

Hydralazine None reported C

Lidocaine None reported C

Nifedipine Fetal distress due to maternal 

hypotension reported

C

Nitrates Limited data C

Nitroprusside Limited data; potential thiocyanate fetal 

toxicity (avoid extended use)

C

Procainamide Limited data; none reported C

Verapamil  Limited data  C

aFDA classification: Category B: either animal reproduction studies 

have not demonstrated a fetal risk but there are no controlled studies 

in pregnant women, or animal reproduction studies have shown an 

adverse effect that was not confirmed in controlled studies in women. 

Category C: either studies in animals have revealed adverse effects on 

the fetus and there are no controlled studies in women, or studies in 

women and animals are not available. Drugs should be given only if 

potential benefits justify the potential risk to the fetus. Category D: 

there is positive evidence of human fetal risk, but the benefits from 

use in pregnant woman may be acceptable despite the risk. Category X: 

studies in animals or human beings have demonstrated fetal 

abnormalities. The risk of the use of the drug in pregnant women 

clearly outweighs any possible benefit. The drug is contraindicated in 

women who are or may become pregnant.
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Barrier methods
To receive oral or injectable contraception, the patient 
typically requires a visit to a healthcare provider other than 
their cardiologist, and must be educated about the correct 
method of use of the contraceptive and its potential side 
effects. In contrast, a patient using over-the-counter barrier 
methods may not have any such instruction. A cardiologist 
who may be the only medical care provider caring for the 
patient should not assume that patients know how to use 
any particular form of contraception effectively.

Pregnancy

Pregnancy causes many physiologic alterations that signifi-
cantly effect the cardiac status of women with CHD. Although 
many patients have been repaired before adulthood, residual 
defects may adversely affect maternal and/or fetal well-
being. All women with CHD contemplating pregnancy 
should be seen in an ACHD clinic for pre-pregnancy 
counseling. Pregnancy counseling requires a multidiscipli-
nary approach with close communication between mater-
nal–fetal medicine specialists and ACHD providers. Women 
should be counseled about maternal and fetal risks of preg-
nancy, the effect of pregnancy on the natural history of their 
CHD, and the risk of CHD on their offspring. Many women 
may be receiving cardiac medications during pregnancy and 
their risks (Table 53.5) should be discussed [22].

Physiology of pregnancy, labor, and delivery
During pregnancy, circulating blood volume and cardiac 
output increase by 50%, usually peaking between 28 and 32 
weeks’ gestation. The increased blood volume is due more 
to increased plasma volume than red blood cell mass. 
The hemodilution reduces oxygen-carrying capacity. The 
augmented cardiac output comes from increased stroke 
 volume early in pregnancy, aided by increased contractility, 
and later a smaller increase in heart rate, averaging 10–20 
beats per minute. Because of the uterine circulation and 
endogenous hormones, systemic vascular resistance and 
diastolic blood pressure fall to a greater extent than pulmo-
nary vascular resistance, possibly exacerbating an intracar-
diac right-to-left shunt. Inferior vena caval obstruction from 
a gravid uterus in a supine position can abruptly decrease 
cardiac preload and cause symptomatic hypotension, partic-
ularly in patients who are preload dependent. During the 
first stage of labor, contractions are associated with expul-
sion of 300–500 ml of blood into the general circulation. 
Women with right or left ventricular dilation and dysfunc-
tion may not tolerate this abruptly increased volume. Cardiac 
output rises by 2.5 l min−1, partly due to anxiety and pain. 
During the second stage, pushing increases systemic vascular 
resistance. Cardiac output rises further. After delivery, 
venous return surges due to removal of IVC obstruction 

from the gravid uterus and autotransfusion from the con-
tracted uterus. As intra-abdominal pressure falls dramati-
cally, blood flow to the abdominal organs increases 
significantly and can lead to hypotension and cardiovascular 
collapse [23,24].

These hemodynamic changes are further accentuated by 
multiple pregnancy. Compared with a single pregnancy, in a 
multiple pregnancy maximum cardiac output is 20–30% 
higher, heart rate increases more by 20–30 beats per minute 
above baseline, and plasma volume increases by ∼67% dur-
ing pregnancy, in contrast to a 48% increase above baseline 
seen with singletons [23]. These marked changes need to be 
considered when counseling women regarding assisted 
methods of reproduction which are associated with a higher 
rate of multiple gestations.

Oxygen consumption is increased, as are minute ventila-
tion, tidal volume, and functional residual capacity. The 
glomerular filtration rate (GFR) increases.

Pregnancy is also associated with a hypercoagulable state 
from relative decreases in protein S activity, stasis, and 
venous hypertension. Estrogens can interfere with collagen 
deposition within the media of the medium and large mus-
cular arteries. Circulating elastase can break up the elastic 
lamellae and weaken the aortic media during pregnancy. 
Weakening of the arterial wall may in turn predispose to dis-
section with or without an underlying connective tissue dis-
order. Relaxin, an insulin-like growth factor hormone, is 
detectable in serum during pregnancy and causes a decrease 
in collagen synthesis, and may predispose to aortic dissection 
during pregnancy.

Adverse maternal and fetal outcomes
The physiological changes in pregnancy outlined above may 
be poorly tolerated in patients with certain types of CHD or 
other maternal risk factors (Table 53.6). Adverse cardiac 
outcomes include pulmonary edema, arrhythmias, CHF, and 

Table 53.6 Factors associated with worsened maternal adverse 

outcome.

Prior congestive heart failure, TIA, stroke or arrhythmia

Baseline NYHA functional class ≥II

Baseline cyanosis

Mitral stenosis with MV area <2 cm2

Aortic stenosis with aortic valve area <1.5 cm2

Peak left ventricular outflow tract gradient >30 mmHg

Left ventricular ejection fraction <40%

Pulmonary hypertension

Symptomatic obstructive lesions (pulmonary stenosis, aortic stenosis, 

coarctation of the aorta)

Marfan syndrome with aortic diameter >42 mm

Severe pulmonary regurgitation

Depressed subpulmonary ventricular function
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thromboembolism. Adverse obstetric outcomes include 
 pre-eclampsia, preterm labor, postpartum hemorrhage, and 
placental abruption. Couples should be counseled about 
maternal risk factors and risk factors for adverse fetal 
 outcomes (Table 53.7) [22].

Pregnancy care plan
In coordination with specialists in maternal–fetal medicine, 
obstetrics, and anesthesia, the ACHD team should develop a 
plan for delivery. Multidisciplinary conferences prior to 
delivery are very helpful. The subjects discussed should 
include timing of delivery, the method of induction (if 
required), the mode of delivery (Cesarean section versus 
vaginal delivery versus vaginal delivery with an assisted sec-
ond stage of labor), the need for and type of cardiovascular 
monitoring during labor and delivery, fluid management, 
medication management, and the type of anesthesia, and 
should be decided upon before the commencement of labor. 
A care plan should be documented and accompany the 
patient to the hospital to deal with changes in personnel or 
location of delivery.

Cesarean section is not necessarily indicated for CHD as it 
is associated with more deleterious effects on maternal 
hemodynamics than vaginal delivery. With moderate or high 
complexity cardiac lesions with sequelae, women may ben-
efit from an assisted second stage of labor. This approach 
involves early placement of a dense epidural anesthesia fol-
lowed by a passive second stage of labor without pushing 
and finally assisted delivery of the infant with forceps or 
vacuum extraction. Although associated with less hemody-
namic alterations, this approach has a greater risk of local 
maternal injury [24].

Anticoagulation during pregnancy
Women requiring anticoagulation with coumadin or heparin 
present a challenging problem during pregnancy. Although 
pregnancy is feasible, they should receive pre-pregnancy 
counseling with discussion of treatment options and the 
maternal and fetal risks of warfarin and heparin therapies.

Warfarin crosses the placenta and has been associated 
with an increased incidence of spontaneous abortion, 

 prematurity, and stillbirth. Warfarin can also cause bleeding 
in the fetus, and fetal cerebral hemorrhage can complicate 
labor and delivery, especially if forceps or vacuum extraction 
is necessary. Warfarin embryopathy (of nasal hypoplasia 
and/or stippled epiphyses and central nervous system abnor-
malities) has been described after in utero exposure during 
the first trimester with an incidence ranging from <5 to 67% 
[22,23]. Clinically significant embryopathy may not occur at 
doses ≤5 mg per day [26]. The drug is thought to be safe dur-
ing the first 6 weeks of gestation, but embryopathy may 
occur if doses >5 mg are taken between 6 and 12 weeks of 
gestation. Women requiring long-term warfarin therapy 
who are attempting pregnancy should perform frequent 
pregnancy tests and, when pregnancy is achieved, switch to 
low molecular weight heparin (LMWH) therapy for the first 
trimester unless warfarin doses <5 mg are required. After the 
twelfth week, warfarin therapy can be restarted but must be 
discontinued and switched to a heparin several weeks before 
expected or scheduled delivery regardless of dose.

Unfractionated heparin does not cross the placenta or 
cause fetal bleeding or teratogenicity. However, in 12–24% of 
high-risk pregnant women there are maternal thromboem-
bolic complications, including fatal valve thrombosis.

LMWH is associated with increased fetal wastage at rates 
similar to Coumadin. LMWH does not cross the placenta and 
fetal teratogenicity does not occur. Maternal thromboembo-
lism and maternal death, however, are more frequent in 
women receiving LMWH therapy. Studies documenting 
increased thromboembolism, however, have been criticized 
because of inadequate heparin dosing and lack of meticulous 
monitoring. As pregnancy progresses and maternal weight 
gain occurs, the volume of distribution for LMWH changes. 
Plasma anti-Xa levels should be measured 4–6 h after the 
morning dose and the dose of LMWH adjusted to achieve an 
anti-Xa level of ∼0.7–1.2 units ml−1. LMWHs have been used 
successfully to treat pregnant patients with a mechanical 
heart valve, but their use remains controversial. An early 
warning issued by the manufacturer and the FDA in July 
2001 describes safety concerns. In 2004, labeling approved by 
the FDA indicated specifically that the use of LMWH for 
thromboprophylaxis in pregnant women with mechanical 
prosthetic heart valves has not been studied adequately.

Aspirin at doses of <100 mg per day is considered safe dur-
ing pregnancy. A recent meta-analysis found no increased 
risk of congenital anomalies by using aspirin in the first 
trimester [22].

Percutaneous and surgical intervention 
during pregnancy
Women with a hemodynamically significant cardiac lesion 
should have it addressed prior to conception. However, 
some pregnant women present with a hemodynamically 
 significant cardiac lesion requiring percutaneous or surgical 
intervention. Non-emergency interventions are probably 

Table 53.7 Maternal factors associated with fetal adverse outcome.

Smoking

Obesity

↑ NYHA class

Use of anticoagulation (warfarin or heparin)

Multiple gestations

Maternal cyanosis

Maternal left heart obstruction

Fontan physiology
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best performed after embryogenesis but before the end of 
the second trimester (weeks 13–24). There is a trend toward 
fetal malformations in the first trimester, and to preterm 
delivery, maternal hemodynamic alterations, and mortality 
in the third [26]. Cardiac surgery during pregnancy carries a 
maternal mortality rate similar to that for nonpregnant 
women with a similar anomaly, but fetal mortality is 20–67%. 
Risk factors associated with maternal mortality in a cohort of 
74 pregnant women undergoing cardiac surgery at a mean 
gestational age of 22 weeks included repeat sternotomy, 
emergency surgery, and higher NYHA class [26]. Fetal mor-
tality was related not only to the factors associated with 
maternal mortality above, but also to anoxic time [26].

Acquired co-morbidities affecting care 
of the patient with CHD

Coronary artery disease
Adults with CHD have no different risk of coronary artery 
disease than the general population. Patients should be 
assessed for and receive counseling about modifiable 
 cardiovascular risk factors of hyperlipidemia, hypertension, 
diabetes (type I or II), and smoking. Some exceptions are as 
follows:
1 Cyanotic heart disease: The coronary arteries in patients with 
long-standing cyanosis are atheroma free [27]. Such patients 
are hypocholesterolemic with a greater reduction in LDL 
cholesterol than HDL cholesterol. Chronic cyanosis is 
 associated with reduced atherogenic intimal oxidized 
LDL cholesterol. In addition, upregulated nitric oxide, 
 hyperbilirubinemia, and relatively low platelet counts are 
independent antiatherogenic factors [27].
2 Coarctation of the aorta: Coronary artery disease causes 
about one-third of deaths in adults with a repaired aortic 
coarctation. Following operation, these patients have 
 persistent vascular dysfunction with impaired endothelial 
performance, decreased vascular distensibility, increased 
carotid intima/media thickness, and increased vascular  levels 
of proinflammatory cytokines [28–31]. Myocardial reserve 
may be abnormal [32]. These vascular abnormalities are 
more marked in patients repaired at a later age [28–31], but 
also occur in normotensive children after repair without 
residual obstruction. Vascular abnormalities are present 
despite neonatal repair [28–31]. Although successful repair 
in childhood is often associated with normal resting blood 
pressure, exercise-induced hypertension is common and 
may be a risk factor for later coronary artery disease. The 
effect of aortic stent placement on vascular properties is 
unknown.
3 Turner syndrome: Mortality due to ischemic heart disease 
is increased as much as sevenfold in patients with 
Turner  syndrome and may occur at a young age, irrespective 
of associated CHD. The higher incidence of obesity, 

 hyperlipidemia, hypertension, and diabetes in these patients 
likely plays a significant role. Life-long cardiac follow-up is 
required in this high-risk group of patients [33].

Within the general population, 10-year and lifetime risk 
calculators have been developed to assess the risk of develop-
ing cardiovascular disease based on known risk factors: [35]

cigarette smoking •
hypertension (BP  • ≥140/90 or antihypertensive medication)
low HDL cholesterol (HDL-C) (<40 mg dl • −1)
family history of premature CHD (in male first-degree  •

 relatives <55 years, in female first-degree relatives <65 years)
age (men  • ≥45 years, women ≥55 years)
with HDL-C  • ≥60 mg dl−1 counting as a “negative” risk 

 factor, removing one risk factor from the total count.
All patients should be assessed for cardiovascular risk 

 factors. Once these data have been obtained, they are entered 
into the “calculator” [33] that will provide a reliable estimate 
of risk in patients with two or more risk factors (other than 
LDL cholesterol) who do not have known coronary artery 
disease [34]. Although repaired coarctation of the aorta is a 
risk factor for coronary arterial disease, its weight in calculat-
ing risk is unknown, but it should be considered. 
Recommendations for lifestyle modification or initiation of 
medical therapy are determined by this calculated risk [35].

Obesity
Obesity has reached epidemic proportions in both children 
and adults. In adults, overweight and obesity are based on 
body mass index (BMI) calculations of 25–29.9 and ≥30 kg m−2, 
respectively. Other indices with greater predictive value 
include waist circumference, waist-to-hip ratio and waist-to-
height ratio [36]. Both general obesity and abdominal 
 adiposity are associated with increased mortality in all patient 
groups, including those with CHD, placing them at greater 
cardiovascular risk due to pre-existing CHD or cardiac 
 functional impairment. Obesity’s deleterious effect on blood 
pressure, insulin resistance, and lipid profile is associated 
with endothelial dysfunction, right and left ventricular systo-
lic and diastolic dysfunction, heart failure, left atrial dilation 
and atrial fibrillation, pulmonary hypertension, obstructive 
sleep apnea, and a generalized prothrombotic state [36]. 
Patients should be counseled from an early age about the 
importance of a healthy diet and routine aerobic exercise in 
order to avoid obesity and its attendant risks.

Sleep apnea
In part due to the obesity epidemic, obstructive sleep apnea 
(OSA) is diagnosed more frequently in adults with CHD. 
OSA appears to be related to several cardiovascular diseases: 
systemic or pulmonary hypertension, coronary artery dis-
ease (with severe OSA), atrial arrhythmias, and nocturnal 
bradyarrhythmias. Although isolated systemic hypertension, 
pulmonary hypertension, or coronary artery disease is not 
an indication for evaluating possible OSA, they should 
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prompt the physician to inquire about symptoms of OSA to 
determine if diagnostic evaluation is warranted [37–39].

Anemia
Anemia, common in patients with heart failure, affects 
 functional capacity and survival [40]. The etiology of anemia 
is multifactorial, and related to impaired secretion of eryth-
ropoietin and neurohormonal activation. Anemia has a 
prevalence of 13–29% in adults with noncyanotic CHD 
[41,42]. Independent predictors of anemia include lower 
mean corpuscular volume (MCV), diuretic treatment, 
hyponatremia, warfarin treatment, and decreased renal 
function. Within a group of adults with CHD, anemia was 
associated with a threefold increased risk of death, even after 
adjustment for functional class, systemic ventricular func-
tion, and other established risk factors [41,42]. Evaluating 
anemia in adults with CHD should therefore be routine. 
Only 25% of anemic adults with CHD, however, have an 
abnormally low MCV. Initial evaluation of normocytic or 
microcytic anemia should include not only a CBC, but also 
serum ferritin and iron stores. Occult gastrointestinal blood 
loss should be sought when serum iron is decreased.

Liver disease
All patients who received blood or blood products prior to 
1992 should be screened for hepatitis C. If the hepatitis C 
antibody screening test is positive, a confirmatory test should 
be performed. Normal transaminases do not exclude infec-
tion with hepatitis C. Most patients infected will develop 
chronic infection, and 80% develop cirrhosis over 20 years. 
Most patients will be asymptomatic [43]. Infected patients 
should be referred to a liver specialist.

Symptomatic liver dysfunction is seen most commonly in 
adults after a Fontan procedure. Cirrhosis, recognized with 
increasing frequency in these patients, results from chronic 
congestion [44]. Provided hepatic synthetic function remains 
intact, patients may benefit from Fontan revision or cardiac 
transplantation. If synthetic function is impaired, patients 
may be eligible for combined heart and liver transplantation 
[45]. Before either revision or transplantation, patients 
should be screened for esophageal varices, intestinal  bleeding, 
and hepatocellular carcinoma. Routine screening for cirrho-
sis in adult Fontan patients has been adopted by many ACHD 
centers and includes serologic evaluation with measurement 
of platelet count, serum haptoglobin, α

2
-macroglobulin, liver 

transaminases, protein, albumin, γ-GT, bilirubin, and 
α- fetoprotein. Further evaluation with ultrasound, CT imag-
ing, or liver biopsy may be warranted.

Renal disease
Renal dysfunction is frequent in adults with CHD, especially 
cyanotic CHD, despite normal kidneys. Renal dysfunction is 
an independent predictor of adverse outcome following 
 surgery in an adult with CHD. Nephrotoxic agents and 

 volume depletion should be avoided. Adolescents and adults 
undergoing Fontan revision have had an acute decline in 
renal function postoperatively [46]. The need for dialysis 
should be anticipated, including preoperatively measuring 
GFR and creatinine. Younger age at initial Fontan procedure, 
higher preoperative blood pressure, and higher preoperative 
mixed venous saturation independently predicted better 
GFR at follow-up [46].

Comorbidities in patients 
with cyanotic CHD

Erythrocytosis
CHD patients with cyanosis typically have an elevated hema-
tocrit level that increases blood viscosity, particularly with 
hematocrit >65%. Most have compensated erythrocytosis 
with stable hemoglobin that needs no management. Patients 
should avoid even mild dehydration and traveling to higher 
altitude. Historically, therapeutic phlebotomy was performed 
in these patients to decrease blood viscosity in the hope of 
eliminating the risk of stroke. This practice is no longer 
favored because it depletes iron and causes microcytosis, 
decreases oxygen carrying capacity and deformability of red 
blood cells, and increases stroke risk. Current indications for 
therapeutic phlebotomy include hemoglobin >20 g dl−1 and 
hematocrit >65% with symptoms of hyperviscosity and no 
evidence of dehydration [47,48]. At these extreme levels, 
patients may have headache and poor concentration. 
Removing 500 ml of blood with an equal volume replace-
ment of dextrose or saline relieves symptoms. Before an 
elective operation, therapeutic phlebotomy may be benefi-
cial to improve hemostasis. Evaluating iron deficiency with a 
peripheral blood smear, serum ferritin, and serum iron 
should be performed periodically in all patients with  cyanotic 
CHD [47,48]. Patients should receive iron replacement if 
indicated.

Hemostasis
Hemostatic abnormalities occur in up to 20% of cyanotic 
patients. Thrombocytopenia and clotting factor deficiencies 
may combine to produce a bleeding tendency in these 
patients, most often epistaxis, gingival bleeding,  menorrhagia, 
and pulmonary hemorrhage. Prophylactic anticoagulation is 
controversial be cause of increased risk of bleeding, but also 
increased risk of pulmonary artery thrombosis in patients 
with Eisenmenger syndrome [48,49].

Hyperuricemia
In chronic cyanosis, renal glomeruli are congested and 
 eventually become sclerotic, reducing GFR, increasing cre-
atinine, and causing proteinuria. Abnormal urate clearance 
is common, and in conjunction with an increased turnover 
of red blood cells from erythropoietic stimulation leads to 
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hyperuricemia (common) and gout (uncommon). 
Asymptomatic hyperuricemia is well tolerated and rarely 
requires treatment [48]. Initiating urate lowering therapy 
can provoke acute gout.

Gallstones
The increased breakdown of red blood cells in chronic 
 cyanosis causes an increased risk of calcium bilirubinate 
 gallstones. Operation is not recommended until patients 
become symptomatic.

The future

ACHD is a rapidly growing and relatively new medical 
 specialty that has emerged to provide medical care to the 
ever-increasing number of adult survivors with CHD. The 
complex nature of these patients dictates that they receive 
their medical care from physicians with expertise in both 
adult medicine and pediatric cardiology.
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Introduction

The improved life expectancy of children with congenital 
heart disease (ConHD) has increased interest in their long-
term quality of life, and stimulated studies into the psycho-
social functioning of adults with ConHD [1–3]. The main 
question is whether quality of life and psychosocial func-
tioning of adults with ConHD are comparable to those of 
their healthy peers from the general population. This chap-
ter reviews briefly the outcomes of studies regarding
1 subjective health status and health-related quality of life
2 emotional functioning
3 other psychosocial aspect of living with congenital heart 
disease at adult age, such as

a body image
b feelings regarding the surgical scar
c relational, psychosexual, and reproductive issues
d living with an implantable cardioverter defibrillator 
(ICD).

Subjective health status and health-related 
quality of life

Although some studies have reported serious restrictions in 
subjective health status or health-related quality of life in 
adults with ConHD [4–9], other studies found that, apart 
from possible physical limitations, the perceived health of 

adult ConHD patients was comparable to or sometimes even 
better than that of the general population [10–15].

Table 54.1 indicates the main findings of studies conducted 
in this field, categorized according to subjective health status 
and health-related quality of life.

Long-term outcome of subjective health status
Several studies of adults with ConHD used the Short Form 
Health Survey (SF-36) [16], a self-report questionnaire for 
subjective health status [4,5,11,12,17–20]. The SF-36 assesses 
eight health concepts: limitations in physical activities due to 
health problems, limitations in social activities due to physi-
cal or emotional problems, limitations in usual role activities 
due to physical health problems, limitations in usual role 
activities due to emotional problems, bodily pain, general 
mental health, vitality, and general health perceptions.

Several other self-report instruments encompassing sub-
jective health status have also been used in studies of adults 
with ConHD [6,8,10,13–15]. Other studies used the Duke 
Health Profile [19], shortened  version of the Quality of Life 
Questionnaire of the World Health Organization (WHOQOL-
BREF) [20], Linear Analog Scale (LAS), and the Satisfaction 
with Life Scale (SWLS) [21].

Long-term outcome of health-related 
quality of life
In contrast to the instruments above that assess subjective 
health status, the TNO–AZL Quality of Life instrument 
(TAAQOL) [22] measures health-related quality of life. Thus, 
the TAAQOL measures not only the patient’s perception of 



Ta
b

le
 5

4
.1

 S
tu

di
es

 o
f 

su
bj

ec
tiv

e 
he

al
th

 s
ta

tu
s 

an
d 

he
al

th
-r

el
at

ed
 q

ua
lit

y 
of

 li
fe

 o
f 

ad
ul

ts
 w

ith
 C

on
H

D
.

St
u

d
y

 
Sa

m
p

le
 s

iz
e 

(n
)

 
A

g
e 

ra
n

g
e 

(y
ea

rs
) 

In
st

ru
m

en
ta

R
at

in
g

 o
f 

re
su

lt
s 

(+
/≈

/−
}b

R
es

u
lt

s

Su
bj

ec
tiv

e 
he

al
th

 s
ta

tu
s

Sa
lib

a 
et

 a
l. 

[1
0]

67
17

–4
9

D
uk

e 
H

ea
lth

 

Pr
of

ile

≈
C

on
H

D
 s

am
pl

e 
re

po
rt

ed
 p

hy
si

ca
l, 

m
en

ta
l, 

so
ci

al
, g

en
er

al
, a

nd
 p

er
ce

iv
ed

 h
ea

lth
 

co
m

pa
ra

bl
e 

to
 a

 r
ef

er
en

ce
 g

ro
up

 f
ro

m
 t

he
 g

en
er

al
 p

op
ul

at
io

n

K
am

ph
ui

s 
et

 a
l. 

[4
]

78
18

–3
2

SF
-3

6
−

C
on

H
D

 s
am

pl
e 

re
po

rt
ed

 m
or

e 
lim

ita
tio

ns
 in

 p
hy

si
ca

l a
ct

iv
iti

es
 d

ue
 t

o 
he

al
th

 p
ro

bl
em

s,
 

m
or

e 
lim

ita
tio

ns
 in

 u
su

al
 r

ol
e 

ac
tiv

iti
es

 d
ue

 t
o 

ph
ys

ic
al

 h
ea

lth
 p

ro
bl

em
s,

 lo
w

er
 v

ita
lit

y.
 

an
d 

lo
w

er
 g

en
er

al
 h

ea
lth

 p
er

ce
pt

io
ns

 c
om

pa
re

d 
w

ith
 a

 r
ef

er
en

ce
 g

ro
up

 f
ro

m
 t

he
 

ge
ne

ra
l p

op
ul

at
io

n

La
ne

 e
t 

al
. [

5]
27

6
16

–8
5

SF
-3

6
−

C
on

H
D

 p
at

ie
nt

s 
w

ith
 in

op
er

ab
le

 c
on

di
tio

ns
 r

ep
or

te
d 

a 
lo

w
er

 s
ub

je
ct

iv
e 

he
al

th
 s

ta
tu

s 

th
an

 t
he

 g
en

er
al

 p
op

ul
at

io
n 

in
 a

ll 
SF

-3
6 

do
m

ai
ns

−
C

on
H

D
 p

at
ie

nt
s 

de
em

ed
 s

ur
gi

ca
lly

 c
ur

ed
 a

ls
o 

re
po

rt
ed

 a
 lo

w
er

 s
ub

je
ct

iv
e 

he
al

th
 s

ta
tu

s 

co
m

pa
re

d 
w

ith
 t

he
 g

en
er

al
 p

op
ul

at
io

n 
in

 n
ea

rly
 a

ll 
SF

-3
6 

do
m

ai
ns

, e
xc

ep
t 

bo
di

ly
 p

ai
n

Si
m

ko
 a

nd
 M

cG
in

ni
s 

[6
]

12
4

18
–5

9
SI

P
−

C
on

H
D

 s
am

pl
e 

re
po

rt
ed

 p
oo

re
r 

ps
yc

ho
so

ci
al

 a
nd

 p
hy

si
ca

l h
ea

lth
 c

om
pa

re
d 

w
ith

 a
 

m
at

ch
ed

 c
on

tr
ol

 g
ro

up

Je
ff

er
ie

s 
et

 a
l. 

[7
5]

32
18

–5
3

SF
-3

6
−/

≈
Th

e 
ru

ra
l C

on
H

D
 s

am
pl

e 
re

po
rt

ed
 p

oo
re

r 
ph

ys
ic

al
 f

un
ct

io
n 

an
d 

ge
ne

ra
l h

ea
lth

 

pe
rc

ep
tio

ns
 c

om
pa

re
d 

w
ith

 a
 h

ea
lth

y 
ru

ra
l c

oh
or

t,
 b

ut
 s

im
ila

r 
ou

tc
om

es
 o

n 

no
np

hy
si

ca
l d

om
ai

ns
 (e

.g
., 

em
ot

io
na

l r
ol

e,
 m

en
ta

l h
ea

lth
)

M
oo

ns
 e

t 
al

. [
13

]
89

 
20

–2
7

LA
S

SW
LS

+
G

oo
d/

ve
ry

 g
oo

d 
qu

al
ity

 o
f 

lif
e,

 g
en

er
al

 le
ve

l o
f 

sa
tis

fa
ct

io
n 

w
ith

 t
he

ir 
lif

e 
in

 M
us

ta
rd

 

or
 S

en
ni

ng
 p

at
ie

nt
s

TA
A

Q
O

L

Si
m

ko
 a

nd
 M

cG
in

ni
s 

[7
]

12
4

M
ea

n 
26

 (S
D

 =
 8

.5
)

SI
P

−
C

on
H

D
 s

am
pl

e,
 o

n 
av

er
ag

e,
 e

xp
er

ie
nc

ed
 m

ild
 d

is
ab

ili
ty

, e
sp

ec
ia

lly
 o

n 
th

e 
ps

yc
ho

so
ci

al
 

di
m

en
si

on
 (w

or
k,

 s
le

ep
, a

nd
 r

es
t)

. P
at

ie
nt

s 
w

ith
 s

in
gl

e 
ve

nt
ric

le
 p

hy
si

ol
og

y 
ha

d 
po

or
er

 

SI
P 

ou
tc

om
es

 t
ha

n 
th

os
e 

w
ith

 c
ya

no
tic

 a
no

m
al

ie
s

Im
m

er
 e

t 
al

. [
17

]
15

4
14

–7
2

SF
-3

6
≈

Th
e 

to
ta

l s
am

pl
e 

of
 C

on
H

D
 p

at
ie

nt
s 

sh
ow

ed
 n

or
m

al
 r

ep
or

ts
 o

f 
su

bj
ec

tiv
e 

he
al

th
 

st
at

us
, c

om
pa

ra
bl

e 
to

 a
 m

at
ch

ed
 c

on
tr

ol
 g

ro
up

−
A

 s
ub

-s
am

pl
e 

of
 p

at
ie

nt
s 

w
ith

 c
om

pl
et

e 
A

V
 c

an
al

 d
ef

ec
t 

re
po

rt
ed

 m
or

e 
lim

ita
tio

ns
 in

 

ph
ys

ic
al

 a
ct

iv
iti

es
 d

ue
 t

o 
he

al
th

 p
ro

bl
em

s 
an

d 
m

or
e 

lim
ita

tio
ns

 in
 u

su
al

 r
ol

e 
ac

tiv
iti

es
 

du
e 

to
 e

m
ot

io
na

l p
ro

bl
em

s

D
al

ie
nt

o 
et

 a
l. 

[1
1]

54
M

ea
n 

32
SF

-3
6

−
C

on
H

D
 s

am
pl

e 
re

po
rt

ed
 m

or
e 

lim
ita

tio
ns

 in
 p

hy
si

ca
l a

ct
iv

iti
es

 d
ue

 t
o 

he
al

th
 p

ro
bl

em
s 

co
m

pa
re

d 
w

ith
 a

 r
ef

er
en

ce
 g

ro
up

 f
ro

m
 t

he
 g

en
er

al
 p

op
ul

at
io

n

Ro
se

 e
t 

al
. [

8]
11

1
M

ea
n 

33
W

H
O

Q
O

L-
BR

EF
−

C
on

H
D

 s
am

pl
e 

re
po

rt
ed

 m
or

e 
re

st
ric

tio
ns

 o
n 

ph
ys

ic
al

 h
ea

lth
 a

nd
 t

o 
a 

le
ss

er
 e

xt
en

t 

ps
yc

ho
lo

gi
c 

he
al

th
 c

om
pa

re
d 

w
ith

 a
 re

fe
re

nc
e 

gr
ou

p 
fr

om
 t

he
 g

en
er

al
 p

op
ul

at
io

n

Va
n 

Ri
je

n 
et

 a
l. 

[1
2]

34
9

20
–4

6
SF

-3
6

−
C

on
H

D
 s

am
pl

e 
re

po
rt

ed
 m

or
e 

lim
ita

tio
ns

 in
 p

hy
si

ca
l a

ct
iv

iti
es

 d
ue

 t
o 

he
al

th
 p

ro
bl

em
s 

co
m

pa
re

d 
w

ith
 a

 r
ef

er
en

ce
 g

ro
up

 f
ro

m
 t

he
 g

en
er

al
 p

op
ul

at
io

n

+
C

on
H

D
 s

am
pl

e 
re

po
rt

ed
 f

ew
er

 li
m

ita
tio

ns
 in

 s
oc

ia
l a

ct
iv

iti
es

 d
ue

 t
o 

ph
ys

ic
al

 o
r 

em
ot

io
na

l p
ro

bl
em

s,
 f

ew
er

 li
m

ita
tio

ns
 in

 u
su

al
 ro

le
 a

ct
iv

iti
es

 d
ue

 t
o 

em
ot

io
na

l p
ro

bl
em

s,
 

an
d 

le
ss

 b
od

ily
 p

ai
n 

co
m

pa
re

d 
w

ith
 a

 re
fe

re
nc

e 
gr

ou
p 

fr
om

 t
he

 g
en

er
al

 p
op

ul
at

io
n



M
oo

ns
 e

t 
al

. [
14

]
40

4
18

–5
6

LA
S

+
C

on
H

D
 s

am
pl

e 
re

po
rt

ed
 m

or
e 

fa
vo

ra
bl

e 
ou

tc
om

e 
co

m
pa

re
d 

w
ith

 a
 m

at
ch

ed
 c

on
tr

ol
 

gr
ou

p 
of

 h
ea

lth
y 

pe
er

s

SW
LS

+
C

on
H

D
 s

am
pl

e 
re

po
rt

ed
 m

or
e 

fa
vo

ra
bl

e 
ou

tc
om

e 
co

m
pa

re
d 

w
ith

 a
 m

at
ch

ed
 c

on
tr

ol
 

gr
ou

p 
of

 h
ea

lth
y 

pe
er

s

Br
ut

o 
et

 a
l. 

[9
]

−
W

or
se

 p
er

ce
iv

ed
 h

ea
lth

 s
ta

tu
s

M
oo

ns
 e

t 
al

. [
15

]
62

7
18

–6
6

LA
S

+
78

%
 c

lu
st

er
ed

 in
to

 t
he

 g
oo

d,
 2

0%
 in

to
 t

he
 m

od
er

at
e,

 a
nd

 2
%

 in
to

 t
he

 p
oo

r 
qu

al
ity

 

of
 li

fe
 c

at
eg

or
y

Lo
up

 e
t 

al
. [

76
]c

34
5

15
–3

7
SF

-3
6

≈
O

ut
co

m
es

 o
n 

bo
th

 in
st

ru
m

en
ts

 c
om

pa
ra

bl
e 

to
 t

he
 s

ta
nd

ar
d 

po
pu

la
tio

n,
 w

ith
ou

t 
a 

di
ff

er
en

ce
 b

et
w

ee
n 

di
ag

no
st

ic
 g

ro
up

s 
(T

oF
, T

G
A

, a
nd

 V
SD

). 
Fr

eq
ue

nt
 d

is
ea

se
-s

pe
ci

fic
 

so
ci

al
 p

ro
bl

em
s 

(e
.g

., 
w

ith
 h

ea
lth

 in
su

ra
nc

e:
 6

7%
]

V
ig

l e
t 

al
. [

18
]c

33
2 

m
al

es
18

–5
9

SF
-1

2
?

M
en

 w
ith

 e
re

ct
ile

 d
ys

fu
nc

tio
n 

sc
or

ed
 s

ig
ni

fic
an

tly
 p

oo
re

r 
on

 b
ot

h 
th

e 
ph

ys
ic

al
 a

nd
 

m
en

ta
l s

um
 s

ca
le

 (S
F-

12
) a

nd
 o

n 
de

pr
es

si
on

 c
om

pa
re

d 
w

ith
 m

al
es

 w
ith

ou
t 

er
ec

til
e 

dy
sf

un
ct

io
n 

(3
3%

 v
er

su
s 

3%
 d

ep
re

ss
iv

e 
sy

m
pt

om
s,

 r
es

pe
ct

iv
el

y)

Su
bj

ec
tiv

e 
he

al
th

 s
ta

tu
s,

 h
ea

lth
-r

el
at

ed
 q

ua
lit

y 
of

 li
fe

 a
nd

 e
xe

rc
is

e

D
uf

fe
ls

 e
t 

al
. [

77
]c

58
 (3

0 
w

ith
ou

t,
 2

8 
w

ith
 

D
ow

n 
sy

nd
ro

m
e)

20
–7

5
IIE

F

SF
-3

6

Fo
r 

pa
tie

nt
s 

w
ith

ou
t 

D
ow

n 
sy

nd
ro

m
e,

 B
os

en
ta

n 
tr

ea
tm

en
t 

re
su

lte
d 

in
 lo

ng
itu

di
na

l 

im
pr

ov
em

en
t 

(u
p 

to
 1

8 
m

on
th

s 
fo

llo
w

-u
p)

 o
n 

SF
-3

6 
sc

al
es

 r
ol

e-
ph

ys
ic

al
 li

m
ita

tio
ns

 

an
d 

vi
ta

lit
y

D
ua

 e
t 

al
. [

78
]c

 6
1

18
–6

3
SF

-1
2

SW
LS

A
 g

en
tle

 g
ra

de
d 

ex
er

ci
se

-t
ra

in
in

g 
pr

og
ra

m
 im

pr
ov

ed
 q

ua
lit

y 
of

 li
fe

, e
xe

rc
is

e 
ca

pa
ci

ty
, 

an
d 

ha
bi

tu
al

 p
hy

si
ca

l a
ct

iv
iti

es
 in

 a
du

lt 
pa

tie
nt

s 
at

 a
ll 

st
ag

es
 o

f 
C

on
H

D

G
ra

tz
 e

t 
al

. [
79

]
56

4
14

–7
3

SF
-3

6
D

es
pi

te
 s

ev
er

al
 li

m
ita

tio
ns

 a
t 

ex
er

ci
se

, p
at

ie
nt

s 
on

ly
 r

ep
or

te
d 

re
du

ct
io

ns
 o

n 
th

e 
SF

-3
6 

re
ga

rd
in

g 
ph

ys
ic

al
 f

un
ct

io
ni

ng
 a

nd
 g

en
er

al
 h

ea
lth

, a
nd

 n
ot

 p
sy

ch
os

oc
ia

l a
sp

ec
ts

. T
hi

s 

w
as

 f
ou

nd
 in

 a
ll 

di
ag

no
st

ic
 s

ub
gr

ou
ps

M
ul

le
r 

et
 a

l. 
[8

0]
 5

7
 8

–5
2

SF
 3

6 
(>

14
 y

ea
rs

)
Sc

or
es

 o
n 

SF
-3

6 
w

er
e 

fa
irl

y 
go

od
, w

ith
 lo

w
er

 s
co

re
s 

on
 v

ita
lit

y,
 g

en
er

al
 h

ea
lth

, a
nd

 

ph
ys

ic
al

 f
un

ct
io

n

a 
BS

I, 
Br

ie
f 

Sy
m

pt
om

 In
ve

nt
or

y;
 B

D
I, 

Be
ck

 D
ep

re
ss

io
n 

In
ve

nt
or

y;
 D

PQ
, D

ut
ch

 P
er

so
na

lit
y 

Q
ue

st
io

nn
ai

re
; D

SM
, D

ia
gn

os
tic

 a
nd

 S
ta

tis
tic

al
 M

an
ua

l; 
G

H
Q

, G
en

er
al

 H
ea

lth
 Q

ue
st

io
nn

ai
re

; H
A

D
S,

 H
os

pi
ta

l a
nd

 A
nx

ie
ty

 

Q
ue

st
io

nn
ai

re
; I

M
IQ

, I
m

pl
ic

it 
M

od
el

s 
of

 Il
ln

es
s 

Q
ue

st
io

nn
ai

re
. N

A
SS

Q
, N

eg
at

iv
e 

A
ff

ec
tiv

ity
 S

el
f-

St
at

em
en

t 
Q

ue
st

io
nn

ai
re

; S
C

L-
90

-R
, S

ym
pt

om
-C

he
ck

lis
t-

90
-R

ev
is

ed
; S

C
ID

-D
SM

-IV
, S

tr
uc

tu
re

d 
cl

in
ic

al
 in

te
rv

ie
w

 f
or

 

D
SM

-IV
; S

TA
I, 

St
at

e–
Tr

ai
t 

A
nx

ie
ty

 In
ve

nt
or

y;
 Y

A
SR

, Y
ou

ng
 A

du
lt 

Se
lf-

Re
po

rt
; Y

A
BC

L,
 Y

ou
ng

 A
du

lt 
Be

ha
vi

or
 C

he
ck

lis
t;

b +
, r

es
ul

ts
 o

f 
C

on
H

D
 s

am
pl

e 
ar

e 
m

or
e 

fa
vo

ra
bl

e 
th

an
 t

ho
se

 o
f 

a 
no

rm
at

iv
e 

gr
ou

p;
 ≈

, r
es

ul
ts

 o
f 

C
on

H
D

 s
am

pl
e 

ar
e 

si
m

ila
r 

to
 t

ho
se

 o
f 

a 
no

rm
at

iv
e 

gr
ou

p;
 –

, r
es

ul
ts

 o
f 

C
on

H
D

 s
am

pl
e 

ar
e 

le
ss

 f
av

or
ab

le
 t

ha
n 

th
os

e 

of
 a

 n
or

m
at

iv
e 

gr
ou

p;
 ?

, c
om

pa
ris

on
 w

ith
 n

or
m

at
iv

e 
da

ta
 n

ot
 r

ep
or

te
d.

c O
th

er
 in

st
ru

m
en

ts
 w

er
e 

al
so

 u
se

d 
in

 t
he

se
 s

tu
di

es
; f

or
 d

et
ai

ls
, s

ee
 t

he
 o

rig
in

al
 a

rt
ic

le
s.



Pediatric Cardiovascular Medicine

776

functioning, but also the patient’s personal feelings regard-
ing his/her functioning. The 12 domains of TAAQOL are 
gross motor functioning, fine motor functioning, pain, sleep-
ing, cognitive functioning, social functioning, daily activities, 
sexual activity, vitality, happiness, depressive moods, and 
aggressiveness. It has been used in some studies with ConHD 
adults [22–24].

Summary of long-term outcomes of 
subjective health status and health-related 
quality of life
Several studies indicate that the health-related quality of life of 
adults with ConHD is favorable. When subjective health  status 
and the physical aspects of health-related quality of life are 
assessed, however, scores of patient groups reflect limitations 
in physical health and emotional functioning. These  limitations 
are not restricted to patients with the most severe diagnoses, 
but are also seen in patients with relatively mild ConHD.

For patients with limitations in physical functioning, mon-
itored physical training might help those with poor physical 
condition to feel more secure about their bodily function.

Regarding limitations in emotional functioning, early 
screening and psychologic treatment for adult patients with 
ConHD are recommended.

Emotional functioning

Conflicting results about emotional functioning in adults 
with ConHD have been reported [3]. Negative outcomes 
predominate [25–31], but some favorable or neutral out-
comes have been reported [32–36]. Cox et al. [34] even 
found a low prevalence of psychopathology in adults with 
ConHD, but used orthopedic patients as a reference group.

Differences in sample size, sample composition (including 
different diagnostic groups) and assessment procedures 
(questionnaires or diagnostic interviews used) make it diffi-
cult to compare the results from different studies.

Table 54.2 describes the characteristics and main results of 
studies of emotional functioning of adults with ConHD. The 
studies mostly included heterogeneous samples with various 
types of ConHD. The studies can be divided into

comparisons with normative samples from the general  •
population

comparisons with somatic reference samples •
ratings of psychiatric diagnostic criteria •
experimental studies into the relationship between cogni- •

tive biases and emotional functioning in adults with ConHD.

Comparisons with normative samples 
from the general population
In studies comparing emotional functioning of adults with 
ConHD with normative samples, assessment instruments 
with different scopes have been used:

psychopathologic symptoms •
emotional and behavioral problems •
personality traits. •

Psychopathologic symptoms
ConHD patients may have a large variety and elevated levels 
of psychopathologic symptoms compared with normative 
samples [23,28]. Bromberg et al. [26] used the BSI to study a 
sample of ConHD patients with no apparent symptoms of 
depression or anxiety. In this apparent symptom-free sam-
ple, however, they also found psychopathologic emotional 
functioning.

Emotional and behavioral problems
Both Utens et al. [24] and Van Rijen et al. [27] found increased 
levels of emotional and behavioral problems in adult ConHD 
patients compared with normative groups. Both studies used 
the Young Adult Self-Report (YASR) [35], a self-report ques-
tionnaire with syndrome scales and two broad groupings of 
syndromes: internalizing problems (anxious, depressed, and 
withdrawn behavior, somatic symptoms) and externalizing 
problems (intrusive, delinquent, and aggressive behavior). 
Van der Rijken et al. [33] reported no differences on the YASR 
between a sample of adult ConHD patients and a normative 
sample. Balon et al. [36] used Ryff’s psychologic wellbeing 
scale [37], and found no differences between patients with 
simple versus complex malformations. They did not clearly 
describe the level of psychologic wellbeing of the ConHD 
patients compared with normative data.

Personality traits
Two studies [30,31] used the Dutch Personality Questionnaire 
(DPQ) [38] and showed favorable outcomes in a cohort of 
ConHD patients on the personality traits of neuroticism, self-
esteem, and hostility, compared with a normative samples. 
Possibly overcompensation and denial, which have been 
suggested for adults with ConHD [27,30], underlie the favo-
rable outcomes regarding the personality traits, whereas the 
existence of concrete emotional and behavioral problems (as 
described above in the section Emotional and Behavioral 
Problems) is more difficult to deny.

Comparisons with somatic reference samples
Cox et al. [34] used the Hospital Anxiety and Depression Scale 
(HADS) [39] and the General Health Questionnaire (GHQ) [40], 
a more global self-report screening device for minor (non-
psychotic) disorders. On both instruments, they found more 
favorable outcomes for the ConHD patient sample compared 
with a reference sample of orthopedic patients. These favora-
ble findings might partly be explained by the relatively high 
prevalence of psychologic problems in the reference sample 
of orthopedic patients. Miatton et al. [41], however, pointed 
out that finding an appropriate comparison sample is chal-
lenging in studies about patients with ConHD.
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Ratings of psychiatric diagnostic criteria
Popelova et al. [25] used Zung’s questionnaire [42], a self- 
rating instrument that focuses specifically on depression, 
and found depression in about one-third of a sample of 
cyanotic ConHD patients. In two studies [26,43], a struc-
tured interview was used to determine how many ConHD 
patients met the DSM-III-R or DSM-IV (Diagnostic and Statistical 
Manual) criteria of psychiatric illnesses, respectively. Both 
studies identified depressive and anxiety disorders in adults 
with ConHD. Kovacs et al. [29] used self-report question-
naires and the SCID–DSM-IV interview (semi-structured 
clinical interview) to assess the prevalence of mood and anx-
iety disorders among ConHD patients. They found that 50% 
of interviewed patients (29/58 patients) met diagnostic crite-
ria for a current of past mood or anxiety disorder. These find-
ings support those of Horner et al. [43] and Bromberg et al. 
[26], which showed psychiatric disorders in 28% (8/29 
patients) and 35% (8/22 “well-adjusted” patients).

Experimental studies into the relationship 
between cognitive biases and emotional 
functioning
Rietveld et al. [44] tested the relationship between nega-
tive thoughts and adaptation to ConHD. Compared with 
patients with few or moderate negative thoughts, patients 
with many negative thoughts scored worse on psychoso-
cial adjustment and subjective health status, irrespective 
of severity of cardiac disease. Karsdorp and colleagues 
[45,46]. suggested that high trait anxiety combined with 
chronic disease may produce stressful, negative experi-
ences with disease and its symptoms. These experiences 
may be stored in cognitive memory structures, the so-
called illness schemes. Perception of cues associated with 
these illness schemes can elicit processing biases toward 
disease-related sensations. Examples of such cognitive 
biases are a tendency to draw attention to disease-related 
sensations and interpreting ambiguous sensations as disease-
related symptoms.

Karsdorp and colleagues [45–48] investigated biases to 
heart cues and symptoms in several studies by using experi-
mental tasks (Table 54.2).

Summary of long-term outcome 
of emotional functioning
Emotional and behavioral functioning in adults with ConHD 
range from no difference from normative groups to positive 
or negative findings on personality traits. Most often, how-
ever, elevated levels of emotional and/or behavioral prob-
lems were detected, among which are internalized problems 
(anxiety, depression, interpersonal difficulties, or withdrawn 
behavior), externalized problems (hostility, intrusive and 
aggressive behavior), and even symptoms that may indicate 
psychotic disorders (see Table 54.1].

Several studies indicated that a combination of high trait 
anxiety and ConHD resulted in an increased perception of 
heart symptoms or negative interpretation of ambiguous 
heart-related sensations. These findings regarding cognitive, 
perceptual biases could not be explained by simultaneous 
cardiac dysfunction. Misperception of heart symptoms may 
unduly result in avoiding physical and social activities and/
or unnecessary doctor visits [48]. Psychologic interventions, 
such as biofeedback training or interpretative bias training, 
may be beneficial in increasing the accuracy of interpreting 
heart beat perception and preventing anxiety.

Psychosocial aspects of living 
with congenital heart disease 
at adult age

Body image
The overt signs of ConHD (blue cyanotic color, surgical scars, 
or clubbed fingers) may have a negative influence on the 
patient’s body image [3,49], and hamper adults with ConHD 
in their attempts to be considered “normal,” “healthy,” and 
“the same as others” [50–52]. Geyer et al. [53] found that the 
perception of body image was a stronger predictor for psy-
chopathologic symptoms than limitations of activity and 
impaired cardiac performance in adult ConHD patients. They 
suggested that different underlying problems, such as per-
ception of the body as deficient and injured in ConHD males 
and, to a lesser extent, lack of vitality in ConHD females, 
may be responsible for increased levels of psychopathology 
in adult ConHD patients.

Feelings regarding the surgical scar
ConHD adults may dislike or feel restricted by the scar [54,55] 
or try to conceal the scar by clothing or cosmetics [43,56,57]. 
Negative feelings regarding the surgical scar may adversely 
affect emotional and behavior problems [54]. Van Rijen et al. 
[54] found that 40.5% of female patients and 18.9% of male 
patients felt restricted by the scar. In a Canadian study [56] 
of 100 patients, 62% of the males and 53% of the females 
considered themselves disfigured by the scar.

Relational, psychosexual, and reproductive 
issues
Young adults with ConHD tend to live longer with their par-
ents as compared with “normal” peers [30,57,58]. Favorable 
outcome regarding marital status has been reported in adults 
with ConHD [31,58–61], but others reported that patients 
with ConHD get married less often, or at a later age [57,62]. 
Offspring rates in adults with ConHD are lower than those in 
healthy peers [60–62]. Adults with ConHD seem to start 
families at a later age [31]. Gersony et al. [62], however, 
found no differences in offspring rates or marital status 
between male and female ConHD patients.
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Young adults with ConHD were less sexually active than 
healthy peers [18,63,64]. Reid et al. [64] found that more 
young adult ConHD females than young adult ConHD males 
were sexually active, in line with rates of sexual behavior 
reported in chronically ill youth [65]. An alarming finding was 
that, among the sexually active patients, 36% of the young 
ConHD adults and 72% of the adolescent ConHD patients 
engaged in one or more types of  potentially risky sexual behav-
ior (i.e., two or more partners in the past 3 months, question-
able birth control, using drugs or  alcohol before sex at least 
sometimes) [64]. These findings underline the need for specific 
patient education. ConHD females report more sexual prob-
lems (not enjoying or being aroused during sex, being inse-
cure) than ConHD males [66]. Vigl et al. [18] found that male 
ConHD patients under the age of 40 did engage less  frequently 
in sexual relationships than peers from the general population. 
Fears before or during sexual intercourse were present in 
9.9%, and also physical symptoms, such as dyspnea (9.0%), 
feelings of arrhythmia (9.0%), or chest pain (5.1%). About 
10% obtained a score on the International Index of Erectile 
Function indicative of an erectile dysfunction (Table 54.2).

Young females with ConHD are often concerned about 
fertility, pregnancy, birth control, and genetic transmission 
[49,58,64]. They may be concerned about their physical 
ability to raise children. Inability to have children because of 
cardiac risks can negatively influence a woman’s sense of 
identity and self-worth. Van Rijen et al. [31] reported that 
female patients can feel restricted by their ConHD in their 
choice of having children. Often, ConHD females are very 
poorly informed about reproductive matters [49,67], and 
receive poor or no advice about contraception or pregnancy 
risks [68], which results in uncertainties.

Living with implantable cardioverter 
defibrillator (ICD)
Few studies [69–73] have been performed on young patients 
living with an ICD.

Inappropriate shocks may cause fear of shocks and poor 
patient acceptance. In a national survey, Sears et al. [71] 
found that ∼10–20% of 450 patients implanted with an ICD 
for <1 year reported difficulty with emotional adjustment to 
their ICD. ICD recipients receiving more shocks from their 
ICD, women and younger recipients, reported significantly 
more adjustment concerns, such as generalized fear, worry, 
fear of physical exertion, depression, and difficulties manag-
ing stress. In a study of 18 young recipients, Dubin et al. [72] 
found diminished social interactions, worry about exercise, 
problems during sexual activity, and body image concerns. 
In a study of nine young recipients, Vitale and Funk [73] 
found abnormal sleep patterns, fear of shock (firing of ICD), 
and concerns about dying.

In a recent review [69], anxiety was the most serious 
 psychosocial reaction for young ICD patients, as in adult 

patients. Young ICD patients generally adjust well to life 
with an ICD, but for a sizeable minority of patients anxiety 
can be a serious problem.

Clinical implications

We can do better to help our patients adjust to living with 
ConHD, whether treated or not. The process starts with ade-
quate explanations to parents and child about the anomaly 
and its likely consequences, both medical and psychosocial, 
and give them time to ask questions. Frequent repetition of 
the explanation may be needed, with changes appropriate to 
any major event. Written material and appropriate Internet 
references may be useful. Any limitations of physical func-
tioning, as in sports, should be explained and specified and 
monitored physical training might help patients to feel more 
secure about their bodily function. Counseling about sexual 
behavior, fertility, and marriage should be provided early in 
adolescence by those with appropriate expertise.

Regarding limitations in emotional functioning, early screen-
ing and psychologic treatment for adult patients with ConHD 
are recommended. In our opinion, screening and treatment for 
psychopathology in adult patients with ConHD should be pro-
vided at an early stage, since at younger age these symptoms 
appear to be less persistent and better treatable [23]. Cardiologists 
should have the opportunity to refer patients with psychosocial 
problems to psychologists who specialize in this unique field, to 
enhance their emotional resilience and styles of coping [74].
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General considerations

Basic cellular electrophysiology
The potential between the interior and the exterior of a 
myocardial cell is the transmembrane potential. In diastole 
the potential is −80 to −90 mV and is termed the resting 
potential. When the cell is stimulated, an action potential 
results (Figure 55.1). Rapid depolarization (phase 0) results 
from rapid sodium influx; the rapid return to near zero 
potential (phase 1) results from chloride influx. The less 
negative the transmembrane potential at the onset of depo-
larization, the slower the rate of depolarization (V

max
) in 

phase 0; in turn, reduced V
max

 slows the velocity of propaga-
tion of the impulse through the fibers. Antiarrhythmic 
agents with class I activity (e.g., procainamide, flecainide) 
block sodium influx, reduce V

max
, and therefore slow con-

duction. Phase 1 is followed by a plateau (phase 2) during 
which slow inward calcium and sodium currents are nearly 
balanced by potassium leaking out of the cell. Potassium 
conductance then increases, and potassium efflux causes the 
potential to become more negative rapidly (phase 3) until 
the resting membrane potential is reached. During phase 4, 
sodium is actively pumped out of the cell in exchange for 
potassium.

Once the action potential has begun, the cell is completely 
refractory to stimulation until it attains a transmembrane 
potential of about −55 mV in phase 3, and from this value 
until it reaches a resting potential of −85 mV in phase 4 the 
cell gradually regains excitability. Between complete refrac-
toriness and complete responsiveness is the relative refractory 
period; in keeping with the relationship between V

max
 and 

transmembrane potential, a stimulus early in the refractory 
period produces a slow and poorly conducted action potential. 

Prolongation of action potential duration and absolute and 
relative refractory periods occurs with slowing of the rate of 
depolarization, a long RR interval thus giving a longer 
refractory period of the next beat. Refractory periods are also 
prolonged by disease (myocarditis, ischemia) and by some 
antiarrhythmic drugs (ibutalide, sotalol).

Certain cells have a different pattern. The resting potential 
starts at about −80 mV but then automatically spontaneously 
and gradually becomes more positive. When the potential 
reaches a threshold of about −50 mV, the action potential 
begins spontaneously; hence these cells are called automatic 
cells and are said to have automaticity. Normally, only some 
cardiac muscle cells have automaticity; they may be found 
anywhere in the heart but are mainly in the SA node, the 
lower part of the AV node, muscle in the mitral and tricuspid 
valves, and the conduction system. The repetition rate at 
which groups of automatic cells depolarize depends mainly 
on the slope of spontaneous depolarization; the more rapid 
it is, the sooner the threshold is reached and the faster the 
heart rate. Catecholamines, vagal blockade, a raised 
temperature, lowered extracellular potassium or calcium, or 
a fall in tissue pH or oxygen tension accelerate diastolic 
depolarization rate and thus tend to increase heart rate. 
Vagal stimulation, β-adrenergic blockade, increased 
extracellular potassium, and drugs such as quinidine,  pro-
cainamide, lidocaine, and phenytoin reduce the diastolic 
depo larization rate and thus reduce automaticity. The effect 
of these drugs in reducing automaticity makes them useful 
in treating many arrhythmias. Various automatic cells have 
different sensitivities for changes induced by these agents. 
Thus, phenytoin increases atrial diastolic depolarization but 
decreases ventricular diastolic depolarization, and lidocaine 
markedly affects ventricular automaticity but not atrial 
automaticity.
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Figure 55.1 Diagram of typical ventricular muscle 

cell potential during the cardiac cycle.
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Na+ in

0 mV

Transmembrane
potential

–90 mV

Phase 2:
Na+, Cl2+ in
K+ out
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Na+ out,
K+ in

Phase 3:
K+ out

Phase 1:
Cl– in

Normally the discharge rate is highest for automatic cells 
in the SA node, which is thus the usual pacemaker for the 
heart. Collections of automatic cells (latent pacemakers) 
lower in the conducting system have slower diastolic depo-
larization, the slowest being those in the ventricles. Normally 
these lower (or ectopic) pacemakers are discharged by 
impulses from the SA node before they can discharge 
 spontaneously and, therefore, they are usually suppressed 
by impulses from above. The typical discharge rate of each 
pacemaker varies with age.

Most normal cardiac muscle and automatic cells show 
rapid depolarization and also conduct rapidly; hence they 
are known as fast-responding cells, but some cells show a 
slow response. Their transmembrane resting potential is only 
about −60 mV, depolarization is slow, as is conduction, and 
in phase 4 there is an after-depolarization that normally does 
not reach the threshold for initiating another action poten-
tial. Slow-responding cells are found normally in the SA and 
AV nodes and the AV valves. Ischemia, digitalis toxicity, 
excess potassium or catecholamines, or chronic dilatation 
can convert fast-responding cells into slow-responding cells. 
In these cells the rapid sodium influx of phase 1 is absent, 
and depolarization is achieved mainly by the slow inward 
calcium current and can be blocked by calcium channel 
blockers (verapamil, diltiazem).

The action potential of myocardial cells is controlled by 
channels that allow or hinder the influx or efflux of ions. 
The ion exchanges are more complex than shown in 
Figure 55.1, and a summary is given in Figure 55.2. Almost 
all the known mutations increase the intracellular positive 
ions, and most are associated with the long QT syndrome.

Cardiac arrhythmias (both fast and slow) result from abnor-
mal impulse formation, abnormal impulse conduction, or a 
combination of the two. Abnormal automaticity occurs when 
ectopic pacemakers compete with the sinus node. Depression 

of sinus node automaticity may shift the origin of the cardiac 
impulse to other sites in the heart. Ectopic rhythms may be 
driven by sympathetic activity or other effects, such as 
ischemia or stretch. Triggered activity, a form of abnormal 
automaticity, results from a second depolarization that 
occurs either during repolarization (early after- depolarization) 
or after repolarization (delayed after- depolarization). Early 
 after-depolarizations can be associated with hypoxia, ischemia, 
hypokalemia, cesium, catecholamines, and some antiarrhyth-
mic drugs with proarrhythmic effects, such as the class 
I agents. Early after-depolarizations may be responsible for 
torsades de pointes, a type of ventricular tachycardia, espe-
cially when associated with antiarrhythmic agents [1].

Abnormal impulse conduction is another mechanism 
responsible for arrhythmias. Abnormal conduction occurs 
when it proceeds along abnormal pathways, as in pre- 
excitation, such as Wolff–Parkinson–White (WPW) syndrome 
and other re-entrant pathways, or when normal conduction 
is blocked, as in sinoatrial block or AV conduction block.

Mechanisms of tachycardias

Re-entrant versus automatic tachycardias
For a tachycardia to be termed re-entrant, three conditions 
must be met. First, an anatomically distinct re-entrant cir-
cuit must be present, allowing for the circular movement of 
 excitation conduction. Second, an area of this potential 
 re- entrant circuit must be subject to delay in conduction, or 
the circuit must be large enough to allow for recovery by the 
time the next re-entrant wave arrives. Third, unidirectional 
conduction block must occur, allowing subsequent reversed 
conduction in that segment.

The common re-entrant tachycardias in children include 
sinoatrial and intra-atrial re-entry, atrioventricular node 
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 re-entry, atrioventricular reciprocating tachycardia involv-
ing an accessory pathway, atrial flutter, the permanent form 
of junctional reciprocating tachycardia, and the re-entrant 
form of ventricular tachycardia. Tachycardias caused by 
increased automaticity include sinus tachycardia, atrial ectopic 
tachycardia, junctional ectopic tachycardia, and (automatic 
focus) ventricular tachycardia. Interestingly, atrial fibrilla-
tion was thought to be due mainly to complex multiple 
 re-entrant circuits in the atrium, but now is understood to 
have its origin from very fast automatic foci in the pulmo-
nary veins and elsewhere.

A major characteristic of the re-entrant tachycardias that 
allows differentiation from the automatic tachycardias is 
their tendency to start and stop suddenly. Premature atrial 
and ventricular contractions may initiate or terminate 
these rhythms, or they start during normal episodes of 
sinus bradycardia with junctional escape rhythm. Direct 
 current cardioversion is generally successful in terminating 
 re-entrant tachycardias but not automatic tachycardias [2].

Sinus tachycardia
Sinus tachycardia often masquerades as paroxysmal 
supraventricular tachycardia in children and is usually sec-
ondary to another problem; a careful search for such pro-

blems should allow the diagnosis of sinus tachycardia (see 
Tables 55.1 and 55.2). For example, the gradual slowing of a 
narrow QRS tachycardia after an intravenous fluid bolus in 
a patient with dehydration provides strong evidence for 
sinus tachycardia and not other forms of paroxysmal 
supraventricular tachycardia. Causes of sinus tachycardia 
include high fever, pain, hypoxia, hyperthyroidism, seizures, 
chronotropic agents (isoproterenol or dobutamine), and 
sedation in paralyzed ventilated patients.

The criteria for sinus tachycardia include normal P-wave 
axis, a normal (not prolonged) PR interval, gradual onset 
and termination of the tachycardia and a heart rate below 
250 beats per minute (bpm). Rates above 250 bpm rule out 
sinus tachycardia, whereas narrow complex tachycardias 
below 250 bpm are often, but not always, sinus tachycardia.

Sinus tachycardia must be ruled out, if possible, before 
antiarrhythmic therapy is instituted. This diagnosis may be 
fairly difficult in children because the P wave may be  hidden 
in the preceding T wave. Several electrocardiographic leads 
should be carefully analyzed for deformation of the T wave 
by a P wave. Vagal maneuvers and other methods for 
 converting supraventricular tachycardia do not terminate 
sinus tachycardia. Vagal maneuvers may briefly slow 
the rhythm, but because the underlying cause of sinus 

Figure 55.2 Diagram of cardiac muscle cell to show many of the known ion channels and some of the mutations that impair their function. Most of the 

mutations produce lengthening of the QT interval except for Brugada syndrome. The three major causes are shown in large bold italics, the less common 

defects in plain type. Some of the mutations affect caveolins and ankyrins, proteins that bind to and affect many different ion channels. (Modified with 

permission from an original diagram published by Viswanathan and Rudy, Cardiovasc Res 1999;42:530–42.)
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Table 55.1 Common arrhythmias by patient age.

Age  Arrhythmia  Comment

Fetal Sinus bradycardia (<100 bpm) Fetal hypoxic stress

Complete atrioventricular block (<60 bpm) Isolated, or associated with maternal systemic lupus erythematosus 

or fetal congenital heart disease. May cause hydrops

Sinus tachycardia (>180 bpm) Maternal fever, drugs, fetal stress, anemia

Supraventricular tachycardia (>200 bpm) Causes hydrops if sustained

Atrial flutter (280–450 bpm, conduction delay, 2:1) Causes hydrops if sustained

Ventricular tachycardia (>120 bpm) Rare

Causes hydrops if sustained

Neonate Continuation of fetal arrhythmias

Sinus bradycardia Associated with apnea of prematurity as primary event

Infant Sinus tachycardia (<250 bpm) Fever, anxiety, shock, dehydration, heart failure, pain

Supraventricular tachycardia Primary or sympathomimetic drug administration, fever, 

myocarditis, trauma

Older child and adolescent Premature atrial beats

Premature ventricular beats

Paroxysmal atrial tachycardia Thyrotoxicosis, idiopathic, atrial enlargement, mitral stenosis, 

sympathomimetic drugs

Sinus bradycardia Trained athlete, vasodepressor syncope

Sinus tachycardia As for infant (see above) plus drug abuse (cocaine, amphetamine)

  Various post-cardiac surgery arrhythmias  Surgical scars create lines of block

 tachycardia is unaffected by such maneuvers, the rhythm 
resumes immediately. Therapy should be directed to the 
likely underlying causes. The response to such measures is 
likely to be diagnostic.

Accessory pathway tachycardia
An excellent example of a re-entrant supraventricular tach-
yarrhythmia is the reciprocating atrioventricular re-entrant 
tachycardia in patients with the WPW syndrome (Figure 55.3). 
In sinus rhythm, there is pre-excitation in patients with WPW, 
due to simultaneous conduction down the pathway and the 
node, forming a characteristic delta wave (Figure 55.4). A pre-
mature atrial contraction may block in the accessory pathway 
but be conducted down the atrioventricular node and the His-
Purkinje system, but with significant delay in the atrioven-
tricular node. Impulses arriving in the ventricle are then 
conducted retrograde via the accessory pathway back to the 
atrium. The conduction delay in the atrioventricular node 
allows the accessory pathway and atrium sufficient time to 
recover and thus establish sustained tachycardia. It is recog-
nized by a characteristic narrow or normal QRS with P waves 
discernible on the early part of the T wave (Figure 55.5).

Patients with an accessory pathway but without the pot-
ential for anterograde conduction are classified as having 
 concealed accessory pathways. A specific form of concealed 
accessory pathway, AV reciprocating tachycardia, also termed 
persistent junctional reciprocating tachycardia (PJRT), is 
mainly seen in children. It presents as a slow narrow QRS 

tachycardia with abnormal P waves prior to each QRS. These 
P waves are characteristically inverted in leads II, III, and AVF 
(Figure 55.6). Because of the slow rate, the tachycardia may 
be relatively asymptomatic, but its tendency to be incessant 
means that it may lead to the development of tachycardia-
induced cardiomyopathy [3]. Ventricular dys function from 
the incessant tachycardia may be seen when the patient 
presents and may be severe, particularly in infants. It generally 
resolves with successful treatment of the arrhythmia.

Atrioventricular node re-entry tachycardia
Atrioventricular node re-entry tachycardia (AVNRT) is the 
second common form of re-entrant supraventricular tachy-
cardia. In this condition, so-called dual AV node pathways 
are demonstrable. Although the normal AV node has one 
“pathway” with a short conduction time, in AVNRT the AV 
node is functionally discontinuous with fast and slow AV 
node  pathways. In AVNRT, a premature atrial contraction 
blocks the fast pathway, which generally has a long  refractory 
period. Conduction proceeds down the slow pathway, 
 producing a markedly prolonged PR interval. If conduction is 
slow enough, then adequate time is available for the fast 
pathway to recover and conduct the impulse retrograde, 
arriving back in the atrium and re-entering the slow  pathway 
anterograde.

AVNRT is less common than accessory pathway tachycar-
dia in younger children, and is rare in infants. It is more 
common, however, by young adulthood [4].
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 discernible P waves. Because of timing, the retrograde P 
waves are superimposed on the QRS complex (Figure 55.7). 
In young patients, however, the first part of the P wave may 
be observed just prior to the onset of the QRS complex. 
Other forms of AVNRT, such as atypical AVNRT with antero-
grade fast pathway conduction and retrograde slow pathway 
conduction, are unusual in children.

Atrial ectopic tachycardia
Atrial ectopic tachycardia (AET) is a disorder of abnormal 
automaticity, due to a rapidly firing focus in the right or left 
atrium. The etiology is generally unknown, although in 
some patients it is related to myocarditis or dilated 
 cardiomyopathy. Rarely, it is a manifestation of pulmonary 
disease. In children, it often presents as an asymptomatic 
incessant tachycardia, which, similarly to PRJT (discussed 
above), may lead eventually to tachycardia-induced cardi-
omyopathy [5]. It is recognized as a narrow QRS  tachycardia 
with a normal to somewhat prolonged PR interval, and 
abnormal P-wave morphology.

Atrial flutter
Atrial flutter is characterized by a rapid atrial rate of about 
300 bpm in older children and adolescents and as high as 
450–500 bpm in neonates. In the typical form, a sawtooth 
configuration of atrial waves (F waves) is seen best in leads II, 
III, and V

1
, and there is variable AV block (Figure 55.8). After 

Table 55.2 Recognition of tachycardia with normal QRS duration.

Diagnosis  Electrocardiographic findings

Re-entrant tachycardias

Atrial and sinoatrial 

re-entry

P waves present, precede next QRS complex

Terminates with QRS rather than P wave

Variable AV conduction possible AV block 

does not terminate atrial rhythm

P wave axis may be superior or inferior, 

depending on origin

Atrial flutter Sawtooth flutter waves

AV block does not terminate atrial rhythm

Atrial rate 300 in older children, up to 500 

in newborns

Accessory pathway-

mediated tachycardia 

(Wolff-Parkinson-White 

syndrome and 

concealed accessory 

pathway)

P waves follow QRS, typically on upstroke 

of T wave

Superior or rightward P wave axis

AV block always terminates tachycardia

Typically terminates with P wave

After termination, those with Wolff-

Parkinson-White have pre-excitation

Persistent junctional 

reciprocating 

tachycardia

Incessant

P waves precede QRS

Inverted P waves in II, III, AVF

AV block always terminates tachycardia

May terminate with QRS or with P wave

No pre-excitation after termination

Atrioventricular node 

re-entry

AV block usually terminates tachycardia

Atrial fibrillation “Irregularly irregular,” no two RR intervals 

exactly the same

P waves difficult to see, or bizarre and 

chaotic

Increased automaticity

Sinus tachycardia Normal P wave axis

P waves precede QRS

Caused by extrinsic factor, e.g., heart 

failure, fever, anemia, catecholamine, or 

theophylline infusion

Continues in presence of AV block

Atrial ectopic 

tachycardia
 Incessant

Abnormal P wave axis, which predicts 

location of focus

P waves precede QRS

Continues in presence of AV block

Junctional ectopic 

tachycardia  

Capture beats with no fusion

Figure 55.3 Diagram of the re-entrant circuit in Wolff–Parkinson–White 

syndrome. Conduction proceeds normally down the normal conduction 

system, and then in a retrograde manner up the bundle of Kent (accessory 

pathway to the atrium), to re-enter the normal conduction system. 

(Reproduced from Van Hare GF. Circulation. In: Rudoph AM, Kamei RK, 

eds. Rudoph’s Fundamentals of Pediatrics. Norwalk, CT: Appleton & 

Lange, 1994: 522.)

Normal conduction
system

Bundle
of kent

These pathways can be detected by programmed stimula-
tion in the electrophysiology laboratory, and may be 
 suspected on electrocardiogram (ECG) inspection. On an 
ECG, there is a regular, narrow QRS tachycardia without 
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Figure 55.4 Electrocardiogram in a patient with Wolff–Parkinson–White syndrome. Note the short PR interval with a widened QRS.
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Figure 55.5 Lead II rhythm strip showing supraventricular tachycardia with clear P waves superimposed on the early part of the T wave. This is most 

consistent with accessory pathway tachycardia.

extensive atrial surgery, however, atrial flutter may be 
atypical without the usual sawtooth F waves. The ventricular 
rate may be regular or irregular; if regular, the ratio of atrial 
rate to ventricular rate can range from 2:1 (most frequent) to 
8:1. With a reasonable ventricular rate, the arrhythmia is 
tolerated well for a long time, but with rapid ventricular 
responses, severe symptoms occur. Initial treatment should 
be with digoxin to increase the AV block and slow the 
ventricular rate; if this does not suffice, then propranolol, 
another β-blocker, or a calcium channel blocker (in older-
aged children) can be added. Sometimes this treatment 
causes sinus rhythm to return, but if it does not, electrical 
cardioversion may be successful. Atrial flutter is rare in 
infants and children and is usually associated with structural 
heart disease, particularly with dilated atria. It sometimes 
occurs transiently in otherwise normal newborn infants. 
Because atrial flutter has been implicated in sudden death 
after a Mustard or Senning repair of transposition of the great 

arteries, an aggressive approach to abolishing the arrhythmia 
has been recommended [6]. Interrupting the flutter circuit 
by catheter ablation or surgery is usually successful [7].

Atrial fibrillation
Atrial fibrillation is rare in children. It is characterized by 
disordered atrial activity. The ECG shows no P waves but 
instead has fine or coarse fibrillatory or f waves. The ven-
tricular response is very irregular and usually rapid; gener-
ally it is  difficult to find two exactly equal RR intervals. 
Treatment is initially with digoxin or other agents, such as 
diltiazem  infusion, to decrease ventricular rate. If the 
atrium is enlarged, atrial fibrillation may be sustained. To 
restore sinus rhythm, antiarrhythmic agents, such as pro-
cainamide, sotalol, or ibutalide, may be employed, but car-
dioversion is generally more effective. To maintain sinus 
rhythm after it is restored, sotalol or amiodarone may be 
used. If the atrial fibrillation keeps recurring, the aim is to 
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Figure 55.6 Persistent junctional reciprocating tachycardia (PJRT). Normal PR interval with inverted P waves in leads II, III, and AVF, and a relatively slow rate.
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Figure 55.7 Atrioventricular node re-entry tachycardia (AVNRT). Lack of clearly discernible P waves, which are superimposed on the QRS. This can be 

barely appreciated on this tracing (arrows).

control the ventricular rate with  digoxin; if ventricular 
rates still rise unduly with exercise, then propranolol or 
verapamil may be added. When atrial  fibrillation occurs in 
the presence of an  accessory pathway (WPW syndrome), 

conduction to the ventricle over the  pathway may be dan-
gerously rapid with wide QRS complexes. This is thought 
to be the mechanism of sudden death in this syndrome 
(Figure 55.9). Because digoxin may shorten the  anterograde 
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Figure 55.8 Atrial flutter with 2:1 atrioventricular conduction. The negative “F” waves are seen best in leads II, III, and AVF.
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Figure 55.9 Atrial fibrillation in the presence of Wolff–Parkinson–White syndrome. Irregularly irregular ventricular rate and wide QRS complexes.

effective refractory period of the accessory pathway, 
 allowing even faster ventricular rates, it is contraindicated 
for the acute and chronic treatment of patients of any age 
with the WPW syndrome, except when an electrophysio-
logical study has documented that digoxin may be used 
safely [8].

Junctional ectopic tachycardia
An accelerated junctional pacemaker produces a ventricular 
rate that is faster than the underlying sinus rate. This rhythm 
occurs most often after surgery near the AV node (such as 
closure of ventricular septal defect), but there is a congenital 
form that is incessant and may lead to tachycardia-induced 
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Figure 55.10 Junctional ectopic tachycardia (JET). Narrow QRS tachycardia with a slower atrial rate. QRS 5 demonstrates a shorter RR interval, due to 

sinus capture.

Figure 55.11 Ventricular tachycardia. In this tracing, there is no AV dissociation evident.
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cardiomyopathy [9]. When an accelerated junctional focus 
is very fast, it is termed junctional ectopic tachycardia (JET). 
JET is recognized by narrow QRS tachycardia with AV dis-
sociation (due to the slower sinus rate and lack of retrograde 
conduction). There may also be capture beats, in which a 
P wave occurs randomly at a time when anterograde con-

duction can occur, shortening the RR interval for one beat 
(Figure 55.10). In the postoperative period intravenous 
 amiodarone is most often employed, along with atrial pacing 
to restore AV synchrony. Cooling the patient to around 34 °C 
may also be effective. In the congenital variety, the use of 

β-blockers, flecainide, sotalol, and amiodarone has been 
reported. Catheter ablation is also effective, but with some 
risk of causing complete AV block [10,11].

Ventricular tachycardia
Ventricular tachycardia is defined as a series of three or more 
ventricular ectopic beats, often manifesting as a rapid tachy-
cardia with wide QRS complexes (Figure 55.11). Although 
in children the QRS complex can be relatively narrow, its 
configuration always differs from the QRS in sinus rhythm. 
Often there is AV dissociation, with the P waves occurring 
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less often than QRS complexes; this may be seen by slight 
variations of the T waves caused by varying superimposition 
of P waves on them. In half of pediatric patients, there may 
be retrograde capture of the atria, particularly at slower 
 ventricular rates; this results in a 1:1 relationship between 
atrial and ventricular contractions. The major differential 
 diagnosis is from supraventricular tachycardia with aberrant 
 conduction. Proof of the ventricular origin of the arrhythmia 
can be obtained if the QRS complexes resemble typical ven-
tricular extrasystoles in previous ECGs or if ventricular 
fusion beats are seen.

Ventricular tachycardia may cause severe symptoms and, 
particularly in patients with structural heart disease, can lead 
to ventricular fibrillation. It should usually be treated as an 
emergency. Because most wide QRS tachycardias in 
 children represent ventricular tachycardia, they should be 
treated as such unless one is certain of a supraventricular 
origin. Inappropriate treatment of ventricular tachycardia 
(with digoxin or verapamil, for example) may be fatal. 
Cardioversion is usually effective. If the patient is hemo-
dynamically stable, amiodarone, lidocaine, or procainamide 
may be given intravenously. Future attacks may be prevented 
with propranolol, mexiletine, sotalol, flecainide, or 
amiodarone. Treatment decisions should always be made with 
a cardiology consultant. Occasionally, ventricular tachycardia 
occurs at a rate similar to a normal sinus rate, has a relatively 
narrow QRS complex, and is called ventricular accelerated 
rhythm. In the presence of an otherwise normal heart and 
without circulatory difficulties, it is benign [12]. It usually 
does not require treatment and, when seen in a newborn, 
episodes usually disappear within several weeks or months.

Ventricular fibrillation
Ventricular fibrillation produces a recording with no QRS 
complexes but just a wavy line. P waves can be present. 
There is no cardiac output, and cardiopulmonary resuscita-
tion should be initiated immediately while preparations are 
made for electrical defibrillation.

Ventricular fibrillation is often the terminal event in many 
illnesses. It may follow hypoxemia, hyperkalemia, digitalis or 
quinidine intoxication, myocarditis, myocardial infarction, 
catecholamine infusions, anesthetics, and many drugs. It may 
be seen in patients with dilated cardiomyopathy. It is also a 
consequence of other arrhythmias, particularly  ventricular 
tachycardia or multiple multiform ventricular ectopic beats.

Ventricular fibrillation may also occur in two other set-
tings. Individuals with complete (third-degree) AV block 
have episodes of transient ventricular fibrillation that cause 
syncope (Adams–Stokes attacks) and indicate the need for 
an artificial pacemaker. Occasionally these attacks occur 
when the complete heart block is intermittent and is brought 
on by vagal or other stimuli. In the long QT syndrome, 
 ventricular fibrillation also causes syncope and death. In this 
syndrome, the arrhythmia starts with an unusual form 

of ventricular tachycardia called torsades de pointes; 
 polymorphous QRS complexes seem to rotate around the 
isoelectric line. Several of these patients have died suddenly 
of fright or on hearing an unexpected loud noise. Nearly all 
of the congenital long QT syndromes are related to specific 
heritable abnormalities in cardiac potassium or sodium chan-
nels (Figure 55.2). Multiple specific genes coding for chan-
nels may be abnormal because of mutations or deletion, but 
a significant minority of patients with long QT syndrome 
have none of the known mutations. Treatment generally 
requires chronic β-adrenergic blockade. Some patients 
require an implantable cardioverter–defibrillator, particu-
larly those with a history of aborted sudden death, or contin-
ued syncope despite appropriate β-blocker therapy, and or 
with the sodium-channel mutation (long QT 3) [13].

Mechanisms of bradycardia

Sinus bradycardia
Sinus bradycardia is recognized as a regular, slow atrial rate 
with normal P waves and 1:1 conduction. Causes include 
hypoxia, acidosis, increased intracranial pressure, abdominal 
distention, hypothyroidism, jaundice, and hypoglycemia. 
Agents such as digoxin, organophosphate pesticides, dexme-
detomidine, and propranolol may cause sinus bradycardia. 
Mild heart rate slowing may also be due to increased vagal 
tone or cardiac conditioning in a trained athlete.

Atrioventricular block
Complete atrioventricular block may be congenital, surgically 
induced, or occur suddenly as a result of myocarditis or 
another infection, such as Lyme disease. It is recognized as 
atrioventricular dissociation, regular RR intervals,  regular PP 
intervals, an atrial rate greater than the ventricular rate, and 
the absence of capture beats (Figure 55.12). Associated fea-
tures of congenital AV block include maternal systemic lupus 
erythematosus (diagnosed or asymptomatic; anti-Ro antibody 
positive), whereas associated features of acquired heart block 
may include those of Lyme disease, Kearns-Sayre syndrome 
(mitochondrial inheritance, weakness, progressive external 
ophthalmoplegia, pigmentary retinal degeneration), or myot-
onic dystrophy (myotonia, weakness). There is an association 
with atrial septal defect and other congenital heart  disease, 
due to mutations in the transcription factor Nkx 2.5 [14,15].

Second-degree AV block should be classified as Mobitz 
type 1 (Wenckebach) or Mobitz type 2. Wenckebach con-
duction is characterized by progressive PR interval 
prolongation followed by a blocked beat, followed by 
recovery of conduction (Figure 55.13). Type 2 block lacks 
this characteristic PR prolongation prior to block and 
subsequent shortening after the blocked beat. Type 1 
generally has a better prognosis than type 2 and responds 
readily to  medication.
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Other causes of bradycardia include (1) sinus exit block, 
in which sinus P waves intermittently disappear as impulses 
are blocked from leaving the region of the sinus node 
(rare in children), and (2) frequent premature atrial 
contractions occurring too early to be conducted to the 
ventricles. This slows the resulting ventricular rate (very 
common in infants).

Mechanisms of premature beats

Supraventricular premature contractions
Supraventricular premature contractions display narrow and 
early QRS complexes, but they occasionally are wide as a 
result of an associated bundle branch aberration. Those origi-
nating in the atrium [premature atrial contractions (PACs)] 

should be recognizable by finding a premature P wave super-
imposed on and deforming the previous T wave. This sign may 
be subtle, and require examination of multiple ECG leads.

Ventricular premature complexes
Ventricular premature complexes (PVCs) are recognizable as 
wide, often bizarre, early beats, generally without preceding 
P waves. The differentiation between PVCs and aberrantly 
conducted supraventricular ectopic beats is sometimes diffi-
cult or impossible from a surface ECG. Although, tradition-
ally, premature ventricular beats may be differentiated from 
supraventricular beats by a full compensatory pause, this sign 
is unreliable in children. The identification of fusion beats, in 
which a sinus beat occurs simultaneously with a premature 
beat, thus creating an intermediate morphology, is helpful 
and establishes the premature beat as ventricular in origin.

Figure 55.12 Complete atrioventricular block. The atrial rate is higher than the ventricular rate and both atrial and ventricular rates are regular and 

not associated.

Figure 55.13 Second-degree AV block. On tracing (a), there is progressive PR prolongation followed by failure of conduction. On tracing (b), a 2:1 

relationship is seen.

(a)

(b)
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Clinical evaluation

General approach to evaluation
The starting point in the diagnostic evaluation of a cardiac 
arrhythmia is a careful history and physical examination and 
the recording of a baseline ECG (i.e., while the patient is not 
having the arrhythmia). In obtaining the patient’s history, one 
is attempting to determine whether (1) the rhythm abnormality 
might be caused by a life-threatening problem; (2) the patient 
is experiencing episodes of tachycardia,  premature beats, or 
bradycardia; (3) the symptoms are exercise related; and (4) 
there is structural cardiac disease. During the physical 
examination, structural heart disease can be identified and the 
cardiac rate and rhythm assessed. On the ECG, obvious 
evidence of a problem, such as a prolonged QT interval or the 
WPW syndrome, is sought. The QT interval varies with the 
heart rate. A corrected QTc interval may be determined by 
dividing the QT interval by the square root of the preceding 
RR interval. The normal QTc interval should be less than 0.44 s 
[16]. A life-threatening problem is suspected if episodes of 
palpitations are associated with near-syncope, syncope, severe 
chest pain, or aborted sudden death, or if there is a family 
history of the long QT syndrome or unexplained sudden 
death. Patients with a long QT interval are treated with 
β-adrenergic receptor blocking agents and avoidance of proar-
rhythmic drugs, which prolong the QT interval. Patients with 
normal QT intervals but who may have a life-threatening 
problem are referred for invasive electrophysiologic evaluation, 
to avoid delay in recording an episode and to initiate appr-
opriate and early treatment of a dangerous arrhythmia.

Patients who do not have obvious evidence of a life-
threatening arrhythmia are then differentiated by whether 
they are experiencing episodes of tachycardia or premature 
beats or bradycardia. Those with tachycardia proceed to a 
noninvasive evaluation (discussed later), with the goal of 
capturing an episode electrocardiographically for the purpose 
of diagnosis. An echocardiogram is obtained in those with evi-
dence of structural heart disease. With electrocardiographic 
evidence of WPW syndrome, an echocardiogram is obtained, 
primarily to rule out associated Ebstein anomaly of the tricuspid 
valve or, rarely, hypertrophic cardiomyopathy. In patients with 
likely premature beats or bradycardia but no evidence of 
structural cardiac disease or an abnormal ECG, noninvasive 
evaluation is optional and based on symptom severity. If there 
is structural cardiac disease or an abnormal ECG (e.g., complete 
AV block), an echocardiogram is obtained, followed by a 
noninvasive evaluation. An invasive electrophysiologic study 
may be recommended, depending on the results of the 
noninvasive evaluation and the severity of the symptoms.

Noninvasive evaluation of the rhythm disturbance 
involves the use of a variety of diagnostic modalities short 
of an intracardiac electrophysiologic study. The goal is to 
 capture an episode of the patient’s symptom electrocardio-
graphically. Patients whose symptoms are brought on by 

exercise are referred for exercise testing to attempt to repro-
duce the abnormal rhythm. If the exercise test is negative or 
the symptoms are unrelated to exercise, consideration of the 
frequency of symptoms leads to the use of either a Holter 
monitor, for those with daily symptoms, or transtelephonic 
incident recording, for those with less frequent symptoms. If 
incident recording is used, the correct mode for recording 
must be chosen. In general, if the episodes last <30 s, it is 
 difficult for the patient or parent to locate the monitoring 
device, connect it, and make a recording before the symp-
tom resolves. In such patients, a continuous memory-loop 
recorder is recommended. When a symptomatic episode is 
recorded, it is important to determine whether the symptom 
was in fact typical, because benign arrhythmias and sinus 
tachycardia may coexist with more serious conditions. 
Recording of multiple episodes increases the reliability of the 
diagnosis, particularly in patients who do not have a cardiac 
arrhythmia when they are symptomatic. The only definitive 
way to diagnose the cause of the palpitations is to record an 
ECG during the symptom. Nonetheless, information from 
the patient’s history may help in diagnosing the problem and 
assessing the urgency of reaching a diagnosis.

Clinical history
The patient’s description of the sensation is important. 
Sustained tachycardia is usually described as a “racing” 
heartbeat, whereas premature beats are usually described as 
skipping of a beat. For the latter symptom, the sensation of 
the heart stopping is likely caused by the pause that follows 
a premature beat. Abrupt onset of palpitations, with equally 
abrupt spontaneous termination, especially if paroxysmal, 
suggests supraventricular tachycardia and not sinus tachy-
cardia. The duration and rate of the symptoms should be 
noted; for sustained fast rhythms, some assessment of likely 
rate may be obtained by asking the patient or parent to imi-
tate the rhythm by tapping it out. Parents or patients may be 
taught to take the pulse during such episodes. Patients can 
usually tell whether the fast rhythm is regular or irregular. 
Fast rhythms, such as atrial fibrillation and often atrial flut-
ter (with block), are irregular, whereas supraventricular 
tachycardia and ventricular tachycardia are usually regular.

Symptoms associated with palpitations give clues to the 
severity of the problem. The most ominous sign is syncope, 
defined as a sudden loss of consciousness with inability to 
maintain posture. Syncope occurs as a result of hemodynamic 
compromise caused by the arrhythmia (rapid supraventricular 
tachycardia, ventricular tachycardia, AV block). Patients with 
syncope associated with possible arrhythmia require full 
cardiac evaluation because of the possibility that future episodes 
may result in sudden death, depending on the underlying 
cardiac problem. Patients may complain of transient dizziness 
or lightheadedness, which suggests lesser hemodynamic 
compromise. Syncope is discussed in detail in Chapter 56.

Chest pain is occasionally reported but is often due to the 
strong, rapid heartbeat rather than to any coronary artery 
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abnormality. The sensation of the pulsations in the neck may 
signify atrioventricular nodal re-entrant tachycardia or ven-
tricular tachycardia and is caused by contraction of the atria 
against closed atrioventricular valves, resulting in jugular 
venous regurgitation (cannon a waves).

Factors that elicit the symptom are important to note. For 
example, certain forms of ventricular tachycardia are elicited 
only by exercise [17]. These causes of arrhythmia may 
depend on sympathetic activity, and “stress” is frequently 
reported as an eliciting factor. Such patients may respond 
best to β-adrenergic receptor blocking agents.

Factors identified that terminate the episodes and the man-
ner of termination also help in the diagnosis. Sustained fast 
heart rhythms that end suddenly are more likely  re-entrant 
tachycardias, whereas those that slow gradually are more 
likely an automatic tachycardia. Termination by the Valsalva 
maneuver, gagging, or facial immersion in cold water sug-
gests re-entrant supraventricular tachycardia, although atrial 
flutter may also terminate with these maneuvers.

The past medical history and review of systems are impor-
tant, primarily for identifying structural cardiac disease and 
possible noncardiac causes of palpitations. The most impor-
tant example of the latter is hyperthyroidism, which may 
manifest as sinus tachycardia or as atrial fibrillation. A his-
tory of deafness (some patients with prolonged QT syn-
drome), ocular disease (Kearns-Sayre syndrome: progressive 
ophthalmoplegia, pigmentary retinal degeneration, right 
bundle branch block or complete AV block), or muscle weak-
ness (myotonic dystrophy: muscle weakness, myotonia, AV 
block) suggest specific underlying disorders.

Physical examination
Few specific physical findings aid in the diagnosis. Signs of 
structural cardiac disease are important because, if serious, 
patients tolerate arrhythmias poorly and are likely to have 
more complex and dangerous cardiac rhythms. Several spe-
cific cardiac abnormalities are strongly associated with 
arrhythmias. Patients with dilated cardiomyopathy often 
have a gallop rhythm or signs of heart failure and may have 
ventricular arrhythmias, including ventricular fibrillation. 
Those with hypertrophic cardiomyopathy have nonspecific 
ejection murmurs and an increased apical impulse; they are 
at risk for ventricular arrhythmias. Arrhythmias are often 
noted in patients with congenital heart disease both before 
and after corrective or palliative surgery. If one is fortunate 
enough to examine a patient in the midst of an episode, the 
rate, rhythm, blood pressure, and arterial and venous 
( cannon a jugular waves) pulsations should be noted.

Resting electrocardiogram
In all patients with symptoms suggesting a rhythm disturbance, 
a resting 15-lead ECG, obtained when the patient is asympto-
matic, can indicate a specific diagnosis associated with arrhyth-
mias, but unfortunately cannot exclude arrhythmias per se.

The PR interval normally increases with age [18]. 
Conduction time is shortened when an accessory pathway 
(WPW syndrome) bypasses the atrioventricular node. A long 
PR interval indicates prolonged conduction anywhere 
between the sinus node and the myocardium, but usually 
indicates atrioventricular node block. Diagnoses evident on 
a resting ECG include the WPW syndrome, the long QT 
syndrome, and conduction abnormalities, such as second-
degree and third-degree atrioventricular block and premature 
beats. Nonspecific changes, such as T-wave abnormalities, 
may suggest a myocardial abnormality, and specific findings, 
such as left ventricular hypertrophy, may not provide a 
diagnosis but suggest hypertrophic cardiomyopathy.

Obviously, capturing the arrhythmia on an ECG is very 
helpful and expedites the diagnostic process.

The electrocardiographic diagnosis of the arrhythmia’s 
mechanism is vital for determining the best treatment, par-
ticularly when antiarrhythmic medications are contem-
plated. Failure to document the tachycardia often leads to 
inappropriate treatment of patients with benign conditions, 
particularly sinus tachycardia and premature contractions.

Initially, the QRS duration and morphology during 
tachycardia are assessed as normal or increased. The “narrow” 
QRS tachycardias are usually caused by supraventricular 
tachycardia (Table 55.2). The “wide” QRS tachycardias may 
be caused by either ventricular tachycardia or supraventricular 
tachycardia with sustained aberration conduction or bundle 
branch block; in children, most wide complex tachycardias 
are ventricular tachycardias (Table 55.3).

Table 55.3 Recognition of tachycardia with prolonged QRS duration.

Diagnosis Findings on electrocardiogram

Ventricular tachycardia Often with AV dissociation

Capture beats with narrower 

QRS than on other beats

Fusion beats

Supraventricular tachycardia with 

pre-existing bundle branch block

QRS morphology similar to that in 

sinus rhythm

QRS morphology is that of right or 

left bundle branch block

Supraventricular tachycardia with 

rate-dependent bundle branch 

block

QRS morphology usually similar to 

that of right or left bundle branch 

block

Rare in small children

Difficult to distinguish from 

ventricular tachycardia in children

Antidromic supraventricular 

tachycardia in Wolff-Parkinson-

White syndrome

QRS morphology similar to 

pre-excited sinus rhythm, but 

wider

Never with AV dissociation

Atrial fibrillation with Wolff-

Parkinson-White syndrome

“Irregularly irregular” wide 

QRS tachycardia
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Next, the relationship between P waves and QRS  complexes 
is determined, if possible; this relationship is often diagnostic. 
For example, a narrow QRS tachycardia with atrioventricu-
lar dissociation and an atrial rate lower than the ventricular 
rate may be diagnosed as junctional ectopic  tachycardia. For 
rhythms with a 1:1 relationship between P waves and QRS 
complexes, the relative timing of the respective waves is 
helpful. If P waves are close to the preceding QRS the diagno-
sis is likely to be AV reciprocating tachycardia; if close to the 
following QRS the diagnosis is likely to be either atrial tachy-
cardia or persistent junctional reciprocating tachycardia; or if 
on top of QRS the diagnosis is likely to be AV node re-entry 
tachycardia. These characteristics help to differentiate 
between accessory pathway tachycardia, atrial tachycardia, 
and atrioventricular node re-entry. Although not completely 
reliable, an exact electrophysiologic diagnosis may be unnec-
essary for initial decisions  concerning treatment.

Holter monitoring
Twenty-four-hour ambulatory monitoring (Holter monitor-
ing) is commonly used to capture the rhythm abnormality 
on the ECG when symptoms occur. With Holter monitoring, 
the ECG is continuously recorded digitally (or on to mag-
netic tape) for 24 h, capturing as many as three separate 
leads simultaneously, for later playback and analysis. The 
patient keeps a diary of events and symptoms. The Holter 
recording is examined at these times to determine the exist-
ing heart rhythm during the symptom. If symptoms occur 
daily, Holter monitoring is the most efficient method of diag-
nosis. It is particularly valuable in patients with frequent 
symptoms (many times per day) that are not clearly the 
result of an arrhythmia. In such patients, the recording of 
many symptom episodes that show no electrocardiographic 
abnormality provides strong and reassuring evidence against 
a dangerous cardiac arrhythmia. From the Holter recordings, 
additional information about cardiac conduction, average 
heart rates, response of sinus rates to normal daily exertion, 
and the prominence of atrial ectopy, or ventricular ectopy 
(premature beats), is obtained and may be useful diagnosti-
cally if an episode of palpitations is not captured.

Echocardiography
Echocardiography is helpful in diagnosing structural cardiac 
disease. Because many of the structural abnormalities (con-
genital heart disease, hypertrophic cardiomyopathy, rhab-
domyoma, mitral valve prolapse) associated with arrhythmias 
are difficult to diagnose on physical examination and electro-
cardiography, certain patients require echocardio graphy. 
Patients with worrisome symptoms (syncope, chest pain, 
 dyspnea,  prolonged duration) and who may have life- 
threatening episodes of tachycardia should have an echo-
cardiogram. In most patients with arrhythmias, the 
echocardiogram is  normal.

Transtelephonic incident monitoring
When symptoms do not occur daily, Holter monitoring is 
inefficient, because several consecutive Holter recordings 
may be needed to capture a single episode or may not detect 
them. Transtelephonic incident recorders are small, battery-
powered devices that the patient carries for 1 month or 
longer. When the symptom occurs, the patient makes a 
recording by placing the device on the chest or connecting it 
to wrist or chest electrodes. A single ECG lead is recorded 
into the device’s memory for 60–120 s. The patient then plays 
the recording back over the telephone to the clinician’s office 
or monitoring center. The unit generates a series of signals 
that are decoded at the monitoring center into the ECG. For 
very transient symptoms, devices are available that are con-
nected to the patient as with a Holter monitor and continu-
ously record the heart rhythm in a memory loop. When a 
symptom is experienced, the patient presses a  button, which 
causes the device to store an ECG for the 30–45 s before and 
for a short period after the button was pushed.

For patients in whom the symptoms are very severe but 
very infrequent, and in whom standard loop recording has 
failed to capture an episode, implantable loop recorders are 
available [Reveal (Medtronic, Minneapolis, MN, USA), SJM 
Confirm (St. Jude Medical, St. Paul, MN, USA)]. These very 
small devices are implanted in the upper chest, like a pace-
maker, and automatically capture arrhythmias. They can 
also be activated by the patient or a family member using a 
hand-held device. Stored electrograms are available for elec-
tronic downloading later [19,20].

Exercise testing
In some patients, an exercise test helps to elicit an episode of 
tachycardia or irregular heart rhythm and is a reasonable 
approach when symptoms are exercise related. The patient’s 
ECG and blood pressure are monitored while the patient runs 
on a treadmill or rides a stationary bicycle (see Chapter 11). 
During the test, the work load is increased in discrete steps. 
The ECG is monitored during both exercise and recovery. 
Formal exercise testing, however, does not reproduce the type 
of exercise stress experienced by athletes, particularly the com-
petitive stress. The failure to induce an arrhythmia with exer-
cise testing does not exclude exercise-related arrhythmias.

Electrophysiology study

History of electrophysiology study
The His bundle was first recorded in 1969 and the technique was 
quickly adopted for use in children. In 1970, programmed stim-
ulation techniques were incorporated with His bundle record-
ings and the electrophysiology study was developed [21–23]. 
This has become a powerful diagnostic tool and can be extremely 
helpful in determining arrhythmia risk and mechanism.
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Principles and technical considerations
Education and family preparation are crucial when perform-
ing an invasive electrophysiology study. These studies are 
usually performed with conscious sedation or general 
anesthesia. In general, most patients who receive conscious 
sedation will receive a narcotic (such as fentanyl) and a 
 benzodiazepine (midazolam). Midazolam is a good choice in 
electrophysiology studies because it lacks electrophysiologic 
effects [24]. A designated person monitors the patient’s 
 status and vital signs when using conscious sedation for 
EP studies. General anesthesia is being used more often as 
 studies have become more complicated and smaller children 
are being studied. Propafol is a good anesthetic choice. 
Dexmedetomidine, commonly used as a sedation agent for 
cardiac catheterization, is not a good choice for electro-
physiology studies, owing to its vagotonic effects [25].

Patients undergoing an EP study are usually positioned for 
a long procedure. The arms are positioned alongside the tho-
rax to decrease brachial plexus injury. A full 12-lead ECG is 
placed. Oxygen saturation and blood pressure are continu-
ously monitored. Defibrillation pads are routinely placed, to 
allow for rapid emergency defibrillation. Catheters are then 
inserted, usually via a femoral vein. Other approaches use 
the internal jugular vein or subclavian vein.

Catheter sizes come in a variety of sizes. Traditionally, 5 Fr 
catheters are used in young children and infants whereas 
6 and 7 Fr catheters are used in older children and adoles-
cents. The electrodes on this catheter vary in number and 
interval spacing. Most electrophysiology catheters are in a 
quadripolar configuration; however, 8, 10, and even 20 pole 
catheters are commonly used for mapping large areas.

Catheters are placed using fluoroscopy. Biplane fluoros-
copy is helpful for precise catheter manipulation while map-
ping. Radiation exposure to the patient and staff must be 
carefully monitored and limited. The use of modern pulsed 
fluoroscopy with pulse rates of ≤7.5 pulsess−1 and proper 
shielding significantly decreases radiation exposure. Once 
catheters are in place, the tracings are displayed and recorded, 
usually in a bipolar manner. Most laboratories have an opti-
cal disk computer system which allows for recording and 
pacing of several signals simultaneously. This permits on-
line measurements with a freeze-scope capability. The 
recording speed can be manipulated to allow for analysis of 
both tachycardias and bradycardias. A stimulator is also nec-
essary to pace the heart at different cycle lengths.

Basic intracardiac study
Catheters are placed in four standard recording and stimulat-
ing positions within the heart: the right atrium, the right ven-
tricular apex, the coronary sinus, and in the His bundle region. 
From these locations, electrograms can be recorded and the 
heart stimulated, allowing for the diagnosis of most arrhyth-
mias. A variety of measurements and a formalized stimula-
tion protocol are performed. Both surface ECG measurements 

and baseline measurements of the atrial–His (AH) and His–
ventricular (HV) intervals are made. The AH inte rval may 
be prolonged in patients with AV nodal disease, receiving 
antiarrhythmic medications, or with increased vagal tone. HV 
interval prolongation usually reflects intrinsic His–Purkinje 
disease, or exposure to antiarrhythmic agents. A short HV is 
commonly present in patients with WPW syndrome.

EP testing usually consists of two basic pacing maneuvers 
performed in the atrium and ventricle. This first is rapid pac-
ing at a set cycle length. This can determine AV block cycle 
length when performed in the atrium, and can occasionally 
elicit either atrial or ventricular arrhythmias. The other 
maneuver is programmed extrastimulation. An eight-beat 
drive train at a conventional cycle length is followed by pre-
mature stimuli. This sequence is repeated with the prema-
ture stimulus gradually shortened by 10 ms intervals until it 
fails either to conduct or to excite cardiac tissue. This interval 
indicates the effective refractory period for the site.

Although sinus node dysfunction is diagnosed by nonin-
vasive testing and history, it can be formally evaluated by 
several pacing maneuvers. The two most common meas-
urements are sinus node recovery time (SNRT) and 
sinoatrial conduction time (SACT). Sinus node recovery 
time measures the time for the sinus node to recover auto-
maticity following overdrive suppression via atrial pacing. 
In a patient with a normal healthy sinus node it is short, but 
fairly prolonged (several seconds) in a patient with a dis-
eased sinus node. Atrial pacing in the right atrium is per-
formed for 30 s. The pacing is abruptly terminated, and the 
time for the sinus node to recover is then measured. This 
maneuver is repeated at faster pacing rates, and the maxi-
mum SNRT is recorded. The patient’s concomitant sinus 
cycle length is then subtracted from the maximum SNRT to 
give a corrected sinus node recovery time (CSNRT). In chil-
dren, CSNRT is usually <275 ms [26]. The SACT estimates 
conduction time through perinodal tissue. This is a measure 
of the time required for premature stimulus to penetrate 
into the SA node and reset the timing for the next normal 
sinus beat [27]. Single premature atrial contractions (PACS) 
are delivered either in sinus rhythm, or after an eight-beat 
drive train, and the coupling interval is made progressively 
shorter by 10 ms until atrial refractoriness is reached. The 
time from the paced beat to the next spontaneous beat is 
then measured (A2–A3). As the premature beat becomes 
more and more premature, the sinus node enters a “reset 
zone” where the extra beat penetrates the perinodal atrial 
tissue and resets the sinus node. At this point the A2–A3 
reaches a plateau. Thus, during the reset zone, the A2–A3 
represents three events, the conduction time of A2 into the 
sinus node, the spontaneous cycle length of the sinus node, 
and the conduction time out to the surrounding atrial mus-
cle. Hence the SACT is calculated by subtracting the sinus 
cycle length from the A2–A3. The normal value for this is 
<200 ms [28].
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The AV node and His–Purkinje system can also be exam-
ined during an EP study. The effective refractory period of the 
AV node is commonly measured. Dual AV nodal physiology 
can often be identified with atrial programmed stimulation, 
and is defined as an abrupt increase in the AH interval of 
40–50 ms in response to a 10 ms decrease in S2 (a single 
induced premature beat). This can be a sign of AV nodal tachy-
cardia. Occasionally in patients with His–Purkinje disease, 
block below the His bundle can be seen as two components – 
an S1 S2 This is usually considered a pathologic finding.

In a patient with SVT, an electrophysiology study serves 
several purposes. First, the SVT mechanism can be identified 
for a suitable target for ablation therapy (see below). If abla-
tion cannot be performed, drug testing allows the prediction 
of a suitable anti-arrhythmic agent.

Second, SVT substrate can occasionally be identified by 
measuring the baseline intervals. In patients with WPW syn-
drome, a short HV interval diagnoses pre-excitation. The 
anterograde ventricular activation pattern can localize the 
accessory pathway in this situation, especially in patients 
with a left-sided pathway.

An atrial protocol is then performed, consisting of single 
premature stimuli that are shortened down to atrial ref-
ractoriness. This evaluates effective refractory periods, which 
can be very useful in patients with AVN re-entry tachycardia. 
Rapid atrial pacing can also be performed. These maneuvers 
can be repeated with an isoproterenol infusion to aid in 
inducing the arrhythmia. Finally, ventricular pacing can be 
performed to evaluate retrograde (VA) conduction and dem-
onstrate  eccentric atrial activation, suggesting an accessory 
pathway.

When ventricular tachycardia is suspected, programmed 
stimulation in the ventricle is often performed. The EP study 
can differentiate a wide complex SVT from VT, determine if 
a sustained VT can be elicited, and guide therapy, either 
ablative or medical. A ventricular protocol consists of pacing 
the ventricle with delivery of a single premature beat (S2) at 
several different cycle lengths. The S2 is progressively 
decreased by 10 ms increments until the effective refractory 
period of the local ventricular muscle is reached. Following 
this, double extra stimuli (S2, S3) and triple extra stimuli 
(S2, S3, S4) are delivered until the coupling intervals become 
too short to capture. This protocol is performed at two differ-
ent ventricular locations, usually the right ventricular apex 
and right ventricular outflow tract. This is often repeated 
with the addition of a catecholamine, such as isoproterenol, 
to mimic stress/exercise.

Several responses to a ventricular protocol are commonly 
seen in a child. One is a short run (0–4 beats) of ventricular 
beats of the same morphology as the paced beats, which is 
commonly termed a repetitive ventricular response. This is 
likely due to bundle branch re-entry and is not believed to 
be a pathologic rhythm. Another is nonsustained ventricular 
tachycardia, defined as any ventricular arrhythmia which 

lasts from >4 beats to 30 s. If the arrhythmia lasts >30 s, or 
requires pacing or cardioversion for treatment, it is consid-
ered sustained ventricular tachycardia. These rhythms are 
further characterized as monomorphic, polymorphic, or 
ventricular fibrillation depending on QRS morphology and 
cycle length. These sustained rhythms are predictive of sud-
den death in children with congenital heart disease [29].

Advanced mapping techniques
Arrhythmia mapping has undergone major changes in the 
last decade. Several computer-based methods allow three-
dimensional visualization of electrical and anatomic infor-
mation. Complex arrhythmias in congenital heart disease can 
be mapped better with less fluoroscopy time. A noncontact 
mapping system uses electrical signals in the blood pool of a 
chamber to derive an inverse solution for the signals on the 
endocardial surface (EnSite, St Jude Medical) [30,31]. This 
system is particularly attractive in patients with nonsustained 
tachyarrhythmias or those with hemodynamically unstable 
rhythms. Electroanatomic mapping systems (CARTO, 
Biosense-Webster, Baldwin Park, CA, USA, and Nav-X, 
St. Jude Medical) use a set of magnets to identify catheter 
location and orientation in three-dimensional space [32]. 
Three-dimensional activation, propagation, and voltage maps 
can be constructed. Both systems currently allow integration 
of other imaging modalities, such as CT and intracardiac echo-
cardiography, to their systems to allow for better anatomic 
visualization. One of their potential advantages is the ability 
to perform EP studies and ablations with less fluoroscopy, a 
major concern in a developing child [33].

Therapeutic EP interventions
An invasive “cure” for re-entrant SVT was first described in 
1969 when Sealy et al. surgically ablated the aberrant path-
way in a patient with WPW syndrome [34]. This began for 
many arrhythmias an era of invasive procedures which has 
progressed from open chest operations and uncontrolled 
higher energy direct current (DC) shocks through a catheter 
to routine controlled elective radiofrequency and cryoen-
ergy catheter ablation in children [11,35–37]. At present 
many arrhythmias can either be cured or modified with the 
catheter techniques, including re-entrant rhythms, such as 
AVRT, AVNRT, atrial flutter, automatic atrial tachycardias, 
and ventricular tachycardias [38,39].

Either of two major energy sources is commonly utilized 
for destruction of myocardial tissue: radiofrequency and cry-
oenergy. Radiofrequency current heats tissue to destroy 
myocardial cells. Huang et al. attempted a closed-chest abla-
tion of the AVN using catheter-delivered radiofrequency 
energy in 1987 [40]. This technique was quickly adopted, 
with reports of use for both AV node and pathway ablation 
appearing soon after [41]. The mechanism behind the cell 
destruction has been delineated [42,43]. Cell death results 
from protein denaturation and dehydration. Lesion size 
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grows exponentially with time. Temperature decreases 
hyperbolically with distance from the catheter tip [42]. 
Radiofrequency ablation quickly became the primary modal-
ity for therapeutic arrhythmia management.

Cryoablation has become established as an alternative for 
a subset of arrhythmic substrates. Cryoablation uses 
circulating nitrous oxide through the catheter tip to cool 
tissue to a temperature of –75 °C. Hypothermia causes 
myocardial cells to become more acidic, secondary to slower 
ion pump transportation, and slowing metabolism [44]. 
These effects are transient if the exposure to hypothermia is 
brief. However, with ice crystal formation, permanent tissue 
injury occurs. The ice crystals initially damage mitochondria 
and distort cellular membranes [45,46]. This is followed by 
hemorrhage and inflammation secondary to dehydration 
and ultimate necrosis of the cell [47,48]. Cryolesions tend to 
be well circumscribed with distinct borders and have less 
thrombogenic potential than do radiofrequency lesions [49]. 
This has led many centers to use cryoablation in patients 
with arrhythmogenic foci near the AV node. Successful 
cryoablation in the septal region has been reported with no 
episodes of incidental heart block [35,50].

Transesophageal study
Transesophageal pacing is useful in both diagnosis and ther-
apy of a wide range of arrhythmias, particularly in the dif-
ferentiation and therapy of supraventricular rhythms. It has 
been especially beneficial in small children because of its 
ease of use and relatively noninvasive nature.

History
Max Cremer was the first to record a transesophageal elec-
trogram in 1906, when he persuaded a sword swallower to 
swallow an electrode under fluoroscopic guidance. In the 
1960s, low-energy defibrillation of the atrium and emer-
gency ventricular pacing were performed via the esophagus 
[51,52]. In the 1980s, esophageal pacing was reported as a 
therapeutic tool in AVNRT and atrial flutter [53–55]. This 
technology can predict the recurrence of SVT and drug effi-
cacy in neonates with some success [56]. It is accepted for 
diagnosis and therapy in pediatric electrophysiology, espe-
cially in young infants where a more invasive electrophysi-
ology study may be difficult.

Technical considerations
Adequate education and preparation of the patient and fam-
ily are important before performing pediatric transesopha-
geal pacing. Usually mild sedation is all that is required to 
maximize patient cooperation and comfort while perform-
ing a transesophageal study. Intravenous midazolam (0.05–
0.1 mg kg−1) and/or fentanyl (0.5–1.0 μg kg−1) are often used. 
It is important to consider a sedation/pain strategy, as it is 
extremely difficult to perform a study in an uncooperative 
and anxious patient.

A transesophageal study can be performed in both inpa-
tient and outpatient settings. A surface ECG and oxygen 
saturation monitoring should be used. A DC cardioverter–
defibrillator should be present and personnel should be well 
versed in sedation monitoring and advanced life support.

Three major components are necessary for performing 
transesophageal pacing studies: the electrode catheter, the 
recording equipment, and the stimulator. There are several 
different models of transesophageal catheters, ranging in 
size from 4 to 10 Fr with differing interelectode distances 
(2–30 mm) and differing number of electrodes (bipolar to 
hexapolar). Interelectrode distance has no significant effect 
on pacing thresholds regardless of age or size [57].

Placement of the catheter is similar to that of a nasogastric 
tube, and involves lubrication (lidocaine gel can be helpful). 
The catheter is placed through the nares and advanced 
through the posterior pharynx to the esophagus. Optimal 
catheter position is determined by patient height and can be 
facilitated by fluoroscopic visualization. Minor adjustment 
may be necessary to achieve the optimal pacing location. 
The catheter is then secured with tape to the patient’s face.

A simple ECG machine can act as the recording equip-
ment. A three-channel continuous recording ECG may be 
configured for two surface leads while the unipolar esopha-
geal lead can be connected to one of the precordial leads 
(V1) This allows for comparison of the P waves on the sur-
face leads with the esophageal electrograms. Recording dur-
ing pacing can occur without recording of the atrial 
esophageal electrogram. Alternatively, a bipolar recording 
system may be used. The advantage of this system is that 
more reproducible and reliable electrograms can be pro-
duced. This system requires a preamplifier which can be set 
with a high-pass filter at 20 Hz.

The stimulator ideally should be able to deliver a pacing 
stimulus with a long pulse width (10–20 ms) and a high cur-
rent (up to 50 mA). Pulse widths greater than the standard 
2 ms used in intracardiac pacing are required to capture the 
atrium from inside the esophagus. Usually successful atrial 
pacing can be accomplished with a pulse width of 6–10 ms 
and a current of 10–15 mA [57,58]. Patient discomfort is 
often reported with currents >15 mA (at a constant pulse 
width of 10 ms) [57,58]. Successful pacing with minimal dis-
comfort can be achieved in >90% of pediatric patients 
[53,54,59,60].

Pacing protocols are usually limited to atrial pacing for 
practical reasons. The protocols can include sinus node test-
ing by measuring sinus node recovery times. AV conduction 
can be assessed with atrial overdrive pacing to measure AV 
block cycle length and determine AV nodal and atrial tissue 
refractory periods with premature atrial extrastimulation. 
SVT mechanisms can be identified by assessing means of 
inducibility, termination, and VA conduction. Drug therapy 
can be tested by SVT provocation before and after drug 
administration.
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Complications of transesophageal pacing are rare and 
mostly minor [61]. Trauma to the mucosa from insertion of 
the catheter and discomfort are the most frequently reported. 
Rarely, inadvertent ventricular pacing can result in ventricu-
lar arrhythmias which may require cardioversion.

Emergency treatment

Tachycardia
Immediate treatment of patients with sustained symptomatic 
tachycardia starts with an assessment of the patient’s hemo-
dynamic status. Patients with signs of shock require immedi-
ate cardioversion, whatever the mechanism of tachycardia. 
Other modalities may be tried first in patients who are less 
symptomatic. Patients with a wide QRS during tachycardia 
should probably undergo electrical cardioversion because of 
the high likelihood that the rhythm is ventricular tachycar-
dia. Intravenous lidocaine may be used alternatively, pro-
vided that the diagnosis of ventricular tachycardia is certain 
and the hemodynamic status is stable (Table 55.4). In uncer-
tain diagnoses, intravenous procainamide may be effective in 
ventricular tachycardia and most forms of supraventricular 
tachycardia.

In patients with a normal QRS duration, maneuvers to 
increase vagal tone should used initially. Older children may 
be coached through a Valsalva maneuver or facial immer-
sion in ice water, whereas younger children may have 
 gagging induced, have rectal stimulation, or, more often, 
have an ice bag applied to the face. Although these meas-

ures often work, a time limit should be set so that the 
patient’s hemodynamic status does not deteriorate during 
prolonged  unsuccessful attempts. If maneuvers fail, the 
administration of adenosine intravenously is the preferred 
approach (Table 55.4) with continuous electrocardiographic 
monitoring in a room with a cardioverter-defibrillator avail-
able. Adenosine is given by very rapid intravenous injection 
at an initial dose of 0.05 mg kg−1, and the ECG is observed for 
10–15 s. If there is no effect, the dose is repeatedly doubled 
until a dose of 0.40 mg kg−1 is reached (maximum 24 mg in 
adolescents and adults). In patients with tachycardia involv-
ing the atrioventricular node (accessory pathway tachycar-
dia, atrioventricular node re-entry), adenosine should 
terminate it by stopping atrioventricular conduction for 
1–2 s. In patients with sinus or atrial tachycardia or atrial 
flutter, adenosine causes a short episode of atrioventricular 
block, and the underlying atrial rhythm is revealed on the 
continuous ECG recording. If the diagnosis is shown to be 
atrial tachycardia or flutter, patients >6 months old may 
receive intravenous verapamil. Those <6 months old should 
never receive verapamil; instead, they may undergo pace 
conversion using esophageal pacing or cardioversion, or 
may receive intravenous procainamide.

Many patients may not require long-term treatment if the 
episodes are not severely symptomatic and are either self-
limited or easily converted with vagal maneuvers. If sup-
pressive drug therapy is indicated, depending on the likely 
diagnosis, various medications may be used, including dig-
oxin, β-blockers, verapamil, flecainide, sotalol, and amiodar-
one (Table 55.5). The last three agents are more potent 

Table 55.4 Intravenous antiarrhythmic agents.

Agent  Dosage  Comments

Verapamil 0.1–0.2 mg kg−1 i.v., 5–10 mg maximum Beware of hypotension

Definitely contraindicated under 6 months of age, probably under 12 months of 

age

Do not give with β-blockers

Esmolol 500 μg kg−1 over 1 min, then 50–250 μg kg−1 min−1 

continuous infusion

Monitor pulse, blood pressure

Contraindicated in those with asthma and those with congestive heart failure

Do not give with verapamil

Procainamide 10–15 mg kg−1 i.v. over 30 min May cause hypotension; continuous monitoring is essential

Cardiology guidance is recommended

Digoxin 10 μg kg−1 i.v. as initial load Do not use in hypokalemia or if digoxin toxicity is suspected

Second dose in 6 h, third at 24 h

Lidocaine 1–2 μg kg−1 i.v. over 15 min Continuous infusion 30–50 μg kg−1 min−1

Phenylephrine 0.02 mg kg−1 i.v. slowly Used for raising blood pressure and eliciting a baroreceptor vagal reflex

Adenosine

 

 Starting i.v. dose: 0.05 mg kg−1; double dose 

repeatedly until effect is seen, to maximum 

of 0.4 mg kg−1

 Contraindicated in pre-existing second- or third-degree AV block without 

pacemaker

Use with caution in severe asthma; half-life is 10 s in serum
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antiarrhythmic agents than the others and are associated 
with increased risk of side effects.

Intracardiac catheter ablation techniques during cardiac 
catheterization using radiofrequency energy are available 
for pediatric patients with nearly all forms of abnormal tach-
ycardia and may be offered to ease life-threatening tachycar-
dia. In older children this treatment may be used as an 
alternative to long-term medication therapy, or in younger 
children it may be used when medication fails to control the 
tachycardia.

Finally, in selected patients who are found to have life-
threatening ventricular arrhythmias not amenable to abla-
tion and not reliably prevented or controlled by medication, 
the use of implantable cardioverter–defibrillators may be 
appropriate. These devices are implanted in a procedure sim-
ilar to that used for pacemaker implantation, and they detect 
and terminate dangerous ventricular arrhythmias either by 
rapid pacing or by the delivery of a high-voltage shock to the 
heart.

Bradycardia
The hemodynamic effect of a slow heart rate depends on the 
difference from the patient’s usual heart rate. Sudden heart 
rate decreases may be poorly compensated by increases in 
stroke volume, particularly in those with limited cardiac 
function. Moderate sinus bradycardia in normal children 
rarely necessitates treatment. Underlying causes, such as 
hypothyroidism, should be corrected. Patients with third-
degree AV block and those with severe sinus node dysfunc-
tion may require permanent artificial cardiac pacing. The 
occurrence of symptoms (over and above the symptom of 
palpitations) such as syncope, exercise intolerance, or 
 dizziness prompts pacing. With severe sinus node dysfunc-

tion, pacing may be required if the patient is to be given 
antiarrhythmic agents to suppress episodes of tachycardia 
because of the danger that such medications will worsen 
sinus node dysfunction. Patients with persisting complete AV 
block as a result of cardiac surgery generally require pacing, 
even in the absence of symptoms. Prophylactic cardiac pac-
ing may be recommended in completely asymptomatic 
patients with complete congenital AV block who are at 
greater risk for progressing to syncope or sudden death.

Therapy for specific tachyarrhythmias

Accessory pathway tachycardia (including 
Wolff-Parkinson-White syndrome)
Acute and chronic treatment can be directed at either the 
anterograde AV node conduction or the retrograde accessory 
pathway conduction. β-Blockers, digoxin, or calcium chan-
nel blockers affect the anterograde limb of the re-entrant 
circuit. The retrograde accessory pathway conduction is 
affected by procainamide or flecainide [62]. Long-term man-
agement depends on the severity of the problem and the 
frequency of the attacks. For children with rare, mildly 
symptomatic attacks of supraventricular tachycardia that are 
easily terminated, we advise no treatment at all. Infants and 
children with more frequent or symptomatic attacks are 
treated initially with β-blockers. Digoxin is used only if there 
is no evidence of pre-excitation in sinus rhythm. About one-
third of adults with pre-excitation treated with digoxin have 
a shortening of the anterograde ERP of the accessory path-
way, which could be dangerous if atrial fibrillation develops. 
Although atrial fibrillation is uncommon in infants and 
 digoxin has been used for years to treat children with 

Table 55.5 Oral antiarrhythmic medications.

Agent  Dosagea  Comments

Propranolol 0.25–1 mg kg−1 p.o. every 6 h Observe for wheezing and symptoms of hypoglycemia

Atenolol 0.5–2 mg kg−1 per day p.o. divided every 8 h

Procainamide 50–100 mg kg−1 per day p.o. divided every 8 h Monitor both procainamide and N-acetylprocainamide levels

Quinidine sulfate 30–60 mg kg−1 per day p.o. divided every 6 h

Flecainide 50–200 mg m−2 per day p.o. divided every 12 h or 

6.7–9.5 mg kg−1 per day divided every 8 h

Flecainide levels >1.0 mg ml−1 correlate with toxic effects

Mexiletine 1.4–5.1 mg kg−1 p.o. every 8 h

Digoxin 10 mg kg−1 p.o. as initial load Second dose in 6 h, 

third in 24 h; reduce dosage in premature infants

Do not use in hypokalemia or if digoxin toxic reaction is 

suspected

Sotalol 2–8 mg kg−1 per day p.o. divided every 8 h Torsades de pointes is likely with hypokalemia. Monitor ECG 

for QT prolongation

Amiodarone  5 mg kg−1 p.o. b.i.d. × 2 weeks, then 2.5 mg kg−1 p.o. b.i.d.  Monitor thyroid and pulmonary function

ab.i.d., twice per day; p.o., orally.
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 pre- excitation, with few if any documented problems, some 
reports suggest the possibility of sudden death in infants 
treated with digoxin [63].

Transcatheter ablation of the accessory pathway is 
increasingly being used as first-line therapy in children. Its 
use in infants is still limited because of complications of per-
foration, AV block, and damage or occlusion of major coro-
nary arteries. In addition, the natural history of accessory 
pathway tachycardia in infancy is favorable: 75–90% have 
spontaneous resolution of tachycardia by 12 months of age 
[64]. Ablation is reserved for patients with life-threatening, 
medically refractory tachycardias, as in those with PJRT 
and dramatically compromised left ventricular function.

Atrioventricular node re-entry tachycardia
Short-term treatment of AV node re-entrant tachycardia is 
directed at achieving a brief episode of AV block. Neonates 
might respond to vagal maneuvers or rectal stimulation. If 
vagal measures fail, the first choice of medication is  intra venous 
adenosine. Other effective treatments include intravenous 
esmolol or digoxin, and esophageal or intracardiac atrial over-
drive pacing is effective. Neonates with refractory AVNRT also 
respond to electrical synchronous cardioversion.

The natural history is unknown, but the condition may 
well disappear with time. Therefore, it is reasonable to treat 
such infants with antiarrhythmic medications for several 
years with the hope of avoiding transcatheter ablation.

Persistent junctional reciprocating tachycardia
Treatment of children with PJRT is challenging. In addition 
to the techniques and drugs used for children with WPW 
syndrome, amiodarone is often effective, and spontaneous 
resolution is occasionally observed [3].

Atrial flutter
Therapy is directed towards either converting the flutter to 
sinus rhythm or limiting the ventricular response. Vagal 
maneuvers can convert the rhythm. Digoxin, propranolol, 
or esmolol can slow the ventricular response and assist in 
converting the tachycardia.

Procainamide can convert the tachycardia, but may slow 
the atrial rate without converting the rhythm. If the faster 
atrial rate is associated with variable AV conduction, the 
slower rate can allow 1:1 AV conduction, paradoxically 
increasing the ventricular rate. For this reason, procaina-
mide should be used only after a drug, such as digoxin, that 
limits AV conduction has been given.

If immediate tachycardia conversion is necessary, the first 
choice is esophageal atrial overdrive pacing. This method is 
effective, particularly in small children, and does not require 
anesthesia. In postoperative cardiac surgical patients, tempo-
rary atrial pacing wires can be used. If this method fails or is 
unavailable, electrical cardioversion with deep sedation or 
anesthesia will be effective.

For long-term treatment, the first choice is oral digoxin or 
propranolol. If this therapy fails, sotalol, is given three times 
per day [65]. Other choices are flecainide, two or three times 
per day, or propafenone, three times per day.

Atrial flutter in the newborn period often disappears 
within the first 6 months of life. Traditionally, such infants 
have been treated with digoxin for 1 year; after conversion 
they can probably be followed without medication.

Atrial ectopic tachycardia
Treatment of AET is difficult, and rate control may be the 
only achievable response to therapy. The atrial focus may be 
slowed by β-blockers, flecainide, or propafenone or by 
class III agents, such as sotalol and amiodarone. The goal of 
treatment is to protect against the subsequent development 
of tachycardia-induced cardiomyopathy. Intervention to 
cure the tachycardia, either by radiofrequency ablation or 
cryoablation, or by surgical cryoablation, should be per-
formed at the earliest echocardiographic signs of reduced 
cardiac function [5].

Junctional ectopic tachycardia
The pharmacologic approach to AET can also be effective in 
treating JET. Although no agent is reliably effective in treat-
ing this arrhythmia, amiodarone is often effective. In 
selected patients, transcatheter ablation can eliminate the 
junctional focus. In very small infants, the proximity of the 
JET focus to the AV node increases the risk of causing com-
plete AV block at the ablation. This risk is likely lower with 
cryoablation. Permanent pacemaker implantation is used in 
the sickest infants who have not responded to antiarrhyth-
mic agents [10].

Postoperative JET is usually seen in infants with low car-
diac output. JET could be caused by the poor cardiac output 
or could contribute to the hemodynamic compromise. 
Intravenous amiodarone is widely used for JET. Surface 
cooling can slow the junctional rate, allow effective AV 
sequential pacing, and restore AV synchrony, which often 
improves the cardiac output. Unlike congenital JET, postop-
erative JET is transient and resolves as the myocardium 
recovers [66].

Ventricular tachycardia
Pharmacologic suppression of ventricular tachycardia, when 
induced by catechol stimulation, includes the use of moder-
ate to high doses of β-blocking medications. When unsuc-
cessful, or when the ventricular tachycardia does not depend 
on catecholamine stimulation, class I agents, such as mexile-
tine, and flecainide can be used. Class III agents, such as 
sotalol and amiodarone, might also be effective. Infants with 
accelerated ventricular rhythm probably do not require 
treatment, because the tachycardia rate is not fast enough to 
produce hemodynamic compromise and the rhythms usu-
ally resolve by several months of age [12].
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Premature beats
Premature beats of any kind without tachycardia rarely need 
treatment. Ventricular premature contractions may occa-
sionally require treatment when
1 The contractions are multiform.
2 The contractions occur in couplets or in short runs of ven-
tricular tachycardia.
3 The contractions follow a recently converted ventricular 
tachycardia.
4 The contractions exhibit the “R on T” phenomenon (i.e., 
they fall repeatedly on the early part of the T wave of the 
preceding beat).

Decisions concerning treatment of premature beats are dif-
ficult and should be made in consultation with a cardiologist. 
Possible inciting factors, such as drugs, hypoxia, and acidosis, 
should be corrected. If ventricular premature contractions 
require emergency treatment, the agent of choice is lido-
caine, given by a continuous intravenous infusion. Bretylium 
has also been used to terminate ventricular tachycardia.
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56 Syncope

John R. Phillips & Larry A. Rhodes
Robert C. Byrd Health Sciences Center, West Virginia University College of Medicine, Morgantown, 
WV, USA

Syncope, a transient loss of consciousness, is a common 
 disorder affecting ∼35% of the population at least once in 
their lives [1,2]. Symptoms often begin during adolescence 
and are recurrent [3], so that syncope is a common pediatric 
problem causing anxiety and concern for patients and par-
ents alike. Vasovagal (neurocardiogenic) syncope is by far 
the most common cause of syncope in the community [4]. 
Syncope is best defined as a transient, self-limited loss of 
consciousness and postural control with a relatively rapid 
onset and recovery. More often than not, the syndrome is 
benign but may be a harbinger of complex medical prob-
lems, such as cardiac arrhythmias, structural heart disease, 
or neurologic disorders. In many circumstances, syncope 
may be the first symptom indicating those at risk for sudden 
cardiac death. Physicians must differentiate benign syncope 
from more life-threatening conditions. This chapter reviews 
the differential diagnosis of syncope in children and adoles-
cents and concentrates on evaluating and treating vasovagal 
syncope.

Incidence and age at presentation

Several studies have attempted to identify the incidence and 
age at presentation of syncope. Syncope most often presents 
during adolescence with the age centered about 13 years [3]. 
In 1997, Driscoll et al. reported that patients seeking medical 
attention for syncope had an incidence rate of 125.8 per 
100 000 with a peak age range between 15 and 19 years [5]. 
The incidence in girls (166.3 per 100 000) was higher than 
that in boys (92.9 per 100 000). A study of medical students 
under 22 years of age found a modal age of first syncope of 
13–15 years [1]. Very few patients in either study were <7 
years of age at onset of syncope. Lifetime prevalence of syn-
cope has been reported to range from 7% [6] to 39% [1], 

again with females affected more often than males. Studies 
of military personnel in early adulthood suggest a prevalence 
of 20–32% [7,8].

Causes of syncope

The brain requires an adequate supply of oxygen and 
 glucose to function normally. Decreases in the steady supply 
of oxygen and glucose to the brain may lead to syncope or 
presyncope. The causes of syncope are numerous and can be 
categorized as circulatory, metabolic, or neuropsychologic 
(Table 56.1). Metabolic and neuropsychologic disorders that 
cause syncope are beyond the scope of this chapter. We con-
centrate on circulatory abnormalities leading to syncope.

Cardiac syncope
The mechanism of cardiac syncope is decreased cardiac 
 output and, subsequently, blood flow to the brain. Cardiac 
 syncope results from severe obstructive lesions, myocardial 
dysfunction, and arrhythmias. Obstructive lesions include 
severe aortic or pulmonary stenosis, obstructive hyper-
trophic cardiomyopathy, and pulmonary hypertension. 
Although rare, myocardial ischemia or infarction second-
ary to coronary artery anomalies, Kawasaki disease, and 
congenital or acquired cardiomyopathies may cause myo-
cardial dysfunction and produce decreased cardiac output 
and cardiogenic syncope. Extreme tachycardia or brady-
cardia can decrease cardiac output and lower cerebral 
blood flow, causing syncope. Cardiac structure and func-
tion are often normal in young people with arrhythmias 
but congenital channelopathies, such as long QT syndrome 
and Brugada syndrome, predispose patients to malignant 
ventricular tachyarrhythmias. Conversely, severe bradycar-
dia, as in congenital complete heart block and congenitally 
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 corrected transposition of the great arteries, may also 
decrease cardiac output.

Unlike vasovagal syncope, a cardiac cause of syncope 
should be considered particularly if syncope occurs with the 
patient recumbent, during exercise, or is associated with 
chest pain. Furthermore, a cardiac etiology should be con-
sidered if the patient has a history of repaired or unrepaired 
congenital heart disease or family history of sudden death. 
Pacemaker malfunction should be considered where appro-
priate.

Extracardiac syncope
Extracardiac causes of syncope include vasovagal syncope, 
orthostatic hypotension, situational syncope (after swallowing, 
urination, coughing, or defecation), carotid sinus hypersensi-

tivity, failure of venous return, and cerebrovascular occlusive 
disease including subclavian steal. Of all causes of syncope, 
vasovagal syncope, also called vasodepressor, neurocardio-
genic, or common syncope, is by far the most common. It 
results from inappropriate output from the autonomic nervous 
system leading to symptomatic changes in blood pressure and 
heart rate. These changes typically occur while the patient is 
standing but may develop during emotional stress (e.g., speak-
ing performances or standing at the altar), or after noxious 
stimuli such as phlebotomy or an unpleasant sight. A pro-
drome of dizziness is common. Others complain of an aura, 
such as flashing lights, changes in hearing (rushing sound), 
tunnel vision, or nausea. The blood pressure falls, the heart 
rate slows, and the subject becomes pale and loses conscious-
ness. Injury from falling is rare. Repeated myoclonic jerks are 
common, and may lead to the misdiagnosis of epilepsy. True 
tonic–clonic seizures are rare if the patient is supine, and there 
is no incontinence.

Despite years of investigation, a complete understanding 
of the pathophysiology of vasovagal syncope remains elu-
sive. Several mechanisms have been proposed. The first is 
that vasovagal syncope occurs as the result of an abnormal 
physiologic response to venous pooling in the lower extrem-
ities while standing. To understand this, consider the normal 
response to venous pooling in the legs. In a normal adult, 
∼500 ml of intravenous volume is displaced into the lower 
extremities during standing [9]. This is equivalent to ∼10 ml 
per kilogram in a child [10]. With venous pooling, the cen-
tral venous volume is decreased, as is left ventricular preload. 
The decreased ventricular filling reduces the stretching of 
mechanoreceptors in both atrial and ventricular tissues [5,9]. 
The resultant decreased signaling from the C fibers reflexly 
increases sympathetic tone and, subsequently, elevates heart 
rate and peripheral vascular resistance [11–13]. The atrial 
afferents are myelinated and arise from the junction of the 
vena cava and pulmonary veins within the atria [12]. They 
appear to be sensitive to central volume changes and insen-
sitive to myocardial contractility [11,13]. The ventricular 
afferents are unmyelinated, slowly conducting C fibers sen-
sitive to contractility and end-diastolic pressure [12]. With 
decreased stretching, there is less signaling from C fibers to 
the brain stem, leading to a reflex increase in sympathetic 
output [11–13].

In patients with vasovagal syncope, this reflex is abnor-
mal. These patients experience a decrease in sympathetic 
tone and an increase in parasympathetic tone leading to 
hypotension and bradycardia [11]. The exact abnormality in 
the reflex is not fully understood. One proposed mechanism 
is that a decrease in left ventricular preload increases con-
tractility, which then raises the intracavitary pressure. This 
pressure increase stimulates the left ventricular mechanore-
ceptors and in turn elevates parasympathetic tone [11]. The 
role of left ventricular mechanoreceptors in this reflex has 
been demonstrated in work by Oberg and Thoren [14]. They 

Table 56.1 Causes of syncope.

Circulatory
Cardiac causes

 Obstructive lesions

  Aortic stenosis

  Pulmonic stenosis

  Hypertrophic cardiomyopathy

  Pulmonary hypertension

 Myocardial dysfunction and ischemia

  Coronary artery anomalies

  Kawasaki disease

  Congenital and acquired cardiomyopathy

 Arrhythmias

   Ventricular tachycardia (long QT syndrome, Brugada syndrome, 

   arrhythmogenic right ventricular dysplasia, catecholamine-induced 

   ventricular tachycardia)

  Supraventricular tachycardia (Wolff–Parkinson–White syndrome)

   Bradycardia (sick sinus syndrome, atrioventricular heart block, 

   pacemaker malfunction)

Extracardiac causes

 Vasovagal syncope

 Orthostatic hypotension

 Situational (swallowing, micturition, defecation, cough)

  Failure of venous return (increased intrathoracic pressure, 

  hypovolemia, hemorrhage)

 Cerebrovascular occlusive disease

 Subclavian steal

Metabolic
Hypoglycemia

Hyperventilation syndrome

Hypoxia

Acidosis

Neuropsychologic
Epilepsy

Brain tumors

Hysteria and anxiety disorders

Pseudoseizures

Migraine headaches
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documented an initial decline followed by a marked increase 
in ventricular mechanoreceptor activity in cats subjected to 
experimental hemorrhage or occlusion of inferior vena cava 
blood flow leading to decreased ventricular filling [14]. They 
proposed that the underfilled left ventricle became distorted, 
activating the mechanoreceptors, which in turn fed back to 
the brain stem, causing a reflex withdrawal of sympathetic 
tone and an increase in parasympathetic tone [14]. Similar 
mechanisms may operate in the syncope that occurs in some 
patients with left or right ventricular outflow obstruction. 
A variation of this hypothesis suggests that there may be an 
initial increase in sympathetic tone contributing to this 
reflex. This is supported by the finding that patients with 
vasovagal syncope often have an increase in heart rate and 
arterial blood pressure immediately before syncopal episodes 
[15–17], in addition to increased levels of urinary catecho-
lamines before the event [18].

The heart rate and blood pressure responses that accom-
pany standing have also been evaluated in children [19]. In 
normal children, standing leads to an initial decrease in 
systolic and diastolic blood pressures followed by an increase 
in both pressures and an increase in heart rate. As the child 
continues to stand, the systolic blood pressure returns to 
baseline with the diastolic blood pressure and heart rate 
remaining elevated for as long as 2 min. In individuals sus-
ceptible to syncope, standing produces an exaggerated 
decrease in systolic and diastolic blood pressure and, in some, 
a paradoxical decrease in heart rate.

A second possible mechanism for vasovagal syncope may 
involve central triggers that lead to bradycardia and hypoten-
sion. Neurohormonal agents other than catecholamines may 
play an important role in leading to the depressor response in 
neurally mediated syncope. Increased levels of β-endorphin 
were found in patients with vasovagal syncope [20] and in 
hemorrhagic shock [21,22]. Evans et al. found that hypoten-
sion could be prevented in hemorrhagic shock by giving 
naloxone intracisternally [21]. Serotonin, a central mediator, 
may also play a role in vasovagal syncope. Animal studies 
have suggested that serotonin may lead to the depressor 
response in hemorrhage [23]. In a study by Abboud and 
Thames, intracerebrovascular serotonin induced hypoten-
sion and changes in renal sympathetic nerve activity and may 
have acted centrally to inhibit sympathetic activity [12].

Recently, implantable loop recorders (ILRs) have been 
placed in adults to establish the mechanism of vasovagal 
syncope. The International Study of Syncope of Uncertain 
Etiology (ISSUE) evaluated adult patients without structural 
heart disease or identifiable causes of syncope and negative 
or positive tilt-table testing with ILRs [24]. The most fre-
quent finding was prolonged asystolic pauses preceded by 
progressive bradycardia recorded in 46% of tilt-negative 
patients and 62% of tilt-positive patients. Bradycardia with-
out pauses was observed in 8 and 12% of patients, respec-
tively. Another study of ILR showed that 69% of patients 

had bradycardia during syncope [25]. These studies offer 
insight into the predominant cardiac rhythm during syncope 
but not an understanding of the pathophysiology of the 
bradycardia.

Evaluation of the patient 
with syncope (Figure 56.1)

History
Evaluating a child or adolescent with syncope begins with a 
thorough medical history that should include a precise, 
detailed account of the events surrounding the episode, 
including the type of activity engaged in prior to the epi-
sode. In particular, the occurrence of syncope during or 
immediately following exercise is a very important observa-
tion, as it strongly suggests a cardiac etiology. Important points 
include any prodromal symptoms, such as nausea, vomiting, 
palpitations, visual aura, auditory changes, or dizziness. 
A complete history may be difficult to obtain from a patient 
because of amnesia around the event. If so, efforts should be 
made to obtain eye-witness accounts. Helpful information 
includes an assessment of the patient’s appearance, such as 
pallor or cyanosis before and during the event. An estimate of 
the duration of the syncopal episode is important. In general, 
vasovagal syncope is brief, in contrast to cardiac syncope. 
Abnormal movements, seizure activity, or abnormal postur-
ing during the period of unconsciousness should be docu-
mented. The patient’s mental status after an episode may 
help in devel oping a differential diagnosis. Other important 
historical data are illness around the time of the event, oral 
intake in the preceding 24 h, medications taken, and previ-
ous similar episodes.

A key element of the past medical history is a careful 
account of drugs that the patient may be using, including 
over-the-counter, recreational, and prescription medications. 
History of prior medical problems including cardiac and psy-
chological illness should be obtained. A complete review of 
systems with special concentration on the cardiovascular and 
neurologic systems should be made. Finally, and perhaps 
most importantly, a detailed family history should also be 
elicited, particularly of congenital heart disease, arrhythmias, 
sudden death, and neurologic or psychologic disorders. In 
addition, specific questioning regarding hypertrophic cardio-
myopathy, long QT syndrome, drowning, and pacemaker or 
defibrillator placement should be made. A social history is 
important in ascertaining the possibility of substance abuse, 
pregnancy, or factors leading to a conversion reaction.

Physical examination
A complete physical examination is performed. When examin-
ing the patient during and immediately after syncope, docu-
ment heart rate, blood pressure, respiratory effort, and motor 
movements consistent with seizure activity. After a syncopal 
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event, evaluate blood pressure and heart rate with the patient 
supine and standing to exclude orthostatic hypotension or 
tachycardia. Signs of trauma or drug abuse are sought. 
Neurologic examination should be complete, including looking 
for papilledema or other signs of increased intracranial pres-
sure. Cardiovascular examination includes palpation of the 
patient’s pulses for rhythm and quality. A thorough ausculta-
tory examination evaluates rhythm, characteristics of the heart 
sounds, and murmurs. This portion of the examination should 
be performed with the patient both sitting and supine, and 
with use of standing, squatting, and the Valsalva maneuver 
to enhance findings of mitral valve prolapse or hypertrophic 
cardiomyopathy. Particular attention should be given to the 
second heart sound to identify pulmonary hypertension.

Subclavian steal is an exception because it produces local 
cerebral ischemia with a normal cardiac output and blood 
pressure. The occurrence of syncope with arm exercise, 
especially in a patient with a Blalock–Taussig shunt, suggests 
this diagnosis. A blood pressure difference between the two 
arms is confirmatory.

Laboratory tests
Further testing is directed towards the patient’s specific 
symptoms and physical examination findings. If a neurologic 
cause is being considered, a complete evaluation by a pediat-
ric neurologist is indicated. If substance abuse or intoxica-
tion is suspected, a toxicology screen is performed. Other 
possible laboratory evaluations include serum electrolyte, 
blood urea nitrogen, creatinine, and glucose determinations 
as a screen for metabolic abnormalities. Serum or urine con-
centration of human chorionic gonadotropin β subunit can 
exclude pregnancy. Abnormal laboratory values of dehydra-
tion may not be found with the patient having a normal 
BUN, hemoglobin, or urine specific gravity.

A 12-lead electrocardiogram is reviewed for heart rate, 
rhythm, and conduction abnormalities, such as heart block 
and pre-excitation. PR, QRS, and corrected QT intervals 
should be measured. If syncope is associated with exercise, 
an exercise stress test may be performed, and the origin of 
the coronary arteries must be established by echocardiog-
raphy or other imaging modality, to exclude a coronary 
artery anomaly. If an arrhythmia is suspected, 24 h ambu-
latory monitoring (Holter) or event monitoring (external 
or implanted) should be performed. A complete electro-
physiologic study is considered if the Holter monitoring 
suggests an arrhythmia. In patients with a history of 
 recurrent or atypical syncope, a tilt-table evaluation may 
be performed.

Tilt testing
Over the past decade, the use of tilt-table testing in evaluat-
ing patients with syncope has declined significantly, owing 
to inconsistency in tilt protocols and concerns about the 
 sensitivity and specificity of the test. Protocol variations 

include the length of the study, the inclination of the table, 
the type of blood pressure monitoring (invasive versus 
noninvasive), the measurement of serum catecholamines, 
and the use of provocative medications, such as isoproter-
enol or epinephrine. Previously, the type of response to tilt 
testing was important in the management strategy. 
Determining the exact mechanism of noncardiac syncope 
may not be necessary to treat the patient successfully. Many 
cardiologists use tilt-table testing only for patients with a 
history inconsistent with a vasovagal mechanism or who 
have failed conventional therapy. It may help if a patient 
reports the same sensations as occurred before the syncopal 
event.

Treatment

This section discusses the treatment of children and adoles-
cents with vasovagal syncope. Fortunately, most patients 
with vasovagal syncope require only lifestyle modification 
by increasing daily salt and fluid intake to treat their symp-
toms [26]. The remainder may need other measures, includ-
ing dietary modification, physical training, medication and 
even pacemaker implantation. A recent review of current 
treatments by Kuriachan, Sheldon, and Platonov nicely out-
lined treatment effect, rated that effect, and summarized the 
evidence to substantiate their claims [27]. Their recommen-
dations are outlined below.

Physical and lifestyle treatments

Increased salt and fluid
A 64 oz intake of noncaffeinated fluid per day and liberaliz-
ing dietary salt are primary therapy for vasovagal syncope. 
Up to 90% of adolescents with a previously positive tilt test 
who receive oral fluid therapy are free from recurrence [26]. 
Most patients with an initial positive tilt test have a negative 
repeat test after receiving increased fluid and salt supple-
ments. The usual adult dose of salt tablets is 6–9 g per day. 
Side effects of salt tablets include stomach upset and bloat-
ing. Salt supplements are contraindicated in those with 
hypertension, renal dysfunction, or cardiac dysfunction. For 
those without contraindications to salt therapy, recom-
mending salty foods, such as a bag of salted pretzels, may be 
sufficient.

Recommendation: In the absence of contraindications, liber-
alization of fluid and salt should be undertaken. This therapy 
is probably helpful with a moderate amount of evidence to 
support the claim [27].

Exercise training
Although exercise training acutely increases blood vol-
ume, there is limited evidence that shows improvement of 
 syncope.
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Recommendation: The benefits of exercise are well known 
and should be encouraged. The evidence in support a benefit 
of exercise in preventing syncope is weak [27].

Physical counterpressure maneuvers
Physical counterpressure maneuvers consist of isometric 
muscle contractions performed by presyncopal patients 
to prevent syncope. Leg crossing, pulling apart gripped 
hands, or squats are such maneuvers that increase cardiac 
output and arterial blood pressure while reducing peri-
pheral resistance. Patients practicing these techniques 
decrease the number of subsequent syncopal episodes 
[28]. Although some patients have insufficient prodro-
mal symptoms to perform counterpressure maneuvers, 
these maneuvers are easy to teach, without side effects, 
and free.

Recommendation: All patients should be taught these 
techniques to prevent syncope. Counterpressure tech-
niques are probably helpful with good evidence to sup-
port the claim [27].

Tilt-test training
Because the reproducibility of tilt testing is inconsistent, 
researchers speculated that a training effect may be the cause 
[29]. To test the theory, patients were either tilted daily until 
tilt testing was negative or asked to stand against a wall at 
home for 30–60 min daily. Some studies demonstrated an 
encouraging effectiveness of the training with up to 82% 
freedom from recurrent syncope over 43 months. Other ran-
domized trials, however, failed to corroborate these findings, 
and the compliance of long-term home training was brought 
into question.

Recommendation: Whether poor results are due to poor 
compliance or inefficacious therapy, orthostatic training in 
not currently recommended for routine use. Evidence sug-
gests that it is probably unhelpful [27].

Pharmacological therapy

Fludrocortisone
Fludrocortisone is a mineralocorticoid steroid that stimu-
lates the retention of sodium chloride and intravascular 
 volume. Fludrocortisone prevented syncope in 90% of chil-
dren and adolescents in one study [30]. With the use of 
salt, fludrocortisone, and increased fluid intake, significant 
changes in serum electrolyte concentrations, especially 
hypokalemia, may require monitoring and possible interven-
tion. Hypertension and weight gain associated with the addi-
tional salt and fluid retention may result. This change in body 
weight may be secondary to normal growth of adolescence 
or related to increased fluid intake and retention, and may 
hinder successful treatment in this age group as they are sen-
sitive to even minor increases in weight. More recently, a 

randomized, double-blinded, placebo-controlled study found 
that children receiving fludrocortisone were more sympto-
matic than children treated with placebo [31]. A randomized, 
controlled clinical trial is under way to evaluate the effective-
ness of fludrocortisone in treating adults with syncope [32].

Recommendation: Fludrocortisone may be prescribed in fre-
quently symptomatic patients but the effect is debatable and 
the evidence for its use is weak [27].

b-adrenergic blockers
A second treatment approach is β-adrenergic blockers. 
Theoretically, the negative inotropic effect of β-blockers may 
offset increased ventricular contractility seen as part of the 
abnormal reflex in vasovagal syncope or block the effect of 
circulating epinephrine, a possible central trigger of the 
abnormal vasovagal reflex. β-Blockers are well tolerated in 
children but must be used with caution in patients with 
reactive airway disease and depression. Side effects include 
depression, decrease in school performance, and fatigue.

Initially, the efficacy of β-blockers in preventing recurrent 
syncope in adults was encouraging, ranging from 71 to 100% 
[33–37]. Later, the results of five randomized clinical trials 
on the efficacy of β-blockers for the prevention of syncope 
were basically negative [38]. In 2006, a randomized, place-
bo-controlled, double-blinded trial assessing the usefulness 
of metoprolol in preventing syncope showed no benefit 
compared with placebo [39].

Recommendation: There is good evidence to show that the 
use of β-adrenergic blockers is probably unhelpful and they 
should not be used as first-line therapy [27].

Midodrine
α-Adrenergic agonists, such as midodrine, are another class 
of medications used to treat vasovagal syncope in young 
people. Decreased venous return to the heart while standing 
may be related to venodilatation and venous pooling. 
α-Adrenergic agents increase venous tone by direct sympa-
thetic stimulation. Arterial vasoconstriction leads to increased 
systemic vascular resistance, blocking systemic hypotension 
[40]. These potential advantages have been verified in chil-
dren and adults with vasovagal syncope. A randomized, 
open-label trial of children with at least three syncopal epi-
sodes per year showed a recurrence rate of 20% in those 
receiving midodrine compared with 80% in the control 
group [41]. A randomized crossover placebo-controlled 
study of midodrine reported a reduction in symptoms and 
positive tilt testing in adults receiving midodrine compared 
with the placebo group [38].

The use of midodrine in children and adults shows both 
short- and medium-term therapeutic success. The drug is 
well tolerated, with side effects including supine hyperten-
sion, nausea, scalp paresthesias, piloerection, and rash. The 
side effects are dose related and reversible. Midodrine is con-
traindicated in patients with hypertension or heart failure.
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Recommendations: There is good evidence to show that 
midodrine is probably helpful in adult and pediatric patients 
with frequent syncope and should be used as a first-line 
therapy [27].

Selective serotonin uptake inhibitors (SSRIs)
The final class of medications prescribed in treating vasova-
gal syncope is the serotonin uptake inhibitors, including 
fluoxetine hydrochloride (Prozac) and sertraline hydrochlo-
ride (Zoloft). These agents have antidepressant properties 
and have been used in patients with vasovagal syncope 
refractory to conventional medications [42]. The abolition of 
the vasodepressor response by depletion or receptor block-
ade of serotonin has been well described in animal models of 
acute hemorrhage [22,43]. Although the exact mechanism 
of action of serotonin uptake inhibition in the treatment of 
vasovagal syncope is not fully understood, it is probably 
related to a similar decrease in the serotonin-mediated vaso-
depressor response. On the basis of findings in patients with 
clinical depression treated with fluoxetine hydrochloride in 
whom vasovagal syncope was alleviated, Grubb et al. studied 
the effects of sertraline hydrochloride therapy in pediatric 
patients with vasovagal syncope whose conventional ther-
apy had failed [42]. A beneficial response to treatment with 
sertraline hydrochloride was found in 53% of the patients. 
Side effects included nausea, diarrhea, headache, and mild 
insomnia. A more recent randomized, placebo-controlled 
study reported equal effects between fluoxetine, propranolol, 
and placebo [44]. Therefore, the evidence suggesting that 
SSRIs are useful in the treatment of vasovagal syncope are 
mixed at best.

Recommendations: The evidence supporting the use of SSRIs 
in treating vasovagal syncope is debatable, with a moderate 
amount of evidence suggesting that SSRIs should not be 
used as initial treatment for vasovagal syncope [27].

Pacemaker therapy
A final therapeutic option is the use of cardiac pacing in 
patients with recurrent syncope. Pacing patients with vas-
ovagal syncope is a class IIb indication as described by the 
American College of Cardiology/American Heart Association/
Heart Rhythm Society 2008 guidelines [45]. The guidelines 
state: “Permanent pacing may be considered for significantly 
symptomatic vasovagal syncope associated with bradycardia 
documented spontaneously or at the time of tilt-table test-
ing.” The guidelines state that pacing is a class III indication 
and not indicated for “situational vasovagal syncope in which 
avoidance behavior is effective and preferred.” Whether the 
subset of patients with vasovagal syncope associated with 
asystolic pauses would benefit from pacing remains unknown 
and is being studied [46]. It should be noted that even 
though pacing may prevent the bradycardia, it will have no 
effect on marked arteriolar vasodilatation caused by sympa-
thetic inhibition.

Recommendation: Permanent pacemakers should not be 
used routinely to treat vasovagal syncope. The clinician may 
consider pacing in highly symptomatic patients failing drug 
therapy with documented asystole during syncope.

Conclusion

For the most part, particularly in children and adolescents, 
vasovagal syncope is benign and improves with time. First-
line therapy is directed at liberalization of fluids and increased 
dietary salt. An intake of 64 oz of noncaffeinated fluid per 
day and increased salt intake were suggested [27]. The 
patient should be instructed that the goal of therapy is to 
keep the urine clear and avoid the sensation of thirst. Since 
syncope is common in the adolescent, a letter allowing the 
patient to carry a water bottle to school and allowing fre-
quent restroom breaks is recommended to ensure compli-
ance with the protocol. Counterpressure measures including 
leg crossing and squatting should be advised to all patients, 
particularly those with extended prodromal symptoms. For 
patients requiring pharmacologic management, midodrine is 
likely the most efficacious first-line therapy based on avail-
able evidence. Routine use of β-blockers, SSRIs, fludrocorti-
sone, and pacemakers is discouraged. In patients with 
recurrent and refractory syncope or an atypical presentation 
and history, the clinician must consider those diagnoses that 
place the patient at increased risk for sudden cardiac death.
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During the past several years, interest and concern have 
heightened considerably in the medical community and the 
lay public regarding the causes of sudden and unexpected 
death in young trained athletes [1–17]. The risks associated 
with participation in organized competitive sports are diverse 
and range from sudden collapse due to underlying (and unu-
sually unsuspected) cardiovascular disease [8–23] to non-
penetrating and often innocent appearing chest blows 
triggering ventricular fibrillation in the absence of structural 
cardiac disease [24–26]. Recognition that athletic field deaths 
may be due to a variety of detectable cardiovascular lesions 
has also stimulated intense interest in defining the most prac-
tical and effective strategy for preparticipation screening of 
largely high-school and college-aged [7–15,27–39] (but also 
professional) athletes [40], and also in the criteria for eligibil-
ity for and disqualification from competitive sports [3,11].

Definitions

A competitive athlete has been defined as one who partici-
pates in an organized team or individual sport requiring 
regular competition against others as a central component, 
places a high premium on excellence and achievement, and 
requires vigorous and intense training in a systematic  fashion 
[41]. This definition can be regarded as somewhat arbitrary 
in that many individuals participate in “recreational” sports 
[42] in a truly competitive fashion.

Causes of sudden death 
in young athletes

Autopsy-based studies have documented the cardiovascular 
diseases responsible for sudden death in young competi-
tive athletes [19–23]. These structural abnormalities are 

 independent of the normal physiologic adaptations in  cardiac 
dimensions evident or in many trained athletes, usually con-
sisting of increased left ventricular end-diastolic cavity 
dimension, or occasionally mild wall thickening [43–46].

About 70% of sudden deaths in young athletes 
(aged <35 years) are due to a variety (more than 20) of 
 primarily congenital cardiovascular diseases (Figures 57.1 and 
57.2) [20–22]. Indeed, virtually any disease capable of causing 
sudden death in young people may potentially do so in young 
competitive athletes [5,6]. Although these conditions may be 
relatively common as causes of young athletes dying  suddenly, 
each is uncommon within the general population [5,6].

Hypertrophic cardiomyopathy
In several autopsy-based studies, the single most common 
cardiac abnormality among the causes of sudden death 
in young athletes is hypertrophic cardiomyopathy (HCM) 
[19–22], usually without outflow obstruction under resting 
 conditions [47–49], accounting for about one-third of such 
catastrophes (Figure 57.2). 

HCM is a primary and familial cardiac malformation with 
heterogeneous clinical and morphologic expression, com-
plex pathophysiology, and diverse natural history [47–49], 
for which >1000 mutations in 11 or more genes encoding 
proteins of the cardiac sarcomere have been reported [50]. 
HCM is the most common of the genetic heart diseases, 
occurring with phenotypic expression in about 1 in 500 of 
the general population [51].

Sudden death in HCM is most common in children and 
young adults, usually in previously asymptomatic individu-
als [48,49]; therefore, such catastrophes are often the first 
clinical manifestation of unsuspected disease. Although 
most patients die while they are sedentary or during mild 
exertion, an important proportion collapse during or just 
after vigorous physical activity [21]. This observation, and 
also the evidence that athletes with HCM usually have 
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Figure 57.1 US National Registry for Sudden Death in 1866 Young 

Athletes [21]. Cardiovascular diseases are the predominant causes 

of sudden deaths in athletes, accounting for about 70%.

Cardiovascular Diseases
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Figure 57.2 Cardiovascular causes of sudden death in young competitive 

athletes, with HCM the most common. aIncludes congenital heart disease 

(n = 8); myocardial infarction (n = 6); Kawasaki disease or related 

conditions (n = 5); sickle cell trait (n = 5); sarcoidosis (n = 4); stroke (n = 3); 

cardiac tumor (n = 1); conduction system disease (n = 2); and miscellaneous 

(n = 2). bRegarded as possible (not definitive) evidence for HCM at autopsy 

with mildly increased LV wall thickness [18 (SD 4) mm] and heart weight 

[447 (SD 76) g]. Ao, aorta; ARVC, arrhythmogenic right ventricular 

cardiomyopathy; AS, aortic stenosis; CM, cardiomyopathy; CAD, 

atherosclerotic coronary artery disease; LAD, left anterior descending; MVP, 

mitral valve disease; WPW, Wolff–Parkinson–White.
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events during training or competition [20–22], supports the 
view that intense physical activity represents a trigger for 
ventricular tachyarrhythmia-related sudden death, and dis-
qualification of athletes with HCM from intense competitive 
sports is prudent [3,11] (Figure 57.3).

Clinical diagnosis of HCM is based on the most  characteristic 
morphologic feature of the disease, namely asymmetric 
thickening of the left ventricular (LV) wall associated with a 
nondilated cavity in the absence of another cardiac or sys-
temic disease capable of producing the magnitude of hyper-
trophy present (e.g., systemic hypertension or aortic stenosis) 
[48,49]. Although most HCM patients may demonstrate 
obstruction to LV outflow (at rest or with physiologic exer-
cise), dynamic gradients are not required for diagnosis [52].

On the basis of echocardiographic, cardiovascular  magnetic 
resonance (CMR), and necropsy analyses in large numbers 
of patients, the HCM disease spectrum is characterized by 
vast structural diversity with regard to the patterns and 
extent of LV hypertrophy [47,53]. Indeed, virtually all 
 possible patterns of LV wall thickening have been reported in 
HCM, and no single phenotypic expression can be consid-
ered classic or typical of this disease. Nevertheless, the HCM 
phenotype is not invariably expressed as a greatly thickened 
LV, and a few genetically affected adults even have normal 
thicknesses (≤12 mm) [48–50].

Some young athletes with segmental hypertrophy of the 
anterior ventricular septum (wall thicknesses 13–15 mm), 
consistent with a relatively mild morphologic expression of 
HCM, may be difficult to distinguish from extreme expres-
sions of physiologic LV hypertrophy, which represents an 
adaptation to systematic training (i.e., athlete’s heart) [4,43–
46]. In asymptomatic, trained athletes within this morpho-
logic gray zone, the differential diagnosis between physiologic 
athlete’s heart and HCM can often be resolved by clinical 
assessment and noninvasive testing (Figure 57.4).

Congenital coronary anomalies
Second in importance and frequency to HCM as a cause of 
athlete sudden death is a spectrum of congenital vascular 
malformations of the coronary arterial circulation (respon-
sible for about 15–20% of young athlete deaths), the 
most common of which is anomalous left main coronary 
artery from the right (anterior) sinus of Valsalva, and less 
frequently anomalous right coronary from the left sinus 
[20–22,54]. Such coronary artery anomalies are difficult to 
detect clinically because they are not consistently associated 
with ECG abnormalities, or because the index of clinical 
suspicion is not sufficiently high. However, these anomalies 
are now recognized with increasing frequency due to 
 penetration of CMR and CT angiography into clinical cardio-
vascular practice [55]. Such diagnostic considerations are 
particularly important since these malformations are rarely 
identified during life, but nevertheless are amenable to 
 corrective surgery.
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Other diseases
Less common causes of sudden death in young athletes are 
responsible for about 5% or less of athlete deaths and include 
myocarditis, dilated cardiomyopathy, aortic dissection and 
rupture due to Marfan syndrome, sarcoidosis, mitral valve 
prolapse, aortic valve stenosis, atherosclerotic coronary 
artery disease, long QT syndrome, and arrhythmogenic right 
ventricular cardiomyopathy/dysplasia (ARVC/D) [20–22] 
(Figure 57.2).

Of note, ARVC/D has been cited as the most common 
cause of sudden death in athletes in the Veneto region in 
northeastern Italy [56]. Although this disease is also a com-
ponent of the US experience with athletic field deaths, its 
frequency is <5% in autopsy-based reports from the United 
States [19–22]. The explanation for such a discrepancy 

between the United States and Italy remains incompletely 
resolved, although it is possible that the difference reflects a 
unique genetic substrate for ARVC/D in Italy. The relatively 
low frequency with which HCM is apparently responsible 
for sudden death in Italian athletes may however be due to 
the long-standing and systematic Italian national program 
for the cardiovascular assessment of competitive athletes 
[12,13,57]. which likely disqualifies disproportionate num-
bers of trained athletes with HCM, compared with ARVC/D 
(which is much more difficult to identify clinically).

On occasion, athletes may die suddenly without evidence 
of structural cardiovascular disease, even after careful gross 
and microscopic examination of the heart. In such instances 
(about 2% of autopsy cases) (Figure 57.1) [19–22], it may 
not be possible to exclude noncardiac factors (e.g., drug 

Figure 57.3 Hourly distribution of sudden cardiac deaths. 

(a) Histogram showing competitive athletes with either 

HCM (dark portion of bars) or a variety of other 

predominantly congenital cardiovascular malformations 

(light portion of bars). Time of death was predominantly in 

the late afternoon and early evening, corresponding largely 

to the time of training and competition. (b) In contrast, 

histogram for non-athlete HCM patients demonstrating a 

prominent early morning peak between 7 a.m. and 1 p.m. 

and a secondary peak in the early evening (most evident 

between 8 p.m. and 10 p.m.). (Reproduced from Maron 

et al. JAMA 1996;276:199–204, with permission from the 

American Medical Association.)
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abuse) as responsible for the catastrophe, or to determine 
whether careful inspection of the specialized conducting 
system and associated vasculature (which is not part of the 
standard medical examiner protocol) would have revealed 
occult but clinically  relevant abnormalities. Some of these 
deaths may be due to primary ventricular tachyarrhythmias 

 unassociated with  cardiac  structural abnormalities, such as 
Wolff–Parkinson–White  syndrome or ion channel opathies 
such as long QT syndrome, possibly exercise-induced coro-
nary spasm, or undetected segmental forms of ARVC/D.

Left anterior descending coronary artery tunneled within 
LV myocardium (i.e., “bridging”) may constitute a poten-
tially lethal anatomic variant in otherwise healthy young 
individuals during exertion [20–22,58]. Indeed, tunneled or 
bridged left anterior descending coronary artery completely 
surrounded by myocardium for at least a portion of its course 
(about 1–3 cm) was present in about 5% of the athlete field 
deaths in the US registry, in the absence of any other struc-
tural anomaly that could be assigned as the cause of death. 
On the other hand, bridged coronary arteries appear to play 
little role in promoting risk for sudden death in patients with 
HCM [58,59]. Also, the chronic ingestion of drugs (such as 
cocaine) may have adverse cardiovascular consequences, 
resulting in the clinicopathologic profiles of acute myocar-
dial infarction and myocarditis [60].

Figure 57.4 Clinical criteria used for differential diagnosis to distinguish 

hypertrophic cardiomyopathy (HCM) from physiologic athlete’s heart when 

the left ventricular (LV) wall thickness is within the shaded gray zone of 

overlap (13–15 mm), consistent with both diagnoses. aAssumed to be the 

nonobstructive form of HCM because substantial mitral valve systolic 

anterior motion would confirm the diagnosis of HCM in an athlete. bMay 

include a variety of abnormalities, including heterogeneous distribution of 

left ventricular hypertrophy (LVH) in which asymmetry is prominent, and 

adjacent regions may be of greatly different thicknesses, with sharp 

transitions evident between segments and areas of hypertrophy are 

non-contiguous, in addition to patterns in which the anterior ventricular 

septum is spared from the hypertrophic process and the region of 

predominant thickening may be in the posterior portion of the septum, or 

the anterolateral or posterior free wall, or left ventricular apex. ↓ = 

decreased; CMR, cardiovascular magnetic resonance; LV, left ventricular. 

(Adapted with permission from Maron et al. Circulation 1995;91:1596–601.)

Unusual patterns of LV
hypertrophyb

LV cavity < 45mm
LV cavity > 55mm

Left atrial enlargement

Bizarre ECG patterns

Abnormal LV filling

Female gender

Family history of HCM

Max. VO2 > 45 ml/kg/min
> 110% predicted

CMR—gadolinium delayed
enhancement

Thickness with deconditioning

“Gray Zone” of
LV Wall Thickness

(13–15 mm)

HCMa
Athlete’s

Heart

Table 57.1 The 12-element American Heart Association 

recommendations for preparticipation cardiovascular screening 

of competitive athletes (Reproduced with permission from Maron BJ, 

Thompson PD, Ackerman MJ, et al. Circulation 2007;115:1643–55.).

Medical history a

Personal history
 1. Exertional chest pain/discomfort

 2. Unexplained syncope/near-syncopeb

 3.  Excessive exertional and unexplained dyspnea/fatigue, associated 

with exercise

 4. Prior recognition of a heart murmur

 5. Elevated systemic blood pressure

Family history
 6.  Premature death (sudden and unexpected, or otherwise) before 

age 50 years due to heart disease in ≥1 relative

 7. Disability from heart disease in a close relative <50 years of age

 8.  Specific knowledge of certain cardiac conditions in family 

members: hypertrophic or dilated cardiomyopathy, long-QT 

syndrome or other ion channelopathies, Marfan syndrome, or 

clinically important arrhythmias

Physical examination
 9. Heart murmurc

10. Femoral pulses to exclude aortic coarctation

11. Physical stigmata of Marfan syndrome

12. Brachial artery blood pressure (sitting position)d

aParental verification is recommended for high school and middle 

school athletes.
bJudged not to be neurocardiogenic (vasovagal).
cAuscultation should be performed in both supine and standing 

positions (or with Valsalva maneuver), specifically to identify murmurs 

of dynamic left ventricular outflow tract obstruction.
dPreferably taken in both arms.
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Prevalence and significance 
of the problem

Sudden unexpected death due to cardiovascular disease 
 during competitive sports is rare in high-school students 
 participating in organized interscholastic sports (i.e., about 1 
per 220 000 participants per academic year or 1 per 70 000 
participants during a 3-year high-school period [61]. In the 
large national US registry, the absolute number of cardiovas-
cular sudden deaths in young athletes was relatively low 
with a rate of <100 per year [21] (Figure 57.5). Notably, the 
cardiovascular diseases responsible for sudden death in about 
one-third of these athletes would not likely be suspected or 
detected by screening (even with ECGs). 

Somewhat higher estimates of the risk for sudden death 
have been reported for apparently healthy males, joggers, and 
marathon runners, usually due to atherosclerotic coronary 
artery disease [62,63]. Such estimates suggest that the intense 
and persistent public interest in these tragic events is perhaps 
disproportionate to their numerical significance in the general 
population. However, the emotional and social impact of 
 athletic field catastrophes understandably remains high.

Despite its relatively low event rate, sudden death in 
young athletes continues to represent an important medical 
issue [1–3,5,6]. Indeed, it is an important responsibility of 
the medical community to create a fully informed public and 
also, when it is prudent and practical, to pursue early 
 detection of the causes of catastrophic events in young 
 athletes and initiate preventive measures. Because such 
events are uncommon relative to the vast numbers of 
 athletes participating safely in sports, information about 
 athlete field deaths should not raise undue anxiety among 

youthful athletes and their families and thereby inhibit 
 participation in sports [7,8].

Demographics

On the basis of data assembled largely from broad-based US 
populations [19–22], a profile of young competitive  athletes 
who die suddenly has emerged. Such athletes  participate in 
a large number and variety of sports, the most frequent 
being basketball and football (about 70% combined), not 
only reflecting the high participation level in these popular 
team sports but also the intensity of  competition. Most 
 athletic field deaths occur in men (about 90%); the relative 
infrequency in women probably reflects a lower participa-
tion level, sometimes less intense levels of training, and the 
fact that some diseases most commonly accounting for 
 sudden death in athletes may be recognized less frequently 
in women (e.g., HCM). Most athletes are of high-school 
age at the time of death (about 60%);  however, not uncom-
monly, other  sudden deaths have been reported in young 
athletes who have achieved collegiate or even professional 
levels of competition.

Most athletes who die suddenly, regardless of their 
 particular underlying disease, have been free of symptoms 
and usually are not suspected of harboring a cardiovascular 
abnormality. Sudden collapse usually occurs with exercise, 
predominantly in the late afternoon and early evening 
hours, corresponding to peak periods of competition and 
training, particularly in organized team sports such as foot-
ball and basketball (Figure 57.3). This observation for  athletes 
with HCM contrasts sharply with prior reports in HCM 
patients who are not competitive athletes, for whom a bimo-
dal pattern of circadian variability was  evident,  including a 

Figure 57.5 Number of cardiovascular, blunt 

trauma-related, or other sudden death events 

in 1866 US young competitive athletes, 

tabulated by year from the US National 

Registry. Other causes of these deaths include 

commotio cordis, heat stroke, illicit drugs, and 

pulmonary disease. (Reproduced with 

permission from Maron et al. Circulation 

2009;119:1085–92.)
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prominent early- to mid-morning peak, similar to that 
reported in patients with coronary artery disease and acute 
myocardial infarction or sudden death (Figure 57.3) [64].

Although most sudden deaths reported in competitive 
athletes have been in white men, a substantial proportion 
(>40%) were African-American athletes (Figure 57.6) 
[21,22]. This substantial occurrence of HCM-related sudden 
death in young black male athletes contrasts sharply with 
the infrequent identification of HCM in hospital-based pop-
ulations. These data emphasize that it is less common for 
young African-American men to receive a cardiovascular 
diagnosis such as HCM (which requires echocardiography) 
than their white counterparts and, consequently, they are 
less likely to be disqualified from competition in accordance 
with the recommendations of the 36th Bethesda Conference 
[3] to reduce the risk for sudden death.

Mechanisms of SD and AEDs

Although the precise mechanism ultimately responsible for 
sudden death in young athletes depends on the particular 
disease state involved, in most victims (including athletes 

with HCM), cardiac arrest results from electrical instabil-
ity and ventricular tachyarrhythmias. The most common 
 exception is Marfan syndrome, in which death is usually due 
to ruptured aorta [19–22].

Automated external defibrillators (AEDs) represent an 
important and effective impetus to secondary prevention of 
sudden death in trained athletes with cardiovascular 
 disease, and deserve greater dissemination, accessibility 
and penetration into the sports arena [65–70]. Several 
studies of early defibrillation using public access AEDs have 
 demonstrated a survival benefit for out-of-hospital cardiac 
arrest [66,67,70]. The available AED literature suggests 
that the use of AEDs by trained or untrained bystanders 
and nontraditional responders produces survival rates of 
40–75% when CPR is provided and defibrillation is rapid 
within 5 min of collapse. Particularly relevant is the recent 
study of Drezner et al. [70] surveying 1710 high schools 
with onsite AED programs; 2% of the high schools 
reported a sudden cardiac arrest either in student athletes, 
 employers, or spectators, and 64% of these events had 
 restoration of sinus rhythm and survival to hospital 
 discharge, including athletes with cardiomyopathies, such 
as HCM and ARVC.

Figure 57.6 Cardiovascular deaths in athletes according to race. The data include 690/1866 total deaths that were proved to be due to cardiovascular 

causes and are shown with respect to the number of white and non-white athletes with each disease. ARVC, arrhythmogenic right ventricular 

cardiomyopathy; HCM, hypertrophic cardiomyopathy; CAD, coronary artery disease; MVP, mitral valve prolapse.
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Screening and preparticipation detection 
of cardiovascular abnormalities

General perspectives
The detection of pre-existing cardiovascular abnormalities 
with the potential for significant morbidity or sudden death 
is an important objective of the widespread practice of pre-
participation screening of high-school and college-aged 
athletes (Figure 57.7). There is a general consensus within 
a benevolent society that a responsibility exists on the part 
of physicians to initiate prudent efforts to identify life-
threatening diseases in athletes to minimize the cardiovas-
cular risks associated with sport [1–3,5,7,8,11–13,71]. 
Screening recommendations are predicated on the proba-
bility that intense athletic training is likely to increase 
the risk for sudden cardiac death (or disease progression) 
in trained athletes with underlying structural heart disease, 
although it is currently not possible to quantify that risk 
with precision, or to know prospectively to which individ-
ual athletes these considerations will apply with certainty.

However, there are two major limitations to mass popu-
lation screening for competitive athletes. First is the rarity 
of those lesions responsible for sudden cardiac death in 
young healthy people. The several largely congenital mal-
formations most relevant to athletic screening (including 
HCM) [17,21] account for a combined prevalence of only 
about 0.3% or less within the general competitive athlete 
population [4,49,51]. The second consideration is the 
large reservoir of competitive athletes who are eligible for 
 preparticipation screening, which in the United States is 
probably in the range of at least 10–15 million each year 
[8,21,28,31].

Customary practice and legal considerations
Two American Heart Association expert consensus panels 
[7,8] have recommended a standard, systematic prepartici-
pation screening strategy to raise the suspicion (or detect) 

potentially lethal cardiovascular abnormalities with history 
and physical examination. However, no available screening 
design can detect all important lesions or affected athletes, 
and medical clearance for sports with history and physical 
examination does not necessarily imply the absence of 
 cardiovascular disease [7,8]. US law enables the medical 
profession to establish the bounds of appropriate manage-
ment of athletes by the physician [2,33,71]. Indeed, the 
medical standard is ultimately translated into the legal stand-
ard for malpractice purposes [2,33,71]. Although educa-
tional institutions and professional teams are required to use 
reasonable care in conducting their athletic programs, there 
currently is no clear legal precedent regarding their duty 
to conduct preparticipation screening of athletes for the 
 purpose of detecting medically significant abnormalities. In 
the absence of binding requirements established by state law 
or athletic governing bodies, most institutions and teams 
at present rely on the team physician (or other medical 
 personnel) to determine the appropriate medical screening 
 procedures [33,71,72].

A physician who has medically cleared an athlete to par-
ticipate in competitive sports is not necessarily legally liable 
for an injury or death caused by an undetected cardiovascu-
lar condition [71]. Malpractice liability for failure to discover 
a latent, asymptomatic cardiovascular condition requires 
proof that a physician deviated from customary or accepted 
medical practice in his or her specialty in performing the 
preparticipation screening of athletes and furthermore that 
the use of established diagnostic criteria and techniques 
would have disclosed that medical condition [72].

Some form of medical clearance by a physician or other 
trained healthcare worker, consisting of a history and physi-
cal examination, appears to be customary for most high-
school and college athletes [71,72]. However, currently, 
there are no universally accepted standards for the screening 
of athletes in the United States, nor are there approved cer-
tification procedures for the healthcare professionals who 
perform such screening examinations [29,30,72]. Indeed, in 

Figure 57.7 Comparison of state 

preparticipation screening questionnaire forms, 

1997 versus 2005, for US high school athletes, 

analyzed with respect to American Heart 

Association recommendations. Screening forms 

could be assessed for 43 states in the 1997 and 

48 states in 2005. (Reproduced from Glover 

et al. Am J Cardiol 2007;100:1709–12, with 

permission from Elsevier.)
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a number of states, non-physician healthcare workers are 
sanctioned to perform athletic screening examinations, 
including advanced nurse practitioners or physician assist-
ants and even chiropractors. Standards may be mandated by 
state legislative action or rest with individual state high-
school athletic associations or school districts. There is no 
agreement among the states, however, as to the precise for-
mat of preparticipation medical evaluations. Indeed, a small 
minority of states still have no standard history and physical 
forms to serve as a guide to the examiners of high school 
athletes, and in others the medical clearance forms have 
been criticized as generally inadequate when evaluated 
against the specific screening recommendations proposed by 
the 2007 American Heart Association consensus panel [8] 
(Table 57.1). However, over the last several years, largely in 
response to a highly visible critique [29], the history and 
physical examination forms have been improved substan-
tially in many states [30], undoubtedly increasing the 
number of athletes diagnosed with cardiovascular disease 
(Figure 57.7). Nevertheless, it is not possible to ascertain 
with precision the extent to which such changes have 
enhanced identification of disease.

Expectations
Most of the lesions considered here as potentially responsible 
for sudden death in young athletes are challenging to detect 
by screening, even with echocardiography, ECG, or other 
noninvasive tests incorporated into the process, for example, 
congenital coronary anomalies, particularly anomalous origin 
of left main coronary artery from the right sinus of Valsalva. 
Despite its limitations, history and physical examination 
screening alone can be effective in raising suspicion of certain 
cardiovascular diseases such as HCM in some at-risk athletes 
[73]. Indeed, other genetic heart diseases, such as Marfan 
syndrome and ARVC/D, and also premature atherosclerotic 
coronary artery disease, can be suspected by family history or 
by prior transient symptoms. Physical examination may iden-
tify the stigmata of Marfan syndrome, mitral valve prolapse, 
or left ventricular outflow obstruction by a heart murmur 
(e.g., in aortic valvar stenosis and some patients with HCM), 
or systemic hypertension. Indeed, about 5% of the young 
patients referred to our center for HCM have been initially 
identified through preparticipation sports screening [73].

Electrocardiogram
The 12-lead ECG has been proposed as an effective alternative 
to echocardiography for population-based screening [9,10,
12–14,27,37,39,74,75]. Indeed, the ECG is abnormal in about 
75–95% of patients with HCM [76–78] and is an effective tool 
for the detection of this disease in an Italian athlete popula-
tion [12,18], and also will usually identify long QT syndrome. 
However, the ECG has low specificity as a screening test in 
athletic populations because of the high frequency of ECG 
alterations associated with the normal physiologic  adaptations 

to training (“athlete’s heart”) [4,7–9,15,31,36,38,79–81]. In 
mass preparticipation screening, about 10–20% of athletes 
examined have an ECG pattern that ultimately triggers 
echocardiographic study [4,7,8,13,15,28,31,44,81,82].

Finally, elite trained athletes not infrequently demonstrate 
distinctly abnormal ECG patterns indistinguishable from 
 pathologic conditions, in the absence of structural heart 
 disease [81,82]. These largely false-positive test results 
 complicate efforts to use the 12-lead ECG as a  primary screen-
ing tool in athletic populations [7,8,28,33,75,76,81–83], 
although  occasionally they may be early markers of cardio-
myopathies [16]. Notably, race also unavoidably impacts US 
screening specificity/sensitivity and reliability, as African-
American athletes without heart disease may show distinc-
tively abnormal ECG patterns [83] and thicker LV walls than 
white athletes [45]. Finally, even primary echocardiographic 
screening of athletes for HCM has resulted in a low yield 
of disease  detection in the United States [32] and United 
Kingdom [17].

Screening strategies: US versus italian models
The preparticipation cardiovascular screening process of 
young trained athletes is time honored in the United States, 
Italy, and much of Europe, and generally conceded to be a 
desirable aspiration with potential benefits for public 
health [5,7–16,27,28,31,33,36,37,74,75,79,80,84]. However, 
 controversy has emerged regarding the most effective 
 strategy for examining large populations of competitive 
 athletes [7,8,12–15,28,33,80,84]. At present, high school 
and college-aged athletes in the United States (and many 
other parts of the world) are screened by a personal and 
family medical history and physical examination performed 
by designated examiners with varying levels of cardiovascu-
lar training [7,8]. However, in Italy, a unique mandatory 
national preparticipation screening program has been 
employed for over 25 years, routinely consisting of a 12-lead 
ECG (in addition to history and physical examination) and 
administered by a select cadre of accredited sports medicine 
physicians dedicated to this process [13,28,57].

The Italian screening model with routine ECGs has 
achieved considerable visibility over the last several years 
and has been promoted as the standard by the European 
Society of Cardiology [13], the International Olympic 
Committee [27], and others [9,10,13,14,27,37,74]. In addi-
tion, studies from the Veneto region have documented iden-
tification of HCM in athletes [18] and most recently have 
reported a 90% decrease in athlete sudden deaths over the 
past 25 years which was attributed to the national screening 
program [12]. In contrast to the European zeal for mass 
screening with ECGs [12,13,27,37,84,85], the AHA consen-
sus scientific panels have persistently discouraged such 
a program for the United States as impractical and possi-
bly counterproductive, while alternatively supporting self- 
sustaining regional or local initiatives [7,8].
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Obstacles in the United State to the Italian model of 
 mandatory and routine athlete ECG screening include the 
lack of professional resources (without an established and 
dedicated group of sports medicine examiners, such as exists 
in Italy), and cost-efficacy considerations, in addition to the 
expected high proportion of false-negative (and particularly 
false- positive) results, which would create chaos for second-
ary testing. Furthermore, and perhaps most importantly, 
limiting systematic population screening to a select segment 
of the general youthful population would be regarded as 
both exclusionary and discriminatory. Therefore, US screen-
ing for cardiovascular disease would probably be acceptable 
ethically only if extended to the entire youthful population, 
involving up to about 30 million people annually, likely an 
impossible proposal.

Critics of the AHA position cite the Italian program and 
its apparent benefits, resulting in very low mortality rates in 
athletes over the most recent years, and implying that the 
US screening strategy (with only history and physical 
examination) could be responsible for an excess of cardio-
vascular deaths in athletes [33,84]. However, a comparison 
of published data from the Veneto region and from the 
United State (i.e., the demographically similar state of 
Minnesota) does not support this view [23]. Despite the 
 different screening strategies employed (Veneto, history, 
physical examination and ECGs; Minnesota, history and 
physical examination alone), there was no significant 
 difference evident in the incidence of athlete sudden deaths 
between Veneto and Minnesota over the most recent dec-
ade (Figure 57.8). In the period 1994–2004, when the two 
athlete populations could be compared directly in time, 
mortality rates were very low in both, relatively constant, 
and similar to that previously reported in US high school 
and college athletes [21,23,61], and were not significantly 
different in statistical terms. This observation supports data 
from other sources that cardiovascular sudden death in 
young athletes is in fact a low event rate (albeit tragic) 

 phenomenon [21,28,61]. Recognition of this principle is 
the basis for the decision not to screen  competitive athletes 
systematically in Denmark [34,85].

Eligibility considerations for athletes 
with known cardiovascular disease
When a cardiovascular abnormality is identified in a competi-
tive athlete, the following considerations arise: (a) the magni-
tude of risk for sudden cardiac death associated with continued 
participation in competitive sports; and (b) criteria to be imple-
mented for determining whether individual athletes should 
be withdrawn temporarily or permanently from sports com-
petition to reduce risk. Recommendations for athletic eligibil-
ity or disqualification are available in the 36th Bethesda 
Conference [3], and also in ESC guidelines [11], considering 
the severity of the cardiovascular abnormality and the nature 
of the sports training and competition. These recommenda-
tions are predicated on the principle that intense athletic train-
ing and competition increase the risk for sudden cardiac death 
(or disease progression) in trained athletes with clinically 
important underlying structural heart disease, although it is 
not possible at present to quantify that risk in precise terms.
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58 Cardiomyopathies
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Cincinnati Children’s Hospital, Cincinnati, OH, USA

Introduction

Cardiomyopathies are major causes of morbidity and 
 mortality. The term was introduced in 1957 to identify a 
group of myocardial diseases not attributable to coronary 
artery disease [1]. The definition has since been modified 
and now refers to structural or functional abnormalities of 
the myocardium not secondary to hypertension, valvar or 
congenital heart disease, or pulmonary vascular disease. 
Over the past 20 years, our understanding of the major forms 
of cardiomyopathy has improved, largely from advances in 
genetics and genomics. Clinical understanding of childhood 
forms of cardiomyopathy has also improved by the 
longitudinal follow-up gained from the NIH–NHLBI-funded 
Pediatric Cardiomyopathy Registry (PCMR) [2–4]. New 
forms of cardiomyopathy have been described and classified, 
and further subdivided into genetic/inherited forms and 
acquired/noninherited forms [5]. Each form occurs in 
childhood, although ARVC (see below) is almost always 
identified in adolescents or young adults.

The five classified forms of cardiomyopathy are as 
 follows [5]:
1 Dilated cardiomyopathy (DCM), previously called conges-
tive cardiomyopathy, demonstrates left ventricular or biven-
tricular dilation and depressed systolic function. Systolic 
dysfunction is a main clinical feature resulting in signs and 
symptoms of congestive heart failure.
2 Hypertrophic cardiomyopathy (HCM), formerly known as 
idiopathic hypertrophic subaortic stenosis, is characterized 
by left ventricular hypertrophy that may be asymmetric. 
Systolic function is usually preserved. Symptoms result 
from left ventricular outflow tract obstruction, diastolic 
dysfunction, or arrhythmias causing sudden death.

3 Restrictive cardiomyopathy (RCM) has impaired diastolic 
filling, but with generally normal ventricular dimensions and 
systolic function. It is recognized by markedly dilated atria,. 
Symptoms result from pulmonary and right-sided systemic 
venous congestion. Syncope may be a presenting feature.
4 Arrhythmogenic cardiomyopathy, formerly known as 
arrhythmogenic right ventricular dysplasia (ARVD) or 
arrhythmogenic right ventricular cardiomyopathy (ARVC), is 
a disease affecting both ventricles, with arrhythmias usually 
prominent. It is characterized by substantial fibrosis, with or 
without fatty replacement of the ventricular myocardium. 
Sudden death and heart failure are prominent.
5 Left ventricular noncompaction (LVNC), originally called 
spongy myocardium, is the newest classified form of 
cardiomyopathy [5], and is characterized by abnormal left 
ventricular trabeculations. It is clinically heterogeneous, 
taking on the features of other forms of cardiomyopathy or 
congenital heart disease. Important clinical features include 
heart failure, sudden death, and strokes.

Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is the most common form of 
cardiomyopathy, accounting for ∼55% of patients [4–6]. In 
the United States, the mortality rate due to cardiomyopathy 
is >10 000 deaths annually, with DCM being the major 
contributor [6]. In 2009, the estimated cost of treating heart 
failure patients in the United States was >$39 billion [7].

Over the past 15 years, clinical features have been 
 identified and multiple causative genes discovered. These 
genes appear to encode two major subgroups of proteins, 
cytoskeletal and sarcomeric proteins [8–11], and also sarco-
meric genes encoding Z-disk proteins [12–15], ion channel 
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homeostasis (sodium channel gene SCN5A and phos-
pholamban) [16,17] and metabolic genes (G4.5/Tafazzin), 
and  others [18] (Table 58.1).

Another form of DCM, viral myocarditis, has the clinical 
features of DCM including heart failure, arrhythmias, and 
conduction block [19]. The most common causes of myocar-
ditis are viral, including the enteroviruses (coxsackie viruses 
and echovirus), adenoviruses, and parvovirus B19, among 
other cardiotropic viruses, and the predominant related virus 
appears to alternate every decade [20]. Viral myocarditis and 
DCM (genetic) seem to have similar disease mechanisms 
based on the proteins targeted.

Epidemiology and etiology
DCM is the most common form of cardiomyopathy in 
adults, with an annual incidence of 2–8/100 000 in the 
United States and Europe and an estimated prevalence of 
36/100 000 population [21]. In adults with DCM and 
 congestive heart failure, the most common causes are idi-
opathic (47%), myocarditis (12%), coronary artery disease 
(11%), and other identifiable causes (30%) [21]. In a study 

of 1426 children with DCM enrolled in the PCMR, the 
annual incidence of DCM in children <18 years old was 
0.57/100 000 per year [4], was higher in boys than in girls 
(0.66 versus 0.47/100 000; p < 0.001), in blacks than in 
whites (0.98 versus 0.46/100 000; p < 0.001), and in infants 
than in children (4.40 versus 0.34 /100 000; p < 0.001). 
Most children (66%) had idiopathic disease. The most com-
mon known causes were myocarditis (46%) and neu-
romuscular disease (26%). The 1- and 5-year rates of death 
or transplantation were 31 and 46%, respectively. 
Independent risk factors of DCM for subsequent death or 
transplantation were older age, congestive heart failure, 
lower left ventricular fractional shortening, Z score, and 
cause of DCM (p < 0.001 for all). In two earlier studies of 
children of various ages with DCM, 2–15% had biopsy-
proven myocarditis, whereas in 85–90% no cause was 
identified [22]. In 24 children <2 years old who presented 
with DCM, 45% had myocarditis, 25% had endocardial 
fibroelastosis, and the remainder had no identified cause 
[23]. Familial forms occur in 20–50% of patients with DCM 
[24–26].

Table 58.1 Dilated cardiomyopathy (DCM) genetics.

CHR locus  Gene  Protein  Protein location

Xp21.2 DYS Dystrophin Cytoskeleton/SL

1q31-q42 PSEN2 Presenilin 2 Cytoskeletal

2q35 DES Desmin Cytoskeleton

5q33 SGCD δ-Sarcoglycan Cytoskeleton/SL

4q12 β-Sarcoglycan Cytoskeleton/SL

10q22-q23 VCL Metavinculin Cytoskeleton

1q12 TNNI1 Cardiac troponin I Sarcomere

19q13 TNNI3 Cardiac troponin I Sarcomere

1q32 TNNT2 Cardiac troponin T Sarcomere

3p21-p14 TNNC1 Cardiac troponin C Sarcomere

11p11 MYBPC3 Myosin binding protein C Sarcomere

14q12 MYH7 β-Myosin heavy chain Sarcomere

15q14 ACTC Cardiac actin Sarcomere

15q22 TPM1 α-Tropomyosin Sarcomere

2q31 TTN Titin Sarcomere

11p15.1 CSRP3 Muscle LIM protein Z-disk

1q42-q43 ACTN2 α-Actinin 2 Z-disk

10p12 NEBL Nebulette Z-disk

17q12 TCAP Telethonin Z-disk

10q21.3 MYPN Myopalladin Z-disk

10q22.3–23.2 LBD3 ZASP Z-disk

10q23.31 ANKRD1 CARP Z-disk

1q21 LMNA Lamin A/C Nuclear membrane

10q25-q26 RBM20 RNA binding motif protein 20 Nuclear protein

Xq24 LAMP2 LAMP2 Lysosomal membrane

Xq28 G4.5 Tafazzin Phospholipid

3p21 SCN5A Cardiac sodium channel Ion channel

6q22.1  PLN  Phospholamban  Calcium
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Pathology
The chief morphologic feature is biventricular dilation; the 
atria are generally enlarged [27]. Mural thrombi may be 
present in the cardiac chambers. The heart is globular; 
the myocardium is pale and sometimes mottled. The 
endocardium is usually thin and translucent [28]; however, 
focal sclerosis may be seen. The heart weight is increased, 
indicating hypertrophy, and the coronary arteries are normal. 
Histologic features classically include myocyte hypertrophy 
and degeneration, with varying degrees of interstitial fibrosis 
[27,29]. Occasional small clusters of lymphocytes may be 
present [30]; if so, this disorder must be differentiated 
from myocarditis, in which the lymphocytes are associated 
with areas of myocyte damage and necrosis [31]. Electron 
microscopy shows nonspecific ultrastructural changes in the 
mitochondria, T tubules, and Z bands.

Pathophysiology
Depressed contractile function is shown by decreased 
shortening fraction, ejection fraction, and cardiac output. 
This decline in systolic function increases end-diastolic 
volume, end-diastolic pressure, and ventricular filling 
pressure [27]. To maintain an adequate cardiac output, the 
ventricles dilate and the myocardium hypertrophies. The 
dilation increases wall tension, thereby increasing oxygen 
consumption and decreasing myocardial efficiency. As 
cardiac output diminishes, renal blood flow decreases. As 
these features typically progress slowly, mild pulmonary 
edema and systemic venous congestion occur. In children 
with acute decompensation, significant pulmonary edema 
and systemic venous congestion occur. Neurohumoral 
mechanisms are increasingly activated, particularly the 
renin–angiotensin system and sympathetic nervous system. 
Activation of these systems contributes to peripheral vascular 
changes and the clinical picture of congestive heart failure 
(see chapter 70).

Ventricular myocardial fibrosis may occur and produce 
irritable foci causing ventricular arrhythmias [32,33] and 
contribute to systolic and diastolic dysfunction. The associated 
arrhythmias may occur from ion channel dysfunction.

Clinical presentation
If an adequate cardiac output cannot be maintained, signs 
and symptoms of congestive heart failure develop 
[4,5,8,32,34]. Initially these may be subtle with decreasing 
exercise tolerance and dyspnea with exertion. Infants may 
have tachypnea that is more pronounced with feeding, 
resulting in decreased oral intake and failure to thrive. Signs 
and symptoms may be unmasked by a superimposed 
infectious illness that causes further cardiac decompensation. 
Palpitations and syncope or near-syncope are reported in 
>13% of children [4,5,8,32,34]. Obtaining a thorough family 
history and echocardiograms from first-degree relatives is 
important to verify familial inheritance [24].

Physical examination
A wide range of findings is found on physical examination 
[34–36]. Griffin et al. [37] reported that 70–80% of patients 
present with signs of congestive heart failure. Tachypnea 
and tachycardia are frequent. The skin appears pale. Cyanosis 
is uncommon unless circulatory collapse is imminent. 
Peripheral pulses are often weak with normal to low blood 
pressure and a narrow pulse pressure. The extremities may 
be cool with decreased peripheral perfusion.

Auscultation of the lungs may reveal diminished breath 
sounds posteriorly on the left if there is atelectasis from com-
pression by an enlarged heart. Rales may occasionally be 
heard over an area with atelectasis, but otherwise they are 
rare in infants and small children even with pulmonary 
edema on chest radiography. Mild to marked intercostal 
retractions may be present.

The cardiac apical impulse is displaced laterally. The heart 
sounds may be muffled, and a prominent diastolic filling sound 
produces a gallop rhythm (S

3
). Murmurs may be absent, but 

mitral regurgitation (due to a dilated mitral valve annulus or 
papillary muscle dysfunction) may be heard. Hepatomegaly is 
common. Other signs of systemic venous congestion include 
neck vein distention and peripheral edema, which are more 
common in an older child or young adult than in infants.

Diagnostic studies

Radiography
Chest films typically reveal cardiomegaly due to left atrial 
and left ventricular enlargement. Pulmonary venous 
congestion is often present and may progress to frank 
pulmonary edema (Figure 58.1). Atelectasis of the lower 
lobe of the left lung may occur because of compression of the 
left main stem bronchus by the dilated left atrium. Pleural 
effusions may be present.

Figure 58.1 Chest film of a young child with dilated cardiomyopathy. 

The cardiac size is enlarged (cardiomegaly) with mildly congested lung 

markings.
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Electrocardiography and Holter monitoring
Most patients have sinus tachycardia. Nonspecific ST-T wave 
changes, left ventricular hypertrophy, right and left atrial 
enlargement, and right ventricular hypertrophy are common 
[32,34–36]. On Holter monitoring, one study [32] found 
arrhythmias in 46% of the children with DCM with atrial 
arrhythmias being more common than ventricular arrhyth-
mias, but another study [36] found ventricular arrhythmias to 
be more common. The finding of fragmented QRS (fQRS) on 
12-lead ECG, which represents myocardial conduction delays 
perhaps from myocardial scar, is a predictor of arrhythmic 
events in adults with ischemic and nonischemic heart disease 
[38]. Similar studies in children have not been reported.

Echocardiography
Echocardiographic features of DCM include dilation of the 
left ventricle (Figure 58.2) with systolic dysfunction repre-
sented by decreased shortening and ejection fractions [34]. 
Regional wall motion abnormalities may also be seen. 
In patients with DCM, the coronary artery origins should be 
identified to exclude anomalous left coronary artery arising 
from the pulmonary artery. Pericardial effusion may be 
present, and intracardiac thrombi also occur. Color and pulse 
Doppler echocardiography frequently demonstrate mitral 
regurgitation, which may be associated with a dilated left 
atrium. Decreased aortic flow velocity from diminished car-
diac output and abnormal mitral inflow patterns due to 
diastolic dysfunction may be seen.

Cardiac catheterization and biopsy
Because DCM can be diagnosed by echocardiography, 
 cardiac catheterization, angiography, and biopsy are some-
times deferred until the patient is stable or is being evaluated 
for transplantation [34]. Catheterization can be useful (1) to 
exclude anomalous left coronary artery as this is  occasionally 

missed by echocardiography, (2) to predict etiology and 
prognosis if the biopsy shows myocarditis or metabolic 
abnormalities, or (3) to evaluate for cardiac transplantation, 
including measuring pulmonary vascular resistance. 
Hemodynamic measurements generally show elevated left 
ventricular end-diastolic, left atrial, and pulmonary capillary 
wedge pressures, a widened A–V oxygen difference, and 
usually diminished cardiac output. Angiography demon-
strates left ventricular dilation and reduced ejection fraction, 
normal coronary artery origins, and mitral regurgitation.

Endomyocardial biopsy typically shows variable degrees 
of myocyte hypertrophy and fibrosis, without significant 
lymphocytic infiltrate [39–41]. Biopsies can detect myocar-
ditis in addition to mitochondrial or infiltrative diseases, by 
either histologic examination or polymerase chain reaction 
(PCR). The findings may have a significant effect on  prognosis 
and treatment [29–43].

Blood and urine studies
In infants and young children, other types of studies may 
help identify the etiology [4,8,10,18,34]. Examining urine for 
organic and amino acids, may be useful, particularly if 
3-methylglutaconic aciduria is found (i.e., Barth syndrome) 
[8,18,34]. Blood studies for lactate, calcium, magnesium, 
 carnitine/acylcarnitine, pyruvate, blood urea nitrogen, creati-
nine, and electrolyte determinations are useful diagno stically 
and for assessing metabolic function secondary to cardiac 
 failure. In addition, B-type natriuretic protein (BNP), creatine 
kinase with isozymes (CK), and cardiac troponins have 
become increasingly useful in predicting disease course, risk 
stratification, and longitudinal follow-up of patients and 
 family members [44–46]. Viral serology for myocarditis diagno-
sis has been questioned [47], with myocardial PCR now becom-
ing standard [42]. Molecular analysis for the genetic basis of 
cardiomyopathies have also become standard [8,9,48–50].

Clinical genetics of dilated cardiomyopathy
Dilated cardiomyopathy was initially considered inherited in 
a small percentage of patients until Michels et al. [24] showed 
that ∼20% of patients had family members screened by 
echocardiography who showed evidence of DCM. More 
recently, inherited familial DCM (FDCM) has been shown to 
occur in 30–50% of patients [49,51]. Autosomal dominant 
inheritance is the predominant pattern of transmission; 
X-linked, autosomal recessive, and mitochondrial inherit-
ance are less common.

Molecular genetics of dilated cardiomyopathy
Progress in understanding the genetic etiology of FDCM was 
made in the early 1990s studying X-linked forms of DCM, 
and in the past decade studying autosomal dominant forms 
of DCM (Table 58.1). Three X-linked forms of DCM have 
been well characterized: X-linked cardiomyopathy (XLCM) 

Figure 58.2 Echocardiogram of a child with dilated cardiomyopathy. 

This apical four-chamber view shows a dilated left ventricle with thin walls. 

In real time, left ventricular systolic function is depressed.
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presenting in adolescence and young adults [52], Barth 
 syndrome, most frequently identified in infancy [53], and 
Danon disease, which commonly presents with hypertrophic 
cardiomyopathy in boys, later becoming DCM and affecting 
female carriers with late-onset DCM [54].

X-linked cardiomyopathies

X-linked dilated cardiomyopathy (XLCM)
First described in 1987 by Berko and Swift [52] as DCM 
occurring in males in the teen years and early twenties and 
showing rapid progression from CHF to death due to VT/VF 
or transplantation, these patients are distinguished by 
elevated serum creatine kinase muscle isoforms (CK-MM). 
Female carriers develop mild to moderate DCM in the fifth 
decade and the disease is slowly progressive. Towbin et al. 
identified the disease-causing gene and characterized the 
functional defect [55]. The dystrophin gene was shown to be 
responsible for the clinical abnormalities by immunoblotting 
demonstrating severe reduction or absence of dystrophin 
protein in the hearts of these patients. The findings were 
confirmed [56] when a mutation in the muscle promoter 
and exon 1 of dystrophin was identified in another family 
with XLCM. Subsequently, multiple dystrophin mutations 
have been identified in these patients.

Dystrophin is a cytoskeletal protein that provides structural 
support to the myocyte by creating a lattice-like network to 
the sarcolemma [57]. In addition, dystrophin plays a major 
role in linking the sarcomeric contractile apparatus to the 
sarcolemma and extracellular matrix [57–60], and is involved 
in cell signaling, particularly through its interactions with 
nitric oxide synthase. The mutated dystrophin gene is also 
responsible for Duchenne and Becker muscular dystrophy 
(DMD/BMD) [61].These skeletal myopathies present early 
in life (DMD is diagnosed before age 12 years and BMD is 
seen in teenage males >16 years of age) and most patients 
develop DCM before the 25th birthday. In patients with 
DMD/BMD, CK-MM is elevated as in XLCM; in addition, 
female carriers develop disease late in life, similarly to XLCM. 
Furthermore, immunohistochemical analysis demonstrates 
reduced levels (or absence) of dystrophin, as in the hearts of 
patients with XLCM.

Murine models of dystrophin deficiency demonstrate 
disturbed muscle physiology based on membrane structural 
support abnormalities [62]. In addition to the dysfunction of 
dystrophin, mutations in dystrophin secondarily affect other 
proteins. At the amino-terminus (N-terminus), dystrophin 
binds to the sarcomeric protein actin, part of the thin filament 
of the contractile apparatus. At the carboxy-terminus 
(C-terminus), dystrophin interacts with α-dystroglycan, a 
dystrophin-associated membrane-bound protein involved in 
the function of the dystrophin-associated protein complex 
(DAPC), which includes β-dystroglycan, the sarcoglycan 
subcomplex (α-, β-, γ-, δ-, and ε-sarcoglycan), syntrophins, 

and dystrobrevins [63–65]. In turn, this complex interacts 
with α

2
-laminin and the extracellular matrix [66]. Like 

dystrophin, mutations in these genes lead to muscular 
dystrophies with or without cardiomyopathy, supporting the 
contention that this group of proteins is important to the 
normal function of the myocytes of the heart and skeletal 
muscles [66,67]. Mechanical stress [62] appears to play a 
significant role in the age onset-dependent dysfunction of 
these muscles. The information gained from the studies on 
XLCM, DMD, and BMD led us to hypothesize that DCM is a 
disease of the cytoskeleton/sarcolemma that affects the 
sarcomere [11], a “final common pathway” of DCM [68]. We 
suggested that dystrophin mutations play a role in idiopathic 
DCM in males, when we showed that 3/22 boys with DCM 
had dystrophin mutations and all were later found also to 
have elevated CK-MM [69]. In addition, eight families with 
DCM and possible X-linked inheritance were also screened 
and in three of the families dystrophin mutations were noted; 
CK-MM was elevated in all subjects carrying mutations [70]. 
Therapeutically, the efficacy of angiotensin-converting 
enzyme (ACE) inhibitor therapy and β-blockers has been 
shown [71,72]. Jefferies et al. [71] also suggested that age of 
onset and severity of DCM were associated with a specific 
mutation area: the 5′ area (encodes the N-terminus) of 
dystrophin, when mutated, leads to early onset DCM whereas 
the 3′ end (C-terminus) has later onset DCM. Whether this 
responds differently to therapy is unknown.

Barth syndrome
Initially described as X-linked cardioskeletal myopathy with 
abnormal mitochondria and neutropenia by Neustein et al. 
[73] and Barth et al. [53], this disorder typically presents in 
male infants as CHF associated with neutropenia (cyclic) and 
3-methylglutaconic aciduria [74]. Mitochondrial dysfunction 
is noted on electron microscopy and electron transport chain 
biochemical analysis. Abnormalities in cardiolipin have also 
been noted [75]. These infants typically have echocardio-
graphic evidence of left ventricular dysfunction with left ven-
tricular dilation, endocardial fibroelastosis, or a dilated 
hypertrophic left ventricle. Some infants succumb from CHF/
sudden death VT/VF, or sepsis due to leukocyte dysfunction. 
Most children survive infancy and do well clinically, although 
DCM usually persists. Some require cardiac transplantation. 
Histopathologic evaluation typically demonstrates the features 
of DCM, although endocardial fibroelastosis may be prominent 
and the mitochondria are abnormal in shape and abundance.

The genetic basis of Barth syndrome was first described by 
Bione et al. [76], who cloned the disease-causing gene, G4.5. 
This gene encodes a novel protein called tafazzin (TAZ), 
whose gene product is an acyltransferase which when defec-
tive results in cardiolipin abnormalities [75]. Mutations in 
G4.5/TAZ result in a wide clinical spectrum, including classic 
DCM, hypertrophic DCM, endocardial fibroelastosis (EFE), 
and left ventricular noncompaction [18,77].
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Autosomal dominant dilated cardiomyopathy
The most common form of inherited DCM is the autosomal 
dominant [8]. Patients present with either classic “pure” 
DCM or DCM associated with conduction system disease 
(CDDC). In the latter form, patients usually present in the 
third decade of life with mild conduction system disease that 
can progress to complete heart block over decades. DCM 
usually presents late in the course but is out of proportion 
to the degree of conduction system disease [78]. The echocar-
diographic and histologic findings in both subgroups are 
classic for DCM, although the conduction system may be 
fibrotic in patients with CDDC. In both groups of DCM 
patients, VT, VF, and  torsades de pointes occur and may 
result in sudden death.

Genetic heterogeneity exists for autosomal dominant DCM 
with more than 15 genes identified for FDCM and for CDDC. 
The identified genes include those encoding cytoskeletal and 
sarcomeric proteins, although some ion channel genes and 
others have also been identified [8,9,79,80] (Table 58.1).

Mechanistically, cytoskeletal proteins (desmin, δ-sarcoglycan, 
metavinculin, MLP), are thought to cause defects of force 
transmission resulting in the DCM phenotype, and defects of 
force generation have been speculated to cause sarcomeric 
protein-induced DCM [81]. Purevjav et al. recently showed 
that the mutation in a gene may disrupt protein-binding 
partners and, depending on this interaction, differential phe-
notypes and severity occur [14].

Muscle is muscle: cardiomyopathy and skeletal 
myopathy genes overlap
Interestingly, nearly all of the genes identified for inherited 
DCM are also known to cause skeletal myopathy in humans 
and/or mouse models. Dystrophin mutations cause Duchenne 
and Becker muscular dystrophy whereas δ-sarcoglycan 
mutations cause limb girdle muscular dystrophy (LGMD2F). 
Lamin A/C causes autosomal dominant Emery–Dreifuss 
muscular dystrophy (EDMD) and LGMD1B and actin muta-
tions are associated with nemaline myopathy. Desmin, G4.5/
TAZ, α-dystrobrevin, Cypher/ZASP, MLP, α-actinin-2, titin, 
and δ-sarcoglycan mutations also have associated skeletal 
myopathy suggesting that cardiac and skeletal muscle func-
tion are interrelated. Possibly the skeletal muscle fatigue of 
patients with DCM may be due to  primary skeletal muscle 
disease rather than cardiac dysfunction. Perhaps the func-
tion of these muscles has a “final common pathway” and 
both cardiologists and neurologists should consider evaluat-
ing both sets of muscles.

Further support for this concept comes from studies of 
animal models. Mutations in δ-sarcoglycan in hamsters 
cause cardiomyopathy whereas mutations in all sarcoglycan 
subcomplex genes in mice cause skeletal and cardiac muscle 
disease. Mutations in other DAPC genes and also dystrophin 
in murine models also consistently demonstrate abnormalities 
of skeletal and cardiac muscle function. Arber et al. [82] 

produced a mouse deficient in muscle LIM protein (MLP), 
a structural protein that links the actin cytoskeleton to 
the contractile apparatus. The resultant mice develop 
severe DCM, CHF, and disruption of cardiac myocyte 
cytoskeletal architecture. Murine mutations in titin, cypher, 
α-dystrobrevin, desmin, and other proteins all demonstrate 
cardiac and skeletal muscle disease. Finally, the DCM that 
develops after viral myocarditis has a mechanism similar to 
the inherited forms [83]. Using coxsackievirus B3 (CVB3) 
infection of mice, the authors showed that the CVB3 genome 
encodes for a protease (enteroviral protease 2A) that cleaves 
dystrophin at its third hinge region, resulting in force 
transmission abnormalities and DCM. In addition, Xiong 
et al. [84] showed that abnormal dystrophin increases 
susceptibility to viral infection and resultant myocarditis. 
Interestingly, a similar dystrophin mutation that affects the 
first hinge region of dystrophin in patients with XLCM was 
previously reported by our laboratory, demonstrating a 
consistent mechanism of DCM development, abnormalities 
of the cytoskeleton/sarcolemma and sarcomere. Finally, we 
have shown that N-terminal dystrophin is reduced or absent 
in hearts of patients with all forms of DCM (ischemic, 
acquired, genetic, idiopathic) and that reduction of 
mechanical stress by use of left ventricular assist devices 
(LVADs) results in reverse remodeling of dystrophin and of 
the heart itself [85,86].

Differential diagnosis
The causes of DCM are varied (see Table 58.2) and the 
differential diagnosis depends on age. In infants and young 
children, DCM is typically more severe than in older children 
and adults and more frequently includes other systemic 
abnormalities.

Treatment

Targeted therapies based on mechanism in DCM
Once the mechanism(s) of disease have been identified and 
understood, targeted instead of symptom-based therapies 
can be considered and developed. To date, only a small 
number of successes have been defined. Because the “final 
common pathway” involved in DCM is the link between the 
sarcomere and sarcolemma, mechanical stress is a key 
secondary component to consider [11,68,80]. Reducing 
mechanical stress and stretch might favorably remodel the 
heart. In testing this hypothesis, LVAD therapy reduces LV 
size, myocyte hypertrophy, and fibrosis, ultimately improving 
systolic function and overall ventricular performance 
[85,86]. In a subset of patients, significant improvement of 
LV size and function led to removal of mechanical support 
and resumption of normal or near-normal cardiac function. 
This may also be a key mechanism in β-blocker and ACE 
inhibitor therapy in some patients. In addition, the recent 
discovery of the regulatory effects of the transforming growth 
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factor-β (TGF-β) pathway on the development of myocardial 
fibrosis and the inhibitory and protective effects of bone 
morphogenic protein-7 (BMP-7) on this pathway and the 
effects of TGF-β-induced fibrosis may offer an approach to 
therapy [87,88].

Other targeted therapies exist. Endocardial fibroelastosis 
(EFE) in infancy was shown to occur from intrauterine 
mumps virus infection [89]. The successful use of vaccinations 
has reduced the occurrence of mumps and the incidence of 
EFE subsequently dropped to essentially zero. Furthermore, 

Table 58.2 Causes of dilated cardiomyopathy.

A. Familial dilated cardiomyopathy
Cardioskeletal myopathy, X-linked (Barth syndrome)

Familial idiopathic dilated cardiomyopathy

X-linked cardiomyopathy (XLCM)

Familial conduction defect with dilated cardiomyopathy

Arrhythmogenic right ventricular dysplasia

Left ventricular noncompaction

B. General system diseases
Systemic lupus erythematosus

Juvenile rheumatoid arthritis

Polyarteritis nodosa

Kawasaki disease

C. Tachyarrhythmias
Supraventricular tachycardia

Atrial flutter

Ventricular tachycardia

D. Infectious myocarditis
Viral

Bacterial

Fungal

Protozoal

Rickettsial

Spirochetal

E. Heredofamilial disorders
Muscular dystrophies/myopathies

Duchenne and Becker muscular dystrophies

Emery–Dreifuss muscular dystrophy

Myotonic dystrophy (Steinert)

Limb-girdle muscular dystrophy (Erb)

Autosomal recessive muscular dystrophy

Kugelberg–Welander spinal muscular atrophy

Nemaline myopathy

Myotubular (centronuclear) myopathy

Minicore–multicore myopathy

F. Mitochondrial syndromes
Kearns–Sayre

MELAS (mitochondrial encephalomyopathy, lactic acidosis, and 

stroke-like symptoms)

NADH–coenzyme Q reductase deficiency

MERRF (myoclonus epilepsy with ragged red fibers)

G. Congenital cardiovascular disease
Critical aortic stenosis of infancy

Anomalous left coronary artery

Ebstein anomaly

Postoperative congenital heart disease

Arteriovenous malformation

H. Sensitivity/toxic reactions
Sulfonamides

Penicillin

Anthracyclines

Chloramphenicol

Alcoholic cardiomyopathy

Hemochromatosis

I. Metabolic

J. Endocrine
Thyrotoxicosis

Hypothyroidism

Diabetic cardiomyopathy

Hypoglycemia

Pheochromocytoma

Neuroblastoma

Catecholamine cardiomyopathy

Hypocalcemia

Hypophosphatemia

K. Familial storage disease
Glycogen storage disease

Type IV (Andersen)

Type V (McArdle)

Type VI (Hers)

Mucopolysaccharidoses

Hurler syndrome (type I)

Sanfilippo syndrome (type III)

Morquio syndrome (type IV)

Maroteaux–Lamy syndrome (type VI)

Sphingolipidoses

Niemann–Pick disease

Farber disease

Gaucher disease

Tay–Sachs disease

GM1 gangliosidosis

Sandhoff disease (GM2)

Refsum disease

L. Nutritional
Kwashiorkor (protein deficiency)

Beriberi (thiamine deficiency)

Selenium deficiency

Carnitine deficiency

β-Ketolase deficiency

Hypertaurinuria

Acyl-CoA dehydrogenase deficiency

Propionicacidemia

M. Other
Hemolytic–uremic syndrome

Reye syndrome

Peripartum cardiomyopathy

Osteogenesis imperfecta
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the key causes of HIV-related DCM are enteroviral and 
adenoviral infection of the heart, not HIV [90]. Coxsackievirus 
(an enterovirus), the most commonly identified viral genome 
in these hearts, cleaves dystrophin by the use of endogenous 
enteroviral protease 2A, leading to DCM [83,84]. Protease 
inhibitor use, a mainstay in HIV therapy, has limited the 
development of coxsackieviral myocarditis and hence 
reduced the incidence of heart disease in these patients.

Current medical therapy
If no identifiable and treatable cause of the DCM is found, 
therapy is supportive and consists of an anticongestive 
regimen, control of significant arrhythmias, and minimizing 
the risk of thromboembolic complications. Critically ill 
children frequently require intubation and mechanical 
ventilation. The mainstay of acute decompensated heart 
failure therapy is discussed in Chapter 70 [91–97]. The use 
of dobutamine and dopamine is limited because of the 
concept of mechanical stress relationship to disease worsening 
and its correlation with arrhythmia triggering. When used, 
dopamine is typically begun in renal doses to enhance renal 
perfusion and diuresis. Myocardial phosphodiesterase 
inhibitors, such as milrinone, are useful. In adults, reports of 
associated ventricular arrhythmias has tempered enthusiasm 
for this drug, but this complication has not been observed in 
childhood DCM. Nitroprusside can also be used for afterload 
reduction but may have a greater blood pressure effect in 
these at-risk patients and must therefore be used with 
caution. Correction of anemia is important [98]. For children, 
oral therapy is instituted as intravenous inotropic agents are 
weaned [91–93] (see chapter 70).

Arrhythmias are common in children with DCM [32,34]. 
Sometimes the only treatment required is medical manage-
ment to improve cardiac function and normalize electrolyte 
imbalances. If significant arrhythmias persist, antiarrhyth-
mic therapy is warranted [99]. Many antiarrhythmic 
drugs adversely affect ventricular function and may be 
 proarrhythmic. For significant arrhythmias, amiodarone is 
effective and relatively safe in children. Temporary pacing of 
symptomatic bradyarrhythmias may be necessary during the 
acute phase of illness. Permanent pacing occasionally may 
be  necessary. Elective pacing to optimize atrioventricular 
synchrony and ventricular filling remains investigational. 
implantable defibrillators (ICDs) are becoming the standard 
of care when systolic function is significantly depressed and 
life-threatening arrhythmias occur.

The utility of immunosuppressive agents in DCM, including 
steroids, cyclosporine, and azathioprine, remains unproven. 
Intracavitary thrombus formation and systemic embolization 
occur in young patients with DCM, and anticoagulation 
should be strongly considered [100]. If a thrombus is 
identified, patients are usually anticoagulated with heparin 
and then converted to warfarin. If a thrombus is not seen, 

antiplatelet drugs (aspirin, dipyridamole) may be useful in 
preventing thrombus formation.

In children with a metabolic cause of DCM, careful atten tion 
to biochemical derangement is important [4,8,10,34,101]. 
Correcting associated metabolic acidosis and diagnosing the 
underlying causes are paramount. Oral feeding should be 
reduced or discontinued until stabilization has occurred, 
with intravenous fluid and dextrose replacement used to 
provide energy and reduce the ongoing catabolic process, 
and total parenteral nutrition (TPN) used for nutrition.

Surgical
Despite maximum medical therapy, some patients continue 
to deteriorate [102]. Children with acute and severe 
decompensation may require mechanical circulatory support 
(MCS) therapy with a ventricular assist device (VAD), intra-
aortic balloon counterpropulsion, or extracorporeal mem-
brane oxygenation (ECMO) (see Chapter 14). In children, 
MCS commonly is a bridge to transplantation. It occasionally 
helps to remodel the heart favorably, allowing device removal. 
Typically, it is meant to stabilize children and reduce other 
end-organ damage while awaiting transplantation. Unlike in 
adults, where MCS may be used as “destination therapy,” that 
approach is rarely considered in children. The other surgical 
approach is cardiac transplantation, which is used when 
children are unable to maintain functional stability and end-
organ stability (see Chapter 70). The data on childhood 
transplantation have been stable for the past decade, with a 
median survival for infant transplant of 18.3 years and an 
adolescent transplant mean survival of 11.1 years [103].

Prognosis
In infants and children presenting with DCM, there are four 
possible outcomes [4,5,32,34]: complete resolution, 
improvement, death, and cardiac transplantation. Review of 
the available studies in children suggests that approximately 
one-third die, one-third improve but have some residual 
cardiac dysfunction, and one-third recover completely. In 
children, 1-year survival ranges from 63 to 70% and 5-year 
survival from 34 to 66%; 10–11-year survival is 50%. 
Mortality is highest during the first 1–2 years after presentation. 
Congestive heart failure is the most common cause of death, 
although sudden death also occurs. The time from presentation 
to ∼6 months after diagnosis appears most critical in terms of 
defining outcome. In those who are going to recover or 
improve, signs of improvement are generally seen during the 
initial 6 months, although continued improvement may occur 
beyond 2 years. Most deaths occur in the first 6 months, with 
survival declining gradually thereafter. The persistence of 
congestive heart failure despite maximum medical therapy, 
and persistently low functional echocardiographic parameters 
on echocardiography, should prompt consideration of cardiac 
transplantation.
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Myocarditis

Myocarditis is characterized by inflammatory infiltration of 
the myocardium associated with necrosis or degeneration of 
adjacent myocytes that differs from the ischemic damage 
 associated with coronary artery disease [19,31,33]. The cause 
may be infectious, toxic, associated with connective tissue disor-
ders, or other processes; the commonest cause is viral, but almost 
any organism can be the cause (see Table 58.3). Myocarditis is 
believed to be a significant cause of idiopathic DCM.

Epidemiology
Although epidemics have been reported, the disease is usually 
sporadic [4,10,19,20,33,34]. Over the years, different viruses 
have been dominant in a population and a shifting demographic 
of viral etiology occurs approximately every decade [20,43]. In 
the 1960s–1980s, the enteroviruses, particularly coxsackievirus 
B, were the most common causal agents, although the virus 
was rarely recovered from the heart. Coxsackievirus B is 
spread by the fecal–oral or airborne route and is most common 
in the spring and summer. Young children, particularly infants, 
are most commonly affected. In the 1990s, we showed that 
adenovirus was the most common cause of myocarditis in 
children during that decade [42,104]. Adenovirus infections 
occur sporadically throughout the year and in epidemics 
during winter, spring, and early summer. The outcomes for 
children with adenoviral myocarditis differed slightly from 
those for coxsackievirus, but in both instances most children 
improved. We were the first to show that parvovirus B19 was 
a significant cause of childhood myocarditis [105], and during 
2000–2010 it became the predominant viral cause of 
myocarditis [20,42,106–108]. Parvovirus B19 infects the 
endothelium, unlike adenovirus and coxsackievirus, which 
both infect the cardiomyocyte [108]. Because of its attraction 
to the endothelium, parvovirus B19 inflames arteries, 
particularly the coronaries, leading to coronary insufficiency, 
myocardial injury, ischemia, and infarction. Currently, 
coxsackievirus is beginning to become more common again.

Clinical presentation
Children commonly present with signs and symptoms of 
congestive heart failure that may rapidly lead to cardiovascular 
collapse [10,19,109]. Infants usually are pale and clammy, 
irritable or somnolent, and have increasingly uncomfortable 
respiratory effort. On examination, they are tachypneic and 
tachycardic at rest. The cardiac examination demonstrates a 
gallop rhythm, and perhaps a mitral regurgitant murmur. 
The pulses are typically thready, and perfusion is poor. 
Commonly, there is moderate hepatomegaly. Rales are 
usually absent in small children. Older children generally 
present with breathlessness and signs of heart failure. 
Syncope may occur. Some children and adolescents present 

with signs of ischemia, particularly in parvovirus B19 
infections or fulminant myocarditis [107]. There may be a 
history of recent viral-type illness, although many have not 
been ill. Infectious contacts may not be known.

Diagnostic studies

Chest radiography
Cardiomegaly and pulmonary venous engorgement, with or 
without evidence of pneumonitis, are common. If the child 
improves, the chest radiograph becomes normal.

Electrocardiography
Classically, the surface electrocardiogram demonstrates low 
voltage of the QRS complexes in the limb leads (<5 mm total 
amplitude) with inverted T waves and absent or small Q waves 

Table 58.3 Infectious causes of myocarditis.

Viral

Adenovirus

Parvovirus B19

Enterovirus

Coxsackievirus A

Coxsackievirus B

Echovirus

Cytomegalovirus

Herpes simplex virus

Epstein–Barr virus

Mumps virus

Rubella virus

Rubeola virus

Influenza virus

Human immunodeficiency virus

Hepatitis C virus

Mycoplasma
Mycoplasma pneumoniae

Bacterial
Diphtheria

Meningococcal

Pneumococcal

Gonococcal

Fungal
Candidiasis

Aspergillosis

Protozoal
American trypanosomiasis (Chagas disease)

Toxoplasmosis

Spirochetal
Lyme disease

Rickettsial
Rocky Mountain spotted fever
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in leads V
5
 and V

6
. Sinus tachycardia is the rule, although 

bradycardia may be evident. Premature ventricular complexes 
and supraventricular tachycardia are the most common rhythm 
disturbances, although ventricular tachycardia, and complete 
atrioventricular block also occur [10,19,34,109–113].

Echocardiography
The echocardiogram demonstrates left ventricular dilation 
and depressed ventricular function. The atria (particularly 
the left atrium) may also appear mildly dilated. A pericardial 
effusion may be found. Doppler and color Doppler evalua-
tion may demonstrate mitral regurgitation.

Cardiac catheterization 
and endomyocardial biopsy
Hemodynamic evaluation typically shows elevated ven-
tricular end-diastolic pressures and reduced cardiac index 
[33,39]. Endomyocardial biopsy is used for histopathologic 
evaluation by light microscopy and electron microscopy, 
culture, and molecular analysis. Histopathologic analysis 
typically follows the Dallas criteria (Table 58.4), which rely 
on the amount of lymphocytic infiltrate, fibrosis, myocyte 
necrosis, and edema (Figure 58.3) [19]. Unfortunately, this 
approach is diagnostic in only 50% of patients [114–117]. 
Imaging approaches, including cardiac MRI, have replaced 
biopsies as the diagnostic modality in many patients and 
institutions. [117].

Viral culture and serology
Viral, bacterial, and fungal cultures are usually obtained 
from nasopharyngeal and stool specimens and also from the 
myocardium. Blood cultures are generally useless for viral 
diagnosis because the virus has usually cleared before clinical 
presentation [47]. If the culture is positive from a peripheral 
site, a presumptive etiologic diagnosis may be rendered but 

is commonly incorrect. Serologic identification requires a 
fourfold increase in antibody titers on serial analysis.

Molecular methods
In the 1980s, Bowles et al. [118] first described the use of 
in situ hybridization studies using probes designed for 
sequences of coxsackievirus to analyze myocardium. There 
were >50% hybridization-positive samples, suggesting that 
coxsackievirus was indeed a common cause of myocarditis. 
They also showed coxsackievirus probe hybridization in 
patients with idiopathic DCM and inferred that a previous 
subclinical infection caused the cardiomyopathy [118,119] 
Since the early 1990s, PCR has been used to analyze 
endomyocardial biopsy and autopsy specimens for viral 
sequences [120,121] This rapid amplification process is 
highly sensitive and has identified viral sequences in 30–50% 
of myocardial specimens studied over the past 20 years 
[19,20,33,42,43,89,90,104,105,117,120,121].

Therapy
Patients with myocarditis and acute decompensated heart 
failure require anticongestive therapy as described above. 
Therapy should be given intravenously and may include 
milrinone and diuretics. Intubation and mechanical ventila-
tion may be necessary. VAD or ECMO support or intra-aortic 
balloon pump may be needed for circulatory support. In sta-
ble patients, oral therapy with afterload-reducing agents, 
such as captopril or enalapril, and diuretics are used. For 
persistent ventricular dysfunction, carvedilol or metoprolol 
are added. Therapy for treating the inflammatory response is 
controversial. Some centers advocate steroids and other 
centers use immunosuppressive agents such as cyclosporine 
or azathioprine [19,33,122–126]. Intravenous immunoglob-
ulin (IVIG) has been used and appeared to have favorable 
results [19,33,43,117,127–129].

Table 58.4 Dallas criteria.

Type  Definition

General definition Myocardial cell injury with 

degeneration or necrosis with 

inflammatory infiltrate not due to 

ischemia

Active myocarditis Both myocyte degeneration or 

necrosis and definite cellular infiltrate 

with or without fibrosis

Borderline myocarditis Definite cellular infiltrate without 

myocyte injury

Persistent myocarditis Continued active myocarditis on 

repeated right ventricular 

endomyocardial biopsy

Resolving/resolved 

myocarditis

 Diminished or absent infiltrate with 

evidence of connective tissue healing

Figure 58.3 Histologic appearance of lymphocytic myocarditis in this 

right ventricular endomyocardial biopsy specimen obtained from the child 

with new-onset heart failure. Note the lymphocytic inflammatory infiltrate 

and myocyte necrosis.
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Future directions

Diagnosis
PCR analysis of myocardium is currently commercially avail-
able. Cardiac MRI with gadolinium late enhancement, 
applied in adults to diagnose myocarditis, is beginning to be 
used in children. Mechanical circulatory support is being 
used for a short-term bridge to recovery and appears useful 
in remodeling the heart.

Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is defined by its 
wall thickening [130–132] and is the most common cause of 
sudden death in young, healthy athletes [133–136]. It can 
cause heart failure [137–139] due to either diastolic factors 
or the development of systolic dysfunction, “burned out” 
HCM [137–138].

In children, the underlying etiologies of HCM and the 
 variable age of onset differentiate the childhood form from 
the adult counterpart [8,101,131,139]. In infants, ventricu-
lar hypertrophy associated with systolic dysfunction is more 
the rule. Overlap disorders in which HCM coexists with 
atypical features are more common in children, further 
 confounding the presentation, treatment, and outcome 
compared with adult disease.

Clinical aspects
HCM is a primary myocardial disorder with an autosomal 
dominant pattern of inheritance characterized by hyper-
trophy of the left (± right) ventricle with histological features 
of myocyte hypertrophy, myofibrillar disarray, and interstitial 
fibrosis [130–132,135,139]. HCM is one of the most com-
mon inherited cardiac disorders, with a prevalence in young 
adults of one in 500 [130,131]. HCM is also called hyper-
trophic obstructive cardiomyopathy (HOCM) and idiopathic 
subaortic stenosis (IHSS), names reflecting “classic” features 
of asymmetric septal hypertrophy and left ventricular 
 outflow tract obstruction (Figure 58.4). This early disease 
description was based primarily on patients with severe 
symptoms seen in tertiary referral centers. Epidemiologic 
studies now suggest that a wide range of clinical mani-
festations, severity, and prognosis are present in the 
community. The first clinical description of HCM was in 1869 
[140] and it was identified as a genetic disorder in the late 
1950s. During the last 15 years, molecular genetic studies 
have given important insights into the pathogenesis of HCM 
and have provided a new perspective for the diagnosis and 
management of patients with this disorder [141,142].

Genetics of familial hypertrophic cardiomyopathy
The first gene for familial hypertrophic cardiomyopathy 
(FHC) was mapped to chromosome 14q11.2-q12 using 
genome-wide linkage analysis in a large Canadian family 

[143]. Soon afterwards, FHC locus heterogeneity was 
reported [144] and subsequently confirmed by mapping the 
second FHC locus to chromosome 1q3 and the third locus 
to chromosome 15q2 [145,146]. Since then, a large number 
of loci and genes have been identified with approximately 
27 gene mutations reported to date.

Gene identification in familial hypertrophic 
cardiomyopathy
Most of the identified disease-causing genes code for proteins 
that are part of the sarcomere, the “final common pathway” 
of HCM [68]. The sarcomere is a complex structure with an 
exact stoichiometry and multiple sites of protein-protein 
interactions [141,147]. These include three myofilament 
proteins, the β-myosin heavy chain (β-MyHC), the ven-
tricular myosin essential light chain 1 (MLC-1s/v), and the 
ventricular myosin regulatory light chain 2 (MLC-2s/v); 
four thin filament proteins, cardiac actin, cardiac troponin 
T (cTnT), cardiac troponin I (cTnl), and α-tropomyosin 
(α-TM); and one myosin-binding protein, the cardiac 
myosin binding protein C (cMyBP-C) [139,141,142,147]. 
Each protein is encoded by multigene families which exhibit 
tissue-specific, developmental, and physiologically regulated 
patterns of expression [148]. The giant protein titin [149] 
and its interactive Z-disc protein, muscle LIM protein (MLP), 
have also been identified [150], as have multiple other 
Z-disc-encoding genes including CARP, NEBL, and nexillin 
(NEXN) [14,151–153]. In addition, the gene located on 
chromosome 7q3 associated with HCM and Wolff–Parkinson–
White (WPW) syndrome was identified as AMP kinase 
(AMPK), which may play a role in energy metabolism and 

Figure 58.4 Gross pathology in hypertrophic cardiomyopathy. Note the 

very thick interventricular septum and small left ventricular cavity. The 

septum is significantly thicker than the free wall, consistent with 

asymmetric septal hypertrophy.
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cause infiltration of a glycogen-like substance similar to 
Pompe disease [154–156]. This was further supported by 
identifying mutations in LAMP-2, the gene responsible for 
Danon disease [157–160].

Genotype–phenotype relations in familial 
hypertrophic cardiomyopathy
The pattern and extent of left ventricular hypertrophy in 
patients with HCM vary greatly even in first-degree relatives 
and a high incidence of sudden death is reported in selected 
families. Since the description of the first HCM-causing muta-
tion, investigators have attempted to correlate genotypes 
with particular clinical phenotypic expressions. Stemming 
from earlier pedigree studies, specific missense mutations 
were associated with a markedly unfavorable prognosis 
whereas others had an uneventful natural history. These 
observations resulted in specific mutations being  designated 
as either “malignant” or “benign.” Several  concepts have 
been published for mutations in the MYH7, TNNT2, and 
MYBPC3 genes. For MYH7, the prognosis for patients with 
different mutations varies. Watkins et al. [161 described 
mutations in MYH7 found in 12/25 families with HCM and 
concluded that the MYH7-R403Q mutation was associated 
with a significantly shorter life expectancy, and therefore 
considered a “malignant” mutation. In contrast, a noncharge 
change mutation (V606M) was associated with nearly nor-
mal survival and therefore was consid ered “benign.” In 2003, 
Woo et al. analyzed mutations in  functional domains in 15/70 
MYH7-positive probands and concluded that there may be 
prognostically informative domains. [162]

Initial reports on the clinical expression from another 
common subtype of HCM with MYBPC mutations showed a 
slower progressive disease course, with later onset and 
milder disease characteristics [163–165]. Investigators in The 
Netherlands and South Africa discovered founder mutations 
in MYBPC3 with mild phenotypic expression present in 
>30% of their patients [166]. Certain genotype–phenotype 
correlations were attributed to TNNT2 (troponin T) mutant 
forms of HCM. Far less common than MYBPC or MYH7 
forms, TNNT2 affects <5% of patients, is associated with 
less severe LV wall thickness, and has a higher incidence of 
premature sudden cardiac death [167–169]. Generally, 
patients who suddenly died had less hypertrophy and fibro-
sis, but more myocyte disarray, which may have provided 
the substrate for malignant arrhythmias [169].

These observations were made from studies of small 
cohorts involving larger families with penetrant disease 
expression whereas genotype–phenotype studies involving 
large cohorts of unrelated patients have indicated that great 
caution must be exercised when assigning particular prog-
nostic significance to any particular mutation. [170– 172]. 
Studies have demonstrated that the two most common forms 
of genetically mediated MYH7 and MYBPC3 are phenotypi-
cally indistinguishable [173].

Despite the inconsistent findings regarding outcomes based 
on genotype–phenotype correlations, several phenotype–
genotype relationships have emerged. Recently, echo cardio-
graphy-guided genetic testing has been explored [174]. Over 
two decades ago, Lever et al. noted a predominance of sigmoi-
dal HCM among the elderly and suggested a strong age 
dependence with the various septal morphologies of HCM 
[175].They suggested a morphologic classification of septal 
morphology as reverse curve, sigmoidal, apical, and neutral 
contour HCM. Solomon et al. observed that patients with muta-
tions in β-myosin heavy chain (MYH7) generally had reversed 
curvature septal contours (reverse curve HCM) [176].

Subsequently, a large genotype–phenotype analysis corre-
lating the septal morphology with the underlying genotype 
was conducted in >400 unrelated patients, and demonstrated 
that sigmoidal HCM (47% of cohort) and reverse curve HCM 
(35% of cohort) represented the two most prevalent ana-
tomic subtypes of HCM. They showed that the yield of 
genetic testing for myofilament HCM was 80% in reverse 
curve HCM, but only 10% in patients with sigmoidal HCM, 
and that septal contour was the strongest predictor of a posi-
tive HCM genetic test, regardless of age [174].

Therapy in hypertrophic cardiomyopathy
The mainstay of therapy in children with HCM has been 
pharmacologic approaches with β-blockers and calcium-
channel blockers [177–182]. In small children, propranolol is 
our drug of choice due to ease of access, liquid formulation, 
and low side-effect profile. Therapy is monitored by heart rate 
response, with goal of ∼80–100 beats per minute. Typically 
dosage ranges from 2 to 5 mg kg−1 per day divided three times 
daily. Verapamil has been used with good outcomes. In older 
children, we typically treat with atenolol; in those with exces-
sive hypertrophy and severe outflow tract obstruction, we 
occasionally use combination therapy (β-blocker plus calci-
um-channel blocker), although this has risk. The risk:benefit 
ratio must be determined for each patient.

When standard pharmacologic therapy fails, there are lim-
ited options. In small children, myectomy is the only proven 
option, but has risks [183–186]. In older patients, pacing 
protocols have been used but are controversial [187–190]. In 
adults, alcohol septal ablation has been used, but this has not 
yet been adopted in children because of uncertainties regard-
ing long-term outcome associated with creating an infarct in 
a young individual [191–195].

In patients with syncope, ventricular arrhythmias, or 
other presumed high-risk factors, ICD implantation should 
be considered [196–199]. In some patients, pacing is also 
necessary. Heart failure in HCM occurs from either diastolic 
or systolic dysfunction. In the latter, therapy is similar to that 
for DCM, including ACE inhibitor plus β-blocker therapy, 
with or without diuretic and digoxin [139,199,200]. Enalapril 
plus carvedilol is the most common ACE inhibitor–β-blocker 
combination used. With diastolic dysfunction, heart failure, 
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and preserved systolic function, combination therapy with 
ACE inhibitors and diuretics, with or without angiotensin II 
receptor blockers such as candesartan or losartan, is com-
monly used. In these patients, β-blockers, calcium-channel 
blockers, and pacing are also considered, along with surgical 
relief [139,199,200].

Finally, in children with metabolic or mitochondrial 
 dysfunction underlying the HCM, metabolic therapies have 
occasionally been successful. Similarly to the therapy in 
DCM caused by these deficiencies, carnitine, coenzyme Q10, 
riboflavin, and thiamine may be considered [101,139].

Infiltrative forms of hypertrophic 
cardiomyopathy
A variety of disorders with apparent left ventricular hypertro-
phy and features of hypertrophic cardiomyopathy occur from 
infiltrative disorders. The classic infiltrative disease is Pompe 
disease, which typically presents in the first weeks of life 
[101,201]. Other infiltrative diseases, with later onset, have 
been identified, such as Fabry disease [202,203], Danon  disease 
[157–160], and left ventricular hypertrophy due to mutations 
in AMP-activated protein kinase (AMP-K) encoded by the 
PRKAG2 gene [154–156,204]. These disorders, along with 
those caused by mitochondrial abnormalities and genetic 
 dysmorphism syndromes, are caused by abnormalities not pri-
marily affecting the sarcomere [205]. Therapy is similar to that 
for the sarcomeric form of the disease, unless systolic dysfunc-
tion occurs, when heart failure therapy should be instituted.

Pompe disease (Type II glycogen 
storage disease)
Genetic deficiency of acid α-1,4-glucosidase, an enzyme 
involved in the breakdown of glycogen to glucose, results in a 
wide clinical spectrum ranging from the rapidly fatal infantile 
onset to a slowly progressive adult-onset myopathy [101,201]. 
The infantile-onset form (Pompe disease) typically manifests 
during the first 5 months of life, and patients usually die before 
their second year of life unless they receive enzyme replacement 
therapy [206]. This rare inborn error of glycogen metabolism 
occurs in <1/100 000 births. Massive glycogen accumulation 
occurs, leading to an enlarged tongue, striking hepatomegaly, 
hypotonia with decreased deep tendon reflexes, and 
cardiomyopathy (usually HCM) with congestive heart failure. 
The glycogen accumulation can be noted histologically in the 
skeletal muscles, liver, and heart. The diagnosis may be 
suspected from the classic electrocardiogram (ECG) in which 
gigantic QRS voltages are notable, typically with a short PR 
interval [101,201]. The disease has autosomal recessive 
inheritance; the gene coding for the defective lysosomal 
enzyme resides at chromosome 17q23-q25 [101]. Prenatal 
diagnosis is possible by amniocentesis or chorionic villus 
sampling by assay of α-glucosidase. Enzyme therapy with 
Myozyme (alglucosidase alfa) is now possible and, in some 
patients, appears to reverse the cardiac phenotype [206].

Fabry disease
An X-linked recessive disorder with mild expression occa-
sionally seen in carrier females is caused by deficiency of the 
enzyme α-galactosidase (α-Gal) and found in 1/40 000 peo-
ple [203]. Deposits of glycosphingolipids in various  tissues, 
particularly the kidneys and coronary arteries, cause the most 
important disease manifestations – renal failure and myocar-
dial infarctions in young adult males. Fabry disease usually 
begins in adolescence with sensations of burning pain in the 
hands and feet [202,203] associated with fever, heat, cold, 
and exercise. With increasing age, multiple angiokeratoma 
become noticeable, especially around the umbilicus and geni-
talia. Corneal opacities are often noted. Progressive renal 
 failure develops. CNS manifestations include seizures and 
headaches, and also hemiplegia associated with an increased 
risk of stroke. Primary cardiac manifestations in affected males 
are hypertrophic cardio myopathy and mitral insufficiency. 
Diagnosis depends on echocardiography [203]. The left ven-
tricular myocardium and mitral valve are regions of greatest 
storage of lipid material [203,206–208]. On electrocardio-
gram, the PR interval is usually short. Deposition of sphin-
golipids in the coronary arteries leads to myocardial ischemia 
and infarction. The disease-causing gene is localized to Xq22 
and encodes the α-Gal gene [203,206–208]. Enzyme replace-
ment therapy with recombinant human α-galactosidase A 
(algasidase) is promising but expensive.

Danon disease
Danon disease is an X-linked dominant disorder characterized 
by intracytoplasmic vacuoles containing autophagic material 
and glycogen in cardiac and skeletal muscle cells. The major 
manifestations relate to cardiomyopathy with or without con-
duction defect, WPW syndrome, skeletal myopathy, or  mental 
retardation [54,157–160]. The abnormality affects lysosomal 
function due to mutations in the lysosomal associated mem-
brane protein 2 (LAMP2). The clinical phenotypic expression 
of Danon disease varies. Charron et al. screened 50 patients 
with HCM for LAMP2 mutations and identified mutations in 
two patients with HCM and skeletal myopathy [159]. Both 
individuals presented as teenagers and other affected individ-
uals in the family were identified as young as 7 years of age. 
WPW syndrome and high-voltage QRS complexes on electro-
cardiogram were notable along with ele vated creatine kinase 
plasma levels. LV dilation and dys function occurred late with 
symptoms of heart  failure. Atrial and ventricular arrhythmias 
and conduction disease were notable along with death during 
the twenties. Visual acuity abnormality from choriocapillary 
ocular atrophy is common. This disease appears under-recog-
nized and may be a significant cause of heart failure and LVH 
in childhood [160].

AMP-activated protein kinase (AMP-K)
AMP-activated protein kinase (AMP-K), encoded by the γ2 
regulatory subunit of the PRKAG2 gene on chromosome 
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7q31 [209], is an enzyme that has been thought to modulate 
glucose uptake and glycolysis [210,211] and regulate energy 
homoeostasis [204]. AMP-K is expressed in many tissues, 
including the heart and vasculature. It is activated in response 
to stresses that increase the cellular ratio of AMP to ATP 
caused either by inhibiting ATP production (i.e., anoxia or 
ischemia) or by accelerating ATP consumption (i.e., muscle 
contraction or fasting). In the heart, AMP-K activity increases 
during ischemia and functions to sustain ATP, cardiac 
 function, and myocardial viability [204]. Dominant gene 
mutations have been identified [154,155] in patients with 
hypertrophic cardiomyopathy, WPW pre-excitation, and 
atrioventricular block. Blair et al. [155] argued that muta-
tions in AMP-K resulted in HCM due to compromise of 
energy production and utilization, but Arad et al. [156] 
 provided evidence that this disorder is a form of glycogen-
storage disease. Cardiac pathology, however, differed from 
other forms of HCM in that there was pronounced vacuole 
formation in which glycogen-associated granules were 
noted and no myocyte or myofibrillar disarray was seen. 
The myocytes were enlarged and interstitial fibrosis was 
minimal. Utilizing a yeast system in which a similar enzyme 
is functional, Arad et al. introduced the same mutations 
found in the patients and showed that the enzyme activity is 
persistent (i.e., does not turn off), leading to glycogen accu-
mulation. They confirmed these findings by developing a 
murine model which mimics the human disorder [156].

Energy-dependent forms of hypertrophic 
cardiomyopathy

Mitochondrial cardiomyopathies
The human mitochondrial genome is a small, circular DNA 
molecule that is maternally inherited. Mitochondrial 
DNA (mtDNA) encodes 13 of the 69 proteins required for 
oxidative metabolism, 22 transfer RNAs (tRNAs), and 
two ribosomal RNAs (rRNAs) required for their translation 
[212–214]. Because mtDNA has much less redundancy than 
the nuclear genome (in which essentially identical informa-
tion is received from both parents), and tRNAs and rRNAs 
are present in multiple copies, the mitochondrial genome 
is an excellent target for mutations giving rise to human 
 disease. Mitochondria enjoy a symbiotic relationship 
with the cell. These subcellular organelles depend on nucle-
ocytoplasmic mechanisms for most structural components, 
but do contribute vital peptides that are central to cellular 
respiration. Mitochondria contain a permeable outer 
 membrane and a highly restrictive inner membrane that 
guards the chemical microenvironment of the matrix com-
partment. Adaptive mechanisms exist for the passage of large 
and small molecules across the inner membrane. Translocases 
shuttle monocarboxylic acids, amino acids, acylcarnitine 
conjugates, small ions, and other metabolites in and out of 
the mitochondrial matrix. Energy is required for importing 

proteins into the mitochondria because the nuclear gene-
synthesized mitochondrial proteins are precursor molecules 
that require presequence cleavage. The 13 mtDNA genes are 
located in the respiratory chain [212–214] and include seven 
complex I subunits (ND1, -2, -3, -4L, -4, -5, and -6), one 
complex III subunit (cytochrome b), three complex IV subu-
nits (COI, -II, and -III), and two complex V subunits (ATPase 
6 and 8). Coordination must exist between nuclear and 
mitochondrial genomes to permit assembly of the complex 
holoenzymes. Each cell contains numerous mitochondria 
and each mitochondrion contains multiple copies of mtDNA. 
This genetic material derives exclusively from the female 
gamete and any mutation must be passed from female par-
ent to all progeny, male and female. The replicative segrega-
tion of mutant mtDNA copies within the cell determines 
whether this biological disadvantage is expressed. In most 
mitochondrial disorders, patients carry a mix of mutant and 
normal mitochondria, a condition known as heteroplasmy, 
with the proportions varying from tissue to tissue and from 
individual to individual within a pedigree in a manner cor-
relating with severity of phenotype [212–215].

Mitochondrial diseases often produce disturbances of 
brain and muscle function, presumably because these two 
organs are so metabolically active, and therefore the 
 metabolic demand is high during growth and development 
[213–216]. Cardiac disease is most commonly seen with res-
piratory chain defects [212]. Ragged red fibers are present in 
muscle biopsy specimens almost invariably when the molec-
ular defect involves mtDNA (except in infants). These defects 
represent the genetics of ATP production. The diverse  clinical 
syndromes associated with various respiratory chain 
 complexes are thought to result from involvement of tissue-
nonspecific (generalized) subunits in other cells, and the 
residual enzyme activity in affected tissues. The cardiac 
 diseases associated with mitochondrial defects include both 
hypertrophic cardiomyopathy and dilated cardiomyopathy, 
and LV noncompaction [217].

Kearns–Sayre syndrome
This mitochondrial myopathy is characterized by ptosis, 
chronic progressive external ophthalmoplegia, abnormal 
retinal pigmentation, and cardiac conduction defects, in 
addition to DCM [212,218]. Approximately 20% of 
Kearns–Sayre syndrome patients have cardiac involvement 
and the majority have conduction defects causing progres-
sive heart block [219]. These patients generally have large, 
heterogeneous deletions in the mitochondrial chromo-
some. Poulton et al. [220] showed germline deletions of 
mtDNA in a family with Kearns–Sayre syndrome with a 
deletion in muscle mtDNA and at low levels in blood that 
was identical with that found in the mother and sister. The 
probands, however, had more deleted DNA, correlating 
with more severe symptoms. Other mutations have also 
been described [214].
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MERRF syndrome
This syndrome is characterized by myoclonic epilepsy with 
ragged red muscle fibers (MERRF) and is caused by a single 
nucleotide substitution in tRNA LYS that apparently  interferes 
with mitochondrial translation [212,214,216,221]. This 
abnormality causes decline in ATP-generating capacity, with 
onset of disease that includes cardiomyopathy. Other reports 
outline various disease-causing mutations [222–224].

Restrictive cardiomyopathy

Restrictive cardiomyopathy (RCM) is a rare form of heart dis-
ease (<5% of cardiomyopathies in children) [225–228] char-
acterized by “normal or decreased volume of both  ventricles 
associated with biatrial enlargement, normal left ventricular 
wall thickness and atrioventricular valves, impaired ven-
tricular filling with restrictive physiology, and normal (or 
near normal) systolic function” (Figure 58.5) [5].

Epidemiology
In children in the United States and Australia, RCM accounts 
for 2.5–5% of the diagnosed cardiomyopathies, with most 
having no specific identified cause [3,225–227,229]. In 
Australia, RCM accounted for 2.5% of the cardiomyopathies 
in children <10 years of age [229] and in the United States it 
accounted for 3% of the cardiomyopathies in patients 
<18 years of age. [3] The estimated annual incidence in 

children in the United States and Australia is 0.04/100 000 
and 0.03/100 000, respectively [3,229].

Etiology and pathology
Multiple causes of RCM described in adults and children are 
listed in Table 58.5. The pathology and histology vary with 
the underlying disease process [230,231]. Histochemical 
stains show variable degrees of myocyte hypertrophy, inter-
stitial fibrosis, and myocytolysis. Both sporadic and familial 
examples of RCM are reported. Worldwide, the most com-
mon etiology is endomyocardial fibrosis, which affects ∼10 
million people, most often children and adolescents 
[232,233]. Some inherited instances of RCM have autosomal 
dominant transmission, mostly caused by mutations in 
 sarcomere-encoding genes such as troponin I, troponin T, 
β-myosin heavy chain, and actin [225,231]. RCM has also 
been associated with atrioventricular block and skeletal 
myopathy, and caused by mutations in desmin [225,231].

Clinical presentation and diagnostic evaluation
The common presenting symptoms in children with RCM 
include dyspnea that is frequently exacerbated by an inter-
current respiratory illness or “asthma,” fatigue, exercise 
intolerance, syncope, and sudden death [225,230,234,235]. 
Abnormal findings on physical examination include 
hepatomegaly, ascites, elevated jugular venous pulse, a loud 
pulmonary component of the second heart sound (P2), 
and an S

3
 or S

4
 gallop. Chest radiography usually reveals 

Figure 58.5 (a) Apical four-chamber echocardiographic view of a child with restrictive cardiomyopathy. Note the extremely dilated atria and normal-

sized ventricles (which appear to be small because of the large atrial dimensions). The electrocardiographic strip at the bottom demonstrates a giant 

P wave as well. (b) Echocardiogram (parasternal long-axis view) in a child with restrictive cardiomyopathy. Note the giant left atrium and normal-sized left 

and right ventricles. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

(a) (b)



CHAPTER 58 Cardiomyopathies

841

 cardiomegaly and pulmonary venous congestion (an indica-
tor of poor prognosis). The electrocardiogram is abnormal 
in ∼98% of patients [236]. The most common abnormalities 
are right and/or left atrial enlargement; however, ST seg-
ment depression and ST-T wave abnormalities are frequent 
(Figure 58.6). Right and/or left ventricular hypertrophy and 
conduction abnormalities may be present. Arrhythmias are 
found in ∼15% of pediatric patients and include both atrial 
and ventricular tachyarrhythmias, including torsades de 
pointes and WPW syndrome, and various degrees of heart 
block. Symptomatic sinus bradycardia requiring pacing has 
also been reported [234].

The most striking finding on echocardiography is massive 
atrial dilation with normal AV valves.(Figure 58.5) [225]. In 
children, findings consistent with restrictive filling and 
increased left ventricular end diastolic pressure include ele-
vated E/A ratios, short mitral deceleration times, increased 
pulmonary vein atrial reversal velocity and duration, and 
pulmonary vein atrial reversal duration greater than mitral 
A duration [237–239]. Some systolic dysfunction may be 
present and deteriorate with time [225,230,236,237]. Some 
concentric increase in septal and left ventricular posterior 
wall thickness is present in many patients otherwise fulfill-
ing the criteria for RCM. The ventricular cavity sizes are 
 usually normal.

Cardiac catheterization should be performed. It shows 
elevated left and/or right ventricular end diastolic pressures, 
and frequently pulmonary hypertension [225,237,239]. The 
pulmonary vasculature may remain reactive, but 40% of 

patients had elevated and nonreactive pulmonary vascular 
resistance when evaluated for cardiac transplantation [240]. 
The major hemodynamic problem in RCM is restricted 
 ventricular filling. The diastolic pressure curve generally 
shows one of two patterns: (1) the pressure is elevated at 
the onset of diastole and rises further with ventricular filling; 
(2) a prominent y descent occurs in early diastole, followed 
by an abrupt rise during the rapid filling phase, producing 
the “square root” or “dip and plateau” pattern. The first 
 pattern can also be seen in cardiac tamponade, and the sec-
ond may be seen in constrictive pericarditis (see also 
Chapter 59). Elevated pulmonary artery pressure is com-
mon, and markedly elevated pulmonary vascular resistance 
can occur within 1–4 years of diagnosis. Endomyocardial 
biopsy reveals myofiber hypertrophy and mild to moderate 
interstitial fibrosis.

Treatment
Treatment of RCM is nonspecific and directed at alleviating 
symptoms. In general, medical therapy does not improve 
survival [234,236,237,240]. Diuretics are usually helpful in 
reducing pulmonary and systemic venous congestion. 
Because there is restriction on ventricular filling, care must 
be taken to avoid excessive reduction of preload. Afterload-
reducing agents, calcium-channel blockers, and inotropic 
agents have not been beneficial Adrenergic agonists and 
phosphodiesterase inhibitors can improve left ventricular 
relaxation, but they are effective only in patients with con-
current systolic dysfunction. Chatterjee and Alpert [241] 
reported that in patients with RCM and severe heart failure, 
pharmacotherapy is ineffective and cardiac transplantation 
is the most effective therapy. Atrial thrombi or embolic 
events occur often, so anticoagulation or antiplatelet therapy 
appears warranted. ICD implantation has theoretical 
 advantages but there are limited data to support its use. 
Transplantation remains the treatment of choice. Contem-
porary outcomes from transplantation far exceed the natural 
history of this disease, causing some groups to recommend 
listing for transplantation when the patient presents, even if 
asymptomatic. Progressive elevation of pulmonary vascular 
resistance should lead to early consideration of transplan-
tation. Elevated pulmonary vascular resistance usually 
 normalizes after transplantation.

Prognosis
The prognosis for children with RCM is poor [225,230,
234,236–240,242], with half dying or under going  transplant 
within 3 years of diagnosis [225,230,234,236–240]. Sudden 
cardiac death is common [225,230,234,236–240],  especially 
in those with signs and symptoms of ischemia, such as syn-
cope and chest pain. Deaths from heart failure are the most 
common, with poor prognostic factors being cardiomegaly 
and pulmonary venous  congestion on chest X-ray, age <5 
years, thromboembolism, and elevated pulmonary  vascular 
resistance [225,230, 234,236–240].

Table 58.5 Etiologies of restrictive cardiomyopathy.

Genetic  Mixed  Acquired

Sarcomeric 
mutations

Amyloidosis Endomyocardial 

fibrosis

Troponin I Endocardial 

fibroelastosis (EFE)

Myocarditis

Troponin T Cardiac transplant

α-cardiac actin Pseudoxanthoma 

elasticum

Myosin binding 

protein C

Diabetic 

cardiomyopathy

β-Myosin heavy 

chain

Sarcoidosis

Myosin light chain Hemochromatosis

Non-sarcomeric 
mutations

Loffler syndrome

Desmin Scleroderma

RSK2 (Coffin–Lowry) Carcinoid

Lamin A/C 

(Emery–Dreifuss)

Metastatic cancers

Transthyretin 

(amyloidosis)

  Radiation

Drugs
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Arrhythmogenic cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC), 
first reported in 1978 [243], has areas of fibrofatty replacement, 
inflammatory infiltrate, and fibrosis, predominantly in the right 
ventricular but also the left ventricular free wall. A spectrum of 
right ventricular involvement occurs. Classically, the patients 
present with syncope or palpitations secondary to ventricular 
tachycardia of left bundle branch block morphology, originat-
ing from the areas of fibrofatty replacement [244–246].

Pathology
Pathologically there is some right ventricular enlargement, 
frequently with aneurysms and thinning of the right ventricu-
lar free wall in the region of the infundibulum, apex, or  inferior 
wall (known as the “triangle of dysplasia”) associated with 
fibrosis with or without fatty replacement (Figure 58.7) 
[247,248]. These areas of replacement are white, thickened, 
and sclerotic on the endocardial surface. The left ventricle is 
also often affected. Histologic sections show a variable reduc-
tion in myofibrils and inflammation associated with interstitial 
infiltration by histiocytes and lymphocytes. The few remaining 

Figure 58.6 (a) This electrocardiogram demonstrates large P waves in addition to T-segment abnormalities consistent with ischemia. 

(b) Electrocardiographic strip demonstrating ventricular tachycardia. This occurred after the development of sinus tachycardia, which led to worsening 

ischemic abnormalities on electrocardiogram.

(b)

(a)
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myofibrils are hypertrophied or show signs of degeneration. It 
is the fibrosis and fatty infiltration that are most characteristic 
of ARVC; all layers of the free wall are affected [246],

Prevalence
It is difficult to assess the prevalence of ARVC, because clini-
cally evident right ventricular dysfunction is uncommon, 
and the reporting is based primarily on the arrhythmia and 
not right-sided failure. The estimates range from 1/1000 to 
1/5000 population [249–251].

Etiology
Two etiologic factors for ARVC have been defined [252]. An 
inflammatory process, possibly infectious, has been impli-
cated because infection with coxsackievirus B3 and adenovi-
rus has been reported [253]. In susceptible individuals, a 
preceding viral infection could gradual destroy myocytes and 
cause fatty infiltration. Familial occurrence is recognized and 
genes encoding proteins of the desmosome or desmosome 
interacting proteins have been described.(Table 58.6) [252].

Clinical findings
The clinical picture seems to be independent of age 
[245,246,252]. The typical patient is male and in the third 
decade of life, but the ages range from the first year of life to 
the ninth decade. Athletic teens and 20–30-year-olds are the 
most at risk. Typically the patient presents abruptly with syn-
copal episodes, palpitations, or ventricular tachycardia, often 
associated with exercise. Sudden death may be the initial 
(and final) presentation. The physical examination is usually 
normal. When findings are abnormal, diastolic filling sounds 
are most frequent (20%), and prominence of the left anterior 
thorax occurs in <10%. An irregular rhythm is usually found 
on physical examination. Presentation with right ventricular 
failure occurs in <2% of patients [245,246,252–254].

Diagnostic studies

Chest radiography
The chest radiograph is normal in the absence of right ven-
tricular failure. Although a cardiothoracic ratio of >50% 
occurs in many older patients, it is normal in children. 
Pulmonary vascular markings are usually normal.

Electrocardiography
The electrocardiogram is helpful [245,246,252]. It usually 
shows sinus rhythm, with frequent ventricular premature 
depolarizations of left bundle branch block morphology. The 
QRS, P wave, and T wave frontal plane axes are normal. 
Although precordial QRS morphology is normal, a pattern 
of incomplete right bundle branch block is seen in >30% of 
patients. The most striking and constant feature is the inver-
sion of T waves in leads V

1
–V

4
. Whereas this sign is highly 

suggestive of ARVD in the adult, it may be normal in  children 
<12 years old. Ventricular post-excitation waves, so-called 
epsilon waves, are found in the ST segments of the right 
precordial leads in 30% of adult patients. By increasing 
the gain or by using signal-averaging techniques, these 
 potentials – which arise from areas with markedly delayed 
depolarization – can be made visible. Epsilon waves are 
 considered a marker for risk of re-entry tachycardia. When 
present,  ventricular tachycardia is characterized by a left 
bundle branch block morphology, a rate in the range 170–
300 beats per minute (average 250), with a QRS axis that is 
normal to rightwards.

Figure 58.7 Histologic examination in arrhythmogenic right ventricular 

dysplasia shows fibrofatty infiltration within the right ventricular tissue. 

Note the fatty infiltration and the fibrous tissue surrounding the islands of 

cardiomyocytes.

Table 58.6 Arrhythmogenic RV cardiomyopathy genetics.

Locus 
name  

Inheritance
 

Map 
position  

Gene

ARVD1 AD 14q23 TGFB3

ARVD2 AD 1q42-q43 RyR2

ARVD3 AD 14q12 ?

ARVD4 AD 2q32 ?

ARVD5 AD 3p23 ?

ARVD6 AD 10p12 ?

ARVD7 AD 10p22 TMEM43

ARVD8 AD 6p24 Desmoplakin (DSP)

ARVD9 AD 12p11 Plakophilin-2 

(PKP2)

ARVD10 AD 18q12 Desmocolin-2 

(DSC2)

ARVD11 AD 18q12 Desmoglein-2 

(DSG2)

Naxos AR 17q21 Plakoglobin (JUP)

Carvajal  AR  6p24  Desmoplakin (DSP)
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Noninvasive imaging
Noninvasive evaluation of ventricular morphology and 
 function is helpful but may not detect all patients in child-
hood [255,256]. Cardiac MRI can visualize the anatomic 
abnormalities, myocardial fibrosis, and inflammation. 
Echocardiographic imaging can show right ventricular out-
pouching, diffuse dysfunction, or dilation. Global dysfunction 
and regional wall motion abnormalities may also be identified 
by radionuclide angiography [246,252,256].

Cardiac catheterization
If ARVC is suspected (e.g., ventricular tachycardia in a 
 “normal heart”) and not found on MRI or echocardiography, 
cardiac catheterization (especially with angiography) should 
be considered [245,252,257]. The pressures may be normal 
in each cardiac chamber. If abnormal, the most common 
finding is an elevated right atrial a wave, which in patients 
with severe right ventricular dysfunction may exceed the 
pulmonary artery diastolic pressure. A right ventriculogram 
usually shows dyskinesis and dilation in adults but less com-
monly in children. Children show segmental dilation with 
paradoxical motion of the outflow tract. The hallmark of the 
disease is systolic bulging of the right ventricular free wall. 
The “triangle of dysplasia” includes the anterior infundibu-
lum, the right ventricular apex, and the diaphragmatic free 
wall. Hemodynamic and angiographic assessment of left 
 ventricular function should also be done. Endomyocardial 
biopsy of the right ventricular septum should be performed, 
because classic pathologic changes are seen in >90% of 
patients [245,252,257]. Analysis of the biopsy should include 
histology with appropriate staining for fibrosis and adipose/
lipid infiltration, PCR analysis for viral genome, and immu-
nohistochemistry for desmosomal and gap junction proteins.

Electrophysiologic study
Invasive electrophysiologic investigation is usually not needed 
for diagnosis [257–259]. Atrial and atrioventricular node con-
duction times are often prolonged minimally and epsilon 
waves can be recorded in only half the patients. Electro-
physiologic testing can confirm that the tachycardia originates 
in the right ventricle, map the location of initiation, and evalu-
ate response to antiarrhythmic agents. An ICD can be implanted 
when appropriate during the electrophysiologic study [258].

Treatment
Treatment focuses on control of the arrhythmias [257–259]. 
Propranolol, sotalol, procainamide, disopyramide, and 
 amiodarone have been effective in some patients. ICD 
implantation has become standard in adults but has been 
used only in symptomatic children [258].

Natural history
The natural history of ARVC requires further study 
[246,252,257,258]. Although sudden death occurred in ∼5% 

of the reported patients, most were either untreated or undi-
agnosed. Sudden death in childhood occurs, as does death 
from congestive failure, but it is uncommon. There is debate 
whether antiarrhythmic treatment will reduce the incidence 
of sudden death. The usual course appears to be one of slow 
deterioration of right ventricular function and reduction in 
the efficacy of antiarrhythmic treatment.

Overlap disorders

Left ventricular noncompaction
This disorder has been named spongy myocardium, fetal 
myocardium, and noncompaction of the left ventricular 
myocardium [77,260–262]. It may represent an arrest in the 
normal process of myocardial compaction, the final stage of 
myocardial morphogenesis. The result is persistence of mul-
tiple prominent ventricular trabeculations and deep inter-
trabecular recesses at the LV apex and at times the free wall 
and septum (Figure 58.8). This cardiomyopathy may be 
 difficult to diagnose unless there is a high level of suspicion 
during echocardiographic evaluation. In fact, on careful 
review of echocardiograms and other clinical data, it appears 
that left ventricular noncompaction is relatively common in 
children and adults [8,77].

Left ventricular noncompaction (LVNC) is a clinically het-
erogeneous disorder that may present with multiple  different 

Figure 58.8 Echocardiogram of a child with left ventricular 

noncompaction. This apical three-chamber view shows an apparently thick 

left ventricle with small left ventricular chamber. Note the apical “fill in” 

and the strips of muscle (trabeculations) at the free wall with 

intertrabecular recesses between the trabeculations (arrows). RA, right 

atrium; RV, right ventricle; LV, left ventricle.
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features (Figure 58.9) including the following [8,77,
263,264]:
1 LV noncompaction associated with normal LV size, thick-
ness and function occurs in ∼25% of LVNC. The patients are 
asymptomatic and features do not change.
2 LV noncompaction associated with a dilated LV and poor 
systolic function (DCM form of LVNC).
3 LV noncompaction associated with a hypertrophic LV and 
hyperdynamic systolic function and diastolic dysfunction 
(HCM form of LVNC).
4 LV noncompaction associated with a hypertrophic and 
dilated LV with systolic dysfunction (HDCM form of LVNC).
5 LV noncompaction associated with a dilated atria and 
 normal LV size, thickness and systolic function (RCM form of 
LVNC).
6 LV noncompaction associated with congenital heart dis-
ease, commonly right-sided but with a variety of other 
lesions (Figure 58.10).

Figure 58.9 Echocardiograms of children with left ventricular noncompaction. These apical four-chamber views show the heterogeneous phenotypes 

that can occur in left ventricular noncompaction. (a) LV noncompaction associated with normal LV size, thickness, and function. Note the apical and free 

wall trabeculations in the LV. (b) LV noncompaction associated with a dilated LV and poor systolic function (DCM form of LVNC). Note the inappropriate 

apical and free wall thickening in this otherwise dilated LV. (c) LV noncompaction associated with a hypertrophic LV and hyperdynamic systolic function and 

diastolic dysfunction (HCM form of LVNC). Note the asymmetric septal hypertrophy with midseptal bulge, apical hypertrophy/trabeculations, and free wall 

trabeculations. (d) LV noncompaction associated with a dilated atria and normal LV size, thickness, and systolic function (RCM form of LVNC); (e) LV 

noncompaction associated biventricular trabeculations. The apex of both ventricles show hypertrophic “fill in” with trabeculations and the LV free wall is 

also heavily trabeculated, giving the appearance of a hypoplastic LV.

Figure 58.10 Echocardiograms of a child with left ventricular 

noncompaction associated with congenital heart disease. The associated 

CHD lesion in this case is Ebstein’s anomaly; note the apically displaced 

tricuspid valve (arrow).
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In the isolated form and that associated with congenital heart 
disease, metabolic derangements may be notable. [217,261]

Clinical features of left ventricular 
noncompaction
Towbin recently suggested that patients with a trabeculated 
left ventricle be subgrouped into phenotypes and that this 
subdivision is important in predicting outcome [264]. In 
approximately 25% of patients, the size, thickness, and func-
tion of the LV are normal, and these subjects, provided that 
they are arrhythmia free, appear to show a benign course. 
The other forms are dependent on the other features regard-
ing outcomes. When LVNC coexists with another type of 
cardiomyopathy as defined above, many present in infancy 
with signs and symptoms of heart failure but others are 
identified later, even in adulthood. Pignatelli et al. [77] 
reported 36 children with a median age at presentation of 
90 days (range 1 day–17 years). About 40% of these chil-
dren presented with low cardiac output or congestive heart 
failure and only one child presented with syncope. Most of 
the other patients (42%) were asymptomatic, but had elec-
trocardiographic or radiographic abnormalities. In an infant 
with LVNC, the ECG may show giant QRS complexes some-
times with pre-excitation (Figure 58.11). In addition, 14% 
of the 36 children had associated dysmorphic features and 
19% of affected children had first-degree relatives with 
 cardiomyopathy. The children who died each had a systemic 
disease and died in the first 3 months of life. Thromboembolic 
phenomena, including stroke, also occur in patients with 
LVNC [263]. Whether the disease in adults differs from that 
in children is unknown [265].

Genetics of left ventricular noncompaction
LVNC commonly has X-linked recessive or autosomal domi-
nant inheritance [5,8,263,264]. In X-linked LVNC, female 
carriers do not develop frank clinical disease and their 
echocardiograms are normal. Consistent with X-linked 
inheritance, no male-to-male transmission of the disease 
occurs. In most patients with LVNC associated with CHD, 
autosomal dominant inheritance is seen in familial instances 
and less often in LVNC without CHD. When LVNC is associ-
ated with CHD, the CHD may be heterogeneous in families. 
In some of these, affected members may be identified with 
“minor” forms of CHD, which have spontaneously improved, 
whereas others have severe CHD. Penetrance may be 
reduced in some families and both autosomal dominant and 
X-linked inheritance have been described [263].

Molecular genetics of left ventricular noncompaction
A genetic cause of isolated LVNC was initially described by 
Bleyl et al. [18] when they identified mutations in the gene 
G4.5/TAZ in patients and carrier females. This gene, known 
as G4.5 or tafazzin (TAZ), encodes a novel protein family 
(tafazzins) with unclear function, and is also responsible for 
Barth syndrome (BTS) [76] and other forms of infantile 
 cardiomyopathies [266,267]. BTS, a clinical association of 
myocardial dysfunction with a number of other features 
[53,73,74,268], was discussed above. It is an X-linked disor-
der and may be allelic to several phenotypically different 
 disorders on Xq28 [269,270] such as LVNC and dilated 
 cardiomyopathy. Congenital heart defects have not been 
associated with BTS or other G4.5-associated disease.

For autosomal dominant LVNC, multiple genes have been 
identified, including mutations in α-dystrophobrevin [271], 

Figure 58.11 Electrocardiogram in a neonate with the dilated, hypertrophic form of left ventricular noncompaction. Note the extreme mid-precordial QRS 

complex voltages and the short PR interval. The voltages are set at one-quarter standard.
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mutations in the Z-line protein encoding ZASP, located on 
chromosome 10q22 [12], mutations in sarcomere-encoding 
genes, mutations in β-myosin heavy chain (MYH7), α- cardiac 
actin (ACTC), and cardiac troponin T (TNNT2) [272], 
 sarcomere-encoding genes and the cytoskeleton, and 
 mutations in the sodium channel gene, SCN5A [273]. 
A cytoskeletal protein associated with LVNC is dystrophin in 
Duchenne and Becker muscular dystrophy [274]. Skeletal 
muscle biopsy has, in some patients, identified mitochondrial 
abnormalities, suggesting a nuclear import protein as the pri-
mary abnormality. Genetic testing can identify a disease-
causing mutation in ∼40% of these patients [275,276].

Therapy and outcome
The specific therapy [277–279] depends on the specific 
 clinical and echocardiographic findings of the phenotypic 
subtype of LVNC [264], and these have been discussed above 
under the specific type of cardiomyopathy. In patients with 
forms of noncompaction with associated mitochondrial or 
metabolic dysfunction, some investigators add a “vitamin 
cocktail” to the cardiac therapy, with coenzyme Q10, 
 carnitine, riboflavin, and thiamine commonly used alone or 
in combination [8,34,102,217,264].

In patients with associated congenital heart disease under-
going catheter intervention or surgical repair [280], the 
 cardiac functional abnormalities must be understood, 
 evidence of thrombi (which should be treated with antico-
agulation) sought, cardiac rhythm disturbances addressed 
[264], and the metabolic status of the patient attended to.
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59 Pericardial Diseases
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Introduction

Normal anatomy and physiology
The normal pericardium has two primary layers, the 
visceral pericardium and the parietal pericardium. The 
visceral pericardium, or epicardium, is a single serous layer 
covering the surface of the heart and proximal great vessels 
(Figure 59.1). The parietal pericardium has three layers, 
the innermost serous layer being continuous with the 
serous visceral  pericardium. The space between the two 
serous layers is termed the pericardial space or cavity, and 
contains a small amount of serous fluid for lubrication 
(<20–30 ml in adults). The middle layer of the parietal 
pericardium is fibrous tissue and the outer layer is epicardial 
connective tissue, largely collagenous. The pericardium 
obtains its arterial blood  supply from the internal mam-
mary artery and descending aorta, and is innervated by the 
phrenic and vagus nerves. It is anchored within the 
thoracic cavity with attachments  inferiorly to the diaphragm 
and a portion of the inferior vena cava, and posteriorly 
to the esophagus, aorta, pulmonary veins, and thoracic 
 vertebrae [1].

The pericardium provides a mechanical barrier for the 
heart, protecting it from the spread of inflammatory, infec-
tious, and neoplastic diseases from contiguous structures. 
The small amount of normal pericardial fluid allows free 
movement during the cardiac cycle. The pericardium limits 
acute distension of the heart, and therefore diastolic volume. 
It also allows diastolic coupling of the two ventricles, whereby 
filling pressure abnormalities of one ventricle affect the 
other. Slow accumulation of fluid within the pericardium is 
well tolerated by stretching and growth of the parietal 
 pericardium, but rapid accumulation of even a small amount 
of fluid is typically poorly tolerated.

This chapter discusses the clinical features and etiology 
of acute pericarditis and associated pericardial effusion, 
 congenital anomalies of the pericardium,  and  constrictive 
 pericarditis.

Acute pericarditis

Clinical history
Children and adolescents with acute pericarditis of any 
 etiology commonly present with precordial or substernal 
chest pain that is described as squeezing, sharp, or dull. It is 
typically worse when supine and the patient may refuse to 
lie down for the examination, preferring to sit upright and 
lean forward. The pain is worse with inspiration, coughing, 
and movement [2]. Younger children may present without 
typical chest pain symptoms. Respiratory distress is uncom-
mon unless cardiac tamponade or pulmonary disease is 
present. Abdominal pain is rare, but can result from hepatic 
distension in patients with a fast-accumulating effusion and 
tamponade.

Physical examination
The pathognomonic physical finding of acute pericarditis is a 
friction rub, a high-frequency, scratching/sandpaper-like 
sound caused by friction between the inflamed pericardial 
surfaces. The rub is heard in systole and diastole, may be 
intermittent, and is best heard at the left sternal border or the 
apex. It is loudest when the heart is closest to the chest wall 
as when the patient leans forward, kneels, and/or inspires 
[2]. The absence of the rub does not exclude pericarditis, par-
ticularly with a large effusion, and then the heart sounds 
may be muffled. Fever, if present, is largely nonspecific.

Cardiac tamponade is compression of the heart from the 
fluid-filled pericardial cavity, restricting atrial and  ventricular 
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filling and decreasing cardiac output [3]. Tamponade may 
result from either a sudden increase in pericardial volume 
or from gradual increases in pericardial volume beyond 
the point of potential pericardial distention. On physical 
 examination, tamponade is characterized by Beck’s triad of 
hypotension, distant heart sounds, and elevated central 
venous pressure with jugular venous distension [3]. Patients 
also have tachycardia, tachypnea, narrow pulse pressure, 
and pulsus paradoxus. Initially, cardiac output is maintained 
by increasing heart rate and ejection fraction. As the tam-
ponade worsens and these mechanisms no longer maintain 
cardiac output, systemic vascular resistance increases to 
maintain blood pressure, narrowing pulse pressure and 
 compromising systemic perfusion. Ultimately, coronary per-
fusion pressure falls, causing decreased myocardial function, 
decreased cardiac output, and hypotension [3].

Pulsus paradoxus in tamponade is an exaggerated decrease 
in blood pressure of >10 mmHg during inspiration. During nor-
mal inspiration, the systolic blood pressure decreases slightly 
because of increased capacity of the pulmonary venous bed and 
decreased intrathoracic pressure. With a  significant pericardial 
effusion, the left ventricular diastolic volume and output are 
restricted by increased pericardial pressure, decreased pulmo-
nary venous return, and shifting of the intraventricular septum 
to the left; consequently, blood pressure decreases to a greater 
extent in inspiration. (The paradox is that with inspiration in 
severe tamponade, the pulse may disappear but the cardiac 
impulse indicates a heart beat.) To measure pulsus paradoxus, 
the patient is placed supine. A blood pressure cuff is inflated 
until the radial pulse is no longer palpable. With slow release of 
cuff pressure, the initial Korotkoff sounds are listened for. With 
inspiration, the Korotkoff sounds disappear, particularly if 
 pulsus paradoxus is present. Cuff pressure should be slowly 
released until the Korotkoff sounds are heard throughout the 
respiratory cycle. The pressure difference between when the 

auscultator hears the first Korotkoff sound and when it is heard 
on each heart beat is the pulsus. Normally, the pressure differ-
ence is ∼5 mmHg during inspiration. If the pressure difference 
exceeds 10 mmHg, pulsus paradoxus is present.

Chest radiography
A normal heart size does not exclude pericarditis or 
 pericardial effusion; tamponade can occur in patients with a 
“normal-sized” cardiac silhouette. With a large effusion, the 
cardiac silhouette commonly assumes a triangular or “water-
bottle” shape, with normal pulmonary vascular markings 
(Figure 59.2). Chronic pericarditis may show pericardial 
 calcifications (Figure 59.3). The chest radiograph may  suggest 
a cause of pericarditis, with findings of bacterial pneumonia, 
tuberculosis, or neoplastic disease.

Electrocardiography
Electrocardiographic changes in pericarditis can be  secondary 
to either direct inflammation of the epicardium, or pressure 
exerted on the epicardium by pericardial fluid. Acute peri-
carditis is the most frequent cause of ST segment elevation in 
children. Low QRS voltages can be seen in all leads with 
chronic pericarditis or a large pericardial effusion. Electrical 
alternans, a cyclical variation of the QRS amplitude, may 
occur secondary to the pendular motion of the heart with a 
large pericardial effusion (Figure 59.4).

Four stages of electrocardiogram (ECG) changes in 
 pericarditis have been reported [4]. Stage 1 consists of ST 
segment elevation in the lateral leads (I, II, AVF, V4–V6), 
thought to be due to subepicardial myocarditis (Figure 59.5). 
A ratio of ST segment elevation (mm) to T-wave amplitude 
(mm) greater than 0.25 is predictive of pericarditis, and helps 
differentiate pericarditis from myocardial infarction [5]. 
Reciprocal ST depression occurs in leads AVR and V1. The 
T-waves remain normal, and PR depression can occur if atrial 
tissue is inflamed. In stage 2, the ST segment becomes 
 isoelectric, and the amplitude of the T-wave diminishes. The 
PR segment becomes more depressed. In stage 3, the ST 
 segment remains normal, but the T-waves become inverted 
in the lateral leads. Stage 4 shows normalization of the ECG, 
although some T-wave changes may persist.

Echocardiography
Echocardiography is the primary tool for diagnosis and 
 monitoring pericardial effusions, which appear as an echo-
free space adjacent to the heart [6] (Figure 59.4). Fibrinous 
strands may be noted in the pericardial space on two- 
dimensional imaging, and can be seen in postmortem 
 specimens (Figure 59.6). Additionally, echocardiography helps 
detect other structural and myocardial causes of cardiomegaly. 
Pericardial effusions may be detected by fetal echocardiogra-
phy, and are associated with hydrops fetalis [7].

With a supine patient, a small effusion is commonly seen pos-
teriorly, and only be detectable in systole. A tiny pericardial 

Figure 59.1 Cadaveric heart specimen, showing the heart within the 

pericardial cavity (left) and the bilayered pericardium with the heart 

removed (right). (Courtesy of Dr. William D. Edwards, Division of 

Anatomic Pathology, Mayo Clinic, Rochester, MN, USA.)
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Figure 59.2 Chest radiogram of a 2-year-old female with immune deficiency after she presented with tachypnea, including the AP (a) and lateral (b) 

views. The patient required an emergency pericardiocentesis, after which (c) her cardiothymic silhouette had markedly decreased in size.

Figure 59.3 Chest radiogram of an adult 

patient with chronic pericarditis and resultant 

calcification of the pericardial space. (Courtesy 

of Dr. William D. Edwards, Division of 

Anatomic Pathology, Mayo Clinic, Rochester, 

MN, USA.)

space posteriorly in systole may be completely normal. In an 
adult, an effusion >25 ml is observed in both systole and 
diastole (Figure 59.7) [8]. With a larger effusion  volume, 
fluid may be detected both anteriorly and posteriorly. In large 
effusions, the heart may swing to-and-fro within the 

 pericardial cavity (Figure 59.4, Videoclips 59.1 and 59.2). 
This swinging motion may also be seen on M-mode echocar-
diography (Figure 59.8). The first sign of the hemodynamic 
impairment in tamponade is collapse of the right ventricular 
free wall in early to mid diastole (Figure 59.9) [8]. The right 
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Figure 59.4 Parasternal long-axis echocardiographic 

views, demonstrating (a) a large effusion with swinging 

motion of the heart. This swinging motion may be an 

ominous sign of cardiac tamponade. (b) When the left 

ventricle is close to the sternum, the QRS voltage 

increases on the ECG, but it decreases when the left 

ventricle swings away from the surface, producing 

electrical alternans. ECG, electrocardiogram; LV, left 

ventricle; RV, right ventricle. (Adapted from Oh et al., 

The Echo Manual, 2006, with permission from Lippincott 

Williams & Wilkins.)

atrium may invert in late diastole. The inferior vena cava 
may be dilated without normal inspiratory variation, and 
the ventricular septum may have abnormal motion described 
as a “bounce,” where the septum shifts leftwards with 
right ventricular filling during inspiration. It then shifts back 
rightwards with expiration with the improved left  ventricular 
filling.

Clues about etiology may be discovered. A clot in the 
 pericardial space suggests hemopericardium. Air in the peri-
cardium (pneumopericardium) can occur in patients with 
esophageal perforation. Adhesions or metastases may also 
be seen in the pericardial space.

Doppler echocardiography of the heart provides an 
 excellent understanding of tamponade physiology 
(Figure 59.10). During inspiration, there is an exaggerated 
decrease in the mitral inflow velocity (E velocity) and 
 velocity–time integral by an average of 35%, with a rela-
tively increased atrial component (A velocity). Conversely, 
there is an  exaggerated increase in tricuspid inflow velocity 

(tricuspid E velocity) and velocity–time integral by an  average 
of 80% during inspiration [9]. The aortic and pulmonary 
 outflow changes mirror those of their respective AV valves.

Cardiac catheterization
With large accumulations of pericardial fluid, diastolic   pres-
sures rise in all four chambers of the heart, and  ultimately 
equalize. Right ventricular and pulmonary artery pressures 
may be  elevated. Pulsus paradoxus can be seen on femoral 
artery and right atrial tracings [10]. The role of cardiac cathe-
terization in differentiating between constrictive  pericarditis 
and  restrictive cardiomyopathy is discussed below.

Other imaging modalities
In assessing pericardial effusion, computed tomography (CT) 
and magnetic resonance imaging (MRI) may not add 
 substantially to the evaluation. However, CT is helpful in eval-
uating constrictive pericarditis, as it can identify calcification, 
pericardial thickening, or other pericardial masses, including 
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Figure 59.5 Electrocardiogram of a 17-year-old male several days after atrial septal defect repair. Note the diffuse ST segment changes including 

ST segment elevation in the lateral precordial leads.

Figure 59.6 Cadaveric adult heart specimen, showing the heart within 

the pericardial space with a large effusion. Fibrinous stranding can be seen 

within the pericardial space. (Courtesy of Dr. William D. Edwards, Division 

of Anatomic Pathology, Mayo Clinic, Rochester, MN, USA.)
Figure 59.7 Parasternal long-axis echo image showing a large pericardial 

effusion (*). Ao, aorta; LV, left ventricle; RV, right ventricle.

neoplasias. Additionally, MRI and CT are valuable in evalu-
ating pericardial cysts and absence of the pericardium [11].

Management of tamponade
If a child presents with cardiac tamponade, intravenous fluid 
should be given immediately to increase the diastolic filling 
pressure temporarily and provide stabilization. Medications 

that lower systemic pressure, including vasodilators and 
 diuretics, should be avoided. Pericardiocentesis should be 
performed in patients with clinical tamponade (low cardiac 
output, hypotension, or pulsus paradoxus >10 mmHg), and 
in those with suspected bacterial pericarditis, immunocom-
promised hosts, or for diagnosis when the etiology of an 
effusion is unclear [12,13].
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Figure 59.8 M-mode echo image showing 

a large pericardial effusion (*) anterior and 

posterior to the heart. Note the swinging motion 

of the heart evident in the M-mode signal.

Figure 59.9 Right ventricular collapse in early diastole in a patient 

with tamponade. Note that in the upper echo image in systole (a), the full 

four-chamber view is noted, and in the lower echo image in diastole 

(b), the right ventricular free wall is compressed (arrows).

Ideally, pericardiocentesis should be performed either in 
an intensive care unit, operating room, or cardiac catheteri-
zation laboratory. The patient should be placed in a 30° 
head-up position and be sedated, with continuous heart 
rate, blood pressure, and pulse oximetry measurements. The 
needle is introduced subxiphoid and advanced towards the 
left shoulder. Echocardiographic guidance allows for more 
accuracy, but is unnecessary in an emergency [13]. In most 
patients, a drainage catheter should be placed for at least 
48 h due to the likelihood of recurrence of effusion [12]. 
Potential risks of the procedure include arrhythmias, 
 myocardial puncture, coronary artery or vein laceration, 
hemopericardium and recurrent tamponade, pneumotho-
rax, aortic or internal mammary artery injury, hepatic 
 laceration, and death [13].

Aspirated pericardial fluid should be analyzed for cell 
count with differential, glucose and protein concentrations, 
Gram and acid-fast bacilli stains, bacterial, viral and fungal 
cultures, and microscopic analysis. Specific bacterial or viral-
specific antigens may be assessed with polymerase chain 
reaction (PCR) studies and latex agglutination studies. A high 
triglyceride level is diagnostic for a chylopericardium. An 
adenosine deaminase activity level can be obtained if there is 
concern about tuberculous pericarditis [14].

Sometimes the purulent material may be too thick to 
drain, or may be loculated. Then, instead of attempting a 
repeat pericardiocentesis, an operation should be performed. 
The surgical approaches (thoracotomy, subxiphoid, and 
 thorascopic) and the extent of pericardium removal (com-
plete/partial pericardiectomy or pericardial window) vary, 
but all are effective [15].
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Etiology

Viral pericarditis
Viral pericarditis is the most common form of childhood 
pericarditis. Patients commonly present 10–14 days follow-
ing an upper respiratory or gastrointestinal infection, with 
classic precordial chest pain and friction rub. Fever is  typically 
present, and patients may complain of abdominal pain. 
Patients with viral pericarditis generally appear less toxic 
than those with bacterial pericarditis; however, concomitant 
myocarditis may worsen the clinical picture of a patient with 
a viral etiology. Tamponade is rare; however, patients should 
be monitored closely after initial diagnosis. The most 
 common viral causes of pericarditis are listed in Table 59.1.

Pericardial fluid is typically serous or serosanguineous, and 
shows a predominance of lymphocytes, although  neutrophils 
are more common in early stages of pericarditis. Viral cul-
tures can be obtained from pericardial fluid, nasopharynx, or 
stool, and PCR studies may assist in determining a specific 
viral cause. Coxsackievirus is the most frequently isolated 
virus in children with pericarditis, although numerous enter-
oviruses have been implicated (Table 59.1). [16].

Treatment is symptomatic, including bed rest and oral 
nonsteroidal anti-inflammatory drugs (NSAIDs). If anti- 
inflammatory agents are insufficient, steroidal therapy may 
be considered, but only if bacterial causes have been 
excluded. Resolution typically begins in days and is complete 
in <1 month. A few patients relapse and improve with 
retreatment. Constrictive pericarditis is a rare late sequela.

Bacterial pericarditis
Bacterial pericarditis, although less common, is serious and 
life-threatening. It occurs most commonly before 2 years of 
age [17]. Patients present with classic symptoms of precor-
dial chest pain, friction rub, and muffled heart sounds, but 
often are in extremis, with decreased cardiac output. 
Markedly elevated fever is common and associated with 
 dyspnea, tachypnea, and tachycardia out of proportion with 
the degree of fever. Often bacterial pericarditis results 
from a disseminated infection, either by a hematogenous 
route or by direct  contact, most commonly from the lung. 
Septic arthritis, osteomyelitis, meningitis, or soft-tissue 
infection may also be the source [17,18].

The pericardial fluid shows a marked predominance 
of neutrophils, and cultures are typically positive for 
the  causative organism. If antibiotics have been given before 
procuring a sample, latex agglutination studies of the 
 pericardial fluid, serum, or urine may help diagnose 
the organism. Staphylococcus aureus is currently the most 
common bacterium isolated in bacterial pericarditis, account-
ing for half of these episodes [17], and is the most common 
cause of bacterial pericarditis occurring within 3 months of a 
cardiac operation. Anaerobic bacteria should be considered 
in children with an associated lung abscess, abdominal 
 infection, or blunt chest trauma. Potential bacterial causes of 
pericarditis are listed in Table 59.2.

Antibiotic treatment alone is not sufficient for cure; all 
patients with evidence of bacterial pericarditis should 
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Figure 59.10 Diagram of intrathoracic and intracardiac pressure changes 

with respiration in (a) normal and (b) tamponade physiology. The shaded 

area indicates left ventricular filling pressure gradients (difference between 

pulmonary capillary wedge pressure and left ventricular diastolic pressure). 

At the bottom of each drawing is a schematic mitral inflow Doppler velocity 

profile. In tamponade, there is an inspiratory decrease in left ventricular filling 

because the pressure decrease in the pericardium and left ventricular cavity is 

smaller than the pressure drop in the pulmonary capillaries. Left ventricular 

filling is restored after expiration. LA, left atrium; LV, left ventricle; PC, 

pulmonary capillaries; PV, pulmonary vein. (Adapted with permission from 

Sharp, JT et al. Am J Med 1960;29:640–646.)

Table 59.1 Viral causes of pericarditis.

Enterovirus (primarily Coxsackie B) Measles

Adenovirus Cytomegalovirus (CMV)

Influenza virus (A and B) Respiratory syncytial virus (RSV)

Rubella Herpes simplex

Mumps Hepatitis B

Epstein–Barr  HIV
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undergo percutaneous or surgical drainage of the pericardial 
cavity. A surgically created window or pericardiectomy is 
necessary if the purulent pericardial fluid cannot be  aspirated 
via pericardiocentesis [15]. Intrapericardial streptokinase 
may improve drainage [19]. Broad-spectrum antibiotics 
directed towards the most commonly affecting organisms, 
Staphylococcus aureus and Haemophilus influenzae, should be 
administered, and should include an intravenous penicilli-
nase-resistant penicillin (nafcillin or oxacillin) or vancomy-
cin in patients at risk for methicillin-resistant S. aureus, in 
addition to a third-generation cephalosporin (ceftriaxone, 
cefotaxime). An aminoglycoside can be added in immuno-
compromised patients. Specific therapy is designated once 
specific culture and sensitivity results are known. Most 
patients require 3–4 weeks of intravenous antibiotic 
 treatment [19].

Survival in patients with bacterial pericarditis has improved 
considerably, and mortality is currently <10% [19,20]. Risk 
factors for a poor outcome include delay in diagnosis, failure 
to initiate early surgical intervention, inadequate drainage, 
myocardial involvement, tamponade, septicemia, younger 
age, and staphylococcal disease [19,20]. Constrictive pericar-
ditis occurs rarely after recovery [18,19], most commonly 
following S. aureus, H. influenzae, or Streptococcus pneumoniae 
infection.

Tuberculous pericarditis
Once a common cause of pericarditis in the United States, 
Mycobacterium tuberculosis pericarditis now occurs primarily 
in developing countries. The onset is typically insidious, 
with weight loss, malaise, low-grade fever, night sweats, 
dyspnea, and chest pain. The presentation may also be 
 subacute,  complicated by pericardial tamponade. Tuberculous 
pericarditis often occurs secondary to miliary tuberculosis 
with direct extension or lymphatic spread into the pericar-
dium. Hematogenous spread may occur without obvious 
 pulmonary infiltrates.

Most patients have a positive Mantoux skin test. The 
 pericardial fluid is typically serosanguinous or hemorrhagic, 
with a lymphocytic predominance. Acid-fast bacilli may be 
seen on auramine–rhodamine fluorescent-stained smears, 
but are present in <50% of patients [14]. Pericardial biopsy 
is useful and provides histologic confirmation of tubercu-
lous infection. Elevated pericardial adenosine deaminase 
 levels >50 U l−1 may be diagnostic [14]. Mycobacterium 
 cultures often take up to 6 weeks to grow, hence treatment 
must begin before culture confirmation of diagnosis. For 
pulmonary tuberculosis, PCR techniques, which have been 
developed, can make the diagnosis rapidly and with a high 
degree of sensitivity and specificity.

Multi-drug therapy is the mainstay of treatment, because 
of the risk of drug resistance. A regimen of rifampicin, 
 isoniazid, pyrazinamide, and ethambutol for ≥2 months, 
 followed by isoniazid and rifampicin for a further 4 months, 
is highly effective. A 1–2-month course of steroid therapy 
may be used to reduce inflammation and increase resorption 
of pericardial fluid. Tuberculosis is a common cause of 
chronic pericardial effusion. Tuberculous pericarditis is one 
of the leading causes of constrictive pericarditis worldwide 
[14]. Pericardiectomy may be difficult because of diffuse 
inflammatory and caseous material. Some surgeons delay 
pericardiectomy for at least 6–12 weeks, although this is 
controversial.

HIV and other infections
Pericardial effusions have been reported in 25% of children 
with HIV infection [21], but rarely cause tamponade. 
Pericardial fluid cultures are usually negative. Pericardial 
effusions commonly coexist with pleural effusions and 
ascites. Patients with a compromised immune system, 
including those with HIV, are at risk for fungal or parasitic 
pericarditis (Table 59.3). In the developing world, concur-
rent infection with HIV and tuberculosis is common, and 
HIV is a major risk factor for developing tuberculous pericar-
ditis with effusion [14].

Other causes of pericardial effusion

Renal failure
Pericarditis is observed in 10% of patients with chronic renal 
failure [22]. The levels of creatinine and blood urea nitrogen 
(BUN) do not predict the likelihood of pericarditis. It occurs 
more commonly with concurrent systemic lupus erythema-
tosus (SLE) or treatment with hydralazine for hypertension. 
Most effusions resolve with efficient dialysis [22]. Pericardial 
fluid is typically serous, but with heparinization may be 
bloody from pericardial hemorrhage that can result in 
 tamponade. NSAIDs can be given for chest pain, but  typically 
do not reduce effusion size. Pericardiocentesis should 
be  performed for the usual indications. If dialysis fails to 

Table 59.2 Bacterial causes of pericarditis.

Staphylococcus aureus Chlamydia psittaci

Haemophilus influenzae Nocardia asteroides

Streptococcus pneumoniae Brucella

Other Streptococcus species Yersinia

Neisseria meningitidis Salmonella

Neisseria gonorrhoeae Actinomyces

Campylobacter fetus Mycobacterium tuberculosis

Pseudomonas aeruginosa Escherichia coli

Mycoplasma pneumoniae Listeria monocytogenes

Mycoplasma hominis Pasteurella multocida

Legionella Klebsiella

Francisella tularensis  Anaerobes
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Table 59.3 Other infectious causes of pericarditis.

Protozoal Toxoplasma gondii

Parasitic Entamoeba histolytica, Echinococcus

Spirochetal Syphilis, leptospirosis

Rickettsial Typhus, Q fever

Fungal Candida, Aspergillus, Blastomyces, Coccidioides, 

Histoplasma, Cryptococcus

resolve the effusion, surgery may be indicated, particularly if 
 constriction develops [22].

Kawasaki disease
During the acute phase of Kawasaki disease, one-third 
of patients have a pericardial effusion, but this typically 
resolves within 2 weeks and is unlikely to progress to 
 tamponade [23].

Drug-induced pericarditis
A lupus-like drug reaction occurs in some patients treated 
with specific medications, most commonly hydralazine, 
 isoniazid, procainamide, and phenytoin. Antinuclear anti-
bodies are commonly elevated in these patients. Rarer causes 
are cyclosporine, methysergide, and chemotherapeutic 
agents such as cyclophosphamide, doxorubicin, and dactino-
mycin. Pericarditis occurs with the inflammatory reaction 
but rarely progresses to tamponade [24]. Treatment includes 
removal of offending medications and giving NSAIDs. 
Anticoagulants and thrombolytics may cause pericardial 
hemorrhage in an inflamed pericardial cavity, and lead 
to adhesions and eventual constriction. Hypersensitivity 
 reactions to penicillin and cromolyn sodium have been 
 associated with pericardial effusion [25,26].

Hypothyroidism
Pericardial effusion occurs in 80% of patients with 
 myxedema, but rarely with mild hypothyroidism [27]. It is 
generally asymptomatic. Tamponade is rare because of the 
slow fluid accumulation [27]. Unlike others with a pericar-
dial effusion, these patients are bradycardic. The pericardial 
fluid shows elevated protein and mucopolysaccharides [27]. 
With thyroid hormone replacement, the effusion resolves 
gradually.

Chylopericardium
Chylous pericardial effusion occurs following congenital 
heart surgery, especially with trauma to the thoracic duct or 
elevated central venous pressures [28]. Other causes are 
mediastinal masses obstructing lymphatic drainage, cystic 
hygromas, radiation therapy, and pancreatitis, or it may be 
idiopathic. There is often a concurrent chylous pleural 
 effusion. The pericardial fluid is milky colored, having 

 markedly elevated triglyceride and protein levels. Treatment 
includes a low-fat or medium-chain triglyceride diet, started 
after a period of parenteral nutrition without oral intake to 
allow resolution of the effusion. Treatment of the underly-
ing cause should be applied, including therapy to lower the 
central venous pressure if this is causing the effusion. 
Persistent chylous effusions can be treated using thoracic 
duct ligation, or palliated with a pericardial window, 
 pericardiectomy, or placement of a pericardio–peritoneal or 
pleuro–peritoneal shunt [28]. Intravenous octreotide 
has been used with some success in patients with chronic 
chylous pleural effusions [29].

Trauma
Blunt and penetrating cardiac trauma can cause a 
 hemorrhagic pericardial effusion. The usual Beck’s triad 
of symptoms rarely occurs. Echocardiography is diagnostic. 
Symptomatic trauma patients require emergency pericardio-
centesis. Hemopericardium can also occur with placement 
or passage of catheters, pericardiocentesis, and placement 
of pacemaker leads. These types of pericardial trauma 
require an operation to identify and repair the rupture in the 
cardiac wall.

Neoplastic disease
Primary pericardial tumors are rare in children and include 
lymphoma, malignant teratoma, mesothelioma, and 
 angiosarcoma. Metastatic tumors are more common and 
include Hodgkin disease, non-Hodgkin lymphoma,  leukemia, 
neuroblastoma, Wilms tumor, and sarcomas of the soft tissue 
and bone [30].

Several non-malignant congenital intrapericardial lesions 
exist. These include pericardial cysts, extra-lobar pulmonary 
sequestrations, cystic lymphangioma, bronchogenic cysts, 
and pericardial teratomas [31,32]. Teratomas in particular 
can be large and cause hydrops fetalis. Surgical excision of 
these large tumors is typically curative [32].

Pericardial effusions may occur with a malignancy, 
 independent of the primary tumor. This may be due to 
 infectious causes, or secondary to metastatic invasion of 
pericardial lymphatics. Pericarditis can occur after treatment 
with certain chemotherapy agents. Pericardial involvement 
after chemotherapy is more common in patients receiving 
mediastinal irradiation. Pericardial fluid, if available, should 
be sent for cytologic analysis and culture.

Treatment regimens for Hodgkin disease and breast cancer 
have traditionally used mediastinal radiation. Up to 5% of 
patients who have received mediastinal irradiation develop 
pericarditis from 2 months to 2 years after the treatment, an 
effect that is dose related [5]. The pericarditis may be asymp-
tomatic or lead to fulminant constrictive pericarditis. Most 
resolve with NSAIDs, but pericardiocentesis may be needed. 
Pericardiectomy or steroids may be required for recurrent 
effusions [33].
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Postpericardiotomy syndrome
Postpericardiotomy syndrome is characterized by low-
grade fever beyond the first week following intracardiac 
or pericardial surgery, although it may recur weeks to 
years later. Pericardial and pleural inflammation and 
 effusions cause typical chest pain. Postpericardiotomy 
syndrome occurs as a single episode in up to 40% of 
patients following operation [34]. Children <2 years old, 
although rarely affected, show irritability, malaise, 
decreased appetite, and arthralgias. There is a friction rub, 
tachycardia, and fluid retention  indicated by weight gain 
and hepatic congestion. Tamponade is rare, but must be 
considered and ruled out.

Postpericardiotomy syndrome is likely due to an autoim-
mune reaction. Similar pericardial effusions have been 
noted after blunt cardiac trauma, pacemaker lead  placement, 
and in Dressler syndrome (postmyocardial infarction 
 syndrome) [35]. Postpericardiotomy syndrome may occur 
after any  cardiac surgery, but is more frequent after repair 
of tetralogy of Fallot, ventricular septal defect, and atrial 
septal defect [34]. It also occurs in half of children after 
 cardiac transplantation [36]. Laboratory evaluation reveals 
nonspecific  indicators of inflammation, including elevated 
erythrocyte sedimentation rate, C-reactive protein, and 
white blood cell count. Echocardiography may reveal an 
effusion that  typically reaches maximum size by 
 postoperative day 10 [34].

Postpericardiotomy syndrome is a benign, self-limited 
 illness. Treatment consists of diuretics for fluid retention and 
anti-inflammatory medications, with pericardiocentesis 
 performed for a symptomatic effusion [37]. Aspirin remains 
the primary anti-inflammatory medication, typically 
30–75 mg kg−1 per day in four divided doses for 4–6 weeks, 
and then tapered. In patients with a large effusion or refrac-
tory to NSAIDs, prednisone (2 mg kg−1 per day, maximum 
dose 60 mg daily, for 1 week with a 3–4 week taper) can 
be effective. Although tamponade is rare, patients may 
require pericardiocentesis, and pericardiectomy in those 
with  recurrent effusions [37].

Autoimmune and connective tissue diseases
Pericarditis and pericardial effusions occur in many 
 autoimmune and connective tissue diseases. Approximately 
25% of patients with systemic lupus erythematosus and 
10% with juvenile rheumatoid arthritis develop pericarditis. 
Less common causes include dermatomyositis, periarteritis 
nodosa, mixed connective tissue disease, Wegener granulo-
matosis, Takayasu arteritis, inflammatory bowel disease, and 
spondyloarthropathies. Oral NSAIDs are effective treatment. 
Pericardiocentesis may be needed [38]. Short courses of 
 steroids may also assist in resolving symptoms [39]. 
Pericarditis may develop in patients with acute rheumatic 
fever [40] (see Chapters 61 and 62).

Recurrent and chronic pericarditis

Recurrent pericarditis is intermittent pericardial inflammation 
due to relapsing of the underlying disease, or  reaccumulation 
of pericardial fluid after discontinuing medical therapy [41]. 
It occurs most commonly with  postpericardiotomy  syndrome, 
juvenile rheumatoid arthritis, or systemic lupus erythemato-
sus. Treatment includes NSAIDs, colchicine, and oral ster-
oids. Patients improve with immune modulators including 
azathioprine and cyclophosphamide. Pericardiectomy may 
be performed for numerous recurrences.

Chronic pericarditis refers to symptoms lasting >3 months, 
typically with heart failure or systemic inflammatory disease 
(see above). Standard medical and surgical treatment is used 
for symptomatic patients [42]. Intravenous immunoglobulin 
has been used with encouraging results.

Congenital abnormalities 
of the pericardium

Absence of the pericardium
Complete or partial absence of the pericardium is rare, and 
usually identified incidentally at autopsy or surgery. Most 
patients with partial absence have a left-sided defect [43]. 
One-third of patients have an associated cardiac or  pulmonary 
(sequestration, or bronchogenic cyst) anomaly. Although 
typically asymptomatic, patients may have nonspecific 
symptoms including chest pain, lightheadedness, or  dyspnea. 
Sudden death due to herniation of the left atrium, left atrial 
appendage, or right atrium through the defect is rare [43]. 
Compression of a coronary artery and torsion of the great 
vessels may also occur.

Physical examination is nonspecific, but may demonstrate a 
leftward shift of the apical impulse. Chest radiography reveals 
leftward shift of the heart. Echocardiography will not deline-
ate the exact diagnosis, but may show unusual  scanning 
 windows, cardiac hypermobility, and abnormal ventricular 
motion [44]. The entire heart is shifted to the left, and thus the 
right ventricular cavity appears enlarged from the standard 
parasternal windows [8]. CT and MRI are diagnostic because 
they can delineate the absence of pericardial tissue [11].

Treatment depends on symptoms and the defect’s  anatomy. 
In patients with herniation of atrial tissue, or a small defect 
where future herniation is possible, surgical repair is 
 indicated [43].The defect can be either closed or enlarged. 
Complete absence of the pericardium usually causes no 
symptoms and requires no treatment.

Pericardial cysts
These are congenital anomalies resulting from failure of 
fetal lacunae to coalesce into the pericardial coelom. Most 
patients are asymptomatic, and cysts are usually discovered 
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 incidentally on chest radiography. They can occur anywhere 
on the pericardium, and can become infected or compress 
bronchi. Rarely, patients present with chest pain, dyspnea, 
or cough [45]. Due to the benign nature of the lesion, no 
treatment is indicated. Because they present as a thoracic 
mass, neoplasm or infection must be excluded. CT and MRI 
help confirm the  diagnosis (Figure 59.11) [11]. On echocar-
diogram, they appear as echo-free spaces adjacent to the 
heart (Videoclip 59.3).

Constrictive pericarditis

Constrictive pericarditis is characterized by a thickened 
and fibrotic pericardium that restricts ventricular filling 
(Figure 59.12). Calcification of the pericardium occurs in 
only 25% of patients [8]. The constrictive process usually 
involves the entire pericardium, but focal constriction occurs. 
Constrictive pericarditis may develop without obvious cause 
or as the end-stage of any form of pericarditis [46]. In some 
patients with bacterial or viral pericarditis, a transient form 
of  constriction has occurred with eventual resolution [47].

(a) (b)

A

*

*

*

(c) (d)

Figure 59.11 Chest radiography (a) and 

computed tomography scans (b–d) of a patient 

with a coarctation of the aorta and incidentally 

discovered pericardial cyst (arrow, *).

Figure 59.12 Severe constrictive pericarditis. Note the markedly 

thickened pericardium in this ventricular short-axis slice. (Courtesy 

of Dr. William D. Edwards, Division of Anatomic Pathology, Mayo Clinic, 

Rochester, MN, USA.)
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With constriction, ventricular systolic function  generally 
remains normal, but diastolic expansion of the ventricles is 
limited. Early diastolic filling is normal, but mid and late 
diastolic filling are limited. Pulmonary wedge and central 
venous pressures are increased secondary to elevated 
 filling pressures [48]. Patients complain of exercise 
 intolerance, dyspnea, fatigue, weight gain, or syncope. 
Physical examination demonstrates hepatomegaly, 
splenomegaly, jugular venous distension, edema, or ascites. 

During  auscultation, one may hear a precordial knock, 
a diastolic filling sound corresponding to abrupt cessation 
of ventricular filling.

Chest radiography may be normal, or demonstrate 
 pericardial calcification (∼25%) (Figure 59.3). The electro-
cardiogram is nonspecific, but may show low-voltage QRS 
complexes and abnormal ST segments or T-waves. 
Echocardiography reveals paradoxical septal motion with 
a septal “bounce.” Both vena cavae may be dilated. Doppler 
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Figure 59.13 Hemodynamic filling patterns in constriction. (a) These diagrams illustrate a patient with constrictive pericarditis and (b) the corresponding 

Doppler echocardiographic patterns with inspiration and expiration. Bottom line on echocardiograms is a respiration trace, with inspiration shown by a 

rising line. Mitral inflow signals vary with respiration, with increased flow velocities on inspiration compared to expiration. Conversely, with inspiration, 

increased right ventricular filling causes hepatic vein diastolic forward flow to increase. In expiration, hepatic vein diastolic forward flow decreases, and 

significant flow reversals in diastole may be present. The width of the shaded arrows indicates relative flow. HV, hepatic vein; IP, intrapleural pressure; 

LA, left atrium; LV, left ventricle; PCW, pulmonary capillary wedge pressure; PV, pulmonary vein; RA, right atrium; RV, right ventricle. (Adapted from Oh 

et al., The Echo Manual, with permission from Lippincott Williams & Wilkins.)
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echocardiography shows significant respiratory variation 
of both left- and right-sided flows (Figure 59.13) [49]. 
With inspiration, there is an exaggerated decrease in the 
mitral inflow velocity and an exaggerated increase in tri-
cuspid inflow velocity (tricuspid E velocity) [49]. CT and 
MRI may reveal thickening and calcification of the pericar-
dium [11]. Cardiac catheterization demonstrates equaliza-
tion of left and right ventricular end-diastolic pressures, 
left and right atrial mean pressures, and mean pulmonary 
capillary wedge  pressure. The “square root sign” may be 
noted, describing the early diastolic drop in pressure fol-
lowed by a plateau phase, secondary to rapid early diasto-

lic filling with abrupt cessation (Figure 59.14). Definitive 
treatment is total  pericardiectomy, which is safe and effec-
tive in children [42].

Differentiating constrictive pericarditis 
and restrictive cardiomyopathy
Restrictive cardiomyopathy is typically caused by an infiltrative 
process, including amyloidosis, hemochromatosis, endomyo-
cardial fibrosis, and eosinophilic cardiomyopathy. It may be 
idiopathic [50]. Because it also is characterized by signifi-
cantly abnormal diastolic function and preserved systolic 
function, differentiation from constrictive pericarditis is 

120

80

RV

LV

Ao

500 ms

**

160

200

I

40Figure 59.14 Catheterization tracing of a 

patient with constriction physiology. Note the 

equalization of LVEDP and RVEDP, creating 

the “square root sign” (**). Ao, Aorta; LV, left 

ventricle; RV, right ventricle. X axis is time, and 

Y axis is pressure in mmHg.

Table 59.4 Differentiating constrictive pericarditis and restrictive cardiomyopathy.

Findinga  Constriction  Restriction

Echo: septal “bounce” Common Typically absent

Echo: atrial size Normal or mildly enlarged Significantly enlarged

Echo: systolic function Typically normal Normal or mildly decreased

Echo: wall thickness Normal Normal or increased

Echo: Doppler changes with inspiration/expiration Significant and common Rarely occurs

CT: pericardial thickening Common Typically absent

Catherization: RVSP <50 mmHg >50 mmHg

Catherization: LVEDP – RVEDP <4 mmHg >4 mmHg

Catherization: wedge pressure – RA pressure <4 mmHg >4 mmHg

Catherization: RVEDP/RVSP >0.33 <0.3

Catherization: systolic area index >1.1 <1.1

History of cardiac surgery  Common  Uncommon

aRVSP, right ventricular systolic pressure; RVEDP, right ventricular end-diastolic pressure; LVEDP, left ventricular 

end-diastolic pressure; RA, right atrium.
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(orange shaded area) as compared with expiration. The area of the LV 

pressure curve (yellow shaded area) is unchanged during inspiration as 

compared with expiration. (Adapted from Talreja et al. [48] with 

permission from Elsevier.)
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 difficult [48]. Differentiation is important, as the definitive 
treatments for these disorders are disparate (pericardiectomy 
versus transplant). A list of potential differentiating factors is 
shown in Table 59.4.

A recently proposed catheterization-based method of 
 differentiation involves calculating the systolic area index, 
defined as the ratio of the area under the right ventricular 
pressure curve to the area under the left ventricular pressure 
curve in inspiration versus expiration (Figure 59.15). A 
systolic area index value >1.1 was found to be 97% sensitive 
and 100% specific for diagnosing constrictive pericarditis 
[48]. This study was performed only in adults, and requires 
validation in children, who have different heart rate, respi-
ratory rate, and filling pressures.

Echocardiographic differentiation between constrictive 
pericarditis and restrictive physiology includes those factors 
listed in Table 59.4. Visualization of the septal “bounce” is 
more common in constriction, whereas significant atrial 
enlargement is more common in restriction. Doppler veloci-
ties, including mitral inflow, tricuspid inflow, and pulmonary 
venous inflow, are affected by respiration in constriction. 
With inspiration, decreased left ventricular filling allows 
increased right  ventricular filling, which causes hepatic vein 
diastolic forward flow to increase (Figure 59.13). In expira-
tion, hepatic vein diastolic forward flow decreases, and 
 significant flow reversals in diastole may occur. The use of a 
respirometer during the echocardiogram is critical in timing 
the flow patterns. Patients with restriction rarely present 
with such respiration-induced changes in Doppler velocities. 
Tissue Doppler imaging can also be helpful. The early diastolic 
septal mitral annulus velocity (E′ velocity) tends to be 
higher in patients with constriction, often greater than 8 cm s−1 

(Figure 59.16). A reduced E′ velocity is seen in restrictive 
cardiomyopathy, similar to other  cardiomyopathies [8]. 
Figure 59.17 shows Doppler velocities from mitral inflow 
(MV), mitral annulus velocity, and hepatic vein (HV) and 
the ECG and respirometer recordings.
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Introduction

The evaluation and management of the child with infective 
endocarditis (IE) continues to be a challenge for pediatric 
cardiologists and other providers of children’s healthcare.

IE is an infection of the endothelial (endocardial) surface 
of the heart and involves valvar structures, mural endo-
cardium, or great vessels. It can complicate intracardiac 
patches, prostheses, central catheters, surgically constructed 
shunts and conduits, and indwelling devices of various 
types. IE is caused not only by bacteria but also by fungi, 
rickettsiae, and viruses. With current antimicrobial and 
surgical therapies, mortality rates have been reduced to 
10–20%, although morbidity and long-term sequellae are 
serious issues for many more. Even in the current era of 
advanced imaging technology, surgical treatment, and 
expanding antibiotic capabilities, IE remains a serious 
 disease.

Epidemiology

In most developed countries, including the United States, IE 
has historically been seen most often in patients with an 
underlying structural cardiac abnormality [1]. Recently, 
however, new data have indicated an emerging trend 
towards an increasing proportion of children admitted to 
hospital for IE without pre-existing heart abnormalities [2]. 
Reported hospitalization rates for IE continue to vary widely 
but remain at approximately one in every 1300–2000 admis-
sions annually [2]. Regardless of the specific hospitalization 
rate, the frequency of IE in children appears to have increased 
over the past several decades. Reasons for this increase 
include [1]

improved survival among children with congenital  •
heart disease at risk for IE, including increased numbers of 
operations

increased use of prosthetic materials and indwelling devices •
changing neonatal and pediatric intensive care unit  •

 practices
intravenous drug abuse in specific age groups (adolescents). •

In contrast, whereas almost 50% of cases of IE in developed 
countries occurred in children with rheumatic heart disease 
(RHD) before the 1970s, the decline of RHD prevalence in 
those areas means that it is now relatively unusual for IE to 
be associated with RHD. In still developing countries, how-
ever, RHD remains an important underlying substrate for IE. 
Pooled data from 20 published series concerning specific 
congenital cardiac abnormalities associated with IE are 
shown in Table 60.1.

All ages can be affected, although it has been estimated 
that 50% of occurrences are in children ≥10 years of age. In 
particular, IE occurrence appears to be increasing at both 
ends of the age spectrum of childhood. Premature neonates 
are increasingly reported with right-sided IE, for example, 
and this is often associated with central catheters and longer-
term indwelling arterial lines [1,3,4,6]. Older teens and 
young adults with postoperative congenital heart disease 
represent an additional emerging population for the devel-
opment of IE, as treatment advances have increased life 
expectancy and vigor of lifestyle for patients with even the 
most complex cardiovascular abnormalities.

Pathogenesis

For IE to develop, two independent events are normally 
required: damage to an area of endothelium, and bacteremia 
caused by organisms with adherence capacity. Normal intact 
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endothelium is not conducive to bacterial colonization. 
Endothelium is typically damaged by an abnormally high 
velocity jet stream that results in turbulent blood flow. 
A classic model developed by Rodbard [7] to delineate the 
hemodynamic mechanisms responsible for the development 
of endocarditis showed that endothelial damage and bacte-
rial deposition can occur in a low-pressure area immediately 
distal to an obstruction. Examples of such physiology include 
coarctation of the aorta, regurgitant mitral or aortic valve, or 
ventricular septal defect. Thus, endothelium on the ven-
tricular side of a regurgitant aortic valve would be damaged, 
and the right ventricular free wall (or right-sided heart 
valves) would be damaged from the jet created by a ven-
tricular septal defect. Endothelium can also be damaged by 
direct trauma from intracardiac devices, such as an indwell-
ing catheter, or from an intracardiac operation.

Trauma to the endothelium can induce thrombogenesis 
(deposition of fibrin and platelets), which leads to a sterile 
lesion known as nonbacterial thrombotic endocarditis (NBTE). 

This lesion is more receptive than normal undamaged 
endothelium to colonization by bacteria and serves as a 
nidus for subsequent infection. After bacteremia with an 
organism that can adhere to the NBTE, a vegetation forms. 
Certain bacteria are more likely than others to adhere and 
are also more able to avoid eradication by the host’s defenses 
[8]. The adherence of streptococci may be related in part to 
the extracellular production of the polysaccharide dextran, 
which facilitates adherence [9]. The vegetation itself is com-
posed of fibrin, platelets, red blood cells, white blood cells, 
and the microorganisms, which can grow to a concentration 
that is achievable in pure culture in a Petri dish.

Microbiology

Most instances of endocarditis are caused by a limited 
number of microorganisms. The most logical explanation 
relates to bacterial adherence. An in vitro study demonstrated 
that bacteria frequently responsible for endocarditis, such as 
viridans streptococci, readily adhere to canine or human car-
diac valves, whereas Gram-negative organisms, which infre-
quently cause endocarditis, adhere poorly to valves [8].

In most series of endocarditis in children, Gram-positive 
cocci account for at least two-thirds of recoverable bacteria. 
Table 60.2 summarizes data from representative series out-
lining the organisms associated with IE in children [1]. 
Viridans streptococci were the largest group responsible for 
endocarditis in these specifically pediatric series. Staphylococci 
(Staphylococcus aureus and coagulase-negative staphylococci) 
were the second largest group. Gram-negative organisms 
less frequently cause endocarditis in children. Neonates, 
immunocompromised patients, and intravenous drug abus-
ers, however, are at an increased risk for Gram-negative 
 bacterial endocarditis. The slow-growing fastidious Gram-
negative bacilli in the HACEK group (Haemophilus, Acti-
nobacillus, Cardiobacterium, Eikenella, Kingella) can also cause 
endocarditis in children. They frequently affect damaged 
cardiac valves and often cause emboli. Other Gram-negative 
bacilli, such as Neisseria gonorrhoeae, can cause endocarditis 
presenting as an acute illness, affecting previously normal 
valves, and commonly resulting in valvar destruction. In 
intravenous drug abusers, the most commonly isolated 
organism is S. aureus. Other organisms include Pseudomonas 
and other Gram-negative bacilli and fungi (predominantly 
Candida species) [10].

In prosthetic valve endocarditis (PVE), the organisms dif-
fer according to whether endocarditis occurs within the first 
year after operation or later. Infection during the first year is 
primarily due to coagulase-negative staphylococci acquired 
during the operative procedure or nosocomially acquired 
[14]. S. aureus, Gram-negative bacilli, diphtheroids, and 
Candida species are also common causes of PVE during this 
period. The coagulase-negative staphylococci recovered 

Table 60.1 Underlying heart disease in children with infective 

endocarditis.

Disease  No. of patientsa Percentage of total

Congenital heart disease

Acyanotic heart lesions
Ventricular septal defect 194 21.8

Ventricular septal defect 

and other

 18  2.0

Patent ductus arteriosus  25  2.8

Aortic stenosis  89 10.0

Subvalvar aortic stenosis   9  1.0

Coarctation of aorta  25  2.8

Pulmonary stenosis  21  2.4

Atrioventricular defect  16  1.8

Atrial septal defect  11  1.2

Mitral valve abnormality  16  1.8

Mitral valve prolapse   8  0.9

Cyanotic heart lesions
Tetralogy of Fallot 143 16.0

Transposition of great 

vessels

 35  3.9

Truncus arteriosus   8  0.9

Tricuspid atresia   9  1.0

Pulmonary atresia   8  0.9

Single ventricle   9  1.0

Other  79  8.9

Rheumatic heart disease  86  9.7

No heart disease   75   8.4

aTotal 884 patients.

Source: Berkowitz, Critical Heart Disease in Infants and Children. 

St Louis, MO: Mosby-Year Book, 1995:961–86.
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within the first year of operation are frequently resistant to 
methicillin and all other β-lactams. In contrast, infection occur-
ring more than 1 year after operation is caused by organisms 
similar to those present in native valve endocarditis [14].

Fungal endocarditis is relatively unusual in children 
and has a high morbidity and mortality even with inten-
sive treatment [15–17]. It is difficult to diagnose and treat, 
and complications, especially embolization, are frequent 
[18]. The most frequently recovered fungal organism is 
Candida albicans; other organisms include Aspergillus spe-
cies, Torulopsis glabrata, other Candida species, and other 
fungi [17,18]. Fungal endocarditis occurs in intravenous 
drug abusers and patients undergoing cardiac valve replace-
ment, and also in immunocompromised patients and in 
neonates. In neonates, fungal endocarditis may be a com-
plication of prolonged use of indwelling venous catheters, 
prolonged hyperalimentation, and broad-spectrum antibi-
otic use [19–21].

In the series in Table 60.2, ∼5–7% of instances of endocar-
ditis were culture-negative. There are many possible reasons 
for failure to recover organisms in apparent IE, particularly 
previous treatment with antibiotics [22]. However, when 
cultures are negative, physicians should carefully evaluate 
such patients for the possibility of other diseases (see the sec-
tion on culture-negative endocarditis below).

Diagnosis

Criteria for the clinical diagnosis of IE have been developed 
over the years. In 1994, criteria were developed by Durack 
et al. [23] at Duke University. These so-called “Duke criteria” 
are listed in Table 60.3 and defined in Table 60.4. There are 

two major criteria and six minor criteria. There are three 
diagnostic categories: definite, possible, and rejected. The 
clinical criteria can be used to establish a definitive diagnosis 
of IE when two major criteria, one major plus three minor 
criteria, or five minor criteria are met. The Duke criteria are 
effective in establishing a diagnosis of IE in both adults [24] 
and children [13].

Table 60.2 Principal etiologic bacterial agents (%).

Organism Seriesa

Johnson et al. [11]  Martin et al. [12] Stockheim et al. [13]

 N = 149  N = 76  N = 111

Viridans group streptococci 43 38 32

Staphylococcus aureus 33 32 27

Coagulase-negative 

staphylococci

2 4 12

Streptococcus pneumoniae 3 4 7

HACEK N/A 5 4

Enterococcus species N/A 7 4

Culture-negative  6  7  5

aN/A, not applicable.

Source: Ferrieri et al. Pediatrics 2002;109:931–43.

Table 60.3 Duke criteria for diagnosis of infective endocarditis.

Definite infective endocarditis

Pathologic criteria
Microorganisms: demonstrated by culture or histology in a 

vegetation, or in a vegetation that has embolized, or in an 

intracardiac abscess, or

Pathologic lesions: vegetation or intracardiac abscess present, 

confirmed by histology showing active endocarditis

Clinical criteria, using specific definitions listed in Table 60.4
2 major criteria, or

1 major and 3 minor criteria, or

5 minor criteria

Possible infective endocarditis

Findings consistent with infective endocarditis that fall short of 

“definite” but not “rejected”

Rejected

Firm alternative diagnosis for manifestations of endocarditis, or

Resolution of manifestations of endocarditis, with antibiotic therapy for 

4 days or less, or

No pathologic evidence of infective endocarditis at surgery or autopsy, 

after antibiotic therapy for 4 days or less

Reproduced with permission from Durack et al. Am J Med 

1994;96:200–9.
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Clinical features

Symptoms of endocarditis usually arise within 2 weeks of the 
initiating bacteremia [25]. They are usually related to cardiac 
complications caused by the infection, persistent bacteremia, 
systemic embolization, or immunopathologic reactions by the 
patient. Endocarditis can mimic many disorders, including 
other infectious diseases, lymphoma, leukemia, and connec-
tive tissue diseases. Endocarditis should be part of the differ-
ential diagnosis in any patient with an underlying cardiac 
abnormality who has unexplained fever or who has another 
unusual illness that could be related to endocarditis.

Clinical findings in IE stem from the underlying principle 
disorders: microbial blood-borne infections, valvitis, immu-
nologic responses, and peripheral embolic events.

Fever is the most common finding in patients with endo-
carditis, with the exception of neonates. Fever is frequently 
low grade, reaching a maximum temperature of 39 °C. In 
endocarditis caused by virulent bacteria such as S. aureus, 
however, there can be a spiking high fever. Other nonspe-

cific symptoms include myalgia, arthralgia, anorexia, night 
sweats, headache, and malaise. Because initial symptoms are 
usually mild, the diagnosis of IE is often not made until 2–4 
weeks after the infection starts. By this time, vegetations are 
well established and may be difficult to eradicate.

New or changing cardiac murmurs are usually heard in 
patients with valvar involvement but auscultatory findings 
in general depend on the specifics of the underlying heart 
disease and the location of the infection. Murmurs may not 
be heard at the initial examination. Frequent auscultation is 
essential because it may be difficult to recognize a new or 
changing murmur in a patient with a pre-existing cardiac 
abnormality and because vegetation pathology can be 
dynamic. Careful and frequent auscultation is necessary to 
assist not only with the diagnosis but also with the patient’s 
medical or operative management. In some patients, notably 
those with complex cyanotic congenital heart disease post-
systemic–pulmonary shunt creation, no change in murmur 
may be detected. A declining systemic saturation reflecting 
graft infection and/or pulmonary emboli may be the first 
apparent clinical sign.

Table 60.4 Definitions of terms used in the Duke criteria for the diagnosis of infective endocarditisa.

Major criteria

1. Positive blood culture for IE

A. Typical microorganism consistent with IE from two separate blood cultures as noted below:

   i. viridans streptococcib, Streptococcus bovis, or HACEK group or

  ii. community-acquired Staphylococcus aureus or enterococci, in the absence of a primary focus

B. Microorganisms consistent with IE from persistently positive blood cultures defined as

   i. at least two positive cultures of blood samples drawn ≥12 h apart or

  ii. all of three or a majority of four or more separate cultures of blood (with first and last sample drawn at least 1 h apart)

2. Evidence of endocardial involvement

A. Positive echocardiogram for IE defined as

    i. oscillating intracardiac mass on valve or supporting structures, in the path of regurgitant jets, or on implanted material in the absence of an 

alternative anatomic explanation, or

  ii. myocardial abscess, or

iii. new partial dehiscence of prosthetic valve

B. New valvar regurgitation (worsening or changing of pre-existing murmur not sufficient)

Minor criteria

1. Predisposition: predisposing heart condition or intravenous drug use

2. Fever: temperature ≥38.0 °C

3. Vascular phenomena: major arterial emboli, septic pulmonary infarcts, mycotic aneurysm, intracranial hemorrhage, conjunctival hemorrhages, and 

Janeway’s lesions

4. Immunologic phenomena: glomerulonephritis, Osler’s nodes, Roth’s spots, and rheumatoid factor

5. Microbiologic evidence: positive blood culture but does not meet a major criterion as noted in Table 60.3c or serologic evidence of active infection 

with organism consistent with IE

6. Echocardiographic findings: consistent with IE but do not meet a major criterion above

aHACEK: Haemophilus species, Actinobacillus actinomycetemcomitans, Cardiobacterium hominis, Eikenella species, and Kingella kingae. IE, infective 

endocarditis.
bIncludes nutritional variant strains.
cExcludes single positive cultures for coagulase-negative staphylococci and organisms that do not cause endocarditis.

Reproduced with permission from Durack et al. Am J Med 1994;96:200–9.
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The classic peripheral manifestations of endocarditis may 
be less frequent today than reported in the past and are often 
absent in endocarditis involving the tricuspid valve. Petechiae 
are the most common but least specific manifestations and 
are found on the palpebral conjunctiva, the buccal and pala-
tal mucosa, and the extremities. Splinter hemorrhages, which 
resemble a splinter caught in the nail bed, are also a nonspe-
cific finding in endocarditis. They are more helpful diagnos-
tically if they are present in the proximal rather than the 
distal nail bed. Osler’s nodes are small, tender, purple, subcu-
taneous nodules that develop in the digits and persist for 
hours or days. They are not pathognomonic and may be 
seen in other disorders, such as systemic lupus erythemato-
sus and disseminated gonococcal infections. Janeway’s lesions 
are small, erythematous or hemorrhagic, macular lesions on 
the palms and soles; unlike Osler’s nodes, they are not ten-
der. Roth’s spots (also known as Litten’s sign) are oval retinal 
hemorrhages with pale centers and are relatively rare.

Neurologic manifestations are found in ∼20% of children 
with endocarditis [5]. They are associated with increased 
mortality and are more frequent in patients with S. aureus 
endocarditis. Neurologic complications include cerebral 
emboli, mycotic aneurysms, cerebritis, brain abscess, cere-
bral hemorrhage, and, less commonly, meningitis.

Embolic manifestations occur in some children with endo-
carditis, usually in association with infections that produce 
large, bulky vegetations. Clinically recognized emboli are found 
most commonly in the pulmonary or cerebral circulations. 
Endocarditis involving the left side of the heart often results in 
peripheral embolization, leading to ischemia,  infarction, or 
mycotic aneurysms (aneurysms caused by growth of the 
organism in a vessel wall). Specific clinical  findings depend on 
the localization of the emboli. Mycotic aneurysms may be 
silent but can rupture or thrombose weeks or months after IE 
has been cured. Embolization from the right side may be no 
less frequent, but such emboli are less easily appreciated 
 clinically because of filtration by the lungs. Sometimes they 
cause an erroneous diagnosis of pneumonitis. Large, infected 
emboli may complicate endocarditis of the  tricuspid valve, 
 primarily in infants with IE secondary to  indwelling catheters 
and in intravenous drug users. Embolic events are often an 
indication for surgical intervention. Table 60.5 reviews 
 complications  associated with the need for  surgery.

Renal involvement occurs in some patients with endocar-
ditis. Although overt renal dysfunction is usually secondary 
to hemodynamic changes, renal emboli may be asympto-
matic or cause flank pain, may result in gross or microscopic 
hematuria, but rarely cause significant renal dysfunction. 
Renal insufficiency may also occur from immune complex 
glomerulonephritis, particularly in patients with endocardi-
tis caused by less virulent bacteria, such as coagulase-nega-
tive staphylococci. Azotemia may result from immune 
complex nephritis, but it usually improves after appropriate 
antimicrobial therapy.

Splenomegaly has been reported in 15–50% of patients 
with IE, but appears to be a less common finding in recent 
reports compared with earlier era case series.

In neonates, the clinical findings of IE may completely 
mimic other common syndromes such as septicemia or con-
gestive heart failure from other etiologies [3,6]. Respiratory 
distress, hypothermia, tachycardia, hypotension, and new 
feeding difficulty may be the initial manifestations. A new 
murmur may, of course, follow; but often no murmur is 
present at all, especially in IE associated with indwelling 
central line infection. Peripheral emboli resulting in menin-
gitis or osteomyelitis are not uncommon and neonates seem 
particularly prone to neurologic complications, including 
apnea and seizures.

Laboratory features

Blood cultures
A positive blood culture is a valuable aid in making the diag-
nosis of endocarditis. Although a positive blood culture in a 
child with an underlying or predisposing cardiac lesion does 
not necessarily indicate endocarditis, one must consider such 
a diagnosis. Blood cultures should be obtained in a child 
with a predisposition for endocarditis and persistent, unex-
plained fever.

It is impossible to specify the exact number of cultures 
that should be obtained in each situation. The collection of 
three sets of blood cultures during a 24 h period detects vir-
tually all the usual organisms [26]. Once the etiologic agent 
has been identified, appropriate antimicrobial therapy can 
be begun. Sometimes making careful observations and 
obtaining more blood cultures before initiating antibiotic 
therapy are appropriate measures. In severely ill patients, 
three blood cultures should be obtained during a 1–2 h 
period and antibiotic therapy instituted. The counting of 

Table 60.5 Complications of IE indicating possible surgical therapy.

Related to vegetation

● Recurrent embolization despite antibiotics.

● Persistence of vegetation despite treatment.

● Anterior mitral leaflet lesion >10 mm in size.

● Increasing vegetation size on appropriate antibiotics.

Related to cardiac function.

● Acute severe mitral and/or aortic insufficiency with ventricular failure.

● Heart failure despite appropriate therapy.

● Valve rupture/perforation with chamber enlargement.

Extension of infection

● New heart block.

● Myocardial abscess proliferation on appropriate antibiotics.

● Valvar annulus abscess development.
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days of recommended duration of therapy should begin on 
the first day on which blood cultures were negative when 
blood cultures were initially positive. At least two sets of 
blood cultures should be obtained every 24–48 h until blood-
stream infection is cleared.

The bacteremia of endocarditis is often low grade and 
continuous [27]. Therefore, it is of no advantage to obtain 
blood cultures at any particular body temperature. 
Furthermore, the more blood that is collected, the better 
is the chance of growing the bacteria. At least 20 ml of 
blood is usually collected from an adult patient, but this 
may not possible in a small child, from whom as large a 
volume as is reasonable (preferably 3–5 ml) should be 
obtained. Either arterial or venous blood can be used, and 
samples should be drawn through venipuncture, not 
through an indwelling catheter. These samples should be 
taken after carefully sterilizing the venipuncture sites, as 
if for minor surgery. It is important to take blood from 
more than one site to reduce the risk of confusion by a 
skin contaminant. The microbiology laboratory should be 
consulted about the optimal volumes of blood and culture 
medium.

Culture-negative endocarditis
Culture-negative endocarditis refers to an individual 
with IE whose blood cultures are persistently negative. 
Blood cultures can be negative for a variety of reasons 
[28]. Previous antimicrobial therapy is a major cause of 
a negative blood culture [29]. Blood cultures should 
become positive after cessation of the antimicrobial ther-
apy; they remain negative for a longer time after pro-
longed prior antibiotic treatment [27]. The antibiotic can 
be removed from the blood with the use of a resin device 
[26], if the laboratory is notified, in order to enhance 
microbial growth.

On occasion, a patient clinically suspected of having endo-
carditis may not have received antibiotics, yet still has a neg-
ative blood culture. True culture-negative endocarditis is 
uncommon. The data in Table 60.2 show that only 5–7% in 
three series had negative cultures. Many of these individuals 
eventually demonstrate subsequent proof of infection, either 
from culture of an infected embolus or from vegetations 
removed in the operating room or at necropsy. Some micro-
organisms capable of causing endocarditis are difficult to 
grow in culture with the use of standard laboratory tech-
niques, and prolonged incubation, special media, or other 
special techniques are needed [22,26]. Consultation with a 
clinical microbiologist is invaluable in seeking unusual and 
fastidious organisms. Microorganisms reported to cause 
apparent culture-negative endocarditis include fastidious 
bacteria such as the nutritionally deficient streptococcus, 
fungi, HACEK organisms, Coxiella burnetii, and Chlamydia 
[22,30].

Other laboratory tests
A variety of other laboratory tests, although nonspecific, can 
help support the diagnosis of endocarditis. Acute-phase reac-
tants (C-reactive protein and the erythrocyte sedimentation 
rate) are commonly elevated. Anemia is also common but 
may be missed if there was preceding polycythemia. It may 
be absent acutely but usually appears or worsens in long-
standing infection. Leukocytosis is usually present, although 
it is not a prominent feature of fungal endocarditis. 
Rheumatoid factor is present in as many as half of individu-
als with endocarditis, especially if it is of long duration [27]. 
Circulating immune complexes (CICs), formed by an anti-
body–antigen interaction, are found in the sera of most 
patients with IE, especially in those whose illness is of longer 
duration [31,32]. CICs are associated with arthritis and acute 
or chronic glomerulonephritis. Levels of CICs usually fall 
with successful antibiotic treatment of IE and hence may be 
used to monitor therapy. Urinalysis may show proteinuria 
and macroscopic or microscopic hematuria.

Echocardiography

Many studies have confirmed the standard role of echocar-
diography in the diagnosis and management of endocarditis 
in adults [28,33] and children [5,34–48] with suspected IE. 
Two-dimensional echocardiography has a sensitivity in chil-
dren of up to 80% [4,37–40]. Neither the sensitivity nor spe-
cificity of echocardiography is 100%, so that a normal 
echocardiogram does not exclude endocarditis. In fact, echo-
cardiography may be more helpful in children with normal 
cardiac anatomy or with isolated valvar abnormalities than 
in children with very complex congenital anomalies [1]. The 
application of the Duke criteria for the diagnosis of IE in chil-
dren has further demonstrated that in addition to a positive 
blood culture, echocardiography plays a major role in the 
diagnosis [13].

Transesophageal echocardiography (TEE) has been 
increasingly used in diagnosing endocarditis in adults, show-
ing superior sensitivity for detecting vegetations compared 
with transthoracic echocardiography (TTE) [38,39]. In adult 
studies, TEE is able to detect smaller vegetations (1–1.5 mm) 
than is TTE (2 mm). Definitive studies of the usefulness of 
TEE in children with endocarditis have not been published, 
but standard practice now incorporates the use of TEE in 
children in whom TTE windows may be limited or in whom 
the diagnosis cannot be made using TTE but clinical suspi-
cion remains high.

In addition to detecting vegetations (Videoclip 60.1), 
echocardiography is also useful for evaluating valvar and 
extravalvar complications of IE and for aiding in decision-
making concerning the necessity for and timing of cardiac 
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operation (Table 60.5) (Videoclip 60.2). For more complete 
guidelines on the use of echocardiography in the diagnosis of 
IE, the reader is referred to the 1997 American College of 
Cardiology/American Heart Association Guidelines for the 
clinical use of echocardiography and its 2003 update [39,40].

Antimicrobial treatment

Eradicating infecting organisms in patients with endocarditis 
is the target of antibiotic therapy. A prolonged period of 
therapy (at least 2 weeks, often 4–6 weeks) is necessary for 
several reasons. Organisms are embedded within the fibrin–
platelet matrix, which impedes the entry of host phagocytic 
cells into the vegetation, and they exist in high concentrations 
with relatively low rates of bacterial metabolism and 
cell division, which result in decreased susceptibility to 
antibiotics [41,42].

It is important to establish the microbiologic diagnosis 
before therapy is begun. This allows susceptibility testing 
and determination of minimal inhibitory concentration 
(MIC), the minimal concentration of antibiotic that inhibits 
growth in vitro. MIC determination helps in choosing the 
most appropriate antibiotic regimen. Treatment regimens 
outlined for viridans group streptococci, Streptococcus bovis, 
Abiotrophia defectiva, Granulicatella species, and Gemella species 
are subdivided into categories based on penicillin MIC data. 
Peak and trough serum levels should be monitored when 
potentially toxic antibiotics, such as vancomycin and 
aminoglycoside, are used. This ensures that levels are 
adequate and below the toxic range.

Bactericidal, rather than bacteriostatic, antibiotics should 
be chosen whenever possible to lessen the possibility of 
treatment failures or relapses. In treatment regimens where a 
combination of antibiotics is employed, it is important to 
administer the medications at or close to the same time in 
order to maximize the synergistic killing effect on the 
microbe [11,12,28–33,35–66]. Parenteral administration is 
recommended because of the need to achieve high serum 
levels of the antibiotics. In infants and small children, 
intravenous antibiotics are preferred over intramuscular 
agents because of small muscle mass. In addition, intramuscular 
injections can be painful. The use of heparin lock devices for 
intravenous therapy in older children allows them more 
mobility and activity. Outpatient treatment of endocarditis 
can be considered in selected patients after initial treatment in 
the hospital and after hemodynamic stability and the patient’s 
(or parent’s) compliance are confirmed. Outpatient therapy is 
now frequently used in adults [46], but it has been more 
sparingly recommended in children.

Blood cultures should be repeated often to assess the 
adequacy of the antibiotic regimen and to document the 
cessation of bacteremia. Bacteremia generally resolves within 

several days of beginning appropriate therapy. Patients with 
endocarditis require close follow-up. Obtaining follow-up 
blood cultures at 1 and 2 months after completing treatment 
is important, because most relapses occur during this period 
[28,47].

Cardiovascular surgery may be lifesaving in some patients 
with IE, but decisions for operative intervention must be 
individualized. Indications for operation include progressive 
cardiac failure, valvar obstruction, suppurative complications 
around or near an infected valve, fungal endocarditis, 
persistent bacteremia, and significant embolic events [28,66], 
especially when the aortic or mitral valve is involved. Medical 
management of progressive valvar damage and resulting 
cardiac failure can be deleterious. Operation should not be 
delayed solely because a full course of antibiotic therapy has 
not been completed or because a patient is seriously ill from 
complications of IE.

A detailed set of recommendations for antibiotic treatment 
of infective endocarditis has been produced by the American 
Heart Association [35] and the European Society of 
Cardiology [12]. Tables 60.6–60.8 are modeled after these 
guidelines. Antimicrobial treatment of endocarditis caused 
by the various Gram-positive organisms is detailed in the 
following sections.

Streptococcal and enterococcal endocarditis 
on native or prosthetic cardiac valves 
(Tables 60.6–60.8)
Streptococci are among the most common organisms causing 
IE in children [1,2]. Most of these organisms are viridans 
streptococci; the rest are S. bovis (nonenterococcal group D 
streptococci) or Streptococcus pyogenes (group A streptococci). 
Penicillin-susceptible streptococci have MIC to penicillin of 
≤0.12 μg ml−1. Treatment for native valve endocarditis caused 
by streptococci is given in Table 60.6. For patients who are 
able to take penicillin, 4-week therapeutic regimens with 
aqueous crystalline penicillin G or ceftriaxone have high 
cure rates.

A 2-week combined penicillin (or ceftriaxone) and 
aminoglycoside regimen has become increasingly popular 
for use in uncomplicated native valve IE, but is not 
recommended for patients who have had endocarditis for >3 
months or for those who have extracardiac foci of infection, 
intracardiac abscesses, or mycotic aneurysm. It is also 
inappropriate for children at risk for adverse events caused 
by gentamicin therapy.

For patients allergic to β-lactam antibiotics, vancomycin 
therapy is recommended (Table 60.6). Each dose of this 
antibiotic should be infused during 1–2 h to reduce the risk 
of the histamine-release “red man” syndrome. Children 
“allergic” to penicillins, but without a clear-cut history of an 
anaphylactic reaction, may be candidates for penicillin 
desensitization.
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Table 60.6 Therapy of native valve endocarditis caused by viridans group streptococci and Streptococcus bovis.

Regimen

 

Dosagea and route

 
Duration 
(weeks)  

Comments

For patients with highly penicillin-susceptible strains (minimum inhibitory concentration ≤0.12 mg ml−1)
Aqueous crystalline 

penicillin G sodium

or

Penicillin 200 000 U kg−1 per 24 h i.v. in 4–6 

equally divided doses (not to exceed 18 million 

U per 24 h)

4 Preferred in patients with impairment of 8th cranial 

nerve function or renal function

Ceftriaxone sodium Ceftriaxone 100 mg kg−1 per 24 h i.v./i.m. in 1 

dose (not to exceed 2 g per 24 h)

4

Aqueous crystalline 

penicillin G sodium

or

Ceftriaxone sodium

plus

Penicillin 200 000 U kg−1 per 24 h i.v. in 4–6 

equally divided doses (not to exceed 18 million 

U per 24 h)

2 ceftriaxone 100 mg kg−1 per 24 h i.v./i.m. in 1 

dose (not to exceed g per 24 h)

2

2

2-week regimen not intended for patients with known 

cardiac or extracardiac abscess or for those with 

creatinine clearance of <20 ml min−1, impaired 8th 

cranial nerve function, or Abiotrophia, Granulicatella, 

or Gemella spp. infection; gentamicin dosage should 

be adjusted to achieve peak serum concentration of 

3–4 μg ml−1 and trough serum concentration of 

<1 μg ml−1 when 3 divided doses are used

Gentamicin sulfateb 3 mg kg−1 per 24 h i.v./i.m. in 1 dose or 3 

equally divided dosesc

2

Vancomycin hydrochlorided 40 mg kg−1 per 24 h i.v. in 2–3 equally divided 

doses (not to exceed 2 g per 24 h unless 

concentrations in serum are inappropriately 

low)

4 Vancomycin therapy recommended only for patients 

unable to tolerate penicillin or ceftriaxone; vancomycin 

dosage should be adjusted to obtain peak (1 h after 

infusion completed) serum concentration of 

30–45 μg ml−1 and a trough concentration range of 

10–15 μg ml−1

For patients with strains relatively resistant to penicillin (minimum inhibitory concentration >0.12 to ≤0.5 mg ml−1)
Aqueous crystalline 

penicillin G sodium

or

Ceftriaxone sodium

plus

Penicillin 300 000 U per 24 h i.v. in 4–6 equally 

divided doses (not to exceed 24 million U per 

24 h)

100 mg kg−1 per 24 h i.v./i.m. in 1 dose (not to 

exceed 2 g per 24 h)

4

4

Patients with endocarditis caused by penicillin-resistant 

(MIC >0.5 μg ml−1) strains should be treated with 

regimen recommended for enterococcal endocarditis 

(see Table 60.4). Gentamicin dosage should be 

adjusted to achieve peak serum concentration of 

3–4 μg ml−1 and trough serum concentration of 

<1 μg ml−1 when 3 divided doses are used

Gentamicin sulfateb 3 mg kg−1 per 24 h i.v./i.m. in 1 dose or 3 

equally divided dosesc

2

Vancomycin hydrochlorided 40 mg kg−1 per 24 h i.v. in 2 or 3 equally divided 

doses (not to exceed 2 g per 24 h, unless serum 

concentrations are inappropriately low)

4

 

Vancomycin therapy recommended only for patients 

unable to tolerate penicillin or ceftriaxone therapy; 

vancomycin dosage should be adjusted to obtain peak 

(1 h after infusion completed) serum concentration of 

30–45 mg ml−1 and a trough concentration range of 

10–15 mg ml−1

aDosages recommended are for patients with normal renal function.
bOther potentially nephrotoxic drugs (e.g., nonsteroidal anti-inflammatory drugs) should be used with caution in patients receiving gentamicin therapy.
cData for once-daily dosing of aminoglycosides for children exist, but no data for treatment of IE exist.
dVancomycin dosages should be infused during the course of at least 1 h to reduce risk of histamine-release “red man” syndrome.

On occasion, IE may be due to streptococci that are 
relatively resistant to penicillin (MIC >0.12 but ≤0.5 μg ml−1). 
For these patients, the recommended treatment regimen is 4 
weeks of penicillin or ceftriaxone combined with gentamicin 
for the first 2 weeks. For children who are allergic to 
β-lactams, vancomycin should be used.

Therapy for prosthetic valve/prosthetic material strepto-
coccal endocarditis is given in Table 60.7. For penicillin- 
susceptible strains, 6 weeks of aqueous crystalline penicillin 
G or ceftriaxone with or without gentamicin for the first 2 
weeks is recommended. The clinical benefit of gentamicin 
has not been formally shown, however (see the comments 



CHAPTER 60 Infective Endocarditis

879

in the table). Vancomycin is recommended for patients 
 unable to tolerate penicillin or ceftriaxone. For children with 
penicillin relatively or fully resistant strains, 6 weeks of 
 gentamicin should be added to the 6 weeks of penicillin or 
ceftriaxone.

Enterococcal endocarditis is uncommon in children. 
Treatment (Table 60.8) is difficult because of the relative 
 resistance of enterococci to penicillin, expanded-spectrum 
penicillins, and vancomycin and in view of their variable 
 resistance to aminoglycosides [56,57]. The treatment regimen 
requires combination therapy of penicillin G or ampicillin with 
gentamicin for at least 4 and preferably 6 weeks [51,56]. For 
patients allergic to penicillins (but without a history of 
 anaphylactic-type reaction), penicillin desensitization can be 

considered. If desensitization is not considered feasible, vanco-
mycin plus gentamicin for 4–6 weeks is recommended. 
Nutritionally variant streptococci or streptococci with MIC 
>0.5 μg ml−1 should be treated with the regimens listed for 
enterococci.

The above recommendations are for native valve 
enterococcal endocarditis. If the infection involves a prosthetic 
cardiac valve, 6 weeks of penicillin combined with gentamicin 
for at least the first 2 weeks is recommended [58]. If 
the infection is caused by “relatively penicillin-resistant” 
enterococci, penicillin treatment may be required for 8 weeks. 
A vancomycin plus gentamicin regimen is recommended for 
penicillin-allergic individuals who are not desensitized to 
penicillins.

Table 60.7 Therapy for endocarditis of prosthetic valves or other prosthetic material caused by viridans group streptococci and Streptococcus bovis.

Regimen
 

Dosagea and route

 
Duration 
(weeks)  

Comments

Penicillin-susceptible strain (minimum inhibitory concentration ≤0.12 mg ml−1)

Aqueous crystalline 

penicillin G sodium

or

Ceftriaxone

with or without

Gentamicin sulfateb

300 000 U kg−1 per 24 h i.v. in 4–6 

equally divided doses (not to 

exceed 24 million U per 24 h)

100 mg kg−1 i.v./i.m. once daily 

(not to exceed 2 g per 24 h)

3 mg kg−1 per 24 h i.v./i.m. in 1 

dose or 3 equally divided dosesc

6

6

2

Penicillin or ceftriaxone together with gentamicin has not 

demonstrated superior cure rates compared with monotherapy 

with penicillin or ceftriaxone for patients with highly susceptible 

strain. 

Gentamicin dosage should be adjusted to achieve peak serum 

concentration of 3–4 μg ml−1 and trough serum concentration of 

<1 μg ml−1 when 3 divided doses are used; gentamicin therapy 

should not be administered to patients with creatinine clearance 

of <30 ml min−1

Vancomycin hydrochlorided 40 mg kg−1 per 24 h i.v. or in 2 or 

3 equally divided doses (not to 

exceed 2 g per 24 h unless 

concentrations in serum are 

inappropriately low)

6 Vancomycin therapy recommended only for patients unable to 

tolerate penicillin or ceftriaxone; vancomycin dosage should be 

adjusted to obtain peak (1 h after infusion completed) serum 

concentration of 30–45 μg ml−1 and a trough concentration range 

of 10–15 μg ml−1

Penicillin relatively or fully resistant strain (minimum inhibitory concentration >0.12 mg ml−1)

Aqueous crystalline 

penicillin sodium

or

300 000 U kg−1 per 24 h i.v. in 4–6 

equally divided doses (not to 

exceed 24 million U per 24 h)

6 See comments for penicillin, ceftriaxone and gentamicin above

Ceftriaxone

plus

100 mg kg−1 i.v./i.m. once daily 

(not to exceed 2 g per 24 h)

6

Gentamicin sulfateb 3 mg kg−1 per 24 h i.v./i.m. in 1 

dose or 3 equally divided dosesc

6

Vancomycin hydrochlorided 40 mg kg−1 per 24 h i.v. in 2 or 3 

equally divided doses (not to 

exceed 2 g per 24 h unless 

concentrations in serum are 

inappropriately low)

 6 See comments for vancomycin above

aDosages recommended are for patients with normal renal function.
bOther potentially nephrotoxic drugs (e.g., nonsteroidal anti-inflammatory drugs) should be used with caution in patients receiving gentamicin therapy.
cData for once-daily dosing of aminoglycosides for children exist, but no data for treatment of IE exist.
dVancomycin dosages should be infused during the course of at least 1 h to reduce risk of histamine-release “red man” syndrome.
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Staphylococcal endocarditis on native 
or prosthetic valves or other prosthetic 
material (Table 60.9)
Staphylococcal endocarditis in children has become more 
prevalent in recent years [2,59] and S. aureus is the most com-
mon cause of IE in the developed world [67]. Staphylococci 
are coagulase positive (S. aureus) or coagulase negative (S. epi-
dermidis and various other species). Most  staphylococci are 
highly resistant to penicillin G and ampicillin because of pro-
duction of of β-lactamases [59], one form of which is termed 
penicillinase. Staphylococci sensitive to penicillinase-resistant 
penicillins are termed oxacillin (or methicillin) susceptible. 
For oxacillin-susceptible strains of staphylococcal IE, in the 
absence of prosthetic materials antibiotic therapy must 
include a semisynthetic, penicillinase-resistant penicillin 
(nafcillin or oxacillin). The antibiotic should be administered 
intravenously for 6 weeks for complicated right-sided IE and 
for left-sided IE. A 2-week regimen can be used for uncompli-
cated right-sided IE and for left-sided IE. Gentamicin may be 
added for the first 3–5 days, although the clinical benefit of 
aminoglycosides has not been established. For patients who 
are penicillin allergic, cephalosporins are recommended as an 
alternative. Cephalosporins should not be used in patients 
with a history of an anaphylactic-type reaction to penicillin; 
rather, vancomycin should be used in these individuals.

Some coagulase-negative staphylococci and S. aureus 
strains are oxacillin resistant. Therefore, patients with IE 

associated with these organisms should not receive nafcillin, 
oxacillin, or a cephalosporin but should instead be treated 
for 6 weeks with vancomycin.

Staphylococcal endocarditis involving a prosthetic cardiac 
valve or other cardiac prosthetic material is most often, but 
not always, nosocomially acquired. Most infections involve 
methicillin-resistant organisms, especially if the endocarditis 
develops within 1 year of a cardiac operation [58]. Treatment 
requires a minimum of 6 weeks of vancomycin plus rifampin, 
with gentamicin for the first 2 weeks. If the bacteria are 
 oxacillin susceptible, nafcillin or oxacillin can replace 
 vancomycin. For further recommendations on the treatment 
of staphylococcal endocarditis involving intracardiac 
 prosthetic material, the reader is referred to the American 
Heart Association guidelines [28,52].

Staphylococcal bacteremia in patients with indwelling 
venous catheters or lines may be treated for 10–14 days with 
appropriate antibiotics after removal of the catheter,  provided 
that the patient is not severely ill and has no signs of organ 
involvement.

Gram-negative bacterial endocarditis
Gram-negative bacteria are an infrequent cause of 
 endocarditis in children (see Table 60.2). The Gram-negative 
bacteria most commonly causing endocarditis in children are 
the HACEK group of fastidious coccobacilli (Haemophilus 
parainfluenzae, Haemophilus aphrophilus, Actinobacillus actino-

Table 60.8 Therapy for native valve or prosthetic valve enterococcal endocarditis caused by strains susceptible to penicillin, gentamicin, 

and vancomycin.

Regimen  Dosagea and route  Duration (weeks) Comments

Ampicillin sodium

or

300 mg kg−1 per 24 h i.v. in 4–6 equally 

divided doses (not to exceed 12 g per 24 h)

4–6 Native valve: 4-week therapy recommended for patients 

with symptoms of illness ≤3 months; 6-week therapy 

recommended for patients with symptoms >3 months

Aqueous crystalline 

penicillin G sodium

plus

300 000 U kg−1 per 24 h i.v. in 4–6 equally 

divided doses (not to exceed 30 × 106 U 

per 24 h)

4–6 Prosthetic valve or other prosthetic cardiac material: 

minimum of 6 weeks of therapy recommended

Gentamicin sulfateb 3 mg kg−1 per 24 h i.v./i.m. in 3 equally 

divided doses

4–6

Vancomycin 

hydrochloridec

plus

40 mg kg−1 per 24 h i.v. in 2 or 3 equally 

divided doses

6 Vancomycin therapy recommended only for patients unable 

to tolerate penicillin or ampicillin. Adjust vancomycin to 

achieve 1 h serum concentration of 30–45 μg ml−1 and 

trough concentration of 10–15 μg ml−1

Gentamicin sulfateb 3 mg kg−1 per 24 h i.v./i.m. in 3 equally 

divided doses

6 6 weeks of vancomycin therapy recommended because of 

decreased activity against enterococci

aDosages recommended are for patients with normal renal function.
bDosage of gentamicin should be adjusted to achieve peak serum concentration of 3–4 mg ml−1 and a trough concentration of <1 mg ml−1. Patients with a 

creatinine clearance of <50 ml min−1 should be treated in consultation with an infectious diseases specialist.
c Vancomycin dosages should be infused during the course of at least 1 h to reduce risk of histamine-release “red man” syndrome.
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Table 60.9 Therapy for endocarditis caused by staphylococci.

Regimen Dosagea and route
 

Duration 
(weeks)  

Comments

In the absence of prosthetic materials

Oxacillin-susceptible strains
Nafcillin or 

oxacillinb

200 mg kg−1 per 24 h i.v. in 

4–6 equally divided doses 

(not to exceed 12 g per 24 h)

6 For complicated right-sided IE and for left-sided IE; for uncomplicated right-sided IE, 

2 weeks. It is optional to add gentamicin sulfate†, 3 mg kg−1 per 24 h i.v./i.m. in 3 

equally divided doses for 3–5 days; however, the clinical benefit of aminoglycosides 

has not been established

For penicillin-allergic (nonanaphylactoid type) patients, consider skin testing for 

oxacillin-susceptible staphylococci and questionable history of immediate-type 

hypersensitivity to penicillin

Cefazolin 100 mg kg−1 per 24 h i.v. in 3 

equally divided doses (not to 

exceed 6 g per 24 h)

6 Cephalosporins should be avoided in patients with anaphylactoid-type hypersensitivity 

to β-lactams; vancomycin should be used in these cases. It is optional to add 

gentamicin sulfate†, 3 mg kg−1 per 24 h i.v./i.m. in 3 equally divided doses for 3–5 days; 

however, the clinical benefit of aminoglycosides has not been established

Oxacillin-resistant strains
Vancomycinc 40 mg kg−1 per 24 h i.v. in 2 

or 3 equally divided doses

6 Adjust vancomycin dosage to achieve 1 h serum concentration of 30–45 μg ml−1 and 

trough concentration of 10–15 μg ml−1.

In the presence of prosthetic valve or other prosthetic material

Oxacillin-susceptible strains
Nafcillin or 

oxacillinb

plus

Rifampin

plus

Nafcillin or oxacillin 

200 mg kg−1 per 24 h i.v. in 

4–6 equally divided doses 

(not to exceed 12 g per 24 h)

20 mg kg−1 per 24 h i.v./p.o. in 

3 equally divided doses (not 

to exceed 900 mg per 24 h)

≥6

≥6

Vancomycin should be used in patients with immediate-type hypersensitivity reactions 

to β-lactam antibiotics; cefazolin may be substituted for nafcillin or oxacillin in patients 

with non-immediate-type hypersensitivity reactions to penicillins. Gentamicin dosage 

should be adjusted to achieve peak serum concentration of 3–4 μg ml−1 and trough 

serum concentration of <1 μg ml−1 when 3 divided doses are used; gentamicin therapy 

should not be administered to patients with creatinine clearance of <30 ml min−1

Gentamicind 3 mg kg−1 per 24 hi.v./i.m. in 

3 equally divided doses

2

Oxacillin-resistant strains
Vancomycinc

plus

Rifampin

plus

40 mg kg−1 per 24 h in 2 or 

3 equally divided doses

20 mg kg−1 per 24 h i.v./p.o. in 

3 equally divided doses (not 

to exceed 900 mg per 24 h

≥6

≥6

Adjust vancomycin to achieve 1 h serum concentration of 30–45 μg ml−1 and trough 

concentration of 10–15 μg ml−1. Gentamicin dosage should be adjusted to achieve 

peak serum concentration of 3–4 μg ml−1 and trough serum concentration of 

<1 μg ml−1 when 3 divided doses are used; gentamicin therapy should not be 

administered to patients with creatinine clearance of <30 ml min−1

Gentamicind  3 mg kg−1 per 24 h i.v./i.m. in 

3 equally divided doses

2

aDosages recommended are for patients with normal renal function.
bPenicillin G 300 000 U kg−1 per 24 h i.v. in 4–6 equally divided doses (not to exceed 24 × 106 U per 24 h) may be used in place of nafcillin or oxacillin if 

strain is penicillin susceptible (minimum inhibitory concentration ≤ 0.1 mg ml−1) and does not produce β-lactamase.
c Vancomycin dosages should be infused during course of at least 1 h to reduce risk of histamine-release “red man” syndrome.
dGentamicin should be administered in close temporal proximity to vancomycin, nafcillin, or oxacillin dosing.

mycetemcomitans, Cardiobacterium hominis, Eikenella corrodens, 
and Kingella kingae). Recommended therapy for the HACEK 
group for both native valve and prosthetic valve (or other 
prosthetic material) IE is a 4-week course of ceftriaxone or 
ampicillin–sulbactam. In adults ciprofloxacin is an  alternative 

for patients unable to tolerate ampicillin or cephalosporins but 
is generally not recommended for patients <18 years of age.

Other Gram-negative organisms, such as Escherichia coli, 
Pseudomonas aeruginosa, or Serratia marcescens, are occasionally 
noted. Most patients with these organisms are adolescent or 
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adult intravenous drug abusers, although a postoperative 
cardiac patient, an immunocompromised individual, or a 
neonate may occasionally have endocarditis with one of 
these organisms. Therapy must be individualized, guided by 
identification of the organism and antimicrobial susceptibility 
testing. Most experience has been with a broad-spectrum 
penicillin, such as ticarcillin, or a cephalosporin, such as 
cefotaxime or ceftazidime, combined with an aminoglycoside, 
such as gentamicin or amikacin [60]. At least 6 weeks of 
therapy is recommended. For specific treatment options, 
information is reviewed in the AHA guidelines [28] and 
those published by the ESC [66].

Gonococcal endocarditis can be treated successfully with 
high-dose penicillin, provided that the organism is penicillin 
susceptible. For penicillin-resistant organisms, an appropri-
ate third-generation cephalosporin is recommended.

Fungal endocarditis
The prognosis in fungal endocarditis is poor and associated 
with high mortality and morbidity. Few patients survive 
when the entire treatment is only with antifungal agents. 
Valve replacement operation in conjunction with antifungal 
agents is usually required [16]. Operation is best performed 
after 10 days of medical therapy, but earlier if there are 
embolic phenomena or a deteriorating clinical picture.

Amphotericin B remains the first-line antifungal agent for 
medical therapy. A “test” dose of 0.1 mg kg−1 of amphotericin B 
(maximum, 1 mg) is administered initially. If it is well tolerated, 
it is followed by a dose of 0.5 mg kg−1 for 1 day and then 1 
mg kg−1 per day as the maintenance dose. The minimal duration 
of therapy should be 6–8 weeks. Renal function and serum 
potassium concentration should be carefully monitored.

Prosthetic valve endocarditis
Infection of a prosthetic cardiac valve occurs in 1–6% of all 
patients at some time during the lifespan of the prosthesis 
[66]. Antibiotic therapy for patients with an infected prosthetic 
cardiac valve or other prosthetic material must be appropriate 
for the specific infecting agent. Therapy is given for 6 weeks 
or longer. Treatment regimens for a prosthetic valve infected 
with streptococci, staphylococci, enterococci, or HACEK 
organisms are discussed in the preceding sections.

Prosthetic valve endocarditis caused by diphtheroids is 
best treated with penicillin and gentamicin, or with 
 vancomycin for penicillin-allergic patients [61]. Duration of 
therapy should be 6 weeks.

Therapy for prosthetic valve endocarditis caused by 
 Gram-negative bacilli must be based on the results of in vitro 
MIC tests and in vitro evaluation of antimicrobial synergy. 
Common regimens include a third-generation cephalosporin 
or a broad-spectrum penicillin with gentamicin for at least 
6–8 weeks.

Experience with prosthetic valve endocarditis, derived 
mainly in adults, has emphasized that early replacement of 

the infected valve may lower the high mortality rate  associated 
with such infections [14]. The timing of  replacement of an 
infected prosthesis must be individualized. Some authorities 
recommend that most patients with staphylococcal or early-
onset prosthetic valve endocarditis should undergo replace-
ment of the infected prosthetic valve. Indications for cardiac 
operation during active infection of a prosthetic valve include 
moderate to severe heart failure, significant valvar obstruc-
tion, fungal endocarditis, persistent bacteremia despite appro-
priate antibiotics for 10–14 days, an unstable prosthesis, 
ruptured sinus of Valsalva or ventricular septum, and recur-
rent major emboli [14]. Less definite  indications for surgery 
include a single major embolus,  bacteriologic relapse after an 
appropriate course of therapy, echocardiographic demonstra-
tion of a large vegetation, and extension of infection to an 
annular abscess or myocardial abscess [14].

Culture-negative endocarditis
Blood culture-negative IE most commonly occurs as a result 
of prior administration of antibiotics before blood cultures 
were obtained. It can also occur because of infection with 
fastidious organisms or nonbacterial pathogens. Treatment 
of culture-negative IE is difficult. A variety of possible 
treatment regimens for native valve and early and late 
prosthetic valve IE are given by the AHA and ESC [28,66]. If 
blood cultures remain negative after careful workup and 
specialized laboratory techniques, patients with native valve 
endocarditis should be treated with a penicillinase-resistant 
penicillin (nafcillin or oxacillin) and gentamicin. Some 
experts recommend adding penicillin to this regimen [5]. If 
the infection involves a prosthetic cardiac valve, vancomycin 
should be added to the regimen [58]. For penicillin-allergic 
individuals, vancomycin and gentamicin should be used. 
Discontinuing the aminoglycoside after 2 weeks may be 
considered if there has been a substantial response to therapy. 
Treatment should be continued for 6 full weeks [66].

Prevention

Preventing endocarditis is desirable whenever possible. 
However, there has never been a prospective, controlled 
study in patients with underlying structural cardiac disease 
to determine definitively whether prophylactic antibiotics 
provide protection against the development of endocarditis 
during bacteremia-inducing procedures. Further, only a 
minority of instances of endocarditis (≤20%) have been 
attributable to an invasive procedure, and only about half of 
individuals who develop endocarditis have an underlying 
cardiac anomaly for which prophylaxis would have been 
given. Durack estimated that <500 instances of endocarditis 
per year in the United States could be prevented by use of a 
fully effective prophylactic regimen [62]. Nevertheless, for 
over 50 years antimicrobial prophylaxis regimens developed 
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by the American Heart Association were the accepted 
 standard of practice in most countries. Recently, however, 
the world-wide view of the concept of prophylactic  antibiotics 
has been dramatically changing. The absence of definitive 
data supporting their use, increasing reports of failure to 
 prevent IE even when prophylactic regimens were scrupu-
lously adhered to, and concerns about antibiotic overuse and 
anaphylactic reactions have driven revisions of the practice. 
Furthermore, not all situations in which bacteremia may 
occur are readily identifiable. Also, bacteremias occur 

 spontaneously on a daily basis (chewing of food, teeth 
 brushing) and cannot logically be prevented. In view of these 
issues, the British Society for Antimicrobial Chemotherapy 
issued markedly restrictive guidelines in 2006 which sharply 
limited the use of prophylactic antibiotics to prevent IE [63]. 
Amplifying this more restrictive approach, the AHA issued 
revised guidelines in 2007 which recommend limiting the 
use of prophylactic antibiotics to those in whom the risk of 
developing endocarditis was not only high but in whom, if 
infected, the morbidity and/or mortality likelihood would be 

Table 60.10 Comparison of recommendations from various groups.

AHA  ESC  NICE [65]

Patient groups for whom IE prophylaxis is recommended

Cardiac conditions associated with the highest risk of 

adverse outcome from IE. This includes:

Cardiac conditions at highest risk of IE. This 

includes:

No patient groups are recommended 

to receive routine IE prophylaxis

1.  Prosthetic cardiac valve or prosthetic material used for 

cardiac valve repair

1.  Patients with a prosthetic valve or a prosthetic 

material used for cardiac valve repair

2.  Previous infective endocarditis 2.  Patients with previous IE

3.  Congenital heart disease (CHD), specifically: 3.  Patients with congenital heart disease:

a.  unrepaired cyanotic congenital heart disease, 

including those with palliative shunts and conduits

a.  cyanotic congenital heart disease, without 

surgical repair, or with residual defects, 

palliative shunts, or conduits

b.  completely repaired CHD with prosthetic material 

or device either by surgery or catheter intervention 

during the first 6 months after the procedure

b.  congenital heart disease with complete repair 

with prosthetic material whether placed by 

surgery or by percutaneous technique, up to 

6 months after the procedure

c.  repaired CHD with residual defects at the site or 

adjacent to the site of a prosthetic patch or 

prosthetic device (which inhibit endothelialization)

c.  when a residual defect persists at the site of 

implantation of a prosthetic material or device 

by cardiac surgery or percutaneous technique

4.  Cardiac transplantation recipients who develop cardiac 

valvulopathy

Types of medical/dental procedures for which prophylaxis is recommended for patient groups above

All dental procedures and events that involve 

manipulation of gingival tissue or the periapical region of 

teeth or perforation of the oral mucosa. Does not include 

the following:

All dental procedures requiring manipulation of the 

gingival or periapical region of the teeth or 

perforation of the oral mucosa. Does not include 

the following:

Prophylaxis is not recommended for 

any procedure

1.  Routine anesthetic injections through uninfected tissue 1. Local anesthetic injections in uninfected tissue

2. Taking dental radiographs 2. Removal of sutures

3.  Placement of removable prosthodontic or orthodontic 

appliances

3. Dental X-rays

4.  Adjustment of orthodontic appliances 4.  Placement or adjustment of removable 

prosthodontic or orthodontic appliances or 

braces

5.  Placement of orthodontic brackets 5.  Shedding of deciduous teeth or trauma to the 

lips and oral mucosa

6.  Shedding of deciduous teeth and bleeding from 

trauma to the lips or oral mucosa

 

AHA-American Heart Association.

ESC-European Society of Cardiology.

NICE-National Institute for Clinical Excellence.
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Table 60.12 Prophylaxis regimens for other procedures.

Procedure  Agent  Regimena

Invasive respiratory tract procedure Same as Table 60.11 Same as Table 60.11

Invasive respiratory tract procedure with known or 

suspected S. aureus

Anti-Staph.

Penicillin

or

Cephalosporin

or

Vancomycin

Same as above

20 mg kg−1 i.v. (not >1 g)

GI or GU procedure without known infection No prophylaxis –

GU tract procedure with known enterococcal urinary 

infection

 

 Ampicillin

or

Amoxicillin

or

Vancomycin

 Same as above

20 mg kg−1 i.v. (not >1 g)

aSingle dose 30–60 min before procedure.

Adapted with permission from Wilson et al. Circulation 2007;116:1736–54.

Table 60.11 Regimens for a dental procedure.

Situation  Agent  Regimena

Oral Amoxicillin 50 mg kg−1 (not to exceed 2 g)

Unable to take oral 

medication

Ampicillin

or

50 mg kg−1 i.m. or i.v. (not to exceed 2 g)

Cefazolin or ceftriaxone 50 mg kg−1 i.m. or i.v. (not to exceed 1 g)

Allergic to penicillins Cephalexinb,c 50 mg kg−1 (not to exceed 2 g)

or or

Ampicillin – oral Clindamycin 20 mg kg−1 (not to exceed 600 mg)

or

Azithromycin or clarithromycin 15 mg kg−1 (not to exceed 500 mg)

Allergic to penicillins Cefazolin or ceftriaxoneb 50 mg kg−1 i.m. or i.v. (not to exceed 1 g)

or or

Ampicillin and unable 

to take oral medication

Clindamycin phosphate 20 mg kg−1 i.m. or i.v. (not to exceed 

600 mg)

aSingle dose 30–60 min before procedure.
b Or other first- or second-generation oral cephalosporin in equivalent pediatric dosage.
c Cephalosporins should not be used in an individual with a history of anaphylaxis, antiedema, or urticaria 

with penicillins or ampicillin.

greatest [64]. This has greatly simplified the approach as a 
much smaller population of patients eligible for prophylaxis 
was in this statement (Table 60.10). In addition, the ESC 
issued similar guidelines in 2009 [66]. The AHA writing 
group also more sharply defined the procedures for which 
antibiotic prophylaxis was recommended (Table 60.10). 
Antibiotic regimens, however, were not considerably altered 
from previous statements (Tables 60.11 and 60.12), with an 
emphasis on oral amoxicillin remaining. It should be noted 

that these guidelines have engendered controversy and that 
both the AHA and the British statements called for close 
 follow-up and further study to determine the impact of these 
fairly radical changes. At least one prominent group, 
 however, did not feel that the new recommendations went 
far enough and have called for eliminating all prophylactic 
regimens entirely [65]. Readers are advised to follow updated 
statements to be issued in the future as evidence develops to 
ascertain which direction is most closely in line with data 
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development. Table 60.10 compares the recommendations 
issued by these three prominent organizations.

Patients at risk for IE (or their parents) should be educated 
about endocarditis prevention. The importance of maintain-
ing good oral health should be explained to all patients/ 
parents. Children at risk for IE should establish and maintain 
the best possible oral health to reduce potential sources of 
bacteremia. Individuals with cyanosis often have spongy, 
 friable gums [11], and optimal tooth care is especially 
 important in them. Helpful educational materials are 
 available from the American Dental Association (www.ada.
org). Those in the highest risk categories should understand 
the need to take the prophylactic antibiotics. Finally, they 
should be made aware of symptoms (such as fever of 
 unexplained origin) that could indicate IE and the  importance 
of contacting the patient’s physician.

The risk of IE may change after operative or other repara-
tive procedures [34]. For example, successful closure of 
atrial septal defect, ventricular septal defect, or patent duc-
tus arteriosus reduces the patient’s long-term risk for devel-
opment of endocarditis. Other procedures, such as palliative 
shunts and conduits, do not alter the patient’s long-term 
risk for endocarditis. Still other procedures, such as replace-
ment of a native cardiac valve with a prosthetic valve, actu-
ally put the patient in a higher risk category. Patients/parents 
should be reminded that a child’s need for antibiotic proph-
ylaxis could change as they go through treatment. Finally, 
as more data become available, subsequent revisions of 
antibiotic prophylaxis guidelines from authorities such as 
the AHA may alter a given patient’s need to take these rou-
tine antibiotics.
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61 Rheumatic Fever

Shaji C. Menon & Lloyd Y. Tani
University of Utah, Salt Lake City, UT, USA

Acute rheumatic fever (ARF) is a systemic inflammatory 
autoimmune disease secondary to infection with Lancefield 
group A β-hemolytic streptococci (Streptococcus pyogenes) [1]. 
In its acute stage, the disease is characterized by inflammation 
of several organ systems, including the heart, joints, brain, 
and skin, with the clinical manifestations of arthritis, carditis, 
chorea, erythema marginatum, and subcutaneous nodules [2]. 
Antibiotic treatment of and prophylaxis against streptococcal 
pharyngitis can prevent the occurrence and recurrence of 
ARF [3,4]. Long-term sequelae of the inflammation are min-
imal, with the exception of the heart, in which inflammation 
during the acute phase with subsequent fibrosis and scarring 
of the cardiac valves may lead to rheumatic heart disease 
(RHD) (see Chapter 62). Starting from the middle of the 
twentieth century, the incidences of ARF and RHD have sig-
nificantly decreased in industrialized and developed  countries 
[5], primarily as a result of vast improvements in living con-
ditions among the populations. With a few notable excep-
tions, ARF and RHD are now largely diseases of  developing 
countries and of underprivileged and indigenous popula-
tions of developed countries [6–18].

Epidemiology

According to reports published by the World Health 
Organization (WHO) in 2005, the prevalence of RHD world-
wide is at least 15.6 million [6]. Every year, 280 000 new 
cases of RHD occur and 230 000 people die secondary to 
RHD [6]. The reported mortality rate for RHD varies from 
0.5 per 100 000 population in Denmark to 8.2 per 100 000 
population in China [19]. The true incidence and prevalence 
of RHD are thought to be significantly higher than these 
conservative estimates. Epidemiologic data from under-
developed nations are incomplete or unavailable. The 

 prevalence of RHD in children is highest in sub-Saharan 
Africa (5.7 per 1000) and in the indigenous populations of 
Australia and New Zealand (3.5 per 1000) and south central 
Asia (2.2 per 1000) [2,20–24]. The prevalence of RHD 
increases with age and peaks between 25 and 34 years [6]. 
In developed countries, the prevalence of RHD is estimated 
to be ∼0.5 per 1000 [2].

ARF develops following group A β-hemolytic streptococ-
cal infection of the upper respiratory tract. However, only 
2–3% of patients with untreated streptococcal pharyngitis 
develop ARF. In populations where rheumatogenic group A 
streptococci are endemic, the lifetime cumulative incidence 
of ARF in exposed individuals has been estimated at 3–6% 
[13]. The age distribution of ARF incidence follows the inci-
dence of streptococcal pharyngitis. ARF occurs most com-
monly in children between 5 and 14 years of age and is 
extremely rare in children <2 years old [25,26]. Only 5% of 
first episodes occur in children <5 years old [27]. The first 
episode of ARF usually occurs before adolescence and, in the 
absence of secondary prophylaxis, recurrences are common 
during adolescent and early adulthood years. Although 
reported, initial attacks of ARF are uncommon in adults [6]. 
Ethnic and racial differences in ARF and RHD burden are 
well documented [6–18,20]. In some developing countries, 
the incidence of ARF exceeds 50 per 100 000 children [6–18].
The highest reported rates are in the indigenous populations 
of Australia and New Zealand. In New Zealand, the inci-
dence of ARF in school-age Maori and Pacific Islanders is 
80–100 per 100 000, compared with an incidence of 10 per 
100 000 in the non-indigenous population [28]. Even more 
striking are the rates as high as 245–351 per 100 000 reported 
in Australian aboriginal children [28]. These racial and eth-
nic differences in ARF and RHD persist even when corrected 
for socioeconomic status. In addition to this ethnic and racial 
predilection, there is also a familial predilection [1]. The 
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 likelihood of an individual developing ARF is five times 
higher if a family member has had ARF [1]. In a study of 
children raised separately from their parents in an Israeli 
kibbutz, the relative risk for development of ARF was 2.93 in 
children with a family history of RHD compared with those 
without a family history [29]. Furthermore, increased con-
cordance in monozygotic twins compared with dizygotic 
twins has been reported [1,30]. The inheritance pattern is 
multifactorial and not simple Mendelian single-gene inherit-
ance. Although no gender predisposition has been reported 
in most series, a female predominance of ARF and RHD has 
been reported in some studies [12]. The female predilection 
in these studies may be attributed to reduced access to health 
care for females in some populations.

Pathogenesis

There is irrefutable epidemiological evidence for an associa-
tion between group A β-hemolytic streptococcal infections 
and ARF. ARF is the result of an exaggerated immune 
response in a susceptible individual to the cross-reactive 
group A streptococcal epitope [6]. The three key factors that 
determine the pathogenesis of ARF are (1) rheumatogenic-
ity of group A streptococcus, (2) genetic susceptibility, and 
(3) host immune response [6] (Figure 61.1).

The organism
Streptococcus pyogenes (group A streptococcus) is a Gram-
positive, β-hemolytic, non-motile, non-spore-forming  coccus 
that occurs in chains or in pairs (Figure 61.2a) and is 
 commonly found in the throat and on the skin. The preva-
lence of group A streptococcus carriage in an unselected, 
office-based adult population has been estimated at 5–12% 
[19,31,32]. Group A streptococcus may cause scarlet fever, 
impetigo, otitis media, sinusitis, or cellulitis, and is the most 
common cause of bacterial pharyngitis among children and 
adults [33]. Streptococcal pharyngitis occurs primarily 
among children 5–15 years of age [34].

The typical clinical and epidemiological features of group 
A streptococcal pharyngitis are shown in Table 61.1 [35]. 
Other more serious infections caused by group A strepto-
coccus include necrotizing fasciitis, myositis, meningitis, 
and streptococcal toxic shock syndrome [36]. ARF and 
acute glomerulonephritis occur as immune-mediated post-
streptococcal sequelae [36]. Group A streptococci produce 
a multitude of virulence factors and toxins, including 
M protein (impedes phagocytosis, binds immunoglobu-
lins), adherence and colonization factors such as strepto-
coccal fibronectin-binding protein 1 and lipoteichoic acid, 
hyaluronic acid capsule (inhibits phagocytosis by polymor-
phonuclear leukocytes and macrophages), and factors 
facilitating liquefaction of pus and spreading of infections 

Acute
rheumatic

fever

Multiple ARF
episodes

Chronic
rheumatic

heart
disease

Cross reactive
antibody and

exaggerated T cell
response

Environmental
factors

Susceptible host

Group A
Streptococcus

virulence

Mucoid serotype
M3 and 18
Class ISOF

negative emm
and emm gene

class A-C

Allotype DR8/17,
HLA-DR4,2,1,3
and 7, and other
unknown genetic

factors

Overcrowding
poor hygiene

Figure 61.1 Pathogenic pathway for ARF and RHD. (Modified from Carapetis et al. Lancet 2005;366:155–68.)
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such as streptokinase, streptodornase (DNases A, B, C, 
and D), hyaluronidase, streptolysins, and streptococcal 
pyrogenic exotoxin B [37]. In addition to these factors, 
S. pyogenes possesses additional virulence factors. C5a pepti-
dase (SCPA) inhibits the chemotactic signals by cleaving 
the complement component of C5a [37]. A protein antigen 
very closely associated with the M protein molecule of 
group A streptococci is called serum opacity factor (OF). 
OF opacifies mammalian serum by interacting with high-
density lipoproteins and is antigenic and type specific [34]. 
OF is a potential vaccine candidate because it can evoke 
antibodies that protect against infections by OF-positive 
group A streptococci [38].

Rebecca Lancefield classified β hemolytic streptococci 
into 20 different groups (Lancefield groups) (A–H and 
K–V) based on the serologic reactivity of cell wall polysac-
charide antigens [34]. The M protein is considered a major 
somatic virulence factor that binds the host fibrinogen and 
blocks the binding of complement to the underlying 

Figure 61.2 A 10-year-old boy presented with a 2-week history of fever, arthritis, breathlessness on exertion, and signs of heart failure. Throat swab 

culture was positive for group A streptococcus. (a) Grams stain of throat swab culture shows group A streptococcus in chains and pairs. (b) 2D 

echocardiogram, parasternal long-axis view shows posteriorly directed mitral valve regurgitation. The patient developed worsening heart failure secondary 

to mitral valvulitis requiring surgical intervention and mitral valve replacement. (c) Gross pathology specimen of resected mitral valve anterior leaflet shows 

thickened and edematous leaflet suggestive of acute rheumatic fever-associated valvulitis. (d) Microscopic images show signs of acute inflammation and 

foci of fibrinoid necrosis (arrow) with surrounding lymphohistiocytic infiltrate consistent with the patient’s clinical history of acute rheumatic carditis. 

Following surgical replacement of the mitral valve, the patient’s clinical condition improved and left ventricular function normalized. Ao, aorta; LA, left 

atrium; LV, left ventricle.

Table 61.1 Clinical and epidemiological features suggestive of group 

A streptococcal tonsillopharyngitisa.

5–15 years of age

Presentation in winter or early spring (in temperate climates)

History of sick contact

Sudden-onset sore throat

Pain on swallowing

Fever

Scarlet fever rash

Headache

Nausea, vomiting, and abdominal pain

Tonsillopharyngeal erythema or exudate

Soft palate petechiae (“doughnut” lesions)

Red and swollen uvula

Tender, enlarged anterior cervical nodes

aFeatures suggestive of viral origin are coryza, cough, conjunctivitis, 

hoarseness, diarrhea, and characteristic exanthems or enanthems.
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 peptidoglycan and inhibits phagocytosis [34]. M protein is 
a filamentous α-helical coiled macromolecule that is part 
of the cell  membrane [34]. M protein is the major cause of 
antigenic shift and antigenic drift among group A strepto-
coccus [39]. Based on M protein, about 120 different 
 serotypes or genotypes of S. pyogenes have been identified 
[36]. Following an acute infection, type-specific antibodies 
against M protein confer immunity. Several epitopes of M 
protein cross-react with human myocardial and brain 
 tissue. M serotypes 1, 3, 5, 6, 18, 19, and 24 may form 
mucoid colonies heavily encapsulated with antiphagocytic 
properties which have been associated with ARF, and are 
con sidered rheumatogenic [19,40–42]. In contrast, M sero-
types 2, 49, 57, 59, 60, and 61 have been associated with 
 pyoderma and glomerulonephritis, but not ARF [19]. 
Other reports have challenged this notion of higher rheu-
matogenic potential of specific M serotypes [19,43–45]. In 
many regions of the world with a high prevalence of ARF 
and RHD, rheumatogenic M serotypes are infrequently 
seen [44]. Furthermore, serotypes associated with skin 
infections have been associated with ARF [45]. In the 
Maori population of New Zealand, the classic rheuma-
togenic M-serotypes associated with pharyngitis are absent 
[44]. In the native Australian population with a high inci-
dence of ARF, there is a low incidence of streptococcal 
pharyngitis and pharyngeal carriage, but a high incidence 
of pyoderma [46,47]. Although this suggests that other 
serotypes, possibly associated with streptococcal impetigo, 
may play a role in the pathogenesis of ARF in some patients, 
there is lack of conclusive evidence of streptococcal skin 
lesions leading to ARF.

Based on production of OF, the group A streptococcus can 
be classified into two antigenic groups, class I and II [48]. 
Class I strains are predominantly serum OF-negative and 
are associated with ARF, whereas class II strains are serum 
OF-positive and are associated with post-streptococcal 
glomerulonephritis [49]. Another means of classifying group 
A streptococcus is by M genotype; emm and emm-like genes 
on the group A streptococcus chromosome can be used to 
classify them into five groups, A–E [50]. Groups A–C are 
associated with pharyngitis and ARF, group D is associated 
with skin infections, and group E is known to cause  infection 
at either site [50]. In highly endemic regions of the world, 
the streptococci identified from patients with ARF show evi-
dence of significant genetic recombination, cross-trophism 
between skin and pharyngeal strains, and blurring of a dis-
tinction between rheumatogenic and non-rheumatogenic 
strains [51]. Another possible mechanism for pathogenicity 
of skin streptococcal strains in ARF includes immune 
 priming of a host by repeated impetigo or pharyngeal 
 colonization resulting in a subsequent exaggerated immune 
response. Horizontal transfer of genetic information 
between skin and throat strains of streptococci has also been 
 documented [6].

Host factors
Only 2–3% of individuals with acute streptococcal pharyngitis 
develop RF, indicating the role of host susceptibility in the 
development of ARF [19]. Familial clustering and auto-
somal recessive inheritance of ARF have been reported 
[52,53]. The incidence of post-streptococcal pharyngitis 
associated recurrent ARF in individuals with a past history 
of ARF is as high as 65% compared with 2–3% in the gen-
eral population [54]. Specific human leukocyte antigens 
(HLA-DR) class II alleles are associated with ARF [55]. 
The role of HLA-DR antigens in ARF susceptibility may be 
explained by their modulating role in the immune 
response [19,55]. HLA-DR alleles DR4, DR2, DR3, and 
DRw6 have been implicated as possible disease susceptibil-
ity alleles [56–60]. The presence of multiple predisposing 
HLA-DR alleles suggests that HLA predilection is not linked 
to one specific allele but is likely influenced by a gene near 
the HLA-DR locus. HLA-DR4 is present more frequently in 
Caucasians, DR2 in African-American populations, DR1 
and DRw6 in South African populations, and HLA-DR3 in 
Indian populations [19,61]. Furthermore, there are HLA-
specific predilections for different organ system involve-
ment: HLA-A10 and HLA-DR11 with cardiac involvement 
and HLA-C2 in ARF without cardiac involvement. 
However, these susceptibility alleles vary in different pop-
ulations [56–60]. Another susceptibility marker of ARF 
disease is a specific B-cell alloantigen,(D8/17) [62]. In one 
study, 95% of patients with a history of ARF carried the 
D8/17 antigen. In contrast, this antigen was found in 50% 
of first-degree relatives and only 4% of controls. This asso-
ciation between D8/17 and ARF has been found in differ-
ent patient groups, including Australian aboriginal, North 
American, Caribbean, Israeli, Russian, Mexican, and 
Chilean populations [63]. The D8/17 antigen is thought to 
be a binding site for group A streptococcus on B cells. 
Although the D8/17 antibody may bind to the antigen on 
the B cells and cross-reacts with human cardiac, skeletal, 
and smooth muscle, and with streptococcal M protein, the 
precise role of the D8/17 antigen in ARF pathogenesis 
remains uncertain [64]. The D8/17 antigen was not highly 
prevalent in an Indian RHD population, which showed a 
higher incidence of monoclonal antibodies PG-12A, 
PG-13A, and PG-20A raised against B cells [65–67]. High 
concentrations of circulating mannose-binding lectin 72 
and polymorphisms of transforming growth factor-β 173 
and immunoglobulin genes have been associated with 
ARF [68,69].

Host immune response
Molecular mimicry between group A streptococcus antigens 
and human host tissue is believed to be the basis of an 
autoimmune response leading to the manifestations of ARF 
[70,71]. Structural and immunological similarities between 
α-helical cardiac proteins such as cardiac myosin, laminin, 
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and vimentin and group A streptococcus M protein, which is 
also α-helical, has been postulated as responsible for this 
molecular mimicry [72,73]. Laminin is an extracellular 
matrix protein present in the basement membrane of valves 
and around endothelium. This may explain the valvitis of 
ARF. T cells from rats immunized with group A streptococ-
cus M protein and from RHD patients proliferate in response 
to both group A streptococcus M protein and cardiac myosin, 
but not to skeletal muscle myosin [57]. Human valve tissue 
also cross-reacts with streptococcus N-acetylglucosamine in 
the group A streptococcus carbohydrate. Normal cardiac cell 
turnover might expose self cardiac antigens, such as intra-
cardiac myosin, to T cells. Subsequent exposure to group 
A streptococcus M protein that cross-reacts with cardiac 
myosin results in an exaggerated immune response from 
these T cells. The immune response is further emboldened 
by the high levels of cytokines in the human body resulting 
from streptococcal superantigens [74,75]. Apart from the 
initial antibody-mediated damage, T cell-mediated cellular 
immunity and macrophage infiltration are thought to result 
in long-term valvar fibrosis and dysfunction (chronic RHD).

Environmental factors
Disparity in the incidences of ARF and RHD between devel-
oping and developed nations indicates the key role that 
environmental factors play in the pathogenesis of disease. 
Poor living conditions, overcrowding, and limited access to 
health care are the most significant determinants of disease 
distribution [19]. In temperate climates, the incidence of 
streptococcal infections and ARF is higher in early fall, late 
winter, and early spring [19].

Pathology

Rheumatic fever is characterized by inflammation of the 
heart, skin, joints, and brain. Cardiac inflammation and its 
sequelae are responsible for the majority of immediate and 
long-term morbidity and mortality [19]. Acute RHD is a 
pancarditis, involving all three layers of the heart [19]. 
However, valvitis, rather than myocarditis or pericarditis, is 
the dominant factor responsible for the cardiac clinical man-
ifestations, morbidity, and mortality associated with ARF 
[76–79]. Rheumatic carditis is almost always associated with 
mitral valvitis [19]. Unlike other myocarditides, significant 
myocyte necrosis and troponin elevation are rare. Cardiac 
manifestations are secondary to significant mitral and/or 
aortic valvar regurgitation and the resultant acute left heart 
volume overload (Figure 61.2b). The mitral valve is the pri-
mary target of endocardial involvement in ARF [80] (Figure 
61.2c). Mitral annular dilatation and chordal elongation of 
the anterior leaflet of the mitral valve cause mitral regurgita-
tion and, in the extreme, prolapse of the anterior leaflet with 
resultant mitral regurgitation directed posterolaterally 

[80,81]. Dilatation of the left ventricle and restriction of 
 posterior mitral leaflet mobility contribute to chronic MR in 
patients with RHD [82]. Mitral valvar involvement also 
includes valve edema and aggregation of fibrin and platelets 
forming small (1–3 mm) vegetations sometimes called 
 “verrucae” along the closure lines of the leaflets [83,84]. The 
pathology of chronic RHD is described in Chapter 62.

The distribution of valvar involvement is variable. The 
mitral valve is most commonly involved, followed by aortic, 
tricuspid, and rarely pulmonary valve. Laminin in the valvar 
basement membrane and endothelium cross-reacts with sen-
sitized T cells which may be responsible for initial valvitis [85]. 
However, cell-mediated immunity resulting in infiltration by 
macrophages and T cells is responsible for chronic valve 
injury [86,87]. Isolated pericarditis in the absence of valvitis 
is rare. Myocarditis may result in conduction system abnor-
malities. Endomyocardial biopsy studies in ARF have shown 
the absence of focal or diffuse myocytic necrosis and cellular 
infiltration of mononuclear lymphocytes, classic  features 
of myocarditis as defined by Dallas Criteria [19]. There is 
usually focal perivascular mononuclear cell infiltration 
resulting in formation of the Aschoff body that is  considered 
virtually pathognomonic of ARF [19]. An Aschoff body 
 consists of a central area of fibrinoid collection  surrounded 
by lymphocytes, histiocytes, and large basophilic cells (Figure 
61.2d). Many of these cells have elongated nuclei with a 
 distinctive chromatin pattern, sometimes called caterpillar or 
owl-eye nuclei. Cells containing these nuclei are called 
Anichkov’s myocytes. These foci may be found in the peri-
cardium, the myocardium, or the valves. Coronary arteritis 
has been described. As healing starts, Aschoff  nodules and 
inflammatory cells disappear and fibroblastic  proliferation 
occurs [88].

ARF-associated arthritis is characterized by a fibrinous and 
sterile effusion without erosion of the joint surfaces or pan-
nus formation. Erythema marginatum is secondary to vascu-
litis and the subcutaneous nodules have histological features 
similar to Aschoff’s nodules. Inflammation of the basal 
 ganglia and caudate nuclei is responsible for Sydenham’s 
 chorea. The changes in the brain, joints, and skin usually 
resolve with time and do not result in long-term sequelae.

Clinical features and diagnosis

ARF shares many clinical features with other collagen vascu-
lar disorders. There is no single diagnostic test for ARF. The 
diagnosis is based on the Jones criteria, established in 1944 
[89]. The criteria are divided into major and minor manifes-
tations and in most patients the diagnosis requires evidence 
of a preceding group A streptococcal infection. The criteria 
have been revised and updated multiple times (Table 61.2) 
[90–93] with the aim of increasing the specificity of diagno-
sis following decreasing incidence of ARF in industrialized 
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nations [94]. In underdeveloped countries and indigenous 
populations of the developed countries, strict application of 
the updated Jones criteria may result in underdiagnosis of 
ARF. The WHO criteria (2002–2003) made the diagnostic 
criteria for recurrent ARF less stringent [19] to increase the 
sensitivity of diagnosis of recurrent ARF in regions of the 
world where the incidence is higher.

Based on the Jones criteria, two major or one major and 
two minor manifestations, plus evidence of antecedent 
group A streptococcus infection, are required for diagnosis of 
ARF [19]. Chorea and indolent carditis do not require evi-
dence of antecedent group A streptococcus infection. It is 
important to remember that ARF is not ruled out if the Jones 
criteria are not met. This is similar to the atypical Kawasaki 
patient who subsequently develops coronary aneurysms. 
The WHO includes criteria (2002–2003) for diagnosing a 
recurrent episode of ARF:
1 In patients without established RHD: diagnose as if the 
first episode with Jones criteria.
2 In patients with established RHD: diagnosis requires two 
minor manifestations, plus evidence of antecedent group 
A streptococcus infection. Evidence of antecedent group A 
streptococcus infection as per Jones criteria, but with addi-
tion of recent scarlet fever [19].

Revision of some of criteria is being considered. In high-
risk populations, the major features considered for revision 
to increase the sensitivity include joint manifestations, the 
diagnosis of carditis, and the definition of recurrent ARF. 
Monoarthritis or a polyarthralgia rather than the classic 
migratory polyarthritis are a presenting features in the indig-
enous New Zealand population. Furthermore, echocardiog-
raphy is more sensitive than auscultation in detecting 

rheumatic valvitis, allowing detection of subclinical carditis.. 
The role of echocardiography in the diagnosis of ARF is still 
in question. Published guidelines from Australia (2005) and 
New Zealand (2006) accept subclinical carditis, monoarthritis, 
and polyarthralgia as major criteria [2,95].

Major manifestations

Arthritis
Arthritis is present in >75% of patients with ARF and is both 
the most common and earliest major manifestation [19]. It 
usually affects the large joints (knees and ankles followed by 
wrists and elbows) [19]. Joint involvement is more common 
in adolescents than adults [19]. An inverse correlation 
between the severity of arthritis and carditis has been 
reported [54]. Joint involvement ranges from arthralgia 
alone to severe arthritis characterized by pain, swelling, 
warmth, erythema, severe limitation of motion, and exqui-
site tenderness to pressure or motion. Patients with severe 
lower limb arthritis may be unable to walk (“pseudo- 
paralysis”). The hips and small joints of the hands and feet 
are occasionally affected. Involvement of shoulders and 
lumbosacral, cervical, sternoclavicular, and temporoman-
dibular joints is rare. This is an asymmetric and migratory 
polyarthritis [19]. The arthritis in one joint can last for a few 
hours and then appear in another joint. A number of joints 
can be affected in succession, and the periods of involve-
ment may overlap. In endemic areas, such as India and 
Australia, joint involvement may be less severe [96,97], per-
haps from early self-treatment with anti-inflammatory 
agents. The arthritis of ARF is highly responsive to salicylates. 
If the arthritis persists for more than 48–72 h following 

Table 61.2 Updated Jones criteria (1992) for the diagnosis of a first episode of ARF [19]a.

Major manifestations Minor manifestations Supporting evidence 
of antecedent group A 
streptococcal infection

1. Carditis

2. Polyarthritis

3. Chorea

4. Erythema marginatum

5. Subcutaneous nodules

Clinical

1. Arthralgia

2. Fever

Laboratory

1. Elevated acute-phase reactants: 

erythrocyte sedimentation rate or 

C-reactive protein

1. Elevated or rising streptococcal 

antibody titer

2. Positive group A streptococcal 

throat culture or rapid 

streptococcal antigen test

  2. Prolonged P–R interval on 

electrocardiogram

 

a Two major or one major and two minor manifestations must be present, plus evidence of 

antecedent group A streptococcal infection are required for diagnosis of ARF. In patients 

with established RHD, recurrence of ARF requires two minor manifestations plus evidence 

of antecedent group A streptococcus infection. Chorea and indolent carditis do not require 

evidence of antecedent group A streptococcal infection.
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 initiation of salicylate therapy, the diagnosis of ARF should 
be reconsidered. Untreated, the arthritis of typically lasts for 
2–3 weeks. If the joint is aspirated on suspicion of septic 
arthritis, the synovial fluid usually contains thousands of 
white blood cells, with a preponderance of polymorphonu-
clear leukocytes. Bacterial cultures are sterile [19]. The dif-
ferential diagnosis for arthritis and other major criteria are 
shown in Table 61.3.

The term “post-streptococcal reactive arthritis” (PSRA) 
was first introduced in 1959 to describe arthritis occurring 
after an episode of group A streptococcal pharyngitis in 
the absence of other major criteria of ARF [98]. PSRA typi-
cally affects the small joints and is less responsive to anti- 
inflammatory agents [99]. There is no clear distinction 
between PSRA and ARF associated arthritis and some of 
these patients have developed full-blown ARF [99–101]. 

Although these patients have a lower risk of carditis, they 
should be observed for several months for evidence of  cardiac 
involvement [101]. PSRA should be diagnosed with caution 
in populations with high risk of ARF. Antibiotic prophylaxis 
is recommended for 5 years in high-risk populations and for 
1 year in low-risk populations [100,101]. If clinical evidence 
of carditis is not observed, the prophylaxis can be discontin-
ued. If valvar disease is detected, the patient should be 
 classified as ARF and continue secondary prophylaxis 
 (discussed below).

Carditis
Although ARF is a systemic disease, the only manifestation 
leading to permanent damage is carditis. Carditis is the single 
most important prognostic factor in ARF [19]. RHD, a sequela 
of ARF, is the most common cause of acquired heart disease 
worldwide [19]. It accounts for 35–40% of cardiovascular 
disease-related hospital admissions, and is the predominant 
reason for cardiac surgery in developing countries. About 
50% of patients with ARF have cardiac involvement [102]. 
The interval between arthritis and carditis rarely exceeds 
7–10 days. The severity of cardiac involvement is variable, 
and the clinical diagnosis of carditis is based on the appear-
ance of murmurs of mitral and/or aortic regurgitation, a 
pericardial friction rub, sometimes with radiographic cardi-
omegaly, and/or signs of heart failure [19]. Recurrent ARF 
with carditis is diagnosed by a new murmur, a change in a 
previous murmur [19], a new pericardial friction rub, or a 
radiographic increase in heart size [19]. Myocarditis without 
valvitis is unlikely to be of rheumatic origin [19].

Symptoms of carditis are related to the degree of valvar 
dysfunction and pericardial inflammation, and include short-
ness of breath, dyspnea on exertion, cough, paroxysmal noc-
turnal dyspnea, chest pain, and orthopnea. Myocarditis may 
result in disproportionate sinus tachycardia in a resting 
patient. Pericarditis is evident as distant heart sounds, a fric-
tion rub, and chest pain [19]. Low-voltage QRS complexes 
on ECG and cardiac enlargement on chest X-ray suggest a 
significant pericardial effusion. Pericarditis invariably occurs 
with concomitant left-sided valvar involvement. Both tam-
ponade and subsequent constrictive pericarditis are very 
uncommon. A diagnosis of ARF should be reconsidered 
when pericarditis is present in the absence of valvar involve-
ment. Uncommon presentations are arrhythmias and con-
duction system abnormalities. A prolonged PR interval 
(first-degree AV block) is a manifestation of myocarditis and 
a minor Jones criterion.

Inflammation of valve support structures along with 
changes in leaflets results in mitral valve dysfunction and 
regurgitation [81]. Isolated mitral valve involvement is 
seen in ∼65% of patients, isolated aortic valve involvement 
in ∼5%, and combined mitral and aortic valve involvement in 
∼30% of patients with carditis. The tricuspid and pulmonary 
valves are rarely involved. Characteristic murmurs of acute 

Table 61.3 Common differential diagnoses [19,157,166].

Diagnosis  Confirmatory test

Polyarthritis and fever

Infectious Synovial fluid and blood culture

 Bacterial septic arthritis Serology

 Viral arthritis Serology

 Lyme disease Blood culture

 Bacterial endocarditis Culture and serology

Reactive

 Enteric infection, Reiter syndrome Culture

 Inflammatory bowel disease Clinical findings

 Rheumatoid arthritis Clinical findings and serology

 Systemic lupus erythematosus Clinical findings and serology

Chorea

 Seizures Electroencephalogram (EEG) 

and altered consciousness

 Familial chorea Family history, MRI or CT scan

 Cerebrovascular accidents MRI and CT scan

 Drug intoxication Drug screen (phenytoin, 

metoclopramide, amitriptyline, 

fluphenazine)

 Oral contraceptive-induced chorea History

 Pregnancy-induced chorea History and pregnancy test

 Wilson disease Serum ceruloplasmin and urine 

copper

 Hyperthyroidism Thyroid function test

 Hyperparathyroidism Low serum calcium and high 

phosphorus

Erythema marginatum

 Sepsis Blood culture

 Drug reaction History and drug screen

 Glomerulonephritis Urine microscopy and analysis

 Juvenile rheumatoid arthritis Clinical findings and serology

 Lyme disease  Serology
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mitral valvitis include the high-pitched, blowing, holosystolic, 
apical murmur of mitral regurgitation. In some patients, the 
murmur may be audible after positioning the patient in a left 
lateral decubitus position and auscultating over the apex 
with the patient at held expiration. With significant mitral 
regurgitation, a low-pitched, apical, mid-diastolic, flow mur-
mur (Carey Coombs murmur) resulting from relative mitral 
stenosis can be heard. This murmur never occurs in isola-
tion. Some authorities describe another mid-diastolic mur-
mur that is isolated, not associated with cardiomegaly or 
mitral regurgitation, that is believed to be due to turbulence 
as blood flows over the mitral vegetations. Aortic regurgita-
tion results in a high-pitched, decrescendo, diastolic mur-
mur heard best at the mid-left sternal border. More subtle 
aortic regurgitant murmurs may be audible with the patient 
sitting up, leaning forward, with held expiration. Severe aor-
tic regurgitation leads to bounding pulses due to aortic run-
off. In chronic RHD, murmurs of mitral and aortic stenosis 
may be heard.

Echocardiography and ARF
Valvitis is the characteristic finding of the endocardial involve-
ment in acute rheumatic carditis, with mitral regurgitation 
the most common abnormality. Echocardio graphic findings 
of acute rheumatic mitral regurgitation include (1) annular 
dilatation, (2) chordal elongation/rupture, (3) leaflet pro-
lapse, (4) coaptation defect, (5) nodules on valve tips with 
mild thickening of leaflets, and (6) left ventricular dilatation 
and subsequent dysfunction with significant valvar regurgi-
tation [19,81,82]. Small nodules on the mitral valve leaflet 
found in >25% of patients with ARF disappear on follow-up 
[82]. Ventricular dilatation is usually not from myocardial 
dysfunction and systolic function indices are preserved. The 
ventricular function normalizes rapidly after surgical correc-
tion of significant valvar regurgitation [19].

Very mild valvar involvement may be subclinical and diag-
nosed solely by echocardiography in patients without a mur-
mur [103–107]. Compared with the pre-echocardiography 
era, the auscultatory skills of medical professionals have 
declined. The clinical diagnosis of rheumatic carditis may not 
be made with confidence [106–108]. Mild valvar regurgita-
tion is not always detected by routine clinical auscultation 
and may be missed even by expert clinicians [102,109]. In 
the Utah ARF outbreak, Doppler evidence of mitral regurgi-
tation was demonstrated in 19% of ARF patients who were 
clinically considered to have either isolated arthritis or 
pure chorea [110]. Using WHO echocardiographic criteria, 
the prevalence of subclinical carditis is about 18% in patients 
with ARF without a murmur [111]. Although echocardiog-
raphy has greater sensitivity than auscultation for assessing 
cardiac and valvar function, the role of echocardiography in 
identifying acute rheumatic carditis remains controversial 
[112]. Echocardiographic evidence of trivial amounts of  valvar 
regurgitation is common in the normal population [113]. 

Physiological mitral regurgitation is present in 2.4–45% of 
individuals, aortic regurgitation in 0–33%,  tricuspid regur-
gitation in 6.3–95%, and pulmonary regurgitation in 
21.9–92% [19,114–116]. Echocardiographically detected 
physiologic mitral regurgitation is seen in 38–45% of healthy 
children with a normal heart, and may be even higher in 
febrile patients [113,117]. Physiologic valvar regurgitation 
must be distinguished from pathologic regurgitation by spe-
cific criteria. On echocardiography, mitral valvar regurgita-
tion is considered pathologic if a mosaic color jet is visible in 
two imaging planes, is holosystolic by spectral Doppler, has 
a peak velocity >2.5 m s, and extends >1 cm beyond the 
plane of valve leaflets [19,105,118]. Similarly, aortic regur-
gitation is considered pathologic if it is visible in two planes, 
is holodiastolic, and extends >1 cm beyond the aortic valve 
leaflets [19,106]. “Physiologic” tricuspid and pulmonary 
regurgitation are much more common in the general popu-
lation and in isolation cannot be considered a sign of rheu-
matic carditis. At present, the Jones criteria do not include 
subclinical carditis. The barriers for including echocardio-
graphic criteria for diagnosis of ARF include (1) the long-
term outcome of subclinical carditis is not well known, 
(2) difficulty in differentiating subclinical pathologic from 
physiological regurgitation, (3) limited availability of echo-
cardiography in regions with a high incidence of ARF, and 
(4) risk of overdiagnosis of ARF in low-risk populations. 
Recent studies of RHD prevalence using echocardiography 
in India and Africa showed unexpectedly high rates of 
 subclinical RHD (21–51 per 1000 school children) [119,120], 
perhaps from unrecognized subclinical carditis. Judicious 
use of echocardiography in high-risk populations may 
improve the sensitivity of ARF diagnosis and avoid misdiag-
nosis of ARF [19].

The recent Australian and New Zealand guidelines include 
echocardiographic subclinical carditis as a major criterion for 
ARF. All patients with suspected or definite ARF should have 
echocardiography to evaluate carditis [121–123]. The WHO 
recommends that silent indolent rheumatic carditis diag-
nosed by echocardiography should be managed as RHD until 
proven otherwise [19].

Sydenham’s chorea (chorea minor, 
“St. Vitus Dance”)
Sydenham’s chorea, the third most common manifestation 
of ARF, occurs in 5–36% of patients [19,124] but rarely after 
20 years of age. Chorea is a manifestation of involvement of 
the basal ganglia. The disease was first named by Thomas 
Sydenham in 1686 as “St. Vitus Dance” to differentiate it 
from then prevalent exorcism-associated dancing. The latent 
period between ARF and chorea is usually between 1 and 7 
months and can be as long as 12 months [19]. Because of 
this long latency period, polyarthritis and chorea do not 
occur simultaneously and evidence of an antecedent strep-
tococcal infection is often absent [19]. The clinical features of 
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chorea include emotional lability, personality change, 
 muscular weakness, and uncoordinated, involuntary, 
abrupt, and purposeless movements. Other features of cho-
rea include dysarthric speech, gait problems, and poor fine 
motor skills. The onset of chorea may be subtle and charac-
terized by fretfulness, irritability, inattentiveness to school-
work, and fidgety behavior. Chorea can be either unilateral 
or bilateral [125]. The manifestations are exacerbated by 
stress and they disappear or become less pronounced during 
sleep and with sedation. Hypotonia and abnormal move-
ments result in lack of coordination, gait disturbances, and 
speech impairment, sometimes severely disturbing activi-
ties of daily living. Patients with chorea may manifest psy-
chological and psy chiatric issues such as depression, 
anxiety, personality changes, emotional lability, obsessive–
compulsive disorder (OCD), tics, and attention deficit disor-
der. Clinical maneuvers to elicit features of chorea include 
(1) milkmaid’s grip (contraction and relaxation of the 
hand muscles while squeezing the examiner’s fingers), 
(2) wormian darting movements of the protruded tongue 
(bag of worms), (3) staccato and jerky speech, (4) “spoon” 
or “dish” appearance of the extended arms due to flexion of 
the wrist and hyperextension of the metacarpophalangeal 
joints, (5) pronation of one or both hands when raised above 
the head (“pronator sign”), and (6) worsening of handwrit-
ing or difficulty in buttoning and unbuttoning while testing 
for fine motor skills [19]. Patients with chorea gravidarum 
or chorea occurring with oral contraceptives may have a 
past history of Sydenham’s chorea, suggesting enhanced 
susceptibility to chorea in some individuals [19]. Sydenham’s 
chorea is usually self-limiting and resolves after a median 
duration of 15 weeks [19], ranging from 1 week to more 
than 2 years; it may recur [19]. The spectrum of post-strep-
tococcal disease has expanded with the recognition of pedi-
atric autoimmune neuropsychiatric disorders associated 
with streptococcal infection (PANDAS), which is character-
ized by OCD or a tic disorder with abrupt onset in childhood 
or exacerbations of symptoms temporally related to a pre-
ceding streptococcal infection [126,127]. Despite growing 
evidence of association between preceding streptococcal 
infection and OCD, its pathophysiologic implications remain 
controversial [127].

Erythema marginatum
Erythema marginatum is rare in ARF, occurring in 3–5% of 
patients [128], but some reports find it in >15% of ARF 
patients [19]. The variable incidence is possibly related to its 
transient nature. The rash is characterized by erythematous, 
serpiginous, macular, or papular lesions with a pale center 
(normal skin). The rash has been referred to as “smoke rings” 
[19]. The lesions are multiple, non-pruritic, non-painful, 
blanching, change in size and shape, and are often evanes-
cent. They occur primarily on the trunk and proximal extrem-
ities but rarely on the face. They can be accentuated by 

warming the skin or friction. Erythema marginatum almost 
never occurs as the sole major manifestation, and is almost 
always associated with clinical, but not necessarily severe, 
carditis. Erythema marginatum occurs early in the ARF 
 disease process and usually resolves quickly. It can  persist or 
recur for months or even years after ARF has  subsided [19].

Subcutaneous nodules
Subcutaneous nodules are uncommon, occurring in 2–3% 
of patients with ARF, but the incidence varies significantly in 
different populations and has been reported as >20% in 
some series [19,129]. These lesions are characterized by firm 
nodules approximately 0.5–2 cm in diameter along the 
extensor surfaces of tendons and on bony prominences. Sites 
of predilection include the extensor surfaces of the elbows, 
knees, and the wrists, the occiput, and the spinous processes 
of the thoracic and lumbar vertebrae. These nodules are 
non-tender and mobile with normal-appearing overlying 
skin and can be easily missed. They are not evanescent, usu-
ally persisting for a few days, ranging up to 1–2 weeks, rarely 
more than 1 month. Subcutaneous nodules almost never 
occur as the sole major manifestation, and most commonly 
occur with significant carditis [130].

Minor criteria and other manifestations
Fever and arthralgia are “minor” Jones criteria for the diag-
nosis of ARF. Although these two findings are the most com-
mon features of ARF, they lack specificity and are therefore 
classified as minor criteria. Fever is an almost universal mani-
festation of ARF and ranges from 101 to 104 °F (38.4 to 40.0 °C). 
The fever lacks a characteristic pattern. The fever may be low 
grade in children with mild carditis or patients may be afe-
brile at the time of presentation, especially in febrile patients 
who have received anti-inflammatory medication before a 
temperature is documented. Patients with chorea are usually 
afebrile. Arthralgia without objective signs of arthritis is com-
mon. Arthralgia usually involves larger joints, is often migra-
tory in nature, and can range from mild  discomfort to 
debilitating and severe pain. Arthralgia cannot be used as a 
minor criterion if arthritis is used as a major criterion.

An ECG should be performed in patients with suspected 
ARF. First-degree atrioventricular (AV) block is a minor 
Jones criterion [131]. First-degree AV block indicates more 
severe carditis, but is not associated with a greater likeli-
hood of progression to RHD, and can be seen in more than 
one-third of patients with acute group A streptococcal 
infection in the absence of ARF [130,132]. With carditis, 
other ECG findings include sinus tachycardia, other con-
duction  abnormalities, and arrhythmias. More severe 
 conduction abnor malities can be seen [133,134].

Abdominal pain (typically periumbilical or epigastric) and 
epistaxis occur in ∼5% of patients with ARF and may  precede 
other manifestations [19,131]. They lack specificity and are 
not included in the Jones criteria.



CHAPTER 61 Rheumatic Fever

897

Laboratory testing

No single laboratory test is diagnostic. Elevation of acute-
phase reactants, such as C-reactive protein and erythrocyte 
sedimentation rate (ESR), is a minor Jones diagnostic crite-
rion and is always present in the early phase of ARF. ESR is 
normal in patients with heart failure and increases as heart 
failure resolves [135]. Elevated acute-phase reactants can 
help distinguish between ARF and chronic and indolent 
RHD and also guide the duration of therapy.

A complete blood count (CBC) and peripheral smear may 
reveal leukocytosis with a predominance of polymorphonu-
clear leukocytes. Mild to moderate normocytic, normochro-
mic anemia may be seen. The urine may contain protein, 
white cells, and red cells.

Radiographic studies may reveal cardiomegaly secondary 
to pericardial effusion or chamber enlargement in significant 
valvar regurgitation. Pulmonary edema may be evident in 
severe carditis and valvar regurgitation. Cardiac catheteriza-
tion is rarely required in the management of ARF. Cardiac 
catheterization may be recommended in patients with 
chronic RHD who might benefit from balloon valvoplasty of 
a stenotic mitral valve or for coronary vascular evaluation 
prior to surgery in adults [136,137].

Documentation of a recent group A streptococcal infection 
is key. A throat culture or rapid streptococcal antigen test 
should be performed, but these tests are positive in only a 
minority of patients because of the latency period between 
pharyngitis and ARF. The gold standard for detecting S. pyo-
genes remains a throat swab culture, but 24–48 h are needed 
for growth of the bacteria and this may delay the initiation 
of antibiotics [19]. Rapid streptococcal tests based on carbo-
hydrate cell-wall antigen detection have high specificity but 
the sensitivity varies with the type of test kit [19]. 
Furthermore, some patients are chronic carriers of strepto-
cocci. Measurement of streptococcal antibody titers is rec-
ommended to diagnose an antecedent infection [34]. An 
elevated or rising streptococcal antibody titer on a repeat test 
performed 3–4 weeks apart is considered evidence of an 
antecedent infection [19]. The serum titer of antistreptolysin 
O (ASO) is elevated in 80% or more of patients with ARF 
[138]. If the ASO titer is normal, an anti-DNase B titer can 
be measured. An elevated titer of at least one of these two 
tests is found in 90% of patients with a recent preceding 
group A streptococcal infection. ASO titers begin to rise at 
approximately 1 week and peak 3–6 weeks after the infec-
tion. Anti-DNase B titers begin to rise 1–2 weeks and peak 
6–8 weeks after the infection. If both tests are initially nor-
mal, serial sampling may show a rising titer, providing 
 evidence of an antecedent streptococcal infection. The cutoff 
for elevated streptococcal antibody titers varies with the test, 
patient’s age, and geographic region. The titers are higher 
among school-age children than adults.

Treatment

All manifestations of ARF except carditis resolve spontaneously. 
Treatment of ARF can shorten the duration of inflammation. 
None of the treatment strategies, except for those preventing 
recurrences, alters the outcome of acute carditis and its 
sequelae. Many treatment strategies are not based on strong 
clinical evidence, but are driven by anecdotal experiences 
and institutional practices.

Treatment of group A streptococci
Antibiotics do not modify the acute course or long-term out-
come of carditis, [138,139], but penicillin is given to eradi-
cate any rheumatogenic group A streptococci remaining in 
the pharynx and to prevent its spread to close contacts 
[140,141]. Antibiotic therapy is warranted even if the throat 
cultures are negative (Table 61.4).

Treatment of arthritis
Fever, arthritis and arthralgia rapidly resolve with salicylate 
administration [142] which should be avoided until the diag-
nosis of ARF is confirmed [19]. The most widely used 
 anti-inflammatory drugs are salicylates and corticosteroids. 
The usual dosage of salicylates is 80–100 mg kg−1 per day in 
children and 6–8 g per day in adults given in divided doses 
every 4–6 h. Salicylate levels should be measured, targeting a 
level of 20–30 mg dl−1 [19,143]. If gastrointestinal side effects 
are bothersome, a smaller dose can be given and gradually 
increased. Gastrointestinal prophylaxis may prevent salicylate- 
induced gastric mucosal damage and bleeding. Patients may 
develop gastrointestinal bleeding and signs of salicylism 
(e.g., headache, hyperpnea, tinnitus). After 2 weeks, the 
dosage may be gradually tapered and continued for an addi-
tional 4 weeks. In milder disease, 2 weeks of  therapy may be 
sufficient and then aspirin can be stopped without tapering. 
The patient should be observed for “rebound” symptoms in 
the following 2 weeks. On cessation of anti-inflammatory 
therapy, the clinical and laboratory markers of acute inflam-
mation may recur but usually resolve spontaneously. When 
the clinical rebound is significant, extending the course of 
salicylate therapy to 9–12 weeks may be effective. Influenza 
vaccine should be given to children receiving aspirin during 
the influenza season (autumn/winter). Other nonsteroidal 
anti-inflammatory agents, such as naproxen, have been used 
successfully in patients with arthritis, but have not been 
evaluated for carditis [19,143–145].

Treatment of carditis
In patients with symptomatic carditis, bed rest is recom-
mended during the acute phase. This reduces the myocardial 
work load. Once the acute symptoms resolve, gradual 
 mobilization is recommended [138]. Many patients with 
asymptomatic carditis are treated as outpatients with 
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 recommendations for rest during the acute phase and  gradual 
mobilization as symptoms and acute inflammation resolve. 
There is no evidence that prolonged bed rest accelerates 
recovery. Anti-inflammatory doses of salicylates are recom-
mended for patients with mild to moderate carditis. Some 
experts believe that corticosteroids should be used in  treating 
severe carditis with associated cardiac failure because of their 
more potent anti-inflammatory effect [19,146,147]. 
Although neither salicylates nor corticosteroids change the 
long-term outcome of carditis, they are important in reduc-
ing inflammation [146–148]. Compared with aspirin,  steroids 
result in more prompt resolution of inflammation, fever, and 
more rapid disappearance of existing murmurs and prevent 
the development of new murmurs [149–152].

Prednisone (or equivalent) at a dose of 2 mg kg−1 in chil-
dren or 40–60 mg per day in adults, may be used initially. 
After 2–3 weeks, steroids should be tapered slowly during an 
additional 3-week period [19]. If a rebound phenomenon 
(more common with corticosteroid use) is observed with 
tapering of corticosteroids, salicylates can be added for 4–6 
weeks. Patients receiving corticosteroids should be moni-
tored for side effects of gastrointestinal upset and bleeding, 
sodium and water retention, impaired glucose tolerance, 
and suppression of pituitary–adrenal axis. With fulminating 
carditis and profound heart failure, intravenous corticoster-
oids may be used. The duration of anti-inflammatory ther-
apy is based upon the clinical response to therapy and 
acute-phase reactants becoming normal [19,143]. Progressive 

heart failure is predominantly a result of acute valvar dys-
function. In severe, intractable heart failure, emergency 
valve replacement may be life-saving.

Treatment of Sydenham’s chorea
Sydenham’s chorea is self-resolving. Patients with mild 
manifestations can be managed with reassurance, rest, and 
avoidance of stressful environments. With severe symptoms 
affecting daily activities, treatments include phenobarbital, 
carbamazepine, diazepam, steroids, haloperidol, valproic 
acid, plasma exchange, and intravenous γ-globulin [153–155]. 
In a randomized double-blind study, adjunctive  treatment 
with prednisone reduced the intensity and  duration of acute 
Sydenham’s chorea, but the effect on late recurrence is 
unknown [156]. Another study showed a reduction in sever-
ity of chorea with intravenous immunoglobulin (IVIG) 
 therapy [19,157].

Prevention

Primary prevention
Improvement in living conditions and access to healthcare 
are keys to reducing the overall rate of ARF. Primary pro-
phylaxis with antibiotics following tonsillopharyngitis caused 
by group A streptococcus started within 9 days of the onset 
of a sore throat prevents most subsequent ARF [19,158–160]. 
However, in more than two-thirds of patients with ARF, 

Table 61.4 Primary prevention of acute rheumatic fever (ARF). Treatment of group A streptococcal tonsillopharyngitis.

Agent  Dosage  Mode  Duration

Benzathine penicillin G 600 000 units for ≤27 kg (60 lb)

1.2 million units for >27 kg

or

Intramuscular Single dose

Penicillin V (phenoxymethylpenicillin) Children: 250 mg 2–3 times daily for ≤27 kg (60 lb); children 

>27 kg (60 lb). Adolescents and adults: 500 mg 2–3 times daily

or

Orally 10 days

Amoxicillin 50 mg kg−1 once daily (maximum 1 g) Orally 10 days

For individuals allergic to penicillin

Narrow-spectrum cephalosporin 

(cephalexin, cefadroxil)a
Variable Orally 10 days

or

Clindamycin 20 mg kg−1 per day divided into three doses (maximum 1.8 g 

per day)

or

Orally 10 days

Azithromycin 12 mg kg−1 once daily (maximum 500 mg)

or

Orally 5 days

Clarithromycin 15 mg kg−1 per day divided into two doses (maximum 250 mg 

per dose)

Orally 10 days

a Avoid in type I hypersensitivity reaction to penicillin.

(Reproduced with permission from Gerber MA, Baltimore RS, Eaton CB, et al. Circulation 2009;119:1541–51.)
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there is no prior history of a sore throat, making  primary 
prevention impossible [128]. The recommended antibiotic 
regimens for primary prevention or treatment of tonsillo-
pharyngitis caused by group A streptococcus are listed in 
Table 61.4. No clinical isolate of group A β-hemolytic strep-
tococcus (S. pyogenes) has been resistant to penicillin [19]. In 
a 1965 study of Navajo schoolchildren, patients with a cul-
ture-positive sore throat and carriers of group A streptococ-
cus were treated with antibiotics The ARF incidence was 
reduced by 21%. This reduction was achieved at a cost of 
US$12 per child per year, or $65 000 per ARF patient pre-
vented [161]. In contrast, a randomized study of school chil-
dren in Auckland, New Zealand, found no reduction in ARF 
between treatment and no treatment groups. In addition to 

the lack of symptoms with pharyngitis, poor access to health-
care, inadequate microbiological testing facilities, poor avail-
ability of antibiotics, and the reluctance of some populations 
to seek medical services all limit the role of primary antibi-
otic prophylaxis in many high-risk populations.

Group A streptococcus vaccines are under development. 
A multivalent, M-serotype-specific vaccine is in phase II tri-
als in North America. The lack of specific M serotype preva-
lence in high-risk regions and changing serotypes will limit 
its use [162]. Alternative vaccine production strategies using 
non M-type group A streptococcus protein or conserved 
regions of the M protein are under development.

Treatment of ARF is summarized in Table 61.5.

Secondary prevention
In patients with past history of ARF or RHD, long-term 
administration of antibiotics for the prevention of strepto-
coccal pharyngitis and recurrent ARF is the only proven 
and cost-effective treatment. The greater the number of 
ARF recurrences, the higher is the likelihood of valvar dam-
age and chronic RHD. Secondary prevention is the key to 
reducing RHD-associated morbidity and mortality world-
wide, especially in ARF endemic regions. The recommended 
antibiotic regimens for secondary prophylaxis are listed in 
Table 61.6 [36]. Intramuscular benzathine penicillin G 
 administered once every 3 weeks (every 4 weeks in low-
risk areas or low-risk patients) is more effective than oral 
penicillin or sulfadiazine [19,163,164]. The serum levels of 
penicillin are less predictable with oral administration, even 

Table 61.5 Treatment of acute rheumatic fever.

All patients

Treatment of group A streptococcal tonsillopharyngitis

Polyarthritis and fever

Acetaminophen and codeine until the diagnosis is established

Aspirin once diagnosis is confirmed

Naproxen can be used in patients without carditis

Influenza vaccine for children receiving aspirin during influenza season

Carditis

Anti-inflammatory treatment with aspirin for mild to moderate carditis 

and corticosteroids for severe carditis

Table 61.7 Duration of secondary prophylaxis [19,101].

Category  Duration after last attack

United States [101]

Rheumatic fever with carditis 

and residual heart disease 

(persistent valvar diseasea)

10 years or until 40 years of age 

(whichever is longer), sometimes 

lifelong prophylaxis

Rheumatic fever with carditis but 

no residual heart disease (no 

valvular diseasea)

10 years or until 21 years of age 

(whichever is longer)

Rheumatic fever without carditis 5 years or until 21 years of age 

(whichever is longer)

World Health Organization [19]

Patients without proven carditis For 5 years after the last attack, or 

until 18 years of age (whichever is 

longer)

Patients with carditis (mild mitral 

regurgitation or healed carditis)

For 10 years after the last attack, 

or at least until 25 years of age 

(whichever is longer)

More severe valvar disease Lifelong

After valve surgery  Lifelong

a Clinical or echocardiographic evidence.

Table 61.6 Secondary prevention of rheumatic fever (prevention 

of recurrent attack) [19,101].

Agent  Dosage  Mode

Benzathine penicillin G 600 000 units for 

≤ 27 kg (60 lb), 

1.2 million units for

 >27 kg every 4 weeksa

or

Intramuscular

Penicillin V 

(phenoxymethylpenicillin)

Children: 250 mg twice 

daily

or

Orally

Sulfadiazine 0.5 g once daily for 

patients ≤ 27 kg (60 lb), 

1.0 g once daily for 

patients >27 kg (60 lb)

Orally

For individuals allergic to penicillin and sulfadiazine

Erythromycin 

ethylsuccinate

250 mg twice daily Orally

or

Azalides  Variable  Orally

a In high-risk situations, administration every 3 weeks is justified and 

recommended.
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in patients with good compliance [19]. The duration of 
 secondary prophylaxis varies based on previous history and 
underlying heart disease and is listed in Table 61.7 [36]. 
Patient and family education, emphasizing the importance 
of adherence to secondary prophylaxis, is paramount to 
successful programs. Good follow-up, health education, 
central registries for case documentation and gathering 
 epidemiological data, and continued research are important 
in worldwide reduction of ARF- and RHD-associated 
 morbidity and mortality.

Long-term administration of antibiotics for the prevention 
of streptococcal pharyngitis and ARF in patients with a past 
history of ARF or RHD is the only proven strategy to prevent 
recurrence. Details of secondary prevention are presented in 
Chapter 62 and discussed in the literature [19,36,163,164].

Bacterial endocarditis prophylaxis
The American Heart Association (AHA) no longer recom-
mends endocarditis prophylaxis for all patients with RHD 
[165]. Prophylaxis is recommended, however, for high-risk 
patients, including those with prosthetic valves, residual 
defects adjacent to prosthetic materials, and previous infec-
tive endocarditis (see Chapter 60). For patients in high-risk 
populations with RHD receiving chronic penicillin prophy-
laxis, the recommendations advise the use of a prophylactic 
agent other than penicillin because oral flora may have 
developed penicillin resistance [165].
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62 Rheumatic Heart Disease
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Introduction

Rheumatic heart disease (RHD) is the only long-term sequel 
of rheumatic fever (RF). Children with a scarred heart valve 
as a consequence of RHD are seldom seen in developed 
nations, but RF and RHD are significant public health 
problems in developing nations, where it selectively targets 
the underprivileged [1,2].

Before penicillin was introduced, the natural history of RF 
was characterized by initial episodes occurring in the very 
young, frequently associated with carditis, often severe [3,4], 
and recurrences were common. Advanced heart valve 
scarring with severe hemodynamic and clinical consequences, 
such as congestive heart failure, were common in the very 
young [2,5,6], often occurring several years after the first 
episode. After penicillin was introduced, the incidence and 
severity of acute RF declined sharply, as did recurrent 
episodes and RHD. The interval between acute RF and RHD 
increased progressively [3,4], as did the age of onset of 
clinically manifest RHD [2].

Where the disease is still rampant, the natural history of 
RF resembles that of the pre-penicillin era [1,2,5,6]. Juvenile 
rheumatic mitral valve stenosis is seen almost exclusively in 
regions with a high incidence of RF [2,6,7].

Epidemiology

Global trends
A few decades before penicillin was introduced, a sharp 
decline in acute RF and RHD occurred in all industrialized 
nations. Improving living standards, reduced overcrowding, 

better access to healthcare and more widespread use of 
antibiotics allowed prompt treatment of streptococcal 
infections and helped abort epidemics [1,2]. Industrialized 
nations now have an average annual RF incidence of <0.5 
per 100 000 and RHD prevalence of <0.05 per 1000. The 
resurgence of RF in the United States during the mid-1980s 
and its persistence, however, suggest that additional factors 
also contribute to its occurrence [8]. Selected populations, 
such as Pacific Islanders, Maoris, and Australian Aborigines, 
continue to have an extremely high prevalence of RHD [9] 
that may not be altogether explained by living conditions 
and access to health care. (See Chapter 61).

In the developing world, RF and RHD continue unabated, 
reflecting the relatively poor living standards and availability 
of health care [1,2,7]. The prevalence of RHD in school-age 
children varies from 0.4 to 21 per 1000 children in developing 
countries [2,7,10–14], where 10–35% of cardiac admissions 
are for patients with RF and RHD. One in every 150 deaths 
in developing nations is estimated to be from RHD, with a 
total of >200 000 deaths per year [2]. RHD remains an 
obvious public health burden across the developing world.

Estimates of RHD prevalence
School surveys are often used [2]. In the worst affected regions, 
however, school enrollment rates are low and many affected 
children may not attend school [7]. Population-based registries 
can capture all age groups, but depend heavily on referral 
mechanisms. Hospital-based statistics have serious limitations 
because only the most seriously affected are represented. 

Older surveys used cardiac auscultation to obtain estimates. 
More recent surveys used echocardiography to confirm the 
diagnosis when cardiac auscultation was abnormal (mostly 
audible murmurs) [15,16]. Congenital and nonrheumatic 
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heart valve disease can be incorrectly labeled as RHD in 
studies that use auscultation alone. Both strategies likely 
missed subclinical RHD [2].

Recent large population-based surveys used portable echo-
cardiography. Marijon et al., screening with echocardiography, 
suggested a very high prevalence of RHD in children from 
Cambodia and Mozambique. Most patients were clinically 
silent and no children with mitral stenosis were identified 
[17]. The natural history of clinically silent heart valve disease 
detected through echocardiography is unknown. It is unclear 
whether penicillin prophylaxis is warranted for these children, 
although most investigators recommend it.

Pathogenesis of rheumatic 
heart valve disease

Only heart valves are permanently damaged during an 
episode of RF. All other affected tissues typically heal without 
residua: pericarditis, chorea, and arthritis all resolve completely 
without constriction, long-term neurologic consequences, or 
joint disability, respectively. One of the mysteries of RF is the 
remarkable tendency for the disease to heal rather than to 
scar the tissues it affects, with the exception of cardiac valves. 
The following hypothesis appears most plausible.

Histopathologic findings indicate widespread diffuse 
collagen–vascular involvement during an acute episode of 
RF [18]. The immunologic findings suggest that RF  pre-
dominantly damages the vascular endothelium and meso-
thelium. The adjacent subendothelial and submesothelial 
tissues are affected to a very limited depth [18]. The damaged 
endothelium is replaced by new endothelium within days 
after injury without significant scarring. The valves are 
structurally unfortunate in having a small core of connective 
tissue covered by two layers of endothelium.

The endothelium is initially damaged from a humoral 
immune response, resulting in VCAM-1 being expressed on 
the endothelium, followed by activation of cellular immune 
responses. As a result, CD4+ and CD8+ T lymphocytes and 
macrophages attach to the valvar endothelium and migrate 
to the connective tissue core, establishing an inflammatory 
response accompanied by neovascularization of the valve 
substance. The endothelium of the newly formed vessels 
may serve as a substrate for additional inflammation 
and perhaps set up a vicious cycle of inflammation, 
neovascularization, and further damage, resulting eventually 
in a permanently scarred valve [2,18].

Pathology of rheumatic heart valve 
disease

In autopsies of patients dying of RHD, the mitral valve was 
most commonly afflicted, either alone or together with the 

aortic (31.6%) and tricuspid valves (52.8%). Involvement of 
the tricuspid valve occurred in 38.4%. The extent and 
 severity of the pathology was most marked in the mitral 
valve, followed by the aortic and tricuspid valves, respec-
tively [19]. Pulmonary valve involvement is exceptional and 
almost always associated with the involvement of all the 
other valves. Mitral regurgitation is the commonest lesion 
encountered in adolescents and children [20].

Most of the gross pathologic features are well demonstrated 
by cross-sectional [two dimensional (2D)] and more recently, 
by three-dimensional (3D) echocardiography. Real-time 3D 
imaging allows an excellent understanding of mechanisms 
of most hemodynamic consequences of valvar pathology. 
Figures 62.1–62.5 serve to illustrate the pathology of the 
mitral valve defined by both 2D and 3D echocardiography 
(Table 62.1). Table 62.2 shows the echocardiographic 
correlations with the pathologic features of the aortic valve.

Clinical features of RHD

History and physical examination
A history of acute RF may be difficult to obtain in many 
patients with RHD [21]. Episodes of RF may be indistin-
guishable from other common childhood febrile conditions, 
especially in the absence of arthritis. Not all episodes of RF are 
severe enough to warrant medical attention [21]. A diagnosis 
of rheumatic carditis requires careful auscultation because 
murmurs can be subtle during the first episode of RF. 
Subcutaneous nodules are relatively uncommon and seldom 
clinically obvious, and must be searched for carefully at specific 
locations [22]. Erythema marginatum is also uncommon, 
often transient, and cannot be easily seen in dark-skinned 
individuals [23]. Rheumatic chorea often occurs late after the 
inciting streptococcal sore throat and is sometimes subtle [21].

The ability of family members to recall a history of RF 
depends on their socioeconomic and cultural background. In 
general, however, families of children with established RHD 
at a young age often recall the episode. In the worst affected, 
acute episodes of RF may evolve rapidly into established 
RHD with severe affliction of the cardiac valves after a very 
short quiescent interval [24].

The symptoms and physical signs (Table 62.3) of estab-
lished RHD are related to the severity of the valve affliction 
and the individual lesions.

Mitral regurgitation
Mitral regurgitation (MR) is by far the commonest lesion 
seen in RHD. The inability to increase cardiac output 
during activity results in fatigue, the commonest symptom 
of significant MR. MR also causes palpitations because 
of a volume-loaded hyperdynamic left ventricle and 
tachycardia. Dyspnea is uncommon unless MR is severe, 
acute, or the left ventricular myocardium is failing. With a 
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Figure 62.2 These 3D images were obtained from a patient 

with pure rheumatic mitral valve stenosis (a, c) before and 

after (b, d) balloon mitral valvotomy (BMV) with the Inoue 

balloon. Panels (a) and (b) show views from the atrial aspect 

and (c) and (d) show views from the ventricular aspect. All 

images were obtained during diastole. Note the thickened 

chordopapillary apparatus. These images demonstrate that 

the mechanism of benefit in BMV is through splitting along 

the commissures of the leaflets (white arrows). Leaflet 

movements continue to be restricted by the fibrosis in the 

chordopapillary apparatus (black arrows).

Figure 62.1 3D echocardiographic imaging in rheumatic mitral stenosis. All images were obtained through transthoracic echocardiography. Panels 

(a) and (c) show views from the atrial aspect, and (b) and (d) show views from the ventricular aspect. Diastolic frames from a normal mitral valve are shown 

in (a) and (b). Note that the mitral valve orifice is completely open in diastole and valve tissue is barely seen from the atrial aspect (b). Panels (c) and (d) 

show diastolic frames of the mitral valve from a 20-year-old patient with rheumatic mitral stenosis. Unlike in the normal valve, the mitral valve leaflet 

substance is seen from the atrial aspect during diastole. The solid arrows point towards the chordae tendinae of the tensor apparatus of the valve. Note the 

extensive thickening of the chordae that can no longer be distinguished from the papillary muscle (pm) unlike in the normal valve in (b). AML, anterior 

mitral leaflet; PML, posterior mitral leaflet; pm, papillary muscle; MV, mitral valve; TV, tricuspid valve.
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Figure 62.3 Rheumatic mitral valve disease with mitral stenosis and regurgitation. These frames are from a 10 year old child with rheumatic heart disease 

with severe affliction of the mitral valve. Although the predominant lesion is mitral regurgitation, there is also some mitral stenosis. 3D echocardiograms are 

shown in (a) and (b) and equivalent 2D frames obtained from apical four-chamber views in (c) and (d). The diastolic frame in the 3D image (a) shows the 

mitral valve from its left atrial aspect. Note that the leaflet substance is seen in diastole. The equivalent diastolic frame in 2D (c) shows several features of 

rheumatic affliction. The anterior mitral leaflet (AML) is thickened. The tip of the AML is oriented horizontally and does not point downwards, suggesting 

restriction of mobility of diastolic motion. The posterior mitral leaflet (PML) is also thickened and mobility is restricted to even a greater degree. The chordae 

tendinae beneath the PML are visibly thickened. During systole, the PML stays in a relatively fixed position. The free edge of the AML moves to a position 

above the optimal zone of coaptation between the two leaflets. The resultant regurgitation orifice is shown by white arrows in both the 3D and 2D frames. 

This orifice is typically crescentic and extends along the length of the AML. The resultant color Doppler jet is directed posteriorly and laterally. AML, anterior 

mitral leaflet; LA, left atrium; LV, left ventricle; PML, posterior mitral leaflet.

failing left ventricle, left ventricular diastolic pressure 
increases, left atrial and pulmonary venous pressures 
increase, and pulmonary congestion appears. Pulmonary 
arterial hypertension follows significant pulmonary venous 
hypertension. Some children with chronic severe MR can 
have disproportionately severe pulmonary arterial hyper-
tension (PAH) from exaggerated vasoconstriction of the 
pulmonary arterioles [25]. Physical examination is considered 
in Table 62.3.

Acute marked MR causes severe symptoms in the initial 
stages, due to pulmonary venous hypertension causing pul-
monary congestion. Over time, the left atrium dilates and 

becomes more compliant. The LV dilates, accommodates the 
extra volume, and the LV end diastolic pressure declines. A 
substantial reduction in dyspnea follows. This sequence is seen 
fairly frequently following an initial episode of RF with carditis 
and severe MR. Over time, symptomatic improvement occurs 
without a significant reduction in the degree of MR.

Mitral stenosis
In children, rheumatic mitral stenosis (MS) is less frequent than 
MR. The very early onset of juvenile MS, sometimes as early as 
6 years [26], is largely confined to selected parts of the world 
where RHD is endemic with a very high prevalence [6,7]. 
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Figure 62.4 Pathology of the chordopapillary apparatus in juvenile RHD. Frames (a)–(c) were obtained from a 10-year-old child with a combination of 

mitral stenosis and regurgitation and (d) was obtained from a 20-year-old female with severe mitral stenosis documented at 12 years age with recurrence 

of symptoms after a “successful” balloon valvotomy 8 years previously. Note the diffuse fibrosis with fusion and shortening of the tendinous cords that can 

no longer be easily distinguished from the adjacent papillary muscle below and the valve leaflets above. Frame (d) was obtained through “virtual 

dissection” of the 3D image after removing the anterior wall of LV. This represents an extreme example of juvenile mitral valve stenosis that is not 

uncommon in regions where RHD is very prevalent.

Pulmonary venous hypertension and pulmonary congestion 
develop from elevated mean left atrial pressure. Dyspnea is, 
therefore, much commoner than in isolated MR. The severity 
of PAH varies, depending on the degree of “adaptive” pulmonary 
vasoconstriction. Thus, it is not unusual for children with severe 
(juvenile) MS and severe pulmonary venous and arterial 
hypertension to have no discomfort at rest in spite of extremely 
high pulmonary arterial and left atrial pressures. The severity of 
symptoms in MS is determined by the duration of diastolic 
filling. With tachycardia, diastole shortens to a greater extent 
than systole. Therefore, these children are exquisitely sensitive 
to tachycardia, whether from exercise, anxiety, or fever, and 
can deteriorate suddenly with these precipitating events. 
Physical examination is considered in Table 62.3.

Aortic regurgitation (AR)
The symptoms of AR are similar to those of MR. However, 
severe chronic AR may be tolerated very well for several 
years with no apparent limitation in exercise tolerance. 
Physical examination (Table 62.3) is characteristic and 
usually allows fairly accurate assessment of severity. The 
manifestations of aortic “run-off” are excellent indicators of 
severity of AR.

Tricuspid regurgitation
Tricuspid regurgitation (TR) typically results from elevated 
right ventricular pressure. There are no specific symptoms of 
TR. With the onset of TR, the dyspnea may be relieved to 
some extent in patients with MS. The patients may have a 



910

Predominant AS, Systole Predominant AS, Diastole Predominant AR, Diastole

(a) (b) (c)

(d) (e) (f)

Figure 62.5 Aortic valve involvement in RHD. 2D echo frames of the aortic valve are shown in (a)–(c) and equivalent 3D frames in (d)–(f). Frames (a), (b), 

(d) and (e) are from a patient with predominant aortic stenosis (AS) and (c) and (f) from a patient with predominant aortic regurgitation (AR). The individual 

cusps are marked as R for right, L for left and N for noncoronary cusps. Note the thickening of the leaflet edges particularly in the central region where the 

three cusps come together. Aortic stenosis in this example (a, d) results from fusion of right–left and right non-coronary commissures; The resultant systolic 

orifice area is considerably reduced. The valve is largely competent in diastole (b, e). In the patient with AR (c, f), the valve closure is incomplete and the 

regurgitation orifice is seen during diastole. This results from shrinkage of the leaflet substance from extensive fibrosis. The thick leaflet margin is 

particularly evident along the free edge of the right coronary cusp.

Table 62.1 Pathology of rheumatic mitral valve disease and echocardiographic correlates. 

Mitral valve  Pathology  Echocardiographic correlate

Anterior mitral leaflet (AML) Thickening and restriction of leaflet mobility, especially at 

the edges, causing characteristic diastolic doming of the 

valve

Thickening (>3–4 mm) is identified on echocardiograms; 

diastolic doming is easily identified on 2D 

echocardiography

Posterior mitral leaflet (PML) Fixed to a greater extent by the fibrotic and shortened 

tendinous chords

Fixed PML is very characteristic and a readily identifiable 

feature of chronic RHD irrespective of whether the 

dominant lesion is MS or MR

Commissures Symmetric fusion of commissures of the mitral valve 

contributes substantially to mitral valve stenosis in most 

patients. This results in the characteristic “fish mouth” 

appearance

Commissural fusion is identified in the parasternal 

short-axis view during 2D echocardiography. The valve 

area of the stenotic valve is often calculated in this view 

along the free and fused margins of the leaflets

Tensor apparatus  Thickening and shortening of chords; extensive fibrosis 

involving the chords, papillary muscles, and the adjacent 

leaflets also contributes to mitral valve stenosis and 

accounts for residual stenosis after balloon dilation of the 

valve. Rupture of chords can occur during an episode of 

rheumatic fever, causing severe MR. Lengthening of the 

chords has also been described

 The tensor apparatus of the mitral valve can be seen very 

well with both 2D and 3D echocardiography. Much of 

the reduced leaflet mobility is due to fibrosis and 

shortening of the tensor apparatus. Rupture of chords is 

identified by examining the free edge of the leaflets. 

Often the AML is involved
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Table 62.2 Pathology of rheumatic aortic valve disease and echocardiographic correlates.

Aortic valve  Pathology  Echocardiographic correlate

Leaflet Thickening especially at the edge, fibrosis, and shortening of the 

leaflet substance. Irregular thickening or nodularity is typical of 

RHD

Rolled up margins are identified on 2D echocardiography in the 

parasternal short-axis views. The reduction in valve substance 

reduces the zone of coaptation, causing incomplete closure 

and regurgitation

Commissures  Fusion can involve one or more commissures and causes reduced 

mobility

 Doming of the aortic valve with aortic stenosis is due to 

commissural fusion

Table 62.3 Physical examination of the cardiovascular system in rheumatic heart disease.

Valve lesion  Mild  Moderate  Severe

Mitral stenosis Normal S2, opening snap (OS) with wide 

A2–OS interval, relatively soft and 

late-onset mid-diastolic murmur often 

heard with the bell of the stethoscope. 

Murmur may be unmasked by exercise

S2 split normal but P2 is loud, 

A2–OS interval shortens, 

prominent mid-diastolic murmur 

with presystolic accentuation

Evidence of significant pulmonary 

hypertension, close splitting of S2, loud 

P2, short A2–OS interval, prominent 

mid-diastolic murmur with presystolic 

accentuationa

Mitral regurgitation Normal apex, normal S2, no S3, blowing 

apical pan-systolic murmur, usually 

without a thrill, no flow murmurs. S1 

merges with the murmur but may be loud 

and distinct with accompanying MS

Hyperdynamic apex, widely split 

S2, S3 may be present, prominent 

pan-systolic murmur

Cardiac enlargement, downward and 

outward displaced apex, hyperdynamic 

precordium, widely split S2 (early A2), 

P2 may be loud if pulmonary 

hypertension develops, S3 and 

frequently a mid-diastolic flow murmur 

without presystolic accentuation (unless 

associated with MS)

Aortic stenosisb Normal carotid pulsations, no clinical 

evidence of left ventricular hypertrophy, 

relatively short ejection systolic murmur 

that peaks in early systole

Some delay in carotid upstroke 

may be appreciable, clinical 

evidence of LVH in the form of a 

sustained heave in the apical 

impulse. Prominent ejection 

systolic murmur, relatively longer 

duration peaking in mid-systole

Delayed carotid upstroke, clinical 

evidence of LVH, long ejection systolic 

murmur with delayed peaking

Aortic regurgitation No peripheral signs of increased aortic 

run-off, normal pulse pressure, early 

diastolic murmur (EDM)

Wide pulse pressure (>50 mmHg), 

diastolic pressure usually 

>50 mmHg, hyperdynamic apical 

impulse, prominent EDM

Wide pulse pressure (>80 mmHg), 

diastolic pressure <50 mmHg, often as 

low as 0 mmHg (free AR), signs of 

increased aortic run-off are easily 

demonstrable, cardiac enlargement, 

hyperdynamic apical impulse, 

prominent EDM

Tricuspid regurgitation Pan-systolic murmur of TR audible in the 

left lower parasternal region (may be 

heard only during inspiration)

Prominent TR murmur Liver enlarged with systolic pulsations, 

elevated jugular venous pulsations (JVP) 

with prominent V waves, prominent 

murmur

Tricuspid stenosis (TS) Mild and moderate TS are usually clinically 

silent

Elevated JVP with prominent a 

waves, prominent presystolic 

pulsations; the mid-diastolic 

murmur of TS may also be heard in 

the left lower sternal area

a Rarely severe mitral stenosis may not be associated with a identifiable mid-diastolic murmur (silent MS); usually this is accompanied by severe pulmonary 

hypertension and gross right ventricular enlargement.
b Aortic stenosis (AS) is rarely seen in children with RHD. Isolated AS is exceptional. Some aortic regurgitation invariably accompanies AS and, typically, 

signs of AR are masked by AS.
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history of pain in the right hypochondrium due to a  congested 
liver, and fatigue due to a decrease in systemic output.

Aortic and tricuspid stenosis are rare in children with 
RHD. Isolated aortic valve involvement with dominant aor-
tic stenosis is more likely to have a congenital basis.

Combined valve lesions
Combined lesions are frequent in RHD. Typically, MS and 
MR coexist, and their clinical features can be readily identified 
in most patients. Combinations of mitral, aortic, and tricuspid 
valve disease are common. The severity of each valve's 
involvement must be quantified to allow correct management 
decisions. For example, in a child with MS, if MR is moderate 
or severe and commissural in origin, balloon mitral 
valvoplasty is precluded. Similarly, in a patient undergoing 
mitral valve repair or replacement, the decision to replace 
the aortic valve is dictated by the severity of associated 
AR [27].

Chest X-ray
Left atrial and atrial appendage enlargement almost 
invariably accompany significant mitral valve disease. Right 
atrial enlargement is seen with PAH and tricuspid valve 
involvement. Left ventricular enlargement occurs with AR 
and MR. The lung fields show varying degrees of pulmonary 
venous congestion depending on the severity and duration 
of pulmonary venous hypertension (Figure 62.6).

Electrocardiogram
Left atrial enlargement and right ventricular hypertrophy 
are seen in pure or dominant MS (Figure 62.7). Left ven-
tricular enlargement with volume overload from MR or AR 
is evident by Q waves in lateral chest leads. Atrial fibrillation 
is very unusual in children even with severe left atrial 
enlargement.

Echocardiography
Echocardiography is the most important investigation, 
and correlates well with pathology (Tables 62.1 and 62.2 
and Figures 62.3, 62.8, and 62.9). Other specific features 
of RHD include simultaneous involvement of multiple 
valves, because the association of mitral and aortic valve 
pathology is infrequent in other conditions. The echocar-
diographic diagnosis may not be straightforward. Hence 
it helps to correlate the echocardiographic findings 
with the clinical context. The threshold for diagnosis of 
RHD is understandably lower in regions where RHD is 
very prevalent.

The severity of individual lesions can be defined 
with precision. Gradients across the affected valves can be 
determined and the severity of regurgitant lesions quanti-
fied (Figures 62.3, 62.8, and 62.9). The hemodynamic 

consequences of various lesions can be studied, including 
chamber enlargement, PAH, and ventricular function. Serial 
echocardiography often guides decisions regarding timing 
of operation. Important complications, such as infective 
endocarditis, can be recognized echocardiographically.

Echocardiographic criteria for rheumatic 
heart valve disease
A number of conditions must be distinguished from 
rheumatic valve disease. Specific criteria for rheumatic heart 
disease have been developed by an NIH wor king group 
(http://www3.niaid.nih.gov/topics/streptococcal/protocols.
htm), and are listed below. Validation of these criteria by 
international long-term follow-up studies, particularly for 
patients with subtle or borderline findings, is in progress.

Echocardiographic evidence of definite RHD is any of:
1 A mitral regurgitant jet at least 2 cm from the coaptation 
point of the valve leaflets, seen in two planes and persisting 
throughout systole, plus thickened mitral valve leaflets and/
or elbow or dog-leg deformity of the anterior mitral valve 
leaflet.
2 An aortic regurgitant jet at least 1 cm from the coaptation 
point of the valve leaflets, seen in two planes, plus thickened 
mitral valve leaflets and/or elbow or dog-leg deformity of 
the anterior mitral valve leaflet.

Figure 62.6 Chest X-ray (posterior–anterior view) from an 8-year-old 

patient with juvenile mitral stenosis as a result of RHD. There is evidence 

of severe pulmonary venous hypertension in the form of prominent upper 

lobe pulmonary veins (cephalization), interstitial haze, and prominent 

inter-lobar fissures (arrow). Additionally, there is evidence of an enlarged 

left atrium (lifting up of the left bronchus) and left atrial appendage 

(straightening of the left heart border).
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Figure 62.7 Electrocardiogram from an 8-year-old child with RHD and severe mitral stenosis. There is evidence of right ventricular hypertrophy in the 

form of rightward deviation of the QRS axis, prominent R waves in V1 and persistent S waves in V5 and V6. Additionally, there is evidence of left atrial 

enlargement in the form of prominent broad P waves in lead II.

Figure 62.8 2D echocardiography for RHD and mitral stenosis. (a) A diastolic frame from the parasternal long axis view. The characteristic “dog-leg” or 

“elbow' deformity is shown in the anterior mitral valve leaflet (AML). The tips of the AML are thickened. The thick and shortened chordae attached to the 

posterior mitral leaflet are also shown in this frame. Frame (b) is a picture obtained from the parasternal short-axis view. This view captures the mitral valve 

orifice in mid-diastole and allows accurate estimation of the mitral valve area. This view is also very useful in planning balloon mitral valvotomy (BMV). In 

this patient, for instance, we can expect that the commissures would split favorably after BMV. Panel (c) is a Doppler tracing from the same patient showing 

the characteristic M-shaped flow acceleration across the stenotic valve that is seen in patients with MS and sinus rhythm. The second peak results from 

atrial contraction and is responsible for the presystolic accentuation of the mid-diastolic murmur.
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3 Any significant mitral stenosis (defined as flow accelera-
tion across the mitral valve with a mean pressure gradient 
greater than 4 mmHg).

Echocardiographic evidence of probable RHD is any of:
1 Thickened mitral valve leaflets and/or elbow or dog-leg 
deformity of the anterior mitral valve leaflet regardless of the 
degree of mitral or aortic regurgitation.
2 A mitral regurgitant jet at least 2 cm from the coaptation 
point of the valve leaflets, seen in two planes and persisting 
throughout systole without thickened mitral valve leaflets 
and/or elbow or dog-leg deformity of the anterior mitral 
valve leaflet (in the setting of possible ARF, this may represent 
acute carditis, before valve leaflets have developed structural 
abnormalities).
3 An aortic regurgitant jet at least 1 cm from the coaptation 
point of the valve leaflets, seen in two planes without thick-
ened mitral valve leaflets and/or elbow or dog-leg deformity 
of the anterior mitral valve leaflet.

Specific diagnostic challenges

Recurrence of RF in RHD
Detection of RF recurrence in a patient with pre-existing RHD 
is challenging. A diagnosis of carditis is difficult to establish 
unless by serial auscultation or echocardiography a new valve 
lesion is carefully documented. Other major diagnostic criteria 
may not be present in a recurrent episode. According to 
2002–2003 WHO criteria, a diagnosis of recurrence of RF in 
RHD requires at least two minor manifestation of RF plus 
evidence of preceding group A streptococcal infection (in the 
form of elevated ASO titers or a positive throat swab for group 
A beta hemolytic streptococcus) [2].

Infective endocarditis
Infective endocarditis can complicate regurgitant lesions of 
the mitral or aortic valve resulting from RHD [28], but is 

Figure 62.9 2D echocardiograms and color 

Doppler from a patient with RHD involving the 

aortic valve. The dominant lesion here is aortic 

regurgitation that is the result of fibrosis and 

shortening of the individual leaflet cusps. The jet 

is characteristically central (a, b). The thickened 

cusps are seen in the lower systolic frame (c) 

obtained in the parasternal short-axis view.



CHAPTER 62 Rheumatic Heart Disease

915

very uncommon in patients with pure mitral stenosis. In a 
large study of 1763 patients with RHD, the incidence of 
endocarditis was 2.3% over an average follow-up of 5.3 
years [28]. The consequences of infective endocarditis are 
often devastating, and early diagnosis is vital before major 
valve damage occurs. Infective endocarditis must be 
considered in a patient with established RHD who has had a 
fever lasting more than 4–5 days. Distinguishing endocarditis 
from rheumatic fever recurrence is often challenging. Three 
or more blood cultures before giving antibiotics are 
mandatory. Other indicators of endocarditis, such as 
microscopic hematuria, leukocytosis, thrombocytopenia, 
and elevations in acute phase reactants have limited 
sensitivity and specificity. Echocardiography can identify 
vegetations on valves previously affected by RHD. 
Transesophageal echocardiography improves sensitivity 
substantially, especially in older children.

Complications and natural history

Pulmonary arterial Hypertension
PAH frequently complicates RHD and is a significant 
prognostic variable [29]. It is frequently associated both with 
severe MS and MR in children [26,29,30]. The PAH is due to 
passive transmission of left atrial and pulmonary venous 
hypertension, interstitial edema. and reactive pulmonary 
arteriolar vasoconstriction [31]. Following balloon mitral 
valvotomy, the component of the PAH attributable to passive 
transmission resolves immediately [30,31], while the 
reactive component resolves slowly over weeks to months.

Ventricular dysfunction
Left ventricular dysfunction is usually due to long-standing 
and severe mitral or aortic regurgitation. Com bined severe 
MR and AR accentuate left ventricular enlargement and 
dysfunction that contribute to poor long-term outcomes 
following double valve replacement in children with RHD. 
Much of the dysfunction appears to result from chronic 
volume overload; available evidence does not support a 
substantial role for myocardial injury during episodes of 
rheumatic carditis [32]. The natural history of severe MR 
and AR is not well characterized in children and may differ 
from that in adults. Right ventricular dysfunction develops 
secondary to severe and long- standing PAH.

Infective endocarditis
Endocarditis must be suspected in the presence of persistent 
fever or sudden worsening of heart failure [25,28].

Dysrhythmias
Unlike in adults, atrial fibrillation is uncommon in chil-
dren with RHD even with severe left atrial enlargement. 

Uncontrolled ventricular responses typically herald the onset 
of atrial fibrillation. The resultant tachycardia markedly 
worsens symptoms in patients with mitral stenosis.

Thromboembolism
Severe atrial dilation with resultant stasis of blood in the left 
atrium (often visible as spontaneous contrast in echocardio-
grams) promotes clot formation. Atrial fibrillation greatly 
increases the propensity for thrombosis. The left atrial 
appendage (LAA) is the most frequent site for clots that are 
often silent. However, there is a risk of dislodgement of an 
LAA clot if balloon mitral valvotomy is attempted. Therefore, 
transthoracic and, if needed, transesophageal echocardiogra-
phy must be used to examine the LAA before balloon mitral 
valvotomy is contemplated.

Recurrence of rheumatic fever
Patients with established RHD are at a particularly high risk 
of recurrence of RF following an episode of streptococcal 
sore throat [33]. Recurrences are almost invariably associ-
ated with carditis. Many episodes of RF recurrences are not 
clinically obvious and this is reflected in the relatively liberal 
WHO criteria for diagnosis of recurrent RF in RHD [2].

Treatment of established rheumatic 
heart valve disease

Secondary prophylaxis to prevent recurrences 
of rheumatic fever
All patients with established RHD or one or more previous 
episodes of RF must receive regular penicillin. The success 
with secondary prophylaxis depends critically on patient 
education [2]. Benzathine penicillin injection (1.2 million 
units every 3–4 weeks, and 0.6 million units for children 
under 25 kg) is the most effective method. For high-prevalence 
regions, 3-weekly penicillin is recommended [2,34]. 
Compliance with benzathine penicillin injections has varied 
from 40 to 86% in reports from India [23,35]. Daily oral 
penicillin (250 mg penicillin V every 12 h) is an alternative. 
Compliance with oral penicillin is difficult to ensure because 
many doses may be missed inadvertently. Secondary 
prophylaxis is especially important in those who have not yet 
developed established RHD or those with mild disease. 
Patients with penicillin allergy may receive erythromycin 
(250 mg twice daily) or sulfonamides (1 g once daily; 0.5 g 
once daily for patients weighing 27 kg or under) [2,36].

Prophylaxis against infective endocarditis
Prophylaxis is no longer necessary unless there is a likelihood 
of a breach of oral mucosa, manipulation of either gingival 
tissue or the periapical region of teeth in presence of valve 
lesions that are at the highest risk of endocarditis [37]. Hence 
routine endocarditis prophylaxis is largely unnecessary for 
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pure mitral valve stenosis. High-risk lesions include prosthetic 
valve(s), AR, and MR [36,37]. Details of antibiotic prophylaxis 
are given in Chapter 60.

Drug therapy for heart failure: mitral stenosis
Diuretics, typically furosemide (frusemide), relieve symp-
toms of pulmonary congestion. Additionally, they often 
help to reduce the heart rate at rest and after exercise, and 
heart rate reduction translates into an increased diastolic 
filling period that helps reduce left atrial pressure. Digoxin, 
traditionally administered for this purpose, has been 
replaced by β-blockers because of their better efficacy and 
safety profile. β-Blockers may prevent acute worsening of 
symptoms and occurrence of pulmonary edema [38,39]. 
However, they do not appear consistently to improve 
 exercise capacity in patients with MS who are in sinus 
rhythm [40]. β-Blocker alone or with a small dose of diu-
retic can be used in  moderate MS while awaiting balloon 
mitral valvotomy or with a suboptimal result following the 
procedure [41]. Also see Chapter 27.

Regurgitant lesions
Diuretics are the mainstay when symptoms of pulmonary 
congestion accompany severe MR or AR. The role of systemic 
vasodilators, most commonly ACE inhibitors and calcium 
channel blockers, to reduce systemic afterload in isolated MR 
and AR is controversial [36]. Available data from adults do not 
support the role for systemic afterload reducing agents to delay 
development of LV dysfunction in MR. An important additional 
consideration in RHD is the presence of varying degrees of the 
mitral stenosis that accompanies MR. Also see Chapter 28.

For isolated severe AR, vasodilators are perhaps indicated 
for short-term therapy (until aortic valve surgery can be per-
formed) in symptomatic patients, particularly with ventricu-
lar dysfunction [36]. In asymptomatic children with severe 
AR, there is no evidence that vasodilators can delay surgery. 
Also see Chapter 31.

Catheter-based management of mitral 
stenosis: balloon mitral valvotomy
Balloon mitral valvotomy (BMV), also known as percutaneous 
trans-septal mitral commissurotomy (PTMC), has largely 
replaced closed or open mitral commissurotomy for MS in 
children [41–43]. Improvement in mitral valve area following 
BMV or PTMC largely results from splitting of the fused 
commissures (Figure 62.2). The sub-valvar pathologic 
abnormalities of MS remain after BMV, so the mitral valve 
area does not normalize after BMV.

Among all available methods for BMV, the most popular is 
the Inoue balloon assembly that is specifically designed for the 
mitral valve. Catheter hardware and balloon assembly kits 
designed for adults are often adapted for pediatric use. Key 
adaptations include using the pediatric trans-septal needle and 

smaller balloons (24 mm) The initial step involves  puncture of 
the inter-atrial septum with a Brockenbrough needle.

It is important to pay careful attention to the diameter of 
the balloon to avoid producing MR. The Inoue balloon can 
be inflated to a range of diameters based on the amount of 
fluid used for inflation. The average balloon diameter is 
determined by the height of the patient (the formula is 10 + 
height in cm/10); a child of 140 cm will typically require a 
25 mm balloon). The mitral valve may not always yield at 
prescribed balloon diameters and oversizing by 1–2 mm may 
be needed to “split” the commissures. It is important to 
proceed carefully in a stepwise fashion with echocardiographic 
evaluation after each dilation to help minimize MR.

The pathologic features of the valve are important 
determinants of immediate and long-term outcome. Echo-
cardiography can assess the variables that predict the results 
of BMV both in reduction in valve area and gradient and 
occurrence of significant MR (see Figure 62.8). These 
variables include the nature of commissural fusion, severity 
of subvalvar deformity, leaflet mobility, and calcification. 
Trivial MR via the central valve orifice does not worsen and 
may disappear following BMV. However, MR at the 
commissures may progress following BMV [43].

The immediate results of BMV in children are comparable 
to those in adults. In a series of 81 children with juvenile 
MS, Bahl et al. demonstrated an increase in valve area by 
172 ± 62% (from a mean of 0.8 ± 0.4 to 2.2 ± 0.5 cm2) [44].

Long-term follow-up after BMV is mandatory because of 
the significant risk of restenosis with time. Restenosis is typi-
cally associated with significant residual MS (typically because 
of subvalvar pathology) following BMV. Repeat BMV is an 
option for restenosis and helps postpone mitral valve surgery.

Surgery for RHD
For significant MR, valve repair should be considered.. 
Excellent immediate and acceptable intermediate term 
outcomes follow valve repair of MR in RHD [45,46]. These 
reports could be subject to publication bias. The results of 
mitral valve repair in RHD are not as consistently reproducible 
as for MR associated with a myxomatous valve [47]. For the 
combination of MR and MS, it is particularly difficult to 
make management decisions.

There are major long-term concerns about operations in 
RHD. The inflammation in chronic RHD may continue well 
beyond the initial episode of RF and result in continuing 
injury to the mitral valve and tensor apparatus after “suc-
cessful” repair [19]. There are several other challenges. 
Repeated operations are unrealistic in most environments 
where RHD is prevalent because of the expense involved 
with open-heart surgery. Furthermore, there are limitations 
to mitral valve replacement with a mechanical prosthetic 
valve in younger patients. Monitoring anticoagulation is 
particularly challenging in most parts of the developing 
world. Pregnancy imposes a substantial additional risk in 
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females. In the developing world, a number of factors, such 
as valve pathology, gender, age, resources, surgical expertise, 
and patient and family preferences, must be considered for 
mitral valve replacement in RHD.

There are no clear guidelines for the timing of mitral valve 
surgery (particularly replacement) in children. Standard 
guidelines for mitral valve surgery in adults do not apply to 
children. The natural history of chronic valve regurgitation 
appears to be very different in children and adults. Persistent 
symptoms, in spite of maximally tolerated medications, 
warrant consideration of surgery especially in the presence 
of pulmonary artery hypertension. For an asymptomatic 
child, evidence of ventricular dysfunction merits con-
sideration for surgery. Rheumatic aortic valve disease is less 
suited for repair. Fortunately, it is not always necessary to 
operate on AR unless it is severe. There are isolated reports 
of good results following aortic valve repair for RHD [48,49]. 
The Ross operation is a poor option for RHD and the long-
term durability of the pulmonary autograft is very limited in 
children with RHD [50]. Small children pose a significant 
challenge for aortic valve replacement. The aortic root often 
needs to be enlarged to fit the smallest available mechanical 
prosthesis and this requires technical expertise.

For patients with RHD with combined mitral and aortic 
valve disease, the threshold for replacing both valves is fairly 
high. because of expense, morbidity, and concerns regarding 
long-term anticoagulation. Many surgeons, therefore, choose 
to replace the more severely affected valve (typically the mitral 
valve) and to leave the less severely affected valve alone. Mild 
or moderate aortic valve disease does not progress rapidly over 
several years after mitral valve replacement for RHD [27].

Associated tricuspid valve disease can be repaired in most 
instances. Typically, annuloplasty of the dilated tricuspid 
valve annulus restores competence [51].

Prevention of RF and RHD – A public 
health perspective

RF and RHD continue to be important public health problems 
in the developing world [1,2,7,35]. The magnitude of the 
problem remains unrecognized in these regions and this 
obstructs planning public health strategies for disease 
prevention. Very few systematic surveys are available 
from rural populations which have a poor health care 
infrastructure, urban slums, or tribal colonies [35].

Penicillin prophylaxis, particularly secondary prophylaxis, 
remains the mainstay for prevention of RF and RHD [2]. Its 
importance should be stressed at institutional and govern-
mental levels. Education about the disease is needed for 
health professionals and the public in these regions. Patients 
with established RHD and those who have had an episode of 
RF should receive targeted education on the importance of 
penicillin prophylaxis.

An effective vaccine against group A streptococcus (GAS) 
has the potential to reduce the RF–RHD disease burden, but 
many difficulties need to be overcome before an effective 
vaccine is available [35]. A number of questions remain 
about the usefulness of vaccines for streptococcal strains 
found in the developing world. There is also the practical 
issue of identifying the population at risk in the developing 
world, given the changing disease epidemiology. An effec-
tive vaccine cannot be seen as a magic bullet to control 
RHD, while disregarding the various interactive forces that 
 contribute to disease occurrence. Any public health effort to 
control RF–RHD should adopt a comprehensive approach 
that includes all facets of disease prevention to achieve an 
enduring impact on the reduction of disease burden.
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63 Kawasaki Disease

Hirohisa Kato & Kenji Suda
Kurume University School of Medicine, Kurume, Japan

Kawasaki disease (KD) occurs in infants and children as an 
acute systemic vasculitis syndrome of unknown etiology; it 
mainly affects small- and medium-sized arteries, particularly 
the coronary arteries [1]. The cardiovascular problems in KD 
are related to coronary arterial lesions: aneurysm formation, 
thrombotic occlusion, progression to coronary artery disease, 
and premature atherosclerosis [2]. This disease was first 
described more than 40 years ago by Tomisaku Kawasaki in 
Japan [3,4]. Subsequently, it has been recognized  thr oughout 
the world, and it is now a leading cause of acquired heart 
disease in children in North America and Japan.

History and background

When this disease was first described, it was considered 
benign and the prognosis good, because all acute symptoms 
disappeared within 2–3 weeks and the patient became well. 
Yamamoto and Kimura reported a patient with myocarditis 
[5], but coronary artery involvement went unrecognized. In 
1970, the first nationwide survey in Japan demonstrated that 
1.7% of the patients died from acute myocardial infarction 
(MI), and all four autopsies showed coronary arteritis 
 accompanied by aneurysms and thrombotic occlusion. At 
that time, most pediatricians considered that KD was 
 complicated by vasculitis only in small number of fatalities, 
because of the great contrast in prognosis between these rare 
fatalities and the large number of survivors who were 
 asymptomatic.

In 1975, Kato et al. performed coronary angiography in 20 
infants and children when their acute symptoms had disap-
peared. Of these, 12 showed multiple coronary aneurysms 
in both right and left coronary arteries, the first recognition 
that coronary aneurysms are present not only in fatalities 

but also in asymptomatic survivors [1]. From the pathologic 
and coronary angiographic findings, KD was recognized as a 
systemic vasculitis syndrome of small- and medium-sized 
arteries in infants and young children.

In the past, KD may have been misdiagnosed as other 
 diseases [6], such as scarlet fever [7], Izumi fever, measles, 
rheumatic fever [8], juvenile rheumatoid arthritis, drug 
hypersensitivity, Stevens–Johnson syndrome [9], and  infantile 
polyarteritis [10], all now listed in the differential diagnosis of 
KD [11]. Landing and Larson reported identical pathologic 
findings in fatal KD and infantile polyarteritis, which was 
described only by autopsies [12]. Recent views are that infan-
tile polyarteritis is the same as fatal KD, and that KD is a sys-
temic vasculitis syndrome in infants and young children with 
a wide spectrum of clinical symptoms and disease severity.

Synonyms for Kawasaki disease include Kawasaki  syndrome 
and (acute infantile) mucocutaneous lymph node syndrome 
(MCLS), now rarely used. The International Classification of 
Diseases (ICD-9) designates KD and  mucocutaneous lymph 
node syndrome under rubric 446.1.

Epidemiology

The epidemiology in Japan, where KD is most prevalent, has 
been well documented [13]. The incidence has increased 
since 1968, and the number of patients affected now totals 
about 250 000. KD affects >10 000 children each year in 
Japan, and the incidence increased steadily to 216.9 per 100 
000 children younger than 4 years by 2007–2008 [14]. The 
age distribution is from 1 month with a peak at 1 year; 50% 
of patients are younger than 2 years, and occurrence after 10 
years of age is rare. Boys are affected more often than girls, 
with a ratio of 1.5:1.
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KD is now widely prevalent in Asia, North America, South 
America, Europe, and Australia. Asians are more susceptible 
(5–10 times) than are white persons [15]. In countries with 
predominantly white populations, the incidence is ~15 per 
100 000 children under 5 years of age [16]. There is a wide 
distribution, with no geographic difference between urban 
and rural areas or south and north. Seasonal variations are not 
distinct, but there are small peaks in winter–spring. The recur-
rence rate is about 3.3%, and 1–2% of siblings are affected, 
which is approximately 10 times the incidence in the general 
child population [17]. The increased incidence of KD among 
siblings and parents of patients, and racial  differences, support 
a genetic predisposition. Time–space clustering and outbreaks 
in a community are recognized, but there is no evidence of 
person-to-person transmission. In 1979, 1982, and 1986, 
there were large nationwide outbreaks of KD in Japan, and 
occasional local clusters were recognized [18].

Pathology

On the basis of Hamashima’s analyses of 37 KD autopsies, the 
Japanese Kawasaki Disease Research Committee reported 
the following pathomorphologic findings [19,20]. KD is an 
acute inflammatory disease with systemic vasculitis 
 distinguishable from classic periarteritis nodosa of the 
Kussmaul–Maier type, a progressive and recurrent angiitis 
with marked fibrinoid necrosis but with rare pulmonary 
 vasculitis. In contrast, KD is an acute inflammatory disease 
lasting about 7 weeks with rare and mild fibrinoid necrosis. 
Infantile polyarteritis nodosa (IPN) is indistinguishable from 
KD in many pathologic aspects [12,21], and clinical details of 
IPN are highly suggestive of KD.

The course of vasculitis can be classified into four stages 
according to the duration of illness:
1 Stage 1 (1–2 weeks of illness): Perivasculitis and vasculitis of the 
microvessels (arterioles, capillaries, and venules), small  arteries, 
and veins; inflammation of intima, externa, and perivascular 
areas in the medium- and large-sized arteries; edema and 
inflammation with leukocytic and lymphocytic infiltration.
2 Stage 2 (2–4 weeks of illness): Less inflammation in the micro-
vessels, small arteries, and veins than in stage 1;  inflammatory 
changes of intima, media, externa, and perivascular areas in the 
medium-sized arteries with focal panvasculitis; aneurysms with 
thrombi and stenosis in the medium-sized arteries, especially in 
the coronary arteries. Panvasculitis is rarely seen in the large 
arteries. Edema (exudative stage), infiltration with monocytes 
or necrosis (infiltrative stage), and cellular granulation with 
increase of capillaries occur.
3 Stage 3 (4–7 weeks of illness): Subsidence of inflammation in 
the microvessels, small arteries, and veins and granulation 
in the medium-sized arteries.
4 Stage 4 (>7 weeks of illness): Scar formation and intimal 
thickening with aneurysms, thrombi, and stenosis in the 

medium-sized arteries (generally no acute inflammation in 
the vessels). These findings may persist until adult age and 
were observed in some autopsied patients who died more 
than 10 years after the illness.

KD is a systemic vasculitis syndrome which may involve 
many organs, such as myocardium (interstitial myocarditis 
with mild necrosis) [22] and the conduction system, and 
in other organs may cause pericarditis, endocarditis, chole-
cystitis, cholangitis, pancreatic ductitis, sialadenitis, menin-
gitis, and lymphadenitis.

Etiology and pathogenesis

The etiology of KD remains unknown, despite extensive 
investigation. On the basis of clinical features and  epidemiologic 
data, KD is now considered to be either of infectious origin 
with an unknown agent or an infection-triggered immune 
disorder. A variety of possible causative agents, such as 
 bacteria, fungi, mycoplasma, rickettsiae, and viruses, have 
been proposed without confirmation. So far, two major 
hypotheses have been discussed in the past decade: the viral 
etiology and the superantigen or bacterial toxin theories.

KD has clinical similarities to scarlet fever and toxic shock 
syndrome, both of which are caused by toxin-producing 
bacteria. These toxins are superantigens capable of  stimulating 
T cells carrying particular variable regions of the T cell 
 receptor β-chain. A recent study on peripheral blood T cells 
in KD has shown that T cells expressing T cell receptor 
 variable regions Vβ2 and Vβ8 were selectively expanded 
[23]. These observations suggest that KD may be caused by 
a toxin (superantigen)-producing microorganism, including 
viruses. Leung et al. suggested that the expansion of Vβ2+ T 
cells in most patients with KD may be caused by a new clone 
of toxic shock syndrome toxin-secreting Staphylococcus aureus 
or SPEB- or SPEC-producing group A streptococci by study 
of bacterial culture from patients with KD [24]. However, 
several other studies did not support this theory [25]. 
Yoshioka et al. reported that streptococcal pyogenic exotoxin 
(SPEC) induces activation and polyclonal expansion of Vβ2- 
and Vβ6.5-positive T cells, and that SPEC-induced activation 
of T cells may lead to the pathogenesis of KD [26]. Recently, 
Nagata et al. reported that several gut bacteria isolated from 
the jejunal mucosa produce superantigen and heat shock 
proteins that may have some role in the pathogenesis of 
KD [27].

Yersinia pseudotuberculosis appears to be one of the etiologic 
agents of KD [28], although only a small group of KD patients 
can be explained by this organism. Propionibacterium acnes 
isolated from the cervical lymph node of patients produced a 
cytotoxic protein-like bacterial exotoxin [29,30], but its 
 etiologic role remains to be determined.

Epstein–Barr virus (EBV) induced clinical pictures 
 mimicking those of KD on rare occasions [31] and 3/37 
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patients with chronic active EBV infection developed  coronary 
lesions. However, epidemiologic, serologic, and virologic 
studies do not support EBV as a causative agent of KD. Rowley 
et al. reported that IgA plasma cells infiltrate the vascular wall 
and also other tissues such as myocardium, respiratory tract. 
kidney, and pancreas in acute KD. They suggested a mucosal 
portal of entry of a conventional antigen; however, no  specific 
microbe has been proposed as the etiologic agent [32]. The 
possible association between a novel human corona virus 
(HcoV-NH) and KD has been reported, but further studies are 
necessary [33].

The acute phase of KD is associated with markedly 
increased production of inflammatory cytokines. tumor 
necrosis factor-alpha (TNFα), IL-1β and γ-IF induce  activation 
antigens and adhesion molecules such as endothelial 
 leukocyte adhesion molecule 1 and intercellular adhesion 
molecule 1 (ICAM-1) on endothelial cells, and TNFα and 
γ-IF caused endothelial injury in in vitro studies [34]. Leung 
et al. proposed a hypothesis that anti-endothelial antibodies 
cause endothelial injury in KD, based on the findings that 
circulating autoantibodies in KD were cytotoxic against 
human umbilical vein endothelial cells treated with TNFα, 
IL-1β or γ-IF [35]. Coronary artery endothelial cells in KD 
actually expressed activation antigens in a necropsy study 
[36]. Vascular endothelial growth factor (VEGF), monocyte 
chemotactic and activating factor (MCAF or MCP-1), and 
TNFα may have important roles in the pathogenesis of 
 vasculitis [37–39].

The epidemiologic studies suggest a genetic  predisposition 
for this disease. No single human leukocyte antigen (HLA) is 
 common to most patients with KD. Recently, Onouchi 
et al. reported the important genetic role of the functional 
 polymorphisms in the inosotol 1,4,5-triphosphate 3-kinase C gene 
in a network of gene single nucleotide  polymorphisms [40].

Many hypotheses on the etiology and pathogenesis of KD 
have been proposed, but a host–microbial relationship spe-
cific to KD has not been identified. KD is widely scattered in 
the community, is self-limited, has multiorgan involvement, 
can recur, and has a tendency for epidemics every 3–4 years. 
These findings suggest that this disease may be caused in 
some susceptible children by a common infectious agent(s).

Clinical manifestations and diagnosis

The diagnosis of KD is made according to the diagnostic 
guidelines prepared by the Japan Kawasaki Disease Research 
Committee listed in Table 63.1 because of the absence of a 
specific laboratory test. These guidelines describe well the 
major symptoms and other significant clinical manifestations 
and laboratory findings. The principal diagnostic criteria of 
KD are persistent fever, conjunctival injection, changes in 
the mucosa of the oropharynx, changes in the peripheral 
extremities, erythematous rash, and cervical lymphadenop-

athy. At least five of the six principal features should be 
 satisfied for a diagnosis of KD. However, some patients do 
not fulfill the classic criteria, and are diagnosed as having 
 incomplete KD.

Fewer than four of the six principal symptoms indicate 
incomplete KD. Fever duration may be <5 days, particularly 
in those treated with γ-globulin within the first five febrile 
days. However, patients with four of these symptoms can be 
diagnosed when coronary abnormality is recognized by two-
dimensional echocardiographic findings such as dilatation or 
non-uniformity of arterial lumen and brightness of the arte-
rial wall. Incomplete KD is recognized in ~10% of all KD 
patients who have a higher incidence of coronary aneurysms 
(25%). Children <6 months or >7 years of age sometimes 
demonstrate atypical symptoms. Incomplete KD should be 
considered in children with unexplained fever for >4 days 
with three other principal symptoms. High CRP (>3 mg dl−1), 
elevated ESR (>40 h−1), thrombocytosis (>400 000), white 
blood cell count (>15 000), and erythema and induration at 
the site of previous vaccination of BCG (Bacillus Calmette–
Guérin) are helpful findings for diagnosing incomplete KD. 
In children >7 years old, sometimes high fever and neck 
lymphadenopathy are initial symptoms for several days from 
the onset. Echocardiography should be considered in patients 
with suspected incomplete KD to check the coronary arterial 
wall brightness, ectasia, and lack of uniform diameter of the 
coronary artery. The American Heart Association Committee 
published guidelines for the management of patients with 
incomplete KD [41].

Cardiovascular spectrum and cardiac 
evaluation

Cardiovascular spectrum
The cardiovascular spectrum of 2450 patients with acute KD 
seen over the last 35 years in our Hospital is indicated in 
Table 63.2. Coronary aneurysms were diagnosed in 14%. 
Since γ-globulin treatment was introduced, the incidence of 
coronary aneurysms has declined to 8.3%. Coronary artery 
involvement is the most important lesion in KD; however, 
aneurysms in other arteries such as the axillary, iliac or renal 
arteries were observed in 1.0% of the patients. Valvar heart 
disease appeared in about 1.4% of the patients. MI occurred 
in 36 patients, with 12 deaths. Half of the fatalities did not 
demonstrate ischemic findings before the onset of MI [42].

In the earlier period most patients received aspirin only, 
but we introduced γ-globulin treatment from 1992, leading 
to a significant decline in the incidence of transient dilata-
tion and aneurysm formation of coronary artery, systemic 
artery aneurysms, pericarditis, and myocarditis.

Although there are several scoring systems to identify high 
risk for coronary artery abnormalities or patients resistant to 
γ-globulin treatment who have a higher risk of coronary 
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Table 63.1 Diagnostic guidelines for Kawasaki disease.

Principal symptoms

1. Fever persisting for at least 5 days

2. Changes in peripheral extremities

 Initial stage: reddening of palms and soles, indurative edema

 Convalescent stage: membranous desquamation from fingertips

3. Polymorphous exanthema

4. Bilateral conjunctival congestion

5. Changes in lips and oral cavity: reddening of lips, strawberry tongue, diffuse injection of oral and pharyngeal mucosa

6. Acute nonpurulent cervical lymphadenopathy

  At least five of the principal symptoms should be satisfied for the diagnosis of Kawasaki disease to be made. However, patients with four of the 

principal symptoms can be diagnosed as having Kawasaki disease when coronary aneurysm is recognized by two-dimensional echocardiography or 

coronary angiography

Other significant symptoms or findings

The following symptoms and findings should be clinically considered:

1.  Cardiovascular auscultation (heart murmur, gallop rhythm, distant heart sounds), electrocardiographic changes (prolonged PR-QT intervals, abnormal 

Q wave, low-voltage ST-T changes, arrhythmias), chest radiograph findings (cardiomegaly), two-dimensional echocardiographic findings (pericardial 

effusion, coronary aneurysms), aneurysm of peripheral arteries other than coronary (e.g., axillary), angina pectoris or MI

2. Gastrointestinal tract: diarrhea, vomiting, abdominal pain, hydrops of gallbladder, paralytic ileus, mild jaundice, slight increase in serum transaminase

3.  Blood: leukocytosis with shift to the left, thrombocytosis, increased erythrocyte sedimentation rates, positive C-reactive protein, hypoalbuminemia, 

increased α2-globulin, slight decrease in erythrocyte count and hemoglobin levels

4. Urine: proteinuria, increase in leukocytes in urine sediment

5. Skin: redness and crust at the site of Bacille Calmette–Guérin inoculation, small pustules, transverse furrows of the fingernails

6. Respiratory: cough, rhinorrhea, abnormal shadow on chest radiograph

7. Joint: pain, swelling

8. Neurologic: pleocytosis of mononuclear cells in cerebrospinal fluid, convulsion, unconsciousness, facial palsy, paralysis of the extremities

Remarks

1. For changes in peripheral extremities, the convalescent stage is considered important

2. Male-to-female ratio, 1.3–1.5; patients younger than 5 years of age, 80–85%; fatality rate, 0.3–0.5%

3. Recurrence rate, 2–3%; proportion of siblings, 1–2%

From Diagnostic Guidelines of Kawasaki Disease, 4th edn, Japan Kawasaki Disease Research Committee, Tokyo, 1984.

aneurysms [43,44], the Harada score, which was initially 
used to determine selection for IVIG treatment, is now often 
used to select patients with greater risk for coronary artery 
disease [45]. The patients who fulfill four of the following 
items may develop the coronary artery lesions: (1) white 
blood count >12 000 mm−3, (2) platelet count <350 000 mm−3, 
(3) CRP >3 mg dl−1, (4) hematocrit <35%, (5) albumin 
<3.5 g dl−1, (6) age ≤12 months, and (7) male gender.

Myocardial infarction and death
The main cause of death in KD is acute MI. A study of 104 
fatalities in KD in Japan suggests that 56.7% of the patients 
died of acute MI and 18% died of congestive heart failure 
caused by ischemia. Five deaths were due to rupture of 
 coronary aneurysms. In the 1970s the fatality rate in Japan 
was ~2%; however, by 2007–2008 it had declined markedly to 
0.03%. We analyzed 195 KD patients with MI from the nation-
wide survey in Japan [46]. MI usually occurred within 1 year 

of illness, but late deaths several years after acute KD have 
increased recently. Death might occur at any time with obstruc-
tive lesions. Attacks of MI are relatively more  frequent at night 
when the patient is sleeping or resting, with primary manifes-
tations of shock symptoms, pallor, restlessness,  vomiting, and 
abdominal pain. Chest pain was more  frequently recognized in 
the survivors and in children >4 years of age. Asymptomatic 
MI was seen in 37%. Of the patients with MI, 22% died at the 
first attack; 16% of the survivors from the first attack had a 
second attack. The  fatality rate was 63% in the second attack 
and 83% in the third attack. From coronary angiographic 
studies in the patients with MI, most of those who died had 
obstructions in the left main coronary artery or in both the 
right main coronary artery and the left anterior descending 
artery. In survivors, one-vessel obstruction,  particularly in the 
right coronary artery, was frequently  recognized.

Early recognition and treatment for acute MI are critical. 
Recurrence of MI is observed in ~20% of the patients who 



CHAPTER 63 Kawasaki Disease

923

Table 63.2 Cardiovascular spectrum: chronological changes ( Kurume University: 1973–2007).

Lesion 1973–1990 1991–2007 Total

Aspirin era
n = 1355  

g-Globulin + aspirin era
n = 1095  

n = 2450

Coronary artery

Transient dilatation 234/778 (30.1%)a 65/1095 (5.9%) 299/1873 (15.9%)

Coronary aneurysm 253/1355 (18.7%)a 91/1095 (8.3%) 344/2450 (14.0%)

Systemic artery aneurysm 20/1355 (1.5%)a 2/1095 (0.1%) 22/2450 (0.9%)

Valvar heart disease

Mitral regurgitation 16/1355 (1.1%) 13/1095 (1.2%) 29/2450 (1.2%)

Aortic regurgitation 2/1355 (0.2%) 4/1095 (0.3%) 6/2450 (0.2%)

Pericarditis (pericardial effusion) 188/1019 (18.4%)a 63/1095 (5.7%) 251/2114 (11.8%)

Myocarditis 425/1355 (31.4%)a 193/1095 (17.6%) 618/2450 (25.2%)

Myocardial infarction 21/1355 (1.5%) 15/1095 (1.3%) 36/2450 (1.5%)

Fatalities  8/1355 (0.6%)  4/1095 (0.3%)  12/2450 (0.4%)

a p < 0.005.

have had a previous MI. Because the mortality of recurrent 
MI is high, careful management is needed for such patients. 
Patients with complications after MI, such as ventricular 
aneurysm, papillary muscle dysfunction, heart failure, severe 
arrhythmias, and post-infarction angina, are managed by 
medical and/or surgical approaches.

Systemic artery involvement
Coronary artery involvement is the most important lesion in 
KD, but aneurysms in other arteries were observed in 0.9% 
of patients [42].Our angiographic study of 22 patients with 
systemic artery aneurysms demonstrated aneurysms in 
 axillary arteries (18), common iliac arteries (16), internal 
iliac arteries (12), renal artery (6), mesenteric arteries (2), 
and internal thoracic arteries (2). One patient had large 
 common iliac artery aneurysms associated with dilatation of 
aorta. Although the prognosis of systemic artery aneurysms 
is generally favorable, renovascular hypertension may 
develop in a patient having a renal artery lesion, and 
intrathoracic arterial lesions may cause difficulty during 
 coronary bypass surgery. There are some reports of digital 
gangrenous changes [47].

Valvar heart disease, myocarditis, and pericarditis
Valvar heart disease appears in ~1% of the patients, mostly 
mitral valve and rarely aortic. We demonstrated acute mitral 
regurgitation in 29/2450 patients (1.2%), half of which 
eventually disappeared after a few months to several years. 
The etiology of this condition may be valvitis or papillary 
muscle dysfunction caused by ischemia [48]. We had six 

patients with aortic regurgitation (0.2%). Aortic regurgita-
tion appeared after the acute or subacute stage of illness and 
progressed to severe regurgitation in several years in some 
patients [49]. Pericarditis or pericardial effusion appeared in 
11.8% of the patients in the acute phase, was mostly 
 subclinical, and disappeared within 1–2 weeks. Massive 
 pericardial effusion or cardiac tamponade was rare. There 
have been no reports on progression of acute to chronic or 
constrictive pericarditis. Relatively mild myocarditis was 
observed in 25.2% of patients in the acute phase, especially 
in the first and second weeks of illness, regardless of  coronary 
aneurysms. Gallop rhythm, distant heart sound, ST-T 
 segment changes, and decreased voltage of R waves on ECG 
may suggest myocarditis. In many instances, cardiac enzyme 
levels such as creatine kinase did not change significantly. 
Cardiomegaly or decreased ejection fraction of the left 
 ventricle caused by myocarditis was noted in some patients. 
It generally resolved, seldom developing into a chronic 
 dysfunction or cardiomyopathy.

Echocardiography
The evaluation of the coronary artery lesions in KD in the acute 
stage of illness is important, even essential, and is  usually done 
by two-dimensional echocardiography (2DE) for all patients 
and coronary angiography (CAG) for selected patients.

Serial 2DE studies are the most important and essential 
method to evaluate coronary aneurysms. The approach for 
2DE in KD is well described in the Japan Kawasaki Disease 
Research Committee Report on Standardization of Diagnostic 
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Criteria and Reporting of Coronary Artery Lesions [50] and 
the Committee Report of the American Heart Association 
[51]. Coronary aneurysms are classified as small 
(<4 mm internal diameter in children <5 years old or >4 mm 
in  children ≥5 years old), medium (5–8 mm) and giant or 
large (>8 mm) by the Japanese Research Committee. 
Recently, some reports have suggested that these criteria 
may  underestimate the true incidence of coronary artery 
 dilatation [52–54]. Mild dilatation or ectasia may be under-
estimated by these criteria, so the body surface area-adjusted 
coronary dimensions (Z-score) may evaluate the minimal 
changes of the coronary artery diameter more accurately 
[55]. If the serial 2DE studies reveal abnormal findings in a 
patient,  coronary angiography may be indicated [56].

The evaluation of coronary artery morphology is 
 particularly important in KD. The precordial short-axis 
 segment is the standard approach for evaluating the left 
main coronary artery, the left anterior descending artery, 
and the right main coronary artery. The posterior descend-
ing artery can be evaluated by the apical four-chamber view. 
The middle segment of the right coronary artery is seen in 
the apical four-chamber view. From echocardiographic 
 studies, it is evident that coronary artery dilatation appears 
at around 10 days of illness, and ~40% of patients reveal 
transient  coronary artery dilatation in this period. However, 
two-thirds of these demonstrate transient dilatation and 
 regression within 3–5 weeks from the onset of illness. This 
means that Kawasaki vasculitis may demonstrate various 
degrees of  coronary artery dilatation from mild transient 
dilatation, small- or moderate-sized aneurysms, or giant 
aneurysms in more than half of the patients in the acute 
phase [57]. Aneurysms are classified as saccular if the axial 
and lateral diameters are nearly equal or as fusiform if 
 symmetric  dilatation with gradual proximal and distal 
 tapering is seen. If the coronary artery diameter looks larger 
than normal without segmental dilatation, the coronary 
artery is  considered ectatic. False-negative diagnoses were 
mainly due to isolated small peripheral coronary artery 
aneurysms, which appeared rarely. Follow-up echocardiog-
raphy is essential to evaluate such findings to assess whether 
the ectatic changes are  pathologic or normal. We routinely 
 perform 2D echocardiography at the time of diagnosis, at 
around 8–10 days of  illness when coronary dilatation 
may appear, at 2 weeks, and at 8 weeks after the onset of 
the  disease.

Acute coronary thrombosis is also diagnosed by serial 2DE 
at the cardiac clinic. At that time, thrombolytic treatment by 
urokinase or t-PA is indicated [58]. Evaluating stenotic 
lesions of the coronary artery by 2DE is sometimes difficult, 
although by using a high-frequency transducer and careful 
examination it may be possible. The features of abnormal 
examinations are the loss of the uniformity of the lumen of 
arteries, irregularity of the arterial wall, and a dense echo in 
the coronary arterial wall.

Coronary angiography and heart catheterization
Selective coronary artery angiography (CAG) is the most 
accurate method for defining the severity of coronary  arterial 
abnormalities in KD. We have used specially designed  catheters 
(three types) for selective coronary angiography for infants, 
toddlers, and school children, with which coronary angiogra-
phy can be performed safely and successfully [56]. The 
 indications for CAG include abnormal 2DE findings,  symptoms 
or signs of ischemia, audible valve regurgitation during 
 auscultation, evidence of cardiac dysfunction, and the use of 
intracoronary thrombolytic treatment. If patients have severe 
coronary lesions, other systemic vascular involvement, such 
as the axillary, iliac, renal, or intrathoracic artery aneurysms, 
should be evaluated. Because the regression of coronary 
artery aneurysms and progression to stenotic lesions mostly 
occurred within 2 years from the onset of illness, repeat 
 follow-up CAG is essential, especially in patients having 
 coronary aneurysms [42]. The definition of regression of 
 coronary aneurysms is that the follow-up CAG demonstrates 
completely normal findings with disappearance of aneurysms 
and even no irregular arterial wall in the whole coronary 
artery system. Regression can be diagnosed by CAG, but 2DE 
may miss some mild abnormal findings that subsequently 
progress to coronary artery disease. CAG is most important 
and essential for evaluating stenotic or obstructive lesions of 
the coronary artery or assessment of the collateral circulation 
(Figure 63.1).

The clinical feasibility of intravascular ultrasound imaging 
for coronary arteries has been reported in patients who had 
suffered from KD to assess the long-term pathology in vivo 
[59]. At the site of regressed aneurysms, there is marked 
thickening of the intima, as mentioned previously. The 
 portion of the coronary artery with normal angiographic 
findings showed normal ultrasound findings except in the 
region near the regressed aneurysm, which showed mild 
intimal thickening. Positive remodeling (or compensatory 
remodeling) may contribute to maintaining the normal 
lumen although with mild intimal thickening [60].

Other noninvasive techniques
Magnetic resonance imaging (MRI) may evaluate aneurysms 
in the proximal coronary artery and the coronary flow  profile 
[61–63]. MDCT (multi-detector-row computed tomography) 
is also available to evaluate coronary aneurysms, the wall 
morphology, and the tissue characterization of the coronary 
artery [64], but needs breath holding for several seconds; it 
may be useful for older children or adults.

Evaluating myocardial ischemia
Because the morbidity and mortality of this disease mostly 
depend on the extent of associated coronary artery disease, it 
is particularly important to assess accurately any myocardial 
ischemia during the follow-up. However, the available meth-
ods have some limitations for young children. 2DE can detect 
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coronary aneurysms, but evaluating stenosis is not  satisfactory. 
Similarly, the sensitivity of electrocardiography for detecting 
myocardial ischemia is inadequate. Coronary  angiography is 
an accurate method to assess coronary artery involvement, 
but repeated evaluation is often difficult because of the 
 invasive technique. Although an exercise stress test can detect 
myocardial ischemia and being noninvasive is easy to repeat, 
its sensitivity is not sufficient even in patients with sig-
nificant coronary stenosis, and it is difficult to perform in 
young  children. Myocardial single-photon emission com-
puted  tomography (SPECT) using pharmacologic stress (i.e., 
 dipyridamole infusion) is considered the most accurate 
 diagnostic method for identifying myocardial ischemia, 
 especially in children in whom an exercise test cannot be 
 performed [65]. Because pharmacologic stress SPECT  provides 
quantitative analysis, the changes in severity of myocardial 
ischemia are detectable when serial studies are performed. 
Kamiya reported the sensitivity of detecting myocardial 
ischemia using various methods in patients having significant 
coronary stenosis (>75%) [66]. The most sensitive method 
was dipyridamole stress SPECT (85% sensitivity), whereas 
the sensitivity of a treadmill exercise test was <50%. Recently, 
many types of stress tests have been reported in children with 
KD, including nuclear perfusion scans with exercise [67], 
exercise echocardiography [68], stress echocardiography 

using dobutamine [69], and contrast echocardiography with 
dipyridamole stress [70].

Long-term cardiovascular sequelae 
and natural history

Long-term consequences of coronary aneurysms 
and follow-up
The natural history or fate of coronary aneurysms is an 
important issue in KD [83]. We followed 594 consecutive 
patients with acute KD between 1973 and 1983 for 10–21 
years [42]. In all patients, we evaluated the coronary lesions 
by coronary angiography just after the acute stage. A total of 
146 patients (24.6%) were diagnosed as having coronary 
aneurysms. A second angiography, performed 1–2 years 
later in all 146 patients who previously had coronary 
 aneurysms, demonstrated that 72(49.3%) had regression of 
the coronary aneurysms, suggesting that coronary aneurysm 
in KD shows a strong tendency for regression. None of the 
patients with regression of coronary aneurysms had cardiac 
symptoms in the long-term follow-up periods, and results of 
their ECGs, exercise stress test, thallium myocardial 
 scintigraphy, and left ventricular function were all within 
normal limits. In contrast, by 10–21 years after the onset of 

Figure 63.1 Serial echocardiography and 

coronary angiography of giant coronary 

aneurysm and thrombus formation. 

(a, b) Two-dimensional echocardiography and 

coronary angiography at 1 month of illness 

demonstrated giant aneurysms in the left main 

trunk, the left anterior descending artery (LAD), 

and the circumflex artery (LCX). Ao, aorta; PA, 

pulmonary artery. (c, d) Ten months later, 

two-dimensional echocardiography 

demonstrated massive, dense abnormal echo in 

the left main trunk (arrows), which suggested 

massive thrombotic formation (T) in the 

coronary aneurysm. At that time, coronary 

angiography showed the decreased size and a 

severe obstruction of the coronary aneurysm. 

(Reproduced with kind permission from 

Springer Science+Business Media:Cardiovascular 

Medicine , Echocardiography of patient with 

myocardial infarction by thrombosis, 3rd ed, 

2007, p 979–994, Willerson JT, Cohm JN, 

Wellens JJ, Holmes DR, Figure 41.3.)
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the illness, stenosis in the coronary aneurysms had  developed 
in 28 patients. Myocardial infarction occurred in 11 patients, 
with five deaths. From this study, we estimated that about 
4% of patients with KD may develop ischemic heart 
 disease.

When does this complication occur? We studied the 
time and incidence of regression or progression to obstruc-
tive lesions from the onset of KD using the Kaplan–Meier 
life table method. Regression of coronary aneurysms mostly 
occurred within 2 years from the onset of illness, whereas 
the obstructive lesions developed at 2 years and gradually 
increased over several years.

We investigated various factors that could affect the 
 prognosis of coronary aneurysms [71]. The risk factors for 
coronary aneurysms developing into ischemic heart disease 
are aneurysmal diameter >8 mm, shape of large diffuse or sac-
cular type, prolonged fever for >21 days, and age at onset >2 
years. In the 26 patients with giant coronary aneurysms, 
stenotic lesions developed in 12, and no regression occurred 
in our follow-up study. Hence giant coronary aneurysms 
have a critical problem because they have a strong potential 
to develop ischemic heart disease. The incidence of giant 
coronary aneurysms was 17.8% in the patients with  coronary 
aneurysms and 4.4% among all KD patients in our series 
(Figure 63.2).

The pathologic mechanism of regression of aneurysms is 
marked proliferation of intima with rich smooth muscle 
cells and well-regenerated endothelium without massive 
 thrombus formation [72]. Hemodynamic forces may 

 regulate such  arteries to maintain adequate lumina. It is 
uncertain whether intimal thickening eventually develops 
into obstructive lesions. However, from our 10–21 years’ 
follow-up study, none of the patients who had regressed 
aneurysms developed ischemic heart disease. However, 
the regressed coronary aneurysms have intimal thickening 
and impaired endothelial function, so they should be care-
fully followed during adulthood to  determine if they 
develop secondary atherosclerotic changes (Figure 63.3).

Kawasaki vasculitis may be an atherosclerotic 
risk factor
Pathology of the coronary artery in KD several years after 
onset demonstrates marked intimal proliferation and, in 
some patients, calcification, deposits of protein-like material 
and hyalinized degeneration in the thickened intima. An 
intravascular ultrasound study of the coronary artery after 
KD demonstrated marked thickening of the intima and 
 calcification in the coronary aneurysms [59]. These findings 
are similar to arteriosclerotic lesions. Suzuki et al. reported 
the active expression of various growth factors in the 
 coronary artery in the late phase of KD, suggesting that 
active vascular remodeling continues even several years 
after onset [73,74].

Concerning vascular function after KD, we studied the 
distensibility of the coronary arterial wall by intracoronary 
infusion of isosorbide dinitrate [75] and endothelial function 
by intracoronary infusion of acetylcholine [76,77]. Both 
 vascular distensibility and endothelial function long after KD 

Figure 63.2 Regression of coronary 

aneurysms. (a) Eight-month-old boy with four 

coronary aneurysms in both right and left 

coronary arteries. (b) Two years later. 

Follow-up coronary angiography demonstrated 

regression of aneurysms, which included the 

disappearance of aneurysms and no irregular 

arterial wall in the entire coronary artery 

system.
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were impaired in the patients with coronary artery 
 aneurysms, stenosis, and regressed aneurysms. Dhillon et al. 
[78] and Mitani et al. [79] also reported that endothelial 
 dysfunction was observed even in the normal artery in KD. 
Pathology of the coronary artery in adults after KD demon-
strated premature atherosclerotic changes [80]. Mitani et al. 
suggested that the high-sensitivity C-reactive protein was 
elevated in the late coronary sequelae in KD, and found 
dense calcium and necrotic core areas in the coronary  arterial 
wall by a virtual histology-intravascular ultrasound study, 
which suggests the potential role of atherogenesis in the 
 coronary artery in the long term after KD [81,82].

Adult coronary artery disease due to childhood 
kawasaki disease
It is now more than 40 years since the first description of KD 
as a new clinical entity, and many of the early KD children 
are now adults [83]. We surveyed major cardiovascular 
 centers in Japan for such adults to investigate any coronary 
sequelae that might be due to their earlier KD, and reported 
21 such patients and their cardiac conditions [84]. Most of 
these 21 patients were diagnosed as having fever of unknown 
origin, sepsis, or pneumonia, because they suffered from 
suspected KD before its first description in 1968. Most of the 
patients had ischemic symptoms, such as acute or old MI or 
angina pectoris, two or three decades after the onset of 
 suspected KD. Some of the patients had mitral regurgitation 
or arrhythmias. Almost all had multiple coronary aneurysms 
with obstruction or stenosis and with severe calcification of 
the arteries. Coronary aneurysms of unknown etiology were 
also reported in 109 patients who had no suspected history 

of KD. These patients were mostly free from ischemic 
 symptoms but had abnormal Q waves on ECG or calcifica-
tion of the coronary artery on chest X-ray. We suspect that 
some of these patients might have had childhood KD.

Our study suggested that some patients with coronary 
artery sequelae of KD have already developed young adult 
ischemic heart disease. A past history of KD in infancy or 
childhood is important, but this is sometimes unrecognized 
or was diagnosed as another disease. Abnormal Q waves or 
mitral regurgitation of unknown origin in younger adults is 
also important. Coronary angiographic findings are essential 
for diagnosis; there are multiple aneurysms frequently 
 associated with calcification. Familial hypercholesteremia or 
collagen vascular disease should be excluded. After our 
 publication [84], many reports of adult coronary artery 
 disease probably due to childhood KD appeared and were 
reviewed by Burns and co-workers [85,86].

The issues concerning KD in adults include (1) the patients 
with coronary artery disease or valvar heart disease not diag-
nosed as having KD during childhood, (2) adults  diagnosed 
as having KD during childhood without  evaluating the coro-
nary lesions during KD, (3) adults having persistent coro-
nary artery lesions, and (4) adults who develop  premature 
atherosclerosis after KD with various coronary risk factors. 
Those patients should be evaluated and followed by adult 
cardiologists. The coronary artery sequelae of KD may be an 
important cause of ischemic heart disease in young adults, 
particularly those under 40 years of age. Adult cardiologists 
should recognize this condition and include the sequelae of 
KD in the differential diagnosis of early-onset coronary 
artery disease in adults.

gangrene of fingers
(rare)

renovascular hypertension
(rare)

systemic artery aneurysm 1%
(axillary, iliac, renal etc. arteries)
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Figure 63.3 Cardiovascular spectrum and 

natural history.
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Treatment and management

Treatment in acute phase
After it became apparent that KD is not a benign self-limited 
disease, but can be fatal and result in significant long-term 
sequelae, especially coronary aneurysms, the target of the 
treatment of KD is to control inflammation as quickly as 
 possible, especially within 10 days of illness, to prevent the 
development of coronary aneurysms.

Initial treatment
In 1979, Kato et al. [87] first compared the effectiveness of 
five different types of treatment protocols, (1) 30 mg kg−1 of 
aspirin, (2) aspirin and 2–3 mg kg−1 of prednisolone, (3) 
prednisolone alone, (4) prednisolone plus warfarin, and (5) 
antibiotics in the acute phase of KD, and found that aspirin 
was the most effective treatment (32/36, 89%) and steroid 
therapy was the least effective, with patients treated with 
prednisolone alone showing an incidence of coronary artery 
aneurysm of 65% (11/17). Based on this observation, oral 
aspirin has been one of the standard treatments in the acute 
phase of KD. In combination with intravenous γ-globulin 
infusion (IVGG), in Japan 30 mg kg−1 of aspirin in three doses 
is given and in the United States 80–100 mg kg−1 of aspirin in 
four doses is given during the febrile period. After being 
 afebrile for 48–72 h, the dose of aspirin is reduced to 3–5 mg 
kg−1 and the aspirin is continued for 6–8 weeks after the 
onset of illness. Aspirin is thought to exert anti- inflammatory 
effects in high doses and anti-platelet effects in low doses. In 
patients with coronary aneurysms, aspirin should be 
 continued indefinitely unless the patients show regression of 
coronary aneurysms.

Subsequently, Furusho et al. [88,89] reported that high-
dose IVGG as a treatment for acute KD dramatically decreased 
the incidence of coronary aneurysms from 42 to 15%. 
Initially IVGG was given as 200 or 400 mg kg−1 for 4–5 
 consecutive days. However, several multi-institutional 
 randomized controlled trials conducted in Japan [90–92] 
and the United States [93] revealed that the most effective 
regimen of this treatment includes a total of 1 or 2 g kg−1 of 
IVGG over 12–24 h together with medium- to high-dose 
aspirin. Interestingly, meta-analyses of these studies 
 demonstrated a dose–response effect of IVGG [94,95], with 
higher doses given in a single infusion having a greater effect. 
The precise mechanisms by which IVGG produce such a 
striking anti-inflammatory effect and a marked reduction in 
the development of coronary abnormalities is still not clear.

Because most coronary artery dilation starts to occur at 
around 10 days of illness, initial treatment should be started 
within 7 days of illness to control inflammation and prevent 
the progression to coronary aneurysm.

Although current standard treatment using high-dose 
IVGG and oral aspirin is fairly effective, with an 80–90% 

 success rate, some patients are still resistant to initial 
 treatment. To improve the effectiveness of initial treatment, 
additional steroid either as an intravenous prednisolone infu-
sion or methylprednisolone pulse therapy was  examined. 
Inoue et al. [96] reported the effectiveness of 2 mg kg−1 of 
intravenous prednisolone infusion in addition to 1 mg kg−1 of 
IVGG over 2 days plus aspirin, with tapering of oral 
 prednisolone over 15 days. In their randomized controlled 
study, this regimen showed significantly fewer coronary artery 
aneurysms than with control treatment, 1 g kg−1 of IVGG over 
2 days plus  aspirin (2.2 versus 11.4%). However, drawbacks 
of this  protocol included universal use of steroid and a rather 
long treatment period. Another trial with a dose of 30 mg kg−1 
intravenous methylprednisolone infusion in addition to 
2 g kg−1 of IVGG plus high-dose aspirin conducted in North 
America showed only a minimal beneficial effect [97].

Additional treatment
In patients resistant to initial treatment, many different types 
of treatment [98] are offered, such as another dose of IVGG 
alone or with addition of urinastatin, erastase inhibitor, 
 steroid pulse therapy of 30 mg kg−1 of intravenous 
 methylprednisolone infusion, inhibitor of TNFα [99–101], 
cyclosporine A [102], methotrexate [103], and plasma 
exchange [104].

Although failing as the initial treatment, pulse steroid 
therapy using methylprednisolone was revisited as the 
 second or third treatment to reduce the cost of treatment in 
place of another dose of IVGG. As the second treatment, 
Furukawa et al. [105] reported comparable effectiveness (77 
versus 63%) of pulse steroid therapy with the same  incidence 
of coronary aneurysms (11 versus 11%) to the second dose 
of IVGG, although they were concerned about a tendency 
for fever to recur later in patients resistant to pulse steroid 
therapy, which could potentially delay the therapeutic 
 decision-making process. As the third treatment, Hashino 
et al. [106] reported comparable effectiveness of pulse ster-
oid therapy to the third dose of IVGG with shorter duration 
of fever. However, transient coronary dilation during pulse 
steroid therapy was observed, hence careful echocardio-
graphic monitoring of the coronary artery is mandatory in 
this treatment. In addition, several adverse effects, such as 
hypertension, bradycardia, and hypothermia during this 
treatment, have to be checked [105,107].

To eradicate all the active cytokines, plasma exchange can 
be a definitive treatment in these diseases with cytokine 
storms. Indeed, plasma exchange is reported to be  significantly 
effective treatment for patients resistant to IVGG [104]. 
However, the choice of the treatment depends on  institutional 
accessibility and experience with this treatment.

Because serum levels of TNFα, a pro-inflammatory 
cytokine, increase markedly in patients with acute KD, with 
the highest levels observed in patients who developed 
 coronary artery aneurysms [108,109], blockade of TNFα 
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might be effective in controlling inflammation. Recently, 
infliximab, a chimeric murine/human IgG1 monoclonal 
antibody that binds specifically to human TNFα, was given 
to patients with KD resistant to IVGG [100–102]. In the 
initial descriptive study, 13 of 16 patients who were resistant 
to initial IVGG responded to this drug, and a randomized 
controlled study is under way [102].

High-risk patients
Because we know that 15–20% of patients do not respond to 
the initial IVGG, it is reasonable to offer strengthened 
treatment for selected high-risk patients. Several risk scoring 
systems [43,44,110] have been developed in addition to 
Harada’s scoring system [45]. Egami et al. reported a scoring 
system assigning 1 point for (1) infants less than 6 months 
old, (2) treatment ≤4 days of illness, (3) platelet count 
≤30 × 104 μl–1, and (4) CRP ≥ 80 mg l–1, and 2 points for (5) 
ALT ≥80 IU l–1. A cut-off point of ≥3 with this prediction score 
identified patients with KD resistant to the initial IVGG with 
78% sensitivity and 76% specificity [43]. Kobayashi et al. 
also reported a scoring system assigning 1 point for (1) age 
≤12 months and (2) platelet count ≤30 × 104 μl–1, and 2 points 
for (3) sodium ≤133 mmol l–1, (4) treatment ≤4 days of illness, 
(5) AST ≥100 IU l–1, (6) % neutrophils ≥80%, and (7) CRP 
≥100 mg l–1. A cut-off point of ≥4 with this prediction score 
identified patients with KD resistant to the initial IVGG with 
86% sensitivity and 67% specificity [44]. In addition, Sano 
et al. reported a simplified scoring system, in which patients 
with two of the three predictors (1) CRP ≥70 mg l–1, (2) total 
bilirubin ≥0.9 mg dl–1, and (3) AST ≥200 IU l–1 could be 
resistant to the initial IVGG with 77% sensitivity and 86% 
specificity [110]. Although each of these risk-scoring systems 
may work well in selected institutions, multiple scoring or 
determination of percentage neutrophils can be cumbersome 
and the value of AST can be falsely elevated because of 
hemolysis frequently seen in small infants.

Based on these scoring systems to identify patients who 
would be resistant to the initial IVGG and carry a higher risk 
of coronary aneurysms, a combination of IVGG and pulse 
steroid therapy was offered to the selected patients as the 
initial treatment [111,112], although these studies could not 
prove effectiveness because of their retrospective nature 
[111] or small sample size [112]. Based on another scoring 
system [43], a randomized controlled trial of combination 
therapy consisting of 2 mg kg–1 of intravenous prednisolone 
infusion, 2 g kg–1 of IVGG, and 30 mg kg–1 of aspirin in the 
acute phase with tapering of oral steroid is under way.

Treatment for patients with coronary aneurysms
In patients with coronary artery aneurysms, especially giant 
coronary aneurysms, anti-thrombotic treatment to prevent 
MI using continuous infusion of heparin should be 
 considered in addition to aspirin, once the physician has 
recognized the development of coronary aneurysms. Care 

must be taken to prevent insufficient anti-thrombosis 
because generally infants require a larger dose of heparin 
than do adults, namely 20–25 IU kg−1 h−1, to achieve the 
target level of anti-thrombotic effect, 60–85 s in activated 
pro-thrombin time. This anti-thrombotic treatment should 
be replaced by oral warfarin treatment and continued until 
the size of aneurysm decreases to medium or small without 
any sign of stenosis.

Even with the anti-thrombotic therapy, some patients 
may suffer from MI. In MI or impending MI in which 
 thrombus is seen in coronary artery aneurysms, intracoro-
nary thrombolysis using infusion of urokinase [58] or tissue 
plasminogen inhibitor [113] with or without coronary 
 catheter intervention has been applied successfully.

Interestingly, a study suggested that abciximab, a platelet 
glycoprotein IIb/IIIa receptor inhibitor, may enhance 
 regression of coronary artery aneurysms [114].

Management in late phase (Tables 63.3 and 63.4)

Long-term medical treatment for coronary 
aneurysms

Anti-thrombosis
In patients with small- to medium-sized coronary artery 
aneurysm, 3–5 mg kg−1 of aspirin is given until regression of 
coronary artery aneurysm is confirmed. In patients with a 
giant coronary artery aneurysm, complete regression of the 
aneurysm cannot be expected, but rather development of 
thrombotic occlusion or stenosis adjacent to the aneurysm 
must be anticipated. Historically, warfarin plus aspirin was 
used to prevent acute MI with a high success rate. Sugahara 
et al. [115–117] reported a significantly lower incidence of MI 
in patients treated with warfarin plus aspirin compared with 
aspirin alone (5.2 versus 32.7%), with an MI-free rate of 
95% at a mean follow-up of 7.7 years. The target strength of 
anti-thrombotic treatment using warfarin is set at 1.6–2.5 
times the international normalized ratio of prothrombin time 
according to the revised guidelines of the Japanese Circulation 
Society. Warfarin is given even to infants with a giant coro-
nary aneurysm despite the potential risk of  developing 
 bleeding complications, because there is a greater risk of 
thrombotic occlusion early after onset. In a multi-institu-
tional study that enrolled 83 patients with giant  coronary 
aneurysm treated with warfarin plus aspirin, Suda et al. [116] 
reported a 91% cardiac event-free rate at 10 years and an 
acceptably low hemorrhagic complication rate of 2.2% per 
patient-year.

Although other anti-platelet medications such as 
 dipyridamole, flurbiprofen, and ticlopidine have been given 
in  isolated regimens or in combination with aspirin or 
 warfarin, there are few data concerning the effectiveness of 
these drugs. A recently approved anti-thrombotic agent, 
dabigatran etexilate (Pradaxa), that is safer and easier to 
control than warfarin may become available for children.
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Revascularization therapy
Because increasing numbers of patients develop coronary 
stenosis adjacent to coronary aneurysms, catheter and 
 surgical interventions to alleviate myocardial ischemia must 
be offered in a timely fashion [118,119]. There are three 
 indications: patients presenting with clinical ischemic 
 symptoms, patients presenting without clinical ischemic 
symptoms but having ischemic findings detected by several 
stress tests, and patients having no ischemic findings detected 
by any stress tests but with ≥75% of stenosis in the left 
 anterior descending artery that can cause sudden cardiac 
death by its obstruction [118,119]. The selection of catheter 
or surgical intervention is determined by the same  indications 

as in adult coronary artery disease, where catheter 
 intervention is not indicated in multiple coronary lesions, 
long segmental lesion, and coronary ostial lesions.

Based on the above indications, almost all types of  catheter 
interventions for coronary artery disease have been offered in 
KD, such as balloon angioplasty [120,121], stent  implantation 
[122,123], and rotational ablation [124–126]. Within 6 years 
after the onset of KD when coronary artery calcification is 
usually mild, coronary angioplasty is  indicated. Special care 
must be taken to keep low inflation pressures of <8–10 atm to 
avoid the risk of new aneurysm formation [119].

Late after the onset of KD, catheter interventions must be 
chosen based on the degree of calcification and intimal 
growth, and intravascular ultrasound plays a pivotal role in 
evaluating vascular wall pathology [59]. With heavy 
 circumferential calcification of the coronary wall, coronary 
rotational ablation, with as large a burr size as possible, is the 
choice of intervention to ensure long-term patency 
[125,126]. In addition to bare stents, covered [127] or 
 drug-eluting stents [128] have been implanted in patients 
with KD, but the application of this procedure is limited 
because of the relatively larger equipment size and a risk of 
new  coronary aneurysm formation and re-stenosis.

In patients who were unsuitable for catheter  interventions, 
coronary artery bypass graft surgery has been offered with 
great success [129–131]. As a conduit vessel for bypass, an 
internal mammary artery is preferred to a saphenous vein 
graft because of its excellent patency and growth potential 
[132]. Age <12 years was once the limiting factor of patency 
of grafts, but this limitation has been overcome with  technical 
innovation in addition to appropriate indications and timely 
catheter intervention [133–135].

Because re-stenosis at the site of catheter intervention or 
stenosis of anastomosis of the bypass graft has been reported, 
meticulous follow-up is mandatory [135]. In addition, 
although both catheter and surgical interventions are 
offered to relatively young patients with ischemic heart dis-
ease,  sometimes it is still challenging and even risky for a 
small infant to undergo these interventions. Further devel-
opment of equipment and techniques for these procedures 
is awaited.

In addition to catheter and surgical interventions, medical 
treatment to facilitate revascularization or neo- vascularization 
has been explored. Tateno et al. [136] reported the effective-
ness of heparin–exercise therapy composed of  twice-daily 
exercise with a bicycle ergometer plus heparin infusion in 
patients with totally occluded coronary arteries and 
 stress-induced myocardial ischemia. After 10 days of this 
 treatment, patients showed significant alleviation of 
 myocardial ischemia as evaluated by dypyridamole-loading 
single photon emission computed tomography. Suda et al. 
[137] also reported the effectiveness of intermittent heparin 
infusion to alleviate myocardial ischemia in a small infant 
with multiple occluded coronary arteries.

Table 63.3 Indications of treatment by classification of severity of 

coronary artery lesions.

Treatmenta  Severity levelb  Evidence levelc

Anti-thrombotic drugs 

(aspirin, dipyridamole, 

ticropidine)

IV, V

III

I, II

 Class I

Class II

Class III

Anticoagulant drugs 

(warfarin)

IV, V

III

I, II

Class I

Class II

Class III

Coronary vasodilators 

(Ca channel blockers, 

β-blockers, nitrates, etc.)

V

IV

I, II, III

Class I

Class II

Class III

Drug for heart failure 

(ACE inhibitors, 

angiotensin II receptor 

blockers, β-blockers)

V

IV

I, II, III

Class I

Class II

Class III

PCI V (b)

V (a)

I, II, III, IV

Class I

Class II

Class III

CABG

 

 V (b)

V (a)

I, II, III, IV

 

Class I

Class II

Class III

a ACE, angiotensin-converting enzyme; PCI, percutaneous coronary 

intervention; CABG, coronary artery bypass grafting.
b See Table 63.4.
c Evidence level:

Class I  Conditions for which there is general agreement that the 

treatment is useful and effective.

Class II  Conditions for which there is a divergence of opinion 

regarding the usefulness/efficacy of a treatment.

Class III  Conditions for which there is general agreement that the 

treatment is not useful/effective and may in some cases be 

harmful.

From Guidelines for Diagnosis and Management of Cardiovascular 

Sequelae in Kawasaki Disease, Japanese Circulation Society, Kyoto, 

2008; http://www.j-circ.or.jp/english/activities/guidelines.html.
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Anti-atherosclerosis
In addition to impaired vascular distensibility and 
 endothelial function, dyslipidemia was reported in a cluster 
of patients with coronary artery aneurysms long after KD 
[138]. In fact, accelerated atherosclerosis expressed by 
thickened intima–media complex of the carotid artery and 
also increased stiffness was observed in patients with 
 coronary artery aneurysms caused by KD [139,140]. 
Therefore, anti-atherosclerosis using statin or angiotensin 
receptor antagonists may be applied, as in adult patients 
with atherosclerosis. There is only one short-term study 
that showed the effectiveness of oral atorvastatin in patients 
with coronary aneurysms caused by KD as judged by 
improved endothelial function and decreased serum level 
of CRP in addition to a decrease in total and LDL-cholesterol 
[141]. Strategies to stop, delay, or even reverse early 
atherosclerosis seen in patients with a history of KD must 
be explored.

Prognosis
Since it is more than 40 years after the first description of 
this disease, the long-term prognosis of patients with a 
 history of KD has been available for over 20 years. Based on 
a cohort of 6576 patients, Nakamura et al. [142] reported 
that the mortality rate among males with cardiac sequelae 
because of KD was significantly higher than in the general 
population, with a standardized mortality ratio of 2.55 (95% 
confidence interval 1.23–4.70). On the other hand, the 
 mortality of females with cardiac sequelae and of both males 
and females without cardiac sequelae was not significantly 
elevated.

In terms of patients with giant coronary aneurysms who 
might have the worst prognosis, we have followed a cohort of 
76 patients with giant coronary aneurysms caused by KD since 
1972 [143]. The survival rate of these patients was acceptably 
high, being 88% at 30 years after onset. On the other hand, 
the cumulative cardiac intervention rate was also high, being 
59% at 25 years, reflecting ongoing development of  coronary 
stenosis that required appropriate cardiac interventions.
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Introduction

Hypertension may occur in any phase of childhood, from 
the newborn period through adolescence. There is a normal 
upward trend in blood pressure (BP) level throughout 
 childhood that corresponds to normal growth and develop-
ment. In children and adolescents, hypertension is defined 
as the BP level at the extreme of the normal distribution 
in healthy children. The diagnosis of hypertension requires 
BP measurements, systolic and/or diastolic, that are consist-
ently ≥95th percentile for age, sex, and height [1]. With this 
statistical definition, the prevalence of hypertension is 
 theoretically from 1 to 5%. More recent data, drawn from 
asymptomatic children and adolescents in primary care 
 clinics [2] and in school screenings [3], indicate that the 
prevalence of hypertension is ∼3.5%, with higher rates 
among obese adolescents. Therefore, hypertension is a very 
common chronic health issue in childhood. As measure-
ment of BP in children during routine health care visits has 
become common practice, and as a result of the rising rates 
of  childhood obesity, more children with hypertension 
are being identified. Because secondary causes of hyperten-
sion can be detected more frequently in hypertensive 
 children, relative to adults, the approach to evaluating 
hypertension in the young differs from that of adults. High 
BP in the young is evaluated to determine whether the 
 elevated BP is an early expression of primary hypertension 
or due to  secondary hypertension. As in adults, severe 
untreated hypertension in children can have a poor 
 outcome [4]. Children with  primary (essential) hyperten-
sion commonly have the same risk factors for cardiovascular 
disease as adults, and can benefit from interventions to 
 control the BP.

Definition of hypertension in childhood

Hypertension in adults is defined by the level of BP that 
 predicts a heightened risk for subsequent cardiovascular or 
renal events. The risk for cardiovascular events increases as 
systolic BP rises above 120 mmHg [5], but hypertension 
 continues to be defined as BP ≥140/90 mmHg, regardless of 
adult age or gender. In children, with the exception of 
extreme hypertension, long-term data which link a particu-
lar level of BP in childhood with subsequent cardiovascular 
events, such as stroke, heart failure, or kidney failure, are 
unavailable. In the absence of such data, hypertension is 
defined statistically. The combined results of several large 
epidemiologic studies that measured BP in healthy children 
[1,6] provide data from which the normal distribution of BP 
in children and adolescents in the United States has been 
established. An analysis of BP data from healthy children in 
Europe describes a very similar BP distribution pattern in 
childhood [7–9].

There is a consistent relationship of BP with body size in 
childhood. The BP level rises progressively with increasing 
age throughout childhood, and parallels the age-related 
increase in height. A gender difference in BP distribution 
emerges in adolescence and is concurrent with a gender 
 difference in height. The definition of hypertension in 
 children and adolescents is systolic and/or diastolic BP that, 
on repeated measurement, is ≥95th percentile for age, gen-
der, and height [1]. The severity of hypertension is now 
staged: Stage 1 is systolic or diastolic BP that is between the 
95th percentile and 5 mmHg above the 99th percentile, and 
Stage 2 is average systolic or diastolic BP that is >5 mmHg 
above the 99th percentile for age, gender, and height. In 
adults, a BP level between 120/80 and 139/89 mmHg is 
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 designated prehypertension. Prehypertension in children is 
defined as systolic or diastolic BP between the 90th and 
95th percentile for age, sex, and height. Because the BP level 
at the 90th percentile is >120/80 mmHg in some taller 
 adolescents, a BP level >120/80 mmHg but <95th percentile 
is considered prehypertension in adolescents. Normal BP is 
systolic and diastolic BP <90th percentile for age, sex, and 
height. Table 64.1 provides the level of BP for the 50th, 90th, 
95th, and 99th percentile for age and height percentile for 
boys, and Table 64.2 provides the same percentile levels for 
girls [1]. The 50th percentile for systolic and diastolic BP is 
provided to denote the midpoint of the BP distribution.

There are some limited data on normal levels of BP in 
newborns and very young infants [10–12]. In a large study 
on newborn infants that included a broad range of birth 
weights and gestational ages [12], at birth BP was directly 
related to both weight and gestational age. Daily BP meas-
urements in healthy newborns, regardless of weight or 
 gestational age at birth, demonstrate a rapid and consistent 
increase in BP during the first 5 days of life [11], reflecting 
the normal hemodynamic transition from intrauterine to 
extrauterine life. Subsequently, BP is directly related to body 
weight and age, in terms of gestation or post-conception age. 
The upper 95% confidence limit (CL) for a term infant 
(40 weeks post-conceptional age) is 90 mmHg for systolic 
blood pressure. Systolic BP levels >90 mmHg are considered 
 hypertensive in a term infant, and by 4–6 weeks of age 
(44–46 weeks post-conception age) a systolic BP >100 mmHg 
represents hypertension.

Measurement of blood pressure 
in the young

Measurement of BP in children and adolescents should be 
performed in a standard method. In an office or clinic  setting, 
the preferred method for BP measurement in children is 
auscultation with a cuff sphygmomanometer.

Correct BP measurement in children requires an appropri-
ately sized BP cuff for the size of the child’s upper arm [1]; 
the bladder width should be ∼40% of the arm circumference 
midway between the olecranon and the acromion. This size 
of cuff bladder will usually cover 80–100% of the arm 
 circumference. Most manufacturers of BP cuffs provide lines 
on the cuff that are useful in choosing the correct cuff size. 
The equipment necessary to measure BP in children 3 years 
of age through adolescence includes three pediatric cuffs of 
different sizes, and also a standard adult cuff, an oversized 
cuff, and a thigh cuff for leg BP measurements. The last two 
cuffs may be needed for obese adolescents.

Measurement of BP in children should be performed in a 
quiet and comfortable room after 3–5 min of rest. With the 
exception of acute illness, the BP should be measured with 
the child seated. The arm with the BP cuff should be 

 supported at heart level. The child’s feet should be on 
the floor while the BP is measured, rather than dangling 
from an examination table. Over-inflation of the cuff should 
be avoided because of discomfort, particularly in younger 
children. The BP should be measured and recorded at 
least twice.

Systolic BP is determined by the onset of the auscultated 
pulsation or first Korotkoff sound. The disappearance of 
Korotkoff sounds or fifth Korotkoff sound (K5) is the 
 definition of diastolic pressure in adults. In children, 
 particularly preadolescents, a difference of several milli-
meters of mercury is frequently present between the fourth 
Korotkoff sound, the muffling of Korotkoff sounds (K4), and 
K5 [13]. Normative BP data in children indicate that K5 can 
be used as the measure of diastolic BP in both children and 
adults [1].

The measured BP level in a child is interpreted by 
 determining if the BP level is within the normal level 
(<90th percentile) or elevated for age (≥90th percentile). 
Precise interpretation requires plotting the BP on the 
 pediatric BP tables according to the child’s height percentile, 
age, and gender. Table 64.1 provides the systolic and diastolic 
BP levels for the 50th, 90th, 95th, and 99th percentile 
according to age (rows) and height percentile (columns) in 
boys. Table 64.2 provides the BP levels at each percentiles for 
age and height in girls. These tables can also be accessed at 
www.nhlbi.nih.gov/guidelines/hypertension/child_tbl.htm.

The child’s height is measured and plotted on a standard 
growth curve. The height percentile is used in the tables, and 
the child’s BP is compared with the BP level for the 90th, 
95th, and 99th percentile at the child’s age, gender, and 
height percentile. This process is cumbersome in a busy 
 clinical setting. For practical purposes, BP measurements 
of 120/80 mmHg in adolescents and of 110/70 mmHg in 
 children are considered “high-risk” BP in the young, and 
require a closer look at the BP tables.

An elevated BP level in a child or adolescent must be 
 confirmed on repeated visits before confirming a diagnosis of 
hypertension or prehypertension. A more accurate charac-
terization of an individual’s BP level is an average of multiple 
BP measurements taken for weeks or months. A notable 
exception to this general guideline is if the child is sympto-
matic or has profoundly elevated BP. With their availability 
and convenience, automated devices for BP measurement 
are being used more frequently. Automated devices are 
acceptable for BP measurement in newborn and young 
infants in whom auscultation is difficult, and in intensive 
care units where frequent BP measurement is necessary. The 
reliability of these instruments in an ambulatory clinical 
 setting is less clear because they need frequent calibration 
and established reference standards are lacking. When an 
elevated BP measurement is obtained using an automated 
device, the BP measurement should be repeated by ausculta-
tion to verify the measurements.
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Table 64.1 Blood pressure (BP) levels for boys by age and height percentile.

Age (years)  BP percentile Systolic BP (mmHg) Diastolic BP (mmHg)

Percentile of height Percentile of height

    5th  10th 25th 50th 75th 90th 95th 5th  10th 25th 50th 75th 90th 95th

1 50th 80 81 83 85 87 88 89 34 35 36 37 38 39 39

90th 94 95 97 99 100 102 103 49 50 51 52 53 53 54

95th 98 99 101 103 104 106 106 54 54 55 56 57 58 58

99th 105 106 108 110 112 113 114 61 62 63 64 65 66 66

2 50th 84 85 87 88 90 92 92 39 40 41 42 43 44 44

90th 97 99 100 102 104 105 106 54 55 56 57 58 58 59

95th 101 102 104 106 108 109 110 59 59 60 61 62 63 63

99th 109 110 111 113 115 117 117 66 67 68 69 70 71 71

3 50th 86 87 89 91 93 94 95 44 44 45 46 47 48 48

90th 100 101 103 105 107 108 109 59 59 60 61 62 63 63

95th 104 105 107 109 110 112 113 63 63 64 65 66 67 67

99th 111 112 114 116 118 119 120 71 71 72 73 74 75 75

4 50th 88 89 91 93 95 96 97 47 48 49 50 51 51 52

90th 102 103 105 107 109 110 111 62 63 64 65 66 66 67

95th 106 107 109 111 112 114 115 66 67 68 69 70 71 71

99th 113 114 116 118 120 121 122 74 75 76 77 78 78 79

5 50th 90 91 93 95 96 98 98 50 51 52 53 54 55 55

90th 104 105 106 108 110 111 112 65 66 67 68 69 69 70

95th 108 109 110 112 114 115 116 69 70 71 72 73 74 74

99th 115 116 118 120 121 123 123 77 78 79 80 81 81 82

6 50th 91 92 94 96 98 99 100 53 53 54 55 56 57 57

90th 105 106 108 110 111 113 113 68 68 69 70 71 72 72

95th 109 110 112 114 115 117 117 72 72 73 74 75 76 76

99th 116 117 119 121 123 124 125 80 80 81 82 83 84 84

7 50th 92 94 95 97 99 100 101 55 55 56 57 58 59 59

90th 106 107 109 111 113 114 115 70 70 71 72 73 74 74

95th 110 111 113 115 117 118 119 74 74 75 76 77 78 78

99th 117 118 120 122 124 125 126 82 82 83 84 85 86 86

8 50th 94 95 97 99 100 102 102 56 57 58 59 60 60 61

90th 107 109 110 112 114 115 116 71 72 72 73 74 75 76

95th 111 112 114 116 118 119 120 75 76 77 78 79 79 80

99th 119 120 122 123 125 127 127 83 84 85 86 87 87 88

9 50th 95 96 98 100 102 103 104 57 58 59 60 61 61 62

90th 109 110 112 114 115 117 118 72 73 74 75 76 76 77

95th 113 114 116 118 119 121 121 76 77 78 79 80 81 81

99th 120 121 123 125 127 128 129 84 85 86 87 88 88 89

10 50th 97 98 100 102 103 105 106 58 59 60 61 61 62 63

90th 111 112 114 115 117 119 119 73 73 74 75 76 77 78

95th 115 116 117 119 121 122 123 77 78 79 80 81 81 82

99th 122 123 125 127 128 130 130 85 86 86 88 88 89 90

11 50th 99 100 102 104 105 107 107 59 59 60 61 62 63 63

90th 113 114 115 117 119 120 121 74 74 75 76 77 78 78

95th 117 118 119 121 123 124 125 78 78 79 80 81 82 82

99th 124 125 127 129 130 132 132 86 86 87 88 89 90 90

12 50th 101 102 104 106 108 109 110 59 60 61 62 63 63 64

90th 115 116 118 120 121 123 123 74 75 75 76 77 78 79

95th 119 120 122 123 125 127 127 78 79 80 81 82 82 83

99th 126 127 129 131 133 134 135 86 87 88 89 90 90 91
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Ambulatory BP monitoring (ABPM) for 24 h has become 
increasingly used in evaluating adults with hypertension, 
and is being applied to older children and adolescents. Some 
population standards for ambulatory BP values in children 
and adolescents are available [14] and this information can 
be helpful [15]. For example, ABPM can be used to identify 
white coat hypertension and masked hypertension. White 
coat hypertension is defined as average BP (systolic and 
diastolic BP) <95th percentile on ABPM despite BP measure-
ments >95th percentile in a physician’s office or other clinical 
setting. Masked hypertension is the reverse, with average 
systolic or diastolic BP >95th percentile on ABPM but with 
office or clinic BP measurements <95th percentile. ABPM is 
also useful in determining the need for and effectiveness of 
pharmacologic therapy. When ABPM is used in children or 
adolescents, the appropriate cuff size should be used.

Causes of hypertension in the young

Secondary hypertension
Secondary hypertension from underlying renal or endocrine 
disorders is found more frequently during childhood than in 

adults. Secondary hypertension is generally characterized by 
marked elevations in BP. Before the development of norma-
tive data on BP levels in children, BP was measured infre-
quently. When elevated BP was detected in children, the 
hypertension was, by current standards, fairly severe, and 
led to the belief that hypertension in children was always 
secondary. This concept has now changed, largely from a 
better understanding of normal levels of BP in the young 
and the practice of regularly measuring the BP in children as 
part of health assessment and maintenance.

The prevalence of secondary hypertension in the young 
varies according to the age and severity of hypertension. In 
a series of children, an identifiable secondary cause for 
hypertension was found in 90% of children <10 years of age, 
and only 10% were considered to have primary hyperten-
sion [16]. In another series including both children and ado-
lescents with hypertension, an underlying cause of the 
hypertension was identified in 65% of the adolescents, with 
35% thought to have primary hypertension [17].

The age of the child and severity of BP elevation are helpful 
in distinguishing secondary from primary hypertension. 
Children <12 years of age with sustained hypertension are 
more likely to have a secondary cause. The degree of hyperten-

Table 64.1 (cont’d)

Age (years) BP percentile Systolic BP (mmHg) Diastolic BP (mmHg)

Percentile of height Percentile of height

    5th  10th 25th 50th 75th 90th 95th 5th  10th 25th 50th 75th 90th 95th

13 50th 104 105 106 108 110 111 112 60 60 61 62 63 64 64

90th 117 118 120 122 124 125 126 75 75 76 77 78 79 79

95th 121 122 124 126 128 129 130 79 79 80 81 82 83 83

99th 128 130 131 133 135 136 137 87 87 88 89 90 91 91

14 50th 106 107 109 111 113 114 115 60 61 62 63 64 65 65

90th 120 121 123 125 126 128 128 75 76 77 78 79 79 80

95th 124 125 127 128 130 132 132 80 80 81 82 83 84 84

99th 131 132 134 136 138 139 140 87 88 89 90 91 92 92

15 50th 109 110 112 113 115 117 117 61 62 63 64 65 66 66

90th 122 124 125 127 129 130 131 76 77 78 79 80 80 81

95th 126 127 129 131 133 134 135 81 81 82 83 84 85 85

99th 134 135 136 138 140 142 142 88 89 90 91 92 93 93

16 50th 111 112 114 116 118 119 120 63 63 64 65 66 67 67

90th 125 126 128 130 131 133 134 78 78 79 80 81 82 82

95th 129 130 132 134 135 137 137 82 83 83 84 85 86 87

99th 136 137 139 141 143 144 145 90 90 91 92 93 94 94

17 50th 114 115 116 118 120 121 122 65 66 66 67 68 69 70

90th 127 128 130 132 134 135 136 80 80 81 82 83 84 84

95th 131 132 134 136 138 139 140 84 85 86 87 87 88 89

  99th  139  140  141  143  145  146  147  92  93  93  94  95  96  97

Reproduced from the National Guidelines on High Blood Pressure in Children and Adolescents NIH website www.nhlbi.nih.gov?guidelines/hypertension/

child_tbl.htm
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Table 64.2 Blood pressure (BP) levels for girls by age and height percentile.

Age (years)  BP percentile Systolic BP (mmHg) Diastolic BP (mmHg)

Percentile of height Percentile of height

    5th  10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

1 50th 83 84 85 86 88 89 90 38 39 39 40 41 41 42

90th 97 97 98 100 101 102 103 52 53 53 54 55 55 56

95th 100 101 102 104 105 106 107 56 57 57 58 59 59 60

99th 108 108 109 111 112 113 114 64 64 65 65 66 67 67

2 50th 85 85 87 88 89 91 91 43 44 44 45 46 46 47

90th 98 99 100 101 103 104 105 57 58 58 59 60 61 61

95th 102 103 104 105 107 108 109 61 62 62 63 64 65 65

99th 109 110 111 112 114 115 116 69 69 70 70 71 72 72

3 50th 86 87 88 89 91 92 93 47 48 48 49 50 50 51

90th 100 100 102 103 104 106 106 61 62 62 63 64 64 65

95th 104 104 105 107 108 109 110 65 66 66 67 68 68 69

99th 111 111 113 114 115 116 117 73 73 74 74 75 76 76

4 50th 88 88 90 91 92 94 94 50 50 51 52 52 53 54

90th 101 102 103 104 106 107 108 64 64 65 66 67 67 68

95th 105 106 107 108 110 111 112 68 68 69 70 71 71 72

99th 112 113 114 115 117 118 119 76 76 76 77 78 79 79

5 50th 89 90 91 93 94 95 96 52 53 53 54 55 55 56

90th 103 103 105 106 107 109 109 66 67 67 68 69 69 70

95th 107 107 108 110 111 112 113 70 71 71 72 73 73 74

99th 114 114 116 117 118 120 120 78 78 79 79 80 81 81

6 50th 91 92 93 94 96 97 98 54 54 55 56 56 57 58

90th 104 105 106 108 109 110 111 68 68 69 70 70 71 72

95th 108 109 110 111 113 114 115 72 72 73 74 74 75 76

99th 115 116 117 119 120 121 122 80 80 80 81 82 83 83

7 50th 93 93 95 96 97 99 99 55 56 56 57 58 58 59

90th 106 107 108 109 111 112 113 69 70 70 71 72 72 73

95th 110 111 112 113 115 116 116 73 74 74 75 76 76 77

99th 117 118 119 120 122 123 124 81 81 82 82 83 84 84

8 50th 95 95 96 98 99 100 101 57 57 57 58 59 60 60

90th 108 109 110 111 113 114 114 71 71 71 72 73 74 74

95th 112 112 114 115 116 118 118 75 75 75 76 77 78 78

99th 119 120 121 122 123 125 125 82 82 83 83 84 85 86

9 50th 96 97 98 100 101 102 103 58 58 58 59 60 61 61

90th 110 110 112 113 114 116 116 72 72 72 73 74 75 75

95th 114 114 115 117 118 119 120 76 76 76 77 78 79 79

99th 121 121 123 124 125 127 127 83 83 84 84 85 86 87

10 50th 98 99 100 102 103 104 105 59 59 59 60 61 62 62

90th 112 112 114 115 116 118 118 73 73 73 74 75 76 76

95th 116 116 117 119 120 121 122 77 77 77 78 79 80 80

99th 123 123 125 126 127 129 129 84 84 85 86 86 87 88

11 50th 100 101 102 103 105 106 107 60 60 60 61 62 63 63

90th 114 114 116 117 118 119 120 74 74 74 75 76 77 77

95th 118 118 119 121 122 123 124 78 78 78 79 80 81 81

99th 125 125 126 128 129 130 131 85 85 86 87 87 88 89

12 50th 102 103 104 105 107 108 109 61 61 61 62 63 64 64

90th 116 116 117 119 120 121 122 75 75 75 76 77 78 78

95th 119 120 121 123 124 125 126 79 79 79 80 81 82 82

99th 127 127 128 130 131 132 133 86 86 87 88 88 89 90



943

CHAPTER 64 Hypertension in Children and Adolescents

sion is an important clue, as severe BP elevation in a young 
child is most likely due to an underlying abnormality. Children 
and adolescents with Stage 2 hypertension should be carefully 
evaluated for both possible cause of the hypertension and evi-
dence of target organ damage. Although the list of conditions 
that can cause hypertension in the young is fairly long, the 
majority of the identifiable causes of  hypertension in the young 
are related to renal disorders. Table 64.3 provides a list of under-
lying causes for chronic hypertension in the young, and the 
conditions associated with acute hypertension in the young.

Hypertension is uncommon in healthy newborn infants; 
however, certain conditions increase the risk for hypertension. 
Neonates with an umbilical artery catheter have heightened 
risk for thromboembolic events [18]. Low birth weight infants, 
with respiratory distress syndrome, who later develop bron-
chopulmonary dysplasia are at risk for hypertension. These 
infants frequently require chronic corticosteroid therapy with 
resulting sodium retention [19]. The most commonly identi-
fied causes of hypertension in newborn infants are renal artery 
thrombosis, renal artery stenosis, congenital renal malforma-
tions, patent ductus arteriosus, coarctation of the aorta, and 
bronchopulmonary dysplasia [20]. Infants who have been 
treated with the extracorporeal membrane oxygenation 

 procedure have also been observed to develop hypertension. 
In some critically ill newborn infants with hypertension, an 
underlying cause may not be identified. Regardless of whether 
a cause for the hypertension is determined, BP control and 
monitoring in these infants are important.

For children <10 years of age, the leading causes of 
 secondary hypertension are renal parenchymal diseases, 
coarctation of the aorta, and renal artery stenosis. Coarctation 
of the aorta can be missed in infants and toddlers, and should 
be considered in an asymptomatic hypertensive child [21]. In 
later childhood, essential hypertension can also be detected. 
Causes of acute hypertension include post- infectious glomer-
ulonephritis and hemolytic uremic syndrome. Some disor-
ders, such as hemolytic uremic syndrome, may lead to 
permanent renal scarring that causes chronic hypertension.

Among hypertensive adolescents, primary (essential) 
hypertension occurs more frequently than secondary hyper-
tension. The most frequent secondary causes of hypertension 
are renal parenchymal diseases, such as chronic pyelonephri-
tis, and various types of chronic glomerulonephritis, such as 
focal segmental glomerulosclerosis, and IgA nephropathy. 
Adolescent behaviors that may contribute to high BP are illicit 
substance use, especially cocaine and  amphetamine-related 

Table 64.2 (cont’d)

Age (years) BP percentile Systolic BP (mmHg) Diastolic BP (mmHg)

Percentile of height Percentile of height

    5th  10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

13 50th 104 105 106 107 109 110 110 62 62 62 63 64 65 65

90th 117 118 119 121 122 123 124 76 76 76 77 78 79 79

95th 121 122 123 124 126 127 128 80 80 80 81 82 83 83

99th 128 129 130 132 133 134 135 87 87 88 89 89 90 91

14 50th 106 106 107 109 110 111 112 63 63 63 64 65 66 66

90th 119 120 121 122 124 125 125 77 77 77 78 79 80 80

95th 123 123 125 126 127 129 129 81 81 81 82 83 84 84

99th 130 131 132 133 135 136 136 88 88 89 90 90 91 92

15 50th 107 108 109 110 111 113 113 64 64 64 65 66 67 67

90th 120 121 122 123 125 126 127 78 78 78 79 80 81 81

95th 124 125 126 127 129 130 131 82 82 82 83 84 85 85

99th 131 132 133 134 136 137 138 89 89 90 91 91 92 93

16 50th 108 108 110 111 112 114 114 64 64 65 66 66 67 68

90th 121 122 123 124 126 127 128 78 78 79 80 81 81 82

95th 125 126 127 128 130 131 132 82 82 83 84 85 85 86

99th 132 133 134 135 137 138 139 90 90 90 91 92 93 93

17 50th 108 109 110 111 113 114 115 64 65 65 66 67 67 68

90th 122 122 123 125 126 127 128 78 79 79 80 81 81 82

95th 125 126 127 129 130 131 132 82 83 83 84 85 85 86

  99th  133  133  134  136  137  138  139 90  90  91  91  92  93  93

Reproduced from the National Guidelines on High Blood Pressure in Children and Adolescents NIH website www.nhlbi.nih.gov?guidelines/hypertension/

child_tbl.htm
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compounds. Other substances associated with high BP in ado-
lescents include appetite suppressants (both pres cription and 
over-the-counter remedies), oral contraceptives, excessive 
alcohol intake, and the use of anabolic steroids for body build-
ing [22].

Primary hypertension
Primary, or essential, hypertension classically has been 
 considered a disorder of older adults. The concept that essen-
tial hypertension has its roots in childhood can be inferred 
from BP tracking data, which demonstrate that children with 
elevated BP continue to have elevated BPs as adults [1]. Risk 
factors associated with hypertension in adults, such as over-
weight and a positive family history of hypertension or 
 cardiovascular disease, may be present in children with high 
BP. Although the combination of higher BP level for age and 
typical risk factors was thought to indicate risk for future 
hypertension, more recent reports indicate that this condition 
is more than just a risk for future problems. Using echocardio-
graphic measures of cardiac mass adjusted for body size and 

appropriate childhood reference values for cardiac structure, 
left ventricular hypertrophy (LVH) has been reported in 
30–40% of children and adolescents with hypertension 
[23,24]. Longitudinal data demonstrate a direct link between 
risk factors in childhood, including BP levels, with intermedi-
ate measures of target organ injury including greater intima–
media thickness of carotid arteries [25] and vascular stiffness 
[26]. With this emerging evidence on the consequences of 
elevated BP in the young, primary hypertension in childhood 
can be considered the early phase of a chronic disease.

Primary hypertension in children and adolescents is asso-
ciated with several clinical characteristics or associated risk 
factors. The degree of BP elevation is generally mild, ∼95th 
percentile, and there is often considerable variability in BP 
over time. A consistent observation in children exhibiting 
mild essential hypertension is a positive history of hyperten-
sion in parents and/or grandparents [27,28].

Excess body weight has an effect on BP in both children 
and adults, and BP is higher in both overweight and obese 
children and adolescents [29,30]. Primary hypertension in 
childhood is frequently associated with obesity, which 
appears to be a contributory factor as even a modest  reduction 
in excess adiposity is associated with a reduction in BP 
[31,32]. The cluster of mild BP elevation, a positive family 
history of hypertension, and obesity is a typical  pattern in 
children and adolescents with essential  hypertension [33].

The prevalence of childhood obesity has markedly 
increased both in the United States [34] and worldwide [35]. 
Data from the National Health and Nutrition Examination 
Survey (NHANES) indicate that as of 2004 the prevalence of 
obesity had increased to 17.4% among boys and to 17.8% 
among girls [36]. An analysis of two separate sets of data 
from NHANES demonstrates a statistically significant increase 
in childhood BP levels. The increase in BPs is largely due to 
the concurrent increase in obesity [37].

Among adult patients with cardiovascular disease, there is 
an overlap of hypertension, non-insulin-dependent diabetes 
mellitus, atherosclerosis, and obesity, a constellation described 
as the insulin-resistance syndrome or the metabolic  syndrome 
[38]. The metabolic syndrome is clinically defined by a  cluster 
of risk factors including abdominal obesity, abnormal glucose 
tolerance, dyslipidemia, and high BP. Adults with the 
 metabolic syndrome are at increased risk for developing dia-
betes and cardiovascular events. Children also can exhibit 
characteristics of the metabolic syndrome [39]. The rates of 
metabolic syndrome among adolescents have increased in 
the past two decades, concurrent with the increases in rates 
of obesity and hypertension [40,41]. The characteristics of 
the metabolic syndrome are also congruent with the over-
weight child having a strong family history of hypertension 
or early heart disease. These children often have high BP 
[42]. Although these children are not at risk for immediate 
adverse effects of the higher than normal BP, they are at 
increased risk for premature cardiovascular disease.

Table 64.3 Secondary causes of hypertension.

Chronic hypertension

Renal Drugs

Chronic glomerulonephritis Corticosteroids

Interstitial nephritis Alcohol

Collagen vascular diseases Appetite suppressants

Reflux nephropathy Anabolic steroids

Polycystic kidney disease Oral contraceptives

Medullary cystic disease Nicotine

Syndromes

Alport syndrome

Williams (renovascular lesions)

Turner (coarctation or renovascular)

Hydronephrosis

Hypoplastic/dysplastic kidney

Cardiac and vascular

Coarctation of aorta

Renal artery stenosis Tuberous sclerosis (cystic renal)

Takayasu arteritis Neurofibromatosis (renovascular)

Adrenogenital syndromes

Liddle syndrome
Endocrine

Hyperthyroidism

Pheochromocytoma

Primary aldosteronism

Acute hypertension

Renal Drugs

Post infectious glomerulonephritis Cocaine

Schönlein–Henoch purpura Phencyclidine

Hemolytic uremic syndrome Amphetamines

Acute tubular necrosis Jimson weed

Vascular Miscellaneous

Renal or renal vascular trauma Burns

Orthopedic surgery

Urologic surgery
Neurogenic

Increased intracranial pressure

Guillain–Barré syndrome   
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Multiple factors, including both genetic and environ-
mental factors, contribute to the origin, onset, and progres-
sion of primary hypertension. Barker et al. [43] proposed 
an alternative causative factor for primary hypertension 
based on historical data indicating an association of hyper-
tension and ischemic heart disease in adult men who had 
low birth weights. They proposed that lower birth weight is 
a consequence of an altered or impaired intrauterine nutri-
tional environment. Impaired fetal growth is indicative of 
alterations in organ growth which may affect organ func-
tion later in life [43,44]. Higher BP is the putative link 
between compromised intrauterine growth and the long-
term risk for cardiovascular disease [43]. The low birth 
weight hypothesis is supported to some extent by experi-
mental laboratory studies and population data [45]. 
However, the concept conflicts with the body of data in 
both childhood and adulthood, which consistently demon-
strate a direct relationship between body weight and BP, 
and with data demonstrating BP tracking from childhood 
to young adulthood [46–48]. When reports on the associa-
tion of birth weight with future BP are examined in a meta-
analysis, the effect of birth weight on future BP is in the 
range of a 1–3 mmHg BP reduction for each 1 kg increase in 
birth weight [49]. Low birth weight appears to be linked 
with later overweight or obesity, and when the adolescent 
or adult weight is considered in analyses of population 
data, the birth weight effect is damped [50]. Although the 
population effect of low birth weight appears small, low 
birth weight can be another factor that increases risk for 
later obesity and high BP [51].

Evaluating hypertension in children 
and adolescents

A medical evaluation is needed for a child or adolescent with 
sustained hypertension, verified by repeated BP measure-
ments ≥95th percentile. The extent of the diagnostic evalua-
tion is determined by the suspected type of hypertension. 
When a secondary cause is considered, as in a young patient 
or one with severe hypertension, a more extensive evalua-
tion may be necessary. On the other hand, if the elevated BP 
is more likely an early expression of primary hypertension, a 
few diagnostic screening studies may be sufficient. Currently, 
the recommendations for assessment of hypertension in 
children include evaluation for (1) an identifiable cause, (2) 
co-morbidity, and (3) target organ damage [1].

The medical history and physical examination are keys in 
determining whether the patient’s presentation indicates 
primary hypertension or reflects a secondary, and potentially 
correctable, cause. Secondary causes should be suspected in 
any child who is hypertensive and is not growing normally, 
has a sudden onset of elevated BP, and has no positive family 
history of hypertension.

Another set of findings characterizes children and adoles-
cents with essential (primary) hypertension: slight to mild 
elevations in BP, a strong family history of essential hyper-
tension, elevated resting heart rate, variable BP readings 
upon repeated measurement, and obesity. If no other abnor-
malities are found on history or physical examination, these 
children require less extensive evaluation for an underlying 
disorder than those in whom secondary causes are suspected. 
Alternatively, the children with early expression of essential 
hypertension, particularly if obese, may have associated 
 co-morbidities that include dyslipidemia, sleep apnea, and 
impaired fasting glucose.

Medical history
The family history of cardiovascular disease is very impor-
tant. In both first- and second-degree relatives, the family 
history of hypertension, myocardial infarction, stroke, renal 
disease, diabetes, and obesity should be obtained. It can be 
relevant to the diagnosis in a hypertensive child if relatives 
had an onset at an early age of any of these conditions. A family 
history of genetically determined conditions that have hyper-
tension as a component such as polycystic kidney disease 
and neurofibromatosis should be sought. Another familial 
disorder with hypertension is glucocorticoid-remediable 
aldosteronism, an autosomal dominant condition, which 
should be considered when multiple family members have 
early-onset hypertension associated with hypokalemia or 
stroke [52].

Past medical history can be pertinent. For example, with a 
history of urinary tract infections, there may be associated 
reflux nephropathy, renal scarring, and resultant hyperten-
sion. A history should be obtained of medications and over-
the-counter products, including oral contraceptives and 
decongestants. Information should be obtained about health-
related behaviors such as usual diet, amount of physical 
activity, and athletic participation. Other adverse adolescent 
lifestyles to consider are use of “street” drugs, smokeless 
tobacco, cigarettes, diet aids, ethanol, and anabolic steroids.

Physical examination
The child’s general growth rate and growth pattern should be 
assessed, including weight gain or weight loss. Weight, height, 
and body mass index (BMI) should be plotted according to 
age and gender on the child growth charts. Growth abnor-
malities associated with hypertension can be seen with chronic 
renal disease, hyperthyroidism (causing primarily systolic 
hypertension), pheochromocytoma, adrenal disorders, or 
 certain genetic abnormalities such as Turner syndrome.

To rule out coarctation of the aorta, the evaluation should 
include upper- and lower-extremity BP measurements taken 
with appropriately sized cuffs. Normally the leg BP levels are 
slightly higher than the arm BP levels. A child with coarcta-
tion will have systolic hypertension in an upper extremity, 
sometimes absent or decreased femoral pulses, and a BP 
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 differential of >10 mmHg between the upper and lower 
extremities [21].

Other physical clues may suggest a secondary etiology for 
hypertension. Abnormal facies or dysmorphic features may 
suggest a syndrome associated with specific lesions causing 
hypertension. Examples are Turner and Williams syndromes, 
which have renovascular or cardiac lesions that cause 
 hypertension. Renal vascular lesions may sometimes have 
an audible abdominal bruit detectable by auscultation of the 
abdomen. Skin lesions are sometimes the first  manifestations 
of disorders such as tuberous sclerosis and systemic lupus 
erythematosus. Acanthosis nigricans in overweight children 
may be a sign of abnormal glucose tolerance, and can occur 
in children or adolescents with metabolic syndrome.

Diagnostic testing
When the history and physical examination provide clues 
for a specific underlying cause for the hypertension, testing 
should be directed to the area of clinical suspicion. In the 
absence of clues, however, underlying renal disease should 
be considered because chronic kidney disease is the most 
 frequent cause of secondary hypertension in the pediatric 
population. The initial studies to screen for renal abnormali-
ties include a urinalysis, electrolytes, creatinine, complete 
blood count, urine culture, and renal ultrasound. An evaluation 
for “co-morbidity” or other associated risk factors includes 
measurement of fasting plasma lipids for dyslipidemia, a 
sleep history to screen for sleep apnea, and if there is a posi-
tive family history of diabetes or acanthrosis nigricans on 
physical examination, additional testing of glucose tolerance 
may be indicated.

The other component of the evaluation includes assess-
ing target organ injury. Target-organ injury provides a 
measure of chronicity and severity (characteristics sometimes 
difficult to ascertain from the history) and aid in deciding 
whether pharmacologic therapy should be instituted. Left 
ventricular hypertrophy (LVH) is an independent risk factor 
for cardiovascular morbidity and mortality in adults, and is 
considered to be the most prominent clinical evidence of 
target organ damage resulting from hypertension during 
childhood and adolescence [1]. Echocardiography is a sen-
sitive means to detect and determine whether the child is 
developing LVH. Chest X-ray and electrocardiogram (ECG) 
are much less  sensitive measures of LVH in children. In chil-
dren, the echocardiographic measurements of left ventricu-
lar mass (LVM) should be indexed to height (in meters) to 
the power of 2.7 (m2.7). Left ventricular mass index (LVMI, 
LVM/m2.7) >51 g is a criterion for LVH in older children, 
adolescents and adults [1]. The proportion of hypertensive 
children and adolescents with this definition of LVH is small 
(<10%). However, when LVH is based on the LVM distribu-
tion in normal children, the prevalence of LVH in hyperten-
sive children is higher. A cross-sectional study of 130 
patients, ranging in age from 6 to 23 years, with persistent 

BP elevation >90th percentile for an average of 2 years 
reported that only 45% of the patients had a LVMI <90th 
percentile. Nineteen patients (14%) had an LVMI >99th 
percentile. Among those with LVMI >95th percentile, 17% 
had concentric hypertrophy and 30% had eccentric hyper-
trophy. When LVH was defined as LVMI ≥95th percentile, 
LVH was most frequent among overweight males [23]. 
Male gender and BMI also predicted LVMI in a recent 
report on children with high BP and chronic kidney 
 disease[53].

Obesity may also contribute to the development of LVH 
in children with high BP. An analysis of longitudinal data 
from the Bogalusa Heart Study has shown that higher LVM 
in young adulthood is predicted by higher BP and adiposity 
in childhood [54].

Evidence for other sites of target organ damage in children 
with high BP is beginning to emerge. Data from a population 
study on healthy children show a significant association of 
higher BP with a reduced retinal diameter [55], so that an 
ophthalmologic examination can be helpful. Subtle changes 
in cognitive function among children with hypertension 
have been reported. These findings have been in measures 
of executive function such as problem solving and decision 
making [56,57]. There is also some evidence of increasing 
urinary albumin excretion, suggestive of possible renal 
injury, in children with high BP and other risk factors 
[58,59]. The clinical usefulness of other measures of target 
organ damage in evaluating individual pediatric patients 
requires additional investigation.

The remainder of the evaluation should be directed by 
specific findings on history, physical examination, and results 
of initial screening studies. An algorithm for evaluating 
hypertension in the young is provided in Figure 64.1. The 
algorithm indicates steps in evaluating and managing hyper-
tension in children according to the severity of the hyperten-
sion, and the presence or absence of obesity.

Treatment of hypertension in children 
and adolescents

Health-related behavior changes in diet, physical activity, 
and weight control improve BP control in adults. Children 
may also benefit from these lifestyle changes. Children and 
adolescents with Stage 1 or mild elevation of BP, and with-
out target organ damage, should begin treatment with non-
pharmacologic interventions, including weight reduction or 
control (if overweight), exercise, and diet modifications. 
Children with secondary hypertension commonly require 
more intensive management, including treatment with 
 antihypertensive medication [60].

Obesity is often associated with mild hypertension in 
childhood and weight reduction has benefit. Exercise train-
ing lowers BP in older children and adolescents [61] but, 
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unless highly motivated, is difficult to sustain in both  children 
and adults. Weight reduction can be extremely difficult to 
achieve and generally requires multiple strategies, including 
nutritional counseling, dietary education, emotional  support, 
information about exercise, and family involvement. Power 
weight-lifting should be discouraged in hypertensive adoles-
cents due to its potential to induce marked BP elevation. 
Participation in sports should be encouraged provided that 
BP is under reasonable control, regular monitoring of BP 
occurs, and a thorough examination has excluded cardiac 
abnormalities [22].

The guidelines for dietary modifications in the pediatric 
population are less clear than in adults. Information on the 
effects of salt on BP in children is not as definitive as in adults. 
A meta-analysis of 10 separate studies that investigated the 
effect of a change in sodium intake on BP in  children found 
that a 54% reduction in sodium intake was associated with a 
2.47 mmHg reduction in systolic BP [62,63]. Although the 
individual effect of lowering sodium intake on BP in children 

appeared modest, the lifelong effect could be more substan-
tial. Another effect of high dietary salt is thirst. In a study 
that compared sodium intake with the amount and type of 
beverage consumption in children, a high intake of sugary 
beverages was associated with high sodium intake [64]. 
There seems to be a subset of adolescents, particularly if 
obese, who demonstrate BP sensitivity to salt and also other 
risk factors for hypertension [65]. Because the usual dietary 
intake of sodium for most children and adolescents in the 
United States far exceeds nutrient requirements, it is reason-
able to restrict sodium intake to <4 g day−1 by decreasing 
 fast-food consumption and refraining from adding salt to 
cooked foods [1].

Current information on the effects of potassium, 
 magnesium, and calcium intake on BP in children is even 
less definitive. The dietary intervention clinical trial Dietary 
Approaches to Stop Hypertension (DASH), conducted in 
adults with high BP, reported results that could be  relevant 
to dietary management of children with high BP. In adults 

Figure 64.1 An algorithm is provided to guide the evaluation and management of prehypertension, Stage 1 hypertension, and Stage 2 hypertension. 
aSee Tables 64.1 and 64.2 for blood pressure classification. bDiet modification and physical activity. cChildren and adolescents with Stage 1 and Stage 2 

hypertension should receive an echocardiogram to evaluate for target organ damage. Also consider in children with diabetes or other risk factors.
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with mild BP elevation (<160 mmHg systolic, 80–95 mmHg 
diastolic), a significant reduction in both systolic and diasto-
lic BP occurred in subjects consuming a diet high in fruits, 
vegetables, and low-fat dairy products, compared with the 
subjects consuming the usual diet [66]. These results 
 indicate a benefit for BP from diets that are high in multiple 
nutrients, including potassium,  calcium, magnesium, and 
other vitamins. A similar approach may benefit children. 
A small study by Couch et al. [67] compared a DASH diet 
for children with standard nutrition counseling in 57 chil-
dren with hypertension and prehypertension. A greater 
reduction in systolic BP occurred in the children assigned 
to the DASH diet compared with standard diet counseling. 
The results support recommendations for children that 
encourage  optimal intakes of fruits, vegetables, fiber, and 
dairy  products, with reductions in  processed foods.

Pharmacologic therapy is indicated if non-pharmacologic 
approaches are unsuccessful, or when a child is  symptomatic, 
has severe hypertension, or target organ damage. Children 
with diabetes mellitus or chronic kidney disease may 
 benefit from additional renal protection with BP reduction. 

For these children, it is reasonable to use pharmacologic 
therapy to lower BP to a level <90th percentile for age, sex, 
and height.

Most medications used for hypertension in adults can be 
used for children. Efficacy and long-term safety data are 
 limited in children. The choice of antihypertensive  medication 
should be individualized and depends upon the child’s age, 
the etiology of the hypertension, the degree of BP  elevation, 
adverse effects, and concomitant medical  conditions. In most 
patients, therapy is begun with a single agent. The dose is 
titrated upwards slowly until the BP is controlled. usually 
defined as maintaining systolic and diastolic pressure <90th 
percentile. If BP control cannot be achieved using the maxi-
mum dose of a single agent, a  second medication can be 
added or, alternatively, another agent from a  different class 
selected. The more commonly used medications for chronic 
antihypertensive therapy in children are listed in Table 64.4 
and those for use in acute, hypertensive emergencies in 
Table 64.5 [1].These tables can be accessed at www.nhlbi.nih.
gov/guidelines/hypertension/child_tbl.htm. The dosing rec-
ommendations for children have been based mainly upon 

Table 64.5 Antihypertensive drugs for management of severe hypertension in children 1–17 years old.

Drug  Class  Dosea  Route  Comments

Most useful b

Esmolol β-Blocker 100–500 μg kg−1 min−1 i.v. infusion Very short-acting – constant infusion preferred. May 

cause profound bradycardia. Produced modest 

reductions in BP in a pediatric clinical trial

Hydralazine Vasodilator 0.2–0.6 mg kg−1 per dose i.v., i.m. Should be given every 4 h when given i.v. bolus. 

Recommended dose is lower than FDA label

Labetalol α- and β-blocker Bolus: 0.2–1.0 mg kg−1 per dose 

up to 40 mg per dose Infusion: 

0.25–3.0 mg kg−1 h−1

i.v. bolus or 

infusion

Asthma and overt heart failure are relative 

contraindications

Nicardipine Calcium channel 

blocker

1–3 μg kg−1 min−1 i.v. infusion May cause reflex tachycardia

Sodium 

nitroprusside

Vasodilator 0.53–10 μg kg−1 min−1 i.v. infusion Monitor cyanide levels with prolonged (>72 h) use or in 

renal failure; or co-administer with sodium thiosulfate

Occasionally usefulc

Clonidine Central α-agonist 0.05–0.1 mg per dose, may be 

repeated up to 0.8 mg total dose

p.o. Side effects include dry mouth and sedation

Enalaprilat ACE inhibitor 0.05–0.1 mg kg−1 per dose up to 

1.25 mg per dose

i.v. bolus May cause prolonged hypotension and acute renal 

failure, especially in neonates

Fenoldopam Dopamine 

receptor agonist

0.2–0.8 μg kg−1 min−1 i.v. infusion Produced modest reductions in BP in a pediatric clinical 

trial in patients aged up to 12 years

Isradipine Calcium channel 

blocker

0.05–0.1 mg kg−1 per dose p.o. Stable suspension can be compounded

Minoxidil  Vasodilator  0.1–0.2 mg kg−1 per dose  p.o.  Most potent oral vasodilator; long-acting

ACE, angiotensin-converting enzyme; i.m., intramuscular; i.v., intravenous; p.o., oral.
aAll dosing recommendations are based upon expert opinion or case series data except where noted otherwise.
bUseful for hypertensive emergencies and some hypertensive urgencies.
cUseful for hypertensive urgencies and some hypertensive emergencies.
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practitioners’ experience, not on large, multicenter trials. 
Some clinical trial work has been conducted on the medica-
tions that are already approved and prescribed for hyperten-
sion in adults. The results of these clinical trials, although still 
 limited, provide some information on efficacy, safety, and 
dosing to guide pharmacologic therapy in children.

Beta-adrenergic blockers, such as propranolol,  metoprolol, 
and atenolol, are good choices in some nonasthmatic 
 children, but may not be well tolerated by athletes in whom 
exercise capacity could decrease. More frequently, first-line 
medications are either angiotensin-converting enzyme 
(ACE) inhibitors or calcium antagonists. ACE inhibitors 
rarely cause side effects (e.g., cough, rash, neutropenia) in 
children, are usually well tolerated, and many formulations 
have the advantage of once-a-day dosing. Not only are they 
effective in controlling BP, but they may also have beneficial 
effects on renal function, peripheral vasculature, and  cardiac 
function. Importantly, children with diabetes and those with 
chronic kidney disease may be at special risk for progressive 
renal deterioration and may benefit from ACE inhibitors 
[68]. Because of their vasodilator effects on the efferent 
 arteriole, ACE inhibitors can severely reduce glomerular 
 filtration and should therefore be used with caution in 
patients with renal artery stenosis, a solitary kidney, or a 
transplanted kidney [69]. ACE inhibitors are contraindicated 
during pregnancy because of possible teratogenic effects 
upon the lungs, kidneys, and brain of the fetus [70], and so 
should be used with special caution in adolescent females 
who are or may become sexually active. Angiotensin recep-
tor blockers (ARBs) also interact with the renin– angiotensin 
system and have benefits similar to ACE inhibitors. 
Experience is being developed in treating children with 
these agents.

Several calcium antagonists (or calcium channel blockers, 
CCBs) are being used in children. In children, CCBs can be 
either an initial therapy or the second or third medication 
when more than one drug is needed to control BP. As with 
most oral antihypertensive preparations, the appropriate dose 
for small children is often lower than the strength of available 
tablets. This makes determining the initial dose determina-
tions challenging. When CCBs are needed for BP control in 
chronic hypertension, long-acting preparations are preferred, 
provided that the correct dosage preparation can be used.

Diuretics are generally recommended as initial drug 
 therapy for uncomplicated hypertension in adults, based on 
a vast amount of clinical trial data. No such information is 
available to guide recommendations for the pharmacologic 
management of hypertension in children and adolescents. 
Unless there is clinical evidence of fluid retention in a hyper-
tensive child, such as may occur when the elevated BP is 
related to chronic steroid use, diuretics are usually not 
 preferred as the first step in drug treatment. Some hyperten-
sive children, however, may achieve adequate BP control 
with a thiazide diuretic alone. Children receiving thiazide 

diuretics may develop hypokalemia and require potassium 
supplements, which, for children, is extremely unpleasant 
and can lead to problems with adherence to the regimen. 
Although not favored as an initial drug to treat hypertension 
in children, low-dose diuretics can be very useful as a second 
or third drug in those children who require multiple drugs to 
achieve BP control.

References

 1 National High Blood Pressure Education Program Working 

Group on High Blood Pressure in Children and Adolescents. The 

fourth report on the diagnosis, evaluation, and treatment of high 

blood pressure in children and adolescents. Pediatrics 

2004;114(Suppl 2):555–76.

 2 Hansen, M, PGunn PW, Kaelber DC. Underdiagnosis of hyper-

tension in children and adolescents. JAMA 2007;298:874–9.

 3 McNiece KL, Poffenbarger TS, Turner JL, et al. Prevalence of 

hypertension and pre-hypertension among adolescents. J Pediatr 

2007;150:640–4, 644 e1.

 4 Still JL, Cottom C. Severe hypertension in childhood. Arch Dis 

Child 1967;42:34–9.

 5 Chobanian, AV, Bakris GL, Black HR, et al. Seventh Report of the 

Joint National Committee on Prevention, Detection, Evaluation, 

and Treatment of High Blood Pressure: the JNC 7 Report. JAMA 

2003;289:2560–72.

 6 National High Blood Pressure Education Program Working 

Group on Hypertension Control in Children and Adolescents. 

Update on the 1987 Task Force Report on High Blood Pressure in 

Children and Adolescents: a working group report from the 

National High Blood Pressure Education Program. Pediatrics 

1996;98(4 Pt 1):649–58.

 7 Menghetti E, Verdis R, Strambi M, et al. Blood pressure in child-

hood and adolescence: the Italian normal standards. Study 

Group on Hypertension of the Italian Society of Pediatrics. 

J Hypertens 1999;17:1363–72.

 8 Pall D, Katona E, Fulessdi B, et al. Blood pressure distribution in 

a Hungarian adolescent population: comparison with normal 

values in the USA. J Hypertens 2003;21:41–7.

 9 Lurbe E, Cifkova R, Cruickshank JK, et al. Management of high 

blood pressure in children and adolescents: recommendations 

of the European Society of Hypertension. J Hypertens 2009;

27:1719–42.

10 Zinner SH, Rosner B, Oh W, Kass EH. Significance of blood pres-

sure in infancy. Familial aggregation and predictive effect on 

later blood pressure. Hypertension 1985;7(3 Pt 1):411–6.

11 Hulman S, Edwards R, Chen YQ, et al. Blood pressure patterns in 

the first three days of life. J Perinatol 1991;11:231–4.

12 Zubrow AB, Hulman S, Kushner H, Falkner B. Determinants of 

blood pressure in infants admitted to neonatal intensive care 

units: a prospective multicenter study. Philadelphia Neonatal 

Blood Pressure Study Group. J Perinatol 1995;15:470–9.

13 Sinaiko AR, Gomez-Marin O, Prineas RJ. Diastolic fourth and 

fifth phase blood pressure in 10–15-year-old children. The 

Children and Adolescent Blood Pressure Program. Am J Epidemiol 

1990;132:647–55.



952

Pediatric Cardiovascular Medicine

14 Wuhl E, Witte K, Soergel M, et al. Distribution of 24-hour 

 ambulatory blood pressure in children: normalized reference values 

and role of body dimensions. J Hypertens 2002;20:1995–2007.

15 Urbina E, Alpert B, Flynn J, et al. Ambulatory blood pressure 

monitoring in children and adolescents: recommendations for 

standard assessment: a scientific statement from the American 

Heart Association Atherosclerosis, Hypertension, and Obesity in 

Youth Committee of the Council on Cardiovascular Disease in 

the Young and the Council for High Blood Pressure Research. 

Hypertension 2008;52:433–51.

16 Hanna JD, Chan JC, Gill JR Jr. Hypertension and the kidney. 

J Pediatr 1991;118:327–40.

17 Arar MY, Hogg, RJ, Arant BS Jr, Seikaly MG. Etiology of sus-

tained hypertension in children in the southwestern United 

States. Pediatr Nephrol 1994;8:186–9.

18 Vailas GN, Brouillette RT, Scott P, et al. Neonatal aortic thrombo-

sis: recent experience. J Pediatr 1986;109:101–8.

19 Abman SH, Warady BA, Lum GM, Koops BL. Systemic hyper-

tension in infants with bronchopulmonary dysplasia. J Pediatr 

1984;104:928–31.

20 Task Force on Blood Pressure Control in Children. Report of the 

Second Task Force on Blood Pressure Control in Children – 1987. 

Pediatrics 1987;79:1–25.

21 Ing FF, Starc TJ, Griffiths SP, Gersony WM. Early diagnosis of 

coarctation of the aorta in children: a continuing dilemma. 

Pediatrics 1996;98:378–82.

22 American Academy of Pediatrics Committee on Sports Medicine 

and Fitness. Athletic participation by children and adolescents 

who have systemic hypertension. Pediatrics 1997;99:637–8.

23 Daniels SR, Loggie JM, Khoury P, Kimball TR. Left ventricular 

geometry and severe left ventricular hypertrophy in children 

and adolescents with essential hypertension. Circulation 

1998;97:1907–11.

24 Sorof JM, Alexandrov AV, Cardwell G, Portman RJ. Carotid 

artery intimal–medial thickness and left ventricular hypertrophy 

in children with elevated blood pressure. Pediatrics 2003;111:

61–6.

25 Raitakari OT, Juonala M, Kahonen M, et al. Cardioavascular risk 

factors in childhood and carotid artery intima–media thickness 

in adulthood. The Cardiovascular Risk in Young Finns Study. 

JAMA 2003;290:2277–83.

26 Li S, Chen W, Srinivasan SR, et al. Childhood cardiovascular risk 

factors and carotid vascular changes in adulthood: the Bogalusa 

Heart Study. JAMA 2003;290:2271–6.

27 Shear CL, Burke GL, Freedman DS, Berenson GS. Value of 

 childhood blood pressure measurements and family history in 

predicting future blood pressure status: results from 8 years 

of follow-up in the Bogalusa Heart Study. Pediatrics 1986;77:

862–9.

28 Munger RG, Prineas RJ, Gornez-Marin O. Persistent elevation of 

blood pressure among children with a family history of hyper-

tension: the Minneapolis Children’s Blood Pressure Study. 

J Hypertens 1988;6:647–53.

29 Falkner B, Gidding SS, Ramirez-Garcia G, et al. The relationship 

of body mass index and blood pressure in primary care pediatric 

patients. J Pediatr 2006;148:195–200.

30 Rosner B, Cook N, Portman R, et al. Blood pressure differences 

by ethnic group among United States children and adolescents. 

Hypertension 2009;54:502–8.

31 Rocchini AP, Katch V, Anderson J, et al. Blood pressure in obese 

adolescents: effect of weight loss. Pediatrics 1988;82:16–23.

32 Brownell KD, Kelman JD, Stunkard AJ. Treatment of obese 

 children with and without their mothers: changes in weight and 

blood pressure. Pediatrics 1983;71:515–23.

33 Sinaiko AR. Hypertension in children. N Engl J Med 

1996;335:1968–73.

34 Ogden CL, Flegal KM, Carroll MD, Johnson CL. Prevalence 

and trends in overweight among US children and adolescents 

1999–2000. JAMA 2002;288:1728–32.

35 Wang Y, Lobstein T. Worldwide trends in childhood overweight 

and obesity. Int J Pediatr Obes 2006;1:11–25.

36 Li C, Ford ES, Mokdad AH, Cook S. Recent trends in waist circum-

ference and waist–height ratio among US children and adoles-

cents. Pediatrics 2006;118: e1390–8.

37 Muntner P, He J, Cutler JA, et al. Trends in blood pressure among 

children and adolescents. JAMA 2004;291:2107–13.

38 Reaven GM. Banting Lecture 1988. Role of insulin resistance in 

human disease. Diabetes 1988;37:1595–607.

39 Cruz ML, Huang TT, Johnson MS, et al. Insulin sensitivity and 

blood pressure in black and white children. Hypertension 

2002;40:18–22.

40 Duncan GE, Li SM, Zhou XH. Prevalence and trends of a meta-

bolic syndrome phenotype among U.S. adolescents 1999–2000. 

Diabetes Care 2004;27:2438–43.

41 Boyd GS, Koenigsberg J, Falkner B, et al. Effect of obesity and 

high blood pressure on plasma lipid levels in children and 

 adolescents. Pediatrics 2005;116:442–6.

42 Sorof J, Daniels S. Obesity hypertension in children: a problem 

of epidemic proportions. Hypertension 2002;40:441–7.

43 Barker DJ, Osmond C, Golding J, et al. Growth in utero, blood 

pressure in childhood and adult life, and mortality from cardio-

vascular disease. Br Med J 1989;298:564–7.

44 Law CM, Shiell AW. Is blood pressure inversely related to birth 

weight? The strength of evidence from a systematic review of 

the literature. J Hypertens 1996;14:935–41.

45 Cruickshank JK, Mzayek F, Liu L, et al. Origins of the “black/

white” difference in blood pressure: roles of birth weight, 

 postnatal growth, early blood pressure, and adolescent body size: 

the Bogalusa Heart Study. Circulation 2005;111:1932–7.

46 Mahoney LT, Clarke WR, Burns TL, Lauer RM. Childhood 

 predictors of high blood pressure. Am J Hypertens 1991;4:

608S–10S.

47 Lauer RM, Clarke WR, Mahoney LT, Witt J. Childhood predic-

tors for high adult blood pressure. The Muscatine Study. Pediatr 

Clin North Am 1993;40:23–40.

48 Falkner B, Hulman S, Kushner H. Birth weight versus childhood 

growth as determinants of adult blood pressure. Hypertension, 

1998;31:145–50.

49 Gamborg M, Byberg L, Rasmussen F, et al. Birth weight and 

 systolic blood pressure in adolescence and adulthood: meta-

regression analysis of sex- and age-specific results from 20 Nordic 

studies. Am J Epidemiol 2007;166:634–45.

50 Falkner B, Hulman S, Kushner H. Effect of birth weight on blood 

pressure and body size in early adolescence. Hypertension 

2004;43:203–7.

51 Nilsson PM, Lurbe E, Laurent S. The early life origins of vascular 

ageing and cardiovascular risk: the EVA syndrome. J Hypertens 

2008;26:1049–57.



953

CHAPTER 64 Hypertension in Children and Adolescents

52 Rich GM, Ulick S, Cook S, et al. Glucocorticoid-remediable aldo-

steronism in a large kindred: clinical spectrum and diagnosis 

using a characteristic biochemical phenotype. Ann Intern Med 

1992;116:813–20.

53 Matteucci MC, Wuhl E, Picca S, et al. Left ventricular geometry 

in children with mild to moderate chronic renal insufficiency. 

J Am Soc Nephrol 2006;17:218–26.

54 Urbina EM, Gidding SS, Bao W, et al. Effect of body size, ponder-

osity, and blood pressure on left ventricular growth in children 

and young adults in the Bogalusa Heart Study. Circulation 

1995;91:2400–6.

55 Mitchell P, Cheung N, de Haseth K, et al. Blood pressure and retinal 

arteriolar narrowing in children. Hypertension 2007;49:1156–62.

56 Lande MB, Kaczorowski JM, Auinger P, et al. Elevated blood pres-

sure and decreased cognitive function among school-age children 

and adolescents in the United States. J Pediatr 2003;143:720–4.

57 Lande MB, Adams H, Falkner B, et al. Parental assessments of 

internalizing and externalizing behavior and executive function in 

children with primary hypertension. J Pediatr 2009;154:207–12.

58 Assadi F. Effect of microalbuminuria lowering on regression of 

left ventricular hypertrophy in children and adolescents with 

essential hypertension. Pediatr Cardiol 2007;28:27–33.

59 Hanevold CD, Pollock JS, Harshfield GA. Racial differences in 

microalbumin excretion in healthy adolescents. Hypertension 

2008;51:334–8.

60 Meyers K, Falkner B. Hypertension in children and adolescents: 

an approach to management of complex hypertension in pedia-

tric patients. Curr Hypertens Rep 2009;11:315–22.

61 Hansen HS, Froberg K, Hyldebrandt N, Nielsen JR. A controlled 

study of eight months of physical training and reduction of blood 

pressure in children: the Odense Schoolchild Study. Br Med J 

1991;303:682–5.

62 He FJ, MacGregor GA. Response to salt intake in children: 

increasing concerns? Hypertension 2007;49(2):e11.

63 He FJ, MacGregor GA. Importance of salt in determining blood 

pressure in children: meta-analysis of controlled trials. Hypertension 

2006;48:861–9.

64 He FJ, Marrero NM, MacGregor GA. Salt intake is related to soft 

drink consumption in children and adolescents: a link to obe-

sity? Hypertension 2008;51:629–34.

65 Rocchini AP, Key J, Bondie D, et al. The effect of weight loss on 

the sensitivity of blood pressure to sodium in obese adolescents. 

N Engl J Med 1989;321:580–5.

66 Appel LJ, Moore TJ, Obarzanek E, et al. A clinical trial of the 

effects of dietary patterns on blood pressure. DASH Collaborative 

Research Group. N Engl J Med 1997;336:1117–24.

67 Couch SC, Saelens BE, Levin L, et al. The efficacy of a clinic-

based behavioral nutrition intervention emphasizing a DASH-

type diet for adolescents with elevated blood pressure. J Pediatr 

2008;152:494–501.

68 National High Blood Pressure Education Program Working 

Group. National High Blood Pressure Education Program 

Working Group report on hypertension in diabetes. Hypertension 

1994;23:145–58; discussion 159–60.

69 Hricik DE. Dunn MJ. Angiotensin-converting enzyme inhibitor-

induced renal failure: causes, consequences, and diagnostic uses. 

J Am Soc Nephrol 1990;1:845–58.

70 Pryde PG, Sedman AB, Nugent CE, Barr M Jr. Angiotensin-

converting enzyme inhibitor fetopathy. J Am Soc Nephrol 

1993;3:1575–82.



954

Pediatric Cardiovascular Medicine, Second Edition. Edited by James H. Moller and Julien I. E. Hoffman. 

© 2012 Blackwell Publishing Ltd. Published 2012 by Blackwell Publishing Ltd.
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Hyperlipidemia in children and adolescents remains a 
significant risk factor for cardiovascular disease (CVD) later 
in life, yet <2% of children have evidence of severe genetic 
dyslipidemia associated with premature coronary artery or 
cerebrovascular disease. These typically autosomal dominant 
familial hyperlipidemias are not preventable and may result 
in death in early to mid-adulthood if not diagnosed and 
treated appropriately. In this chapter, we briefly review the 
pathophysiology of the various lipid disorders, and discuss 
screening and individualized treatment guidelines applicable 
to children and adolescents.

It is the worldwide obesity epidemic, however, which 
confers the greatest risk to public health. Obesity was 
identified as a major risk factor for cardiovascular disease 
by the American Heart Association in 1998 [1]. The 
projection that one in four children alive today may develop 
type 2 diabetes secondary to chronic obesity is alarming [2]. 
In contrast to genetic dyslipidemia, obesity is preventable 
and must be addressed by a broad-based population 
approach involving all sectors of society. Although around 
one billion people are affected by malnutrition worldwide, 
and perhaps 1.5 million children die annually from severe 
undernutrition, many others are at risk because of 
qualitatively poor but energy-rich diets. The decrease in 
physical activity in many parts of the world further 
contributes to the obesity epidemic.

Healthcare providers have traditionally had a minimal 
impact on preventing and treating youth obesity. There are 
many reasons for this, but the unsustainable cost of disability 
related to obesity, £2 billion per year in the United Kingdom 
alone, calls for much greater emphasis on prevention as a 
major component of medical practice [3].

Epidemiology of childhood obesity

According to the National Health and Nutrition Examination 
Survey (NHANES) in 2007–2008, currently 16.9% of 
children and adolescents aged 2–19 years are obese, defined 
as a body mass index (BMI) >95th percentile for age and 
gender [4]. That obesity has reached epidemic proportions is 
evident by its marked increase in prevalence over the past 
several decades. Since 1976–1980, obesity has doubled from 
5 to 10% among preschool children, tripled from 6.5 to 
19.6% in children 6–11 years old, and increased nearly 
fourfold among adolescents, from 5 to 18.1% [4].

The rate of obesity in the United States varies significantly 
among regions. The prevalence is greatest in the southeast-
ern United States, especially in rural Appalachia. The 
Coronary Artery Risk Detection in Appalachian Communities 
(CARDIAC) Project has documented an obesity rate of 
17.7% among kindergarten students, 22.2% among 2nd 
graders, and 28.4% among 5th graders. Cultural attitudes, 
low population density, and poverty each contribute in dis-
parate ways to obesity in this mostly white population [5].

Some racial/ethnic groups are affected more than others 
both in the United States and throughout the world. 
NHANES data from 2003–2004 showed a 24% prevalence 
of obesity among black girls and 22% among Mexican 
American boys [6]. Selected Pacific Islanders, such as 
Samoans, have obesity rates approaching 75% [7]. 
Childhood overweight and obesity in India rose from 16% 
in 2002 to 24% in 2006, and it is postulated that East 
Asians are more susceptible to the metabolic syndrome and 
diabetes than US Caucasians [8].
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The recently established European Childhood Obesity 
Surveillance Initiative reports that 24% of 6–9-year-olds are 
overweight (>85th –94.9th percentile) or obese [9].

Weight status in China has increased significantly as a 
result of urbanization and globalization. Whereas only 5% 
of people living in the countryside are obese, in some cities 
the prevalence exceeds 20%. Access to fast-food restaurants 
and processed foods readily available in cities is considered a 
major contributing factor [10].

Genetic and prenatal determinants 
of body composition

The Barker hypothesis states that the greatest threat to adult 
health is a child of low birth weight who remains small 
during infancy, then rapidly gains weight thereafter [11]. 
The proposed mechanism, referred to as the “thrifty 
phenotype,” is that less than optimal exposure to nutrients 
during intrauterine life causes the fetus to set its metabolic 
“thermostat” adversely so it is ill suited for the nutritional 
prosperity of postnatal life; this leads to excessive fat 
production rather than lean muscle mass [12]. In contrast to 
intrauterine nutritional deprivation, excessive maternal 
weight gain during pregnancy leads to large babies and 
higher BMI during adolescence and adulthood [13].

Barker’s early origins hypothesis has evoked considerable 
controversy among epidemiologists. Critics argue that his 
theory detracts from the importance of behavioral issues as 
risk factors for premature heart disease. However, there is 
little doubt that genetic factors play an etiologic role in obesity 
[14]. Genes affecting leptin receptors have been identified in 
mouse models, and a number of candidate genes in humans 
have been associated with body fat and its distribution. The 
effect of nutrition on gene expression, epigenetics, is only 
now emerging as a mechanism by which our children and 
grandchildren’s body composition is determined.

Smoking among pregnant women is increasing in 
developing countries and is associated with obesity among 
their offspring, presenting an opportunity for public health 
intervention [15].

Effect of obesity on cardiovascular 
disease

The strong relationship between obesity and hypertension is 
well established [16]. Long-standing hypertension may lead to 
renal failure and chronic congestive heart failure. Sympathetic 
nervous system activation secondary to obesity affects renal 
structure and function that in turn increase sodium adsorption 
and adversely affect renin–angiotensin regulation.

Childhood obesity confers a selective effect on lipoprotein 
and insulin metabolism. Its impact on low-density lipoprotein 

(LDL) cholesterol is modest whereas there is a strong inverse 
relationship with high-density lipoprotein (HDL) cholesterol 
levels. Compared with children of normal weight, obesity 
confers a twofold likelihood of increase in LDL cholesterol 
levels but a sevenfold likelihood of low HDL cholesterol levels. 
In obese individuals, low HDL cholesterol is often 
accompanied by elevated triglycerides and serum insulin. 
The constellation of obesity, hypertension, dyslipoproteinemia, 
hypercoaguability, and elevated insulin is characteristic of 
the metabolic syndrome, or insulin resistance syndrome. 
Whether insulin resistance is an independent risk factor for 
accelerated atherosclerosis is unknown, but its relationship 
to type 2 diabetes is established. The rise in childhood obesity 
has resulted in a concurrent rise in type 2 diabetes [17].

Approximately one-third of obese children and half of 
morbidly obese children are at great risk of developing type 
2 diabetes. Body fat distribution is related to insulin resistance 
in that visceral fat is a greater metabolic determinant than 
skeletal fat [18].

Prevention, assessment, and treatment 
of childhood overweight and obesity

Body mass index (BMI), the ratio of weight in kilograms to 
the square of height in meters, is the most practical means of 
describing gender- and age-specific weight status. Obesity is 
defined as BMI >95th percentile, and overweight is defined 
as BMI between the 85th and 94.9th percentiles. BMI <5th 
percentile is considered “underweight” and BMI >99th 
percentile defines “morbid obesity.” Because BMI normative 
values are unavailable for children <2 years of age, a weight 
for height value >95th percentile is used to categorize 
overweight in this age group (see addendum).

BMI levels correlate with body fat [19] and cardiovascular 
risk [20]. Because BMI percentiles are continuous, any given 
cut point is imperfect in distinguishing absolute risk. Muscular 
athletes, for example, often fall within the obese category 
because of tissue-dense lean muscle mass. More precise 
measures of body composition, such as dual-energy X-ray 
absorption (DEXA), are used in selected research studies. Waist 
circumference in children correlates with visceral adiposity 
and is a clinically useful adjunct to BMI as it is more likely 
reflects modest weight changes and lifestyle modification.

The Expert Committee Regarding the Prevention, 
Assessment, and Treatment of Child and Adolescent 
Overweight and Obesity recommends that clinicians avoid 
harsh use of the term “obese” during provider–patient 
encounters so as to minimize embarrassment or an inference 
of judgment. “Overweight” and “obese,” however, are 
appropriately used in documentation of weight status and 
risk assessment in the patient’s health record [21].

Figure 65.1 details recommended steps to prevent and 
treat overweight and obesity developed by the Expert 
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Panel [21]. BMI should be calculated at every well child visit. 
Assessment includes medical risk, including growth, child 
and family history, parental obesity, and laboratory evalua-
tion (glucose, insulin, hemoglobin A1-C, CRP, and fasting 
lipid profile) when BMI >95th percentile.

Behavior risk includes assessment of energy balance 
determined by quality of diet and the relative amounts of 
sedentary and physical activity. Family and patient concern 
about weight status and attendant risk, and also motivation 
to change, is of paramount importance. Effective behaviors 
for change include (1) limiting consumption of sweetened 
beverages; (2) limiting daily television and screen time to 
<2 h per day; (3) daily breakfast; (4) limited patronage of 
fast-food restaurants; (5) eating family meals together; and 
(6) food portion control. The child should undertake 60 min 
of moderate to vigorous physical activity daily [22]. Because 
smoking is a known cause of atherosclerosis (and also many 
other disorders), preventing smoking is an important part of 
treatment.

The technique of motivational interviewing includes reflec-
tive listening in a non-judgmental manner to elicit patient 
and parental concern and readiness to change [23]. Providing 
an opportunity for child–parent decisions about the actions 
for lifestyle changes is likely to be rewarding.

The chronic care model

Preventing childhood overweight and obesity requires a 
population approach. It is ideally suited to the theoretical 
and conceptual concepts of the chronic care model [24]. This 
model conceptualizes prevention and treatment in the 
context of health systems, including delivery system design, 
decision support, and clinical information systems; with self-
management and support of the community. It connects a 
well-prepared practice team (the medical home) with an 
informed participatory patient. The application of this clinical 
model to preventing and treating obesity, regardless of the 
age of the patient, represents an ecological framework 
recommended by the Institute of Medicine [25]. It 
incorporates assets within the local community, such as 
dietetic, behavioral, and physical activity support, into 
the treatment paradigm. It relies on public policy to 
enhance the built environment, foster coordinated school 
wellness, conduct social marketing, and optimize public 
transportation.

Publicly available guides for practitioners and patients alike, 
such as the We Can program, are effective in promoting healthy 
weight management [26]. Quality improvement initiatives 
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implemented in school-based health centers have likewise 
improved the treatment of pediatric overweight [27].

Diabetes mellitus

Diabetes mellitus (DM) has long been recognized as a major 
risk factor for the development of coronary artery disease. 
The two major subgroups of DM are characterized by the 
ability to synthesize insulin. Type I DM is characterized by an 
absolute inability to synthesize insulin whereas Type II DM 
is characterized by insulin resistance. Although they result 
from contrasting mechanisms, both lead to elevated blood 
glucose, which in turn accelerates the development of 
various disorders, including coronary artery disease.

Type II diabetes mellitus
Type II DM is characterized by hyperglycemia resulting from a 
relative insulin resistance. Because insulin is produced, type II 
DM is referred to as non-insulin-dependent diabetes mellitus 
(NIDDM). Compared with type I DM, type II DM is a much 
greater public health problem because it is associated with 
obesity. This association theoretically gives a basis for 
prevention. Although typically thought of as adult onset 
DM, this term is antiquated and grossly inaccurate. As 
the worldwide pediatric obesity epidemic escalates, so does 
the incidence of type II DM among older children. Given the 
sporadic nature of screening children for type II DM worldwide, 
the true incidence and prevalence of type II DM Is difficult to 
estimate. In the United States, a retrospective study showed 
that the incidence of type II DM in children aged 10–19 years 
increased from 0.7/100 000 in 1982 to 7.2/100 000 in 1994 
[28]. Similar trends have been found in studies in Japan, 
Argentina, and Thailand [29–31]. The prevalence of type II 
DM in the United States is estimated to be 18/100 000 
individuals among non-Hispanic white youth 10–19 years 
old, with rates of 106/100 000 and 145/100 000 individuals in 
African-American and Navajo youth, respectively [32–34].

The diagnosis of type II DM can be made when a child 
meets one of the following four criteria [35]:

a hemoglobin A1C >6.5% •
a fasting plasma glucose  • >126 mg dl−1

a 2 h plasma glucose  • >200 mg dl−1 following an oral glucose 
tolerance test

a random plasma glucose >200 mg dl • −1 in a child exhibiting 
classic signs and symptoms of hyperglycemia.

The American Diabetes Association also has developed cri-
teria for individuals at risk for developing type II DM. These 
individuals are often referred to as having “impaired glucose 
tolerance” or “borderline diabetes.” The criteria are:

a fasting plasma glucose 100–125 mg dl • −1

a 2 h plasma glucose 140–199 mg dl • −1 following an oral 
glucose tolerance test

a hemoglobin A1C 5.7–6.4%. •

Treatment of type II DM focuses on lifestyle modification, 
with emphasis on healthy weight loss and monitoring of 
carbohydrate intake. In children, metformin is the only 
agent shown in a treatment study to reduce fasting plasma 
glucose levels compared with placebo without significant 
side effects [36]. Furthermore, in a recent study of obese 
adolescents with fasting hyperinsulinemia who did not meet 
criteria for type II DM, the addition of metformin to lifestyle 
modifications helped lower insulin levels and BMI, which 
could potentially prevent progression to type II DM [37].

Complications in type II DM are generally divided into two 
groups, microvascular and macrovascular. Microvascular 
complications occur in smaller arteries and the most commonly 
affected organs are the eyes, kidneys, and peripheral nerves. 
Macrovascular complications occur in larger arteries, notably 
the coronary arteries and peripheral arteries. In fact, the link 
between adult coronary artery disease and type II DM is so 
well established that both the American Diabetes Association 
and American Heart Association classify type II DM as a 
“coronary heart disease risk equivalent.”

Type I diabetes mellitus
Type I DM (IDDM) is characterized by a lack of insulin 
production. It is commonly called childhood-onset or 
juvenile diabetes because the typical age of onset is childhood. 
There are various hypotheses about the etiology of this disease, 
including autoimmune, viral infection, and dietary. The 
incidence of type I DM in the United States is ∼23.6/100 000 
annually and the prevalence is about 200/100 000 [32]. The 
incidence of type I DM continues to increase worldwide for 
unknown reasons. In type I DM, treatment is focused on 
replacing insulin exogenously, with varying regimens and 
preparations of insulin available. Complications from type I 
DM are identical with those from type II DM.

Metabolic syndrome

“Metabolic syndrome,” also termed “syndrome X” or “the 
deadly quartet,” refers to adults with a constellation of 
specific cardiovascular disease risk factors. The World Health 
Organization first published criteria for this syndrome in 
1998 [38], and subsequently other health organizations [39] 
have developed their own criteria to “diagnose” this 
condition. Although the criteria vary by the defining 
organization, the major unifying theme is that this syndrome 
is well recognized and established within the adult population. 
The major components include hypertension, central obesity, 
elevated fasting glucose, elevated triglycerides, and reduced 
HDL cholesterol.

There is no official definition of the metabolic syndrome in 
children and adolescents, despite the increasing prevalence 
of the specific components within this population. The use of 
a single set of cut points throughout all ages of childhood, 
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despite changing physiology, the lack of an accepted normal 
range for insulin across childhood, and the physiological 
insulin resistance in puberty, are just a few of the problems 
making it difficult to define metabolic syndrome in the 
pediatric population. The American Heart Association 
recently published a scientific statement about the metabolic 
syndrome in children [39].

Hyperlipidemia in children 
and adolescents

As demonstrated in the Bogalusa Heart Study and the 
Pathobiological Determinants of Atherosclerosis in Youth 
(PDAY) Study [40,41], the pathological changes of 
atherosclerosis begin in childhood, although clinical 
manifestations do not appear until middle age. In the 
Bogalusa study, autopsy findings on young people registered 
in the study showed early atherosclerotic lesions in the aorta 
and the coronary arteries that correlated with elevated LDL 
cholesterol, elevated blood pressure, and obesity, and were 
inversely related to HDL cholesterol levels [40].

The PDAY study also showed atherosclerotic changes in 
teenagers, and that the progression of the atherosclerotic 
changes can be delayed by reducing risk factors through 
lifestyle changes and medication [41]. Ideally, interventions 
should occur before clinical manifestations of CVD develop, 
hence the need to intervene in childhood.

Many years will be needed to establish scientifically a 
decreased CVD mortality in adults from risk factor modi-
fication in children. However, pathologic change in young 
people coupled with the evidence that modifying risk factors 
improves the atherosclerotic lesions persuades us that every 
effort should be made to identify and treat children at 
risk. Familial aggregation of premature CVD, generally 
defined as atherosclerotic disease before 55 years of age, 
suggests the likelihood of an abnormality of lipoprotein 
metabolism.

Lipoprotein metabolism

Because they are insoluble in water, lipids are transported by 
lipoprotein. Lipoprotein consists of a core of triglycerides 
and cholesteryl esters surrounded by phospholipids, choles-
terol, and proteins, called apoproteins, which have multiple 
metabolic functions. The density of lipoproteins is inversely 
proportional to the ratio of lipid to protein. The lipoproteins 
found in serum include:

low-density lipoprotein (LDL) •
high-density lipoprotein (HDL) •
very-low-density lipoprotein (VLDL) •
intermediate-density lipoprotein (IDL) •
chylomicrons. •

Lipoproteins effect transport of fat either absorbed from 
the diet (exogenous pathway) or synthesized by the liver 
and adipose tissue (endogenous pathway). HDL metabolism 
is responsible for transport of excess cholesterol from 
peripheral tissues back to the liver for excretion as bile acids, 
a process called “reverse cholesterol transport.”

Nongenetic, secondary causes of lipoprotein abnormality 
include endocrine disorders such as hypothyroidism and 
diabetes, nephrotic syndrome, obesity, alcoholism, and 
selected medications, such as thiazides, anabolic steroids, 
and beta-blockers.

Genetic dyslipidemias are categorized according to 
aberrations in specific lipoproteins: hypercholesterolemia, 
hypercholesterolemia with hypertriglyceridemia, hypertri-
glyceridemias, and disorders of HDL metabolism. Rare 
disorders of cholesterol metabolism are not discussed in this 
chapter [42].

Hypercholesterolemias

Polygenic
The most common cause of hypercholesterolemia is referred 
to as “polygenic” which affects about one in 30 individuals. 
It represents the interaction of multiple genes and 
environmental influences, such as a high-fat diet and 
sedentary activity. Elevation in LDL cholesterol is modest 
and generally controllable by adopting a healthy lifestyle.

Familial hypercholesterolemias (FH)
These monogenic autosomal co-dominant disorders are 
characterized by LDL receptor defects that lead to abnormal 
LDL uptake and metabolism. Nearly 800 mutations have 
been described, with patterns varying according to ethnic 
and racial groups. Severe mutations are associated with 
failure of synthesis of LDL receptors, whereas in others 
receptors are present but defective.

The homozygous form is rare, with a prevalence of 
1/1 000 000. In affected individuals, the LDL cholesterol 
level ranges between 450 and 850 mg dl−1 and may exceed 
1000 mg dl−1. Multiple tendon and cutaneous xanthomas 
can be seen from a young age, and corneal arcus is also 
present. Atherosclerotic changes in the aortic root and the 
coronary arteries develop early, and can result in CVD by age 
10 years. These individuals rarely survive to adulthood. 
Their response to cholesterol-lowering medication is not 
optimal. Hence LDL apheresis and liver transplantation have 
been used as therapeutic options.

Of greater importance is the heterozygous form of FH, with 
a prevalence of 1/500 worldwide, that can be treated effec-
tively with cholesterol-lowering medications. Selected popu-
lations, such as Afrikaners, a group of French Canadians, and 
some Lebanese Christians, have been identified with “founder 
effect” mutations that result in frequencies >1/250.
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The phenotypic expression of the disease is influenced 
modestly by environmental factors. CVD typically manifests 
between the ages of 30 and 50 years. Premenopausal women 
usually present later than men because of the protective 
effect of circulating estrogen.

A strong family history of premature heart disease affecting 
a parent, grandparent, and other first- and second-degree 
family members, in association with LDL cholesterol levels 
exceeding 190 mg dl−1, should alert one to the probability of 
phenotypic expression of heterozygous FH. Genetic studies 
may confirm the diagnosis but are generally not performed 
clinically. When FH is suspected, other family members should 
be screened so that primary prevention can begin in those 
affected. As an autosomal dominant condition with nearly full 
penetrance, 50% of first-degree relatives and 25% of second-
degree relatives would be expected to have the disease.

Familial defective ApoB-100 (FDB)
This autosomal dominant condition results in inefficient 
binding of LDL by the LDL receptor. Phenotypically, individuals 
resemble those with heterozygous FH. The prevalence is 
1/700. Specialized laboratory testing can distinguish FDB from 
FH, but as treatment is identical, this is unnecessary.

Hypercholesterolemia with 
hypertriglyceridemia

Familial combined hyperlipidemia (FCH)
This autosomal dominant defect causes moderate elevation 
in both LDL cholesterol and triglycerides. Serum HDL may be 
decreased. The prevalence is ∼1/150, and it is found in 10% 
of survivors of premature coronary artery disease. Premature 
atherosclerosis is not as prevalent in FCH as with FH. Typically, 
the LDL level is not as elevated as in heterozygous FH. 
Xanthomas are not present. Elevated apoB levels and 
increased small, dense LDL particles support the diagnosis.

Not infrequently, children and adults who fulfill criteria 
for a diagnosis of FCH also have visceral adiposity, 
hypertension, and hyperinsulinemia suggestive of the 
metabolic syndrome. Although criteria for the diagnosis of 
metabolic syndrome in children have not been developed, 
this constellation of findings indicates risk for type II DM.

Hypertriglyceridemias

Familial hypertriglyceridemia (FHTG)
This autosomal dominant condition is also called type IV 
hyperlipidemia according to the Frederickson classification 
system. It occurs in 1/500 of the population. It is caused by 
the production of abnormal VLDL due to a deficiency of 
lipoprotein lipase or apoprotein C-II. The triglyceride levels 
typically range from 200 to 1000 mg dl−1, associated with a 

normal LDL and possibly low HDL. Although not highly 
associated with premature coronary vascular disease, it can 
result in pancreatitis. It generally does not become manifest 
until adulthood. To make the diagnosis, at least one other 
family member should have hypertriglyceridemia.

Disorders of HDL cholesterol

Primary hypoalphalipoproteinemia
Isolated low HDL may follow an autosomal dominant 
pattern, although often the family history is negative. HDL 
cholesterol levels are <10th percentile for gender and age. It 
is caused by increased catabolism of HDL and often a 
reduction in apoA-1 synthesis. The degree to which it may 
contribute to atherosclerosis is uncertain.

Hyperalphalipoproteinemia
This interesting but unusual condition is characterized 
by HDL levels >80 mg dl−1. It appears to have a cardioprotec-
tive effect.

Lipoprotein patterns in children 
and adolescents

The AHA recommends the use of cut-off points for serum 
cholesterol levels in children between 2 and 19 years of age 
as shown in Table 65.1.

HDL cholesterol levels <40 mg dl−1 are a risk factor for 
heart disease. Triglyceride levels >150 mg dl−1 are abnormal 
and probably contribute to the development of atheromatous 
plaques, although not to the same extent as elevated LDL 
cholesterol.

Although the total cholesterol slowly rises until puberty, it 
transiently falls at that point from lowering of the HDL in 
males and of LDL in females.

Screening and treatment 
for dyslipidemias

In 2008, the American Academy of Pediatrics (AAP) 
published recommendations for cholesterol screening and 
treatment in childhood [43]. They recommend a targeted 

Table 65.1 AHA recommended cut-off points for serum cholesterol 

levels in children aged 2–19 years.

Serum cholesterol  Acceptable Borderline High

Total cholesterol (mg dl−1) <170 170–199 >200

LDL cholesterol (mg dl−1)  <110  110–129  >130
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approach similar to that originally proposed by the National 
Cholesterol Education Program [44]. The recommendations 
are to screen selectively the following children:
1 children with a family history of dyslipidemia or premature 
coronary artery disease (which is defined as <55 years in 
men and 65 years in women)
2 children with an unknown family history, especially those 
with other risk factors such as obesity, hypertension, DM, or 
smoking.

Screening should occur between 2 and 10 years of age.
There is some rationale for universal blood cholesterol 

screening, especially in regions where the prevalence of 
heart disease and diabetes is well above average. A recent 
study of over 20 000 5th grade children who participated in 
a school-based blood cholesterol screening program found 
that one-third of the children who qualified for consideration 
of pharmacologic intervention (LDL >160 mg dl−1 plus other 
risk factors) would have been missed had selective screening 
criteria based on a positive family history been used [45].

Treatment guidelines
The AAP recommends a “two-pronged approach,” which 
consists of a population focus and an individualized approach 
[43]. The population approach refers to the general 
recommendations for a healthy lifestyle appropriate for all 
children. The individualized approach targets children 
identified as being at increased risk for CVD because of a 
genetic dyslipidemia, obesity, hypertension, or DM.

Dietary modifications
Elevated LDL cholesterol is controlled best by a diet low in 
saturated fat and cholesterol. The AAP guidelines recommend 
that saturated fat should supply no more than 7% of the 
total caloric intake, and that no more than 200 mg of 
cholesterol should be consumed per day. Lifestyle 
modification alone is unlikely to lower blood cholesterol 
levels sufficiently to a safe range in children with severe 
genetic dyslipidemias.

An important dietary approach for both primary and 
secondary prevention of CVD considers the type of fats 
consumed. A diet with increased mono- and polyunsaturated 
fats and limited carbohydrate intake can decrease LDL and 
modestly increase HDL cholesterol.

Elevated triglycerides are controlled best by a diet with 
restricted carbohydrate and sugar intake.

Other nonpharmacologic approaches
Increased soluble fiber intake lowers LDL cholesterol 
 levels. The AAP recommends a supplemental fiber dose of 
the child’s age in years + 5 g per day, up to a maximum of 
20 g [43].

Increased intake of plant sterols and stanols can decrease 
LDL cholesterol slightly, and may be found in some yogurt 
drinks and spreads.

Increased physical activity increases HDL and reduces LDL 
cholesterol and triglycerides. The AAP “5–2–1–0” plan 
recommends five fruits and vegetables daily, <2 h of “screen” 
time per day, at least 1 h of physical activity per day, and no 
sweetened drinks.

Omega-3 fatty acids can decrease triglycerides, and are 
well tolerated by children as a supplement. These fatty acids 
are present in oily cold-water fish (including salmon, 
sardines, mackerel, and tuna), eggs, milk, and some berries.

Pharmacologic intervention
The AAP guidelines have specific recommendations for 
children who should receive medication [43]. A child must 
be at least 8 years of age, and have failed to lower their 
cholesterol sufficiently after a suitable period of dietary 
restrictions. Pharmacologic treatment of children <8 years of 
age should be reserved for the rare child with homozygous 
FH and LDL cholesterol levels exceeding 500 mg dl−1. For 
children with moderately severe heterozygous dyslipidemias, 
medication is recommended if:

LDL cholesterol remains >190 mg dl • −1.
LDL cholesterol remains  • >160 mg dl−1 and other risk factors 

are present, including positive family history of premature 
CVD, obesity, and/or hypertension.

LDL cholesterol is >130 mg dl • −1 in children with DM.
The goal of therapy is to decrease the LDL cholesterol to 

<130 mg dl−1, or more ideally <110 mg dl−1. There is no reason 
to lower LDL levels more as is recommended in high-risk 
adults.

Medications available include the following:
Bile acid-binding resins: •  May lower the cholesterol by 

10–20% below baseline and have the advantage of no 
systemic effects. However, the associated gastrointestinal 
discomfort and the fact that dosage forms are neither practical 
nor palatable for children limited their use.

Niacin: •  Decreases both LDL cholesterol and triglycerides 
and also increases HDL cholesterol. The associated flushing, 
headaches, and elevations in hepatic enzymes prohibit its 
routine use in children. Niacin has been used selectively in 
children with marked hypertriglyceridemia at risk for acute 
pancreatitis, although dietary restriction of complex sugars 
and carbohydrates usually significantly lowers triglyceride 
levels.

HMG-CoA reductase inhibitors (statins): •  These are extremely 
effective, cause a 20–50% decrease in LDL cholesterol, and 
reduce plaque inflammation. The rare side effects include 
liver enzyme elevation and rhabdomyolysis. Hepatic 
transaminases must be monitored regularly but they can be 
allowed to increase 2–3-fold before the medication needs to 
be discontinued. Children rarely report the muscle aches 
and cramps that adults note.

Cholesterol-absorption inhibitors (ezetimibe): •  This relatively 
new class of medication is often useful in children with 
moderate elevation of LDL cholesterol not severe enough to 
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justify statins, or in combination with statins when there is 
severe hypercholesterolemia. They can decrease LDL by 
20%. Side effects are few.

Fibric acid derivatives: •  These are used in adults with for 
severe hypertriglyceridemia. This class of medication has 
very limited utility in children and may cause liver toxicity.
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Addendum

Calculators and charts for BMI percentiles can be found at

http://apps.nccd.cdc.gov/dnpabmi/calculator.aspx 

http://www.halls.md/body-mass-index/av.htm

http://kidshealth.org/misc/body_mass_index/P_bmi_chart.html
(all the above were accessed August 2011).
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66 Cardiac Tumors
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Although cardiac tumors are rare in children, recent advances 
in various types of imaging techniques have made it possible 
to diagnose them fairly accurately. Today, most benign tumors 
are surgically removed with reasonable success [1–30].

The tumors usually seen in childhood are rhabdomyoma, 
fibroma, mesothelioma of the atrioventricular (AV) node, 
and sarcoma. Other types of tumors in children are myxoma, 
lipoma, papillary fibroelastoma, tumor of heterotopic tissue 
(teratoma), leiomyoma, granular cell tumor, mesothelioma, 
hemangioma, lymphangioma, melanoma, paragangli-
oma (pheochromocytoma), neurofibroma, neuroblastoma, 
 neurinoma, lymphoma, and carcinoids.

Incidence

Primary cardiac tumors are extremely rare, with an  incidence 
of 0.0017–0.28% in autopsy series. Approximately 75–80% 
of tumors of the heart and pericardium are benign. Among 
the benign tumors, atrial myxomas constitute 75%.

Genetics

Little is known about the cause of pediatric cardiac tumors. 
In the past two decades, however, a genetic etiology has been 
recognized for some tumors. Clinical genetic analysis has 
shown that Carney complex is transmitted as an  autosomal 
dominant disorder and can manifest in a variety of tumors 
such as psammomatous melanotic schwannoma, pituitary 
 adenoma, and testicular Sertoli cell tumors [31]. Molecular 
genetic studies have demonstrated that mutations in a sub-
unit of protein kinase A and mutations in the MYH 8 gene 
that encodes prenatal myosin could be primary causes of the 
 disorders that predisposes to cardiac tumorogenesis [31].

Likewise, tuberous sclerosis complex (TSC) is an 
 autosomal dominant disorder that results from mutations 
in TSC1 or TSC2 genes and is associated with hamartoma 
formation in multiple organ systems [32].

Clinical manifestations

The clinical manifestations of cardiac tumors depend on the 
site, size, and characteristic pathological and histochemical 
features [3–30]. The tumor may remain asymptomatic and 
sudden death may be the first manifestation [24–26].

Tumors of the heart may produce hemodynamic effects, 
dysrhythmias, pericarditis, intracavity obstruction,  embolism, 
mechanical hemolysis, and constitutional symptoms. Some 
tumors, such as carcinoids, may have biologic effects and 
with malignant tumors metastasis elsewhere in the body 
may be seen.

The hemodynamic effects include obstruction to the inflow 
or outflow tract of any chamber on the right or left side of 
the heart or intracavity obstruction at the level of the AV 
valves. Pulmonary hypertension may occur due to  pulmonary 
emboli from the right heart, or due to pulmonary venous 
obstruction produced by left atrial or left ventricular outflow 
tract obstruction. Ascites may occur from right atrial 
 obstruction. Various types of arrhythmias occur, such as 
atrial fibrillation, flutter, supraventricular tachycardia, 
 pre-excitation, AV block, and repetitive ventricular 
 tachycardia. The tumor may produce pericardial effusion 
and  tamponade or may cause constrictive pericarditis. Emboli 
may pass to the brain or elsewhere in the systemic  circulation. 
Depending on the site of the tumor, there may be left or 
right heart failure. The symptoms then include cardiac 
 failure, general malaise, loss of weight, syncopal episodes, 
and pulmonary edema. Mechanical hemolysis and  hemolytic 
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anemia may be  produced by the tumor mass. In some 
patients the symptoms may resemble those of infective 
endocarditis with fever, signs of peripheral embolization, 
increase in sedimentation rate, and hyperglobulinemia. If 
the tumor is malignant, metastasis may occur in lungs, 
lymph nodes, mediastinum, liver, pancreas, spleen, kidneys, 
adrenals, bone, and brain.

Tumors of the pericardium

Pericardial tumors are less frequently seen than those within 
the heart and are very rare in children. The benign tumors 
are benign mesothelioma, miscellaneous pericardial celomic 
cysts, angiomas (hemangioma and lymphangioma), lipoma, 
 leiomyoma, fibroma, neurofibroma, neuroblastoma, and 
neurinoma. The malignant tumors are rare and include 
 various types of sarcomas and malignant mesothelioma 
[1,2,4,10–14].

Tumors of the heart

Rhabdomyoma
Rhabdomyoma is the most common primary cardiac tumor 
in infancy and childhood. It is rarely seen after the age of 15 
years. It is usually associated with TSC complex, an  autosomal 
dominant disorder resulting from mutations of TSC1 or TSC2 
genes. It occurs with hamartoma formation in multiple 
organ systems. About 80% of the tumors present before 
the age of 1 year. The tumor is usually multiple but may 
be  single. It is often in the walls of the right and left ventricle 
or the interventricular septum (Figure 66.1), but is rare in 
the atrial septum [1,5,7,10–15,32].

Microscopically, the tumor consists of vacuolated cells that 
look like spider cells and contain glycogen. On electron 
microscopy, glycogen is seen in the cytoplasm and in the 
mitochondria. The intercellular junctions resemble 
 intercalated discs, desmosomes, and nexus.

The tumor may obstruct a coronary artery or affect the 
conduction system. It can also obstruct the tricuspid, 
 pulmonary, mitral, or aortic valve, or the outflow tract of the 
right and left ventricle. Rarely, the tumor presents as fetal 
hydrops with AV block.

Although the obstructive phenomena may predominate 
in patients with outflow tract obstruction, they may also 
have varying types of arrhythmias, such as atrial fibrillation, 
flutter, supraventricular tachycardia, pre-excitation, AV 
block, and ventricular tachycardia. In general, the 
 arrhythmias are abolished after surgical removal of the 
tumor. Rhabdomyomas are completely benign, with no 
metastasis, and most of them spontaneously regress either 
partially or completely.

Fibroma
Fibroma is the second most common tumor in infancy. It is 
almost always solitary. The tumor occupies the septal or pari-
etal wall of the left ventricle. Because it is not  encapsulated, 
it intermingles with the myocardial cells of the wall of the 
ventricular mass. Despite this, it can often be shelled out at 
surgery and usually does not recur. The fibroma may com-
press the anterior descending coronary artery or affect the 
conduction system to varying degrees and cause AV block. 
The tumor may produce subaortic or  subpulmonary obstruc-
tion or arrhythmias and may lead to sudden death [1–15].

Microscopically the tumor contains fibrous tissue,  fibroblasts, 
fat cells, endothelial-lined spaces, and smooth muscle cells. It 
has also been called fibrous hamartoma [1,2,10,11].

Teratoma
Teratomas are extremely rare cardiac tumors. They contain 
derivatives of all three germ layers and may be associated 
with congenital heart disease [1–5,10–14]. They are usually 
extracardiac but intrapericardial. They may be attached to 
the right ventricular outflow tract and compress the heart 
and cause tamponade. Like all teratomas, intrapericardial 
teratoma has a malignant potential.

Myxoma
Although myxomas are rarely seen before the age of 15 
years, they do occur in adolescence [10,11,17–24]. The 

Figure 66.1 Multiple rhabdomyomas of the heart, left ventricular (LV) view. 

Arrows point to rhabdomyomas. (Reproduced from Bharati, S, Lev M. Cardiac 

tumors. In: Adams FH, Emmanouilides GC, Riemanschneider TA, eds. Moss’ 

Heart Disease in Infants, Children and Adolescents, 4th edn. Baltimore, MD: 

Williams and Wilkins, 1989: 886–90, with permission from Wolters Kluwer.)
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tumor is usually in the left atrium and frequently in the right 
atrium. It is uncommon in the ventricles. Occasionally the 
tumor may be bilateral. When it occurs in the left atrium, it 
is usually near the fossa ovalis, but can occur in the parietal 
wall. In general, the tumor is attached to the atrial septum 
by a pedicle but it may be attached directly to the atrium. In 
one type the myxoma is transparent and in another it is a 
round or oval firm mass (Figure 66.2a).

Microscopically, it consists of plump endothelial cells 
 associated with thin-walled capillaries and a large amount of 
amorphous matrix (Figure 66.2b). The myxoma cells are 
elongated and spindle shaped, with round or oval nuclei and 
a prominent nucleolus. Some cells are binucleated. The cells 
are arranged in syncytial groups and intimately associated 
with cleft-like, thin-walled capillaries. They have the 
 combined features of smooth muscle cells and fibroblasts. On 
electron microscopy, a distinctive feature of myxoma cells is 
the presence of numerous cytoplasmic filaments. Calcification 
may occur. Large, thick-walled blood vessels are present in 
the pedicle. The predominant substance in the matrix is an 
acid mucopolysaccharide related to chondroitin C. The tumor 
also presents a variety of cell types: fibroblastic cells, macro-
phages, lymphocytes, plasma cells, mast cells, and mature 
and immature muscle cells. Gamma-Gandy  bodies consisting 
of hemosiderin-laden macrocytes and degenerated collagen 
fibers encrusted with iron and calcium are also seen.

Most authors believe that the tumor originates from 
multipotential mesenchymal cells. Some believe that the 
myxoma is a true neoplasm and not an altered thrombus. 
A minority opinion still regards it is an organized mural 
 thrombus, modified by mechanical forces.

Myxoma may embolize systemically or less commonly to 
one or both lungs. Occasionally, myxoma of the heart is 

associated with similar tumors in the choroid plexus, the left 
lateral ventricle of the brain, and the scapula. It is not known 
whether these constitute metastases or are related to 
 embolization.

Clinically, the symptoms vary from obstruction of a valve 
to tumor embolus or systemic symptoms, or the patient may 
be asymptomatic. Myxomas often masquerade as mitral 
valve disease, connective tissue disorder, or infective 
 endocarditis. Fever is common, and there may be weight 
loss, Reynaud’s syndrome, polymyositis, hyperglobulinemia, 
and an elevated erythrocyte sedimentation rate. Some have 
attributed these findings to an increase in circulating 
 interleukin-6 [24].

The mortality rate for surgical removal of cardiac myxoma 
is <5%. Recurrence may occur but is uncommon. Various 
types of arrhythmias, such as atrial flutter, fibrillation, 
 junctional rhythm, sinus arrest, or complete AV block, may 
occur following surgical removal of the myxoma.

Cardiac myxomas are associated with various complexes 
[10,11,20–24,31]. One such complex consists of cardiac 
myxoma, multiple pigmented skin lesions (lentiginosis), 
myxoid fibroadenoma of the breast, skin myxomas, and 
 primary pigmented nodular adrenocortical disease of the adre-
nal. A second, LAMB complex, consists of lentiginosis, atrial 
myxoma, mucocutaneous myxoma, and blue nevi. Another, 
NAME complex, consists of nevi, atrial myxoma, neurofi-
bromatosis, and ephelides. Finally, Carney complex is a famil-
ial multiple neoplasia disorder consisting of cardiac myxoma, 
lentiginosis, primary pigmented nodular  adrenocortical dis-
ease, bilateral myxoid fibroadenoma of the breast in the 
female, and testicular tumors in the male [(large cell calcifying 
Sertoli cell tumor and steroid-type tumor (Leydig cell)], with 
pituitary adenoma associated with acromegaly and giantism.

(a)

Figure 66.2 (a) Myxoma gross appearance. Arrows point to the region of attachment of tumor to atrial septum. (b) Myxoma. Hematoxylin–eosin stain, 

original magnification ×150. (Reproduced from Bharati, S, Lev M. Cardiac tumors. In: Adams FH, Emmanouilides GC, Riemanschneider TA, eds. Moss’ Heart 

Disease in Infants, Children and Adolescents, 4th edn. Baltimore, MD: Williams and Wilkins, 1989: 886–90, with permission from Wolters Kluwer.)

(b)
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Papillary fibroelastoma
Although this is the second most common type of cardiac 
tumor, and the most common to affect endocardium and 
cardiac valves, it is rare in childhood. Any valve can be 
involved, most often aortic or mitral, then tricuspid, and 
least often the pulmonary valve. The fibroelastoma has a 
flower-like appearance with multiple elongated branching 
papillary fronds attached to the endocardium by a short 
pedicle [33]. Usually asymptomatic, it is a cause of systemic 
or pulmonary embolism; those on the aortic valve may 
cause myocardial infarction or sudden death. They are 
 diagnosed by echocardiography, and can be removed 
 surgically.

Other benign tumors
Several other benign tumors in the heart have been reported, 
including lipoma, hemangioma, granular cell tumor, and 
myoblastoma [1,2,10–14].

Mesothelioma of the AV node
This is a benign localized tumor of the AV node (Figure 
66.3a) [10,25,26]. Although the tumor is rare, it may become 
evident clinically in adolescents. It usually  produces  complete 

heart block that may result in sudden death. The tumor 
affects the distal part of the atrial septum and the approaches 
to the AV node, and the AV node may be  completely replaced 
by the tumor mass. It rarely extends to the AV bundle. 
Histologically it consists of cells arranged in masses or  tubular 
form with no evidence of anaplasia (Figure 66.3b). In 
ultrastructure studies, it appears to be derived from 
 mesothelial cells. About 50% of the reported patients are in 
younger age groups and more often in women.

Sarcoma
Primary cardiac sarcomas are rare in children but have been 
described in adolescence [1,2,5,10–14,28–30]. They are  usually 
found in the atria, especially the right. Angiosarcoma is the 
most common type. The origin of these tumors in order of 
 frequency is right atrium, left atrium, right ventricle, and left 
ventricle. These tumors are often associated with metastases to 
the lung, lymph nodes, mediastinum, liver, kidneys, adrenals, 
spleen, pancreas, brain, and bone. There are a number of types 
of sarcoma: angiosarcoma, rhabdomyosarcoma, leiomyosar-
coma, spindle cell sarcoma, neurogenic sarcoma, osteosarcoma, 
undifferentiated sarcoma (Figure 66.4), fibrosarcoma, liposar-
coma, fibromyxosarcoma, myxosarcoma, malignant melanoma, 

(a) (b)

Figure 66.3 (a) Mesothelioma of the AV node in a 16-year-old young female who died suddenly 6 weeks following giving birth to a normal baby. 

AT, atrial septum; N, AV node; V, ventricular septum. Arrows point to mesothelioma replacing the AV node. Weigert-van Gieson stain, original 

magnification ×9.7. (b) Higher magnification of mesothelioma showing tubular formations of tumor. Hematoxylin–eosin stain, original magnification ×375. 

(Reproduced from Bharati S, Bicoff JP, Fridman JL, et al. Arch Intern Med 1976;135:224–8, with permission from the American Medical Association. Copyright 

© 1976 American Medical Association. All rights reserved.)
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and mesenchymoma Among the lymphomas are reticulum 
sarcoma and lymphosarcoma.

Metastatases to the heart
In older people, metastatic tumors to the heart are twice as 
common as primary tumors. Carcinomas arising from breast, 
bronchi, kidneys, malignant melanoma, chondrosarcoma, 

malignant lymphoma, and leukemia may metastasize or spread 
to the heart. On the other hand, in children or adolescents, 
osteogenic sarcoma (Figure 66.5) [10,11] and chondrosarcoma 
are the most common causes of metastases to the heart.
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67 Connective Tissue Disorders
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Introduction

“Connective tissue” refers to a complex structure composed 
of a cellular component (fibroblasts, smooth muscle cells) 
and the extracellular matrix. The extracellular matrix 
includes both structural proteins such as collagen, fibrillin, 
and fibronectin and ground substance such as proteoglycans. 
This matrix provides specific environmental signals to co ntrol 
cell morphology, migration, differentiation, proliferation, 
and metabolism. Together they form a network that provides 
resistance to mechanical forces while allowing diffusion of 
small molecules.

In the cardiovascular system, connective tissue is mostly 
present in the valves and vessel walls. The valves 
 themselves (both atrioventricular valves and semilunar 
valves) are composed of different layers of connective tis-
sue, covered with endothelial cells. As an example, the 
adult human aortic valve cusps are composed of about 
10–15% of elastin and 45–55% of collagen. The composi-
tion of the extracellular matrix in blood vessels depends 
on the type and subtype of vessel, for example, elastic or 
muscular arteries, small, medium, or large veins. The 
larger arteries have proportionately more fibrillin and 
elastin, whereas the middle-sized arteries have more 
 collagen in the medial layers.

Connective tissue disorders comprise a heterogeneous 
group of diseases, mostly affecting the ocular, skeletal, integ-
ument, and cardiovascular system. Common ocular findings 
include ectopia lentis, myopia, and corneal fragility. Frequent 
skeletal features include overgrowth leading to pectus 
deformities, scoliosis, disproportionate body measurements, 
joint laxity and contractures, osteoporosis, and fractures. 
The skin can be characterized by skin hyperlaxity, cutis 
laxa, easy bruising, smooth and velvety skin, and atrophic 

scarring. Cardiovascular findings include aortic and arterial 
aneurysms with tortuosity, valve insufficiency, patent ductus 
arteriosus, and atrial/ventricular septal defects.

In contrast to the skeletal dysplasias and osteogenesis 
imperfecta, which mainly affect the hard connective tissues, 
three groups of heritable disorders primarily affecting the 
soft connective tissues are discussed in this chapter, namely 
the heterogeneous group of Ehlers–Danlos syndromes, the 
aneurysm syndromes including Marfan and Loeys–Dietz 
syndrome, and the rare group of cutis laxa syndromes.

Ehlers–Danlos syndromes

Classification
The Ehlers–Danlos syndromes (EDS) comprise a clinically 
and genetically heterogeneous group of heritable disorders of 
which the principal clinical features are the result of  varying 
degrees of tissue fragility of the skin, ligaments, blood vessels, 
and internal organs. The prevalence of EDS is estimated as 
∼1/5000 births, with no racial predisposition. However, this 
may be an underestimate as this group of diseases is not well 
known among clinicians. The first attempts to classify the 
EDS resulted in the Berlin Nosology in 1986, in which 10 
subtypes were recognized [1]. Elucidating the molecular basis 
of several types of EDS resulted in  refinement of this 
classification, which led to the 1997 Villefranche Nosology 
[2]. This classification recognizes six subtypes, based on 
clinical characteristics, mode of inheritance, and biochemical 
and molecular findings. The most frequent types of Ehlers–
Danlos syndrome include the classic,  hypermobility and 
vascular type, whereas the  kyphoscoliosis,  arthrochalasis, 
and dermatosparaxis types are very rare. During the past few 
years, it has become clear that this classification remains 
insufficient and that many patients present with overlapping 
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forms of EDS, which cannot unambiguously be classified into 
one of the six recognized subtypes. Recent insights into the 
molecular and biochemical basis of some EDS variants call 
for a refinement of the Villefranche classification, which will 
likely further improve appropriate diagnosis and counseling 
of affected families.

Clinical diagnosis
The main clinical characteristics of EDS present to varying 
degrees in each subtype of the syndrome, include joint 
hypermobility, skin hyperextensibility, delayed wound 
 healing with atrophic scarring, easy bruising, and general-
ized fragility of the soft connective tissues.

Joint hyperlaxity is usually generalized but can vary 
 tremendously in severity. Joint hypermobility is generally 
assessed using the Beighton scale. A score above five (out of 
nine) indicates joint hyperlaxity. However, joint hyperlaxity is 
present in ∼10–20% of the normal population. Other  common 
features in EDS include uni- or bilateral dislocation of the hip, 
club feet, and pes planum. During childhood, complications 
are usually limited to delayed motor develo pment due to 
muscular hypotonia. From young adulthood on, subluxations 
and dislocations may occur, either spon taneously or after 
minimal trauma. All joints can be involved, but the most 
frequent ones include the costo-vertebral and costo-sternal 
joints, clavicles, shoulders, knee with patellar joint, and 
temporomandibular joints. Other problems related to joint 
hypermobility are joint effusions and premature osteoarthritis. 
Often adolescents start to suffer from chronic musculoskeletal 
pain, which is distinct from the acute pain associated with 
dislocations. The severity of the complaints is typically greater 
than expected based on physical and radiological examination, 
and the impact can be devastating, with disruption of sleep, 
work, physical activities, and social relations.

Skin hyperextensibility is characteristic for all EDS 
 subtypes, except in the vascular type. In contrast to the skin 
in cutis laxa syndromes, the skin of EDS patients is 
 hyperelastic, which means that it extends easily and snaps 
back after release. The skin is often very smooth and velvety 
to the touch. Wound healing is delayed, resulting in the 
formation of widened atrophic scars, so-called “cigarette-
paper scars.” These atrophic scars are typically located over 
knees, elbows, shins, forehead, and chin. In the vascular 
type, the skin is not hyperextensible, but rather thin and 
transparent, typically showing the venous pattern over the 
chest,  abdomen, and extremities. Easy bruising is a common 
finding in patients with EDS and in small children it may 
even be the presenting symptom to the pediatrician. It 
manifests as  spontaneous ecchymoses, frequently recurring 
in the same areas and causing a characteristic brownish 
discoloration of the skin, especially in exposed areas such as 
shins and knees. There is a tendency towards prolonged 
bleeding, for example, following brushing of the teeth, in 
spite of a normal coagulation status.

Other manifestations of generalized tissue fragility are 
observed in multiple organs and include cervical  insufficiency, 
inguinal, umbilical, or other hernias, recurrent rectal pro-
lapse in early childhood, and dehiscence of sutured incisions 
in skin or mucosa. Structural cardiac malformations are 
uncommon in most EDS types, but mitral valve prolapse 
and, less frequently, tricuspid valve prolapse may occur. The 
vascular type of EDS deserves special attention because this 
condition is associated with an increased risk of life- 
threatening complications and a decreased life expectancy.

Vascular Ehlers-Danlos syndrome
Vascular EDS (or the former type IV Ehlers–Danlos 
syndrome) is an autosomal dominant disorder caused by 
mutations in the gene encoding for type III collagen 
(COL3A1) (see Table 67.3). Clinical diagnosis can be 
confirmed biochemically by reduced type III collagen or 
identifying the causal COL3A1 gene after mutational 
analysis. In addition to the joint and skin problems, vascular 
EDS is clinically characterized by fragility of intestinal and 
genitourinary organs and vascular fragility leading to 
dissection or rupture of medium to large muscular arteries. 
Typically in vascular EDS, dissections often occur without 
preceding dilatation/aneurysm formation. In vascular EDS 
patients, complications in early childhood are rare. In the 
largest series reported so far, the average age at the time of 
a first complication was 23.5 years, with rupture of the 
gastrointestinal tract likely to occur at an earlier age than 
arterial rupture [3]. About half of the arterial complications 
in vascular EDS involved the thoracic or abdominal arteries 
and the rest were divided equally between the head, neck, 
and limbs. In vascular EDS, the reported incidence of fatal 
complications during or immediately after vascular surgery 
is around 45% [3]. It is very difficult to establish useful 
guidelines for cardiovascular imaging in vascular EDS 
because complications may occur unannounced and no 
specific treatment is available at present. Some authors 
advise not pursuing any additional investigation or surv-
eillance, because a conservative approach will be adopted 
irrespectively and undue anxiety would be created. Others 
recommend noninvasive cardiovascular imaging with 
echocardiography and vascular computed tomography/
magnetic resonance imaging (CT/MRI) [4].

Other rare variants of EDS
Although vascular ruptures are most typical for the vascular 
type of EDS, they can also occur in the rare kyphoscoliosis 
type of EDS. Features of classic EDS may be found in patients 
with other rare variants of EDS. For example, a subgroup of 
patients with the classic EDS phenotype has been observed 
who developed severe cardiac valvar problems, and in 
whom a complete deficiency of the proα2-chain of type I 
collagen has been identified. This autosomal recessive con-
dition has been termed the “cardiac valvar subtype of 
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EDS” [5–7]. Classic EDS features were also observed in a 
number of children with non-glycine substitutions in the 
type I collagen triple helical domain [8]. Recent  observations 
showed that this phenotype evolves to a vascular EDS-like 
phenotype in adult life, with increased risk for spontaneous 
arterial rupture [9].

Genetics/Inheritance
Most forms of EDS are autosomal dominant, although some 
more rare autosomal recessive forms occur. In the vascular 
form of EDS, every family has its own private mutation in 
the COL3A1 gene. Mutations most often affect the highly 
conserved glycine residues present at every third amino acid 
position in the helical domain of the type III collagen. About 
50% of the COL3A1 mutations occur de novo, so the absence 
of a family history does not preclude this diagnosis.

Pathophysiology
Mutations of the COL3A1 gene typically result in a  structural 
alteration of type III collagen that leads to intracellular 
 storage and impaired secretion of collagen chains. A possible 
regulatory role for the type III collagen molecule has been 
suggested, although formal studies are still ongoing.

Marfan syndrome

Introduction
Over 100 years ago, the French pediatrician Antoine-Bernard 
Marfan described a 5-year-old girl, Gabrielle, with long  slender 
digits, long bone overgrowth, and muscle hypoplasia [10]. 
Since then, clinical research has further delineated this 
condition and identified it as a systemic disorder of the 
connective tissue with severe manifestations in the cardio-
vascular, ocular, and skeletal system demanding a multi-
disciplinary approach for both diagnosis and management. 
Marfan syndrome (MFS) occurs worldwide with an incidence 
estimated up to 1/5000, affecting both sexes equally [11]. The 
disease demonstrates autosomal dominant inheritance with 
high penetrance and marked inter- and intrafamilial variability. 
MFS is caused by mutations in the FBN1 gene, encoding an 
important extracellular matrix protein, fibrillin-1.

Clinical characteristics
Long bone overgrowth contributes to the most striking 
observations in MFS, leading to disproportionately long 
limbs and anterior chest deformities due to rib overgrowth. 
Other major manifestations include arachnodactyly, elbow 
contractures, scoliosis or spondylolisthesis, protrusio acetab-
ulae (detected by X-ray), and calcaneal displacement 
 resulting in pes planus with hindfoot valgus. Arachnodactyly 
is often a subjective finding but requires the thumb sign 
(when the fully adducted thumb extends beyond the ulnar 
border of the palm) and wrist sign (when the distal phalanges 

of the thumb and fifth finger fully overlap when grasping 
the contralateral wrist). Patients may present with typical 
facial characteristics including downslanting palpebral fis-
sures, enophthalmia, retrognathia, and a high arched palate 
with tooth crowding. Joint hypermobility may predispose to 
ligamentous injury, dislocations, chronic joint pain and pre-
mature arthrosis. Other troublesome locomotor symptoms 
include muscle hypoplasia and myalgia resulting in fatigue 
and spinal pain. These symptoms increase with age and 
affect up to 98% of adult patients [12]. MFS patients have 
been considered to have an increased number of fractures 
due to osteopenia, but this remains to be confirmed.

Ocular lens dislocation of any degree should promptly 
trigger further assessment for MFS. It occurs in about 
50–67% of all patients. Final diagnosis of ectopia lentis can 
only be made by slit lamp examination. High myopia, retinal 
detachment, cataract, or glaucoma occur and may cause sig-
nificant visual impairment or even blindness [13].

Although other systems may be severely impaired in MFS, 
cardiovascular pathology remains the leading cause of 
mortality and morbidity with aortic root dilatation, dissection, 
and rupture being life-threatening manifestations (see Table 
67.3). The dilatation is generally greatest at the sinuses of 
Valsalva. Measurements should be normalized to body 
surface area and age [14]. Aortic root aneurysms occur in an 
age-dependent manner with high variability among 
individuals, prompting life-long follow-up. Although in 
severe disease the onset of dilatation occurs early in life, 
some individuals will never need aortic root replacement. 
The majority of fatal events associated with untreated MFS 
occur in early adult life. However, timely recognition and 
appropriate medical and surgical management of the disease 
increased the mean survival age to 72 years [15]. The 
improved life expectancy in MFS has revealed that patients 
are also prone to more distally occurring aortic manifestations, 
especially after aortic root replacement, requiring appropriate 
imaging [16]. Pulmonary artery diameters are significantly 
larger in MFS and may become apparent before aortic root 
dilatation, and so have potential diagnostic value, especially 
in children [17]. Two-thirds of patients have mitral valve 
dysfunction with most commonly valve prolapse, insuffi-
ciency and calcification often associated with myxomatous 
valve thickening [18]. In contrast, aortic valve insufficiency 
usually results from aortic root dilatation. At the extreme 
end of presentation, infants with neonatal MFS manifest 
severely impaired valve dysfunction leading to congestive 
heart failure, pulmonary hypertension, and even early 
death [19]. Primary progressive myocardial dysfunction is 
usually mild, but may be aggravated by β-adrenergic blockade 
or valve insufficiency [20].

Finally, some other organ systems are affected in Marfan 
patients. Dural ectasia is a frequent observation with a 
 prevalence of up to 92% in Marfan patients, and may be 
detected in young children [21]. Unfortunately, many other 
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 conditions, including neurofibromatosis and Loeys–Dietz 
and Ehlers–Danlos syndromes, manifest dural ectasia and its 
precise specificity and sensitivity are not established. 
Moreover, it requires specific imaging of the lumbosacral 
region with CT or MRI, reducing its accessibility. In some 
patients it causes discomfort such as low back pain, 
 headaches, and irradiating leg pains [22].

Striae distensae independent of marked weight gain or 
pregnancy occur in up to two-thirds of all patients [23]. 
Recurrent inguinal or surgical hernias are common and need 
special attention. Pneumothorax and pulmonary emphy-
sema and dysfunction, partly due to alveolar septation 
defects, represent rare but disabling manifestations. 
Restrictive lung disease may result from severe pectus 
deformities, but is rare in MFS. In view of the long bone 
overgrowth, pulmonary function should be normalized to 
sitting height rather than body surface area [24].

Diagnostic criteria
Diagnosis and management require a multidisciplinary 
approach by geneticists, cardiologists, orthopedic surgeons, 
and ophthalmologists with experience in this field [25]. The 
diagnosis of MFS has always relied on a set of international 
criteria, outlined by expert opinion. In 1996, the initial 
Berlin nosology was revised because of the risk of over-
diagnosis and redefined as the Ghent nosology, a more 
stringent set of major and minor criteria [26]. These Ghent 
criteria have proven to work well because with improving 
molecular techniques, confirmation of the diagnosis is 
possible in >95% of patients [27]. However, concerns with 
the Ghent criteria are that some of the diagnostic 
manifestations have not been validated as thresholds (e.g., 
dural ectasia) and others necessitate cumbersome imaging 
studies. Moreover, in the absence of aortic dilatation, the 
diagnosis can be stigmatizing, hampering career aspirations 
and restricting life insurance opportunities. Following an 
international expert meeting, a revised Ghent nosology, in 
which aortic root aneurysm and ectopia lentis are cardinal 
features, is proposed [28] (Table 67.1). In the absence of any 
family history, the presence of these two manifestations is 
sufficient for the unequivocal diagnosis of MFS. In the 
absence of any of these two, the presence of bona fide FBN1 
mutation or a combination of systemic features is required. 
For the latter, a new scoring system (Table 67.2) has been 
designed and validated. In this way, FBN1 testing is not 
mandatory but useful when available.

Pathophysiology
For a long time, the pathophysiology of MFS was entirely 
based on severely reduced and fragmented elastic fibers in 
affected tissues. This observation led to the hypothesis that 
structural deficiency of the fibrillin-1 protein was the most 
important player in the etiology of Marfan syndrome. 
Although this hypothesis offered an explanation for aortic 

pathology, it did not reconcile the observations of other 
 clinical features such as long bone overgrowth, thickening 
of the cardiac valves, or muscle hypoplasia. The study of 
the fibrillin-1 mutant mouse that recapitulates the human 

Table 67.1 Revised Ghent criteria for diagnosis of Marfan syndrome 

and related conditionsa.

With no family history:

1 Ao (Z ≥ 2) AND EL = MFSb

2 Ao (Z ≥ 2) AND FBN1 = MFS

3 Ao (Z ≥ 2) AND Syst (≥7 pts) = MFSb

4 EL AND FBN1 with known Ao = MFS

EL with or without Syst AND with an FBN1 not known with Ao or no 

FBN1= ELS

Ao (Z < 2) AND Syst (≥5) without EL = MASS

MVP AND Ao (Z < 2) AND Syst (<5) without EL = MVPS

With family history:

5 EL AND FH of MFS (as defined above) = MFS

6 Syst (≥7 pts) AND FH of MFS (as defined above) = MFSb

7 Ao (Z ≥ 2 above 20 years old, Z ≥ 3 below 20 years) + FH of MFS 

(as defined above) = MFSb

aAo, aortic diameter at the sinuses of Valsalva above indicated Z-score 

or aortic root dissection; EL, ectopia lentis; ELS, ectopia lentis 

syndrome; FBN1, fibrillin–1 mutation; FBN1 with known Ao, FBN1 

mutation that has been identified in an individual with aortic 

aneurysm; FBN1 not known with Ao, FBN1 mutation that has not 

previously been associated with aortic root aneurysm/dissection; MASS, 

myopia, mitral valve prolapse, aortic root dilatation, striae, skeletal 

findings, aortic aneurysm syndrome; Syst, systemic score (see Table 

67.2); MFS, Marfan syndrome; MVPS, mitral valve prolapse syndrome; 

Z, Z-score.
bAND after TGFBR1/2, Caveat: without discriminating features of 

SGS, LDS or vasc. collagen biochemistry, COL3A1 testing if indicated, 

other conditions/genes will emerge with time, EDS (as defined in 

Table 67.3).

Table 67.2 Scoring of systemic features in Marfan syndrome.

• Wrist AND thumb sign – 3 (Wrist OR thumb sign – 1)

•  Pectus carinatum deformity – 2 (pectus excavatum or chest 

asymmetry – 1)

• Hindfoot deformity – 2 (plain pes planus – 1)

• Pneumothorax – 2
• Dural ectasia – 2
• Protrusio acetabuli – 2
•  Reduced US/LS AND increased arm/height AND no severe scoliosis – 1
• Scoliosis or thoracolumbar kyphosis – 1
• Reduced elbow extension – 1
•  Facial features (3/5) – 1 (dolichocephaly, enophtalmos, 

downslanting palpebral fissures, malar hypoplasia, retrognathia)

• Skin striae – 1
• Myopia >3 diopters – 1
• Mitral valve prolapse (all types) – 1
Maximum total: 20 points; score ≥7 indicates systemic involvement
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MFS has recently challenged this “mechanistic” view. 
Indeed, these mouse models have shown that structural 
fibrillin-1 deficiency leads to increased activation of the 
sequestered cytokine transforming growth factor beta 
(TGFβ) [29,30], which has a pivotal role in the develop-
ment and maintenance of several tissues. Enhanced activa-
tion of the TGFβ pathway was shown to contribute to the 
development of emphysema, aortic aneurysms, and  muscle 
hypoplasia seen in MFS. In murine models, these changes 
can be effectively blocked by the administration of TGFβ 
antibodies and an angiotensin receptor blocker,  losartan 
[29,31,32].

Management
Cardiovascular follow-up should include serial evaluation 
with echocardiography or CT/MRI angiography when 
visibility of the aortic root and ascending aorta is limited 
[16]. The evaluation frequency should be tailored based 
upon  aortic dimensions, the rate of aortic growth, and 
family history. β-Adrenergic blockade, titrated to 
physiological response, is a standard treatment to slow 
aortic growth mainly by virtue of its antihypertensive and 
negative inotropic effects [33]. If beta-blockade is 
contraindicated (asthma, Raynaud phenomenon, psoriasis, 
depression, fatigue), calcium antagonists or angiotensin-
converting enzyme inhibitors may alternatively be used, 
although no randomized studies exist. Surgical repair of 
the aorta is indicated once the maximum diameter exceeds 
5.0 cm in adults, when the rate of aortic growth exceeds 
>0.5–1.0 mm per year, or with significant aortic regurgi-
tation. With proper aortic valve function, the preferred 
technique is the valve-sparing procedure, avoiding life-
long anticoagulant therapy, especially in females in their 
fertile period. Although the superiority of this technique 
compared with the composite graft has not been established, 
the 10 year experience is very promising [34]. After surgical 
repair of the aortic root, imaging of the whole aorta is 
warranted for timely detection of aortic graft pseudo-
aneurysms, more distally occurring aneurysms, and 
coronary artery aneurysms [25]. New therapeutic strategies, 
based upon the physiopathology in MFS, propose losartan 
as an anti-hypertensive agent attenuating TGFβ signaling. 
In mouse models, losartan has been shown to stop aortic 
growth and induces regression of emphysematous changes 
in the lung, even in adult life [32]. Currently ongoing 
randomized trials are focused on this new treatment 
possibility in MFS, which might also be beneficial in related 
conditions [31].

Orthopedic complications mainly involve anterior chest 
and vertebral column deformities that should be followed 
carefully, especially during and just after puberty. Because 
extreme pectus deformities have little impact on pulmo-
nary function, surgery is considered a cosmetic issue. 

Correction, preferably using the minimally invasive Nuss 
procedure, should not be done before the age of 11 years 
[35], as earlier intervention might lead to recurrent 
 deformity due to continued rib growth. In contrast, severe 
(kypho)-scoliosis has major impact on quality of life, 
 needing surgical stabilization, as bracing often remains 
inadequate [36]. Protrusio acetabulae is often asympto-
matic in young adults, and the benefit of surgery is 
 questioned [37]. Hormone therapy is indicated if predicted 
final height is unacceptable [38].

Diffraction anomalies due to lens subluxation, flat  cornea, 
or myopia can easily be corrected by eyeglasses or contact 
lenses. Lens extraction for manifest ectopia lentis or cata-
ract severely increases the pre-existing risk for retinal 
 detachment and glaucoma with resultant significant 
 visual impairment. Yearly examination by an experi-
enced  ophthalmologist in every Marfan patient is highly 
 recommended.

Finally, lifestyle modifications may promote  cardiovascular 
and psychosocial health and prevent or relieve many locomo-
tor inconveniences, including arthrosis, fatigue, myalgia. 
and chronic joint pains. Patients should avoid competitive 
sports, straining, or isometric exercise, as these increase 
blood pressure and cause considerable dynamic stress on the 
aortic root. Additionally, contact sports should be avoided as 
these may precipitate aortic dissection [39]. Activity 
 guidelines are available on the National Marfan Foundation 
website: http://www.marfan.org/.

Loeys–Dietz aortic aneurysm syndrome

Classification
A novel autosomal dominant aortic aneurysm syndrome 
characterized by the triad of hypertelorism, bifid uvula/cleft 
palate, and arterial tortuosity with ascending aortic aneurysm 
and dissection, caused by heterozygous loss-of-function 
mutations in the genes coding for the TGFβ receptors 1 or 2, 
TGFBR1 or TGFBR2, was recently described and designated 
“Loeys–Dietz  syndrome” (LDS) [40]. Although some indi-
viduals show overlap with MFS, none satisfy diagnostic 
 criteria. The main differences are the absence of significant 
long-bone overgrowth or lens dislocation, and many other 
discriminating findings can be present, including craniosyn-
ostosis, Chiari malformation, club feet, patent ductus arteri-
osus (PDA), and aneurysms/dissection throughout the 
arterial tree. In  contrast to this typical presentation, referred 
to as LDS type 1, some patients show fewer craniofacial 
abnormalities but prominent skin and joint manifestations 
more reminiscent of EDS [41]. This phenotype, referred to 
as LDS type 2, is characterized by a velvety and translucent 
skin, easy  bruising, widened atrophic scars, uterine rupture, 
severe  peripartum bleedings, and arterial aneurysm/dissec-
tions throughout the arterial circulation.
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Clinical characteristics
The Loeys–Dietz syndrome is characterized by four major 
groups of clinical findings: vascular dilatation and tortuosity, 
skeletal findings, facial dysmorphology, and skin symptoms.

In the cardiovascular system, dilatation of the aortic root, at 
the level of the sinuses of Valsalva, is the most important 
clinical finding (Table 67.3). At the time of diagnosis, about 
two-thirds of the patients already have an aneurysm of the 
aortic root, and virtually all LDS patients eventually develop 
dilatation of the aortic root [41,42]. Less frequently, and 
seldom isolated, aneurysms of the ascending and/or 
descending aorta are seen. The mean age at which aortic 
dilatation is established is in the teenage range. At the time of 
diagnosis, about one-fifth of the LDS patients already have an 
aortic dissection. Arterial tortuosity is seen in most individuals 
with a TGFBR1 or TGFBR2 mutation. Arterial tortuosity can 
be generalized but most commonly involves the head and 
neck vessels. Evaluation at baseline is best done with magnetic 
resonance angiography (MRA) or CT scan with 3D 
reconstruction. To identify all arterial aneurysms and arterial 
tortuosity throughout the arterial tree, it is mandatory to 
screen all vessels from head to pelvis. Approximately half of 
the individuals with LDS studied had an aneurysm distant 
from the aortic root that would not have been detected by 
echocardiography. Congenital heart diseases, such as a 
bicuspid aortic valve, an atrial septal defect, or a patent ductus 
arteriosus, are more frequently seen in LDS patients than in a 
normal population. Mitral valve prolapse and/or insufficiency 
is a recurrent finding in LDS patients, although less frequent 
than in MFS [43,44]. Recently, evidence was given that a 

TGFBR1 mutation in LDS can cause microvascular coronary 
artery dysplasia and subsequent cardiomyopathy [45].

Skeletal features in LDS show overlap with those of MFS: 
joint hyperlaxity, arachnodactyly, pectus deformity (pectus 
excavatum or carinatum), and scoliosis are frequently seen. In 
addition to the joint laxity, contractures of feet (talipes 
equinovarus) and fingers (camptodactyly) are common 
features in LDS [41,46–48]. Pes planus is often associated with 
inward rotation at the ankle. Dolichostenomelia (long limbs, 
leading to an increase in the arm span-to-height ratio and a 
decrease in the upper-to-lower segment ratio), as seen typically 
in MFS, is far less often described in LDS patients [41,46]. 
Other recurrent findings are cervical spine instability and 
spondylolisthesis [40,41,46]. The skeletal phenotype with 
respect to low bone mineral density and skeletal fragility is 
unclear. Approximately three-quarters of LDS patients have 
facial dysmorphologic features, and are therefore designated 
as patients with LDS type 1. Hypertelorism (wide-set eyes) and 
a cleft palate or a bifid uvula are major diagnostic characteristics 
of LDS [40,41]. Craniosynostosis is a recurrent feature. Most 
commonly the sagittal suture is prematurely closed (resulting 
in dolichocephaly), but the coronal suture (resulting in 
brachycephaly) and metopic suture (resulting in trigonocephaly) 
can also be involved. A bifid uvula (ranging in severity from a 
remarkable broad uvula, a uvula with raphe, to a clear split 
uvula) is the mildest form of a cleft palate. Other craniofacial 
findings are micro-retrognathia, blue sclerae, strabismus, and 
a high arched palate with dental crowding [42,49–51]. A 
correlation has been suggested between the severity and 
extent of craniofacial involvement (craniosynostosis, cleft 

Table 67.3 Differential diagnosis of aortic aneurysm syndromes a,b.

  AD-CL AR-CL  AR-CL  ATS  LDS  MFS  FTAAD  Vasc. EDS

Gene ELN FBLN-5 FBLN-4 SLC2A10 TGFBR1/TGFBR2 FBN1 ACTA2/MYH11 COL3A1

Inheritance AD AR AR AR AD AD AD AD

Arterial tortuosity 0 ? ++ +++ ++ 0 0 0

Aortic/arterial aneurysm/dissection + 0 ++ ++ +++ +++ +++ +++
Arterial stenosis 0 ++ ++ ++ 0 0 + 0

Cutis laxa/skin laxity +++ +++ + + +/− 0 0 +
Emphysema ++ +++ + 0 0 + 0 0

Joint laxity 0 0 ++ ++ ++ + 0 +
Contractures 0 0 0 + + + 0 0

Cleft palate/bifid uvula 0 0 0 + ++ 0 0 0

Ectopia lentis  0  0  0  0  0  +++  0  0

aACTA2, alpha2-actin; AD-CL, autosomal dominant cutis laxa; AR-CL, autosomal recessive cutis laxa; ATS, arterial tortuosity syndrome; COL, 

collagen; EDS vascular Ehlers–Danlos syndrome; ELN, elastin; FBLN, fibulin; FBN, fibrillin; FTAAD, familial thoracic aortic aneurysm dissection; 

LDS, Loeys–Dietz syndrome; MFS, Marfan syndrome; MYH11, myosin heavy chain 11. TGFBR, transforming growth factor beta receptor; Vasc.,.
b?, unknown; 0, absent; +, present; +/−, described but uncertain if associated.
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palate/abnormal uvula, and hypertelorism) and the age of first 
cardiovascular event [41]. Ectopia lentis, a cardinal clinical 
feature in MFS, is not seen in LDS [41]. In LDS type 2, there 
are no striking  craniofacial features, although some patients 
have an  isolated bifid uvula [41,52]. Some subtle facial features 
are observed: a tall, broad forehead, frontal bossing, a high 
anterior hair line, hypoplastic supraorbital margins, prominent 
upper central incisors in late childhood/adulthood, and an 
open-mouthed, myopathic face. Facies of adult LDS type 2 
patients may also appear prematurely aged [52].

Skin findings include velvety, translucent skin with visible 
veins, and easy bruising [40,41,49]. Wound healing may be 
delayed, and scars appear dystrophic. Approximately 25% of 
LDS patients have these cutaneous features, and no craniofacial 
dysmorphology, and are designated as LDS type 2.

Importantly, the natural history of patients with TGFBR1/2 
mutations is far more aggressive than in MFS or vascular 
EDS, with a mean age at death of 26.1 years. Aortic dissections 
occur in young childhood and/or at smaller aortic dimensions 
(<40 mm), and the incidence of pregnancy-related compli-
cations is high. However, these aneurysms are amenable to 
early and aggressive surgical intervention, a clear distin-
guishing feature from vascular EDS [17]. In congruence with 
the physiopathology in MFS, a paradoxically enhanced TGFβ 
signaling was demonstrated, opening perspectives on thera-
peutic intervention with losartan [15].

Management
Baseline evaluations are recommended to establish the 
extent of the disease. The aortic root must be measured by 
echocardiography. As approximately half of the individuals 
with LDS studied had an aneurysm distant from the aortic 
root that would have been missed by echocardiography, 
MRA or CT with 3D reconstruction from head to pelvis must 
be performed to detect arterial aneurysms throughout the 
arterial tree. Skeletal investigations should include an X-ray 
of the cervical spine to look for spine instability. Additional 
examinations for other manifestations of the disease (such 
as scoliosis or craniosynostosis) [53] can be guided based on 
physical examination. As there is no specific treatment for 
LDS, medical intervention should be focused on symptomatic 
treatment, prophylactic measures, and genetic counseling. 
Thorough follow-up of the cardiovascular situation, through 
echocardiography every 6 months and MRA/CT (frequency 
guided by initial baseline evaluation), is recommended [54]. 
As dissection occurs at smaller aortic diameters than observed 
in, for example, MFS, early and aggressive surgical 
intervention is a sensible approach [54].  Valve-sparing aortic 
root replacement using the reimplantation technique is the 
intervention of choice [55,56]. Because of the risk of patch 
pseudoaneurysm formation, the side branch technique for 
arch and visceral vessel reimplantation in arch and 
thoracoabdominal aortic repairs is advocated for patients 
with connective tissue disorders [57]. Open repair of 

descending thoracic and thoracoabdominal aneurysms 
should be the treatment of choice because the progressive 
aortic pathology is likely to result in late failures of 
 endovascular repair as fixation zones continue to dilate [58]. 
Staged replacement of affected aortic segments is indicated, 
sometimes leading to replacement of the entire aorta [59]. 
Preventive, aggressive surgical reconstruction [60,61] is still 
controversial [62]. Beta-blocker therapy reduces 
hemodynamic stress. Angiotensin receptor blocker therapy 
may  confer a long-term clinical benefit over beta-blocker 
therapy, similar to the beneficial role of angiotensin II 
blockade in patients with MFS [63]. Despite normal 
peripheral blood pressures, progression of aortic disease is 
seen in young  individuals with LDS. Skeletal, craniofacial, 
and eye manifestations should be treated by a multidisciplinary 
team. Contact sports, isometric exercises, competitive sports, 
and activities that cause joint pain/injury should be avoided. 
Individuals should perform moderate physical activity.

Genetics
LDS is caused by heterozygous mutations in the TGFβ recep-
tor 1 or 2 gene (TGFBR1 or TGFBR2), and is transmitted as 
an autosomal dominant trait. TGFBR1 is mapped on the long 
arm of chromosome 9, band 9q33–q34. The locus of TGFBR2 
is situated on chromosome 3p22. No clinical difference can 
be made between patients with mutations in TGFBR1 and 
TGFBR2. About one-third of the mutations occur de novo.

Pathophysiology
Although the precise pathogenetic mechanism remains 
unclear, TGFβ signaling is enhanced in the presence of het-
erozygous mutations in TGFβR1 or TGFβR2 in LDS, as evi-
denced by increased nuclear accumulation of phosphorylated 
Smad2 (an intracellular mediator of TGFβ signaling) and 
increased output of TGFβ-responsive genes in aortic walls and 
aortic cell cultures derived from LDS patients. As in MFS, his-
tology of the aortic wall in LDS patients shows disorganiza-
tion of the elastic fibers in the aortic media, and increased 
collagen deposits, also suggestive of increased TGFβ signaling. 
LDS patients show predominantly medial degeneration of the 
diffuse type. This disturbance accounts for the propensity for 
arterial tears or dissections, typical for LDS syndrome.

Although until recently most studies have focused on the 
canonical TGFβ signaling, there is emerging evidence that 
non-canonical pathways such as the MAPKs (the mitogen-
activated protein kinases) may have a role in aneurysm 
development. Recent studies observed in the aorta of 
fibrillin-1 deficient mice that TGFβ and angiotensin II -type 1 
receptor (AT1R)-dependent activation of the extracellular-
signal regulated kinases (ERK1 and ERK2) are involved in  
the pathogenesis of aneurysms, and further evidence for 
their  importance was obtained from the abrogation of 
pathological aortic root growth after treatment with a specific 
ERK inhibitor [63a,63b].
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Osteogenesis imperfecta

Historically, osteogenesis imperfecta (OI) has been viewed as 
an autosomal disorder of type I collagen, the major protein 
component in the extracellular matrix of bone. In the past 
several years, this paradigm of OI has undergone a major 
shift with the identification of several autosomal recessive 
forms. The autosomal dominant form is caused by mutations 
in the COL1A1 (chr 17) and COL1A2 (chr 7) coding for the 
alpha1 and alpha2 chain of type I collagen, respectively. Type 
I collagen is the major collagen in bone, which bears the 
brunt of the disease, but it occurs also in arterial walls and 
cardiac valves. [64–66]. There are four main autosomal 
dominant types:
  I  Normal stature, with bone fractures following minimal 

trauma, blue sclerae, and hearing loss (50% of families); 
tendency for decreased fractures with age. Dentinogenesis 
imperfecta is rare and distinguishes a subset.

 II  Due to de novo mutations, cause of intrauterine or neona-
tal death with gross bony and cartilaginous abnormalities. 
Counseling should take into account parental mosaicism.

III  Very short stature and multiple fractures, leading to pro-
gressive deformity. Dentinogenesis imperfecta and hearing 
loss are common.

IV  Milder form of type I, prominent tibial bowing.
Cardiac involvement is uncommon, and almost invariably 

affects the left side. Patients may have aortic root dilatation, 
but dissection and rupture are rare [67,68]. Aortic or 
mitral regurgitation may occur; mitral valve prolapse 
occurs, but probably not more frequently than in the 
normal population. Premature coronary artery disease 
occurs rarely.

For type V the genetic basis is unknown. In type V, the 
patients also have a triad of hypertrophic callus, dense 
metaphyseal bands, and ossification of the interosseus 
membranes of the forearm. Typical is the distinctive histology 
with irregular arrangements or a mesh-like appearance of 
the lamellae. Type VI is characterized by a fish-scale pattern 
of the lamellae and a decreased bone mineralization 
secondary to increased osteoid volume. Type VI is autosomal 
recessive and caused by mutation in the gene FKBP10, 
coding for FKBP65, a chaperone that participates in type I 
procollagen folding [69].

Types VII to IX are all severe or neonatally lethal recessive 
forms of OI. These forms are caused by defects of the 
collagen prolyl 3-hydroxylation complex [CRTAP coding 
for cartilage-associated protein, LEPRE-1 coding for the 
enzyme prolyl 3-hydroxylation (P3H1), and PPIB coding 
for cyclophylin B] [70–72]. Finally, two other recessive 
forms have recently been described with mutations in 
SERPINH1, which encodes the collagen chaperone HSP47 
[73], and Osterix, a gene encoding a transcription factor 
SP7 [74].

Cutis laxa syndromes

Cutis laxa (CL) syndromes are a heterogeneous group of 
extremely rare connective tissue disorders characterized by 
an increased number of inelastic skin folds. Clinical 
classification is based on the mode of inheritance and 
systemic manifestations. Two major types of CL are important 
in the context of aortic aneurysm: autosomal dominant CL 
and type 1 autosomal recessive CL (see Table 67.3).

Autosomal dominant CL was historically considered to be 
a strictly dermal condition with generalized skin folds, but 
more recent reports mentioned pulmonary emphysema and 
aortic root dilatation with dissection in early adulthood [75]. 
The aortic pathology of these aneurysms was indistinguishable 
from what is seen in MFS. Mutations in the elastin (ELN) 
and fibulin 5 (FBLN5) genes have been associated with 
autosomal dominant CL.

Type 1 autosomal recessive CL is characterized by 
generalized cutis laxa and severe lung emphysema [76]. 
Arterial tortuosity with severe fragmentation of the elastic 
fibers is associated both in humans and mice. So far, genetic 
defects in patients with autosomal recessive CL are identified 
in the FBLN4, FBLN5, and LTBP4 genes [77–80].

Pseudoxanthoma elasticum

This rare autosomal recessive disorder of elastic tissue is 
associated with mutations in the ABCC6 gene on chromosome 
16p3.1 [81]. The ABCC6 protein is a member of the ATP-
binding transmembrane transporters but the substrate of 
this transporter is still unknown. There is fragmentation and 
calcification of elastic fibers [82,83]. The disease affects the 
skin that shows yellow papules and a crinkled appearance 
(“plucked chicken skin”). Retinal angiomatoid streaks 
develop and may interfere with vision. Arterial involvement 
is widespread and may result in gastrointestinal or other 
bleeding, renal vascular hypertension, intermittent 
claudication, or angina pectoris. Mitral valve prolapse is 
common [84,85]. Severe coronary arterial disease has been 
recorded in children as young as 8 years of age [86,87]. 
Restrictive cardiomyopathy has been described [88]. A few 
patients may have left ventricular hypertrophy, even in the 
absence of skin changes.

Related syndromic causes of aortic/arterial 
disease

Arterial Tortuosity Syndrome
Arterial tortuosity syndrome (ATS) is a rare autosomal 
recessive condition characterized by extensive and generalized 
tortuosity and aneurysms of the large and medium-sized 
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arteries, often resulting in death at young age (Table 67.3). 
Other typical features include stenosis of the pulmonary 
arteries, characteristic facial features including hypertelorism 
and bifid uvula, and several systemic connective tissue 
manifestations including pectus deformity, loose joints, and 
lax skin [89]. Loss of function of the facilitative glucose 
transporter GLUT10 (encoded by the SLC2A10 gene) 
underlies this peculiar phenotype [90]. Although it is 
surprising that a glucose transporter defect causes abnormal 
arterial patterning, additional studies indicated up-regulation 
of the TGFβ signaling pathway [90], consistent with the 
physiopathology in LDS and MFS.

Congenital contractural arachnodactyly
Congenital contractural arachnodactyly (CCA) or Beals 
syndrome is characterized by arachnodactyly and slender 
habitus in which arm span exceeds height. Most affected 
individuals have “crumpled” ears that present as a folded 
upper helix of the external ear and most have contractures of 
major joints (knees and ankles) at birth. The proximal 
interphalangeal joints also have flexion contractures, as do 
the toes. Hip contractures, adducted thumbs, and club foot 
may occur. Most affected individuals have muscular 
hypoplasia. Contractures usually improve with time. Kyphosis/
scoliosis is present in about half of all affected individuals. 
Progressive enlargement of the ascending aorta at the sinuses 
of Valsalva has been reported, but there is no evidence that 
the aortic dilatation progresses to dissection or rupture [91]. 
FBN2, the gene encoding the extracellular matrix microfibril 
fibrillin-2, is the only gene known to be associated with CCA 
[92]. Inheritance is autosomal dominant.

Shprintzen–Goldberg syndrome (SGS)
Another differential diagnosis is Shprintzen–Goldberg 
syndrome (SGS), a rare craniosynostosis syndrome character-
ized by marfanoid skeletal features, craniofacial dysmorphism 
(exophthalmos, hypertelorism, downslanting palpebral 
fissures, maxillary and mandibular hypoplasia, high arched 
palate, and low-set ears), and developmental delay. Two SGS 
patients have been reported with TGFBR mutations; 
however, both patients were thought to have LDS based on 
aortic root aneurysm/arterial tortuosity and a bifid uvula or 
cleft palate [93]. Although SGS and LDS show extensive 
phenotypic overlap, most patients with SGS do not show 
vascular involvement. Other distinguishing features of LDS 
include bifid uvula, cleft palate, arterial tortuosity, and a low 
incidence of developmental delay.

Other syndromes with possible involvement 
of the aortic root
Turner syndrome (45,X0), Noonan syndrome (caused by 
PTPN11, KRAS, or SOS1 mutations), and autosomal dominant 
polycystic kidney disease (caused by PKD1 or PKD2 mutations) 
are associated with thoracic aortic aneurysm, but the precise 

risk for dissection has not yet been determined. Regular 
evaluation of the aortic diameters is therefore recommended.

Related non-syndromic causes 
of aortic/arterial disease

Thoracic Aortic Aneurysm with Bicuspid Aortic 
Valve (TAA with BAV)
With a prevalence of 1–2%, bicuspid aortic valve (BAV) is 
one of the most common cardiac malformations of the 
general population and is found in up to 8% of patients with 
aortic dissection detected at postmortem examination. 
Importantly, the aortic dilatation often occurs above the 
sinuses of Valsalva, and CT or MRI is indicated if 
echocardiography does not allow good visualization of the 
ascending aorta. BAV is found in 9% of first-degree relatives 
of affected individuals, but accurate counseling is complicated 
by nonpenetrance. Increasing evidence indicates that both 
aberrant valve formation and aortic root dilatation are the 
consequences of a common underlying defect. Thus far, 
mutations have been identified in NOTCH1 and KCNJ2 
genes in most patients with additional congenital cardiac 
malformations [94], but linkage analysis reveals genetic 
heterogeneity with loci identified on chromosomes 18q, 5q, 
and 13q [95].

Thoracic aortic aneurysm with patent ductus 
arteriosus (TAA with PDA)
Following genetic linkage analysis in two large families with 
a high incidence of TAA in conjunction with PDA, mutations 
were found in the MYH11 gene encoding the myosin heavy 
protein 11, a specific contractile protein of smooth muscle 
cells. The structural defect leads to lower aortic compliance, 
smooth muscle cell loss, and elastolysis, but the precise 
pathophysiology remains unclear [96].

Familial thoracic aortic aneurysm 
and dissection (FTAAD)
TAAD usually presents with no or minor systemic involvement. 
Importantly, aortic aneurysms in TAAD can also occur distally 
from the sinuses of Valsalva, warranting imaging of the entire 
aorta. Clinical presentation is extremely variable with regard 
to the age of onset and degree of progression of the dilatation. 
Genetic predisposition is an important etiologic factor because 
20% of patients with TAAD have a positive history of familial 
TAAD (FTAAD) with predominantly autosomal dominant 
segregation with decreased penetrance.

In contrast to syndromic TAAD, the identification of 
genetic defects in nonsyndromic forms has only recently 
been started. Occasional FBN1 mutations have been 
identified in patients with TAAD, who often show limited 
skeletal marfanoid involvement and probably represent 
incomplete expression of the MFS. Genetic mapping studies 
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demonstrate large genetic heterogeneity with several loci 
identified so far. Some families are not linked to any of these 
loci so that other loci must exist. Therefore, it is not always 
possible to perform clinical diagnostic genetic testing for this 
syndrome. A first major locus mapped to 5q13–14 in 9/15 
families with autosomal dominantly segregating FTAAD 
with reduced penetrance and 7/11 Finnish families in a 
subsequent study [97]. A second locus for familial aortic 
aneurysms, designated FAA1, mapped to 11q23–24 in a 
single, large family [98], characterized by a more diffuse 
vascular disease affecting the whole aorta in addition to 
middle-sized arteries. In the third locus predisposing to 
TAAD, TAAD2, mapped to 3p24–25 [99], TGFBR2 has been 
identified as the mutant gene. TGFBR2 mutations were 
found in 4/80 unrelated families with familial TAAD, making 
it a relatively rare cause of familial TAAD [100]. Although 
vascular disease in these families mainly involved the 
ascending aorta, widespread vascular involvement occurred 
and other connective tissue findings including pectus 
deformity and joint hypermobility were observed. It is 
unknown whether some members of these families had 
other features of LDS. Subsequently, TGFBR1 mutations 
were also identified in FTAA families [101]. Finally, mutations 
in the gene encoding ACTA2, another sarcomeric protein, 
were found responsible for up to 16% of familial aortic 
aneurysms. In these families, associated features included 
iris flocculi, livido reticularis, cerebral aneurysm, bicuspid 
aortic valves, and persistent ductus arteriosus [102,103].

Familial abdominal aortic dissecting aneurysm
Rupture of aortic aneurysms in adults beyond middle age, 
with a striking male predominance, is responsible for 1–2% 
of deaths in industrialized countries and has been attributed 
to atherosclerosis or hypertension. This attribution has had 
to be revised because familial aneurysms with a tendency to 
dissection have been described in the abdominal aorta 
[104,105]. Although these aortic aneurysms occur in about 
1% of the population, patients with an aneurysm are 15 
times more likely to have a relative with an aneurysm than 
is someone of the same age without an aneurysm [106,107]. 
The aorta shows cystic medial necrosis, sometimes with loss 
of elastic fibers, but microfibrillar fiber arrays have been 
normal. In some families, a deficiency of type III collagen 
was found [104,108]. Some patients have shown increases 
in serum and leukocyte elastolytic activity [109]. Although 
most of the dissection has occurred beyond middle age, 
deaths have occurred in children aged 10–15 years.

Should there be a family history of this disease, annual 
echocardiographic study of the aortic dimensions should be 
undertaken, as in MFS. Progressive dilatation of the aorta is 
a reason to consider surgical replacement of that segment.

There is an animal model of aneurysms in the blotchy 
mouse [110], which is known to have a deficiency of lysyl 

oxidase, an enzyme responsible for cross-linking elastin and 
collagen. Treatment with β-adrenergic blockade reduces the 
aneurysm formation.
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Introduction

The mucopolysaccharidoses (MPSs) are a group of lethal 
inherited lysosomal storage diseases that result from the 
functional deficiency of specific enzymes. These enzymes 
degrade glycosaminoglycans (GAGs), compounds which are 
a significant component of the extracellular matrix in all 
 tissues [1,2]. Each type of MPS is defined by the functional 
absence of a type-specific enzyme causing one or two 
 characteristic GAGs and GAG-degradation products to 
 accumulate (Table 68.1). The GAGs accumulate, generally as 
proteoglycans (protein-bound GAGs), and mirror their 
 normal somatic occurrence. They account, in general, for 
the phenotypic differences between the various types of 
MPS (Table 68.2). Within each type of MPS, numerous 
 distinctive gene mutations have been identified [3–8], which 
result in variations of the amount of functional enzyme 
present. These unique mutations partly explain differences 
in disease severity. The incidence of all types of MPS 
 varies by country or region but is thought to occur in 
1/25 000–1/52 000 births [9].

Diagnosis of MPS is established by finding excessive 
 urinary excretion of disease-specific GAGs and the concomi-
tant absence (or marked diminution) of the associated 
 disease-specific enzyme activity within leukocytes [10]. 
Mutation analysis is usually performed to assess disease 
severity and prognosis.

The presentation of patients with MPS is highly variable, 
ranging from nonimmune fetal hydrops [11,12] and cardio-
myopathy in infancy [13,14] to relatively asymptomatic 
adults [15]. The progressive deposition of GAGs in severe 
forms of MPS produces a classic phenotype that may include 
coarsening of facial features, growth retardation and bony 
abnormalities (dysostosis multiplex, short  stature, lumbar 

gibbus, “claw” hands), hepatosplenomegaly, umbilical  hernia, 
thickening and narrowing of airways with noisy breathing, 
and neurological abnormalities (mental retardation, blind-
ness, deafness, increased intracranial pressure) [10]. Not all 
phenotypic features are present in each type of MPS, 
although bony abnormalities and facial dysmorphism are 
the most consistent features. In attenuated forms,  clinical 
features may be easily  overlooked [15].

Cardiac findings in the MPS disorders

Cardiac involvement is common in MPS [16–21], being 
responsible for >50% of reported deaths in untreated 
 individuals [22]. Progressive deposition of GAGs may result 
in thickened cardiac valves (regurgitant and/or stenotic) 
(Figures 68.1 and 68.2), myocardial hypertrophy, cardio-
myopathy, diffusely narrowed epicardial coronary arteries 
with myointimal proliferation (Figure 68.3), dilated aortic 
root (Figure 68.4) and thickened arterial blood vessels 
sometimes mimicking coarctation of the aorta. MPS types 
that accumulate dermatan-sulfated GAGs are most often 
associated with cardiac valve involvement [16]. Conduction 
delay and  sudden death from complete heart block have 
been reported [23–25] and apical ventricular aneurysms 
may occur [26,27]. Congenital anomalies such as ven-
tricular and atrial  septal defects have been reported rarely 
[28,29]. MPS cardiac  studies prior to 1975 [30] should be 
viewed with caution as they lacked supporting biochemical 
data to establish the  specific type of MPS. Cardiac  ultrasound 
studies have been reported for all the mucopolysacchari-
doses [16–21]. The incidence of various MPS types within 
these studies not only reflects those in whom a diagnosis 
was made (often more severe) but also their country of 
 origin [9,31–33].
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Table 68.1 Categorization of the most common types of MPS disorders by common 

name, enzyme deficiency and accumulated GAG.

MPS subtype  Enzyme deficiency  Accumulated GAG

I (Hurler, Hurler-Scheie, Scheie) α-L-iduronidase HS, DS

II (Hunter) Iduronate-2-sulfatase HS, DS

III (Sanfilippo)

A Heparan sulfamidase HS

B N-acetyl-α-D-gluosaminidase

C Acetyl-CA-α-gluosaminidase 

N-acetyltransferase

D N-acetylglucosamine-6-sulfatase

IV (Morquio)

A N-acetylgalactosamine-6-sulfatase KS

B β-galactosidase CS, KS

VI (Maroteaux-Lamy) N-acetylgalactosamine-4-sulfatase DS

VII (Sly)  β-D-glucuronidase  CS, DS, HS

CS, chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; KS, keratan sulfate.

The cardiac evaluation of individuals with MPS may be 
difficult because of their lack of cooperation and noisy upper 
airway sounds that mask the cardiac tones. The absence of 
cardiac murmurs does not rule out cardiac valvar disease. 
Measurement of right upper and lower extremity blood 
pressures should be performed Twelve-lead ECG and 
 two-dimensional cardiac ultrasound with Doppler provide 
important information about the severity of cardiac GAG 
accumulation.

The ECG can identify prolonged AV conduction and 
(rare) acute coronary insufficiency. Cardiac ultrasound is 
useful in determining chamber size, wall thickness, systo-
lic function and cardiac valve thickening. Doppler 
 interrogation can assess the severity of hemodynamics of 
cardiac valve abnormalities, estimate right ventricular 
systolic pressure and identify obstruction within the aorta. 

Baseline ECG and cardiac ultrasound should be performed 
when the diagnosis is established and at regular intervals 
 thereafter regardless of treatment [34,35]. Cardiac 
 ultrasound cannot reliably diagnose coronary artery 
 disease, and no other routinely used test can identify this 
diffuse myointimal thickening. Intracoronary ultrasound 
has been successfully used in other types of diffuse 
 coronary myointimal disease, such as cardiac transplant 
 vasculopathy [36] and Fabry disease [37], but currently it 
remains a research tool. Coronary artery thickening should 
be suspected in any MPS individual, so baseline troponin 
and BNP should be obtained, and optimal  hemodynamic 
stability provided if anesthesia is required. Conventional 
medical management, including diuretics and angiotensin-
converting enzyme inhibitors or angiotensin-receptor 
blockers, may be useful but enzyme replacement therapy 
has also successfully reversed heart failure in both infants 
and adults with MPS I [38,39]. Cardiac valve repair or 
replacement has been reported in all types of MPS [40–53] 
except MPS VII, the youngest currently being a 6-year-old 
child with MPS III who underwent mitral valvoplasty for 
severe mitral regurgitation [46].

MPS I (Hurler, Hurler–Scheie, 
Scheie syndromes)

MPS I, an autosomal recessive disorder, occurs from 
the functional absence of α-L-iduronidase, resulting in 
heparan- and dermatan-sulfated GAGs accumulating 

Table 68.2 Distribution of GAGs.

Type of GAG  Known site of distribution

Chondroitin sulfate (CS) Cartilage, tendon, ligament, aorta

Dermatan sulfate (DS) Skin, blood vessels, heart valves, lung 

interstitium

Heparan sulfate (HS) Ubiquitous component of extracellular 

matrix (ECM), basement membrane of 

vasculature

Keratan sulfate (KS)  Cornea, cartilage, tendons
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Figure 68.2 Color flow Doppler modified four-chamber image of the left 

ventricle of a patient with MPS IV showing aortic regurgitation (arrows).

Figure 68.3 Left anterior descending coronary artery in a 14-month-old 

child with MPS I shortly after HSCT. Note myointimal proliferation (arrow) 

and slit-like coronary lumen (*).

within  virtually all organs [1,2]. There are >100 reported 
mutations of the α-L-iduronidase gene on chromosome 
4p16.3 [3,54], explaining the marked phenotypic variabil-
ity. The incidence of MPS I varies widely by country, rang-
ing from 1/26 000 births in the Irish traveler population 
of Northern Ireland [31] to about 1/100 000 births in 
Western Australia and the UK, with 75% of the births 
resulting in the severe form [9,55]. Currently the pre-
ferred  terminology is to identify severe (Hurler syndrome) 
and  attenuated (Hurler–Scheie, Scheie syndromes) forms 
of the disorder [35]. Our  understanding of the correlation 

between disease severity and underlying genotype is 
incomplete because of the large number of mutations, 
many of which are “private”  (occurring in a single pedi-
gree). However, homozygosity for nonsense mutations 
such as W402X or Q70X (both of which are common 
within the US) is known to produce the severe  phenotype 
[54]. Individuals with severe untreated MPS I die within 
the first decade of life from either cardiac or  pulmonary 
causes, often suddenly, whereas those with untreated 
attenuated MPS I may live into early adulthood or even 
 middle age [22,55,56].

Figure 68.1 Two-dimensional cardiac ultrasound short axis views of (a) a 

normal mitral valve and (b) an MPS VI mitral valve. Note the increased 

thickness and irregularity of the MPS VI valve (arrows).

(a)

(b)
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Cardiac valve involvement (mitral and aortic) occurs in 
80–100% in severe MPS I [16–20], often within the first 
year of life [57]. In attenuated MPS I, cardiac valve 
 pathology may initially be less severe, but the valves 
become severely affected from progressive accumulation of 
GAGs [58]. Coronary artery stenosis or occlusion from 
GAG deposition within the myointima occurs within the 
first year of life in severe forms [59] and has been reported 
by late adolescence in attenuated MPS I [58]. The incidence 
and severity of  coronary artery disease in untreated atten-
uated MPS I are unknown, but likely underestimated. 
Ventricular hypertrophy is common in MPS I; systolic ven-
tricular function is  usually normal, although a rare infant 
presents with dilated cardiomyopathy [38]. Progressive 
prolongation of atrioventricular conduction is uncommon 
but important.

Conventional cardiac surgical procedures have included 
mitral or combined mitral and aortic valve replacement 
[40–42] and repair of coarctation of the aorta in a 2-year-old 
after successful bone marrow transplantation [60].

Bone marrow or hematopoietic stem cell transplantation 
(HSCT) has been performed for over 30 years in infants and 
toddlers with severe MPS I (Table 68.3) [61]. The procedure 
has markedly increased the lifespan and arrested the associ-
ated neurological decline [62,63]. The HSCT procedure has a 
10–15% early mortality [64], but after the peritransplant 
period (about 18 months), the risk of dying is exceptionally 
low [55]. Enzyme replacement therapy (ERT) has become 
available for MPS I but is generally not used as the sole 
 therapy for severe forms of MPS I because it does not cross 
the blood–brain barrier [63]. With successful engraftment, 
cardiac hypertrophy regresses, ventricular function is 
 preserved, and coronary artery obstruction appears arrested, 
or perhaps reversed [65,66]. The cardiac valves remain 

thickened and valve dysfunction may progress despite 
 successful engraftment [65].

ERT has been approved for use in the USA since 2003 [67] 
for MPS I (laronidase, Aldurazyme). Phase III studies showed 
a significant improvement in pulmonary function tests and the 
6 min walk for those participating in the company- sponsored 
trials. The cardiac effects of ERT in a small series [68] show 
preserved ventricular function and diminished ventricular 
hypertrophy, but cardiac valves remain  thickened and 
 dysfunctional. Reports detailing sudden death after 2 years of 
ERT with evidence of acute myocardial infarction underscore 
the importance of evaluating coronary artery status prior to 
treatment [69]. As experience with ERT has increased, studies 
in siblings with attenuated MPS and the same genetic  mutation 
have shown that the clinical  outcome of treatment begun soon 
after birth is significantly better than when treatment is delayed 
until 2–3 years of age [70]. A similar favorable outcome in 
MPS VI [71] has  generated strong interest in newborn 
 screening for the MPS disorders [72].

MPS II (Hunter syndrome – severe 
and attenuated)

MPS II, an X-linked disorder, occurs from the functional 
absence of iduronate-2-sulfatase and results in the systemic 
accumulation of heparan- and dermatan-sulfated GAGs 
[1,2]. More than 150 mutations of the iduronate-2-sulfatase 
gene on chromosome Xq28 have been reported [73]. MPS II 
is reported to occur in 1/320 000 births (1/165 000 male 
births) in Western Australia [9]. Hunter syndrome is divided 
into forms based upon the presence (severe) or absence 
(attenuated) of CNS involvement [73]. At present, geno-
type–phenotype correlation is imperfect in MPS II with the 
exception that the complete absence of functional enzyme 

Figure 68.4 Two-dimensional cardiac ultrasound, long-axis view of the 

left ventricle and aorta in an adult with MPS I after HSCT, showing dilated 

aortic root (arrows).

Table 68.3 Systemic therapies available for the MPS disorders.

MPS type
 

Systemic therapy commonly 
offered

MPS I – severe (Hurler) HSCT

MPS I – attenuated (Hurler–Scheie, 

Scheie)

ERT

MPS II – severe, attenuated (Hunter) ERT

MPS III A–D (Sanfilippo) (ERT)a

MPS IV (A, B) (Morquio) (ERT)a

MPS VI (Maroteaux–Lamy) ERT, HSCTb

MPS VII (Sly)  –

aERTs (enzyme replacement therapies) for some subtypes of these MPS 

syndromes are currently under development (2011).
bHSCT (hematopoietic stem cell transplantation) is offered for failure 

of ERT.
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from either gene deletion or complex gene rearrangements 
results in the severe phenotype and the specific mutation 
c.1122C>T results in a mild phenotype [74]. Respiratory [73] 
or cardiac [75] causes account for most deaths in MPS II – 
within the second decade of life for severely affected and in 
adulthood for untreated attenuated disease [76].

Cardiac valve involvement is common in both severe and 
attenuated MPS II, occurring in 60–80% [16,77], with the 
mitral valve more often affected than the aortic. Coronary 
artery disease has unknown incidence but is found at 
 postmortem examination, and likely under-reported  clinically 
[75,27]. Ventricular hypertrophy is common and systolic 
ventricular function is usually normal. A large apical left 
ventricular aneurysm has been reported in a few patients 
[27]. Complete heart block and sudden death may occur 
from deposition of GAG within the conduction system [23].

HSCT has been performed in a small number of boys >3 
years of age [78] and a 10-month-old infant [79] with MPS 
II. Despite successful engraftment, neurologic status  continued 
to deteriorate in the severe form. Cardiac valve  abnormalities 
stabilized after transplantation and neither cardiomyopathy 
nor myocardial infarction was reported in >17 years of 
 follow-up [78].

Commercially available enzyme replacement for MPS II 
(idursulfase, Elaprase) became available in 2006 after 
 significant improvements in pulmonary function testing and 
6 min walk was demonstrated in nearly 100 individuals over 
a 3 year period [80]. There is sparse information on the effect 
of ERT upon the heart in MPS II. No change in cardiac valve 
findings was found in 10 adult men (>20 years of age) with 
clinically advanced MPS II who received ERT for 12 months 
[81]. Cardiac function was preserved in all but one individ-
ual with cardiomyopathy at baseline (EF of 27%) who 
 deteriorated further (EF of 14%) during the study. As 
expected, LV mass was elevated at baseline and, although it 
decreased by 12.4% over 12 months, this was not  statistically 
significant.

MPS III A, B, C, D (Sanfilippo syndrome)

MPS III, an autosomal recessive disorder, has four known 
subtypes – A, B, C and D – each resulting from the functional 
absence of a specific enzyme responsible for the degradation 
of heparan sulfate [1,2,82]. For each known subtype, the 
enzyme and its chromosome differ: MPS IIIA (heparan 
N-sulfatase, chromosome 17q25.3), MPS IIIB (N-acetylglu-
cosaminidase, chromosome 17q21.1), MPS IIIC (acetyl-CoA 
glucosaminide N-acetyl transferase, chromosome 8p11.1), 
and MPS IIID (N-acetylglucosamine-6-sulfatase, chromo-
some 12q14). MPS III is the most common type of MPS, 
occurring in 1/58 000 births with subtypes MPS IIIA and IIIB 
the most frequent [9,82]. Both severe and attenuated forms 
of MPS III have been described from  mutation analysis of 

individuals with MPS IIIA, IIIB, and IIIC [83–85]. Life expect-
ancy for severely affected individuals is between one and 
two decades [82], whereas those with attenuated disease 
may live into late adulthood [86]. Existing cardiac studies 
are reported without regard to subtype of MPS III.

Sanfilippo syndrome primarily affects the central  nervous 
system and has been divided into three clinical phases [82]. 
The first phase is developmental delay beginning after 1–2 
years of life. This is followed by progressive behavioral 
problems, mental deterioration, and ultimately dementia. 
In the third phase, neurological issues lessen while  spasticity 
and motor difficulties, including swallowing problems, 
emerge and progress to death that is most often from 
 pneumonia.

Cardiac disease has been considered uncommon in MPS 
III but this may be inaccurate. Cardiac ultrasound studies of 
large numbers of MPS III patients found morphologic and 
functional changes in >50–66% of mitral and 20–30% of 
aortic valves [16,18]. Multiple isolated reports [46,87–91] 
confirm that cardiac valve disease is common in MPS III. 
Diffuse coronary artery stenosis from myointimal prolifera-
tion has been reported from postmortem examination 
[89–91]. Fragmentation of collagen and the presence of 
GAG-laden cells have been found in the aorta and great 
 vessels [91,92]. Ventricular hypertrophy is common and 
 cardiomyopathy leading to cardiac transplantation may 
occur [16,86]. Successful mitral valvoplasty was performed 
in a 6-year-old child with MPS III [46].

HSCT has been performed in a few of these children, but 
the extent of neurologic benefit is unknown and the 
 procedure remains investigational [63]. No cardiac follow-up 
after HSCT has been reported. No ERT therapy is currently 
 available in MPS III. Genistein, a naturally occurring isofla-
vone that decreases synthesis of GAGs, appears to improve 
or stabilize neurocognitive function [93,94], but  cardiac 
effects of genistein are unreported.

MPS IV (A, B) (Morquio syndrome)

MPS IV, an autosomal recessive disorder, has two known 
subtypes – A and B – each resulting from the functional 
absence of specific enzymes for the degradation of keratan 
sulfate [1,2]. The enzyme and its chromosome differ: MPS IV 
A (N-acetylgalactosamine-6-sulfate sulfatase, gene locus 
16q24.3) and MPS IB B (β-galatosidase, gene locus 3p21.33) 
[2]. More than 150 mutations of the sulfatase gene have 
been identified [95], but mutation analysis of the β-galatosi-
dase gene is more complex [96]. MPS IV is rare, ranging in 
incidence from 1/216 000 to 1/641 178 births [9], although 
it is the most common type of MPS found in Saudi Arabia 
[97]. MPS IV A is more common than MPS IV B. Life expect-
ancy for severe forms of MPS IV is two to three decades 
whereas those with milder forms may live into the seventh 
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decade [95]. Individuals with MPS IV manifest skeletal 
abnormalities of dwarfism, pectus carinatum, and odontoid 
hypoplasia, the last sometimes responsible for paralysis and 
death. Quadriparesis has occurred as a consequence of 
 perioperative atlanto-occipital subluxation. With rare 
 exception, individuals with MPS IV have normal intelligence 
and mild facial dysmorphism.

Cardiac valvar disease is a prominent feature of MPS IV: 
isolated mitral valvar disease is uncommon but combined 
mitral and aortic valve abnormalities occur in 60–100% of 
those studied with MPS IV [16,98]. Coronary artery involve-
ment with the classic features of MPS-type of myointimal 
proliferation occurred in a 15-year-old male [99] but not in 
a 48-year-old woman [100] with MPS IV. Biventricular 
hypertrophy and cardiomyopathy have been reported. Non-
immune fetal hydrops has been associated with MPS IV A 
[11,101]. Aortic valve replacement has been performed in 
adults with MPS IV [47,48]. Aortic valve replacement was 
required in an adult with MPS IV B 12 years after perform-
ance of the Ross procedure for aortic regurgitation [49].

Neither HSCT nor ERT has been reported in MPS IV and 
remains investigational [63].

MPS VI (Maroteaux–Lamy)

MPS VI, an autosomal recessive disorder, occurs from the 
functional absence of N-acetylgalactosamine-4-sulfatase 
(arylsulfatase B) and results in the systemic accumulation of 
dermatan-sulfated GAGs [1,2]. More than 100 mutations of 
the arylsulfatase gene on chromosome 5q11–q13 have been 
reported. [7]. The incidence of MPS VI varies widely by region 
from 1/43 261 births of Turkish immigrants living in Germany 
to 1/1 505 160 births in Sweden [102].A high prevalence of 
MPS VI in Brazil is attributed to an increase of one specific 
mutation, a finding referred to as the “founder effect.” The 
clinical presentation of MPS VI has been divided into rapidly 
and slowly progressing subtypes and correlated with  excretion 
of urinary GAG [103]. Urinary GAG levels of >200 μg mg−1 
creatinine are associated with a rapidly  progressing pheno-
type manifested by small stature, impaired endurance, 
 compromised pulmonary function, and reduced joint range 
of motion. The paucity of subjects over 20 years of age who 
excrete GAG levels >100 μg mg−1 creatinine  suggests that they 
do not commonly survive beyond age 20 years.

Cardiac valve disease occurs commonly in MPS VI 
[16,18,20] and generally involves both mitral and aortic 
valves, although the aortic valve may be less severely 
affected. Coronary artery disease has been reported in adults 
with MPS VI [50], but histopathologic evidence for MPS-
type myointimal proliferation of epicardial coronary arteries 
is not available. In an adult with MPS VI and apical left 
 ventricular aneurysm [26], the small coronary vessels were 

occluded by myointimal proliferation. Ventricular hypertro-
phy is common and congestive heart failure in infants has 
been reported [13,104]. Development of complete heart 
block requiring permanent pacemaker placement [24] and 
 fibrosis of the conduction system [105] occur in MPS VI. 
Successful mitral [52], aortic [50], and combined aortic and 
mitral valve [51,53] replacement have been reported.

HSCT has improved myocardial function and relieved 
hypertrophy in a small series of individuals [106], but 
 neither HSCT nor umbilical cord stem cell transplantation 
[107] reverse valve pathology. Cardiac findings after ERT 
(Naglazyme) in MPS VI have not been reported.

MPS VII (Sly syndrome)

MPS VII, an autosomal recessive disorder, occurs from the func-
tional absence of β-glucuronidase and results in the  systemic 
accumulation of dermatan-, heparan-, and  chondroitin-sulfated 
GAGs [1,2]. Nearly 50 mutations of the β-glucuoronidase gene 
on gene locus 7q21.11 have been reported [108]. Sly syndrome 
is the rarest MPS disorder, calculated to be 1/345 000 births 
[33]. The clinical presentation is extremely variable, with 
dwarfism, dysostosis multiplex, and facial dysmorphology 
being common [109]. Nonimmune hydrops in fetuses with 
MPS VII occurs much more frequently than expected for such 
a rare disease [12,110–113].

The cardiac features are not well studied. Marked thicken-
ing and fibrosis of mitral and aortic valves with arterial  stenoses 
from lysosomal storage material were found at autopsy from 
the first reported patient with MPS VII [114]. A 6-month-old 
child with MPS VII was found to have  congestive heart failure 
from a thickened, prolapsing mitral valve with severe mitral 
regurgitation [115], and a 17-month-old child with MPS VII 
had dilated cardiomyopathy [116]. Sudden death has been 
reported in adults but without  documentation for arrhythmia 
or atrioventricular block [117]. Diffuse  hypoplasia of the 
 thoraco-abdominal aorta occurred in a child with MPS VII 
and required a jump-graft for repair [118].

HSCT has been performed in a 12-year-old girl [119] with 
notable improvements in motor function but moderate aortic 
and mitral valve regurgitation remained unchanged despite 
successful engraftment. ERT is unavailable for MPS VII.

Conclusion

Glycosaminoglycans are ubiquitous substances that occur 
normally within the cardiac valves, the coronary arteries, 
the myocardium, and the great vessels. Cardiac valve 
 thickening and dysfunction, coronary artery stenosis, 
 ventricular hypertrophy, cardiomyopathy, and great vessel 
involvement occur from the genetic absence of lysosomal 
enzymes that catabolize GAGs. Awareness of potential for 
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progressive cardiac involvement in each MPS disorder is key 
to management. Conventional medical and surgical 
 management has been useful but not curative in MPS. 
Systemic therapies such as HSCT and ERT preserve ventricu-
lar function, decrease ventricular hypertrophy, improve 
ventricular function, and arrest or reverse coronary artery 
disease, but do not appear to affect the cardiac valves. 
Systemic therapies within the first few weeks of life appear 
to prevent the development of cardiac pathology. The 
 development of newborn screening for these uncommon, 
but devastating, diseases is an important next step.
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Cardiovascular Manifestations 
of Pediatric Rheumatic Diseases

Bryce A. Binstadt
University of Minnesota, Minneapolis, MN, USA

Cardiovascular pathology can accompany most if not all 
rheumatic diseases due to pathogenic links between chronic 
inflammation and vascular endothelial injury. In the short 
term, cardiac involvement leads to greater morbidity and 
mortality in patients with pediatric rheumatic diseases. 
Perhaps more importantly, the onset of rheumatic diseases 
in children portends life-long exposure to vascular inflam-
mation, a known risk factor for atherosclerotic coronary 
heart disease, as exemplified in adults with systemic lupus 
erythematosus (SLE) or rheumatoid arthritis [1,2].

This chapter discusses the cardiovascular complications of 
many childhood rheumatic diseases, including juvenile 
arthritis (including spondylitis), SLE, neonatal lupus, vascu-
litis, juvenile dermatomyositis, scleroderma, sarcoidosis, and 
Lyme disease. An additional section focuses on drug-induced 
lupus and also the cardiac side effects of certain immunosup-
pressive medications. Two key pediatric rheumatic diseases 
conspicuously absent from this chapter are discussed else-
where in the book: rheumatic carditis (Chapters 61 and 62) 
and Kawasaki disease (Chapter 63). The diseases discussed 
in this chapter are depicted in Table 69.1, along with the 
most common sites of cardiac involvement.

Juvenile idiopathic arthritis

Juvenile idiopathic arthritis (JIA) is the current preferred term 
for what was known as juvenile rheumatoid arthritis (JRA) 
and juvenile chronic arthritis (JCA) [3]. JIA is defined as 
arthritis of unknown etiology that begins before the  sixteenth 
birthday and persists for at least 6 weeks. The most recent 
 classification scheme recognizes seven subtypes of JIA: sys-
temic arthritis, oligoarthritis, polyarthritis (rheumatoid factor 
 negative), polyarthritis (rheumatoid factor  positive), psoriatic 
arthritis, enthesitis-related arthritis, and undifferentiated 

arthritis (Table 69.1). Many pediatric rheumatologists continue 
to use the term “pauciarticular” arthritis rather than the newer 
“oligoarthritis.” Cardiac involvement has been estimated to 
occur in 4.7–7.6% of patients with juvenile arthritis [4,5].

Systemic arthritis
Despite being the least common form of childhood arthritis, 
this is the subtype of JIA most often associated with cardiac 
involvement, and the only subtype for which cardiac involve-
ment is a part of the diagnostic criteria. Systemic arthritis is 
characterized by arthritis in any number of joints, spiking 
fevers, and at least one of the following: a characteristic 
 evanescent rash, lymph node enlargement, hepatomegaly 
and/or splenomegaly, or serositis (pericarditis or pleuritis).

Pericarditis, the most common cardiac manifestation in 
systemic arthritis, may occur at disease onset or with flares 
of disease. It can be asymptomatic or may cause dyspnea or 
chest pain. Findings can include tachycardia, a friction rub, 
and tachypnea. Electrocardiography or radiographs may 
provide clues to the diagnosis by showing T-wave abnor-
malities or cardiomegaly, but echocardiography is the stand-
ard diagnostic modality [6]. Pericardiectomy is sometimes 
required [7]. Progression to cardiac tamponade is rare but 
serious and may require urgent pericardiocentesis in addi-
tion to immunosuppressive therapy [8] (see Chapter 59).

Myocardial and endocardial involvement are much less 
common but are poor prognostic signs. Myocardial involve-
ment may lead to cardiac dysfunction and death [4,5,9]. 
Aortic regurgitation has also been reported [10,11] and may 
require valve replacement [7].

During their initial presentation with fever, some patients 
have dilated coronary arteries [12], discovered typically 
when echocardiograms are performed to evaluate possible 
Kawasaki disease. The overlapping clinical features of sys-
temic arthritis and Kawasaki disease may lead to  diagnostic 
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confusion [13], and systemic arthritis should be considered 
in the differential diagnosis of patients who do not respond 
appropriately to therapy for Kawasaki disease.

Finally, patients with systemic arthritis are at risk for 
developing macrophage activation syndrome (MAS), a seri-
ous complication characterized by high fevers, hematologic 
cytopenias, and elevated liver enzymes, among other fea-
tures [14]. Multi-organ failure may ensue, including, in the 
author’s experience, profound yet reversible cardiac involve-
ment in the form of asystole, requiring extracorporeal 
 membrane oxygenation. Prompt recognition and aggressive 
treatment of MAS are essential.

The management of the cardiac manifestations of systemic 
arthritis depends on adequately controlling the systemic 
inflammatory state in close collaboration with a pediatric 
rheumatologist.

Polyarthritis and oligoarthritis
These forms of JIA are distinguished by the number of joints 
involved in the first 6 months of disease: <5 in oligoarthritis, 
and ≥5 in polyarthritis [3]. The rheumatoid factor positive 

variant of juvenile polyarthritis is indistinguishable from 
rheumatoid arthritis in adults. Cardiac involvement is rare 
among these children. Regurgitation of the aortic and/or 
mitral valves occurs and may require valve replacement sur-
gery [15–17]. In addition, echocardiographic evaluation of 
JIA patients without cardiac symptoms can reveal systolic or 
diastolic dysfunction [18].

Adults with rheumatoid arthritis are at increased risk of 
coronary heart disease and sudden cardiac death [1]. This 
risk presumably extends to patients whose arthritis begins 
during childhood, and is hypothetically greater given 
their potentially longer duration of exposure to chronic 
inflammation. American Heart Association guidelines con-
sider children with chronic inflammatory diseases, includ-
ing JIA, at moderate risk for premature cardiovascular 
disease. These guidelines recommend careful identification 
and modi fication and/or treatment of traditional cardio-
vascular risk  factors (fasting lipid profile, smoking history, 
family history of coronary artery disease, blood pressure, 
body mass index, fasting glucose, and physical activity 
 history) and also optimal control of the arthritis [19]. 

Table 69.1 Pediatric rheumatic conditions affecting the heart. This table lists those diseases discussed in this chapter, with their most common 

anatomic sites of cardiac involvement depicted by shading. Black shading indicates common or well-recognized sites of involvement. Gray shading 

indicates less common sites of involvement. No shading indicates sites rarely involved.

Condition Pericardium Myocardium 
and conduction 
system

Valves Coronary arteries Other vessels

Juvenile idiopathic arthritis

 Systemic arthritis

 Oligoarthritis/pauciarticular

 Polyarthritis (rheumatoid factor negative)

 Polyarthritis (Rheumatoid factor positive)

 Psoriatic arthritis

 Enthesitis-related arthritis

 Undifferentiated arthritis

Systemic lupus erythematosus

Neonatal lupus

Vasculitidies

 Kawasaki disease (Chapter 63)

 Wegener’s granulomatosis

 Churg–Strauss syndrome

 Polyarteritis nodosa

 Takayasu’s arteritis

 Cogan syndrome

 Behçet disease

Juvenile dermatomyositis

Systemic sclerosis

Sarcoidosis

Infectious/post-infectious

 Rheumatic fever (Chapters 61 and 62)

 Lyme disease      
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Routine  aerobic exercise should be encouraged for nearly 
all children with JIA.

Enthesitis-related arthritis
This subtype of JIA includes diseases traditionally considered 
under the heading “spondyloarthropathy,” such as juvenile 
ankylosing spondylitis and HLA B27-associated juvenile 
arthritis. The term “enthesitis” refers to inflammation of the 
insertion sites of tendons or ligaments to bone. Additional 
features include involvement of the axial skeleton and 
 sacroiliac joints, the HLA-B27 allele in many patients, a 
 predominance of male patients (>6 years old), acute sympto-
matic anterior uveitis (red eye), and a family history of simi-
lar diseases including Reiter syndrome and inflammatory 
bowel disease [3].

Aortic regurgitation is the main cardiac concern in this 
group, but is much more common in adults than in children 
[20,21]. In one study of 36 patients with juvenile ankylosing 
spondylitis, none had cardiac symptoms, and only one had a 
murmur of aortic regurgitation. Three patients (8%) had mild 
aortic regurgitation and two had mild mitral regurgitation 
detected by echocardiogram [22]. In a separate study, aor-
tic regurgitation was detected in 10% of 40 patents with 
HLA B27-associated juvenile arthritis [21]. Additional cardiac 
complications in adults with ankylosing spondylitis include 
conduction disturbances [23] and cardiomyopathy [20]. 
Baseline echocardiograms and electrocardiograms in these 
patients seem prudent even for asymptomatic patients [21], 
especially when transitioning from pediatric to adult care.

Psoriatic arthritis
Similarly to rheumatoid arthritis, adults with psoriasis or 
psoriatic arthritis are at increased risk for coronary heart 
 disease and cerebrovascular accidents, thought to be related 
to chronic inflammation [24,25]. Therefore, children with 
psoriatic arthritis should be considered at moderate risk for 
premature cardiovascular disease and counseled accordingly 
(see the section Polyarthritis and Oligoarthritis above) [19].

Systemic lupus erythematosus

SLE is a multi-system autoantibody-associated disease that 
predominantly affects females. About 15% of SLE patients 
present during childhood, typically adolescence. SLE can 
affect nearly all tissues of the body. The numerous clinical 
and laboratory features of pediatric SLE are have recently 
been summarized [26]. In one large series of pediatric SLE, 
nearly half of the patients had cardiovascular involvement 
[27]. Raynaud’s phenomenon is a common vascular mani-
festation of pediatric SLE, occurring in around one-fifth 
of patients, often at the time of diagnosis [26]. Raynaud’s 
phenomenon may also indicate the presence of antiphos-
pholipid antibodies, either primary or secondary to SLE [28].

Pericarditis is the only cardiac manifestation among the 
classification criteria for SLE, and occurs in 15–28.7% of 
pediatric patients [26,27,29,30]. It may occur with myocar-
ditis, and rarely causes tamponade [30]. Anti-Ro (SS-A) and 
anti-La (SS-B) antibodies are detected more often in patients 
with cardiac involvement [30]. Pericardiectomy or creating a 
pericardial window might be necessary [7].

Isolated myocarditis occurs in 2–3% of pediatric SLE 
patients [26,30]. Cardiomegaly has been reported, however, 
in one-third of patients [27]. Furthermore, impaired myo-
cardial perfusion was reported in five of 31(16%) children 
with SLE [31] and a similar percentage of patients have 
abnormalities of diastolic or systolic function [29,32]. 
Although myocardial involvement is often asymptomatic, 
congestive heart failure and arrhythmias may occur [27].

Valvar regurgitation has been reported in 20–36% of 
patients with pediatric SLE [29,32]. Non-infectious vegeta-
tions (Libman–Sacks endocarditis) are detected much less 
commonly [26], but can lead to microembolic cerebrovascu-
lar events and rarely valve regurgitation. Valve repair or 
replacement is the most common reason for cardiac surgery 
among patients with pediatric SLE [7].

Improved medical management of SLE has increased lon-
gevity, focusing attention on the long-term cardiovascular 
risks of SLE and its therapies [33]. Women with SLE 35–44 
years of age have a 50-fold increase in incidence of myocar-
dial infarction relative to healthy controls [34]. Younger 
patients are not spared; a recent literature review found 50 
reports of acute myocardial infarction in SLE patients <36 
years of age, including one in a 5-year-old child [35]. Patients 
with SLE have specific risk factors for the development of 
coronary artery disease, and chronic systemic inflammation 
alone seems to be a major driver of premature atherosclerosis 
[19,36,37]. The specific risk factors for premature coronary 
artery disease among pediatric patients with SLE include 
prothrombotic antiphospholipid antibodies (in 45% of 
patients [26]), nephritis resulting in nephrotic-range pro-
teinuria [38] and hypertension [38,39], and dyslipidemia 
[40]. Corticosteroid therapy and physical inactivity (resulting 
from SLE disease activity) can lead to both hypertension and 
obesity, further increasing the risk of cardiovascular events. 
These concerns are detailed more extensively in a statement 
from the American Heart Association [19]. Children with 
SLE are at moderate risk for premature cardiovascular dis-
ease. As discussed in the section on juvenile arthritis, opti-
mizing immunosuppressive and other medical management 
of the underlying disease and identifying and reducing 
 traditional risk factor exposure are recommended [19]. It is 
reasonable for pediatric SLE patients to have echocardio-
grams periodically, paying particular attention to the pericar-
dium, valves, and contractility. In addition to aggressively 
tailoring immunosuppressive therapy to control SLE disease 
activity, vigilance regarding the patient’s antiphospholipid 
antibody status is necessary, and might include the use of 
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low-dose aspirin in patients without symptoms or more 
aggressive anticoagulation with heparin and then warfarin in 
patients with documented thrombotic events.

Neonatal lupus

Transplacental passage of anti-Ro (SS-A) and/or anti-La 
(SS-B) antibodies can cause neonatal lupus. The primary 
concern in affected infants is irreversible complete congenital 
heart block (CHB) due to antibody-mediated myocardial 
damage. The risk of congenital heart block among fetuses of 
women with anti-Ro antibodies is 2%, but this risk is increased 
10-fold among women with a prior affected infant. Reversible 
rash occurs in 10–20% of infants, and hematologic and/or 
hepatic abnormalities in one-quarter; these aspects of the 
 disease are transient. Congenital cardiac anomalies also seem 
more common in affected infants [41]. Mothers may be 
asymptomatic without evidence of SLE or a related disorder 
(Sjogren syndrome, mixed connective tissue disease), but up 
to half of them may develop symptoms subsequently [42].

The development of CHB can occur quickly during 
 pregnancy and can lead to life-threatening cardiac dysfunction. 
Unfortunately, CHB, once identified, is not reversible. Efforts 
are therefore focused on early detection during pregnancy (via 
frequent echocardiograms and sonograms) and preventing the 
progression of heart block to cardiomyopathy by immunomod-
ulatory agents, such as corticosteroids or  intravenous immu-
noglobulin [43]. Involvement of a fetal– maternal medicine 
specialist is recommended. Prompt  pacemaker implantation 
after delivery is often necessary [7]. Additional information 
regarding management is provided in Chapter 55.

Vasculitis

Vascular inflammation is the hallmark of several named 
 diseases whose fundamental etiologies remain undefined 
(Table 69.2). The vasculitidies are classified according to the 
size and type of the vessels most often affected (Figure 69.1 
and Table 69.2). Additional categorization criteria include 
primary vasculitis (not associated with another disease) ver-
sus vasculitis that occurs secondary to other rheumatic con-
ditions (such as SLE, dermatomyositis, or JIA). The presence 
or absence of anti-neutrophil cytoplasmic antibodies (ANCAs) 
and the specific antigen against which those antibodies are 
directed also are used in classification (Table 69.2). The vas-
culitidies can affect virtually any organ system and, within 
the heart, any structure can be affected.

This section highlights the more common pediatric vascu-
litidies in which cardiac complications arise. Kawasaki 
 disease, the most common childhood vasculitis associated 
with cardiac sequelae, is discussed in Chapter 63.

As a guiding principle, clinicians should recognize the 
potential for cardiac involvement in a child with any form of 

vasculitis. Similarly, finding unexplained cardiac or vascular 
inflammatory disease should prompt a careful diagnostic 
search for systemic vasculitidies and consultation with a 
pediatric rheumatologist.

Wegener’s granulomatosis
Wegener’s granulomatosis, a necrotizing vasculitis, affects 
the paranasal sinuses, lungs, and kidneys and is usually 
 associated with anti-proteinase 3 (anti-PR3) ANCA (c-ANCA). 
This uncommon disease in children can be severe. Cardiac 
complications include valvar disease, ischemic heart disease, 
and pericarditis [44–46]. Aggres sive immunosuppression 

Table 69.2 Major categories of noninfectious vasculitisa.

Large-vessel vasculitis

Giant-cell arteritis

Takayasu’s arteritis

Medium-sized vessel vasculitis

Polyarteritis nodosa

Kawasaki’s disease

Primary granulomatous central nervous system vasculitis

Small-vessel vasculitis

ANCA-associated small-vessel vasculitis

 Microscopic polyangiitis

 Wegener’s granulomatosis

 Churg–Strauss syndrome

 Drug-induced ANCA-associated vasculitis

Immune-complex small-vessel vasculitis

 Henoch–Schönlein purpura

 Cryoglobulinemic vasculitis

 Lupus vasculitis

 Rheumatoid vasculitis

 Sjögren’s syndrome vasculitis

 Hypocomplementemic urticarial vasculitis

 Behçet disease

 Goodpasture syndrome

 Serum-sickness vasculitis

 Drug-induced immune-complex vasculitis

 Infection-induced immune-complex vasculitis

Paraneoplastic small-vessel vasculitis

 Lymphoproliferative neoplasm-induced vasculitis

 Myeloproliferative neoplasm-induced vasculitis

 Carcinoma-induced vasculitis

Inflammatory bowel disease vasculitis

a Vascular inflammation is categorized as either infectious vasculitis, 

which is caused by the direct invasion of vessel walls by pathogens (e.g., 

rickettsial organisms in Rocky Mountain spotted fever), or noninfectious 

vasculitis, which is not caused by the direct invasion of vessel walls by 

pathogens (although infections can indirectly induce noninfectious 

vasculitis, e.g., by generating pathogenic immune complexes). ANCA 

denotes antineutrophil cytoplasmic autoantibody.

(Reproduced with permission from Jennette JC, Falk RJ, N Engl J Med 

1997;337:1512–23. Copyright © Massachusetts Medical Society. All 

rights reserved.)
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with high-dose corticosteroids and cyclophosphamide is 
 typically required to control the disease.

Churg–Strauss Syndrome (CSS)
CSS is an eosinophilic vasculitis that usually presents as severe 
asthma with peripheral blood eosinophilia. ANCAs are present 
in some patients and may be either anti-PR3 (c-ANCA) or 
anti-myeloperoxidase (anti-MPO, p-ANCA). Cardiac disease 
is a major cause of death in this disease. In a study of 49 adult 
patients, 22 had evidence of cardiac involvement with 
impaired left ventricular function (50%), valvar regurgitation 
(73%), pericardial effusions (41%), and endomyocarditis 
(59%). Patients with endomyocarditis had a more severe 
outcome, and two deaths due to severe cardiomyopathy and 
heart failure occurred [47]. Intriguingly, cardiac involvement 
was associated with the absence of ANCAs in this series [47]. 
Zwerina et al. compared 33 children with CSS with published 
series of adult CSS. The incidence of pericarditis was similar 
in both age groups (∼25%), but cardiomyopathy occurred 
more commonly in children than in adults (42% versus 24%, 
p = 0.04) [48]. Six of the 33 children with CSS died, three 
from cardiac causes [48]. Aggressive immunosuppression is 
required, as with Wegener’s granulomatosis.

Polyarteritis nodosa (PAN)
PAN is a necrotizing vasculitis predominantly affecting 
 medium-sized arteries, including the coronary arteries. In 

adults, PAN may occur in conjunction with viral hepatitis, but 
in children PAN is typically idiopathic. A study of 15 children 
with PAN reported asymptomatic diminished left ventricular 
systolic function and mitral and/or tricuspid regurgitation 
as the most common cardiac complications [49]. Additional 
reported complications include pericarditis and myocardial 
infarction. Again, aggressive immunosuppression is indicated.

Takayasu’s arteritis
Takayasu’s arteritis, a giant cell arteritis, affects large arteries 
including the aorta and its main branches, including the 
 coronary arteries. The affected arteries may be either sten-
otic or aneurysmal. Involvement of the base of the aorta 
may lead to aortic regurgitation. It affects any age group, but 
mainly teenage girls.

A high degree of clinical suspicion is necessary to make the 
diagnosis. Presenting symptoms may relate to peripheral vascu-
lar occlusion (e.g., syncope, dizziness, claudication), coronary 
artery narrowing (chest pain), headache (due to renal artery 
stenosis and hypertension), or abdominal pain due to mesenteric 
artery ischemia. Absence of pulses (“pulseless disease”) is a cru-
cial diagnostic sign, along with bruits or the murmur of aortic 
regurgitation [50]. Life-threatening complications may occur in 
children, including aortic dissection [51] and sudden cardiac 
arrest [52], sometimes as the presenting manifestation.

When Takayasu’s arteritis is suspected, echocardiography 
is indicated in addition to extensive angiography (magnetic 

Arteries

(e.g., giant-cell arteritis, Takayasu’s arteritis)

(e.g., polyarteritis nodosa, Kawasaki’s disease)

(e.g., microscopic polyangiitis, Wegener’s granulomatosis)

Medium-sized-vessel vasculitis

Small-vessel vasculitis

Large-vessel vasculitis

Aorta

Arteriole

Capillary

Venule

Goodpasture’s syndrome

Isolated cutaneous LCA

Henoch–Schönlein purpura and cryoglobulinemic vasculitis

Microscopic polyangiitis, Wegener’s granulomatosis, and Churg–Strauss syndrome

Vein

Figure 69.1 Preferred sites of vascular involvement by selected vasculitidies. The widths of the trapezoids indicate the frequencies of involvement 

of various portions of the vasculature. LCA denotes leukocytoclastic angiitis. (Reproduced with permission from Jennette JC, Falk RJ, N Engl J Med 

1997;337:1512–23. Copyright © Massachusetts Medical Society. All rights reserved.)
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resonance and/or conventional) to determine which  vessels 
are affected.

Cogan syndrome
This rare vasculitis causes autoimmune eye disease (keratitis 
most commonly), sensorineural hearing loss, and large  vessel 
vasculitis, particularly affecting the aorta, although other 
arteries can be involved. Surgical repair of aortic aneurysms 
in an adolescent has been reported [53].

Behçet disease
Behçet disease is a primary vasculitis that can affect both 
arteries and veins. Symptoms include recurrent oral ulcera-
tion, genital ulceration, uveitis, and dermatologic findings 
(e.g., erythema nodosum). Thrombosis, the main cardiovas-
cular complication, can occur in superficial veins, the venous 
sinuses, pulmonary arteries, and even within the atria or 
ventricles [54,55]. Aneurysms of the great vessels occur in 
children, and may lead to myocardial infarction [54,56]. 
Arrhythmias may also arise [57]. Treatment with corticos-
teroids, colchicine, cyclophosphamide, or azathioprine and 
anticoagulation can be helpful [54].

Cardiac conditions mimicking vasculitis
Patients with cardiac myxomas may present with dermato-
logic findings similar to those seen in patients with vasculitis 
(e.g., petechiae, purpura, livedo reticular, ulcerations, digital 
necrosis) [58]. This rare condition should therefore be 
 considered in the patient with suspected vasculitis.

Juvenile dermatomyositis

Children with dermatomyositis have proximal muscle 
 weakness and characteristic dermatologic findings, including 
a heliotrope rash and Gottron’s papules. In contrast to the 
adult form of the disease, juvenile dermatomyositis is rarely 
associated with malignancies. Aggressive immunosuppres-
sive  management is indicated, and can lead to complete 
 resolution [59]. Although not formally considered under the 
rubric of vasculitis, the primary pathologic process is small 
vessel inflammation, including capillaries. Many other organ 
 systems can be affected, including life- threatening gastroin-
testinal and pulmonary disease. Renal involvement is 
rare. Cardiac involvement occurs rarely in children and 
may reflect microvascular involvement. Reported  cardiac 
com plications include myocarditis, arrhythmias, and 
 pericarditis [60,61].

Some authors have suggested that the nailfold capillary 
abnormalities, such as loop formation, tufting, and drop-out, 
that occur in this disease and others (systemic sclerosis, SLE, 
and the antiphospholipid antibody syndrome) might indi-
cate systemic microvascular involvement, including those 
vessels perfusing the myocardium [62].

Systemic sclerosis (scleroderma)

Although rare in children, systemic sclerosis is a life- 
threatening disease whose mortality is often attributable to 
cardiac involvement [63–66]. The disease is characterized by 
fibrosis of skin and other organs, including the pericardium, 
 myocardium, and pulmonary parenchyma. Raynaud’s phe-
nomenon is common, reflecting obstruction of the digital 
arteries. Similar vascular occlusion underlies the pathology 
in the affected internal organs. Thus, the disease has multi-
ple pathogenic pathways, including autoimmune, fibrotic, 
and endothelial abnormalities. Importantly, some patients 
initially diagnosed with mixed connective tissue disease may 
progress over time to a disease course indistinguishable from 
systemic sclerosis.

Cardiac complications are numerous, including pericarditis, 
decreased myocardial perfusion in association with dilated 
cardiomyopathy, and rhythm abnormalities [63,64,67]. 
Pulmonary involvement is nearly universal, and can lead to 
significant pulmonary hypertension. Systemic hypertension 
also occurs due to renal involvement, and may be severe 
(“scleroderma renal crisis”) [68].

Systemic sclerosis is perhaps the most challenging rheumatic 
disease to treat. Therapies directed against the autoimmune, 
fibrotic, and vascular aspects of the disease have been tried 
[69]. Traditionally, aggressive immunosuppressive therapy is 
used, including cyclophosphamide and other agents. Newer 
biologic immunosuppressive drugs, including anti-tumor 
necrosis factor (TNF) agents and B lymphocyte depleting ther-
apy, have also been studied. For patients with severe disease, 
autologous stem cell transplantation has been attempted. 
Recently, attention has been focused on blocking growth  factor 
signaling by using the tyrosine kinase inhibitor imatinib or 
antibodies directed against transforming growth factor β. 
Bosentan, an endothelin-1 receptor antagonist, has been used 
in patients with interstitial lung disease. Additionally, more 
standard vasodilators, including calcium channel blockers 
and angiotensin pathway inhibitors, are used. Angiotensin 
 pathway inhibitors are effective and indicated for scleroderma 
renal crisis [68].

Sarcoidosis

This multisystem disease of unknown etiology is  char acterized 
by non-caseating granulomas in any tissue. Vascular involve-
ment, including large vessel aneurysms, has been reported 
in children [30]. Cardiac sarcoidosis can affect any portion of 
the heart, including the pericardium, myocardium, valves, 
and conduction system. Cardiac presentations in child-
hood may be severe and fatal [70,71]. Immuno suppressive 
 therapy is indicated, typically with corticosteroids as the 
 initial agents.
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Lyme disease

Infection with the spirochete Borrelia burgdorferi causes Lyme 
disease, characterized by rash (erythema migrans), arthritis, 
and cranial nerve palsies or frank meningitis. Lyme carditis 
can cause reversible complete atrioventricular block in chil-
dren [72]. Such conduction abnormalities are uncommon in 
children with Lyme disease, both in the United States and 
Europe [73,74].

Patients with suspected Lyme disease should have a care-
ful cardiac examination and an electrocardiogram. Likewise, 
Lyme disease should be considered in the differential 
diagnosis of a patient with unexplained heart block.

Side effects of pharmacologic agents

Rheumatic side effects of cardiovascular 
medications
Drug-induced lupus (DIL) may accompany certain cardiac 
medications, notably hydralazine and procainamide, particu-
larly with higher doses. Patients typically develop cutaneous 
manifestations and/or pericardial disease. Nephritis is less 
common than in SLE. Antinuclear antibodies (ANAs) are 
usually but not always detected. If present, the ANAs usually 
recognize histone (anti-histone antibodies). Anti-double-
stranded DNA antibodies are not common in DIL. Unfor-
tunately, DIL may not resolve after discontinuation of the 
triggering agent [75].

Cardiovascular side effects of anti-rheumatic 
medications
Drug-induced lupus may also accompany sulfasalazine 
and other anti-rheumatic drugs (e.g., several of the biologic 
therapies), and also many other medications. The potential 
cardiac manifestations of DIL are numerous, including heart 
failure and tamponade [76]. Discontinuation of the potential 
inciting agent is indicated.

Corticosteroids, used widely to treat pediatric rheumatic 
diseases, can cause several cardiac complications, including 
hypertension, hyperlipidemia, and premature coronary 
atherosclerosis [19]. Decreasing the cumulative corticoster-
oid exposure for a child with a rheumatic disease is now 
easier, with the expanding arsenal of immunomodulatory 
agents.

TNF inhibitors are used in many rheumatic diseases, and 
may cause heart failure, a complication that seems more 
likely in elderly than in younger patients [77]. Additionally, 
vasculitis develops in some patients using these agents [78]. 
Discontinuation of the TNF inhibitor is indicated when such 
complications arise.

Tocilizumab, a monoclonal antibody directed against the 
interleukin 6 (IL6) receptor, is approved for use in adults 
with rheumatoid arthritis, and is being studied for use in 
children with systemic JIA [79]. In adult patients, tocilizu-
mab use has been linked to lipid abnormalities and possibly 
myocardial infarction and cerebrovascular accidents [80].

Conclusion

Cardiovascular complications may arise in nearly any child 
with a rheumatic disease. This chapter has attempted to dis-
cuss those cardiac manifestations that are more common or 
more severe, and also those pediatric rheumatic diseases for 
which lifestyle modification or medical intervention during 
childhood may provide long-term cardiovascular benefit.

Three elements are critical for optimizing the clinical 
 cardiovascular management of children with rheumatic 
 diseases:

a high clinical index of suspicion for cardiovascular involve- •
ment, with appropriate diagnostic evaluation

aggressive immunosuppressive control of the rheumatic  •
disease, with attention to the potential long-term cardiac 
complications of the disease and also its therapies

close communication between the pediatric rheumatolo- •
gist, pediatric cardiologist, and other subspecialists.
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Heart transplantation has become accepted in children for 
heart diseases associated with intractable heart failure una-
menable to conventional medical or surgical therapy. Data 
from the registry of the International Society for Heart and 
Lung Transplantation (ISHLT) indicate that annually ∼400 
heart transplants have been performed in patients <18 years 
of age for the past 20 years [1]. This volume is ∼10% of the 
total number of transplants reported to the ISHLT annually. 
Adults with congenital heart disease (CHD) now account for 
2% of adult recipients [2]. Functional rehabilitation with no 
perceived activity limitations occurs in >90% of pediatric 
heart transplant recipients [1]. Adult survivors of pediatric 
heart transplantation have demonstrated a patient percep-
tion of physical and mental health similar to the general 
population [3].

One-quarter of pediatric heart transplants occur in infants 
<1 year of age, the remainder being split evenly between 
children 1–10 years of age and adolescents 11–18 years of 
age. CHD, both repaired and unrepaired, and cardiomyopa-
thy are the most common diseases leading to heart trans-
plantation in children (Figure 70.1) [1]. Infants are most 
likely transplanted for CHD. However, over the past 10 years, 
an increasing proportion of infant transplants have been for 
cardiomyopathies. Cardiomyopathies account for 50% of 
transplants in older children and nearly 67% of transplants 
in adolescents. As heart transplants have been performed for 
a number of years, it is not surprising that 6–7% of the heart 
transplants performed in older children and adolescents are 
for retransplantation.

Outcomes

Survival after pediatric heart transplantation has improved 
significantly over time and currently approaches 90% at 1 
year and 77% at 5 years after transplantation (Figure 70.2) 

[1]. The ISHLT registry calculates the graft half-life, the time 
when 50% of grafts are lost due to patient mortality or 
retransplantation, to be 18.4 years for infants, 14.7 years for 
older children, and 11.1 years for adolescents. Aside from 
the era effect, CHD, retransplantation, use of ventilator or 
dialysis at time of transplant, older recipient or donor age, 
sensitization to HLA antigens, higher serum creatinine, and 
lower heart transplant center volume are significant risk fac-
tors for 1 and 5 year mortality [1]. The increased mortality 
after heart transplantation associated with CHD is from an 
increased perioperative mortality, as outcomes are the same 
for patients transplanted for CHD and cardiomyopathy who 
survive at least 3 months after transplantation [4].

The most common causes of death after heart transplanta-
tion are rejection, transplant coronary artery disease, 
 infection, primary graft failure (failure occurring in the first 
30 days after operation) and chronic nonspecific graft failure 
(Figure 70.3) [1]. Primary graft failure is the most common 
cause of mortality in the first 30 days after transplantation, 
especially in infants [1,5]. Rejection, followed by infection, 
are the most common causes of death from 1 to 12 months 
after transplantation. Transplant coronary artery disease 
 followed by nonspecific chronic graft failure are the most 
common causes of death >3 years after transplantation.

Mortality associated with heart transplantation really 
begins when the patient is listed for transplantation. Such 
“intent to treat” survival includes death while waiting for or 
after transplantation. Within the Pediatric Heart Transplant 
Study (PHTS) database, such “intent to treat” survival was 
74% at 1 year, 66% at 5 years, and 59% at 10 years after list-
ing for transplantation, with >50% of the 10-year mortality 
occurring in the first year after listing [6]. Competing risk 
analysis with the PHTS [7] demonstrates an overall decrease 
in the mortality with time while waiting in pediatric heart 
transplant candidates. In candidates listed for transplantation 
who required intravenous inotropes, mechanical ventilation, 
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Figure 70.1 Distribution of diagnoses in heart transplant recipients by age, from ISHLT data [1] for recent era including transplants performed from 

January 1996 through June 2008. (a) Infant recipients <1 year of age; (b) child recipients aged 1–10 years; (c) adolescent recipients aged 11–17 years.

Figure 70.2 Survival after pediatric heart transplantation in the current era compared with earlier eras. (Reproduced with permission from Kirk R, 

Edwards LB, Aurora P, et al. J Heart Lung Transplant 2009;28:993–1006.)
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or mechanical circulatory support, 19% died and 62% were 
transplanted within 6 months of the listing, as compared with 
3% who died and 59% who were transplanted without need-
ing such support. Within the United States Scientific Registry 
of Transplant Recipients (SRTR), multivariate risk factors for 
wait-list mortality in pediatric candidates include extracor-
poreal membrane oxygenator (ECMO) support, mechanical 
ventilation, dialysis support, CHD, and non-white race/ 
ethnicity [8]. Patients listed on intravenous inotropic support 
have a 30 day wait-list mortality of 8% compared with an 
18% 30 day mortality for patients listed on ventilatory sup-
port and a 38% 30 day mortality for patients listed on ECMO. 
Adolescent wait-list mortality has decreased by 50% over the 
last decade [9], likely reflecting the increased use of ventricu-
lar assist devices (VADs) as a bridge to transplant [10]. The 
recent availability of the Berlin Heart, which extends the abil-
ity for VAD support to children as small as 3.5 kg, may extend 
this benefit to younger children and infants [9,11].

Infants listed for heart transplantation face the single highest 
mortality waiting for heart transplantation of all children in the 
United States [12]. The absence of ABO isoagglutinins at birth 
has offered the successful [13] application of ABO-incompatible 
heart transplantation in infants with decreased wait-list mor-
tality and post-transplant outcomes similar to ABO-compatible 
infant transplants [14]. Interestingly, ABO-incompatible heart 
transplant infants do develop antibodies to the incompatible 
blood group antigen in the allograft, suggesting some degree of 
immunologic tolerance. The proportion of infants listed for 
ABO-incompatible transplants has risen dramatically in recent 
years in the United States, especially in infants at the highest 
risk for wait-list mortality. This strategy has greatly increased 
the odds for transplantation for blood type O infant transplant 
candidates [15].

Indications/evaluation

A number of published consensus indications for pediatric 
heart transplantation have been published over the years 
[16,17], most recently in 2007 (Table 70.1) [7]. In general, 
the guidelines have included the following indications for 
cardiac transplantation in pediatric recipients:

a need for ongoing intravenous inotropic, mechanical ven- •
tilatory or circulatory support

complex CHD not amenable to conventional surgical repair  •
or palliation or where the surgical procedure carried a higher 
short- and mid-term risk of mortality than transplantation

progressive deterioration of ventricular function or func- •
tional status despite optimal medical care with digitalis, 
 diuretics, angiotensin-converting enzyme inhibitors, and 
β-blockade

postcardiac arrest malignant arrhythmia unresponsive to  •
medical treatment, catheter ablation, or an automatic implant-
able defibrillator

progressive pulmonary hypertension secondary to sys- •
temic ventricular failure or restrictive cardiomyopathy that 
could preclude transplantation at a later date

growth failure secondary to severe congestive heart failure  •
unresponsive to conventional medical treatment

unacceptably poor quality of life secondary to heart failure •
progressive deterioration in functional status and/or pres- •

ence of certain high-risk conditions following the Fontan 
procedure (i.e., protein-losing enteropathy, arrhythmias.

The literature about heart failure in adults supports the use 
of maximum oxygen consumption (VO2max) to define severe 
heart failure and risk for 1 year mortality [18]. In general, 
VO2max <14 ml kg−1 min−1 or <50% predicted VO2max are 
accepted as indications for cardiac transplantation in adults 
[19–21]. It is difficult to apply this measurement in pediatrics 
because of the following: inability of young patients to per-
form exercise testing, baseline abnormal VO2max in patients 
with complex CHD or cyanotic lesions even in the absence of 
heart failure, and the variability in VO2max with different ages 
and sizes of patients [22–25]. For children and young adults, 
the use of percent predicted VO2max may be a more accurate 
assessment of cardiac status. However, studies using exercise 
testing as a prognostic factor in pediatric heart disease have 
not been performed; therefore, exercise testing is not used as 
a sole criterion for defining heart failure in pediatrics.

Very few children with end-stage cardiac failure are unac-
ceptable candidates for cardiac transplantation. The technical 
challenges of cardiac replacement in the presence of congenital 
or acquired abnormalities of body situs, pulmonary arteries, 
atria, and systemic and pulmonary venous return have been 
overcome with advanced surgical techniques. The exception is 
severe pulmonary arterial or venous hypoplasia [7,26]. The 
transplant evaluation is designed to identify the potential exclu-
sion criteria of irreversible disease in the lungs, liver, kidney, or 
central nervous system, active infection, severe psychologic ill-
ness or psychosocial contraindications, or high titers of HLA 
antibodies that increase the risk of early rejection and graft fail-
ure (Table 70.2). Additionally, as increasing numbers of genetic 
etiologies for pediatric cardiomyopathy are identified [27], 
a genetic and/or metabolic evaluation becomes important.

There are few absolute contraindications to cardiac trans-
plantation in children. Severe dysfunction of another organ 
that is not associated with low cardiac output typically 
excludes a patient from transplantation. HIV infection has 
been considered an absolute contraindication, although 
there are recent reports of successful cardiac transplantation 
in adults with HIV who are well controlled on antiretroviral 
therapy [28,29]. Active infection within 2 weeks before 
transplant also poses an increased risk of early mortality, and 
if possible transplant should be delayed until the infection is 
cleared or well controlled [1,30]. Active malignancy is a con-
traindication, and the cancer-free period required before 
cardiac transplantation depends on the type of malignancy 
and the opinion of the oncologist regarding likelihood 
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Table 70.1 American Heart Association guidelines for indications for heart transplantation for pediatric heart disease.

Cardiomyopathies and CHD in pediatric patients

Class 1:

 • Heart transplantation is indicated as therapy for Stage D heart failure associated with systemic ventricular dysfunction in pediatric patients with 

cardiomyopathies or previous repaired or palliated CHD. Level of evidence B.

 • Heart transplantation is indicated as therapy for Stage C heart failure associated with systemic ventricular dysfunction in pediatric patients with 

cardiomyopathies or previously repaired or palliated CHD when heart failure is associated with significant growth failure attributable to the heart 

disease. Level of evidence B.

 • Heart transplantation is indicated as therapy for Stage C heart failure in pediatric heart disease with associated near sudden death and/or 

life-threatening arrhythmias untreatable with medications or and implantable defibrillator. Level of evidence C.

 • Heart transplantation is indicated as therapy for Stage C heart failure in pediatric heart disease associated with reactive pulmonary hypertension 

and a potential risk of developing fixed, irreversible elevation of pulmonary vascular resistance which could preclude orthotopic heart 

transplantation in the future. Level of evidence C.

 • In the presence of other indications for heart transplantation, heart transplantation is feasible in patients with pediatric heart disease and an 

elevated pulmonary vascular resistance index >6 Woods units m−2 and/or an transpulmonary pressure gradient >15 mmHg if administration of 

inotropic support and/or pulmonary vasodilators can decrease pulmonary vascular resistance to <6 Woods units m−2 and/or the transpulmonary 

gradient to <15 mmHg. Level of evidence B.

Class 2A:

 • Heart transplantation is indicated as therapy for Stage C heart failure in pediatric heart disease associated with severe limitation of exercise and 

activity. If measurable, such patients would have peak maximum oxygen consumption <50% predicted for age and gender. Level of evidence C.

 • Certain anatomic and physiologic conditions likely worsen the natural history of CHD in infant patients with a functional single ventricle, which can 

lead to use of heart transplantation as primary therapy. These conditions include:

1. severe stenosis(es) or atresia in proximal coronary arteries

2. moderate to severe stenosis and/or insufficiency of the atrioventricular and/or systemic semilunar valve(s)

3. severe ventricular dysfunction.

Level of evidence C

 • Anatomic and physiologic conditions likely worsen the natural history of previously repaired or palliated CHD in pediatric patients which may lead 

to consideration for heart transplantation without severe systemic ventricular dysfunction:

1. pulmonary hypertension and a potential risk of developing fixed, irreversible elevation of pulmonary vascular resistance which could preclude 

orthotopic heart transplantation in the future

2. severe aortic or systemic A-V valve insufficiency not considered amenable to surgical correction

3. severe arterial oxygen desaturation (cyanosis) not considered amenable to surgical correction

4. persistent protein-losing enteropathy despite optimal medical–surgical therapy.

Level of evidence C

Class 2B:

 • The efficacy of heart transplantation as therapy for pediatric heart disease is not well established for patients with previous infection with hepatitis 

B, hepatitis C, or HIV infection. Level of evidence B.

 • The efficacy of heart transplantation for pediatric heart disease is not well established for patients with a history of recent use of illicit drugs, 

tobacco, or alcohol abuse. Level of evidence B.

 • The efficacy of heart transplantation for pediatric heart disease is not well established for patients with a history of psychological, behavior, or 

cognitive disorder; poor family support structures, or documented noncompliance with previous therapies that could interfere with successful 

performance of care regimens after transplantation. Level of evidence B.

Class 3:

 • Heart transplantation for pediatric heart disease is not efficacious when heart disease is associated with severe, irreversible disease in other organ 

systems or when it is part of a severe, irreversible multi-systemic disease process. Multi-organ transplantation may be considered. Level of evidence C.

 • Orthotopic heart transplantation for pediatric heart disease is not efficacious when heart disease is associated with severe, irreversible, fixed 

elevation of pulmonary vascular resistance. Level of evidence C.

 • Heart transplantation is not feasible in the presence of severe hypoplasia of the central branch pulmonary arteries or pulmonary veins. Level of 

evidence C.

 • The limited supply of pediatric donors, especially infant donors, makes heart transplantation not a feasible routine primary therapy for any specific 

congenital heart lesion. Level of evidence C.
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of cure or disease recurrence [31]. The post-transplant 
 follow-up schedule is intensive, and patients must have the 
appropriate neuropsychiatric and social situation to allow 
for success [32–34].

End-stage cardiac disease is frequently associated with 
 elevated pulmonary artery pressure and resistance. As most 
donor hearts have been exposed to only normal pulmonary 
pressures, pulmonary hypertension in the recipient may be 

Table 70.1 (cont’d).

Cardiac retransplantation in pediatric patients

Class 1:

 • Retransplantation is indicated in children with abnormal ventricular function associated with Grade C or greater heart failure and at least moderate 

graft vasculopathy. Level of evidence B.

Class 2A:

 • Retransplantation is indicated in children with normal ventricular function and at least moderate graft vasculopathy. Level of evidence B.

Class 2B:

 • The efficacy of retransplantation is not well established when performed during the first 6 months following primary transplantation. Level of evidence B

Class 3:

 • Retransplantation should not be performed during an episode of ongoing acute allograft rejection, even in the presence of graft vasculopathy. 

Level of evidence B.

Reproduced with permission from Canter CE, Shaddy RE, Bernstein D, et al. Circulation 2007;115:658–76.

Table 70.2 Basic evaluation protocol for evaluation for pediatric heart transplantation.

Cardiac catheterization Blood work (continued)

 • Assess pulmonary vascular resistance and 

reactivity if needed

 • Delineate complex anatomy (may need 

additional imaging with MRI/MRA or CT)

 • Hematology

  • Complete blood count with differential

  • PT, PTT, INR

  • Fibrinogen

Exercise testing

 • Obtain MVO2 or 50% predicted VO2 max

Assessment of end-organ function

 • Evaluation of liver/kidney function

 • Pulmonary function tests

HLA sensitization

 • Panel reactive antibody

Psychosocial assessment

Financial

 • Insurance and resource evaluation

Blood work

 • Chemistry

  • Comprehensive panel

  • Electrolytes

  • BUN/creatinine

  • LFTs

  • Phosphorus

  • Total and direct bilirubin

  • Calcium and magnesium

  • Lipase and amylase if indicated

  • Triglycerides, cholesterol profile

  • Urinalysis (routine u/a, 24 h protein/creatinine)

 • Immunology

 • HLA-tissue typing

 • Panel reactive antibody

 • Quantitative immunoglobulins if indicated

 • Infectious disease

  • Viral testing

   • Cytomegalovirus

   • Epstein–Barr virus

   • Herpes simplex

   • HIV

   • Varicella

   • Toxoplasmosis

   • Hepatitis panel (A, B, C)

 • Blood bank

  • Blood type X2

  • Blood group antibody screening
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associated with acute right ventricular failure and death 
 immediately after operation [35]. For this reason, a pulmonary 
 vascular resistance of >6 Woods units m−2 or a transpulmonary 
gradient of >15 mmHg have been used as exclusion criteria in 
adults for cardiac transplantation and an indication for heart–
lung transplantation. Experience with children  suggests that 
pulmonary vascular reactivity is a more important indicator 
of suitability for transplantation [36,37]. One goal of pre- 
transplant cardiac catheterization is evaluation of the pulmo-
nary vascular resistance (indexed to body surface area) and, if 
it is elevated, assessment of pulmonary vascular reactivity 
with vasodilators. Furthermore, intensive treatment of cardiac 
 failure over weeks in a patient with an initial unfavorable 
 pulmonary vascular resistance can lower the pulmonary 
 resistance to an acceptable level. Most institutions consider a 
child suitable for cardiac transplantation alone if able to achieve 
pulmonary resistance <6 Woods units m−2 or a transpulmo-
nary gradient <15 mmHg with pulmonary vasodilators.

Listing process/donor selection

In the United States, transplantation is controlled nationally 
through the United Network for Organ Sharing (UNOS) 
[7,8]. All patients are listed in an online database, and all 
donor offers and information are disseminated through the 
donor information system Donornet. Donors are matched to 
recipients based on ABO compatibility, age, size, wait-list sta-
tus (Table 70.3), distance, and waiting time. Patients with 
the greatest need (status 1A) have priority. Organs are offered 
to local and regional recipients (500 mile radius from the 
donor hospital) first to minimize the ischemic time, which 
should ideally be kept <4 h. Some studies report, however, 
no difference in graft failure or mortality with ischemic times 

as long as 6 h [38–41]. The available hearts for children come 
from brain dead donors, typically from motor vehicle crashes, 
head trauma, non-accidental head injury, drowning, or 
asphyxia. The mechanism of death may play a role in the 
function of the donor organ, and mild to moderate inotropic 
support in a potential donor does not necessarily make that 
heart unsuitable for transplantation [5,42,43].

An increasing number of recipients have preformed HLA 
antibodies, from exposures from prior cardiac operations that 
used homograft material (i.e., valves, aorta, pulmonary artery), 
blood product exposures, pregnancy, or mechanical circula-
tory support devices [44–46]. Patients with antibodies to mul-
tiple HLA antigens are at increased risk of acute rejection 
[1,44–49]. Matching a donor to a recipient with antibodies to 
the donor’s HLA antigens can be performed using a virtual 
crossmatch [50] performed by matching the donor to a recipi-
ent who does not have preformed donor-specific antibody to 
the donor’s HLA antigens. Some patients with a “+” virtual 
crossmatch will not have a positive complement-fixing tissue 
crossmatch as anti-HLA antibodies may have low plasma con-
centration or low avidity. Some centers have adopted plas-
mapheresis protocols and aggressive early immunosuppression 
to lower the antibody titers to perform heart transplant with a 
positive donor–recipient crossmatch [48,49]. Additionally, 
some investigators use pre-transplant plasmapheresis, intrave-
nous immunoglobulin, or immunosuppression to lower anti-
body levels before transplant, with variable success [51,52].

Immunosuppression after transplantation

Cardiac transplantation is not a cure or a repair; it exchanges 
a fatal cardiac disease for a chronic disease. Lifelong immuno-
suppressant medications are required to prevent acute heart 

Table 70.3 United Network for Organ Sharing (UNOS) criteria for urgency status for pediatric heart transplant candidates in the United States [7,8].

A candidate listed as Status 1A meets at least one of the following criteria:
• Requires assistance with a ventilator

• Requires assistance with a mechanical device (i.e., ECMO, VAD)

• Requires assistance with a balloon pump

• Less than 6 months old with a congenital or acquired heart disease with reactive pulmonary hypertension >50% of systemic

• Requires infusion of high-dose inotropes (dobutamine/dopamine >7.5 μg kg−1 min−1 or milrinone >0.5 μg kg−1 min−1 or multiple inotropes)

• Candidate who does not meet other criteria but has life expectancy <14 days without transplant

• 1A exception

A candidate listed as Status 1B meets at least one of the following criteria:
• Requires infusion of low-dose single inotropes (e.g., dopamine or dobutamine ≤7.5 μg kg−1 min−1 or milrinone <0.5 μg kg−1 min−1)

• Less than 6 months old and does not meet the criteria for Status 1A

• Growth failure, i.e., <5% for weight and/or height, or loss of 1.5 standard deviations of expected growth

• 1B exception or variance

A candidate listed as Status 2 meets the following criteria:
• On oral medications

• Does not meet criteria for Status 1A or 1B
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rejection. Multiple chronic immunosuppression protocols 
have been developed to prevent immunologic destruction of 
the transplanted organ. Some protocols use induction therapy 
to alter favorably the immune environment at the time of 
transplant and decrease the incidence of early rejection 
[53–57]. ISHLT data support the use of induction agents to 
decrease the risk of early rejection, although data regarding 
effects on survival or incidence of cardiac allograft vasculopa-
thy are lacking. Currently, >60% of children receive cytolytic 
induction agents, including either polyclonal antibody prepa-
rations (thymoglobulin or ATGAM) or newer anti-cytokine 
receptor antibodies (basiliximab or daclizumab) [1]. The 
maintenance immunosuppression protocols in general use 
 triple immunosuppression to minimize toxic side effects of the 
medications. The protocols include steroids, a calcineurin 
inhibitor [cyclosporine or tacrolimus (FK-506)], and an anti-
proliferative agent (azathioprine or mycophenolate mofetil) 
[1]. The degree of immunosuppression is greatest in the first 
months after transplantation; however, there is clinical 

 practice support for establishing a steroid-free regimen in 
selected patients by 1 year post-transplant to minimize the risk 
of steroid-associated morbidity [58,59]. The calcineurin inhib-
itors, which block interleukin-2 secretion and subsequent T 
 lymphocyte activation and proliferation, are the cornerstone 
of chronic immunosuppressive therapy. Currently, based on 
the most recent ISHLT report, ∼50% of patients are on 
cyclosporine and 50% are on tacrolimus. There is also increas-
ing use of the newer antiproliferative agent mycophenolate 
mofetil, with now >50% of recipients receiving this over aza-
thioprine [1]. Table 70.4 reviews the common immunosup-
pression medications, typical pediatric dosing, and goal levels.

Rejection

The goal of immunosuppression is to prevent rejection of the 
donor heart. Rejection is an immune response to mismatched 
human leukocyte antigens on the recipient and donor cells. 

Table 70.4 Medications used for initial and maintenance immunosuppression.

Drug (trade name)  Mechanism  Pediatric dosing  Goal levels  Comments

Steroids

Methylprednisolone 

(Solu-Medrol)

Nonspecific 

immunosuppression

I.v.: Initial: 5–10 mg kg−1 before 

transplant 0.8 mg kg−1 day−1 

divided every 6 h

Prednisone Nonspecific 

immunosuppression

Maintenance: 1 mg kg−1 day−1 

divided every 6 h, then tapered 

over 6–12 months

Calcineurin inhibitors

Cyclosporine 

(Sandimmune)

CsA–cyclophilin complex 

inhibits T-cell activation

I.v.: Initial: 5–6 mg kg−1 day−1 

starting 4–12 h before transplant

Initial: Trough level 

250–350 ng ml−1

Maintenance: 2–10 mg kg−1 day−1 

divided twice daily

Maintenance: Trough 

level 100–300 ng ml−1

Oral: Initial: 14–18 mg kg−1 day−1 

starting 4–12 h before transplant

Maintenance: 5–15 mg kg−1 day−1 

divided every 12–24 h, then 

tapered

Dose should be divided three 

times per day in infants

Cyclosporine (Neoral) CsA–cyclophilin complex 

inhibits T-cell activation

2–6 mg kg−1 day−1 oral divided 

twice daily

Initial: Trough level 

250–350 ng ml−1

Dose should be divided three 

times per day in infants

Maintenance: Trough 

level 100–300 ng ml−1

Tacrolimus/FK-506 

(Prograf)

Tacro–FKBP12 complex 

inhibits T-cell activation

0.05–0.1 mg kg−1 day−1 divided 

twice daily

Initial: Trough level 

10–15 ng ml−1

Dose should be divided three 

times per day in infants

Maintenance: Trough 

level 5–10 ng ml−1

Antiproliferative agents

Azathioprine (Imuran) Inhibition of cell 

proliferation

1–2 mg kg−1 day−1 WBC count of 

4000–12 000 ml−1

Mcyophenolate mofetil 

(Cellcept)

Selective inhibitor of B- and 

T-lymphocyte proliferation

Initial: 100–125 mg kg−1 day−1

Maintenance: 25–50 mg kg−1 day−1

 Maintenance: Trough 

level 3–7 ng ml−1
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The resultant inflammation is mediated through T-cell and 
humoral immune mechanisms, causing eventual necrosis of 
the heart tissue. Rejection is most common in the first 6 
months after transplant, but remains a risk lifelong and is 
the most common cause of death in the first 5 years after 
transplant [1]. Data from the PHTS from 1993 to 2005 [60] 
(Figure 70.4) demonstrate that pediatric heart transplant 
recipients on average experience one episode of rejection in 
the first year after transplant, although many never have 
such an episode. The frequency of rejection in the first year 
after transplant has been decreasing recently, likely from 
changes in initial and chronic immunosuppression strategies 
[61]. Neonates and infants seem to be more immunotolerant 
to heart grafts and have a decreased incidence of rejection 

[1,62]. Preformed donor-specific antibody, especially when 
there is a positive donor–recipient crossmatch, is associated 
with an increased risk for rejection in the first 6 months after 
transplantation [48,49].

Pediatric heart transplant recipients continue to have late 
rejection episodes >1 year after transplantation (Figure 70.4). 
Approximately 25% of recipients have an episode of late 
rejection by 3 years after transplantation [63]. Late rejection 
occurs infrequently in infants [62]. Late rejection is a leading 
cause of mortality >1 year after transplantation [1] and 
increases the risk for developing transplant coronary disease 
[64]. Risk factors for late rejection include two or more epi-
sodes of rejection in the first year after transplant, older age, 
and black race. Late rejection is frequently attributed to 
patient non-compliance [65,66] with single-parent home, 
non-white race, and older age, especially adolescence identi-
fied as increasing the risk of medical non-compliance. The 
association of late rejection with black race is independent of 
age and socioeconomic circumstances, and is due to unfavor-
able genetic polymorphisms in black recipients [67].

Diagnosis
Endomyocardial biopsy is considered the “gold standard” 
for diagnosing T-cell associated or cellular rejection. 
Standardized grading systems have been formulated as out-
lined in Table 70.5, based on lymphocytic infiltrates and 
myocardial necrosis (Figure 70.5) [68]. Surveillance for 
rejection is most intense during the first 3 months after 
transplantation and gradually decreases to a 6 monthly 
schedule 18 months following transplantation. The relatively 
low rate of cellular rejection after the first 6–12 months post-
transplantation has led some centers to eliminate surveil-
lance endomyocardial biopsies after this time [59,69]. 

Figure 70.4 Cumulative episodes of rejection and infection in pediatric 

heart transplantation over time within the Pediatric Heart Transplant Study 

Database [60].
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Table 70.5 International Society for Heart and Lung Transplantation cardiac biopsy grading scheme for the diagnosis of acute cellular rejection.

2004   1990   

Grade  Description  Grade  Description

Grade 0 R No rejection Grade 0 No rejection

Grade 1 R Interstitial and/or perivascular infiltrate with 

up to one focus of myocyte damage

Grade 1, mild

A – focal

Focal perivascular and/or interstitial infiltrate without 

myocyte damage

B – diffuse Diffuse infiltrate without myocyte damage

Grade 2, moderate(focal) One focus of infiltrate associated with myocyte 

damage

Grade 2 R Two or more foci of infiltrate with associated 

myocyte damage

Grade 3, moderate

A – focal Multifocal infiltrate with myocyte damage

B – diffuse Diffuse infiltrate with myocyte damage

Grade 3 R Diffuse infiltrate with multifocal myocyte 

damage ± edema, ± hemorrhage, ± vasculitis

Grade 4, severe Diffuse, polymorphous infiltrate with extensive 

myocyte damage ± edema, ± hemorrhage, ± vasculitis

Reproduced with permission from Stewart S, Winters GL, Fishbein MC, et al. J Heart Lung Transplant 2005;24:1710–20.
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Figure 70.5 Representative histology of various endomyocardial biopsy grades of rejection by the revised ISHLT grading scheme. Grade 0, no rejection; 

Grade 1R, focal, perivascular lymphocytic infiltrates without myocyte damage; Grade 2R, multiple foci of damaging lymphocytic infiltrate with normal 

myocardium intervening; Grade 3R, diffuse damaging lymphocytic infiltrates with encroachment of myocytes and disruption of normal architecture.

In adults, gene-expression profiling from peripheral blood 
specimens in selected patients is equivalent to surveillance 
of rejection by endomyocardial biopsy [70], but extrapolat-
ing this strategy to pediatric patients remains untested.

Serial endomyocardial biopsies in children have many 
challenges because of patient size, lack of vascular access, 
and need for sedation/anesthesia, but can generally be per-
formed with low risk in children of all sizes [71]. In children, 
rejection has been diagnosed much more frequently by a 
combination of clinical signs and symptoms and non-inva-
sive testing than in adult recipients. Decreased appetite, afe-
brile “flu” symptoms, irritability, gallop rhythm, enlarged 
cardiac silhouette on a chest radiograph, and decreased QRS 
voltages on an electrocardiogram have been considered signs 
of rejection. In many centers, echocardiography has been 
utilized as the primary diagnostic modality for rejection in 
infants [72]. However, pediatric heart transplant centers are 
increasingly using endomyocardial biopsy over noninvasive 
methods to diagnose cellular rejection [61].

Humoral or antibody-mediated rejection is increasingly 
recognized as an important cause of morbidity and mortality 

in heart transplantation [73–76]. It is generally associated 
with varying degrees of left ventricular dysfunction and heart 
failure. In addition, anti-HLA antibodies specifically directed 
to donor HLA antigens are found in the serum [73]. Although 
“mixed” instances of cellular and antibody-mediated rejec-
tion may occur [76], specific histopathologic findings in 
 antibody-mediated rejection include tissue edema and endo-
thelial swelling and macrophage infiltration [73]. In addition, 
tissue immunofluorescence and histochemistry demonstrate 
endo thelial deposition of immunoglobulin or complement 
fragments C4d or C3d in the endothelium and/or + CD 68 
staining for intra-endothelial macrophages (Figure 70.6).

Treatment
Asymptomatic mild rejection (old ISHLT 1A or 1B, new ISHLT 
1R) is often not treated because of the high rate of spontane-
ous resolution and the lack of association with long-term graft 
survival and transplant cardiac allograft vasculopathy [77]. 
Most centers, however, treat a patient with a biopsy showing 
moderate rejection (old ISHLT grade 3A or greater, new ISHLT 
2R or greater) with intensified immunosuppression, typically 
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high-dose intravenous or pulsed oral steroids [78,79]. 
Refractory rejection is defined as ongoing rejection after 2–3 
consecutive episodes treated with steroids. Experience in both 
adults and children supports the use of anti-lymphocytic anti-
bodies in treating steroid-resistant rejection [80,81]. Other 
options include changing calcineurin inhibitors from 
cyclosporine to tacrolimus or changing antiproliferative 
agents from azathioprine to mycophenolate mofetil [82–86]. 
In extreme refractory rejection, total lymphoid irradiation 
[87–89] or photopheresis [90] have been used.

Specific treatments for antibody-mediated rejection typi-
cally include the same regimens as used for cellular rejec-
tion. Additionally, circulating donor-specific antibodies can 
be removed with intravenous immunoglobulin, plasmapher-
esis, or both [91–93]. Specific therapies, including cyclo-
phosphamide and rituximab, have been used to target 
B-cells, and protocols for these agents are being developed 
[94–97].

If rejection is associated with heart failure or cardiogenic 
shock, treatment typically involves global immunotherapy, 
including treating cellular and antibody-mediated rejection 
with steroids, anti-lymphocyte antibodies, plasmapheresis, 
and cyclophosphamide [98,99]. Although these regimens 
often resolve acute heart failure, long-term outcomes after 
rejection with hemodynamic compromise are poor, with a 
high risk of mortality from recurrent rejection, infection, or 
transplant coronary disease [100].

Infection

Infection, along with primary graft failure and rejection, is 
an important cause of death early after pediatric cardiac 
transplantation (Figure 70.3) [1,2]. Similarly to rejection, 
serious infections most likely occur in the first 3 months after 
transplantation when immunosuppression is greatest. The 
intensity of immunosuppression and the degree of illness in 

a patient before transplantation increase the risk of serious 
infection after transplantation [101].

Pediatric cardiac transplant recipients average approxi-
mately one infection requiring hospitalization or treatment 
with intravenous medications in the first year after trans-
plantation (Figure 70.4) [1,102].

The type of infection varies at different times after trans-
plantation [103]. Within the first month after transplantation, 
infections are related either to the surgical wound from bac-
teria or yeast or to related infection in the recipient or donor 
organ. Herpes simplex may reactivate in a recipient in the first 
2 weeks after transplant. From 1 to 6 months after transplan-
tation, infections from immunomodulating viruses [notably 
cytomegalovirus (CMV)] and opportunistic fungal or proto-
zoal infections predominate. Late transplant infections are 
generally community-based infections or a recurrence of 
opportunistic infections in patients who require repeated 
exposure to high-dose immunosuppression with rejection 
episodes. Infants appear to have more chronic and recurrent 
infections late after transplant than older recipients [104]. 
Prophylactic nystatin and trimethoprim–sulfamethoxazole 
are routinely given after heart transplantation to prevent fun-
gal or protozoal infections.

CMV and EBV infections
Cytomegalovirus (CMV) infections commonly occur as a 
result of primary exogenous infection, donor–recipient 
transfer of the virus, or reactivation of infection in the recip-
ient [102]. CMV infection generally occurs 2–12 weeks after 
transplantation and can be associated with pneumonitis and 
gastroenteritis. CMV infection may be a risk factor for devel-
oping transplant coronary disease [105], but an association 
between CMV infection and transplant coronary disease was 
not observed in a recent PHTS analysis [106]. CMV infection 
is frequently treated with oral valgancyclovir or intravenous 
ganacylovir. Treatment may be prophylactic or at the time of 
detection of infection with serial monitoring of CMV viral 

Figure 70.6 Representative pathology consistent with antibody-mediated rejection. (a) Endothelial cell swelling and intravascular infiltration of 

macrophages. (b) Capillary deposition of immunoglobulin G by immunofluorescence. (c) Capillary deposition of complement fragment C4d by 

immunoperoxidase staining.
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load in the bloodstream. Studies have [107] and have not 
[106] found prophylaxis to be a superior strategy to prevent 
complications from CMV infection.

Epstein–Barr virus (EBV) infections may also occur in the 
first year after transplant from the same pathways as CMV 
infections. The importance of EBV, especially a primary EBV 
infection, in these children is its association with the develop-
ment of post-transplant lymphoproliferative disease (PTLD) 
[108,109]. EBV viral load in blood is often monitored early 
after transplant for adjustment of immunosuppression in the 
presence of EBV infection.

Immunizations
Immunosuppressed patients should avoid live virus vaccines 
(e.g., oral polio, measles–mumps–rubella, varicella, nasal 
influenza) and killed virus or protein vaccines, such as diph-
theria, pertussis, and tetanus [110]. Salk polio, hepatitis B, 
Haemophilus influenzae type b, and influenza vaccines should 
be given (Table 70.6). Varicella as a primary or reactivated 
infection can be treated with oral or intravenous acyclovir 
[111]. If possible, children should receive as many live virus 
vaccinations as are feasible prior to transplantation.

Transplant cardiac allograft vasculopathy

A year after transplantation, transplant cardiac allograft vascu-
lopathy (CAV) becomes a leading cause of cardiac mortality 
and morbidity (Figure 70.3) [1]. Transplant CAV is a progres-
sive, concentric myointimal proliferation that initially appears 
as intimal thickening and may lead to luminal occlusion. 
Transplant CAV involves the entire length of the vessel. In con-
trast, traditional atherosclerosis is usually characterized by 
focal lesions with asymmetric intimal proliferation in the prox-
imal vessels. Unlike atherosclerosis, transplant CAV lesions 
rarely calcify and are unassociated with disruption of the inter-
nal elastic lamina. Transplant coronary disease may result from 
an immunologic injury to the coronary endothelial cells, lead-
ing to stimulation and proliferation of smooth muscle cells 
elaborating growth factors, cytokines, and extracellular matrix 
proteins and producing intimal proliferation, impaired vascu-
lar function, and luminal narrowing [112,113].

Manifestations and risk factors
Because of variability in the reinnervation of the trans-
planted heart, myocardial infarction with CAV is usually not 
associated with angina. The manifestations of transplant cor-
onary artery disease range from unexplained chest or 
abdominal pain to left ventricular dysfunction or sudden 
death. For these reasons, cardiac transplantation protocols 
routinely include coronary angiography yearly or biannu-
ally. Angiographic findings include diffuse lesions, rapid 
pruning of vessels, distal obliteration of small tertiary ves-
sels, and focal stenoses (Videoclip 70.1), but angiography 

may underestimate the presence and severity of transplant 
CAV because of the diffuse nature of the disease [114]. 
Intravascular ultrasound is a much more sensitive invasive 
test to determine the presence of transplant CAV and often 
shows intimal proliferation in apparently normal vessels 
(Figure 70.7) [115,116]. Exercise or dobutamine stress 
echocardiography may be the best relatively noninvasive 
tests to make the diagnosis in children. A negative test 
strongly supports the absence of angiographic transplant 
CAV, and wall motion abnormalities (positive test) correlate 
with angiographically identifiable disease ∼80% of the time 
[117–119].

In children, angiographic evidence of transplant coronary 
artery disease is present in 15–25% of recipients 5 years 
after transplantation [1,120]. In both angiographic and 
 intravascular ultrasound studies, transplant CAV occurs less 
frequently at a given time after transplant in younger chil-
dren (Figure 70.8) [1,115,120]. Older donor age and rejec-
tion episodes >1 year after transplantation [115,121] have 
also been identified as risk factors for pediatric transplant 
CAV diagnosed by angiography or intravascular ultrasound. 
CMV infection has [105] and has not [106] been related to 
pediatric transplant CAV. Other factors associated with 
transplant CAV include “explosive sudden cerebrovascular 
death in the donor” and factors associated with traditional 
atherosclerosis, such as hyperlipidemia, hypertension, and 
smoking [122].

Treatment
Once present, CAV typically progresses and is irreversible. 
Coronary angioplasty, stenting, or bypass surgery can be per-
formed for focal lesions [123]. Additionally, statins are now 
being instituted early after transplantation to prevent the 
development of CAV, utilizing both their lipid lowering proper-
ties and inherent anti-inflammatory and immune-modulating 
effects [124,125]. Preliminary studies with pravastatin suggest 
that it may be able to reverse intimal proliferation and halt 
progression of CAV [126].

Mycophenolate mofetil as part of maintenance immuno-
suppression reduces intimal thickening after heart trans-
plantation [127,128]. Evolving strategies for preventing 
vasculopathy include newer agents such as sirolimus (rapamy-
cin) and everolimus. These medications have a different 
mechanism of immunosuppression than other agents, and 
also inhibit smooth muscle and endothelial cell proliferation. 
In adults, sirolimus may slow progression of established trans-
plant CAV [129], and everolimus or sirolimus decrease the 
magnitude of coronary intimal thickening if used for mainte-
nance immunosuppression after transplant [130,131].

Pediatric transplant CAV associated with luminal narrow-
ings ≥50% is associated with an ∼50% risk of graft loss within 
2 years [120]. Retransplantation is probably the only  definitive 
treatment for substantial transplant CAV and is associated 
with survival similar to primary transplantation [132,133].
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Other medical morbidities

Cardiac
Transplanted hearts in infants and children grow propor-
tionately as the child ages [134]. Transplanted hearts, den-
ervated at the time of implantation, may attain partial 
reinnervation with time, but the heart rate response to 
exercise is usually blunted. As in adult recipients, most 
pediatric cardiac transplant recipients have a lower than 

normal exercise capacity [135,136]. Infant recipients have 
had normal exercise capacities [137]. Sequential cardiac 
catheterization studies have demonstrated hemodynamics 
consistent with diastolic dysfunction and restrictive physiol-
ogy in long-term survivors of pediatric cardiac transplanta-
tion [138]. Moderate to severe tricuspid regurgitation occurs 
in many pediatric heart transplant recipients due to surgical 
technique, postoperative right ventricular dysfunction, and 
trauma from repetitive endomyocardial biopsies [139].

Table 70.6 Suggested immunization schedules for pediatric solid organ recipients before and after transplantation.

Vaccine  Inactivated/live 
attenuated (I/LA)

 Recommended before 
transplanta/strength 
of recommendation

 Recommended after 
transplant/strength 
of recommendation

 Monitor 
vaccine titers?

Quality 
of evidence

Influenza, injected  I  Yes/A  Yes/A  No  II

Hepatitis B I Yes/A Yesb/B Yesb II

Hepatitis A I Yes/A Yes/A Yes II

Pertussis I Yes/A Yes/A No III

Diphtheria I Yes/A Yes/A No II

Tetanus I Yes/A Yes/A No II

Polio, inactivated I Yes/A Yes/A No III

H. influenzae I Yes/A Yes/A Yesc II

S. pneumoniaed (conjugated 

or polysaccharide vaccine)

I/I Yes/A Yes/A Yesc III

N. meningitidise I Yes/A Yes/A No III

Rabiesf I Yes/A Yes/B No III

Varicella LA Yes/A No/D Yes II

Measles LA Yes/A No/D Yes II

Mumps LA Yes/A No/D Yes III

Rubella LA Yes/A No/D Yes II

BCGg LA Yes/B No/D No III

Smallpoxh LA No/C No/D No III

Anthrax  I  No/C  No/C  No  III

aWhenever possible, the complete complement of vaccines should be administered before transplantation. Vaccines noted to be safe for administration 

after transplantation may not be sufficiently immunogenic after transplantation. Some vaccines, such as pneumovax, should be repeated regularly 

(every 3–5 years) after transplantation.
bRoutine vaccine schedule recommended prior to transplant and as early in the course of disease as possible; vaccine poorly immunogenic after 

transplantation, and accelerated schedules may be less immunogenic. Serial hepatitis B surface antibody titers should be assessed both before and after 

transplantation to assess ongoing immunity.
cSerologic assessment recommended if available.
dChildren older than 5 years should receive 23-valent pneumococcal polysaccharide vaccine. Children younger than 2 years should receive conjugated 

pneumococcal vaccine (Prevnar). Those 2–5 years of age should receive pneumococcal vaccine.
eCertain patients (members of the military, travelers to high-risk areas, properdin deficient, terminal complement component deficient, those with 

functional or anatomic asplenia, college freshmen living on campus) are candidates for the meningococcal vaccine.
fNot routinely administered. Recommended for exposures, or potential exposures due to vocation or avocation.
gThe indications for BCG administration in the United States are limited to instances in which exposure to tuberculosis is unavoidable and where 

measures to prevent its spread have failed or are not possible.
hTransplant recipients who are face-to-face contacts of a patient with smallpox should be vaccinated; vaccinia immune globulin may be administered 

concurrently if available. Those who are less intimate contacts should not be vaccinated.

Reproduced with permission from Guidelines for vaccination of solid organ transplant candidates and recipients. Am J Transplant 2004;4(Suppl 10):160–3.
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Arrhythmias are common. Significant bradycardia may 
occur immediately postoperation, usually improves, but may 
require permanent pacing. Right bundle branch block is typi-
cally present, most likely from injury to the right bundle with 
repeated endomyocardial biopsies. Isolated atrial or ventricu-
lar premature contractions, including nonsustained ventri-
cular tachycardia, occur at a greater frequency than observed 
in normal hearts [140,141]. Supraventricular arrhythmias, 
including atrial flutter, ectopic atrial tachycardia, and atriov-
entricular reciprocating tachycardias, may occur in the first 
year after transplantation, with or without rejection [142–
144]. Supraventricular tachycardias occurring late after trans-
plantation are usually not associated with acute rejection, but 
more likely are a sign of transplant coronary arteriopathy.

Many medical problems can be attributed to side effects of 
immunosuppressive medications. Hypertension is common 
and associated with steroid and calcineruin inhibitor admin-
istration [1]. Children are at increasing risk for developing 

hypertension after transplant; the prevalence is ∼50% at 
1 year, 60% at 5 years, and >67% at 8 years after transplan-
tation [145] (Table 70.7). Hypertension appears to occur 
more frequently with use of cyclosporine than with tac-
rolimus [146]. Calcium channel blockers are the most fre-
quently used antihypertensive agents, but diuretics, 
angiotensin-converting enzyme inhibitors, β-blockers, and 
α-blockers have been used alone or in combination. 
Hyperlipidemia occurs in ∼25% of pediatric heart transplant 
recipients [145] and may require therapy with statins.

Renal
Nephrotoxicity is frequently observed with calcineurin 
inhibitor therapy. Patients taking these agents typically dem-
onstrate prerenal azotemia, with a level of blood urea nitro-
gen level disproportionately elevated compared with serum 
creatinine. Renal tubular acidosis, hyperuricemia, and hyper-
kalemia can also be observed. There may be reversible acute 
renal failure. Knowledge of the drugs that interact with 
cyclosporine and tacrolimus is important to avoid acute tox-
icity or underimmunosuppression. Drugs that inhibit the 
hepatic cytochrome-P450 system, such as ketaconazole, 
macrolide antibiotics, and calcium channel blockers, elevate 
calcineurin inhibitor levels whereas administration of anti-
convulsants with calineurin inhibitors decreases their levels.

Long-term administration of calcineurin inhibitors in pediat-
ric heart transplant recipients is associated with an increased 
risk for chronic kidney disease (Table 70.7). Less than 50% of 
pediatric thoracic transplant recipients have a normal glomeru-
lar filtration rate 1 year after transplantation, a level that 
declines to 14% 5 years after transplantation [147]. Overt renal 
dysfunction is present in ∼6% of pediatric recipients 1 year 
after transplantation and increases to 10% by 8 years [145].

Neoplasms
Chronic immunosuppression is associated with an increased 
risk for developing neoplasms. The most common neoplasm 
observed after pediatric cardiac transplantation is lympho-
proliferative disease (PTLD). It commonly occurs within the 

Figure 70.7 (a) Coronary angiogram of the 

left anterior descending artery. Arrow points to 

the area of intravascular ultrasound imaging 

shown to the right. (b) Intravascular ultrasound 

image demonstrates severe intimal thickening 

noted on the ultrasound (line) within an 

angiographically normal coronary segment. (a) (b)

Figure 70.8 Influence of age at transplantation on the development of 

allograft vasculopathy within the Pediatric Heart Transplant Study and 

Cardiac Transplant Research Database. (Reproduced with permission from 

Pahl E, Naftel DC, Kuhn M, et al. J Heart Lung Transplant 2005;24:645–51.)
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first months after transplantation and is usually associated 
with either a primary or a reactivated EBV infection 
[108,109]. Approximately 5% of 5 year survivors and 8% of 
10 year survivors develop PTLD [1]. Lymphoproliferative 
disease is a heterogeneous disorder ranging from a plasma-
cytic hyperplasia lacking oncogene and tumor suppressor 
gene alterations to an aggressive metastatic immunoblastic 
lymphoma, Burkitt’s lymphoma, or multiple myeloma. It 
may present as an isolated disease process in the oropharyn-
geal nodes, lungs, or gastrointestinal tract or as a dissemi-
nated multisystem disease that can involve the central 
nervous system. The more benign forms of lymphoprolifera-
tive disease respond to reduction of immunosuppression; 
however, chemotherapy, anti-B cell monoclonal antibodies 
(rituximab), and radiation therapy, have been used to treat 
more malignant variants. Basal cell carcinomas, cervical car-
cinomas, and Kaposi’s sarcoma have also been observed at 
higher frequency than in the general population.

Heart retransplantation

An increasing number of pediatric heart retransplant proce-
dures have been performed over the last decade. Currently 
the ISHLT database reports ∼40 of these procedures  performed 
per year, comprising 6–7% of the heart transplantation per-
formed in pediatric patients >1 year of age (Figure 70.1) [1]. 
Transplant coronary vasculopathy accounts for ∼50% of 
retransplants, followed by graft failure and rejection [132]. 
Retransplantation performed >6 months after primary trans-
plantation has a substantially higher survival that approaches 
the rate for primary transplants [132,133]. Current guide-
lines (Table 70.1) [5] state that cardiac retransplantation is 
indicated in patients with moderate–severe coronary vascu-
lopathy, especially if associated with heart failure. 
Retransplantation within the first 6 months after transplan-
tation or for acute rejection is discouraged.

Heart–lung and lung transplantation 
and pediatric cardiovascular disease

Primary pulmonary hypertension, CHD with pulmonary vas-
cular disease, and pulmonary vein stenosis/veno-occlusive 
disease are the primary conditions leading to heart–lung 
and lung transplantation in children. The National Institutes 
of Health registry for primary pulmonary hypertension 
demonstrated an inverse correlation with duration of sur-
vival and magnitude of central venous pressure, pulmonary 
artery pressure, and pulmonary vascular resistance [148]. 
A smaller retrospective study demonstrated a similar rela-
tionship in pediatric patients with primary pulmonary 
hypertension or pulmonary vascular disease associated with 
CHD [149]. Pulmonary vasodilators, such as prostacyclin, 
 sildenafil, and bosentan, have improved transplant-free sur-
vival in children with primary pulmonary hypertension 
[150] and patients with pulmonary vascular disease and 
CHD (Eisenmenger syndrome) [151]. Surgery and catheter 
interventional procedures may palliate pulmonary vein 
obstruction [152], but patients <18 months of age with 
associated pulmonary arterial hypertension and bilateral 
involvement often have progressive disease that can lead to 
early consideration for lung transplantation [153]. Adhesions 
from multiple prior thoracotomies can increase periopera-
tive bleeding and be a relative contraindication to trans-
plantation [154].

Heart–lung transplantation is currently reserved for 
 co-existing heart lesions that are extensive or not easily 
repairable at the time of lung transplantation [154]. The 
ISHLT registry records <20 pediatric heart–lung trans-
plants annually worldwide over the past decade. Pediatric 
heart–lung and lung transplantation have a similar higher 
mortality rate than  cardiac transplantation, with a 12 
month survival rate of 80–85% (Figure 70.9) [155]. 
Survival has improved recently with graft half-life 

Table 70.7 ISHLT registry data [1] on the proportion of patients with hypertension, renal dysfunction, 

hyperlipidemia, and diabetes at 1, 5, and 8 years after pediatric heart transplantation.

Outcome  Within 1 year  Within 5 years  Within 8 years

Hypertension 47.2% (n = 2428) 62.7% (n = 836) 68.3% (n = 325)

Renal dysfunction 5.8% (n = 2431) 9.9% (n = 862) 10.3% (n = 339)

Abnormal creatinine <2.5 mg dl−1 3.9% (1.2%)a 8.2% (0.8%)a 7.7% (0.6%)a

Chronic dialysis 0.7% 0.6% 1.5%

Renal transplant 0.0% 0.2% 0.6%

Hyperlipidemia 10.8% (n = 2555) 25.1% (n = 902) 28.1% n = 356)

Diabetes  3.4% (n = 2436)  5.2% (n = 833)  4.0% (n = 323)

aCreatinine values in parentheses are >2.5 mg dl−1.

Reproduced with permission from Boucek MM, Edwards LB, Keck BM, et al. J Heart Lung Transplant 

2005;24:968–82.
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approaching 6 years. The need for ventilator support 
before transplantation is a risk factor for 1 and 5 year 
 mortality.

The patterns of rejection and infection after lung trans-
plantation resemble those observed after cardiac transplan-
tation [156]. The transplanted lung, however, is more 
susceptible to infection because of its greater exposure to 
environmental pathogens. Bronchiolitis obliterans in pul-
monary allografts is the counterpart to transplant coronary 
artery disease in cardiac allografts. Bronchiolitis obliterans 
can progress rapidly, leading to respiratory failure, or may 
stabilize after an acute decrease in lung function. In children, 
it has a prevalence of 25–30%, the prevalence increasing 
with longer follow-up [156,157]. The prevalence of bronchi-
olitis obliterans in heart–lung recipients equals or is greater 
than its prevalence in isolated lung transplant recipients 
[158,159]. The prevalence of transplant coronary artery dis-
ease, however, is less in heart–lung than heart transplant 
recipients [160].
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Pathophysiology

Heart failure is the clinical syndrome described below that 
results when, because of cardiac dysfunction, cardiac output 
does not meet the metabolic demands of the body. The 
 etiologies of heart failure in children are diverse. In adults, 
coronary artery disease and hypertension are the major 
 contributing factors of heart failure. Children most often 
present with heart failure because of congenital heart  disease 
(CHD) with excessive volume loads (left-to-right shunts or 
valvar regurgitation) or excessive pressure loads (usually 
inflow or outflow tract obstruction), a cardiomyopathy, or 
extrinsic pressure on the heart as in a pericardial tamponade 
or constriction. Regardless of etiology, all heart failure 
 syndromes are now thought of as a unified common  pathway 
involving an index event, compensatory mechanisms, and 
secondary damage.

Our understanding of the pathophysiology of heart 
 failure has grown in conjunction with an increased under-
standing of its cellular and neurohormonal mecha nisms. 
Adrenergic nervous system activation, the renin–angiotensin–
 aldosterone system (RAAS), and left ventricular remodeling 
are the major maladaptive mechanisms. Adrenergic activa-
tion is a cornerstone of the neurohormonal response to heart 
failure. When cardiac output decreases, baroreceptors in the 
carotid sinus and aortic arch decrease their rate of firing, 
leading to increased sympathetic and decreased parasympa-
thetic output. A short-term improvement in myocardial 
 performance follows that is mediated by the β

1
- adrenergic 

receptor, resulting in an increase in heart rate and 
 ventricular contractility (thus augmenting cardiac output), 
and the α-adrenergic receptor, resulting in vasoconstriction 
(thus augmenting preload and blood pressure). In the long 
term, however, β-adrenergic stimulation is deleterious to 

heart function. Norepinephrine causes direct myocyte 
 toxicity, abnormal calcium handling, decreased macromo-
lecular  synthesis, and contractile dysfunction [1]. Adrenergic 
stimulation also increases myocardial oxygen demand at a 
time when oxygen delivery is limited.

The RAAS pathway is the other major limb of neuro-
hormonal compensation that is activated in heart failure. In 
addition to direct β

2
-adrenergic receptor stimulation by the 

adrenergic system at the juxtaglomerular level, renin 
 secretion is also stimulated by decreased renal artery 
perfusion from low cardiac output and decreased salt delivery 
to the macula densa. Increased renin levels lead to the 
formation of angiotensin II, whose multiple effects include 
vasoconstriction, hypothalamic thirst stimulation, and 
aldosterone secretion via the adrenal cortex. Aldosterone, in 
turn, acts at the distal convoluted tubule of the kidney to 
promote sodium reabsorption and thus fluid retention. 
Again, although this compensatory increase in preload 
through angiotensin II and aldosterone is beneficial in the 
short term, chronic activation of this system promotes fluid 
overload in addition to a myriad of adverse cellular and 
genetic changes.

The chronic effect of neurohormonal activation includes 
myocyte toxicity leading to ventricular remodeling. The term 
remodeling refers to changes in chamber architecture; with 
respect to heart failure, a consensus statement defined cardiac 
remodeling as “genomic expression resulting in molecular, 
cellular, and interstitial changes that are manifested clinically 
as changes in size, shape, and function of the heart after 
cardiac injury” [2]. Elevated levels of bioactive molecules 
such as norepinephrine, endothelin, tumor necrosis factor, 
aldosterone, and angiotensin II all contribute to progressive 
left ventricular hypertrophy, enlargement, and cavity 
distortion. The development of left ventricular  remodeling 
may subsequently cause a self-amplifying cycle of  progressive 
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cardiac dysfunction, which may continue independent of 
adrenergic or RAAS activation [3].

The relationship of heart function to vascular stiffness, 
often referred to as ventricular-arterial (VA) or ventricular-
vascular (VV) coupling, has spawned a great deal of interest 
in adult heart failure [4]. This has led to the recognition that 
the stiffening of the left ventricle is intimately related to 
stiffening of the large arteries; an increase in one often leads 
to an increase in the other. These changes have clear 
implications in the adult heart failure population, where 
increased vascular stiffness is seen with increasing age and 
also with co-morbidities such as hypertension, diabetes, and 
renal disease. With new and improved noninvasive methods, 
vascular stiffening has also been identified in multiple pediatric 
populations. The short- and long-term implications of such 
findings with respect to the development of heart failure in 
children, however, have not been clearly defined [5].

Differences in calcium homeostasis have been observed 
between mature and immature hearts [6]. In animal models 
and also human adults with heart failure, a decrease in 
sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) and an 
increase in Na+–Ca2+ exchanger have been observed, 
potentially contributing to progressive myocyte contractile 
dysfunction [7,8]. We know that the Na+−Ca2+ exchanger 
activity is higher and that sarcoplasmic reticulum is relatively 
immature in neonates as compared with adults; this has 
implications on the effects of therapies that target calcium-
dependent pathways in younger populations.

Despite the variation in underlying etiology and the 
cellular, inflammatory, genetic, anatomic, and neurohormonal 
processes that ensue, most heart failure in adults and 
children eventually follows a final common pathway of 
ventricular remodeling and systolic and/or diastolic 
dysfunction. Unraveling those underlying processes has 
provided multiple targets for intervention in this otherwise 
progressive disease.

Diagnosis and evaluation

Heart failure presenting during infancy or childhood is of 
diverse etiology and differs significantly from that of adults. 
Diagnostic evaluation begins with a thorough history. In 
infants and small children, feeding intolerance and failure to 
thrive can be symptoms of heart failure. Ischemic pain, 
although uncommon in children, can present as severe colic 
and irritability in an infant. Heart failure can also present 
with gastrointestinal and/or respiratory symptoms due 
to ventricular dysfunction and resultant systemic and/or 
 pulmonary venous congestion and low cardiac output. 
A history of asthma and frequent wheezing may be from 
 pulmonary venous congestion rather than primary reactive 
airway disease. These symptoms, initially thought to be 
 secondary to an infection, ultimately are diagnosed as cardiac 

in origin. Conversely, in some children, the stress of an 
 infection, and its resultant increased cardiac output from 
fever or dehydration, result in symptoms of a previously 
subclinical cardiac abnormality. Seizures, syncope, or 
presyncopal episodes may be related to arrhythmias or 
underlying cardiomyopathies associated with heart failure. 
Children with structural CHD, either before and/or after 
surgical repair, may present with heart failure from volume 
overload and/or ventricular dysfunction. Symptoms of heart 
failure may begin suddenly or can develop gradually. For 
instance, a careful history may reveal that a child has 
gradually stopped playing sports now deemed “boring,” 
when he or she is actually self-limiting due to the onset of 
symptomatic heart failure. A history of a recognizable 
syndrome or genetic diagnosis must be sought, and has been 
reported in 27% of pediatric cardiomyopathies [9]. Cardiac 
disease can be associated with a systemic syndrome, such as 
neuromuscular or metabolic diseases that may manifest as 
skeletal myopathy in addition to cardiomyopathy [10,11]. 
Exposures to known cardiac toxins such as anthracyclines 
received as cancer therapy, or iron overload related to 
frequent blood transfusions, should be identified. History 
should also include questions related to motor strength and 
clumsiness, frequent infections, other systemic medical 
problems, deafness, hypertension, and developmental delay.

A careful family history of at least three generations is an 
important part of the diagnostic evaluation of heart failure in 
children, as cardiomyopathies of genetic etiology can be 
transmitted within families via autosomal dominant, auto-
somal recessive, X-linked, or maternal (mitochondrial) 
transmission patterns. A familial cardiomyopathy is defined 
by at least two family members affected by cardiomyopathy, 
even those of different phenotypes [12]. Family history 
should also include sudden death, any form of cardiac 
 disease, and muscular diseases.

Detailed careful physical examination must include:
Assessment of the child's wellbeing, including respiratory  •

rate and effort, color, pallor, edema, nutritional state, and 
activity level.

Assessment of vital signs (including oxygen saturation)  •
and four-extremity blood pressures.

Examination of the extremities to assess perfusion, pulses,  •
and edema.

Palpation of the precordium for bulges, heaves, increased  •
impulses and/or thrills.

Palpation of the abdomen for hepatomegaly or masses. •
In older children, neck examination should be performed  •

to look for jugular venous distention; the triad of hepatomeg-
aly, edema, and increased jugular venous pressure are 
pathognomonic of right heart failure.

Auscultation for abnormal heart tones, irregular rhythm,  •
systolic or diastolic murmurs, gallops, clicks or rubs. A loud 
second heart sound suggests pulmonary hypertension. 
In infants, auscultation of the head and the liver should be 
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 performed to exclude arteriovenous malformations of the 
brain or liver, respectively.

Auscultation of the lungs to listen for crackles in older  •
children that suggest either pulmonary edema or pneumo-
nia. Crackles from heart failure are very rare in infants and 
small children and, if heard, point towards an infectious 
 etiology.

Physical examination must also include other noncardiac 
features such as body habitus (cachexia), abnormal facial 
features associated with genetic syndromes such as coarse 
facial features of glycogen disorders, skeletal muscle tone to 
assess for hypotonia, pseudohypertrophy of calves, and/or 
organomegaly.

An electrocardiogram may help to identify evidence of 
ischemia such as Q waves in lateral leads I and AVL, often 
associated with an anomalous left coronary artery from the 
pulmonary artery (ALCAPA), particularly in infants, or other 
coronary abnormalities. Myocarditis is often associated 
with low voltage and/or diffuse ST segment abnormalities, 
whereas large voltages and severe hypertrophy on ECG may 
be associated with infiltrative processes such as Pompe 
 disease or hypertrophic cardiomyopathy. Atrial enlargement 
may indicate restrictive physiology or severe atrioventricular 
valve regurgitation. Atrial and ventricular arrhythmias may 
be either a primary cause of heart failure or secondary to an 
underlying cardiomyopathy.

Heart failure in children is often first recognized by an 
abnormal chest radiograph with pulmonary edema and car-
diomegaly, although acute processes, such as myocarditis, 
may often have a normal cardiac silhouette.

An echocardiogram is essential for evaluating a child with 
heart failure to assess ventricular function and structural 
abnormalities (see Chapter 8). Each cardiac valve and chamber, 
and the aortic arch, must be carefully assessed. In the presence 
of left ventricular systolic dysfunction, etiologies for the 
dysfunction, including coronary artery abnormalities, need to 
be actively sought. Both visualizing coronary origins and 
demonstrating normal flow patterns and also the absence of 
any secondary signs of coronary abnormalities such as 
discrepant size of the coronary arteries are essential for 
assessing an ischemic etiology. Coronary artery abnormalities 
may not be easily detected by an echocardiogram, and coronary 
angiography may be useful for diagnosis. Other structural 
causes of left ventricular dysfunction and heart failure, 
including left ventricular outflow tract obstruction and aortic 
arch abnormalities, including coarctation of the aorta, should 
be excluded by echocardiogram. Volume overload from a large 
left-to-right shunt such as ventricular septal defect, large 
patent ductus arteriosus, and aortopulmonary window can 
also be assessed. Heart failure with a structurally normal heart 
and normal or hyperdynamic left ventricular function suggests 
an arteriovenous malformation or a metabolic cause.

After structural heart defects have been excluded, the 
most common cause of heart failure from left ventricular 

dysfunction in a child is a primary cardiomyopathy. 
Cardio myopathies are typically categorized by phenotype 
on echocardiogram, based on the size of the atrial and  ven-
tricular chambers (dilated, normal, or small), ventricular 
wall thickness (hypertrophied, normal, or thin), pattern of 
wall abnormalities (concentric or asymmetric), regional 
wall motion abnormalities, and nature of myocardium 
(trabeculated or not). Careful echocardiographic assessment 
of  chamber sizes in addition to systolic and diastolic 
performance usually allows accurate classification of the 
cardio myopathy type: dilated, hypertrophic, restrictive, or 
non compaction (see Chapter 58). The degree of systolic 
and diastolic dysfunction can vary greatly over time and is 
best assessed by serial measurements of ventricular 
performance.

Laboratory blood tests can contribute to the diagnosis of a 
metabolic etiology of heart failure in children. Blood analyses 
should include amino acids, carnitine, acylcarnitine profile, 
lactate-to-pyruvate ratio, and ammonia. Urine should be 
screened for carnitine and organic acids. Troponin and 
creatine kinase (MB fraction) can detect myocyte damage in 
myocarditis, ischemia, or cardiomyopathy. Liver and renal 
function tests are important to assess degree of end-organ 
damage. Brain-type natriuretic peptide can help to diagnose 
ventricular wall stress and its change over time. When 
myocarditis is suspected, serum and respiratory specimens 
can be screened for viral genome using the polymerase chain 
reaction (PCR). Although almost any virus can cause 
myocarditis, the most common are adenovirus, enteroviruses, 
parvovirus, coxsackie, respiratory syncytial virus, influenza, 
and parainfluenza.

Genetic testing may be performed using commercially 
available molecular studies and screening panels for sarco-
mere gene mutations (common genetic etiologies of hyper-
trophic cardiomyopathy and dilated cardiomyopathy) and 
also syndrome-specific testing. Genetic counseling should be 
considered prior to performing tests.

Cardiac magnetic resonance imaging may help in 
evaluating heart failure secondary to dilated cardiomyopathy 
for many reasons, including the ability to provide information 
that may help distinguish myocarditis from other forms of 
cardiomyopathy [13]. Cardiac catheterization may be 
indicated to perform coronary angiography to diagnose 
coronary abnormalities such as ALCAPA, coronary ostial 
atresia, or thrombi which may be responsible for heart failure 
associated with left ventricular dysfunction. Assessing 
hemodynamics may also be important to determine the 
degree of dysfunction through measurement of intracardiac 
pressures and cardiac output. Cardiac endomyocardial biopsy 
for histology, electron microscopy, and viral PCR may be 
useful in patients with new onset heart failure to look for 
evidence of acute myocarditis [14]. Skeletal muscle biopsy 
for histology, electron microscopy, and mitochondrial 
respiratory chain analysis may help diagnose cardiomyopathy 
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associated with related peripheral myopathy. Consultation 
with specialists in metabolism, genetics, and/or neuromuscular 
abnormalities can be very useful for diagnostic evaluation 
when there is concern about an underlying related systemic 
disorder.

Medical management of chronic 
heart failure

Chronic heart failure in children is increasingly recognized. 
Now that operative mortality for CHD has decreased 
significantly, the number of children surviving surgical 
palliation has grown and has been accompanied by an 
increased incidence of ventricular dysfunction and heart 
failure. The features of heart failure from cardiomyopathy 
have been well described [15,16]. Although the evidence 
base for the management of chronic heart failure in adults is 
broad, there is a paucity of evidence for the treatment of 
chronic heart failure in children [17,18]. With few exceptions, 
the management strategies for treating chronic heart failure 
in children have been extrapolated from large multicenter 
randomized trials in adults. Current medical management 
consists of diuretics, angiotensin-converting enzyme (ACE) 
inhibitors, β-adrenergic receptor blockers (β-blockers), 
aldosterone antagonists, and digoxin. Although no 
randomized trials have ever proven that diuretics are 
beneficial for survival in treating chronic heart failure, they 
do provide significant symptomatic improvement in patients 
with heart failure and fluid overload. Potential adverse effects 
associated with diuretic use include stimulating the renin–
angiotensin–aldosterone system (RAAS) and potentially 
deleterious renal effects. However, when fluid retention is 
part of the heart failure syndrome, diuretics are an essential 
part of management. ACE inhibitors improve symptoms and 
survival in adults with symptomatic heart failure and in 
adults with asymptomatic left ventricular dysfunction 
[19–21]. Five large multicenter randomized placebo-
controlled trials of β-blockers have also shown that β-blockers 
with heart failure produce improvements in symptoms, 
survival, and left ventricular function with mild, moderate, 
and severe heart failure [22–26]. The aldosterone antagonists 
spironolactone and eplerenone also afford a significant 
survival benefit in selected adults with heart failure [27]. 
Although digoxin has been the mainstay of treatment of 
heart failure for decades, large randomized trials have 
demonstrated only a benefit in reducing symptoms, and not 
mortality, in adults with heart failure. More recently, there 
has been increasing evidence that lower serum concentrations 
of digoxin may be better than higher serum concentrations 
[28]. Finally, angiotensin receptor blockers (ARBs) are 
essentially equal in efficacy to ACE inhibitors in adults 
with heart failure, but are currently only recommended for 
use in patients with heart failure who are intolerant to ACE 

inhibitors [17]. In addition to medical therapy of chronic 
heart failure, electrophysiologic interventions such as cardiac 
resynchronization therapy and implantable cardioverters/
defibrillators also improve symptoms and survival. These 
modalities are discussed below.

The management of chronic heart failure in children dif-
fers from that of adults for many reasons, including:

different etiologies of heart failure (ischemic, hyperten- •
sive, and diabetic in adults compared with nonischemic, 
nonhypertensive, and nondiabetic in children)

different ventricular morphologies •
different responses to medications (pharmacokinetic and  •

pharmacodynamic) and electrophysiologic interventions
different end-organ responses to heart failure •
lower incidence of sudden cardiac death in pediatric heart  •

failure than adult heart failure.
For children with systemic left ventricular dysfunction, 

it is reasonable to consider the management strategies 
recommended in adults: diuretics for fluid overload, ACE 
inhibitors for asymptomatic and symptomatic ventricular 
dysfunction (ARBs for those who are intolerant to ACE 
inhibitors), and β-blockers, aldosterone antagonists, and 
possibly digoxin for symptomatic ventricular dysfunction 
[18]. For patients with a systemic ventricle that is not a left 
ventricle, the rationale for using these medications is much 
less clear. Diuretics for fluid overload continue to be a 
mainstay of therapy for heart failure with fluid retention, 
regardless of ventricular morphology. Studies in children 
and adults with single or right systemic ventricular 
morphology have failed to show any benefit from ACE 
inhibitors or ARBs [29–31]. Data from the Pediatric 
Carvedilol Study suggest that there may be a differential 
response to β-blockers in children, depending on the 
morphology of the systemic ventricle: those with a systemic 
left ventricle tended to show improvement when treated 
with β-blockers, whereas those with a systemic ventricle 
that was not a left ventricle did not [32]. There are no data 
to support or ref ute the use of aldosterone antagonists in 
children with heart failure due to systemic ventricular 
dysfunction in morphologically abnormal ventricles, but 
there could be theoretical benefit to using these agents due 
to their beneficial effects on reducing sympathetic nervous 
system innervation and myocardial fibrosis [33]. Newer 
medications such as sildenafil may have beneficial effects 
on selected patients with heart failure, especially those 
with Fontan physiology, but further study is needed before 
making recommendations. Despite all of these relatively 
new treatment modalities, some data suggest that the 
outcomes for children with heart failure are no better than 
they were before the development of therapies such as 
ACE inhibitors and β-blockers [34]. For those patients 
who “fail” medical therapy, the only option is to proceed 
towards heart transplantation. Indications include severe, 
refractory heart failure, severely restricted activity and 
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quality of life, and significant growth failure due to heart 
failure [35] (see Chapter 70).

Electrophysiologic management

Electrical device therapy in patients with heart failure has 
demonstrated additional clinical benefit and has become a 
mainstay in adult practice [36]. Implantable cardioverter 
defibrillators (ICDs) have clear survival benefit over stan-
dard medical therapy, which has resulted in their use for 
both primary and secondary prevention of sudden death 
[36]. Conventional pacemaker therapy has been applied to 
manage co-morbid electrophysiologic conditions. More 
recently, cardiac resynchronization therapy (CRT) has 
improved ventricular performance and benefited survival 
[36]. The role of these interventions in the management of 
children with heart failure with and without CHD remains 
limited, however, and in certain instances unclear [18].

The rationale for the use of ICDs is the increased incidence 
of sudden death mediated by ventricular arrhythmias in 
patients with heart failure [37]. Based on numerous adult 
trials for both primary and secondary prevention [37–43], 
ICDs have significantly improved survival in patients with 
heart failure.

Currently, the 2008 guidelines from the American Heart 
Association (AHA), American College of Cardiology (ACC), 
and Heart Rhythm Society (HRS) for device-based therapy of 
cardiac rhythms abnormalities and 2006 guidelines from the 
AHA, ACC, and European Society of Cardiology for the man-
agement of patients with ventricular arrhythmias and the 
prevention of sudden cardiac death have been used to man-
age adults with heart failure [36,44]. Based on these guide-
lines, ICDs are recommended or should be considered in 
patients with heart failure who meet various combinations 
of the following criteria: presence or absence of ischemia, 
time from infarction, degree of cardiac dysfunction, presence 
or absence of syncope, sudden cardiac arrest, documented 
ventricular tachycardia or ventricular fibrillation, presence 
or absence of structural heart disease, type of cardiomyopa-
thy, and/or family history of sudden death [36,44].

The data for using ICDs in children with heart failure are 
limited [18,45,46]. Some small studies involving a heteroge-
neous population of children with and without CHD have 
demonstrated the efficacy of ICDs in terminating arrhyth-
mias and, by extrapolation, improving survival [47–59]. 
A single study by Dubin et al. evaluated the role of ICD ther-
apy in pediatric patients with heart failure [60]. This study 
evaluated 28 patients with and without CHD awaiting 
heart transplantation who underwent ICD placement due to 
 ventricular tachycardia/fibrillation, syncope, aborted sudden 
death, ventricular ectopy, and/or poor cardiac function. A 
total of 55 ICD discharges occurred in 17 patients, of which 
47 (85%) were appropriate [60]. The small numbers and 

heterogeneity of patients in this and other studies prevent 
the generalization of these findings with ICDs. Although the 
ICD terminated arrhythmias, these ventricular arrhythmias 
might not have been hemodynamically significant and might 
have self-terminated without therapy. The survival benefit 
of ICD intervention in children with heart failure is unknown. 
In a recent multicenter study, the incidence of sudden death 
in children with heart failure  awaiting transplantation was 
low, 1.3% [61]. Hence the lack of data and the low incidence 
of death have prompted a more conservative stance for the 
use of ICDs in children [18].

Based on AHA/ACC/HRS 2008 and ISHLT 2004 guidelines, 
ICD use in children with heart failure is limited to secondary 
prevention indications [18,36]. Patients with heart failure 
usually should have survived a previous cardiac arrest, have 
symptomatic ventricular tachycardia, and/or have recurrent 
syncope in the setting of heart failure to be considered for 
device therapy. The application of ICDs is further limited in 
pediatrics by technical aspects and issues related to long-term 
morbidity with device therapy. In particular, the need for 
generator changes and lead extraction, the higher incidence 
of lead failure, limited vascular access and venous occlusion, 
complexity of anatomy, changing patient size, type of device, 
and psychological issues including the effect of inappropriate 
shocks should be considered [46,62]. Ultimately, the use of 
ICDs in children with heart failure is more complex than in 
adults and should be individualized.

In children with heart failure, regardless of the presence 
or absence of CHD, electrophysiologic abnormalities may 
exist. These include symptomatic bradycardia, loss of atrio-
ventricular synchrony, that is, high-grade atrioventricular 
block, and intra-atrial re-entrant tachycardia, that is, atrial 
flutter/fibrillation [63]. Based on the AHA/ACC/HRS 2008 
guidelines, these patients should be considered for pace-
maker device therapy [36].

Most children who require conventional ventricular pacing 
undergo right ventricular apex pacing. The effect of this pac-
ing site on further progression of heart failure is unknown in 
children, but data suggest that it may contribute to adverse 
left ventricular remodeling and diminished function [64–68]. 
This is illustrated by reports in patients with complete atrio-
ventricular block of right ventricular pacing-induced cardiac 
dysfunction that function improved after conversion to biven-
tricular pacing [69–73]. Right ventricular apex pacing in adult 
patients with heart failure with or without atrioventricular 
block has increased the risk of heart failure [74,75]. This has 
prompted further investigation in adults into the benefits of 
conventional versus biventricular pacing [76]. The implica-
tions of this study and others could alter the way in which 
pacing therapy is delivered in children who require long-term 
pacing to prevent progression of heart failure [64].

The rationale for the cardiac resynchronization therapy 
is based on observations that electric intraventricular 
 conduction delay, that is, bundle branch block, causes 
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mechanical intraventricular dyssynchrony that can impair 
the efficacy of ventricular contraction and reduce ejection 
fraction [77]. Re-establishing “normal” ventricular conduc-
tion and uniform ventricular contraction using biventricular 
pacemakers improves measures of cardiac function, quality 
of life, symptoms, functional status, and survival [78]. 
Additionally, CRT can reverse remodeling of the abnormal 
myocardium [79,80]. Adult trials including the recent 
MADIT-CRT trial have shown improved survival and reduced 
heart failure events over conventional or ICD-only therapy 
[41,78,81]. Based on these trials, the use of CRT has become 
the standard of care for some adults. Device therapy is rec-
ommended for patients with an ejection fraction <35%, a 
QRS duration on ECG >120 ms, and a New York Heart 
Association (NYHA) Class III or ambulatory Class IV. It can 
also be considered in patients with NYHA Class I or II status 
who meet other indications for pacing or placement of an 
ICD [36]. The guidelines are clear, but not all patients 
respond to therapy and the pre-procedure identification of 
CRT responders remains elusive.

The clinical efficacy of CRT has led to its consideration for 
children [63]. To date, CRT with biventricular and multisite 
pacing in both acute and short-term settings has been described 
in patients with and without CHD [44,45,55–67,71,72,
82–90]. The two largest multicenter observational studies, by 
Dubin et al. and Janousek et al., reported the effect of CRT on 
212  pediatric and CHD patients who received device therapy 
for various indications. Short-term results demonstrated im -
provements in functional class, symptoms, and/or ventricular 
 performance by echocardiographic parameters [68–70,91,92]. 
Unfortunately information about long-term improvement, 
survival, and improvement of heart failure events cannot 
be generalized from these studies. Attempts to extrapolate 
from the adult experience may also be invalid because of 
 differences in etiologies of cardiac dysfunction, the complexi-
ties of pre- and postoperative CHD, and differences in the 
 pattern and degree of intraventricular conduction delay, 
namely predominately right bundle branch block in children 
compared with left bundle branch block in adults. Also, the 
type of CHD may preclude or limit the use of this modality 
because of technical aspects and concern for alterations in 
medical management [93]. Investigations into the echocardi-
ographic diagnosis of mechanical dyssynchrony have not 
been reliably useful in adults but may be more important in 
pediatrics. Based on the available data, no guidelines have 
been proposed for use of CRT in children with heart failure 
with or without CHD. CRT should therefore be individualized 
until further evidence regarding its utility is available.

Acute decompensated heart failure

Acute decompensated heart failure (ADHF) can be defined 
as the gradual or rapid deterioration in heart failure signs 

and symptoms requiring urgent therapy. Regardless of the 
underlying precipitant cause, patients present with symptoms 
of systemic volume overload with congestion, which can 
include dyspnea, hepatomegaly, peripheral edema, ascites, 
symptoms of low cardiac output with poor peripheral 
perfusion, fatigue, and end-organ dysfunction. In a recent 
cohort of children presenting to an emergency department 
with ADHF, the most common symptoms were those related 
to the gastrointestinal system, including nausea, vomiting, 
abdominal pain, and diarrhea [94].

In neonates with critical structural CHD presenting with 
acute heart failure from narrowing of the ductus arteriosus, 
prostaglandin therapy is the definitive management strategy. 
These neonates often require additional inotropic support 
for the myocardium, and invariably require careful attention 
to balance systemic and pulmonary circulations, until opera-
tive management can occur.

Children with ADHF from other causes require aggressive 
and timely treatment. In general, there is a stepwise approach 
to management by initiating therapies aimed at decreasing 
symptoms of congestion and improving myocardial perform-
ance. A general approach to management of ADHF includes 
pharmacologic and nonpharmacologic therapies.

Diuretics are the mainstay of pharmacologic therapy in 
patients with symptoms of systemic volume overload. The 
most commonly used agents are loop diuretics (e.g., furo-
semide and bumetamide), that promote natriuresis and 
di uresis by their actions on the loop of Henle in the kidney. 
Their effect can be augmented with thiazide diuretics (e.g., 
chlorothiazide) that act on the distal tubule. The combina-
tion of thiazides that retain calcium and furosemide that 
increases its excretion may be beneficial for prolonged treat-
ment. The adverse effects of diuretic therapy include renal 
dysfunction, electrolyte abnormalities, and symptomatic 
hypotension from a rapid reduction in intravascular volume. 
These rapid shifts occur less frequently when continuous 
infusions of loop diuretics are used, and there is some evi-
dence that continuous infusions are more advantageous 
than bolus injections [95].

Inotropes are the most commonly used agents for improv-
ing myocardial performance in children with ADHF. 
However, no inotrope improves contractility without increas-
ing myocardial oxygen consumption and intracellular cal-
cium accumulation, both of which can lead to arrhythmias 
and cell death. Inotropic agents include the catecholamines 
dopamine, dobutamine, and epinephrine, and the phos-
phodiesterase inhibitor milrinone. Dopamine, dobutamine, 
and epinephrine increase contractility by stimulating 
β

1
-adrenergic receptors. In a study of hypotensive preterm 

infants, short-term use of dopamine was more effective than 
dobutamine; however, there were no benefits in mid- to 
long-term treatments [96]. Epinephrine and milrinone are 
agents commonly used in treating postoperative low cardiac 
output syndrome (LCOS) in children. In the PRIMACORP 
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study of pediatric postoperative LCOS in children, the 
 incidence of LCOS was reduced significantly with milrinone 
therapy [97]. However, in the OPTIME-CHF study in adults 
with an acute exacerbation of heart failure [98], milrinone 
showed no benefit over placebo, but did increase the inci-
dence of hypotension and arrhythmias. To date, no ran-
domized studies have tested intravenous milrinone therapy 
in children with ADHF.

Nitroglycerin and nitroprusside are the most commonly 
used vasodilators in ADHF; both drugs act by conversion to 
nitric oxide, causing vasodilation, and thereby decreasing 
afterload on the failing ventricle. Nitroglycerin is primarily a 
venodilator, and nitroprusside is also an arterial vasodilator. 
Both agents improve cardiac function after heart surgery in 
children [99]; however, nitroprusside may cause thiocyanate 
poisoning after prolonged administration, and continuous 
use of nitroglycerin has caused tolerance. Both agents can 
result in hypotension and need to be used cautiously in 
ADHF with low blood pressure.

Nesiritide is a recombinant form of B-type natriuretic pep-
tide that has primarily vasodilatory and secondarily natri-
uretic effects. In the VMAC trial in adults with ADHF, nesiritide 
therapy showed improved short-term symptomatic relief 
and hemodynamic profile when compared with nitroglyc-
erin [100]. In the ADHERE study of adults hospitalized with 
ADHF, therapy with either nesiritide or nitroglycerin was 
associated with a significantly lower in-hospital mortality 
than with milrinone and dobutamine [101]. Although pre-
liminary studies in children with heart failure suggest that 
nesiritide may be well tolerated and improve diuresis [102], 
there is some concern about its use based on a meta-analysis 
in adults that showed increased morbidity and mortality 
from renal failure [103].

Levosimendan is a calcium-sensitizing agent with unique 
dual activity. It improves myocardial contractility by 
 increasing cardiac troponin C calcium sensitivity, without 
increasing myocardial oxygen consumption. Additional 
peripheral and coronary vasodilatory effects are facilitated 
by potassium channel opening. In the initial LIDO trial in 
adults with cardiogenic shock, levosimendan was superior 
to dobutamine in reducing pulmonary capillary wedge 
 pressure and decreased long-term mortality at 6 months 
compared with placebo [104]. In preliminary studies in 
 children with ADHF, levosimendan decreased catecholamine 
requirements and improved myocardial performance [105]. 
The most recent study in adults (SURVIVE), however, 
showed no benefit of levosimendan over dobutamine in 180 
day mortality [106].

Arginine vasopressin is elevated in heart failure. This 
 hormone acts through vasopressin-1 (V

1
) receptors on the 

vasculature causing vasoconstriction, and vasopressin-2 (V
2
) 

receptors on the kidneys leading to free water retention. 
Vasopressin receptor antagonists have been studied as pot-
ential therapies for ADHF. Drugs include the V

2
 receptor 

 antagonist tolvaptan, which promotes salt-free diuresis 
(“aquaresis”) by selectively binding to renal V

2
 receptors, 

and conivaptan, which by dual antagonism for V
1
 and V

2
 

receptors also has the potential to decrease systemic vascular 
resistance and improve myocardial performance. In the 
EVEREST trial of adults with heart failure, oral tolvaptan 
therapy resulted in symptomatic relief with no mortality 
benefit [107,108].

The endothelins are a group of peptides with potent vaso-
constrictor properties that can worsen outcomes of acute 
heart failure. However, the intravenous endothelin receptor 
antagonist tezosentan did not improve symptoms or clinical 
outcomes in an adult trial of acute heart failure, and the trial 
was terminated early because of futility [109].

Children with decompensated heart failure benefit from 
intubation and mechanical ventilation that reduce both left 
ventricular afterload by decreasing aortic transmural pres-
sure, and also oxygen consumption by decreasing respira-
tory muscle work. Intubation has some risk in children with 
heart failure. Some children are overly sensitive to the myo-
cardial depressant effects of sedative medications used for 
intubation. Other children do not tolerate the increased 
afterload and/or decreased preload on the right ventricle 
from increased intrathoracic pressure following intubation 
and initiation of mechanical ventilation.

Mechanical circulatory support with venoarterial extra-
corporeal membrane oxygenation (VA-ECMO), ventricular 
assist devices (VADs), and intra-aortic balloon pumps (IABPs) 
can augment cardiac output and allow myocardial rest either 
as a bridge to recovery or transplant (see Chapter 14). 
VA-ECMO is used for myocardial support and oxygenation, 
and can be used in children with intracardiac shunts. In 
children with a structurally normal heart, the left ventricle 
must be decompressed with an atrial septectomy, septostomy, 
or with a left atrial vent. VADs include devices that assist the 
right or left ventricle, or both. These devices cannot be placed 
in children with an intracardiac shunt and do not support 
oxygenation. The Berlin Heart EXCOR system has been used 
to support infants and children with severe circulatory 
failure. In the largest published series of VAD support in 
children, 73  children were supported with the Berlin Heart 
for a mean support time of 36 days; 62% survived to 
transplantation or were weaned off support, and 51% were 
discharged home [110]. IABPs are most commonly used in 
adolescents with heart failure. These devices provide intra-
aortic balloon counterpulsation that augments coronary 
perfusion and provides mechanical circulatory assistance in 
cardiogenic shock [111]; however, like VADs, they do not 
support  oxygenation.

In children with CHD and acute postoperative heart fail-
ure with atrioventricular and inter-/intraventricular conduc-
tion delay, resynchronization with temporary epicardial 
pacing wires may be a useful adjunct therapy, and signifi-
cantly improves hemodynamics [82].
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An alternative nonpharmacologic intervention to  diuretic 
therapy being studied in adults is veno-venous ultrafiltra-
tion, which has been shown to alleviate symptoms of 
 congestion by removing isotonic fluid. In adults with weight 
gain due to fluid overload from ADHF, in the UNLOAD trial 
ultrafiltration resulted in a greater reduction in weight 
compared with loop diuretics and a lower re-hospitalization 
rate at 90 days [112].

The prognosis of ADHF in children depends on the etiology 
and end-organ function. Children with acute fulminant 
myocarditis in general have a good prognosis; however, the 
time for myocardial functional recovery can be prolonged 
[113,114]. Worsening end-organ function is a poor prognostic 
sign and can indicate a need for mechanical circulatory support. 
In one series of children with ADHF, worsening renal function 
was associated with prolonged hospitalization, in-hospital 
death, and the need for mechanical circulatory assistance 
[115]. Transplantation should be considered early if there is no 
evidence of recovery of myocardial function. In a study of 
1091 children with dilated cardiomyopathy and heart failure 
who underwent heart transplant, survival at 10 years post-
transplantation was 72% compared with a 64% survival with 
conventional treatment at 5 years [116] (see Chapter 70).
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Introduction

The burden of pediatric heart disease is significantly greater 
in underdeveloped than developed nations, even though it 
may not receive the same focus as more common problems 
such as AIDS, malaria, malnutrition, and trauma. The effect 
of cardiac disease in children is twofold. First, although the 
incidence of congenital heart disease (CHD) is the same as in 
developed countries, its impact is magnified by several fac-
tors. Although diagnostic capability exists (echocardiogra-
phy), affordable treatment options are limited so that many 
children grow up with unrepaired anomalies not commonly 
encountered in developed countries. This is compounded by 
the very young mean age of the population (often below 20 
years) and very high birth rate (2–3-fold higher than in the 
United States or Europe) [1]. Second, the incidence of 
acquired heart disease in children is much higher than in 
developed nations. This includes diseases that are endemic 
in almost all developing countries, most notably rheumatic 
heart disease, and problems that are regional, including 
endomyocardial fibrosis in East Africa and Chagas disease in 
Latin America. This chapter focuses on both congenital and 
acquired heart disease in children occurring in developing 
countries, drawing, in part, from the authors’ personal 
 experience in Uganda.

Burden of congenital heart disease

The incidence of CHD is relatively constant in most countries 
throughout the world, affecting ∼1% of the population [2]. 
The incidence may be as high as 3%, however, in countries 
with high rates of consanguinity, and regional genetic and 
environmental factors may alter the distribution of congenital 

heart defects. Nearly half of children with CHD require 
intervention. In many developing countries, echocardiography 
is available for diagnosis, but not more advanced  diagnostic 
or surgical care. Strikingly, the 4000 pediatric  cardiology 
surgery units worldwide serve only 7% of the planet’s 
children [3]. Even fewer pediatric cardiac catheterization 
laboratories are available. This discrepancy is most significant 
in sub-Saharan Africa. Recent estimates suggest that over 
5.5 million children worldwide have potentially treatable 
(with a single staged intervention) CHD but do not have 
access to care [3]. Many of these children are very sick (with 
unrepaired ventricular septal defects and tetralogy of Fallot 
being the most prevalent) and it is a significant burden for 
their families to take care of them. Pollution and frequent 
respiratory infections likely increase pulmonary hypertension 
in patients with a left-to-right shunt and episodes of 
dehydration exacerbate cyanosis in patients with tetralogy 
of Fallot. These issues do not even include the numerous 
children with more complex conditions who die in infancy, 
often without cardiac diagnosis.

Several factors explain the huge discrepancy in care [4]. 
First and foremost, these countries, especially those in sub-
Saharan Africa, are the most economically challenged in the 
world and the disparity is increasing; per capita aid has 
dropped by 40% in the last 10 years. As a result, there is 
often very poor health care infrastructure and limited health 
care education. Many countries face a huge burden of HIV/
AIDS, malnutrition, and very high infant (50–200 per 1000 
live births) and maternal pre-/peripartum (3–11 per 1000 
pregnancies) mortality. Unstable political systems and wars 
compound these problems.

Developing and maintaining a cardiac surgical program 
face many challenges [5,6]. Financing the necessary 
 technology is often more expensive than in North America 
or Europe. Consumable products are especially hard to 
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acquire, and maintenance and repair of equipment are a 
huge challenge. Complete cardiovascular teams are difficult 
to maintain because the “brain drain” phenomenon is 
 prevalent. Physicians, nurses, and other healthcare 
 professionals (especially young people fresh out of training) 
are often offered attractive financial incentives to move 
abroad. Many of these personnel were sent abroad for a 
short period of time at hospital and/or government expense 
to receive training to improve local care. Some developed 
countries (e.g., the United Kingdom) have relatively strict 
regulations to prevent promoting the “brain drain” whereas 
others (e.g., the United States) have almost no rules against 
recruiting foreign trained medical personnel. Within most 
developing countries, private sector positions compete with 
government programs for the most highly qualified person-
nel. This is counterproductive to programs, such as cardio-
vascular surgery, that can only succeed if all local resources 
are pooled and care is performed at a single institution 
 (usually the government/public hospital).

The levels of care for children with heart disease in need of 
cardiac intervention vary greatly between countries. Some 
countries offer open-heart surgery routinely whereas others 
have no or limited closed heart procedures (e.g., patent ductus 
ligation). Many programs have sufficient infrastructure to host 
visiting surgical teams for 1–2 week missions. Unfortunately, 
for most children, the only option is care abroad. The cost is 
almost always prohibitive relative to local income levels [5]. 
Even though many charitable organizations place children in 
established cardiac surgical centers throughout the world, 
only a small fraction of those in need receive care.

The only way to provide pediatric cardiac surgical care to 
this significant population of deserving children is to develop 
regional units that are sustainable. The cost of performing 
cardiac surgery in developing countries is often 10–20-fold 
less than it would be abroad. An argument can be made that 
the benefit (in terms of dollars spent per years of life saved) 
of performing open-heart surgery (at a cost of $4000–5000 
per patient) compares favorably with vaccination and HIV 
treatment programs.

Coordination of several key individuals and organizations 
is required in order to create a sustainable cardiovascular 
surgery program in a developing country [1]. The intent is to 
build a partnership among cardiovascular specialists in all 
aspects of perioperative care, legal and financial advisors, 
nongovernmental and other international organizations 
invested in healthcare, and local cardiovascular specialists, 
governmental officials, and the private sector. The early 
stages of such a partnership will likely include caring for 
children abroad. In addition to the obvious benefit to the 
individual child and family, this effort can raise awareness 
and bring about important fund-raising opportunities.

Subsequently, a combination of relatively frequent medical 
missions by visiting teams of cardiologists, surgeons, and allied 
specialists focused on training local teams, training of key 

 personnel abroad for short periods of time, international 
 charitable support, and local governmental funding is critical 
for success. These missions must be coordinated and provide 
for a gradual increase in complexity, with local teams assum-
ing more responsibility and performing their own operations 
between medical missions. The path and obstacles (as outlined 
above) to long-term sustainability must always be kept in 
mind. Visiting teams must create a safe and productive practice 
model but not recreate “first-world” practice that cannot be 
replicated when they leave. Additionally, “medical tourism,” 
having individuals or teams visit without being part of a bigger 
picture with no eye towards sustainability, should be avoided.

Uganda case study
Uganda’s population is 30 million, with a mean age that is 
the youngest on the planet. It is estimated that at least 5000 
children in Uganda are candidates for single-stage “curative” 
open-heart surgery or catheterization [3]. Uganda has many 
favorable attributes that make it a candidate for establishing 
a sustainable open-heart surgery program. English being the 
official language, a relatively stable government, ease of 
travel to and from Uganda, and safety and modernization of 
the Ugandan capital and other cities make it attractive for 
international medical efforts.

Uganda had unmatched success, relative to other develop-
ing countries, in reducing the incidence of HIV infectivity in 
the 1990s because of a very aggressive mass publication 
 education program [7,8]. In the first decade of this century 
Uganda was at the forefront of antiretroviral treatment, at first 
for pregnant woman and then for any HIV-infected patients. 
This success has led to multiple collaborations between medi-
cal and research institutions, NGOs, governmental healthcare 
agencies throughout the world, and the main teaching public 
hospital (Mulago Hospital) and medical school (Makerere 
University) over the last 20 years. The Uganda Heart Institute 
is a semi-private ward within Mulago Hospital, and its leader-
ship reports directly to the Ugandan Minister of Health. High-
quality pediatric echocardiography has existed for nearly a 
decade and two cardiovascular surgeons with extensive 
 pediatric training in India are full-time staff members.

The senior author (C.S.) was invited in 2002 by the Ugandan 
Ambassador to the United States to visit Uganda, assess and 
collaborate with the local team (P.L. and T.M.), and attempt to 
provide care for Ugandan patients in the United States. The 
first mission in February 2003 involved one person (C.S.) and 
diagnostic echocardiograms were performed on 40 patients. 
Six children were subsequently cared for in Washington, DC. 
More importantly, a blueprint for long-term development of 
a sustainable cardiac surgical program was developed. 
Ongoing missions with the ultimate goal of building a sustain-
able heart surgery program include the following:

diagnose children with heart disease •
teaching programs with focus on patient care, education,  •

critical assessment of personnel, and equipment needs
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facilitate treatment of children abroad as needed •
facilitate donation of technology •
meet with hospital and government officials •
develop ongoing sustainable financial model •
build a consortium of key individuals and groups. •
To date, 10 missions have been carried out; the last five 

included performing open-heart surgery. Key team  members 
on every surgical trip have included cardiologists, cardiac 
surgeons, intensivists, anesthesiologists, perfusionists, scrub 
nurses, critical care nurses (at least four per trip), respiratory 
therapists, and biomedical engineers. High-level cardiology 
and intensive care trainees from the United States have also 
been part of the team and work side-by-side with their 
Ugandan counterparts. A number of cardiovascular  programs 
have played a major role in this effort, including those from 
Children’s National Medical Center in Washington, DC, 
Wolfson Children’s Hospital in Jacksonville, FL, University 
of North Carolina in Chapel Hill, NC, and Great Ormond 
Street Hospital in London, UK.

Key charitable groups involved at the beginning of the 
project and still actively supporting the program include 
the Samaritan’s Purse Children’s Heart Project and Larry 
King Cardiac Foundation. Other charities with a significant 
role include Gift of Life International, Garth Brooks 
Teammates for Kids, Save a Child’s Heart, and Health 
Volunteers Overseas. Several vendors and pharmaceutical 
companies have given significant in-kind donations, includ-
ing Philips Medical, Medtronics, and Sanofi-Aventis. Many of 
these organizations have very generous charitable arms that 
have official application sites available on the Internet.

It was also very important early on to receive the support 
of key individuals in Uganda. Ugandan President Yoweri 

Museveni visited the team in 2007 on the occasion of the 
first open-heart surgery in Uganda. He pledged ongoing 
Ugandan governmental financial support for pediatric heart 
surgery at Mulago Hospital. The authors have met with 
Ugandan First Lady Janet Museveni on several occasions 
and also the United States Ambassador to Uganda and the 
Ugandan Ambassador to the United States. Each mission 
visit includes meetings with hospital leadership and  members 
of the Ministry of Health. The first two Ugandan patients 
who received care in the United States were hosted by then 
Senate Majority Leader Dr Bill Frist, who had operated at 
Mulago Hospital in 2002.

In the first 8 years of the program, the frequency of trips 
averaged one every 9 months; Participation by additional 
medical teams will enable this to increase to one every 
3 months. An average of 150 echocardiograms and 
10  operations were performed during the last five five medical 
 missions dating from March 2007. A number of patients have 
been seen on multiple visits. Echocardiography (both images 
and reports) and surgical data have been maintained since 
collaboration began. Rheumatic heart disease and cardiomy-
opathy are under-represented in the data acquired during 
medical missions. This is related to the difficulty in getting 
patients who need valve replacement accepted abroad or by 
initial visiting surgery teams because of the concern of 
 compliance with warfarin anticoagulation regimens.

Complete data are available for 532 children cared for dur-
ing the missions. The most common diagnoses (Figure 72.1) 
were ventricular septal defect (n = 118), tetralogy of Fallot 
(n = 110), atrial septal defect (n = 58), and pulmonary stenosis 
(n = 28). Of note, truncus arteriosus was more common 
(n = 15) and coarctation (n = 3) was less common than 
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Figure 72.1 Distribution of diagnoses 

among Ugandan children referred for cardiac 

evaluation. AS/AI, aortic stenosis/aortic 

insufficiency; ASD, atrial septal defect; AV, 

atrioventricular; DORV, double-outlet right 

ventricle; HLHS, hypoplastic left heart 

syndrome; PDA, patent ductus arteriosus; Sub 
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pulmonary venous return; TGA, transposition 

of the great arteries; ToF, tetralogy of Fallot; 

TR/Ebstein’s, tricuspid regurgitation/Ebstein’s 

anomaly; VSD, ventricular septal defect.
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expected from known prevalence data. We speculate that 
there is incomplete blood pressure assessment for noncritical 
coarctation and early death without diagnosis for critical coarc-
tation. Future studies of genetic and environmental factors 
contributing to the high number of truncus arteriosus patients 
are warranted.

The mean ages at diagnosis were 11 years for atrial septal 
defect, 3.5 years for ventricular septal defect and 6.4 years 
for tetralogy of Fallot; the distribution reflects the natural 
history of congenital heart disease not seen in developed 
nations. Survival into the second decade of life is frequent in 
tetralogy of Fallot. Some older children with ventricular 
 septal defect may develop irreversible pulmonary vascular 
disease, but many are still likely operable. Medical 
 management of cyanotic tetralogy of Fallot was primarily 
with  propranolol. Medical management of congestive heart 
 failure (ventricular septal defects and large atrial septal 
defects) was with digoxin and furosemide for most patients. 

Many were also treated with captopril and/or carvedilol. 
β-Blockers were much more commonly used for left-to-right 
shunts than in developed nations. Only pills are available 
(digoxin 250 μg, furosemide 40 mg, and propranolol 40 mg). 
Pills are halved or quartered by the pharmacy operated by 
the Uganda Heart Institute. Most children aged under 1 year 
take one half or quarter pill once per day.

After the Idi Amin era, a cardiac surgical program was 
rebuilt in the 1980s by Dr Francis Omaswa. Before 2007, 
however, the only cardiac surgical procedures performed in 
Uganda were patent ductus ligation, pericardiectomy 
(often for tuberculosis), pacemaker insertion (either epicar-
dially or transvenously with single-plane C-arm guidance), 
and for cardiac trauma. Ductus ligation was often performed 
in patients with a coexisting large membranous ventricular 
septal defect to decrease the ductal shunt, hoping to decrease 
left-sided volume sufficiently to improve symptoms and 
 promote shrinkage of the ventricular septal defect. This was 
observed anecdotally in several patients.

Patients in our program began to receive care abroad in 
2003 and the first open-heart surgical procedure in Uganda 
(atrial septal defect repair in an 11 year old) was performed 
in October 2007. The Ugandan team performed the first of 
five atrial septal defect repairs on its own in May 2009. To 
date, 216 patients have received cardiac repair in our 
 program, including 75 in Uganda (55 open-heart patients). 
This includes patients with pulmonary stenosis or atrial 
 septal defects treated abroad via interventional catheter-
ization. The distribution of surgical patients by diagnosis and 
location is shown in Figures 72.2 and 72.3. The percentage 
of patients accepted for treatment by diagnosis is shown in 
Figure 72.4. The decision to accept a patient is determined by 
several factors, including urgency, risk, and finances. Because 
of financial support in North America it is more challenging 
to place surgical than interventional cathete r ization patients. 
Atrial septal defects, pulmonary stenosis, patent ductus, and 
subaortic stenosis have had the highest acceptance rate 
abroad. Ventricular septal defect patients between the ages 
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of 1 and 3 years had a very high  acceptance rate, but infants 
and older children have not.

In the first 2 years, surgery in Uganda has focused on 
repair of atrial septal and ventricular septal defects in an 
effort to increase the local surgeons’ skills. One tetralogy of 
Fallot repair, three subaortic stenosis resections, and one 
right atrial myxoma removal have also been performed in 
Uganda. In addition to Ugandan citizens, children from 
Kenya, Congo, and Sudan have come to Mulago Hospital for 
surgery because of the higher success rate than in their own 
countries. Very few programs are currently performing 
open-heart surgery in Africa (Figure 72.5).

Overall survival for the entire program is 98%; no patient 
operated on in Uganda has died. The diagnoses of the five 
children who died were ventricular septal defect (with 
 pulmonary hypertension), tetralogy of Fallot, pulmonary sten-
osis/hypoplastic right ventricle, aortic stenosis/insufficiency, 
and rheumatic mitral regurgitation. Twenty children who did 
not receive surgery have died and others with more complex 
diagnoses have probably died without our knowledge.

The outpatient screening process is a key to the early 
 success of this program. Patients undergo echocardiography 
on digital ultrasound units with storage on a digital echocar-
diography image and reporting system in Uganda (Xcelera, 
donated by Philips Medical, Andover, MA, USA) and in the 
United States. Patient data are compiled and stored in 
 parallel, and easy access to all the data exists. This resulted in 
a database of over 500 children that can be reviewed together 
by Ugandan and visiting teams before the medical missions 
to optimize surgical planning and minimize diagnostic errors. 
Echocardiograms are repeated on all patients undergoing 
surgery at the beginning of the medical mission and reviewed 
with the entire team. Intraoperative transesophageal 
echocardiography (pediatric and adult omniplane) is 
 available for all open-heart operations and performed by 
Ugandan cardiologists under the supervision of visiting 

echocardiographers. All demographic data, including family 
cell phone contact information, is kept by a local charity 
(Samaritan’s Purse) and the Ugandan Heart Institute. As a 
result, the percentage of patients lost to follow-up or who do 
not show up for scheduled appointments is <5%. Follow-up 
care is also very good. Compliance is very high even though 
patients may travel significant distances, and Samaritan’s 
Purse provides home assessment of each patient who has 
undergone surgery. Advancing telemedicine technology 
allows for communication and sharing of patient informa-
tion on pre- and postoperative patients. The Ugandan team 
is participating in an international quality assurance  initiative 
that also helps track postoperative patients.

The way forward to a sustainable open-heart surgical 
 program will require the Ugandan team to be able to  perform 
a wide variety of procedures, including repair of tetralogy of 
Fallot and rheumatic heart disease. Currently, skilled 
 surgeons, anesthesiologists, perfusionists, scrub nurses, and 
cardiologists are in place. A modern cardiac bypass machine 
is operational and most of the other large equipment in the 
operating room is up-to-date. Monitors in the intensive care 
unit are state of the art. Three modern echocardiography 
systems are available with all sizes of transducers and digital 
storage capability. Most medicines are available, but not in 
the quantity or variety that those practicing in developed 
nations are used to.

Many obstacles remain to achieve long-term success. The 
intensive care unit is the weakest link in the current process. 
There are few skilled intensive care unit nurses and no 
 critical care physicians; the surgeons provide all the postop-
erative care. Many additional nurses require training and 
remuneration is not sufficient to avoid losing nurses to local 
private hospitals or programs abroad. The frequency of 
 operations is not sufficient to maintain nursing skills as less 
than one open-heart procedure is performed per week 
between our visits. As mission frequency increases, it will be 
important to adhere to consistent practice and education 
protocols.

The cost of disposable items remains a significant factor. 
Important examples include cartridges for blood gas machines 
and cardiac bypass circuits and oxygenators. Electric power 
is relatively stable and the operating room has a backup gen-
erator. Nonetheless, there are significant power surges that 
can affect the function of the operating room and intensive 
care unit. No cardiac catheterization is available; there is no 
Ugandan physician capable of performing catheterizations 
and the cost of maintaining a catheterization laboratory is 
prohibitive.

Ongoing funding is critical. The cost of an open-heart 
 surgery procedure in Uganda from admission to discharge is 
∼$5000. Although this may be more than 10-fold less than 
in North America, the average Ugandan family income is 
100-fold less. Only a small number of families can afford 
 surgery; no public health insurance exists. Government 
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Figure 72.5 Location of open-heart surgery programs in Africa.
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 subsidization of the costs of surgery will be essential as the 
program moves forward. Growth of such a high profile 
 program cannot be separated from politics; political stability 
is always tenuous.

Currently, we are in the second of a 5 year plan that we 
hope will include four medical missions per year each 
 performing 10 operations, with Ugandan teams performing 
one open-heart operation per week between missions. The 
complexity of patients cared for will gradually increase. 
Ongoing teaching and training will occur on each mission 
and will be complemented by developing a telemedicine 
program and participating in an international quality 
 initiative. Funding for a catheterization laboratory had been 
allocated and should move forward when the program is 
ready. Ultimately, the hope is that the Uganda Heart Institute 
will be a referral source for all of East Africa and this will 
help supplement the program financially.

Acquired heart disease

The prevalence of acquired heart disease is often much 
higher than that of congenital heart disease in children in 
developing countries. Rheumatic disease is the most  common 
acquired disease throughout the world. It is estimated 
that ∼16 million, the majority being children, have rheu-
matic heart disease worldwide; ∼500 000 new patients are 
diagnosed and ∼250 000 deaths occur each year [9]. The 
 diagnosis and treatment of rheumatic heart disease is 
addressed in detail in Chapters 61 and 62. A brief discussion 
of the unique challenges and solutions to primary and 
 secondary  rheumatic fever prevention will be presented 
here. We will also  discusses two other diseases affecting the 
heart and having a significant impact: endomyocardial 
 fibrosis and Chagas  disease. Over 100 million people are 
thought to be at risk for Chagas disease, with nearly one 
 million affected [10]. Endomyocardial fibrosis affects nearly 
20% of the  population in endemic regions of Mozambique, 
with children bearing the brunt of the disease [1,11].

Rheumatic heart disease
In many developing countries, rheumatic fever/rheumatic 
heart disease (RF/RHD) is a common cause of cardiovascular 
morbidity and mortality that imposes a great burden on 
health care services for children. Unfortunately, most  children 
are diagnosed late, after valve damage is already advanced. 
Many factors cause this unfortunate situation, including 
genetics, poor socio-economic conditions, and ignorance. 
Lack of prevention from inadequate diagnosis and treatment 
of streptococcal sore throat or rheumatic fever and failure to 
provide ongoing prophylaxis play an important role. This 
failure to provide preventive measures probably results from 
poor parental education and lack of adequate medical 
 facilities and medical personnel. The long-term effect is that 

rheumatic heart disease is one of the commonest causes of 
admission with heart failure among children and young 
adults in developing countries. Because RF/RHD is a 
 preventable disease, programs are needed that are aimed at 
educating the public about the disease, detecting affected 
individuals at an early stage, and encouraging the establish-
ment of protective measures aimed at the most vulnerable 
age group, children 5–15 years old.

The A.S.A.P. model, coordinated by the Pan African Society 
of Cardiology (PASCAR) in  collaboration with the World 
Health Federation, which arose following the Drakensberg 
Declaration by delegates at the 1st All Africa Workshop on 
Rheumatic Fever and Rheumatic Heart Disease in South 
Africa in October 2005, focuses on Awareness, Surveillance, 
Advocacy, and Prevention [12]. Increased awareness has 
been proven to reduce the incidence of RF/RHD. A 10 year 
educational study from two French–Caribbean Islands (1981–
1991) started with widely distributed posters and pamphlets, 
television advertisements, and educational videos, and the 
reported instances of RF increased by 10–20% from baseline 
numbers. The increase was attributed to increased aware-
ness. Furthermore, over the 10 years of study, RF declined on 
both islands by  approximately 75% [13].

As stated in the 2001 WHO report on RF/RHD, collecting 
epidemiologic data is crucial for planning and implementing 
a national program for preventing and controlling RF and 
RHD [14]. Epidemiological data allow policymakers and 
practitioners to identify groups or locations that are most 
affected by RF/RHD in order to direct and concentrate con-
trol effort appropriately. The WHO STEPwise approach states 
that, in resource-constrained settings, collecting a small 
amount of accurate data is more valuable than large quanti-
ties of inaccurate data, or no data at all [14]. PASCAR has 
outlined a four-step approach for surveillance to be com-
pleted in order to maximize results: (1) creating and main-
taining RF/RHD registries, (2) prospective RF incidence 
surveys, (3) cross-sectional RHD prevalence surveys, and 
(4) epidemiology of streptococcal throat and skin infections.

Effective methods of RF/RHD prevention have been 
 available for over 50 years, yet the developing world has not 
succeeded in controlling the disease whereas the developed 
world has nearly eradicated it. The unfortunate side effect is 
de-emphasis of the disease toll on populations around the 
globe. Advocacy efforts to encourage increased public 
demand to give this disease priority will result from  com-
munity awareness of the link between streptococcal sore 
throat and RF/RHD. This should lead to policy makers 
 advocating government-based programs focusing on 
education and prevention strategies.

Preventing RF/RHD can be achieved through two discrete 
strategies, namely primary and secondary prevention. 
Primary prevention works by treating the preceding strepto-
coccal infection with antibiotics. Secondary prevention is 
used after the initial RF attack to prevent the recurrence of 
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RF and progression of RHD. Both primary and secondary 
prevention are efficacious for preventing RF. Barriers  making 
primary prevention difficult in the developing world include 
lack of awareness among the public and health care provid-
ers with regard to the link between RF and streptococcal 
infections, lack of policy for preventing RF based on use of 
antibiotics in the appropriate setting, and the high  prevalence 
of subclinical group A streptococcal infection.

Endomyocardial fibrosis
Endomyocardial fibrosis (EMF) is the most common cause of 
restrictive cardiomyopathy globally. EMF is characterized by 
patchy fibrosis of the endocardial surface that leads to 
decreased compliance and restrictive physiology. Patients 
usually present late with signs of right and/or left heart 
 failure and striking ascites with little or no peripheral edema. 
While the disease has been reported from around the globe, 
it clusters in the tropical and subtropical regions around the 
Equator. The populations in sub-Saharan Africa, in particu-
lar Uganda, are disproportionately affected.

The natural history, pathogenesis, and etiology of 
EMF remain poorly understood, despite its recognition 
for >60 years as a major cause of heart disease in these 
regions. EMF strikes its victims in the prime of life. Once 
symptoms develop, prognosis is very poor. There is con-
siderable  hemodynamic compromise and risk of sudden 
death. Surgical options are limited and medical therapy has 
little effect on symptoms or survival.

Incidence and epidemiology
The incidence and distribution of EMF are difficult to 
 determine, in part because its victims reside disproportion-
ately in regions that are poorly equipped to diagnose and 
treat cardiovascular disease. Before imaging technology 
became more widespread, diagnosis was often made on 
autopsy [15] or by clinical presentation alone [16]. Most 
cases of EMF appear within 15° of the Equator [17]. Roughly 
half come from sub-Saharan Africa, and almost one-quarter 
come from Uganda alone [18]. Within Uganda, EMF is one 
of the most common forms of heart disease, historically 
comprising 20% of patients referred for echocardiography 
[19]. Other significant clinical series have been reported 
from Nigeria [20,21], coastal Mozambique [22], Kerala State 
in India [23,24], Brazil [25], and the Ivory Coast [26].

Regional variations exist, even within endemic countries. 
High-prevalence areas tend to be low-lying, humid, and 
tropical. Residents of the coastal forests of Mozambique [16], 
the tropical forests in India’s Kerala region [17], and Guangxi 
province in southern China [27] suffer high incidence of 
EMF, even though neighboring regions see few if any 
patients. Similarly large dichotomies appear elsewhere, 
 usually between adjacent tropical regions of contrasting 
 elevations; for example, Uganda has a strikingly large  burden 
of EMF, whereas cooler, higher regions of Kenya and 

Rwanda/Burundi have little if any, and Brazil and Columbia 
report some patients, but Peru and Ecuador none.

Only one epidemiological study of EMF in an African 
 population exists. Echocardiographic screening of 948  residents, 
aged 4–45 years, of the Inharrime district of Mozambique 
revealed a prevalence rate of 19.8%, much higher than previ-
ously suspected. These data suggest that the amount of mild 
subclinical disease may be grossly  underestimated [28]. An 
increased prevalence was noted if a family member was 
affected: 24% among persons with one or more affected family 
members (95% CI, 20.6–27.4); 28.3% among those with two 
or more (95% CI, 23.4–33.2); and 38.3% among those with 
three or more (95% CI, 31.2–46.4). These results are corrobo-
rated by series in Uganda [29] and Zambia [30], which also 
showed an increased  incidence among family members.

At least one country has also seen an ethnic  predisposition. 
Even though Uganda features the world’s highest incidence of 
EMF, the disease affects Rwandan and Burundian  immigrants 
living in Uganda at a much higher rate than it does Rwandans, 
and Burundians living in their native countries and native 
Ugandans living in Uganda [31–33]. In Rwanda and Burundi 
themselves very few patients are reported. Autopsy data 
 gathered at a Ugandan hospital from 1950 to 1965 showed 
172 examples of EMF, 63% of which occurred in Rwandan 
immigrants, even though that population accounted for just 
24% of total autopsies [34].

EMF strikes in the prime of life. Data from Uganda show a 
bimodal peak incidence: children between the ages of 8 and 
10 years and young adults between the ages of 20 and 30 
years and native Ugandans living in Uganda [33,34]. The 
childhood peak is equally distributed between the sexes, but 
females outnumber males 2:1 in the young adult peak 
[35,36]. In Nigeria, some studies reported that twice as many 
males are affected, although others showed no differences 
between the sexes [37].

Etiology
Many theories have attempted to explain EMF’s unique 
pathology and regional distribution. Its tropical concentra-
tion suggests environmental or infectious causes. Some 
believe that it may part of a spectrum of eosinophilic carditis 
that includes Loffler endocarditis, but any link between 
 eosinophils and EMF is inconsistent at best. No one theory 
has been proven and very few investigators have directly 
tested the proposed causes.

Investigators have examined geochemical and nutritional 
factors. In a case–control study in Uganda, markers of  poverty 
independently predicted EMF [33]. These included farming, 
lack of shoes, a cassava-based diet, and a diet low in animal 
protein. Serotonin is the only potential cause that has been 
rigorously tested through prospective studies; however, EMF 
lesions could not be reproduced in animal models [38–40], 
nor did human EMF patients see a rise in their 5-HT levels 
after a plantain-rich diet [41]. High concentrations of soil 
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cerium or thorium [23], magnesium deficiency [42], and 
protein deficiency [43] have all been examined as possible 
etiologies of EMF, with inconclusive results.

The role of eosinophilia has been highly debated. 
Eosinophils contain major basic proteins, cationic protein, 
protein X, and other substances released during degran-
ulation and thought to be toxic to the endo- and  myocardium 
[44]. Histological and echocardiographic arguments often 
link EMF and Loffler endocarditis. A comparison of 30 
patients with Loffler endocarditis and 32 patients with EMF 
from Uganda, Nigeria, and Brazil showed a final fibrotic 
stage in Loffler endocarditis identical with that of EMF [45]. 
Another study detected no echocardiographic difference 
between 47 EMF patients and 11 Loffler endocarditis 
patients [35].

Studies exploring an eosinophilia–EMF link, however, are 
inconsistent. Endomyocardial biopsies fail to demonstrate 
an eosinopilic myocarditis even early in the disease [29]. 
Some studies show no difference in eosinophil levels 
between patients with EMF and controls [46,47], and others 
show that EMF patients have higher peripheral eosinophilia 
than controls [48]. In a recent study, 60% of patients with 
echocardiographic evidence of EMF had at least mild 
 peripheral eosinophilia when compared with 10% of 
 controls (odds ratio 4.6) [18]. Bukhman et al. found that 
eosinophilia was an independent risk factor for EMF not 
attributable to parasitism. In addition, their data showed 
that the eosinophil morphology in EMF is unusual, with a 
tendency towards multilobular forms with evidence of 
degranulation [18]. Recent data from Nigeria may explain 
these discrepancies. Andy et al. found an inverse relation-
ship between eosinophil levels and the duration of illness in 
EMF [49]. In their series, only 20% of patients who  presented 
within 6 months of symptoms had normal eosinophil levels, 
whereas those with long-standing illness were rarely found 
to have peripheral eosinophilia. Rutakingirwa et al.  suggested 
that this finding may represent a “hit-and-run” phenome-
non, where EMF represents the end-stage of an acute 
 eosinophilic injury [33].

Investigators have also sought a more direct connection 
between EMF and an infectious agent. In Nigeria, a seasonal 
pattern of acute disease appeared, peaking in the rainy 
 season. This suggests that the mechanism may reside in a 
vector-mediated host [50]. Uganda’s consistent predomi-
nance of disease in Rwanda/Burundi immigrants (since the 
1960s) raises questions about geography and tribal origin. 
Some think that the key lies in altered exposure to malaria 
[18,51], a year-round threat in Uganda that only strikes 
 seasonally, if at all, in Rwanda/Burundi. When compared 
with the local Ganda tribe, immigrants over the age of 15 
years also have heavier spleens than the local Gandans [52], 
and are at higher risk of developing malarial hyperspleno-
megaly syndrome [53] (thought to be a hyperimmune 
response to repeated malarial exposure). In fact, in a series 

of five Ugandan families (all Rwanda/Burundi immigrants) 
with nine instances of EMF, four patients had a history of 
malarial hypersplenomegaly syndrome [54].

Laboratory results also support the link between EMF, 
malaria, and a hyperimmune response. A histologic study of 
early-stage endomyocardial biopsy specimens found cardiac 
tissue swollen with mucopolysaccharides and endocardium 
covered in fibrin [55], suggesting a hypersensitivity trigger 
[56]. In addition, anti-heart antibodies are significantly more 
frequent (29 versus 3%) and significantly more intensely 
positive in EMF than in all other African heart diseases 
 combined. The same study also showed a clear relationship 
between the frequency of anti-heart antibodies and the titer 
of malaria antibodies (1/200 malaria antibodies = 10% 
chance of anti-heart antibodies, 1/1600 malaria antibodies = 
62% chance of anti-heart antibodies) [57].

Not everyone believes malaria to be EMF’s inciting agent; 
the global distribution of Plasmodium does not match the 
 global distribution of EMF. Immunological sensitization, an 
autoimmune reaction incited by exposure to a new highly 
immunogenic organism, might provide the common 
 pathway. Many Europeans who have lived and worked in 
tropical Africa have developed EMF [58,59]. Some surely 
were exposed to malaria, but other foreign infectious agents 
were undoubtedly present also. In Nigeria, Brockington’s 
group found almost 100% rates of filariasis (onchocerciasis) 
in 42 patients with angiographic findings of EMF [60], 
 suggesting a second infectious agent as a potential immune 
trigger. In addition, Uganda’s age/gender pattern fits with an 
autoimmune theory: a bimodal distribution with the peak 
after adolescence heavily in favor of women. Recent work 
has shown autoantibodies against myocardial proteins in 
EMF patients [61–63]. In one study, 54/56 EMF patients 
tested positive for IgG class anti-myocardial antibodies, a 
 statistically significant increase from healthy controls [64].

Pathology and pathophysiology
EMF is characterized by patchy fibrosis of the endocardial 
surface of the inflow tract and the apex of one or both 
 ventricles. There can be a striking amount of endomyocar-
dial thickening – up to several millimeters – leading to 
reduced compliance and restrictive physiology. Progressive 
obliteration of the right ventricular cavity typically appears 
in right-sided involvement as the right ventricular apex 
draws toward the tricuspid valve. The tricuspid valve, the 
papillary  muscles, and valve apparatus can also be fibrotic; 
this in turn may lead to tethering of valve leaflets and valvar 
regurgitation [45]. Left ventricular disease tends to affect the 
posterior mitral cusp and the chordae attached to this cusp, 
sparing the anterior mitral apparatus. The posterior cusp 
involvement can occur with or without apical involvement, 
and often features a well-defined “skip” of tissue  demarcation 
between apical and valvar involvement [65]. Normally a 
well-defined cleavage plane divides the endocardium and 
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myocardium. This plane can be interrupted by strands of 
fibrous tissue that extend into the underlying myocardium, 
usually limited to the inner third of the muscle [66]. 
Thrombus, adherent to the involved ventricular endocardial 
surface, commonly appears in both right and left heart 
 disease [34,67].

Histologically, the changes are very uniform, despite their 
variations in gross appearance. Endocardial fibrosis is divided 
into three zones. The most superficial, zone 1, is usually 
 acellular and often hyalized. Any calcification appears in this 
layer. The intermediate zone 2 consists of loosely textured 
fibrous tissue, with occasional macrophages and lymphocytes, 
but only rarely neutrophils or eosinophils. Next to the myo-
cardium is zone 3, a granulation tissue layer containing small 
blood vessels and a few chronic inflammatory cells [66].

Clinical course and outcomes
EMF’s natural history is not well understood. Many patients 
recall an early stage of acute illness with symptoms such as 
urticaria, facial edema, fever, appetite loss, and general 
malaise [50]. At this point, patients appear ill and usually 
have a fever. Their physical examinations may reveal an 
enlarged and tender liver, peripheral edema, tachypnea, or 
tachycardia. This is when an acute carditis, with or without 
eosinophilia, likely occurs. Patients do not always present at 
this stage; when they do, the active carditis is often misdiag-
nosed or missed entirely. Signs of raised venous pressure, 
coupled with a third heart sound and tachycardia out of 
 proportion to fever, should raise concern about the possibil-
ity of early disease. Even when active carditis is correctly 
diagnosed, it is difficult to know whether it will lead to EMF. 
Thus far no predictive tests exist.

Patients usually present in the late stages of disease,  exhibiting 
finger and toe clubbing, failure to develop  secondary sexual 
characteristics, growth retardation, and cachexia [61,68]. These 
late-stage victims tend to have a peculiar appearance: big, 
bright eyes with an icteric hue [69]. Patients with right-sided 
disease have signs of chronic systemic venous congestion, with 
elevated jugular venous distension, gross hepatomegaly, and 
congestive  splenomegaly. Patients with left-sided disease often 
have significant  pulmonary edema. Striking ascites with little 
or no  peripheral edema is a puzzling part of the typical clinical 
presentation. The ascitic fluid is almost always exudative 
(75%), unlike the transudative ascites commonly seen with 
right  ventricular failure. It is also associated with peritoneal 
fibrosis [70]. Significant ascites is a poor prognostic sign. 
Brazilian EMF patients with ascites were found to have higher 
mortality than those without (30% at 2 years versus 15% at 2 
years, p = 0.002), plus lower New York Heart Association 
(NYHA) functional class scores, longer duration of illness, and 
high rates of atrial fibrillation [71].

Historically, EMF has had a very poor prognosis. Autopsy 
data collected between 1959 and 1969 in Uganda showed 
only a 2 year average survival after patients sought medical 

attention [15]. Later series show greater variability, with 
some patients having a rarer fulminant course, and most 
patients having a longer indolent period [50,56,72]. The 
1970s saw the introduction of surgical resection. Since then, 
10 year survival rates are as high as 68% for some patients 
[73], although the risk of perioperative mortality remains 
high [74,75]. Biventricular involvement, right ventricular 
fibrosis, and AV valve regurgitation all predicted increased 
early mortality in Brazilian EMF patients, regardless of 
whether patients received surgical intervention or medical 
management alone [72]. Other predictors of early mortality 
include hemoglobin <10 g dl−1, cyanosis, embolic episodes, 
QRS duration >0.12 s, and short symptomatic history before 
hospital admission [56].

Diagnostic studies

Electrocardiogram
The electrocardiogram is nonspecific. The most common 
abnormalities are low-voltage QRS due to myocardial 
 fibrosis, intraventricular conduction delays, right and/or left 
atrial enlargement, and atrioventricular blocks [76]. Atrial 
fibrillation can occur in one-third of patients [56].

Chest X-ray
The cardiac silhouette commonly exhibits significant 
 enlargement of the involved atria. Right atrial enlargement 
seen with predominately right-sided EMF creates a cardiac 
 silhouette resembling the African continent and has been 
dubbed the “Heart of Africa.”

Echocardiography
Conventional transthoracic echocardiography correlates well 
with angiographic assessment [77]. Echocardiography accu-
rately predicts the presence and distribution of fibrosis when 
compared with autopsy data [19]. The disease’s  hallmark is 
obliteration of the involved ventricular cavity, usually associ-
ated with a grossly dilated ipsilateral atrium and normal 
sized ventricle [78]. Figure 72.6 shows a patient with severe 
right atrial enlargement. In addition, patients with left- or 
right-sided involvement often exhibit  thickening of the pos-
terior left ventricular wall or anterior interventricular sep-
tum, respectively [79,80]. Additional findings include right 
ventricular outflow dilation, AV valve regurgitation, and a 
restrictive-type flow pattern. Pericardial  effusion, often large, 
is present in up to 43% of patients [81].

In 2008, Yacoub and colleagues described a set of 
 echocardiographic criteria designed to help study disease 
progression and understand its staging (Table 72.1). They 
based their criteria on advanced disease features and also 
early-stage pathologic features described in postmortem 
studies [11]. Six major and seven minor criteria comprise 
their  classification system. Two major criteria, or one major 
and two minor criteria, signal a definite diagnosis. A total 
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score <8 indicates mild EMF, 8–15 signals moderate disease, 
and >15 represents severe disease [28]. Although these 
 criteria have not been validated across multiple studies, they 
provide the first formal criteria for the echocardiographic 
diagnosis and staging of EMF.

MRI
MRI is unnecessary for diagnosis, but characteristic findings are 
worth noting as MRI becomes more available. Patients with 
EMF have normal systolic function but delayed endocardial 
enhancement with no significant myocardial-delayed enhance-
ment [82]. This finding is unique to EMF and amyloidosis, but 
whereas both display the classic findings of restrictive  ventricular 
physiology (dilated atria, valvar regurgitation, and decreased 
diastolic function), only EMF shows a thrombotic mass 
 extending into the ventricular cavity [83].

Management

Medical
No well-designed studies have examined EMF’s respon-
siveness to medical management. If patients present early, 
with active myocarditis and with or without hypereosinophilia, 
corticosteroids and immunosuppression are probably bene-
ficial. Formal guidelines for dosing and intervals of treatment, 
however, do not exist. Patients more often present during 
the disease’s late stages, when caregivers can only attempt 
to relieve symptoms. As in other patients with diastolic 
dysfunction who do not tolerate tachycardia well, we assume 
that EMF patients may benefit from heart rate modulation 
through β-blockers or Ca2+ channel blockers. Diuretics 
provide symptomatic relief to patients with  left-sided disease 
and pulmonary congestion, but have little effect on patients 
with right-sided disease. Paracentesis may provide relief from 
ascites, which can be massive, but frequent paracentesis leads 
to significant protein loss and fluid often reaccumulates 
quickly. In addition, a significant number of EMF patients 
suffer thromboembolic complications [84]. At a minimum, 
these patients should probably receive aspirin; clopidogrel or 
warfarin might also prove beneficial, although their safety 
and efficacy are limited in the resource-poor settings where 
the disease is endemic. In general, medical management 
alone does not seem to slow the disease progression, and 
leads to only minimal relief of symptoms.

Surgical
Endocardial decortication is the procedure of choice for 
 surgical treatment of EMF. It is a basic procedure that has 
changed very little since its first description: surgeons remove 
diseased tissue by excavating along the well-defined cleavage 
plane between the fibrotic endocardium and the healthy 
myocardium [85]. In many patients, surgical advances have 
made it possible to perform valve-preserving surgery. 
Perioperative mortality is high, usually 15–20% [86–88]. In 
one very small study, where surgeons preserved all valves, the 
perioperative mortality was only 4.6% [89]. In one of the 
largest surgical series to date, Moraes et al. reported 83 EMF 
patients in Brazil, operated on between December 1977 and 
December 1997 [74]. Patients’ ages ranged from 4 to 59 
years, with a mean of 31 years. Thirty-seven (44.5%) had 
 biventricular disease, 34 (41%) had isolated right ventricular 

Figure 72.6 Apical four-chamber echocardiographic image of a patient 

with severe endomyocardial fibrosis of right ventricle. Right atrium is 

severely dilated, tricuspid valve does not coapt, and spontaneous contrast 

is seen in right heart. LA, left atrium; LV, left ventricle; RA, right atrium; 

RV, right ventricle; TV, tricuspid valve.

Table 72.1 Criteria for diagnosis of endomyocardial fibrosis

Criteria  Score

Major criteria

Endomyocardial plaques >2 mm in thickness 2

Thin (<1 mm) endomyocardial patches affecting more than 

one ventricular wall

3

Obliteration of the right left ventricular apex 4

Thrombi or spontaneous contrast without severe ventricular 

dysfunction

4

Retraction of the right ventricular apex (right ventricular 

apical notch)

4

Atrioventricular valve dysfunction due to adhesion of the 

valve apparatus to the ventricular wall

1–4a

Minor criteria

Thin endomyocardial patches localized to one ventricular wall 1

Restrictive flow pattern across mitral or tricuspid valves 2

Pulmonary valve diastolic opening 2

Diffuse thickening of the anterior mitral leaflet 1

Enlarged atrium with normal-sized ventricles 2

Movement of the interventricular septum and flat posterior 

wall

1

Enhanced density of the moderator or other intraventricular 

bands

 1

a Depending on the severity of the regurgitation.
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 disease, and 12 (14.5%) had isolated left ventricular disease. 
All patients were in NYHA Class III or IV at time of surgery. 
Sixty-eight (81.9%) patients survived the operation. Follow-up 
ranged from 2 months to 17 years (mean 92 months). There 
were 15 late deaths, but only nine related to the underlying 
disease. Only 24 (45%) of the 53 surviving patients were 
found to be in NYHA Class I or II at last follow-up [74].

Surgical treatment is only palliative; it does not alter the 
disease’s progression. Moreover, surgical mortality is high. 
Objectively, patients with left-sided disease have better late 
surgical outcomes than those with right-sided disease [90]. 
Cardiac transplantation has been successful and is available – 
if only rarely so – as a last resort.

Chagas disease
Chagas disease, also known as American trypanosomiasis, 
was first reported in 1909 by Carlos Chagas [91], but there is 
evidence for its existence long before that; Charles Darwin 
may have contracted Chagas disease [92]. Chagas disease is 
one of the world’s most under-recognized epidemics.

Epidemiology
The greatest burden of Chagas disease is in Central and 
South America; the most endemic countries are Paraguay, 
Ecuador, Belize, and Honduras. Today, Chagas disease threat-
ens 20% of the Latin American population (50% in the four 
countries listed above); >100 million people are at risk. 
Nearly 7.7 million people were infected in 2005 [10]. Several 
initiatives, including vector control and blood bank screen-
ing, have reduced the number of infected individuals by 
>50% over the last 20 years in endemic countries [93]. 
Between 1990 and 2006, there were significant decreases in 
the number of annual deaths (from 50 000 to 12 500) and 
new patients (from 700 000 to 40 000) [94]. Emigration of 
people from Latin America, however, has resulted in more 
widespread disease; over 300 000 individuals (most from 
Mexico) in the United States are estimated to be infected 
[95,96]. Spain is the second most common destination for 
Latin American emigrants with Chagas disease.

Pathophysiology
The causative agent of Chagas disease is the protozoan 
 parasite Trypanosoma cruzi [10]. The disease is transmitted to 
humans and domestic and wild animals by blood-sucking 
triamotine bugs [97], also known as the “kissing bugs.” 
Chagas disease can also be transmitted through blood 
 transfusions (the risk is 10 –20% per unit of infected blood) 
or vertically from mother to infant. Maternal transmission 
rates vary from 1 to 5% [98]. Disease has also been reported 
from solid organ transplantation [99]. There are rare reports 
of contraction of Chagas disease by oral ingestion of 
 contaminated food or drink [100]. The pathophysiology of 
Chagas disease is related to the parasite and immune system 
in both the acute and chronic phases [101].

Clinical course
Although the clinical manifestations of Chagas disease  primarily 
affect adults, many are infected in childhood. The acute 
 infective phase of T. cruzi usually lasts 4–8 weeks and is usually 
asymptomatic or shows as merely a brief febrile illness [102]. 
Occasionally, ECG changes, including sinus tachycardia, first 
degree atrioventricular block, low voltages, or T wave changes 
and/or cardiomegaly on chest X-ray are seen during the 
 infectious phase [103]. If symptoms appear, it is usually after 
1–2 weeks of exposure to triatomine bugs (longer after 
 transfusion exposure). Treatment with benznidazole or other 
appropriate antiparasitic drugs cure the acute infection. Rarely 
(<5% of patients), death occurs in the acute phase secondary 
to acute myocarditis or meningoencephalitis. Acute symptoms 
resolve in 90% patients, even if untreated. Two-thirds of these 
individuals never develop clinically significant manifestation 
of Chagas disease; they have an indeterminate form of chronic 
Chagas disease, only having positive antibodies [10]. 
Reactivation can occur in immune compromised patients 
[104]. Approximately one-third of patients initially infected 
with T. cruzi 10–30 years after infection develop a determinant 
form of chronic Chagas disease characterized by a cardiac, 
digestive (megaesophagus or megacolon), or cardiodigestive 
form of the disease. The cardiodigestive form is most frequently 
marked by the development of megaesophagus before 
 involvement of the heart and colon.

A slowly progressive incessant myocarditis develops in the 
cardiac form of chronic Chagas disease and ultimately leads 
to dilatation of all four chambers and impairment of 
 ventricular contractility. An apical left ventricular aneurysm 
and other regional wall motion abnormalities are common 
early in the chronic phase [105]. Progressive myocyte death 
and fibrosis along with damage to the coronary microvascu-
lature result in heart failure, ventricular arrhythmias, throm-
boembolism, and ultimately death [103]. Biventricular failure 
is the hallmark of late Chagas disease, with a predominance 
of right-sided symptoms (especially ascites and liver conges-
tion) in the more advanced phases. Conversely, isolated left 
heart failure is present in the early phases. The conduction 
system is affected, resulting in bradycardia, atrioventricular 
block, and bifascicular block [106]. Premature ventricular 
beats and ventricular tachycardia are also common. Systemic, 
especially cerebral, and pulmonary emboli from mural 
 ventricular thrombi are very common [107]. Sudden death is 
the most common cause of death (nearly two-thirds) 
in Chagas disease, especially in the earlier stages [108]. It is 
often due to ventricular tachyarrhythmias and can occur in 
otherwise asymptomatic patients. Chronic heart failure and 
embolic disease can also cause death [109].

Congenital Chagas disease
Neonatal Chagas disease may be apparent at birth or develop 
a few weeks after delivery [110]. Symptoms include 
 hypotonia, fever, anemia, and hepatosplenomegaly. In utero 
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death secondary to placental infection can occur. A woman 
infected with T. cruzi can give birth to an infected infant 
 during no, one, or multiple pregnancies at any stage of the 
disease. Neonatal diagnosis can be made by examining cord 
or infant blood. Testing for T. cruzi antibodies should be 
deferred until 9 months (when maternal antibodies are no 
longer present). Polymerase chain reaction (PCR) for T. cruzi 
DNA is available at some centers [111].

Diagnosis, prognosis, and treatment
Acute infection is diagnosed by detecting parasites in blood. In 
the chronic phase, two different serologic methods should be 
performed to detect IgG antibodies against T. cruzi [112]. PCR 
can be performed but is not widely available. Asymptomatic 
patients with positive antibodies should be monitored every 
12–24 months with an ECG and for signs of gastrointestinal 
involvement. If cardiac involvement is suspected, more 
 thorough evaluation including echocardiography and ambula-
tory 24 h ECG monitoring should be carried out. Prognosis is 
variable in patients with cardiac  disease and is worse in those 
with NYHA Class III or IV,  ventricular  tachycardia, and 
 ventricular dysfunction. The 10 year mortality varies from 10 
to >80% based on risk  stratification scoring [113].

There are two goals of treatment, eradicating the parasite 
and treating symptoms. Anti-trypanosomal treatment, with 
benznidazole or nifurtimox, is recommended for anyone 
with acute, congenital, and reactivated infection, and 
for all children <18 years old with chronic disease [96]. 
Benznidazole is the safest and most effective; in children it 
should be given for 60 days (5–10 mg kg−1 per day in two or 
three divided doses after meals). Drug treatment should be 
given to adults aged 19–50 years without advanced heart 
 disease but has not been proven beneficial in older 
patients. Benznidazole and nifurtimox are contraindicated in 
 pregnancy and in patients with advanced heart failure, severe 
hepatic or renal disease, and advanced megaesophagus. The 
BENEFIT trial questioned anti-trypanosomal  therapy in 
adults with mild to moderate cardiac involvement [114].

Some data support the use of amiodarone for patients 
with Chagas disease with sustained ventricular tachycardia 
or the combination of nonsustained ventricular tachycardia 
and ventricular dysfunction [115]. Implantable defibrillators 
have been used in patients with refractory ventricular 
arrhythmias and resuscitated sudden death, despite data that 
show no protection from mortality in this population [116]. 
Standard treatment for heart failure is often used in patients 
with Chagas disease; however, the use of higher dosages is 
often warranted with right heart failure. There are no  studies 
to date supporting the use of β-blockers. There should be a 
low threshold for using anticoagulation. Results for surgery, 
including cardiomyoplasty and partial left ventriculectomy, 
are poor and these procedures should not be offered. 
Conversely, results in transplant recipients for Chagas  disease 
have been promising [117].

Disease prevention
In the past 30 years, significant progress has been made in 
 preventing and controlling Chagas disease. This has resulted 
from measures such as rigorous screening of blood donors in 
endemic areas, aggressive use of insecticides in highly 
 infective areas, and public education. A vaccine is not 
 available,  however, and the risk of resurgence of  vector-borne 
disease continues in several Latin American countries. 
Furthermore, areas such as the United States and Spain are 
at increasing risk from non-vector transmission. Ongoing 
vigilant anti-parasitic treatment is important for all acutely 
and many chronically affected patients. Improved rapid 
diagnostic testing, both before and after treatment, and more 
ready access to benznidazole and nifurtimox (especially 
pediatric formulations) are needed [118].
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654
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management 430–2
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and myocardial blood flow 63

natural history 429

pathologic anatomy 427–8
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aortic root
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bicuspid 268, 417–20, 427, 436, 523

aortic root dilatation 418

CT 419

echocardiography 418, 419

and endocarditis 420

incidence 418

management 419–20

MRI 418, 419

natural history 418

pathology 418

with thoracic aortic aneurysm 977

congenital malformations 427
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atrial 292
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atrioventricular block 293, 793–4, 794

emergency treatment 802
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post-total right heart bypass 565

premature beats 794

resting ECG 796–7, 797

rheumatic heart disease 915
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accessory pathway 787, 788
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atrial fibrillation 292, 293, 789–91, 791

atrial flutter 292, 293, 788–9, 789, 791
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spinal dural 362

subclavian 365–6

vein of Galen aneurysmal 

malformations 361–2, 362
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management 367–8
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pathophysiology 360
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hypertension 948

in pregnancy 766

atheromatosis 688–9
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aortic 255, 628
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atrioventricular 281, 520

biliary 241, 363
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coronary sinus 520–1, 520, 521

mitral 255, 380
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arrangement 280–1, 280

arrhythmias see atrial fibrillation; atrial flutter

cor triatriatum 377–9
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treatment 803
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treatment 803
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atrioventricular defect in infective 

endocarditis 872
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re-entry tachycardias 787–8, 788, 791
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atrioventricular regurgitation 141, 315

atrioventricular septal defect 8, 283, 287, 288, 

308–27

associated defects 311–12
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hemodynamics 312–13

history and physical examination 314
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medical management 319
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natural history 313–14
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conduction system 320

surgical repair 319–20, 321

pathological anatomy 308–11, 309
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surgical repair 319–24
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one-patch technique 312, 322, 322

operative techniques 319, 320
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in univentricular heart 540

atrioventricularis commune 255
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auto anticoagulation 210
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automaticity 786, 788
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AVF see arteriovenous fistula
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immunosuppression 1007

azithromycin

endocarditis prophylaxis 884

rheumatic fever 898
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bacterial endocarditis

prophylaxis 900

see also infective endocarditis

bacterial pericarditis 861–2, 862

balloon atrial septostomy 188

balloon dilatation 189

aortic coarctation 444–5

PPAS 468

pulmonary valve 582

balloon mitral valvotomy 916

balloon valvoplasty
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neonates 412–13
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pulmonary 514

pulmonic stenosis 463–5, 464
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Barker hypothesis 955
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Barth syndrome 830

basiliximab 1007

BCG immunization 1012

Beck’s triad 856
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Behçet syndrome 354, 997
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aortic regurgitation 430

congenitally corrected TGA 633

coronary aneurysm prophylaxis 930

hypertension 948, 951

hypertrophic cardiomyopathy 837
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β-blockers (cont’d)

mitral stenosis 916

in pregnancy 766

syncope 811

Bex-Nikaidoh operation 643, 649

bicuspid aortic valve see aortic valve, bicuspid

bicycle test 201–2, 201

bifascicular block, ECG 108

bile acid-binding resins 960

biliary atresia 241

arterioportal fistula 363

birth, circulatory changes 39–42

blood flow patterns 39–40, 40

ductus arteriosus closure 42

pulmonary circulation 40–2, 41

bisoprolol 948

bivalirudin 216, 218

black blood (spin-echo) imaging 158, 161

blade atrial septostomy 189

Blalock-Taussig shunt 85, 232

hypoplastic left heart syndrome 529, 530

modified 232

tetralogy of Fallot 602–4

thrombosis in 210–11, 211

univentricular heart 555

Bland-White-Garland syndrome 135, 137, 682

Blastomyces spp. 863

blood chemistry 230

blood oxygen content 43–4

ascending aortic blood 44

hydrops fetalis and cardiac failure 44

pulmonary arterial blood 43–4

blood pressure 856

ambulatory monitoring 941

Korotkoff sounds 856, 939

measurement 939–41, 940–1, 942–3

standing response 809

see also hypertension

blood viscosity 187

and pulmonary vascular resistance 187

blood volume 53

blue babies 83

BMP-RII 75, 76, 77

Bmx 359

body composition 955

body image 779

body mass index 84, 954, 955

see also obesity

Bogalusa Heart Study 958

bone morphogenetic proteins see BMP

Borrelia burgdorferi 998

bosentan 337

pulmonary hypertension 742–3

bounding pulse 346

bradycardias 793–4, 794

atrioventricular block 293, 793–4, 794

emergency treatment 802

sinus 793

bradykinin 40, 62

BRAF 228

brain abscess 757–8

brain natriuretic peptide 737–8

Breathe-5 study 337

bridging bronchus 696, 698

Brockenbrough procedure 382

bronchial casts 565

bronchial vasculature 171

bronchopulmonary dysplasia 263, 733

bronchus suis 696

Brucella spp. 862

bulboventricular fold see primary ring/fold

bulboventricular foramen 536

bundle branch block

ECG 106–7, 107

left 107, 107

right 92, 107, 107

cachexia 1023

calcific arteriopathy of infancy 687

calcineurin inhibitors 1007

nephrotoxicity 1013

see also cyclosporine; tacrolimus

calcitonin gene-related peptide 62, 75

calcium antagonists

coronary aneurysm prophylaxis 930

hypertension 948, 951

hypertrophic cardiomyopathy 837

pulmonary hypertension 741

calcium channel blockers see calcium antagonists

calcium-calmodulin 61

Campylobacter fetus 862

Candida spp. 863

Candida albicans 873

Cantrell syndrome 705

situs ambiguus 703

capillary malformation-arteriovenous 

malformation 359

captopril 948

carcinoid syndrome 403–4

Cardia Atriasept device 193

cardia bifida 2

cardiac allograft vasculopathy 1011

and age at transplantation 1013

cardiac arrhythmias see arrhythmias

cardiac auscultation 87–8

cardiac catheterization 157, 177–9

diagnostic 178–9

ALCAPA 685

anomalous muscle bundles 471

aortic coarctation 440

aortic regurgitation 430

aortic stenosis 410–11

aortopulmonary window 350

aortoventricular tunnel 433

ARCAPA 686

arrhythmogenic cardiomyopathy 844

ASD 296

AVSD 318

congenitally corrected TGA 633

cor triatriatum 377–8

coronary artery fistula 690

dilated cardiomyopathy 829

Ebstein’s anomaly 513

environment and monitoring 178–9

hypoplastic left heart syndrome 528

interrupted aortic arch 450

Kawasaki disease 924, 925

malposition of great arteries with VSD 647, 

648

mitral stenosis 382

myocarditis 835

PAIVS 580

PDA 347–8

pericarditis 858

PPAS 467

precatheterization assessment 178

pulmonary arteriovenous 

malformations 664

pulmonary artery sling 699

pulmonary hypertension 736, 739

pulmonic stenosis 462

PVS 376

restrictive cardiomyopathy 841

subaortic stenosis 415

supravalvar aortic stenosis 417

supravalvar mitral stenosis 379

TAPVC 481

TGA 615–16

tricuspid atresia 495–7, 496, 497

truncus arteriosus 654

univentricular heart 550–4, 553

vascular access 179

vascular complications 179

vascular rings 671

VSD 335–6

see also angiography; and under individual 

conditions

disposable equipment 178

laboratory 177–8

staff 178

therapeutic 188–92

atrial septal stent 189

balloon atrial septostomy 188

balloon dilation procedures 189

blade atrial septostomy 189

intravascular stents 190, 191

mitral stenosis 382

PAIVS 582, 583

percutaneous valve replacement 191–2

pulmonary venous dilation 190

radiofrequency perforation in pulmonary 

atresia 190

static balloon dilation 188–9

systemic venous dilation 189–90

tetralogy of Fallot 601–2, 602–4

univentricular heart 552–4, 553, 554, 555

cardiac cycle 54

torsion during 54

cardiac development 1–22

aortic arch and pulmonary arteries 16–18, 17

atrial septation 6–8, 7

atrioventricular and semilunar valves 12–14, 13

cardiogenic plates/tube 1–2, 2

conduction system 14–15

epicardium and coronary vasculature 15–16, 

16

first and second heart fields 2–5, 3–5

neural crest and epicardium 5–6, 6

study of 1

ventricular inflow tract septation 8–9, 9

ventricular outflow tract septation 9–12, 10, 11

cardiac failure 44, 81–2, 1021–31

acute decompensated 1026–8

and AVSD 313

cardiac function curves 51
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congestive 82–3, 291

and PDA 348

diagnosis 1022–4

electrophysiologic management 1025–6

evaluation 1022–4

medical management 1024–5

right-sided 514

see also cardiomyopathy

cardiac function curves 46–8, 47, 48, 51

and blood volume 51

cardiac failure 51

cardiac index 185

cardiac jelly 2, 5

cardiac malformations 6–18

fetal diagnosis 1

see also congenital heart disease

cardiac management in ACHD 764–5

cardiac morphology 710–13, 711–13

cardiac MRI see MRI

cardiac output 53, 200

determinants of 36–8, 37

heart rate 36–7

myocardial performance 38

preload and afterload 37–8

distribution of 35–6

dye dilution method 185

fetal 36

increased 90

and positive airway pressure 52

Stewart-Hamilton equation 185

thermodilution method 184–5

cardiac physiology 46–55

cardiac resynchronization therapy 1025–6

cardiac segments 276, 277

cardiac size 171–3, 172

cardiac syncope 806–7

cardiac tamponade 855–6, 861

echocardiography 860

management 859–60

pulsus paradoxus 856

swinging motion of heart 858

cardiac transplantation 1001–20

cardiac allograft vasculopathy 1011

and age at transplantation 1013

contraindications 1003, 1005

evaluation 1003–6, 1005

immunosuppression after 1006–7, 1007

indications 1003–6, 1004–6

cardiomyopathies 1004–5

PAIVS 582

pulmonary hypertension 744

situs abnormalities 719–20

infection 1010–11

cytomegalovirus 1010–11

Epstein-Barr virus 1010–11

immunizations 1011, 1012

listing process and donor selection 1006, 1006

morbidities 1012–14

cardiac 1012–13, 1013

neoplasms 1013–14

renal 1013

mortality 1001–3, 1002

outcomes 1001–3, 1002

rejection 1007–10, 1008

diagnosis 1008–9, 1009, 1010

grading 1008

treatment 1009–10

retransplantation 1005, 1014

cardiac tumors 963–8

clinical manifestations 963–4

genetics 963

incidence 963

metastases 967

pericardium 964

types of

fibroma 964

mesothelioma of AV node 966, 966

myxoma 964–5

papillary fibroelastoma 966

rhabdomyoma 402–3, 471, 964, 964

sarcoma 966–7, 967

teratoma 964

cardio-facio-cutaneous syndrome 28

Cardiobacterium hominis 881

cardiofacial syndromes 86

cardiofaciocutaneous syndrome 228

cardiogenic plates 1–2, 2, 3

cardiogenic tube see heart tube

cardiomegaly

ALCAPA 685

aortic coarctation 439

aortoventricular tunnel 433

dilated cardiomyopathy 828

Ebstein’s anomaly 510, 511, 514

infants of diabetic mothers 83

and mitral regurgitation 388

systemic arteriovenous fistula 367

TAPVC 479, 479

univentricular heart 543

cardiomyocytes 15

cardiomyopathy 16, 826–54, 1023

arrhythmogenic 826, 842–4

cardiac transplantation 1004–5

definition 826

dilated 394, 826–33

hypertrophic 28, 814–15, 815, 817, 826, 836–40

left ventricular noncompaction 826

restrictive 826, 840–2

thrombosis in 212

X-linked 830–1

cardioplegia 234

cardiopulmonary bypass 232–5

AVSD repair 319

circuit 233–4

left heart bypass 234–5

and myocardial blood flow 63

myocardial protection 234

cardiopulmonary interaction 52–3, 52

cardiopulmonary murmur 97

CardioSEAL device 195

cardiovascular coupling 50–1, 50, 51

cardiovascular malformations

causes 23–4, 24, 30

complex inheritance 30

and fetal circulation 42–4

gene discovery 26–7

association 29, 29

linkage 27–8, 28

linkage analysis 28–9

genetic origins 26

genotyping 27

new technologies 30

incidence 23

phenotype definition 24–6, 25, 25

statistical approaches 29–30

cardiovascular risk factors 954–62

diabetes mellitus 83, 262, 957

hypercholesterolemia 958–9

hyperlipidaemia 958

hypertriglyceridemia 959, 959

lipoprotein metabolism 958

metabolic syndrome 944, 957–8

obesity see obesity

carditis 894–5

treatment 897–8

see also endocarditis; pericarditis

Carey Coombs murmur 895

Carney complex 963, 965

carnitine deficiency 38

carnitine palmitoyl transferase 38

carotid bruit 97

carotid sinus hypersensitivity 807

carotid-jugular fistula 362

CARP 827

Carpentier-Edwards valve 420

case-control studies 27

CATCH-22 syndrome 86

and tetralogy of Fallot 592

caval veins 15

cavopulmonary anastomosis, bidirectional 211

cavopulmonary diversion 502

CCSLacZ 15

CD44 359

cefadroxil 898

cefazolin, endocarditis 881, 884

cefotaxime 863

endocarditis 882

ceftazidime 882

ceftriaxone 863

endocarditis 878, 879, 884

Celermajer index 512

cellular electrophysiology 784–5, 785

Central Cardiac Audit Database 178

central nervous system see CNS

cephalexin

endocarditis prophylaxis 884

rheumatic fever 898

cephalic bruit 97

cephalization 171

cerebral AVF 361

cerebral blood flow, and aortic atresia 43

cerebrovascular accident see stroke

cervicofacial AVF 362

cGMP 75

Chagas disease 1042

clinical course 1042

congenital 1042–3

diagnosis and treatment 1043

epidemiology 1042

pathophysiology 1042

prevention 1043

prognosis 1043

Char syndrome 343

CHARGE association 86, 226

and tetralogy of Fallot 592
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CHD see congenital heart disease

chemoreceptors 39

chemoreflexes 39

chest pain

angina 82

carditis 894

history-taking 82

pericarditis 855

chest wall deformity 82

chest X-ray 169–73

aortic coarctation 439, 439

aortic stenosis 408

aortopulmonary window 350

aortoventricular tunnel 433

arrhythmogenic cardiomyopathy 843

ASD 293

AVF 367

AVSD 318

bronchial vasculature 171

cardiac failure 1023

cardiac size 171–3, 172

CHD 257

cor triatriatum 377

coronary heart disease 173

dilated cardiomyopathy 828, 828

Ebstein’s anomaly 512, 512

endomyocardial fibrosis 1040

hypoplastic left heart syndrome 526

interrupted aortic arch 449

malposition of great arteries with VSD 646

and pulmonic stenosis 648

mitral stenosis 381–2

myocarditis 834

PAIVS 579

PDA 347

pericarditis 856, 857

PPAS 467

pulmonary arteriovenous malformations 662, 663

pulmonary artery sling 698

pulmonary hypertension 735, 736, 739

pulmonary vasculature 170–1, 170, 171

pulmonic stenosis 461

PVS 376

rheumatic heart disease 912, 912

TAPVC 479, 479

technical factors 169–70

tetralogy of Fallot 595–6, 596 

TGA 614

congenitally corrected 632

tricuspid atresia 495

truncus arteriosus 653–4

univentricular heart 543, 544

vascular rings 671

VSD 172, 333–4

Chlamydia psittaci 862

chlorthalidone 949

choanal atresia 84

cholecystitis, acute acalculous 242

cholestasis 242

cholesterol

HDL 959

reverse transport 958

serum levels 959

cholesterol absorption inhibitors 960–1

chondroitin sulfate 983

chordae tendinae 12

chordal rupture 397–8

chorea in rheumatic heart disease 895–6, 906

choreoathetosis 756

chorioamnionitis 262

chorionic villus sampling 223

Choussat’s criteria 496, 563

chromosome analysis 222–3, 223

clinical applications 223

chronic care model 956–7

chronic hypoxia-induced pulmonary 

hypertension 75–6

Churg-Strauss syndrome 996

chylomicrons 958

chylopericardium 860, 863

cine MRI 157–8, 159

circulation 33–45

cardiac output see cardiac output

changes at birth 39–42

blood flow patterns 39–40, 40

ductus arteriosus closure 42

pulmonary circulation 40–2, 41

fetal 33–5, 34, 35

CVMs 42–4

regulation of 38–9

cirrhosis 241

CLARINET study 211

clarithromycin

endocarditis prophylaxis 884

rheumatic fever 898

cleft palate 974

clindamycin

endocarditis prophylaxis 884

rheumatic fever 898

clonidine 949, 950

clopidogrel 215

dose 218

reversal 218

CLOVES syndrome 359

clubbing 593

CNS complications 753–61

brain abscess 757–8

fetal milieu 754

genetic factors 753–4

infective endocarditis 757

movement disorders 756

neonatal intracranial hemorrhage 754

perioperative 754–5

postoperative

delayed recovery of consciousness 755

seizures 755

stroke 756–7

coagulation 206, 207

see also hemostasis; thrombosis

coagulation cascade 207

coagulation factors 206

see also individual factors

coarctation of aorta see aortic coarctation

cocaine, and aortic regurgitation 428

Coccioides spp. 863

coelomic cavity 2

coeur en sabot configuration 495

Cogan syndrome 997

cognitive bias 779

COL3A1 970, 974

colchicine 997

collagen 71

collagen vascular disease

and pulmonary hypertension 76–7

work-up 230

collapsing pulse 344

color Doppler 115

combined ventricular output 35, 35, 37, 42

common arterial trunk see truncus arteriosus

complete blood count, pulmonary 

hypertension 230

computed tomography see CT

conduction axis, and VSD 331

conduction system

abnormalities see arrhythmias

development of 14–15

in PAIVS 577

in TGA 610

congenitally corrected 626

conductograms 58

congenital contractural arachnodactyly 977

congenital heart block 995

congenital heart disease

adults with see adults with CHD

age of repair 72–3

anatomy 276–88

associated malformations 285

septal morphology 285–8

sequential segmental analysis 276–85

associated malformations 226

causes 272

classification 269

complex malformations 268

definition 268

detection in pregnancy 248–9

diagnosis 255

chest X-ray 257

early 254

ECG 257

pulse oximetry 256–7

epidemiology 268–75

genetic testing see genetic testing

imaging

chest X-ray 173

radionuclide scintigraphy 168–9, 168, 

169

incidence 269

management 257–8

mortality 273, 273

prediction of surgical workload 272–3

presentations 254–5, 255

prevalence 269–71, 270, 270, 271, 271

population 272

with pulmonary hypertension 71–3, 72

and pulmonary hypertension 732, 734

management 744–6

thrombosis 210–12

bidirectional cavopulmonary 

anastomosis 211

cardiomyopathies 212

Fontan procedure 211

intracardiac, arterial or venous 

thrombosis 212

right ventricle-pulmonary artery 

conduits 211–12
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systemic-pulmonary artery shunts 210–11, 

211

valve replacement 212

underdeveloped countries 1032–7

congenital pulmonary adenomatoid 

malformations 263

congenitally corrected TGA 270, 625–37

anatomy 625–6, 626

conduction system 627

coronary arteries 626, 627

coronary venous 627

associated anomalies 626, 628–9, 628

aortic valve abnormalities 629

left ventricular outflow obstruction 628, 

630

mitral valve abnormalities 628

tricuspid valve abnormalities 628

VSD 628, 629

clinical history 631

embryology 625

functional outcome 631

incidence 625

medical management 633

natural history 630–1

outpatient follow-up 631

pathophysiology 629–30

physical examination 631–2

cardiac catheterization and angiography 633

chest X-ray 632

ECG 632

echocardiography 632–3, 632

MRI 633, 634

radionuclide ventriculography 633

and pregnancy 631

surgical management 633–6

anatomic repair 635–6

conventional repair 633–5

tricuspid regurgitation 635

congestive cardiac failure 82–3, 291

see also cardiac failure

connective tissue disorders 969–81

cutis laxa 389, 466, 976

Ehlers-Danlos syndrome see Ehlers-Danlos 

syndrome

Loeys-Dietz syndrome 428, 431, 973–5

Marfan syndrome see Marfan syndrome

osteogenesis imperfecta 389, 428, 976

pseudoxanthoma elasticum 389, 976

related non-syndromic causes 977–8

familial abdominal aortic dissecting 

aneurysm 978

familial thoracic aortic aneurysm and 

dissection 977–8

thoracic aortic aneurysm with bicuspid aortic 

valve 977

thoracic aortic aneurysm with PDA 977

related syndromic causes 976–7

arterial tortuosity syndrome 976–7

congenital contractural arachnodactyl 977

Shprintzen-Goldberg syndrome 977

connexin-37 359

connexin-40 359

conotruncal defects 712, 712

conotruncal septum 651

consciousness, impaired 755

constrictive pericarditis 865–9, 865–8, 867

filling patterns 866

vs. restrictive cardiomyopathy 867–9, 867, 868, 

869

continuous positive airway pressure 262–3

contraception 765–7, 765

barrier methods 767

combination nonoral contraceptive 

hormones 766

combined oral contraceptives 765

efficacy 765

injections/implants 766

intra-uterine devices 766

progesterone contraception 766

contractility 36

contrast media

angiography 181–2

CT 164

conus tendon 12

Cooley-Waterston shunt 232

copy number variation 30

cor biloculare/triloculare 255

cor triatriatum 377–9

clinical features 377–8

cardiac catheterization and 

angiography 377–8

ECG and chest X-ray 377

echocardiography 377

embryology 377

incidence and genetics 377

pathology 377, 378

surgical management 378–9

cor triatriatum dextrum 402

CoreValve ReValving system 414

coronary aneurysm 688, 688

Kawasaki disease 923

long-term outcome 925–6, 926

treatment 929–30, 930

coronary arteries

abnormalities 674–95

classification 674

embryology 674

incidence 674

of origin 674–87

of structure or distribution 687–9, 688

of termination 689–91

absence/atresia 681–2

clinical presentation 682

diagnosis 682

pathologic anatomy 681

pathophysiology 681

treatment 682

anomalous from pulmonary artery see 

ALCAPA

congenital anomalies 815

ectopic origin 674–81

appropriate sinus of Valsalva 674–5, 676

from main or peripheral pulmonary 

arteries 682–7

wrong sinus of Valsalva 675–81, 677–9, 680

imaging

echocardiography 120, 123, 125, 129–31

MRI 158

in Kawasaki disease 923

normal anatomy/variants 674, 675

in PAIVS

echocardiography 579–80, 580

morphology 574, 576–7, 576, 576, 577

right ventricular coronary artery 

connections 574

stenosis, and myocardial blood flow 63

in TGA 610, 611

congenitally corrected 626, 627

post-correction 619–20, 621

thrombus 158

in truncus arteriosus 652

Yacoub classification 610, 611

coronary artery disease

and ACHD 769

and aortic coarctation 448

in infants 169

MRI 169

coronary artery fistula 689–91

anatomy and physiology 689

associated anomalies 689

clinical features 689–90

diagnosis

cardiac catheterization and angiography 

690

ECG 690

echocardiography 690

embryology 689

history 689–90

natural history 689

pathophysiology 689

radiology 690

treatment 690–1

Coronary Artery Risk Detection in Appalachian 

Communities (CARDIAC) Project 954

coronary atherosclerosis/atheromatosis 688–9

coronary blood flow 55

measurement of 63–5, 64

patterns of 64–5

coronary flow reserve 58–9, 58, 59

decreased coronary flow 59

increased coronary flow 59

increased zero flow 59

coronary pathophysiology 55–65

coronary physiology 46–55

coronary sinus 15, 290

anomalies 290, 518–22

atresia of coronary sinus 520–1, 520, 521

management 298

persistent left superior vena cava 518–19

unroofed coronary sinus 519–20, 519, 520

in congenitally corrected TGA 626

embryology 518

coronary vasculature

abnormalities 16, 16

development of 15–16, 16

in TGA 626

coronary venous drainage 16

Corrigan’s pulse 429

corticosteroids 897, 997

cardiovascular side effects 998

immunosuppression 1007

Costello syndrome 28, 228

costochondritis 82

craniofacial syndromes 86

craniosynostosis 974
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CRELD1 703

Cremer, Max 800

CREST syndrome 76

Criptic 703

criss-cross heart 283

crista supraventricularis 8

crista terminalis 15

crochetage 293

Cryptococcus spp. 862

CSRP3 827

CT 163–6

contrast delivery 164

indications 164–6, 165

bicuspid aortic valve 419

hypoplastic left heart syndrome 528

PPAS 467

pulmonary arteriovenous 

malformations 663–4, 663

pulmonary hypertension 738

TAPVC 481, 482

tetralogy of Fallot 164, 599–600

vascular rings 672

limitations 166

multidetector 699

spiral

ECG-synchronized 163–4

non-ECG-synchronized 163, 164

see also individual conditions

cutis laxa 389, 466, 976

differential diagnosis 974

CVMs see cardiovascular malformations

CX3CR1 76

CXCR4 359

cyanosis 81–2, 83, 84–5, 255, 256, 584

and ACHD 769

circumoral 84

Eisenmenger syndrome 346

tetralogy of Fallot 593

cyclophosphamide 997

and pericarditis 863

cyclosporine 75, 77, 833

immunosuppression 1007

and pericarditis 863

cystathionine-β-synthase 61

cystathionine-γ-lyase 61

cytokines 661

cytomegalovirus

pericarditis 861

post-transplant 1010–11

D-dimer 210

dabigatran etexilate 929

daclizumab 1007

dactinomycin-induced pericarditis 863

Damus-Kaye-Stansel anastomosis 231, 427, 429, 451

subaortic stenosis 556

univentricular heart 556, 556

Dana Point classification 731

Danon disease 838

David operation 619

de Lange syndrome 86

deformation imaging

coronary heart disease 135, 137–8

strain/strain rate 134–5, 135

dermatan sulfate 983

dermatomyositis 76, 997

and pericarditis 864

DES 827

desmin 827

desmopressin 210

developmental hemostasis 207, 208

dexfenfluramine 77

dextrocardia 255, 698, 703, 704–9, 704–8

CT 165

D-ventricular loop

with L-malposition of aorta 705–6, 707

with normally related great arteries 704–5

with transposition of great arteries 705, 706, 

709

L-ventricular loop

with double-outlet right ventricle 706, 707

with inverted related great arteries 707, 

708

with transposition of great arteries 706, 

707, 709

mirror-image 708

with situs inversus 708, 709

with situs solitus 704–7, 704–8

dextroisomerism 543

dextroversion 704, 705

diabetes mellitus 957

maternal 83, 262

post-transplant 1014

type I 957

type II 957

diagnosis 81–2

diaphragmatic hernia 734

diastolic function 138–40, 139–40

diastolic murmurs 94–5

early 94

late 95

mid 94

diastolic pressure-time index 64, 407

dietary approach to dyslipidemias 960

Dietary Approaches to Stop Hypertension 

(DASH) 947

DiGeorge syndrome 5, 9, 12, 17, 25, 86, 125, 448

genetics 224, 224

interrupted aortic arch syndrome 448

tetralogy of Fallot 592

truncus arteriosus 651, 652

vascular rings 82, 667–73

digital clubbing 99

digoxin 801, 802

cardiac failure 1024

mitral stenosis 916

in pregnancy 766

pulmonary hypertension 740

dilated cardiomyopathy 394, 826–33

autosomal dominant 831

causes 832

clinical presentation 828, 828

diagnosis 828–9

blood and urine studies 829

cardiac catheterization and biopsy 829

chest X-ray 828, 828

ECG and Holter monitoring 829

echocardiography 829, 829

differential diagnosis 831

epidemiology and etiology 827

genetics 827, 831

clinical 829

molecular 829–30

pathology 828

pathophysiology 828

physical examination 828

prognosis 833

treatment 831–3

current medical therapy 833

surgical 833

targeted therapies 831–3

X-linked 830

diltiazem, in pregnancy 766

diphtheria immunization 1012

dipyridamole 215

coronary aneurysm prophylaxis 929, 930

dose 218

reversal 218

disopyramide 844

diuretics

cardiac failure 1026

hypertension 949, 951

in pregnancy 766

pulmonary hypertension 740

rheumatic heart disease 916

diverticulum of Kommerell 669, 670

Dll4 359

DNA sequencing 223, 226–8, 227

exome 228

microarrays 227–8

Sanger 226–7, 227

dobutamine 833, 1026

dobutamine MRI stress imaging 160, 162–3

dopamine 833, 1026

Doppler echocardiography, transthoracic 64

Doppler ultrasound 114–16, 115, 116

color 115

continuous wave 115, 115

pulsed 115

dorsal mesenchymal protrusion 6, 7, 7

double outlet right atrium 311

double outlet right ventricle 9, 12, 268, 639, 641

surgical repair 642

double-switch procedure 635–6

Down syndrome 8, 25, 83, 86, 223

arterioportal fistula 363

AVSD 308, 312

diagnosis 255

and tetralogy of Fallot 313, 591, 592

doxazosin 949

doxorubicin-induced pericarditis 863

Dressler syndrome 864

drug-induced pericarditis 863

DSM-III-R 779

DSM-IV 779

ductus arteriosus 16, 17, 38

obstruction 43

patent see patent ductus arteriosus

postnatal closure 42, 344

size and orientation 43

in TGA 613

ductus venosus 151

Duke Health Profile 773

Dutch Personality Questionnaire 776

dye dilution method 185
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DYS 827

dyskinesia 756

dyslipidemias 958

HDL cholesterol disorders 959

hypercholesterolemia 958–9

hypertriglyceridemia 959, 959

screening and treatment 959–61

dietary modifications 960

pharmacologic intervention 960–1

dysphagia 82, 241, 671

evaluation 241

dystrophin 827

deficiency 830

Ebstein, Wilhelm 509

Ebstein’s anomaly 13, 15, 44, 81, 145, 394, 509–17

and arrhythmias 513–14

Celermajer index 512

clinical history 511

in congenitally corrected TGA 628

diagnosis

cardiac catheterization 513

chest X-ray 512, 512

ECG 512

echocardiography 512–13, 513

exercise testing 513

MRI 513

displacement index 512

embryology and pathologic anatomy 509–11, 

510

history 509

incidence 509

management, clinical course and outcome 

514–16

and maternal lithium use 83

natural history 511

pathophysiology 511

physical examination 511–12

pregnancy 513

prevalence 270

survival 511, 515, 516

ECG 102–12

abnormal 110–11

ALCAPA 684, 684

aortic coarctation 439

aortic stenosis 408, 409

aortopulmonary window 350

ARCAPA 686

arrhythmias 796–7, 797

arrhythmogenic cardiomyopathy 843

ASD 293

atrial enlargement 106

AVSD 314, 315

bifascicular block 108

bundle branch block 106–7, 107

calcium/magnesium imbalance 111

CHD 257

cor triatriatum 377

coronary artery fistula 690

dilated cardiomyopathy 829

Ebstein’s anomaly 512

endomyocardial fibrosis 1040

hypoplastic left heart syndrome 526

interrupted aortic arch 449

ischemia 110

left anterior hemiblock 108, 108

left posterior hemiblock 108

left ventricular noncompaction 846

malposition of great arteries with VSD 646, 648

mitral stenosis 381

myocarditis 110, 834–5

PAIVS 579

PDA 347

pericarditis 110, 856, 858

potassium imbalance 110–11

PPAS 467

pre-excitation 108

pulmonary artery sling 698

pulmonary hypertension 735, 736, 739

pulmonic stenosis 460–1

PVS 376

rheumatic heart disease 912, 913

syncope 810

TAPVC 479

TGA 614, 632

tricuspid atresia 493–5, 494

truncus arteriosus 653

univentricular heart 542–3, 542, 543

vascular rings 671

VSD 333

Wolff-Parkinson-White syndrome 108, 789

in athletes 111, 821

developmental changes 111

electrode placement 104

gender and ethnic differences 111

P wave 103, 104, 105

PR interval 104, 105

premature infants 111

Q wave 104, 105

QRS complex 103, 104, 105

QT interval 104, 109–10

R wave 104, 105

reading 103, 104, 105

atrial enlargement 106

axis 104, 106

rate and rhythm 103–4

ventricular depolarization 106–9, 107, 108

ventricular repolarization 109

RR interval 103

S wave 104, 105

scalar 103, 104

ST segment 104, 110

T wave 104, 110

U wave 104, 110

vector principles 102–3, 103

Echinococcus spp. 863

echocardiography 113–56, 157

abnormal

ALCAPA 685

anomalous muscle bundles 470

aortic coarctation 439, 440

aortic regurgitation 429–30

aortic stenosis 408–10, 409

aortopulmonary window 350

aortoventricular tunnel 433

ARCAPA 686

arrhythmias 797

ASD 293–5, 294, 295

AVSD 314–18

associated lesions 317

atrial and ventricular septal defects 315–17, 

316, 317

atrioventricular valve 314–15, 316

fetal 318, 318

left ventricular outflow 317

transesophageal 317–18

transthoracic 314–17, 316, 317

ventricular size 317

bicuspid aortic valve 418, 419

cardiac failure 1023

cardiac tamponade 860

cor triatriatum 377

coronary artery abnormalities 681

coronary artery fistula 690

dilated cardiomyopathy 829, 829

Ebstein’s anomaly 512–13, 513

endomyocardial fibrosis 1040–1, 1041

hypoplastic left heart syndrome 526–8, 527

infective endocarditis 876–7

interrupted aortic arch 449–50

isolated infundibular stenosis 469–70

Kawasaki disease 923–4, 925

left ventricular noncompaction 845

malposition of great arteries with VSD 646–7

and pulmonic stenosis 648

mitral regurgitation

three-dimensional 396, 397

two-dimensional 394–6, 395, 396

mitral stenosis 382

supravalvar 379

myocarditis 835

PAIVS 579–80

atrial septal defect 579

coronary arteries 579–80, 580

left heart structures 580

pulmonary arteries 579

pulmonary valve 579

right ventricle 579

tricuspid valve 579

PDA 347, 347

pericarditis 856, 858, 858–61

PPAS 467

pulmonary arteriovenous malformations 663

pulmonary artery sling 698

pulmonary hypertension 735–6, 737, 739

pulmonic stenosis 461–2, 461

PVS 376

restrictive cardiomyopathy 841, 842

rheumatic fever 895

rheumatic heart disease 912–14, 913, 914

subaortic stenosis 415, 415

supravalvar aortic stenosis 416–17, 417

TAPVC 480–1, 480

tetralogy of Fallot 596–9, 596–9

TGA 614–15

congenitally corrected 632–3, 632

fetus 614, 614

neonate 614–15, 615

tricuspid atresia 494, 495

truncus arteriosus 654, 654, 655

univentricular heart 548–50, 551, 552

vascular rings 671

VSD 334–5, 334

anatomical planes 116, 117

artifacts 114
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echocardiography (cont’d)

fetal 143–7, 144–51

aortic coarctation 439–40, 441

AVSD 318, 318

image quality 113–16

Doppler ultrasound 114–16, 115, 116

penetration power 113

resolution 113–14

intravascular ultrasound 148, 152–3, 153

morphologic evaluation 117–28

atria 118–19, 123

atrioventricular valve 119–20, 124

coronary arteries 123, 129, 130

great arteries 123, 125, 131, 132

pericardium and adnexae 125, 132, 133

pulmonary veins 118, 122

semilunar valves 121–3, 128, 129

systemic veins 117, 118–22

ventricles 120–1, 124–7

physics 113

physiologic evaluation 128, 130–43

shunt physiology 141–3, 142

valvar physiology 140–1

vascular physiology 141

ventricular performance 132–40, 134–40

ventricular physiology 128, 130–2, 134

stress 143

three-dimensional 147, 151–3

transesophageal 143, 157

AVSD 317–18, 318

univentricular heart 550

VSD 335

transthoracic

AVSD 314–17, 316, 317

SVA 356

ecstasy 427

ectopia cordis 285, 702, 720–1

classification 720

treatment 720–1

ectopia lentis 974, 975

edema

peripheral 99

pulmonary 84, 171

Edward syndrome 87, 223, 753

Edwards SAPIEN valve 191, 414

EGFR 77

Ehlers-Danlos syndrome 87, 354, 359, 466, 

969–71

aortic regurgitation 428

arterioportal fistula 363

classification 969–70

clinical diagnosis 970

differential diagnosis 974

genetics 971

mitral valve prolapse 389

pathophysiology 971

variants 970–1

vascular 970

Eikenella corrodens 881

Eisenmenger syndrome 297, 332, 653, 730

cyanosis 346

management 337

and PDA 345

and pulmonary hypertension 745

see also ventricular septal defects

Eisenmenger’s anomaly 328

Eisenmenger’s complex 328

Eisenmenger’s reaction 297

ejection indices 47, 48

Elaprase 986

elastin 71

inhibition of 75

electrocardiography see ECG

electrophysiological studies 797–801

Ellis-van Creveld syndrome 712

situs ambiguus 703

ELN 974

embolization 195

embryology

anomalous pulmonary artery from aorta 351

aortic coarctation 437

aortopulmonary window 350

AVSD 312, 312, 313

cor triatriatum 377

coronary artery abnormalities 674

coronary artery fistula 689

coronary sinus 518

Ebstein’s anomaly 509–11, 510

hypoplastic left heart syndrome 524

left ventricular outflow regurgitation 426–7

mitral stenosis 380

PDA 344

peripheral pulmonary artery stenosis 466

pulmonary arteriovenous malformations 661

pulmonary artery sling 696

pulmonary vein stenosis 374–5

pulmonic stenosis 459

TGA 609

congenitally corrected 625

with VSD 639–42, 639–41

tricuspid atresia 487–8

truncus arteriosus 651–2

vascular rings 667

VSD 329

with TGA 639–42, 639–41

emotional functioning 776–9, 777–8

and cognitive bias 779

emotional and behavioral problems 776

personality traits 776

psychiatric diagnostic criteria 779

psychopathologic symptoms 776

somatic reference samples 776

emphysema 974

enalapril 950

aortic regurgitation 430–1

hypertension 948

end-diastolic pressure 47

endocardial cushions 12, 13, 313

endocardial decortication 1041

endocardial development 1–2, 2

endocardial fibroelastosis 255, 407

dilated cardiomyopathy 832

endocarditis 427

and bicuspid aortic valve 420

culture-negative 876

treatment 882

fungal 873

infective see infective endocarditis

Libman-Sacks 994

Loffler 1038

and mitral valve prolapse 390

nonbacterial thrombotic 872

and PDA 348

prosthetic valve 872–3

and VSD 339

endoglin 12, 77, 359

endomyocardial biopsy

in diagnosis of rejection 1008–9, 1008, 

1009, 1010

dilated cardiomyopathy 829

myocarditis 835

endomyocardial fibrosis 1038–42

clinical course 1040

diagnosis 1040–1, 1041

chest X-ray 1040

ECG 1040

echocardiography 1040–1, 1041

MRI 1041

etiology 1038–9

incidence and epidemiology 1038

management 1041–2

medical 1041

surgical 1041–2

outcome 1040

pathology/pathophysiology 1039–40

endothelial cell dysfunction 73

endothelial-derived hyperpolarizing factor 62

endothelins 18, 40, 62, 71, 1027

endothelin receptor blockers 74, 75

pulmonary hypertension 742–3

enoxaparin 213

Entamoeba histolytica 863

Enterococcus spp., infective endocarditis 863

enterovirus pericarditis 861

enthesitis-related arthritis 994

enzyme replacement 985, 985, 986

eosinophilia 1039

EphB4 359

ephrinB2 359

epicardial development 5–6, 6, 15–16, 16

epicardium-derived cells 12, 15

epidermal growth factor receptor see EGFR

epinephrine 1026

epistaxis 662

epoprostenol 742

epoxyeicosatrienoic acids 62

Epstein-Barr virus

Kawasaki disease 920–1

pericarditis 861

post-transplant 1010–11

ergot alkaloids 427

erythema marginatum 896

erythrocytosis, and ACHD 770

erythromycin 899

Escherichia coli 862

esmolol 801

hypertension 950

ethambutol 863

ethnic differences

cardiovascular deaths in athletes 819

ECG 111

European Childhood Obesity Surveillance 

Initiative 955

Eustachian valve 290, 298

persistence of 402
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EVC 25

EVC2 25

exercise capacity

bidirectional Glenn procedure 558

pulmonary hypertension 736–7, 740

tetralogy of Fallot repair 605

total right heart bypass 563

VSD 338–9, 339

exercise testing 200–5

aortic stenosis 408

arrhythmias 797

Ebstein’s anomaly 513

precautions 203–4

atrial and ventricular septal defects 203–4

Fontan circulation 203

left ventricular outflow obstruction 203

TGA 204

protocols 202

reclining bicycle 201–2, 201

risks 202

termination of test 202, 202

treadmill 201

VO2
 values 202–3

exercise training 810–11

exome sequencing 228

extracardiac conduit 502

extracardiac syncope 807, 809

extracorporeal membrane oxygenation 235–7

situs abnormalities 719

extremities, AVF 364–5, 365, 366

ezetimibe 960–1

Fabry disease 838

factor Va 208

factor VII 208

factor VIIIa 208

factor IX 208

factor X 208

factor Xa 208

Fallot’s tetralogy see tetralogy of Fallot

familial abdominal aortic dissecting aneurysm 978

familial combined hyperlipidemia 959

familial conotruncal disease 86

familial defective ApoB-100 959

familial hypercholesterolemia 958–9

familial hypertriglyceridemia 959

familial thoracic aortic aneurysm and 

dissection 974, 977–8

familial total anomalous pulmonary venous 

connection 7

family-based studies 27

fasudil 77

FBLN-4 974

FBLN-5 974

FBN1 974

feeding problems 263–4

felodipine 948

femoral artery, damage to 446

fenestrated Fontan procedure 503, 559

fenfluramine 77

fenoldopam 950

fetal therapies 248–53

alteration of disease progression 252

aortic stenosis 249–50, 250, 411

case selection 249, 249

counseling 249

efficacy 248

equipment and protocol 251

history 249

hypoplastic left heart syndrome 528

pacing 250–1

PAIVS 581

post-procedural pregnancy management 251–2

pulmonary atresia 250

restrictive interatrial septum 250

techniques 251

timing 249

valvoplasty 251

pulmonary 251

fetus/fetal

alcohol syndrome 83

and tetralogy of Fallot 592

and VSD 83

analgesia 251

arrhythmias 787

cardiac output 36

circulation 33–5, 34, 35, 491, 754

CVMs 42–4

regulation of 38–9

diagnosis 1

cardiac malformations 1

PAIVS 577–8

TAPVC 481

TGA 611, 612, 614, 614

disease detection 248–9

echocardiography 143–7, 144–51

aortic coarctation 439–40, 441

AVSD 318, 318

function 145, 147, 151

limitations 147

morphology 145, 146–8

rhythm 145, 149–51

malposition of great arteries with VSD 646

and pulmonic stenosis 648

therapeutic interventions see fetal therapies

FGF 71

Fgf8 4

Fgf10 4

fibric acid derivatives 961

fibrillin-1 418

fibrinolysis 206

fibroblast growth factors see FGF

fibroma 964

fibromuscular dysplasia 359

fibronectin 73, 76

Fick principle 184, 200

Fick technique 185

FISH 1, 223–5, 223, 224

clinical applications 224–5

limitations 225

multicolor 224

subtelomeric 223–4

fistula

arterioportal 363–4, 363

arteriovenous 358–73

anatomic locations 360–6

clinical features and natural history 366

etiology and genetics 358–60, 359

imaging 366–7, 368

incidence 358

management 367–8

pathologic anatomy 360

pathophysiology 360

carotid-jugular 362

coronary artery 689–91

anatomy and physiology 689

associated anomalies 689

cardiac catheterization and angiography 

690

clinical features 689–90

ECG 690

echocardiography 690

history 689–90

natural history 689

pathophysiology 689

radiology 690

treatment 690–1

portosystemic 364

pulmonary arteriovenous 710

sinus of Valsalva 354–7

genetics 354

incidence 354

laboratory investigations 355–6

management 356

natural history and clinical features 354–5, 

355

pathologic anatomy 354

flecainide 802

in pregnancy 766

Flipper controlled release coil 192

flow quantification 158, 161–2

flow wire 65

fludrocortisone 811

fluid intake 810

fluorescence in situ hybridization see FISH

fluoxetine 812

pulmonary hypertension 744

flurbiprofen 929

FOG2 25

Fontan circulation

conversion to 250

exercise testing 203

and pulmonary hypertension 746

Fontan procedure

fenestrated 503, 559

hypoplastic left heart syndrome 531

and liver dysfunction 242, 532

staged 503

survival 504

thrombosis after 211

Fontan-Kreutzer procedure see total right heart 

bypass

foramen ovale 7, 38, 290

patent 289, 292

in TGA 613

foreign body removal 195–6

fosinopril 948

fossa ovalis defect see secundum defect

fractalkine 73, 77

fractional flow reserve 65

Francisella tularensis 862

Frank-Starling mechanism 38, 46, 50

fungal endocarditis 873

treatment 882

fungal pericarditis 863
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furosemide

hypertension 949

mitral stenosis 916

in pregnancy 766

G4.5 827

gadolinium-enhanced 3D angiography 158, 162

gallium citrate 169

gallstones, and ACHD 771

γ-globulin, intravenous infusion 928

gastroesophageal reflux 263

gastrointestinal complications 239–41

abdominal compartment syndrome 240

inability to eat 241

malrotation and midgut volvulus 240–1

necrotizing enterocolitis 239–40, 264–5, 

264, 264

preterm infants 263–6

GATA4 4, 25, 329

GATA5 4

GATA6 4

Gaucher disease 427

Gemella spp. 877

gender differences, ECG 111

gene-gene interactions 30

Gene-Tests 222

General Health Questionnaire 776

genetics 753–4

arrhythmogenic cardiomyopathy 843

arteriovenous fistula 358–60, 359

cardiac tumors 963

cardiovascular malformations 26

cor triatriatum 377

DiGeorge syndrome 224, 224

dilated cardiomyopathy 827, 831

clinical 829

molecular 829–30

Ehlers-Danlos syndrome 971

hypertrophic cardiomyopathy 836–7

gene identification 836–7

genotype-phenotype relations 837

hypoplastic left heart syndrome 523–4, 524

left ventricular noncompaction 846–7

left ventricular outflow obstruction 406

Loeys-Dietz syndrome 975

mitral stenosis 379–80

PAIVS 572

pathophysiology 975

PDA 343

peripheral pulmonary artery stenosis 466

pulmonary arteriovenous malformations 

660

pulmonary artery sling 696

pulmonary hypertension 731–2

pulmonic stenosis 459

sinus of Valsalva aneurysm 354

total anomalous pulmonary venous 

connection 476

truncus arteriosus 651

vascular rings 667

velocardiofacial syndrome 224

VSD 328–9

genetic studies 23–32

complex inheritance 30

gene discovery 26–7

association 29, 29

linkage 27–8, 28

linkage analysis 28–9

genetic origins 26

genotyping 27

new technologies 30

phenotype definition 24–6, 25, 25

statistical approaches 29–30

genetic testing 222–30

array comparative genomic hybridization 223, 

225–6, 225

chromosome analysis 222–3, 233

DNA sequencing 223, 226–8, 227

FISH 1, 223–5, 223, 224

genistein 986

genome-wide association studies 29

genotyping 27

new technologies 30

gentamicin 878, 879, 880, 881, 882

Gerbode defects 330

Ghent criteria 972, 972

Gianturco coils 195

Gibbon, John 233

Gleevec see imatinib

Glenn procedure, bidirectional

Doppler flow dynamics 558, 559, 560, 561

Ebstein anomaly 515

exercise capacity 558

hypoplastic left heart syndrome 530–1

lung perfusion scan 558

right-to-left shunts 558

tricuspid atresia 502

univentricular heart 554, 556–8

glycoprotein IIb/IIIa 208

glycoprotein IIb/IIIa inhibitors 215

glycosaminoglycans 73, 982, 983

GM-CSF 76

Goldenhar syndrome 86, 364

situs ambiguus 703

and tetralogy of Fallot 592

gooseneck deformity 308

Gore Helex device 193, 194

Gorlin equation 407, 462

gothic arch 619

Gottron’s papules 997

Graham Steell murmur 95, 381–2

Gram-negative bacterial endocarditis 880–1

Granulicatella spp. 877

granulocyte-macrophage colony stimulating factor 

see GM-CSF

grays 180

great arteries

echocardiography 123, 125, 131, 132

malposition with VSD 646–9

with pulmonic stenosis 648–9

without right ventricular outflow 

obstruction 646–8

transposition see transposition of great arteries

growth 82

growth factor inhibitors 75

HACEK organisms

Gram-negative bacterial endocarditis 880–1

infective endocarditis 873, 876

Haemophilus aphrophilus 880

Haemophilus influenzae 862

immunization 1012

Haemophilus parainfluenzae 880

hammock mitral valve 393

surgical management 397

Harrison’s sulci 333

HCN4 6, 14

headaches 757

health-related quality of life 773–6, 774–5

heart block

congenital 995

fetal therapy 250–1

heart failure see cardiac failure

heart fields 2–5, 3–5

posterior 4

primary 2, 6

secondary 2, 4, 9

heart murmurs see murmurs

heart rate 105

and cardiac output 36–7

standing response 809

heart sounds 88–98, 89

athletes 98

AVSD 314

early systolic ejection click 92

first 89, 90–1

fourth 92–3

mid to late systolic click 92

murmurs see murmurs

neonates 97–8

opening snap 92

second 89–90, 91–2

fixed splitting 91–2

variable splitting 91

third 90, 92

heart transplantation see cardiac transplantation

heart tube 1–2, 2, 4

looping of 2, 5, 26

in congenitally corrected TGA 625

segmentation of 5

heart valves

echocardiography 140–1

in Kawasaki disease 923

percutaneous valve replacement 191–2

regurgitation 141

replacement, anticoagulation 212

see also individual valves

heart-hand syndromes 28

heart-lung transplantation 1014–15

Heath-Edwards grading system 72

Helex device 300

hemangioma

infantile 359

rapidly involuting congenital 359

hematocrit 53, 187

hematopoietic stem cell transplantation 985, 985

hemiblock

left anterior 108, 108

left posterior 108

hemifacial microsomia 86

hemitruncus see anomalous pulmonary artery 

from aorta

hemoglobinopathies 732–3

hemopericardium 858

hemoptysis 665
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hemostasis

and ACHD 770

assessment 210

activated clotting time 210

thromboelastogram 210

common pathway 206

developmental 208

extrinsic pathway 206

intrinsic pathway 206

measurement 208–9, 209

normal 206–8, 207

see also entries under coagulation

hemothorax 665

heparan sulfate 983

heparin 833

low molecular weight 213, 217

in pregnancy 768

unfractionated 212, 213, 217

heparin-induced thrombocytopenia 212, 217, 

218

heparinoid 215

hepatic veins 118

hepatitis A virus immunization 1012

hepatitis B virus

immunization 1012

pericarditis 861

hepatopulmonary syndrome 661

and pulmonary hypertension 733

hereditary hemorrhagic telangiectasia 359

arterioportal fistula 363

pulmonary arteriovenous malformations 660, 

662

heritability 26

herpes simplex virus 861

heterotaxy 240, 290, 311, 312, 703, 710, 715

and AVSD 318

in congenitally corrected TGA 628

in univentricular heart 540, 543

hibernating myocardium 167

high-density lipoprotein 958

hindrance 187

His bundle 15

His-Purkinje system 14

Histoplasma spp. 863

history-taking 81–3

chest pain 82

congestive cardiac failure 82–3

cyanosis 83

diagnostic information 81–2

etiologic factors 83

growth 82

maternal history 83

HIV/AIDS

pericarditis 861, 863

and pulmonary hypertension 76

HMG-CoA reductase inhibitors see statins

Holt-Oram syndrome 7, 28, 86, 227, 289

Holter monitoring 797

hypertrophic cardiomyopathy 829

homeobox see Hox

Hospital Anxiety and Depression Scale 

(HADS) 776

Hox genes 4

HRAS 228

Human Genome Project 30

human herpesvirus-8 76

human immunodeficiency virus see HIV

Hunter syndrome 983, 985–6

systemic therapies 985, 986

Hurler syndrome 983–5, 983, 984, 985

systemic therapies 985

Hurler-Scheie syndrome 983–5, 983, 984, 985

systemic therapies 985

hyaline membrane disease 171

hybrid procedures 196–7

hypoplastic left heart syndrome 196

pulmonary artery stenting 196

ventricular septal defect closure 196–7

hydralazine

hypertension 949, 950

and pericarditis 863

in pregnancy 766

hydrocephalus 592

hydrochlorothiazide 949

hydrogen peroxide 62

hydrogen sulfide 61

hydrops fetalis 44, 856

hyperalphalipoproteinemia 959

hyperbilirubinemia 241, 265–6

conjugating 242

treatment 265–6

hypercalcemia, ECG 111

hypercholesterolemia 958–9

familial 958–9

familial defective ApoB-100 959

with hypertriglyceridemia 959

polygenic 958

hypercyanotic spells 593

management 600

hyperkalemia 110–11

hyperkinetic syndromes 756

hyperlipidaemia 954, 958

post-transplant 1014

hyperpnea 85

hypertension 938–53

definition in childhood 938–9

evaluation 945–6

diagnostic testing 946

medical history 945

physical examination 945–6

portopulmonary 733

post-aortic coarctation repair 444, 447–8

post-transplant 1014

primary 944–5

pulmonary see pulmonary hypertension

pulmonary artery

idiopathic 73

pathobiology 73

pathogenesis 78

vasodilator therapy 73–5, 75

pulmonary vascular 71

secondary 941, 943–4, 944

treatment 946–51, 947, 948–50

see also blood pressure

hypertriglyceridemia 959, 959

with hypercholesterolemia 959

hypertrophic cardiomyopathy 28, 826, 836–40

clinical aspects 836, 836

differential diagnosis 817

energy-dependent forms 839–40

Kearns-Sayre syndrome 839

MERRF syndrome 840

mitochondrial cardiomyopathies 839

genetics 836–7

gene identification 836–7

genotype-phenotype relations 837

infiltrative forms 838–9

AMP-activated protein kinase 838–9

Danon disease 838

Fabry disease 838

Pompe disease 838

and sudden death in athletes 814–15, 815

Noonan syndrome 86

treatment 837–8

hyperuricemia, and ACHD 770–1

hypoalphalipoproteinemia 959

hypocalcemia 111

hypokalemia 111

hypomagnesemia 111

hypoplastic left heart syndrome 27, 255, 255, 

408, 523–33, 705

atrial septum stenting 189

and biliary atresia 241

clinical history 526

diagnosis

cardiac catheterization and angiography 528

chest X-ray 526

ECG 526

echocardiography 526–8, 527

embryology 524

hybrid palliation 196

incidence and genetics 523–4, 524

long-term prognosis 531–2, 532

management 528–32, 529

fetal 528

medical 528–9

postoperative 531, 531

surgical management 529–31, 530

mortality 273, 531

Noonan syndrome 86

pathologic anatomy 524–5, 525, 525

pathophysiology 525–6

physical examination 526

prevalence 270, 271

restrictive interatrial septum 250

hypoplastic right ventricle 401–2

hypothyroidism, and pericarditis 863

hypoxemia, and myocardial blood flow 63

hypoxia, and pulmonary hypertension 75–6

hypoxia inducible factor 73

Id2 14

idursulfase 986

iloprost, pulmonary hypertension 742

imatinib 77

pulmonary hypertension 744

immunizations in immunosuppressed 

patients 1011, 1012

immunosuppression 1006–7, 1007

and immunizations 1011, 1012

side effects 1013

impaired consciousness 755

imperforate anus 592

implantable cardioverter defibrillators 780

in cardiac failure 1025–6



Index

1062

indocyanine green 185

indomethacin 350

infants

aortic coarctation 438, 442

arrhythmias 787

calcific arteriopathy 687

coronary artery disease 169

hemangioma 359

hypertension 943

pulmonic stenosis 463

infection, post-transplant 1010–11

cytomegalovirus 1010–11

Epstein-Barr virus 1010–11

infective endocarditis 757, 871–87

antimicrobial treatment 877–82, 878, 879, 881

cultural-negative endocarditis 882

fungal endocarditis 882

Gram-negative bacterial endocarditis 880–2

prosthetic valve endocarditis 882

staphylococcal endocarditis 880, 881

streptococcal endocarditis 877–9, 878–80

clinical features 874–5

complications 875

diagnosis 873, 873, 874

echocardiography 876–7

epidemiology 871, 872

laboratory features 875–6

blood cultures 875–6

culture-negative endocarditis 876

microbiology 872–3, 873

pathogenesis 871–2

prevention 882–5, 883, 884, 915–16

clinical procedures 884

dental procedures 884

and rheumatic heart disease 872, 914–15

inferior vena cava

echocardiography 118, 121

fetal blood flow 34

flow dynamics 564

inflammation

and pulmonary hypertension 76–7

radionuclide scintigraphy 169

inflammatory bowel disease, and pericarditis 864

influenza virus pericarditis 861

infundibulum 8

inheritance 24

innominate veins 120, 131

inotropes 1026–7

inpatient resources for ACHD 764

INR meter 218

INR target in warfarin therapy 214

insulin resistance syndrome 955

see also metabolic syndrome

integrins 62

interatrial communication 286–7, 492

interatrial obstruction 501

interatrial septum 289

anatomy 289–91, 291

interleukin-6 76

intermediate-density lipoprotein 958

international normalized ratio see INR

International Society for Heart and Lung 

Transplantation (ISHLT) 1001

International Study of Syncope of Uncertain 

Etiology (ISSUE) 809

inverted T-sign 698

interventricular flow 332

interventricular obstruction 501–2

intra-uterine devices 766

intracardiac thrombosis 212

intracranial AVF 360–1, 361, 361

intracranial hemorrhage, neonatal 754

intravascular stents 190

intravascular ultrasound 148, 152–3, 153

intraventricular hemorrhage 265, 266

irbesartan 948

ischemia

and acute liver failure 241–2

ECG 110

myocardial 55, 62, 110

ischemia-reperfusion injury 245, 755

Isl1 4

isolated infundibular stenosis 469

echocardiography 469–70

natural history 470

physiology 469

treatment 470

isoniazid 863

and pericarditis 863

isradipine 948, 950

JAG1 25, 753

mutations 227

Jagged1 359

Janeway’s lesions 875

joint laxity see connective tissue disorders

junctional ectopic tachycardias 788, 791–2, 792

treatment 803

junctional reciprocating tachycardia 788, 790

treatment 803

juvenile dermatomyositis 997

juvenile idiopathic arthritis 992–4

enthesitis-related 994

and pericarditis 864

polyarthritis and oligoarthritis 993–4

psoriatic arthritis 994

systemic 992–3

Kaposi sarcoma virus 76

Kartagener syndrome 703, 708–9

karyotyping 223

Kasai operation 241

Katz-Wachtel phenomenon 333

Kawasaki disease 65, 919–37

cardiovascular sequelae 925–7

adult coronary artery disease 927

coronary aneurysms 688, 925–6, 926

pericarditis 863, 923

vasculitis 926–7

cardiovascular spectrum 921–2, 923, 927

clinical features 921

myocardial infarction and death 922–3

systemic artery involvement 923

valvar heart disease, myocarditis and 

pericarditis 923

diagnosis 921, 922

coronary angiography and cardiac 

catheterization 924, 925

echocardiography 923–4, 925

myocardial ischemia 924–5

epidemiology 919–20

etiology and pathogenesis 920–1

history and background 919

pathology 920

prognosis 932

radionuclide scintigraphy 168

and systemic arthritis 992–3

treatment 928–33

additional 928–9

coronary aneurysms 929

high-risk patients 929

initial 928

long-term 929–32, 930–2

Kawashima operation 558, 564

Kearns-Sayre syndrome 839

Kent bundle 15

keratan sulfate 983

Kerley’s B lines 171, 172

kernicterus 265

see also hyperbilirubinemia

Keutel syndrome 466

Kingella kingae 881

Klebsiella spp. 862

Klinefelter syndrome 223

Klippel-Trenaunay syndrome 359

Knott-Craig repair 514

Konno-Ross operation 643

Korotkoff sounds 856

KRAS 228

Kruppel-like factor 18

Kv channel openers 75

labetalol

hypertension 948, 950

in pregnancy 766

LAMB complex 965

lamin A/C 827

LAMP2 827, 838

LaPlace’s law 55

Laurence-Moon-Biedl syndrome 86

LBD3 827

Lecompte (French) maneuver 618

left anterior hemiblock 108, 108

left heart bypass 234–5

see also cardiopulmonary bypass

left posterior hemiblock 108

left ventricle 278, 279

hypertrophy 54–5, 109, 407, 944

hypoplastic 42, 83

inflow obstruction see pulmonary vein stenosis

inflow regurgitation see mitral regurgitation

noncompaction 826, 844–6, 844–6

clinical features 846

ECG 846

echocardiography 845

genetics 846–7

treatment and outcome 847

outflow in AVSD 317

outflow obstruction 406–25

aortic stenosis 406–14

in AVSD 317

bicuspid aortic valve 417–20

in congenitally corrected TGA 628, 630

endocarditis 420

exercise testing 203
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genetics 406

incidence 406

subaortic stenosis 414–16

supravalvar aortic stenosis 416–17

and VSD 331

outflow regurgitation 426–32, 427

embryology 426–7, 427

incidence 426

see also aortic regurgitation

output 37

in rheumatic heart disease 915

single 536, 538, 538, 539

submitral aneurysm 394

volume overloading 492

wall 47

left-to-right shunts 185, 186, 344

atrial 615

LEFTY1 703

LEFTY2 703

LEFTYA 703

Legionella spp. 862

LEOPARD syndrome 228, 459, 460

lepirudin 216

leptospirosis 862

levocardia 255, 702

isolated 708

levoisomerism 543

levosimendan 1027

Libman-Sacks endocarditis 994

lidocaine 801

in pregnancy 766

Lifetech Cera device 192

limb defect syndromes 86

limbus fossa ovalis 6

Linear Analog Scale 773

linkage analysis 27–9, 29

linkage disequilibrium 29

linkage-association studies 30

lipoproteins 959, 959

metabolism 958

5-lipoxygenase activating protein 75

lisinopril 948

Listeria monocytogenes 862

lithium, teratogenicity 83

liver disease

and ACHD 770

post-total right heart bypass 565

liver function tests 230

liver and pancreas complications 241–3

acute acalculous cholecystitis 242

acute liver failure 241–2

acute pancreatitis 242–3

biliary atresia 241

cholestasis 242

portal hypertension 242

liver transplantation 241

LMNA 827

Loeys-Dietz syndrome 431, 973–5

aortic regurgitation 428

classification 973

clinical characteristics 974–5

genetics 975

management 975

Loffler endocarditis 1038

long QT syndrome 110

losartan

aortic regurgitation 430

hypertension 948

low cardiac output syndrome 1026–7

low molecular weight heparin 213, 217

dosing and monitoring 217

reversal 217

low-density lipoprotein (LDH) 958

lung perfusion scintigraphy 467

Glenn anastomosis 558

total right heart bypass 563

lung transplantation 1014–15, 1015

lupus erythematosus

maternal 262

systemic see systemic lupus erythematosus

Lyme disease 998

lymphoproliferative disease 1013–14

machinery murmur 346

macrophage activation syndrome 993

magnetic resonance imaging see MRI

Mahaim conduction 8

Mahaim tachycardia 15

major aorto-pulmonary collateral arteries 258

maladie de Roger 328

malalignment VSD 330

malaria, and endomyocardial fibrosis 1039

malonyl coenzyme decarboxylase 75

malonyl coenzyme decarboxylase inhibitor 75

malposition of heart see situs abnormalities

malrotation 240–1

mammary souffle 97

Marfan, Antoine-Bernard 971

Marfan syndrome 82, 85, 87, 354, 431, 971–3

aortic regurgitation 428

clinical characteristics 971–2

diagnostic criteria 972, 972

differential diagnosis 974

management 973

mitral valve prolapse 389

pathophysiology 972–3

Maroteaux-Lamy syndrome 983, 987

systemic therapies 985

maternal history 83

maternal-fetal transfusion 85

maximum oxygen consumption 1003

Maze procedure 300

measles virus

immunization 1012

pericarditis 861

mechanical ventricular assistance 235–7

Meckel, Johann 436

meconium aspiration syndrome 258

Mef2c 4

MEK1 228

MEK2 228

Melody trans-catheter pulmonary valve 191

membranous septum, aneurysms of 331

MERRF syndrome 840

mesenchymal cap 7, 7

mesocardia 702

mesothelioma of AV node 966, 966

Mesp1 4

metabolic acidemia 255

metabolic syndrome 944, 957–8

metastatic tumors 967

metavinculin 827

methemoglobinemia 84, 256

methotrexate 928

methylation 30

methylprednisolone 928, 1007

methysergide-induced pericarditis 863

metoprolol

hypertension 948

in pregnancy 766

mexiletine 802

MHC 4

microarrays 227–8

clinical applications 228

limitations 228

microcephaly 754

microsatellites 27

midgut volvulus 240–1

midodrine 811–12

Miller-Edwards balloon 188

milrinone 833, 1026

minoxidil 949, 950

mitochondrial cardiomyopathy 839

mitral arcade 380

anomalous 393–4

mitral atresia 255, 380

mitral regurgitation 313, 386–400

acute severe 388

anatomic malformations 389–94

anomalous mitral arcade 393–4

double-orifice mitral valve 391–3, 392

Ebstein’s malformation see Ebstein’s 

malformation

hammock mitral valve 393

isolated cleft of posterior mitral valve 

leaflet 391, 392

isolated mitral valve cleft 390, 391

mitral valve chordal rupture 394

mitral valve prolapse 389–90, 389, 390

parachute mitral valve 380, 393, 393

submitral left ventricular aneurysm 394

associated conditions

Kawasaki disease 923

rheumatic heart disease 906, 908, 908, 911

Carpentier’s classification 388

chronic compensated 388

chronic decompensated 388–9

in congenitally corrected TGA 628

functional 394

ischemic 394

physiological/clinical presentation 388–9, 388

quantification 394–7

cardiovascular magnetic resonance 396–7, 397

three-dimensional echocardiography 396, 397

two-dimensional echocardiography 394–6, 

395, 396

surgical management 397–9, 398

mitral stenosis 379–83

acquired 379

associated conditions 380

congenitally corrected TGA 628

rheumatic heart disease 907, 908–9, 908, 911

clinical features 381–2

cardiac catheterization and angiography 382

chest X-ray 381–2
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clinical features (cont’d)

ECG 381

echocardiography 382

history 381

physical examination 381

congenital 379–80

embryology 380

incidence and genetics 379–80

long-term prognosis 383

management 382–3

catheterization 382

medical 382

surgical 382–3

natural history 381

pathophysiology 380–1

supravalvar 379

treatment 916

balloon mitral valvotomy 916

mitral valve

anatomy 386–8, 387, 388

annulus 386

leaflets 386

papillary muscles 386

tendinous cords 386

area 381

chordal rupture 394

cleft 390–1, 391, 392, 628

commissural fusion 380, 910

in congenitally corrected TGA 628

double orifice 380, 380, 391–3, 392

Ebstein’s malformation see Ebstein’s 

malformation

echocardiography 119, 124

flow dynamics 564

hammock 393

surgical management 397

hypoplasia 380

normal 309

parachute 380, 393, 393

surgical management 397

prolapse 389–90, 389, 390

causes 389

and infective endocarditis 872

management 389–90

regurgitation see mitral regurgitation

replacement 383

in rheumatic heart disease 910

stenosis see mitral stenosis

tensor apparatus 910

MLC 4

moderator band 8

monocrotaline 77

monocyte chemoattractant protein-1 77

Morquio syndrome 983, 984, 986–7

systemic therapies 985

mortality

aortic coarctation 273

aortic stenosis 273

ASD 273

atrial stenosis 493

atrioventricular septal defects 273, 313

cardiac transplantation 1001–3, 1002

common arterial trunk 273

congenital malformations 273, 273

hypoplastic left heart syndrome 273

patent ductus arteriosus 273

post-aortic coarctation repair 444

pulmonary stenosis 273

tetralogy of Fallot 273

TGA 273

VSD 273

motivational interviewing 956

movement disorders 756

MRI 157–63

cine MRI 157–8, 159

coronary artery imaging 158

flow quantification 158, 161–2

gadolinium-enhanced 3D angiography 158, 162

indications 163

aortic coarctation 440–1

aortic stenosis 410, 411

aortoventricular tunnel 433

ASD 295

AVSD 318–19

bicuspid aortic valve 418, 419

cardiac failure 1023

congenitally corrected TGA 633, 634

Ebstein’s anomaly 513

endomyocardial fibrosis 1041

hypoplastic left heart syndrome 528

interrupted aortic arch 450

mitral regurgitation 396–7, 397

myocardial viability 163, 165

PPAS 467

pulmonary arteriovenous malformations 

664

pulmonary artery sling 699, 700

pulmonary hypertension 737

pulmonic stenosis 462–3

supravalvar aortic stenosis 417

tetralogy of Fallot 599–600, 600

truncus arteriosus 656

univentricular heart 543–8, 545–50

vascular rings 672

perfusion imaging 160, 162–3

phase contrast 158

spin-echo (black blood) imaging 158, 161

stress imaging 160, 162–3

velocity-encoded cine 158

see also individual conditions

mucopolysaccharidoses 427, 982–91

cardiac findings 982–3, 984

categorization 983

systemic therapies 985

see also individual syndromes

multiple aortopulmonary collateral arteries 591, 

601, 602

mumps virus

immunization 1012

pericarditis 861

murmurs 81, 90, 93–8

Austin Flint 94

AVSD 314

cardiopulmonary 97

Carey Coombs 895

carotid bruit 97

cephalic bruit 97

continuous 95

diagnosis 255–6

diastolic 94–5

evaluation 98

functional 96

Graham Steell 95, 381–2

location in cardiac cycle 93

location on thorax 95

loudness 93

machinery 346

mammary souffle 97

in PDA 346

peripheral pulmonary artery stenosis 97

pitch 95

pulmonary flow 96

radiation 95

sawing wood 595

Still’s 96–7

systolic 93–4

venous hum 97

muscle LIM protein 827

muscular dystrophy 85

Mustard operation 620–2

MYBPC3 827

Mycobacterium tuberculosis 862

mycophenolate mofetil 1007, 1011

Mycoplasma hominis 862

Mycoplasma pneumoniae 862

MYH6 25

MYH7 827

MYH11 974

myocardial blood flow 55–65, 56

autoregulation 57

basal mechanisms 55–7, 56, 57

conditions affecting 62–3

coronary flow reserve 58–9, 58, 59

fractional flow reserve 65

metabolic regulation 57–8

pressure-flow relations 59–60

regional coronary flow reserve 59

regional distribution 56–7, 57

units of measurement 55

vascular tone regulation 60–2, 60, 61

myocardial bridges 688

myocardial disease 44

myocardial infarction 687–8

diagnostic features 688

etiology 687

Kawasaki disease 922–3, 923

treatment 688

myocardial ischemia 55, 62

ECG 110

Kawasaki disease 924–5

myocardial perfusion, radionuclide 

scintigraphy 166–7

myocardial sinusoids 574, 576

myocarditis 834–6, 1023

causes 834

clinical presentation 834

Dallas criteria 835

diagnosis 836

cardiac catheterization 835

chest X-ray 834

ECG 110, 834–5

echocardiography 835

endomyocardial biopsy 835

molecular methods 835

viral culture and serology 835
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epidemiology 834

future directions 836

histology 835

Kawasaki disease 923, 923

systemic lupus erythematosus 994

treatment 835

myocardium

depressed function 91

energetics 55

hibernating 167

immature 234

MRI 163, 163

oxygen consumption 55

oxygen demand 55

performance 38

protection 234

stunned 167

vascular tone 60–2, 60, 61

see also myocardial

myopalladin 827

myosin binding protein C 827

β-myosin heavy chain 827

myositis 82

MYPN 827

myxoma 964–5, 965

right atrial 403

nafcillin 863

endocarditis 881

NAME complex 965

National Health and Nutrition Examination 

Survey (NHANES) 944, 954

NEBL 827

nebulette 827

necrotizing enterocolitis 239–40, 264–5, 264

Bell staging system 264

Neisseria gonorrhoeae 862

Neisseria meningitidis 862

immunization 1012

neonate/neonatal

aortic coarctation 439

aortic stenosis 411–13

balloon valvoplasty 412–13

surgical intervention 412

arrhythmias 787

Chagas disease 1042–3

diagnosis 254–60

heart disease see congenital heart disease

infective endocarditis 875

intracranial hemorrhage 754

lupus 995

malposition of great arteries with VSD 646

and pulmonic stenosis 648

noncardiac problems 261–7

oxygen saturation 256

normal 256

persistent pulmonary hypertension 258–9, 731, 

733

diagnosis 258–9

inhaled nitric oxide therapy 259

preterm see preterm birth

pulmonic stenosis 463

right ventricular inflow obstruction 401

TGA 611–13, 613

echocardiography 614–15, 615

nephrotoxicity of calcineurin inhibitors 1013

nesiritide 1027

neural crest 5–6, 6

neurologic problems in preterm infants 265, 266

neuropeptide Y 62

neutrophil elastase 76

New England Regional Infant Care Program 

523

NFATc2 77

niacin 960

nicardipine 950

Nicoladoni-Branham sign 360

nifedipine

aortic regurgitation 430–1

hypertension 948

in pregnancy 766

nifurtimox 1043

nitrates in pregnancy 766

nitric oxide 40, 62, 71

persistent pulmonary hypertension of 

newborn 259

pulmonary hypertension 741

nitric oxide synthase 71, 73

endothelial 77

nitrites 74

nitroglycerin 1027

nitroprusside 833

cardiac failure 1027

in pregnancy 766

Nkx2.5 4, 6, 14, 15, 25, 28, 329

NKX2.5 703

mutations 7

Nocardia asteroides 862

NODAL 703

non-insulin-dependent diabetes mellitus 957

Noonan syndrome 28, 83, 86, 359, 466, 977

DNA sequencing 227, 228

pulmonic stenosis 459

norepinephrine 38

Norwood procedure 529–30, 530

Notch signaling pathway 77–8

NOTCH1 12, 359

mutations 417

NOTCH2 mutations 227

NOTCH4 359

NRAS 228

NRP1 359

NSAIDs 864

obesity 954

and ACHD 769

body mass index 84, 954, 955

and cardiovascular disease 955

chronic care model 956–7

epidemiology 954–5

genetic/prenatal determinants 955

and hypertension 944

prevention and treatment 955–6, 956

occlusion devices 192–6

atrial septal defect closure 192–3, 194

foreign body removal 195–6

PDA 192, 193

ventricular septal defect closure 193, 195

Occlutech Figulla device 192, 194

oculoauriculovertebral dysplasia 86

oligoarthritis 993–4

oligohydramnios 263

ectopia cordis 720

omega-3 fatty acids 960

omphalocele 592

omphalomesenteric veins 2

Online Mendelian Inheritance in Man 222

ophthalmoplegia 756

oral contraceptives 765

oral-facial-digital syndrome, situs ambiguus 

703

orthostatic hypotension 807

Osler-Weber-Rendu syndrome 359

Osler’s nodes 875

osteogenesis imperfecta 389, 976

aortic regurgitation 428

ostium primum 7, 290

AVSD 310, 314

defect 287

ostium secundum 6, 290

outpatient resources for ACHD 763–4

oxacillin 863

endocarditis 881

oxygen

blood content 184

dissolved 184

maximum oxygen consumption 1003

oxygen saturation 43–4, 184

neonatal

abnormal 256

normal 256

see also pulse oximetry

oxygen therapy

extracorporeal membrane oxygenation 235–7, 

719

in pulmonary hypertension 741

oxygen-carrying capacity 184

P selectin glycoprotein ligand 1 208

pacing

fetal 250–1

in syncope 812

pain

abdominal 896

chest

angina 82

carditis 894

history-taking 82

pericarditis 855

PAIVS 402, 511, 572–89

associated anomalies 577

cardiac catheterization 580

conduction system 577

ECG and chest X-ray 579

echocardiography 579–80

atrial septal defect 579

coronary arteries 579–80, 580

left heart structures 580

pulmonary arteries 579

pulmonary valve 579

right ventricle 579

tricuspid valve 579

epidemiology and genetics 572

fetal diagnosis 577–8

history and examination 578–9
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PAIVS (cont’d)

management 581–4, 581

biventricular pathway 584, 584

catheter intervention 582, 583

fetal intervention 581

late 582, 584

one-and-a-half ventricle pathway 584

surgical 582

transplantation 582

treatment algorithms 581, 581

univentricular pathway 584

morphology 572, 573

arterial duct 574, 575

coronary arteries 574, 576–7, 576, 576, 577

left-sided structures 577

pulmonary arteries 574

pulmonary valve 572–3, 573

right ventricle 574, 575

tricuspid valve 573–4, 573–5

pathogenesis 572

and pregnancy 585

prognosis 582, 584–5, 585

biventricular pathway 584

one-and-a-half ventricle pathway 584

right ventricle growth 584

univentricular pathway 584

right ventricular-dependent coronary 

circulation see under right ventricle

survival 585

pancreatitis, acute 242–3

PANDAS 896

papillary fibroelastoma 966

papillary muscles 386

in AVSD 310, 315

PAPVC see partial anomalous pulmonary venous 

connection

parachute mitral valve 380, 393, 393

surgical management 397

paradoxical embolization 297–8

paramethadione teratogenicity 83

paraplegia

catheter interventions 446

post-aortic coarctation repair 444

parasitic pericarditis 863

Park blade septostomy catheter 189

Parkes-Weber syndrome 359, 360

partial anomalous pulmonary venous 

connection 289, 290

management 298

treatment outcome 301

partial thromboplastin time 209

Pasteurella multocida 862

Patau syndrome 87, 223, 753

patent ductus arteriosus 81, 83, 255, 343–50, 609

associated conditions

infective endocarditis 872

pulmonary artery sling 697

thoracic aortic aneurysm 977

tricuspid atresia 492

truncus arteriosus 653

clinical history 345–6

complications 348

congestive cardiac failure 348

endocarditis 348

pulmonary vascular lesions 348

development 344

diagnosis

cardiac catheterization and 

angiography 347–8

chest X-ray 347

ECG 347

echocardiography 347, 347

differential diagnosis 348

embryology 344

environmental factors 344

epidemiology 343–4

genetics 343

history 343

mortality 273

occlusion 192–3, 193

pathology 344–5, 345

anatomy 344

Eisenmenger syndrome 345

left-to-right shunting 344

normal postnatal closure 344

right-to-left shunting 345

physical examination 346

prevalence 270, 343

treatment 348–50, 349

associated heart diseases 349

premature infants 349–50

patent foramen ovale 289, 292

closure 297–8

paradoxical embolization 297–8

and stroke 297–8

in TGA 610

Pathobiological Determinants of Atherosclerosis in 

Youth (PDAY) Study 958

pathophysiology

coronary 55–65

pulmonary vascular 71–80

PDA see patent ductus arteriosus

PDGF 76

pulmonary hypertension 744

PDGFRα 4, 6

mutations 7

pectinate muscles 278

pectus carinatum 85

pectus excavatum 85

Pediatric Cardiomyopathy Registry (PCMR) 

826

penetrance, reduced 30

penicillin G 878, 879, 880

penicillin V 898, 899

peptic ulcer disease 82

percutaneous valve replacement 191–2

perfusion imaging 160, 162–3

periarteritis nodosa, and pericarditis 864

pericardial diseases 855–70

chylopericardium 860, 863

effusion 133, 859, 860

pericarditis see pericarditis

pericardial friction rubs 98, 855

pericardiocentesis 859–60, 864

pericarditis 82, 855–62

autoimmune and connective tissue 

diseases 864

chronic 864

clinical history 855

constrictive 865–9, 865–8, 867

diagnosis

cardiac catheterization 858

chest X-ray 856, 857

ECG 110, 856, 858

echocardiography 856, 858, 858–61

drug-induced 863

etiology 861–2

hypothyroidism 863

infectious 861–3, 863

bacterial 861–2, 862

HIV 861, 863

tuberculous 863

viral 861, 861

Kawasaki disease 863, 923, 923

neoplastic disease 863

physical examination 855–6

recurrent 864

and renal failure 862–3

rheumatic diseases

systemic arthritis 992

systemic lupus erythematosus 994

trauma 863

pericardium

anatomy and physiology 855, 856

congenital abnormalities 864–5

absence of pericardium 864

pericardial cysts 864–5, 865

echocardiography 125, 132, 133

function 51–2

parietal 855

tumors of 964

visceral 855

perimembranous outlet VSD 330

perimembranous VSD 195, 330, 331

perioperative brain injury 754–5

periostin 12, 14

peripheral edema 99

peripheral pulmonary artery stenosis 466–9

clinical features 466–7

embryology 466

incidence and genetics 466

long-term prognosis 468–9, 469

management 467–8

natural history 468–9

pathology 466

pathophysiology 466

periventricular leukomalacia 265, 266

persistent junctional reciprocating 

tachycardias 790

persistent left superior vena cava 518–19

and pulmonary artery sling 697

persistent pulmonary hypertension of 

newborn 258–9, 731, 733

diagnosis 258–9

inhaled nitric oxide therapy 259

personality traits 776

pertussis immunization 1012

PET 64

pharyngeal arches 2

phase contrast MRI 158

phenotype 24–6, 25, 25

phenylephrine 801

phenytoin

and pericarditis 863

teratogenicity 83
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phosphodiesterase inhibitors 74, 75

pulmonary hypertension 743

phospholamban 827

physical counterpressure maneuvers 811

physical examination 83–8

abdomen 98–9

cardiac auscultation 87–8

cardiac sounds 88–98, 89

pericardial friction rubs 98

peripheral edema 99

respiration 85

skin 99

skin color 84–5

syndromes 85, 86–7

thorax 85

physiology see coronary physiology

Pierre-Robin syndrome, and tetralogy of 

Fallot 592

Pitx2 8

PITX2 703

plain film imaging see chest X-ray

plant sterols 960

plasminogen activator inhibitor 208

plastic bronchitis  503, 532, 565, 746

platelet activation 209

platelet-derived growth factor see PDGF

platypnea-orthodeoxia syndrome 290

management 298–9

pleurisy 82

pleuritis 82

plexiform lesions 332

PLN 827

pneumonia 82, 84

pneumopericardium 858

pneumothorax 84

spontaneous 82

Poiseuille equation 48

polio immunization 1012

polyarteritis nodosa 996

polyarthritis 993–4

polycythemia 53, 256

and myocardial blood flow 63

polymyositis 76

polysplenia/left isomerism 543, 703, 712–13, 712

clinical features and diagnosis 714–15

medical management 716

natural history 716

surgical management

biventricular repair 718–19

single-ventricle repair 717–18

polyvalvular disease, congenital 403

Pompe disease 838

ECG 102

population-based studies 27

portal hypertension 242

portopulmonary hypertension 733

portosystemic fistula 364

positron emission tomography see PET

post-streptococcal reactive arthritis 894

posterior heart field 4

postoperative complications 239–47

acute kidney injury 243–5, 243, 244

gastrointestinal 239–41

abdominal compartment syndrome 240

inability to eat 241

malrotation and midgut volvulus 240–1

necrotizing enterocolitis 239–40

liver and pancreas 241–3

acute acalculous cholecystitis 242

acute liver failure 241–2

acute pancreatitis 242–3

biliary atresia 241

cholestasis 242

portal hypertension 242

seizures 755

postpericardiotomy syndrome 864

Pott’s shunt 232

pulmonary hypertension 744

PPARγ agonists 75, 75, 77

PPAS see peripheral pulmonary artery stenosis

PR interval, short 90

prazosin 949

pre-eclampsia 262

pre-Eisenmenger syndrome, nonoperable 746

pre-ejection period 54

pre-excitation 108

precapillary arteries 71

precordial bulge 85

precordial catch syndrome 82

prednisolone 928

prednisone 898, 1007

pregnancy

ACHD 766, 767–9, 767

anticoagulation 768

care plan 768

maternal and fetal outcomes 767–8, 768

percutaneous and surgical 

interventions 768–9

and congenitally corrected TGA 631

detection of congenital malformations 248–9

Ebstein’s anomaly 513

fetal therapies see fetal therapies

and PAIVS 585

physiology 767

and total right heart bypass 560

and VSD 339

preload 37–8

premature beats 794

treatment 804

premature preterm prolonged rupture of 

membranes 263

presenilin 2 827

pressure-flow relations 59–60

pressure-volume loops 47, 49

preterm infants 261

complications 262

feeding and gastrointestinal problems 263–6, 

264, 264, 265

neurologic problems 266

PDA 349–50

respiratory problems 262–3

ECG 111

late 261–2

maternal considerations 262

risk factors 262

threshold of viability 261

prevalence 26

primary heart field 2, 6

primary ring/fold 8

primitive interventricular septum 329

primum defect 7, 289

procainamide 801, 802

arrhythmogenic cardiomyopathy 844

and pericarditis 863

in pregnancy 766

proepicardial organ 4, 4, 5

progesterone contraception 766

pronator sign 896

Propionibacterium acnes 920

propranolol 802

arrhythmogenic cardiomyopathy 844

hypertension 948

hypertrophic cardiomyopathy 837

in pregnancy 766

tetralogy of Fallot 600

prostacyclin 40, 62, 76

prostacyclin analogs 742

prostacyclin synthetase overexpression 75

prostaglandin E1

CHD 257–8

hypoplastic left heart syndrome 528

TGA 617

prosthetic patch aortoplasty 442, 443

prosthetic valve endocarditis 872–3

protein-losing enteropathy 532

post-total right heart bypass 565

prothrombin time-INR 209

protozoal pericarditis 863

PSEN2 827

Pseudomonas aeruginosa 862

pseudoxanthoma elasticum 389, 976

pSmad 8 mutation 77

psoriatic arthritis 994

psychiatric diagnostic criteria 779

psychopathologic symptoms 776

psychosexual issues 779–80

PTEN hamartoma syndromes 359

PTPN11 25, 28, 228

pulmonary:systemic flow ratio 184

pulmonary arterial blood oxygen saturation 43–4

pulmonary arteriovenous fistula 710

pulmonary arteriovenous malformations 660–6

anatomy and pathogenesis 661–2

complications 665

diagnosis 662–4

approach to 664

cardiac catheterization and angiography 

664

chest X-ray 662, 663

CT 663–4, 663

echocardiography 663

MRI 664

shunt fraction 662–3

embryology 661

etiology 660–1

incidence and genetics 660

long-term prognosis 665

management 664–5

medical 664

surgery 664–5

physical signs 662

symptoms 662, 662

pulmonary artery 71

anomalous left coronary artery from see 

ALCAPA



Index

1068

pulmonary artery (cont’d)

anomalous right coronary artery from see 

ARCAPA

banding 231–2, 501, 647, 745

development of 16–18, 17

echocardiography 125, 126

endothelial cells 73

flow dynamics 560, 564

muscularization of 73

in PAIVS 574, 579

post-TGA correction 618–19

repositioning of 643

right ventricle conduits 211–12

stenting 196

pulmonary artery hypertension

idiopathic 73

pathobiology 73

pathogenesis 78

vasodilator therapy 73–5, 75

pulmonary artery pressure 292, 732

pulmonary artery sling 696–701

associated anomalies 697

clinical history 698

diagnosis

barium-filled esophagram 698, 698

cardiac catheterization and angiography 699

chest X-ray 698

ECG 698

echocardiography 698

differential diagnosis 699

embryology 696

history 696

incidence and genetics 696

long-term prognosis 700

management

medical 699

surgical 699–700

natural history 697

pathologic anatomy 696–7, 697

pathophysiology 697

physical examination 698

trachea in 699

pulmonary artery stenosis 97

peripheral see peripheral pulmonary artery 

stenosis

pulmonary atresia 43, 81, 158, 171, 255

associated conditions

congenitally corrected TGA 628

Ebstein anomaly 511

infective endocarditis 872

intact interatrial septum 250, 270

intact interventricular septum see PAIVS

tetralogy of Fallot 592, 595

VSD 268, 270

ductal angle 575

fetal therapy 250

pathology 575

prevalence 270

radiofrequency perforation 190

pulmonary band 323

pulmonary blood flow 492, 732

decreased 500–1, 500

increased 500, 500, 501

in univentricular heart 540, 541–2, 541

pulmonary capillary hemangiomatosis 733

pulmonary circulation

changes at birth 40–2, 41

and ventricular outflow obstruction 43

pulmonary coarctation 466

pulmonary edema 84, 171

pulmonary embolism 82

pulmonary flow 185–6, 185, 186

murmurs 96

pulmonary hypertension 297, 730–52

associated conditions

ASD 292

collagen vascular disease and 

inflammation 76–7

congenital heart defects 71–3, 72

Fontan circulation 746

rheumatic heart disease 915

brain natriuretic peptide in 737–8

chronic hypoxia-induced 75–6

clinical history and physical examination 734, 

734

definition and classification 730–1, 731

diagnosis 738, 739–40

cardiac catheterization 736

chest X-ray 735, 736

CT 738

ECG 734, 735

echocardiography 735–6, 737

MRI 737

epidemiology and genetics 731–2

exercise capacity 736–7

functional classification 734

idiopathic 77–8, 78

management 740–4, 741

atrioseptostomy 743–4

coexisting CHD 744–6

future therapies 744

medical therapy 740–1

Pott’s shunt 744

targeted therapies 742–3

transplantation 744

outcome 746–7

pathophysiology 732–4

CHD 732, 734

chronic liver disease 733

hemoglobinopathies 732–3

idiopathic 732

left heart diseases 733

neonatal/chronic lung disease 733–4

persistent pulmonary hypertension of 

newborn 258–9, 733

pulmonary capillary hemangiomatosis 733

pulmonary veno-occlusive disease 733

persistent post-repair 746

toxin-induced 77

pulmonary hypoplasia 263

pulmonary plethora 493

pulmonary regurgitation 605

pulmonary stenosis 28, 255

in congenitally corrected TGA 628

and infective endocarditis 872

mortality 273

prevalence 270

univentricular heart 541–2

pulmonary trunk 280

coronary arteries from

all coronary arteries 682

left anterior descending or left circumflex 

coronary artery 686–7

left coronary artery see ALCAPA

right coronary artery see ARCAPA

pulmonary valve

absent, with tetralogy of Fallot 591–2, 594–5

balloon dilatation 582

Melody trans-catheter 191

in PAIVS 572–3, 573

replacement 605

transcatheter 606

pulmonary vascular disease

and AVSD 313

and PDA 348

in TGA 610

pulmonary vascular hypertension 71

pulmonary vascular resistance 186, 732

changes at birth 40

fetal 36

hindrance 187

and viscosity 187

pulmonary vascular system

chest X-ray 170–1, 170, 171

development of 71–3, 72

pathophysiology 71–80

pulmonary veins

atresia 374–7

dilation 190

echocardiography 118, 122, 123

flow dynamics 564

hypoplasia 374–7

pulmonary vein stenosis 374–7

associated anomalies 375

cardiac catheterization and angiography 376

clinical features 375–6

chest X-ray 376

ECG 376

echocardiography 376

history 375–6

physical examination 376

embryology 374–5

long-term prognosis 377

management 376–7

natural history 374

pathologic anatomy 375

pathophysiology 374, 375

pulmonary veno-occlusive disease 733

pulmonary venous connections

abnormal 6–7

in situs abnormalities 710–11

pulmonic stenosis 459–65

clinical history 460

diagnosis

angiography 462

cardiac catheterization 462

chest X-ray 461

ECG 460–1

echocardiography 461–2, 461

MRI 462–3

embryology 459

incidence and genetics 459
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long-term prognosis 465

malposition of great arteries with VSD 648–9

management 463–5

balloon valvoplasty 463–5, 464

infants 463

neonates 463

surgical valvotomy 465

natural history 465

pathology 459

pathophysiology 459–60

physical examination 460

pulse

bounding 346

collapsing 344

Corrigan’s 429

Quincke’s 346

in tetralogy of Fallot 593

water hammer 429

pulse oximetry 256–7

abnormal oxygen saturation 256

age at screening 256–7

benefits 257

cut-off 257

discharges with undiagnosed heart disease 257

drawbacks 257

normal oxygen saturation 256

probe site 257

sensitivity 257

signal quality and newborn behavior 257

tricuspid atresia 499

pulsed Doppler 115

pulsus paradoxus 856, 858

Purkinje fibers 15

PVS see pulmonary vein stenosis

pyrazinamide 863

pyrrolizidine alkaloids 77

Q fever 863

22q11 deletion syndrome see DiGeorge 

syndrome

Quality of Life Questionnaire of the World Health 

Organization 773

quinapril 948

Quincke’s pulse 346

quinidine 802

rabies immunization 1012

Racl 651

radiation protection 180–1

radiofrequency perforation 190

radiographic imaging 157–76

chest X-ray see chest X-ray

CT 163–6

MRI 157–63

radionuclide scintigraphy 166–9

radionuclide scintigraphy 166–9

CHD 168–9, 168, 169

coronary artery disease in infants 169

inflammation 169

myocardial perfusion 166–7

shunt 166, 167

technetium-99m-labeled tracers 167–8

thallium 167, 168

ventricular function 166

radionuclide ventriculography 633

rads 180

RAF1 228

Raghib syndrome 290, 295, 519

rales 85

rapamycin 75

rapeseed oil 77

rapidly involuting congenital hemangioma 359

RASA1 gene mutation 359

Rashkind balloon atrial septostomy 192, 616

Rashkind, William 188

Rastelli classification 311

Rastelli operation, with REV 643

Rastelli-Senning procedure 635

Raynaud’s phenomenon 994

RBM20 827

recoarctation 446–7

management 447

recurrent laryngeal nerve injury 241

regional coronary flow reserve 59

regurgitation 141

relationship problems 779–80

rems 180

renal dysfunction

and ACHD 770

and pericarditis 862–3

post-transplant 1014

renal replacement therapy 245

renin-angiotensin-aldosterone system 1021, 

1024

réparation à l’étage ventriculaire (REV) 643

reproductive issues in ACHD 779–80

see also contraception; pregnancy

respiration 85

respiratory distress syndrome 84, 258, 262–3

risk factors 262

respiratory exchange rate 200

respiratory syncytial virus pericarditis 861

restrictive cardiomyopathy 826, 840–2, 840

clinical presentation and diagnosis 841–2

echocardiography 841, 842

epidemiology 840

etiology and pathology 840, 841

prognosis 841

treatment 841

vs. constrictive pericarditis 867–9, 867, 

868, 869

resynchronization therapy 633

retransplantation 1005, 1014

retroesophageal subclavian artery 669, 670

revascularization therapy 930

reverse cholesterol transport 958

Reynold’s number 93

rhabdomyoma 402–3, 471, 964, 964

rheumatic diseases 992–1000

dermatomyositis 76, 864, 997

juvenile idiopathic arthritis 992–4

Lyme disease 998

sarcoidosis 997

side effects of anti-rheumatic medications 998

side effects of cardiovascular medications 998

systemic lupus erythematosus see systemic lupus 

erythematosus

systemic sclerosis (scleroderma) 997

vasculitides 995, 995

Behçet syndrome 354, 428, 997

cardiac conditions mimicking 997

Churg-Strauss syndrome 996

Cogan syndrome 997

polyarteritis nodosa 996

Takayasu’s arteritis see Takayasu’s 

arteritis

Wegener’s granuloma 864, 995–6

rheumatic fever 427, 888–904

clinical features 892–6

arthritis 893–4

carditis 894–5

echocardiography 895

erythema marginatum 896

subcutaneous nodules 896

Sydenham’s chorea 895–6

diagnosis 892–3, 893

differential diagnosis 894

epidemiology 888–9

laboratory testing 897

pathogenesis 889–92, 889, 890

environmental factors 892

host factors 891

host immune response 891–2

organism 889–91

pathology 892

prevention 898–900, 899

public health perspective 917

recurrence 914, 915

prophylaxis 915

treatment 897–8, 898, 899

arthritis 897

carditis 897–8

group A streptococci 897, 898

Sydenham’s chorea 898

rheumatic heart disease 905–18

A.S.A.P. model 1037

clinical features 906–12, 907–10, 910, 

911

aortic regurgitation 909, 911

combined valve lesions 912

mitral regurgitation 906, 908, 908

mitral stenosis 907, 908–9, 908

tricuspid regurgitation 909, 912

complications 915

dysrhythmias 915

infective endocarditis 872, 914–15

pulmonary arterial hypertension 915

rheumatic fever recurrence 914, 915

thromboembolism 915

ventricular dysfunction 915

diagnosis

chest X-ray 912, 912

ECG 912, 913

echocardiography 912–14, 913, 914

epidemiology 905–6

pathogenesis 906

pathology 906

prevalence 905–6

public health perspective 917

treatment 915–17

mitral stenosis 916

prophylactic 915–16
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treatment (cont’d)

regurgitant lesions 916

surgery 916–17

underdeveloped countries 1037–8

rheumatoid arthritis 76

Rho-kinase inhibitors 74, 75, 77

Rho-kinase pathway 71

RhoA 4, 6, 14

rickettsial pericarditis 863

rifampicin 863

endocarditis 881

RIFLE classification 243

right heart bypass

partial see Glenn procedure, bidirectional

total see total right heart bypass

right ventricle 278, 279

aneurysm 605–6

bipartite 578, 579

blood flow 65

coronary artery connections 574, 576, 580, 

580

double outlet 9, 12, 268, 639, 641

with dextrocardia 706, 707

surgical repair 642

ejection volume 92

growth of 584

hypertrophy 108–9, 125

hypoplastic 401–2

inflow obstruction 401–5

carcinoid syndrome 403–4

children and adolescents 403

congenital polyvalvular disease 403

cor triatriatum dextrum 402

isolated hypoplastic right ventricle 401–2

neonatal period 401

rhabdomyoma 402–3

right atrial myxoma 403

tricuspid stenosis 403

inlet 8–9, 9

outflow obstruction 92, 459–75

peripheral pulmonary artery stenosis 

466–9

subvalvar stenosis 469–71

tetralogy of Fallot 590

valval pulmonic stenosis 459–65

in PAIVS 574, 575, 579

pulmonary artery conduits 211–12

single 538–9

tripartite 579

unipartite 579

right ventricular-dependent coronary 

circulation 574, 576–7, 576, 577

prognosis 584

right-sided cardiac failure 514

right-to-left shunts 84, 185, 345, 558

post-bidirectional Glenn procedure 558

post-total right heart bypass 564

ring theory 14

RNA binding motif protein 20 827

roentgens 180

Roger, Henri Louis 94

Ross procedure 413–14

Ross-Konno procedure 451

Roth’s spots 875

rubella 23, 83, 466

immunization 1012

and PDA 344

pericarditis 861

Rubinstein-Taybi syndrome 86, 523

S100A4/Mts1 73, 74, 76

Sagawa’s time-varying elastance model 47

St Vitus dance 895–6

salicylates 897

Salmonella spp. 862

salt intake 810

Sanfilippo syndrome 983, 986

systemic therapies 985

Sanger sequencing 226–7, 227

limitations 227

sarcoglycans 827

sarcoidosis 997

sarcoma 966–7, 967

Satisfaction with Life Scale 773

sawing wood murmur 595

scarlet fever 920

Scheie syndrome 983–5, 983, 984, 985

schistosomiasis 76

Scimitar syndrome 290, 293, 705

dextroversion in 705

management 298

pathophysiology 291

treatment outcome 301

scleroderma 76

SCN5A 827

scoliosis 85

secondary heart field 2, 4, 9

γ-secretase inhibitors 75

secundum defect 7, 25, 286–7, 289, 290

closure

device 300–1

surgical 296–7

spontaneous closure 291

treatment outcome 299–301

seizures, postoperative 755

selective serotonin reuptake inhibitors see SSRIs

semilunar valves

abnormalities 12, 14

echocardiography 121–3, 128, 129

formation of 12–14, 13

regurgitation 141

stenosis 140–1

in truncus arteriosus 652

Senning operation 620–2

septal defects 285, 287

atrial see atrial septal defect

atrioventricular see atrioventricular septal defect

ventricular see ventricular septal defect

septal morphology 285–8, 286

atrioventricular septal defects see 

atrioventricular septal defect

interatrial communications 286–7

ventricular septal defect see ventricular septal 

defect

septation 3

septomarginal trabeculation 125

septum primum 289

defect see primum defect

septum secundum 6, 7, 7, 286, 289

defect see secundum defect

sequential segmental analysis 276–85

atrial arrangement 280–1, 280

atrioventricular junctions 281–2

basic analysis 280

cardiac segments 276, 277

morphological method 277–80, 278–80

ventricular topology 282–3

ventriculoarterial junctions 283–5, 283–5

SERCA2a 1022

serology 230

serotonin 744

serotonin reuptake inhibitors 427

pulmonary hypertension 744

SERPINH1 976

sertraline 812

sestamibi 168

SGCD 827

SHOC2 228

Shone syndrome 380, 393, 414, 448, 524

Short-Form Health Survey (SF-36) 773

Shox2 6, 14, 15

Shprintzen syndrome see velocardiofacial 

syndrome

Shprintzen-Goldberg syndrome 977

shunt fraction 662–3

shunts 185

aortopulmonary 231, 343–53

anomalous pulmonary artery from aorta 351

aortopulmonary window 350–1

hypoplastic right ventricle 402

PDA 81, 83, 255, 343–50

ASD see atrial septal defect

bidirectional 185

calculations 184

chest X-ray 170

circular 514

echocardiography 141–3, 142

left-to-right 185, 186, 344

atrial 615

radionuclide scintigraphy 166, 167

right-to-left 84, 185, 345

post-bidirectional Glenn procedure 558

post-total right heart bypass 564

systemic-pulmonary artery 210–11, 211, 232

Blalock-Taussig see Blalock-Taussig shunt

complications 232

Cooley-Waterston 232

Pott’s 232

see also individual shunts

sieverts 180

sildenafil 259

pulmonary hypertension 743

simple sequence tandem repeats 27

Simpson’s rule 127

simvastatin 77

pulmonary hypertension 744

single nucleotide polymorphisms (SNPs) 27

single-photon emission computed tomography see 

SPECT

sinoatrial node 14

sinoatrial re-entry tachycardia 788

sinus bradycardia 793
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sinus tachycardia 786–7, 788

sinus of Valsalva 15

abnormal coronary artery origin

abnormal orifice/intramural course 674–5, 676

associated anomalies 679

clinical features 680

diagnosis 680

imaging 681

left circumflex arteries from right sinus 676, 

677

left main coronary artery from right 

sinus 675, 676

mechanisms of death 680

natural history 680, 680

pathology and pathophysiology 679–80

right coronary artery from left sinus 676, 677

single coronary artery 676, 678, 679, 679

treatment 681

aneurysm 354–7, 471

genetics 354

incidence 354

laboratory investigations 355–6

management 356

natural history and clinical features 354–5, 

355

pathologic anatomy 354

echocardiography 122

sinus venosus 2, 4, 5, 15, 290

ASD 7

defects 287, 290

closure 298

incorporation 6–8, 7

SIRS 245

sitaxsentan 743

situs abnormalities 702–29

atrial situs 702–4

cardiac morphology 710–13, 711–13

cardiac transplantation 719–20

clinical features and diagnosis 713–15, 714, 715

ectopia cordis 285, 702, 720–1

levocardia 255, 702

mechanical assistance 719

medical management 716

mesocardia 702

natural history 715–16

thoracopagus conjoined twins 721–2, 721

see also individual abnormalities

situs ambiguus 703, 710

genetics 703–4

surgical management 716–19

biventricular repair 718–19

single-ventricle repair 716–18

see also asplenia/right isomerism; polysplenia/

left isomerism

situs inversus 703, 707–8, 709

with dextrocardia 708, 709

diagnosis 709

CT 165

surgical management 709–10

situs solitus 626, 632, 698, 702–3

with dextrocardia 704–7, 704–8

diagnosis 709

surgical management 709–10

skeletal dysplasia 427

skin

color 84–5

examination 99

SLC2A10 974

sleep apnea and ACHD 769–70

Sly syndrome 983, 987

systemic therapies 985

smallpox immunization 1012

Smith-Lemli-Opitz syndrome 523

situs ambiguus 703

smoke ring rash 896

smooth muscle cells 72, 73

sodium channel 827

sodium nitroprusside 950

solitary arterial trunk 280

soluble guanylate cyclase 744

sorafenib 744

SOS1 228

sotalol 802

arrhythmogenic cardiomyopathy 844

in pregnancy 766

SPECT 925

spin-echo (black blood) imaging 158, 161

spina vestibuli see dorsal mesenchymal protrusion

spinal dural AVF 362

spirochetal pericarditis 863

spironolactone

hypertension 949

in pregnancy 766

splenic syndromes 281

splenomegaly 875

splinter hemorrhages 875

spondyloarthropathies, and pericarditis 864

spondyloepiphyseal dysplasia, Omani-type 427

square root sign 867

SSRIs 812

staphylococcal endocarditis 880, 881

Staphylococcus aureus 862

endocarditis 880

infective endocarditis 873

Staphylococcus epidermidis 880

Starnes procedure 514

static balloon dilation 188–9

statins 75, 960

steady-state free precession (SSFP) imaging 158

stents

aortic coarctation 445, 445

atrial septum 189

endovascular, PPAS 468

intravascular 190, 191

pulmonary artery 196

Stewart-Bluefarb syndrome 366

Stewart-Hamilton equation 185

Still, George Frederick 97

Still’s murmur 96–7

strain/strain rate 134–5, 135

streptococcal endocarditis 877–9, 878–80

streptococcal pyogenic exotoxin 920

Streptococcus bovis 877

Streptococcus pneumoniae 862

immunization 1012

infective endocarditis 873

Streptococcus pyogenes 888, 889–91, 890

streptokinase 863

stress echocardiography 143

stress imaging 160, 162–3

striae distensae 972

stridor 82, 671

stroke 756–7

post-aortic coarctation repair 444

and SVA 354

stroke volume 55

stromal-derived factor-1 77

stunned myocardium 167

subaortic stenosis 414–16, 427

cardiac catheterization 415

clinical findings 415

Damus-Kaye-Stansel anastomosis 556

echocardiography 415, 415

management 415–16

natural history 414–15

pathogenesis 414

pathology 414

recurrence 416

subaortic VSD 330

subclavian artery, retroesophageal 669, 670

subclavian AVF 365–6

subclavian flap aortoplasty 442, 443

subclavian steal 807, 810

subjective health status 773, 774–5

subpulmonic stenosis 616

in congenitally corrected TGA 628

substance P 62

subvalvar stenosis 469–71

anomalous muscle bundles 470–1

angiocardiography 471

cardiac catheterization 471

echocardiography 470

physiology 470, 470

treatment 471

and infective endocarditis 872

isolated infundibular 469

echocardiography 469–70

natural history 470

physiology 469

treatment 470

sudden death in athletes 814–18, 815

congenital coronary anomalies 815

demographics 818–19, 819

differential diagnosis 817

hourly distribution 816

hypertrophic cardiomyopathy 814–15, 815

mechanisms 819

prevalence and significance 818, 818

sulfadiazine 899

superior vena cava

echocardiography 119–22

fetal blood flow 34

flow dynamics 560

left, persistent 518–19, 697

supravalvar aortic stenosis 416–17, 417

cardiac catheterization 417

echocardiography 416–17, 417

management 417

MRI 417

natural history 416

pathology 416

pathophysiology 416
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supravalvar mitral stenosis 379

supraventricular premature contractions 794

supraventricular tachycardia 789, 796

surfactant 263

surgical management

aortic coarctation 442–4, 647

complications 444

extended end-to-end anastomosis 443–4, 

443

interposition grafts 443, 443

prosthetic patch aortoplasty 442, 443

resection and end-to-end anastomoses 

442

subclavian flap aortoplasty 443

aortic regurgitation 431

aortic stenosis

neonates 412

older children 413–14

aortoventricular tunnel 434

AVSD 319–24

complete AVSD 320–1

double-orifice left AV valve 323–4

modified one-patch technique 321–2, 324, 

324

one-patch technique 312, 322, 322

operative techniques 319, 320

palliative 323

partial AVSD 319–20, 321

postoperative status 324

prognosis 325

transitional/intermediate AVSD 320

two-patch repair 321, 323, 323

bicuspid aortic valve 419–20

cor triatriatum 378–9

dilated cardiomyopathy 833

Ebstein’s anomaly 514–15

endomyocardial fibrosis 1041–2

hypoplastic left heart syndrome 529–31, 530

bidirectional Glenn procedure 530–1

Fontan procedure 531

Norwood procedure 529–30, 530

postoperative management 531

interrupted aortic arch 450–1, 451

Kasai operation 241

PAIVS 582

postoperative complications 239–47

acute kidney injury 243–5, 243, 244

gastrointestinal 239–41

liver and pancreas 241–3

seizures 755

pulmonary arteriovenous malformations 

664–5

pulmonary artery sling 699–700

pulmonic stenosis repair 465

PVS repair 376–7

rheumatic heart disease 916–17

secundum defect closure 296–7

situs abnormalities 716–19

situs ambiguus 716–19

biventricular repair 718–19

single-ventricle repair 716–18

situs inversus 709–10

situs solitus 709–10

TAPVC 482–5, 483, 484

tetralogy of Fallot 602–4

TGA 617–22, 617–19, 621

arterial switch operation 617

atrial repair 620–2

atrial switch operation 618

congenitally corrected 633–6

post-neonatal period 620

TGA with VSD

anatomic repair 642

arterial switch with VSD closure 643

Bex-Nikaidoh operation 643

classification 645–6, 645

intraventricular repair 642–3, 642

nonanatomic repair 643–4

preoperative evaluation 644–5

Rastelli and REV 643

tricuspid regurgitation 635

truncus arteriosus 655–7

univentricular heart 554–63, 555

bidirectional Glenn procedure 556–8

Damus-Kaye-Stansel anastomosis 556, 

556

initial palliative surgery 555–6, 556

risk factors 557

total right heart bypass 559–63

vascular rings 672

VSD repair 337–8

see also named procedures

surgical scars, feelings regarding 779

survivin 77

SVA see sinus of Valsalva aneurysm

Swiss cheese defects 336

Sydenham’s chorea 895–6

treatment 898

syncope 806–13

age at presentation 806

causes 806–9, 807, 808

cardiac syncope 806–7

extracardiac syncope 807, 809

incidence 806

pacemaker therapy 812

patient evaluation 808, 809–10

history 809

laboratory tests 810

physical examination 809–10

tilt testing 810

pharmacological therapy 811–12

β-blockers 811

fludrocortisone 811

midodrine 811–12

SSRIs 812

physical therapy 810–11

exercise training 810–11

increased salt and fluid 810

physical counterpressure maneuvers 811

tilt-test training 811

and SVA 354

vasovagal 806, 807

syndrome X see metabolic syndrome

syphilis 863

systemic artery aneurysm in Kawasaki 

disease 923

systemic blood flow 185–6, 185, 186

in univentricular heart 540–1

systemic inflammatory response syndrome see 

SIRS

systemic lupus erythematosus 76, 427, 994–5

maternal 83

neonatal 995

and pericarditis 864

systemic oxygen delivery 53–4, 53

systemic sclerosis (scleroderma) 997

systemic vascular resistance 53

systemic veins

dilation 189–90

echocardiography 117, 118–22

systemic venous connections, in situs 

abnormalities 710, 711

systemic-pulmonary artery shunts 232

Blalock-Taussig see Blalock-Taussig shunt

complications 232

Cooley-Waterston 232

Pott’s 232

thrombosis in 210–11, 211

systolic:diastolic pressure-time index 64

systolic area index 869

systolic murmurs 93–4

ejection 94

late 94

pansystolic 93–4

systolic pressure-time index 64, 407

systolic ventricular junction 128, 130–2

T-box genes 4

tachycardias 59, 256, 785–93

accessory pathway 787, 788

atrial ectopic 788

atrial fibrillation 292, 293, 789–91, 791

atrial flutter 292, 293, 788–9, 791

atrioventricular node re-entry 787–8, 791

emergency treatment 800–2

junctional ectopic 791–2, 792

junctional reciprocating 788, 790

and myocardial blood flow 62

with normal QRS duration 788

persistent junctional reciprocating 790

with prolonged QRS duration 796

re-entrant vs. automatic 785–6

sinus 786–7

supraventricular 789

ventricular 792–3, 792

ventricular fibrillation 793

tachypnea 85

tacrolimus 1007

tadalafil 743

tafazzin 827

tagging 29

Takayasu’s arteritis 76, 354, 996–7

aortic regurgitation 428

and pericarditis 864

tamponade 52

TAPVC see total anomalous pulmonary venous 

connection

Taussig-Bing anomaly 12, 436

Tbx1 4, 9

mutations 12

Tbx2 5, 15

Tbx3 5

Tbx5 4, 14, 329

mutations 7, 25

Tbx18 6, 14, 15
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Tbx20 4

TCAP 827

technetium-99m-labeled tracers 167–8

telethonin 827

tenascin-C 71, 73

tension-time index 55

teratogens 23, 83

teratoma 964

terazosin 949

tetanus immunization 1012

tetralogy of Fallot 9, 12, 81, 83, 84, 135, 224, 255, 

590–608

with absent pulmonary valve 591–2, 594–5

anatomy 590–1, 591

aortic override 591

associated conditions 592

with AVSD 311

cardiac catheterization 601–2, 602–4

cytogenic defects 7–8

diagnosis 595–600, 595, 596

CT 164, 599–600

echocardiography 596–9, 596–9

MRI 599–600, 600

and Down syndrome 313, 591, 592

and infective endocarditis 872

medical management 600–1

mortality 273

natural history 592–3

physical examination 593–4

postoperative problems 604–6, 605

prevalence 270, 271, 592

prognosis 604–6

with pulmonary atresia 592, 595

with right ventricular outflow obstruction 590

single gene defects 7–8

surgical repair 602–4

with VSD 590–1, 591

TGA see transposition of great arteries

TGFβ 4, 5, 18, 73

TGFBR1/2 974

thalidomide 23, 83

thallium 167, 168

Thebesian veins 16

thermodilution 184–5

thiazides, in pregnancy 766

thoracic organs in situs abnormalities 710

thoracopagus conjoined twins 721–2, 721

thorax 85

three-dimensional rotational angiography 182, 

184

threshold of viability 261

thrifty phenotype 955

thrombin inhibitors 215, 218

thrombocytopenia-absent radius syndrome 86

and tetralogy of Fallot 592

thromboelastogram 210

thromboembolism

post-total right heart bypass 564–5

rheumatic heart disease 915

thrombolytic therapy 218

thrombophilia 208

thrombosis 206–21

ACHD 764

anticoagulants see anticoagulants

arterial 212

CHD 210–12

bidirectional cavopulmonary 

anastomosis 211

cardiomyopathies 212

Fontan procedure 211

right ventricle-pulmonary artery 

conduits 211–12

systemic-pulmonary artery shunts 210–11, 

211

valve replacement 212

intracardiac 212

venous 212

see also hemostasis

thromboxane 73

thromboxane A2
 208

thyroid function tests 230

ticarcillin 882

ticlopidine 929, 930

tilt testing 810

tilt-test training 811

tinzaparin 213

tissue Doppler imaging 132–4

tissue factor 208

tissue plasminogen activator 218

tissue velocities 132–4

and clinical outcome 138

titin 827

TNNC1 827

TNNI1 827

TNNI3 827

TNNT2 827

TNO–AZL Quality of Life instrument 773–4

tocilizumab 998

Torulopsis glabrata 873

total anomalous pulmonary venous 

connection 476–86, 711

classification 477

clinical features 478–81

cardiac catheterization 481

chest X-ray 479, 479

CT 482

ECG 479

echocardiography 480–1, 480

embryology 476–7

fetal diagnosis 481

history 476

incidence and genetics 476

management 481–4, 483, 484

cardiac TAPVC 484

infracardiac TAPVC 484

mixed TAPVC 484

supracardiac TAPVC 482–4, 483, 484

natural history 478

outcomes 484–5

pathologic anatomy 477

pathophysiology 478

postoperative management 484

total anomalous pulmonary venous return 255

differential diagnosis 348

prevalence 270

total right heart bypass 554, 559–63

Choussat’s criteria 563

complications 563–5

arrhythmias 565

giant right atrium 564

increased transpulmonary pressure 

gradient 563–4

liver disease 565

plastic bronchitis 565

protein-losing enteropathy 565

right-to-left shunts 564

thromboembolism 564–5

Doppler flow dynamics 563, 564

exercise capacity 563

modifications 562

postoperative follow-up 563

toxic shock syndrome 920

toxin-induced pulmonary hypertension 77

Toxoplasma gondii 863

TPM1 827

trabecula septomarginalis 8, 12

tracheobronchoscopy 699

tracheoesophageal fistula 263, 592

tracheomalacia 263, 696

trans-pulmonary gradient 186–7

transcatheter embolotherapy 664

transcatheter valve replacement 606

transesophageal echocardiography 143, 157

AVSD 317–18, 318

univentricular heart 550

VSD 335

transesophageal pacing 800–1

transfer of care 763

transforming growth factor see TGF

transient ischemic attacks 662

transition of care 762–3, 763

transitional zones 14

transplantation see cardiac transplantation

transposition of great arteries 254, 255, 345, 

609–24

chest X-ray 170

clinical course 616

congenitally corrected see congenitally corrected 

TGA

CT 165

with dextrocardia 705, 706, 706, 708

D-ventricular loop 709

L-ventricular loop 709

diagnosis

cardiac catheterization 615–16

chest X-ray 614

ECG 614

echocardiography 614–15, 614, 615

differential diagnosis 616

embryology 609

epidemiology 609

exercise testing 204

hemodynamics and pathophysiology 611–13

fetus 611, 612

neonate 611–13, 613

and infective endocarditis 872

medical management 616–17, 616

mortality 273

natural history 613

pathologic anatomy 609–11, 610, 611

physical examination 613–14

prevalence 270, 271

surgical management 617–22, 617–19, 621

arterial switch operation 617

atrial repair 620–2



Index

1074

surgical management (cont’d)

atrial switch operation 618

post-neonatal period 620

with VSD 638–50

anatomic repair 642

arterial switch with VSD closure 643

Bex-Nikaidoh operation 643

embryology and pathology 639–42, 639–41

epidemiology 638

intraventricular repair 642–3, 642

nonanatomic repair 643–4

preoperative evaluation 644–5

Rastelli and REV 643

surgical classification 645–6, 645

transpulmonary pressure gradient, 

increased 563–4

transtelephonic incident monitoring 797

transthoracic echocardiography

AVSD 314–17, 316, 317

SVA 356

treadmill test 201

treprostinil 742

triamterene 949

triangle of dysplasia 842

triangle of Koch 286, 310

tricuspid annular plane systolic excursion 736

tricuspid atresia 81, 84, 402, 487–508

associated anomalies 489

Choussat criteria 496

classification 488–9, 488, 488, 489, 489

clinical history 493

diagnosis

cardiac catheterization and 

angiography 495–9, 496, 497–9

chest X-ray 495

ECG 493–5, 494

echocardiography 495

differential diagnosis 500, 500

embryology 487–8

incidence 487

and infective endocarditis 872

laboratory studies 499

long-term prognosis 505

management 500–5

catheter interventions 503–4

follow-up 504–5, 504

medical 500, 502

palliative 500–2

physiologic corrective surgery 502–3

natural history 492–3

defect complex 493

interatrial communication 492

patent ductus arteriosus 492

VSD 492–3, 493

nomenclature 487

pathologic anatomy 489–91

pathophysiology 491–2

arterial desaturation 492

left ventricular volume overloading 492

postnatal circulation 491

prenatal circulation 491

pulmonary blood flow 492

size of interatrial communication 492

physical examination 493

prevalence 270

tricuspid regurgitation 149, 604–5

rheumatic heart disease 909, 911, 912

surgical management 635

tricuspid stenosis 403, 516

in congenitally corrected TGA 628

from interventional procedures 403

rheumatic heart disease 911

tricuspid valve 278, 290

abnormalities 8–9

apical displacement 148

atresia see tricuspid atresia

in congenitally corrected TGA 628

dysplasia 516

Ebstein’s anomaly see Ebstein’s anomaly

echocardiography 119–20, 125

hypoplastic 401

insufficiency 13

normal 308, 309

in PAIVS

echocardiography 579

morphology 573–4, 573–5

regurgitation see tricuspid regurgitation

replacement 515

stenosis see tricuspid stenosis

trimethadione, teratogenicity 83

trisomy 13 see Patau syndrome

trisomy 18 see Edward syndrome

trisomy 21 see Down syndrome

α-tropomyosin 827

troponins 4, 827

truncal valve 652

truncus arteriosus 9, 81, 83, 224, 280, 651–9

anatomic classification 652–3

associated anomalies 653

clinical features 653–4

cardiac catheterization and angiography 654

chest X-ray 653–4

ECG 653

echocardiography 654, 654, 655

physical examination 653

embryology 651–2

incidence and genetics 651

and infective endocarditis 872

long-term prognosis 657–8, 657

mortality 273

natural history 653

pathologic anatomy 652

pathophysiology 653

persistent 255

prevalence 270

survival 656

treatment 654–7

medical 654–5

surgical 655–7

Trypanosoma cruzi 1042

TTN 827

tuberculous pericarditis 863

tuberous sclerosis complex 87, 963

tubular appendage 278

tumor necrosis factor inhibitors 998

tumor necrosis factor-α blockade 928–9

tumors

cardiac see cardiac tumors

metastatic 967

post-transplantation 1013–14

Turner syndrome 86, 223, 753, 977

and ACHD 769

typhus 863

Uganda, CHD in 1033–7, 1034–6

Uhl’s anomaly 574

ultrasound

AVF 367

Doppler 114–15, 115, 116

effective use of 115–16

intravascular 148, 152–3, 153

umbilical blood flow 33–4

umbilical-placental circulation 38

unbalanced ventricles 539–40, 540

underdeveloped countries 1032–46

acquired heart disease 1037–43

Chagas disease 1042–3

endomyocardial fibrosis 1038–42

rheumatic heart disease 1037–8

CHD 1032–7

Uganda 1033–7, 1034–6

United Network for Organ Sharing (UNOS) 1006

univentricular heart 534–71, 535

ECG 542–3, 542, 543

embryology 534–5

hemodynamics 540–1

pulmonary blood flow 540, 541

systemic blood flow 540–1

ventricular and atrioventricular valve 

morphology 540

history and physical examination 541–2, 542

imaging studies 543–54

cardiac catheterization 550–4, 553, 555

chest X-ray 543, 544

echocardiography 548–50, 551, 552

MRI 543–8, 545–50

transesophageal echocardiography 550

natural history 541

pathologic anatomy 535–40, 536, 537

single left ventricle 536, 538, 538, 539

single right ventricle 538–9

single ventricle with double/common 

inlet 535–6, 537

unbalanced ventricles 539–40, 540

surgical management 554–63, 555

bidirectional Glenn procedure 556–8

Damus-Kaye-Stansel anastomosis 556, 556

initial palliative surgery 555–6, 556

risk factors 557

total right heart bypass 559–63

unroofed coronary sinus 519–20, 519, 520

see also Raghib syndrome

upstairs-downstairs heart 283

urinalysis 230

urinastatin 928

VACTERL association 359, 523

situs ambiguus 703

tetralogy of Fallot 592

valvitis 895

valvotomy in pulmonic stenosis repair 465

Valvuloplasty and Angioplasty of Congenital 

Anomalies (VACA) Registry 413

vancomycin 863

endocarditis 878, 879, 880, 881
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varicella immunization 1012

vascular anomalies 359

vascular compliance 49

vascular endothelial growth factor see VEGF

vascular hydraulics 48–50, 49, 50

vascular rings 82, 667–73

diagnosis

cardiac catheterization 671

chest X-ray 671

CT 672

ECG 671

echocardiography 671

MRI 672

embryology 667

history 671

incidence and genetics 667

long-term prognosis 672

management 672

natural history 671

pathologic anatomy 667–71, 668–70

double aortic arch 667–9, 668, 669

duct from descending aorta 670

retroesophageal subclavian artery with 

diverticulum of Kommerell 669, 670

physical examination 671

vasculitides 995, 995

Behçet syndrome 354, 428, 997

cardiac conditions mimicking 997

Churg-Strauss syndrome 996

Cogan syndrome 997

Kawasaki disease 926–7

non-infectious 995

polyarteritis nodosa 996

sites of involvement 996

Takayasu’s arteritis see Takayasu’s arteritis

Wegener’s granuloma 864, 995–6

vasoactive intestinal peptide 62, 74, 75

pulmonary hypertension 744

vasodilators

hypertension 949

pulmonary artery hypertension 73–5, 75

vasovagal syncope 806, 807

VATER association 86

VCL 827

VEGF 71, 661

VEGF inhibitors 76

vein of Galen aneurysmal malformations 361–2, 

362

velocardiofacial syndrome 86

genetics 224

and tetralogy of Fallot 592

velocity-encoded cine MRI 158

venous hum 97

differential diagnosis 348

venous return 51

venous thrombosis 212

ventricles/ventricular

blood flow 56

combined ventricular output 35, 35, 37, 42

D-ventricular loop

with L-malposition of aorta 705–6, 707

with normally related great arteries 704–5

with transposition of great arteries 705, 

706, 709

depolarization ECG 106–9, 107, 108

development 42

diastole 138

echocardiography 120–1, 124–7, 128, 130–2, 134

ejection fraction 128, 131

end-diastolic volume 130

end-systolic volume 130

hypertrophy

ECG 108–9

and myocardial blood flow 62–3

inflow tract septation 8–9, 9

interactions between 52

L-ventricular loop

with double-outlet right ventricle 706, 707

with inverted related great arteries 707, 708

with transposition of great arteries 706, 707, 

709

left see left ventricle

mechanical assistance 235–7

mechanics 54–5, 54

outflow tract

obstruction 42, 43

septation 9–12, 10, 11

performance 132–40, 134–40

radionuclide scintigraphy 166

relaxation 139

repolarization, ECG 109

right see right ventricle

septal defect see ventricular septal defects

septation 4, 554

septum 55

shortening fraction 128

single with double/common outlet 535–6, 537

size, in AVSD 317

spirals 47, 48

systolic ventricular junction 128, 130–2

topology 279, 282–3

unbalanced 539–40, 540

ventricular fibrillation 793

ventricular mechanics 54–5, 54

ventricular premature complexes 794

ventricular septal defect 25, 81, 255, 287–8, 

328–42, 491

associated conditions

AVSD 315–17, 316, 317

Gerbode defects 330

infective endocarditis 872

malposition of great arteries 646–9

with pulmonic stenosis 648–9

without right ventricular outflow 

obstruction 646–8

pulmonary artery sling 697

pulmonary atresia 268, 270

tetralogy of Fallot 590–1, 591

clinical history 333

closure 193, 195

confluent defect 330

conoventricular 224

diagnosis

angiography 336

cardiac catheterization 335–6

chest X-ray 172, 333–4

ECG 333

echocardiography 334–5, 334

differential diagnosis 348, 616

doubly committed/juxta-arterial defects 330

embryology 329

exercise testing 203–4

genetics 328–9

hemodynamics 335–6

history 328

hybrid closure 196–7

incidence 328–9

long-term issues 338–9

endocarditis 339

exercise 338–9, 339

pregnancy 339

malalignment 330

management 336–8

hybrid techniques 338

surgery 337–8

transcatheter closure 338

mortality 273

pathological anatomy 329–32, 330

associated anomalies 331–2

conduction axis 331

muscular defects 330

perimembranous defects 330

pathophysiology 332–3

interventricular flow 332

secondary structural cardiac anomalies 332

volume loading increase 332

perimembranous 195, 330, 331

perimembranous outlet 330

physical examination 333

prevalence 269–70, 270, 271

spontaneous closure 337

subaortic 330

subpulmonary 12

with TGA 638–46

anatomic repair 642

arterial switch with VSD closure 643

Bex-Nikaidoh operation 643

embryology and pathology 639–42, 639–41

epidemiology 638

intraventricular repair 642–3, 642

nonanatomic repair 643–4

preoperative evaluation 644–5

Rastelli and REV 643

surgical classification 645–6, 645

and tricuspid atresia 492–3

ventricular tachycardias 792–3, 792, 796

treatment 803

ventricular valves in univentricular heart 540

ventricular-arterial coupling 1022

ventricular-vascular coupling 1022

ventriculo-arterial connections in TGA 610, 610

ventriculo-infundibular fold 12, 285

ventriculoarterial junctions 277, 283–5, 283–5

verapamil 801

hypertrophic cardiomyopathy 837

in pregnancy 766

vertebrovertebral AVF 362–3

very-low-density lipoprotein 958

viral pericarditis 861, 861

viscosity see blood viscosity

vitamin A, in bronchopulmonary dysplasia 263

vitamin K antagonists 213–14, 217–18

VO2

calculation of 200

interpretation of 202–3
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von Willebrand disease 210

von Willebrand factor 207, 208

VSD see ventricular septal defects

wall-to-wall heart 574, 574, 579

warfarin 213–14, 217–18, 833

dose 214

Kawasaki disease 928

in pregnancy 768

reversal 218

water hammer pulse 429

Wegener’s granuloma 995–6

and pericarditis 864

wheezing 85

WHO Quality of Life Questionnaire 773

Williams’ syndrome 83, 86, 466

Williams-Beuren syndrome 224–5, 416

windsock lesion 471

Wiskott-Aldrich syndrome, aortic 

regurgitation 428

Wnt signaling pathway 71

Wolff-Parkinson-White syndrome 15, 90, 510, 

577, 791, 796

atrial fibrillation 796

ECG 108, 789

re-entrant circuit in 788

treatment 802–3

X-linked cardiomyopathy 830

Barth syndrome 830

dilated cardiomyopathy 830

Yacoub classification of coronary arteries 

610, 611

Yersinia spp. 862

Yersinia pseudotuberculosis 920

Young Adult Self-Report 776

ZASP 827

ZIC3 25

ZIC3 703

Zung’s questionnaire 779


