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FOREWORD

Laboratory medicine is a fundamental component of antenatal care and risk assess-
ment in pregnancy. From preconception counseling to postpartum followup of mother
and infant, laboratory testing is used to diagnose, screen, and monitor maternal and fetal
health and well-being. However, outside of specialized obstetric or perinatal centers,
testing during pregnancy is often performed in community laboratories or hospitals
where pregnancy testing may not be a major focus. The need for all laboratories to use
appropriately determined gestation-specific reference ranges for correct interpretation of
tests in pregnancy cannot be emphasized enough.

The opening chapter of this book discusses the physiological adaptations that occur in
pregnancy profoundly change biochemical and biophysical characteristics of the preg-
nant woman. Reference ranges for many laboratory tests change significantly from the
normal values seen in the healthy nonpregnant woman.  These changes are influenced by
mechanisms that impact different stages of gestation. The direction, magnitude, and
duration of reference range changes differ between different organ systems, and for
different tests. Maternal disease during pregnancy, whether pregnancy-specific or other
medical disorders, further complicates interpretation of tests in pregnancy and may pro-
foundly alter the biochemistry of the infant.

This comprehensive handbook will assist physicians, nurses, midwives, and others
who provide care to pregnant women to understand the effect of pregnancy on laboratory
testing. Handbook of Clinical Laboratory Testing During Pregnancy will especially be
useful to laboratory physicians and scientists who may be required to interpret test results
in pregnancy. Obstetric residents, medical students, and laboratory technologists will
find this handbook invaluable.

Throughout Handbook of Clinical Laboratory Testing During Pregnancy, the focus
is on the appropriate use of laboratory tests during pregnancy.  Currently used test meth-
odologies, as well as new technologies, are clearly explained for the nontechnical reader
but provide useful details for laboratory professionals.  Topics include the physiological
effect on laboratory tests, changes in reference ranges, test selection for diagnosis, and
monitoring and interpretation of test results.

A key strength of Handbook of Clinical Laboratory Testing During Pregnancy is
the authors. Chosen from practicing specialists in pathology, laboratory medicine and
obstetrics, they bring a practical expertise to each section, to complement their compre-
hensive theoretical reviews of the basis of laboratory testing in pregnancy.

An overview of physiological mechanisms of human pregnancy provides a framework
for the later chapters. A comprehensive appendix sets out a compilation of published
reference ranges by first, second, and third trimester.  It is important for laboratory
physicians to realize that these ranges are population, method, and instrument dependent.



Although they can serve as guidelines, it is incumbent on each laboratory to ensure that
the reference ranges they use for pregnancy are validated for their own methods and
equipment and their referral populations.

Other works on laboratory reference ranges have focused on testing in one or two
disciplines of laboratory medicine or on medical disorders in pregnancy. The comprehen-
sive range of this book makes it a valuable addition to the reference shelf of professionals
caring for the pregnant woman.

Gillian Lockitch, MBChb, MD, FRCP(C)
Department of Pathology and Laboratory Medicine

Children’s and Women’s Health Centre of British Columbia
and University of British Columbia

Vancouver, British Columbia, Canada

viii      Foreword



PREFACE
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During pregnancy, a woman undergoes a multitude of normal physiological changes
and is subject to a variety of pregnancy-specific diseases. Furthermore, there are a num-
ber of diseases that can affect the unborn fetus and the physiological status of the fetus
can in turn affect the mother. Taken together, laboratory testing during pregnancy can be
complicated and confusing.

The aim of Handbook of Clinical Laboratory Testing During Pregnancy is to aid
clinicians and laboratorians in the art of diagnosis during pregnancy using laboratory
testing. Currently, there is not a comprehensive text available that focuses exclusively on
clinical laboratory testing in the pregnant patient. The focus of this handbook is on the
use of laboratory tests during pregnancy, including the effects of normal physiological
changes on test results; the proper use of laboratory tests; interpretation of results; changes
in reference ranges; monitoring the pregnant patient; methodologies; and such new tech-
nologies as molecular diagnostics. Topics are not limited to clinical chemistry, but also
include molecular biology, serology, immunology, and hematology. Included is a com-
prehensive appendix of normal reference ranges in pregnant women. These ranges are
compiled from the literature, which should prove an excellent resource for any medical
professional.

Laboratorians, medical directors, physicians, medical technologists, students, clinical
chemists, nurses, physician’s assistants, and researchers from the in vitro diagnostics and
pharmaceutical industries should find Handbook of Clinical Laboratory Testing During
Pregnancy to be a useful reference.

Ann M. Gronowski, PhD, DABCC
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1 Human Pregnancy
An Overview

Ann M. Gronowski, PhD, DABCC
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INTRODUCTION

The average human gestation is 280 d (40 wk), as counted from the first day of the last
menstrual period (LMP). During this time, a woman undergoes a multitude of normal
physiological changes and can be subject to a variety of pregnancy-specific diseases.
Furthermore, there are a number of diseases that can affect the unborn fetus, and the
physiological status of the fetus can affect the mother. Taken together, laboratory testing
during pregnancy is important but can be complicated and confusing. The aim of this
book is to aid clinicians and laboratorians in the use of laboratory testing during preg-
nancy.

Understanding the normal changes that occur during pregnancy is essential to the
correct assessment of a pregnant woman. Additionally, familiarity with pregnancy-spe-
cific reference intervals is necessary to avoid incorrect diagnoses. This book provides a
comprehensive list of reference intervals for pregnant serum amniotic fluid and urine
derived from the literature (see the Appendix). This chapter provides an overview of the
normal physiological changes that occur during pregnancy that can impact clinical labo-
ratory testing (Table 1).
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ENDOCRINE CHANGES AND METABOLIC ADAPTATIONS

Gestation is associated with profound hormonal and metabolic changes in the
mother. These changes are responsible for establishing and maintaining pregnancy, fetal
growth and development, and subsequent lactation. The first endocrine changes of preg-
nancy can be detected as early as 1 wk after ovulation. During the luteal phase of the
menstrual cycle, the corpus luteum (CL) produces progesterone and estrogen for approx
12–14 d. Progesterone is required to maintain pregnancy. If fertilization occurs, implanta-
tion generally takes place between days 6 and 12 after ovulation (1). The trophoblast cells
of the implanting blastocyst then begin to produce human chorionic gonadotropin
(hCG).

Human Chorionic Gonadotropin
hCG can be detected in approx 90% of pregnancies by the first day of the missed

menstrual period and in 97% by 1 wk after the missed menstrual period (2). Serum hCG
concentrations continue to rise exponentially for the first 8 wk, doubling in concentration
on average every 2 d (3–6). Concentrations of hCG  then decrease for the remainder of
pregnancy (see Fig. 3, Chapter 2). The hCG molecule is similar in structure to luteinizing
hormone (LH) and therefore binds to LH receptors on the CL. This maintains the CL until
weeks 7–9, when the placenta is able to produce progesterone and estrogen independently
(see Chapter 2).

Progesterone
Progesterone is required to sustain early embryonic growth. After the initial rapid rise

in progesterone concentrations during the luteal phase, progesterone concentrations
continue to rise for the remainder of pregnancy (Fig. 1) (7). Progesterone inhibits smooth
muscle tone in the uterus, gastrointestinal tract, and renal collecting system. This results
in a decrease in uterine contractions, but also increases esophageal reflux, delayed gastric
emptying, constipation, gallbladder enlargement, and hydronephrosis. Progesterone
inhibits the aldosterone effect on renal tubules, causing a decrease in tubular reabsorp-
tion of sodium.

Estrogen
There are more than 25 different estrogens that have been isolated from the urine of

pregnant women (8). However, there are three main estrogens that have been studied
most extensively: estrone, estradiol, and estriol. These hormones are secreted by the

Table 1
Physiological Changes During Pregnancy

Endocrine Insulin resistance/glucose intolerance
Hepatic Increased plasma protein synthesis
Renal Increased glomerular filtration rate

Net sodium retention
Hemodynamic Increased plasma volume

Increased red cell mass
Cardiac Increased cardiac output
Respiratory Hyperventilation and mild respiratory alkalosis
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placenta, but their precursors are actually fetal in origin. There is an absence of 17-
hydroxylase and 17 to 20 desmolase in the placenta. Therefore, by week 20 of pregnancy,
the vast majority of the estrogen in maternal blood is derived from dehydroepiandro-
sterone sulfate (DHEAS) from the fetal adrenal gland. Concentrations of estradiol rise
continuously through pregnancy so that by 38 wk the concentration is approx 130 times
greater than concentrations at week 4 (Fig. 2) (7). The purpose of estrogen during preg-
nancy is not entirely clear. It increases angiotensinogen (renin substrate) production from
the liver and hence may control blood flow to the uterus, and it also enhances prostag-
landin synthetase function (8).

Insulin
In the first few weeks of pregnancy, the rise in serum estrogen and progesterone results

in hyperplasia of the pancreatic -cells. There is also increased secretion of insulin and
heightened tissue sensitivity to insulin (9,10) (Table 2). These changes are anabolic and
stimulate increased storage of tissue glycogen. Fasting blood glucose is reduced 10–20%
in the first trimester as a result of the -cell hyperplasia, increased insulin secretion, and
increased peripheral demand (9–11). In contrast, postprandial glucose concentrations are
exaggerated to approx 130–140 mg/dL because of the effects of placentally produced
anti-insulin hormones. Mean glucose concentrations, however, remain unchanged
(11,12).

During the latter part of pregnancy, maternal carbohydrate metabolism is stressed by
rising concentrations of placental lactogen and other placental-derived hormones (Table 3).
Prolactin, cortisol, and glucagon are also increased in late pregnancy. The sum of these
hormonal changes results in modest insulin resistance. Insulin secretion increases by
approx 10 wk of pregnancy and by term, fasting insulin concentrations are nearly twofold
higher than nonpregnancy concentrations (11,12). The net effect of the metabolic changes
in pregnancy is diabetogenic and characterized by a resistance to insulin (8,9,12).

Fig. 1. Geometric mean and range of serum progesterone concentrations from 32 healthy women
throughout normal pregnancy. (Reprinted from ref. 7. With permission from Blackwell Publishing.)
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Fig. 2. Geometric mean and range of serum estradiol concentrations from 32 healthy women through-
out normal pregnancy. (Reprinted from ref. 7. With permission from Blackwell Publishing.)

Table 2
Carbohydrate Metabolism in Early Pregnancy (to 20 wk)

Hormonal alteration Effect Metabolic change

� Estrogen and � Tissue glycogen storage Anabolic
� Progesterone � Hepatic glucose production

-cell hyperplasia and � Peripheral glucose utilization �Attributed to sex steroids +
� insulin secretion � Fasting plasma glucose Hyperinsulinemia

Data obtained from ref. 9.

Table 3
Carbohydrate Metabolism in Late Pregnancy (20–40 wk)

Hormonal change Effect Metabolic change

� Human chorionic “Diabetogenic” Facilitated anabolism
somatomammotropin � Glucose tolerance during feeding

� Prolactin Insulin resistance Accelerated starvation
during fasting

� Bound and free cortisol � Hepatic glycogen stores Ensure glucose and
� Hepatic glucose production amino acids to fetus

Data obtained from ref. 9.
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Human Placental Lactogen
Human placental lactogen (HPL), or human chorionic somatotropin, is produced by

the trophoblast and is closely related to growth hormone (8). It is a major mediator of the
metabolic changes of pregnancy. HPL becomes detectable in maternal serum by 5–6 wk
of gestation, and concentrations continue to rise until 34–40 wk, when they plateau. There
is no circadian variation in HPL and very little enters the fetal circulation. Unlike hCG,
HPL concentrations rise in parallel to placental weight (Fig. 3) (12a). HPL’s growth
hormonelike activity is responsible for the maternal glucose-sparing effect during preg-
nancy. HPL causes mobilization of free fatty acids from maternal fat depots, shifting
glucose toward the needs of the growing fetus. It also has an antagonistic effect against
insulin. HPL is therefore a key diabetogenic factor during pregnancy. Its concentrations
are greatest during the last 4 wk of pregnancy, when the fetus requires the largest amounts
of glucose (8). In the past, HPL has been measured as a diagnostic adjunct to follow
patients with hypertension, intrauterine growth retardation, diabetes, and fetal demise.
However, HPL reflects only fetal size, not fetal status itself. Therefore, today, HPL
measurements are rarely used to monitor pregnancy.

Renin–Aldosterone Axis
During normal pregnancy, the rennin–aldosterone axis is upregulated. Plasma renin

activity (PRA), plasma renin concentrations (PRC), angiotensinogen (renin substrate),
angiotensin, and angiotensin II all increase beginning in the first trimester (10,13,14)
(Table 4). It is likely that both progesterone and estrogens are responsible for these
changes. Estrogen stimulates increased production of angiotensinogen from the liver.
This ultimately results in increased aldosterone production, and sodium reabsorption.

Fig. 3. Serum concentrations of HPL during pregnancy in relation to placental weight. (From ref.
12a. With permission from Elsevier.)
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Progesterone has also been shown to increase both PRA and urinary aldosterone secre-
tion (15). This shift in the renin–angiotensin–aldosterone axis may play an important role
in the increase in plasma volume seen during pregnancy (16).

Calcium Homeostasis
Pregnancy places a tremendous demand on calcium homeostasis because the growing

fetus requires significant calcium for normal growth (30 g of calcium and 15 g of phos-
phorus by term [10]) yet maternal bone and plasma concentrations of calcium have to be
maintained. The major changes that occur to keep these needs in balance involve an
increase in plasma concentrations of 1,25-dihydroxyvitamin D [1,25-(OH)2-D] and
calcitonin (17). At the same time, concentrations of parathyroid hormone, 25-hydro-
xyvitamin D, and ionized calcium remain unchanged. The major action of 1,25-(OH)2-
D is to maintain plasma calcium concentrations by increasing absorption from the gut and
accelerating bone resorption. Alternatively, calcitonin, opposes 1,25-(OH)2-D’s bone-
resorbing activities. Therefore, the combined result is to obtain calcium for the fetus from
the maternal gut and not from the maternal skeleton while maintaining maternal serum-
ionized calcium concentrations (17).

HEPATIC SYSTEM

The size and histology of the liver is largely unchanged during pregnancy. Absolute
blood flow through the liver is also unchanged. Therefore, because cardiac output
increases, the liver actually receives a smaller percentage of the total cardiac output
(10). The relative decrease in blood volume through the liver, combined with the increase
in volume of distribution, may affect the clearance of some drugs during pregnancy.

Liver function tests are frequently misinterpreted in normal pregnancy and may be
incorrectly associated with liver disease because of the considerable changes that occur
in some enzymes and proteins (Table 5). The most important effect of pregnancy on liver
function is the estrogenic stimulation of protein synthesis causing marked changes in the
plasma concentrations of coagulation factors, angiotensinogen, hormone-binding pro-
teins, and some acute phase reactants such as ceruloplasmin and -1-antitrypsin. Serum
alkaline phosphatase concentrations can be as much as twofold greater than nonpregnant
concentrations by the third trimester and therefore cannot be used as a reliable marker of
hepatic function (11,18–21). Because concentrations of -glutamyl transferase are not
changed to the same extent (decreased 10–20%) (11,21,22), this enzyme serves as a better

Table 4
Changes in the Renin–Aldosterone Axis During Pregnancy

Fold increase

Plasma renin activity 2.4–9.4
Plasma renin concentration 1.5–6
Angiotensinogen (renin substrate) 3–5
Angiotensin 2–6
Angiotensin II 2–10
Aldosterone 4

Data obtained from refs. 13,51.
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marker of liver disease in pregnancy than does alkaline phosphatase. The increased
concentrations of alkaline phosphatase result, in part, from placental production of heat-
stable alkaline phosphatase isoenzyme that can account for up to two-thirds of the
enzyme activity (10,18,23). The liver is also likely producing more alkaline phos-
phatase enzyme because similar changes have been observed when estrogen is admin-
istered to nonpregnant women (24). Serum concentrations of the transaminases (alanine
amniotransferase and aspartate aminotransferase) and lactate dehydrogenase are largely
unchanged during pregnancy (11), whereas concentrations of conjugated, unconjugated,
and total bilirubin are significantly decreased. Hemodilution is likely responsible for part
of the decrease as is the decrease, in plasma albumin, the main transport protein for
unconjugated bilirubin (11,23). For more detail on pregnancy-related liver changes, see
Chapter 19.

RENAL FUNCTION

During pregnancy, both kidneys increase in size and mass, becoming 1–1.5 cm longer
(10). This change is thought to be the result of, in part, the increase in renal vascular
volume. By mid-gestation, renal plasma flow and glomerular filtration rate (GFR) are
50% greater than in the nonpregnant state and they remain elevated until late in pregnancy
(25). Renal plasma flow, estimated by p-aminohippurate (PAH) clearance, increases
from 500 mL/min in the nonpregnant patient to 700 mL/min. GFR, estimated by 24-h
creatinine clearance, increases from 100 to 110 mL/min to 140 to 170 mL/min (Fig. 4)
(11,25). Owing to the increase in GFR without significant change in production of urea
or creatinine, the serum concentrations of these substances decrease. Renal changes
during pregnancy are summarized in Table 6.

Table 5
Changes in Liver Function Tests During Pregnancy

-1-Antitrypsin � 30–90%
Albumin � 10–20%
Alkaline phosphatase � 100%
Alanine amniotransferase � 10–20%
Angiotensinogen � 300–500%
Aspartate aminotransferase � to unchanged
Bilirubin (unconjugated) � 30–40%
Bilirubin (conjugated) � 40–60%
Ceruloplasmin � 50–100%
Cholesterol � 30–50%
Fibrinogen � 20–60%
-Glutamyl transferase � 10%–20%

5'-Nucleotidase Unchanged
Immunoglobulins � 10–20%
Lactate dehydrogenase Unchanged
Protein (total) � 20%
Prothrombin Unchanged
Sex hormone binding globulin � 400%
Thyroxine-binding globulin � 50%

Data obtained from refs. 11,13,52,53.
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Fig. 4. Mean GFR measured by three methods in 10 healthy women at 15–18, 25–28, and 35–38 wk
of pregnancy, and again at 8–12 wk postpartum (nonpregnant). (Reprinted from ref.25, with permis-
sion from Elsevier.)

Table 6
Changes in Renal Function Tests During Pregnancy

Inulin clearance � 50%
Creatinine clearance � 50%
Serum urea � 30–40%
Blood urea nitrogen � 30–40%
Serum creatinine � 30%
Serum cystatin-C � 30%

Data obtained from refs. 10,11,21.

One of the most dramatic changes during pregnancy is the increase in tubular sodium
reabsorption. The increase in GFR, the increase in plasma progesterone concentrations,
and the decrease in plasma albumin concentrations all affect this change (10). The posi-
tive sodium balance occurs gradually over gestation. The increased tubular absorption is
promoted by the increase in aldosterone, as well as estrogen, deoxycortisone, and placen-
tal lactogen. However, the water retention that occurs during pregnancy is proportionally
greater than the sodium retention. Therefore, plasma sodium concentrations actually
decrease.
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HEMODYNAMIC CHANGES

In addition to sodium retention, water retention is also a key pregnancy-induced change.
Plasma osmolality decreases as early as 5 wk (14). The relative hypotonicity of the
plasma is maintained by an approx 10 mosmol/kg decrease in the osmotic threshold for
both thirst and vasopressin (antidiuretic hormone) release. Lowering the threshold to
drink stimulates water intake and dilution of body fluids. Vasopressin is not suppressed
at the usual osmolality, therefore, it continues to circulate and water is retained (26).
Water is a major component of the weight gained during pregnancy and approx 6 L are
retained. Seventy percent (4200 mL) of the water is contained in the extracellular com-
partment and nearly 20% (1100 mL) is located in plasma (27).

An average increase in blood volume of approx 1500 to 1600 mL (40–50%) occurs in
the normal singleton pregnancy, with 300 to 400 mL (20–30%) attributed to increased red
cell mass. Iron supplementation may influence the increase in red cell mass. The increase
in plasma volume is positively correlated with the size of the fetus; thus, women carrying
multiple gestations have proportionally higher increases in plasma volume.

Expansion of plasma volume results in an apparent decrease in concentration of sodium,
albumin, and hemoglobin, despite the fact that there is effectively a net increase in the total
circulating mass of each analyte. The disproportionate increase in plasma volume relative
to red cell volume results in a decrease in hematocrit by the third trimester. This is termed
the “physiologic anemia of pregnancy” and is not a true anemia, but a normal physiologi-
cal hemodilution. The increase in total blood volume during pregnancy serves to protect
the mother against late pregnancy hypertension and peripartum hemorrhage. The average
blood loss during pregnancy is 500 mL (14). For more detail on the hemodynamic changes
during pregnancy, see Chapter 10.

The risk of deep vein thrombosis (or venous thrombosis) during pregnancy is esti-
mated to be five times greater than in similar nonpregnant patients (28). This hyper-
coaguable state has been attributed to increased venous stasis in the legs and pelvis during
pregnancy and to changes in the balance between coagulation and fibrinolytic systems
that are prothrombotic (29).

CARDIAC CHANGES

Maternal heart rate increases significantly by week 5 of pregnancy and continues to
rise until approx week 32, when it is 17% higher than nonpregnant rates (30). Cardiac
output increases 34–39% by 12 wk of gestation and by 24 wk is increased 43–48%. The
increased cardiac output is maintained until term (30–32). This increased output is dis-
tributed among several organ systems. The uteroplacental circulation exhibits a tenfold
increase in blood flow and receives approx 17–20% of the total maternal cardiac output,
or 500–800 mL/min at term. The renal system also receives a significant percentage of
maternal cardiac output, with absolute renal blood flow increasing approx 50% by
midpregnancy. The breast and skin are also recipients of an increased percentage of
cardiac output during pregnancy. Increased blood flow to the skin helps dissipate heat.

RESPIRATORY SYSTEM

Relative hyperventilation occurs during the luteal phase of the menstrual cycle, result-
ing from the presence of progesterone. This causes alveolar and arterial tensions of
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carbon dioxide to fall. When pregnancy is established, the hyperventilation continues and
by term, end-tidal partial pressure carbon dioxide (PCO2) and arterial PCO2 decline to
below 30 torr (14,33). The magnitude of this decrease is proportional to progesterone
concentrations (14). The mechanism by which progesterone causes hyperventilation is
unclear. The hyperventilation in pregnancy is accompanied by a decrease in plasma
bicarbonate, which partially compensates for respiratory alkalosis; however, a small
increase (approx 0.02) in blood pH is observed (34).

AMNIOTIC FLUID

Amniotic fluid is a body fluid that is unique to pregnancy. The volume of amniotic
fluid increases progressively through gestation until approx 34 wk, when the volume
begins to decrease. It is approx 200 to 300 mL at 16 wk, 400 to 1400 mL at 26 wk, 300
to 2000 mL at 34 wk, and 300 to 1400 mL at 40 wk (35). The volume of amniotic fluid
at term is approx 800 mL and constitutes only 6% of the total maternal weight gain by
fluids (27) (Table 7). During gestation, a woman with a single fetus will gain, on average,
12.5 kg (27.5 lb), of which 4.85 kg (10.7 lb) constitute the fetus, placenta, and amniotic
fluid (27). As a percent of the total weight gained by the mother, the products of concep-
tion rise from about 10% at 10 wk to 20% at 20 wk, 30% at 30 wk, and 40% at term
(Table 7).

In the first trimester, the origin of amniotic fluid is uncertain. Beginning in the second
trimester, the origin and dynamics of amniotic fluid are better understood. Amniotic fluid
volume is maintained by a balance of fetal fluid production (lung liquid and urine) and
fluid reabsorption (fetal swallowing and flow across the amniotic membranes). Alter-
ations in the volume of amniotic fluid are associated with a variety of pathological
conditions. Oligohydramnios, or abnormally low amniotic fluid volume, is associated
with intrauterine growth restriction and abnormalities of the fetal urinary tract. Polyhy-
dramnios, or increased amniotic fluid volume, is associated with maternal diabetes
mellitus, severe Rh isoimmunization disease, fetal esophageal atresia, multifetal preg-
nancy, enencephaly, and spina bifida (36).

During gestation, concentrations of glucose, urea nitrogen, and creatinine increase,
whereas concentrations of sodium and osmolality decrease (19,37). These changes are
not unexpected as, late in gestation, the primary source of amniotic fluid is fetal urine (see
the appendix). The urine is normally hypotonic, and this low osmolality accounts for
the relative hypotonicity of amniotic fluid (compared to maternal and fetal plasma).
Early in pregnancy, there is little particulate matter in the amniotic fluid. As gestation
progresses, fetal cells and hair are shed into the amniotic fluid, which can increase the
turbidity of the fluid. As the fetal lung matures, production of phospholipid-containing
lamellar bodies also increases the fluid turbidity. Finally, at term, amniotic fluid contains
gross particles of vernix caseosa, the oily substance composed of sebum and desqua-
mated epithelial cells covering the fetal skin (36).

Because amniotic fluid is derived from substances of fetal origin, it is often sampled
and tested in order to monitor fetal development or detect fetal disease. Amniotic fluid
is sampled routinely to obtain fetal cells for chromosomal analysis and detection of Down
syndrome, trisomy 18, and a variety of other chromosomal abnormalities and to measure

-fetoprotein and acetylcholinesterase to detect neural tube defects (see Chapters 5 and
6 for more detail). It is also sampled later in pregnancy for the analysis of fetal lung-
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derived phospholipids, as an estimation of fetal lung maturity (see Chapter 4). Amni-
otic fluid bilirubin is measured as an assessment of Rh isoimmunization reactions (see
Chapter 11).

In addition to these more traditional measurements, a variety of biochemical markers
have been examined to detect a whole assortment of conditions, with varied success. A
few are listed here: steroid hormones have been measured as a predictor of fetuses at risk
of congenital adrenal hyperplasia (38); concentrations of androgens and estrogens have
been measured in an attempt to predict fetal sex; fetal thyroid status has been examined
by measuring amniotic fluid thyroid-stimulating hormone and thyroid hormones as an
alternative to fetal cord blood sampling (39–43); amniotic fluid concentrations of various
liver enzymes have been examined to help confirm echochoriographic evidence of bowel
disorders (44); a variety of cytokines in amniotic fluid have been examined as a predictor
of impending delivery and infection (45–48); amniotic fluid amino acid concentrations
have been measured as an aid in the diagnosis of amnioacidopathies (49); and neuron-
specific enolase has been examined in cases of fetal neurological injury (50).

SUMMARY

Pregnancy is associated with numerous changes to maternal physiology. These changes
often result in altered reference intervals for commonly measured compounds in serum.
It is important to understand these normal changes in order to properly detect and diag-
nose disease during pregnancy.
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INTRODUCTION

Human chorionic gonadotropin (hCG) is a glycoprotein composed of two dissimilar
subunits, - and -subunit, held together by charge interactions. hCG is produced by
trophoblastic cells of the placenta in both pregnancy and gestational trophoblastic dis-
eases. It is a remarkable glycoprotein in that up to 35% of the molecular weight (MW)
is from oligosaccharide side chains. hCG is sometimes considered a mucopolysaccha-
ride, like collagen, because of the large carbohydrate component. There is wide variation
in hCG structure throughout normal and abnormal pregnancies, and in gestational tro-
phoblastic diseases. In addition to “regular” hCG (hCG with intact subunits and the
midtrimester pregnancy-like complement of oligosaccharides), at least six other key
variants are present in serum samples: hyperglycosylated hCG, nicked hCG, hCG miss-
ing the -subunit C-terminal peptide, free -subunit, hyperglycosylated free -subunit,
and nicked free -subunit as well as multiple combinations of these variants (i.e., nicked
hyperglycosylated hCG missing the -subunit C-terminal peptide). The same seven
molecules plus the -core fragment can be detected in urine samples (1–9). Table 1 and
Fig. 1 summarize the structures of these key hCG-related molecules, which vary in size
from -core fragment (MW 9000–10,000) to hyperglycosylated hCG (MW 38,000–
42,000). hCG and related molecules may vary widely in charge because of differences
in sialic acid content. As shown in Fig. 2, multiple charge isoforms in the range pI 3–7
are found in serum and urine samples, and in the range of pI 3–8 in hyperglycosylated
hCG.
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Table 1
Structure of hCG-Related Molecules Detected in Serum and Urine Samples

in Normal and Abnormal Pregnancies and Trophoblastic Diseases (1–9)

Molecule -subunit structure -subunit structure Occurrence

Regular hCG 92 amino acids, no cleavages 145 amino acids, no cleavages Principal form of hCG in
(MW 37,000) mono- and biantennary N-linked biantennary ± fucose N-linked, serum, 6–40 wk of gestation

oligosaccharides and mostly tri- and tetrasaccharide
O-linked oligosaccharides

Hyperglycosylated hCG 92 amino acids, no cleavages 145 amino acids, no cleavages Principal hCG form produced
(MW 41,000) mono- and biantennary + fucose bi-, short tri-, and triantennary ± at 3–5 wk of gestation, and in

N-linked oligosaccharides fucose N-linked and hexasaccharide choriocarcinoma
O-linked oligosaccharides

Nicked hCG1 (MW 36,000) 92 amino acids, no cleavages 145 amino acids, cleaved at 47–48, Low concentrations in
mono- and bi-antennary N-linked 43–44 or 44–45 biantennary ± pregnancy, major hCG in weeks
oligosaccharides fucose N-linked, and mostly tri- and following termination or

tetrasaccharide O-linked oligosac- parturition
charides

hCG missing -subunit 92 amino acids, no cleavages Residues 1–92, C-terminal peptide Primarily detected in gestational
C-terminal peptide1 mono- (8 sugars) and biantennary absent biantennary ± fucose trophoblastic diseases and
cancer
(MW 29,000) N-linked oligosaccharides N-linked, and mostly tri- and tetra-

saccharide O-linked oligosaccharides

Free -subunit1 No -subunit 145 amino acids, no cleavages Dissociation product of nicked
(MW 22,000) biantennary ± fucose N-linked, hCG.  Low levels in serum and

and mostly tri- and tetrasaccha- urine in pregnancy
ride O-linked oligosaccharides

continued
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Table 1 (continued)

Molecule -subunit structure -subunit structure Occurrence

Hyperglycosylated free No -subunit 145 amino acids, no cleavages Significant production at 3–5 wk
-subunit1 (MW 26,000) bi-, short tri- and triantennary ± of gestation, and in choriocar-

fucose N-linked and hexasaccharide cinoma
O-linked oligosaccharides

Nicked free -subunit1 No -subunit 145 amino acids, cleaved at  47–48, Most free -subunit is nicked in
(MW 22,000) 43–44 or 44–45 biantennary ± fucose serum or is dissociated from

N-linked, and mostly tri- and tetrasac- nicked hCG
charide O-linked oligosaccharides

Urine -core fragment No -subunit Two peptides -subunit residues Cleared from circulation rapidly.
 (MW 10,000) 6–40 linked to 55–92 degraded bianten- Principal of -hCG in urine from

nary N-linked and no O-linked side 7–40 wk of gestation
chains

1Variations of these hCG variants are present in serum and urine, such as hyperglycosylated nicked hCG, nicked hCG missing -subunit C-terminal peptide, nicked
hyperglycosylated free -subunit, nicked free -subunit missing the C-terminal peptide, and others.
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Fig. 1. Two-dimensional representation of structure and molecular weights of hCG forms pro-
duced by the placenta and present in serum and urine samples. Dark black lines represent peptide
with numbers indicating N- and C-terminal residues. The letters N and O indicate sites of N- and
O-linked oligosaccharides, and the thin lines indicate sites of disulfide linkages. Representations
are based on the core fragment sequence as shown by Birken et al. (40), amino acid sequences
as reported by Morgan et al. (41), disulphide bonds as shown by Lapthorn et al. (42), and the
nicking sites as indicated by Elliott et al. (7).
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Fig. 2. Charge isoforms of hCG and hyperglycosylated hCG. Pregnancy urine samples were
separated into 20 fractions by preparative isoelectric focusing using a Bio-Rad. Panel A shows
total hCG isoforms in six samples (Rotofor DPC Immulite hCG assay); Panel B shows
hyperglycosylated hCG isoforms in eight further samples (Nichols Advantage hyperglycosylated
hCG [ITA] test). All results are distribution of isoforms (% ± standard error).

hCG PRODUCTION DURING PREGNANCY

hCG production does not begin until the developing blastocyst implants into the uterus.
Circulating hCG can first be detected (following implantation of the fertilized egg) in
serum and urine, with an ultrasensitive hCG test (detection limit 0.13 mIU/mL) as early
as day 21 of the menstrual cycle (approx 7 d after fertilization) (10). Total hCG concen-
trations in serum and urine samples increase exponentially, doubling approximately
every 40–48 h, and reach a peak between 8 and 12 wk of pregnancy (Fig. 3) (10a,10b).
Total hCG production decreases between the 10th and 20th wk of pregnancy to between
one-fifth and one-twentieth of peak hCG concentrations and then plateaus close to this
concentration until term. Pregnancy hCG concentrations vary widely among individuals,
probably more than any other hormone measurement. This is complicated further by
interassay variation in quantitative serum hCG tests (see “Interassay Variation”). Table
2 illustrates the range of serum hCG results we have observed with the DPC Immulite
(Diagnostic Products Corp., Los Angeles, CA) test in 300 serum samples. Table 2 is
limited to hCG measurements over 4-wk periods and to ranges of concentrations; there-
fore, it is used only to illustrate the wide range of hCG results during pregnancy and not
as a reference interval for different hCG tests or for patient care. As shown in Table 2,
for any 4-wk period of pregnancy there is anywhere from a 10- to 200,000-fold variation
in interindividual serum hCG concentrations.

Table 3 illustrates median concentrations and ranges for urine total -hCG concentra-
tions throughout the course of pregnancy, as determined using the DPC Immulite test. In
our experience, first morning urine total -hCG concentrations (including hyper-
glycosylated hCG and -core fragment) are approximately one-half of serum total -hCG
concentrations. As shown in Table 3, for any one period of pregnancy there is approxi-
mately a 10- to 4000-fold variation in interindividual urine hCG concentrations.
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Fig. 3. Concentration of chorionic gonadotropin in maternal serum as a function of gestational age.
Lines represent the 2nd, 50th, and 97th percentiles. The maternal serum values from 14 to 25 wk
are medians calculated from 24,229 pregnancies from testing performed at ARUP Laboratories,
Inc., from January to October 1997. Evaluating health and maturation of the unborn: the role of
the clinical laboratory. Clin Chem, 1992;38:1523–1529. Reprinted with permission from W.B.
Saunders Co. Aswood, ER. Clinical chemistry of pregnancy. In Burtis CA, Ashwood, ER, eds.
Tietz Textbook of Clinical Chemistry. 3rd ed. Philadelphia: W.B. Saunders, 1998, pp. 1736–1775.
(Redrawn from ref. 10a: Reprinted with permission from W.B. Saunders [10b].)

Table 2
 Range of Total -hCG Concentrations in 300 Serum Samples Collected

During the Course of Pregnancy, as Determined
in the DPC Immulite hCG Assay

Gestational age (wk) Total -hCG range (mIU/mL)

4–7 0–233,200
8–11 11,440–465,300
12–15 14,300–510,400
16–19 6490–337,700
20–23 550–72,930
24–27 9240–107,470
28–31 12,760–152,900
32–35 12,980–128,480
35–39 5390–114,730
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Table 3
Median and Range of Total -hCG and Hyperglycosylated hCG Concentrations in Urine

Gestational Number Total -hCGb H-hCGc Proportion H-hCGd

age (wk)a of samples mIU/mL Range mIU/mL Range  (% of hCG) Range

4 63 454 (23–4653) 282 (5–7513) 68% (7–100%)
5 45 1615 (114–45,800) 779 (35–17,479) 50% (10–100%)
6 14 2678 (187–20,439) 483 (37–5931) 25% (7.9–53%)
7 5 16,649 (1608–59,277) 1871 (333–14,055) 13% (2–24%)

11 20 24,550 (5534–100,222) 1997 (180–13,152) 10% (0.8–55%)
15 92 8371 (2298–43,932) 290 (28–2906) 3% (0.2–48%)
19 12 4452 (2278–24,228) 125 (25–797) 2.5% (0.4–17%)
23 13 3702 (1129–20,725) 32 (11–411) 1.1% (0.1–12%)
27 12 4600 (840–10,266) 41 (17–473) 2.0% (0.2–7.5%)
31 7 4449 (1651–39,549) 55 (11–446) 2.0% (0.1–8.7%)
35 16 5430 (1399–62,500) 78 (17–587) 1.5% (0.3–14%)
39 16 2379 (276–13,321) 34 (6–260) 1.9% (0.5–7.4%)

aWeeks since last menstrual period.
bDetermined using DPC Immulite.
cDetermined using the Nichols Advantage, Invasive Trophoblstic Antigen (ITA) assay.
dThe proportion of hyperglycosylated hCG was determined as the concentration of hyperglycosylated hCG divided by the total -hCG result.

21
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While regular hCG is produced by highly differentiated multinucleated syncytiotro-
phoblast cells during pregnancy, hyperglycosylated hCG, also called invasive tropho-
blast antigen (ITA), is produced by the poorly differentiated, invasive cytotrophoblast
cells (2,11). Invasive cytotrophoblasts are the cells of implantation and the primitive cells
of early pregnancy. Therefore, as illustrated in Table 3, hyperglycosylated hCG is respon-
sible for most of the total hCG immunoreactivity in the third, fourth and fifth weeks of
pregnancy (1,3). This is true for both serum and urine samples. This early period of
pregnancy is the most frequent time for hCG testing, yet, as described in “Interassay
Variation,” assays vary greatly in their ability to detect hyperglycosylated hCG. Under-
estimation and overestimation of this critical pregnancy marker occurs frequently (3,4).

PRINCIPALS OF hCG TESTS

More than 40 quantitative serum hCG assays, approx 30 qualitative urine/serum point-
of-care tests, and 25 qualitative urine home pregnancy tests are available in the United
States for detecting pregnancy (4,12). These assays are all “sandwich”-type immunoas-
says that utilize capture and detection antibodies that recognize different sites on hCG and
hCG-related molecules.

Quantitative hCG Tests
In quantitative serum tests, a capture antibody directed against one site on hCG is

immobilized on or linked to a tube, vial, well, or bead. Patient serum is added. The
antibody binds and immobilizes the hCG in the serum sample (hCG + immobilized
antibody). A second (“detection” or “tracer”) antibody directed against a distant site on
hCG is linked to a tracer molecule (such as a radioisotope or an enzyme). This forms
an immobilized “sandwich” complex (tracer-antibody + hCG + immobilized antibody.
In most commercial hCG assays, both antibodies are directed against different portions
of the chain. Therefore, the assays measure total -hCG (i.e., free and intact 
molecules). After washing, the amount of tracer is measured (in the case of enzyme
assays, incubation with substrate is required). The amount of signal is directly propor-
tional to the amount of hCG in the sample. Quantitative hCG tests are either one step or
two step. In a one-step assay, the serum is incubated with both immobilized and tracer
antibodies simultaneously. In a two-step assay, the serum is first incubated with the
immobilized antibody and then washed before the addition of the tracer antibody. The
one-step protocol is by far the most common protocol used. It is the fastest and the least
complicated. The slower two-step protocol, however, avoids problems with hook effect
and limits false positive hCG results caused by heterophilic antibodies. Both of these
issues are discussed later in this chapter under “Limitations of hCG Tests.”

Qualitative hCG Tests
Qualitative hCG assays, whether home pregnancy tests or point-of-care hCG tests,

work on a very similar principal to the quantitative assays. Urine is placed on a single-
use assay cassette. The urine is absorbed through changing densities of nitrocellulose.
This concentrates the antigens into a narrow band. The urine mixes with a colored-dye-
labeled anti-hCG antibody (“tracer” antibody) stored in a sponge at the proximal end of
the device. The combination of urine and colored-dye-labeled anti-hCG antibody slowly
moves distally through the absorbent nitrocellulose. A complex is formed (hCG + anti-
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body dye). The complex reaches a stationary band of immobilized secondary “capture”
antibody in the nitrocellulose matrix. This antibody is directed against an alternative
binding site on the hCG molecule. These devices are designed to recognize intact hCG,
so one antibody is against the chain, the other against the chain. An antibody dye +
hCG + immobilized antibody complex is formed that generates a colored line at the site
of the “capture” hCG antibody. This is referred to as the “test band.” The appearance of
a colored line indicates a positive test result (generally at concentrations >20 mIU/mL).
Remaining antibody dye migrates further through the device to a second stationary band
referred to as the “control band.” What is immobilized on the control band varies from
test to test. The optimal control band is coated with all or part of the hCG molecule. Excess
antibody dye will bind the immobilized hCG, indicating that there was both enough
volume to carry the sample across the nitrocellulose and that the antibody dye is working
correctly. Unfortunately, not all devices contain this type of control. Some devices have
a control band coated with anti dye antibody. This type of control merely indicates that
there was enough volume to carry the antibody dye to that distal point.

Antibody Selection
All of these tests, whether quantitative or qualitative, employ at least two different

antibodies, whether monoclonal or polyclonal. These are generated against a combi-
nation of any of seven established epitopes on hCG. These are the outer section of the

-subunit C-terminal peptide (CTP outer: residues 123–145 plus other hCG three-
dimensional [3D] folded structures), the inner section of the CTP (CTP inner: residues
93–122 plus hCG 3D folded structures), at least two separate sites in the core 3D folded
structure of the -subunit (core -subunit sites 1 and 2), the interface of the - and -
subunits (anti-hCG, 3D structures on both subunits), and a specific site in the core 3D
folded structure of -subunit (core -subunit site) (Table 4). In addition, there are spe-
cific antibody binding sites for hyperglycosylated hCG only, free -subunit only, free -
subunit plus -core fragment -core fragment only, nicked hCG only, and free -subunit
only. Examining the different antibody combinations used in today’s hCG tests shows
that manufacturers are effectively using almost all combinations of these seven epitopes
on hCG and the seven epitopes plus free subunit antibodies for their tracer and immobi-
lized antibody (12). As a result, there is very large number of different types of hCG
assays, whether quantitative or qualitative. These vary widely in their detection of the
eight key variants of hCG. Whereas some tests in each category measure only regular
hCG, others detect all eight key variants from hyperglycosylated hCG to -core fragment
(Table  4). This is a major source of interassay variation in the results of quantitative serum
tests and in the sensitivities and utilities of qualitative tests (see “Interassay Variation”).

All tests use at least one antibody directed against one of the sites on the -subunit of
hCG to differentiate hCG from luteinizing hormone, thyroid-stimulating hormone, and
follicle-stimulating hormone. Some assays use a secondary antibody against the chain,
others utilize two chain antibodies. Thus, the term hCG test is commonly used for an
hCG test. For the purpose of this chapter, an hCG test and a hCG test are the same.

hCG STANDARDS

All hCG tests, whether quantitative or qualitative, are standardized with World Health
Organization (WHO) international hCG standards. WHO standards are calibrated in
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Anti-hCG dimer A site involving the interface of - and -subunit + +
Anticore 1 Mutual site found on hCG, free , and -core + + + + + + + +
Anticore 2 Alternate mutual site on hCG, free  and -core + + + + + + + +
Anti-  C-terminal-1 Site on hCG and free  (needs  C-terminal peptide) + ± + + ± +
Anti-  C-terminal-2 Site on hCG and free  (needs  C-terminal peptide) + ± + + ± +
Anticommon Mutual site on hCG and free + + ± + +
Antinicked hCG Nicked hCG site between 44 and 48 + +
Anti-H-hCG Hyperglycosylated hCG site on  C-terminal peptide + +
Antifree Free subunit-specific site, hidden on hCG + + ±

Antifree  + -core Mutual site on free  and -core + + + +
Anti-  core Core fragment-specific site, hidden on free ± +
Antifree Free subunit-specific site, hidden on hCG +

+ indicates recognized by all polyclonal and monoclonal antibody against this antigenic determinant.
± indicates recognized poorly or recognized by some polyclonal and monoclonal antibodies to this determinant.

Table 4
Antigenic Determinants on hCG, Free , Free , and -Core and Derivatives

Antigen specificity

Antigenic determinant Description
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international units (IU). The use of international units dates back to the rabbit biological
test of the 1940s (12). The first WHO international standard for hCG was the First
International Standard (1st IS), released in 1938. This was followed by the 2nd IS,
released in 1964. These were both crude hCG preparations, made from pregnancy urine
extracts, and contained a mixture of biologically active hCG, free subunits, and other
substances. In 1978, the 2nd IS was replaced by the First International Reference Prepa-
ration (1st IRP, also known as hCG preparation 75/735), prepared from a highly purified
hCG preparation (CR119) from the National Institutes of Health (13). The 1st IRP con-
tained a defined mass concentration of hCG but the designation of international units was
kept for compatibility with the 2nd IS (1 µg hCG = 9.3 IU; 14). On a weight basis, the
2nd IS has approximately one-half the biological activity of the 1st IRP The CR119
preparation was later used to make the 3rd IS in 1986 (hCG preparation 75/537) and, more
recently, the 4th IS (hCG preparation 75/589), released in 1999. Currently, all tests are
calibrated with either the 3rd IS or the 4th IS.

The CR119 series of standards was purified from crude pregnancy urine preparation
that was collected and stored at ambient temperature, which allowed for aberrant cleav-
age or nicking of hCG. Research shows that 9% of the 1st IRP, 3rd IS and 4th IS hCG
molecules are nicked or damaged in the region of -subunit residues 43–48 (15). This
presented a problem with assays that failed to recognize or poorly detected nicked hCG
molecules (12,16). A new hCG standard was released in 2003, isolated from a new
commercial crude pregnancy urine extract. This will be referred to as the 1st reference
reagent (1st RR, hCG preparation 99/688). To improve assay recognition and reduce
interassay variation, this standard has been further purified to remove enzyme impurities
and the small proportion of nicked hCG molecules that were present in previous standard
hCG preparations (16).

As discussed under “Interassay Variation,” the availability of WHO standards to
normalize hCG test results and cutoff values is important. All manufacturers purchase
WHO standards for calibrating tests. The quantities, however, are very limited and not
sufficient to provide calibrators and quality control material for qualitative products. As
such, almost all manufacturers purchase crude or partially purified urine-derived hCG
either from Scripps Laboratories (La Jolla, CA), Organon (West Orange, NJ), or other
suppliers. These preparations are calibrated with the WHO standard and subsequently
used as calibrators and/or standards. This is problematic as these preparations are not
nearly as well characterized as the WHO standards and may contain a mixture of hCG,
nicked hCG, free -subunit, and -core fragment. As a result, they are recognized differ-
ently by different quantitative hCG tests and may calibrate qualitative pregnancy tests
differently. This is likely a major cause of interassay variation and may explain why two
serum hCG tests can give different results and why one qualitative test may be positive
and another negative with the same urine sample (17).

INTERASSAY VARIATION

Interassay variation between different quantitative serum tests and between different
qualitative urine tests can cause confusion and misdiagnosis of pregnancy. Most clinical
laboratories participate in external proficiency testing through the College of American
Pathologists (CAP). CAP surveys have been the biggest indicator of interassay variation.
The five most recent CAP surveys (each with a single hCG preparation) of 2307 to 2324
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testing laboratories showed 1.50- to 1.59-fold variations from the mean in results for the
16 most commonly used hCG assays in the United States (18). In 1990, Bock wrote an
article titled “hCG Assays: A Plea for Uniformity,” strongly criticizing the wide variation
in CAP survey hCG results and demanding that manufacturers resolve these differences
(19). Clearly, the plea was not effective and the problem, although slightly less pro-
nounced, still exists today. Because of the differences between assays, individual assay-
specific reference intervals must be established and should not be interchanged. This can
be a source of confusion when hCG is measured at different medical centers.

Figure 4a illustrates the interassay variation in the 10 most commonly used hCG tests
from the most recent CAP survey report (18). We recently requested that 11 laboratories
quantitate the 1st RR, the newest, purest, and supposedly the most homogenous WHO
hCG standard available (16), using the same 10 hCG tests (each calibrated against the
current 3rd IS). As shown in Fig. 3, Panel B, wide variation in results was recorded
between assays (1.6-fold variation). Interestingly, the tests giving the highest and lowest
results with the 1st RR standard [the Bayer Centaur (Bayer, Medfield, MA) and Roche
Elecsys (Roche Diagnostics, Indianapolis, IN) tests, respectively] are completely differ-
ent than those giving the highest results and lowest results with CAP proficiency test
material [the DPC Immulite and Beckman Access-2 (Beckman Coulter, Fullerton, CA),
respectively]. Similarly, when the same 10 assays were calibrated directly with the 1st
RR, 1.6-fold variation remained (data not shown), with the Dade Dimension RXL (Dade
Behring, Newark, DE) yielding the highest and the Bayer Centaur the lowest result (17).
All of these observations indicate the complexity of interassay variation.

We attribute much of the interassay variation to two main factors: (1) differences in
assay specificity, and (2) standardization material. Each will be discussed in more detail
below.

Assay Specificity
One of the causes of interassay variation between hCG measurements is the use of

antibodies that recognize different hCG molecules and degradation products (Table 4).
The manufacturer’s choice of antibodies will significantly affect results because anti-
body specificity will determine the number of different hCG molecules the assay will be
able to detect. For instance, the reason the DPC Immulite hCG test consistently gives the
highest result with the CAP proficiency test material, and not with the pure 1st RR, is that
it is the only commercial hCG test that detects -core fragment (Fig. 5). Whereas the 1st
RR is pure and free of such contaminants, the CAP hCG proficiency test material is
derived from a crude urine preparation (CAP technical service; Northfield, IL; personal
communication), which likely contains significant -core fragment, recognized only by
the DPC Immulite hCG test. In addition, serum hCG assays differ in their ability to
recognize hyperglycosylated hCG (Fig. 5). Quantification of a purified hyperglycosylated
hCG standard ranged from 468 IU/L (Dade Dimension RXL) to 1544 IU/L (Roche
Elecsys) (9,12,17). This is a 3.3-fold variation. Similarly, serum hCG assays differ in
their ability to recognize hCG free -subunit (2.2-fold variation) and nicked hCG (1.5-
fold variation). For a comprehensive list of comercially available hCG immunoassays
and their specificity, see Cole (12).

Significant interassay variation is also observed with home pregnancy tests and urine
point of care tests. These tests are all approved for use with urine, yet in a recent study,
we found that only 2 of 14 home pregnancy tests and a similar low proportion of urine
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Fig. 4. Interassay variation of hCG tests. Interassay variation of 10 tests was investigated, the Abbott
AxSym (test 1), Bayer ACS-180 (test 2), Bayer Centaur (test 3), Beckman Access-2 (test 4), Dade
Dimension (test 5), Dade Stratus (test 6), DPC Immulite (test 7), Roche Elecsys (test 8), Tosoh
A1A600 (test 9), and Vitros Eci (test 10). Panel A shows interassay variation as reported as part of
ongoing CAP interlaboratory comparisons, involving 2307 laboratories (18). Panel B shows a blind
11-laboratory comparison with the same 10 assays and the new 1st RR hCG standard.

point-of-care devices detect -core fragment, the principal immunoreactive subunit in
pregnancy urine throughout gestation (3). These tests are intended for use in early preg-
nancy detection. However, in a study of 14 home pregnancy test devices, 3 (Rite Aid,
Long’s, and Inverness Medical One-Step) had poor detection or completely failed to
detect hyperglycosylated hCG, the principal hCG molecule produced in the first weeks
of gestation. In a more recent study, three other products (Sav-Osco, Target, and CVS
one-step tests) were also shown to either not recognize or poorly recognize hyper-
glycosylated hCG (Cole L, Khanlian S, Sutton J, and Davies S, unpublished data). It was
also observed that two products, Answer and Answer Quick and Simple, preferentially
detected hyperglycosylated hCG.
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Standardization Material

The second factor that impacts interassay variation is the supply of pure WHO stan-
dards (20). As stated earlier, the quantities of WHO standards are limited and are not
sufficient for the provision of calibrators for all laboratories or standards for quality
controls. As such, manufacturers purchase crude or partially purified urine-derived hCG
and calibrate these with the WHO standard for use as calibrators and quality control
material. This can greatly affect the hCG result. If a test manufacturer, for instance, uses
a WHO-calibrated commercial hCG standard that contains significant nicked hCG, and
the test does not detect nicked hCG, it will appear as if the assay gives lower results than
it actually should (9,12,17). However, even if WHO standards were available in larger
quantities, as stated earlier, they are based on urine-based material, which may be inap-
propriate as a calibrator for serum-based assays.

Fig. 5. Interassay variation of hCG tests. Interassay variation of 10 tests was investigated, the
Abbott AxSym (test 1), Bayer ACS-180 (test 2), Bayer Centaur (test 3), Beckman Access-2 (test
4), Dade Dimension (test 5), Dade Stratus (test 6), DPC Immulite (test 7), Roche Elecsys (test 8),
Tosoh A1A600 (test 9), and Vitros Eci (test 10). All were determined blindly in 11 laboratories
(17). Panel A is pure hyperglycosylated hCG, calibrated by mass as 100 µg/L. Panel B is pure free

-subunit (250 µg/L). Panel C is pure nicked hCG, nicked only at 47–48 (7) (400 µg/L). Panel
D is pure -core fragment (50 µg/L).
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LIMITATIONS OF DETECTING PREGNANCY

Urine-Based Tests

One of the principal uses of an hCG assay is to aid in the early detection of pregnancy.
Home pregnancy and point-of-care urine tests are often the first indication of pregnancy
during the third, fourth, and fifth weeks following the last menstrual period. Most home
pregnancy and point of care test devices have manufacturer claims of “over 99% accu-
rate” and “use as early the first day of missing a period.” How valid are these claims?

Production of hCG does not begin until the blastocyst implants in the uterus. A study
by Wilcox et al. reported that 10% of the 136 pregnancies they examined had not yet
implanted by the first day of the missed menses (10). Therefore, the highest possible
screening sensitivity for an hCG test on the first day of the missed menses is 90% (95%
confidence interval [CI] 84–94%). By 1 wk after the day of the missed menses, the highest
sensitivity was estimated to be 97% (95% CI 94–99%). In addition, once hCG production
has begun, urine hCG concentrations vary greatly between individuals at the same ges-
tational age. A recent study by our group showed that to detect 95% of pregnancies with
urine tests the day of the missed period, and at days 1, 2, and 3 after missing menses,
would require test detection limits as low as 12.4, 21, 35, and 58 mIU/mL, respectively
(21). Although most urine point of care tests have claimed detection limits of 25–100
mIU/mL, we found that only 1 of 18 home pregnancy tests (First Response Early Result)
had a detection limit as low as 12.5 mIU/mL (21). A urine concentration of 100 mIU/mL
hCG was needed, together with extended incubation times beyond the time suggested by
manufacturers for 18 of 18 devices to yield positive results. At a detection limit of 100
mIU/mL it was estimated that only 16% of pregnancies would be detected on the day of
the missed menses (21). Based on these recent studies, we determined that a detection
limit of 25 mIU/mL should detect 95% of pregnancies somewhere between 1 and 2 d after
missing menses, and approx 74% of pregnancies at the time of missed menses (21).

How can manufacturers claim such a high accuracy in very early gestation? The
answer relates to an arcane Food and Drug Administration (FDA) 510(k) regulation. The
manufacturer needs to demonstrate only that its test results agree with those of an existing
test more than 99% of the time in order to advertise “greater than 99% accuracy.” A new
product is compared to an older FDA-approved test and evaluated with more than 100
urine samples supplemented with hCG at a concentration close to claimed sensitivity of
the old test and with more than 100 urine samples containing no added hCG. The sug-
gested use at the time of the missed menses and the 25 mIU/mL cutoff all come from
studies performed with serum samples in the 1960s and 1970s and the now-proven
erroneous assumption that serum and urine hCG concentrations are the same (3). These
FDA guidelines and 510(k) evaluations, however, have no bearing on the ability of a
product to detect early pregnancy. New guidelines are required for both home and point-
of-care pregnancy tests that would require determination of the proportion of pregnancies
detected by the product on a specific day of gestation (i.e., time of missed menses).

A word of caution should be given about the use of urine in general. Urine hCG
concentrations can vary significantly depending on fluid intake. Therefore, a serum hCG-
positive individual may test negative on a urine hCG test because of very dilute urine.
This is one of the limitations of urine testing to confirm pregnancy, especially on random
samples. A positive result is useful, but a negative result must be interpreted with caution.
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Serum-Based Tests

Most quantitative serum hCG tests have a lowest detection limit of greater than 1 mIU/
mL. Considering that there can be background hCG of pituitary origin in serum (22), most
manufacturers recommend reporting negative results as less than 5 mIU/mL and using
5 mIU/mL as a cutoff for detecting pregnancy. Clearly, serum hCG tests are many times
more sensitive than home pregnancy and point of care tests, and can detect more than 95%
of pregnancies on or before the time of the missed menses. For this reason, quantitative
serum hCG tests are the test of choice for pregnancy confirmation or for accurate early
pregnancy detection.

Between one-quarter and one-third of naturally fertilized pregnancies and a much
higher proportion of in vitro fertilized or assisted reproductive technology pregnancies
fail to implant properly and result in early pregnancy losses. These lead to a transient
increase in serum and urine hCG concentrations that diminish by the time of menses. An
early pregnancy loss may also postpone menses 2 d (23). This transient production of
hCG can potentially cause a so-called false-positive pregnancy test result with urine or
serum tests at or around the time of the missed menses. This is referred to as a “biochemi-
cal pregnancy.” Repeat testing 2 to 3 d later will yield a true negative test result (13,23,24).
Recent studies by O’Connor and colleagues indicate minimal hyperglycosylated hCG
production by early pregnancy losses, and specific measurement of hyper-glycosylated
hCG may avoid the false detection of early pregnancy losses (13).

In summary, it is clear that no test, serum or urine, can detect pregnancy with 99%
accuracy at the first day of the missed menses. However, taking into account all of the
above factors, it is estimated that urine or serum tests can detect pregnancy with 99%
accuracy by 5 wk of gestation, or 1 wk following a missed menses.

LIMITATIONS OF hCG TESTS

Manufacturing Defects

Home pregnancy and point-of-care urine hCG tests are inexpensive disposable de-
vices. Some poorly made devices can give false positive results in the absence of hCG,
others can fail to function properly resulting in false negatives. These devices incor-
porate a test window and a control window. The test window indicates a positive or
negative result and the control window indicates that the device is functioning properly
(see “Principals of hCG Tests” above). Invalid tests fail to show a band in the control
window. In a recent study examining home pregnancy tests (21), two devices (Confirm
and Clear Choice home pregnancy tests) gave one or more false-positive results with a
urine solution containing 0 mIU/mL hCG. Similarly, 9 of 30 tests using the Clear Choice
and 10 of 30 tests using the Confirm were invalid because they lacked the proper forma-
tion of a band in the control window. It is important to confirm all home pregnancy and
point-of-care urine test results with quantitative serum hCG tests. Qualitatitive and semi-
quantitative serum point-of-care tests are calibrated and somewhat better controlled
products. Although they offer an improvement over urine point-of-care products, they are
still a “second best choice” and positive results need to be confirmed using a quantitative
serum test.
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The Hook Effect

The “hook effect” is a major limitation of all serum and urine one-step immunometric
assays (see “Principals of hCG Tests” section). The hook effect occurs when extremely
high concentrations of an analyte such as hCG occupies all the sites on both the capture
and detection antibodies and prevents the formation of a so called “sandwich.” The end
result is that few or no tracer antibody + hCG + immobilized-antibody complexes will be
formed, yielding a false negative result. The “hook effect” does not occur with two-step
quantitative assays because excess analyte is washed away before the tracer antibody is
added. This problem has been documented for both quantitative and qualitative hCG
assays (25–29). As a rule, if a physician finds that the hCG result is inconsistent with the
clinical presentation (e.g., patient is clearly at 8–10 wk of pregnancy, and a quantitative
hCG is 10 mIU/mL, or a point-of-care test is negative), the qualitative or quantitative test
should be repeated with 10- and 100-fold diluted sample (9,22,30).

Heterophilic Antibodies

Heterophilic antibodies are human antibodies against other antibodies (human or
animal) that can link a capture and tracer antibody in the absence of specific analyte and
give a false-positive hCG result (30–33). Because antibodies are large glycoproteins and
generally do not cross the glomerular basement membrane and enter urine, this is only
a problem in serum, not urine, assays (30–33). The USA hCG Reference Service is a
reference facility consulting with physicians in cases of conflicting or nonrepresentative
hCG test results. In the last 5 yr, the USA hCG Reference Service has identified 54 cases
of women who were erroneously treated for gestational trophoblastic disease, choriocar-
cinoma, or ectopic pregnancy because of false-positive hCG results (4,22,32–38). In the
first few months of operation, the USA hCG Reference Service investigated three un-
usual cases (22). In all three cases, the women had an incidental pregnancy test that was
positive. The positive hCG persisted with small apparent changes in concentrations.
Ultrasound, dialation and curetlage, and laparoscopy ruled out pregnancy or ectopic
pregnancy. The diagnosis of gestational trophoblastic disease or choriocarcinoma was
assumed. In two of the three cases, chemotherapy was started, and in one case a hyster-
ectomy was carried out. At this time, the reported hCG concentrations were 17, 53, and
110 IU/L, respectively. In all three cases, the presence of hCG was not confirmed and it
was shown that these assays were subject to interference by heterophilic antibodies. To
date, approx 145 individuals have been referred to the USA hCG Reference Service for
investigating potential false positive hCG results. Fifty-four subjects were confirmed to
have true false-positive results. False-positive results were identified by the following
criteria (22,32–36):

1. the finding of more than a fivefold difference in serum hCG results when tested with an
alternative immunoassay (critical criterion)

2. the presence of hCG in serum and absence of detectable hCG or hCG-related molecule
immunoreactivity in a parallel urine sample (critical criterion)
Note: Where possible, urine testing should be performed using a quantitative hCG test
with high sensitivity (sensitivity 2 mIU/mL). Even though this is an “off-label” applica-
tion, it is the most appropriate and quickest confirmation of real or false-positive hCG.
Point-of-care urine tests are limited to a sensitivity of 25 mIU/mL. We have found that
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a qualitative urine test is not certain to confirm a serum hCG result unless that result
exceeds at least 100 mIU/mL. In addition, because most qualitative assays currently
detect intact hCG, they will not detect free -hCG in the urine in cases of -hCG-
producing germ cell tumor. Germ cell tumors that produce only free chain can present
a similar clinical picture as heterophile antibodies (i.e., unexpected positive quantitative
serum hCG, no clinical signs of pregnancy, and a negative qualitative urine hCG test).

3. the observation of false-positive results in other tests for molecules not normally present
in serum, such as urine -core fragment (confirmatory criterion)

4. the finding that a heterophilic antibody blocking agent (such as HBR, produced by
Scantibodies Inc.) prevents or limits false positive (confirmatory criterion)

In all 54 confirmed false-positive cases, there was no prior history of trophoblastic
disease or other tumors. Patients were treated for a diagnosis of ectopic pregnancy,
gestational trophoblastic disease, or choriocarcinoma. Each case started with an inciden-
tal pregnancy test. Forty-five of 54 received needless surgery or single-agent chemo-
therapy; many received an unnecessary hysterectomy or other major surgery, or cytotoxic
combination chemotherapy (32–38). To the best of our knowledge, in all cases, after
false-positive hCG was identified, all treatment was halted, even though the quantitative
test remained positive. Women having false-positive hCG results may also have falsely
elevated results in other unrelated tests such as CEA, CA125, PSA, thyroid hormones,
troponin, and other tumor and cardiac markers (39).

In most cases, false positive hCG results (in the USA hCG Reference Service assays)
were eliminated by pretreatment of serum with a heterophilic antibody blocking agent,
HBT (Scantibodies Inc., San Diego, CA) (36). It is noteworthy that certain hCG assays
seem to have a propensity for producing false-positive results. All of the 53 false-positive
cases arose from physicians who were monitoring patients with the Abbott AxSym hCG
assay, Bayer Centaur test, Bayer ACS180, Bayer Immuno-1, Roche Elecsys, J&J Vitros
ECI, Tosoh Nexia, and Dade Dimension RXL quantitative serum tests or with the
Beckman Icon 2 serum point of care hCG test. It is noteworthy that 43 of the 53 false-
positive cases detected by the USA hCG Reference Service arose from centers monitor-
ing patients with the Abbott AxSym hCG assay. This has been observed by other centers
(38). The Abbott AxSym test appears to be particularly prone to giving false-positive
hCG results. An examination of the instruction sheet shows that animal serum is added
in the Abbott AxSym test to just the diluent, rather than to the antibody preparation. As
such, undiluted samples may not be protected from heterophilic antibody interference.
This may explain the preponderance of false-positive results with this test (36,37).

Many of the clinicians who managed the 54 false-positive cases were misled by tran-
sient decreases in the hCG values after chemotherapy or surgery. This is because the
decreases in hCG falsely suggested the presence of disease or indicated the success of
therapy. The transient decreases were likely an interim weakening of the immune system
after chemotherapy or surgery, reducing circulating heterophilic and antianimal antibody
concentrations, leading to decreased false-positive hCG results.

SUMMARY

hCG is a complex glycoprotein that is produced by the trophoblastic cells of the
placenta during pregnancy and in gestational trophoblastic diseases. Concentrations of
hCG rise very rapidly during early pregnancy and peak at approx 8 and 12 wk. Numerous
quantitative and qualitative assays for detecting hCG in serum or urine are available. All
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of these assays are two-site “sandwich”-type immunoassays. Although immunoassays
for hCG have existed for more than 25 yr, many problems still exist, causing considerable
interassay variation. The problems can be traced to two fundamental factors: (1) differ-
ences in assay specificity, and (2) standardization material. Assay specificity problems
are caused by the use of a variety of different antibodies that recognize any combination
of the different molecular forms of hCG. To further compound the problem, good
standarization material does not exist, and the material that does exist is not available in
sufficient quantities. Pregnancy detection is itself problematical because of variation in
the timing of initial hCG production by individuals, wide variation in the extent of hCG
production, and hCG production by early pregnancy losses. Further limitations of the
hCG assays themselves include manufacturing defects, the hook effect, and heterophilic
antibodies. Considering these observations, great care is needed in the use and interpre-
tation of pregnancy tests. Home pregnancy tests and point-of-care pregnancy tests should
be considered as indicators of pregnancy, and confirmation of pregnancy should be
obtained using a quantitative serum assay.
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INTRODUCTION

Preterm birth is a major public health problem in the United States. It is the most
common reason for both neonatal mortality and serious long-term morbidity after con-
genital birth defects (1). Preterm birth, as defined by the World Health Organization
(WHO), is the delivery of an infant prior to 37 wk and greater than 20 wk gestational age.
Preterm birth arises from three major problems: 50% arise from spontaneous preterm
labor with intact membranes, another 30% are the result of preterm premature rupture of
membranes (PPROM), and the remaining 20% of preterm births are indicated deliveries
because of declining fetal status, such as fetal growth restriction, or worsening maternal
status, such as hypertension (2). It is the first two categories, spontaneous preterm labor
and PPROM, that research on biological markers of preterm delivery has focused on.

The preterm delivery rate in the United States has steadily climbed upward from 9.4%
in 1981 to 11.6% in 2000, a 26% increase (3). During this interval, the preterm birth rate
before 32 wk gestation has remained unchanged at approx 2% (3). Many factors have
contributed to this overall increase. The rate of multiple gestations has risen 19% during
the period 1989 to 1996, primarily because of increased utilization of infertility treat-
ments. Preterm birth is the norm in multiple gestations, with 49.5% of twins and 90.1%
of triplets affected (4). The increase in preterm births has also been attributed to increased
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intervention before term for medical indications, increased intervention for fetal indica-
tions, and improved determination of gestational age by ultrasound with greater recog-
nition of preterm deliveries.

Although all preterm births are concerning, the approx 2% that occur prior to 32 wk
gestation are the greatest concern because the bulk of perinatal mortality occurs in births
before this gestational age. In fact, approx 50% of all long-term neurological morbidity
and 60% of perinatal mortality occurs in these preterm infants (5). A large prospective
study by Lemons et al. (6) followed 4438 infants with birth weights between 501 and
1500 g that survived long enough to be brought to the neonatal intensive care unit. At
24 wk gestation, there was approx 50% mortality, 20% at 26 wk, 8% at 28 wk, and 3%
at 32 wk, with little improvement with each additional week. These findings are consis-
tent with previous studies examining similar outcomes (6–8).

Short-term morbidities are also a major problem that improves with advancing gesta-
tional age. Although the incidence of respiratory distress syndrome decreases until 36 wk,
necrotizing enterocolitis, intraventricular hemorrhage, and sepsis are virtually absent after
32 wk of gestation (9). Lemons et al. (6) also identified an association between gestational
age at birth and neonatal complications. Morbidities included chronic lung disease, severe
intracranial hemorrhage, and necrotizing enterocolitis. At the smallest infant birth weights
(501–750 g), only 36.9% of survivors were discharged without obvious morbidity,
whereas at 1251–1500 g birth weight, 90.1% survived without obvious morbidity (6).

Other groups have examined long-term morbidities with results suggesting that
increases in both birth weight and gestational age decrease the incidence of long-term
morbidities. Vohr et al. (10) examined 1151 infants (between 1993 and 1994) who had
a birth weight of 401–1000 g. They evaluated the developmental, sensory, and functional
outcomes at 18–22 mo and found that 25% had an abnormal neurological exam, 37% had
delayed mental development, and 29% had delayed motor development. Furthermore,
9% had vision impairment and 11% had hearing impairment.

Wood et al. (11) followed 283 infants born before 25 wk gestation and demonstrated,
at a median of 30 mo of age, that 49% of the cohort had some form of neurological or
developmental dysfunction. The trend once again showed that morbidities decreased
with gestational age. Survival without disability was 5% at 23 wk gestation, 12% at 24 wk,
and 23% at 25 wk.

Hack et al. (12) followed two cohorts to elementary school age. The first study group
was composed of 68 survivors who had birth weights less than 750 g. The second group
consisted of 65 survivors with birth weights between 750 and 1499 g. They assessed both
groups at a median of 6.9 yr of age for growth, sensory status, motor function, academic
performance, and behavioral function at school age and found an IQ score less than 70
in 21% and 8%, respectively, compared to 2% in term gestation controls. The incidence
of cerebral palsy was 9% and 6% for the two study groups and 0% for the term control.
Limitations in academic performance were identified in 27% and 9% of the study cohorts
compared with 2% in the control group.

Hack et al. (13) later evaluated a cohort of 242 individuals in young adulthood who
were born between 1977 and 1979 and who had birth weights less than 1500 g. When
compared to normal birth weight controls, they found that at 20 yr of age, these children
had lower IQ scores, were less likely to enter high school (74 vs 83%), and had higher
rates of neurosensory impairments such as blindness, deafness, or cerebral palsy (10
vs <1%).
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The problem of preterm delivery and low birth weight is associated with increased
mortality and morbidity in neonates. The initial attempts at identifying individuals at high
risk of preterm delivery involved risk assessment systems based on information readily
available to clinicians, including historical information, demographic data, and symp-
toms. Unfortunately, these systems are neither sensitive nor specific for predicting
preterm delivery. Quantitative biological markers, such as cervicovaginal fetal fibronectin
(fFN) and transvaginal cervical length studies, are now the most commonly used methods
for assessing the preterm birth risk, with improved predictive values over traditional risk
assessment systems.

RISK ASSESSMENT

The greatest obstacle to predicting which patients will deliver preterm is our incom-
plete understanding of what initiates preterm labor and subsequent preterm birth. Much
of our knowledge of labor physiology comes from animal models in the mouse, sheep,
and monkey, and is often not applicable to the human labor model. Available risk-based,
rather than biologically based, scoring systems took advantage of known historical,
physical, and behavioral risk factors that are readily available to physicians. In essence,
they determine a high-risk patient by identifying the presence of risk factors that have
been known to be associated with increased preterm birth risk. Some of the risk factors
commonly evaluated are listed in Table 1.

The best-known risk-based system was developed by Creasy (14). This system scored
patients at their first prenatal visit and again at 26–28 wk in four categories, and assigned
a rank between 1 and 10, with higher scores given to patients with higher risk. This system
utilized many of the factors noted earlier. However, risk-based systems have been shown
to lack sensitivity and specificity to identify a patient who will deliver prematurely (14–
16). Mercer et al. (15) examined a risk-based system for predicting spontaneous preterm
delivery in a low-risk population. He assessed risk factors for 2929 patients at 23–24 wk
and found that the risk-based system identified a minority of patients who ultimately
delivered preterm. A sensitivity of 24.2% and a positive predictive value of 28.6% for
preterm birth were calculated for nulliparous patients, with slight improvement for
multiparous patients.

FETAL FIBRONECTIN

Adult fibronectins are ubiquitous glycoproteins that are found in plasma and the extra-
cellular matrix. They play major roles in many fundamental biologic processes including
cell adhesion and migration, maintenance of normal cell physiology, cell differ-
entiation, embryogenesis, and tumor genesis. fFN, also known as oncofetal fibronectin,
is a unique glycosylated form expressed only in fetal tissue and cancer lines and is
recognized by the FDC-6 murine antibody that recognizes the IIICS domain (17). The
fibronectin molecule consists of repeating modules known as type I-III modules. The III-
CS domain resides in a type III module adjacent to the carboxyl terminus. fFN, as shown
by immunohistochemical studies, localizes to the uterine–placental and decidual–chori-
onic extracellular matrices. In cell culture, native fFN shows adhesive properties suggest-
ing that fFN may be “trophoblast glue” that results in physiologic cellular adhesion. It is
believed that fFN is released into the cervix and vagina when the interface between the
chorion and decidua is interrupted prior to the initiation of labor (18).
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fFN in cervicovaginal secretions is present during the first 16–20 wk of gestation
(19,20) but drops to undetectable levels in nearly all patients after 24 wk. fFN concen-
trations remain low in normal pregnancies until approx 34 wk, when fFN concentrations
typically increase prior to delivery (20).

One of the earliest studies evaluating elevated fFN as a marker for preterm delivery
(20) determined a discriminatory cutoff of 50 ng/mL, in a post hoc analysis, for predicting
the likelihood of preterm delivery. This concentration was chosen because it maximized
the sensitivity and the specificity of predicting a preterm birth. Based on receiver oper-
ating curves (ROC) constructed from cervical and vaginal fFN concentrations in 2926
women, Goepfert et al. (21) demonstrated that this 50 ng/mL discriminatory cutoff was
reasonable for screening from 24 to 30 wk gestation. This concentration has been com-
monly accepted for studies examining the fFN assay. Elevated concentrations of fFN
after 20 wk have uniformly been associated with delivering preterm in symptomatic (22–
24) and asymptomatic patients (25–29). Elevated concentrations of fFN are also associ-
ated with the onset of term labor (30,31).

Symptomatic Patients
Attention has been given to the predictive value of fFN in the preterm patient with

symptoms consistent with preterm labor. Prospective studies have consistently shown
that a positive fFN test (>50 ng/mL) is significantly associated with preterm delivery with
relative risk values of 38.8, 31.3, and 3.2 for delivery prior to 7 d, 14 d, and less than 37
wk respectively (22–24). However, the positive predictive value of fFN for imminent
preterm delivery is low, ranging from 13 to 29% in the largest studies (22,24,25). This
makes the utility of a positive test unclear, because the majority of patients who test
positive will actually deliver at term. Conversely, the test has a high negative predictive
value, and the true value of fFN may be with its ability to rule out preterm labor in
symptomatic patients with a negative test (22,24).

Peaceman et al. (22) performed the largest prospective study in this population. Their
data are summarized in Table 2. They screened 763 symptomatic patients between 24 and
34 wk and found negative predictive values for preterm birth of 99.5% within 7 d, 99.2%
within 14 d, and 84.5% at less than 37 wk. These findings suggest that fFN testing should
improve the accuracy of diagnosing preterm labor in symptomatic patients when testing
is negative. A negative result provides reassurance that the patient will have a less than
1% chance of delivering within the next 7 to 14 d. However, in this study, 127 of the
patients received tocolysis within 7 d of enrollment. It is possible that withholding tocolysis
treatment in those patients would have lowered the negative predictive value of fFN.

Table 1
Risk Factors Associated With Preterm Delivery

History of preterm birth
Black race
Multiple gestation
Women under 17 and over 35 yr of age
Lower socioeconomic status
Poor or excessive weight gain
Smoking
Substance abuse

Data from ref. 36.
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Asymptomatic Patients
In asymptomatic patients, fFN has also been shown to predict preterm birth with

relative risks of 59.2, 39.9, 21.2, 8.9, and 3.8 for deliveries occurring between 24 and 27
wk, 24 and 29 wk, 24 and 31 wk, 24 and 34 wk, and 24 and 36 wk, respectively (25). The
largest study to date was completed by the National Institute of Child Health and Human
Development Maternal Fetal Medicine Units Network (25), which screened 2929 asymp-
tomatic patients with fFN at 22–24, 26, 28, and 30 wk gestation. These data are summa-
rized in Table 3. For deliveries prior to 34 wk gestation, the sensitivity for a positive test
ranged from 20 to 29% depending on the gestational age at testing. The specificity for a
negative test remained more than 96%, despite the timing of screening. The positive
predictive value, similar to symptomatic patients, was low (18–25%).

For deliveries prior to 28 wk gestation where neonatal morbidity and mortality is
greatest, fFN screening demonstrated its highest sensitivity, specificity, and relative risk
at 63%, 98%, and 59, respectively. This suggests that fFN was most successful at predict-
ing early preterm birth (<28 wk) and less successful at later gestational ages (<34 wk),
a significant advantage to the use of fFN because of worsening neonatal mortality and
morbidity at these early gestational ages.

A meta-analysis by Leitich et al. (32) evaluated the ability of fFN to predict preterm
births for both symptomatic and asymptomatic patients. For predicting preterm deliver-
ies less than 34 wk in asymptomatic patients, a value greater than 50 ng/mL had a
sensitivity of 61% and a specificity of 83%. When patients with preterm labor symptoms

Table 2
Predictive Accuracy of Cervicovaginal fFN in 725 Symptomatic Singleton Pregnancies

for Delivery <7 D, <14 D, <37 Wk

Delivery Relative risk 95% Confidence Sensitivity PPV NPV

<7 d 38.8 (9.1–165) 90.5% 13.4% 99.7%
<14 d 31.3 (9.5–103) 88.5% 16.2% 99.5%
<37 w 3.2 (2.4–4.3) 43.9% 43.0% 86.6%

NPV, negative predictive value; PPV, positive predictive value.
Data from ref. 22.

Table 3
Predictive Accuracy of Fetal Fibronectin for Delivery <34 Wk

Gestation From Either Cervical or Vaginal Swabs in 2929
Asymptomatic Patients

Gestational age
of screening Sensitivity Specificity PPV NPV

22–24 wk 23% 97% 25% 96%
26 wk 22% 97% 20%
28 wk 20% 97% 17%
30 wk 29% 96% 18%

NPV, negative predictive value; PPV, positive predictive value. Data
from refs. 21,25.
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were evaluated, the sensitivity was 85% and the specificity was 68%. The test performed
best when predicting a delivery within 7 d in symptomatic patients, with a sensitivity of
89% and a specificity of 86%.

Multiple Gestations
Although there are a disproportionate number of preterm births in pregnancies with

more than one fetus, there have been few studies evaluating the utility of fFN screening
in these individuals. The small studies performed have consistently found an association
of premature deliveries with a positive fFN test (33–35). Wennerholm et al. (35) screened
101 asymptomatic twin pregnancies from 24 wk to 34 wk. For twin gestations delivering
before 35 wk, screening at 24 wk had a sensitivity, specificity, positive predictive value,
negative predictive value, and relative risk of 36.8%, 91.3%, 53.8%, 84%, and 4.2 (95%
confidence interval [CI] 1.6–11.1). The accuracy of screening was improved at 28 wk:
50.0%, 92%, 62.5%, 87.3%, 6.3 (95% CI 2.6–15.1). Positive screening at 26 and 30 wk
gestation was not associated with increased risk for preterm birth.

The fFN Assay
The cervicovaginal fFN assay is approved by the Food and Drug Administration

(FDA) for use in pregnant patients who display symptoms of preterm labor. However,
patients must conform to certain criteria as stated by the manufacturer (Adeza Biomedi-
cal, Sunnyvale, CA), which include gestational age between 240⁄7 and 346⁄7 wk, singleton
pregnancy, intact fetal membranes, cervical exam less than 3 cm dilatation, no history of
placenta previa, no cervical manipulation from pelvic exam or ultrasound exam for 24 h,
and no use of lubricants or recent sexual intercourse within 24 h.

Once an appropriate patient has been identified for fFN testing, a speculum should be
placed in the vagina (prior to any cervical exam). A Dacron  polyester swab, supplied
by Adeza, should be placed in the posterior vaginal fornix (asymptomatic or symptomatic
patients) or the ectocervical region of the external cervical os (asymptomatic patients) for
10 s to absorb vaginal or cervical secretions. The sample should be placed immediately
into the collecting tube provided by the manufacturer and refrigerated until the fFN assay
is performed.

Prior to the availability of the rapid fFN assay (described later), all samples were
frozen and sent to Adeza Biomedical for analysis. fFN concentrations were determined
by a fFN enzyme immunoassay. After the cervicovaginal samples of interest were incu-
bated in microtiter wells coated with FDC-6 antibody, the antibody–antigen complex was
washed and reacted with an enzyme-labeled antibody against fFN. Following formation
of this antigen–antibody complex, the microtiter well was cleared of all unbound labeled
antibody. It was then incubated with an enzyme substrate, allowing the amount of fFN
in the specimens to be calculated spectrophotometrically at a wavelength of 550 nm.

Two rapid assays for fFN are currently marketed by Adeza Biomedical. The first assay
is a membrane immunogold assay that utilizes an antihuman fibronectin–gold colloid
conjugate that binds to fFN in the specimen. Detection of the fFN–gold colloid complex
is accomplished by passing the specimen through a membrane containing the monoclonal
antibody FDC-6, which is specific for fFN. The gold complexes are then immobilized and
produce a visible spot within 5 min. Specimens with an fFN concentration greater than
50 ng/mL will produce a positive result within a control ring and are interpreted visually.
This assay is not available in the United States and its use in the literature has been
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reported only from countries outside the United States. The second assay is the rapid fFN
cassette and is available in the United States. It was approved by the FDA for marketing
in 1998. It is also a membrane immunoassay and uses the monoclonal FDC-6 anti-fFN
antibody coupled to a blue microsphere and an immobilized polyclonal goat anti-
fibronectin antibody. The intensities of the test and control lines on the device are inter-
preted with the TLiIQ analyzer. Concentrations of fFN greater than 50 ng/mL are
reported as positive. The majority of studies regarding fFN have been performed using
the microtiter plate enzyme immunoassay, and very few have examined the utility of the
rapid fFN tests.

Summary
A negative fFN test in the symptomatic patient is reassuring because it suggests that

the patient has a less than 1% chance of delivering within the next week. Most of these
patients should be safe to return home, reassured that they are not in preterm labor (5).
The best use of fFN screening may be in these symptomatic patients, when a negative test
may result in a more accurate exclusion of preterm labor and decreased utilization of
hospital stays and pharmacological interventions, such as tocolysis and corticosteroid
use. The American College of Obstetricians and Gynecologists states that “fetal
fibronectin testing may be useful in women with symptoms of preterm labor to identify
those with negative values and a reduced risk of preterm birth, thereby avoiding unnec-
essary intervention” (36). Screening the general obstetrical population is not recom-
mended until effective interventions to improve maternal and neonatal health are
identified.

CERVICAL ULTRASOUND

The cervix changes throughout gestation, with the most dramatic changes occurring
soon before delivery. The cervix shortens, softens, takes a more anterior position, and
finally begins to dilate (5). Although digital exams are used to assess these cervical
changes and to stratify which patients are at high risk for preterm delivery, manual
cervical examinations by clinicians are subject to significant variation between observ-
ers, making digital exams of questionable accuracy and reproducibility (37,38).

Transvaginal cervical ultrasonography has gained popularity because of its greater
reliability in assessing the status of the cervix when compared to digital examination
(39,40) and transabdominal cervical ultrasonography (41). Critical to the popularity is
the inverse association of decreasing ultrasound measured cervical length and increasing
risk of preterm birth (42). Cervical length by ultrasound has been found to be more
sensitive at predicting preterm delivery than digital examination (39). However, despite
the ability of cervical length to predict preterm birth, routine screening of low-risk
patients is not currently recommended because of the lack of demonstrated benefit
from detecting shortened length.

Once a patient has been selected for cervical length measurements, it becomes impor-
tant to perform the test properly to minimize error and variability. The length of the cervix
is measured using a real-time transvaginal ultrasound probe. After the subject empties her
bladder, she is placed in the dorsal lithotomy position. Ultrasound gel is placed in a
condom or other sterile covering prior to inserting the ultrasound probe. The ultrasound
probe is then placed into the vaginal anterior fornix until a sagittal view of the cervix is
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appreciated. The view should include the internal cervical os, the external cervical os, and
the endocervical canal.

The image of the cervix, from the internal os to the external os should fill the ultrasound
screen prior to measurement. The probe is then withdrawn to minimize the pressure of
the probe on the cervix, because excess pressure can distort the measured cervical length.
Once the entire cervix is visualized, the sonographer may freeze the image and measure
the distance between the internal and external cervical os as the cervical length (Fig. 1).
Several measurements should be taken and averaged. Occasionally, the cervical canal is
not linear. In these cases, the sum of the two shortest linear measurements that best follow
the endocervical canal should be used (42).

In the largest prospective study to date (42), the cervix, when measured with transvagi-
nal ultrasound, has a median length of 35.2 mm ±8.3 mm between 22 and 24 wk gestation.
The 10th percentile is 25 mm and the 90th percentile is 45 mm. The cervix normally
shortens as gestation advances. The median cervical length decreases to 33.7 ± 8.5 mm
between 26 and 28 wk gestation. Zilanti et al. (43) qualitatively characterized the process
of cervical shortening on ultrasound. As cervical development and shortening occurs, the
internal os of the cervix progresses through a variety of appearances. As seen in Fig. 2,
the internal os is typically closed and looks like a T. As the lower uterine segment
develops and thins, the internal os opens and initially resembles a Y, a V, and finally a
U (43).

Asymptomatic Patients
There have been several prospective studies evaluating the use of cervical ultrasound

as a screening tool to predict subsequent preterm birth in asymptomatic low-risk patients
screened in the early second trimester (44), high-risk patients screened in the early second
trimester (45,46), and low-risk patients in the late second trimester (42,47). All of these
studies have confirmed an association between preterm birth and short cervical length.
A meta-analysis by Leitich (48) summarized 35 studies of cervical length for preterm
delivery prediction and found that the sensitivity ranged from 68 to 100% and the speci-
ficity from 44 to 79%.

The largest prospective multicenter trial by Iams et al. (42) included 2915 women who
had cervical ultrasounds at 22–24 wk gestation and again 4 wk later; 2513 patients were
available for study. The group found that there was an inverse relationship between the
cervical length and the gestational age at delivery, with the highest risk in the group below
the 10th percentile of cervical length. Compared to the preterm birth rates of women
above the 75th percentile (40 mm), the relative risks of preterm birth before 35 wk for
cervical lengths performed between 22 and 24 wk were less than 75th percentile (40 mm)
1.98, less than 50th percentile (35 mm) 2.35, less than 25th pecentile (30 mm) 3.79, less
than10th percentile (26 mm) 6.19, less than 5th percentile (22 mm) 9.57, and less than
1st percentile (13 mm) 13.99. At 26–28 wk gestation, the corresponding relative risks
were 2.80, 3.52, 5.39, 9.57, 13.88, and 24.94.

The Iams study (42) evaluated different cervical lengths as a marker for preterm
delivery before 35 wk gestation. Table 4 summarizes the sensitivity, specificity, positive
predictive value, and negative predictive value for each cervical length. Data on funnel-
ing and Bishop scores are also included for comparison. Bishop scores are used to assess
the “ripeness” of the cervix and the success of a multiparous patient for vaginal delivery.
Categories assessed are cervical dilatation, cervical effacement, fetal head station, cer-
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Fig. 1. Example of transvaginal ultrasound of a shortened cervix. This cervix measures 1.91 cm
(distance between crosshairs +). (Courtesy of Edmund Funai.)

vical consistency, and cervical position (posterior, anterior, etc). Higher scores are asso-
ciated with more advanced cervical changes.

Owen et al. (45) performed a blinded cohort study in 183 women who were at high risk,
defined as a history of spontaneous preterm birth before 32 wk. Screening ultrasounds
were started as early as 16–18 wk and were repeated biweekly until 236/7 wk. In this high
risk population, the initial median cervical length measurement was 37 mm. The lowest
10th percentile measured at 26 mm and the lowest 5th percentile was at 23 mm. Cervical
lengths measuring less than 30 mm were associated with preterm delivery before 35 wk
as summarized in Table 5. The relative risks for less than 15 mm, less than 20 mm, less
than 25 mm, less than 30 mm were 4.1, 3.4, 3.3, and 2.5, respectively. Funneling of the
internal os was not an independent risk factor for preterm delivery.

Improved sensitivity for preterm birth was noted beyond the first 16- to 18-wk ultra-
sound if serial ultrasounds were performed or if dynamic cervical shortening, defined as
spontaneous cervical shortening or cervical shortening with application of fundal pres-
sure, was noted. The sensitivity, specificity, positive predictive value, negative predic-
tive value, and relative risks for a cervical length of less than 25 mm on the first ultrasound
were 19%, 98%, 75%, 77%, 3.3 (95% CI 2.1–5.0). Any cervical length less than 25 mm
on serial ultrasounds improved the test with values 58%, 81%, 53%, 85% and 3.4 (95%
CI 2.1–5.5). If dynamic change was identified on serial exams, the values were 69%,
80%, 55%, 88%, and 4.5 (95% CI 2.7–7.6).
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Fig. 2. Illustration of progressive cervical effacement with fetal head. (A) Normal cervix. (B)
Cervix with early effacement at internal os. (C) Cervix with progressive effacement at the internal
os. (D) Cervix with progressive effacement to the external os.

Symptomatic Patients
Unlike fFN testing, only small studies have demonstrated the utility of transvaginal

ultrasonography in the setting of symptomatic preterm contractions for predicting immi-
nent preterm birth (49–52). The largest study to date, by Crane et al. (49), prospectively
performed transvaginal cervical ultrasound on 136 women with singleton pregnancies
and 26 women with twin pregnancies admitted between 23 and 33 wk for suspected
preterm labor. A cervical length was measured after preterm uterine contractions resolved,
with tocolytic therapy in some cases. A cervical length of less than 30 mm was found to be
the optimal length for predicting a preterm delivery before 37 wk gestation. In singleton
pregnancies, this discriminatory cutoff had a sensitivity of 81%, specificity of 65%,
positive predictive value of 46%, and negative predictive value of 90%. For twins, cer-
vical length was not as predictive, with values 75%, 30%, 63%, and 43%, respectively.
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Table 4
Predictive Accuracy of Cervical Length Assessment

by Ultrasound and Physical Exam at 24 Wk in Asymptomatic
Patients for Preterm Birth <35 Wk

Sensitivity Specificity PPV NPV

< 20 mm 23.0 97.0 25.7 96.5
< 25 mm 37.3 92.2 17.8 97.0
< 30 mm 54.0 76.3 9.3 97.4

Funneling 25.4 94.5 17.3 96.6
Bishop > 6 7.9 99.4 38.5 96.0
Bishop > 4 27.6 90.9 12.1 96.5

NPV, negative predictive value; PPV, positive predictive value.
Data from ref. 42.

Table 5
Predictive Accuracy of Cervical Length Measurements at 16–18 Wk in Asymptomatic Women

at High Risk for Preterm Birth <35 Wk

 <15 mm <20 mm <25 mm <30 mm

Sensitivity % 10 10 19 38
Specificity % 100 99 98 87
Positive Predictive Value % 100 83 75 77
Negative Predictive Value % 76 76 77 80
Relative Risk (95% CI) 4.1 (3.2–5.4) 3.4 (2.2–5.3) 3.3 (2.1–5.0) 2.5 (1.6–3.9)

Data from ref. 45.

Summary
Transvaginal cervical length studies can be used to identify patients at increased risk

of preterm birth. The risk of a shortened cervix for preterm birth increases in a continuous
fashion as the cervical length decreases. Although many studies have identified a dis-
criminatory cervical length of 25 mm as the ideal length in the asymptomatic patient and
30 mm in the symptomatic patient to place a patient at high risk or low risk for preterm
delivery, this length is to some degree an arbitrary cutoff.

SALIVARY ESTRIOL

Estriol is one of three major estrogens found in humans (estriol, estradiol, and estrone).
During pregnancy, it is present at concentrations 10–20 times higher than other estrogens
and is produced almost exclusively by fetal tissue rather than maternal tissue (53). In
humans, the fetal adrenal gland produces dehydroepiandrosterone sulfate (DHEAS), the
primary substrate for estradiol synthesis in the placenta. DHEAS is converted to 16-OH-
DHEAS in the fetal liver and to estriol in the placenta. Estriol easily crosses from the
placenta into the maternal circulation. Therefore, estriol concentrations in the maternal
serum and saliva are direct markers of the activity of the fetal hypothalamic–pituitary–
adrenal axis, which is thought to be activated prior to the initiation of spontaneous
labor (54).
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Estriol is detectable as early as 9 wk gestation and generally increases after 30 wk, with
a rapid rise in estriol concentrations prior to labor (55,56). This estriol surge occurs
approx 3–5 wk prior to the onset of preterm or term labor (56,57) but does not occur in
patients who require induction of labor or whose pregnancies are complicated by prema-
ture rupture of membranes without the onset of labor (59).

One of the strengths of performing salivary estriol screening is the simplicity. Collect-
ing saliva is noninvasive and may be performed at home, rather than in the hospital or in
a physician’s office. Protocols in prospective studies (58,59) have instructed patients to
rinse their mouths with water and to wait 10 min prior to collecting 2–3 cc of freely
flowing saliva in a container every week. Patients are told to avoid brushing teeth, eating,
drinking, smoking, or gum chewing, for 1 h prior to collecting samples. Collection is
performed weekly and only between 9 AM and 8 PM because of possible diurnal variations
(60). After collection, samples must be assayed within 17 h of collection, or they may be
frozen at –20°C (61).

Prospective trials evaluating salivary estriol concentrations as a screening test for
preterm delivery were inspired by the predictable rise in estriol concentrations before
spontaneous labor. McGregor et al. (59) screened 241 women with singleton pregnancies
weekly from as early as 22 wk gestation. They found that salivary estriol concentrations
increased with gestational age and that there was a more rapid increase, or surge, in estriol
concentrations about 3 wk prior to delivery in patients who delivered preterm and term.
A concentration greater than 2.3 ng/dL, determined by ROC curve analysis, was the most
sensitive and specific discriminatory concentration for identifying a patient at risk for
preterm birth. This discriminatory value had a sensitivity of 71% and a specificity of 77%.

Heine et al. (58) completed a multicenter prospective trial of 956 women with single-
ton pregnancies that screened asymptomatic women with weekly salivary estriol concen-
trations from 22 wk until delivery. Estriol concentrations above the discriminatory cutoff
set at 2.1 ng/mL were considered positive. If the estriol concentration was persistently
elevated in the following week, the specificity and positive predictive value improved.
The data are summarized in Table 6. In patients who had symptoms of preterm labor
evaluated, it was found that estriol concentrations greater than 2.1 ng/mL in the 2 wk prior
to symptoms had a sensitivity and specificity of 29 and 92% for a delivery within 2 wk.

A single salivary estriol concentration greater than 2.1 ng/mL was significantly asso-
ciated with preterm delivery (relative risk 4.2). A second positive test, performed the
following week, increased the relative risk to 7.8. A higher specificity (92%) and positive
predictive value (19%) were also noted with two consecutive positive tests, with a modest
loss of sensitivity. Although estriol was successful in identifying preterm delivery,
elevated estriol concentrations were not identified in patients that were destined to
deliver before 30 wk, pregnancies at highest risk for morbidity and mortality associated
with severe prematurity.

Similar to other screening tests for preterm birth that we have discussed, salivary
estriol has low sensitivity, low positive predictive value, and a high negative predictive
value. An additional weakness of salivary estriol, not present in more commonly used
biomarkers of preterm birth, is the inability to identify pregnancies at risk for extreme
preterm birth (<30 wk). As with other forms of screening, salivary estriol is not recom-
mended for routine use. At this time, the American College of Obstetricians and Gyne-
cologists does not suggest measuring salivary estriol concentrations except for research
purposes (36).
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RESEARCH MARKERS

Corticotropin-Releasing Hormone
Corticotropin-releasing hormone (CRH) is a 41 amino acid peptide that was initially

found in the plasma of third-trimester pregnant subjects (62). The CRH gene is expressed
in the human placenta (63) and is produced in cytotrophoblasts, amniocytes, and decidual
cells (64–67). CRH, typically found in low concentrations in nonpregnant subjects, rises
during the second and third trimester of pregnancy and rises exponentially in the last
weeks prior to delivery (68–73).

What initiates the rise of CRH is unclear, but maternal stress has been implicated as
a possible mechanism (74). In vitro studies have shown that glucocorticoids stimulate
trophoblast cells to produce CRH (75). In abnormal pregnancies complicated by preec-
lampsia, intrauterine growth restriction, and preterm birth, CRH concentrations are higher
when compared to their normal pregnancy controls (68,76–78).

Multiple studies have shown increases in CRH concentrations in symptomatic preg-
nancies that deliver preterm (72,78–80). However, interest in CRH has been focused on
utilizing this screening marker in the asymptomatic patient in the second trimester and
early third trimester. MacLean et al. (73) developed the idea of CRH as a “placental
clock” that controls the length of gestation, with higher concentrations being the harbin-
ger for labor and ultimate delivery weeks later. They studied CRH and CRH-binding
protein (CRH-BP) in a prospective cohort of 485 pregnant women and demonstrated that
women destined to deliver prematurely had higher concentrations of CRH when com-
pared to women who deliver at term. This finding was noted as early as 16–20 wk. They
also showed that CRH-BP concentrations drop in the third trimester and return to normal
by 5 d postpartum, leading to increased bioactivity of CRH before delivery (73).

McLean et al. (81) then compared CRH, fetoprotein, and a risk-factor scoring system
in 819 low-risk women for predicting preterm birth. Each marker performed similarly
with a sensitivity range of 37–39% and a specificity of 87%. When combined, they
showed an improved sensitivity of 54% and a stable specificity of 87%.

Leung et al. (82) performed the largest prospective cohort study, following 1047 low-
risk patients between 15 and 20 wk gestation. They showed that elevated CRH concen-
trations in the second trimester are associated with preterm birth (<34 wk). With a cutoff
of 1.9 MoM, the sensitivity, specificity, postive predictive value, negative predictive
value, and relative risk for preterm birth before 34 wk were 72.7%, 78.4%, 3.6%, 99.6%,
and 9.4.

Table 6
Predictive Accuracy of Salivary Estriol for Preterm Delivery <37 Wk

If One Test >2.1 ng/mL and If Repeat Test Also >2.1 ng/mL

Sensitivity Specificity PPV NPV RR

Single test + 57% 78% 9% 98% 4.2 (1.9–9.4)
Repeat test + 44% 92% 19% 98% 7.8 (3.6–16.9)

NPV, positive predictive value; PPV, positive predictive value; RR, relative risk with
95% confidence interval.

Data from ref. 58.
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At this time, CRH may be helpful in our comprehension of maternal stress as a mecha-
nism for preterm birth. However, before CRH can be used as a routine marker for preterm
birth, larger prospective studies are necessary.

Interleukin-6
Intrauterine infection has been shown to be associated with preterm delivery (83–85).

Interleukin (IL)-6 has received the most attention as a marker for infection and hence an
increased risk for preterm birth. IL-6 is part of the inflammatory pathway and is produced
by endometrial stromal cells, decidual cells, and macrophages as a response to interleukin-
1, tumor necrosis factor- , and endotoxic lipopolysaccharide in tissue culture (86–88).
IL-6, in turn, stimulates prostaglandin production, which predisposes subjects to preterm
labor and premature rupture of membranes (89).

An elevated concentration of IL-6 in amniotic fluid is a reliable marker of intra-
amniotic infection in patients with either preterm labor or PPROM (90,91). Increased IL-
6 concentrations are associated with an increased risk for spontaneous preterm birth when
measured at the time of preterm labor (85,92) and as early as the second trimester, when
measured from samples obtained at genetic amniocentesis (93). Unfortunately, amniotic
fluid can be obtained only by amniocentesis, which has inherent risks of fetal death,
PPROM, and iatrogenic infections, making amniotic fluid IL-6 an impractical biomarker
for routine screening.

Elevated concentrations of IL-6 in cervical secretions are associated with elevated
amniotic fluid IL-6 concentrations and histologically confirmed chorioamnionitis in
patients with preterm labor (94). Lockwood et al. (95) measured IL-6 concentrations
every 3–4 wk between 24 and 36 wk of gestation in a cohort of 161 women. They found
a 4.2-fold increase and a 3.4-fold increase in the maximal cervical and vaginal IL-6 concen-
trations in patients who delivered preterm, compared with the term subjects. ROC curves
identified a cutoff of greater than 250 pg/mL of sample buffer as the optimal concentra-
tion for predicting preterm birth in cervical samples, with a sensitivity, specificity, posi-
tive predictive value, and negative predictive value of 50, 85, 47.2, and 86.4%,
respectively. Vaginal IL-6 was less predictive of preterm birth than cervical IL-6 (95).

Goepfert et al. (96) conducted a nested case-control study to evaluate the utility of
cervical IL-6 concentrations measured at 22–246/7 wk in preterm delivery prediction.
From the original cohort of 2929 patients, there were 125 cases that delivered before 35
wk. When compared to matched controls, these cases had significantly elevated IL-6
concentrations (247 vs 84 pg/mL; p = < 0.005). When cases that delivered before 32 wk
were examined (49 cases), IL-6 concentrations remained significantly higher than con-
trols (212 vs 111 pg/mL; p = 0.008). They also found that elevated IL-6 concentrations
were highest within 4 wk of delivery, with a median of 159.7 pg/mL. Subjects who
delivered between 4 and 8 wk from testing had a median IL-6 of 53.0 pg/mL.

Elevated maternal IL-6 concentrations in symptomatic patients (preterm labor or
PPROM) are associated with subsequent preterm birth in some studies (97,98). Murtha
et al. (98) performed a case-control study with 89 symptomatic study subjects and 41
asymptomatic control subjects. An IL-6 concentration greather than 8 pg/mL was con-
sidered elevated. The study divided patients into three groups: study subjects with an IL-
6 greater than 8 pg/mL, study subjects with IL-6 less than 8 pg/mL, and control subjects
with (IL-6 less than 8 pg/mL). Sixteen of the 89 study patients were found to have
elevated IL-6 concentrations. In these patients, the median time to delivery was statisti-
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cally shorter (5.5 h) and the gestational age at delivery was significantly earlier (29.6 wk).
Study subjects with an IL-6 less than 8 pg/mL had a median time to delivery of 240 h and
a median gestational age at delivery of 33.4 wk. Control subjects had a median time to
delivery of 1801 h and a median gestational age at delivery of 39 wk. Bihar et al. (99)
performed a small cross-sectional study that did not confirm the increase of IL-6 concen-
trations in maternal serum in patients who delivered preterm.

The data concerning IL-6 as a marker of preterm birth are compelling through an
inflammatory mechanism. However, studies examining IL-6 concentrations in the set-
ting of cervicovaginal secretions and maternal serum are insufficient to suggest that these
markers be used for screening the general population. Other markers of inflammation
have been studied with positive associations with preterm birth including cervical
lactoferritin (100,101) and plasma granulocyte colony stimulating factor (102).

Other Markers
Other placental products have been evaluated as markers for preterm birth including

alkaline phosphatase (103,104), human chorionic gonadotropin (105,106), and -feto-
protein (107–109).

CONCLUSIONS

Biological markers for predicting preterm delivery, such as cervicovaginal fFN, cer-
vical length measurements, and salivary estriol measurements, have all been shown to be
more effective at identifying increased risk of preterm birth than traditional risk-based
methods. Screening low-risk patients with the intent of providing a proven intervention
to improve the health of neonate and mother, however, is the ultimate goal. At this time,
interventions are limited and their efficacies are questionable at prolonging gestation.
Furthermore, no studies have confirmed that use of biological markers in clinical practice
improves neonatal outcomes. Routine screening of the asymptomatic low-risk popula-
tion with any of these biologic markers cannot be recommended at this time. Screening
the symptomatic population with either fFN or cervical length may be useful because
negative tests could improve our accuracy at diagnosing true preterm labor and poten-
tially reduce the use of unneeded interventions. The significance of positive tests in the
symptomatic population remains unclear.
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INTRODUCTION

Fetal organ development occurs in the first trimester of pregnancy and major growth
occurs in the second. In the third trimester, the fetal organs mature, although at differing
rates. The production of adequate pulmonary surfactant is one of the last developments.
This critical process, termed fetal lung maturity (FLM), can be accelerated or delayed by
a number of fetal and maternal conditions.

FLM testing has declined since 1995. Neonatal surfactant therapy and clinical adher-
ence to obstetrical guidelines (1) have lessened demand. Still, clinicians use FLM tests
to assess whether the best infant survival will be achieved in utero or following an early
delivery. Knowing that the fetal lung is producing adequate surfactant may persuade the
use of labor-inducing drugs for an immediate delivery. On the other hand, delivery can
be delayed by using tocolytic agents. Another option is accelerating fetal surfactant
production by administering steroids to the mother.

LUNGS AND PULMONARY SURFACTANT

Normal Surfactant Development and Production
Surfactant coats the alveolar epithelium in normal air-breathing lungs. Without sur-

factant, the surface tension in the airway is inversely proportional its radius. Thus, small
alveoli have a propensity to collapse during expiration. Surfactant responds to alveolar
volume changes by reducing the surface tension in the alveolar wall during expiration and
thereby prevents airway collapse.

Type II granular pneumocytes synthesize pulmonary surfactant packaged into lami-
nated storage granules called lamellar bodies (2,3). These particles are from 1 to 5 µm in
diameter (4). Specific phospholipids and surfactant proteins, but not sphingomyelin, are
components of lamellar bodies. The pneumocytes begin producing lamellar bodies at 28
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wk gestation (3), but the quantity is inadequate. At about 36 wk gestation, most fetuses
experience a surge in surfactant production. As compared to the adult lung, the newborn
lung contains 100 times more surfactant per cm3. This excess surfactant enables the
transition from liquid breathing, with zero alveolar air radii, to air breathing, with radii
from 10 to 50 µm.

Composition of Surfactant
Pulmonary surfactant lamellar bodies contain phospholipids and specific proteins.

The lipids comprise about 90% of the lameller bodies, while the proteins comprise 10%.

PULMONARY PHOSPHOLIPIDS

The most abundant phospholipid is lecithin (phosphatidylcholine [PC]). Unlike leci-
thin from nonpulmonary sources, this phospholipid commonly has two saturated fatty
acid subgroups, usually palmitoyl groups. Three other lipids are present: phos-
phatidylglycerol (PG), phosphatidylinositol (PI), and phosphatidylethanolamine. The
structures of these compounds are shown in Fig. 1. Sphingomyelin is nearly absent,
representing less than 2% of the composition.

Most tissues synthesize PC using cytindine diphosphate diacylglycerol and serine to
form phosphatidylserine, which is decarboxylated to yield the intermediate phosphati-
dylethanolamine. Three successive S-adenosylmethionine-mediated methyl group trans-
fers form PC. Type II pneumocytes use an alternate pathway, which uses choline
phosphotransferase to transfer phosphocholine from cytidine diphosphocholine onto
diacylglycerol, forming PC (5).

While present as early as 28 wk, the production of PC surges at about 36 wk and
continues to increase until delivery. In contrast, phosphatidylinositol peaks at about 35
wk and then declines. Onset of PG production is about 36 wk in normal pregnancy (6).
Little is known of the role of phosphatidylethanolamine in pulmonary surfactant.

PULMONARY SURFACTANT PROTEINS

The surfactant-specific proteins are named SP-A (248 aa), SP-B (381 aa), SP-C (197
aa), and SP-D (375 aa) (7,8). SP-B and SP-C are hydrophobic, and SP-A and SP-B are
hydrophilic. Although the hydrophobic proteins are essential to the surface tension abil-
ity of surfactant (9), SP-A and SP-D play an important role in the immune defense of the
lung (10). An autosomal recessive inherited disorder of SP-B has been described that
causes surfactant deficiency in term newborns (11,12). This often fatal condition was first
called congenital alveolar proteinosis but is more properly described as hereditary SP-B
deficiency. In this condition, the lamellar bodies missing or are in very low numbers.

RESPIRATORY DISTRESS SYNDROME

A common critical problem encountered in the clinical management of preterm new-
borns is respiratory distress syndrome (RDS), which is caused by surfactant deficiency.
This disorder occurs in 10–15% of infants born before 37 wk gestation (13). The risk of
RDS is strongly affected by the gestational age at the time of birth: 1% at 37 wk, 20% at
34 wk, and 60% at 29 wk (14). In the United States, RDS was recorded as the cause of
death in 1000 infants in 2000 (15). Affected infants are treated with supplemental oxygen
and mechanical ventilation. When surfactant is not present, smaller alveoli collapse and
larger alveoli are overinflated. This leads to stiff (noncompliant) lungs and alveoli that
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are perfused with blood but not aerated, a process termed ventilation perfusion mismatch
(V/Q mismatch). The infant cannot fully oxygenate and becomes progressively cyanotic.
RDS is usually worse on the third or fourth day of life.

Delaying birth until pulmonary maturation occurs can prevent RDS. Maternal ste-
roid treatment accelerates surfactant development (16). New evidence suggests that 11 -
hydroxylsteroid dehydrogenase type 1 is necessary for this induction (17,18). When early
delivery is necessary or cannot be prevented, newborns can be treated with exogenous
surfactant administered intratracheally immediately at birth (19).

TESTS FOR EVALUATING FLM

Six tests of amniotic fluid (AF) are used by nine or more US laboratories to predict
FLM and are therefore reviewed in this chapter. They include surfactant/albumin ratio
(TDx FLM), fluorescence polarization (FPol) of NBD-phosphatidylcholine (NBD-PC),

Fig. 1. Chemical structures of dipalmitoyl phosphatidylcholine (the most common surfactant
lecithin), sphingomyelin (a convenient internal standard), dimyristoyl phosphatidylglycerol (a
late-appearing surfactant lipid), and dimyristoyl phosphatidylinositol (a transitional-phase surfac-
tant lipid).
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PG, lecithin/sphingomyelin ratio (L/S ratio), lamellar body counts (LBC), and foam
stability. The number of laboratories using each method is listed in Table 1 (20,21).

In the past 30 yr, a number of FLM tests have been proposed. Only those that measure
surfactant directly or a biophysical property of surfactant have proven to be useful.
Among those tests that correlate with gestational age but are not direct surfactant indi-
cators are AF creatinine (22), AF urea (23), lipid-staining AF cells (24), and AF acid
protease (25). Ultrasound techniques are under investigation (26), but the only one used
is a biparietal diameter of at least 9.2 cm in an otherwise normal fetus (27). This measure-
ment correlates with a term pregnancy.

SP-A concentrations in newborn sera have been evaluated as a predictor of RDS
development, but the results were disappointing (28). Measurement of SP-A and SP-B
concentrations in AF did not predict RDS as well as L/S ratio and PG (29). None of the
other surfactant proteins have been evaluated as FLM tests.

Several surfactant-based tests are used in a small number of laboratories or have been
reported under investigation. These include disaturated PC (30), dipalmitoyl PC (31),
refractive index-matched anomalous diffraction (32), turbidity at 400 nm (33) or 650 nm
(34), the drop volume test (35), capillary filter paper flow rate (36), and surface tension
of lipid extract (37). The tap test (38) can be used directly by clinicians, but the extent of
its use is unknown.

TDx FLM II
The first-generation test, TDx FLM, was developed by Russell (39) at Abbott Labo-

ratories, Inc., in collaboration with Tait et al. (40) as an attempt to improve on the original
work of Shinitzky and colleagues (41). The original Shinitzky method used diphenyl-
hexatriene (DPH) and an ultraviolet fluorescence spectrophometer. The results were
reported in polarization units. Because DPH is very unstable and the instrument was
difficult to maintain, this method never achieved widespread use. Tait’s method uses a
laboratory instrument common to most US laboratories, the Abbott TDx, and a fluores-
cent dye, NBD-PC. Russell’s assay, TDx FLM, uses a more stable fluorescent dye, PC-16.
In the early 1990s, Abbott Laboratories modified the first-generation test to produce the
second-generation TDx FLM II.

Table 1
Use of Fetal Lung Maturity Testing Methods (2002)

Method Number of laboratories a

Surfactant/albumin ratio (TDx FLM II) 462
Phosphatidylglycerol (AmnioStat-FLM) 447
Lecithin/sphingomyelin ratio 138
Phosphatidylglycerol (1-dimensional TLC) 92
Phosphatidylglycerol (2-dimensional TLC) 18
Lamellar body counts 59 b

Foam stability Fewer than 50c

Fluorescence polarization (NBD-PC) 9

aData from ref. 20, unless stated otherwise.
bData from ref. 21.
cAuthor’s estimate.
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METHOD DESCRIPTION

The TDx FLM II method uses uncentrifuged AF that is passed through a glass filter.
While the TDx FLM method used 0.5 mL of filtered AF, the TDx FLM II method uses
only 0.25 mL. The filtration step, however, usually requires 1 mL. The method is cali-
brated with six solutions containing differing ratios of surfactant to albumin. The results
are reported in units of mg of surfactant to g of albumin. The analytical measurement
range is 0 to 160 mg/g. The method has excellent precision of 4% at 20 mg/g and 5% at
160 mg/g. The transition from TDx FLM to TDx FLM II apparently lowered the results,
although no direct comparison can be found in the published or manufacturer literature.

The NBD-PC method, known simply as FPol, has a very strong nonlinear correlation
to PC-16. The FPol results are reported in mPol units and vary from 160 mPol to 350
mPol. Unlike the TDx FLM II, the values decrease with increasing maturity. The FPol
method uses mild centrifugation at 400g for 2 min. The strong correlation (r = 0. 95)
permits outcome studies by FPol to be converted into the units of the TDx FLM (42).
From unpublished work in my research laboratory, the equation for converting from FPol
to TDx FLM II results is

TDx FLM II (in mg/g) = –139.48 ln(FPol in mPol) + 817.1

The FPol decision limits are mature, less than 260; transitional, 260 to 290; and
immature, greater than 290 mPol. Note that 260 mPol is equivalent to 41.5 mg/g and that
290 mPol is equivalent to 26.2 mg/g.

PREANALYTICAL VARIABLES

Although uncentrifuged AF should be used, laboratories can resuspend fluids that
have been accidentally centrifuged (43). Either mild vortexing or thorough mixing for 5
min on a tube rocker suffices.

Blood contamination tends to lower results greater than 55 mg/g and increase results
less than 39 mg/g (43,44). Although blood contamination changes the results, an imma-
ture result will not erroneously be classified as mature; 5% blood contamination increased
an immature result of 18 mg/g to 32 mg/g, whereas an indeterminate result of 48 mg/g was
unchanged (43).

A 2002 study reported that TDx FLM of AF were unchanged following 16 h at room
temperature and 24 h at 4°C (43). Freezing at –20°C for up to 11/2 yr introduced an average
negative bias, but, more importantly, showed a large random error. Results were ±30%
of their baseline values. This is a striking contrast to the stability of FPol in samples stored
at –20°C (45).

The use of specimens collected vaginally has been shown to produce results that are
on average 35% lower than those collected by amniocentesis (46). Thus, a mature result
from a vaginal pool specimen can be trusted, but an immature result may be falsely
lowered.

INTERPRETATION

Abbott Laboratories recommends three interpretation categories for TDx FLM II:
immature (�39 mg/g), intermediate (40–54 mg/g), and mature (�55 mg/g). The maturity
decision limit for the first-generation TDx FLM was higher; 70 mg/g (47). Several studies
of the first-generation test suggested that the upper decision limit could be lowered
without reducing the sensitivity for RDS (48–50). The second-generation TDx FLM II
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also appears to have a conservative upper decision limit (51–55). Therefore, contrary to
the manufacturer’s recommendation, an upper decision limit of greater than or equal to
45 mg/g is recommended because it will improve specificity to about 85% without
compromising high sensitivity. Although the exact confidence interval for the sensitivity
at this cutoff is difficult to estimate because of the small aggregate number of RDS cases
reported (<100), it is probably 95–100%. The 45 mg/g decision limit agrees well with
clinical outcome studies of FPol (56–59) that show that 260 mPol yields a sensitivity of
95% and specificity of approx 65%.

Several investigators have recommended that TDx FLM II be interpreted after gesta-
tional age stratification (60–62). Two recent editorials have also encouraged this practice
(63,64). Instead of using differing decision limits at each gestational age, the authors
advocate reporting the risk of RDS for the TDx FLM II result in combination with the
gestational age. The logistic model recommended by one editorial (64) was derived from
the first-generation TDx FLM, making its use with TDx FLM II inadvisable (65).
Because these risks are essentially predictive values, they will vary with the tested
population. Because the studies were conducted at tertiary hospitals that handle high-risk
obstetrical cases, use of these models is best restricted to those settings. If the models are
applied to hospitals that care for low-risk obstetrical populations, the risks reported
should be disclaimed as maximum risks.

Almost half of all twins are delivered preterm. If complications other than preterm are
excluded, twins appear to have the same incidence of RDS as do gestational age-matched
singletons (66). Yet after 31 wk gestation, the average TDx FLM II results from twin
pregnancies are 22 mg/g higher than those from singleton pregnancies (67). The ability
of TDx FLM II to predict RDS in twins may be different than its predictability in single-
tons. If testing prior to 32 wk gestation, sampling both sacs is recommended (68).

Several studies have shown that the TDx FLM II is reliable when used in diabetic
pregnancies without changing the reference values (69–71).

L/S Ratio
Marie Kulovich and Louis Gluck developed the L/S ratio in the early 1970s (72,73).

The major component of AF lecithin is dipalmitoyl PC, the best biologically derived
surfactant. Sphingomyelin has no pulmonary surfactant role and therefore serves as a
convenient internal control. Kulovich and Gluck expanded the technique to include PG
and PI by two-dimensional chromatography and called this procedure the lung profile
(74,75). In 2002, only 18 laboratories perform the lung profile (20). Because most labo-
ratories performing L/S ratio testing do not offer the full lung profile, this discussion
excludes that version of the test. While some laboratories continue to use L/S methods
developed in their own laboratories (so called “home-brew), most laboratories have
switched to a commercially available procedure (Fetal Tek 200 available from Helena,
Beaumont, TX).

METHOD DESCRIPTION

The L/S ratio involves an initial light centrifugation to remove debris, a lipid extrac-
tion, separation by thin-layer chromatography (TLC), lipid staining, and quantitative
measurement of the lecithin relative to the sphingomyelin. The procedure can be per-
formed in about 3 h in an emergency, but most laboratories perform a single run per day
(e.g., starting analysis by 1 PM and reporting results to the clinics by 5 PM).
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The ideal debris-removing centrifugation step is short (2 min) and at low speed (400g)
to prevent excessive loss of phospholipids (76). The spun AF is decanted into a glass test
tube and mixed well. Two milliliters of the AF is combined with 2 mL of methanol and
mixed. Then 2 mL of chloroform is added. The lipids are extracted into the chloroform
layer. The tubes are centrifuged to assist solvent separation. A pipet is used to remove
1 mL of the chloroform, which is then completely evaporated. The original method then
dissolved the lipid fraction in ice-cold acetone. The acetone precipitation was thought
to separate the saturated phospholipids from the unsaturated phospholipids. As originally
used, this step was incomplete (77,78), difficult to control (79), and highly variable (80).
Acetone precipitation can be omitted without adversely affecting the clinical utility of the
test (79,81).

The lipid extract is dissolved in 40 µL of chloroform and painted onto a TLC plate
as a band. Two or three of the lanes on the plate are used for controls that will mark the
position of the lipids. After applying all the samples, the TLC plate is developed in a
solvent system of chloroform, methanol, triethylamine, 2-propanol, and water. The plate
is removed, dried, and dipped into a solution of phosphoric acid and cupric acetate.
Warming the plate to 180°C chars the lipids, developing dark bands whose size and
intensity are proportional to the lipid concentration. The plate is scanned on a densitom-
eter at 525 nm. The area of the lecithin peak is divided by the area of the sphingomyelin
peak.

The interlaboratory variation of L/S ratio results on proficiency testing is 15–20% for
mean ratios of 1.0–2.0 and, paradoxically, 22–31% for mean ratios about 4.0 (82). The
within-laboratory precision is much better. The quality control specimens analyzed in the
past 165 L/S ratio runs in my laboratory yielded the following statistics (mean, SD, and
CV): low control, 1.03, 0.185, 18%; borderline control, 2.18, 0.205, 9.4%; and high
control, 3.10, 0.225, 7.2%. Thus, trends of results from a single laboratory will be more
reliable than those from multiple laboratories.

PREANALYTICAL VARIABLES

Specimens obtained from the vagina are frequently contaminated with blood, bacteria,
and mucus. These specimens are adequate only when the fluid has been in the vagina a
short time and the specimen is chilled immediately after collection (83,84). For patients
with ruptured membranes, physicians should consider amniocentesis for specimen col-
lection (76).

Blood contamination changes the L/S ratio result because serum contains high concen-
trations of lecithin and sphingomyelin. High results are depressed and low results are
raised. In heavy contamination, final results can be in the transitional decision zone (85).

Specimens contaminated with meconium are not interpretable (86). Even though
meconium-contains no lecithin or sphingomyelin, the method produces erroneous values
from 1.1 to 3.6 when meconium contaminated buffer is used.

INTERPRETATION

As originally described (72), an L/S ratio of 2.0 or greater indicates maturity. Although
many laboratories continue to use this decision limit, the methodology used can affect the
results. Some laboratories use a decision limit as high as 3.5 (87). Many laboratories omit
the acetone precipitation step, which raises the L/S ratio (79). Most of these laboratories
use a decision limit of 2.5 or greater. The prediction is not, of course, perfect. Most
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clinical outcome studies report a sensitivity of about 95% and a specificity of about 65%.
Given an RDS prevalence of 15, the predictive value of a mature result is 98–99%, but
the predictive value of an immature result is about 33%. An inherent value of the L/S ratio
is the quantitative nature of the result—1.1 translates to a higher RDS risk than does 1.9,
yet both are immature results.

Before the development of tight glycemic control, RDS developed much more
frequently in the diabetic pregnancy (88). The newer treatment algorithms have led to a
marked decrease in RDS incidence in diabetes (89). Some investigators report that infants
of diabetic mothers develop RDS more frequently despite mature L/S ratio results (90),
whereas others disagree that L/S ratio produces more false predictions of maturity (91,92).
Both a delay in the appearance of mature L/S ratio results (93) and no delay (6) have been
reported for poorly controlled diabetic cases. Investigators appear to agree that well-
controlled diabetic patients have L/S ratio to gestational age characteristics that are not
statistically different from nondiabetic subjects (6,94). Separate L/S ratio reference
intervals for diabetic pregnancies are not recommended (76).

PG
In 1976, Hallman et al. reported that PG was useful for predicting fetal lung maturity,

especially when the specimen was contaminated with blood (95). The surfactant compo-
sition is thought to be important to its function (96). Even though PG has much less
surfactant activity than PC, it may assist with surfactant spreading (97). Using a sensitive
method, PG can be detected at concentrations of approx 0.05 µmol/L even early in
gestation when L/S ratio is approx 1.0 (98). Most methods are insensitive, detecting down
to only approx 2 µmol/L, a concentration achieved much later in pregnancy (36 wk or
later).

METHOD DESCRIPTION

The original clinical method for PG determination was two-dimensional TLC (95). In
2002, only 18 of 557 reporting CAP proficiency test results for PG were using this
method; 92 laboratories reported using one-dimensional TLC and 447 used a rapid
immunologic, semiquantitative agglutination test for PG (AmnioStat-FLM, Irvine
Scientific, Santa Ana, CA). Although a specific enzymatic PG method has been reported,
no laboratories are using this method for clinical testing (98).

The AmnioStat-FLM uses PG-antibodies to clump the PG-containing lamellar bodies
to form macroscopic clusters. In a test tube, 25 µL of AF is mixed with 25 µL of a solution
containing lecithin and cholesterol in ethanol; 250 µL phosphate buffer is added and
mixed. Then, on a glass slide, 10 µL of this solution is mixed with 25 µL of anti-PG for
9 min. The agglutination in the sample is compared to three controls. The test has three
possible results: negative, low positive (0.5 µg/mL), and high positive (2 µg/mL) (99).
In the CAP proficiency surveys from 1992 to 1995, the performance of AmnioStat-FLM
at detecting PG 97.9% of the time when present or not detecting it 98.4% when absent
was at least as good as TLC (82).

PREANALYTICAL VARIABLES

Although several studies report excellent results for PG in contaminated vaginal pool
samples (100,101), vaginal flora have been shown to produce PG and rarely cause false
positives (102–104). Blood and meconium do not interfere (105,106).
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INTERPRETATION

All of the currently used PG tests report the results as negative or positive. Several
clinical outcome studies of the AmnioStat-FLM have been conducted (107–111).
Although positive AmnioStat-FLM results are between 99 and 100% predictive of
FLM, negative results are highly unpredictive (about 25%) and are not clinically helpful.
These performance characteristics are very similar to PG by TLC (112). Many investi-
gators report miscalculated positive predictive values because the result nomenclature
(negative/positive) is inherently opposite that of medical decision-making nomenclature
(positive for disease vs negative for disease).

Many clinicians use PG whenever they are assessing a diabetic patient for FLM
(82,111). The literature contains no modern studies to support this practice. PG detection
by TLC or AmnioStat-FLM in normal pregnancies occurs at approx 35 wk gestation. In
diabetic patients, regardless of glucose control, PG detection is about 1.5 wk later
(6,113,114). Many diabetic patients will deliver term infants with mature surfactant
status before any PG is detected (115). The method of detection is unaffected by the
diabetic status of the patient (116).

LBC
The haziness of mature AF is a result of the light-scattering characteristics of lamellar

bodies (32). Dubin reported that these particles can be counted directly using most whole
blood cell counters. This technique is known as LBC (117) or lamellar body number
density (LBND) (118). The LBC method is a direct reflection of surfactant concentration.
Thus, it differs from L/S ratio and TDx FLM II, which are inherently ratios. Fetal urina-
tion should lower LBC but does not affect the other two methods.

METHOD DESCRIPTION

The surfactant-containing particles in AF range from 0.2 to 10 fL in size (119). Most
whole blood cell counters designed to count platelets (5 to 15 fL in volume) use a size gate
from 2 to 20 fL. Thus, a portion of the lamellar bodies will be enumerated in the platelet
channel of these instruments. This analysis can be performed in under 10 min.

Prior to analysis, the AF should be mixed well but not centrifuged (76,82). Two min
on a tube rocker or at least 20 inversions just before analysis suffices (120). The counter
should be flushed with saline twice just before analysis. When sampled, the instrument
aspirates approx 200 µL amniotic fluid, dilutes it with electrolyte buffer, and then pulls
a portion of the solution through a 50 µm orifice. Particles entering the orifice produce
sudden increases in electrical resistance across the orifice. The resistance increase is
proportional to the size of the particle. The instrument counts the number of particles
within various size ranges. LBC results vary from 0 to 150,000/µL.

A comparison of four common instruments used for LBC showed poor agreement but
a high correlation for three instruments, Coulter Gen-S, Cell-dyn 3500, and Sysmex XE-
2100 (121). The Advia 120, the only flow cytometer of the group, produced results that
did not correlate with the other three, all resistive pulse counters. Among these three
instruments, the proportional bias was from –32% to +76%. The authors advocated instru-
ment-specific LBC decision limits. Because of the high degree of correlation, I theorize
that instrument harmonization is possible by applying a correction factor to the results.

LBC precision, as accessed by using dilute platelet control specimens, is typically
6–8% at a mean of 35,000/µL (122).
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PREANALYTICAL VARIABLES

Specimens containing obvious mucus will produce erratic results (120). Blood con-
tamination greater than 1% will initially increase LBC because of addition of platelets,
but as clotting occurs, the lamellar bodies will be trapped and LBC will decline up to 20%
(120). Moderate meconium contamination (0.5 A at 390 nm) increases LBC by less than
5000/µL (118).

INTERPRETATION

All LBC clinical outcomes studies have shown that this test is a strong predictor of
FLM (118,119,122–130), but, like other FLM methods, is a weak predictor of lung
immaturity. A meta-analysis (131) reported that receiver-operating characteristic curve
for LBC was slightly better than that for L/S ratio: at a fixed sensitivity of 95%, the LBC
specificity was 80% whereas the L/S ratio specificity was 70%. The variation in the
maturity thresholds reported (19,000–50,000/µL) can be explained by differences in
centrifugation protocols (82) and differences in analyzers (121). Laboratories that use
LBC should not use centrifugation (120) and should consider using decision limits
adjusted for instrument bias (121). As an alternative, results from specific instruments
could be adjusted to agree with instruments used in clinical outcome studies.

There are no clinical outcome studies reported having enough RDS cases from diabetic
mothers to directly determine the sensitivity and specificity of LBC in this population.
A 7-yr study reported good agreement between LBC compared to L/S ratio and PG in 90
diabetic subjects (132).

Foam Stability
In 1972, Clements and colleagues (133) described a foam test that used amniotic fluid

to predict FLM. This was modified by Sher et al. (134) in 1978 into a foam stability index
that was commercialized by Beckman Instruments (Lumadex) in 1982. Unfortunately,
this rapid commercial test was discontinued in 1997.

METHOD DESCRIPTION

The foam stability test uses the principle that surfactant is required to maintain a stable
foam in the presence of a high concentration of ethanol. A recipe for a “home-brew”
method is available (5). Briefly, 0.5 mL of AF that has been centrifuged at 1000g for 3
min is added to six separate tubes containing from 0.43 to 0.55 mL of 95% ethanol. The
solutions are shaken for 30 s, then examined for foam after settling for 15 s. The result
is then expressed as the highest fraction of ethanol that supports a stable complete ring
of foam at the meniscus.

PREANALYTICAL VARIABLES

Blood and meconium contamination as well as test temperatures below 20°C interfere
with foam stability by producing falsely mature results (135). Test temperatures greater
than 30°C produce falsely immature results.

The hydroscopic nature of ethanol must be considered when performing this test. The
cleanliness of the tubes used is also very important.

INTERPRETATION

Several clinical outcome studies have shown that foam stability results of 0.47 or
greater indicate maturity (134,136–140). The sensitivity appears to be approx 95% and
the specificity about 65%. There are insufficient outcome studies to draw conclusions
about the utility of foam stability testing in diabetic mothers.
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CASCADE TESTING

Each FLM test has a high sensitivity for RDS (~95%), but a poor specificity for no
respiratory distress (~65%). The tests are generally used between 34 and 37 wk gestation
when the RDS prevalence is 5–10%. Thus, the predictive value of a mature test (~99%)
will be much better than the predictive value of an immature test (20–40%). This has led
many investigators to suggest the use of a testing cascade (122,130,141–145). These
algorithms are designed to use rapid, inexpensive tests first. LBC is the least expensive
of the tests, followed by FPol, TDx FLM II, PG by AmnioStat, foam stability, and L/S
ratio. If a clearly mature or immature result is obtained, then testing is stopped. For
immature results close to the decision threshold, however, the next test in the cascade is
used. The usefulness of an FLM cascade depends on the medical setting and especially
on the medical politics of prenatal care. Clinicians who put their highest trust the L/S ratio
will want that test to be the final arbiter of a cascade. I share Dubin’s doubts (80) that the
L/S ratio should be held in such high regard. It is slow, imprecise, highly variable across
laboratories, subject to interference, and expensive.
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INTRODUCTION

Even before a woman becomes pregnant, the parents-to-be wonder about the health of
their future child. This natural concern is why prenatal screening for fetal disorders has
attracted considerable attention over the past two decades or more. The interest is both
professional and personal. The promise of foretelling the health of the developing baby
puts new demands on laboratorians, clinicians, and patients alike. Laboratorians must be
fully cognizant of the clinical implications of their screening service, clinicians must
liaise with laboratories to provide accurate clinical information, and patients face new
choices in the information that they can now receive about their pregnancy.

In the “diagnostic laboratory,” true diagnostic tests are relatively rare. Most test results
are used in subjective combination with clinical evidence to indicate the possibility of a
disease or disorder. However, the practice of prenatal screening takes that informal and
subjective association of information to a more structured, rational, and evidence-based
level. Clinical information and laboratory test results are assembled and combined based
on scientific evidence to yield a computed risk of the presence of a targeted disorder. The
service is complex, and the results are at times counterintuitive.
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Basic Concepts of Screening
The goal of screening is to identify those individuals who are at sufficient risk, or have

a sufficient likelihood of a particular targeted disease, to justify consideration of further
investigation leading to a diagnosis. Screening is justified only when a diagnostic test
exists to confirm the screen but the diagnostic test is associated with an inherent risk to
the patient or a significant cost. Screening is a service that is designed for, and available
to, an unselected population. It should be offered to all patients who fit a minimum set
of inclusion criteria; otherwise, one screening procedure is being used to select patients
for a subsequent screen—a process of sequential screening—which decreases the perfor-
mance of the overall service.

A useful definition of screening has been provided by Wald (1): “Screening is the
systematic application of a test or inquiry, to identify individuals at sufficient risk of a
specific disorder, to benefit from further investigation or direct preventive action, among
persons who have not sought medical attention because of symptoms of that disorder.”
The key components of this definition are that the test is uniformly applied (without any
bias or preselection) to a population that is without symptoms or indicators for the dis-
order. The purpose is to identify those who are sufficiently at risk of a specifically
targeted disorder to justify a follow-up procedure. Indeed, a screen should be offered only
if a follow-up procedure exists that is accessible, and of value, to the patients identified
by the screen. It should also be noted that the screen also identifies those patients who are
at sufficiently low risk to justify not being offered follow-up.

PRENATAL SCREENING

When this definition is applied to the prenatal screening setting, the specific disorders
commonly being screened for include open neural tube defects and fetal trisomies of
chromosomes 21 and 18. This is not “genetic screening,” which implies inheritance, and
specific gene tests and disorders; instead, it is the use of biochemical and possibly ultra-
sound markers for assessing and informing patients about the risk of developmental
disorders (2). The term “prenatal screening” does not in itself specify the limited scope
of what is being performed or what can potentially be detected. In describing the proce-
dures being offered to patients, the target disorders should be named, such as prenatal
screening for open neural tube defects (ONTDs) or prenatal screening for fetal trisomies
21 and 18.

In both of these prenatal screens, the further investigations offered to screen positive
patients include a detailed ultrasound examination of the fetus and/or amniocentesis with
diagnostic tests performed on the amniotic fluid or fetal cells in that fluid. Amniocentesis
is associated with a risk to the pregnancy, usually considered to be 1:200. It is important
that patients and health care providers alike have an understanding that,

• the result of any screen is a likelihood of being affected by the disorder, rather than
a certainty; therefore, screening is a risk assessment and not a diagnostic test; and

• most screen-positive patients will not actually have the targeted disorder.

The goal of a screen is to increase the prevalence of the targeted disorder within the
subpopulation that is offered invasive and/or expensive follow-up diagnostic testing.
With that in mind, there are circumstances where a prenatal screen might not be justified
because the risk of the disorder is already known or was discovered during clinical inquiry
to be substantially increased above the general population prevalence—for instance,
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when a close relative is affected with the disorder and the disorder has an established and
significant inheritable predisposition.

A screening service should provide patients with the best possible understanding about
their risk of being affected by a specific disorder. Communicating the best estimate of risk
to a patient is a challenge. Because maternal age is a factor in the risk of fetal trisomy,
patients are effectively self-screening whenever they link their age with concern (or
reassurance) over the possibility of having an affected pregnancy. When that perception
is overlaid with another screening test such as a blood test, it is common for the lay public
(and media) to assign a higher level of diagnostic power to a screen-positive result than
is appropriate (3). The need for public and provider education is continuous; in its absence
or neglect, patient and provider satisfaction declines rapidly.

Defining a Screening Cutoff Value
In order to perform a screen there must be a screening test that is uniformly applied.

Figure 1 shows how two populations, labeled “Unaffected” and “Affected,” might be
separated on the basis of an attribute of the populations such as a test result (the “screening
variable” on the independent axis). For the test to be of benefit, the two populations must
differ with respect to that variable to a sufficient extent. If that condition is met, perform-
ing the test in an individual from a mixed population will yield some information about
whether the patient is from the unaffected or affected subpopulation.

The greater the separation of the two subpopulations with respect to the screening
variable, the greater the power of the screen. If the test is very powerful at discriminating
between the two populations, the two curves would have very little overlap and the test
would be considered diagnostic for the targeted disorder.

In a screen, a uniformly applied cutoff value divides the mixed population into two—
those who are “screen positive” and those who are “screen negative” for the targeted
disorder. The selection of the cutoff value will determine the fraction of the affected
population that is detected (detection rate of the screen). It will also determine the fraction
of the unaffected population that is considered to be screen positive (the false-positive
rate [FPR]). Moving the cutoff value further into the affected population (to the right in
the example shown in Fig. 1) will diminish the detection rate of the target disorder;
however, the benefit would be fewer of the unaffected population identified as screen
positive. Moving the cutoff value in the other direction (lowering the cutoff in this
example) will have the opposite effect—better detection, but at the cost of identifying a
larger fraction of the unaffected population for possible expensive or invasive follow-up
studies.

The cutoff for a particular screen is selected following a consideration of the targeted
disorder, the available resources for follow-up testing, the risk of follow-up procedures,
and the public expectation of the screening service. If the resources for follow-up are
scarce, associated with high risk, or costly, a higher cutoff is selected to minimize the
FPR; the detection rate is reduced correspondingly.

In screening, the focus is usually on the patients who are screen positive, because these
patients proceed to have follow-up testing offered. Therefore, a screen is evaluated on the
basis of its detection rate (DR) and its FPR. The DR is the same as the sensitivity of the test—
the fraction of the affected population that is screen positive—whereas the FPR is the
fraction of the unaffected population that is screen positive. The FPR is equal to one minus
the specificity of the test; that is, if the specificity is 0.95 or 95%, the FPR is 0.05 or 5%.
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In prenatal screening, the positive predictive value of the screen is often expressed as
the odds of being affected given a positive result (OAPR). This is a useful expression of
the prevalence of the target disorder among those who screened positive for the disorder.
An OAPR of 1:60 indicates that for every 61 screen-positive patients, one will actually
have the target disorder. The power of a screen to increase the prevalence of the targeted
disorder can be assessed by comparing the prevalence of the disorder in the general
population to the OAPR (the prevalence in the screen-positive subpopulation). If the
background prevalence is 1:600 and the OAPR is 1:60, the screening test has increased
the prevalence tenfold.

SCREENING FOR OPEN NTDS

NTDs are congenital defects that occur if the developing neural tube fails to close
properly during the third or fourth week of embryonic development. Anencephaly is one
form of NTD where the cranium fails to form or close, and this results in either miscar-
riage, stillbirth, or neonatal demise. In the first trimester, before any interventions take
place, the incidence of anencephaly and spinal NTDs (spina bifida) is approximately
equal. There are conflicting reports concerning a direct but weak association between
maternal age and the incidence of NTD (4), and most screening programs do not take
maternal age into consideration.

Spina bifida can be either covered by tissue (closed spina bifida, or spina bifida occulta)
or open with at most a thin membranous covering (open spina bifida [OSB]). More than
95% of spina bifida cases are open defects (5). The clinical effects of spina bifida range
from sensory loss in small closed defects to paralysis below the site of large open defects.

Fig. 1. The concept of a screening cutoff value (the vertical dashed line), and its effect on the
detection rate and the false-positive rate.
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Hydrocephalus is present in approximately one-third of OSB cases because of disrupted
cerebrospinal fluid (CSF) circulation. ONTDs include both OSB and anencephaly, and
both are detectable with second-trimester maternal serum biochemical screening and care-
fully targeted ultrasound. Closed spina bifida is not usually detected prenatally and is
relatively less serious.

Factors Contributing to the Incidence of NTD
The prevalence of ONTD varies with the geographical region (6), and an additional

smaller socioeconomic factor probably relates to the prepregnancy nutritional status of
the mother. Most cases of NTDs are sporadic, but some environmental factors are known
to increase incidence. Maternal exposure to the anticonvulsants valproic acid (7–9) and
carbamazepine (10) increases the risk of NTD. Inheritance is a relatively slight risk
factor, although there appear to be associations with specific gene and chromosome
disorders (5).

In North America, the overall incidence of NTD is between 0.5 and 2 per 1000 births.
The frequency is lower in the western continent and increases to the east, with the highest
rates occurring in the southeastern United States and in eastern maritime Canada. In
Europe, the incidence of NTD is highest in the western United Kingdom, at approx 2 per
1000 births.

Increased folic acid intake in the preconception time frame has been shown to reduce
the incidence of ONTD (11,12). Depending on the folic acid intake, the natural incidence
of ONTD can be reduced by 20% at 0.2 mg/d, and up to 85% at 5 mg/d (13). In 1997, both
the US and Canadian regulatory bodies mandated folic acid fortification of grain products
at the level of 0.14 mg folic acid per 100 g. In a study with ONTD ascertainment at the
time of prenatal diagnosis and at birth, this fortification was associated with a 32%
decrease in the incidence of ONTD (14). A comparison of the observed and predicted
effects of folic acid fortification has concluded that even higher levels of intake would
be beneficial (15).

Advent of Prenatal Diagnostic Testing and Screening for ONTD
-Fetoprotein (AFP) was first reported as a significant component of fetal plasma

proteins by Bergstrand and Czar in 1956 (16). AFP is structurally similar to albumin but
exhibits a greater binding of polyunsaturated fatty acids compared to albumin, which
might indicate a role in embryonic cellular development (17). Nevertheless, a rare con-
genital absence of fetal AFP production has been reported that was associated with a
normal birth outcome (18). Only traces of AFP are present in nonpregnant adults, but
serum concentrations increase substantially during hepatocyte regeneration, and in liver
and embryonic carcinomas.

The prenatal diagnosis of ONTD became possible with the discovery in 1972 by Brock
and Sutcliffe (19) that high concentrations of AFP were present in the amniotic fluid of
ONTD-affected pregnancies, primarily in the third trimester of pregnancy. Several con-
firmatory reports soon followed that extended this observation into the second trimester
with AFP measurements in both amniotic fluid and maternal serum (20–22). The UK
Collaborative Study on Alpha-Fetoprotein in Relation to Neural-Tube Defects published
its findings in 1979 (23) that demonstrated conclusively that amniotic fluid AFP (AFAFP)
is elevated during the early second trimester in both anencephaly (20-fold) and in OSB
(7-fold). Figure 2 shows the relative frequency distributions of AFAFP in unaffected,
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OSB, and anencephalic pregnancies. By 1981, a second diagnostic test, acetylcholinest-
erase (AChE) in amniotic fluid, was also confirmed (24).

Second-trimester AFAFP testing is the first instance of the use of a biochemical test
to diagnose a fetal malformation. With the validation of a diagnostic test, a screening
program could now be established. Attention then focused on the development of a
serum-based screening test. Wald, Brock, and Bonnar reported the first use of maternal
serum AFP (MSAFP) as a screening test in 1974 (25). The UK Collaborative Study
reported in 1977 that elevated MSAFP, in the early midtrimester of pregnancy could
identify 80% of OSB and 90% of anencephaly cases (26) at an FPR of 5%.

The physiological basis for AFAFP as a prenatal diagnostic test for ONTD, and for
MSAFP as a prenatal screening marker for increased risk, is very simple: an open defect
represents a leak in what is normally the confined circulation of AFP within fetal plasma
and CSF. In ONTD, AFP is able to pass from fetal plasma and CSF, where it exists at
concentrations of 1–3 g/L, into amniotic fluid, where it normally exists through fetal
micturition at concentrations of 10–15 mg/L. AFP from the fetus reaches the maternal
compartment (20–50 µg/L) via the placenta and by diffusion across the amniotic mem-
branes (27). The presence of an ONTD represents a breakdown of this normally well-
contained concentration gradient, resulting in concentrations 7- to 20-fold higher in
amniotic fluid (Fig. 2) and 4-fold higher in maternal serum (Fig. 3).

By 1981, a number of breakthroughs in prenatal screening for ONTD had been
achieved: two diagnostic tests had been validated in amniotic fluid (AFP and AChE),
both requiring an invasive amniocentesis procedure; a noninvasive screening test—
MSAFP, by itself not diagnostic of any condition—had been confirmed to identify at
least 80% of ONTD patients within the 3% of the population with the highest MSAFP
concentrations (26); and a new method had been developed (25) for reporting concentra-

Fig. 2. The relative frequency distributions of AFAFP in unaffected, OSB, and anencephalic
pregnancies. The commonly used cutoff value of 2.0 MoM is shown.
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tions as the multiple of the median (MoM) concentration of unaffected patients (see
Using the MoM To Adjust for Gestational Age, below). The MoM designation is useful
because AFP concentrations in both maternal serum and amniotic fluid change with
gestational age, and this is reflected by changes in the median concentrations seen at each
gestational week. The use of the MoM designation not only eliminated the concentration
effect of different gestational ages, but it also reduced differences between analytical
methodologies, allowing the multisite collaboration that is critical for the effective study
of relatively rare conditions.

Confounding Variables Influencing AFP Concentration
Several clinical factors, or attributes of the patient, influence the concentration of AFP

in maternal serum and amniotic fluid Optimal screening performance for ONTD depends
on the collection and uniform application of clinical information about each patient
screened.

GESTATIONAL AGE FOR TESTING

AFP concentrations, particularly in maternal serum, are informative about the risk or
presence of ONTD only within a specified period of early midtrimester gestation. With
MSAFP, the OSB population has the greatest separation from the unaffected population
during the 16th to 18th wk of gestation (26). Screening is less effective in week 15 and
beyond week 19; performance in weeks 20 to 24 has been estimated as 70% detection for
a somewhat elevated 5% FPR (26,28). AFAFP diagnostic testing is best between weeks
16 and 22; detection rates during weeks 13 to 15 are slightly lower (23,29), and given the
constraints of MSAFP timing, would be performed only on patients having an amniocen-
tesis for reasons other than an elevated MSAFP result.

Using the MoM to Adjust for Gestational Age. AFP concentrations change through-
out pregnancy in the fetus, amniotic fluid, and maternal serum. During the midtrimester,
AFAFP concentrations decrease and MSAFP concentrations increase by approx 12–15%

Fig. 3. MSAFP as a screening marker for OSB.
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per week (Fig. 4). In order to eliminate the need to have normative data for each week of
gestation, patient results are expressed as the ratio of the median concentration in unaf-
fected pregnancies at that gestational age. The median value is used instead of the mean
value to avoid the influence of substantially elevated results that would skew the mean
in small population samplings. The MoM result is potentially independent of the gesta-
tional age, allowing patients of all gestational ages to be assessed together on the basis
of their MoM values. In order to achieve this independence of gestational age, the median
values must be selected in a manner that avoids any bias throughout the range of report-
able gestational ages.

Obtaining Normative Median Data. Medians are calculated from the AFP concen-
trations recently measured in a group of specimens that span the gestational age range to
be used in screening. If the patient population being served is relatively static, acceptably
robust median values can be calculated from 50 to 100 samples for each week of gesta-
tion. Knowledge about the normalcy of the pregnancies is not necessary because unusu-
ally high concentrations are balanced by low results—an inherent quality of the median
rather than the mean of a population. Frozen specimens are also acceptable and particu-
larly useful for establishing AFAFP medians, because AFP is quite stable in both amni-
otic fluid and serum.

In a screened population, a gestational age of 16 wk is common, whereas 20 wk is
uncommon. In order to lessen the inaccuracy of medians at outlying gestational ages, the
observed medians are regressed (logarithms of concentration regressed against gesta-
tional age, weighted by the number of observations in each category), thus making use
of the known natural increasing (MSAFP) or decreasing (AFAFP) pattern of concentra-
tion with increasing gestational age. Accuracy in both measures—AFP concentration and
gestational age—is required. Gestational ages can be measured in completed weeks (e.g.,
16 wk 5 d is 16 completed weeks), but it is preferable to express the gestational age to the
nearest day, or in decimal weeks, despite the fact that this implies a greater accuracy than

Fig. 4. Relative changes in the median AFP values in maternal serum and AF at each week during
the early second trimester of pregnancy.
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is likely present within any individual patient. The median regression equation is then
used to interpolate gestational age medians to the nearest day or decimal weeks for
subsequent patients, until such time as the analytical conditions change, requiring a new
assessment of medians.

The method of estimating the gestational age in patients should also be known because
it imparts a small bias to the median values. Medians for AFAFP are virtually always
based on ultrasound biometry. MSAFP medians will differ slightly with different meth-
ods of gestational age assignment (30). If the gestational age is inaccurate in a population,
the true rise in MSAFP will be partially masked by that inaccuracy. Therefore, medians
based on last menstrual period (LMP) rise less steeply than medians based on biometry
(Fig. 4). Depending on the size of a screening program and its mix of LMP- and biometry-
assigned gestational ages, some programs use different median regressions for these two
methods of assignment (30).

Although LMP dating is sufficiently accurate to sustain screening, ultrasound biom-
etry improves performance. At least two pieces of information are required to assign a
gestational age: the date of the estimation and the estimated age or biometry measure-
ment. The methods of assigning gestational age ranked in declining accuracy are crown–
rump length (CRL) before 12 wk, biparietal diameter (BPD) after 12 wk, age based on
composite multiple biometry measurements, and LMP dates. Physical examination and
expected date of delivery (EDD) are less reliable. Ultrasound biometry is considered
accurate within 8% of the assigned gestational age (31) or within 9–10 d at early
midtrimester. Because different algorithms exist for converting biometry measurements
to gestational age, it is preferable to collect the actual measurements and use an accepted
algorithm for the entire screened population. The algorithms by Daya (32) for CRL and
the 1982 BPD data of Hadlock (33) are an example of a pair of biometry algorithms with
good concordance that span from 6 to at least 30 wk.

If more than one ultrasound examination is performed, a good first trimester CRL is
preferred over a later BPD because biological variation in fetal size will start to become
a factor. However, ONTD screening is improved if a BPD is used, for two reasons: first,
anencephaly can be ruled out if a BPD measurement is reported by the ultrasonographer;
and second, OSB-affected fetuses have smaller BPD measurements (34). A smaller BPD
will cause the assignment of a lower than true gestational age and median value. The
MSAFP MoM will therefore be, on average, elevated more than if another dating method
had been used, increasing the likelihood of a screen-positive result in the presence of OSB.

DEMOGRAPHIC AND CLINICAL FACTORS THAT INFLUENCE THE MOM VALUE

There are a number of patient demographic and clinical factors other than gestational
age that influence AFP concentrations and are recommended for adjustments.

Racial Origin. Prenatal screening for fetal ONTD was first developed in largely white
populations. Subsequently, it was found that the black (African American) population
has 10–22% higher concentrations of AFP in both maternal serum and amniotic fluid in
women with and without pregnancies with OSB (35–38). The effects of this racial dif-
ference, and possible remedies, will vary with the size of the populations being screened.
In a population equally distributed by race, the overall population medians would be
higher than those seen strictly in the white women, and lower than those in the black
women. Screen-positive rates at any cutoff would be lower, and higher, than expected,
respectively. This difference can be compensated either by the use of separate MSAFP
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median data for the black and white populations, or by the use of a median adjustment
factor (commonly 1.10 or 1.15) to modify the white medians for use in black patients.
Even though AFAFP concentrations are also 12% higher in the black population (37),
adjustment of AFAFP medians is not commonly performed because of the very small
overlap between the affected and unaffected populations with this diagnostic test. The
Asian population (e.g., Japanese, Chinese, Filipina) have the same, or only slightly
higher, weight-corrected MSAFP concentrations compared to the white population
(38,39), and median correction for this group is uncommon.

Maternal Weight. A relationship between maternal weight and MSAFP was first
reported (40) in 1981 and then confirmed in the same year (41). The developing fetus is
the source of MSAFP, and because fetal size in early pregnancy does not reflect maternal
size, the circulating volume of the mother will indirectly affect the MSAFP concentra-
tion. Maternal weight is an easily accessible index of circulating volume. Maternal weight
has no effect on AFAFP, nor is maternal weight different between OSB and unaffected
pregnancies (42). Two weight correction formulae for MSAFP have been reported: one
that fits the observed MSAFP and weight data to a log-linear relationship (43), and one
that uses an inverse relationship (44). Published weight correction parameters are appro-
priate only for screened populations with the same average maternal weight as the pub-
lished study (44); therefore, individual screening programs should calculate their own
weight correction parameters for either of the two formulae. Screening without weight
correction will result in a wider distribution of MSAFP MoM values, a higher screen
positive rate in lower-weight women, and probably a slight loss in detection of OSB (42).

Number of Fetuses. Multiple gestation pregnancies have MSAFP (but not AFAFP)
concentrations that are commensurate with the number of developing fetuses. Twin
pregnancies have on average 2.16 times the MSAFP concentration of singleton pregnan-
cies (45–47). Monozygotic twin pregnancies (one-third of all twin pregnancies) probably
have slighly higher concentrations than dizygotic pregnancies (48,49). No adjustment is
made to the MSAFP medians, but the MoM cutoff for serum samples from known twin
pregnancies is selected at a higher value to maintain approximately the same FPR as in
singleton pregnancies (see section on Twin Pregnancies).

Insulin-Dependent Diabetes Mellitus. Pregnant patients with a prior diagnosis of
insulin-dependent diabetes mellitus have approx 20% lower concentrations of MSAFP
(50,51). A factor is usually applied to the MSAFP MoM result to adjust for this. There
is insufficient evidence for a similar adjustment in gestational diabetes, even if the patient
is receiving insulin. AFAFP concentrations are also decreased in the presence of diabetes
mellitus (52); however, adjustment for this is not common for the same reasons as cited
for maternal race.

Use of Multiple MoM Correction Factors in Combinations. Although published
data are scarce on the coexistence of multiple conditions that affect median MSAFP
values, the assumption is that each factor is independent. Factors can therefore be com-
bined—for instance, in a black diabetic pregnancy of a particular weight. Similarly, at
present it is assumed that although black patients tend to have larger body frames, and
Asians are smaller than whites, it is generally assumed that they all share approximately
the same weight correction formula, populating the higher or lower ends of the weight
correction curve, respectively.
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Calculating Patient-Specific Risks of the Targeted Disorder
With knowledge of the relative frequency distributions of the affected and unaffected

populations for a given screening variable (e.g., MSAFP MoM result, see Fig. 3), the risk
of the targeted disorder can be calculated from the screening variable result. Although
screening for ONTD initially used a MoM cutoff value, as patients become more
informed participants in their health care decisions, the pattern of practice is shifting
to reporting both the MoM value and its associated patient-specific risk. The most com-
monly used algorithm to calculate a patient-specific risk utilizes the MoM result (adjusted
for variables such as weight and race as discussed above) to calculate a likelihood ratio (LR)
based on the overlapping Gaussian distributions defined for the affected and unaffected
populations.

GENERAL CONCEPT OF THE LR
The concept of the LR is depicted in Fig. 5. Since the screening variable (MSAFP)

distributions span a range of MoM values, any MoM result within that range could be
from either a member of the affected population or the unaffected population. The higher
the frequency distribution (the curve) at a given MoM value, the more common or likely
the result is within that population. If the frequency distribution is known, the height of
the distribution (y) can be calculated at any MoM value, such as in the Gaussian distri-
butions in Fig. 5. Because there are two populations, at each MoM value there are two
curve heights or distribution heights—one for the affected population (ya) and one for the
unaffected population (yu). The LR is defined as the ratio of these two heights, affected
over unaffected (ya/yu). The LR is the relative risk of being affected, and this can be
converted to an absolute risk by multiplying by the background prevalence of the disorder
in the screened population. In this manner, a risk can be assigned for every MoM value
over a finite range.

The calculation of a risk requires knowledge of the frequency distribution parameters
for both the affected and unaffected populations, the background prevalence of the dis-
order, and any specific prevalence factors that might apply for the patient. Then, given
a patient’s MoM result, a patient-specific risk can be calculated and interpreted. The
frequency distributions of both AFAFP and MSAFP conform to the Gaussian distribution
if the logarithms of the MoM values are used. Therefore, the distributions can be defined
by their mean log MoM values and the log MoM standard deviations (SD). There is a
range of MoM values, bordered by truncation limits, over which both distributions can
be shown to conform to the Gaussian distribution. Outside of this range, the LR at the
truncation limit that was exceeded is used to calculate the risk. The Gaussian distribution
parameters (mean and/or SD) vary depending on a number of factors, and the prevalence
of the targeted disorder can also vary in assigning patient-specific risks.

Given the complexity of median, MoM, and risk calculations, specialized software is
necessary to maintain a database for median calculations, calculate risks, and issue
patient-specific interpretive reports including recommended follow-up procedures
where indicated.

SPECIFIC FREQUENCY DISTRIBUTION PARAMETER ADJUSTMENTS

Any correction factor that systematically increases the accuracy of MoM values will
reduce the variance (SD) of the Gaussian distribution populations and affect the com-
puted risk results. Oddly, long-term analytical precision in the MSAFP assay is not
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frequently used to modify Gaussian distribution parameters. Most laboratories instead
opt to use published distribution parameters from large outcome validation studies instead
of their own parameters, while maintaining their analytical precision at or below that
attained in the published studies (53,54). However, there are two other factors affecting
the accuracy of the MoM value that are commonly used independently and together to
modify distribution parameters: correction for maternal weight, and the method of assign-
ing gestational age. Twin pregnancies also have their own frequency distributions.

Maternal Weight Correction. Knowledge of the maternal weight and correction of
the computed MoM result (see “Maternal Weight”) reduces this source of variance in the
MoM distribution populations. The lower variance results in a greater separation between
the affected and unaffected populations (55) and hence the LR and computed risks for a
given MoM are different if weight correction has been performed. OSB screening soft-
ware applications typically use different Gaussian distribution parameters for weight-
corrected and uncorrected patients.

Gestational Age by LMP and Biometry. As indicated earlier (see section on Obtain-
ing Normative Median Data), gestational ages assigned from ultrasound biometry are
slightly more accurate on average than LMP-based assignments. The greater accuracy in
gestational age is reflected in more accurate median calculation and assignment, and
more tightly defined (smaller SD) Gaussian populations. The median MSAFP is also
slightly higher in OSB pregnancies when the gestational age is based on biometry. Sepa-
rate frequency distribution parameters have been established for LMP-based and biom-
etry-based gestational age assignments (55,53). There is no distinction made between the
different biometric measurements of CRL, BPD, or composite measurements. In ultra-
sound-dated pregnancies, the higher mean MSAFP in OSB and the lower SD in both the
affected and unaffected populations causes less overlap and improves screening perfor-
mance. The LR, and hence the assigned risk for a given MoM value, is therefore different
depending on the method of gestational age assignment.

Fig. 5. The LR concept in MSAFP screening for OSB.
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Twin Pregnancies. Large-scale studies of MSAFP in twin pregnancies have gener-
ated sufficient data to construct the frequency distribution of MSAFP in OSB as well as
in unaffected twin pregnancies (47,48,56). The distributions are log Gaussian, like their
singleton counterparts, but as might be expected, there is more overlap between the
affected (one twin) and unaffected populations, which decreases the performance of the
OSB screen (Fig. 6). Nevertheless, it is possible to calculate a likelihood ratio for OSB
in one twin and to perform a screen using a suitably high MoM cutoff (56), typically 4.0
MoM or higher.

SPECIFIC PREVALENCE ADJUSTMENTS

In ONTD screening, the primary focus is on OSB risk because anencephaly is more
easily detected by MSAFP and ultrasound, and survival with anencephaly is limited.
Therefore, the local prevalence of OSB is modified by factors discussed below, when
appropriate, before multiplying by the patient’s LR to achieve the patient-specific risk.
OSB prevalence estimates are difficult to achieve for two reasons: the widespread prac-
tice of ONTD screening, diagnosis, and intervention has itself reduced the birth preva-
lence (57); and preconceptual intake of folate might have increased since the time when
local prevalence information was obtained (14).

Family History. First-degree relatives of the developing fetus (e.g., siblings of a
previous ONTD-affected pregnancy) are at sufficiently elevated risk of ONTD to warrant
counseling for diagnostic testing without screening (5). Second-degree relatives have a
risk threefold greater than the background prevalence, and this can be factored into a
patient’s risk calculation (58). More distant relations approach the general prevalence
(see Table 1). An unrelated observation is that patients with an elevated MSAFP concen-

Fig. 6. MSAFP distributions in twin pregnancies, expressed in MoM for unaffected singleton
pregnancy. Despite the greater overlap between the unaffected and affected (one twin) pregnan-
cies, a moderately successful OSB screen can be performed.
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tration in a previous pregnancy are slightly predisposed to having an elevated MSAFP in
the next pregnancy (59). The weak correlation does not support any adjustment but might
be mentioned during counseling.

Maternal Race. Despite the fact that the black population (African American) has
higher MSAFP concentrations in both unaffected and OSB pregnancies (37,38), the
prevalence of ONTD is approximately one-half that of the white population. In ONTD
screening, cutoffs are set at MSAFP MoM values, usually between 2.0 and 2.5 MoM, and
the cutoff value is associated with a particular risk in the white population. The lower
prevalence in the black population means that these patients achieve the cutoff risk at
higher MoM values. Adjusting the cutoff to this “isorisk” higher MoM value will lower
the false positive rate and the detection rate, but all patients who screen positive will have
the same minimum risk (37). As an alternative, using the same cutoff as the white popu-
lation will maintain the detection (“isodetection”) and false positive rates unchanged, but
the black patients at the cutoff will have half the risk of whites at the same MoM value.

Insulin-Dependent Diabetes Mellitus. Pregnant patients with insulin-dependent dia-
betes mellitus have a 3- to 10-fold higher risk of ONTD (51,60,61). Most of the increased
incidence of ONTD is anencephaly, and for this reason a detailed ultrasound examination
is indicated in diabetic pregnancies because of its ability to detect anencephaly. The
increase in the risk of OSB in diabetic patients is approx 3- to 4-fold that of nondiabetics.
OSB screening is often viewed by practitioners as simply using an MSAFP MoM cutoff
value; however, the associated risk of OSB is the more important characteristic of the
cutoff. The higher risk in diabetic pregnancies is factored into the selection of the MSAFP
MoM cutoff used for OSB screening in these patients. An isorisk approach is used,
lowering the MSAFP MoM cutoff and raising detection and FPRs. Diabetic patients at
their cutoff have the same risk as nondiabetic patients at their higher MoM cutoff.

Maternal Weight. There have been a number of reports that an increased risk for NTD
is associated with prepregnancy maternal obesity (62–64). The most recent report was a
population-based case-control study of several selected major birth defects using data
from the Atlanta Birth Defects Risk Factor Surveillance Study (65). Nondiabetic mothers
with a self-reported prepregnancy body mass index (BMI) greater than 30 (“obese”) were
3.5 times more likely than average-weight women (BMI 18.5–24.9) to have an infant with
spina bifida. The relative risks of other disorders were also increased, including
omphalocele (3.3-fold), heart defects (2-fold), and multiple anomalies (2-fold). Com-

Table 1
The Effect of Family History on the Prevalence of Neural Tube Defects (NTDs)

Family history Recurrence ratea Risk ratio

Background risk; no known history of NTD 0.2% -
Parent affected with NTD 0.6% 3-fold
Further family history of NTD 0.6% 3-fold
Previous child with NTD 1.4% 7-fold
Two previous children with NTD 5.9% 30-fold

aRecurrence rates are based on 100,000 cases of AFAFP analysis as reported by Milunsky (5).
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pared to average-weight women, overweight women (BMI 25–30) were twice as likely
to have infants with heart defects and multiple anomalies. Screening programs have yet
to assess the effect of adjusting the population prevalence of OSB for normal and
elevated BMI.

Twin Pregnancies. If a risk is to be quoted in twin pregnancies, it should be the risk
of one twin being affected, and this must reflect the fact that twin pregnancies have a
higher birth prevalence of OSB. One large study estimated the prevalence to be 2.28 times
higher than the local singleton prevalence (48). Follow-up procedures and patient choices
should also be considered when assessing the risk of OSB in twins. There might be a
greater reliance on detailed ultrasound because of the difficulty in performing amniocen-
tesis in twin pregnancies. There are also difficult choices for the patient, and provider,
when one fetus is confirmed as affected.

Combining Prevalence Factors. The prevalence factors of family history, maternal
race, diabetes mellitus, and twins are assumed to be independent of each other and
therefore can be combined directly in any patient with coincident factors. A black dia-
betic patient would therefore be assigned a prevalence factor of 1.5 to 2.0, or half of the
three- to fourfold increased risk of white diabetics.

Expected Performance of ONTD Screening
The performance of the MSAFP prenatal screen for ONTD, in terms of detection and

false positive rates, depends on several factors including long-term analytical precision,
the gestational age at which patients are screened and the accuracy of its assignment, the
MSAFP cutoff value selected for the screen, and the accuracy of elements of clinical
information—the confounding variables in the screen. Table 2 provides the expected
performance of ONTD screening using MSAFP.

Conditions other than ONTD that are associated with a screen-positive result include
normal variance in a healthy fetus, under-estimated gestational age, an undetected twin
or multiple pregnancy, a recent or impending fetal demise, and the presence of open
ventral wall defects detectable by ultrasound (e.g., omphalocele, gastroschesis). Compli-
cations later in the pregnancy are also significantly more likely in women with a
midtrimester MSAFP greater than 2.5 MoM, including preterm birth (<37 wk), small for
gestational age (<5th percentile), very low birth weight (<1500 g), and preeclampsia (66).

Follow-Up Activities in MSAFP Screen-Positive Patients
Counseling and follow-up should be offered and implemented as soon as possible after

a patient is alerted to a screen-positive result, because of the anxiety that such a report
often provokes (see “Psychological Impact of Prenatal Screening” below). Whereas
amniocentesis with subsequent AFAFP testing remains the best diagnostic procedure,
less invasive ultrasound examinations are now frequently the follow-up procedure of
choice. The procedures outlined here may be offered to patients coincidentally.

AMENDING CLINICAL INFORMATION

Any clinical information determined to be in error should be corrected (e.g., weight
discrepancies over 10 lbs., maternal race) and a new interpretive report should be issued.
A screen-positive situation is a common trigger for an ultrasound-based gestational age
estimate if the original report was based on LMP dates. New gestational age estimates that
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are within 9 or 10 d of the original estimate are considered confirmatory of the original
because they are within the 2 SD range of the ultrasound biometry measurements (31–
33). Amending the gestational age will reduce the false positive rate (e.g., from 2.5 to 2%)
but it will also reclassify a few true positive patients as screen negative.

DETAILED ULTRASOUND EXAMINATION IN ONTD
Anencephaly is fully detectable with a successful ultrasound examination. The lesions

of OSB are harder to detect, particularly minimal lesions in the caudal spine. The general
quality of the ultrasound imaging becomes a factor, as does the gestational age when the
examination is performed—examinations at 20–24 wk are better than at 16–20 wk. With
modern equipment, detection of OSB in high-risk patients with elevated MSAFP ranges
from 80 to 100% (67). In the general population, ultrasound as a screening test for OSB
detected only 68% in a recent European study (68). Although the absence of abnormal
findings on ultrasound cannot rule out the presence of OSB, it does reduce the likelihood
of the disorder by a subjective factor.

REPEAT MSAFP TESTING AS A FOLLOW-UP PROCEDURE

Regression toward the mean is a proven mathematical theorem that states that repeated
observations in members of a population at the extremes of that population distribution
will return results closer to the mean of the population. In MSAFP screening for ONTD,
the cutoff value lies between the means of the unaffected and affected populations (see
Fig. 3). Therefore, given sufficient time, unaffected and affected patients above, but
close to, the cutoff value will regress to lower and higher MSAFP values respectively.
The time between measurements is a factor, and one week is a useful target. Applying a
policy of offering repeat testing to patients above the cutoff but below 3.0 MoM (see
Table 3) will result in approx 40% of the false-positive patients relapsing to true negative,
with 2–3% of OSB patients becoming screen negative (26,69). Some caveats apply to this
policy: (1) if the gestational age was revised and the initial sample is now considered to
have been taken before 15 wk, the subsequent sample is considered the first interpretable
sample; and (2) the risk of OSB in the second sample cannot be assigned ignoring the
results of the first sample—the results must be combined according to published methods
(69). Repeat MSAFP testing can be useful during the interval awaiting a detailed ultra-
sound examination.

Table 2
Performance of MSAFP Screening for ONTD

at Three Commonly Selected MoM Cutoff Values

MoM cutoff: 2.00 2.20 2.50

False-positive rate (FPR %): 3–5% 2–3% 1–2%
Detection rate (DR %) for anencephaly: >95% >95% 95%
Detection rate (DR %) for open spina bifida: 75–90% 70–85% 65–80%

Factors that would increase detection and lower false positive rates within the indicated
ranges include the use of consistent ultrasound biometry to assign gestational age, the fraction
of the population screened at 16–18 wk, and maternal weight correction.
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Diagnostic Tests for ONTD: AFAFP and AChE
The most accurate diagnosis of ONTD requires amniocentesis with measurement of

AF AFP and AChE (24,70). Both of these tests are diagnostic of ONTD, and the existence
of two such tests allows for their selected combined application to maximize diagnostic
performance. Abnormal AFAFP results are usually defined as greater than 2.0 MoM. In
these patients, AChE can add to the diagnostic certainty and reduce false positives to a
dramatically low level. AChE can also be performed when a positive family history or
ultrasound finding exists despite a normal AFAFP result. Table 4 provides the expected
performance of AFAFP and AChE in the diagnosis of ONTD in patients with elevated
MSAFP (71).

Table 3
Regression Toward the Unaffected Population Mean

in Repeat MSAFP Specimensa

Number and percent Number and percent
MoM range Patients with a repeat with a repeat MSAFP

MSAFP test <2.20 MoM

2.20–2.29 659 388 59% 201 52%
2.30–2.39 437 247 57% 100 40%
2.40–2.49 289 168 58% 58 35%
2.50–2.59 225 131 58% 29 22%
2.60–2.69 189 110 58% 21 19%
2.70–2.79 135 67 50% 14 21%
2.80–2.89 114 58 51% 9 16%
2.90–2.99 95 38 40% 8 21%

2.20–2.99 2143 1207 56% 440 36%

aFrom a population of 130,000 patients between weeks 15 and 18, using an MSAFP
MoM cutoff for OSB screening of 2.20 MoM and a recommendation for repeat
specimen collection between 2.20 and 2.99 MoM (unpublished observations).

Table 4
ONTD Detection Rates for AFAFP Alone at Two Ranges of Gestational Age

and When Combined With AChE

AChE +ve
AFAFP >2.0 AFAFP >2.0 with AFAFP

Marker and MoM cutoff: at 16–18 wk at 19–21 wk >2.0 MoMa

False-positive rate (FPR %): 2% 5% <0.1%
Detection rate (DR %)

for anencephaly: ~100% ~100% ~100%
Detection rate (DR %)

for open spina bifida: 96% 99% 97%

aPerformance in the presence of visible blood contamination: FPR 1.2%; DR 91% for OSB.
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Conditions other than ONTD that are associated with an elevated AFAFP and/or
detectable AChE include normal variance in a healthy fetus (AFAFP only), fetal blood
contamination, open ventral wall defects detectable by ultrasound (gastroschesis, and
less commonly omphalocele), congenital nephrosis (AFAFP only), and fetal demise.

SCREENING FOR FETAL TRISOMY 21

When prenatal screening for ONTD was introduced in the 1970s, ONTD was the most
common birth disorder in some regions of the United Kingdom. Changes in diet and the
introduction of screening for ONTD have now reduced its prevalence substantially. At
the same time, women have been choosing to have children at a later age, and maternal
age-related fetal trisomies have increased in prevalence.

Clinical Aspects of Trisomy 21 (Down Syndrome)
A congenital syndrome of mental retardation associated with specific facial and physi-

cal features was first described by J. Langdon Down in 1866 (72). “Down syndrome” is
characterized by a moderate to severe learning disability (average IQ approx 40) and
congenital heart defects affecting approx 50% of affected individuals. The birth preva-
lence of Down syndrome ranges from approx 1 in 800 up to 1 in 400, depending on the
maternal age distribution of pregnant women in the region. Down syndrome is the most
common fetal chromosome disorder compatible with life.

Before the advent of antibiotics, the survival of Down syndrome infants was relatively
poor. The life expectancy was only 12 yr in 1947 (73), but the current use of antibiotics
and cardiac surgery to repair congenital cardiac anomalies has helped to increase life
expectancy. Of those surviving the first 5 yr of life, 85% will have a life expectancy of
at least 30 yr with many living to age 50 (74,75). There are medical problems throughout
life, including immunodeficiency disorders, thyroid dysfunction, Alzheimer-like disor-
ders, and a substantially increased risk of leukemia.

In 1959, the cause of Down syndrome was discovered to be an extra copy of chromo-
some 21 (trisomy 21) (76), caused by nondisjunction of this chromosome during meiosis
in the oocyte. Rarely, major elements of chromosome 21 are translocated to another
chromosome in the oocyte or sperm (translocation Down syndrome).

Diagnostic Testing for Down Syndrome
The diagnosis of fetal trisomy is made by karyotyping fetal cells, typically obtained

through amniocentesis. Midtrimester amniocentesis (MTA) is performed between the
15th and 22nd wk of gestation and is by far the most common prenatal procedure leading
to a diagnosis of fetal trisomy 21. The first karyotype analysis from human amniocytes
was described in 1966 (77) and the first Down syndrome diagnosis following amniocen-
tesis (78) was made in 1968. As an invasive procedure, MTA poses a risk to the pregnancy
(79) with fetal loss rates generally accepted as being 1 in 200. For this reason, the
diagnostic procedure is offered only to women who have been shown to have an equiva-
lent or greater risk of carrying an affected pregnancy.

Diagnosis earlier in the pregnancy is attractive from a social and obstetrical perspec-
tive, and two such first trimester procedures have been proposed in the past decade:
chorionic villus sampling (CVS) and early amniocentesis (EA). In CVS, a sample of fetal
tissue is obtained by biopsy from the chorionic villi, and this is used for chromosome
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studies. Transabdominal CVS has a risk of about 1–2% for fetal loss, with progressively
fewer losses occurring at gestational weeks 10 through 13 (80,81). EA refers to an
amniocentesis procedure performed between 10 and 14 wk. EA was recently shown to
have a greater risk to the fetus than MTA (82) in limb deformities, most notably talipes,
or club foot. A recent review of 14 randomized studies by the Cochrane Database con-
firms the excess of risk in EA compared to CVS or MTA (82a). For this reason, EA is
rarely performed.

Maternal Age and Down Syndrome Screening
The goal of screening is to raise the prevalence of the targeted disorder in the screen-

positive subpopulation, to the point where the risk of the disorder exceeds the risk asso-
ciated with the diagnostic procedures. In 1933, Penrose first published the association
between maternal age and the risk of Down syndrome (83), and women became aware
of their “biological clock.” Nevertheless, true screening on the basis of maternal age
could not be performed until a diagnostic test for fetal trisomy was developed, some 35 yr
later (78). The simple act of asking a woman her age became a screening procedure,
although it remains largely unrecognized as such, even today.

Patients, and to some extent health care providers, view the association between
maternal age and Down syndrome in a binary sense: patients are deemed to be either at
low risk or at increased risk, depending on whether the patient will be under or over the
age of 35 at delivery. The reality is that maternal age is a continuous risk variable that has
been defined through very large combined studies (84) and is independent of geographi-
cal location. Recent analyses have suggested minor modifications of the live-born
maternal-age associated risk (85–89) primarily at the higher ages (Fig. 7).

Whereas a consensus on the birth prevalence is relatively easy to obtain, determining
the antenatal prevalence at various stages of gestation is more difficult. All fetal trisomies
are associated with various rates of spontaneous losses during pregnancy. Down syn-
drome is the least lethal of all the autosomal trisomies, which accounts for its highest birth
prevalence. Between the early second trimester and term, an estimated 23% of trisomy
21 pregnancies are lost (84,90), and the rate of loss between the first trimester and term
is higher, perhaps 45% (91). In the United States, the prevalence and risks of Down
syndrome are usually quoted for the second (or mid) trimester, whereas in Canada and
many parts of Europe the risk at term is used. Arguments can be made in support of both
practices: the risk at midtrimester is the risk at the usual time of screening, but its calcu-
lation is indirect and depends on an estimate of the rate of spontaneous fetal loss; the risk
at term is based on more direct evidence and reflects the risk of a liveborn affected
newborn.

The Advent of Biochemical Screening for Down Syndrome
In the early 1980s, MSAFP screening for ONTD was becoming fairly common. In

1983, there was a fortuitous observation of a low concentration of MSAFP in a trisomy
18 (T18) pregnancy. This led to an investigation by Merkatz et al. of whether low MSAFP
was predictive of fetal trisomies (92). Their study showed that low concentrations of
second-trimester MSAFP were not only associated with T18, they were also predictive
of trisomy 21, or Down syndrome. This was the first observation that a biochemical
marker in a pregnant woman’s serum was informative of a chromosomal defect in the
fetus. In 1984, Cuckle et al. showed that MSAFP concentrations in Down syndrome
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pregnancies were independent of maternal age, and the two risk factors could be com-
bined (93) in women of all ages. MSAFP concentrations are, on average, 25% lower in
pregnancies affected with Down syndrome compared to unaffected pregnancies (94).

In 1984, Chard et al. postulated that other fetoplacental biochemical markers might
also be informative of the risk of Down syndrome (95). Over the next few years, a number
of markers were examined, particularly those biochemical tests that were already asso-
ciated with pregnancy. For over a decade it had been known that total urinary estriol in
the third trimester was substantially lower in Down syndrome pregnancies (96). In 1987,
Canick et al. first demonstrated, in a study of 22 Down syndrome cases and 110 matched
controls, that the more specific fetoplacental steroid, unconjugated estriol (uE3), was 25–
30% lower in second-trimester maternal serum in Down syndrome pregnancies (97).
This observation was confirmed the following year in a series of 77 cases of Down
syndrome and 385 matched controls (98). The authors postulated that uE3 could be added
to maternal age and MSAFP in a prenatal screen for Down syndrome.

Also in 1987, Bogart et al. reported on a series of 25 women with chromosomally
abnormal fetuses and 74 unaffected pregnancies between weeks 18 and 25. Concentra-
tions of total human chorionic gonadotrophin (hCG) and its subunit were significantly
higher in the maternal sera from pregnancies with chromosomally abnormal fetuses (99).
Combined data from many subsequent studies indicates that hCG concentrations are, on

Fig. 7. The association between maternal age at expected date of delivery and the risk of fetal Down
syndrome at term. Six studies are shown (84–89) that differ only slightly at ages less than 45 yr.
Inset represents full dataset up to 55 yr of age.
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average, twice as high as concentrations in unaffected pregnancies (94). In addition, the
free subunit of hCG in the second trimester is equivalent or better in screening effi-
ciency than hCG itself (100,101) and the free form is used in place of total hCG in some
screening programs (102,103).

A number of other biochemical markers were subsequently studied to see whether they
could add to, or replace, the “triple markers” of AFP, uE3, and hCG. In 1992, using a
relatively nonspecific assay, van Lith first demonstrated that elevated concentrations of
“immunoreactive inhibin” were present in maternal serum of Down syndrome pregnan-
cies (104). This observation was subsequently confirmed, and the reported separation
between Down syndrome and unaffected pregnancy concentrations continued to improve,
driven by improvements in the specificity of assays for this dimeric compound. In the
second trimester, the maternal serum concentration of the dimeric inhibin A (DIA) form
is approx 2.2 times higher in Down syndrome pregnancies compared to unaffected preg-
nancies (103).

Second-trimester serum markers that have been reported to be either not sufficiently
informative of Down syndrome or not sufficiently easy to measure to displace or add to
the triple screen include pregnancy-specific glycoprotein (SP1) (105), placental isoferritin
p43 component (106), placental lactogen (107), progesterone (108), the proform of eosi-
nophil major basic protein (109), subtypes of MSAFP bound to lectins (110), dehydro-
epiandrosterone sulfate (DHEAS) and 16 -hydroxy-DHEAS (16 -OH-DHEAS) (108),
urea-resistant neutrophil alkaline phosphatase (111), and different forms of hCG includ-
ing its degradation products (112).

Combining Multiple Markers Into a Risk-Based Screen
As a marker for risk of Down syndrome, MSAFP by itself measured solely for the

purpose of estimating the risk of Down syndrome would not be powerful enough to be
justified. However, because MSAFP is widely used for ONTD screening, use of its
modest additional information about the risk of Down syndrome is easily justified. Screen-
ing for Down syndrome also benefited from screening for ONTD in that the concept of
the MoM had already been developed for ONTD screening (see “Using the MoM to
Adjust for Gestational Age” above). Like MSAFP, the concentrations of all the markers
for fetal trisomy screening are expressed as MoMs. Being a ratio (the patient’s concen-
tration divided by the median concentration at that gestational age), the MoM has no
units. The MoM compensates for the concentration changes that occur with gestational
age and enables combinations of multiple markers on a common scale.

Initially, MSAFP was used in Down syndrome screening in a binary fashion: any value
below a fixed cutoff (0.50 MoM) indicated increased risk. However, the fact that the
MSAFP distribution in Down syndrome pregnancies was log Gaussian (55) soon led to
the use of Down syndrome LRs for a range of MSAFP concentrations (Fig. 8), in a manner
similar to that used in ONTD screening. With the risk associated with a woman’s age as
the background prevalence of Down syndrome, patient-specific risks could be generated
from the combination of the patient’s maternal age and her midtrimester MSAFP result
(113,114).

In 1988, the maternal serum concentrations of uE3 and hCG were, like AFP, shown
to be independent of maternal age, only weakly correlated to one another, and conforming
to Gaussian distributions (115) (see Fig. 8). Using the published means and SDs for the
unaffected and Down syndrome populations, these three biochemical risk variables were
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combined in a trivariate Gaussian LR algorithm: “triple-marker screening” (116). (In
1992, the distributions of the uE3 marker were refined (55), replacing the previous linear
MoM values with their log equivalents, which better fit the Gaussian distribution.) In the
triple marker screening algorithm, the three LRs are multiplied together, with allow-
ance for the published slight correlations that exist between the various marker pairs.
The composite multiple-marker likelihood ratio is then multiplied by the maternal age-
related a priori risk to yield a patient-specific risk of Down syndrome pregnancy.

In the manner just described, each patient in a screened population will have a calcu-
lated risk of the targeted disorder Down syndrome. The population distribution of these
risks can be modeled from the underlying marker distributions. Overlapping risk distri-
butions exist for the unaffected and Down syndrome populations, with the Down syn-
drome population risks being very much higher. The degree of separation of the two
populations is sufficient to support screening based on the triple marker Down syndrome
risk as the screening variable (see Fig. 9). Modeling the risk distributions has enabled
rational decisions for selecting a risk cutoff in Down syndrome screening programs.

When triple marker screening first started, the cutoff from maternal age screening was
retained; namely, the term risk of 1:385 (1:290 at midtrimester) was selected because this
is the Down syndrome risk at age 35. This choice avoided legal challenges because
offering amniocentesis to patients over the age of 35 was deeply embedded in medical

Fig. 8. Second-trimester maternal serum marker frequency distributions in unaffected and Down
syndrome pregnancies for AFP, uE3, total hCG, and DIA. For any marker concentration within
the limits of the distributions, an LR can be calculated. Two such examples are shown in the figure
for MSAFP, with an increased risk (4:1) and a decreased risk (1:4) compared to background.
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practice and in the minds of the public. Fortuitously, this cutoff achieved the desired
increase in Down syndrome detection without increasing the FPR. The new information
about Down syndrome risk obtained from the biochemical markers was used to improve
detection.

With detection rates at an acceptable level (>70%), attention turned to reducing the
FPR from the current 7–10%. DIA was becoming analytically feasible in the late 1990s.
The log MoM concentration of DIA conforms to a Gaussian distribution in both the
unaffected and Down syndrome populations (Fig. 8), and DIA is essentially independent
of AFP and uE3, and only moderately correlated with the concentration of hCG. DIA
could therefore be added to the triple marker algorithm by simple mathematical extension
of the modeling (Fig. 9) to include the fourth marker (117–119), thereby enabling a four-
marker prenatal maternal serum screen for Down syndrome based on AFP, uE3, hCG,
and DIA.

Biology of Second-Trimester Serum Biochemical Markers
for Down Syndrome

The pathophysiological basis of Down syndrome is unknown, although the sequence
of chromosome 21 has now been completed (120). Similarly, the reasons for altered
second-trimester maternal serum analytes in Down syndrome pregnancy remain largely

Fig. 9. Down syndrome screening using the combined risk of Down syndrome as the screening
variable. The computed risk is based on maternal age and the results of four maternal serum
biochemistry tests: AFP, uE3, total hCG, and DIA.
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unexplained. A current hypothesis for the second trimester is that the serum analyte
pattern is related to poorly functioning fetal tissue with compensatory placental hyper-
function. The mechanisms leading to this phenomenon of increased placental and
decreased fetal products in second-trimester maternal serum of Down syndrome preg-
nancy are actively being investigated (121–126).

PLACENTAL-DERIVED DOWN SYNDROME MARKERS: HCG AND DIA
Placental secretory products, such as hCG and DIA are generally increased in the

second trimester of Down syndrome pregnancy. None of the genes for these placental
products resides on chromosome 21, thereby eliminating a simple higher-dose effect to
explain their increased concentrations. Placental size and weight are comparable in Down
syndrome and unaffected pregnancies (127,128), although there may be an increase in
placental protein synthesis in Down syndrome, as suggested by hCG, inhibin mRNA, and
protein extract studies (121–123). Deficient syncytiotrophoblast formation may also
have a role in abnormal placental secretion in Down syndrome pregnancies (124).

hCG. The glycoprotein hCG is composed of and subunits that also exist in serum
in monomeric (free) forms at low concentrations. Biological specificity is imparted by
the subunit, but the subunit is biologically active only when bound to the subunit.
Analytical specificity for the subunit can be independent of the presence of the 
subunit; hCG can be measured as either the intact hormone, the free -hCG subunit, or
the sum of these. “Total hCG” (bound plus free -hCG subunits) and “intact -hCG”
(bound -hCG subunits) are probably equally informative of Down syndrome risk,
whereas the free -hCG concentration appears to be slightly more informative than total
or intact hCG (129); however, this form of the molecule is less stable in whole blood
specimens, and serum must be separated within 5 h of collection (130,131).

Median concentrations of hCG decrease during the early midtrimester from their peak
concentration at 10–12 wk (Fig. 10). hCG decreases in a nonlinear fashion (steeply from
15 to 17 wk and then very gradually from 17 to 22 wk). Free -hCG concentrations also
decrease during the midtrimester.

DIA. The existence of inhibin was predicted (and its name was chosen) on the basis
of observations in 1932 of the inhibitory effect of testicular vein serum extracts on
anterior pituitary secretion of follicle-stimulating hormone (132). In 1975, an ovarian
form of inhibin was also demonstrated, but inhibin and its related opposing hormone
activin were not characterized until the mid-1980s (133). Inhibin is a glycoprotein hor-
mone composed of one and one subunit. The subunit exists in two closely related
forms ( A and B), leading to the reference to DIA and dimeric inhibin B. In 1992, Van
Lith first demonstrated that in Down syndrome pregnancies the total inhibin concentra-
tions in second-trimester maternal serum were almost twice those of unaffected pregnan-
cies (104). In 1993, Groome (134,135) developed more specific antibodies for DIA,
using monoclonal antibodies directed against amino acid sequences in the , A, and B
forms. These antibodies are the basis of the assays in current use. In 1996, several authors
(117–119) demonstrated the improved Down syndrome screening potential of this assay,
despite a slight correlation between DIA and hCG concentrations. In 2000, an improved
assay format for DIA was developed using the Groome antibodies and this product has
been validated in two subsequent case-control studies (136,137). The relative frequency
distributions of DIA in the unaffected and Down syndrome populations with the current
assay format are shown in Fig. 11.
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Fig. 10. Relative changes in the median AFP, uE3, total hCG, and DIA concentrations in maternal
serum at each week during the early second trimester of pregnancy.

Fig. 11. Agreement between maternal serum DIA log10 MoM frequency distributions from three
case-control studies of Down syndrome and matched unaffected controls using the antibodies
developed by Groome (134,135) in assay systems formatted by Serotec (solid line; ref. 117) and
by DSL (open and closed squares, refs. 136,137).
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During the midtrimester, DIA concentrations are relatively stable in comparison to the
other markers at this time (Fig. 10). Median DIA concentrations exhibit a shallow U-shaped
curve with its nadir at 17 wk of gestation.

FETAL AND FETOPLACENTAL-DERIVED DOWN SYNDROME MARKERS: AFP AND UE3
In contrast to the placental-sourced markers, secretory products synthesized in the

fetus or requiring the combined fetoplacental unit, are low in second-trimester maternal
serum from Down syndrome pregnancies. As an example, AFP derived from the fetal
liver is reduced, as are the maternal serum and amniotic fluid concentrations of the
fetoplacental steroid uE3 (98,138) and its fetal androgen precursor molecules, DHEAS
(138) and 16 -OH-DHEAS (139).

AFP. The cause of the lower maternal serum concentrations of AFP in the presence
of a Down syndrome pregnancy remains obscure, with inconclusive results on AFP
production in the fetal liver (125,140) and a proposed reduction in secretion by the
placenta into maternal circulation (125). The concentration of AFP in amniotic fluid is
also lower in Down syndrome pregnancies (141,142).

During the midtrimester, AFP concentrations in maternal serum rise at a rate of approxi-
mately 15% per wk (Fig. 4). At the same time, the AFAFP concentrations decrease by about
15% per wk, reflecting the pattern of AFP concentrations seen in fetal plasma.

uE3. Maternal serum uE3 is produced by the placenta from precursors synthesized in
the fetus; the fetal adrenal secretes large amounts of DHEAS, which is converted to 16-
OH-DHEAS by the fetal liver and to uE3 in the placenta. In Down syndrome, the con-
centrations of uE3 and its DHEAS precursor are lower in the fetal liver, the placenta, and
maternal serum (126), suggesting a diminished supply mechanism.

Maternal serum uE3 (MSuE3) concentrations rise rapidly (25% per wk) during the late
first trimester and early second trimester of pregnancy (Fig. 10). A simple logarithmic
increase model can be used to forecast midtrimester concentrations, although this model
slightly overestimates concentrations beyond week 18. A modified exponential method
has been proposed as a superior fit to the naturally observed pattern (143).

Confounding Variables of Second-Trimester Markers and Risk
Similar to prenatal screening for ONTD, there are a number of factors that modify the

risk of Down syndrome from that derived from the maternal age and optimally measured
marker concentrations.

GESTATIONAL AGE

MSuE3 concentrations increase by approx 25% per wk through the early second
trimester (Fig. 10), although this rate of rise diminishes slightly beyond week 18 (143).
In contrast, maternal serum (MShCG) concentrations decrease from their 10–12 wk
maximum, most rapidly during weeks 15–17, reaching relatively stable concentrations
by weeks 19–20. DIA concentrations are relatively constant throughout the early second
trimester, with a slight nadir at week 16 (144). Regressed median concentrations can be
obtained for each week of gestation for each marker in a manner similar to MSAFP, such
that all four markers are expressed in MoM units. The optimum gestational age for
measuring MSAFP, uE3, hCG, and DIA in terms of the degree of separation between
Down syndrome and unaffected pregnancies is between 15 and 22 wk (145). At earlier
gestations, the overall performance of this marker combination declines, whereas later
gestations leave little time for follow-up diagnostic testing.



Chapter 5 / Prenatal Screening for Fetal Defects 97

METHOD OF ESTIMATION OF GESTATIONAL AGE

Since gestational age is a variable affecting all four biochemical markers, the accuracy
of the assignment of gestational age will affect the performance of the biochemical
screen, just as it did for MSAFP in ONTD screening (55,146). An error in the estimation
of gestational age is the most common reason for a false positive result. If the true
gestational age is earlier than reported, MSAFP and uE3 MoM values will be falsely
lowered and hCG will be falsely increased, a pattern replicating that seen in Down
syndrome pregnancy. In summary: an overestimate of gestational age will overestimate
the Down syndrome risk.

The use of ultrasound to estimate gestational age (most commonly the CRL before
week 12 and the BPD of the fetal skull thereafter) reduces the population variance of each
marker and increases the separation between the Down syndrome and unaffected popu-
lations. Therefore, the calculated risk of Down syndrome will change if a gestational age
based on LMP is switched to the identical age based on ultrasound, because the tighter
distribution curves with ultrasound will change the LRs.

Ultrasound estimation of gestational age increases the detection rate in Down syn-
drome screening by at least 3% at a fixed 5% FPR, or it can decrease the FPR considerably
(e.g., from 3.4% to 2.8%) at a fixed 70% detection rate (117–119). The improved screen-
ing performance with use of ultrasound biometry is not caused by any bias in gestational
age imparted from the ultrasound, unlike that seen with BPD measurements in ONTD
screening (34). At a given gestational age, the median CRL and BPD measurements in
Down syndrome and unaffected pregnancies are identical (30).

Although ultrasound biometry is, on average, more accurate than LMP dating, once
a screening report has been issued using an LMP date as the basis of the gestational age,
it should not be amended unless there is a significant change in the estimated gestational
age based on new biometry. Commonly used thresholds are differences greater than 7 or
9 d, which are based on the variance in biometry measurements at 12 wk and 16 wk,
respectively (31).

MATERNAL WEIGHT

As with MSAFP, the concentrations of the uE3, hCG, and DIA are all affected by the
circulating maternal volume, as indicated by the maternal weight. The maternal weight
effect on MSAFP is greater than on hCG and DIA, with uE3 being the least affected.
Correcting for the maternal weight reduces the population variance of the marker concen-
trations and improves Down syndrome screening performance slightly (55,117,147).

RACIAL ORIGIN

After allowing for inherent population differences in maternal weight, the black
(African American) population has 10–19% higher concentrations of total hCG and
12% higher free -hCG concentrations than the white population (38,147). The uE3
concentrations in these two ethnic groups are the same. Separate medians or a median
correction factor for hCG in the black population would be appropriate. Fewer data are
published on uE3 and hCG concentrations in the Asian population (e.g., Japanese, Chi-
nese, Filipina) (148,149); however, previously unpublished data from 35,000 self-iden-
tified Asian pregnancies in Ontario indicate that both uE3 and hCG are higher (14% and
10%) compared to whites. AFP was not different in this dataset. These effects are inde-
pendent of gestational age, and appropriate methods for adjustment for the Asian popula-
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tion for uE3 and hCG include either racial correction factors for uE3 and hCG, or
separate medians. In one study, DIA concentrations were not significantly affected by
racial origin (38).

DIABETIC STATUS

Whereas MSAFP concentrations are 20% lower in patients with diabetes mellitus, uE3
and hCG concentrations are only 7–8% lower (147,150) and frequently no adjustment is
made. Midtrimester DIA concentrations in diabetes have been reported as both greater
than (151) and less than (152) those in nondiabetic pregnancies. There is no consistent
evidence that the rate of Down syndrome births in women with insulin-dependent diabe-
tes mellitus is different from that in nondiabetic women.

MULTIPLE GESTATIONS

As expected, maternal serum marker values in multiple gestation pregnancies are
approximately proportional to the number of developing fetuses. MSuE3 is slightly less
affected by multiple gestations than AFP or hCG, possibly because of its partial reliance
on maternal metabolism. In twin pregnancies, concentrations of AFP, uE3, hCG, and
DIA are 2.12, 1.68, 2.01, and 1.99 times those seen in singleton pregnancies (47,147,153).

Because one-third of twin pregnancies are monozygotic, genetic models would predict
that there would be a 67% increase in the rate of Down syndrome births among twin
pregnancies; however, epidemiological studies have reported a much smaller effect, an
increase closer to 20% (154). It might be that the coincidence of twin pregnancies and
Down syndrome, both associated with an increased rate of fetal loss, causes the lower
than expected live birth rate of Down syndrome in twin gestations.

Calculation of a risk of Down syndrome is problematic in twin pregnancies because
of the uncertainty about the birth prevalence and the expected greater overlap in the
marker distributions for unaffected and Down syndrome pregnancies. Nevertheless, a
“pseudorisk” approach has been described for triple (47)and double (155) marker screen-
ing that adjusts for the known higher MoM values in twin pregnancies. This process is
likely to rank pregnancies correctly on the basis of their risk, but an absolute risk value
should not be quoted in patient reports.

REPEAT TESTING

The phenomenon of regression toward the mean applies to any population measure-
ment, predicting that an extreme value is likely to regress over time toward the center of
its true population. Whereas repeat testing on a subsequent specimen is beneficial in
MSAFP screening for ONTD, it is not beneficial in Down syndrome screening, for two
reasons. First, patients who are near the Down syndrome screening risk cutoff are likely
to have one or more serum markers that are below both the affected and unaffected
population means (as opposed to ONTD screening where the cutoff is between the popu-
lation means). Second, the time constraints for follow-up karyotyping procedures are
such that a delay in final screening assessment is clinically less feasible. Therefore, repeat
sampling should only be considered when substantial errors in clinical information were
present in the original interpretation, such as if the gestational age is revised by more than
10 d to the point where the first sample becomes too early for an interpretable report. In
that situation, only the second sample should be considered valid.
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MATERNAL SMOKING STATUS

Smoking, maternal age, and risk of Down syndrome are interrelated. There is a greater
tendency for younger women to report smoking during a pregnancy compared to older
women, whereas older women are at greater risk of Down syndrome. After eliminating
maternal age as a confounding variable, smoking has no significant effect on the birth
prevalence of Down syndrome (156).

However, smoking does affect individual Down syndrome marker concentrations and
could affect screening performance. Patients who report cigarette smoking have 5%
higher AFP, 4% lower uE3, 20% lower free -hCG, and 62% higher DIA concentrations
than nonsmokers (156). Total hCG concentrations are also 23% lower in smokers
(108,157,158). Although statistically significant, the effects of smoking on AFP and uE3
are small in terms of the calculated risk of Down syndrome. However, failure to adjust
the hCG and DIA medians will have significant effects on the calculated risk of Down
syndrome. In triple marker screening, risks will be underestimated in smokers. In four-
marker screening, the increase in DIA concentration in smokers will surpass the effect
of the lower hCG values, and the risk will be overestimated.

From a public health perspective, the overall detection and FPRs are paramount. The
issue of smoking becomes a question of the net number of patients who are wrongly
placed on one side, or the other, of the screening cutoff. From this perspective, adjust-
ments for smoking have very little effect on screening performance: less than 1% change
in the detection rate at a fixed 5% FPR (156) depending on the prevalence of smoking.
However, if information on smoking can be obtained with little expense, the accuracy of
risk information will improve for individual screened patients.

MATERNAL AGE

The maternal age distribution in the screened population will have an effect on the
performance of the screening program (159). Those programs that screen a high propor-
tion of older-aged patients will experience a higher detection rate and higher FPR than
is usually quoted in the literature. By convention, literature reports of screening algo-
rithms quote detection rates at fixed, comparable, FPRs—most commonly, 5%. Maternal
age distributions that yield 5% FPR are currently relatively rare owing to the fact that
women are delaying their pregnancies. Therefore, higher FPRs and detection rates are
observed; however, the detection rate in the highest 5% of calculated risks should be close
to published performance.

Similarly, FPRs and detection rates quoted in publications are for the overall popula-
tion and reflect performance in women close to the median age of that population (usually
27–30 yr). Older women will have higher FPRs and detection rates, and younger women
will experience the opposite. This can be important in individual patient counseling.

PREVIOUS DOWN SYNDROME PREGNANCY

Family history or more correctly stated, prior history of a Down syndrome pregnancy
in a patient will have an effect on computed risk. Geneticists generally quote a recurrence
risk of aneuploidy of at least 1% if a woman has had a prior Down syndrome pregnancy
(nontranslocation type). However, the best estimate of increased risk because of prior
history is an excess term risk of 0.34% (74). Therefore, the risk of Down syndrome
pregnancy in a woman with a history of Down syndrome in an offspring should be
calculated by adding this excess risk to the a priori age-specific term risk (e.g., at age 33,
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the risk of recurrence would be 0.0034 + 0.0016). The risk of recurrence of inherited (i.e.,
translocation) Down syndrome is usually much higher but depends on the variety of
translocation.

OTHER FACTORS WITH LESSER EFFECTS

Factors such as parity (160), fetal gender (161), maternal blood group (162), marker
concentrations in a previous pregnancy (163), in vitro fertilization (164), and intrauterine
fertilization (165) all have lesser or inconsistent effects on certain markers and can be
included at the discretion of screening programs.

Full Ascertainment of Pregnancy Outcomes in Screening
Down syndrome detection should be assessed in accordance with the full outcome

ascertainment protocol outlined by Palomaki (166). In addition to the Down syndrome
outcomes in screen-positive patients (true positives [TP]) and liveborn Down syn-
drome outcomes in screen-negative patients (false negatives [FNLB]), there must be an
allowance made for the screen-negative affected pregnancies that were spontaneously
lost before term (FNSL). Otherwise, a substantially overestimated detection rate will be
reported (167). The proper detection rate calculation is

Detection Rate DR = TP/(TP + FNLB + FNSL), or TP/(TP + FNLB/0.77)

where 0.77 is the factor to correct the number of liveborn cases for the expected 23% rate
of spontaneous fetal loss (166).

In addition, the expected total number of Down syndrome cases should be calculated
from the known maternal age distribution of the study population (84–87), and this
should be compared to the number actually ascertained. The calculated fetal loss rates
should be similar to literature reports (84,90,91).

Validation of Reported Patient Risks
The risk of fetal Down syndrome calculated and reported to a patient cannot be vali-

dated in any individual patient—a patient either has, or does not have, a Down syndrome
pregnancy. However, it is possible to group patients with similar estimated risks into
clusters and to compare the mean reported risk against the actual prevalence of Down
syndrome in the cluster (see Fig. 12). Such an analysis requires close to complete preg-
nancy outcome ascertainment and a large screened population. At least three such vali-
dation studies have been reported for triple marker screening (168–170) and one report
for first trimester (see below) screening with nuchal translucency (NT), pregnancy-
associated plasma protein A (PAPP-A), and free -hCG (171).

SECOND-TRIMESTER DOWN SYNDROME SCREENING PERFORMANCE

In the 1970s, when Down syndrome screening based on maternal age commenced, the
fraction of the pregnant population over the age of 35 (the FPR) was 5%, which is low
compared to the present circumstance; however, the detection rate was also low at 25–
30%. Coincident with the advent of biochemical screening, the maternal age in the
pregnant population was increasing. Despite this, the original focus of the biochemical
markers was on increasing detection. Table 5 compares the performance of Down syn-
drome screening using maternal age and the various combinations of biochemical mark-
ers in use from before 1985 to the present triple- and four-marker services. As more
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Fig. 12. Agreement between the observed prevalence of fetal Down syndrome and the calculated
risk of Down syndrome based on maternal age and maternal serum concentrations of AFP, uE3,
and total hCG (see ref. 169).

Table 5
Down Syndrome Screen Performance at a Risk Cutoff Equivalent

to the Risk at Age 35,Using Past and Present Screening Algorithmsa

Maternal age Age, AFP,
at EDDb Age Age, AFP, Age, AFP, uE3, hCG,
(>35.5) plus MSAFP hCG uE3, hCG DIAc

Detection rate: 38% 45% 66% 75% 80%
Screen positive rate: 12% 10% 10% 8% 4%
OAPR:d 1:200 1:140 1:100 1:70 1:30

aData are from a study of more than 100,000 women screened between 1993 and 1995, with 94% outcome
ascertainment, and 135 Down syndrome cases (170,173).

bEDD, expected date of delivery.
cFour-marker second-trimester screen performance projected from a composite of several reports.
dPositive predictive value expressed as OAPR.

markers were introduced, the detection rate at a given FPR increased. Additionally, since
the use of biochemical markers made screening accessible to women under the age of 35,
more women were screened and the overall prevalence of Down syndrome among live
births has been reduced by as much as 46% (172).

With the triple-screen detection rate at 75%, only one of four cases remains undetec-
ted. The opportunity for a new marker such as DIA to detect more is limited—a dimin-
ishing returns effect. However, markers add information about both the presence and
absence of a high risk—more unaffected patients correctly screen negative (173). With
the addition of DIA, a higher risk cutoff can be selected to reduce the false positive rate
considerably, while maintaining or slightly increasing the detection rate (119).
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The addition of the DIA marker requires no change in the timing of the second-
trimester specimen collection, no change in the use of ultrasound to assign gestational
age, and a simple update to most commercial software packages. Health care providers
are generally quick to endorse the advent of a Down syndrome screen that holds the
promise of a lower FPR (174), particularly when the screen poses no change in the
logistics of their practice.

Psychological Impact of Prenatal Screening
Patients view a prenatal screen as a test that will provide a result; they rarely appreciate

that the result will be expressed as a risk. Screening programs calculate and report the
patient’s specific risk, and they categorize the patient as either “screen negative” or
“screen positive” for the target disorder. The risk cutoff is always established by the
service provider from a public health perspective, rather than from a patient perspective.
However, risk is a subjective concept. Whereas a triple-marker screening program might
describe a risk of 1:250 at midtrimester (1:325 at term) as “increased risk,” a 40-yr-old
patient might welcome such a “low risk.” Similarly, young patients can be concerned by
a screen-negative report at a risk of 1:500 (1:650 at term). Screening programs use the
terms screen “negative” and “positive” to give overall guidance and structure to the use
of follow-up services, but these terms should not carry too much weight in the commu-
nication of patient-specific risks.

Screening programs also use different methods to communicate their low-risk (screen-
negative) and high-risk (screen-positive) reports. In some practices, screen negative
results are never formally communicated to patients; however, in the majority of prac-
tices the communication is in the form of a verbal phrase (175), with or without an
accompanying risk number. A “low risk” is not always perceived by the patient as being
low enough to forego a definitive test result, particularly if the patient previously consid-
ered herself to be at high risk because of her age (in effect, a sequential self-screen). In
contrast to the sometimes informal communication of low risk, screen-positive results are
usually communicated through genetic counseling during which an accurate conveyance
of risk is attempted in a nondirective manner.

Patients gain a better understanding of their risk when a numerical probability is
provided (e.g., 1:200) compared to when only a verbal probability (“moderate risk”) is
provided (176). In addition, verbal probability statements are more likely to invoke a
“framing effect” that biases decisions (e.g., a discussion of the “risk of the disorder” vs
the “chance of an unaffected child”). Framing might occur in the phrasing used to
describe the risk of an amniocentesis procedure compared to the description of a
patient’s risk of Down syndrome. Numerical probability statements are less susceptible
to a framing effect (177).

Laboratories should be aware that the risk they calculate and report is an important
element of a patient’s understanding, her perception of her pregnancy, and her decision
making.

The Impetus to Lower the FPR
Screen-positive results cause anxiety (178–181) for both the patient and provider

(3,174). In a survey assessing provider and patient response to maternal serum screening,
half of the physicians responding cited the high screen-positive rate as the aspect they
most wanted to change (174). The same majority of physicians also wanted the detection



Chapter 5 / Prenatal Screening for Fetal Defects 103

rate to increase. In screening, the screen-positive rate and the detection rate are interre-
lated for a given set of markers—a decrease in the screen positive rate will also decrease
detection. However, adding new screening markers gives the opportunity to improve the
screen positive to detection ratio.

From a public health perspective, the cost of follow-up services must be in balance or
in proportion to the cost of care related to the disorder. In screening for fetal Down
syndrome, the usual panel of follow-up services includes genetic counseling, an ultra-
sound examination perhaps in the context of an amniocentesis procedure, karyotyping,
and further counseling about the result or further services. Because most screen-positive
reports are false-positives (Table 5), there is an economic opportunity to invest in a better
“front-end” screening procedure and recover the cost from the reduction in volume of
follow-up services (Table 6). The overall benefit is a reduction in patient and provider
anxiety, and fewer fetal losses from invasive procedures.

New Developments in Down Syndrome Screening
Any attempt to improve the performance of a screen must have one or more of the

following as its goal:

• a decrease in the FPR
• an increase in the detection rate
• a decrease in the cost of care
• a reduction in the risk associated with the service

Although health care providers might place equal emphasis on improving detection
and reducing the FPR, the improvement that will be noticed first is a reduction in the FPR.
Consider that in a busy obstetrical practice of 300 patients per year, one case of Down
syndrome will occur on average every 2 yr. An improvement in detection from 70 to 90%
would not be perceived for at least a decade. In contrast, a reduction in the FPR from 8
(triple-marker screening) to 4% (adding inhibin) would be noticeable within 1 mo.

With rare exception, there is now no need for a prenatal screening program for fetal
Down syndrome to have an FPR greater than 5%. The easiest way to lower the FPR is to
measure additional biochemical markers in the existing second-trimester specimen.
Second-trimester biochemistry screening programs that rely on two or three markers can
justify the cost of adding markers (e.g., uE3 or DIA) to upgrade their service to a four-
marker screen (119,173).

Urine Markers for Down Syndrome
Screening for fetal Down syndrome by measuring one or more markers in maternal

urine would be less invasive than serum screening. Urine would require the additional
step of correction for the varying dilution of the specimens, using creatinine or another
dilution marker. The potential urine markers that have been examined include total and
free -hCG, and a degredation product of hCG sometimes called the “ -core fragment.”
None of these has proved sufficient to displace serum marker screening (103,112,182).

More recently, a variant of hCG, called hyperglycosylated hCG (H-hCG) or invasive
trophoblast antigen (ITA), has been proposed as a screening marker superior to hCG
itself. H-hCG has more abundant and more branched oligosaccharide side chains than
hCG and can be measured using a highly specific monoclonal antibody. Cole et al. have
published a series of studies showing that H-hCG measured in second-trimester urine in
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Down syndrome pregnancies is markedly elevated (medians ranging from 5 to 9 MoM).
Down syndrome detection rates between 75 and 90% were projected at a 5% FPR, far
higher detection than any single marker ever described (183–185). Very recently, these
authors reported that H-hCG was also markedly elevated in maternal serum, in two case-
control series (186). However, two other studies of urinary H-hCG, both of which used
stored frozen urine samples, have shown either no improvement (187) or insufficient
improvement to warrant the addition of a urine specimen to a serum-based screen (103).
Prospective noninterventional studies using fresh serum and urine specimens should
provide more definitive information about the potential of H-hCG as a screening marker.

Fetal Cells and DNA in Maternal Serum
Fetal nucleated red cells in the maternal circulation can be identified and concentrated,

and such cells have been proposed as a noninvasive source for prenatal diagnosis of
chromosome abnormalities and other genetic disorders (188–190). Although the technol-
ogy has not yet permitted prenatal diagnosis, and may never, a separate finding of a larger
number of fetal cells present in the maternal circulation in trisomy 21 and other chromo-
some abnormalities has raised the possibility of using the concentration of fetal cells as
a screening marker (191). However, it is unlikely that such a test would be cost efficient
and easy enough to be performed on a large scale basis.

More recently, cell-free fetal DNA has been found in the maternal circulation and, like
fetal cells in maternal blood, the concentration of fetal DNA in maternal plasma and
serum is higher in Down syndrome pregnancies. Although fetal DNA has been dis-
cussed as having potential for noninvasive diagnostics (192,193), similar to what has
been noted for fetal cells, a future screening test based on fetal DNA is more likely
(194,195). Furthermore, fetal DNA might not be informative about T18 pregnancy (196).

Table 6
An Example of the Cost Recovery Potential in Expanded Serum Screening

Algorithms in a Theoretical Population of 10,000 Screened Patients

Threeb Four Five
Screening algorithma marker marker marker

False-positive ratec for 75% detection 7.5% 4.0% 2.0%
Number of screen positive patients 750 400 200
Amniocenteses (85% uptake

in screen positives) 640 340 170
Reduction in amniocentesis rate compared

to triple marker 47% 73%
Amniocentesis procedures avoided 300 470
Reduction in amniocentesis costs $300,000 $470,000
Additional cost of new serum marker(s) $250,000 $450,000
Overall screening program cost reduction $50,000 $20,000
Procedure-related fetal losses avoided 1.5 2.4

aCosts used for this projection: Inhibin A, $25; PAPP-A, $20; amniocentesis and related
follow-up procedures, $1000 (relative to a triple-marker testing service funded $50 per patient
with a total budget of $1.14 millon for screening and follow-up services).

bThree marker: AFP, uE3, total hCG; four marker, add DIA; five marker, add PAPP-A.
cFalse-positive rates are a composite of recent publications and will vary with the maternal

age frequency distribution but will be proportional to those shown.
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At present, a major impediment to the clinical use of fetal DNA is the inability to measure
it when the source is a female fetus. The base sequences currently used to differentiate
fetal from maternal DNA are specific to the Y chromosome and found only when the fetus
is male. If and when this technical problem is solved, the performance characteristics and
methodologic feasibility of measuring this marker should be studied further.

First-Trimester Markers—Biochemistry and Biometry
The focus on the second trimester as the timing for Down syndrome biochemical

markers arose from the connection with NTD screening and the fact that the safest
diagnostic procedures rely on second-trimester amniocentesis. However, there are per-
ceived advantages and patient preferences for having information about the health of the
developing baby earlier in the pregnancy. In addition to the simple preference for an
earlier answer, there is increased patient privacy when screening is performed before the
pregnancy is announced, and there are safer termination procedures should they be
needed. There is also the potential of adding new markers that are informative only in
the first trimester (197).

BIOCHEMICAL MARKERS—PAPP-A AND FREE b-hCG

PAPP-A is a glycoprotein derived from the placenta. Despite its name, PAPP-A is also
present in serum and plasma in nonpregnant women and men, and recently it has been
described as a marker of plaque instability in acute coronary syndromes (198). During
pregnancy, PAPP-A circulates in a covalent complex with the proform of eosinophil
major basic protein (proMBP), which is itself a potential marker for risk of Down syn-
drome (109). In pregnancy, the concentration of PAPP-A rises rapidly during the first
trimester (Fig. 13); however, concentrations in Down syndrome pregnancies are less than
half those in unaffected pregnancies (199–202). PAPP-A in the first trimester is currently
the best biochemical marker known for fetal Down syndrome at any gestational age
(Fig. 14). PAPP-A is more discriminatory during early gestation (203–205). Detection
with PAPP-A and maternal age (at a fixed 5% FPR) decreases from week 10 to week 14
from more than 50% to less than 30% (Table 7) (205–207).

The second-trimester marker hCG first attains its discriminatory character for Down
syndrome at about week 11 and gradually increases its power in later gestations (Table 7).
The free- subunit of  hCG (129) is generally considered to be a better marker than the intact
hCG molecule in the first trimester (Fig. 15), although the reverse has also been reported
(204,208,209). The gestational age at the time of sampling is a factor in their relative
performance (103,210). Although the optimum first-trimester gestation for free -hCG
and PAPP-A differ (Table 7), for practical reasons they are measured in the same
specimen usually drawn between 10 and 13 wk. Several studies have shown that the
combination of PAPP-A and hCG in the first trimester, together with maternal age, can
detect more than 60% of Down syndrome fetuses at a 5% screen-positive rate (202,204).
This screening performance is less effective than the second-trimester triple-marker
screen (94,211).

The other second-trimester markers AFP and uE3 are also sufficiently informative in
the first trimester to add marginally to a first-trimester biochemistry screen, yielding
detection rates at 10 wk that rival triple-marker screening in the second trimester
(205,207). Nonetheless, first-trimester screening using biochemical markers alone is not
performed, perhaps because the standard for detection has been raised by the addition of
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Fig. 13. Relative changes in the median free -hCG and PAPP-A concentrations in maternal serum
during the first trimester of pregnancy.

Fig. 14. Maternal serum PAPP-A distributions during the 10th wk of gestation in the Down
syndrome and unaffected populations. The LR for the PAPP-A MoM values is shown, with the
scale of LR values on the right of the figure.
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Table 7
Down Syndrome Marker Performance

at Varying Weeks in the First Trimestera

Detection rate (%) at gestational week:
Marker 10 11 12 13

Ultrasound NT 51 59 62 62
Serum uE3 13 21 29 37
Serum total hCG 5 15 26 41
Serum free -hCG 19 28 35 44
Serum DIA 5 16 30 46
Serum PAPP-A 58 45 35 27
Urine ITA 6 16 28 43

aBased on the SURUSS (103). Down syndrome detection rates are for
a 5% false-positive rate, without the use of maternal age.

Fig. 15. Maternal serum free -hCG distributions during the 12th wk of gestation in the Down
syndrome and unaffected populations. The LR for the free -hCG MoM values is shown, with the
scale of LR values on the right of the figure.
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DIA in the second trimester. PAPP-A, and to a lesser extent free -hCG, have become
important first-trimester markers through their combination with first-trimester ultra-
sound and/or second-trimester biochemical markers, as described later.

Confounding Variables of PAPP-A and Free -hCG. As with second-trimester
biochemical markers, there is an inverse relationship between maternal weight and
observed marker concentrations (212). Black (Afro-Caribbean) patients have been
reported to have 57% higher PAPP-A concentrations and 21% higher free -hCG con-
centrations compared to white women (213). Asian women had smaller differences.
Although corrections for race and weight would have only modest effects on overall
screening performance, in individual women such corrections could alter the risk esti-
mate twofold. Smoking appears to reduce PAPP-A by approx 15–20% (212,214); how-
ever, in one study of Down syndrome pregnancies, PAPP-A in self-reported smokers was
higher than in nonsmokers (215).

The screening performance of all Down syndrome markers is improved when the
gestational age of patients is accurate (30). This is particularly true for PAPP-A because
its concentration is rising rapidly (50% per wk, see Fig. 13) during the 10 to 13-wk period
when testing is performed (204). The concentration of free -hCG also changes rapidly
during this period, decreasing from the hCG peak normally seen between 8 and 10
gestational weeks. In some settings, the potential need for an ultrasound-based gesta-
tional age, and its associated cost, could mitigate the cost benefit of the PAPP-A marker,
or the marker will be slightly less informative.

BIOMETRY MARKERS—NT AND NASAL BONES

Since 1990, there has been considerable attention paid to specialized ultrasonography
in the first trimester as a screening tool for fetal Down syndrome, particularly the measure-
ment of NT (216), and more recently the detection of absent nasal bone (217).

Ultrasound NT. NT is defined as the maximum thickness of the normally occurring
subcutaneous space (translucency) between the fetal skin and the soft tissues overlying
the cervical spine, when viewed in the sagittal plane (218,219). A typical NT measure-
ment is in the range of 0.5 to 2.0 mm (220), but measurements vary between observers.
Increased NT is a nonspecific marker of structural anomalies, in particular cardiac defects
(221-223). As with most markers, an increased NT per se is not a fetal abnormality (224);
NT can be greatly increased in pregnancies with normal outcomes (225). Relative to
unaffected fetuses, those with aneuploidies have, on average, increased NT measure-
ments (216,218,226,227). For this reason, NT measurements have been examined for use
in Down syndrome screening.

The early reports of an association between fetal aneuploidy and increased NT were
from observational studies in selected patient populations at increased risk of a variety
of chromosomal defects (219). The aneuploid pregnancies tended to be clustered in the
pregnancies with larger NT measurements. Down syndrome was the largest aneuploidy
subgroup, reflecting its natural prevalence, but T18, Turner syndrome (45,X0), and tri-
somy 13 also had increased NT measurements. In the mid-1990s, studies in unselected
populations were undertaken to examine NT as a potential general population screening
variable. Early studies used fixed NT cutoffs ranging from 2.5 to 3.0 mm, and there was
a broad range in the detection and FPRs reported, with an average of 62% detection and
a 4% FPR (219). An important finding was the positive correlation between the risk of
trisomies and NT size, indicating that LRs and risk of fetal trisomy could be assigned
based on the NT measurement (228–230).
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Studies with fixed NT cutoffs continued to be published for the rest of the decade,
although this method of use of NT as a screening variable was gradually being replaced
by a gestational age-adjusted NT measurement. It had been recognized that NT measure-
ments increase in association with fetal growth during the 11- to 13-wk gestational
window of measurement (218,231). As with maternal serum markers, the confounding
variable of gestational age can be reduced by comparing patient values against the median
for the patient’s gestational age (224,231,232). The NT measurement has been expressed
as either an arithmetic difference from the median for a particular gestational age, the
approach taken by Nicolaides et al. (218), or as a ratio of the median in MoM units, the
more commonly used method in prenatal risk calculations (233). NT expressed in both
manners conforms to a log10 Gaussian distribution (Fig. 16), allowing a calculated risk
of Down syndrome based on NT and maternal age (231).

In 1998, Snijders et al. combined the LR from the NT measurement using the offset
from the median with the risk associated with maternal age and reported on a large series
of patients screened using this combination of NT and maternal age (234). Their study
reported that 82% of Down syndrome cases could be detected with an 8% screen-positive
rate. However, using the same Snijders data, Haddow recalculated the detection rate to
be 60% (at the 8% FPR) if the number of cases was based on the reported maternal age
distribution in the study (167)—a more reliable method of estimation (166). The effect
of this under-ascertainment bias on calculated detection rates can be considerable. In a
subsequent review of 15 studies that had no identifiable verification bias, Mol et al.
estimated Down syndrome detection to be 63% at a FPR of 5%; whereas, in 10 other
studies judged to have a verification bias, the detection was reportedly 77% (235). For
a few years, reports with substantially differing performance for NT were published, and
the screening community became polarized over this issue (236).

By 1998, it was recognized that even experienced sonographers perform poorly with-
out specialized training (204). In order to lessen the variation in NT measurement tech-
niques and to improve the performance of NT as a screening variable, the Foetal Medicine
Foundation in London established a training and quality control program to accredit
operators who maintain a record of measurement proficiency. This training program is
now being replicated internationally. Despite the increased uniformity that training and
certification might impart, discrepant performance persists between studies. An Italian
study achieved 77% detection for a 3% FPR (237), whereas a study in Scotland detected
only 54% at a 5% FPR (238). Furthermore, the Scottish study found that NT measure-
ments could not be obtained in 27% of women, despite the fact that each of its
ultrasonographers received training from the Foetal Medicine Foundation in London.
The variation even between trained operators suggests that such performance might
represent a practical limitation of the marker.

Confounding Variables of NT. There are clinical and technical factors that affect NT
measurements, and reports of these might lead to refinements and adjustments to tighten
performance. The use of center-specific medians, and eventually operator-specific
medians, is an approach that could reduce variation in the marker (103,239), but the
burden of maintaining separate medians each with a small number of observations might
make this impractical. The size of the image contributes to the variability between
patients, operators, and instruments. One study has reported that larger image mag-
nifications lead to smaller estimates of NT measurements (240). Racial differences have
also been reported, with recommendations both for (241), and against (242) racial adjust-
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ment. A slight positive correlation in NT measurement in successive pregnancies within
individual patients has also been reported (243), and there may also be a small progressive
decrease in NT with increasing gravidity and parity that is unlikely to have any effect on
screening (244).

Ultrasound Nasal Bone Detection. There have been some quite recent reports that
Down syndrome pregnancies have absent nasal bones in the first trimester (217,
245,246). Although not all observers agree (247), the projection is that absent fetal
nasal bones could contribute to the detection of Down syndrome, while reducing the
screen-positive rate of NT (217,248). The first studies on nasal bones were confined to
women who had increased NT measurements, and the authors cautioned that confirma-
tion in a large-scale multicenter trial in the general population is required. They also
stressed that ultrasonographers must have “appropriate training and certification in
their competence in doing the nasal bone scan” (217). This underscores the specialized
training required for ultrasound markers—NT and nasal bones—and the possibility
that the general population might have limited access to these markers for the short term
at least. A study published in 2001 in the United Kingdom, where ultrasound markers
have been most intensively implemented, reported that only 8% of women had access
to NT sonography, whereas 71% of women in the United Kingdom used second-
trimester serum screening (249).

Potential Biases in First-Trimester Screening
There are two sources of uncertainty and potential bias in the estimated detection rate

that are characteristic of all first-trimester screens. Both sources of bias stem from the

Fig. 16. Frequency distributions of first trimester MoM NT measurements from two studies: the
Foetal Medicine Foundation study (open diamond, FMF, ref. 252) and the SURUSS (closed
diamond, ref. 103). There was good agreement between these studies for the Down syndrome
distribution. The LRs from both studies are shown, with the scale of LR values on the right of the
figure.
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high rate of spontaneous loss of Down syndrome affected pregnancies (45%) between the
first trimester and term (91).

The first source of bias arises because most, if not all, marker-negative Down syn-
drome pregnancies that are spontaneously lost are not counted (not ascertained) in pro-
spective intervention studies. This was probably true in the NT study of Snijders et al. in
1998 (234). The effect of this ascertainment bias on marker performance can be explained
as follows: most unascertained cases have marker values that place them below the screen
cutoff, and exclusion of these when calculating the Down syndrome population mean for
that marker overestimates the mean and overestimates the detection rate (103,250,251).
This source of bias can be approximated, and adjustments can be made (167,205,250,252).

The second source of bias in first-trimester screening is more difficult to estimate and
correct; namely, the tendency for the pregnancies with abnormal markers to be preferen-
tially lost. Expressed another way, this is the degree to which a marker preferentially
detects those fetuses destined to be lost (233,253,254). A marker that detects only those
pregnancies destined to be lost would have no value from a public health perspective.

Combined First-Trimester Biochemical and Ultrasound Screening
The early reports of ultrasound screening in the first trimester were based on NT

measurements, with and without maternal age. The debate that arose at the time, and that
still persists in some locales, was whether the combination of NT and maternal age was
sufficient by itself to support screening. Sometimes the discourse over the power of NT
as a marker is confused as dismissing it altogether as a marker, but this is not the intent.
NT is a powerful marker for fetal Down syndrome, and the more recent studies have been
examining how best to utilize NT and maximize its performance consistency (255).

The first study to combine NT, maternal age, and a biochemistry marker used first-
trimester maternal serum PAPP-A (203). There was no significant correlation between
the NT and PAPP-A markers, suggesting that this combined ultrasound and biochemistry
screen could be useful. A second study used free -hCG, NT, and maternal age, and
reported only modest improvements in detection from the addition of the biochemical
marker (256). Multiple urine biochemistry markers in the first trimester were informative
on their own and in combination, but failed to add appreciably to overall detection when
combined with NT and maternal age (257), although the NT performance had possibly
been overestimated.

Wald and Hackshaw took the approach of modeling a combined first-trimester screen-
ing algorithm using three separate datasets (233). These authors adjusted the NT dataset
of Pandya et al. (218) to compensate for a probable ascertainment bias, and then com-
bined it with a similar NT dataset from Schuchter et al. (231) in order to construct log10
MoM NT distributions for the Down syndrome and unaffected populations. LRs derived
from these overlapping Gaussian NT distributions were then combined with LRs from
similar distributions for PAPP-A and free -hCG (202). It was assumed that the biochem-
istry and ultrasound markers were not correlated (203,258). This modeled dataset pre-
dicted a detection rate of 80% at a 5% FPR using NT, PAPP-A, and free -hCG (233).
This performance was seen as slightly exceeding the four-marker second-trimester serum
screen performance estimates at that time—namely, 76% detection.

There were a number of caveats to the Wald and Hackshaw modeled performance of
first-trimester screening. First, technical skills in performing the NT measurement would
have to be equivalent to those exhibited by Pandya et al. (218). Second, it is important
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that the ultrasound report be combined with the results of the biochemistry tests rather
than acting on an ultrasound report unilaterally; ultrasonographers must be comfortable
with this (see “Sequential, or Stepwise, Screening With Ultrasound and Biochemistry”
below). Third, the individual performance of these three first-trimester markers is opti-
mal at different times (see Table 7). PAPP-A is most informative at week 10, as is NT at
week 12, and hCG improves continually as a marker into the second trimester (207).
Nevertheless, in locations where first-trimester screening is offered, it is common for
both of the biochemistry markers to be performed on the same serum sample, collected
on the same day that the NT measurement is performed. Analysis of the markers and
issuing the patient report usually requires 1 or 2 d, although same-day services have been
reported (259).

Two trials, one in the United Kingdom and one in the United States, that examine first-
trimester combined ultrasound and serum screening have now been reported, and a third
trial in the United States will be reported soon. The UK trial is SURUSS, the serum, urine,
ultrasound study, supported by the Health Technology Assessment Scheme of the UK
National Health Service (103). In that trial, all women who enrolled had a first-trimester
blood and urine specimen collected and had an NT measurement attempted. The first-
trimester serum markers were not measured and the NT was not used in risk assessment.
The same women continued their pregnancies and had a second-trimester serum screen
performed, which was acted on in accordance with local practice. The second-trimester
serum specimens were frozen, together with coincident urine specimens. After second-
trimester ascertainment of all cases in the almost 50,000 women screened, the frozen
serum and urine samples from all Down syndrome cases were matched with five control
samples each, and all potential and current analytes were measured. Results of this study
of almost 100 Down syndrome cases confirmed that combined NT, PAPP-A, and free

-hCG was the best first-trimester screening test, but the second-trimester four-marker
screen was unexpectedly almost identical in performance to the first-trimester test. The
performance of both tests was 83% detection rate for a 5% FPR. The SURUSS also
showed that first- and second-trimester markers combined in an integrated approach to
screening was superior to either first- or second-trimester testing (see “The Integrated
Test—Combining First- and Second-Trimester Markers” below).

The US study that has been published recently is called the BUN trial (260). In this
study, about 8514 women in the first trimester who were candidates for CVS because of
age or other risk factors (but not serum screening) were screened using NT, PAPP-A, and
free -hCG. These women did not have second-trimester screening; therefore, compari-
son with second-trimester tests was not possible. The BUN trial results were similar to,
although slightly lower than, those for first-trimester markers in SURUSS. The observed
Down syndrome detection rate for a 5% FPR was 79%. A full report of this study will be
published later in 2003.

A third trial, called FASTER, will be reported in early 2004. The FASTER Trial (First
and Second Trimester Evaluation of Risk of Aneuploidy) is a clinical intervention study
in which 36,000 unselected women were offered both first-trimester screening (using
NT, PAPP-A, and free -hCG) and second-trimester four-marker screening. Women
who were screen positive by either or both tests were offered diagnostic testing. In this
way (and similar to SURUSS), the two screening methods can be compared directly in
the same population. In addition, the protocol allows for other combinations of markers
to be assessed retrospectively.
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All three studies are similar with regard to the need for detailed training in and quality
assurance of NT measurement, but only SURUSS and FASTER trial can directly com-
pare earlier and later screening modalities (see “The Integrated Test—Combining First-
and Second-Trimester Markers” below).

Sequential, or Stepwise Screening With Ultrasound and Biochemistry
Because ultrasound examinations are performed on patients in “real time,” patients

have an expectation of immediately receiving some form of report, even if only a brief
verbal statement. However, to comment on an ultrasound examination that is only one of
several components of a Down syndrome screening algorithm is to issue a partial or
stepwise screening report—a practice that diminishes the overall performance of the
screen. The need to hold information, even briefly, is not always recognized and accepted
by health care providers and patients (224). Favorable ultrasound reports can induce
patients to forego subsequent blood tests, whereas removing high-risk patients by screen-
ing them positive on the basis of an increased NT measurement will alter the prevalence
of the disorder in the patients who go on to have all components of the screen. Calculated
second-trimester risks in these latter patients will be over-estimated if the first-trimester
results for individual markers are not taken into account (261). Sequential screening
using NT has also been challenged on scientific grounds, in that extremely few patients
(< 0.1%) would have a sufficiently abnormal NT measurement to cause them to remain
screen positive with subsequent “favorable” biochemistry marker concentrations (262).
Sequential screening is usually not recognized, particularly where (as is common) the
ultrasound and biochemical testing services are performed by different units or at differ-
ent times (251). It can be safely asserted that all biochemistry laboratories receive speci-
mens, in the first or second trimester, from patient populations that are to some extent
biased by previous ultrasound examinations.

Contingency screening is a variant of sequential screening whereby each screening
modality is performed separately, with the first stage(s) assigned a low risk cutoff (maxi-
mizing detection and greatly increasing the FPR but identifying a fraction of the popu-
lation as screen negative). Patients who are screen negative at this first stage are at such
a low risk that proceeding to the next screening modality is deemed unnecessary. The
premise of contingency screening is that some patients will be assigned a risk based on
the first marker that is so low that it is very unlikely that subsequent markers could
increase the overall risk to the extent that the patient would become screen positive. In
effect, contingency screening recognizes and attempts to capitalize on the fact that
sequential screening will take place. Although there might be an attractive simplicity
to contingency screening—avoiding the need to combine screening elements—the over-
all detection with such schemes is likely to be less than could be achieved by combining
all the screening elements into a single risk (251).

The Integrated Test—Combining First- and Second-Trimester Markers
If first-trimester screening relies on the nondisclosure of the ultrasound results until

the first-trimester biochemical markers become available, could screening be further
improved by waiting even longer for the second-trimester markers to become available?
A screening method called the Integrated Test, first proposed by Wald et al. in 1999,
utilizes the potential of both first- and second-trimester screening markers (263). The
term “integrated” stems from the concept of combining information from different tri-
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mesters. Rather than choosing either first-trimester screening or second-trimester screen-
ing, integrated prenatal screening proposed using the best markers of both. The first-
trimester serum marker PAPP-A and the ultrasound marker NT would be measured but
not disclosed or acted on until the results of the second-trimester AFP, uE3, hCG, and
DIA measurements were also available. The measurement of first-trimester free -hCG
(or its total hCG form) is omitted because this analyte will be measured in the second
trimester when its discriminatory power is greater. Once all measurements become avail-
able in the second trimester, a single risk estimate would be provided for interpretation.
The modeling for the proposal predicted a detection rate of 90% with a low 2% screen-
positive rate (263).

The SURUSS in the United Kingdom was the first prospective study able to examine
the performance of integrated prenatal screening (103). Using several combinations of
markers from both the first and second trimesters, the SURUSS essentially confirmed the
performance prediction made by Wald et al. in 1999. Specifically, NT plus PAPP-A in
the first trimester, followed by AFP, uE3, free -hCG, and DIA measurements in the
second trimester, yielded a detection rate of 90% with an FPR of 3.0%, quite close to the
values predicted in the modeling (263). The performance of the integrated screen is
compared with earlier algorithms in Fig. 17 and 18.

Proponents of integrated screening cite its maximized detection rate and minimized
false positive rate achieved by using all the available markers together. Others refer to this
as a two-step strategy (albeit combined into one screen) and point out that the benefit of
early markers—namely, early detection and intervention—is lost if first-trimester mark-
ers are not reported to patients during the first trimester (224). If absent nasal bone proves
to be an achievable and beneficial marker, the performance improvement of the inte-
grated test, as now constituted, over first-trimester screening might not be maintained
(248), although nasal bone could also be included in the integrated test to improve its
performance.

Some impediments to this screening algorithm need to be mentioned. The full inte-
grated prenatal screening algorithm depends on a reliable NT measurement with its
associated issues of access and consistency. Patents have recently been issued in the
United States and Australia for the integrated test with and without NT, which will add
to the cost of this algorithm. In addition, as mentioned earlier, there is a tendency for the
components of the integrated test to segregate into sequential screening when an elevated
NT measurement is obtained. Often, sonographers prefer to note NT values that are
extreme (usually > 3 mm, or the approximately equivalent 3 MoM), because such elevated
NT values are associated with increased risk of structural problems such as cardiac defects
(224) not specifically related to Down syndrome. These patterns of practice and access
challenges will need to be addressed and worked through to local consensus.

OTHER COMBINATIONS OF INTEGRATED SCREENING

The basic concept for integrated screening is to provide patients with as many tests as
can be locally provided and justified, while improving the screen with the added infor-
mation from the expanded testing. There are several combinations of tests possible, and
most have not been examined in prospective trials. Different test combinations will have
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Fig. 17. Summary of the false positive rates associated with a detection rate of 85% for Down
syndrome using different combinations of serum and ultrasound markers; data from the
SURUSS (103).

Fig. 18. Summary of the OAPR for the various screening algorithms in the SURUSS (103), at the
detection rate of 85%.
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inherent economic performances in addition to their performance in detection and screen-
positive rates. The reader is referred to the results of the SURUSS (103) for a detailed
examination of the performance of various marker combinations to date.

Integrated Serum Screening. Much of the benefit of integrating first- and second-
trimester screening markers can be realized without the inclusion of NT measurements,
thus avoiding the training, sequential screening, and pattern of practice issues cited
above. PAPP-A measurement in the first trimester (263) can be used in combination with
the four second-trimester markers (AFP, uE3, hCG, and DIA). Modeling this algorithm
predicts a Down syndrome detection rate of 80–85% with a 3–4% FPR. If true, this would
represent a substantial improvement over the current triple-marker screen and a protocol
that could be applied in areas where NT measurements are not available. The results of
the first prospective trial of integrated screening—the SURUSS (103)—are included in
Table 8 and in Fig. 19. Several additional studies of these algorithms are under way at
present. Table 8 compares the structure and predicted performance of these evolving
screening algorithms.

Specimen Logistics for Integrated Screening
Integrated screening, with or without an NT measurement, requires two blood samples

collected, on average, about 1 mo apart. The two samples must be matched to the patient
for the test results to be correctly combined to yield a single second-trimester risk. Both
specimens must be collected within the acceptable first- and second-trimester time frames.
For those patients who do not access an NT measurement with its associated gestational
age assignment by CRL, a subsequent dating ultrasound scan can indicate that the first-
trimester sample was obtained too early or too late. Patients sometimes forget to have
their second-trimester sample drawn, or they decide not to continue with the screen after
the first specimen, and the laboratory is not informed. Laboratories must determine the
correct course of action for each of these: remind the forgetful patient, respect the patient
who declined, schedule correctly dated collections, and sometimes interpret results from
only one valid specimen. The effort and responsibility of these activities must be consid-
ered against the gain in performance of integrated screening over first- or second-trimes-
ter screens.

Screening for Down Syndrome—What Are the Choices?
The advent of the new Down syndrome screening algorithms brings the promise of

lower false positive rates and higher detection rates. Higher costs for screening can be
recovered from the ensuing decrease in the number of patients requiring or requesting
expensive follow-up services (see Table 6). Screening programs are constrained to offer
only those algorithms for which there is published evidence of efficacy, but increasingly
that leaves patients and programs with considerable choice. There are trade-offs between
early detection and the small increase in miscarriage rate associated with the early diag-
nostic procedure, or between maximized detection and the need for two blood collections
and holding of ultrasound results. The new algorithms add to the complexity of what
patients need to know and choose. It will be necessary to provide information to patients
about the choices they can have in their care. The diagram in Fig. 20 is an example of an
educative instrument designed to emphasize patient choices and trade-offs between avail-
able options.
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Table 8
Summary of Potential First-Trimester, Second-Trimester, and Integrated Screening Protocols for

Fetal Down Syndrome, and the Projected Performance of Each Based
on the Results of the SURUSS (103)

Triple Four First Integrated Integrated
Screening protocol marker marker trimester serum test test

NT — — yes — yes
PAPP-A — — yes yes yes
Free -hCGa or Total hCG — — yes — —

AFP yes yes — yes yes
uE3 yes yes — yes yes
Total hCGb or free -hCG yes yes — yes yes

DIA — yes — yes yes
Gestational age for collection/ 14–20 wk 14–20 wk 10–13 wk 10 wk & 10–13 &

examination (wk) 14–20 14–20
Trimester for interpretation 2nd 2nd 1st 2nd 2nd

FPR at a DR of 80% 7.4% 4.5% 3.4% 2.8% 0.7%
FPR at a DR of 85% 11% 7.1% 6.0% 4.8% 1.4%
FPR at a DR of 90% 17% 12% 11% 8.5% 3.2%

aScreening performance quoted for the first-trimester algorithm using free -hCG.
bPerformances for second trimester and integrated test with the total hCG marker.

Fig. 19. ROC curves for the serum and ultrasound marker combinations assessed in the SURUSS
(103). The term risk cutoffs that would achieve each point on the curves are shown below the triple-
marker data. Note the relative equivalence in this study between first-trimester screening and the
second-trimester four-marker screen, and the effect of measuring PAPP-A at 10 vs 12 wk on
performance.
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SCREENING FOR TRISOMY 18 AND OTHER DISORDERS

After Down syndrome, trisomy 18 is the next most common fetal chromosome
disorder at birth. Screening for fetal trisomies on the basis of maternal age sometimes
persists because of the awareness that there are chromosomal disorders other than Down
syndrome that are associated with advanced maternal age, principal among these being
trisomy 18.

Trisomy 18
Trisomy 18 (Edwards’ syndrome [T18]) is less common and more lethal than trisomy 21.

The prevalence of T18 during the first and second trimester is approx 1 in 3000 but sponta-
neous loss of T18 pregnancies reduces the birth prevalence to approx 1 in 8000. T18
pregnancies miscarry at a rate of 70% between midpregnancy and term (264,265). Like
Down syndrome, the prevalence of T18 is correlated with increasing maternal age.

T18 is characterized by severe mental retardation, growth retardation, and hypotonia,
with multiple systems affected. Most babies with T18 die within the first weeks after
birth, and 90% or more die within 1 yr (266). A major obstetrical issue is that T18
pregnancies tend to be small for their gestational age and are quite often confused for
growth-restricted but potentially healthy pregnancies. The ceasarean section rate in T18
pregnancies coming to term is more than 60% (267), and other late pregnancy interven-
tions are common but without long-term benefit. For this reason, it is beneficial to iden-
tify T18 early in pregnancy when safe termination can be offered.

SECOND-TRIMESTER MATERNAL SERUM MARKERS FOR T18
The occurrence of a low MSAFP in a T18 pregnancy was the impetus for the first

assessment of MSAFP as a marker for fetal trisomy risk (92). Although this earliest study
resulted in screening for the more prevalent trisomy, Down syndrome, the correlation

Fig. 20. Current and future prenatal screening algorithms presented from a patient choice perspective.
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between low MSAFP and T18 was not forgotten. As new markers for Down syndrome
were discovered and added to screening programs, the markers were assessed for their
potential as T18 markers. Within a few years of the advent of triple-marker screening, it
was known that T18 pregnancies had a relatively distinctive pattern of suppressed MoM
values for all three markers, AFP, uE3, and hCG. A screening algorithm based on all three
markers being concurrently low was proposed and implemented for a number of years
(268) using different fixed low-MoM cutoffs for each marker (269). This algorithm was
later improved (270) by a trivariate Gaussian risk-based algorithm (see Fig. 21) that
projected a detection rate of 60–80% at an extremely low FPR of 0.3%. This performance
was subsequently confirmed in prospective trials (271,272). For unknown reasons, con-
centrations of DIA are only slightly reduced in T18, and as a consequence, DIA is not used
in T18 screening (273,274).

First-Trimester Markers for T18
The concentrations of the first-trimester markers PAPP-A and free -hCG (275) are

also considerably reduced in T18 pregnancies, and NT measurements are substantially
increased (276). The biochemical markers and, to a slightly lesser extent, the NT marker

Fig. 21. Second-trimester maternal serum marker frequency distributions in unaffected and tri-
somy 18 pregnancies for AFP, uE3, and total hCG (270), together with the recently reported first-
trimester distributions of PAPP-A (278). The LR for each marker are also shown within the range
of the overlapping distributions for each marker. Note the differing scales for the LR to the right
of each figure, showing the relative power of each marker in T18 screening.
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conform to a log Gaussian distribution (277), enabling a first-trimester risk-based screen
that is as effective as the second-trimester screen.

COMBINING FIRST- AND SECOND-TRIMESTER MARKERS FOR T18

The most effective screening algorithm for T18 proposed to date combines the first-
trimester biochemical marker PAPP-A with AFP, uE3, and hCG in the second trimester,
in a serum integrated screen (278). A detection rate of 90% is projected, with an FPR of
only 0.1%.

Smith-Lemli-Opitz Syndrome

Smith-Lemli-Opitz Syndrome (SLOS) is a serious birth defect that arises from an
error in cholesterol biosynthesis (279) that causes mental retardation, poor growth, and
a variety of phenotypic abnormalities in the fetus (280). Maternal serum concentrations
of uE3 are very low because the steroid precursors required for estriol synthesis are
deficient in the affected fetus. Concentrations of AFP and hCG are also slightly reduced
for unknown reasons (281). Although the birth prevalence is quite low (usually given as
about 1 in 20,000), prenatal serum screening for SLOS with AFP, uE3, and hCG is
expected to be very efficient, with a detection rate of about 60% at a 0.3% FPR (282). A
multicenter clinical intervention trial to examine the efficacy of screening for SLOS has
just begun.

Other Conditions Identified By Serum

Although not the targets of any formal screening protocol, a number of deleterious
conditions and disorders are adventitiously detected through Down syndrome and T18
screening algorithms. In order for this to occur, the conditions must have marker patterns
that overlap with those of a targeted disorder, causing the conditions to cluster among the
screen positives.

OTHER CHROMOSOME ABNORMALITIES

Other chromosome abnormalities are not screened for specifically, but they may be
detected with increased frequency through Down syndrome and T18 protocols and the
subsequent karyotype studies. For example, women carrying a fetus affected with hydro-
pic Turner syndrome (45,X) have a maternal serum triple-marker pattern very similar to
that observed in cases of Down syndrome (274,283,284). DIA concentrations in Turner
syndrome pregnancies are markedly elevated in the presence of fetal hydrops and low in
the absence of hydrops (274). Therefore, inclusion of DIA in Down syndrome screening
will increase the opportune detection of Turner syndrome with hydrops because the
elevated DIA concentrations will further promote a Down syndrome screen-positive
situation. Turner syndrome without hydrops has slightly or moderately reduced concen-
trations of AFP, uE3, and hCG (274,283,284) and may be identified by T18 screening
protocols.

Cases of triploidy (69,XXX; 69,XXY; 69,XYY) may also be identified through cur-
rent prenatal serum screening protocols (285). There are two types of triploidy depending
on the parental origin of the extra set of chromosomes. Type I triploidy originates from
an extra set of paternal chromosomes and is characterized by a large cystic placenta and
fetal loss early in gestation. If a fetus survives to the second trimester, low uE3 and
elevated hCG (286) concentrations in maternal serum may lead to identification through
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Down syndrome screening protocols. Type II triploidy originates from an extra set of
maternal chromosomes and is characterized by a small fetus, a small placenta, and typical
intrauterine survival late into pregnancy. Maternal serum uE3 concentrations tend to be
extremely low, usually less than 20% of normal values, and hCG is also reduced (286).
These cases are likely to be identified through second-trimester T18 screening protocols.

There appears to be no consistent pattern in the serum markers for cases of trisomy 13,
with the exception of a slight reduction in uE3 concentrations (287). Identification of
trisomy 13 pregnancies is not expected using current prenatal serum screening protocols.

PREECLAMPSIA

Preeclampsia is defined by hypertension and proteinuria and is a serious obstetrical
complication associated with significant maternal and fetal morbidity (see Chapter 18).
Although treatments such as aspirin (288) and calcium (289) have proven ineffective, the
ability to identify pregnancies at risk for developing preeclampsia would allow for close
monitoring and aid in the development of other treatment strategies. In this regard, the
serum markers used for Down syndrome screening have been reported to be altered in
pregnancies that later develop preeclampsia. More specifically, concentrations of AFP,
hCG, free -hCG, and DIA are significantly elevated in the second trimester of preec-
lamptic pregnancies (290–293), whereas concentrations of uE3 are unchanged or reduced
(292,293). Not surprisingly, the degree of change in the serum marker values is more
marked as the interval between sample collection and clinical onset of disease shortens.
Risk of preeclampsia is not currently reported in prenatal serum screening protocols.
Current estimates are that a multiple-marker test, including hCG and DIA at about 17 wk
gestation, would detect 23% of preeclampsia cases at a 5% FPR (292), whereas a triple-
marker test of uE3, free -hCG, and DIA done at about 24 wk gestation would detect 55%
of preeclampsia cases at a 5% FPR (293).

OTHER ADVERSE OUTCOMES

Patients who are screen positive for Down syndrome (294,295), NTD (294,296), or
T18 (272) pregnancy are also at risk for other adverse outcomes, such as fetal growth
restriction, preterm delivery, and fetal demise. However, these are weak associations, and
it is not appropriate to follow patients for these complications on the basis of screening
results. In fact, a recent study has shown that heightened surveillance of patients with an
elevated MSAFP result did not improve assessment of adverse pregnancy outcome as
compared to routine management of such pregnancies (297).

PRENATAL SCREENING PROGRAM CONSIDERATIONS
Prenatal screening for ONTD and fetal trisomies is best implemented in the context of

a comprehensive program that coordinates preanalytic, analytic, and postanalytic com-
ponents of the process.

The program should include participants from the testing laboratory, the genetic coun-
seling unit, and the prenatal diagnostic group that will perform interventions (targeted
ultrasound, amniocentesis, CVS). Representatives from the family practice and general
obstetrics community would be a helpful addition as well, providing useful information
about the primary care component in obstetrical care.

The overall direction of a program should be assigned to a professional usually at the
doctoral level of training. Adequate specialized training is strongly recommended—two
such courses are available.
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Health Care Provider and Patient Information

Prenatal screening, by its nature, is associated with ethical, legal, and social issues for
the patient, provider, and laboratory. Patients need to be informed partners in the screen-
ing process. Laboratories should either develop patient educational materials or be involved
in their development and control their distribution. Health care provider education mate-
rials should be available at a scientific level that supports the pattern of practice expected
of a provider and enables uncomplicated responses to patient questions.

Obtaining informed consent from patients to participate in screening is the responsi-
bility of the provider, but the laboratory has an important role in enabling patient educa-
tion. Laboratories might wish to document that a process is in place to inform patients
about the benefits and risks of screening, about its limitations, and about the implica-
tions of a screen-positive report and the need for further testing to make a diagnosis.
Patients have the right to end participation at any step without a sense of reprisal. Under
some recently introduced guidelines for patient privacy, patients might have the right to
withdraw information from screening data banks.

The advent of the new screening algorithms brings new complexity into the health-
care provider and patient relationship. A teaching diagram such as Fig. 20 might assist
both parties to achieve an informed patient choice.

REQUISITION FORMS AND INTAKE INFORMATION

Laboratories should have a separate requisition specifically for prenatal screening, in
order to solicit the necessary demographic and clinical information for the service. In
addition to the usual demographic information, the requisition should provide the follow-
ing information about the patient:

• Related to the patient:

� unique identifying number, if available, for outcome follow-up
� racial origin—at least white or black
� existence of insulin-dependent diabetes mellitus prior to this pregnancy
� date of birth (required for fetal trisomy screening only)

• Related to the pregnancy:

� maternal weight in the late first trimester in pounds or kilograms
� number of fetuses in the current pregnancy
� family history of the targeted disorders as it relates to the fetus
� smoking during the pregnancy
� gestational age information, including either:
� date of LMP or,
� date of ultrasound examination and

� BPD measurement, and/or
� CRL measurement, and/or
� gestational age assigned by the examiner

• Related to the sample:

� date of specimen collection
� specimen number(s) assigned at collection
� ordering health care provider information
� screening status (any previous screening during this pregnancy)
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The requisition should contain information and instructions about specimen collec-
tion, instructions for specimen delivery, and stability. A similar or identical requisition
can be used for AFAFP samples.

Assay Methodologies
There are several assay methods available for measuring AFP, and some have been

approved by the US Food and Drug Administration for an ONTD application. In selecting
a method, consideration should be given to the ability of the assay manufacturer to
support the additional demands of a prenatal screening service for long-term precision
and analytical stability. It is advisable to use the same assay source for both maternal
serum and amniotic fluid specimens. Because the latter will require dilution by approxi-
mately 100-fold, a stable source of diluent is an important component of the assay.

A number of immunoassays exist for uE3, but not all of them achieve the expected
degree of separation between the affected and unaffected populations in prenatal screen-
ing, either for Down syndrome (54,298) or for T18 (299). A validated assay should be
used if the published distribution parameters are to be used in calculating risks.

There have been no reports of differential performance of any intact or total -hCG
assays in Down syndrome screening. Free -hCG has whole blood specimen stability
issues that must be considered; on standing, there is an increase in the apparent free -
hCG concentration caused by the temperature-dependent dissociation of the very large
amount of intact hCG present (300). Prompt separation of the serum appears to minimize
this problem (101,131). Most intact and total hCG assays are optimized for concentra-
tions found in early pregnancy (up to approx 2000 IU/L). Concentrations of intact and
total hCG found in the late first and early second trimesters are much higher (10–100 kIU/
L) and prenatal screening serum specimens require dilution with all but one assay (301).
If an automated dilution assay is used for hCG, the long-term consistency of the diluent
and the dilution ratio are factors to be considered and monitored. Whereas all patient
samples will require dilution, typically calibration and quality control materials do not,
and patient median values can be affected by a change in diluent (see Fig. 22).

There is only one manufacturer of DIA assays (DSL, Webster, TX) and a stable
immunoassay is now available without the originally required specimen pretreatment
steps. This DIA assay has been validated in Down syndrome screening programs
(136,137). Various patents apply to the assays for, and the diagnostic use of, the inhibins,
and these contribute to the cost of testing.

At least four methods are available commercially for PAPP-A measurement, but only
two of these (DELFIA, PerkinElmer, Boston, MA; KRYPTOR, Brahms Diagnostica
GmbH, Berlin, Germany) have been used in published Down syndrome screening stud-
ies. A third assay (DSL, Webster, TX) was used in the FASTER trial, to be published in
early 2004. Less is known about the consistency and performance characteristics of other
PAPP-A assays.

CALIBRATION, QUALITY CONTROL, AND PATIENT MEDIANS

In prenatal screening, the reported result for the markers is the unitless MoM. From
the perspective of screening performance, the mass concentration unit (traditional, activ-
ity, or metric) is not as important as in most laboratory tests, nor is the agreement between
manufacturers in the assigned calibrator concentrations. External proficiency testing
programs can be used to validate the assigned calibrator values. Commercial quality
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control products can assess the analytical precision, but controls from pooled patient sera
provide the best check on patient precision; commercial products have sample matrices
that can differ from patient samples. Precision should be monitored at two or more
clinically significant concentrations, and if commercial controls are used, the assay pre-
cision that they indicate should match that of patient pools. Stability in patient median
values is more essential than stability of control means; therefore, shifts in median values
or in median MoMs take precedence over commercial-quality control sample perfor-
mance.

NORMATIVE DATA—MEDIAN MARKER CONCENTRATIONS

Because prenatal screening results are expressed as the MoM concentration in the
screened population, accurate assignment of the median calculations for all gestational
ages is critical. Regressed medians (concentration vs gestational age) are the most robust
source of median results, and these must be reassessed periodically for undetected sys-
tematic changes in the methodology. Stated simply, the median in a population is con-
stant, whereas the analytical system used to measure the median will vary. Given a static
population, any change in the median values will reflect changes in analytical conditions.
Marker test results obtained from different reagent lots, even from the same manufac-
turer, can demonstrate sufficient systematic bias to reflect significantly in the median
values, and hence in patient MoM results. For this reason, new reagent lots must be
characterized over a period of weeks, with forced extra calibrations if necessary, well in
advance of being put into use. Similarly, other analytical sources of systematic bias
should be minimized on the testing platforms.

Result Reporting
Final patient screening reports must be clear to a nongeneticist professional and must

include all the clinical information used in generating the patient risk(s), the analytic

Fig. 22. The effect of a 10% change in the median concentration for second-trimester serum total
hCG on the performance, safety, and cost of screening. A shift similar to that shown can be caused
by a change in hCG diluent source. IPR, initial positive rate.
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results in both mass units (e.g., ng/mL) and interpretive units (i.e., MoM) on which all
adjustments or corrections have been performed. The report should include a clinical
interpretation regarding each major screened disorder, including whether the result is
screen positive or screen negative, and the patient-specific risk of the targeted disorders.

Epidemiological Monitoring
The use of the patient population as the source of reference or normative data has led

to the practice of monitoring the performance of the analytical service in the population
being tested. This epidemiological monitoring is additional to, and perhaps more impor-
tant than, traditional measures of laboratory test performance. Monthly indicators that
should be monitored include the median concentrations of each marker at weekly inter-
vals of gestational age, the median MoM concentrations (combined data from all gesta-
tional ages, see Fig. 23), and the screen-positive rate for each of the screened disorders.
A concentration shift of –10% in a uE3 assay will cause a 40% increase in the screen-
positive rate; a shift of +10% in hCG will cause a 27% increase in the number of false-
positives (see Fig. 22). If such a shift is detected, either the cause of the shift should be
corrected or, if necessary, the median values in use should be adjusted.

Other population-based variables that require periodic monitoring include the patient
weight correction factors for each marker, the population MoM SDs for each marker, the
detection rate of the targeted disorders (if reliable outcome ascertainment is available),
the fraction of patients “dated” by ultrasound, and even the median maternal age.

SUMMARY AND PERSPECTIVE

Prenatal screening using maternal serum biochemical markers and ultrasound biom-
etry represents a major advance in obstetrical care. Beginning with the use of AFP in
screening for NTD, the screening methods that were developed were creative and highly

Fig. 23. A median MoM plot as one aspect of epidemiological monitoring to control the perfor-
mance of screening variables, predominantly but not solely analytical. Median reported MoM
values should center at 1.0 within appropriate confidence intervals.



126 MacRae and Canick

rational. With the advances in primary prevention through the increased intake of folic
acid in the diet and preconceptional vitamin supplements, and with highly effective
secondary prevention through screening with AFP, the prevalence of ONTDs has de-
clined markedly in many countries.

Initially based on maternal age alone, and then linked through AFP to screening for
ONTDs, the performance of prenatal screening tests for Down syndrome has improved
rapidly during the past 25 yr. With the development of multiple screening markers (both
in maternal serum and by using ultrasound) and with the ability to combine these markers
into a rational screening algorithm, detection rates are becoming high enough to allow a
focus on reducing the FPR. The goal in reducing the FPR is to improve safety in screening
because a lower FPR leads to reduced use of invasive diagnostic testing, thus reducing
the risk of losing a wanted pregnancy. The goal is a detection rate approaching 100% with
an FPR approaching zero. At a point, perhaps not too far in the future, safe, noninvasive
diagnostic testing for serious birth defects will have been achieved.
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INTRODUCTION

Prenatal diagnosis for chromosome anomalies is an important aspect of preventive
medicine. Historically, amniocentesis, a procedure to collect fetal amniotic fluid (AF) by
transcervical or transabdominal puncture, has been practiced since the 1930s. It was
demonstrated in the mid-1960s that human amniotic cells can be cultured and used for
chromosome analysis and that the optimal timing for amniocentesis was around 16 wk
gestation (1,2). Amniocentesis is now common and is usually performed between 14 and
16 wk gestation, although early amniocentesis, around 12 wk gestation, or amniocentesis
later than 16 wk are possible depending on the medical needs.

In addition to amniocentesis, another option for procurement of cells for cytogenetic
studies is chorionic villus sampling (CVS) from the placenta by a catheter inserted
transvaginally. The procedure has been in use in China since the 1970s. It has become an
accepted prenatal procedure worldwide since the early 1980s (3). The CVS procedure has
the advantage compared to amniocentesis that it is performed earlier (9–12 wk gestation)
but the risk for maternal cell contamination is higher.

Percutaneous umbilical cord blood sampling (PUBS) is another prenatal technique
that is reserved for very critical clinical situations. It is a procedure to procure fetal blood
from the umbilical cord by a needle guided by ultrasound images. The risk for spontane-
ous abortion or other complications is significantly more for PUBS compared to amnio-
centesis or CVS.
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It is now possible to perform preimplantation genetic diagnosis (PGD) to test embryos
for specific genetic disorders or chromosomal abnormalities before a pregnancy begins.
Embryos derived from in vitro fertilization (IVF) techniques are tested for a specific
genetic disorder or screened for chromosomal abnormalities by removing one or two
cells for analysis. Embryos judged to be free of the disorder or chromosomal abnormality
under test are transferred into the womb to initiate a pregnancy. PGD is an alternative to
prenatal tests such as amniocentesis or CVS and because it is performed before a preg-
nancy has begun, it may be more acceptable to couples who have either had an affected
child or a previous termination of pregnancy, or who have objections to termination of
pregnancy.

Although PGD was developed initially for the prevention of specific single-gene
defects, it is now used to identify common chromosome abnormalities in embryos. In this
way, couples may have an increased chance of a healthy genetically related child by
avoiding offspring with trisomies (such as Down syndrome) and recurrent miscarriages,
many of which are caused by numeric chromosomal abnormalities (Tables 1 and 2).

In this chapter, we provide an overview of the techniques, results, and interpretation
of amniocentesis, CVS, and PGD. Recent developments involving the use of fluorescent
DNA probes and fluorescent in situ hybridization (FISH) for rapid results are highlighted.

OVERVIEW OF METHODS

Amniotic Fluid Cells
Amniocytes present in the AF are the most widely used tissue type for prenatal diag-

nosis. They can be grown in a fluid culture in flasks (T-type) or grown in monolayer
attached to the glass surface of coverslips (in situ culture). The in situ culture has a faster
turnaround time than the flask culture method, which is helpful in resolving the issue of
mosaicism and is adaptable to a semiautomated harvesting system. However, when larger
numbers of cells are needed, culture in flasks is necessary. Cell cultures are possible in
appropriate combinations of a chemically defined medium (RPM1-1640, Chang medium,

MEM, etc.), biologically defined medium fetal bovine serum, L-glutamine, and antibi-
otics (penicillin and streptomycin).

An adequate sample size of AF is needed (optimally�20 mL) in sterile conditions for
culture, although successful cultures can be established with 8–10 mL of fluid. The first
2 mL of AF that is obtained is contaminated up to 60% of the time (our experience) with
maternal blood and is best discarded, especially for FISH analysis. Optimally, the sample
is collected at 14–16 wk gestation, but smaller samples from 12 to 13 wk (proportion of
living cells are more but fluid volume is less) or beyond 16 wk, including very late
gestation (proportion of dead cells increases with increasing gestation), are possible.

Multiple cultures are set up in two separate incubators (with defined levels of nitrogen,
oxygen, and carbon dioxide for optimum condition of cell growth) to ensure adequate and
high quality of culture results and also ensure against incubator malfunction or single
flask contamination. Many laboratories use automated robotic harvesting (4) systems
and drying chambers (5) for harvesting the amniocytes in preparation of microscope
analysis for increased efficiency and higher quality. In most cases, routine processing
(guidelines set by accrediting agencies) is adequate. However, when mosaicism is sus-
pected (e.g., more than two cells or two colonies have an extra chromosome or a structural
abnormality, or three cells or three colonies have a missing chromosome), additional
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Table 1
Incidence of Chromosome Abnormalities Among Newborns

Chromosome abnormalities Incidence of abnormalities (rate/1000)
Pooled data
(Canada,
Europe,

Norwaya Denmarkb Japanc US, and USSR)d

(1830 children) (34,910 children) (14,835 children) (54,749 children)

Numerical abnormalities
Sex chromosomes 2.1 2.3 1.95 1.95
Autosomes 2.73 2.1 1.82 1.35
Structural balanced

abnormalities
Robertsonian translocations 2.19 1.23 0.74 0.95
Inversions 7.10 0.34 0.13 0.13
Inversion Y 3.14 0 0.13 0.26
Reciprocal translocations 2.73 1.4 0.74 0.84
Structural unbalanced

abnormalities
Robertsonian translocations 0 0 0.13 0.04
Reciprocal translocations 0 0.09 0.2 0.13
Deletions 0 0.11 0.06 0.09
Duplications 0 0.09 0 0
Others 2.19 0.8 0.4 0.35
Total Abnormalities 19.67 8.45 6.27 5.75

aRef. 25, bRef. 26, cRef. 27, dRef. 28.

quality control steps must be taken. Use of in situ culture is recommended and has the
advantage that an average of 15 colonies (clone of cells arising from a single amniocyte
results in a colony on a coverslip surface) are analyzed. If a single cell in a colony is
abnormal, it is considered an artifact (it is common for such cultures and can be induced
by the chemicals used for culturing and harvesting). If multiple cells of a colony and more
than two or three colonies have the same abnormality, mosaicism is suspected. Usually,
more colonies (e.g., 30 rather than the normal 15) are analyzed to establish the proportion
of the mosaicism. For clinical diagnosis, establishment of the proportion of mosaicism
is important. About 3% of Down syndrome patients may have mosaicism (47,XX or
XY,+21/46,XX, or XY); up to 75% of Turner patients may have mosaicism (45,X/
46,XX), especially when more than one tissue (blood and skin biopsy) is examined: and
mosaicism is relatively common in spontaneous abortions especially early in gestation
(Table 2).

Maternal cell contamination from blood is common (up to 60% in our experience),
which does interfere with culturing success but is of no consequence in reporting results
because the blood cells are eliminated in the processing. However, maternal cells from
skin can culture with amniocytes (1 in about 118 specimens in our experience) and must
be considered in interpreting results.
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The average turnaround time (time between the receipt of the specimen and reporting
out of results) varies between 7 and 21 d, but the in situ method allows an average
turnaround time of 7–10 d.

CVS
Prenatal analysis can also be performed from a biopsy of placental chorionic villi. A

thin plastic catheter is used transvaginally to obtain samples of the villi. Generally, the
risk for complications, including abortion, is quite low (about 1%). The procedure is most
commonly performed between 9 and 12 wk gestation. Because of the physical nature of
sampling, maternal cell contamination is quite common. An adequate sample of CVS is
15–20 mg and chances for adequate results are low if the sample is less than 5 mg.

Table 2
Types and Frequency of Chromosome Abnormalities in Spontaneous Abortions

Chromosome constitution Number of miscarriages
1000a 460b 571c 420d Average/1000

Trisomy 1 0 0 0 0 0
Trisomy 2 5 5 7 4 8.57
Trisomy 3 1 3 2 0 2.45
Trisomy 4 8 4 1 1 5.71
Trisomy 5 1 0 0 1 0.82
Trisomy 6 3 1 1 3 3.26
Trisomy 7 8 3 7 3 8.57
Trisomy 8 7 3 6 4 8.16
Trisomy 9 1 3 1 4 3.67
Trisomy 10 1 3 1 1 2.45
Trisomy 11 1 2 1 1 2.04
Trisomy 12 2 0 1 1 1.63
Trisomy 13 10 15 10 11 18.77
Trisomy 14 5 7 5 11 11.42
Trisomy 15 14 9 11 22 22.85
Trisomy 16 51 32 42 19 58.75
Trisomy 17 2 0 0 2 1.63
Trisomy 18 5 4 7 4 8.16
Trisomy 19 0 1 0 0 0.41
Trisomy 20 7 1 3 2 5.30
Trisomy 21 26 9 7 12 22.03
Trisomy 22 29 28 14 16 35.50
Double trisomy 9 7 4 9 11.83
Mosaic trisomy 12 0 10 0 8.98
Autosomal trisomy (NOS) 9 0 0 0 3.67
Sex Trisomy 2 1 2 1 2.45
Monosomy X 112 42 22 18 79.15
Triploidy 70 59 39 27 79.56
Tetraploidy 33 6 10 10 24.07
Structural abnormalities 20 23 15 8 26.93
Other abnormalities 1 1 0 0 0.82

aRef. 29, bRef. 30, cRef. 31, dRef. 32.
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Chorionic villi are cultured using either direct method or culture technique. In the
direct method, dividing cells from the chorionic villi are used for analysis without culture
or only a short-term culture (24–48 h). Because of high maternal cell contamination
(decidua), direct culture is generally followed by a long-term culture technique. Long-
term culture technique involves culturing cells obtained from villi that have been care-
fully cleaned and macerated, and the cells are isolated after enzymatic treatments (trypsin
and collagenase). Once the cells are isolated, the culture technique is similar to that
described for the amniocyte culture. The quality of metaphases (dividing cells for analy-
sis) is generally superior from long-term culture, and maternal cell contamination is
limited. For greater detail on culture, harvest, and analysis, other references are avail-
able (6,7).

Preimplantation Genetic Diagnosis
The first laboratory component of PGD involves the collection of diagnostic material

for testing (as would be required for amniocentesis or CVS). This is usually performed
in a clinical IVF laboratory under sterile conditions. The second step involves the diag-
nostic test itself, which can be performed in an area adjacent to the IVF laboratory
equipped to perform FISH analysis or in a completely separate dedicated cytogenetics
laboratory with experience in processing single-cell samples.

A set of micromanipulators linked to an inverted microscope with phase contrast
optics and facilities for extended embryo culture are the essential requirements to carry
out diagnostic biopsy procedures. Theoretically, diagnostic material can be collected at
any developmental stage between the mature oocyte (egg) and blastocyst (embryo with
up to 200 cells). If PGD is performed using an egg, only maternal abnormalities can be
identified whereas both maternal and paternal abnormalities can be diagnosed in the devel-
oping embryo. Irrespective of the stage at which diagnostic material is obtained, the
biopsy method is a two-step procedure: the first step is to breach the zona pellucida (outer
coat of the egg or embryo) and the second involves the removal of cellular material. Zona
breaching can be achieved mechanically (by means of a sharp microneedle), chemically
(using acidified Tyrode’s solution, pH 2.2) or by thermal ablation (using a noncontact
laser). Currently, the stage at which most centers obtain genetic material for PGD is on
the third day following insemination when the embryo has between 6 and 10 cells. At this
stage, embryonic cells are generally equivalent in size and developmental potential, and
embryo survival and metabolism appears to be unaffected by the biopsy procedure (8).
Removal of cellular material is generally carried out using a glass micropipet attached to
a pneumatic- or hydraulic-based suction system (Fig. 1).

While recent reports suggest that successful biopsy is achieved in 97% of cases (9), two
obstacles must be overcome once diagnostic material is obtained. First, the diagnostic
procedure must be sensitive enough to be successful on only a single cell, and second, the
interpretation of the result must consider the possibility that each of the embryonic cells
is not genetically equivalent to the other cells. Indeed, the existence of mosaicism in
human embryos has raised concerns about the diagnostic accuracy of PGD (10,11).

The first successful clinical use of fluorescent labeled DNA and FISH on preimplan-
tation embryos was embryonic sex determination to avoid X-linked disease (12). In
recent years, the use of FISH for PGD has flourished with the availability of commercial
directly labeled probes with different fluorochromes. PGD is now possible for couples
carrying reciprocal and Robertsonian translocations (13) and, more frequently, for chro-
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mosomal aneuploidy screening in embryos from women of advanced maternal age or
who have had recurrent miscarriage or repeated implantation failure following IVF treat-
ment (14–16).

Fluorescent Labeled DNA and FISH
It is now possible to determine numeric (loss or gain of whole chromosomes) chromo-

some abnormalities of chromosomes 13, 18, 21, X, and Y rapidly (24-h test) by use of
fluorescently labeled DNA and FISH (a process of pairing between the probe DNA and
chromosomal DNA). The numeric abnormalities of these five chromosomes cumula-
tively account for about 80% of cases at live birth of all major chromosomal anomalies.
However, for numeric abnormalities of other chromosomes and structural anomalies of
all chromosomes, standard karyotype analysis needs to be done as a follow-up to the
FISH test.

FISH in a human was successfully performed in 1986 (17) both for dividing and
undividing cells including amniocytes. Uncultured amniocytes were used in 1991 (18)
with this method to detect aneuploidy (numeric chromosome anomaly) of 13, 18, and 21.
By 1992 (19–21), FISH techniques were in use to detect the numeric abnormality of
chromosomes 13, 18, 21, X, and Y from nondividing AF cells. By 1998 (22), these
techniques were simplified for accuracy and efficiency, and the probes were commer-
cially available. Prenatal aneuploidy detection by FISH is now widely available.

Fig. 1. Cleavage stage embryo biopsy. An eight-cell stage human embryo is held in place while
a single embryonic cell is removed for diagnosis (large arrow). The nucleus is visible in this cell
(small arrow).



Chapter 6 / Prenatal Chromosome Analysis 145

TECHNIQUE AND PRECAUTION

AF and Chorionic Villi

Direct-labeled DNA probes for 13, 18, 21, X, and Y in different colors are commer-
cially available. The centromere-specific probes for each of the three chromosomes are
aqua for 18, green for X, and orange for Y. The locus-specific probe for chromosome 13
based on 13q14 is green and for chromosome 21 based on 21q22.13–q22 is orange.

For each specimen, 2–4 mL of AF is used without culture for preparation of slides by
standard harvesting procedure. Cells on the slide and probe DNA are denatured and
allowed to hybridize for a minimum of 6 h. The analysis is done by fluorescence micros-
copy. An example of a normal female cell is shown in Fig. 2A with two green and two
aqua signals for chromosomes X and 18, respectively. A normal male cell is shown in Fig.
2B. One green signal for X, one orange signal for Y, and two aqua signals for chromosome
18 are visible. A case of trisomy 18 (T18) (Edwards syndrome) is illustrated in Fig. 2C.
Three aqua signals and two green signals are present in a female and three aqua signals
are present with one green and one orange in a male (Fig. 2D). In Turner syndrome, only
one green signal (single X) is present with two aqua signals for chromosome 18 (Fig. 2E).
In a Klinefelter male, two green, one orange, and two aqua signals for chromosomes X,
Y, and 18, respectively, are present (Fig. 2F). A normal pattern for chromosomes 13 and
21 are two green and two orange signals (Fig. 2G). Down syndrome (trisomy 21) will
have three orange and two green signals (Fig. 2H). Patau syndrome (trisomy 13) will have
three green signals and two orange signals (Fig. 2I). The loci for 13 and 21 are in the q
(long) arms of the chromosomes, and the presence of three copies of the long arm (13q
or 21q) results in the Patau or Down syndrome, respectively. Whole arm translocations
that are phenotypically normal of these chromosomes (Robertsonian translocation) are
common (1.2 per 1000). The FISH procedure provides counts of the long arms, so it is
effective both for diagnosing trisomy as well as Robertsonian translocations involving
these long arms.

The commercially available probes for the five chromosomes have a high rate of
hybridization success and analytic sensitivity (detection rate of normal pattern) ranging
from 89.1 to 98.7% (Table 3) based on the analysis of 30 AF specimens that were
chromosomally normal. Because these probes are analyzed from nondividing (inter-
phase) cells in two dimensions (5), artifacts caused by overlapping signals are relatively
common. Other artifacts are also possible because of inadequate hybridization or diffi-
culty in interpretation of hybridization signals during the DNA duplication phase (S) or
interphase. It is, therefore, important to establish normal cut off values (upper limits of
normal) for each laboratory (23) for each of the chromosomes being analyzed. For us, this
was determined for each of the five chromosomes (Table 4). For instance, for chromo-
some 21, the maximum number of abnormal signals observed in a normal cell was 9%;
the 95% confidence interval (CI from a one-sided binomial distribution) was 13%. This
means that unless the abnormal signals exceed 13%, they will be within the normal limit.
Most of the abnormal signals were, however, monosomes (single rather than two or more
signals). When only trisomics (three signals) are considered, only 1% was the maximum
observed, and the normal cutoff value at 95% CI was 2%. This means that theoretically,
trisomic signal patterns above 2% are real and abnormal. However, at levels below 10%,
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Fig. 2. Direct labeled, commercially available, fluorescent DNA probes were used for chromo-
somes 13, 18, 21, X, and Y to detect their numeric abnormalities by in situ hybridization to
chromosome preparations of AF nondividing (interphase) cells without culture. The probes were
used in two groups. Centromeric probes were used for chromosomes 18, X, and Y in aqua, green,
and orange (red in figures), respectively. Locus-specific probes were used for chromosome 13 and
21 in green and orange, respectively. In a normal female cell, two green and two aqua signals for
chromosomes 18 and X are seen (A) whereas in a normal male cell, one green, one orange, and
two aqua signals occur for X, Y, and 18 (B). In the case of T18 (Edwards syndrome), three aqua
signals are present with two green signals in a female (C), whereas three aqua signals are present
with a green and an orange signal in a male Edwards syndrome (D). In Turner syndrome, only one
green signal (single X) is present with two aqua signals for chromosome 18 (E). In a Klinefelter
male (XXY), two green, one orange, and two aqua signals for chromosomes X, Y, and 18 are
present (F). A normal pattern for chromosomes 13 and 21 are two green and two orange, respec-
tively (G), whereas Down syndrome (trisomy 21 or three copies of 21 long arm) will result in three
copies of the orange signal with two green (H) and Patau syndrome (trisomy 13) results in three
green signals and two orange signals (I).
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Table 3
Results of AF Analysis by Interphase FISH: Detection of Aneuploidy

Number
of cases Mean signal pattern (%)a

analyzed Karyotype LSI-13 CEP-18 LSI-21 CEP-XX CEP-XY Other

6 Normal 97.6 91.5 94.5 95.8 99.0 —
2 Trisomy 13 94.2b 89.0 96.0 99.0 100.0 —
4 Trisomy 18 97.5 89.0b 96.2 95.7 99.0 —
4 Trisomy 21 97.0 92.7 92.9b 97.5 100.0 —
2 47,XXY 98.7 92.2 96.2 — — 97.2c

1 45,X 98.5 91.5 96.0 — — 99.5c

1 47,XXX 98.0 96.5 97.5 — — 94.5c

1 47,XYY 100.0 97.0 96.5 — 7.0 92.5
1 47,XY,+22 98.0 98.0 95.0 15.5 84.0 —
1 mos45,X/46,XY 98.0 97.0 96.5 0.5 65.5 34.0c

1 mos46,XY/47,XYY 98.5 93.5 94.0 — 64.0 34.5c

aAll signal patterns were disomic except b, which were trisomic, and c, which were consistent with
abnormal karyotype or abnormal clone of the karyotype.

From ref. 22.

Table 4
Maximum Proportion of Abnormal Hybridization Signals

and Estimated Upper Bound Confidence Intervalsa

Maximum bUpper bound Maximum cUpper bound
abnormal confidence interval abnormal confidence interval

Probe signals (%) at 95% trisomy (%) at 95%

LSI-13 8.5 13 1.5 4
CEP-18 14.5 19 1.0 2
LSI-21 9.0 13 1.0 2
CEP-XX 9.0 13 2.5 7
CEP-XY 4.5 8 .5 2

aCEP, chromosome enumeration probes; CI, confidence interval; LSI, locus-specific identifier.
bBased on the analysis of up to 200 interphase cells per specimen for each probe from 30 normal samples.
c95% upper bound values (rounded up) were calculated from one-sided binomial distribution.
From ref. 22.
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a chromosome follow-up is necessary to confirm the low-level mosaic abnormality. For
nonmosaic (pure) trisomy, the sensitivity (with three signals) is again high (92.9% for
trisomy 21, Table 3). We have now studied more than 2000 of these cases, and the data
are similar.

Preimplantation Genetic Diagnosis
The FISH technique, when applied to single cells, is essentially the same as that used

for larger numbers of cells. Clearly, there is less tolerance for hybridization failure and
technical artifact when only one or two cells are available for diagnosis. Moreover, the
need to select unaffected embryos for uterine transfer in a timely fashion puts an addi-
tional constraint on the turnaround time for this diagnostic procedure. To meet these
limitations, a number of considerations not necessary in conventional FISH diagnostic
work must be used for single-cell FISH for PGD.

SELECTION OF THE SINGLE CELL(S)
Selection of each biopsied embryonic cell (blastomere) is critical owing to the rela-

tively high incidence of nuclear and chromosomal abnormalities present in human
embryos. Blastomeres should be checked for the presence of a single interphase nucleus
because anucleate cellular fragments can be mistaken for blastomeres, and abnormal
nucleation needs to be avoided as it is frequently associated with chromosomal abnor-
mality.

AVOIDING CONTAMINATING CELLS

Because only a single cell is under investigation, the presence of an extraneous cell on
the slide could be disastrous for PGD. All efforts must be made to ensure that no maternal
cumulus cells (the cells that surround the egg during maturation) or other cells come into
contact with the slide or reagents used for the diagnostic procedure.

NUMBER OF CELLS BIOPSIED

In deciding how many cells to biopsy from cleavage-stage embryos, it is necessary to
balance diagnostic accuracy with potential of the embryo to implant and develop, which
is progressively compromised as a greater proportion of the embryo is removed (24). At
present, there is no consensus over whether to take one or two cells for analysis in clinical
PGD (9).

NUCLEAR FIXATION

For conventional FISH applications, cells are generally prepared using a standard
methanol:acetic acid fixative. In PGD, several methods have been successfully used to
obtain high-quality single nuclei for FISH analysis, one of which involves methanol:acetic
acid fixation, while the other employs a weak acid and detergent mixture to free the
nucleus from the surrounding cytoplasm and fix the nucleus simultaneously. Each method
gives a strikingly different preparation in terms of nuclear size after fixation (Fig. 3).
Nevertheless, both methods are in widespread use, and both appear to provide high-
quality FISH results.

REDUCED TIMES FOR HYBRIDIZATION

Owing to time constraints when dealing with human embryos growing in culture, the
FISH test has been shortened considerably to allow biopsy, diagnostic testing, selection,
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and embryo transfer all on the same day if necessary. The hybridization step is generally
shortened considerably for most probe combinations, and FISH can be successful with
as little as 30 min hybridization time. With improvements in extended embryo culture,
the requirement for rapid FISH testing is less acute, although rapid testing also allows
multiple tests to be performed on the same cell or retesting when results are unclear.

DEDICATED SLIDE-WASHING FACILITIES

Because of the disastrous consequences of having even a few stray cells float from one
slide to another, slides for single cell FISH analysis are washed in unused Coplin jars to
minimize exposure to other clinical samples.

LOCATING THE NUCLEUS

For PGD, the rapid location of the single fixed nucleus on the glass microscope slide
is a crucial element in making an accurate and timely diagnosis. Clearly, this procedure
becomes trivial when the slide is covered with thousands of cells available for analysis
in conventional FISH applications. Locating the single nucleus can be achieved by care-
fully mapping the location of the fixed nucleus on the slide at the time of fixation,
recording microscope stage coordinates, or by using an England finder.

FISH ERRORS

The FISH technique has been shown to work efficiently on single blastomeres using
a variety of probes, but technical problems do arise for a variety of reasons. FISH errors
including hybridization failure, signal overlap, and splitting of signals may be quantified
when large numbers of cells of known genotype are analyzed. However, the margin for
error when diagnosing a single cell is much smaller than for conventional diagnoses.

Fig. 3. Examples of Giemsa-stained blastomere nuclei using different fixation methods. Blas-
tomere nuclei from eight-cell stage mouse embryos fixed in (left) methanol/acetic acid or
(right) Tween/HCI. Bar = 10 µm.
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INTERPRETATION

AF and CVS
Chromosome abnormalities constitute a significant component of genetic disorders

both prenatally and at birth. It is estimated, based on relatively large population studies,
that chromosome anomalies occur with a frequency of 6–20 per 1000 live births (Tables
1 and 2) (25–28). Of these, balanced abnormalities (structural anomalies that result in no
net gain or loss of genetic material and thus generally cause no phenotypic abnormality)
range from 2 to 15 per 1000 live births. The unbalanced chromosome anomalies (numeric
or structural) do cause dysmorphic features, reproductive problems, and abnormal devel-
opment. Their rate of occurrence is 7–12 per 1000 live births. Of these, 80% or more result
from numeric (gain or loss of whole chromosomes) abnormalities. The vast majority of
the numeric chromosome disorders at birth involve chromosomes 13, 18, 21, X, and Y.

In the prenatal period, the rate of chromosome abnormalities is significantly higher
than that reported at live births. It is estimated that more than 50% of spontaneously
aborted fetuses have a chromosomal abnormality. The rate of such abnormality is higher
the earlier the gestational age. Numeric chromosome abnormalities are the most common
(Table 1) (29–32). Monosomy X resulting in Turner syndrome (45,X) and triploidy (69
chromosome count) are the most common anomalies, at 79 per 1000. Trisomies (presence
of extra chromosome) involving autosomes (chromosomes 1–22 besides the sex chromo-
somes) are most frequent for chromosome 16 (59 per 1000), followed by chromosomes
22 (35 per 1000), 21 (22 per 1000), and 15 (22 per 1000). Although in these four studies,
trisomy 1 was not detected, it has been reported by others. Because chromosome 1 is the
largest chromosome, it is rarely encountered as a trisomy because when it does happen,
fetal demise results very early in gestation. The level of structural abnormalities (dele-
tion, duplication, inversion, and translocation) is relatively low at 27 per 1000. The reason
is that only major structural abnormalities result in spontaneous abortion. Other structural
abnormalities and some numeric disorders do not result in spontaneous abortions.

It is widely believed that the risk of chromosome nondisjunction (failure of chromo-
somes to normally segregate during cell division) resulting in numeric chromosome
abnormalities increases with the increasing age of females. It is estimated that more than
90% of these result from maternal meiotic error (33). This is related to the long oocyte
maturation process in human females when they may be exposed to environmental agents
or a natural slowing down of physiological activities with age. During the third month of
fetal development, oogonia enter meiosis (germinal cell division). These oocytes do not
mature until puberty. Most of the oocytes out of almost 1 million degenerate by birth and
only about 400 reach maturity between ages 12 to about 50 yr in conjunction with
ovulation. When an ovum is released in the oviduct, the first half of meiosis is completed.
It is only after fertilization of the ovum by a sperm that the rest of meiosis is completed.
As oogenesis is completed, an egg with massive cytoplasm is produced along with three
polar bodies that degenerate.

The point of increasing risk with age, especially beyond 35 yr, is well documented for
Down syndrome with extra chromosome 21 (Table 5) (34–36). On the basis of several
relatively large population surveys, risk for Down syndrome at age 24 is estimated to
range from 1:1294 to 1:1877 compared to age 35, when it is 1:250 to 1:404. The risk rises
to 1:24 to 1:44 at age 45, and it is dramatically higher at ages beyond 45. It is therefore
a standard medical practice to offer amniocentesis for chromosome anomalies to females
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at age 35 or older even without any family history for genetic disorders. The rate of
nondisjunction does increase somewhat in males with age, but it is insignificant because
males complete the process of meiosis in 64 d, and they produce a large number of sperms
throughout their life starting at puberty. Numeric chromosome problems involve all the
chromosomes, but most of these abort spontaneously. Generally, the smaller the chromo-
some (21 is the smallest), the more the chances of its occurrence as a trisomy (extra copy)
in a live birth.

Besides advanced maternal age, other significant reasons for offering amniocentesis
for chromosome analysis to women include abnormal concentrations of hormones (such
as human chorionic gonadotropin [hCG], -fetoprotein [AFP], and estriol) in the blood
during pregnancy, detection of fetal abnormalities at ultrasound examination, and a
history of chromosome abnormality or birth defects in a previous pregnancy (Fig. 4).
Advanced maternal age and the presence of abnormal concentrations of hormones in
maternal blood account for a very small proportion of chromosomal anomalies in our
referral pattern (Fig. 4).

Standard chromosome analysis from amniocentesis is based on eight primary cultures
(cells grown on eight coverslips) of AF cells from in situ cultures or from multiple flasks
grown in a fluid culture environment. Chorionic villi are analyzed from direct prepara-
tions or also cultured in multiple flasks. If 20 metaphase cells from 15 colonies (based on
three or more primary cultures) have the same result (normal or abnormal), the result is
reported. Similarly, from the flask system, if 20 metaphase cells from two or more flasks
have the same result, it is reported.

Mosaicism (occurrence of both normal and abnormal cells) poses a particular problem
of interpretation because low levels can be difficult to detect and interpret. About 3% of
Down syndrome patients have mosaicism, and some can have very low levels of the extra
21 chromosome-containing cells mixed in with normal cells. Low levels of numeric (gain
or loss) as well as structural abnormalities (translocation, inversion, deletion, and dupli-
cation) may also occur as artifacts from exposure to chemicals used for culturing. If one
or more cells are abnormal but others are normal in a colony, it is considered to be an
artifact (level I mosaicism) and disregarded. If a single colony has an abnormality involv-
ing every cell (level II mosaicism) but other colonies are normal, up to 15 more colonies
(a total of 30) are analyzed. If a single colony remains abnormal, it is reported and follow-
up chromosome study is advised after the birth of the baby, provided the numeric anomaly
(gain or loss) involves well-established syndromes (sex chromosomes, and chromo-
somes 13, 18, 21, 8, and 9). If two colonies have identical numeric or structural abnor-
mality, clonal abnormality is established and it is regarded as a true mosaic (level III).
These results are reported regardless of the chromosomes involved. For the flask culture
method, three or more flasks must be used for analysis to make these conclusions.
Phenotypic dysmorphism can vary widely as a result of mosaicism. However, in gen-
eral, the higher the level of mosaicism involving the proportion of abnormal clones, the
more severe the dysmorphic features.

When the FISH test is used for rapid detection (24-h test) of numeric anomalies of
chromosomes 13, 18, 21, X, and Y, nonmosaic results are easily interpreted (Table 1).
However, mosaicism, especially at a low level (10% or lower) must be confirmed by the
follow-up chromosome analysis, although higher levels can be reliably detected by the
24-h interphase FISH test (Table 3).
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Table 5
Estimated Maternal Age-Specific Risk of Down Syndrome Live Birth

Pooled data
(Australia, Canada,

Maternal age Asiaa Australiab Europe, and US)c

(yr) 1975–1995 1960–1989 1963–1991

16 n.c. 1:1748 1:1448
17 n.c. 1:1704 1:1442
18 1:7977 1:1661 1:1434
19 1:6682 1:1613 1:1423
20 1:5394 1:1577 1:1408
21 1:3992 1:1538 1:1389
22 1:3275 1:1499 1:1365
23 1:2403 1:1460 1:1333
24 1:1877 1:1425 1:1294
25 1:1377 1:1389 1:1244
26 1:993 1:1353 1:1184
27 1:735 1:1319 1:1111
28 1:583 1:1285 1:1027
29 1:504 1:1253 1:933
30 1:470 1:1221 1:831
31 1:408 1:978 1:725
32 1:357 1:789 1:620
33 1:346 1:629 1:519
34 1:315 1:504 1:426
35 1:250 1:404 1:344
36 1:207 1:324 1:273
37 1:183 1:259 1:215
38 1:175 1:208 1:167
39 1:166 1:167 1:128
40 1:135 1:133 1:98
41 1:112 1:107 1:75
42 1:106 1:86 1:57
43 n.c. 1:69 1:43
44 n.c. 1:55 1:32
45 n.c. 1:44 1:24
46 n.c. 1:35 1:18
47 n.c. 1:28 1:14
48 n.c. 1:23 1:10
49 n.c. n.c. 1:8
50 n.c. n.c. 1:6

n.c., Data not collected in this single age group.
aRef. 34.
bRef. 35.
cRef. 36.
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What is the accuracy of the 24-h FISH test and how can the FISH results be used
clinically? Eiben et al. (37) reported no false negatives (FISH results abnormal but
chromosome analysis normal) or false positives (FISH results normal but chromosome
analysis abnormal), based on 904 samples. Our own experience is similar, based on
more than 2000 samples analyzed, although both groups experienced a few samples
that were unsuccessful because of technical problems. Overall, we were able to obtain
informative test results in 99.2% and detection of aneuploidy in 10.5% of 2182 samples
analyzed. The results of FISH analysis can be provided to the patients with extensive
counseling. These results may now be used for decision for elective abortion provided the
abnormality detected by FISH is confirmed by anomalies detected by ultrasound exami-
nation of the fetus. Indeed, in our own experience, the highest rate of aneuploidy was
among pregnancies in which fetal anomalies were detected at ultrasound examination
(Fig. 4). When normal, FISH analysis results are also helpful to alleviate the anxiety of
the mother, especially when there is a history or risk for trisomies (Fig. 4) involving the
five (13, 18, 21, X, and Y) chromosomes. In the case of equivocal FISH results as well
as mosaicism, chromosome follow-up studies must be done.

Fig. 4. Rate of aneuploidy detection by FISH in relation to reason for referral among 2165 infor-
mative samples analyzed at Mayo Clinic. AM, abnormal serum markers; AMA, advanced mater-
nal age; FH, family history of chromosome abnormality or birth defects; NS, non specific; UA,
ultrasound detected fetal anomalies.
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Signals from single cells are generally scored according to the same criteria as for
conventional clinical samples. For example, probe signals are initially scored simulta-
neously and subsequently using individual filter sets by two independent observers.
Same-color signals that touch, regardless of the size or length, that are joined by a signal
strand of the same color, or that are less than one signal width apart are counted as one
signal. Signal overlap is judged to occur when two different color signals have clearly
merged (with a component of each remaining discrete) in the absence of any background
within the nucleus.

Clearly, the more signals there are present within the same nucleus, the more cumu-
lative opportunity for error. Currently, aneuploidy screening is undertaken with any-
where from 3 to 10 different chromosome-specific probes depending on the particular
indication for testing. The identification of chromosomes X, Y, 13, 18, and 21 at preim-
plantation stages is considered useful for preventing the development of a trisomic or
Turner syndrome pregnancy in women with a high risk or who are of advanced maternal
age. The addition of chromosomes 16, 22, 14, and 15 is considered to be useful in
reducing the potential for miscarriages (Table 2).

Preimplantation Genetic Diagnosis
The availability of only a single cell for analysis poses a significant diagnostic chal-

lenge in that commercially available chromosome-specific DNA probes are only avail-
able in a limited range of colors. In conventional FISH testing where abundant diagnostic
material is present, this problem is resolved by performing multiple tests simultaneously
using different probe combinations on different diagnostic sites of the same sample. With
single cell analyses, one must determine the optimal probe combination to obtain the
maximum amount of diagnostic information from the least number of consecutive hybrid-
izations using the available probe combinations. Figure 5 demonstrates the use of the
commercially available polar body testing probe set (containing probes specific for chro-
mosomes 13, 16, 18, 21, and 22) followed by washing and rehybridization of the same
blastomere nucleus with probes specific for chromosomes X, Y, 14, and 15. The combi-
nation should theoretically identify trisomies most likely to result in spontaneous abor-
tions (Table 2) and is the most extensive FISH screen of human embryos to date (16).

As probe combinations have become more difficult to configure and more chromo-
somes have become candidates for implantation failure of embryos, novel techniques
have been devised to attempt greater diagnostic power within single nuclei. Such inno-
vations include fusion of mouse (38) or bovine eggs (14) with human blastomeres to
create an artificial metaphase (potentially allowing analysis of all chromosomes) and
whole genome amplification followed by comparative genome hybridization to allow
identification of gross chromosome aberrations or aneuploidies (39,40). The initial step
requires amplification of the DNA from the single cell, and this same process could also
be followed in the future using an approach based on a DNA-chip.

SUMMARY

It is estimated that chromosome anomalies occur with a frequency of about 13 per 1000
live births. Nearly 80% of genetic disorders at birth from chromosomal abnormalities
involve gain or loss (numeric) of chromosomes 13, 18, 21, X, and Y. The proportion of
chromosomal abnormalities is considerably higher in the prenatal period. It is estimated
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Fig. 5. Detection of common aneuploidies from a single blastomere nuclei from (A) an abnormal
and (B) a normal human embryo using centromeric or locus-specific probes for the following
chromosomes: 13 (red), 16 (aqua), 18 (blue), 21 (green), and 22 (gold). The abnormal blastomere
(a) is trisomic for chromosomes 13 and 16, tetrasomic for chromosome 18, monosomic for chro-
mosome 22, and disomic for chromosome 21. The normal blastomere (b) is disomic for all of these
chromosomes.

that more than 50% of spontaneous abortions during early gestation have major chromo-
some abnormalities. It is also estimated that more than 90% of numeric chromosome
abnormalities arise as maternal meiotic error. This is especially true for females beyond
the age of 35. In addition to advancing age, other risks for prenatal chromosome anoma-
lies are family history for chromosome abnormality, abnormal ultrasound results of the
fetus, and abnormal maternal blood hormone concentrations during pregnancy.

Standard chromosome analyses are conducted by amniocentesis based on culture of
cells from AF, generally during 14–16 wk gestation. Chromosome analysis can also be
conducted at earlier gestation from samples of villi of the placenta. Both of these proce-
dures are time tested and quite safe. For special medical needs, PUBS can be sampled,
but that does have a significant risk for abortion.

A 24-h FISH test is available to rule out numeric abnormalities of chromosomes of 13,
18, 21, X, and Y. The test is approved by the Federal Drug Administration and is reliable.
However, it is neither designed to detect numeric abnormalities of chromosomes other
than the five listed above nor can it identify structural abnormalities of any chromosomes.
In combination with ultrasound results, this FISH test can be helpful for rapid diagnosis
of numeric anomalies of chromosomes 13, 18, 21, X, and Y. For a complete analysis of
all structural and numeric anomalies of all chromosomes, however, a follow-up of stan-
dard chromosome analysis is essential.

It is now possible to have limited genetic testing of embryos prior to their implantation
in the womb in cases of assisted reproduction of infertile couples or other special circum-
stances. A limited number of laboratories around the world provide PGD. The PGD test
can involve detection of numeric anomalies of chromosomes 13, 16, 18, 21, 22, X, and
Y by FISH or diagnosis of some single-gene disorders by molecular analysis. Embryos
judged to be normal are then transferred into the womb to initiate pregnancy.
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INTRODUCTION

Vaginal bleeding during the first half of pregnancy is considered a threatened abortion.
This occurs in 30–40% of all pregnancies with approx 50% of these pregnancies eventu-
ally progressing to spontaneous abortion. If sensitive assays for human chorionic gonadot-
ropin (hCG) are used, more than half of all pregnancies have been shown to end in abortion.
Most of these abortions will not be recognized as they occur before or at the time of the
next expected menses. Of clinically recognized pregnancies, only 15–20% will end as a
spontaneous abortion, 80% of which will be in the first trimester (1). The differential
diagnosis of first-trimester bleeding includes vaginitis, trauma, gestational trophoblastic
disease, and ectopic pregnancy. Evaluation of a threatened abortion should include serial
hCG measurements unless an intrauterine pregnancy (IUP) has been documented. The
consideration of ectopic pregnancy is of special concern because of its increasing inci-
dence.

In the United States, the incidence of ectopic pregnancy has increased from 0.37% in
1948 to 1.97% in 1992 (2). Despite the continued increase in the rate of ectopic preg-
nancy, the maternal death rate associated with this condition has declined 10-fold from
1979 to 1992 (3). This decrease in death rate is primarily the result of earlier diagnosis
prior to tubal rupture made possible by more sensitive and specific immunoassays for
hCG, serum progesterone screening, high-resolution transvaginal sonography, and the
widespread availability of laparoscopy. The earlier diagnosis of unruptured ectopic preg-
nancies also allows for the use of more conservative tubal-preserving treatment options.
In fact, in selected patients, surgery may be avoided entirely and replaced with medical
management.

This chapter attempts to elaborate on the proper use of laboratory testing, particularly
hCG and progesterone, to make the diagnosis of ectopic pregnancy as well as failed IUP.
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LABORATORY TESTING

Ideally, because of their life-threatening nature, ectopic pregnancies would be diag-
nosed as rapidly as possible. However, since the protocols for diagnosing ectopic preg-
nancies can be cumbersome and complex, the orderly and logical use of diagnostic tests
can be difficult, particularly for individuals who do not use these protocols on a regular
basis. As such, diagnostic algorithms have been developed to simplify the management
of suspected ectopic pregnancies. Initially, these algorithms relied on quantitative hCG
concentrations and transabdominal ultrasound followed by diagnostic laparoscopy to
confirm the diagnosis of ectopic pregnancy. As the sensitivity and specificity of the
diagnostic tests increased, the need for laparoscopy to confirm the diagnosis decreased.
Subsequently, an algorithm developed by Stovall and others to diagnose ectopic preg-
nancy without the use of laparoscopy proved 100% accurate in a randomized clinical trial
(4). This algorithm was an extension of the ectopic screening algorithm then in use at the
University of Tennessee, Memphis. The current version of this nonlaparoscopic algo-
rithm now in use at this institution is presented in Fig. 1. The use of each of the diagnostic
modalities used in this algorithm is discussed in detail in the following section.

Serum Progesterone
Historically, serum progesterone has been proposed as both a screening tool to identify

patients with failed pregnancies or potential ectopic pregnancies and to determine can-
didates for dilation and curettage (D&C) to rule out ectopic pregnancy. Because proges-
terone concentrations associated with ectopic pregnancy are generally lower than those
associated with IUPs, serum progesterone would appear to be a logical diagnostic tool for
ectopic pregnancies. Unfortunately, although preliminary studies suggested that all ectopic
pregnancies were associated with serum progesterone concentrations below certain thresh-
olds, later studies have shown considerable overlap in progesterone concentrations for
viable IUPs, failed IUPs, and ectopic pregnancies (Table 1) (5–7). Although this data
invalidated serum progesterone concentrations for the definitive diagnosis of an ectopic
pregnancy, the authors of these studies suggested certain thresholds for serum progest-
erone that could be used as part of a screening program for ectopic pregnancies.

Because only 1–2% of abnormal pregnancies (abortions or ectopic pregnancies) in the
previously mentioned studies were associated with progesterone of 25 ng/mL or more,
patients with concentrations of 25 mg/mL or more generally do not require further evalu-
ation for ectopic pregnancy. Exceptions would be patients at extremely high risk for
ectopic pregnancy such as those with a previous ectopic pregnancy or prior tubal ligation.
Serum progesterone concentrations of 25 ng/mL or more that were associated with an
ectopic pregnancy generally indicated an ongoing and viable pregnancy that frequently
exhibited cardiac activity on transvaginal ultrasound.

In these studies, a serum progesterone concentration less than 6.5 ng/mL was always
associated with a nonviable pregnancy. However, a low serum progesterone did not
indicate whether the failed pregnancy was intrauterine or ectopic. Because this proges-
terone concentration was considered indicative of a failed pregnancy, D&C to document
a failed IUP could then be performed without fear of interrupting a viable pregnancy. This
threshold for pregnancy viability was subsequently lowered to 5 ng/mL and recently two
viable pregnancies with serum progesterones of 3.9 ng/mL have been reported from the
same database (8). Thus, although a serum progesterone of 5 ng/mL or less is highly
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Fig. 1. University of Tennessee, Memphis, Diagnostic Algorithm for Ectopic Pregnancy. D&C,
dilation and curettage; IUP, intrauterine pregnancy.

Table 1
Status of Pregnancies Presenting to an Emergency Room

by Progesterone Concentration

Final diagnosis Progesterone �25 ng/mL Progesterone < 25 ng/mL
N = 1994 N = 1136 N = 858

Viable IUP 1129 (76.5%) 347 (23.5%)
n = 1476 (74%)

Ectopic pregnancy 5 (3.1%) 156 (96.9%)
n = 161 (8.1%)

Incomplete abortion 0 (0%) 154 (100%)
n = 154 (7.7%)

Complete abortion 0 (0%) 174 (100%)
n = 174 (8.7%)

Fetal demise 2 (7.1%) 27 (92.9%)
n = 29 (1.5%)

Modified from ref. 6.
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suggestive of an abnormal pregnancy, be it intra- or extrauterine, it can no longer be
considered definitive and should not be used as the sole criteria to determine candidates
for D&C.

Serum progesterone is not commonly used to diagnose fetal demise (impending mis-
carriage) in known IUPs. Serum progesterone only provides a snapshot of fetal condition
at the time of the assay and is not predictive of continued viability. Therefore, a high
serum progesterone in a known IUP is encouraging but it does not rule out the possibility
of a later miscarriage. Alternatively, extremely low progesterone concentrations are
almost invariably associated with a failed pregnancy. Generally, such a diagnosis is
confirmed with the use of transvaginal ultrasound.

Although, serum progesterone concentrations have not proved as valuable a diagnos-
tic tool as previously thought, they still remain a useful screening tool for the diagnosis
of ectopic pregnancies if readily available. Currently, the use of serum progesterone
concentrations as a screening tool for ectopic pregnancy is limited by the lack of universal
availability of the test itself. Many smaller laboratories do not perform the assay, and even
large laboratories often perform progesterone assays only a few times a week. In these
circumstances, other screening and diagnostic tools must be used to diagnose the early
unruptured ectopic pregnancy.

hCG
hCG concentrations are standardized against one of three reference preparations that

are not completely interchangeable. Unfortunately, the exact reference preparation used
for standardization is frequently not stated even in journal articles. The First International
Standard (1st IS) was introduced by the World Health Organization in the 1930s. It is no
longer used and is of historical interest only. The Second International Standard (2nd IS)
was adopted in 1964 and is still used in some laboratories to report hCG concentrations.
The material used to standardize the 2nd IS was relatively impure and contained large
amounts of both the and subunits of hCG in addition to the intact hormone. Because
many of the various immunoassays developed shortly after the adoption of the 2nd IS also
had varying sensitivities to the and subunits, considerable differences in hCG con-
centrations were obtained on the same specimen by the different assays. This made
correlation between the different assays difficult (see Chapter 2).

The First International Reference Preparation (1st IRP) was subsequently developed
using a highly purified form of intact hCG. The 1st IRP, also known as the 3rd Interna-
tional Standard, was authorized in 1975 and should be used when reporting hCG concen-
trations. One nanogram of purified hCG is equivalent to 5.0 mIU of the 2nd IS or 9.3 mIU
of the 1st IRP (9).Thus, an hCG concentration referenced to the 1st IRP is roughly twice
that of the same concentration referenced to the 2nd IS. All hCG concentrations in this
article are referenced to the 1st IRP unless otherwise stated.

In the past, the sensitivity of available pregnancy tests was such that only a positive
test was useful. Biologic and immunologic tests in the mid-1970s frequently were not
readily available, could require 24 h or more to perform, and could detect hCG only at
concentrations of 1500 mIU/mL or greater. Using these tests, only 50% of ectopic preg-
nancies had a positive pregnancy test (10).

The development of rapid, extremely sensitive enzyme-linked immunosorbent
assay (ELISA) pregnancy tests has simplified the diagnosis of ectopic pregnancy. Cur-
rently available qualitative assays can be performed in minutes and will detect hCG at
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concentrations of 20–50 mIU/mL. Using these ELISA tests, hCG can sometimes be
detected in first-voided maternal urine by day 21 of the menstrual cycle (11). Prior to the
development of ELISA pregnancy tests, the low sensitivity of available urine pregnancy
tests made them unreliable with dilute urine specimens. However, the increased sensitiv-
ity of the ELISA urine pregnancy test should detect all but the earliest pregnancy without
the need for a first-voided concentrated urine specimen. Likewise, these tests can be used
as an initial screening test for pregnancy in patients presenting with symptoms consistent
with ectopic pregnancy because all symptomatic ectopic pregnancies should have suffi-
ciently high hCG concentrations to produce a positive urine test.

Serum concentrations of hCG can be quantified down to 2 mIU/mL using automated
immunoassay methods. The use of monoclonal antibodies has also markedly reduced
cross-reactivity to luteinizing hormone, follicle-stimulating hormone, and thyroid-stimu-
lating hormone. Using these assays, hCG can reliably be detected in maternal serum as
early as 8 d after the LH surge (day 22 of menstrual cycle). Quantitative hCG plays a
pivotal role in diagnosing the suspected ectopic pregnancy and allows for proper inter-
pretation of the other diagnostic modalities. In IUPs, hCG concentrations rise in a cur-
vilinear fashion until they plateau at approx 100,000 mIU/mL. However, the rise in hCG
concentrations is essentially linear prior to 41 d gestation (12). Because of this linearity,
the rate of hCG doubling can be used to assess viability of a pregnancy.

The mean doubling time for serum hCG in a normal IUP has been reported to be 1.4
to 2.1 d (13–16). However, in patients with an ectopic pregnancy, hCG will typically rise
at a much slower rate. Based on studies of doubling times, serum hCG concentrations will
rise by at least 66% in 48 h in 85% of normal pregnancies (1 standard deviation [SD] from
the mean) (13,14,16). Thus, 15% of normal IUPs will rise less than this in 48 h. However,
a rise of less than 50% is more than 3 SDs from the mean and would be associated with
an abnormal pregnancy 99.9% of the time. Because the interassay variability of hCG is
10–15%, a change of less than this amount is considered to be a plateau. Plateaued hCG
concentrations are the most predictive of ectopic pregnancy.

These doubling times apply only to early IUPs. Research by Daya has identified three
gestational age ranges within which the hCG rise is linear (0–41 d, 41–57 d and 57–65 d)
(12). Although the rise in hCG remains linear within each group, the rate of rise is less for
each successive group, with normal 48-h rises in hCG being 103, 33, and 5%, respectively
for each group. Fortunately, all normal IUPs should reach the discriminatory zone for
both transvaginal and transabdominal ultrasound prior to 41 d gestation.

hCG concentrations of 50,000 or more are rarely (<0.1%) associated with an ectopic
pregnancy. At hCG concentrations of 2000 mIU/mL or more, transvaginal ultrasound
should visualize an intrauterine sac in all normal IUPs (17). Patients with an abnormal
rise in hCG (<50% in 48 h) or plateaued concentrations (±15%) may undergo D&C
without fear of interrupting an ongoing viable intrauterine pregnancy. A plateaued or
rising concentration after D&C indicates the presence of persistent trophoblastic tissue,
usually an ectopic pregnancy.

Caution should be used when interpretating hCG concentrations from different insti-
tutions. More than 50 different quantitative hCG assays are sold in the United States.
There are numerous different antibody binding sites on the hCG molecule. Each commer-
cial test uses a different combination of capture and tracer antibodies. This is com-
pounded by the heterogeneity of the hCG molecule and its degradation products that exist
in the body. hCG exists as the intact molecule, nicked hCG, free subunit, and several
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other forms. Two different assays can, in certain circumstances, give greatly varying hCG
results (see Chapter 2).

Quantitative serum hCG assays can also be falsely elevated when no real hCG exists
in the serum. This recently noted phenomenon is known as phantom hCG (18,19). Most
cases of phantom hCG are caused by heterophilic antibodies that bind to the animal
antibodies used in the assay. Such falsely positive hCG concentrations are usually in the
range of 10–600 mIU/mL. Phantom hCG can be ruled out with a positive urine pregnancy
test, because the antibodies are not secreted into the urine, or with special dilutional
techniques on the serum specimen. It is our practice to use a positive urine pregnancy test
as the initial step in our ectopic algorithm. Likewise, a test for urine hCG should be
considered when hCG concentrations do not respond appropriately to treatment or there
is doubt of the diagnosis (see Chapter 2).

OTHER TESTING

The sonographic identification of an intrauterine gestational sac essentially excludes
an ectopic pregnancy. The earliest sonographic finding of an IUP is a gestational sac.
However, intrauterine fluid accumulations may produce a pseudosac that may be falsely
interpreted as a true gestational sac. Failing IUPs may also appear sonographically as a
pseudosac. Prior to development of a yolk sac, verifying the double decidual sac sign (two
concentric echogenic rings separated by a hypoechoic space) is the best method to dif-
ferentiate a true intrauterine sac from a pseudosac.

Vaginal ultrasound permits visualization of a gestational sac at much lower hCG
concentrations than with transabdominal scanning. While an IUP will be apparent at hCG
concentrations of 6000–6500 mIU/mL with transabdominal ultrasound scanning, an
experienced transvaginal sonographer should be able to visualize a viable IUP at an hCG
titer of 2000 mIU/mL (15,17). However, the minimal hCG titer at which an intrauterine
gestational sac should always be seen is not known, and thus each institution must
develop its own lower limits for transvaginal detection of an IUP.

The addition of color doppler transvaginal sonography can help differentiate among
a completed abortion, incomplete abortion, and early IUP before visualization of a ges-
tational sac. Vaginal ultrasound can also accurately image oviducts and ovaries such that
ectopic pregnancies and their dimensions can be defined.

An ectopic pregnancy more than 4 cm in greatest dimension, or the presence of adnexal
cardiac activity in ectopics larger than 3.5 cm, are both relative contraindications to
methotrexate therapy. When determining candidates for methotrexate therapy, the pro-
tocol at the University of Tennessee considers only the gestational mass or sac size and
not the overall size of the hematosalpinx or hematoma. If the gestational mass cannot be
distinguished from the surrounding hematoma, then the size of the entire mass must be
used. Because ectopic pregnancies are generally associated with lower hCG concentra-
tions than IUPs of similar gestational age, they can often be visualized by transvaginal
ultrasound at far lower hCG concentrations than an IUP. However, the finding of an
adnexal mass in a patient with a presumed ectopic pregnancy and hCG concentrations
less than 2000 mIU/mL should not automatically be assumed to be an ectopic pregnancy
without the presence of a yolk sac, fetal pole, or cardiac activity. Frequently, such masses
are, in reality, corpus luteum cysts associated with an early IUP.
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D&C
Traditionally, D&C has played an important role in the diagnosis of ectopic preg-

nancy. Now, technical advances, particularly in ultrasound, frequently allow the differ-
entiation of ectopic or failed IUPs at increasingly earlier gestations and often eliminate
the need for D&C. Nevertheless, D&C still plays an important role in the diagnosis of
ectopic pregnancies with hCG concentrations below the ultrasound discriminatory zone.
Except in the rare case of heterotopic pregnancy, the identification of chorionic villi in
uterine contents obtained by curettage or from spontaneous passage essentially elimi-
nates the diagnosis of ectopic pregnancy. The use of D&C also prevents giving methotr-
exate unnecessarily to a patient with a failed IUP.

D&C is particularly important in those patients with hCG concentrations below the
discriminatory zone of ultrasound. In these patients, the appropriate use of hCG doubling
times and serum progesterone concentrations is necessary to avoid the possibility of
interrupting a viable IUP. Patients with plateauing hCG concentrations (<15% change)
or an hCG rise of less than 50% in 48 h should undergo D&C to differentiate between a
failed IUP and an ectopic pregnancy. Because the diagnosis of an ectopic pregnancy can
be delayed by several days while awaiting final histologic pathology, hCG concentra-
tions are followed postoperatively. As noted in the ectopic algorithm (Fig. 1), a serum
hCG collected at the time of D&C is followed by repeat testing in 12–24 h. Rising or
inappropriately falling concentrations after D&C are considered diagnostic of an ectopic
pregnancy.

In patients with appropriately falling hCG concentrations, D&C and its potential
surgical morbidity and cost can be usually be avoided. Most patients with falling hCG
concentrations will represent a resolving failed IUP, although a small number will rep-
resent a spontaneously resolving ectopic pregnancy. Because our treatment protocol is
essentially the same for spontaneously resolving ectopics as for resolving failed IUPs,
D&C serves little purpose in these patients. However, since the actual success rate for
expectant management is less certain than with other treatment options, many clinicians
still prefer to perform a D&C to verify a failed IUP in these situations. Unfortunately, villi
will be absent on final histology in up to 50% of these cases (20). Because only the
presence of villi is diagnostic, those without villi will still require serial hCG concentrations.

Laparoscopy
Laparoscopy remains the gold standard for the diagnosis of ectopic pregnancy. How-

ever, with the recent development of diagnostic algorithms that do not require the use of
laparoscopy, we are rapidly moving toward a point where laparoscopy is a surgical
modality rather than a diagnostic tool. As one eliminates laparoscopy, the risks, costs, and
morbidity associated with diagnosis and treatment of the ectopic pregnancy are de-
creased.

SUMMARY

It is the intention of this chapter to simplify the use of common laboratory tests used
to diagnose and monitor both ectopic and abnormal pregnancies. The appropriate use of
these tests should allow the clinician to manage these conditions efficiently and accu-
rately.
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Because of the normal physiologic changes associated with pregnancy, maternal thy-
roid status is often difficult to assess. This chapter focuses on the evaluation of the mother
and examines changes that occur both in normal pregnancy and thyroid disease states
during pregnancy. A careful clinical review of the patient’s history, symptoms, and
laboratory measurements will aid the physician in an accurate assessment of maternal
thyroid status to avoid inappropriate management of the patient.

THYROID FUNCTION IN NORMAL PREGNANCY

Increase in Circulating Concentrations of Thyroxine-Binding Globulin
Circulating thyroid hormones are bound to three serum proteins: thyroxine-binding

globulin (TBG), transthyretin (prealbumin), and albumin. Despite the low concentrations
of TBG in serum, TBG has a high affinity for thyroid hormones and thus is responsible
for the majority of thyroxine (T4) and tri-iodothyronine (T3) transport (1). During preg-
nancy, the binding affinities of the three transport proteins are not significantly altered.
However, the circulating concentration of TBG more than doubles while the concentra-
tions of the other transport proteins remain relatively constant (2-4). Elevations in serum
concentrations of TBG are observed beginning around 8 wk postfertilization, increase
rapidly during the first trimester, reach a plateau around midgestation, and remain high
until parturition (Fig. 1). The observed elevation of serum TBG concentrations during
normal pregnancy is a result of estrogenic-induced hepatic synthesis of TBG and
sialylation of TBG (2,4,5). Modification of TBG sialic acid content is associated with a
reduced hepatic clearance and thus an extended half-life.
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Regulation of Thyroid Hormones
Paralleling the increase in TBG, the concentrations of both total thyroxine (TT4) and

total tri-iodothyronine (TT3) rise substantially in the first trimester, reach a plateau around
midgestation, and remain stable throughout the remainder of the pregnancy (4). Despite
the body’s ability to maintain a euthyroid condition, circulating concentrations of total
thyroid hormones, TT4 and TT3, often exceed the normal reference intervals. In addition
to the influences of TBG on the circulating concentrations of total thyroid hormones,
increases in maternal plasma volume may also contribute to the increased demand for the
total hormone pools (6). It has also been suggested that increases in total thyroid hor-
mones is caused by placental type III deiodinase (6). Placental type III deiodinase has
extremely high activity during pregnancy and has been shown to convert maternal hor-
mones that cross the placenta from T4 and T3 to rT3 and T2, respectively (7). It has been
proposed that this rapid turnover rate generates an increased demand for total thyroid
hormones during pregnancy (8,9).

There is typically a slight transient increase in the concentration of biologically active,
free T4 hormone during the first trimester of pregnancy paralleling the increase in human
chorionic gonadotropin (hCG) and the decrease in thyroid-stimulating hormone (TSH)
(10). Progression into the second and third trimesters, however, may yield significant
decreases (20–40% below the normal mean) in the concentration of serum free T3 and free
T4 (11), and it is important to mention that this phenomenon is exacerbated among women
in iodine-deficient areas (12). In fact, two recent reports suggest a need for gestation-
dependent reference ranges for pregnant women to avoid unnecessary referrals or mis-

Fig. 1. TBG during normal pregnancy (mean ± 2SD) in 2-wk intervals. Hatched area: normal
nonpregnant range of fertile women (n = 290). (Reprinted with permission from ref. 3.)
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diagnosis of thyroid dysfunction in normal pregnancies (13,14). Currently, measurement
of free T4 concentrations (together with TSH) is recommended for the evaluation of
thyroid status during each trimester of pregnancy (11). Measurement of free T3 hormone
concentrations is usually reserved for cases of thyrotoxicosis with normal free T4 concen-
trations and suppressed concentrations of TSH (10).

Increase in Thyroglobulin
Thyroid hormones are synthesized and stored in the colloid matrix of the thyroid

follicles in the form of thyroglobulin (TG) (1). Despite having no known hormonal
function, serum concentrations of TG can indicate the physiologic activity and volume
status of the thyroid gland (15). Thyroidal stimulation during the second and third trimes-
ters of pregnancy often results in an elevation of serum TG concentration, though an
increase in TG may be apparent as early as the first trimester (4). The increase in TG
concentrations correlates with increased thyroid volume (4). Although goiter is observed
in only a small percent of pregnant women (<15%) in the United States, women in iodine-
deficient areas have significant increases in thyroid volume and, consequently, elevation
in circulating concentrations of TG (16,17).

Plasma Iodine Concentrations
The circulating concentrations of iodine are regulated by an established equilibrium

between the stores of iodine present in the thyroid and kidneys with the iodine present in
the plasma (4). In pregnancy, the glomerular filtration rate is considerably increased over
the nonpregnant state, which results in lower concentrations of plasma iodine (18). Renal
losses produce a compensatory increase in thyroidal iodine clearance, often more than
two times over that observed in nonpregnant patients (19). In areas of inadequate dietary
supplies, renal loss of iodine can rapidly induce overt hypothyroidism and goiter espe-
cially following the first trimester of pregnancy when maternal iodine crosses the pla-
centa in response to fetal demands (20). In contrast, in Western civilizations and other
areas of the world where iodine intake is adequate, the iodine losses in the urine are not
clinically relevant.

Thyroidal Stimulation by Human Chorionic Gonadotropin
Pituitary hormones including hCG, TSH, lutenizing hormone (LH), and follicle-stimu-

lating hormone (FSH) belong to a family of heterodimeric glycoproteins that share a
common -subunit and differ only by a hormone-specific -subunit (1). Extensive
homology exists between TSH and hCG in the -subunit and several conserved cys-
teine residues strongly suggest similar tertiary structures (21). In addition, the LH/hCG
and TSH receptors also share structural homology (21). Kosugi et al. demonstrated cross-
reactivity of hCG to TSH receptors that induces cellular responses leading to TSH sup-
pression (22). Various reports indicate that the hCG in blood is a heterogenous mixture,
and certain oligosaccharide side chain modifications can affect the thyrotropic effect of
hCG. For instance, removal of the sialic acid residues on hCG can increase its thyrotropic
activity (23,24).

Approaching the end of the first trimester, when hCG concentrations are highest, hCG
stimulates the thyroid to release thyroid hormones, resulting in a transient suppression of
TSH (Fig. 2) (17). This inverse relationship of hCG and TSH is recognized as some of
the most convincing evidence of the thyrotropic activity of hCG. Numerous studies have
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documented the thyrotropic effect of hCG (21,25–31), including a study demonstrating
thryotropic activity on FRTL-5 rat thyroid cells by placing sera on them from women in
their first trimester of pregnancy. The effect was confirmed when the sera was treated
with an anti-hCG antibody that immunoprecipitated hCG and resulted in a loss of thyro-
tropic activity (26). In normal pregnancy, TSH suppression is a transient phenomenon
that remains within normal reference intervals; however, in approx 18% of otherwise
euthyroid women, TSH may be lowered below the normal reference range (32). Abnor-
mal TSH values are usually observed only in cases when the hCG concentration exceeds
50,000 IU/L (4,25). In certain pathological conditions such as molar pregnancies and
trophoblastic disease, circulating concentrations of hCG are extremely elevated for ex-
tended periods of time, and the thyroid stimulatory effects of hCG are more severe, often
inducing thyroid hyperfunction (4). In these cases, thyrotropic stimulation is relieved
with complete removal of the placenta and products of conception (33).

HYPERTHYROIDISM IN PREGNANCY

Etiology
Graves’ disease, toxic multinodular goiter, subacute thyroiditis, toxic adenoma, TSH

hypersecretion, and hormone overreplacement may cause thyroid hyperfunction in the
general population. Any of these conditions may be observed during pregnancy as well
(34). Estimates of the incidence of hyperthyroidism complicating pregnancy range from
0.1 to 0.4% and have been presumed to be increasing (34–36). This rise has in part been
attributed to greater physician awareness and increased sensitivity of assays in detecting

Fig. 2. Serum TSH and hCG as a function of gestational age. Serum hCG determined at initial
evaluation; TSH was determined at initial evaluation and during late gestation. The data points
represent the mean values (± SE) for samples pooled for 2 wk of gestation. Each point corresponds
to the mean of 33 determinations for hCG and 49 for TSH. (Reprinted with permission from ref. 7.)
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mild forms of the disease. Graves’ disease is by far the most common etiology of hyper-
thyroidism occurring in pregnancy (37). Hyperemesis gravidarum and hydatiform mole
are pregnancy-specific associations that can induce hyperthyroidism and are discussed
below.

Inadequate control of hyperthyroidism in pregnancy can lead to deleterious side
effects for both the mother and fetus (4). Although most pregnancies can tolerate mild
hyperthyroidism, it is crucial to monitor hyperthyroid patients. Some maternal compli-
cations include congestive heart failure, thyroid storm, infection, spontaneous abortions,
increased rate of stillbirths, low birth weights, preterm delivery, severe preeclampsia,
fetal or neonatal hyperthyroidism, and intrauterine growth retardation (10,37–39).
Euthyroid pregnant women may exhibit tachycardia, insomnia, wide pulse pressures,
hypertension, and mild heat intolerance that may make differentiating hyperthyroidism
from normal pregnancy-related symptoms more difficult (37,40). However, a careful
clinical interpretation of observed symptoms, medical history, and laboratory thyroid
function tests should lead to the appropriate assessment of thyroid status.

Diagnosis and Laboratory Assessment
Distinguishing between symptoms of hyperthyroidism and the hypermetabolic state

of pregnancy can be particularly challenging. The clinical suspicion of hyperthyroidism
should be explored if symptoms such as weight loss or inappropriate weight gain, the
presence of goiter, lid lag, fatigue, heart rate greater than 100 bpm, onycholysis, and
opthalmopathy are present in the pregnant patient (16). Laboratory testing is similar to
that in nonpregnant patients; however, measurements of thyroid function should include
TSH and free, not total, hormone concentrations. As discussed earlier, total T4 and T3
measurements are influenced by fluctuations in serum TBG concentrations during preg-
nancy and therefore should not be used (2,4,40). Concentrations of the free hormones can
be determined either directly or by a calculated index. Calculated indices are useful in
determining free hormone concentrations, despite the elevation of TBG during preg-
nancy (10). Additionally, hyperthyroid patients may exhibit mild increases in certain
routine laboratory tests including white blood count, calcium, bone alkaline phosphatase,
and liver enzymes (41). Table 1 summarizes thyroid-related changes that occur during
pregnancy (5,6).

Graves’ Disease and Pregnancy
Graves’ disease is by far the most common cause of hyperthyroidism in pregnancy,

accounting for more than 85% of all cases (16,42,43). Typically, there is a history of
Graves disease or at least thyrotoxic symptoms that predate the pregnancy. It is important
to obtain a complete medical history and carefully evaluate clinical symptoms because
a missed diagnosis can pose serious threats to the mother and fetus. In properly managed
cases of Graves’ disease during pregnancy, the prognosis for both the mother and child
is excellent (44). Graves’ disease is characterized by the presence of goiter; tachycardia;
warm, moist skin; and mild heat intolerance (1). Ophthalmic findings suggestive of
Graves’ disease include proptosis and diplopia resulting from eye muscle dysfunction
(39). In most cases, exophthalmos is absent or mild, with one eye appearing slightly more
prominent than the other. Pretibial myxedema is rare, where as edema of the conjunctiva
and stare are both relatively common (34). When clinical symptoms are inconclusive on
routine examination, swollen eye muscles of Graves’ ophthalmopathy may be detected
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by ultrasonography (39). However, treatment and intervention for endocrine orbitopathy
during pregnancy have not been well described in the literature. Retrobulbar irradiation
and surgical decompression are both contraindicated in pregnancies; therefore, most
clinicians rely on the administration of high-dose glucocorticoids for the medical man-
agement of pregnant patients (45).

Pregnancy alters the natural course of Graves’ disease. Because of increased thyroid
activity in the first trimester, there is initially an observed aggravation followed by an
amelioration of symptoms in the second and third trimesters of pregnancy. This transient
relief of symptoms has been attributed to immunosuppression associated with preg-
nancy. However, as the immune system rebounds, there is typically an exacerbation of
symptoms during the postpartum period (46). Although immunosuppression is largely
recognized as a major contributing factor in changing the course of disease in pregnancy,
several other factors are currently being investigated to determine their role in the tem-
porary diminution of clinical symptoms during the second and third trimesters of preg-
nancy. For example, some have suggested that the renal iodine losses during pregnancy
may be ironically beneficial for women with Graves’ disease (6). Recent studies exam-
ining the changes in cytokine production during pregnancy may also provide additional
clues to the pregnancy-induced change of the course of Graves’ disease (47).

Thyroid Antibodies
Autoimmune thyroid disease alters thyroid function by humoral and cellular mecha-

nisms. Currently, there are no laboratory tests available to detect cell-mediated processes,
but most clinical laboratories provide thyroid antibody testing for the assessment of the
humoral response (11). Thyroid peroxidase (TPO), TG, and the TSH receptor are recog-
nized as the three principal thyroid autoantigens. The clinical significance and diagnos-
tic/prognostic utility of each thyroid autoantibody is discussed below.

Table 1
Effects of Pregnancy on Thyroid Function Tests

Physiologic change Thyroid-related consequences

� serum estrogens � serum TBG
� serum TBG � demand for T4 and T3 h in total T4 and T3
� hCG � TSH (in reference range unless hCG >50,000 IU/L)

transient � in free T4 (1st trimester, in reference range
unless hCG >50,000 IU/L)

� renal iodine clearance � dietary requirement for I-

� 24-hour RAIU
� in hormone production in I– deficient areas

� type III deiodinase � in T4 and T3 degradation and production
� demand for T4 and T3

� demand for TT4 and TT3 � serum thyroglobulin
� thyroid volum
� goiter in I– deficient areas

� plasma volume � in T4 and T3 pool size

Modified from refs. 5,6.
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TPO antibodies are most notably associated with autoimmune tissue destruction. TPO
antibody testing is the most sensitive test for detecting autoimmune thyroiditis, and TPO
antibodies are often present before the development of thyroid dysfunction (48). There
are several methods currently available for detecting TPO antibodies including older
antimicrosomal antibody immunofluorescence assays and passive tanned red cell agglu-
tination tests, as well as both competitive and noncompetitive immunoassays (11). For
this reason, sensitivity is method dependent, with the more current immunoassays achiev-
ing higher sensitivities. One should also be aware of the wide reference intervals for
normal patients reported among different manufacturers. Patients with TPO antibodies
detected in early pregnancy are at risk for developing postpartum thyroiditis (49). In
addition, newly published guidelines recommending that TSH and TPO antibody con-
centrations be measured in the first trimester of pregnancy are based on recent reports that
demonstrate lower IQs among children born to mothers with elevations in TSH and/or
TPO antibodies (11,50,51).

TG antibodies are also associated with autoimmune thyroiditis. Because of the com-
plex nature of the immunologic structure of TG, these assays are extremely difficult to
standardize (11). As with TPO antibody testing, are a number of different methods of
detecting TG antibodies are currently available, including older immunofluoresence
assays to competitive and noncompetitive immunoassays. For these reasons, sensitivity
and specificity depends on the method employed. TG antibodies are detectable without
TPO antibodies in less than 3% of individuals with no risk factors for thyroid dysfunction
(52). Therefore, in iodine-sufficient areas, TPO antibodies alone are sufficient for con-
firmation of autoimmune thyroid disease (53). However, serum TG antibody measure-
ment may be useful for detecting autoimmune thyroid disease in patients with nodular
goiter in iodine-deficient areas (11).

Thyrotropin receptor antibodies (TRAbs) are most often measured to investigate the
etiology of hyperthyroidism when the diagnosis is not clinically apparent. The presence
of TPO antibodies suggests an autoimmune etiology, and TRAbs are more specific for
Graves’ disease (54). TRAbs are heterogenous and may stimulate the thyroid, causing
hyperthyroidism, or alternatively, block the action of the TSH receptor and result in
hypothyroidism. Heterogeneity can exist even in an individual patient, and the ratio of
the antibodies may change over time (55,56). There are bioassays commercially available
to measure the ability of TRAbs to stimulate or inhibit TSH activity and receptor assays
that measure the ability of the antibody in serum to block the action of TSH. Bioassays,
including thyroid-stimulating antibody (TSAb) assays and TSH receptor blocking anti-
body (TBAb/TSBAb) assays, measure biological activity based on the production of
cyclic adenosine monophosphate from the stimulation or inhibition of the TSH receptor
in cultured cells. There are also receptor assays, including thyroid binding inhibiting
immunoglobulin assays, that quantify the inhibition of the binding of 125I-labeled TSH
to a TSH receptor (57). TRAbs have prognostic implications for fetal and neonatal
hyperthyroidism (37,38,55,58). TRAbs have been shown to cross the placenta and, at
high concentrations, bind to TSH receptors and stimulate the fetal thyroid (59). There is
a strong correlation between high titers of TRAbs (>500% over normal) in maternal
serum and fetal or neonatal dysfunction (16). The fetus of expectant mothers with a
previous history of Graves’ disease should be closely monitored for signs of TRAb
stimulating activity (even if the mother is clinically euthyroid during pregnancy) because
2–10% of mothers with high concentrations of TRAbs will deliver babies with hyperthy-
roidism (60,61).
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Women should have their hyperthyroidism under control prior to conception; how-
ever, if it becomes necessary to clinically manage the symptoms in the pregnant patient,
antithyroid drugs (ATDs) are the treatment of choice (38). The dosage should be adjusted
to achieve the minimum amount of drug required to maintain the free thyroid hormone
concentrations in the upper third of the normal range (35,62). ATDs can cross the placenta
and suppress thyroid function in the fetus; therefore, administration of ATDs should be
reduced or stopped when the symptoms of Graves’ disease begin to diminish in the
second and third trimesters (37,63). Subtotal thyroidectomy should be performed only if
there is an allergic reaction to ATDs or if there is sufficient evidence for drug resistance
(16). If surgery is deemed necessary, it should be delayed until the second trimester (35).
131I treatment is contraindicated in pregnancy (63).

Nonimmune Causes of Transient Hyperthyroidism
Gestational transient thyrotoxicosis is a broad term encompassing a collection of

nonautoimmune causes for transient hyperthyroidism associated with pregnancy (4).
Although the majority of cases of transient hyperthyroidism in pregnancy can be asso-
ciated with hyperemesis gravidarum, other obstetrical conditions such as multiple ges-
tation and hydatidiform mole can also result in transient hyperthyroidism with or without
symptoms of hyperemesis. Therefore, another term, transient hyperthyroidism of hype-
remesis gravidarum (THHG), has been adopted to describe the syndrome of transient
hyperthyroidism in pregnancy associated with severe vomiting (64). One interesting, yet
extremely rare, cause of THHG was recently published in the New England Journal of
Medicine (65). This report describes a case of familial gestational hyperthyroidism where
a mother and daughter were both found to have a mutation in the TSH receptor. The
mutant receptor functioned normally in the absence of hCG. However, despite maintain-
ing normal pregnant concentrations of hCG, this mutant receptor was discovered to be
more sensitive to hCG, resulting in a recurrence of hyperthyroidal symptoms during
pregnancy (65).

Hyperemesis gravidarum is known to occur in approx 0.2% of all pregnancies, with
more than half of those patients manifesting symptoms of hyperthyroidism (64,66).
These patients typically have no previous history of thyroid illness prior to pregnancy,
and goiter is usually absent, as are thyroid antibodies (4,67). Free T4 concentrations are
often found to be elevated over free T3 concentrations (5). Several studies suggest hype-
remesis gravidarum is most often associated with extremely elevated concentrations of
hCG in early pregnancy, although there is not always a correlation (16,26,68). Addition-
ally, variants of hCG including desialylated forms have been isolated from the serum of
patients experiencing hyperemesis gravidarum and, therefore, a prolonged half-life may
in part explain increased thyroid stimulating activity (16). Further, a recent study dem-
onstrated that maternal age, free T4, and TSH were all independent variables for hype-
remesis gravidarum (69). Although the complete mechanism of hyperemesis gravidarum
remains elusive, published reports include theories that suggest a combination of estra-
diol produced by sustained concentrations of hCG in combination with elevated free T4
concentrations may play a role in promoting hyperemesis (26,68,70). Fortunately, the
symptoms associated with THHG typically do not require treatment and disappear on
resolution of the hyperemesis (10,67).

Gestational trophoblastic disease (GTD) is another nonautoimmune condition asso-
ciated with transient hyperthyroidism of pregnancy (71,72). GTD is a general designation
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that includes both benign and malignant conditions of hydatidiform mole and choriocar-
cinomas. Goiter is rarely identified in patients with GTD (42). Hyperthyroidism is attrib-
uted to substantial and persistent elevations in serum hCG concentrations, which in some
cases may exceed the upper limit of normal by 1000-fold. Laboratory evaluation finds
increases in free hormone concentrations and marked elevation in serum hCG (4). As is
the case with hCG-induced stimulation, the T4 to T3 ratio is commonly increased over
ratios observed in Graves’ disease patients (21). Complete removal of the GTD rapidly
cures the hyperthyroidism.

THYROID HYPOFUNCTION DURING PREGNANCY

Etiology
The incidence of hypothyroidism among pregnant women has been estimated to be

0.3–0.7%, which is considerably lower than the frequency of hypothyroidism in the
general population, 0.6–1.4% (4). This discordance has been attributed to the known
association between hypothyroidism and infertility (73–75). Iodine deficiency,
Hashimoto’s disease, thyroidectomy, radioactive iodine treatment, and subacute thy-
roiditis are all known to cause hypofunction of the thyroid during and after pregnancy.
In developed countries, the most common etiology of hypothyroidism in pregnancy is
Hashimoto’s disease and is characterized by the production of antithyroid antibodies.
This is in contrast to iodine deficiency, which accounts for the most common etiology
worldwide (70). The American College of Obstetricians and Gynecologists suggests that
even certain poorly nourished and immigrant subpopulations located within developed
countries may benefit from iodine treatment (10). Inadequate treatment of hypothyroid-
ism can have serious consequences for both the mother and fetus. Hypothyroidism during
pregnancy has been associated with pregnancy-induced hypertension, placental
abruption, postpartum hemorrhage, an increase in the frequency of low birth weight
infants, and possibly a decrease in the IQ of children (16,51).

Diagnosis and Laboratory Assessment
It should be noted that is it extremely rare for advanced hypothyroidism to present

during pregnancy (10). The classic signs of hypothyroidism are essentially the same in
the pregnant and nonpregnant individual. Patients may present with fatigue, constipation,
cold intolerance, muscle cramps, hair loss, dry skin, and carpal tunnel syndrome. These
symptoms, many nonspecific in nature, may be difficult to separate from symptoms
commonly associated with pregnancy (1,10). The diagnosis of hypothyroidism in preg-
nancy can be established using TSH and an assessment of free hormone values, measured
either directly or via a calculated index. As with the assessment of hyperthyroidism,
measurement of total T4 and T3 should be considered unreliable due to the increase in
TBG concentrations during pregnancy.

Because of the autoimmune nature of Hashimoto thyroiditis, anti-TPO antibodies and
anti-TG antibodies are increased in most patients with Hashimoto thyroiditis and there-
fore may be useful in establishing a diagnosis. Immunosuppression associated with the
second and third trimesters of pregnancy alters the natural course of this disease by
providing transient relief of hypothyroid symptoms in the second half of pregnancy,
followed by an aggravation in the postpartum period (46). In addition, pregnant patients
who are on thyroid replacement therapy require, on average, 45% more TT4 compared
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with nonpregnant patients. This increased requirement is a direct result of the pregnancy-
associated changes in TBG concentration, volume of distribution, and placental action of
type III deiodinase (4,16). Women on thyroid replacement therapy should have their TSH
monitored closely, and the dose should be titrated to maintain the concentration of TSH
within the reference interval.

POSTPARTUM THYROID DISEASE

Although this chapter focuses on thyroid function during pregnancy, the assessment
of the mother imparts an extension of this topic to the postpartum period. Postpartum
thyroid disease (PPTD) is recognized as an autoimmune destruction of thyroid follicles
leading to transient hyperthyroidism (1–3 mo postpartum) followed by hypothyroidism
(3–8 mo postpartum) (76,77). PPTD occurs in approx 5–9% of unselected postpartum
women (77–79). More than 80% of women who suffer from PPTD are euthyroid within
12 mo of delivery (80). The release of preformed T4 and T3 from the damaged thyroid
makes this condition characteristically distinct from Graves’ disease (81). Graves’ dis-
ease can be differentiated from PPTD on the basis of low radioactive iodine or technetium
uptake in the thyroid during the thyrotoxic phase. Serum TSH is a good screening test,
and if it is abnormal, a free T4 (either direct or calculated) should be performed. Fifty
percent of women with anti-TPO positivity do not develop PPTD despite the strong
association of TPO antibodies with PPTD (77,78). Occasionally, anti-TG antibodies are
present and, in rare cases, anti-TG antibodies are the only antithyroid antibodies found
(82). Although PPTD is a transient state of thyroid dysfunction, there is an increased risk
for permanent hypothyroidism (83). Treatment is usually not required because symptoms
of PPTD generally are mild and nonspecific. In fact, PPTD is often underdiagnosed.
Overt symptoms should be treated and thyroid function should be monitored yearly to
assess thyroid status for subsequent pregnancies and for the development of permanent
thyroid dysfunction.

SUMMARY

Correct assessment of thyroid function during pregnancy is critical to avoid both
maternal and fetal complications. It is important to recognize that thyroid function and
regulation is altered during normal pregnancy by (1) significant increases in serum TBG,
TG, total T4 and total T3; (2) an increase in renal iodine clearance; and (3) hCG stimu-
lation. Whereas determination of the above parameters is not useful in the investigation
of thyroid disease during pregnancy, assessment of both hyper- and hypothyroidism
should be performed with a careful clinical review of the patient’s symptoms as well as
laboratory evaluation of TSH and free thyroid hormones. Measurement of thyroid
autoantibodies may also be useful to diagnose maternal Graves’ disease, Hashimoto
thyroiditis, and postpartum disease. The physician can properly determine thyroid status
by knowing the patient’s history and clinical symptoms, and, moreover, realizing the
changes associated with thyroid function in pregnancy.
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INTRODUCTION

Fetal thyroid metabolism depends on normal fetal thyroid development and
hormonogenesis as well as normal maternal thyroid physiology. Thyroid hormone pro-
duction has been detected in the fetus as early as 10 wk gestation, and thyroid follicles
have been identified histologically by 12 wk (1,2). From the 13th wk of gestation until
the third trimester, there are increases in fetal serum concentrations of thyroxine (T4),
thyroxine-binding globulin (TBG), and thyroid-stimulating hormone (TSH), indepen-
dent of maternal serum concentrations (3,4), indicating maturation of the fetal thyroid
gland. Tri-iodothyroinine (T3) does not rise significantly until the third trimester (3), a
finding that is explained by the late appearance of type I deiodinase, which catalyses the
synthesis of T3 from T4.

Placental Transport
The interpretation of fetal thyroid hormone status requires an understanding of mater-

nal–fetal interaction via the placenta. Early in fetal development, maternal iodothyronines
such as T3 and T4 appear to cross the placental barrier, although this permeability signifi-
cantly decreases during gestation as the fetus begins to synthesize thyroid hormones. The
fetus is capable of independent thyroid hormone production by the end of the first trimes-
ter, although some maternal hormones, such as T4, still undergo a degree of transplacental
passage (Fig. 1) (1). For example, fetuses with thyroid gland agenesis or iodination
defects have detectable, albeit low, concentrations of T4 in cord serum (5). However,
significant fetal hypothyroidism still occurs, even when maternal serum thyroid hormone
concentrations are normal (6), indicating insufficient contribution of maternal T4 to
compensate for fetal thyroid hormone deficiencies. During the second and third trimes-
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ters of normal pregnancies, comparison of cord serum to maternal serum indicates that
there are significant T4 and T3 concentration gradients, with higher concentrations present
in the maternal serum (1,7,8). These data support the concept that there is an extremely
limited physiological role for maternally derived iodothyronines in the second and third
trimesters.

TSH does not appear to cross the placenta (9). It can be detected in fetal serum as early
as 12 wk of gestation (10,11), and, throughout gestation, fetal serum TSH concentrations
are actually higher than maternal serum concentrations (10). Thyrotropin-releasing hor-
mone (TRH) does cross the placenta, and some authors have reported an increased fetal
TSH response to maternal administration of TRH (9,12).

FETAL THYROID DISORDERS

Fetal Hypothyroidism
The most common thyroid disorder to affect the developing fetus is congenital hypothy-

roidism, which occurs in 1 per 4000 births (9). It is most often caused by dysgenesis or
agenesis of the thyroid gland (9,13). Other, less common etiologies of congenital hypothy-
roidism include altered thyroid hormonogenesis caused by defects in iodide transport or
thyroglobulin abnormalities, maternal antithyroidal medication, and immune-mediated
thyroiditis (Table 1) (13).

Although congenital hypothyroidism is the most frequent fetal thyroid disease, these
cases are usually not clinically evident during the perinatal period. Neonatal screening
for congenital hypothyroidism has been instituted in many states, resulting in early diag-
nosis of affected individuals. Adequate treatment for these patients should be initiated as
soon as possible in order to avoid sequelae such as mental retardation and hearing loss

Fig. 1. Placental permeability to various thyroid system-related substances. (From ref. 9, with
permission from Elsevier Science.)
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(14,15). Fetal hypothyroidism can have adverse consequences in the prenatal period,
such as fetal bradycardia, intrauterine growth retardation, and delayed ossification (16).
If a prenatal diagnosis is made, fetal hypothyroidism can be treated by in utero admin-
istration of T4.

Fetal hypothyroidism can also be a result of maternal hypothyroidism caused by
etiologies such as iodine deficiency or antibody-mediated hypothyroidism (9). The fetus
depends on maternal iodine for thyroid hormone production; therefore, maternal iodine
deficiency can cause fetal hypothyroidism. Throughout the world, iodine deficiency is
the most common cause of fetal hypothyroidism, although these cases are usually
restricted to endemic iodine-deficient areas (17). In the setting of immune-mediated
maternal hypothyroidism, transplacental passage of immunoglobulins can occur, induc-
ing hypothyroidism in the fetus (9,18). Predictive antibody testing in pregnant women
with immune-mediated hypothyroidism has not been extensively studied. However, one
group has reported transient neonatal hypothyroidism when maternal thyrotropin-bind-
ing inhibitor immuoglobulin (TBII) concentrations were above 300 U/mL (18).

Another significant cause of fetal hypothyroidism in developed countries is iatrogenic,
caused by the administration of antithyroidal medication for maternal hyperthyroidism.
The commonly used antithyroidal agents propylthiouracil and methimazole have been
shown to cross the placenta and cause fetal hypothyroidism (19–21); however, conser-
vative dosing of these agents helps to prevent adverse fetal effects (9,22).

Fetal Hyperthyroidism
Fetal hyperthyroidism is much less common than hypothyroidism and is extremely

rare in the absence of maternal thyroid disease. Affected fetuses can manifest signs of
hyperthyroidism such as tachycardia and advanced bone maturation (6,23). In the neo-

Table 1
Causes of Congenital Hypothyroidism With Approximate Incidence

Thyroid dysgenesis 1:4000
Agenesis
Dysgenesis
Ectopia

Thyroid dyshormonogenesis 1:30,000
TSH receptor defect
Iodide trapping defect
Organification defect
Iodotyrosine deiodinase deficiency
Thyroglobulin defect

Transient hypothyroidism 1:40,000
Drug-induced
Maternal antibody-induced
Idiopathic

Hypothalamic–pituitary hypothyroidism 1:100,000
Hypothalamic–pituitary anomaly
Panhypopituitarism
Isolated TSH deficiency
TSH structural defect

From ref. 9, with permission from Elsevier Science.
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natal period, hyperthyroidism can lead to tachycardia, hyperactivity, growth retardation,
sweating, irritability, exophthalmos, and increased morbidity and mortality (24,25). The
fetal thyroid is responsive to stimulation by approx 25–28 wk and hyperthyroidism
should be suspected if the fetal heart rate in the third trimester is greater than 160 beats/
min (25,26).

The most common cause of fetal hyperthyroidism is transplacental passage of thyroid
stimulating and/or TSH-binding inhibitory antibodies, collectively known as TSH-recep-
tor antibodies (TRAbs) (25,27). Indeed, fetal hyperthyroidism appears to be restricted to
mothers with elevated TRAb concentrations. In the evaluation of Graves’ disease, two
assays are primarily used to assess TRAb status. The first method detects the presence
of thyroid-stimulating antibodies (TSAbs). It is an in vitro bioassay that measures cyclic
adenosine monophosphate (cAMP) production when a thyroid cell culture is exposed to
patient IgG in comparison to pooled normal immunoglobulin G (IgG) (26). Although the
nomenclature for this technique varies, it is most commonly known as either thyroid
stimulating immunoglobulin or TSAb, and today results are usually reported as a percent
of basal activity. The normal reference intervals provided for this test are variable and
depend on the individual assay, but are generally less than 130% of basal activity (or less
than 1.3-fold over basal). The second method is a radioreceptor assay that detects the
presence of TSH-binding inhibitory antibodies. This assay measures the specific binding
of 125I-labeled TSH in the presence of patient IgG vs normal pooled IgG (26). This test
is commonly referred to as TBII and is reported as a percent inhibition. As would be
expected, normal mean should be approx 0% inhibition, with reference intervals often
quoted as –15 to +15% (24,28).

The utility of these two tests rests primarily in their ability to predict neonatal outcome.
The literature, however, does not provide a uniform set of guidelines in approaching test
results. Some authors report a high likelihood of fetal involvement if both assays show
elevation (24,29). Mortimer et al. reported that TBII inhibition of more than 70% was
associated with neonatal hyperthroidism, either at birth or shortly after (28). TSI stimu-
lating activity of 350–500% above basal has been associated with intrauterine hyperthy-
roidism (30,31). Overall, the data suggest that even mild elevation of TRAbs, regardless
of methodology, warrant careful follow-up of the fetus and neonate for any signs of
involvement.

Diagnosing fetal thyroid disorders in the setting of maternal Graves’ disease should
be done with caution, because the fetus is at risk for hyperthyroidism from transplacental
passage of TSAbs as well as iatrogenic hypothyroidism caused by any antithyroidal
treatment that is initiated. For example, Ochoa-Maya et al. reported a case where a
woman being treated for Graves’ disease had one pregnancy affected by fetal hypothy-
roidism and then a subsequent pregnancy affected by fetal hyperthyroidism (32).

DIAGNOSIS OF FETAL THYROID DISEASE

Ultrasound Findings in Fetal Dysthyroid States
Approximately 3% of fetal thyroid diseases will be associated with an enlarged fetal

thyroid gland, or goiter (33). The presence of a fetal goiter itself confers additional risks
on the fetus such as neck dystocia and respiratory compromise caused by compression
by the thyroid gland, which can complicate delivery (33,34). Polyhydramnios is a par-
ticularly concerning finding in the setting of fetal goiter, because it can imply significant
obstruction of the esophagus and possible upper airway obstruction as well.
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A goiter can result from fetal hypo- or hyperthyroidism, and specific in utero treat-
ments are available for fetal thyroid disorders. Therefore, the ability to differentiate
between separate dysthyroid states is critical. For example, several case reports have
demonstrated rapid resolution of hypothyroid fetal goiters using intrauterine T4 admin-
istration or, in cases of fetal hypothyroidism caused by maternal antithyroidal medica-
tion, withdrawal (or dosage reduction) of the offending agent (32,33,35–42). Conversely,
cases of fetal hyperthyroid goiters in the setting of maternal Graves’ disease have been
treated successfully in utero by the administration of appropriate doses of oral
antithyroidal medication such as propylthiovracil and methimazole to the mother
(33,43,44). Obviously, appropriate in utero treatments require definitive understanding
of fetal thyroid pathophysiology.

Normal size ranges for fetal thyroid glands have been reported in the literature (45,46).
Figures 2 and 3 illustrate expected fetal thyroid measurements at different gestational
ages. The presence of a goiter correlates well with abnormal fetal thyroid function (46).
Again, it should be noted that only a minority of fetal thyroid diseases present with a
goiter (33), stressing the continued need for widespread neonatal testing.

There are certain findings on ultrasound examination, apart from goiter, that can
help support a particular dysthyroid state. For example, delayed bone maturation and
reduced fetal movements are associated with fetal hypothyroidism, whereas fetal hyper-
thyroidism can cause tachycardia and advanced bone maturation (33,47). When corre-
lated with a suggestive clinical history, these ultrasound features can support a particular
thyroid disease, but they cannot render a definitive diagnosis by themselves. The pres-
ence of fetal tachycardia should be interpreted with particular caution, because other
factors, such as maternal bleeding, can cause fetal tachycardia in an otherwise hypothy-
roid fetus (33).

All ultrasound findings should be considered in the context of the clinical presentation.
If a fetal goiter is present in the setting of untreated maternal Graves’ hyperthyroidism,
then there is no reason to suspect fetal hypothyroidism. In fact, fetal goiter in this setting
has been interpreted as hyperthyroidism and successfully treated by antithyroidal medi-
cation with no corroborative AF or cord serum evaluation (33). It may be prudent, how-
ever, to have a low threshold for further fetal testing. AF and/or umbilical cord serum can
provide a more specific assessment of fetal thyroid function for both diagnostic and
therapeutic purposes.

AF Testing
The use of AF thyroid hormone measurements in diagnosing fetal dysthyroid states

has been controversial. There has been much discussion about whether thyroid hormones
in AF are of fetal or maternal origin. As previously discussed, the iodothyronines have
a complex maternal–fetal physiology; therefore, the utility of measuring these hormones
in AF is unclear. However, it is generally accepted that TSH does not cross the placenta
(48–50), so that AF TSH originates solely from the fetus.

Prior reports have discussed the futility of using AF to diagnose fetal thyroid disorders.
In a widely cited study by Hollingsworth and Alexander (51), the authors were unable to
correlate AF concentrations of TSH, T4, and T3 to clinical outcome. However, there are
numerous shortcomings to this paper. First, the reference intervals for AF TSH that this
study provided are considerably wider than the reference intervals that have been reported
in the literature since that time (Table 2). Therefore, cases that may otherwise have been
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Fig. 2. Individual scatter plot showing the relationship between the thyroid width and gestational
age of 193 normal fetuses (mean and 95% confidence limits) (r = 0.911). (From ref. 45, with
permission from Blackwell Science.)

Fig. 3. Individual scatter plot showing the relationship between the thyroid circumference and
gestational age of 193 normal fetuses (mean and 95% confidence limits) (r = 0.931). (From ref.
45, with permission from Blackwell Science.)
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diagnosed as fetal hypothyroidism using narrower reference intervals may have been
missed. Second, the authors report that their TSH assay had cross-reactivity with human
chorionic gonadotropin (hCG) and the AF matrix contributed a positive bias for TSH,
making their TSH results unreliable. They further state that their AF TSH results “should
not be taken as absolute values.” Therefore, their assay should not have been used to
define a reference interval. Finally, several of the case reports in Hollingsworth’s paper
do not confirm AF thyroid hormone concentrations with neonatal serum, which may

Other published reports have provided reference intervals for thyroid hormones in AF
(Table 2). These reference intervals have been used to diagnose and manage fetal goiters
by measuring AF TSH and in some cases, AF T4 (35–39,52). There are six case reports
of fetal hypothyroidism in which AF TSH was measured. In these cases, the AF TSH
concentrations ranged from 1.1 to 28.9 µIU/mL, all of which are well outside the pub-
lished reference intervals, with the exception of Hollingsworth and Alexander’s study
(Table 2). These high AF TSH concentrations allowed the investigators to make an in
utero diagnosis of primary fetal hypothyroidism, supporting a diagnostic role for AF
thyroid hormones, and AF TSH in particular. The utility of AF T4 measurement is not
clear, and some researchers have found AF total T4 concentrations to be less reliable than
AF TSH (39).

Based on knowledge of fetal thyroid physiology and published reports, TSH appears
to be the single best marker to use for diagnosing fetal hypothyroidism in AF. However,
there are some issues one should bear in mind when using AF TSH. First, in the case of
hypothalamic or pituitary dysfunction, hypothyroidism is associated with decreased TSH
concentrations (in contrast to the elevated concentrations expected in primary thyroid
dysfunction). It should be noted that the incidence of fetal hypothyroidism as a result of
dysfunction of the hypothalamic–pituitary system is exceedingly rare, with a prevalence
of 1 per 100,000 per live births (48), whereas primary hypothyroidism is far more fre-
quent (Table 1). Therefore, in the vast majority of cases of suspected fetal hypothyroid-
ism, the presence of an elevated AF TSH concentration is sufficient for the diagnosis.

Second, AF concentrations of TSH are very low in normal pregnancies. Many normal
AF specimens have TSH concentrations below the analytical sensitivity of second-gen-
eration immunoassays (53). This relative lack of sensitivity is significant, because the
expected decrease in AF TSH in the setting of secondary hypothyroidism or primary fetal
hyperthyroidism would not be detectable using this method. A more definitive lower
reference range may be possible using third-generation TSH assays, but these studies
have not yet been conducted.

The utility of AF thyroid hormone concentrations for diagnosing fetal hyperthyroid-
ism is unclear. We know of no published case reports of fetal hyperthyroidism where AF
thyroid tests were performed. It is not possible to know whether such testing is of use until
AF thyroid hormone concentrations from several cases of fetal hyperthyroidism are
reported in the literature. Although it may be predicted that the currently available ref-
erence intervals for AF TSH lack the sensitivity to be of clinical use in these cases, it is
possible that reference intervals for total and free T4 will aid in the diagnosis.

AF thyroid hormone measurements can be used not only for diagnosis but also for
management. Many authors have reported cases of fetal hypothyroid goiter successfully
treated with intrauterine T4. These cases were followed with ultrasound examination to
show regression of fetal goiter and AF testing to show decreases in AF TSH and/or
increases in AF T4 (35,37–39). Application of amniotic fluid reference intervals may
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Table 2
Amniotic Fluid Thyroid Hormone Reference Intervals Published in the Literature

Gestational age
Reference n in weeks TSH method TSH (µIU/mL) Total T4 method Total T4 (µg/dL)

Chopra, 1975 a) 26 a) 36–42 RIA not detectable RIA a) mean 0.44
(67) b) 7 b) 31–35 b) mean 0.31

Klein, 1980 138 10–42 n/da n/d RIA range ~0.08 to ~2.5
(68)

Kourides, a) 201 a) 16–19 RIA a) mean 0.4 n/d n/d
1982 (69) b) 21 b) 3rd trimester range < 0.15–1.7

b) mean 0.25 n/d n/d
range < 0.15–0.55

Hollingsworth, a) 41 a) 15–28 Beckman solid-phase a) mean ± SDc 1.9 ± 0.6 RIA a) mean ± SD
1983 (51) b) 28 b) 36–42 hTSH kit (Beckman, range < 0.4–2.9  0.182 ± 0.176

Fullerton, CA) b) mean ± SD 0.7 ± 0.4 range 0–0.675
range 0.4 ± 1.7 b) mean ± SD

0.318 ± 0.153
range 0.108–0.728

Yoshida, 1986 21 38–41 IRMA (Riabead II, mean ± SD 0.129 ±  0.069 n/d n/d
(70) Dainabbot Co., Japan)

Singh, 2003 TSH-127 26–39 Abbott AxSym 95% reference Abbott AxSym 2.3–3.9
(53) tT4-129 (Abbott Laboratories, interval: < 0.1–0.4 (Abbott Laboratories,

fT4-119 Abbott Park, IL) Abbott Park, IL) free T4 < 0.4–
0.7 ng/dL
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provide a more relevant endpoint for therapy than ultrasound monitoring, because the
regression of goiter does not necessarily confer a euthyroid state. In addition, if intrau-
terine T4 injections are being performed for treatment purposes, AF is a readily accessible
sample.

AF thyroid hormone reference intervals (especially TSH) can be of significant use in
the diagnosis and management of fetal hypothyroidism, potentially reducing the need for
umbilical blood sampling in these patients.

Cord Serum Testing
The use of umbilical cord serum has been considered to be the gold standard for the

diagnosis of fetal thyroid disease. In fact, most of our understanding of fetal thyroid
physiology comes from studies of cord serum (54–60). Many authors have successfully
utilized cord serum to render diagnoses of particular fetal thyroid disorders (35–37,39–
44,61,62), using a variety of sources for reference intervals (56–60). Although analysis
of cord serum would appear to be the most definitive way to assess fetal dysthyroid states,
there are some flaws with this approach. First of all, most studies examining normal
concentrations of thyroid hormones in cord serum lack a suitably sized study population
to establish proper reference intervals. Second, and even more important, almost all
studies utilizing cord serum obtained samples from aborted fetuses or prematurely deliv-
ered neonates. This approach may not provide accurate reference intervals for thyroid
hormones in cord serum, because parturitional stress contributes significantly to artificial
elevation of cord serum TSH (63).

Reference intervals for cord serum thyroid hormone values are provided in Table 3.
The two studies utilized in this table are those of Radunovic et al. (59) and Santini et al.
(64). These studies were included in part because they utilized cordocentesis samples from
living fetuses for analysis as opposed to aborted or newborn cord serum samples. Addition-
ally, the study by Santini et al. had a larger sample size than many other studies of cord
serum thyroid hormone concentrations. Although the purpose of Santini et al. was to
examine fetal thyroid physiology and not to establish reference intervals, the results may
still be used for such purposes. The study by Radunovic et al. was intended to provide
reference intervals, but the number of samples utilized was small (n = 12 for gestational
weeks 19–27, n = 6 for weeks 28–35, and n = 3 for weeks 36–42). The lack of a large study
population in these articles also prevents the investigators from determining whether
cord concentrations change significantly with gestational age. These data are needed to
determine whether separate weekly or monthly reference intervals are necessary.

One of the major drawbacks in using cordocentesis is the potential risk to the fetus and
mother during the procedure. Bleeding from the site of funipuncture is the most common
complication, occurring in approx 40–50% of cordocentesis procedures (65); however,
the bleeding is usually transient and mild. Rarely, fetal exsanguination has been reported
in cases of fetal platelet disorders. Other complications associated with cordocentesis are
fetal bradycardia, chorioamnionitis, and fetomaternal hemorrhage. Infection is an impor-
tant cause of morbidity and mortality, occurring in approx 1% of procedures. The rate of
fetal loss caused by cordocentesis is low, cited at 1.4% by Ghidini et al. (65); however,
the mortality rate is extremely variable and appears highly dependent on the expertise of
the physicians performing the procedure.

As stated earlier, the use of cord serum for the evaluation of fetal dysthyroid states has
been considered the gold standard. This is despite the absence of well-established refer-
ence intervals for fetal serum thyroid hormone concentrations because of small sample
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Table 3
Cord Serum Thyroid Hormone Reference Intervals

Analyte Units Weeks Range n Weeks Range n Weeks Range n Reference

TSH mU/L 19–27 4.1 ± 1.4a 76 28–35 6.9 ± 2.4 7 36–42 4.2 ± 1.5 37 64

Total T4 µg/mL 19–21 7.79 ± 2.02 12 28–30 9.28 ± 2.13 6 34–35 11.03 ± 1.4 3 59

Total T3 ng/mL 19–21 <10 12 28–30 18.5 ± 10.7 6 34–35 22.1 ± 15.8 3 59

Free T4 pmol/L 19–27 7.4 ± 5.5 50 28–35 15 ± 2.1 7 36–42 17 ± 5.2 33 64

Free T3 pmol/L 19–27 1.8 ± 0.66 25 28–35 2.1 ± 0.41 5 36–42 2.6 ± 0.67 6 64

TBG µg/mL 19–21 8.13 ± 5.54 12 28–30 14.37 ± 2.58 6 34–35 17.1 ± 5.51 3 59

aValues represent the mean ± standard deviation.
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sizes and the use of cord serum obtained from aborted fetuses or premature infants. In the
literature, there is no significant clinical outcome data addressing AF versus cord serum
thyroid hormone evaluation in terms of diagnostic or therapeutic superiority. Because of
the higher complication rate, cordocentesis for fetal serum testing may be ideally left for
those cases where the clinical setting, ultrasound findings, and AF thyroid hormone
values fail to provide the diagnosis (Fig. 4).

SUMMARY

Fetal dysthyroid states are rare and may exist either with or without predisposing
maternal thyroid disease. The importance in determining fetal thyroid function lies in the
fact that in utero treatment is available, which can prevent complications of fetal goiter
and neonatal thyroid problems.

As seen in Fig. 4, there are many ways that fetal thyroid disorders can be diagnosed.
The first, and most important, is the clinical presentation. Some cases can be diagnosed
solely on the basis of the clinical setting, such as diagnosing a fetal goiter as hyperthy-
roidism in the setting of untreated maternal Graves’ hyperthyroidism. Ultrasound find-
ings can provide a great deal of information as well. Apart from fetal thyroid size,
evaluation of bone development and heart rate can provide support for a particular thyroid
state, although these findings should be interpreted with caution.

AF or cord serum thyroid hormone concentrations provide a more definitive assess-
ment of fetal thyroid status. There are reasons why either approach may be appropriate,
depending on the clinical situation. The relative ease of obtaining AF gives it an advan-
tage over cord serum in most cases, not only for diagnosis, but also in monitoring
response to therapy. AF has more precisely defined reference intervals, which may be
important in less severe thyroid disease or for therapy endpoints. Cord serum may be the
method of choice if fetal hyperthyroidism is suspected, because AF thyroid hormone
concentrations in fetal hyperthyroidism have not been studied. Cord serum may also
be helpful in cases where other diagnostic modalities fail to yield the diagnosis.

Fig. 4. Algorithm for diagnostic approach to fetal dysthyroid states.
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The use of perinatal testing for fetal thyroid disorders is not currently recommended
for screening an asymptomatic population. Rather, fetal testing should be reserved for
those cases with high clinical suspicion because of either maternal thyroid disease or an
incidentally discovered fetal goiter on ultrasound examination. Fetuses that have thyroid
diseases in these clinical circumstances tend to have severe disease, and if the diagnosis
is delayed until the neonatal period, they may have IQ deficits even with treatment (66).
For this reason, there may be significant advantages to diagnosing and treating affected
cases in utero. Certainly, there are tremendous benefits to the fetus in the reversal of goiter
prior to delivery.
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INTRODUCTION

Numerous hematologic and hemostatic changes occur during an uncomplicated preg-
nancy. Presumably, these alterations have been selected for because they are beneficial
to both the mother and the fetus. Plasma expansion in excess of increased red cell pro-
duction leads to the anemia of pregnancy, and fetal and placental demands tax a mother’s
iron and folate stores. Hemostatic changes are associated with an increased risk of
maternal morbidity and mortality caused by thrombotic complications, but theoreti-
cally may improve maternal and fetal viability by reducing blood loss during parturition.
In order to accurately interpret changes in hematologic and hemostatic laboratory mea-
surements when complications arise, it is necessary to first appreciate the physiologic
adaptations that occur during normal pregnancies.

HEMATOLOGY

Changes in Plasma, Red Cell, and Blood Volumes
Plasma volume begins to expand at about the sixth week of pregnancy and rises

steadily, until weeks 28–30, when the rate of increase diminishes or plateaus, typically
increasing a total of about 1250 mL at term (1). Plasma volume expansion varies consid-
erably in normal pregnancies, ranging from 25 to 50% over baseline (2) (Fig. 1), and is
positively correlated with birth weight and multiple pregnancies rather than maternal
nonpregnant weight (3). Gestational complications that produce small or nonsurviving
fetuses are associated with small increases in plasma volume (4). Although the physi-
ologic mechanisms involved in the maternal plasma volume expansion remain unknown,
it is considered to be important for fetal well-being.
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Red cell mass may decrease slightly during the first trimester and then begins to
increase until term, totaling about 180 mL in iron-unsupplemented women, and 350 mL
in iron supplemented women (5), for an 18–30% increase compared to the nonpregnant
state (3) (Fig. 1). Red cell survival is normal during uncomplicated pregnancies (6). Red
cell expansion is also positively correlated with fetal birth weight and multiple births,
and, like plasma expansion, the physiologic regulation is not completely understood (3).

During the first trimester, erythropoietin (EPO) (7), soluble transferrin receptor con-
centrations (7,8) and reticulocyte counts (9) are lower than predicted based on the degree
of anemia, consistent with a blunted erythropoietic response. A possible explanation for
these observations is a diminished hypoxic stimulus for EPO production because of a
temporary increase in renal blood flow during the first trimester (3). EPO concentrations
rise steadily during the second and third trimesters, increasing by 25% (10) to 75% (11)
over first trimester concentrations, and reticulocyte counts trend slightly upward (11).
Peak EPO concentrations are significantly higher in women whose hematocrit is less than
30% (11) or not taking iron supplements (10,12).

Estimates of the increase in oxygen demand in late pregnancy are similar to the mea-
sured increase in oxygen-carrying capacity of the expanded red cell mass. The arterio-
venous oxygen difference is lower throughout pregnancy compared to nonpregnant
women, indicating adequate delivery of oxygen to maternal and fetal tissue beds (3).
These observations are consistent with an adequate expansion of red cell mass at least
partly mediated through unknown, nonhypoxia-stimulated mechanisms that increase
EPO production, as well as secondary, hypoxia-mediated increased EPO production in
women who develop iron deficiency anemia (10).

The combined plasma and red cell expansion increases maternal blood volume by
about 40% at term, preparing the mother for potential blood loss during delivery (Fig. 1).
Because red cell volume increases less than plasma volume during pregnancy, the ratio

Fig. 1. Changes in blood, plasma, and red cell volumes during pregnancy and postpartum. (Reprinted
with permission from ref. 2.)
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of red cell to plasma volume decreases and is reflected in a decline in venous blood
hematocrit and hemoglobin, frequently referred to as the anemia of pregnancy. Within
six wk postpartum, plasma and red cell volumes return to nonpregnant values (Fig. 1).

Iron Reserves and Demands
Iron stores in most healthy nulliparous women are tenuous, averaging 200 mg (13),

with no stainable iron on bone marrow examination in 24% (14) because of increased iron
loss with menses. There are four major sources of increased iron utilization during an
uncomplicated, singleton pregnancy: (1) the fetus, (2) the placenta, (3) the expanded
maternal erythroid mass, and (4) the peripartum blood loss, totaling about 1100 mg of
iron, of which about 600 mg is permanently lost and 500 mg is recovered as the expanded
red cell mass is resorbed postpartum (Table 1). Gastrointestinal absorption of iron
increases from the nonpregnant rate of about 2 mg/d in the first trimester to 5 mg/d in
the third trimester (15). However, the dietary iron intake necessary to obtain maximal
absorption is 10 mg/d (16), and this may be the limiting factor in many women, leading
to depletion of iron stores. Puolakka et al. (17) performed sternal bone marrow aspirates
at 16 and 32 wk gestation in 32 Finish pregnant women; 16 received iron supplements and
16 did not. In the supplemented group, no stainable iron was detected in 35% at 16 wk
when iron treatment began, compared to 43% at 32 wk. In the nonsupplemented group,
no stainable iron was detected in 20% at 16 wk, increasing to 80% at 32 wk. The National
Academy of Science recommends 30 mg of elemental iron supplementation during preg-
nancy (18).

However, many aspects of maternal and fetal health, as they relate to iron metabolism,
remain controversial after decades of investigation. Despite a high prevalence of border-
line or depleted iron stores, the occurrence of microcytic, hypochromic anemia during
pregnancy is rare in western societies, and the impact of exhausted maternal iron stores
on fetal and neonatal heath is unclear (19) because the placenta is capable of transporting
iron to the fetus against a high concentration gradient (20), and maternal iron stores
improve postpartum when the expanded red cell mass is recycled (5).

Hemoglobin Nadir During Normal Pregnancy
The changes in hemoglobin, red cell indices, iron, and iron transport proteins that

occur during gestation and postpartum with and without iron supplementation are shown
in Fig. 2. Multiple longitudinal studies have been performed in developed countries
randomizing healthy pregnant women to either placebo or iron supplementation. For
iron-supplemented women, the mean hemoglobin nadir at 23–26 wk gestation ranges
from 11.5 to 12.0 g/dL (21) with central 90% lower limits of 10–10.5 g/dL (22). Typi-
cally, hemoglobin concentration increases during the third trimester, approaching or
surpassing first trimester concentrations (22,23). The hemoglobin nadir in women who
do not take iron supplements ranges from 10.9 to 11.4 g/dL (21), with central 90% lower
limits of 10 g/dL (22), and hemoglobin concentration may remain stable, decline, or
increase slightly during the third trimester (22). Postpartum, hemoglobin concentrations
rise in both groups, although improvement may be blunted in women who do not receive
iron supplements (24).

Guidelines have been derived from the results of these investigations to assist clini-
cians in determining when other causes for anemia should be considered in addition to
dilution because of increased plasma volume. The Centers for Disease Control published
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Table 1
Estimated Iron Utilization During Pregnancy and Delivery

Baseline requirements:
Fe loss in secretions and shed epithelial cells 200 mg

Increased requirements:
Fetus 300 mg
Placenta 50 mg
Maternal red cell expansiona 500 mg
Blood loss with vaginal deliveryb 250 mg

Decreased requirements:
Cessation of menses × 9 mo 135 mg

Net iron demand during uncomplicated single-term pregnancy 1165 mg

aPortion not lost during delivery returned to iron stores postpartum as red cell mass
declines to nonpregnant state.

bMay be doubled for ceasarian section.
Derived from refs. 2,16,27,126.

gestational age-specific anemia cutoffs for iron-supplemented pregnancies (Table 2),
while the World Health Organization defined nonphysiologic anemia as a hemoglobin
less than 11.0 g/dL anytime during pregnancy (25).

Red Cell Indices During Pregnancy
Red cell mean cellular volume (MCV) increases slightly during pregnancy (Fig. 2).

This appears to be a physiologic macrocytosis associated with pregnancy, but the mecha-
nism is unknown, and folate supplementation has no impact on the MCV (24). The
average MCV typically increases 3–5 fL during gestation (26), rarely exceeding the
upper limit of the nonpregnant MCV reference interval, and rapidly declines postpartum
(22,24). In women not taking iron supplements, the increase in MCV is smaller and not
sustained during the third trimester, but does not decline into the microcytic range (24,26).
Accompanying the increase in MCV, there is a trivial increase of red cell mean cell
hemoglobin (MCH) and no change in mean cell hemoglobin concentration (MCHC) in
iron-supplemented pregnancies (22). However, by late third trimester, MCH and MCHC
are abnormally low, compared to nonpregnant reference intervals, in 9.3 and 1.9%,
respectively, of women not taking iron supplements, and may indicate iron deficiency
erythropoiesis (22).

Laboratory Evaluation of Iron Deficiency During Pregnancy
In men and nonpregnant women subjected to progressive iron depletion because of

phlebotomy or pathologic blood loss, several stages of iron deficiency are identified
based on measurements of serum iron; proteins involved in storage, transport, and uptake
of iron; hemoglobin; and red cell indices (27) (Table 3). Typical cutoffs for iron defi-

Fig. 2. (opposite page)  Changes (mean ± SD) in hemoglobin, red cell mean cell volume (MCV),
serum iron, transferrin, transferrin saturation, and ferritin during and after pregnancy in women
taking (�__�) and not taking (�__�) supplemental iron. Reference ranges provided for nonpreg-
nant women with adequate (�) or absent (�) bone marrow iron stores. (Reprinted with permission
from ref. 17.)
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Table 2
Pregnancy Month-Specific and Trimester-Specific Hemoglobin (Hb) Cutoffs

Gestation (wk) 12 16 20 24 28 32 36 40

Mean Hb (g/dL) 12.2 11.8 11.6 11.6 11.8 12.1 12.5 12.9
5th percentile

Hb values (g/dL) 11.0 10.6 10.5 10.5 10.7 11.0 11.4 11.9
Equivalent 5th

percentile
Hematocrit 33.0 32.0 32.0 32.0 32.0 33.0 34.0 36.0

values (%)

From: Morbidity Morality Weekly Report 1988;38:400–404.

Table 3
Stages of Iron Deficiency

Depleted iron Iron-restricted Iron deficiency
stores erythropoiesis anemia

Marrow iron stores Absent Absent Absent
Ferritin � � �

Serum iron nl � �

Transferrin nl � �

Transferrin saturation nl � �

Soluble transferrin receptor nl � �

Reticulocyte count nl � �

Hemoglobin nl nl �

Mean cell volume nl nl �

Adapted from ref. 27.

ciency and iron-restricted erythropoiesis in nonpregnant women are ferritin less than 10
µg/L (28) and transferrin saturation less than 16% (27), respectively. Iron deficiency
anemia in nonpregnant women is usually defined as hemoglobin less than 12 g/dL (27).
However, during pregnancy, serum iron and transferrin saturation are altered, indepen-
dent of iron status, making low transferrin saturation nonspecific for iron-restricted
erythropoiesis (Fig. 2). Increases in plasma volume and red cell mass cannot be accu-
rately quantitated, reducing the reliability of hemoglobin and hematocrit measurements
for diagnosing causes of anemia other than dilution. Decreased serum ferritin appears to
be a reliable marker of depleted iron stores when compared to bone marrow iron staining
(17) but is not specific for iron deficiency anemia (29).

Elevated serum transferrin receptor (sTFR) is a sensitive marker of iron-restricted
erythropoiesis but is also elevated during increased erythropoietic activity in congenital
and acquired hemolytic anemias. Investigations of sTFR in pregnancy have produced
inconsistent findings. Carriaga et al. measured sTFR in 176 iron-supplemented women
during the third trimester. Mean sTFR concentration did not differ significantly from a
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non-pregnant reference group. Fifteen of 18 women with ferritins less than 12 ng/mL had
elevated sTFR, and 11 of 13 women with hemoglobin less than 11 g/dL had elevated
sTFR. The authors concluded that sTFR was a sensitive marker of iron-restricted eryth-
ropoiesis, and other investigators support their findings (30). However, another study of
sTFR concentrations in pregnancy found a progressive increase in sTFR during gestation
that was independent of storage iron or anemia status, and correlated with another mea-
surement of increased erythropoietic activity: reticulocyte immaturity (31). Therefore,
the utility of measuring sTFR concentration in anemic, pregnant women is currently
unclear and is not recommended.

Folate and Vitamin B12 Changes During Pregnancy
Folic acids are water-soluble vitamins involved in many one-carbon transfer reactions

required for nucleic acid synthesis and amino acid metabolism. Like iron deficiency,
pregnant women are at increased risk for folate deficiency because of inadequate tissue
stores; increased maternal, fetal, and lactation demands on folate stores; and inadequate
dietary sources. Nonpregnant folate stores approx 5 mg (32). The daily folate require-
ments of 100–150 µg increase by 100–300 µg during pregnancy (13). During pregnancy,
serum folate concentration declines from approx 6.5 ng/mL to 4.0 ng/mL, probably
because of plasma volume expansion, but red cell folate concentration is unchanged (13).
The first hematologic sign of folate deficiency is hypersegmented neutrophils on a
peripheral smear. Progression to anemia, macro-ovalocyte red cells, and leukopenia
and thrombocytopenia occurs after several months of exhausted folate stores. Typically,
severe macrocytic anemia does not occur until the late stages of pregnancy or postpartum.
A serum folate less than 3.0 ng/mL or red cell folate less than 20 ng/mL is considered
evidence of folate deficiency during pregnancy (33). Plasma homocysteine concentra-
tions will also be elevated. As with iron, the fetal–placental unit is able to extract folate
from the maternal circulation despite depleted reserves (33). Prophylactic folic acid
supplementation (0.4–1.0 mg/d) is recommended during pregnancy, even in women at
low risk for inadequate dietary folate (34).

Although folate deficiency is the most common cause of macrocytic anemia during
pregnancy, the differential also includes vitamin B12 deficiency, hypothyroidism, reticu-
locytosis caused by hemolytic anemia, liver disease, excessive alcohol, and certain che-
motherapy, antiviral, and anticonvulsant medications (32). Pregnant women are at risk
for combined iron and folate deficiency anemia, which can present as a normocytic
anemia and normal ferritin or transferrin saturation because of ineffective erythropoiesis
caused by folate deficiency (32).

An increased risk of neural tube defects (NTDs) is associated with maternal folate
deficiency and elevated homocysteine concentration (35), and folate supplementation
from preconception through the first trimester is associated with a decreased risk of NTDs
(36). In order to reduce the incidence of NTDs, grains and breads have been fortified with
folate (0.14 mg/100g) since 1996 in the United States, leading to an improvement in
population folate status (37).

Vitamin B12 is a water-soluble vitamin synthesized by microorganisms and almost
exclusively ingested by eating meat. B12 concentrations also decrease during pregnancy,
from a nonpregnant range of 205–1025 pg/mL to 20–510 pg/mL at term (13). Despite
lower B12 concentrations, pregnant women do not have biochemical evidence of B12
deficiency based on methylmalonic acid and homocysteine concentrations (38,39). B12
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deficiency is uncommon during pregnancy because maternal stores are adequate to meet
fetal and maternal requirements, even in most vegetarians. Neonatal B12 deficiency caused
by maternal pernicious anemia has been reported rarely because this disease is uncom-
mon in women under 40 years old and usually causes infertility (13).

Changes in Leukocytes and Platelets During Pregnancy

Longitudinal studies have consistently shown an increase in peripheral white blood
cell count (WBC) during normal, term pregnancies (40–42). WBC begins to rise during
the first trimester, plateaus during the second and third trimesters, and returns to baseline
by 6 wk postpartum (Table 4). Leukocyte counts as high as 12,200 may occur during
pregnancy without signs or symptoms of an infection (42). During spontaneous labor,
there is a further, temporary increase in WBC (mean 20,000, ± SD 6,000) (43). Women
who smoke during pregnancy have higher WBC than nonsmokers, and the leukocytosis
increases with the number of cigarettes smoked per day (44). The WBC increase is
primarily caused by an increase in mature neutrophils (42). An increase in neutrophil
count is also observed during the ovulatory phase of the menstrual cycle. Granulocyte-
colony stimulating factor concentrations peak during ovulation and are elevated through-
out pregnancy, suggesting a hormonal–cytokine interaction (45). A mild monocytosis is
also common during pregnancy and is also associated with an increase in macrophage-
colony stimulating factor (46). Absolute eosinophil and basophil counts typically decrease
slightly, as does the total lymphocyte count (40,42). In general, the relative numbers of T
and B cells do not change significantly (40). Inconsistent results have been reported for
changes in lymphocyte subsets during pregnancy (40). Interactions between the maternal
immune system and the placenta and fetus, and their impact on maternal–fetal health, are
areas of active investigation.

Most longitudinal studies have demonstrated that normal gestation has a minimal
affect on maternal platelet counts (41,47,48) (Table 5). While some longitudinal (42) and
cross-sectional (49–51), studies have identified a downward trend for platelet counts
during pregnancy, the changes are not clinically meaningful, and platelet counts remain
above the lower limit of the nonpregnant reference interval. Possible causes for a lower
platelet count during pregnancy include dilution from plasma volume expansion, decreased
production, and shortened survival because of activation by prothrombotic forces. Mean
platelet volume increases during pregnancy and is cited as evidence of increased platelet
consumption with compensatory increased production of larger, young platelets (47,49).
However, this model is not supported by studies of platelet survival (52) and reticulated
platelets, young platelets with detectable RNA, showing no evidence of decreased sur-
vival or increased production (53). In one longitudinal study, smoking did not affect
median platelet counts during pregnancy (54).

There are multiple causes of thrombocytopenia during pregnancy, defined as a platelet
count below the lower limit of the nonpregnant reference interval and typically less than
150,000/µL (Table 6). Several large population surveys have published incidences for
different causes of maternal thrombocytopenia in late pregnancy (Table 7). Most often,
thrombocytopenia associated with gestation is mild (�70,000) and is an incidental find-
ing in asymptomatic women with no other risk factors (55–57). Preconception platelet
counts are normal, the platelet count normalizes by 6 wk postpartum, and thrombocy-
topenia is likely to recur with subsequent pregnancies. Although the mechanisms
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Table 4
Changes in Mean Leukocyte Counts During Normal Pregnancy

WBC Granulocytes Lymphocytes Monocytes
(× 103/µL) (× 103/µL) (× 103/µL) (× 103/µL)

A B A B A B A B

Nonpregnant controls 6.7 nd 4.6 nd 1.8 nd .3 nd
First trimester 9.5 6.88 6.9 nd 2.0 1.65 .4 nd
Second trimester 10.5 8.12 8.2 nd 1.8 1.65 .5 nd
Third trimester 10.8 8.71 8.6 nd 1.7 1.78 .5 nd
1 wk postpartum 9.7 nd 7.2 nd 2.0 nd .5 nd

 nd, not done; WBC, white blood cell count.
A, ref. 40
B, ref. 41

Table 5
Changes in Platelet Counts During Normal Pregnancy

Mean Platelet Count (× 103/µL)

A B

First trimester 262 205
Second trimester 269 197
Third trimester 268 211

A, ref. 41.
B, ref. 48.

Table 6
Causes of Thrombocypeniaa During Pregnancy

Incidental, (gestational)
Hypertensive disorders of pregnancy
Immune thrombocytopenia purpura
Autoimmune disorders
Thrombotic thrombocytopenia purpura
Human immunodeficiency virus
Aplastic anemia
Folate, B12 deficiencies
Hematologic malignancies
Disseminated intravascular coagulopathy
Acute hemorrhage
Inherited thrombocytopenia
Type 2B von Willebrand disease
Drug-induced
Pseudothrombocytopenia

aDefined as platelet count less than 150,000/µL.
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involved in incidental thrombocytopenia of pregnancy are unknown, infants born to
these mothers are not at higher risk for significant thrombocytopenia or bleeding com-
plications (56,57).

Immune thrombocytopenia purpura (ITP) is an autoimmune disorder that infrequently
causes thrombocytopenia during pregnancy (Table 7). Platelet counts range from less
than 10,000/µL, to slightly less than 100,000/µL, precede conception, and do not recover
postpartum. Diagnosis of ITP is typically based on exclusion of other causes of throm-
bocytopenia (Table 6); however, some experts recommend laboratory evaluation for
platelet-specific antibodies and other autoimmune serologies (58). It can be difficult to
distinguish mild ITP from incidental thrombocytopenia of pregnancy in primigravida
women with no previous platelet counts. Fortunately, the maternal and fetal outcomes are
excellent in both situations, and no specific interventions during pregnancy or delivery
are recommended (58).

Preeclampsia is the most common cause of thrombocytopenia in women with hyper-
tensive disorders of pregnancy. Thrombocytopenia may precede the onset of hyperten-
sion or develop during its course. Typically, platelet decrements are mild, and recovery
is rapid after delivery (see Chapter 18).

Thrombocytosis (platelet count >600,000/µL) during pregnancy is extremely uncom-
mon and is typically caused by an underlying myeloproliferative disorder, most often
essential thrombocytosis (ET). There is a higher rate of spontaneous abortion in women
with ET, but late gestational complications appear to be less frequent (59). Management
of ET is controversial, ranging from no intervention to daily aspirin, or -interferon to
inhibit platelet aggregation and lower the platelet count, respectively (60).

A reactive thrombocytosis is seen commonly postpartum, usually returning to
prepregnancy concentrations within a month. Women who are preeclamptic (61) or
undergo cesarean section (62) have higher mean postpartum platelet counts compared to
women who are normotensive or undergo a vaginal delivery. These investigators have
speculated that postpartum thrombocytosis is a risk factor for thrombotic complications
(62), but outcome data are lacking.

Table 7
Frequency of Maternal and Neonatal Thrombocytopenia

References (56) (57) (55)
Maternal thrombocytopeniaa 6.6% 7.3% 11.6%

Incidental 73.6% 81.0% 94.0%
Hypertensive disorders of pregnancy 21.0% 16.0% 4.5%
ITP & SLE 3.8% 3.0% 0.5%
Other 2.6% 1.0%

Neonatal thrombocytopeniab 0.12%
Incidental 0.13%
Hypertensive disorders of pregnancy 1.8%
ITP & SLE 6.4%
High-risk for neonatal alloimmune thrombocytopenia 50.0%

aPlatelets count less than 150,000/µL.
bUmbilical cord platelet count less than 50,000/µL.
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HEMOSTASIS

Pregnancy-Associated Thromboembolic Complications
Pregnancy and the puerperium are recognized as temporary prothrombotic conditions

on the basis of clinical and laboratory observations. However, the reduction in
uteroplacental hemorrhagic complications during gestation and delivery may more than
compensate for the increased morbidity and mortality caused by thrombotic events
(63,64). The leading cause of maternal mortality in developed countries is pulmonary
embolism (PE) (2.1/100,000 pregnancies), 2.5 and 5 times more common than death from
hypertension and hemorrhage, respectively (65). The incidence of venous thromboem-
bolic events (VTE) during pregnancy ranges from 0.55 to 0.86/1000 deliveries (66,67).
Although it is widely accepted that VTEs are more common during pregnancy than in
comparable nonpregnant women, an accurate estimate of the increased risk associated
with pregnancy is lacking. The incidence of deep vein thromboses (DVT) compared to
PE is about 2:1 (66,67). DVT are more common antepartum and are distributed fairly
equally among all trimesters (68). DVT usually arise in the proximal iliofemoral veins
and approx 90% involve the left leg (68). A reasonable explanation for the left-side bias
is the anatomic relation between the iliac veins and arteries: the right iliac artery crosses
over the left iliac vein, and there is no vascular compression of the right iliac vein. PEs
are fairly equally distributed between antepartum and postpartum periods, and are more
common after delivery by cesarean section. Arterial thromboembolic events are uncom-
mon during pregnancy and postpartum (69,70). Atherosclerotic risk factors are frequently
present in women who suffer myocardial infarctions (70), and strokes are associated with
hypertensive complications of pregnancy and cesarean sections (69).

Physiology and Laboratory Monitoring of Hemostasis
Rapid formation of an occlusive plug at the site of vascular injury while maintaining

patency and blood flow involves many complicated interactions between blood
procoagulant, anticoagulant, and fibrinolytic proteins; circulating blood cells; and vessel
components (71). Analysis of changes in the viscoelasticity of whole blood as it first clots
and then lysis ex vivo has led to the development of instruments for the global assessment
of hemostasis. Primarily used to monitor hemostasis during liver transplantation and
cardiothoracic surgery, limited studies performed on pregnant subjects demonstrate
hypercoaguable behavior throughout pregnancy (72–74).

Laboratory tests to assess primary hemostasis include von Willebrand factor (vWF)
antigen and activity, the platelet count, bleeding time, an in vivo measurement of the time
it takes for a forearm incision to stop bleeding, in vitro platelet aggregation studies, and
PFA-100 (Dade-Bohring) closure time, an instrument that measures the rate of platelet
aggregation in anticoagulated whole blood when exposed to collagen and adenosine
diphosphate (ADP), or collagen and epinephrine under high shear stress conditions (75).

The standard screening tests for secondary hemostasis are the prothrombin time (PT)
and activated partial thromboplastin time (aPTT). Both tests monitor the time to form a
fibrin clot following the addition of reagents to activate the coagulation factor pathway
(Fig. 3). The PT test adds tissue factor to activate factor VII (extrinsic pathway), and the
aPTT test adds phospholipid and a negatively charged material to activate factor XII
(intrinsic pathway). Coagulation factors, and proteins that regulate them, are measured
with either functional or antigenic assays.
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Plasmin-mediated clot lysis releases fibrin degradation products (FDP) into blood
(Fig. 4) (76). The D-dimer is an FDP that contains covalently cross-linked D-domains
from two fibrin molecules. Immunoassays using polyclonal antibodies to detect FDP or
monoclonal antibodies specific for D-dimer are used to monitor in vivo fibrinolytic
activity. In vitro tests to assess global fibrinolytic activity and quantitate tissue plasmi-
nogen activator, plasminogen, and their inhibitors are not routinely performed in clinical
laboratories.

Primary Hemostasis Changes During Pregnancy
Platelet counts do not change significantly during normal pregnancy (41). Investiga-

tions into platelet function have produced inconsistent results. Bleeding times are short-
ened (77) or unchanged (78) during pregnancy compared to nonpregnant controls.
PFA-100 ADP closure times in 110 late third-trimester uncomplicated pregnancies were
all within the normal limits, and only 6 of 110 epinepherine closure times were minimally
prolonged (79). Investigations of platelet aggregation in normal, hypertensive, and
precclamptic pregnancies have produce varied and inconsistent results. Whigham et al.
reported no difference between platelets from women with uncomplicated pregnancies
and platelets from nonpregnant controls when aggregation was induced with collagen,
ADP, arachadonic acid, and adrenaline (80). However, platelets from patients with severe

Fig. 3. In vivo, the coagulation cascade is initiated by exposure of blood to tissue factor (TF) at
the site of vascular injury, leading to activation of factor VII (extrinsic pathway). Factor VIIa
activates factors X and IX, and activated factor X ( Xa) activates prothrombin to thrombin (com-
mon pathway). Thrombin acts on many substrates. It converts fibrinogen to fibrin, activates
cofactors VIII and V, and activates factor XI to XIa to sustain and accelerate thrombin generation.
Thrombin also activates factor XIII to XIIIa, which covalently cross-links fibrin monomers to form
a durable clot. In vitro, the coagulation cascade can be initiated by exposure of plasma to negatively
charged surfaces (intrinsic pathway). However, the factors involved in surface activation (factor
XII, prekallikrein, and high-molecular-weight kininogen) are not required for in vivo hemostasis.
The Prothombin Time (PT) monitors extrinsic and common pathways and the activated partial
thromboplastin time (aPTT) monitors the intrinsic and common pathways.
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Fig. 4. Fibrinolytic system. Tissue-type plasminogen activator (t-PA) converts plasminogen to
plasmin, and plasmin degrades fibrin into soluble fragments (fibrin degradation products [FDP]
including D-dimer). Two proteins regulate fibrinolysis; plasminogen activator inhibitor-1 (PAI-
1), which binds to t-PA, and 2-antiplasmin ( 2-AP), which binds to plasmin.

preeclampsia were less responsive to the agonists, suggesting that circulating platelets
were “exhausted” because of partial platelet activation while flowing through a perturbed
microcirculation. Using the same agonists, O’Brien et al. observed a similar reduction in
platelet aggregation with platelets from normal as well as mild and severe pregnancy-
induced hypertensive pregnant patients when compared to nonpregnant controls (81).
Other investigators have reported increased platelet activity during normal pregnancies
based on in vitro aggregation studies (82,83). Overall, there is no convincing evidence
for platelet hyperactivity being a major component of the hypercoaguable state during
pregnancy (77).

Secondary Hemostasis Changes During Pregnancy
PT and partial thromboplastin time (PTT) tend to shorten during pregnancy (84), but

the changes are not clinically significant. Evidence for a prothrombotic hemostatic physi-
ology during pregnancy is derived primarily from changes in concentrations of coagu-
lation, fibrinolytic, and anticoagulant proteins. Results from both longitudinal (85,86)
and cross-sectional (87,88) surveys are summarized in Table 8. Fibrinogen rises steadily
during pregnancy, increasing by 20–50% at term. The vitamin K-dependent serine pro-
tease factors X, IX, VII, and II (prothrombin) all increase during pregnancy, although
reported magnitudes vary. vWF antigen increases 200–300%, and factor VIII, which
circulates noncovalently bound to vWF, increases 50–100% by the end of the third
trimester. Factor V, a cofactor for activation of prothrombin to thrombin, is unchanged
or increases slightly, and factor XI decreases as gestation progresses. Factor XIII, a
transglutaminase enzyme that covalently crosslinks fibrin monomers, decreases through-
out pregnancy, but it is not clinically significant (89).
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Table 8
Changes in Hemostasis Factors During Pregnancy
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Of the three proteins that regulate thrombin generation, two (protein C and antithrom-
bin) do not change significantly during pregnancy (88). However, the functional state of
protein S (free protein S, unbound to Complement 4b binding protein) decreases steadily
beginning in the second trimester (88,90). A consistent finding has been an increase of
coagulation factor activation markers during gestation. Concentrations of thrombi–
antithrombin complexes (91,92), as well as the prothrombin peptide fragment F1+2

(76,92) that is released during activation to thrombin, rise steadily as gestation progresses.
However, there is no evidence that the concentrations of coagulation activation markers
are predictive of thrombotic complications for individual pregnancies (91,92).

The changes in coagulation protein concentrations during pregnancy are similar to the
alterations that occur in women taking oral contraception pills (OCPs) (93), confirming
the link between sex hormones and hemostasis. OCP use is also associated with a fourfold
increased risk of VTE compared to age-matched women who are not taking them (94).
In addition, elevated factor IX (95), factor VIII (96), and prothrombin (96) are associated
with an increased risk of VTE among nonpregnant women and men.

Fibrinolytic Pathway Changes During Pregnancy
Dramatic and complex changes occur to the components of the fibrinolytic system

(Fig. 4) during pregnancy, yet their physiologic significance remains incompletely
understood (97). It is generally accepted that fibrinolytic activity is inhibited during
pregnancy, thus promoting uteroplacental vascular integrity (98). This model is sup-
ported by histologic evidence of replacement of the smooth muscle and elastic lamina of
dilated uterine spiral arteries by trophoblasts and fibrin (98), and decreased systemic
fibrinolytic activity (77,85). Plasma concentrations of plasminogen parallel increases in
fibrinogen during pregnancy (98). Wright et al. observed a progessive decrease in tissue-
type plasminogen activator (t-PA) and increase in plasminogen activator inhibitor-1
(PAI-1) activities during uncomplicated pregnancies, consistent with the observed
decreased fibrinolytic activity using the euglobulin lysis method (99). In addition to
PAI-1, the placenta produces an antigenically and functionally distinct t-PA inhibitor,
plasminogen activator inhibitor-2 (PAI-2), and circulating concentrations of PAI-2
change from undetectable to higher than PAI-1 concentrations toward the end of gesta-
tion (98). However, using different methods to measure in vitro fibrinolytic activity,
other investigators have reported no change (97) or increased (100) fibrinolytic activity
during pregnancy.

A progessive rise in FDP and D-dimer concentrations during uncomplicated pregnan-
cies is a consistent finding (85,101) (Fig. 5). These findings may represent ongoing
localized deposition and remodeling of fibrin within the uteroplacental unit during nor-
mal gestation rather than a state of systemic low-grade disseminated intravascular coagu-
lation (DIC).

Peripartum and Postpartum Hemostatic Changes

Mechanical (uterine contractions) and hemostatic forces combine to minimize blood
loss following separation of the placenta from the uterine wall. During and shortly after
labor, changes in hemostasis parameters are consistent with activation of the intrinsic
coagulation pathway (factor XII) (89), contributing to increased generation of thrombin
and fibrin (86); a mild, temporary drop in platelet count (86); and increased fibrin pro-
teolysis (85). PAI-1 falls to a nonpregnant concentration within hours of placental sepa-
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ration, while PAI-2 concentrations remain elevated for several days (97). Factor VIII and
vWF antigen concentrations gradually return to baseline, and by 6–8 wk postpartum,
coagulation and fibrinolytic systems have returned to nonpregnant baseline status (86,97).

Hemostatic Consequences of Pregnancy Complications

Fetal and placental tissues and amniotic fluid (AF) are rich sources of tissue factor.
Sudden disruptions of the fetal–maternal barrier can precipitate acute DIC, because of
tissue factor-mediated systemic activation of the extrinsic coagulation pathway, exces-
sive thrombin generation, and subsequent platelet activation and secondary fibrinolysis.
Clinical consequences include consumption of clotting factors and platelets, hyperfib-
rinolysis, and life-threatening hemorrhage. Typical laboratory findings would include
prolonged PT and aPTT, hypofibrinogenemia (<100 mg/dL), markedly elevated D-dimer,
and thrombocytopenia (102). Examples of gestational emergencies that can lead to
severe DIC are AF embolism, abruptio placentae, and abortion complications. A more
chronic and usually less severe form of DIC occurs when fetal death in utero is not
recognized and tissue factor from fetal tissue slowly enters the maternal bloodstream.
Changes in hemostatic parameters consistent with DIC can also develop during hyper-
tensive disorders of pregnancy (see Chapter 18).

Management of pregnancy-associated DIC depends on the clinical impact and under-
lying cause. Debridement and curretage (D&C), leads to prompt hemostatic recovery in
most cases of retained placental or fetal tissue. Delivery of the fetus and placenta resolves
the coagulopathy associated with preeclampsia, abruptio placentae, and dead fetus. If
cardiopulmonary complications of AF embolism are not fatal, the coagulopathy is typi-
cally self-limited. Blood component support may be indicated for severe coagulopathy
or thrombocytopenia to prevent or treat active bleeding (103).

Fig. 5. Box plots of D-dimer values as a function of pregnancy periods. Boxes represent 50% of
the values, the horizontal bar inside the median, and the lower and the upper bars the 10th and 90th
percentiles, respectively. (Reprinted with permission from ref. 101.)
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Inherited Hemostatic Defects and Pregnancy
vWF is a large, multimeric plasma glycoprotein and has an important role in both

primary hemostasis, facilitating platelet adhesion at sites of endothelial injury, and sec-
ondary hemostasis, binding factor VIII and protecting it from rapid degradation (104).
von Willebrand disease (vWD) is the most common inherited bleeding disorder, with an
estimated symptomatic prevalence of 0.01% (104). Bleeding complications in patients
with vWD, caused by quantitative (type 1,3) or qualitative (type 2) abnormalities of vWF,
depend on the severity of the defect (105). Approximately 80% of patients diagnosed with
vWD are type 1, which is characterized by autosomal inheritance of a partial deficiency
of vWF. Typical bleeding complications of type 1 vWD include excessive bruising,
bleeding from mucous membranes, and mennorrhagia (105). During pregnancy in women
with vWD type 1, vWF antigen and factor VIII activity progressively rise, possibly
achieving concentrations found in nonpregnant women, and bleeding complications
typically diminish. However, postpartum, vWF and factor VIII concentrations can rap-
idly return to baseline, and delayed uterine bleeding may occur (106). Women with type
2 (qualitative vWF defects) and type 3 (severe quantitative deficiency of vWF) remain
at risk for major bleeding complications during gestation and postpartum. Infusions of
blood components containing vWF are indicated to prevent bleeding during labor and
postpartum and to manage antepartum bleeding complications (107).

Inherited Risk Factors for VTEs and Pregnancy
Women who inherit risk factors associated with an increased risk of VTEs are at

increased risk for both maternal and fetal complications during pregnancy. Factor V
Leiden (FVL) is a common genetic polymorphism (G1691A) and is a risk factor for VTEs
(108). Among Caucasians, the incidence of heterozygosity is approx 5%. The mutation
eliminates a site where activated protein C cleaves factor Va, leading to prolonged throm-
bin generation (109). Most people who inherit FVL will not have a VTE. However, when
FVL is combined with acquired risk factors, the incidence of VTE increases. The fre-
quency of FVL genotype in women with pregnancy-associated VTEs ranges from 8%
(67) to 46% (110). Although the relative risk for VTE during pregnancy in FVL carriers
is increased (111), an estimate of the absolute risk (based on an incidence of VTE in 1 of
1500 pregnancies) is 0.2% (112). A polymorphism in the prothrombin gene (G20210A)
is associated with elevated plasma prothrombin concentrations and increased risk for
VTE, and is found in approx 2% of Caucasians (113). The incidence of the G20210A
prothrombin gene mutation in women whose pregnancies are complicated by VTE ranges
from 9 (114) to 17% (112), and the reported ranges for relative and absolute VTE risk are
similar to those for FVL (111,112). Homozygosity for a common polymorphism in the
gene encoding 5,10,-methylenetetrahydrofolate reductase (MTHFR C667T) is associ-
ated with elevations in plasma homocysteine, but its role as an independent risk factor for
venous and arterial thromboembolic events is controversial (115,116). Current data do
not support a convincing association between MTHFR C677T and VTE (111,112,114).
The prevalences of congenital partial deficiencies of the coagulation regulating proteins,
antithrombin, protein C, and protein S, are lower than FVL, and the relative risks for
VTEs during pregnancy associated with them are difficult to accurately quantify because
of the low frequency of deficiencies in cases and controls. However, the clinical impres-
sion is that congenital antithrombin deficiency is the most potent inherited risk factor for
VTE complications during pregnancy (117).
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Inherited VTE risk factors have also been associated with other obstetrical complica-
tions including preeclampsia, abruptio placentae, stillbirth, and intrauterine growth retar-
dation (118). Kupferminc et al. identified FVL, G20210A prothrombin gene mutation, or
MTHFR C677T in 52% of 110 women who had one of these pregnancy complications
compared to 17% in 110 women with histories of uncomplicated pregnancies. Other
investigators have confirmed an association between FVL (111,119) and G20210A pro-
thrombin gene mutation (111) and late unexplained fetal loss. A recent meta-analysis of
studies investigating inherited thrombophilia and fetal loss identified an association for
FVL, G20210A prothrombin gene mutation, and protein S deficiency with early and late
recurrent fetal loss and as well as late nonrecurrent fetal loss (120). There was no asso-
ciation between fetal loss and MTHFR C677T, protein C, or antithrombin deficiency.

Thrombophilic risk factors have not been associated with an increased risk of intrau-
terine growth retardation in the absence of hypertensive complications of pregnancy
(121–124). While hypertensive complications during pregnancy can lead to prothrom-
botic hemostatic alterations, the results of investigations into whether FVL, MTHFR
C677T, and G20210A prothrombin gene mutation are associated with an increased risk
for development of preeclampsia are inconsistent (106,124,125). Furthermore, studies to
test the hypothesis that inherited risk factors for VTE increase the risk for placental
vascular insufficiency, placental infarction, and maternal–fetal complications are limited
and inconclusive (121).

Although the cumulative evidence linking some thrombophilic risk factors to an in-
creased risk of VTEs, and some maternal–fetal complications is convincing, it is not
appropriate to screen asymptomatic women for their presence (106,124). The predictive
values of a positive or negative result for these risk factors in regard to pregnancy-
associated complications are unknown, as is the effectiveness of possible therapeutic
interventions.

SUMMARY

Maternal and fetal well-being during pregnancy depends on increases of maternal
plasma and red cell volumes. Since plasma expansion is proportionately greater than red
cell expansion, the hematocrit declines during the second trimester and early third trimes-
ters. Maternal iron stores, often minimal before conception, are frequently depleted
during gestation because of fetal demands and increased maternal hemoglobin synthesis.
Distinguishing between physiologic anemia of pregnancy with depleted iron stores and
physiologic anemia of pregnancy plus early iron-restricted erythropoiesis for individual
patients is often difficult with currently available laboratory tests. Therefore, it is appro-
priate to provide iron supplementation to all pregnant women.

Maternal hematologic complications of folate deficiency occur late in pregnancy;
whereas the risk for fetal NTDs can be reduced with folate supplementation during the
first month of gestation. Therefore, it is appropriate to provide folate supplementation
prior to conception and throughout pregnancy.

Gestation and delivery are associated with hemorrhagic risk. Changes in maternal
hemostatic functions appear to tilt the balance toward thrombus formation. This is sup-
ported by the increased incidence of VTEs during pregnancy and in the immediate post-
partum period, and a decrease in blood loss during delivery in women with FVL, an
inherited thrombophilic risk factor (64).
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Some inherited thrombophilic risk factors are also associated with early and late fetal
loss. Investigators continue to search for pathophysiologic explanations to link maternal–
fetal complications with thrombophilic risk factors and to evaluate the utility of prophy-
laxis strategies in women who inherit them.
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INTRODUCTION

Hemolytic disease of the newborn (HDN) is characterized by the destruction of fetal
red blood cells by maternal immunoglobulin G (IgG) directed against antigens present
on fetal erythrocytes. These paternally inherited antigens are not present on maternal
cells and can stimulate the maternal immune system to produce antibodies when antepar-
tum or intrapartum fetomaternal hemorrhage occurs. Maternal sensitization often occurs
during the first pregnancy with a fetus that expresses the erythrocyte antigens and
although this fetus is at low risk of HDN, future antigen-positive fetuses are at substan-
tial risk of developing the disease. Transplacental passage of the resulting antibodies into
the fetal circulation often leads to hemolysis that can range from mild to extreme depend-
ing on several factors including, among others, the antibody concentration, the transfer
rate of immunoglobulin from the maternal to the fetal circulation, the antibody specific-
ity, the functional maturity of the fetal spleen, and the IgG subclass (Fig. 1) (1).

The lysis of red cells in HDN does not occur through complement activation but rather
through interactions between the Fc portion of the IgG molecules on the sensitized
erythrocyte and effector cells present in the fetal spleen (2). Splenic macrophages are
believed to be the principal effector cells responsible for the red cell destruction, which
occurs via erythrophagocytosis.

Clinical Manifestations
Clinical manifestations of HDN depend on the nature of the immune response, and

disease severity can range from mild hemolysis to severe anemia. When anemia is severe,
the erythrocyte production in the bone marrow cannot match the red blood cell destruc-
tion, and extramedullary sites of hematopoiesis are stimulated, leading to hepatosple-
nomegaly and the appearance of erythroblasts in the fetal circulation. Indeed, the term
erythroblastosis fetalis, often used to describe HDN, is derived from this clinical finding.
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Fig. 1. Various factors that can influence the severity of hemolytic disease of the newborn. (Adapted
from ref. 1.)

Severe anemia can also result in hypoxic injury to the liver and heart. Impaired hepatic
synthesis of plasma proteins results in a decrease in plasma oncotic pressure that, in
conjunction with heart failure, causes generalized edema termed hydrops fetalis. This
finding carries grave prognostic implications and frequently results in death in utero or
shortly after birth (3). After birth, when the placenta is no longer able to remove the excess
bilirubin from the fetal blood, unconjugated bilirubin can pass through the blood–brain
barrier, leading to bilirubin encephalopathy (kernicterus), which that can impair
neurodevelopment, produce nerve deafness, spastic cerebral palsy, or even death (4).

Etiology

Numerous alloantibodies have been cited as a cause of HDN. These include antibodies
with specificity toward the antigens of the rhesus (Rh) blood group system (c, C, D, e, and
E), and those of the Kell (K and k); Duffy (Fya); Kidd (Jka and Jkb); and MNSs (M, N,
S, and s) systems (4). Anti-D is the most common cause of HDN in the Western world,
followed by anti-c, anti-K, and anti-E (1,4–6). Despite the availability since 1968 of
effective prophylaxis with anti-D immune globulin, the Centers for Disease Control
reported in 1991 that the incidence of Rh hemolytic disease in the United States was 1 per
1000 total births (7). Failure to receive anti-D prophylaxis and sensitization to antigens
other than D has been sited as the likely causes of maternal alloimmunization (5).

Prophylaxis

Anti-D immune globulin (RhoGAM , Ortho Clinical Diagnostics, Raritan, NJ) is
manufactured from human plasma containing anti-D and is used to prevent maternal
alloimmunization to the RhD antigen by antibody-mediated immune suppression. The
exact mechanism by which anti-D immune globulin works remains unclear. Suppression
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may result from clearance of RhD-positive fetal cells from the maternal circulation,
antigen blocking, or central inhibition (2). The latter hypothesis is perhaps the most
plausible and is likely to involve the sequestration of anti-D-coated fetal erythrocytes in
the maternal spleen. The accumulation of anti-D complexes may suppress the primary
immune response by interrupting the T-cell mediated clonal expansion of RhD-specific
B-cells (2).

A single dose of RhoGAM contains 300 µg (1500 IU) of anti-D and is sufficient to
suppress the immune response of 15 mL or less of RhD-positive red blood cells (8). It is
recommended that RhoGAM be administered to RhD-negative women between 28 and
32 wk of gestation and again postpartum if the infant is RhD-positive (8).

Clinical Management and Treatment

Clinical management of potential HDN is aimed at the early detection of maternal
alloantibodies associated with HDN and early detection of fetal hemolytic anemia when
it occurs. If alloantibodies are detected, then the genotype of the fetus’s father can be
determined to assess the risk of HDN to the fetus. If the father of the fetus does not possess
the antigen, then the fetus is not at risk and continued monitoring for fetal anemia is not
required. If the father possesses the antigen, then the fetus is potentially at risk for
developing HDN and further follow-up studies are performed. In cases where the father
is heterozygous, polymerase chain reaction can be used to determine the fetal Rh geno-
type from DNA obtained from cells collected by amniocentesis or chorionic villus sam-
pling (9) (Fig. 2).

When hemolytic anemia is identified, treatment with blood transfusions (peritoneal or
direct intravascular) and/or early delivery with appropriate neonatal care can be initiated.
Unfortunately, invasive therapeutic procedures have associated risks such as fetomaternal
hemorrhage that can worsen maternal alloimmunization and exacerbate fetal anemia.
Fetal loss rates in groups that require intrauterine transfusion are still 4 to 15%, with the
highest mortality associated with severely anemic fetuses that are already hydropic when
the diagnosis is made (10). Clearly, detecting fetal anemia prior to the onset of hydrops
is the main goal in the management of these complicated pregnancies. Perhaps even more
desirable is the availability of noninvasive tests that could reliably predict the severity of
HDN earlier in gestation and would allow optimal and judicious use of invasive clinical
procedures.

Clinical Laboratory Tests

The focus of this chapter is on in vitro assays that have been advocated or investigated
as indicators of HDN severity. These include tests to detect and quantify alloantibodies
in the maternal serum, functional or cellular assays that measure the ability of maternal
antibodies to modulate cellular interactions that lead to the hemolysis of fetal erythro-
cytes, and tests performed on amniotic fluid (AF) to predict and/or monitor the severity
of fetal red blood cell hemolysis.

The gold standard test for assessing fetal anemia is the hematologic analysis of fetal
blood collected via fetal blood sampling, also known as cordocentesis or percutaneous
umbilical cord blood sampling (PUBS). It is performed for both diagnostic and therapeu-
tic purposes and has an approx 2% risk of a serious complication (11). Table 1 summa-
rizes fetal hematologic measurements according to gestational age (11a).
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Fig. 2. Algorithm for the clinical management of maternal alloimmunization during pregnancy.
(Adapted from ref. 60.)
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Table 1
Evolution of Hematologic Values of 2860 Normal Fetuses During Pregnancy (mean ± SD)

Total WBC
Week of WBCa counts PLT RBC Hb Ht MCV
gestation (× 109/L) (× 109/L) (× 109/L) (× 1012/L) (g/dL) (%)  (fL)

18–21 4.68 ± 2.96 2.57 ± 0.42 234 ± 57 2.85 ± 0.36 11.69 ± 1.27 37.3 ± 4.32 131.11 ± 10.97
(n = 760)

22–25 4.72 ± 2.82 3.73 ± 2.17 247 ± 59 3.09 ± 0.34 12.2 ± 1.6 38.59 ± 3.94 125.1 ± 7.84
(n = 1200)

26–29 5.16 ± 2.53 4.08 ± 0.84 242 ± 69 3.46 ± 0.41 12.91 ± 1.38 40.88 ± 4.4 118.5 ± 7.96
(n = 460)

>30 7.71 ± 4.99 6.40 ± 2.99 232 ± 87 3.82 ± 0.64 13.64 ± 2.21 43.55 ± 7.2 114.38 ± 9.34
(n = 440)

aIncluding normoblasts. (From ref. 11a. Copyright American Society of Hematology, used with permission.)

SEROLOGICAL ASSAYS

Although a variety of techniques have been utilized for detecting IgG antibodies to red
blood cells (12), the indirect antiglobulin test (IAT), also known as the indirect Coomb’s
test, is considered to be the best serological test to identify them (13). In conjunction with
ABO and RhD typing of maternal red blood cells as part of the initial tests performed on
an obstetrical patient at her first prenatal visit, the IAT is also performed to identify
antibodies, such as anti-D, that have the potential to cause HDN.

Semiquantitative Techniques
In the United States, semiquantitative assessment of the maternal alloantibody is

accomplished by titration performed by preparing twofold serial dilutions of serum that
are then tested for antibody activity by IAT. The titer is recorded as the reciprocal of the
highest dilution that gives a 1+ agglutination reaction (i.e., a 1 in 64 dilution produces a
reaction at a titer of 64) (14). It is recommended that titers be determined when potentially
hemolyzing antibodies are first identified and then repeated at 20 wk gestation and
approximately every 4 wk thereafter (6). The purpose of performing the titer is to deter-
mine when to initiate other types of fetal monitoring such as fetal blood sampling to
determine fetal hemoglobin/hematocrit or amniocentesis to evaluate the severity of fetal
hemolysis by measuring the deviation in optical density at 450 nm ( OD450). Titrations
performed in the first trimester can provide baseline values for comparison with titers
performed later in gestation. Patients with rising titers or titers above a “critical titer” (the
titer below which fetal hydrops is not anticipated and additional fetal monitoring is
unnecessary), require subsequent monitoring.

Antibody titration methods are inherently imprecise, and the correlation between titer
and HDN severity is generally regarded as poor. Several studies that have investigated
their use in the prediction of HDN severity have produced mixed results. A summary of
some studies that have investigated the use of titration in estimating HDN severity is
shown in Table 2. There is wide variability in the predictive values of titration, which is
likely caused by the inherent variation that is observed between laboratories performing
the test. The variation in the critical titers utilized by individual studies is also a contrib-
uting factor.
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The limitations of titration in assessing HDN severity were made apparent in a retro-
spective analysis of RhD-sensitized pregnancies in which 24% (12 of 49) of mothers with
a titer of 16 or less had infants with mild to severe HDN (15). This finding prompted the
authors to recommend that the concept of the critical titer be abandoned entirely and
suggested that all women with a positive IAT be managed by serial evaluations of AF,
irrespective of the titer. Others, however, have argued against that recommendation,
pointing out that amniocentesis is an invasive procedure and one that may result in
additional maternal alloimmunization (16).

The largest shortcoming of antibody titration in predicting HDN severity appears to
be its poor specificity (Table 2), which puts fetuses unaffected by HDN at risk for invasive
investigative procedures. One multicenter study reported an increase in titration specific-
ity from 18 to 64% with no decrease in the sensitivity when the critical titer was increased
to 128 from 16 (17). However, the authors urged that laboratories and physicians use their
own clinical experience to determine critical titers. As a guideline, the American College
of Obstetricians and Gynecologists (ACOG) has recommended a critical titer between 16
and 32 (6).

Quantitative Techniques
Although this test is not available in the United States, the concentration of maternal

anti-D is quantitated in the United Kingdom and other European countries using a
Technicon AutoAnalyzer. Originally described in 1969, the AutoAnalyzer quantitates
anti-D by diluting serum that is subsequently incubated with an excess of RhD-positive
red blood cells (18). After any resulting agglutinates are removed, the remaining cells are
lysed and the optical density of the lysate is measured spectrophotometrically. Sera with
either high or low titers of anti-D produce low or high optical densities, respectively, and
are compared against a reference standard to produce results of anti-D in IU/mL (5 IU =
1 µg) (2). As is the case with titration, quantitation by AutoAnalyzer is used to make
decisions regarding clinical interventions and, for this purpose, a cutoff value of 15 IU/
mL has been recommended (19). Advantages of the AutoAnalyzer include its ability to
process a large number of samples, quantify antibody concentration against a standard
preparation of anti-D, and generate results with greater precision than is achievable by
titration (1).

It is generally accepted that quantitative results have greater predictive values than
titration, although there are few published comparisons between the two methods. Like
those observed with titration, the predictive values of quantitative anti-D measurements
are broad (Table 2). However, data from some studies suggest that it is possible to define
a concentration of anti-D below which severe HDN is not likely to occur (19–21). One
of these studies identified an anti-D concentration of 4 IU/mL as a concentration at or
below which no infant had a cord blood hemoglobin less than 10 g/dL (n = 78, 100%
NPV) (20). Unfortunately, there is no cutoff above which anti-D concentrations are
reliably predictive of HDN, and numerous women with high concentrations of anti-D
deliver unaffected infants.

Summary
Overall, these two serological measurements of anti-D appear to behave similarly and

are of limited value in the assessment of the severity of HDN. At best, they both do a fair
job of identifying infants that are least likely to be affected by HDN (Table 2, NPV).



C
hapter 11 / H

em
olytic D

isease of the N
ew

born
225

Table 2
Studies Investigating the Clinical Performance of Serological Tests in the Prediction of HDN Severity, the Need for Neonatal Treatment, or Fetal Anemia

Critical titer
or anti-D cutoff Outcome Sensitivity Specificity PPV NPV Accuracy

Reference Test type n concentration measured (%) (%) (%) (%) (%)

Gall and Miller (15) Titration 49 > 16 HDN severity 71 71 94 29 71
Moise et al. (17) Titration 47 � 16 HDN severity 100 18 45 100 51
Gottvall et al. (57) Titration 222 � 64 Neonatal treatment 86 73 62 91 77
Filbey et al. (34) Titration 42 > 32 HDN severity 87 47 67 75 69
Oepkes et al. (28) Titration 172 � 32 Neonatal treatment 100 40 52 100 63
Zupanska et al. (30) Titration 72 � 32 HDN severity 74 80 96 33 75
Sacks et al. (31) Titration 33 � 16 Neonatal treatment 100 39 42 100 56
Bowell et al. (20) AutoAnalyzer 184 > 4 IU/mL Neonatal anemia 100 48 22 100 55
Nicolaides and Rodeck (19) AutoAnalyzer 237 > 15 IU/mL Fetal anemia ND ND ND 100 ND
Gottvall et al. (57) AutoAnalyzer 54 � 3.5 IU/mL Neonatal treatment 80 79 83 76 80
Filbey et al. (34) AutoAnalyzer 42 > 4 IU/mL HDN severity 74 58 68 65 67
Hadley et al. (26) AutoAnalyzer 27 � 5 IU/mL HDN severity 95 25 75 67 74
Garner et al. (27) AutoAnalyzer 44 >11 IU/mL HDN severity 74 92 96 60 80
Buggins et al. (21) AutoAnalyzer 20 � 15 IU/mL Fetal anemia 100 30 59 100 65
Hadley et al. (58) AutoAnalyzer 132 > 15 IU/mL HDN severity 70 74 88 46 71

ND, not done; NPV, negative predictive value; PPV, positive predictive value.
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Clearly, their largest failure is in accurately predicting which infants are likely to suffer
from the disorder because it is not possible to identify a threshold above which HDN can
be reliably predicted (Table 2, PPV). Despite their performance characteristics, both tests
continue to be widely used in the management of HDN to determine which patients
should undergo fetal blood sampling or amniocentesis.

FUNCTIONAL/CELLULAR ASSAYS

As mentioned previously, a variety of factors influence the severity of HDN, and
serologic methods assess only the antibody concentration. Functional or cellular assays
have been developed that measure the ability of maternal antibodies bound to erythro-
cytes to interact with the Fc receptors on effector cells such as monocytes or lymphocytes.
The resulting effects of that interaction are then quantitated. These types of tests include
the antibody-dependent cell-mediated cytotoxicity (ADCC) assay, the monocyte mono-
layer assay (MMA), and the chemiluminescence (CL) assay.

ADCC Assay
The ADCC assay measures the lysis of sensitized red blood cells by effector cells.

Chromium-51 (51CR)-labeled RhD-positive erythrocytes are incubated with maternal
serum and either monocytes (M-ADCC) or killer cells (K-ADCC) and percent lysis is
measured by the release of 51Cr from the red cells into the supernatant (22). Table 3
summarizes the data from some of the studies investigating the use of this assay in
predicting HDN severity or the need for neonatal treatment for HDN.

Despite it being the first cellular assay investigated for predicting HDN severity,
reports using the K-ADCC assay are few. The first report of this assay demonstrated that
it was able to differentiate infants with no or mild HDN from severely affected infants.
This was true despite all patients having concentrations of anti-D that were greater than
19 IU/mL (23). In contrast, a study by Hadley et al. reported no correlation between the
percent lysis of K-ADCC and HDN severity (24).

Studies using the M-ADCC assay are more numerous, and most seem to suggest that
M-ADCC results are more accurate than either antibody titration or anti-D quantitation,
although some conclude that it may be only slightly more useful than anti-D quantitation
in predicting the severity of fetal anemia (25–27).

A recent retrospective study investigated the use of the M-ADCC assay and antibody
titer in the management of 172 RhD-sensitized pregnancies with RhD-positive fetuses
(28). Fetal blood sampling and intrauterine transfusion were performed on 30 infants with
severe HDN diagnosed by ultrasonographic scans, Doppler examinations, or OD450
analysis. Of the remaining 142 infants, 105 were unaffected by HDN and required no
neonatal therapy, whereas 37 received either top-up or exchange transfusions after birth.
A cutoff of more than 50% lysis by the M-ADCC assay correctly identified 64 out of 84
(positive predictive value [PPV], 75%) infants who required any type of treatment for
HDN and 100% of infants who required intrauterine transfusion therapy (28). The same
cutoff correctly predicted 84 out of 87 (negative predictive value [NPV], 97%) infants
who did not require therapy. By comparison, use of a critical anti-D titer of 32 or more
produced many more false-positives and correctly identified only 67 out of 130 (PPV,
52%) infants who required therapy. Similar to the findings discussed earlier by Moise et
al. (17), the authors of this study reported that the critical titer could safely be increased
to 128 or more with only a 1% decrease in sensitivity (to 99%) but with an increase in
specificity from 40 to 70%.
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Table 3
Studies Investigating the Clinical Performance of Functional Assays in the Prediction of HDN Severity or Need for Neonatal Treatment

Outcome Sensitivity Specificity PPV NPV Accuracy
Reference Test type n Cutoff measured (%) (%) (%) (%) (%)

Engelfriet and Ouwehand (22) M-ADCC 62 > 3 SDa HDN severity 79 90 94 67 82
Urbaniak et al. (23) K-ADCC 11 < 30%b HDN severity 100 75 88 100 91
Hadley et al. (26) M-ADCC 27 > 25% HDN severity 89 75 89 75 85
Garner et al. (27) M-ADCC 44 > 28% HDN severity 84 100 100 72 89
Oepkes et al. (28) M-ADCC 172 > 50% Neonatal treatment 96 80 75 97 86
Nance et al. (29) MMA 16 � 20% HDN severity 100 83 91 100 94
Zupanska et al. (30) MMA 72 � 20% HDN severity 68 100 100 33 72
Sacks et al. (31) MMA 33 � 20% Neonatal treatment 100 43 43 100 61
Garner et al. (27) MMA 44 � 22% HDN severity 61 100 100 52 73
Lucas et al. (32) MMA 22 � 20% HDN severity 75 43 43 75 55
Lucas et al. (32) CL 22 � 10%c HDN severity 88 71 64 91 77
Buggins et al. (21) CL 20 � 7 Fetal anemia 100 80 83 100 90
Filbey et al. (34) CL 42 > 30% HDN severity 65 79 79 65 71
Hadley et al. (58) CL 132 > 30% HDN severity 82 94 98 64 85

CL, chemiluminescence assay; K-ADCC, K-cell antibody-dependent cell-mediated cytotoxicity assay; M-ADCC, monocyte antibody-dependent cell-mediated
cytotoxicity assay; MMA, monocyte monolayer assay; NPD, negative predictive value; PPD, positive predictive value.

a>3 standard deviations above results from unaffected infants.
bAlthough the authors did not report the use of this cutoff specifically, visual interpretation of their data as well as their conclusions would support the use of this value.
cCL assay cutoffs are expressed as either a percent of the response obtained from a positive control or as an index (no units) obtained from the response of a negative

control.
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MMA

The MMA, also known as the phagocytosis assay, involves adherence of monocytes
to a chamber slide to create a cell monolayer. Erythrocytes sensitized with alloantibodies
from maternal serum are added to the chamber slide and incubated with the monocytes for
1 h. After rinsing away nonadherent cells, the slide is stained and examined under light
microscopy to determine the percentage of monocytes that have adhered to and/or phago-
cytized erythrocytes. Unlike the ADCC assays, there is no need for the use of radioactive
isotope; however, the results are more subjective. A summary of performance data using
the MMA is given in Table 3.

Initial reports of the MMA indicated that it produced very good predictive values and
suggested a correlation with disease severity that was better than antibody titration
(29,30). This was true primarily when the assay was used to differentiate unaffected from
severely affected fetuses rather than moderately affected ones. Several other studies,
however, have reported that the MMA correlated poorly with HDN severity and offered
no benefit over antibody titration (31,32).

One study examined the correlation between results from the MMA and M-ADCC
tests and antibody subclass and reported that although the number of cell-bound IgG1
antibodies correlated poorly with the MMA (r = 0.33), it was highly correlated with the
M-ADCC assay (r = 0.76) (27). The authors concluded that the M-ADCC assay was
superior to that of the MMA because HDN severity was also more closely correlated to
IgG1 (r = 0.58) than to IgG3 (r = 0.16). They suggest that the poorer predictive value of
the MMA, relative to that of the M-ADCC, was a function of its apparent dependence on
an antibody subclass that was less likely to be implicated in HDN (27).

CL Assay

The CL assay measures the metabolic response of monocytes that occurs during phago-
cytosis of sensitized erythrocytes (33). Red blood cells that are sensitized with maternal
serum are added together with luminol to a cuvette containing monocytes pooled from
six donors (multiple donors are used to decrease interassay variation), and the cuvette is
incubated at 37°C. During this incubation, oxygen radicals released from the monocytes
during erythrophagocytosis react with the luminol, producing luminescence that can be
monitored with a luminometer. Results are expressed either as a percentage of the
response obtained from monoclonal anti-D-sensitized (positive) control cells or as an
index calculated from the response obtained from unsensitized (negative) control cells.
Like the MMA, this test does not require the use of radioisotopes, yet it has the benefit
of being a more objective test similar to the ADCC assay.

Several studies suggest that the ability of the CL test to predict HDN severity is better
than that of the MMA (Table 3). Others, showing it to be a better predictor of fetal anemia,
have proposed that its use in managing alloimmunized pregnancies could decrease the
need for fetal blood sampling if the CL test result was negative (21).

One study suggested the use of the CL test in a stepwise approach in conjunction with
serological assays beginning with titration to identify patients with quantities of anti-D
above a critical titer (32 in their study) (34). Specimens exceeding that cutoff would
receive quantitation by AutoAnalyzer, and those in excess of 4 IU/mL would then be
analyzed by the CL test. It was speculated that this approach would reduce AutoAnalyzer
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quantitation of low titer antibodies that rarely cause HDN but would identify high con-
centrations of low functional antibodies that are also less likely to be associated with
HDN. Although such an idea is intriguing, it has yet to be investigated and reported.

Summary

Functional assays like the ones discussed here would appear to have some clinical
utility in the prediction and management of HDN. However, to ensure assay perfor-
mance, these technically difficult tests need to be carefully validated, performed fre-
quently, and observed closely. As such, they are best suited to be performed by reference
laboratories. From the evidence available in the literature, it would seem that among the
functional tests, the ADCC and CL assays have better predictive values than the MMA
(Table 3), which may be because of the more objective nature of their results.

Functional tests do not have to have the same performance characteristics in all spec-
trums of HDN severity. When appropriately utilized, these tests are most likely to be of
benefit in identifying nonaffected or severely affected fetuses and may help in clinical
decision making regarding the use of invasive procedures such as amniocentesis or fetal
blood sampling. In contrast, their ability to identify mildly affected fetuses is poor, but
this shortcoming can be overlooked because these mildly affected fetuses rarely require
in utero transfusion therapy.

In a recent review of in vitro tests for predicting HDN severity, Hadley proposes a
structured approach to using serological and functional antibody assays so that the more
technically demanding functional assays are used only in pregnancies that are likely to
have the highest risk of HDN (1). His approach takes the form of a pyramid whose base
consists of all pregnant women who undergo serological tests to screen for red cell
alloantibodies associated with HDN. In the pyramid’s center are those women with
positive screening tests who then receive antibody titration or anti-D quantitation. Women
with antibody concentrations that exceed a specified cutoff and undergo testing with a
functional assay by a reference laboratory make up the top of the pyramid.

Although various functional assays are used selectively in the United Kingdom and
other European countries, they are not used in the United States or they are used only
rarely (35). As mentioned earlier, in the United States, in vitro serological tests are
performed to determine when to initiate invasive tests such as amniocentesis or PUBS,
not to predict HDN severity. To accomplish the latter, spectrophotometric analysis of AF
has been the accepted method for over 40 yr for determining the severity of fetal eryth-
rocyte hemolysis.

AF SPECTROPHOTOMETRY

During normal pregnancy, AF bilirubin peaks at approx 19–22 wk at concentrations
of 1.6 to 1.8 mg/L (36). Intrauterine hemolysis severe enough to cause erythroblastosis
fetalis can increase the bilirubin concentration of AF to approx 10 mg/L (37,38). Because
the concentration of AF bilirubin is often too low to be measured by standard chemical
techniques, an alternative method using scanning spectrophotometry has been devised.
The principal of this approach is based on the fact that the deviation in AF optical density
at 450 nm is caused by the presence of bilirubin. As bilirubin absorbs light maximally at
450 nm, the extent to which the curve deviates from a baseline (drawn between the optical
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density readings at 350 and 550 nm) at this wavelength is proportional to the concentra-
tion of bilirubin in the AF, and it is this change in absorbance that is known as the OD450
(39) (Fig. 3).

The Liley Chart
First introduced into clinical practice in 1961 by Liley (40), the OD450 has become

the most widely used test to predict the severity of HDN (10). Liley measured the OD450
in 101 sensitized pregnancies beginning at 27 wk gestation and correlated the results to
clinical outcome. From these data he constructed a graph, referred to as the Liley chart
(Fig. 4), which is now well known and is used to predict the severity of HDN. Liley
created his chart by plotting the OD450 value on the y-axis relative to the gestational age
(in wk) on the x-axis and then divided the chart into three zones. Results falling within
zone I (low zone) were associated with unaffected or very mildly affected infants, results
in zone II (mid zone) included infants with mild to severe anemia, and results within zone
III (high zone) represented the most severely affected infants, most of whom died in utero
(40). Liley later advocated dividing zones II and III into two equal subzones (41).

The importance of serial amniocentesis and measurement of the OD450 in evaluating
fetal anemia was also made clear by Liley because decreasing values in his studies were
associated with mild disease, and stable or rising values were associated with severe
anemia (40,41). Others have supported the value of this trend analysis. Queenan analyzed
serial OD450 results in 223 women who delivered unaffected to either mildly, moder-

Fig. 3. Graph of the spectrophotometric analysis of AF taken from an Rh-sensitized pregnancy.
The solid line is the plot of the optical density of the bilirubin-containing fluid versus wavelengths
scanned. The dashed line represents the baseline (drawn between the optical density readings at
350 and 550 nm) expected from AF that does not contain bilirubin). The difference between the
optical density of the solid line and the dashed line at 450 nm is the OD450 value (0.3 in this
example).
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ately, or severely affected infants and reported a downward trend in OD450 results in all
but the severely affected infants (42). Results from these severely affected fetuses showed
higher values with mixed trends, and results from 13 infants who died in utero demon-
strated upward trends in all cases with the exception of one downward trend. That single
case was complicated by polyhydramnios that produced a dilutional influence on the AF
bilirubin concentration and the subsequent lowering of the OD450 (42). A horizontal or
rising trend is an ominous sign and indicates the need for clinical intervention either by
transfusion or early delivery. Although there are no reliable data concerning the fre-
quency of testing, the ACOG recommends repeating amniocentesis every 1 to 4 wk if
results are in zone II and every 3 to 4 wk if results drop into zone I (6).

An evaluation of Liley’s chart with 36 RhD-sensitized women in whom both OD450
and fetal hematocrit were measured on 63 occasions between 17 wk gestation and term
reported incorrect predictions of HDN severity in 21% (13 of 63) of instances (43). Seven
(54%) of these incorrect predictions occurred in samples collected at less than 27 wk
gestation with the use of a Liley chart in which the zones had been extrapolated backward.
This is notable because Liley’s chart was originally developed with specimens collected
at no less than 27 wk gestation and the authors of the current study did not validate the
utility of extrapolated zones.

The use of the Liley chart with zones that were linearly extrapolated behind the chart’s
original 27 wk was widely adopted (without appropriate validation) when the need to
diagnose fetal anemia in the second trimester became necessary because of advances in
fetal blood sampling and transfusion therapy. Studies that have investigated the clinical
usefulness of the extrapolated Liley chart have reported conflicting results and recom-
mendations. Nicolaides et al. reported that OD450 values plotted on the extrapolated
Liley chart did not accurately predict fetal anemia and pointed out that results within
zones I and II (suggesting mild to moderate anemia) were observed for 68% (21 of 31)
of severely affected fetuses (sensitivity, 32%) (44). However, the sensitivity for predict-

Fig. 4. The Liley chart. (Adapted from ref. 40.)
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ing hemoglobin concentrations less than 6.0 g/dL increased to 84% (26 of 31) when a
cutoff based on the subdivided zone II (greater than or equal to zone IIB) was utilized
(Table 4). The poor performance of the Liley chart prompted the authors to conclude that
fetal blood sampling was the only accurate method to assess fetal anemia in the second
trimester (44). It is worth noting that 14 fetuses with hydrops fetalis were included in the
analysis. As was previously mentioned, polyhydroaminos in these infants exerts a dilu-
tion effect on the AF bilirubin concentration and, importantly, OD450 analysis is super-
fluous for these infants because they are clearly severely affected by HDN. From the data
provided in the study, and after excluding the hydropic fetuses, the sensitivity for predict-
ing severe HDN increased to 94% when using zone IIB or greater as the cutoff with no
decrease in the specificity (Table 4).

Similarly, fetal blood sampling was also recommended by the authors of a 10-year
retrospective study of 111 pregnancies that compared the last OD450 result to the first
neonatal hemoglobin concentration (45). They reported excellent neonatal outcome when
results were in zones I or IIA but that one death and seven cases of neonatal morbidity
were the direct result of clinical action based on false-positive information obtained from
results falling into zones IIB or III. The lack of absolute correlation between OD450 and
neonatal hemoglobin results prompted the conclusion that the OD450 could at best be
regarded as an indirect evaluation of fetal anemia and that fetal blood sampling should
be considered when OD450 values fall in zones IIB or III (45).

In recent years, the use of Doppler ultrasonography to measure blood flow through the
middle cerebral artery has been investigated as a noninvasive method that could poten-
tially replace amniocentesis in the assessment of fetal anemia (17). Although the data
supporting its use are encouraging, additional studies are required before its use is widely
adopted (10). Because this approach may one day be used as the principal diagnostic test
in the assessment of HDN, Sikkel et al. revisited the use of the OD450 and the extrapo-
lated Liley chart in the second and third trimesters to predict severe fetal anemia (46). The
study utilized data from AF and fetal blood specimens that had been analyzed at a single
center over a 13-yr period. Samples were included if they were collected from RhD-
sensitized singleton pregnancies with nonhydropic fetuses that had not been transfused
and if AF specimens had been collected less than 4 d before fetal blood sampling. Samples
from 79 fetuses collected between 20 and 35 wk gestation met the inclusion criteria. Of
these, one was unaffected (hemoglobin concentration within the reference range), 11 had
moderate anemia (hemoglobin concentration between 2 and 5 SD below the reference
range), and 67 had severe anemia (hemoglobin concentration >5 SD below the reference
range). Overall, the extrapolated Liley chart correctly identified 97% (65 of 67) of
severely anemic fetuses from unaffected or moderately affected ones when using

OD450 results that fell within or above the upper third of zone II (zone IIC) (Table 4)
(46). Similar sensitivities were obtained at gestational ages of 20 to 27 wk (95%) and 27
to 35 wk (98%). A high number of false-positive results were observed at the same cutoffs
that produced low specificities (Table 4). One unaffected fetus and eight moderately
anemic fetuses were in or above zone IIC (specificity, 25%) and although the specificity
for fetuses at less than 27 wk gestation increased to 60%, it fell to 0% when fetuses at
greater than or equal to 27 wk were examined (46). The authors concluded that the high
sensitivity of the OD450 allowed it to remain a useful diagnostic test, despite the speci-
ficity, especially in light of the comparative risk of fetal loss between amniocentesis
(0.25–1%) and the gold standard method for diagnosing fetal anemia, fetal blood sam-
pling (1–3%) (46).
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Table 4
Studies Investigating the Clinical Performance of the OD450 in the Prediction of Fetal Anemia

Gestational
Outcome age range Sensitivity Specificity PPV NPV Accuracy

Reference n Cutoff measured (wk) (%) (%) (%) (%) (%)

Nicolaides 59 � Liley Fetal 18–25 84 43 62 71 64
et al. (44) zone IIB hemoglobin

45a � Liley Fetal 18–25 94 43 50 92 62
zone IIB hemoglobin

Ananth and 41 � 0.09 Fetal 16–20 100 37 65 100 71
Queenan (59) OD450 outcome

Sikkel 79 � Liley Fetal 20–35 97 25 88 60 86
et al. (46) zone IIC hemoglobin

24 � Liley Fetal < 27 95 60 90 75 88
zone IIC hemoglobin

55 � Liley Fetal � 27 98 0 87 0 85
zone IIC hemoglobin

Scott and 72 Queenan’s Fetal 16–38 100 79 22 100 81
Chan (52) intrauterine hemoglobin

death risk
zone

NVP, negative predictive value; PPV, positive predictive value.
aHydropic fetuses excluded.

Chloroform Extraction
The OD450 is subject to various sources of analytical error. Several of these, including

the use of AF contaminated with blood, were addressed by Liley himself (41). While the
presence of oxyhemoglobin can alter the spectrophotometric analysis at 450 nm and lead
to incorrect interpretations, this interference can be removed by chloroform extraction of
AF. Using this approach, equal volumes of chloroform and AF are combined, shaken for
30 s, and then centrifuged for 5 min (47). Theoretically, any bilirubin present in the AF
will be extracted into the chloroform layer, which is then subjected to scanning spectro-
photometry using a chloroform blank.

A study that utilized AF specimens contaminated with exogenous bilirubin demon-
strated that all of the bilirubin was successfully extracted by chloroform and that the

OD450 values from these specimens were the same as those obtained from unextracted
samples (47). The same was true when these specimens were also contaminated with
exogenously added maternal red blood cells. However, in 52% (11 of 21) of visibly
bloody AF specimens obtained by amniocentesis, chloroform extraction resulted in a
significant change (defined as a variation >0.01 nm at 450 nm) in OD450 results when
compared to unextracted aliquots (the OD450 was decreased in eight and increased in
three specimens). When pre- and postextraction OD450 results were plotted on a Liley
chart, there were major zone changes in 55% (6 of 11) of these bloody specimens (two
higher and four lower), all of which were correctly correlated with clinical outcome (47).
The reason that chloroform extraction produced variable results was not discussed, but
the authors did recommend chloroform extraction on all AF specimens that produce
absorbance peaks between 410 and 420 nm—wavelengths at which oxyhemoglobin
demonstrates maximum absorbance.
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In a separate study, chloroform extraction was also shown to produce variable OD450
values from AF specimens with both endogenous and exogenous bilirubin sources (48).
For specimens with exogenously added bilirubin, postextraction OD450 results were
lower than those obtained from unextracted specimens in 83% (10 of 12) of specimens.
This included specimens that were also adulterated with exogenously added hemoglobin.
Similarly, OD450 results were lower in 90% (9 of 10) of specimens that did not contain
exogenous bilirubin. The authors reported that during the chloroform extraction proce-
dure a precipitate often formed within the organic layer, and they hypothesized that this
material trapped some of the bilirubin, thereby producing OD450 values that were lower
than baseline (48).

Spinnato et al. also utilized the extrapolated Liley chart and reported accurate predic-
tions of fetal status when AF specimens were chloroform extracted (49). Like other
reports utilizing chloroform extraction, the procedure resulted in a significant decrease
in the mean OD450 in 90% (93 of 103) of specimens when compared to unextracted
values (0.086 vs 0.108, p < 0.05) (49). Patient management was based on the chloroform-
extracted OD450 values. Although the authors reported that no patients were categorized
inaccurately (n = 28 patients with known clinical outcomes data), one of only five fetuses
that underwent blood sampling because of OD450 values in zone III or the upper third
of zone II had a normal hematocrit. Trend analysis performed on seven patients correctly
revealed a reassuring (downward) trend in all cases. The authors suggested that the use
of chloroform extraction in AF bilirubin analysis permitted accurate assessment of fetal
status, and they argued that its use avoids unnecessary fetal blood sampling (49).

Several studies have reported a significant decrease in OD450 results following
extraction of AF specimens (including those without visible blood contamination) with
chloroform. Therefore, if individual laboratories wish to utilize this method for the
removal of heme pigments, then it would seem pertinent to perform the extraction on
all specimens rather than reserving this treatment for those contaminated with blood.

The Queenan Chart
In 1993, Queenan et al. reported an alternative to the extrapolated Liley chart for the

clinical management of Rh-immunized pregnancies (50). They established a reference
AF OD450 pattern using 682 specimens collected between 14 and 40 wk gestation from
464 Rh-immunized women who delivered unaffected Rh-negative fetuses and 56 women
who underwent amniocentesis for genetic purposes and were without blood group incom-
patibilities. When OD450 results were plotted on a linear scale relative to gestational age,

OD450 values showed a slight increasing trend from 14 to 22 wk, leveled off until 24 wk,
and then declined to term (Fig. 5). OD450 results were also obtained from 107 AF
specimens collected between 14 and 40 wk gestation from 74 Rh-immunized women who
delivered Rh-positive infants. The clinical outcomes of these pregnancies were used to
categorize the fetuses as either affected with HDN but surviving or affected with HDN
but with the potential for fetal death (likely or actual). The authors then developed their
own chart with zones demarcated by the OD450 data from pregnancies unaffected and
affected by HDN (Fig. 6). The lowest zone, the “unaffected” zone, was established as the
area below the mean OD450 for the unaffected population. Fetuses within this zone were
either unaffected or had mild HDN. The authors recommended that one additional
amniocentesis be performed as clinically indicated on infants who fall in this zone to
ensure that the OD450 stayed within that zone and indicated that a term delivery was
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Fig. 5. AF OD450 values from pregnancies unaffected by HDN plotted from 14 to 40 wk gestation.
Mean values are shown as a polynomial fitted regression line. (Reprinted from ref. 50.)

Fig. 6. The Queenan chart. (Reprinted from ref. 50.)
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appropriate (50). The highest zone was defined from potentially fatal cases of HDN and
was labeled the “intrauterine death risk” zone. Most fetuses in this zone were born alive
because of intrauterine transfusion therapy although some did die from severe HDN.
Clinical management of fetuses within this zone (or with serially obtained results that
suggested that this zone would be entered) included intrauterine transfusion and/or early
delivery (50). Between these two extreme zones was an area that included many fetuses
representing all possible clinical outcomes (unaffected to severe HDN) although the
fetuses in this zone were not in immediate danger of intrauterine death. The authors
divided this area in half by creating a zone of +2 SD above the mean OD450 for the
unaffected population and labeled it the “indeterminate” zone. They noted that 50% of
the unaffected fetuses were in this zone but that it also included some mildly and mod-
erately affected fetuses, all of which survived. It was recommended that fetuses in this
zone be monitored by OD450 analysis every 2 to 4 wk (50). The last zone is the area
between the indeterminate and the death risk zones and was labeled the “Rh-positive,
affected” zone. This zone rarely included unaffected fetuses and those affected fetuses
survived when appropriately managed. The authors recommended serial AF OD450
measurements every 1 to 2 wk for these fetuses (50).

When the performance of the Queenan chart was compared to that of the Liley chart,
the authors noted that the while the Queenan chart correctly categorized all 18 fetuses
with potentially fatal HDN, 15 of these fell into Liley’s zone III and 3 fell into zone II (50).
No additional comparisons with the Liley chart were reported. The excellent perfor-
mance of the Queenan chart in this study is not surprising considering that it was con-
structed from the same population that it then used to evaluate clinical management.

A direct comparison between the Queenan and Liley charts has been reported by two
different groups of investigators. Consistent with their previous recommendation regard-
ing the use of chloroform, Spinnato et al. compared the accuracy of both charts using 231
chloroform-extracted AF specimens collected from 73 alloimmunized pregnancies
between 20 and 39 wk gestation (51). When the OD450 results were plotted on both
charts, the Queenan chart generated more false positive results than the extrapolated
Liley chart. Overall, the Queenan chart significantly overestimated risk in 19% (13 of 67)
of fetuses compared to the 10% (7 of 67) estimated by the Liley chart (p = 0.031) (51).
Similarly, the Queenan chart also overestimated fetal risk when used at or before 28 wk
gestation (20 vs 8%, p = 0.031, n = 49) (51). Fetal blood sampling or transfusions were
required in 16% (12 of 73) of patients and both charts performed equivalently on 10 of
these occasions, although only the Liley chart was used for clinical management. Under-
estimations of fetal risk were not significantly different between the two charts, leading
the investigators to conclude that the performance of the extrapolated Liley chart was
superior to that of the Queenan chart because it did not overestimate fetal risk as fre-
quently (51).

The other study compared the clinical usefulness of both charts by examining OD450
results from 72 amniocenteses, half of which were performed before 27 wk gestation
(52). AF specimens were labeled with fetal condition at the time of collection. All speci-
mens from infants found to be RhD-negative were labeled unaffected. Specimens from
RhD-positive babies were labeled affected and the severity of HDN was defined by the
hemoglobin concentration determined at birth or from a fetal blood sample. Infants with
a hemoglobin deficit less than 2 g/dL were considered mildly affected, moderately
affected fetuses were those with a deficit of 2 to 7 g/dL, and those with a deficit greater
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than 7 g/dL were considered to be severely affected. There were instances (n = not
reported) where fetuses received intrauterine transfusions, yet no pretransfusion hemo-
globin concentration was available. The authors labeled these fetuses as moderately
affected if hydrops was not present, despite this apparent subjective approach being a
potential source of bias. Similarly, the clinical status of those fetuses for which hemoglo-
bin concentrations were not available within a week of amniocentesis (n = not reported)
was determined using criteria that lacked accuracy. OD450 results were labeled mildly
affected if they were obtained from AF specimens that had been collected more than
1 wk before a fetus was found to be moderately affected or more than 2 wk before a fetus
was found to be severely affected. Similarly, specimens obtained 8 to 13 d before the fetus
was found to have severe HDN were labeled moderately affected (52).

OD450 results from unaffected fetuses were scattered over Liley zones I and II and
Queenan’s lower three zones, whereas mildly affected fetuses were scattered over all
zones on both charts. Six percent (4 of 72) of fetuses were severely affected and all
received transfusions before 25 wk gestation. All of these OD450 results fell in Queenan’s
intrauterine death risk zone but the authors’ use of Liley’s original chart and not an
extrapolated one prevented a direct comparison of the two charts. Also in Queenan’s
intrauterine death risk zone were 11 moderately affected fetuses and 3 mildly affected
ones. Therefore, although Queenan’s chart correctly identified all severely affected
fetuses (sensitivity, 100%), it produced a specificity of 79% (54 of 68) (Table 4) (52).
The authors commented that the usefulness of the Liley chart is now limited given the
technological advances made in perinatal medicine since the chart’s inception. Like
Spinnato et al. the authors acknowledged that the Queenan chart, with its lower cutoff
levels, is more conservative than the Liley chart and may overestimate fetal risk. Still,
they considered the use of the Queenan chart as an appropriate tool to manage
alloimmunized pregnancies in the second and third trimesters (52).

The Ovenstone Factor

A standardized approach to the OD450 was proposed in 1968 by Ovenstone and
Connon (53). Rather than plotting the optical density of AF against wavelength, the
authors plotted the derivative of the fluid’s spectral curve. The primary analytical advan-
tage of this method was the minimization of variation in the OD450 from differences
among spectrophotometers and within specimens themselves. For example, the presence
of heme pigments can introduce significant error into OD450 measurements. Central to
their approach is the fact that at 490 nm, the slope of the bilirubin absorbance curve is at
its maximum decrease, whereas other pigments that may be present in AF demonstrate
relatively small changes in optical density. In contrast, the rate of optical density
increase for bilirubin at 430 nm is slight compared to the large decreasing rates for the
heme pigments (Fig. 7). Therefore, the rate of change in optical density with respect to
wavelength is capable of revealing the presence or absence of pigments (bilirubin) within
a sample even when they might otherwise be influenced by other factors (heme pig-
ments). When the derivatives of the slope of the AF spectral curve are plotted against
wavelength, two distinct peaks are revealed from specimens that contained both bilirubin
and blood (Fig. 8).

Connon reported that the Ovenstone factor (OF) was easily calculated by subtracting
the optical density of AF at 500 nm from the optical density at 480 nm and multiplying
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Fig. 7. Optical densities of “pure”AF, bilirubin, oxyhemoglobin, methemoglobin, and methemal-
bumin. (Reprinted from ref. 53)

Fig. 8. A plot of the first derivative of the optical densities between a bloody amniotic fluid
specimen containing bilirubin between 400 and 540 nm. The peak of the curve at 490 nm (21 in
this example) is the Ovenstone factor caused by the presence of bilirubin. (Adapted from ref. 54.)
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the product by 230 [OF = 230 × (OD 480 – OD 500]1 (54). Also reported were five
different OF cutoffs that were correlated to the five grades of HDN severity on the Liley
chart (Table 5). To investigate the performance of the Liley chart and the OF in predicting
HDN severity, AF specimens from 106 Rh-sensitized pregnancies were evaluated by
both methods and compared to fetal outcome. Infants were classified as unaffected (Rh-
negative) or affected with HDN, and disease severity was evaluated according to the
degree of anemia and jaundice, the number of transfusions received, or the occurrence of
death. For each of the two prediction methods, results were considered accurate if the
prediction and outcome were identical. Results were considered equivocal if there was
one grade difference in either direction and were called inaccurate when there were two
or more grades of difference. The OF correctly predicted fetal outcome in 72% (76 of 106)
of infants compared to 47% (50 of 106) by the Liley chart (54). There were also fewer
incorrect predictions according to the OF than by the Liley chart (3% vs 15%). Similar
results were observed when the 20 infants found at birth to be Rh-negative were excluded
from the analysis. There were no incorrect predictions by the OF in these unaffected
infants compared to the 30% incorrectly predicted by the Liley chart. The author con-
cluded that the OF offers clear advantages over the Liley chart for predicting outcome and
points out that, unlike the Liley chart, the OF can be interpreted without regard to ges-
tational age (54).

Another study that investigated the use of the OF and the Liley chart reached similar
conclusions (55). This study included 324 AF specimens collected between 18 and 40 wk
gestation from 90 Rh-sensitized pregnancies. The authors found that an OF of 30 or more
at any time during gestation indicated a very poor outcome, as did a greater than 10 OF
unit increase obtained from serially collected samples (55). The OF correctly predicted
10 babies as significantly affected that were called unaffected by the Liley chart. Speci-
mens from three infants affected by HDN gave negative results for both the OF and the
Liley chart. Although the Liley chart produced more false-negative results, the authors
recommended that both analyses be performed and interpreted together rather than rely-
ing on a single method.

The superior performance of the OF in predicting HDN severity was also reported in
a study of 78 AF specimens collected from 46 patients between 24 and 40 wk (56). Using
a scheme similar to that of Connon (54) for correlating prediction to infant outcome, the

1 This formula is corrected from the one originally published by Connon as 2.30 × (OD 480
– OD 500).

Table 5
Correlation of the Ovenstone Factor and Its Interpretation

With Specific Zones of the Liley Chart

Ovenstone factor Ovenstone interpretation Liley zone

0–10 Unaffected/Mild I
10–20 Mild/Moderate IIA
20–30 Moderate/Severe IIB
30–40 Severe IIIA
> 40 Very severe IIIB
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OF correctly predicted outcome more often than did the Liley chart (80 vs 67%) and
produced fewer inaccurate predictions (7 vs 13%) (56). The OF also performed better
than the Liley chart when only Rh-negative infants were considered (93 vs 71% correct).
Like Connon, the authors concluded that the higher accuracy of the OF made its use
preferable to that of the Liley chart.

A more recent study suggested that OF interference from heme pigments is possible.
When the OF was calculated from spectrophotometric data obtained from AF specimens
with exogenously added bilirubin and hemoglobin, positive interference in the OF was
observed (range: 35–119% compared to baseline specimens without added hemoglo-
bin) (48).

Summary
The use of the Liley chart for predicting the severity of HDN in the third trimester is

effective and it remains in widespread use. Advances in maternal–fetal medicine, how-
ever, have prompted the use of the Liley chart with zones linearly extrapolated backward
into the second trimester. The clinical utility of this modified Liley chart is clearly
controversial and there is published evidence that both supports and discourages its use.
It should be recognized that the use of serial amniocentesis to identify trends in the

OD450 are more informative than single determinations. The efforts by Queenan et al.
to develop a method for the clinical management of HDN in the second and third trimes-
ters were helpful, especially their data regarding second-trimester OD450 results in
pregnancies unaffected by HDN. Almost all the published data regarding the use of
Liley’s and Queenan’s charts were obtained from relatively small numbers of patients in
retrospective analyses. A large prospective study of both methods is required to effec-
tively determine the efficacy of these prediction methods. It is difficult to imagine how
such a study could be conducted considering the low incidence of HDN. The lack of
published data after 1977 regarding the utility of the OF is curious. Other investigators
confirmed initial reports demonstrating its enhanced performance over the Liley chart,
yet its use has never gathered widespread attention.

Despite the availability of fetal blood sampling as the gold-standard method for diag-
nosing fetal anemia, determining the OD450 remains a valuable diagnostic test in the
management of alloimmunized pregnancies. This is in part because of the higher fetal
loss rate associated with fetal blood sampling techniques and the risk of fetomaternal
hemorrhage and subsequent exacerbation of HDN caused by a maternal anamnestic
immune response. The use of ultrasonography in predicting HDN has been (and contin-
ues to be) explored. As a completely noninvasive technique, this approach has obvious
advantages, but until additional data are available, it is unlikely to replace the OD450.

CONCLUSIONS

Despite a substantial reduction in its incidence, hemolytic disease of the newborn
continues to be a clinical problem. The successful management of pregnancies compli-
cated by red blood cell alloimmunization involves a multidisciplinary approach that
includes an evaluation of obstetrical history, careful and frequent clinical assessment of
the fetus, and the appropriate utilization of laboratory tests.

Laboratory testing is involved in the entire spectrum of HDN. Serological techniques
such as the IAT are used to identify maternal alloantibodies associated with the disease,
whereas titration and quantitation have been used to predict severity or, in the United
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States, to determine when to initiate invasive methods of fetal monitoring. Overall, sero-
logical methods perform poorly as predictors of severity, which is not surprising because
antibody concentration is only one variable involved in the pathogenesis of HDN.

As tests that quantitate interactions between sensitized erythrocytes and effector cells,
functional assays would be expected to be better predictors of severity. Among the ones
discussed here, the ADCC and CL assays have the highest accuracies, yet all available
functional tests produce potentially misleading results, especially when fetuses are mildly
to moderately affected. It has been recommended that the use of functional assays be
limited to those pregnancies that have antibody concentrations above a given threshold
and that these tests be performed by reference laboratories (1). Because none of these
types of tests are 100% predictive, it is difficult to see how they can be used to safely
manage sensitized pregnancies without the need for performing invasive tests to assess
the extent of fetal anemia.

The spectrophotometric analysis of AF and the determination of the OD450 are widely
used in the assessment of fetal anemia, and different methods for interpreting the value
have been described. Irrespective of the approach adopted by a laboratory, the trend of

OD450 values obtained from serial amniocenteses should be emphasized rather than
reliance on a single result.

It is important to realize that HDN is not managed solely on the basis of test results.
Although laboratory data can be of great benefit to the physician who encounters HDN,
it provides insight into only part of what is a much broader picture of a rarely encountered
fetal condition.
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INTRODUCTION

Infections acquired prior to or during pregnancy can profoundly impact fetal and
postnatal development. Most infections acquired during pregnancy affect the maternal
upper respiratory or gastrointestinal tract, and resolve without adverse impact on the
mother or fetus. Of concern are infections with pathogens that enter the circulation and
have the capacity to actively or passively traverse the placenta to infect the fetus. In utero,
these infections may have teratogenic effects or otherwise adversely impact fetal devel-
opment.

Screening for congenital infections has the following aims: (1) assess maternal immu-
nity to a specific pathogen, and (2) detect the presence of an active or underlying infection
for diseases with potentially severe sequelae for the fetus or adversely impacting mater-
nal health. Follow-up testing may then be performed to specifically diagnose infection
in the mother or fetus.

The World Health Organization has provided the following guidelines for instituting
population-based screening programs (1):

1. The target condition should be common, or a serious though less common problem.
2. Screening should be able to lead to a clear diagnosis in the majority of cases.
3. The natural history of the condition should be well enough understood to permit predic-

tion of outcomes.
4. There should be an effective and acceptable management strategy (treatment and/or

prevention).
5. The program should be cost effective.

Routine screening of pregnant women for underlying infectious diseases or immunity is
consistently performed to identify (1) chronic carriers of hepatitis B virus, (2) human
immunodeficiency virus (HIV) infection, (3) group B streptococcal colonization,(4) immu-
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nity to rubella virus, and (5) syphilis. In addition, women receive purified protein deriva-
tive (PPD) placement for detection of tuberculosis. The American Association of Obste-
tricians and Gynecologists and other organizations in the United States and abroad
recommend that all pregnant women receive testing for these agents.

Though originally described as “TORCHES” for toxoplasmosis, rubella, cytomega-
lovirus (CMV), herpes virus, and syphilis, screening for agents such as toxoplasmosis,
CMV, herpes simplex virus (HSV), and others including Chlamydia trachomatis, gon-
orrhea, and hepatitis C is more commonly targeted toward high-risk groups, or women
from high prevalence areas. In these situations, the screening serves to identify women
with underlying infection, or sero-negative women, who may be vaccinated or more
specifically counseled to limit risks of exposure.

Other agents, including enteroviruses (2) and spirochetal infections other than syphilis
(3,4) can rarely cause congenital infection, but are not discussed in this chapter. The
impact of other infectious agents including West Nile virus (5) and bunyaviruses (6) on
development of congenital infection in women infected during pregnancy remain to be
determined.

Sensitivity, Specificity of Screening Tests, and Prevalence of Disease
No test perfectly distinguishes all disease-free individuals from those with a given

condition. The limitations of the testing technologies and the diversity of human popu-
lations and pathogenic organisms lead to the inevitable situation that some individuals
with a particular disease will not give a positive result when tested, while some disease-
free individuals will test positive even though they do not have the disease. Table 1
defines positive and negative predictive values relative to prevalence within a population,
as well as calculations for determining the ratio of individuals likely to give positive or
negative results for a test with a given sensitivity and specificity. Each concept may be
defined succinctly as:

• Sensitivity: ability to predict disease
• Specificity: ability to predict health
• Positive predictive value (PPV): likelihood that a positive test means that the patient has

the disease
• Negative predictive value (NPV): likelihood that a negative test means the patient does

not have the disease

The predictive values of test results are thus directly related to the prevalence of the
disease in the population tested. Mittendorf et al. have written an excellent review con-
cerning impact of test sensitivity, specificity, and disease prevalence on screening of
maternal infections that provides additional in-depth discussion of the topic (7).

Test sensitivity and specificity may also be defined on the basis of analytical and
biological factors. Analytic specificity refers to the lack of reaction with other compo-
nents in the assay besides the analyte under investigation, whereas analytical sensitivity
refers to the lowest concentration of the analyte that can be reliably detected over back-
ground. In contrast, biological sensitivity refers to the lowest biological concentration,
or point in a disease process, at which a test can report clinically useful results. Biological
specificity refers to the ability of a test to reliably diagnose a specific condition.

Diagnosis of a disease is thus ideally based on multiple factors including subjective
components of a patient’s history and physical exam and objective markers that include
laboratory test results. This combination of factors results in defining the prevalence of
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a disease in a given population. Prevalence of each disease in individual populations
greatly impacts the utility of implementing screening measures in pregnant women from
particular geographic regions. An understanding of the impact of disease prevalence on
the PPVs and NPVs of tests proves critical when interpreting results that could have
profound impact on further maternal and fetal care.

Figure 1 calculates the PPVs and NPVs of a hypothetical test for toxoplasmosis in three
populations with different sero-prevalences. The hypothetical test has a sensitivity of
98%: 98 out of every 100 people with the disease will test positive, whereas two positive
individuals will test negative; and a specificity of 99%: 99 out of every 100 negative
individuals tested will return a negative result, whereas one truly negative person will
give a falsely positive result.

Although the PPV and NPV of this test remain above 95% in high-prevalence popu-
lations, as encountered in France and other parts of western Europe, the PPV in a low
prevalence population is poor and drops even further in populations with disease
prevalences less than 1.0%. Thus, even a test with good sensitivity and specificity has low
PPV in populations with low disease prevalence. For this reason, screening tests used in
low-prevalence populations should have high sensitivity and should always be followed
with further confirmatory testing with high specificity to provide a high PPV associated
with the results. Given the impact of positive results in maternal screening, further testing
procedures, including confirmatory testing and ultrasound, are warranted to fully deter-
mine the extent of disease and potential impact on the fetus before making clinical
decisions or undertaking invasive procedures.

LABORATORY METHODS

Maternal–fetal testing for infectious diseases employs a variety of laboratory methods.
An understanding of the assay techniques and their limitations can help with the selection
of tests for particular situations and with the interpretation of results.

Table 1
Calculations for Determining Predictive Values of Testing Relative

to Disease Prevalence in a Population

Value Calculation

True Positives (TP) = Prevalence × Sensitivity

True Negatives (TN) = (1 – Prevalence) × Specificity

False Positives (FP) = (1 – Prevalence) × (1 – Specificity)

False Negatives (FN) = Prevalence × (1 – Sensitivity)

Positive Predictive = Prevalence × Sensitivity
Value (PPV) (Prevalence × Sensitivity) + [(1 – Prevalence) × (1 – Specificity)]

= TP

TP + FP

Negative Predictive = (1 – Prevalence) × Specificity
Value (NPV) [(1 – Prevalence) × Specificity] + [Prevalence × (1 – Sensitivity) ]

= TN

TN + FN



248 Bry

Serological Testing
Serologies measure the host’s antibody response. Tests commonly assay pathogen-

specific serum immunoglobulin G (IgG) or immunoglobulin M (IgM) as a means for
determining immune status to a particular pathogen or assisting with the diagnosis of a
primary infection. Interpreting the results of serological testing requires an understand-
ing of the evolving humoral immune response during primary infection and during sec-
ondary challenge or reactivation.

Primary infections have a window period during which time the pathogen is present
in the body, but the host has not yet mounted a specific, adaptive immune response. This
period may last from days to weeks after initial exposure. Reactive B cells first produce
IgM, a pentameric immunoglobulin with low affinity but high avidity for the antigen.
Further stimulation of antigen-specific B cells leads to isotype switching to other heavy-
chain classes such as IgG, the primary isotype found in blood, and immunoglobulin A
(IgA), the primary isotype found in mucosal secretions. Reactive IgM thus appears ear-
liest during a primary infection. Over the subsequent weeks, IgM concentrations com-

Fig. 1. Calculations that illustrate the effect of prevalence on the positive and negative predictive
value of a test.
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monly peak and fall, to be replaced by rising titers of serum IgG. Somatic hypermutation
and gene conversion that occur during subsequent class switching events can improve the
affinity of individual antibodies from clonal B cell populations, resulting in increased
avidity of the total population of reactive antibodies with the infectious agent (8,9).

The timing of testing is critical for measuring the antibody response to infection.
Fourfold increases in IgG titers from acute and convalescent samples collected 14–21 d
apart indicate recent infection or reactivation. However, the time needed for these analy-
ses makes them unacceptable for rapid diagnosis. Comparison of IgG and IgM titers can
assist with the identification of primary infection but must be used with caution, given
the decreased specificity of many IgM assays. When screening or testing for congenital
infection in utero or in the neonate, maternal immune status must be considered when
interpreting results, as maternally transferred IgG commonly persists in the infant for 6–
18 mo after birth.

A variety of patient, disease, and laboratory factors impact the presence of false-
positive and false-negative results. Laboratory errors in labeling of specimens, sample
preparation, and performance of assays can also impact the results obtained. False-
negative serologic results commonly occur in the early stages of disease when the infected
person has not yet developed an antibody response, or in individuals with underlying
defects in antibody production. Of importance to testing for infectious disease is the fact
that severely immunocompromised women, particularly HIV-positive women with
chronically low CD4+ T-cell counts, may fail to mount robust antibody responses during
infection. In such cases, direct assay for potential pathogens, using culture or molecular
methods, should be considered to obtain a diagnosis.

Conversely, false-positive results may occur when an individual has antibody that
reacts with components of the assay aside from the antigen, or if the antigen used cross-
reacts with antibodies against epitopes on other pathogens. Rheumatologic or underlying
infectious diseases may produce falsely positive results with cross-reactive antibodies or
excessively high total Ig concentrations that impact the formation of detectable antigen/
antibody complexes. Significant derangements in total Ig concentration will also adversely
impact results of serological testing because they skew the antibody to antigen ratio in the
assay.

METHODOLOGIES

A variety of techniques are employed to assay antibody titers against specific patho-
gens. Older methods using complement fixation or hemagglutination assays have largely
been replaced by enzyme immunoassays and solution-based agglutination assays. These
two latter formats have been adopted to permit testing on high throughput analyzers used
in many clinical laboratories.

IMMUNOASSAY

The immunoassay format commonly uses a capture antigen to bind reactive antibody
from patient samples. After washing, a secondary anti-human immunoglobulin specific
for human IgG, IgM, or other isotype allows detection of the bound Patient Ig. Secondary
reagents are commonly conjugated to fluorescent tags (fluorescent immunoassay [FIA]),
radioisotopes (radioimmunoassay [RIA]), or an enzyme with readily detected biochemi-
cal amplification signal (enzyme immunoassay [EIA]). Immobilization of the capture
antigen on 96-well plates forms the basis for many enzyme-linked immunosorbent assays
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(ELISAs) that may be manual or semi- or fully automated. Commercial assays also
commonly include reagents to selectively remove rheumatoid factor or serum IgG from
patient serum to improve the specificity of the tests for IgM and other isotypes. Auto-
mated plate readers determine mean fluorescence intensity or optical density for colori-
metric enzymatic reactions to determine quantity of captured antibody. Dilutions of the
patient sera allow quantitative titering of reactive antibody species. Results may be
correlated with known standards to provide a concentration per mL. More commonly,
laboratories report values in ELISA units (EU)/mL that correlate with optical density or
fluorescence readings. Laboratories may validate manufacturers’ recommended cutoffs
to determine positive, negative, or indeterminate results, or assign specific cutoff values
to obtain particular sensitivities and specificities for assays.

The source of the capture antigen impacts the specificity of many assays used in
infectious disease testing. First-generation assays commonly use crude preparations of
the organism or cell lysates from viral cultures. These assays often have lower specifici-
ties because they may detect antibody directed against the cell or media in which the
pathogens were cultured. As understanding of the disease progresses, including the iden-
tification of immunodominant epitopes shared by all or most pathogenic strains, assays
improve by using purified, recombinant, or synthetic antigens. Purified recombinant
antigens may be more sensitive and specific for detecting reactive antibody than synthetic
antigens, which may not fold properly and bind nonspecifically with reactive antibody
in patient samples, or may lack a potentially immunodominant epitope that is present in
the native molecule.

Variations of the typical “sandwich ELISA” include competitive inhibition EIAs where
patient antibody is added to a solution containing labeled antibody with specificity for
the antigen analyzed. Reactive patient antibody from the patient sample competes with
the labeled antibody for binding sites. Increased binding from the patient sample reduces
detection of the label and can be correlated with a concentration or titer. Many competi-
tive EIAs have been developed for testing on random-access, high-throughput analyzers,
allowing more rapid and high volume testing.

Methods specifically used for IgM detection include double-sandwich and immuno-
sorbent agglutination assays (ISAGA). Both methods have higher specificities than rou-
tine EIAs because they allow for purification of IgM, or removal of IgG, from patient sera
to limit false-positive results caused by rheumatoid factor or high concentrations of IgG.
The double-sandwich assay uses an IgM capture antibody to bind human IgM. Added
antigen then binds reactive, captured antibody. Detection is provided by a labeled sec-
ondary antibody that recognizes bound antigen. The ISAGA captures IgM onto a solid
substrate and then assess agglutination after addition of particulate material containing
reactive antigen. The assay is used in many countries for identifying toxoplasmosis-
specific IgM that reacts with heat or formalin-fixed parasites to promote agglutination.

INDIRECT IMMUNOFLUORESCENCE (IFA)
Titered patient serum may be applied to prepared slides of the organism or virally

infected cell lines. Bound antibody is then detected with a fluorescently conjugated
secondary immunoglobulin, and the pattern of binding is determined by analyzing the
slides by fluorescence microscopy. IFA assays are more time consuming and require
expensive equipment, compared with EIA and other formats. Furthermore, patients with
anti-DNA antibodies may give false-positive results for many assays.
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AGGLUTINATION ASSAYS

Agglutination assays commonly use latex particles coated with purified antigen.
Addition of patient sera may agglutinate the beads directly, or agglutination may be
detected after addition of an antihuman Ig that promotes cross-linking among beads with
antibody–antigen complexes. The limitations of agglutination assay follow those for
EIAs, including antigen source and purity, and Ig concentration in patient samples.

WESTERN BLOTS/IMMUNOBLOTS

Western blots/immunoblots detect antibody that reacts with defined protein antigens.
Antigen samples are subjected to polyacrylamide gel electrophoresis (PAGE) to separate
proteins based on size and charge, depending on the conditions used. The proteins are
then transferred to a membrane and probed with patient sera. Antibodies bind transferred
proteins and may subsequently be detected with tagged antihuman immunoglobulin
reagents. The end result produces a discrete band on the membrane or on autoradiograph
film with fluorescent amplification or radioisotopes. Because the procedure is time con-
suming and highly labor intensive, it is not routinely used for screening purposes or to
titer patient sera.

Interpretation of the blots may be hindered by the integrity and purity of the antigens,
following appropriate blocking and washing procedures during incubation of the mem-
branes, and the skill of the individuals performing and interpreting the blots. Many
commercial confirmatory western blot assays for hepatitis C, Lyme disease, and HIV
provide pretransferred membranes that have undergone stringent quality control mea-
sures to limit errors that may be made during electrophoresis and transfer.

AVIDITY ASSAYS

Avidity assays are gaining acceptance for use in clinical testing under particular cir-
cumstances. Avidity is defined as the overall binding strength of a given population of
antibodies, as opposed to affinity, which defines the binding strength between an antigen
and antibody. The technique associates an avid, or mature and strongly binding, Ig
response with past infections, whereas recent infections have less avid responses that are
more easily dissociated with denaturation agents. Modifications of standard sandwich
ELISAs assay the avidity of IgG for antigen. After primary incubation of patient sample
with the capture reagents, methods incubate samples in 6–8M urea to disrupt weakly
bound IgG. Ratios of treated to untreated wells generate an aviditiy index (AI) with
cutoffs to indicate strong or weak IgG avidity. Infection in the previous 3–5 mo com-
monly results in a low AI, whereas a high AI indicates infection prior to that time period.
The method has an advantage in that recent versus past infection can potentially be
determined with a single patient sample. However, the accuracy of the test is very much
operator dependent and subject to significant fluctuation in values if the incubation,
denaturation, and washing steps are not followed appropriately. In-house assays may also
be limited by the extent of validation used to define cutoffs and by use of cutoffs defined
for one disease entity to define results for another.

DIPSTICK/IMMUNOCHROMATOGRAPHIC LATERAL FLOW ASSAYS

Lateral flow assays have provided many highly sensitive and specific rapid diagnostic
tests for infectious diseases that may be performed in a clinical laboratory or ambulatory
setting or at home.
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The assays use an Ig binding protein, commonly protein A, conjugated to a dye or other
readily detected compound. A loop provided with the assay kit is used to transfer a small
amount of patient blood, serum, or saliva to a solution containing the reagent. The mixed
solution flows through a nitrocellulose membrane encased in a dipstick by capillary
action. Areas of the membrane are impregnated with purified antigen (test band) or with
a control reagent (control band) that reacts with added patient sample. If the patient has
antibody that reacts with the antigen, the antibody-protein A-dye conjugates bind to the
antigen on the dipstick, producing a visible test band. The same happens for the control
band. Presence of the control band indicates only a negative result, whereas presence of
both the control and test band are interpreted as positive. Bands appearing outside of the
specified areas or appearance of test bands, with no control bands, are reported as inde-
terminate results and require further testing (10).

Antigen Assays
Antigen assays commonly detect protein or carbohydrate epitopes specific for the

infecting agent by using a capture reagent, frequently a monoclonal antibody with known
specificity for the antigen. Sensitivity of these assays may be limited by the affinity of the
capture reagent for the antigen and by the frequency at which pathogenic strains express
the antigen. Assay factors impacting the specificity of the testing include the purity of the
capture reagent and uniqueness of the antigen for the particular pathogen of interest.

Nucleic Acid Detection
Direct testing for DNA or RNA produced by a pathogen has revolutionized testing for

infectious agents. As opposed to serological methods, nucleic acid appears well before
the generation of the antibody response and often before the onset of symptomatic illness.

In addition to polymerase chain reaction (PCR), other amplification schemes includ-
ing ligase chain reaction (LCR), transcription-mediated amplification (TMA), nucleic
acid sequence-based amplification, and branched-DNA detection (B-DNA) have been
developed to detect low quantities of organisms present in patient samples. Amplification
of a particular nucleic acid target is generally more sensitive than methods such as strand
displacement or direct hybridization that probe without an amplification step. Most
amplified assays attain high specificity by having sequence-specific primers that amplify
a unique sequence that is subsequently confirmed as originating from the target by a
variety of techniques, including restriction fragment digestion of amplified products,
internal amplification of target sequences with a separate primer set, or hybridization
with one or more tagged molecular beacon probes that permit fluorescent detection of the
target. Furthermore, it is critical that laboratories run appropriate positive and negative
controls. Positive controls are necessary to assess whether the amplification reaction was
successful given the potential for inhibitors to be present in patient samples. Negative
controls ensure that common buffers and materials used in preparing reactions have not
been contaminated with amplified products from other samples. The checklist from the
College of American Pathologists (CAP) for molecular pathology provides detailed
guidelines concerning performance of molecular assays for patient testing (11).

Culture Methods
Prior to the advent of molecular testing in infectious disease, culture methods remained

the gold standard for diagnosing many bacterial and viral infections. In many cases, culture
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still plays a vital role for providing a specific diagnosis. Bacterial culture in particular
includes the benefit of providing antibiotic susceptibility data for common pathogens.

BACTERIAL CULTURE

Samples from specific anatomical locations are commonly plated on selective and
nonselective solid media and/or broth to enrich for growth of pathogens. Subsequent
biochemical and susceptibility tests help speciate organisms and determine their suscep-
tibility to antibiotics. Most common bacterial pathogens, culturable under routine con-
ditions, can be identified within 24–72 h.

VIRAL CULTURE

Viral culture is performed by culturing patient material with cell lines that support the
growth of the viruses of interest. Detection of some viruses may be improved by centri-
fuging the patient sample onto plated cell lines, as is performed with shell vial cultures
for CMV, or through direct detection of virally induced reporter genes in genetically
modified cell lines (12). Appropriate samples include body fluids, tissue samples, and
swabs of vesicular fluid or ulcerated lesions. Because many viruses are temperature labile
and sensitive to drying, samples should be placed in viral transport media and transported
to the laboratory within a reasonable time frame. Swabs used to collect samples for
culture should have Dacron or rayon tips and plastic or metal shafts because compounds
in wood or treated cotton may be toxic to cell lines and inhibit the growth of any virus.

Staining Methods
HISTOCHEMICAL STAINS

Stains can be rapidly performed and have good sensitivity and specificity if performed
and interpreted by trained personnel. Although more than 100 yr old, the Gram stain
remains the initial decision point in the routine identification and speciation of most
bacterial pathogens. Direct staining of amniotic fluid (AF) may occasionally assist in
identifying bacterial causes of chorioamnionitis, and the stain permits detection of pro-
tozoal parasites if present. Wright-Giemsa staining of peripheral blood smears forms the
basis for diagnosing blood-borne infections including malaria and trypanosomiases.
However, detection is limited by the pathogen burden in the patient sample, the volume
subjected to staining, and the expertise of the individuals performing and interpreting the
slides.

IMMUNOFLUORESCENCE

Fluorescent dyes or antibodies against specific infectious agents are used in many
situations to identify pathogens in body fluids or tissues, or to confirm positive viral
cultures. Interpretation requires a fluorescent microscope with appropriate objectives
and filters, and interpretation by qualified personnel.

ELECTRON MICROSCOPY

In the past, electron microscopy (EM) provided a common means of diagnosing con-
genitally acquired viral infections by analyzing viral morphology from AF or tissues. EM
still plays a role in identifying pathogens for which few other diagnostic modalities exist
or in identifying newly emerging pathogens for which tests have not yet been developed.
However, the time-consuming nature of EM, expensive equipment required, and exten-
sive expertise needed to prepare, process, and interpret samples limit its use in most
settings for routine diagnosis of infectious diseases.
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PATHOLOGICAL TISSUE ANALYSIS

Gross and microscopic analysis of placenta, fetal, or neonatal samples can assist with
diagnosis of infections contracted in utero. Histological staining of placenta, in particu-
lar, can be instrumental in identifying protozoal and viral pathogens.

INFECTIONS

Viral Infections
CYTOMEGALOVIRUS

Cytomegalovirus (CMV) is a double-stranded herpesvirus and a common viral cause
of congenital infection. The virus may be transmitted by oral and respiratory secretions,
breast milk, blood transfusion, sexual contact, and vertically. Primary infection produces
nonspecific symptoms of heterophile-negative mononucleosis in young adults, including
fatigue and malaise, athough many individuals and older adults manifest no overt symp-
toms. As with other herpesviruses, CMV establishes latent infection after primary dis-
ease and can be reactivated during pregnancy and with immunosuppression (13).

Rates of sero-positivity increase with age but do so more rapidly in urban areas and
developing countries (14). The sero-prevalence in industrialized countries approaches
25% in young adults, but 80% or more in urban areas and in many developing countries.
In the United States, 2% of sero-negative women acquire primary CMV infection during
pregnancy. Most of these women demonstrate no signs of infection, although 40% of
primary maternal infections result in vertical transmission to the fetus. Maternal immu-
nity to CMV lowers the rate of vertical transmission significantly among different popu-
lations, resulting in congenital infection in 0.4–1.9% of pregnancies (15,16).

Of congenital infections resulting in live births, 7–10% of these infants have
discernable defects or indications of congenital infection while the remainder appear
normal at birth. Vertical transmission during the first half of pregnancy is thought to
produce worse outcomes including low birth weight, hepatitis, deafness, microcephaly,
and other findings (16,17). Many studies have also indicated that maternal immune status
cannot necessarily predict the presence or absence of congenital defects once infection
has occurred in the fetus. Among congenitally infected infants with no signs or symptoms
at birth, 85–95% develop normally, but the remainder develop adverse sequelae in
infancy and childhood including hearing and vision loss, and other neurological defi-
cits (16,18).

Screening. Routine serological screening for CMV immune status is not recommended
except for women with high risk of exposure, including health care and child-care work-
ers and HIV-positive women. Baseline serologies serve to identify sero-negative indi-
viduals and allow specific education of these women concerning exposure risks and
measures for limiting risks for infection.

Immune status can be determined with CMV IgG serology. Available commercial
assays include EIA kits produced by Diamedix, Wampole Laboratories, Abbott Labora-
tories, BioMérieux, and Diagnostic Products Corporation. Assays have sensitivities of
91–99% and specificities of 93–100% (19).

Maternal Diagnosis. Diagnosis of primary maternal infection commonly uses IgG
and IgM serologies to ascertain the evolving immune response to CMV infection. A
fourfold increase in IgG titers from paired acute and convalescent sera, drawn 14–21 d
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apart, indicates either primary infection or reactivation. IgM serologies are frequently
employed to distinguish primary infection from reactivation or reinfection. However,
maternal serologies cannot predict the likelihood of in utero infection. Likewise, although
PCR, CMV pp65 antigenemia, and viral load assays can assist in diagnosis of CMV-related
disease in transplant, HIV-positive, and other immunocompromised women, their use in
immunocompetent pregnant women cannot predict or detect vertical transmission of the
virus to the fetus.

Fetal Diagnosis. PCR or CMV culture on AF can be used to detect fetal infection after
21 wk gestation. Sensitivity of PCR detection prior to 21 wk has been reported to be 45%
with specificity of 100% (20). Other assays have reported sensitivities of 80–100% and
specificities of 100% when using CMV-specific primers with internal confirmation of
amplified sequences on samples obtained after 21 wk gestation (21,22). In contrast, viral
culture has reported sensitivity of 50–70% and specificity of 100% with most culture and
confirmation systems (23,24). Small numbers of case reports have described use of serial
viral load determinations in AF to predict presence of fetal infection and fetal disease
(25,26). Although promising, further studies are warranted to determine the predictive
values of serial testing and defined viral load cutoffs that can predict disease and out-
comes.

Neonatal Diagnosis. Diagnosis of congenital infection in the neonate commonly uses
shell vial viral culture on human fibroblast lines or PCR performed on urine or saliva.
Samples collected for viral culture should be stored at 4°C until transported to the labo-
ratory. Culture from neonatal urine or saliva has reported sensitivity of 94–95% and
specificity of 100% (27). PCR amplification strategies have sensitivities and specificities
approaching 100% in congenitally infected infants (28).

HEPATITIS B
Hepatitis B is a double-stranded DNA hepadnavirus. Transmission occurs through

exposure to blood and body fluids, and less commonly via sexual contact or congenital
infection. Countries with successful vaccination programs for hepatitis B have
prevalences of 0.6% or less in the general population (29,30). Worldwide, the highest
prevalence of infection occurs in sub-Saharan Africa, parts of South America, southeast
Asia, and in certain populations such as the Inuit and Australian aborigines, where docu-
mented infections may occur in more than 40% of the population, with chronic carriage
present in 7–10% of adults (31,32).

The prevalence of hepatitis B infection among pregnant women in North America and
Europe ranges from 0.6 to 0.9% but has been reported to be 5.79% among some Asian
populations (33). Vertical transmission occurs in more than 90% of chronically infected
women and in 60% of women acquiring primary infection during pregnancy (34). Con-
flicting reports have indicated no association, or potential association, of maternal infec-
tion with stillbirths, prematurity, or congenital defects (34,35), although more recent
reports suggest no association between maternal infection and adverse perinatal out-
comes (36). Higher rates of vertical transmission have been found in Taiwan and other
regions in Asia than in other parts of the world, suggesting that differences in viral strains
or genetic makeup of infected populations may predispose to in utero infection. How-
ever, congenital infection clearly predisposes to chronic carriage of hepatitis B virus and
early development of liver cirrhosis and hepatocellular carcinoma (37,38).
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Table 2 describes typical profiles seen for hepatitis B antigens and serologies for
primary and chronic infection. Symptoms of primary maternal infection may appear 5 wk
to 6 mo after initial exposure and include malaise, fatigue, jaundice, and sometimes
urticaria, other rashes, and arthritis, and less commonly with symptoms of glomerulone-
phritis and vasculitis. Sensitive assays detect hepatitis B surface antigen (HBsAg) and
viral DNA (HBV-DNA) 1–11 wk postexposure. The hepatitis B early antigen (HbeAg)
commonly appears within days of HBsAg and persists through symptomatic disease.
Individuals developing acute disease usually manifest symptoms within 4 weeks of
detection of HBsAg. Symptoms last for 1–2 wk, after which HBsAg and HbeAg fall in
individuals clearing the infection. Early IgM responses develop against core antigen
(anti-HBc) 8–12 wk postexposure and may persist for several months to 1 yr. Specific
IgG against HBc appears earliest at 12 wk postexposure, with specific IgG against HBe
and HBsAg arising over the next 2 mo, as individuals resolve disease and clear the virus.
Individuals resolving the virus clear it from the blood within weeks of the first appearance
of symptoms (39).

Subclinical disease is most commonly detected with anti-HBc antibody in the face of
other negative serological or antigen tests. Many individuals manifest either transient or
absent HBsAg. Chronic carriers of hepatitis B virus represent up to 10% of all infected
individuals and are diagnosed by the presence of persistently positive HBsAg and viral
DNA in blood.

Screening. Routine screening commonly uses HBsAg to identify newly infected or
chronic carriers of the virus. Abbott Laboratories, Roche Diagnostics, Murex, Diasorin,
Diagnostic Products Corporation, and Ortho-Clinical Diagnostics produce commercial
kits for measuring HBsAg. Sensitivites of these assays range from 96 to 100% and have
specificities of 97.6–100% in most populations (40,41). Highly sensitive HBsAg assays
detect tens of pg/mL amounts of the antigen, which has a half-life of 1–2 wk in serum (42).
Detection of primary infection can thus potentially be determined for a few months after
resolution of symptomatic disease in individuals clearing the virus.

Table 2
 Interpretation of Test Results for Hepatitis B

HBs HBe Anti- Anti-
Ag Ag HBsAg HBc HBV-DNA Interpretation

– – + – – Consistent with prior vaccination for
hepatitis B

– – – – + Very early infection. Repeat testing in
patient.

± ± – – + Early infection
+ + – ± + Consisitent with symptomatic primary

infection
+ – + + – Consistent with recent infection
– – + + – Past infection
+ ± + + + Chronic infection

Adapted from refs. 39,51,54.
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HBsAg is a viral coat protein that contains five major epitopes, including the
immunodominant “a” epitope that forms the basis of detection for many commercial
assays, as well as surface antigen vaccines (43–45). Three overlapping reading frames in
the virus produce the glycoproteins S1, S2, and S, all of which contain the “S” segment.
Prior to 1990, the majority of characterized strains contained the HBsAg a epitope.
However, pre-S mutant strains of hepatitis B, particularly ones with the G->A mutation
at nucleotide 587 that substitutes an arginine for glycine at position 145, lack this
immunodominant epitope and may not be detected by assays for HBsAg (46,47). Pres-
ence of pre-S mutations capable of infecting vaccinated individuals has also raised issues
concerning the long-term use of current vaccines for hepatitis B (46,48). In some areas of
North America, Asia, and Europe, these strains may comprise 10–40% of isolates infecting
patients (46,49). If suspected, detection of HBc antibody should be used to screen with
follow-up measurement of hepatitis B DNA levels. This testing should also be performed
if acute or underlying infection is suspected in individuals negative for HBsAg and
markers for other hepatitis viruses.

Diagnosis. Women testing positive for HBsAg require further diagnostic evaluation.
Full serologies, including HBc and surface IgG and IgM, HbeAg, and viral DNA load
should be performed. Table 2 lists common diagnostic patterns for HBsAg, HbeAg,
HBV-DNA, and serologies against HBsAg. Vaccinated women should have anti-HBsAg
antibody but no reactivity with HBc or other viral components. Of available assays for
hepatitis B virus, viral load of hepatitis B DNA has become the best predictor of infec-
tivity (50), particularly for women near delivery (51). Other studies have indicated that
HBV-DNA, HBsAg load, and HbeAg can predict potential for vertical transmission
(52,53).

Neonatal Diagnosis. Diagnosis in the neonate and infant is best made with detection
of HBsAg (54) or detection of HBV-DNA in blood (55–57). HBsAg does not cross the
placenta, although HbeAg does, limiting its use in diagnosing congenital infection (58).
Likewise, serological detection of IgG against HBc, HbsAG, or HBe primarily measures
transferred maternal immunity.

HEPATITIS C
The hepatitis C virus (HCV) is a single-stranded RNA picornavirus belonging to the

flaviviridae. Infection occurs through intravenous drug abuse, blood transfusions from
infected donors, exposure to infected body fluids, and, more rarely, sexual contact. The
prevalence of disease in the general population has been estimated at 1–4% (59,60), and
prevalences in pregnant women from western countries and Africa at 1.9% (61), although
higher prevalences of 3.5–5% have been found in patients attending sexually transmitted
diseases (STD) clinics (62).

The virus has an average window period of 6–8 wk prior to detectable sero-conversion,
although this period may be extended to several months or a year in immunocompromised
patients. Many individuals manifest no overt symptoms other than chronic fatigue.
Approximately 80% of infected individuals become chronic carriers of HCV and are at
risk of developing liver cirrhosis.

Vertical transmission has been associated with primary infection during pregnancy
(63). Transmission rates in HIV-negative, HCV-positive women have been estimated at
2.7–4.4% (64), with rates increasing to 5.4–8.6% in HCV-positive women coinfected
with HIV (65).



258 Bry

Screening. Routine screening for HCV is indicated for HIV-positive women or women
with risk factors such as intravenous drug abuse or multiple blood transfusions prior to
1990. However, clinical suspicion of underlying infection may be raised with elevated
alanine aminotransferase or aspartate aminotransferase if these results are encountered
during prenatal testing.

Third-generation ELISAs for detecting HCV IgG have improved specificity by detect-
ing antibody against recombinant HCV antigens followed by recombinant immunoblot
assay (RIBA) confirmation to determine reactivity with the nonstructural proteins NS3,
NS4, and NS5 and viral core proteins (66). Analytic sensitivities of anti-HCV IgG ELISAs
ranged from 98.8 to 100%, and specificities from 99.7 to 100% for commercially based
assays including Roche’s automated Cobas Core anti-HCV EIA and semi-automated
Murex or Abbott anti-HCV EIAs (67). Other studies have demonstrated biological speci-
ficities among commercial kits to be 99% or more when assayed against healthy blood
donors and known HCV-positive individuals (68).

Diagnosis. As described, positive serologies require confirmation by RIBA. Standard
of care also indicates obtaining HCV viral load and performing viral genotyping to assess
the susceptibility of the infecting strains to interferon (IFN)- therapy. However, the
efficacy of IFN- therapy in HCV-positive pregnant women and its impact on the fetus
have not been widely studied. Demand for rapid, sensitive tests to detect blood donors in
the window period prior to sero-conversion has led to significant developments for
nucleic acid-based testing for HCV and HCV core antigen tests that stand to allow earlier
detection of viral infection than serological methods (69).

Neonatal Diagnosis. Detection of HCV RNA in the neonate provides the best means
of diagnosing congenital infection (70,71). Rare HCV-infected infants may test negative
within the first month, suggesting repeat testing of negative infants for HCV RNA from
2–10 mo of age in infants born to HCV-positive women (72).

HUMAN IMMUNODEFICIENCY VIRUS

Human immunodeficiency virus (HIV)-1 and -2 are single-stranded RNA retroviruses
that have infected more than 30 million people worldwide. Since 1998, more than 3.7
million children have been infected with HIV, the majority by vertical transmission, and
2.7 million have died of acquired immunedeficiency syndrome (AIDS). In developing
countries, congenital infection can account for up to 10% of all AIDS cases.

The ACTG 076 clinical trial first demonstrated the efficacy of antiretroviral therapy
in preventing vertical transmission. Oral zidovudine (AZT) during weeks 14–34 of ges-
tation followed by intravenous AZT during labor and delivery reduced the rate of in utero
transmission by 67%, to 8.3% of infants born to HIV-positive women (73). Subsequent
studies have endeavored to assess the impact of other antepartum regimens (e.g., AZT/
3TC) and intrapartum therapies [e.g., single-dose maternal nevirapine followed by neo-
natal nevirapine within 72 h (74]) on vertical transmission to develop treatment protocols
more suitable for implementation in developing countries (75).

Screening and Diagnosis. The Centers for Disease Control and Prevention, and
American Medical Association, and other organizations have strongly encouraged rou-
tine screening for HIV in pregnant women because of the ability to reduce vertical
transmission of the virus with appropriate intervention (76,77). Screening remains vol-
untary with informed patient right of refusal, because concerns have been raised of
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deterring women from seeking prenatal care if testing for HIV were mandatory. Selection
of screening tests may vary with the situation, namely, in an ambulatory setting as
opposed to more emergent situations involving women with no prenatal care.

Screening for anti-HIV IgG followed by confirmatory western blot or IFA remains the
standard for diagnosis. Molecular tests should not be used to make an initial diagnosis,
particularly in low-prevalence populations where the positive predictive values of such
tests are poor (78). Many commercial EIAs and ELISA kits are available for testing blood
specimens for common subtypes of HIV-1 and HIV-2. A number of kits also exist for
testing saliva specimens. Commercial EIAs for HIV-1 or HIV-1 and -2IgG commonly
have sensitivities greater than 99% and specificities of 99.6%. Even with such high
specificity, all positive tests should be confirmed because of the adverse impact of falsely
positive results including social stigmata and unnecessary exposure of the fetus to
antiretrovirals.

In selecting testing methodologies, the clinical setting must be considered. Ideally, all
women should be tested at their initial prenatal care visit. Antiretroviral therapy initiated
early in pregnancy has the greatest effect in preventing vertical transmission. Unfortu-
nately, many HIV-infected women are among those receiving no or inadequate prenatal
care. However, recent studies have shown that intrapartum antiretroviral therapies can
reduce the transmission of HIV by up to 50%. In the setting of a woman presenting in
labor and without prenatal care, rapid HIV testing should be considered. Many rapid-HIV
kits have been introduced commercially over the past 10 years. In the United States, the
OraQuick Rapid HIV-1 (Ora-Sure Technologies) test has recently been cleared by the
Food and Frug Administration (FDA) as a Clinical Laboratory Improvement Act (CLIA)-
waived test, which can be performed in many point-of-care locations (10). The assay may
be performed on whole blood from venipuncture or finger stick and takes about 20 min
to obtain results. The test has a sensitivity of 99.6% and specificity of 100% when
compared with standard EIAs. Subsequent to delivery, confirmation of results by West-
ern blot or IFA must be obtained, as with other screening tests.

HIV-2 and some rare subtypes of HIV-1, such as Group O, may not be detected by
many commercial EIA or ELISA kits (79). In women with significant exposure to these
subtypes [e.g., sexual contact with individuals from high-prevalence areas such as West-
Central Africa (80)], tests with the ability to detect the rare subtypes should be selected
(81,82). Currently available western blots assay the host antibody response against
polypeptides from the env and gag proteins. The CDC criteria for interpreting blots as
positive calls for definitive banding patterns against the viral proteins p24, gp46, and
gp120 or gp60. Reactive patterns that do not meet these criteria are reported as
indeterminant (83). As the majority of HIV-positive individuals with indeterminant
results convert within 1 mo, testing should be repeated within this time frame (84).
However, this option is of limited utility in emergent situations. Pregnant women pre-
senting emergently in whom indeterminant results occur with rapid serological or west-
ern blot assays should receive further testing with HIV p24 antigen or viral load assay,
using a methodology other than B-DNA for detection, with the understanding that con-
firmatory testing will need to be performed to validate results obtained by these measures.

Fetal Diagnosis. Due to the risk of transmitting HIV and other potential infectious
agents to the fetus, many groups advocate refraining from performing amniocentesis or
other invasive procedures in pregnant HIV-positive women unless absolutely indi-
cated (85).



260 Bry

Neonatal Diagnosis. Detection of HIV viral load in the neonate provides the best
means for diagnosing vertical transmission. Initial testing performed within 48 h of birth
diagnoses 25–30% of congenitally infected neonates (86). Subsequent viral load testing
should be performed within 2 wk, and at 1, 2, and 6 mo of age. Single positive viral load
results should be repeated and confirmed with a different assay and detection method on
a new patient sample. This regimen has 100% sensitivity for diagnosing infected infants
by 6 mo of age (87). Additional confirmation of the HIV-negative status in these infants
includes documenting the loss of maternally transferred anti-HIV IgG through 18 mo of
age (86).

Additional Testing Indicated in Pregnant, HIV-Positive Women. HIV infection
has significant impact on maternal health and the risk of transmitting of other infectious
agents to the fetus, including CMV, syphilis, and toxoplasmosis. Additional studies
should be undertaken to assist with (1) the clinical assessment of maternal immune
status, (2) response to antiretroviral therapy, (3) presence of underlying sexually trans-
mitted diseases, and (4) immunity to additional pathogens. Table 3 lists recommended
testing to follow these factors in pregnant HIV-positive women.

Measurement of plasma viral loads are recommended every 4 wk until virus has been
suppressed to undetectable concentrations or the desired treatment goals have been
attained, after which they may be performed every 3 mo, or as indicated, to monitor
response to therapy. CD4+ T cell counts performed every 3–4 mo serve as an independent
monitor of the patient’s immune status and responses to antiretroviral therapy (88). As
with nonpregnant patients, chronically infected women with severely suppressed CD4+
T cell counts, may not elevate their counts greatly between readings in response to
significant decreases in viral load.

HIV genotyping to identify resistance to AZT, nevirapine, or other drugs used in
treatment regimens should be performed if infection with resistant strains or develop-
ment of resistance is suspected. Viral genotyping assays have clearly matured to a state
where they can reliably detect and predict resistance for more common characterized
mutations such as the K103N mutation in viral reverse transcriptase that confers resis-
tance to nevirapine (89,90). Results are best obtained on patient samples with plasma HIV
viral loads greater than 1000 copies/mL (91). Commercially available assays that per-
form double-strand sequencing of patient virus and allow analysis against the most
updated and validated HIV genotype databases provide the most reliable results. Testing
should also be performed in laboratories with experience in performing DNA sequencing
and that subscribe to proficiency testing in this area offered by the CAP. Interpretation
of less-common mutations and their impact on viral resistance should be done in consul-
tation with individuals having expertise in the performance and interpretation of
genotyping assays.

Many laboratories use the Visible Genetics Trugene or Applied Biosystems ViroSeq
HIV-1 genotyping kits that have been approved by the FDA. Although published studies
indicated concordance of 92–99.7% among academic centers for detecting primary viral
mutations in samples for proficiency testing (92,93), recent CAP survey data indicated
detection of primary mutations in a single proficiency sample among 73% of participat-
ing laboratories (94). Significant variations in detection and identification of relevant
mutations have also been demonstrated among commercially available kits and with the
interpretation software used (95).
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Hepatitis serologies and serologies for CMV, varicella zoster virus (VZV), and Toxo-
plasma gondii should be obtained, in addition to screening for Chlamydia trachomatis
and gonorrhea infection (88,96,97). Other sections of this chapter describe appropriate
screening and diagnostic testing to perform.

HERPES VIRUS I AND II
Transmission commonly occurs through sexual contact and exposure to infected bodily

fluids. Herpes virus (HSV)-I, the etiology of herpes labialis, causes oral lesions and
gingivalstomatitis. HSV-II is associated with genital infection. Primary maternal infec-
tion with HSV-II commonly presents with painful vesicular lesions at the site of inocu-
lation. However, disease may remain subclinical in women, particularly in individuals
with immunity to HSV-I. Both viruses establish a latent state and may be reactivated
during pregnancy.

The sero-prevalence of HSV-I ranges from 61 to 75%, and HSV-II from 11 to 23% in
industrialized countries (98,99). Rates of positive sero-prevalence in other countries
range from 75.7 to 95% for HSV-I and from 15 to 43% for HSV-II (100).

Congenital infection with HSV-II is thought to occur in 1 in 2000–5000 deliveries.
Intrapartum infection accounts for 75–80% of infection diagnosed in infants, with the
remaining number comprising postpartum infections. In utero transmission early in preg-

Table 3
Screening Tests Recommended in Pregnant HIV-Positive Women

Reason Test Frequency of testing

Maternal immune status Plasma viral load Every 4 wk until goals for therapy
attained, or to monitor disease status

CD4+ T cell counts Every 3–4 mo
HIV genotyping If suspected infection with resistant

virus, or resistance developing to
treatment

Maternal serostatus CMV IgM and IgG First prenatal visit, or after primary HIV
diagnosis

Group B streptococci Third trimester
HBsAg Routine screening
Hepatitis C serologies First prenatal visit, or after primary HIV

diagnosis
Rubella Routine screening
RPR or VDRL First trimester, 28 wk, and at delivery
Toxoplasmosis IgG First prenatal visit, or after
and IgM primary HIV diagnosis
VZV First prenatal visit, or after primary HIV

diagnosis
Presence of infection Nucleic acid testing First prenatal visit, or

for C. trachomatis after primary HIV diagnosis
Nucleic acid testing First prenatal visit, or after primary HIV
or culture for gonorrhea diagnosis

Adapted from refs. 88,96,97.
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nancy has been associated with fetal loss. Later infection may result in microcephaly or
hydranencephaly, and ocular findings including microphthalmia, keratoconjunctivitis,
and retinitis. Defects have been documented in women with both primary and reactivated
infection (101). Skin findings on the newborn are common and include the presence of
vesicles and scarring. Without treatment, babies with disseminated HSV disease com-
monly succumb to HSV pneumonitis or disseminated intravascular coagulation.

Screening. Routine screening of pregnant women for HSV IgG is performed only in
women with high risk factors for the disease to determine maternal exposure. Abbott,
Roche, Diamedix, Zeus Scientific, and Wampole Laboratories produce available anti-
HSV IgG assays in the EIA format. Source of the viral antigen used in assay systems
determines specificity of the test and may permit detection only of exposure to HSV
without distinguishing between HSV-I and -II. Most assays have sensitivities ranging
from 85 to 100% and specificities of 79–97% (102,103). Some assays use viral glycopro-
teins specific for each virus to determine immune status to HSV-I and -II. These assays
have sensitivity of 95% for HSV-I and 98% for HSV-II. Specificity is 96% for HSV-I and
97% for HSV-II.

Diagnosis. Serological testing can identify maternal exposure but cannot determine
presence of active disease, or asymptomatic viral shedding, or predict maternal transmis-
sion prepartum or intrapartum. Current recommendations indicate ceasarian delivery
only for women with active lesions at the time of delivery (104,105).

Direct culture of HSV from lesions is preferred for identifying active disease near the
time of birth. Culture methods commonly use Vero cells or human foreskin fibroblasts.
Standard shell viral culture techniques may permit detection of viral cytopathic effect
within 24–48 h incubation, after which positive cultures are confirmed by direct fluores-
cence assay (DFA) or PCR specific for HSV-I or -II viral antigens (106). Recently
developed systems specific for HSV permit detection of virus or viral antigens within
24 h after inoculation.

Immunoperoxidase staining of inoculated mink lung cells for HSV-specific antigens
after 16–24 h incubation allows more rapid detection and has reported analytical sensi-
tivity of 99% (107,108). The enzyme-linked viral inducible system (Diagnostic Hybrids,
Inc.) uses genetically engineered cells containing an inducible -galactosidase behind a
herpesvirus-specific promoter (109,110). HSV-I and -II transactivators VP16 and ICP10
induce specific expression of the -galactosidase reporter gene, which is easily detected
with available chromogenic substrates (12). Follow-up fluorescent detection allows iden-
tification of HSV-I or HSV-II (111). Reports have indicated a sensitivity of 88% and
specificity greater than or equal to 99% for the enzyme-linked viral inducible system
commercial assay (112).

Neonatal Diagnosis. In utero infection is confirmed by culture of the virus within 48 h
of birth, commonly with material swabbed from vesicular lesions.

HUMAN T-LYMPHOMA VIRUS I
Infection with the human T-lymphoma viruses (HTLV) I and II retroviruses is endemic

in the Caribbean and southern Japan. Infections occur sporadically throughout South
America, Asia, Africa, and the southeastern United States (113). Transmission occurs
primarily through sexual contact and intravenous drug abuse, although the virus may be
transmitted vertically or in breast milk (114). Studies have indicated 0.5–7% risk of
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vertical transmission of HTLV-I from infected mothers (115) and up to 25% transmission
to infants via breast-feeding (116). Primary infection produces no overt symptoms
although isolated reports have described childhood onset of T-cell leukemias and other
cancers in individuals infected with HTLV-I as infants or in utero (117). Chronic infec-
tion with HTLV-I carries a 3–5% lifetime risk for developing adult T-cell leukemia or
lymphoma or tropical spastic paralysis. The prevalence of HTLV-I and -II infection in
the United States is approx 4.3 individuals per 10,000 and is as low as 0.01% throughout
much of western Europe (118). However, higher rates exist in populations from endemic
areas or in individuals engaging in high-risk behaviors.

Screening. Serological screening for HTLV-I immune status in pregnant women has
become routine in endemic areas such as southern Japan and parts of South America
(119,120). In other regions, screening is indicated only in individuals from endemic areas
or with risk factors for exposure to the virus. Sero-positive women receive counseling to
abstain from breast-feeding.

In the United States, screening and identification of individuals exposed to HTLV-I
use ELISA-based assays for anti-HTLV IgG. Positive results are confirmed by Western
blot analyses against HTLV-I and -II viral glycoproteins. Most newer generation com-
mercial EIA assays use recombinant proteins as opposed to viral lysates. Commercially
available assays include EIA tests manufactured by Abbott Laboratories, Murex Diag-
nostics, and Organon-Teknika. Most studies have indicated that ELISA followed by
western blot confirmation has a sensitivity of 95–100% for HTLV-I and 80–94% for
HTLV-II exposure (121). However, indeterminate results on western blot have been
associated with coinfection with malaria (122) and primary VZV infection where VZV-
specific IgM cross-reacted with HTLV antigens (123). Testing performed in Japan and
other areas outside of the United States commonly use particle agglutination assays such
as the Serodia HTLV-I assay that have reported sensitivities of 99–100% and specificities
of 95–100% (124). The tests are inexpensive and easy to perform, but not currently
licensed by the FDA for patient testing in the United States.

PARVOVIRUS B19
Parvovirus B19 is a nonenveloped single-stranded DNA virus. The virus is highly

infectious, spreading primarily via respiratory droplets. Infection in children causes
erythema infectiosum, or Fifth’s disease. Adult infection has been associated with
postviral arthropathies but commonly produces subclinical disease. The virus is a com-
mon cause of life-threatening aplastic crises in patients with hemoglobinopathies and
other red cell disorders. Exposure to the virus has been correlated with the number of
siblings in a family and with known exposure to infected children. In the United States,
approx 45% of all blood donors test positive for parvovirus IgG. In children under the age
of 5, prevalences remain less than 50% but rise steadily with age to a prevalence of greater
than 75% by age 50.

B19 binds the P red cell carbohydrate antigen on red blood cell precursors and subse-
quently lyses erythroblasts. In utero infection has been associated with nonimmune fetal
hydrops, central nervous system defects, fetal loss, and stillbirths (125).

Studies in Denmark estimated the prevalence of sero-conversion for parvovirus B19
among pregnant women to be 1.5–13%. Many women sero-converting during pregnancy
remained asymptomatic, without rash or other indications of clinical disease. Rates of
in utero transmission remain ill defined, but 17–33% of studied cases demonstrated
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transmission of the virus to the fetus. Of infected babies, fetal hydrops occurred in 34%,
and death occurred in 3% of cases. However, more than half of pregnancies complicated
by primary parvovirus B19 infection resulted in healthy infants (126).

Screening. Screening for B19 sero-negativity is not routinely indicated because no
vaccination or therapeutic interventions exist.

Diagnosis. Parvovirus B19 is not readily cultured in vitro. Acute and convalescent
serologies detecting IgG against viral capsid proteins remain the basis for identifying past
exposure to the virus. Newer generation ELISAs using recombinant VP1 and VP2 caspid
proteins have greatly increased the sensitivity and specificity of these tests to more than
90%. Older assays using crude cell or tissue lysates were plagued by low specificity and
variable sensitivity among reagent lots.

In pregnant women exhibiting viral exanthems, diagnosis should focus on rapidly
determining whether the etiology is parvovirus B19, rubella, measles, or possibly CMV.
Infected patients may manifest reactive IgM against B19 just prior to the onset of rash and
other symptoms. The reactivity persists for 2–3 wk, after which IgM concentrations fall
in most individuals as IgG titers rise. The sensitivity of IgM alone is 60% or less for
diagnosing acute disease (127). Cross-reactivity with rubella and measles has been
reported with B19 IgM assays (128). Reactive IgG commonly appears within days of
pathogen-specific IgM and remains detectable for years. However, a subset of patients
maintain high IgM titers for months after the primary infection, although the presence of
high IgG titers differentiates acute infection from convalescence. Commercial IgG avid-
ity assays for parvovirus are not currently available and have not been standardized or
validated extensively for diagnostic use.

PCR-based assays for parvovirus DNA have proven useful in diagnosing acute infec-
tion. High titer viremia, to the order of greater than 1012 copes/mL, can last for a window
period of a week during symptomatic disease (129). Lower concentrations of virus may
persist in blood for months after infection, although reports vary in the ability of PCR
methods to detect viral DNA after the acute phase of infection. If collected from symp-
tomatic individuals, viral PCR has a sensitivity of 79%–93% and specificity of 100%
(127,130).

In symptomatic women for whom it is important to obtain a specific diagnosis,
antiparvovirus B19 IgM and detection of DNA by PCR on blood samples provide the best
combination of tests to identify acutely infected patients and rule out other infectious
causes. Overall sensitivity of both tests has been estimated to be 90% or more in symp-
tomatic individuals (127). Many case reports have used parvovirus PCR on AF, cord
blood, and, less frequently, on chorionic villi (131) to diagnose fetal infection (132,133).
However, studies have not been undertaken to define the sensitivity and specificity of
these assays for rapidly diagnosing acute infection of the fetus.

RUBELLA

Rubella is a single-stranded RNA togavirus that causes German measles. Humans are
the only known hosts. Infection occurs primarily during the winter and spring months.
Children commonly present with rash while adults may have a prodromal illness of 1–
5 d associated with lymphadenopathy and other constitutional symptoms before rash
appears. However, infection frequently remains subclinical (134). Implementation of
childhood vaccination in 1969 in the United States and abroad has greatly impacted the
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number of congenital infections and birth defects attributed to maternal rubella infection.
The prevalence of unimmunized women in vaccinated populations is around 1.8% (135)
and 40% or higher in unvaccinated populations (136).

During acute infection, the virus infects the placenta and is transmitted to the fetus.
Viral replication may be sustained for months in placental tissue, providing chronic
exposure of the fetus to the virus. High rates of fetal infection, from 80 to 100%, occur
if primary maternal infection happens during the first 8 wk of pregnancy, during the
critical period of fetal organogenesis. The most severe defects are associated with infec-
tion during this period and include significant eye, ear, and heart defects, leading to
congenital blindness and deafness in the newborn. Fetal infection rates range from 24 to
47% in women infected primarily during the second trimester, and for the last three
months, 35, 60, and up to 100%, respectively. Other studies have demonstrated the risk
for development of defects to be 90% for infection acquired prior to 11 wk gestation, 33%
for infection acquired from weeks 11 to 12, 11% during weeks 13–14, and 24% during
weeks 15–16 (137). Secondary exposure or infection in an immune mother is thought to
carry less risk of birth defects because the disease is less severe and maternally transferred
immune IgG likely plays a role in limiting the course of disease and effecting viral
clearance from infected tissues in the fetus.

Screening. Serological testing for rubella-specific IgG provides the basis for deter-
mining maternal immune status. Commonly used commercial assays include kits from
Abbott Laboratories, Becton-Dickinson, BioMérieux, Murex Diagnostics, and Wampole
Laboratories (138). Assays have reported sensitivities of 99–100% and specificities of
94–99%, although one study of 497 women, which included 9 seronegative individuals,
demonstrated a specificity of only 78% for the Abbott AxSYM Rubella IgG Assay
(135,139).

Diagnosis. Diagnosis of acute primary maternal infection or secondary exposure relies
on serological testing. A fourfold increase in IgG titers in paired acute and convalescent sera
collected 14–21 d apart confirm recent maternal infection. Serum IgM may be assayed
on a single acute sample to help identify primary infection, but clinical measures should
not be instituted on the basis of results from a single IgM assay (140). As with all IgM
assays, results may be confounded by the time-course of the IgM response during infec-
tion and known cross-reaction of most rubella assays with IgM produced during infection
with mumps, Epstein-Barr Virus, CMV, or parvovirus B19 (141). Rubella-specific IgM
has also been shown to persist for up to a year after primary infection or vaccination
(142,143). IgM assays have variable sensitivities from 63 to 92% and specificities rang-
ing from 82 to 98% (144). Many studies have recommended repeat testing of positive
IgM samples with different assays followed by confirmatory IgM and IgG convalescent
serologies drawn as described. Likewise, IgM serologies performed on cord blood have
been of use in some cases but suffer from lower specificity.

IgG avidity assays using recombinant antigens, particularly the E1 epitope to which
neutralizing antibody is produced, stand to provide a better measure for diagnosing recent
or primary infection (145,146). Commerically available IgG avidity assays for rubella
are available from Labsystems (Helsinki, Finland) (146) and Tosoh (Rivoli, Italy) (147)
but are used primarily in reference laboratories. Sensitivity of 92% and specificity of
100% have been reported for commercially available assays (148). A new avidity assay
performed on saliva had reported sensitivity of 94% and specificity of 88% but has not
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been widely tested (149). However, ability to obtain accurate results is highly dependent
on performance of the assays because incubation and washing steps for IgG avidity can
greatly influence the results.

Culture is not recommended for maternal diagnosis given the low titers present. How-
ever, culture has value in diagnosing congenital infection in the neonate, given the chronic
nature of the infection and high titer viremia present in multiple organs (150). Swabs of
posterior pharynx are preferred, but cerebrospinal fluid (CSF), buffy coat, conjunctival
swabs, and urine have also been used to diagnose infection. The virus is heat labile and
destroyed by freezing. Samples submitted for culture must thus be procured with care.
The virus remains viable for up to a week if swabs are placed in appropriate transport
media and stored at 4°C. Most laboratories performing culture use African green monkey
cells to support growth. Confirmation of positive cultures uses antigen detection or
neutralization of cultured virus with immune sera on inoculation of uninfected cell lines.

VARICELLA ZOSTER VIRUS

Varicella zoster virus (VZV) is a double-stranded DNA herpesvirus that causes vari-
cella (chickenpox) and reactivated herpes zoster infection (shingles). In primary infec-
tion, the virus has an average of 14 d incubation prior to the onset of symptoms and rash,
though this time may vary from 10 to 23 d. Low-grade viremia commonly occurs 4–6 d
after exposure (151). In industrialized countries, 91–95% of women have protective
immunity to the virus from vaccination or primary disease acquired in childhood (152).
Maternal immunity can prevent or limit the development of infection in utero, even
during episodes of viral reactivation. However, cases of congenital infection have been
reported in women with known immunity to the virus. The prevalence of primary infec-
tions in pregnant women is approximately 0.04%, with zoster reactivations occurring in
0.2% of pregnancies.

Congenital infection with VZV has been associated with abortions, stillbirths, and
prematurity. The virus is teratogenic, and primary infection acquired during the first 28 wk
gestation has been associated with chromosomal abnormalities caused by DNA breakages
in infected cells. In utero infection has been associated with resulting birth defects in 5–
10% of cases (153). Malformations and defects most commonly associated with congeni-
tal infection include cataracts, other eye and central nervous system defects, and skin
scarring.

Screening. Screening for VZV immune status is recommended in women with risks
for exposure, such as day-care or health-care workers, or for HIV-positive women.
Immunity to VZV should ideally be determined prior to pregnancy so susceptible
women may be offered vaccination. IgG serologies provide the basis for determining
maternal immune status. Commonly used commercial assays include the VZV ELISA
from Wampole Laboratories, BioMérieux, and other EIAs produced by Diamedix, Sigma
Diagnostics, and Zeus Scientific (154). Most methodologies use capture EIA and have
sensitivities of 96–99% and specificities of 96–98% (155,156).

Diagnosis. Detection of VZV viral antigens and PCR of vesicular fluid or skin
scrapings have been recommended to diagnose primary infection or reactivation. Direct
immunofluorescent antigen detection (DFA) kits manufactured by Chemicon, Viromed,
and Meridian commonly recognize viral proteins GP1, early antigen, and membrane
antigen. DFA has reported sensitivities of 82–92% and specificity of 76% (157,158).
These methods are considered superior to serological testing or Tzanck preparation of
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skin scrapings, which does not distinguish VZV from other herpesviruses. Culture of
VZV from skin material has been reported to have sensitivity of 20%–56% and specific-
ity of 100% (159). PCR assays for VZV gag gene or gene 28 have reported sensitivities
of 95–96%, although kits are not available commercially (157,160).

PCR has proved superior to culture or antigen detection for fetal diagnosis (161). PCR
testing on AF, placenta, and chorionic villi from sero-negative women exposed to the
virus has reported good specificity, although the numbers of cases in which these tests
have been used is small. Caution should be used in interpreting positive PCR results
because the presence of viral DNA in AF, placenta, or fetal material does not necessarily
predict the development of congenital defects (153,162).

Bacterial Infections
CHLAMYDIA TRACHOMATIS

C. trachomatis is an obligate intracellular pathogen transmitted via sexual contact. The
organism is a primary cause of nongonococcal urethritis in men and causes a spectrum
of diseases in women, including cervicitis and salpingitis, although 9–10% of healthy
women (163,164) and up to 40% of individuals examined in STD clinics may have
asymptomatic infection (165). Vertical transmission is believed rare, but untreated geni-
tal infections have been associated with abortion, stillbirth, premature rupture of mem-
branes, and maternal endometritis postpartum (166). Exposure intrapartum can lead to
the development of ophthalmia neonatorum, and chalmydial pneumonia, which may
develop in up to 10% of infected neonates (167).

Screening. The ACOG recommends screening only for women with risk factors for
underlying chlamydial infection (168). However, recommendations from the CDC have
suggested that all women in the United States be screened at their first prenatal visit (169).
Studies have indicated positive predictive values of 80–90% with nucleic acid tests for
C. trachomatis when the prevalence of disease drops below 5% (170), suggesting confir-
mation of results or repeat testing to diagnose patients in low-prevalence populations (169).

Nucleic acid amplification of clamydial sequences from endocervical swabs has the
highest sensitivity of available methods for identifying the organism and more rapid
turnaround time than culture-based assays, which may take up to a week and have con-
siderable expense. However, in vitro culture of C. trachomatis remains the indicated test
for cases involving medicolegal issues.

For nucleic acid testing, endocervical samples should be collected on plastic or metal
shaft swabs with Dacron, rayon, or cotton tips; placed in appropriate transport media; and
stored at 2–25°C for delivery to the testing laboratory (171). The majority of clinical
laboratories in the United States and Canada use molecular amplification assays pro-
duced by Abbott Laboratories (LCx ligase chain reaction), GenProbe [PACE 2, tran-
scription-mediated amplification (TMA)], Roche (PCR), or a hybrid capture assay by
Digene (Hybrid Capture II CT/GC) (172). The GenProbe assay permits dual detection of
C. trachomatis and Neisseria gonorrhoeae from a single specimen. Molecular methods
have reported sensitivity of 97.4–99.8% and specificities of 99.6–100% on cervical
swabs, which provide better results than urine (173,174). Improved sensitivities of 99%
or more have been reported with methods using PCR or LCR as the amplification schemes,
as opposed to nonamplified assays (175).

Diagnosis. Probe-based molecular methods are the standard for diagnosing sexually
transmitted disease in women and conjunctivitis in neonates.
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GONORRHEA

Neisseria gonorrhoeae is a sexually transmitted disease that produces purulent, pain-
ful urethritis in men. Women commonly present with endocervicitis and urethritis. Symp-
toms of pelvic inflammatory disease develop in 10–20% of women. However, in the
general population, 0.4–2.3% of women have asymptomatic disease or do not develop
symptoms for which they seek medical attention (164,176). Rates of symptomatic and
asymptomatic disease are higher in women with multiple sexual contacts (177). Infection
during pregnancy has been associated with stillbirths (178) and low birth weights (179).
Transmission at birth can cause ophthalmia neonatorum and gonococcal infection of the
pharynx or anus. Gonococcal ophthalmia frequently leads to blindness if left untreated
(180).

Gonococcal infections have a general prevalence of 0.3% in the United States, but a
prevalence of 2.5–3% in populations with risk factors including low socioeconomic
status, intravenous drug abuse, multiple sexual partners, and sexual activity before age
16 (181,182).

Screening and Diagnosis. The ACOG has recommended screening high-risk women
early in pregnancy and at 28 wk gestation (183). CDC recommendations suggest screen-
ing in all pregnant women (169,184). Probe-based assays and culture are the most com-
monly performed tests. While Gram-stain of purulent material in men has diagnostic
significance, staining purulent endocervical discharge from women has both low sensi-
tivity and specificity. Nucleic acid detection kits from GenProbe, Abbott Laboratories,
Roche, and Digene have sensitivities of 92–96.8% and specificities of 98–100% com-
pared with typical sensitivity of 83% and specificity of 100% for culture (185–187). The
Roche COBAS Amplicor assay has reported cross-reactivity with some commensal
lactobacilli and has specificity of 96.8% for endocervical swabs (188).

Culture is indicated for cases not responding to therapy or in areas with high preva-
lence of resistant gonococcal strains. Approximately 10% of N. gonorrhoeae isolates
reported in the United States are resistant to penicillin. Resistance to third-generation
cephalosporins (Ceftriaxone, Cefotaxime) has remained very low (189).

N. gonorrhoeae is a fastidious Gram-negative diplococcus. The organism may be
cultured on selective media including Thayer-Martin or NYC media, although chocolate
agar, routinely used in genital cultures, supports growth. Direct plating of samples onto
media provides the best means of recovering organisms. However, for situations where
direct plating is not possible, samples should be collected onto Dacron or rayon swabs
with plastic or metal tips and placed in transport media or a swab transport system.
Samples placed in swab transport systems should be delivered to the laboratory within
6 h of collection to facilitate maximal recovery of N. gonorrhoeae (190). A single endocer-
vical culture from symptomatic women typically has sensitivity of 80–95% and specificity
of 100%. Positive samples typically grow within 1–2 d of collection, producing translu-
cent, oxidase-positive colonies that demonstrate Gram-negative diplococci when stained.
Identification may be further confirmed with DNA probes or biochemical characteriza-
tion including sugar fermentation profiles.

GROUP B STREPTOCOCCI

Chapter 13 discusses screening of pregnant women for colonization with group B
streptococci.
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LISTERIA MONOCYTOGENES

L. monocytogenes infection commonly occurs through ingestion of unpasteurized
milk and milk products, processed meats, or vegetables contaminated with animal wastes
(191,192). During pregnancy, women are 20 times more susceptible to infection and
account for one-third of all cases of listeriosis reported in the United States. Infection
occurs most commonly in the third trimester of pregnancy (193). Maternal infection
carries a 27% risk of morbidity to the fetus and can lead to miscarriages, chorioamnionitis,
preterm labor, and septicemia and meningitis in the fetus (194). Approximately 8.6
neonatal cases of listeriosis occur per 100,000 live births in the United States (195).

L. monocytogenes invades the body through intestinal M cells overlying the localized
lymphoid tissue in Peyer’s patches of the intestine and disseminates hematogenously to
remote sites, including the placenta. The infection produces gastrointestinal symptoms
9–48 h after ingestion and flulike symptoms 2–6 wk subsequently with invasive disease
(191). Placental infection commonly produces local abscesses and damage to the mater-
nal–fetal barrier that may contribute to bacteria entering the fetal circulation. Infection
of the fetus in asymptomatic women may also occur through colonization of the vagina.

Diagnosis. Blood cultures drawn in symptomatic women are the ideal means of diag-
nosing infection (193). CSF cultures are also of diagnostic use in women presenting with
headache, neck stiffness, or other neurological signs. Stool culture is not recommended
because of the difficulty of isolating the organism from this specimen. If L. monocytogenes
is clinically suspected and communicated to the laboratory, laboratory personnel may
perform a cold enrichment to select for growth of the organism. Gram-stain and culture
of AF obtained in febrile women with preterm labor has assisted with diagnosis in re-
ported cases (196,197).

L. monocytogenes stains Gram-positive as short rods or with a coccobacilliary mor-
phology. Culture produces translucent colonies on sheep’s blood agar with a thin zone
of -hemolysis surrounding the colony. The organism survives refrigeration at 4°C and
produces a characteristic tumbling motility visible on wet mounts or an umbrella shape
when cultured in motility medium at 25°C (193). Cases have also been diagnosed with
placental culture and with immunohistochemical staining using monoclonal antibody
specific for serotypes 1 and 4 of L. monocytogenes on placental sections (198).

INVASIVE INTRACELLULAR BACTERIA

Congenital infection with Brucella (199), Salmonella (200,201), Shigella (202), and
Campylobacter species (203) have been rarely reported. Standard culture methods, par-
ticularly blood culture from symptomatic women and stool culture for enteric pathogens,
are indicated.

SYPHILIS

The spirochete Treponema pallidum subspecies pallidum causes syphilis. The disease
is transmitted primarily through sexual contact and intravenous drug abuse and from
vertical transmission. Primary infection produces a painless ulcerating lesion, or chancre,
at the site of infection. Progression to secondary disease occurs with systemic dissemi-
nation of the spirochete to other sites and frequently happens 2–8 wk after appearance of
the chancre. Patients develop maculopapular rash, malaise, and a myriad of other symp-
toms. Latent syphilis is divided into early and late stages relative to the duration of
asymptomatic disease in an individual with positive treponemal-specific tests. Unfortu-
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nately, many women are not diagnosed until the secondary or early latent stages of
disease (204,205). Additional discussion of the disease and end sequelae have been
reviewed in a variety of texts (206,207).

Prevalence of disease among pregnant women ranges from 0.2% to 2.4% in many parts
of the world (208,209) and up to 7.5% among patients visiting STD clinics (210). Recent
data indicate national rates of congenital syphilis at 13.4 cases per 100,000 live births
(211). However, in some areas these rates are as high as 2 cases per 1000 live births (212).

Most congenital infections occur in utero although some may be contracted during
birth. Vertical transmission of syphilis to the fetus may occur at any point in pregnancy,
although it is more likely to occur during the primary and secondary stages of maternal
syphilis. The likelihood of congenital infection in the fetus also increases as the preg-
nancy progresses. HIV-positive women are also more likely to transmit the disease in utero.
Conversely, damage to the placental barrier, inflicted by infecting spirochetes, increases
the chances for HIV transmission in utero (213).

Hollier et al. have hypothesized that the course and pathogenesis of congenital infec-
tion first produces dysfunction of the placenta and fetal liver, followed by detectable
presence of spirochetes in AF and hematologic abnormalities including thrombocytope-
nia, anemia, and leukocytosis or leukocytopenia (214). Bone lesions and central nervous
system defects may subsequently be detected by ultrasound. Screening, diagnosis, and
treatment of infection can greatly reduce or prevent the development of congenital
infection (215,216), particularly if the disease is detected and treated prior to 28 wk
gestation (217).

Screening and Diagnosis. All women undergo routine screening for syphilis. Repeat
screening is recommended in high-risk women at 28–30 wk gestation and again at deliv-
ery (218). Risk factors include intravenous drug abuse, multiple sexual partners, and
previous diagnosis of STD. Screening assays use one of two nontreponemal tests, the
reactive protein regain (RPR) or the Venereal Disease Research Labs test (VDRL).
Positive results are confirmed with a treponemal-specific assay, commonly the fluores-
cent treponemal antibody absorption (FTA-abs) or microhemagglutination (MHA-TP)
tests. Table 4 lists the specificity and sensitivities of these four assays with regard to the
stage of disease (219–221). Studies in low-prevalence populations (1.04%) have demon-
strated a positive predictive value of 88% for the RPR. Follow-up testing with the FTA-
abs or MHA-TP was effective in diagnosing biological false positives and significantly
raised the predictive value of testing (222).

The RPR and VDRL are considered nontreponemal because they test for reactivity to
cardiolipin (diphosphatidylglycerol), an acidic lipid found in the membranes of mito-
chondria and many bacterial species, including Treponema. Despite the seemingly
nonspecificity of this antigen, early studies of serum from syphilis patients consistently
revealed reactivity with cardiolipin, which proved to be a sensitive marker of infection.
Both the RPR and VDRL use agglutination of cardiolipin-lecithin-cholesterol particles
by patient sera to indicate positive results (221). The RPR rapid slide agglutination assay
has gained wider utilization in clinical laboratories because of its ease of use and lower
cost. The assay can also be used to provide patient titers against cardiolipin, which have
use in following response to therapy.

Less than 1% of otherwise healthy individuals undergoing screening will give a falsely
positive RPR or VRDL result (222,223). False positives occur in patients with
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anticardiolipin antibody present after postviral syndromes (221) and less frequently in
patients with lupus and connective tissue diseases (224). False positive rates are also
increased in HIV-positive patients, possibly because of the production of anticardiolipin
antibodies during primary infection (225,226). High concentrations of immunoglobulin
in patient sera can rarely produce nonspecific agglutination of particles (prozone effect).
The loose appearance of the resulting aggregates should prompt retesting with diluted
patient sera, and most samples demonstrate negative reactivity with titers of 1:16 or less
(223). Some studies have suggested that pregnancy increases the rate of false positivity
with RPR and VDRL testing, although others have not demonstrated such an associa-
tion (227).

Confirmatory tests assay reactivity with treponemal antigens. The FTA-abs adsorbs
patient sera against a nonpathogenic spirochete, T. phagadenis, prior to incubation with
killed T. pallidum (Nichol’s strain). Addition of fluorescently labeled antihuman globu-
lin allows detection of the spirochetes by fluorescent microscopy. The MHA-TP mea-
sures the ability of adsorbed patient samples to agglutinate fixed sheep red blood cells
coated with T. pallidum antigens. The assay is easier to perform and interpret than the
FTA-abs but has lower sensitivity of detection during primary infection. Samples with
inconclusive results obtained with the MHA-TP should be retested with the FTA-abs.
The MHA-TP is also not indicated for testing on CSF samples, whereas the VDRL and
FTA-abs may be used to screen and assist with the diagnosis of neurosyphilis (221).

PCR on AF has been used to diagnose congenital infection in women at less than or
equal to 20 wk gestation (228,229). Assays have apparent sensitivities of 60–66% and
specificity of 100% for diagnosing fetal infection, but limited numbers of samples were
tested in published studies, each of which used different primer sets for amplification
(205,230,231). PCR for the 47kD membrane antigen of T. pallidum has assisted with
diagnosing placental infection postpartum in some cases (232). If available, direct detec-
tion of T. pallidum by darkfield microscopy on AF may yield positive results but has
lower sensitivity than PCR. Microscopy should be performed immediately after collec-
tion to permit detection of motile spirochetes (221). VDRL and anti-treponemal IgM all
have limited utility in diagnosing in utero infection, particularly in a fetus with a gesta-
tional age less than 22 wk (205). The tests also have higher rates of false positive and false
negative results when performed on cord blood.

Table 4
Average Sensitivities and Specificity of Treponemal and Nontreponemal Assays

for Different Stages of Syphilis

Early Late
Test Primary Secondary latent  latent Treated Specificity

RPR 86 100 98 73 58 98
VDRL 78 100 95 71 98
FTA-abs 86 100 100 96 97.5 97
MHA-TP 76 97 97 97 99

Adapted from refs. 219,220,221.
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Protozoal Infections
With the exception of toxoplasmosis, congenitally acquired protozoal infections occur

infrequently in industrialized countries, although they cause significant morbidity and
mortality in developing countries.

MALARIA

Four species of Plasmodium infect humans: P. falciparum, P. malariae, P. ovalae, and
P. vivax. Transmission commonly occurs through bites from infected Anopheles mosqui-
toes, although transfusion-associated and congenital infections have been well described.
Of these species, falciparum malaria is the most widespread and serious for the following
reasons: the parasite can infect red cells of any age, vascular sequestration of parasites
occurs as part of the life cycle, and damage may be inflicted in multiple organs including
the uterus and placenta.

Prevalence of malaria is highest in sub-Saharan Africa. Up to 29% of pregnant women
in endemic areas have detectable parasitemia during pregnancy (233). Primigravidas
in particular are susceptible to infection. Studies in Rwanda demonstrated parasitemia
in 3.5% of healthy women and 8.0% of HIV-positive women (234). Areas of Southeast
Asia demonstrate prevalences of 3–35% in some populations with a predominance of
falciparum malaria (235).

In pregnant women, underlying malarial infection can contribute to maternal anemia
and adversely impact uteroplacental blood flow (236) because parasite-infected red cells
sequester in the intervillous spaces of the placenta (237). Of note, 16–20% of women with
placental malaria have negative blood smears when tested at delivery (238). While ver-
tical transmission to the fetus occurs infrequently, significant placental infection can
contribute to low birth weight, intrauterine growth retardation, preterm birth, and still-
birth (236,239). Large randomized trials have demonstrated the efficacy of pyrimethamine
and mefloquine treatment on maternal anemia and placental infection (240,241). Maternal
diagnosis of malaria can thus have positive impact on the health of both the mother and
the fetus.

Screening and Diagnosis. Screening of pregnant women is advocated in parts of sub-
Saharan Africa. Programs recommend screening for anemia and malaria antenatally and
at labor and delivery (242). Most hospitals use Wright-Giemsa staining of peripheral
blood smears to identify and speciate parasites. Thick and thin smears should be prepared,
preferably from recently collected, EDTA-anticoagulated blood or immediately from a
finger stick. Thick smears have an analytical sensitivity of 5–20 parasites/µL (0.0001–
0.0004% parasitemia), whereas thin smears have an analytical sensitivity of 100 para-
sites/mL (0.002% parasitemia). Both values are associated with asymptomatic infections
(243). Multiple smears should be performed from pregnant women, given the possibility
of falciparum sequestering in the placenta and other tissues and limiting detection of the
parasite in peripheral blood. Fluorescent detection by staining with DNA-binding dyes
such as acridine orange can improve the turnaround time of testing because the slides may
be scanned more rapidly at lower magnification for intracellular parasites (244,245).
However, speciation is not as readily determined with fluorescent staining.

To diagnose women presenting with clinical signs of malaria, specimens should ide-
ally be drawn during febrile episodes. P. faciparum characteristically has a 36–48-hour
cycle between febrile episodes, P. vivaxand P. ovalaehave 48-hour cycles, and P. malariae
a 72-hour cycle (243).
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Use of Plasmodia rapid antigen tests for screening pregnant women has promise in
detecting asymptomatic infection or the presence of placental infection in the absence of
findings in peripheral blood. A study of the immunochromatographic technology (ICT)
rapid Pf malaria dipstick assay, which detects histidine-rich protein 2 produced by P.
falciparum, demonstrated a sensitivity of 89% and specificity of 94.9% in detecting
women with falciparum parasitemia and/or placental malaria. Similar results were found
for Becton Dickinson’s ParaSight-F and Makromed’s Malaria Rapid Test dipstick as-
says, which also detect histidine-rich protein 2, although findings were correlated with
smear or PCR results on peripheral blood and not presence of placental infection
(246,247). DiaMed’s OptiMAL antigen assay, which recognizes plasmodial lactate
dehydrogenase and speciates Plasmodia as falciparum or non-falciparum, demonstrated
sensitivity of 76.2% and specificity of 99.7% in patients from areas endemic for malaria
(248). However, in our own experience in the United States, the assay requires careful
interpretation because it can produce falsely positive results in patients with high un-
derlying lactate dehyrogenase values and false speciation of P. falciparum in patients
infected with Babesia microti. Other investigators have also noted poor sensitivity of
the assay in detecting subclinical parasitemia (249).

PCR-based methods are gaining acceptance and use as a means for rapidly diagnosing
and speciating malaria. Assays amplify specific sequences in the rRNA of different
species, merozoite surface proteins, or other targets and have the potential to identify drug
resistance (250). Single and multiplex PCR assays to identify and speciate parasites or
distinguish P. falciparum from other species have reported sensitivities of 97–100% and
specificities of 96–100% (251–254). The limit of detection of many assays is less than
5 parasites/µL of blood.

TOXOPLASMOSIS

Toxoplasma gondii is the most common protozoal etiology of congenital infections.
The organism is ubiquitous in nature, found commonly in the soil from warm, humid
areas contaminated by animal feces. Feral cats remain the primary reservoir of disease,
shedding oocysts into the environment during acute infection.

The sero-prevalence of toxoplasmosis varies widely among populations, correlating
with exposure and ingestion of environmental oocysts or bradyzoite cysts in undercooked
meat from infected animals. The prevalence of sero-positivity in North America and
Australia remain 3% or less in most populations. In parts of Europe, South America,
and Africa, rates of sero-prevalence frequently exceed 50% of the population.

In humans, acute disease commonly causes a self-limited mononucleosislike syn-
drome including lymphadenopathy and fatigue, although primary disease may remain
asymptomatic. Parasitemia can occur prior to and during the symptomatic phase of the
illness and before sero-conversion, although the duration and window period of para-
sitemia with regard to exposure are ill defined. Chronic parasitemia occurs more fre-
quently in HIV-positive and other immunocompromised patients, particularly those with
other T-cell defects or receiving steroids.

Fetal infection during the first trimester occurs rarely but carries higher risk of spon-
taneous fetal loss or development of birth defects. Infection later in pregnancy occurs
more frequently but has lower risk of adverse sequelae in the neonate (255). Risks for
congenital infection can thus be summarized as, “sooner is worse, but later is more
frequent.” The highest risk of severe congenital disease occurs during 10–24 wk, but the
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highest rate of vertical transmission occurs over 26–40 wk. Primary maternal infection
occurring just prior to conception through 10 wk has a fetal transmission rate of 2%, but
80% or more of infected fetuses will have severe infection with manifestations including
microophthalmia, chorioretinitis, presence of intracranial calcifications, and hydroceph-
alus. From 24 to 30 wk, the presence of severe infection drops from 80 to 20%, and from
30 wk to term the number of neonates with severe congenital infection drops to 6%,
although 80% or more of women primarily infected during this period will transmit the
infection to the fetus (256).

Screening. Screening of pregnant women for anti-Toxoplasma IgG and IgM is under-
taken only in high-prevalence areas to identify sero-negative women and obtain baseline
serologies. Testing should also be offered to HIV-positive patients who are at risk for fatal
CNS involvement of the disease. Individuals with exposure risks may be offered testing,
although prevalence rates were found to be no higher in veterinary or slaughterhouse
personnel provided workers followed routine hygienic procedures (257,258). Individu-
als with negative IgG and IgM results are defined as sero-negative, whereas those with
positive IgG and negative IgM are considered sero-positive. Individuals with results
positive for  anti-Toxoplasma IgM require further evaluation, as described below, to
evaluate the presence of active or recent infection and provide independent confirmation
of results.

Commercial assays commonly used in clinical laboratories include EIAs and IFAs
manufactured by Abbott Laboratories, BioMérieux, Diamedix, and Wampole Laborato-
ries. ISAGA and IgG avidity assays have utility for confirmation of positive serologies
but are used primarily in reference laboratories that have significant experience with their
use and interpretation.

Currently available EIAs use partially purified T. gondii antigens from lysates or
infected cell lines cultured in vitro (259,260). Although these sensitivities and specifici-
ties compare with the gold-standard Sabin-Feldman dye and hemagglutination assays,
identification and purification of immunodominant recombinant antigens stand to pro-
vide improved assays in the coming years (261–263).

Commercial  anti-Toxoplasma IgG assays have sensitivities ranging from 81.8 to
97.9% and specificities of 97–100%. Assays for IgM include EIAs by the same compa-
nies and an ISAGA produced by BioMérieux. Although newer IgM assays have speci-
ficities of 97–100%, sensitivities vary from 91 to 98% (264,265). Furthermore, studies
have demonstrated long-term persistence of anti-Toxoplasma IgM in up to 7% of preg-
nant women, thus limiting the predictive value of a single positive  anti-Toxoplasma IgM
as a measure for acute infection during pregnancy (266).

In 1997, the FDA recommended that samples demonstrating equivocal or positive
results for acute infection be confirmed at an outside reference laboratory with experi-
ence in toxoplasmosis testing (267). Laboratories performing toxoplasmosis serologies
are thus advised to contract with an appropriate reference laboratory for appropriate
quality assurance and confirmation of positive results. Table 5 lists interpretation and
appropriate follow-up testing for serologies.

Diagnosis. Diagnosis of acute maternal infection uses serological testing on paired
acute and convalescent sera collected 2–3 wk apart and tested simultaneously. As with
other conditions, a fourfold rise in IgG titers suggests primary infection or reactivation.
IgM serologies can be used to assist in diagnosis of paired acute and convalescent serolo-
gies. However, interpretation of single IgM results are confounded by the long-term
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Table 5
Intepretation and Follow-Up Actions for Toxoplasmosis Serological Testing

IgG results IgM results Interpretation Follow-up

Negative Negative No evidence
of infection.

Positive Negative Indicative of prior
infection with T. gondii
� 1 yr ago.

Negative Indeterminant Possible acute infection Obtain convalescent
but cannot rule out sample and repeat testing.
falsely positive IgM.

Negative Positive Possible acute infection Obtain convalescent sample,
but cannot rule out falsely and repeat testing.
positive IgM.

Indeterminant Negative Indeterminate results Obtain new sample for
concerning immune status testing. Consider using
to current or prior T. gondii different method for assaying
infection. anti-Toxoplasma IgG.

Indeterminant Indeterminant Indeterminate results Obtain new sample for
concerning immune  status repeat testing of IgG and
to current or prior T. gondii IgM.
infection.

Indeterminant Positive Possible acute infection. Obtain convalescent sample
and repeat testing. If results
identical, or positive IgG
obtained, send acute and
convalescent sera to reference
laboratory for confirmation.

Positive Indeterminant Prior T. gondii infection Obtain convalescent sample
� 1 yr or possible false- and repeat testing. If results
positive IgM repeated, send to reference

laboratory for confirmation.

Positive Positive Possible infection within Send sample to reference
the past year. laboratory for confirmation of

results.

Adapted from refs. 267,271,274.

persistence of IgM in some sero-converted individuals (266) and by the presence of
“natural” IgM antibodies against Toxoplasma antigens in individuals who have not been
infected with the parasite (268).

Use of  anti-Toxoplasma IgA in serum has reported sensitivity of 45% and specificity
comparable to IgM, and is not routinely used (269). However, no studies have been
undertaken to determine whether analysis of secretory IgA from saliva or other mucosal
secretions permits better detection of toxoplasma-specific IgA.
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Reference laboratories may undertake confirmation with different EIA and IFA assays
and the Sabin-Feldman dye test,  anti-Toxoplasma ISAGA, IgG avidity assays, and
differential agglutination reactions that use panels of Toxoplasma antigens associated
with early and convalescent antibody responses to assist in determining the development
of the host’s immune response to the pathogen.

The Sabin-Feldman dye test assesses the ability of patient sera to complement lyse the
proliferative-phase tachyzoites of T. gondii. Patient sera, tachyzoites, and negative sera,
serving as a source of complement, are incubated. Lysed tachyzoites take up methylene
blue and stain darkly when observed by microscopy (270). A newer variation of this test,
adapted for use in 96-well plates, uses transgenic tachyzoites expressing -galactosidase.
Lysis of the parasites permits rapid biochemical detection of the released -galactosi-
dase (271).

IgG avidity assays have been reported to indicate presence of infection within the past
3–5 mo, for individuals demonstrating a low avidity index of IgG reactivity with T. gondii
antigens (272–274). Commercially available IgG avidity assays include kits produced by
LabSystems and Bio-Mérieux. Adaptation of the BioMérieux assay for the VIDAS plat-
form allows automation of the procedure. However, results are best used in conjunction
with other assays available within reference laboratories to make determinations con-
cerning acute infection in pregnant women (274).

PCR on AF provides the best test for determining fetal infection. Reported studies have
used amplification of the B1 gene and other multicopy chromosomal targets to permit
specific identification of T. gondii in AF. PCR on AF of women with serological results
suggesting sero-conversion during pregnancy have sensitivity of 83–97.5% and specific-
ity of 100% for detecting fetal infection (275,276). Detection of anti-Toxoplasma IgM or
IgA in cord blood has sensitivity of 80%, but low specificities of 91.2 and 87.7%, respec-
tively (277). For this reason, PCR on AF is preferred for fetal diagnosis of infection.

TRYPANOSOMA CRUZI

Trypanosoma cruzi is the cause of American trypanosomiasis, or Chagas’s disease.
The disease is endemic in many parts of Latin and South America, although an estimated
50,000–100,000 individuals in the United States have the disease (278). The disease may
be acquired from bites inflicted by infected reduvid beetles (“kissing bugs”), blood
transfusions from infected individuals, and vertically from mother to child. In countries
such as Argentina, congenital Chagas’ disease has surpassed the number of acute vector-
associated cases diagnosed each year (279). Acute disease commonly produces nonspe-
cific signs of malaise. Chronic sequelae of disease develop over years and include
congestive heart failure, defects in the cardiac conduction system, and damage to the
musculature of the gastrointestinal tract resulting in megacolon and megaesophagus.

The prevalence of sero-positivity in areas of rural Argentina has been reported to be
as high as 38% (280). A prevalence among pregnant Brazilian women of 0.9% was found,
although the prevalence increases with age (281). In Argentina, congenital infection rates
of 0.12% have been described in live births. However, 0.5–11.7% of infants born to sero-
positive women have congenitally acquired the infection, although this number is
believed to grossly underrepresent the actual number of cases (279).

Maternal parasitemia can lead to placentitis, premature labor, and spontaneous abor-
tions. In vitro studies have indicated that the trypomastigotes can alter cellular actin
filaments as a first step to invasion of syncytiotrophoblast cells (282). Congenital infec-
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tion results in severe defects in the neonate and has a high fatality rate if not treated
promptly after birth (283). Unfortunately, anti-parasite therapies are toxic or have unknown
toxicity on the fetus, limiting treatment options prior to delivery. However, rapid diagnosis
at or prior to birth, with subsequent treatment of the neonate, can greatly reduce the
morbidity and mortality associated with congenital infection.

Screening. Routine screening programs for Chagas’s disease have been implemented
in high-prevalence areas using hemagglutination or ELISA-based methods to detect anti-
trypanosomal IgG (284). Assays using crude parasite lysates have lower sensitivities and
specificities than newer generation tests using purified antigens and often demonstrate
significant cross-reactivity with antigens from Leishmania and other parasites (285,286).
The need for highly sensitive and specific assays for ensuring safety of the blood supply
has led to development of newer ELISAs using recombinant antigens from T. cruzi, or
synthetic peptides. An assay against recombinant TcF protein has been reported to have
a sensitivity of 100% and specificity of 98.94% in screening Brazilian blood donors
(287) and is superior to assays using synthetic antigens (288). A dipstick assay from
InBios (Trypanosoma Detect ) uses the TcF protein to detect reactive serum antibody
and stands to provide a needed rapid and easy-to-perform test for anti-trypanosomal IgG
in an ambulatory setting (289). However, extensive trials comparing the sensitivity and
specificity of the dipstick assay with the ELISA in a patient setting, or in pregnant women,
have not been published.

Diagnosis. Blood smears provide a cornerstone for diagnosing acute infection by
identifying parasites. However, numerous reports have determined that PCR on veni-
puncture or cord blood has superior sensitivity and equivalent specificity to examination
of blood smears for parasites to diagnose acute, chronic, or congenital infection (290).
Amplification of kinetoplast minicircle DNA sequences, present in excess of 100,000
copies per cell, have provided the most sensitive means of detection in chronically infected
patients, in which the blood parasite burden is low (291). However, availability of appro-
priate laboratory facilities for performing rigorous amplification reactions for clinical
testing and the lack of commercially available kits limit widespread use of such assays
where they are most needed.
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INTRODUCTION

Streptococcus agalactiae (group B streptococcus [GBS]), colonizes the vagina and
rectum in 25–30% of pregnant women (1–5). GBS infection can cause septic abortion,
premature rupture of amniotic membranes, chorioamnionitis, postpartum endometritis,
neonatal pneumonia, meningitis, and sepsis. The gastrointestinal tract, in particular the
rectum, serves as the natural reservoir for GBS and is the likely source of vaginal colo-
nization via transperitoneal contamination. Once in the vagina, the bacterium can be
transferred between a woman and man during sexual intercourse, but it should not be
classified as a venereal disease because the bacterium appears to wax and wane among
the endogenous vaginal microflora. A unique characteristic of vaginal colonization is its
resistance to oral, intramuscular, and intravenous antibiotics. However, the administra-
tion of intravenous antibiotics during labor does have the ability to prevent neonatal
colonization and infection. The benefit of intrapartum antibiotic prophylaxis is to sup-
press the growth of GBS and colonization of the upper genital tract (i.e., uterine contents)
during labor.

SCREENING FOR GBS

Instituting guidelines for the prevention of GBS disease in pregnant patients has
resulted in a steady decline of early-onset neonatal disease. Prior to the use of such
prevention strategies, the incidence of early-onset neonatal disease was 2–3 per 1000 live
births (6). When GBS prevention guidelines were initially adopted in the early 1990s, the
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incidence of transmission declined to 1.8 per 1000 live births in the United States and the
case fatality rate was 5% (6). By 1999, when the guidelines had been readily accepted,
the incidence had decreased by 70% to 0.5 cases per 1000 live births (7,8).

The initial GBS strategy recommended by the Centers for Disease Control and Preven-
tion (CDC) in the early 1990s, was based on a consensus between the American Academy
of Pediatrics and the American College of Obstetricians and Gynecologists (9). The
strategy initiated treatment on the basis of either the presence of risk factors or a positive
culture. The risk assessment system was designed for patients who were not cultured for
GBS or whose testing was not yet completed prior to the onset of labor. The patient with
one or more risk factors (Table 1) was considered as a candidate for intrapartum antibiotic
prophylaxis.

Using the risk-based system to determine who should receive intrapartum antibiotic
prophylaxis did reduce the incidence of early-onset neonatal GBS disease. However, in
2002, the CDC reported a population-based surveillance for early-onset GBS disease
among 600,000 live births and found that using a culture-based screening system was
greater than 50% more effective than the risk-based system for preventing perinatal GBS
disease (10).

Therefore, the most recent (2002) recommendation from the CDC is to screen all
pregnant patients between 35 and 37 wk gestation for vaginal and rectal colonization
(11). This gestation time is important because GBS colonization is transient and the
predictive value of culture is too low to be clinically useful when cultures are obtained
prior to 5 wk before delivery (12). In a study of 26 women with positive cultures between
35 and 37 wk gestation, all were found to be positive at the time of labor (5). All patients
found to be positive should receive intravenous antibiotics during labor (Table 2). One
benefit of the culture-based screening system is that it treats only women who are GBS-
colonized. The culture screening system also treats infected women who do not have risk
factors. This is important because in the CDC surveillance, 18% of all laboring mothers
without risk factors were found to be GBS positive by culture (10).

ANTIBIOTIC PROPHYLAXIS

Intravenous penicillin G is the antibiotic of choice for GBS. Intravenous ampicillin is
an acceptable alternative to penicillin G, but penicillin G is preferred because it has a
narrow spectrum and is less likely to select for antibiotic-resistant organisms.
Clindamycin or erythromycin may be used for women allergic to penicillin, although the
efficacy of these drugs for GBS disease prevention has not been measured in controlled
trials.

Table 1
Risk Factors for Possible Transmission

of Perinatal Group B Streptococcus (GBS)

1. Previously delivered an infant who had invasive GBS
disease

2. GBS bacteriuria during the current pregnancy
3. Delivery at less than 37 wk gestation
4. Duration of ruptured membranes �18 h.
5. Intrapartum temperature �100.4°F (�38.0°C)

From ref. 9.
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PREMATURE LABOR

Approximately 25% of neonatal GBS disease occurs in premature infants (6). Because
preterm (<37 wk) delivery is a significant risk factor for early-onset GBS disease, and
because timing of treatment prior to delivery is crucial, intrapartum prophylaxis in patients
with threatened preterm delivery is important. However, because GBS screening is recom-
mended at 35–37 wk, culture results are not always available when labor or rupture of
membranes occurs prematurely. This makes management of these patients difficult. A
suggested approach to GBS chemoprophylaxis in the patient with threatened preterm
delivery is outlined in Table 3. Essentially, prophylaxis is initiated until screen results are
known. If the patient is GBS positive, antibiotics are continued for no less than 48 h until
labor is arrested and then is resumed at the time of delivery.

Table 2
Recommended Regimens for Intrapartum Antimicrobial Prophylaxis for Perinatal Group B

Streptococcus (GBS) Disease Prevention

1. Recommended: Penicillin G, 5 million units IV initial dose, then 2.5 million units
IV every 4 h until delivery

2. Alternative: Ampicillin, 2 g IV initial dose, then 1 g IV every 4 h until delivery

3. If penicillin allergic
Patients not at high
risk for anaphylaxis: Cefazolin, 2 g IV initial dose, then 1 g every 8 h until delivery

Patients at high risk Isolate not resistant to clindamycin and/or
for anaphylaxis: erythromycin: clindamycin, 900 mg IV every 8 h, or erythromycin,

500 mg IV every 6 h until delivery

GBS is resistant to Vancomycin 1 g IV every 12 h until delivery
clindamycin or
erythromycin or
susceptibility
unknown:

From ref.11.

Table 3
Recommendations for Obtaining Specimens for the Prevention of Group B Streptococcus

(GBS) Perinatal Transmission in the Pregnant Patient in Preterm Labor1

1.  Obtain a vaginal–rectal specimen for the detection of GBS
2.  Initiate penicillin or suitable alternative IV antibiotic therapy for at least 48 h
3. GBS culture is negative: discontinue antibiotic
4. GBS culture is positive: continue IV penicillin for at least 48 h (during tocolysis) until

labor is arrested
5. GBS-positive patient: resume antibiotic therapy during intrapartum period until delivery

From ref. 11.
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SAMPLE COLLECTION

The current gold standard is to obtain a specimen from the vagina and the rectum using
a cotton- or Dacron-tipped swab. One swab can be used to obtain both specimens; first
it is used to swipe the lateral vaginal walls of the lower one-third of the vagina (Table 4).
The swab is then inserted into the rectum just past the anal sphincter and then placed in
appropriate transport medium because the specimen should not be transported in a dry
state. If two separate vaginal and rectal swabs are obtained, they can both be placed into
the same container of medium. Stuart’s and Amies transport media are nonnutritive and
will support viability of GBS for up to 4 d at room temperature or under refrigeration (11).

The use of a vaginal–rectal swab does result in some discomfort to the patient. How-
ever, it has long been held that both a vaginal and a rectal specimen are needed to obtain
the highest yield of those patients colonized by GBS. Orafu et al. screened 136 patients
for GBS colonization (13). Three samples were obtained: one from the perianal area
without breeching the sphincter so the rectum was not entered, the second specimen
obtained from the vaginal/perianal area, and the third specimen was an anorectal speci-
men. The swabs were placed in Stuart’s transport medium and taken to the laboratory.
The swabs were placed in LIM broth medium for selective growth of GBS. When com-
paring all three sampling sites, the vaginal/anal specimens were positive for GBS in
26.5% of the samples, the anorectal specimens were positive in 27.2% of samples, and
the perianal specimens were positive in 28.7% of the samples (13). There was no differ-
ence in the recovery rates from sampling any of the three sites. Therefore, it appears that
obtaining a specimen from the vaginal/perianal area for the detection of GBS coloniza-
tion is as good as obtaining a vaginal/rectal specimen. The former site is associated with
less discomfort than inserting a swab into the rectum. However, vaginal–rectal specimens
are currently the recommended specimen.

LABORATORY TESTS

The standard culture technique used to detect GBS in vaginal and rectal specimens is
to place the specimen in an enrichment system, such as Todd-Hewitt broth supplemented
with nalidixic acid (15 µg/mL) and either colistin (10 µg/mL) or gentamicin (8 µg/mL)
selective broth medium. Commercially available options include TransVay broth supple-
mented with 5% defibrinated sheep blood or LIM broth. The CDC recommends incuba-
tion for 18–24 h at 37°C and subculture onto blood agar medium and incubation for an
additional 18–24 h. Colonies thought to be GBS are confirmed either by the latex agglu-
tination test or the CAMP method.

The CAMP test depends on the synergistic reaction of a diffusible, heat-stable protein
(CAMP factor) produced by a majority of group B streptococci and a lysin
(sphingomyelinase C) produced by staphylococci (14). The test is performed by placing
a single streak of streptococcus isolate perpendicular to a streak of staphylococci ( -lysin-
producing strain) leaving a space of 2 mm between the two streaks on a trypticase soy agar
plate containing 5% sheep blood and incubated overnight at 35°C (15). The lysin binds
to the erythrocyte membranes and, when exposed to the CAMP factor, the cells undergo
hemolysis. A positive test is indicated by the presence of an arrowhead-shaped zone of
complete hemolysis developing in the area where the GBS CAMP factor and staphy-
lococcal -lysin have diffused and mixed (Fig. 1).
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Table 4
Procedure for Collecting and Processing Clinical Specimens

for the Culture of Group B Streptococcus (GBS)

1. Obtain a specimen by swabbing the vaginal introitus and anorectum.
2. Place the swab in appropriate transport medium, such as Amies transport medium. The

swab will maintain GBS viability for 4 d at room temperature or under refrigeration.
3. Remove the swab from the transport medium and inoculate into selective broth medium,

such as Todd-Hewitt, Lim, or SBM broth.
4. Incubate selective broth 18–24 h. Subculture the broth to sheep blood agar plate.
5. Inspect and identify organisms suggestive of GBS ( -hemolytic or non-hemolytic, Gram-

positive, and catalase negative). If GBS is not identified after incubation for 19–24 h on
sheep blood agar plate, reincubate and inspect at 48 h to identify suspected organisms.

6. Various slide agglutination tests or other tests for GBS antigen detection (e.g., genetic
probe or fluorescent antibody) may be used for specific identification, or the CAMP test
may be employed for presumptive identification.

7. Direct specimen testing can now be performed with real-time PCR and the results can be
available within 60 min of processing the specimen (not in the CDC recommendation
because this technique received FDA approval after the CDC guidelines were published).

Fig. 1. Photograph of a CAMP test positive for Group B Streptococcus (GBS). Note presence of
an arrowhead-shaped zone of complete hemolysis in the area where the GBS CAMP factor and
staphylococcal -lysin have diffused and mixed.
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An alternative culture technique that reduces the time from inoculation to identifica-
tion has been described. Specimens obtained from the vagina and rectum are directly
plated onto Granada agar, which that has been shown to be an effective method for
identifying GBS (16). Grenada agar is a differential agar medium that allows presumptive
identification of GBS based on production of a red-orange pigment by colonies of GBS.

In a study by Gil et al. (17), Granada broth medium was compared to Granada agar,
Granada agar plate, selective blood agar, and LIM broth. No statistical differences in
recovery of GBS between the Granada agar plate and selective Columbia blood agar were
found. However, the advantage of the Granada agar plate is that the red-orange GBS
colonies can readily be identified by the naked eye and no further identification is
required, such as using the CAMP test or latex agglutination test. The Granada method
can provide identification of GBS in a specimen obtained from the vagina and rectum
within 18–24 h. Overman et al. (16) compared the Granada method to LIM broth enrich-
ment, followed by culture on sheep blood agar, as well as to AccuProbe detection. The
AccuProbe S. agalactiae system (Gen-Probe, San Diego, CA) detects bacterial rRNA by
means of probe hybridization. In this study, specimens were directly plated onto Granada
agar plates and then placed in LIM broth. The Granada agar plates were incubated anaero-
bically at 35°C for 24–48 h. GBS colonies were identified by the presence of red-orange
pigmented colonies. The bacteria from these colonies were further tested using the
Streptex latex agglutination reagent (Murex Biotech Ltd., Darford, England) to confirm
GBS. The LIM broth was incubated at 35°C for 18–24 h. Specimens obtained from the
broth were subcultured on sheep blood agar and incubated for 24 h. Colonies causing

-hemolysis were confirmed as GBS by testing with Streptex latex agglutination
reagent. The remaining LIM broth was subjected to vortex mixing and a 50 µL aliquot
was tested using the AccuProbe rRNA assay system. The broth-enhanced methods had
similar sensitivities: LIM broth/sheep blood agar was 97.5% and the LIM broth/
AccuProbe rRNA was 93.5%, compared to the Granada agar method, which had a sen-
sitivity of 40%. Although the Granada method saves time, it does not appear to be as
sensitive as the LIM broth enrichment.

Park et al. (18) reported on the feasibility of using a direct latex agglutination test for
detection of the GBS antigen. This procedure involved obtaining vaginal–rectal speci-
mens and placing them into LIM broth containing Todd-Hewitt broth with 10 µg of
colistin per mL and 15 µg of nalidixic acid. The inoculated enrichment broth was incu-
bated for 18–24 h, subcultured on blood agar plates, and incubated at 5% CO2 for 18–
24 h. All -hemolytic and nonhemolytic colonies that morphologically suggest GBS
were tested with the Phadebact Streptococcus Test (Boule Diagnostics, Sweden) (18).
These investigators also use the Phadebact assay to test LIM broth cultures directly after
an 18–24 h incubation. They found that 20.6%, or 247, of the 1200 vaginal–rectal swab
specimens were positive for GBS. The Phadebact (direct latex) system identified 244
GBS specimens, for a sensitivity of 98.8% and a specificity of 100%. The traditional
method identified 130 as GBS, for a sensitivity of 93.1% (18). Although the Phadebact
has both a high sensitivity and specificity, the vaginal–rectal specimen that is suspected
of containing GBS must be cultured for at least 18 h to increase the number of GBS
organisms present, and it cannot be performed on patient specimens directly. This delay
is crucial because the inoculum size of GBS will increase from 102 bacteria/mL of
amniotic fluid (AF) to at least 106 bacteria/mL of AF during 18 h of labor. The latter
inoculum size is more than adequate to cause a de novo infection in the fetus and the
mother.
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Rapid Testing
One problem with the culture screening method is that it is not effective for patients

who go into labor prior to screening, patients who do not have routine prenatal care, and/
or women whose prenatal records are not available at the time of delivery. Because
culture requires 18–24 hours to obtain results, the recommendations outlined in Table 3
have been set forth. However, many have advocated the use of a rapid method for GBS
detection. Currently, two methods are available: immunoassay for GBS antigen and
polymerase chain reaction (PCR).

IMMUNOASSAYS

Currently, there is one immunoassay test available to identify GBS colonization in the
vagina and rectum of pregnant women. The Strep B OIA test (ThermoBioStar, Louis-
ville, KY) is performed by extracting the GBS antigen from the swab used to obtain the
vaginal–rectal specimen. The extraction reagent is added to a vial and the swab is immersed
in the reagent and incubated for 5 min. A second extraction reagent is added and the mixture
is incubated for another 5 min. The mixture is neutralized and the swab is pressed against
the wall of the vial to release as much fluid as possible. Antigroup B streptococcal
antibody is added to the mixture and incubated for 3–5 min. A few drops of the mixture
is placed on the Strep B OIA cartridge and after 10 min, the surface is washed and blotted.
If GBS is present, a blue to purple circle develops on the gold surface, indicating the
presence of the GBS antigen (19). The test takes approx 35 min.

Baker evaluated the Strep B OIA test and compared it to culture methods (19). The
prevalence of GBS vaginal colonization using the culture enrichment technique was
25%, and 17.3% using direct plating on blood agar. When compared to selective broth
medium, the sensitivity of the Strep B OIA was 37%. This sensitivity rose to 53% when
compared with nonselective blood agar medium results. Song et al. also found that the
sensitivity of the Strep B OIA was not sufficient for this test to be used in the routine
screening of pregnant women (20). These investigators found that the negative predic-
tive value was high, 88.9%, but the positive predictive value of the Strep B OIA was low,
51.5% (20). Therefore, this test is clearly not suited for routine screening of pregnant
women.

MOLECULAR METHODS

Progress toward the development of a DNA probe has been made. In 1999, Ryan et al.
compared the diagnostic accuracy of a DNA probe to the traditional LIM broth enhance-
ment, and blood agar to LIM broth and DNA probe (21). For the comparison, two vaginal/
perianal specimens were obtained from women in preterm labor. One sample was used
to inoculate LIM broth and incubated for 8–24 hours and was then inoculated on blood
agar. The second specimen was used to inoculate LIM broth, incubated for 8–24 h, and
subsequently used for DNA probe testing. The traditional method revealed a prevalence
of 32%. After 8 h incubation in LIM broth, the DNA probe had a poor sensitivity of 79%;
however, the DNA probe had a sensitivity of 96% after 24 h incubation in LIM broth (21).
The DNA probe results were similar to the traditional LIM broth enhancement followed
by plating on blood agar. However, the DNA probe provided results in a shorter period
of time.

Recently, a real-time PCR test was developed that rapidly determines whether the
lower genital tract or vaginal–rectal area is colonized in a pregnant patient admitted to
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labor and delivery. Bergeron et al. have reported that GBS colonization of the vagina/
rectum can be ascertained within 30 to 60 min (22). These investigators screened 172
women in labor and compared two PCR tests to the standard culture system. Specimens
for GBS detection were collected from the vagina and rectum and 33, or 29.5%, were
found to be positive. The sensitivity of the rapid PCR test compared to the standard
culture technique was 97% and the negative predictive value was 98% (22). Once the
specimen is processed, this rapid PCR test requires approx 30–45 min to complete.
Conventional PCR tests require approx 100 min to complete. Traditional enrichment
culture in LIM broth followed by subculture on sheep blood agar and identification by
either the CAMP tests or latex agglutination requires approx 24–36 h. The presence of
blood, AF,or feces does not interfere with the rapid PCR test.

This new, real-time PCR assay, specific for GBS, was developed with a new rapid
DNA amplification system (LC 32 LightCycler, Idaho Technology, Idaho Falls, ID). The
system combines air thermal cycling with a fluorescence-based system of detection (23).
The procedure employs two pairs of adjacent hybridization probes labeled with a fluo-
rescent reporter molecule that hybridizes to the GBS-specific amplicon or to the internal
control (24).

Rapid PCR GBS detection using SmartCycler  Real-Time PCR technology, known
as the IDI-Strep B Assay (Infectio Diagnostic, Sainte Foy, Quebec, Canada), is also
available for detection of GBS. The vaginal–rectal specimen is placed in 0.5 mL of
Stuart’s transport medium, which provides just enough medium to soak the cotton-tipped
applicator. Ten µL of the transport medium is subjected to DNA extraction using a DNA
extraction kit, and purified GBS genomic DNA is used as a positive control. The IDI-
Strep B Assay can be completed within 1.5–2 h of obtaining the specimen in the laboratory.

In November 2002, the US Food and Drug Administration approved a real-time PCR
test for GBS. Until that time, no truly reliable test for GBS detection existed that would
be considered rapid. This real-time rapid PCR provides the practitioner with the oppor-
tunity to detect GBS in the genital tract of laboring women prior to their delivery. Mothers
and newborns, in this scenario, who test negative can be spared the potential risk of
receiving antibiotics. Thus, this technology not only provides rapid testing for GBS prior
to the onset of labor or during labor, but also immediately after delivery. However, there
are drawbacks to this rapid method. First, for this test to be effective, it must be offered
24 h per day, 7 d per week, which will require qualified personnel to be on hand at all
times. The second is the cost of this method. Because samples are performed on receipt
into the laboratory and not batched, several control samples must be performed with
every test. This effectively raises the cost of each reportable test result. Certainly with
time these problems will be overcome, but until then, the use of this test has been limited.

SUMMARY

GBS is a major cause of neonatal early-onset sepsis and maternal postpartum endometri-
tis. Significant strides have been made in reducing the incidence of GBS early-onset neo-
natal sepsis by instituting a policy of universal antepartum screening of all pregnant
women between 35 and 37 wk gestation. Identification of women colonized by GBS is
best accomplished by obtaining a vaginal–rectal swab and placing the swab in appropri-
ate transport media for either culture or PCR detection of GBS. The risk-assessment
protocol is no longer recommended and should be discontinued. All women who are
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known to be colonized by GBS and in labor should receive penicillin prophylaxis. For
patients stating that they are allergic to penicillin, when obtaining a specimen for GBS
detection, it is important to write on the laboratory request form that the patient is allergic
to penicillin and to have susceptibility testing of GBS isolates performed. This will allow
the physician to choose an appropriate alternative to penicillin.

The culture-based method for detecting GBS requires approx 24–48 h to complete
from the time the specimen is received in the laboratory and reported to the physician. The
PCR method requires approx 2 h to complete from the time the specimen is received in
the laboratory. The PCR-based system can detect the presence of one colony and there-
fore has greater sensitivity and specificity than any other detection system, including
culture. The PCR-based detection system will reduce the number of false negatives,
allowing rapid detection for women admitted to labor and delivery whose GBS status is
unknown, such as women not having prenatal care and women admitted in preterm labor,
that is, 36 wk or less.
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INTRODUCTION

Obstetricians and reproductive immunologists have long recognized that the mother’s
immune response is significantly affected by pregnancy. Immunologic diseases of preg-
nancy are known to impact maternal, fetal, and neonatal well-being. Effective manage-
ment of human pregnancy requires an understanding of both the normal maternal
adaptations to pregnancy and immune-related disorders associated with gestation.

IMMUNOLOGIC CHALLENGE OF PREGNANCY

Pregnancy provides the following unique challenges to the mother’s immune system
(1): (1) maternal tissues and blood are in intimate and prolonged contact with the
semiallogeneic fetus; (2) pregnancy is established in the uterus, a specialized organ with
its own mucosal barrier (the decidua); (3) impact of the fetal–placental unit on maternal
immunity increases with advancing gestation; (4) hormones and cytokines released by
the fetus and/or placenta impact maternal immune function; (5) deported placental and
fetal cells are released into the maternal bloodstream. These challenges require appropri-
ate adaptations of the maternal immune response for the establishment and maintenance
of successful pregnancy.

NORMAL IMMUNOLOGIC ADAPTATIONS TO PREGNANCY

Humoral and Cellular Immune Responses in Pregnancy
Humoral immunity and B cell function remain relatively intact during normal human

pregnancy (1). In fact, the placenta facilitates maternal–fetal immunoglobulin G (IgG)
transport while blocking transport of other immunoglobulin (Ig) classes. At birth, IgG
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antibodies are present in the neonate but disappear at 3–6 mo of life. Maternal immune
disorders involving IgG antibodies can impact the fetus because of transplacental pas-
sage of this Ig isotype.

In contrast, numerous changes in cellular immunity have been reported during preg-
nancy. These include a suppression of neutrophil chemotaxis, decreased natural killer
cell activity, lowered CD4 to CD8 cell ratios, and reduced CD8 cytotoxic activity (1–5).
Interferon (IFN)- -dependent T-cell cytotoxic activity and IFN- production by natural
killer (NK) cells are also suppressed during pregnancy (6).

Pregnancy-Related Immune Adaptations and Maternal Health
A number of reviews have addressed the adaptations that occur in maternal systemic

immunity during pregnancy (7–9). Severals studies have reported that pregnant women
are more prone to various types of viral infections (10–22), consistent with the concept
of suppressed cell-mediated immunity during human pregnancy. In addition, a trend has
been noted toward a worsening of autoimmune diseases that are primarily antibody
mediated and amelioration of those that are cell mediated.

Researchers have also analyzed the maternal response to vaccines and the ability to
mount delayed-type hypersensitivity (DTH) responses. Both of these responses appear
to be intact during human pregnancy (23,24). For example, maternal immunization with
Neisseria meningitis in pregnancy is safe for both the mother and infant (25). In fact,
maternal immunization provided infants with increased concentrations of specific IgG
for 2–3 mo and oral IgA for 6 mo. An additional study found that immunization against
tetanus toxoid during pregnancy was an effective and affordable way to protect against
neonatal tetanus (26). It has been suggested that common infections and more serious
conditions such as neonatal herpes simplex, cytomegalovirus, and the human immuno-
deficiency virus may be prevented with maternal immunization (27).

Thus, although it is apparent that pregnancy may partially suppress cell-mediated
immunity, the mother is normally able to mount an immunologic response to infection
and foreign antigens.

Mechanisms of Fetal Immunoprotection
A question that has intrigued immunologists for decades is how the fetus escapes

immune rejection by the maternal immune system (the “enigma of the fetal allograft”
[28]). A key element in the answer to this question is the relative paucity of classical
major histocompatibility (MHC) class I (human leukocyte antigen [HLA]-A or HLA-B)
or class II antigens by the fetal trophoblast (trophoblast invisibility hypothesis). Although
human extravillous trophoblast cells do not normally express classical MHC antigens, the
nonclassical MHC antigen HLA-G is expressed. HLA-G is unique in that it does not
stimulate cytotoxic T-cell activity (7) while actively inhibiting NK cells (29).

Increasing experimental evidence also indicates that maternal immune function dur-
ing pregnancy can be altered by the local cytokine microenvironment. In 1986, two
distinct and mutually inhibitory subsets of murine T-helper cells were described, each
with characteristic cytokine profiles (30). The first group of cells, termed TH1 cells,
secrete interleukin (IL)-2, IFN- , and tumor necrosis factor- . The second classification
of cells (TH2 cells) produce IL-4, IL-5, and IL-10 (31). TH1-type cytokines have been
associated with cell-mediated immunity and delayed hypersensitivity reactions, whereas
TH2 cytokines promote humoral immune responses and allergic reactions. Because TH1
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cytokines are viewed as harmful to human pregnancy, and TH2 cytokines such as IL-4 and
IL-10 can suppress their production, it has been proposed that successful pregnancy is a
TH2-dominated phenomenon (32). Several different lines of clinical evidence support
this hypothesis. For example, cell-mediated autoimmune conditions such as rheumatoid
arthritis are often improved during pregnancy, whereas disorders associated with an
autoimmune antibody response often worsen (33). Various placental products including
progesterone (34), prostaglandin E2 (35), and cytokines such as IL-4 and IL-10 (32)
suppress TH1 responses. Given the dramatic changes in hormone and cytokine produc-
tion during pregnancy, it is likely that immune function is affected by the microenviron-
ment present at the maternal–fetal interface. However, despite the intriguing nature of the
TH2 dominance hypothesis of pregnancy immunotolerance, it should be noted that IL-10
“knockout” mice are able to reproduce successfully (36).

In theory, pregnancy-related immunusuppression would be thought to increase the
risk of bacterial infections, as has been reported in transplant patients receiving corticos-
teroids or other immunosuppressive therapies. Furthermore, the fetus is particularly
susceptible to infection, with colonization of the membranes surrounding the fetus
(chorioamnionitis) or decidua (deciduitis) being associated with miscarriage, premature
labor, growth defects, and intrauterine death. Thus, we are faced with the following
question: “How does the fetus suppress maternal rejection responses while maintaining
the mother’s resistance to bacterial infection?”

Role of the Maternal Innate Immune System During Pregnancy
Part of the answer to this question may lie in the adaptive changes that occur to the

mother’s innate immune system during human pregnancy. Increased numbers of mono-
cytes and granulocytes have been reported from the first trimester of pregnancy onward.
During pregnancy, circulating monocytes and granulocytes possess activated pheno-
types similar to that observed in systemic sepsis (37). Monocytes also display increased
phagocytosis and respiratory burst activity in pregnancy (38,39). In addition, mono-
cyte surface expression of the endotoxin receptor CD14 is increased (37) and granu-
locyte activation occurs in normal progressing pregnancies (40). Finally, cells of the
innate immune system large granular lymphocytes, macrophages, and T cells rather
than classical T or B cells are the principal components of the decidual leukocyte cell
infiltrate.

A better understanding of the normal adaptive changes of the maternal immune
response to pregnancy will provide important insights into the underlying etiologies of
immune-related diseases of pregnancy.

IMMUNOLOGIC DISORDERS IN PREGNANCY

Immunologic disorders of pregnancy can be grouped into autoimmune and alloimmune
conditions. In autoimmune diseases of pregnancy, there are humoral and cellular responses
to self-tissues, reflecting a failure of self-tolerance. In contrast, alloimmune diseases of
pregnancy are directed against cells or tissues antigenically distinct from the woman
carrying the pregnancy. Autoimmune diseases influence pregnancy and are influenced
by pregnancy. For example, sex steroids produced during pregnancy can affect the onset
and severity of lupus during pregnancy. In addition, pregnancy can cause a remission of
rheumatoid arthritis (RA) in a majority of patients.
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Maternal and Fetal Hyperthyroidism
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Maternal hyperthyroidism occurs in approx 0.2% of pregnancies and is associated
with an increased risk of severe preeclampsia, low birth weight, prematurity, intrauterine
growth restriction, and perinatal mortality (41–44) (for more details, see Chapter 8). The
most common cause of hyperthyroidism in pregnancy is Grave’s disease, a condition
associated with preeclampsia, heart failure, and maternal thyroid storm (43,44). A severe
fetal complication of Graves’ disease is thyrotoxicosis, which is associated with a high
rate of fetal and neonatal mortality (up to 30%) usually related to cardiac failure (45). In
Grave’s disease, IgG antibodies are produced against the thyroid-stimulating hormone
(TSH), or thyrotropin, receptor, which trigger excess production of thyroid hormone
(45). Maternal–fetal transport of these antibodies into the fetus can also activate the fetal
and neonatal thyroid gland (46,47). Fetal hyperthyroidism generally occurs during the
second half of pregnancy, with symptoms sometimes persisting for weeks to months after
birth until antibodies are cleared. Grave’s disease can lead to fetal tachycardia, growth
restriction, goiter formation, and nonimmune hydrops (45,48). Complications including
tachycardia, arrhythmia, cardiac insufficiency, irritability, and diarrhea also persist in the
neonate (45). Antithyroid drugs such as propylthiouracil and methimazole are first-line
treatments for Grave’s disease during pregnancy, readily crossing the placenta and block-
ing the synthesis of thyroid hormones (49,50).

LABORATORY EVALUATION AND DIAGNOSIS

Detecting fetal hyperthyroidism is difficult because of the lack of correlation between
maternal and fetal thyroid hormone concentrations. Generally, a third-trimester elevation
in fetal T4 concentrations from 2.5 to 5 times that of normal pregnancy is a significant risk
factor for fetal complications (51). Funipuncture and subsequent measurement of fetal
thyroxine and TSH concentrations (52) can confirm suspicion of fetal hyperthyroidism
because of maternal history. However, obtaining serial fetal hormone concentrations by
this technique is not practical because of its relatively high mortality rate (approx 1%)
(52). Fetal ultrasound can also be applied to monitor thyroid size and detect goiter for-
mation. However, at present the most effective management involves close monitoring
of the fetus for signs of tachycardia and intrauterine growth restriction and observation
of the mother for related symptoms. Neonates should also be monitored because of the
relatively long half-life of IgG. Effective management may include the use of antithyroid
therapy until TSH antibody concentrations decrease (43); (see Chapter 9).

Systemic Lupus Erythematosis
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Systemic lupus erythematosis (SLE) is a chronic autoimmune disorder diagnosed
clinically by systemic inflammatory symptoms first appearing in women during their
childbearing years (53,54). SLE tends to flare during pregnancy and during the postpar-
tum period, with most of these episodes being mild. During pregnancy, women with SLE-
associated antiphospholipid antibodies (APLA) are at increased risk for spontaneous
abortions and stillbirths (55). A serious fetal complication of SLE is congenital heart
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block (CHB), which forms a portion of the neonatal lupus syndrome (NLS). About half
of infants with NLS develop CHB even with an absence of cutaneous lupus (56). Doppler
ultrasound or fetal echocardiography between 16 and 30 wk gestation usually detects
CHB. Fetal findings associated with CHB include persistent fetal bradycardia leading to
congestive heart failure or hydrops fetalis (57). Neonates with CHB display approx a 20%
mortality rate, with most surviving infants requiring implantation of a pacemaker during
the first year of life (58,59).

Maternal circulating APLAs are hypothesized to play a key role in the underlying
etiology of CHB. Both peak transport of maternal IgG to the fetus and maturity of the
conductive system of the fetal heart occur at 14–16 wk gestation (56). Immunohis-
tochemical studies have confirmed expression of the Ro/SSA and LA/SSB antigens in
heart tissues of fetuses with CHB, because with specific antibodies to the LA antigen (60).
However, maternal antibodies alone may not fully explain the etiology of CHB, because
both the Ro and LA antigens are not normally expressed on the cell surface in such a
fashion that antibody recognition would occur. Some groups have theorized that physi-
ological stresses, viral infections, hormones, and fetal apoptosis may increase cell-sur-
face expression of the antigens (61). Maternal APLAs apparently exert their effects on
the heart by direct interference with calcium transport in the myocardial tissue (62).

Treatments designed to prevent or reduce fetal CHB attempt to decrease passage of
antibodies into the fetus and reduce the inflammation responsible for defective heart
conduction. These types of treatments include corticosteroids, intravenous gammaglob-
ulin, and plasmapheresis (63). Although some studies have reported promising results in
terms of preventing inflammatory processes (i.e., myocarditis or pericardial effusions),
no solid evidence supports the concept that complete heart block is reversible (61). Some
researchers have recommended prophylactic treatment for high-risk mothers in order to
prevent transport of immunoglobulins and to minimize the inflammatory process. How-
ever, these studies have been inconclusive, and risk–benefit ratios have not been clearly
defined. Because the overall incidence of CHB is low even in high-risk pregnancies,
prophylactic therapy is not advised (63).

LABORATORY TESTING AND DIAGNOSIS

Pregnancy is not absolutely contraindicated in SLE patients with controlled, inactive
disease (51). However, antibody screening by enzyme-linked immunosorbent assay
(ELISA) tests should be performed. In this respect, a positive test for anticardiolipin
antibody has been shown to be a strong predictor for the presence of intraglomerular
thrombi in SLE patients with renal involvement (64). Other studies have shown that high
concentrations of IgG antibodies to cardiolipin along with the presence of antibodies to
lupus anticoagulating and/or glycoprotein can be used to define a subset of patients with
active SLE (65). A positive ELISA test for these antibodies should be followed up with
immunoblotting, which gives a higher predictive value. Although specific risk values
have not been established, a direct correlation between maternal antibody concentra-
tions and fetal risk has been proposed (66). After antibody testing, serial fetal
echocardiograms should be performed from 16 to 24 wk gestation for the early detection
of myocarditis or heart block. CHB is diagnosed by the detection of persistent fetal
bradycardia in the absence of anatomic abnormalities or infection.
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Antiphospholipid Syndrome
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Antiphospholipid syndrome (APS) is an autoimmune disease characterized by recur-
rent venous or arterial thrombosis, fetal loss, thrombocytopenia, and other complications
related to APLA (reviewed in ref. 67). Although APS was first described in patients with
SLE, it also may occur in the absence of any other disorder (primary APS). Several
mechanisms have been proposed by which APLA may result in these complications of
pregnancy including the following (67): (1) activation of endothelial cells with up-regu-
lation of adhesion molecules and subsequent increased endothelial adherence by platelets
and monocytes; (2) shifts in the prostacyclin–thromboxane balance; (3) impaired anti-
thrombin III activity caused by cross-reactivity with glycosaminoglycans; (4) inhibition
of thrombomodulin protein C-protein S activation; (5) suppression of the functions of
other coagulation inhibitors ( 2-glycoprotein I and annexin V).

Patients with APS may experience a recurrence of a single complication or episodes
of different clinical symptoms. For example, a woman with recurrent fetal losses may
also develop deep vein thrombosis or thrombocytopenia. Widespread thrombosis in
multiple organs can also occur in patients with APS, lasting over a period of days to
weeks. This can occur as a result of discontinuing anticoagulant therapy or as a compli-
cation of surgery or infection. Patients with this type of catastrophic APS exhibit multiple
organ failure, diminished mental status, and a 50% mortality rate (68).

Recurrent spontaneous abortion has been cited as a frequent complication of APS (67).
The development of radioimmunoassays (69) and ELISAs (70) for APLAs has confirmed
the association between the presence of APLAs and recurrent pregnancy loss (71–76).
Branch et al. (77) provided direct evidence of this association when they reported that
passive transfer of IgG fractions from women with APS to pregnant Balb/c mice caused
intrauterine fetal death. Subsequent immunohistochemical studies revealed decidual
necrosis, prominent intravascular IgG APLA antibody, and fibrin deposition.

A number of retrospective studies have established a strong relationship between the
presence of circulating lupus anticoagulant (LA) and anticardiolipin antibodies (aCL)
and pregnancy loss (68,71,78,79). The rate of fetal loss in untreated women with LA and
previous pregnancy failure may be as high as 80% (80–82). This relationship has been
confirmed by cohort studies in unselected populations (83–86) and in women with APS
(81,84–86). Remarkably, APLA-related pregnancy losses often occur in the second or
third trimester. This differs from fetal losses in general, in which only a small percent
occur during mid to late gestation. In a cohort study of 76 women (333 pregnancies) with
APS, 50% of losses were a results of second- or third-trimester fetal death (87). In this
cohort of women, 80% had suffered at least one previous fetal death. APLAs have also
been associated with recurrent early pregnancy loss. Numerous cohort-control studies
have documented positive tests for APLAs in a higher proportion of women with recur-
rent spontaneous abortion than in controls (74,86,88–94). These studies have reported
positive tests for APLA in 5–20% of women with recurrent pregnancy loss. In contrast
to recurrent spontaneous abortions, APLAs are not associated with sporadic preembryonic
or embryonic pregnancy loss (95) (also see Chapter 15).

Neurological complications associated with APS include stroke and transient ischemic
attacks (96,97). Less common complications include transverse myelopathy, chorea,
seizures, and migraines (98). Coronary complications in APS may present as ischemia
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or infarction of the ventricle secondary to coronary artery thrombosis. Most clinical
symptoms of APS are associated with thrombosis or thromboembolic vascular occlu-
sions (96–98). Although some cell infiltration may occur, the vessel walls tend to remain
intact. Veins and arteries of any size at any location in the body may be involved. The
majority (60–65%) of thrombotic events are venous, but arterial thrombosis and stroke
are common occurrences (99,100). The most frequent site of venous thrombosis is in
the lower extremities. However, up to a third of patients suffer at least one pulmonary
embolus. APLAs are also associated with arterial thrombosis, which can occur in non-
typical locations including retinal, subclavian, digital, or brachial arteries. The most
common arterial event in APS is stroke and the most frequently involved vessel is the
middle cerebral artery. Approximately 4–6% of otherwise healthy individuals who expe-
rience a stroke at less than 50 yr of age are positive for the presence of APLAs (101,102).

Interestingly, a potential neuroendocrine–cytokine interrelationship has been pro-
posed for the clinical manifestation of APS in pregnancy (reviewed in ref.103). Accord-
ing to this model, APLA suppresses the production of the cytokine IL-3, a cytokine
important in the regulation of pregnancy-associated events including trophoblast inva-
sion, placentation, and embryonic growth. In these studies, pregnant women with APS
have been shown to have low concentrations of IL-3. Another important observation is
that mice expressing antisense IL-3 RNA display serve neurologic dysfunction, suggest-
ing that suppression of IL-3 could mediate both the pregnancy loss and central nervous
system dysfunction observed in APS.

Pregnancy and estrogen-containing oral contraceptives (OCs) appear to increase the
risk for thrombosis in women with APS. This is supported by studies in which the
majority of APS women experiencing thromboses were pregnant or using OCs (103).
Furthermore, a large cohort study has shown that one-fourth of thrombotic events in
women with APS occurred during pregnancy or during the postpartum period (103).
Finally, two prospective studies have shown a 5–12% risk of thrombosis during preg-
nancy or peripartum in women with APS (81,104). Thus, the presence of well-character-
ized APS may be a contraindication for the use of estrogen-containing OCs.

Autoimmune thrombocytopenia is strongly associated with APLA, occurring in up to
40% of individuals with primary APS (105,106). Thrombocytopenia in the setting of
APLA is difficult to distinguish from idiopathic thrombocytopenia purpura (ITP). Preg-
nancy complications associated with APS include preeclampsia, fetal growth impair-
ment, abnormal fetal heart rate tracings, and preterm birth. Utero–placental insufficiency
is widely viewed as the common link in all these disorders. Preeclampsia is very common
in women diagnosed with APS (81,104). In a study conducted at the University of Utah,
50% of women with APS had preeclampsia and 25% exhibited severe preeclampsia (81).
APLA also has been cited by some research groups as a prospective risk factor for the
development of preeclampsia (83). An 11–17% rate of positive tests for APLA has been
reported in women with preeclampsia (107–110), and the association is strongest in
women with severe, early onset (<34 wk gestation) disease (107).

The presence of APLAs without clinical symptoms does not require treatment, but
rather careful monitoring. Patients with thrombocytopenia associated with the APS are
generally treated with prednisone. Thrombosis in APS requires heparin followed by oral
anticoagulant (warfarin). Anticoagulation is continued indefinitely, with adequate doses
of anticoagulant to achieve an international normalized ratio of 3.0 to 3.5, shown dimin-
ish the risk of recurrence (111). Catastrophic APS requires treatment with intravenous
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heparin, corticosteroids, and cyclophosphamide. Treatment of patients at risk for preg-
nancy loss in the setting of APS remains controversial, particularly regarding the use of
steroids for the prevention of fetal loss. There is some clinical evidence to support the use
of aspirin and heparin throughout gestation to prevent abortion (112).

LABORATORY TESTING AND DIAGNOSIS

On the basis of the 1998 workshop on the classification of APS, diagnosis of this
condition requires that at least one of the following clinical criteria and laboratory criteria
are met.

Clinical Criteria Laboratory Criteria

1. Vascular thrombosis 1. Positive aCL and LA antibodies: 2 or more tests
at least 6 wk apart

2. Pregnancy morbidity 2. Familial deficiencies of protein C, protein S, or
antithrombin III

3. Factor V resistance to protein C (Factor V Leiden)

A number of problems have been associated with laboratory testing for APLAs. These
include the following (113,114): (1) controversy and uncertainty about the exact nature
and specificity of relevant antiphospholipid antibodies, (2) nonstandardized assays, (3)
unacceptable interlaboratory variability, and (4) inadequate quality control. The two
best-characterized and clinically useful APLAs are LA and aCL. Both of these APLAs
have been independently associated with clinical manifestations of APS. Because some
individuals with APS have either LA or aCL, but not both, testing for both antibodies is
recommended.

LA is an APLA present both in patients with SLE and some individuals without this
order. LA is actually a misnomer in that this antibody is associated with thrombosis, not
anticoagulation. It is detected in plasma by a variety of phospholipid-dependent clotting
assays including the activated partial thromboplastin time, kaolin clotting time, dilute
Russel viper venom time, and plasma clotting time tests (79). These tests are based on the
observation that phospholipids serve as a template on which the enzymes and cofactors
of the clotting cascade interact. LA present in patient samples binds to phospholipids,
proteins, or epitopes created by phospholipid–protein interactions and interfere with the
interaction of clotting factors and prolong clotting times. However, other nonrelated
factors such as improper processing of samples, anticoagulant medications, and clotting
factor deficiencies can prolong clotting times. The addition of normal plasma to patient
samples can prevent false positive tests caused by clotting factor deficiencies. Regardless
of the test used, LA is difficult to reliably quantify and results are generally reported as
either present or absent.

Anticardiolipin antibodies are detected by ELISA using microtiter plates coated with
cardiolipin in ethanol. For these assays, test serum is diluted in 10% bovine serum in
phosphate-buffered saline. This assay has been successfully standardized and interna-
tional calibrators for the assay and standard units for the antibody have been developed
(115). These standard sera have been assigned numeric values in terms of IgG
anticardiolipin, IgM anticardiolipin, and IgA anticardiolipin (APL). Results are then
reported as negative, low, medium, or high for the presence of each of these types of aCL.
A high degree of cross-reactivity has been reported between antibodies to the different
anionic phospholipids, suggesting that these antibodies may be generated to common
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shared epitoptes. For this reason, the term anticardiolipin has been replaced by the term
antiphospholipid and the syndrome is therefore referred to as the antiphospholipid syn-
drome.

Low concentrations of IgG anticardiolipin and IgM anticardiolipin are sometimes
found in healthy individuals (115) and can result from infection (116) or nonspecific
binding. In contrast, moderate to high concentrations of aCLs have been correlated with
a variety of APLA-related disorders (96,117,118). Thus, most laboratories regard only
significantly elevated aCL or LA or both as sufficient laboratory criteria for the diagnosis
of APS (96,119). Positive tests for APS can be transient and should be confirmed on two
occasions at least several weeks apart (86,96).

Antibodies to other phospholipid antigens, especially antiphosphatidyl serine anti-
bodies, are sometimes present in patients with clinical disorders such as APLA (94).
However, most individuals positive for other APLAs also have aCL and/or LA. Because
assays for other APLAs have not undergone quality control and standardization, they are
not currently recommended for routine clinical use.

Thrombocytopenic Purpura
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Thrombocytopenic purpura is a platelet disorder often associated with purpuric and
other hemorrhagic conditions (120). In ITP, IgG antibodies are produced against platelet
glycoproteins including IIb-IIIa, GPIb-IX, and occasionally against GPIa-Iia or GPV.
This disorder occurs more often in women than men, and more than 70% of these women
are in their childbearing years (120). ITP is a relatively common complication of human
pregnancy, occurring in approx 1 in 1000 live births (121).

Thrombocytopenia during pregnancy most often occurs because of increased platelet
destruction rather than through decreased platelet production. Thrombocytopenia may
occur as part of HELLP (hemolysis, elevated liver enzymes, and low platelets) syndrome,
ITP, alloimmune thrombocytopenia, SLE, or in response to certain drugs (122) (see
Chapter 10).

Although pregnancy does not heighten the symptoms of ITP in the mother, it can lead
to postpartum neonatal complications. This is because antibodies from the ITP mother
cross into the fetus, resulting in approx 30% of these newborns developing thrombocy-
topenia (123). Fetal risk of severe thrombocytopenia is prevalent in mothers with a
platelet count of less than 75 × 109 platelets/L (124). The major maternal complication
associated with ITP is hemorrhage during and following childbirth, particularly in asso-
ciation with cesarean sections. Perinatal thrombocytopenia is usually not life threatening
and normally resolves within the first month of life (125).

Treatment of ITP with oral corticosteroids (1.0–1.5 mg/kg/d of prednisone) exerts
its effects through increasing platelet production rather than reducing the activity of the
antiplatelet antibodies (126). In patients who fail to respond to prednisone treatment,
intravenous infusion of high doses of polyvalent, monomeric Ig has been reported to
produce a rapid reversal of ITP (127). This therapy appears to act by interfering with
phagocyte Fc-receptor-mediated immune clearance of IgG-coated platelets. The recom-
mended treatment for ITP is 0.4 mg/kg/d administered over a period of 5 d (123). In cases
where the fetus is determined to be suffering from severe thrombocytopenia, platelet
infusions in utero may be required (125).
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In contrast to ITP, alloimmune thrombocytopenia exerts its most dramatic effects on
the fetus and neonate rather than the mother. This condition occurs in approx 1 in 1000
neonates. In alloimmune thrombocytopenia, maternal platelet antibodies develop that
cross the placenta, causing fetal platelet destruction in fetuses expressing targeted platelet
antigen. Hemorrhagic complications are more severe in fetuses or neonates of mothers
with alloimmune thrombocytopenia compared to those with ITP, and, unfortunately,
diagnosis usually does not occur until after delivery of an affected neonate. The risk of
recurrence of alloimmune thrombocytopenia has been cited to be as high as 90% (128).

LABORATORY TESTING AND DIAGNOSIS

Various ELISA systems have been used to measure serum platelet bindable IgG (128–
130). Although at one time accepted as a diagnostic characteristic of ITP, over the last
decade it has been realized that platelet-associated IgG is not specific for this disorder and
that increased concentrations are seen in several other disorders (131). Although true
platelet antibodies will increase the concentrations of platelet immunoproteins, other
proteins can display adherence to platelets as well. There is now convincing evidence that
several glycoproteins such as GP Iib/IIIa, GP Ib, and GP V found on platelet membranes
act as target antigen sites for the attachment of antibodies to platelets (131). This under-
standing has led to the development of direct, monoclonal antibody-specific immobili-
zation of platelet antigens using monoclonal antibodies directed against the specific
platelet antigens (132,133). However, testing is still rather complex, requiring an expe-
rienced laboratory equipped to test for the different platelet antigens with appropriate
positive and negative controls to confirm the specificity of the tests (134).

Clinically, diagnosis of ITP is obtained by exclusion of other potential causes of
thrombocytopenia. In this regard, a platelet count of less than 150 × 109/L in the absence
of HIV, splenomegaly, elevated liver enzymes, hypertension, or disseminated intravas-
cular coagulopathy is suggestive of ITP (128).

Myasthenia Gravis
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Myasthenia gravis (MG) is a condition that is manifested clinically by weakness of the
striated voluntary muscles. MG particularly affects the muscles of the face and extremi-
ties and is obvious after repetitive activity. The weakness that occurs in MG patients is
mediated by autoantibodies against adult muscle acetylcholine receptors (AChR) of the
neuromuscular junction (135). These antibodies destroy elements of the postsynaptic
membrane of the myoneural junction in affected muscle groups (136). This results in
decreased nerve-impulse transmission and patients with MG exhibit diminished skeletal
muscle strength and rapid fatigue with exercise.

The immune manifestations of MG include the following: (1) lymphocyte infiltration
of skeletal muscles, (2) proliferative response to purified acethylcholine receptor, (3)
decrease in acetylcholine receptors, and (4) antibody-dependent, complement-mediated
lysis of the postsynaptic membrane (137,138). Antibodies to the acetylcholine receptor
are present in 85–90% of women with MG. These are IgG antibodies and thus can cross
the placental barrier and affect the fetus.

Manifestations of MG in pregnancy are highly variable. It has been reported that
approximately one-third of women experience greater symptoms of MG when pregnant,
whereas the remaining two-thirds either remain the same or improve (137,138). Wors-
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ening of the disease can occur at any stage of pregnancy, and the disease course in one
pregnancy is not predictive of its course in subsequent pregnancies. During pregnancy,
plasmapheresis has been used to treat women in MG crisis (139), along with anticho-
linesterase drugs and corticosteroids.

Neonatal MG occurs in approx 20% of neonates whose mothers suffer from adult MG,
and is condition lasts for 2–3 wk following birth. Symptoms in neonatal MG range from
hypotonea to respiratory distress, which can be so acute so as to require mechanical
ventilation (140).

LABORATORY TESTING AND DIAGNOSIS

A variety of methods have been utilized to detect the presence of circulating antibodies
to the AChR in pregnant women and neonates thought to be suffering from MG. Examples
of these include radioimmunoassays (141,142), immunoprecipitation tests (143,144), and
ELISA assays (142,145). On the basis of the results of these assays, it is estimated that
up to 90% of patients with MG are positive for the presence of AChR antibodies. More
recently, an interesting relationship has been described between the ratio of antifetal
muscle AChR: antiadult muscle AChR antibodies (141–145). These studies have revealed
that an increase in this ratio is predictive of the occurrence of neonatal MG in a first child.
Thus, autoantibodies against the embryonic form of AChR could play a key role in the
pathogenesis of neonatal MG.

Rheumatoid Arthritis
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

RA is a chronic, systemic, autoimmune inflammatory disease that affects the joints of
women of all age groups. Almost 75 yr ago, Hench et al. (146) reported improvement in
a large percentage of women with RA during the course of their pregnancies. Subsequent
studies have confirmed the decrease in symptoms of RA in a majority of pregnant women
(147–154). The conclusion drawn from these studies is that 75% of patients improve,
whereas the rest stay the same or experience heightened symptoms. This improvement
is reflected by the following: (1) 50% of patients report improvement during the first
trimester (147,150), (2) regression of subcutaneous nodules occurs in some patients
(152), (3) many patients are able to stop taking nonsteroidal antiinflammatory analgesics
(152). Pregnancy is not a cure for RA because reoccurrence of symptoms invariably
occurs after delivery (147–149). Symptoms of RA usually return at levels comparable to
that observed before pregnancy (147,152) and require renewal of treatment (149).
Although the majority of RA patients report an improvement during pregnancy, a small
portion report increased symptoms (149). The physiology of the pregnancy-induced
improvement in RA has not been clearly established. Early studies pointed to the poten-
tial role that increased adrenal hormone might play in this response (146). Although free
cortisol does rise during pregnancy, this elevation is not sufficient to have a clinical effect
on joint inflammation. A number of other theories have been proposed to explain this
ameliorating response in RA patients during pregnancy, which can be summarized as
follows: (1) the effect of hormonal changes during pregnancy, such as increases in cor-
tisol, estrogen, and progesterone (155,156), (2) the suppression of cell-mediated immu-
nity thought to occur during pregnancy, with a predominance of TH2 over TH1 cytokine
responses (157), and (3) altered neutrophil function during pregnancy (i.e., decreased
neutrophil respiratory burst activity).
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There is a paucity of studies on the effects of RA on pregnancy. Generally, women with
RA have an uneventful pregnancy without significant complications. In addition, RA
does not appear to adversely affect fetal outcome.

Laboratory Testing and Diagnosis
Laboratory studies for pregnant patients with RA are the same as for any pregnancy

(i.e., hemotocrit, blood group studies). Because normocytic-normochromic anemia
occurs in pregnant women with RA, closer monitoring of hemoglobin concentrations
may be merited. If patients are on antirheumatic drugs, blood work may be required to
monitor the adverse affects of the drugs. For example, in patients receiving sulfasalazine
and nonsteroidal antiinflammatory drugs, a white blood cell count along with aspartate
aminotransferase and alanine aminotransferase results should be obtained.

IMMUNODEFICIENCY DISORDERS AND HUMAN PREGNANCY

Common Variable Immunodeficiency
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Common variable immunodeficiencies (CVID) are a heterogeneous group of undif-
ferentiated syndromes whose unifying characteristic is defective antibody production.
These disorders are usually diagnosed from 20 to 30 yr of age and are characterized by
the following: (1) recurrent bacterial infections, (2) decreased serum immunoglobulins,
and (3) impaired antibody responses. The etiology of CVID is cited to include a failure
of T-cell support required for B-cell survival and IgG production (158). Its genetic basis
appears to be polygenic (159) with one susceptibility gene postulated to be either that
encoding the HLA-DQ chain itself or located within the class III region (159).

Women with CVID have given birth to live children (160–162). The nature and sever-
ity of the related infections determine pregnancy outcome in women with CVID. During
normal pregnancy, the fetus is usually well protected against most bacterial infections.
However, if a CVID mother suffers from severe septicemia or worsening pulmonary
disease, this can compromise the pregnancy. For this reason, it is recommended that
infections in CVID patients should be treated early and aggressively with targeted anti-
microbial therapy.

Early IgG therapy can arrest the cycle of recurrent infections and progressive lung
disease that occurs in CVID pregnancies (163). However, IgG therapy has been associ-
ated with complications that include dyspnea, flank pain, hypotension, collapse, and
death. Maternal IgG normally crosses the placenta into the fetus during the third trimester
of pregnancy, which results in a marked reduction in the half-life of IgG, and concentra-
tions in patients with CVID may fall below protective concentrations. Therefore, IgG
therapy should be given more frequently to maintain maternal IgG concentrations above
200 mg/dL. Fetal losses caused by intrauterine or fetal infections have been reported in
CVID mothers with inadequate circulating IgG concentrations (163,164). Maternal
intravenous IgG infusion significantly increases the fetal IgG subclasses IgG1, IgG2,
and IgG3 (165). Newborn infants born to CVID mothers do not display clinical manifes-
tations of this disease (166). However, newborns born to CVID mothers are slow to
achieve normal serum IgG concentrations for age, and antibody responses to various
antigens are delayed.
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LABORATORY TESTING AND DIAGNOSIS

One of the key laboratory criteria for diagnosing CVID is the detection of low concen-
trations of serum IgG (<500 mg/dL). Furthermore, IgM and IgA concentrations are
undetectable in most patients, although a small subset of patients will display normal
concentrations. Most CVID patients will display increased antibody responses to initial
foreign antigen stimulation. However, these patients cannot switch the antibody produc-
tion from IgM to IgG after repeated antigen challenges. Patients with CVID generally
have normal peripheral blood B-cell numbers, with a small number of patients displaying
a lack of circulating B cells. Some patients with normal B-cell numbers will have reduced
numbers of T cells or T cells lacking the capacity to promote B-cell differentiation (167).

Selective IgA Deficiency
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Selective IgA deficiency is the most common immunodeficiency in women of child-
bearing age (incidence of from 1:400 to 1:800). The etiology of this disorder is thought
to include defects in either the B-cell synthesis or release of IgA. Clinical manifestations
of this disorder are related to a deficiency of secretory IgA, a major player in the secretory
immune system that protects the body cavities (i.e., respiratory tract, gastrointestinal
lumen, mammary gland, urinary tract, middle ear, and lacrimal tract). Chronic respiratory
infections and diarrhea can occur, along with autoimmune conditions such as RA and
SLE (168,169). It is hypothesized that abnormal cytokine-induced switching occurs at
the gene level, with an underlying T-cell defect providing a significant contribution to the
etiology of this disease.

Genetically, an association has been reported between selective IgA deficiency and
chromosomal abnormalities, including partial deletion of the short or long arm of
chromosome 19 or a ring chromosome 18 (170,171). Selective IgA deficiency exhibits
familial expression and occurs frequently in the immediate relatives of individuals with
CVID (172).

There is significant variability in the onset and severity of the clinical symptoms of
selective IgA deficiency. The basic defect in this disorder is thought to involve the
terminal differentiation of IgA-secreting plasma cells, a process under the direction of the
thymus. Most patients with IgA deficiency have allergic problems (e.g., asthma) that tend
to be chronic and resistant to treatment. Patients with IgA deficiency also may present
with celiac disease, intestinal nodular lymphoid hyperplasia, ulcerative colitis, regional
ileitis, and pernicious anemia (173).

Maternal selective IgA deficiency in pregnancy probably does not directly effect the
fetal immune system, because IgA does not cross the placenta and neonates are normally
deficient in IgA. IgA is the last Ig isotype to develop, which delays the diagnosis of this
condition until adult concentrations are reached at between 10 and 12 yr of age. IgA-
deficient women who become pregnant do not manifest particular complications over
and above that which normally accompany this disease state.

LABORATORY TESTING AND DIAGNOSIS

Low serum concentrations of IgA (below 5 mg/dL) are the characteristic laboratory
finding for women with selective IgA deficiency. In addition, patients with selective IgA
deficiency display IgG subclass imbalances, and this combined IgG deficiency may
increase susceptibility to infection in these patients.
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Chronic Mucocutaneous Candidiasis
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Chronic mucocutaneous candidiasis (CMC) is a rare cellular immune deficiency
manifested clinically by chronic fungal infections of the mucous membranes, nails, scalp,
and skin. CMC is often associated with hypoadrenalism, hypothyrodism, diabetes mel-
litus, or hypoparathyroidism (174). Women with CMC may carry a normal pregnancy to
term in cases when associated endocrine disorders are not severe. The most critical of
these complications are hypothyroidism and Addison’s disease (175).

Although CMC is widely considered a genetic disorder, its inheritance patterns are
complex. An autosomal recessive form of inheritance has been proposed (176), possibly
linked to chromosome 22 (177). The etiology of CMC is thought to include a failure of
T-cell cytokine production, because treatment with proinflammatory mediator IL-2 has
been shown to be beneficial (178). Although the etiology of CMC is likely a T-cell defect,
the molecular basis remains unknown (179).

Laboratory Testing and Diagnosis

One of the problems associated with the laboratory diagnosis of patients with CMC is
the extensive laboratory parameters observed with this disorder. However, a number of
recent studies have examined the association between defective cell-mediated immune
responses by lymphocytes from patients with CMC in response to candida antigen stimu-
lation. In a recent study, de-Moraes-Vasconcelos and et al. (180) performed a panel of
tests examining the cell-mediated immune response of lymphocytes from CMC patients
and reported the following: (1) low to normal proliferative responses of lymphocytes to
hytohemogglutinin, (2) suppressed lymphocyte proliferation in response to pokeweed
mitogen, (3) lowered production of IL-2 and IFN- in response to stimulation with can-
dida antigens, and (4) increased antigen-induced apoptosis in lymphocytes. In addition,
recent flow cytometry studies have shown a decrease in the percentage of CD4+/CD9 T-
helper inducer cells following candida antigen stimulation (181). This group also reported
an increase in IL-4 production and reduced IL-2 receptor production by stimulated lympho-
cytes. On the basis of these studies, it is possible that measurement of inflammatory
cytokine production by ELISA techniques in cultures of lymphocytes stimulated with
candida antigens may prove useful in the diagnosis of patients with CMC. Further studies
are needed to determine whether the suppression of TH1-mediated cellular immune
responses is greater than that normally associated with pregnancy.

Hereditary Angiodema
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Hereditary angiodema (HAE) is a rare genetic disease inherited as an autosomal domi-
nant trait. The etiology of HAE involves a lack of C1 inhibitor, a key regulatory protein
for both the kallikrein–kinen system and early portions of the complement cascade (182).
Clinical manifestations of HAE include recurrent swelling of the extremities, face, lar-
ynx, bowel mucosa, and airways (183). HAE patients are also at increased risk for devel-
oping immune-related conditions such as SLE, Sjogren’s syndrome, autoimmune thyroid
disease, mesangiocapillary glomerulonephritis, coronary arteritis, Chrohn’s disease, and
scleroderma.
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Clinical symptoms of HAE occur in association with the patient’s hormonal status,
with increased severity during the menstrual period (184). Interestingly, pregnancy has
been found to be associated with a decrease in clinical symptoms of HAE. This response
usually lessens the need for prophylactic therapy during pregnancy.

LABORATORY TESTING AND DIAGNOSIS

At present, there is no definitive, readily available laboratory test for the diagnosis of
HAE. However, work by Verpy et al. (185) revealed the potential of new molecular-based
techniques for identifying patients with this rare disorder. In this study, a complete
mutational scan of the gene-coding region for the serpin C1 inhibitor was performed in
36 unrelated angioedema patients using fluorescence-assisted mismatch analysis. Remark-
ably, mutations accounting for the C1 inhibitor deficiency were identified in every 1 of 34
patients. This group suggested that fluorescence-assisted mismatch analysis may prove
to be a rapid and robust mutation scanning procedure, with application to HAE and other
genetic disorders.

Chronic Granulomatous Disease
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Chronic granulomatous disease (CGD) is a rare immunodeficiency disease occurring
in from 1 in a 100,000 to 1 in 250,000 individuals. Clinically, patients with CGD develop
serious infections early in life that affect the skin, lungs, liver, and bones. CGD patients
also are at high risk for abscesses and septicemia. Staphylococcus aureus is the most
common pathogen associated with CGD, but infections with Gram-negative organisms
and fungi (Candida and Aspergillis) also occur.

The underlying etiology of CGD results from defects in any of the four genes encoding
essential subunits of respiratory burst oxidase, the superoxide-generating enzyme com-
plex in phagocytic leukocytes (186). This prevents phagocytes from mounting a normal
respiratory burst or generating hydrogen peroxide and oxygen radicals on stimulation
(187). Although current methods of management, including prophylactic use of antibi-
otics and IFN- , have improved the prognosis for these patients, CGD is still associated
with significant morbidity and mortality from life-threatening infections and complica-
tions. Recent gene-expression studies of patients with the X-linked (X91) form of this
disorder have revealed that different mechanisms of molecular quality control lead to the
common phenotype of absence of mature membrane-bound nicotinamide adenine dinucle-
otide phosphate (NADP) oxidase complex in leukocytes (188). These include the follow-
ing: (1) aberrant intron splicing, creating a premature stop codon, (2) a frame-shift
mutation, resulting in generation of a peptide with an aberrant and elongated C-terminus,
and (3) a point mutation, creating a single amino acid change in the predicted FAD
binding site of PG 91-phox. Similarly, a heterogeneous group of mutations in the gene
encoding the P67-phox protein has been reported that results in the complete loss of
NADPH oxidase activity (189).

LABORATORY TESTING AND DIAGNOSIS

Laboratory diagnosis of CGD is made by demonstrating the inability of neutrophils to
kill bacteria, especially staphylococci. Absent or reduced superoxide production as
measured by the ferricytochrome c assay also is used to confirm CGD. Immunoblotting
can also be useful in determining concentrations of the cytochrome b subunit in mem-
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brane fractions from disrupted neutrophils (190). A convenient assay that is used to test
for the defective respiratory burst in CGD is the nitroblue tetrazolium test, which turns
blue when neutrophils are capable of killing bacteria.

CGD is not easily diagnosed from findings obtained at a physical exam. Mothers with
CGD frequently also suffer from ulcers and gingivitis. Many patients have mild or mod-
erate lymphadenopathy, splenomegaly, and hepatomegaly. Elevated erythrocyte
sedement-ation rates, polyclonal gammopathy, and anemia are seen in most patients
(191). Successful, uneventful pregnancies have been reported in women with mild
CGD (191).

Hyperimmunoglobulin E Syndrome
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Hyperimmunoglobulin E syndrome (HIES) is an immune-based disorder character-
ized by the following: (1) remarkably high serum IgE, (2) recurrent staphylococcal
infections, (3) cold subcutaneous abscesses, (4) chronic eczematous rashes, and (5) defects
in neutrophil chemotaxis (192,193). Major clinical features of this disease include recurrent
bronchitis and severe pneumonias with pneumatoceles. The tendency for recurrent infec-
tions is usually well established at the age of 6 wk. Staphylococcus aureus is the major
infection associated with HIES, followed by haemophilus influenza, group A streptococ-
cus, Escherichia coli, and pseudomonas. In addition, chronic candidal infections can
affect the mouth, nails, and skin.

Patients with HIES treated with IFN (0.05 mg, three times a week) exhibit a reduced
severity of symptoms (194). In addition, IgE production by peripheral blood mono-
nuclear cells from these patients was reduced by approx 50%. Other therapeutic approaches
involve prolonged therapy with intravenous antibiotic therapy (195).

The type of genetic inheritance underlying HIES is unclear. Some groups have
reported a familial occurrence, which may be related to an autosomal dominant form with
incomplete penetrance. The underlying immunologic defect is also unknown, although
lack of T-cell suppressor function may mediate increased IgE production.

LABORATORY TESTING AND DIAGNOSIS

Laboratory features of HIES include mild to moderate eosinophilia and an elevated
erythrocyte sedimentation rate. By definition, patients with HIES have serum IgE con-
centrations in excess of 2000 IU/mL (192,193) and exhibit an impaired leukocyte chemo-
tactic response (196).

Acrodermatitis Enteropatheca
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Acrodermatitis enteropatheca is a rare autosomal disease that manifests itself clini-
cally by the following: (1) failure to thrive, (2) skin lesions, (3) alopecia, (4) stomatitis,
(5) glossitis, (6) paroncychia, and (7) secondary bacterial and fungal infections. Severe
dermatitis and diarrhea may occur beginning in early infancy (197). Acrodermatitis
enteropatheca occurs because of a deficiency in zinc absorption linked to abnormal
enterocytes in the intestinal lining. In these patients, the enterocytes lack expression of
an oligopeptidase that normally destroys an oligopeptide involved in the chelation of
zinc. With the presence of this peptide, zinc is chelated and cannot be absorbed, resulting
in the patient becoming zinc deficient (198).
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Jamison (199) reported that lower maternal zinc concentrations were associated with
several different diseases of pregnancy including abnormal labor, atonic bleeding, and
premature birth. AF zinc concentrations also increase during the third trimester of preg-
nancy and it has been suggested that they play an important role in its antibacterial and
antiviral activities (200).

LABORATORY TESTING AND DIAGNOSIS

The most sensitive indicator of mild deficiencies of zinc is the measurement of plasma
or zinc concentrations in a carefully collected sample (201). During the course of normal
pregnancy, there is a clear decrease in maternal serum zinc concentrations to about 50%
of normal values, whereas concentrations in fetal cord blood and AF increase in normally
progressing pregnancies. Treatment of acrodermatitis enteropatheca during pregnancy
requires the daily supplementation of zinc (300 mg/d) in order to maintain concentrations
within the range of 72–137 mg/dL (202).

Pure Red Cell Aplasia
CLINICAL SYMPTOMS, ETIOLOGY, AND TREATMENT

Pure red cell aplasia (PRCA) is a rare disorder in which production of red cell precur-
sors in the bone marrow is suppressed. PRCA is characterized clinically by severe ane-
mia, reticulocytopenia, and a selective reduction of bone marrow erythroid precursors
(203). PRCA is not restricted to age, race, or gender and may occur as a congenital
disorder or in an acquired fashion. The acquired form of PRCA has been associated with
other disease states such as chronic lymphocytic leukemia, chronic granulocytic leuke-
mia, Hodgkin’s lymphomas, non-Hodgkin’s lymphomas, multiple myeloma, acute lym-
phoblastic leukemia, or idiopathic myelofibrosis. Viral and bacterial infections have
been associated with PRCA including human parvovirus B19 and HIV.

The mechanisms involved in autoimmune PRCA are not well understood. The sup-
pression of erythroid colony formation may occur secondary to cellular rather than
humoral inhibitory factors (204). Successful pregnancies have been reported in women
with PRCA (203,205). Some groups have reported that PRCA can occur as a distinct
disorder of pregnancy (203). In these patients, anemia begins early in pregnancy and
prompt recovery is seen soon after delivery. This can occur in any pregnancy and may
relapse in subsequent pregnancies.

LABORATORY TESTING AND DIAGNOSIS

Diagnosis of PRCA is based on the determination of reticulocyte counts of less than
1% with normocellular marrow possessing 0.45% mature erythroblasts (205). In vitro
diagnosis studies also have been performed in which serum and purified IgG from
patients suffering from PRCA specifically inhibited erythroid colony formation (203).
This effect reportedly disappears with remission of the disease.

SUMMARY

As outlined in this chapter, pregnancy imposes a number of unique challenges to the
mother’s immune system. First, in order for the developing fetus to survive, the maternal
immune system must not mount lethal immunologic responses to placental antigens
expressed at the maternal–fetal interface. This response is likely mediated through the
lack of expression of classical transplantation antigens by the fetal trophoblast along with
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the effects of cytokines and hormones in the local microenvironment that suppress cell-
mediated immunity. The second challenge that pregnancy presents is that of preservation
of sufficient maternal immune function to provide protection against infection. Our
current understanding is that preservation of the humoral immune response, combined
with activation of the innate immune system, provides the needed immunologic protec-
tion in normal pregnancies.

Failure of the pregnant mother to properly adapt to pregnancy can result in the devel-
opment or worsening of a variety of immune-based disorders, and in some cases (e.g.,
RA) actually can lead to an amelioration of symptoms. As reproductive immunologists
and obstetricians more fully understand the ways in which alloimmune and autoimmune
disorders complicate human pregnancy, new methods of diagnosis and treatment will be
available to improve the course of pregnancy in these women and lessen the detrimental
effects on the fetus and neonates.
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INTRODUCTION

Normal human reproduction is an inefficient process with only 22.8% of conceptive
matings resulting in live birth (Fig. 1) (1,2). Miscarriages are the most common compli-
cation of pregnancy, affecting 15% of women (3). Loss of pregnancy is a physically and
emotionally challenging ordeal. When pregnancy loss is repetitive, these feelings are
magnified and the result is a distressing and frustrating problem for both the patients and
the physicians. Recurrent pregnancy losses can occur early or late in the pregnancy. Early
pregnancy losses are losses of embryos during the first trimester of pregnancy and have
been termed abortions or miscarriages. Although most miscarriages are sporadic and not
repetitive, there is a subset of couples that suffer recurrent miscarriage. Although the risk
of miscarriage increases with maternal age, overall 15% of pregnancies miscarry.
Approximately 13% of all recognized first pregnancies are lost. The risk of a second
consecutive miscarriage is only slightly increased to 17%. However, the risk of miscar-
riage after two consecutive pregnancy losses rises to between 35 and 40% and continues
to rise with each subsequent miscarriage (4). As many as 5% of all couples conceiving
experience two consecutive miscarriages and 2% have three or more consecutive losses.
Late pregnancy losses are losses of fetuses after the first trimester of pregnancy. Late
pregnancy losses occur far less frequently than early pregnancy losses and comprise only
1% of pregnancies. Late pregnancy losses are usually associated with incompetent cer-
vix, premature rupture of membranes, preterm labor, intrauterine growth retardation, or
placental abruption.

Whereas in the past a cause for recurrent pregnancy loss could be determined in only
a minority of couples, more recent studies have shed a great deal of light on the reasons
for recurrent pregnancy loss. With advancing technology to aid in the diagnosis of vari-
ous proven and suspected causes of recurrent pregnancy loss, the proportion of unex-
plained recurrent losses is diminishing, allowing for more rational methods of treatment.
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CAUSES OF RECURRENT PREGNANCY LOSS

There are two major reasons for recurrent pregnancy loss. One is that there is some-
thing wrong with the pregnancy itself, such as a chromosomal abnormality that prohibits
the pregnancy from implanting or growing properly. The other reason is a problem within
the environment in which the pregnancy grows that does not allow an otherwise normal
embryo to implant or grow properly. Problems within the environment or lining of the
uterus have been classified as anatomic, hormonal, and immunologic.

Problems With the Pregnancy
Problems with the pregnancy are most often characterized by the presence of an

abnormal chromosome analysis of the conceptus. Chromosomal abnormalities occur in
about 60% of eggs retrieved for in vitro fertilization (IVF) that have been studied with
preimplantation genetic diagnosis (5), 50% of all products of conception from first tri-
mester miscarriages (6), 5% of late pregnancy losses, and 0.5% of live births (7). When
products of conception from more than 200 miscarriages of women with recurrent preg-
nancy loss were tested with chromosomal analysis, 55% were abnormal (6). Of interest,
only 35% of products of conception from women experiencing recurrent pregnancy loss
after a live birth were chromosomally abnormal (6). Some pregnancy losses associated
with abnormal chromosomes such as trisomy have been reported to have a high risk of
repeating (8). However, if such chromosomal “accidents” explained all recurrent miscar-
riages, the probability of three or more miscarriages in a row resulting from “accidents”
would account for 5% or less of the observed incidence of losses (2). Therefore, although
chromosomal abnormalities play a major role in earlier pregnancy losses, other causes
account for most late pregnancy losses as well as approximately half of all miscarriages.

Fig. 1. Life table analysis of reproductive inefficiency in the human (drawn from data taken from
refs. 1 and 2).



Chapter 15 / Pregnancy Loss 329

A number of studies have suggested the existence of a paternal (sperm-derived) effect
on human embryo quality and pregnancy outcomes that are not reflected as a chromo-
somal abnormality (9). Damaged sperm DNA can have a negative impact on fetal devel-
opment and present clinically as occult or early clinical miscarriage. The sperm DNA
integrity assay (discussed in detail later) serves as a tool for identifying those at risk for
such damage (Coulam, Roussev, unpublished data, 2002).

Problems With the Environment
Problems within the environment in which the embryo implants and fetus grows have

been classified as anatomic, hormonal, and immunologic.

ANATOMIC ABNORMALITIES

Anatomic abnormalities are lesions inside the uterus that, if present, would mechani-
cally inhibit normal implantation and hence normal embryo and/or fetal growth. Ana-
tomic abnormalities include endometrial polyps, submucosal fibroids, uterine synechiae,
and Mullerian duct defects.

HORMONAL RESPONSE

Hormonal response of the endometrium in the past was measured by taking a biopsy
of the lining of the uterus and correlating endometrial status with serum concentrations
of progesterone. If the biopsy was “out of phase” by 2 or more days, a diagnosis of luteal
phase defect was made. However, endometrial biopsy has failed to correlate with preg-
nancy outcome (10). Although hormonal imbalances such as luteal phase defect have
been associated with occult pregnancy loss, they do not play a role in clinically recog-
nized pregnancy loss (10).

Blood flow to the endometrial lining, measured as uterine artery resistance (pulsatility
index) and subendometrial flow, is under hormonal control and has been shown to cor-
relate with pregnancy outcome (11,12). If resistance of flow through the uterine artery
is elevated, or if flow of blood through the spiral arteries leading to the endometrium is
low, successful pregnancy outcome is not expected (11,12).

IMMUNOLOGIC MECHANISMS

Immunologic mechanisms have recently been recognized as a major cause of recurrent
pregnancy loss associated with the loss of chromosomally normal pregnancies. Forty-
five percent of miscarriages and 95% of late pregnancy losses from women experiencing
recurrent pregnancy loss are chromosomally normal. Literature is developing that sug-
gests a role of the immune system in the majority of these losses (13,14). The result of
the immunologic processes that lead to loss of the pregnancy frequently involves inter-
ference of the blood supply to the pregnancy. Interference of blood supply among early
and late pregnancy losses is manifested by clotting of the placental–fetal vessels. Clotting
of these vessels can be caused by (1) cytokines that are produced by immunologic cells
within the lining of the uterus, (2) antiphospholipid antibodies produced by circulating
B cells, (3) a genetic predisposition contributed by thrombophilia genes.

Cytokines. Miscarriages can be caused by cytokines secreted by cells within the
uterus. The activities of these cytokines have been characterized as proinflammatory and
anti-inflammatory. Although initial exposure to proinflammatory cytokines is necessary
to stimulate invasion of the blastocyst and formation of new blood vessels at the time of
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implantation, prolonged exposure of proinflammatory cytokines to the pregnancy is
detrimental. Thus, for pregnancy to be successful, a change in balance of secretion of
cytokines from proinflammatory to anti-inflammatory cytokines must occur. Three major
types of immune cells within the endometrium contribute to the proinflammatory and
anti-inflammatory responses: T cells, natural killer (NK) cells, and macrophages. Mac-
rophages and NK cells infiltrate implantation sites destined to miscarry (15). Both of
these cells are sources of proinflammatory cytokines that can activate production of the
prothrombinase fgl2 (15). Fgl2 leads to deposition of fibrin and activation of polymor-
phonuclear leukocytes (PMN) that can destroy the vascular supply to the placenta. Blood
supply to the embryo is compromised and the pregnancy essentially “withers on the
vine.” Increased expression of fgl2 has been s hown association with miscarriage of
chromosomally normal embryos as contrasted with chromosomally abnormal embryos
(15). Assays for clinical testing of fgl2 are not as yet available.

Not all losses associated with increased clotting may be caused by proinflammatory
cytokine stimulation of fgl2. There is a growing emphasis on the role of antiphospholipid
antibodies and genetic causes of blood clotting such as hyperhomocysteinemia, pro-
thrombin mutations, and factor V Leiden among women experiencing recurrent preg-
nancy loss. Assays for these risk factors are clinically available.

Antiphospholipid Antibodies. Antiphospholipid antibodies (APLA) have been
shown to be associated with both early and late pregnancy loss. The action of APLA on
the blood vessel cells results in blood clotting within the vessels (16,17) and thus blood
supply to the pregnancy is impaired. Of the APLAs tested, ethanolamine and serine have
been shown to target blood vessel cells (16,17). Testing for APLA is discussed in detail
later.

Thrombophilia Genes. Recently, interest has focused on genetic causes of blood
clotting. A number of genes involved in blood clotting have been shown to be associated
with abnormal clotting and a history of thrombosis. Deficiencies of antithrombin III,
protein S or C, are usually associated with a previous history of thromboses. Other gene
mutations are not associated with such a high risk of blood clots, but are associated with
recurrent pregnancy loss. These genetic risk factors include factor V Leiden, prothrom-
bin, and methylenetetrahydrofolate reductase (MTHFR) gene mutations (18). All of
these mutations have been associated more with second- and third-trimester loss than
first-trimester loss. However, it appears that the more mutations there are, the higher the
risk for early pregnancy loss. In one study (19), about 8% of women with a history of
recurrent miscarriage had combined thrombophilic defects compared with 1% of con-
trols. Testing for thrombophilic genes is presented in the next section.

Summary

In summary, immunologically mediated losses of pregnancies result from impairment
of blood supply to the pregnancy. Stimuli that lead to impairment of blood supply to the
pregnancy include cytokines, APLAs, and thrombophilia genes. With multiple mecha-
nisms contributing to immunologic causes of recurrent pregnancy loss, advanced diag-
nostic tools are necessary for diagnosis and treatment of unexplained losses of
chromosomally normal embryos.
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DIAGNOSIS OF RECURRENT PREGNANCY LOSS

Establishing the correct diagnosis is an important component in treating couples with
recurrent pregnancy loss. Diagnostic tests useful in identifying causes of recurrent spon-
taneous abortion and potential treatments are shown in Table 1.

Problems With the Pregnancy
CHROMOSOMAL ANALYSIS

Chromosomal analysis of the fetal tissue from previous pregnancy losses and both
parents is useful in determining those pregnancies that are lost as a result of problems
within the pregnancy itself. Whereas the frequency of abnormal chromosomal analyses

Table 1
Diagnosis and Management of Recurrent Pregnancy Loss

Etiology Diagnostic evaluation Therapy

Problems
with the pregnancy

Genetic Karyotype partners Genetic counseling
Karyotype product of conception Donor gametes
Preimplantation genetic diagnosis Preimplantation selection

Endocrine Endometrial biopsy/serum
progesterone Progesterone

FSH/estradiol/inhibin B Donor oocytes
Sperm DNA integrity Donor sperm
hCG/progesterone/inhibin A None
Blood flow to endometrium-color

Doppler Asprin/Viagra
Problems
with the environment

Anatomic Hysterosalpingogram Septum transection
Hysteroscopy Myomectomy
Hysterosonography

Immunologic Antiphospholipid antibodies Aspirin and heparin
Antithyroid antibodies IVIg
Antinuclear antibodies Glucocorticoids
Natural killer cell activation IVIg
Reproductive immunophenotype IVIg

Hematologic Coagulation assays
Genetic testing for: Aspirin/heparin

• hyperhomocysteinemia plus folic acid and vitamin B
• factor V Leiden
• factor II prothrombin mutation

Microbiologic Cervical cultures Antibiotics
Psychological Patient history Counseling

Interview/questionnaire
Iatrogenic Patient history Eliminate exposure

Toxicological screen
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among couples experiencing recurrent pregnancy loss is 5 to 6% (3), chromosomal
aberrations are found in 55% of abortuses from women with a history of recurrent preg-
nancy loss (5). There is a subset of couples having recurrent loss of pregnancy that have
an increased risk of repeated aneuploidy. Currently, no ways other than karyotyping
products of conception are available to identify women with losses caused by chromo-
somal abnormalities. We have, therefore, advocated that all losses after a first miscar-
riage should be karyotyped.

ASSESSING OVARIAN RESERVE

The development of diminished ovarian reserve generally reflects the processes of
follicular depletion and decline in oocyte quality. Low ovarian reserve has been associ-
ated with a significant increase in pregnancy loss (Fig. 2) (20). Older women have an
increased risk of having a pregnancy with chromosomal abnormalities. A spontaneous
abortion rate (after documentation of fetal cardiac activity) of 2% has been observed for
maternal ages 35 yr or less, but increases to 16% for women 36 yr or older (21).

Follicle-Stimulating Hormone and Estradiol. Basal serum follicle-stimulating hor-
mone (FSH) and estradiol measurements have been the screening test of choice for
assessing ovarian reserve. The rise in basal FSH is an excellent indicator of ovarian aging.

• Indications for testing: Women aged 35 yr or older, women of any age experiencing
unexplained infertility who have a poor response to ovulation induction, women present-
ing for other tests of ovarian reserve including clomiphene challenge test, and women
experiencing recurrent pregnancy losses should be tested.

• Detection method: Standard enzyme-linked immunosorbent assay (ELISA).
• Interpretation of results: In general, day 3 FSH concentrations 20–25 IU/L or more are

considered to be elevated and associated with poor reproductive outcome (22). Concomi-
tant measurement of serum estradiol adds to the predictive power of an isolated FSH
determination. Basal estradiol concentrations greater than 75–80 pg/mL are associated
with poor outcome (22).

Inhibin B. Inhibins are a family of protein hormones that control the secretion of FSH
via a negative feedback mechanism. Inhibins are heterodimeric glycoproteins consisting
of an subunit covalently linked to either a A subunit (inhibin A) or to a subunit
(inhibin B). In the female, inhibin B is produced by the developing follicles, and concen-
trations peak in the follicular phase. Inhibin A is produced by the dominant follicle and
the corpus luteum, and concentrations peak in the luteal phase. It is also produced by the
fetoplacental unit during pregnancy. Inhibin B can be used in conjunction with serum
FSH and estradiol to assess ovarian function. Because inhibin is produced by gonadal
tissue, it is thought to be a more direct marker of gonadal activity and ovarian reserve than
pituitary hormones. In addition, cycle day 3 inhibin B concentrations may demonstrate
a decrease before day 3 FSH concentrations (23).

• Indications for testing: Same as that for FSH and estradiol.
• Detection method: The first immunoassay for inhibin was known as the Monash assay.

This was a radioimmunoassay using a polyclonal antiserum raised against purified
inhibin. However, the antibodies were directed toward epitopes on the subunit and
therefore could not distinguish between inhibin A, inhibin B, or free subunits. Cur-
rently, there are ELISA-based assays specific for inhibin A or inhibin B.

• Interpretation of results: Seifer et al. reported that women undergoing IVF with day 3
inhibin B concentration less than 45 pg/mL had a pregnancy rate of 7% and spontaneous
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abortion rate of 33% compared to a pregnancy rate of 26% and abortion rate of 3% in
women with day 3 inhibin B concentrations more than 45 pg/mL (24). Women who are
diagnosed with diminished ovarian reserve should be counseled regarding options such
as oocyte donation or adoption.

PREDICTING EMBRYONIC FAILURE

Many biomarkers in serum have been studied for their ability to detect viable vs
nonviable pregnancies including human chorionic gonadotropin (hCG), progesterone,
estradiol, and inhibin A.

hCG and Progesterone. hCG and progesterone are inexpensive screening tests that
can identify patients who need to undergo further testing.

• Indications for testing: Women over the age of 40 yr and women with a history of
recurrent pregnancy loss should be tested during the first trimester (7–12 wk gestation).

• Detection method: hCG and progesterone are detected by standard ELISA assays.
• Interpretation of results: Serum hCG concentrations during the first 8 wk of pregnancy

double in concentration every 2 d. Abnormal pregnancies have impaired hCG production
and hence a prolonged doubling time. Serial hCG measurements can be used to assess the
viability of pregnancy. If hCG is more than 1500 IU/L and the pregnancy is intrauterine,
a gestational sac should be visible by transvaginal ultrasound. By transabdominal ultra-
sound, the gestational sac may not be visible until serum hCG concentrations are more
than 6000 IU/L (25). Viable pregnancy can be predicted with 97.5% sensitivity if serum
progesterone concentrations are greater than 25 ng/mL. Nonviable pregnancies are detected
with 100% sensitivity if serum progesterone concentrations are less than 5ng/mL. Pregnan-
cies with progesterone concentrations between 5 and 25 ng/mL should have ultrasound
performed (25).

Fig. 2. Women with abnormal ovarian reserve (FSH > 14.2 IU/L) had a significantly higher rate
of reproductive loss compared to patients with normal ovarian reserve. p < 0.01 for all groups.
Solid bars, abnormal ovarian reserve; open bars, normal ovarian reserve. (Reprinted from ref. 20,
with permission from American Society for Reproductive Medicine.)
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Inhibin A. Inhibin A is made by the fetoplacental unit during pregnancy (26). A
number of studies have reported that measurement of inhibin A may be an early predictor
of embryonic failure. Serum concentrations of inhibin A have been shown to be lower as
early as 4 wk gestation in pregnancies destined to fail compared with those that continue
to deliver normal infants (26–28).

• Indications for testing: Same as for hCG and progesterone.
• Detection method: Inhibin A is detected by standard ELISA assay.
• Interpretation of results: Lockwood et al. was among the first to demonstrate that inhibin

A concentrations were correlated with embryonic demise (26). These authors reported
that clinical IVF pregnancies (with in utero sac present at 6 wk) that were subsequently
diagnosed as missed abortions had significantly lower inhibin A concentrations at the
time of the first pregnancy test (at 4 wk gestation). Inhibin A concentrations were 63.1
± 17 pg/mL (mean ± SEM) for missed abortions and 129.6 ± 20 pg/mL for viable single-
tons and less than 5 pg/mL for “biochemical pregnancies” (no evidence of implantation,
but positive hCG at 4 wk) (Table 2). Muttukrishna et al. reported similar findings of lower
inhibin A concentrations in missed abortions (71.1 ± 12.1 pg/mL; mean ± SD) than in
controls (193 ± 48 pg/mL) (28). In a study by Vanderpuye et al. that examined the
association of inhibin A concentrations with aneuploidy, from 7 to 12 wk gestation, all
trisomies were associated with inhibin A concentrations below 175 pg/mL, and 60% of
trisomy pregnancies were undetectable (27). Phipps et al. (29) reported that the addition
of inhibin A measurement to progesterone or progesterone and hCG increased specificity
but not sensitivity (Tables 3 and 4). A cutoff has not yet been established to diagnose
nonviable pregnancies, but clearly, lower inhibin A concentrations are associated with
poor outcome. Further studies are needed to establish cutoffs.

SPERM DNA INTEGRITY

Sperm DNA Integrity (SDI) assay measures the percentage of DNA fragmentation of
sperm. Damaged DNA in the single sperm cell that fertilizes a female oocyte can have
a dramatic negative impact on fetal development and health of the offspring. Data on
human sperm have established a threshold measurement that is predictive of low fertility
potential. If 30% or more of the sperm have fragmented DNA detected, then approx 40%
of miscarriages can be attributed to the male partner’s genetic contribution (30).

• Indication for testing: Male partners of couples with a history of unexplained infertility,
poor embryo quality after IVF, implantation failure after IVF, recurrent chemical or
occult pregnancy losses, or recurrent early spontaneous abortions should be tested with
the SDI assay.

• Detection method: The SDI assay utilizes acridine orange (AO), a DNA probe, and the
principles of flow cytometry. The assay measures the susceptibility of DNA to denatur-
ation in situ following low pH treatment. This procedure denatures protamine-associated
DNA in sperm cells but does not denature histone-associated DNA. Spermatozoa with
normal chromatin structure do not demonstrate DNA denaturation. AO that intercalates
into normal dsDNA fluoresces green, whereas AO that associates with denatured ssDNA
fluoresces red when excited by a 488 nm light source.

• Interpretation of test results: The control group studies indicate the thresholds of the
sperm DNA fragmentation index of 0–15%, 16–29%, and 30% or more relate to high,
good to fair, and low to poor fertility potential, respectively (30).
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Table 2
Inhibin A (pg/mL) and hCG (IU/L) Concentrations in Different Types

of IVF Pregnancy With Fresh ETa

Type of pregnancy

Gestation Biochemical Missed abortion Singleton Multiple

Inhibin A 4 wk <5 63.1 (17)* 129.6 (20)* 282.3 (47)
hCG 4 wk 175.2 (37) 372.5 (30)** 651.00 (67)** 1707.0 (112)
Inhibin A 6 wk <5 71.9 (5.6)*** 154.2 (21)*** 231.7 (31)
hCG 6 wk <5 5600.0 (128)** 7350.0 (140)** 9589.0 (452)

aData presented are means, with SEM in parentheses.
*p < 0.01.
**not significant.
***p < 0.05.
Data from ref. 26.

Table 3
Estimated Specificity at Given Sensitivity

for Biomarker Combinations

Sensitivity P P + I P + H P + I + H

0.95 0.29 0.57 0.66 0.69
0.90 0.70 0.83 0.87 0.87
0.85 0.88 0.87 0.94 0.93
0.80 0.90 0.95 0.97 0.97
0.75 0.97 0.99 > 0.99 > 0.99

P, progesterone alone; P + H, progesterone plus serum hCG; P +
I, progesterone plus inhibin A; P + I + H, progesterone plus inhibin A
plus serum hCG.

Reprinted from ref. 29, with permission from the American College
of Obstetricians and Gynecologists.

Table 4
Estimated Sensitivity at Given Specificity

for Biomarker Combinations

Sensitivity P P + I P + H P + I + H

0.95 0.83 0.82 0.83 0.83
0.90 0.89 0.85 0.87 0.89
0.85 0.92 0.90 0.92 0.92
0.80 0.93 0.91 0.93 0.93
0.75 0.93 0.92 0.93 0.93

P, progesterone alone; P + H, progesterone plus serum hCG; P +
I, progesterone plus inhibin A; P + I + H, progesterone plus inhibin A
plus serum hCG.

Reprinted from ref. 29, with permission from American College of
Obstetricians and Gynecologists.
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Problems With the Environment
The cause of recurrent pregnancy losses caused by problems with the environment are

summarized in Table 5.

EVALUATION OF THE UTERINE CAVITY

This procedure can reveal any anatomic cause of pregnancy loss or failure. Anatomic
abnormalities within the uterus include the following:

• Endometrial polyps: benign lesions within the uterine cavity that are attached to the
cavity wall by a stalk. Endometrial polyps usually form as a result of irregular shedding
of the lining during menses.

• Submucosal fibroids: benign muscular tumors that protrude from the muscular layer of
the uterus into the uterine cavity.

• Endometrial adhesions: scar tissue that forms inside the uterine cavity as a result of
previous infection, operation, or pregnancy.

• Congenital anomalies: Congenital anomalies of the uterus are the result of lack of uni-
fication of the Mullerian ducts during embryologic development. Included in Mullerian
duct abnormalities are septate uterus, bicornuate uterus, and double uterus. Although all
of these anomalies have been associated with late pregnancy loss, their role in early and
occult loss has been questioned and remains controversial (31).

• Abnormalities within the uterine cavity are found in 10% of women experiencing preg-
nancy loss. The frequencies of each of the abnormal findings are shown in Table 6.

UTERINE BLOOD FLOW

Evaluation of uterine blood flow measures resistance of blood flow into the uterus
through the uterine arteries (uterine artery pulsatility index) and blood flow to the lining
of the uterus (subendometrial peak systolic velocity). Elevated uterine artery pulsatility
index (32) or low subendometrial peak systolic velocity (33) implies that blood supply
to the endometrium is insufficient to support pregnancy. Abnormal uterine blood flow is
found in 6% of women experiencing recurrent pregnancy loss.

IMMUNOLOGIC TESTING

Immunologic testing identifies immunologic factors contributing to recurrent preg-
nancy loss or failure. Among women experiencing unexplained recurrent miscarriages,
75% demonstrate an immunologic factor (34). The frequency of abnormalities of the
immunologic tests among women experiencing recurrent pregnancy loss are shown in
Fig. 3. Immunologic tests shown to be useful in diagnosing the cause of reproductive
failure are discussed below.

Table 5
The Frequency of Problems Within the Environment Contributing

to Recurrent Pregnancy Loss

Anatomic 10%
Blood flow 6%
Immunologic 75%
Unexplained 9%
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Table 6
The Frequencies of Each of the Anatomic Abnormalities Found

Within the Uterus Among Women Experiencing Recurrent Pregnancy Loss

Endometrial polyps 36%
Endometrial adhesions 6%
Submucous fibroids 75%
Congenital anomalies 9%

APLAs. APLAs are a family of autoantibodies that bind to both anionic and zwitte-
rionic phospholipids. Their presence has been associated with both early and late preg-
nancy losses as well as with thrombosis. APLA causes clotting in placental blood vessels,
which can result in placental insufficiency and subsequent pregnancy wastage. APLA
can inhibit invasion of placental cells into the lining of the uterus at the time of implan-
tation (35). Eighty percent of women experiencing peri-implantation pregnancy loss
have elevated circulating concentrations of APLA (36).

• Indication for testing: All patients experiencing two or more consecutive pregnancy
losses, endometriosis, IVF failure suspected to represent implantation failure, premature
ovarian failure, or unexplained infertility and patients who have systemic lupus erythe-
matosus (SLE), or another collagen vascular disease should be tested for the presence of
APLA. In addition, previous borderline or positive APLA results should be repeated.

Fig. 3. Prevalence of abnormal immunologic test results among patients experiencing recurrent
pregnancy failures. ANA, antinuclear antibodies; APA, antiphospholipid antibodies; ATA, anti-
thyroid antibodies; ETA, embryotoxicity assay; NK, natural killer cells; RPL, recurrent pregnancy
loss. (Drawn from data from ref. 24.)
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• Detection method: In the past, tests for APLA included coagulation assays for lupus
anticoagulant (LA) and an ELISA for anticardiolipin antibodies (aCL). Although some
studies described a correlation between LA and specific aCL measured by ELISA (37),
others have demonstrated discordance between the prevalence of LA and APLA (38).
The term LA is a misnomer because most patients with LA do not have SLE, and in vivo,
these antibodies are a procoagulant rather than an anticoagulant. In vitro, LA inhibits
phospholipid-dependent coagulation, so there is a prolongation of the dilute Russell viper
venom time and activated partial thromboplastin time. Two additional tests must be
performed to confirm the presence of LA. First, a mixing study must be done to demon-
strate that there is inhibitor present instead of a factor deficiency. This is done by mixing
the patient’s plasma with normal plasma. The activated partial thromboplastin time
should not be correct in the presence of LA. Second, a phospholipid-neutralizing proce-
dure should be performed to demonstrate phospholipid dependence. The prevalence of
circulating LA among women experiencing reproductive failure is low (<3%) (34). Even
though other autoimmune diseases have been shown to involve polyclonal rather than
monoclonal B-cell activation (39), most studies of antiphospholipid syndrome (APS)
have examined only antibodies to cardiolipin. Several investigators have advocated a
panel of APLAs to screen for APS (40–43). This panel of tests includes not only
antcardioilipin but also antiphosphatidylethanolamine, antiphosphatidylcholine,
antiphosphatidylinositol, antiphosphatidic acid, antiphosphatidylglycerol, and anti-
phosphatidylserine. It has been reported that the aCL is less specific for risk of throm-
boembolism than LA because aCL antibodies can also be found in nonthrombotic
conditions such as syphilis, Lyme disease, hepatitis C, human immunodeficiency virus,
Q fever, tuberculosis, and parvovirus B19. However, among women experiencing recur-
rent pregnancy loss, several studies have indicated that 40 to 80% of women evaluated
for APS would have the diagnosis missed if only aCL is measured (41–44). Moreover,
these aCL-negative but APA-positive patients present with clinical signs and symptoms
indistinguishable from their aCL-positive counterparts (45,46). APLAs have been shown
to have a direct effect on the preembryo (47), trophoblasts (17,35), and endothelial cells
(16,17). Of the APLA’s tested, antiphosphatidyl serine, -choline, -glyerol, -inositol, and
-ethanolamine, but not anticardiolipin, have been shown to target the preembryo (47),
antiphosphatidylserine, and antiphosphatidylethanolamine, but not anticardiolipin, to
target trophoblastic cells (17,35), and antiphosphatidylserine and antiphosphat-
idylethanolamine as well as anticardiolipin to target endothelial cells (16,17,48). Diffi-
culty in interpretation and comparison of results from one laboratory to another arises
from the lack of standardization of the assays, and calibrators are not available (49,50).
Substances such as anti- 2GP1 have also been shown to be present in patients with
pregnancy loss (37,49). However, tests for the substances identify only the negatively
charged APLAs and not the zwitterionic APLAs.

• Interpretation of results: For a diagnosis of APS to be made, a patient must test positive
for LA and aCL on two separate occasions at least 6 to 8 wk apart. Results are reported
as negative, borderline, or positive. A normal result is negative (see also Chapter 14).

Antinuclear Antibodies. Antinuclear antibodies (ANA) are autoantibodies to nuclear
antigens. A number of autoimunne diseases are associated with elevated circulating
concentrations of ANA including SLE and other collagen and vascular diseases, and
reproductive autoimmune failure syndrome (RAFS). RAFS is the association of recur-
rent pregnancy loss, unexplained infertility, or endometriosis with the presence of circu-
lating autoantibodies including ANA. ANA and APLA, but not antithyroid antibodies



Chapter 15 / Pregnancy Loss 339

(ATA) have been shown to have a direct toxic effect on preimplantation embryos (47).
The frequent association of the presence of elevated APLA and ANA in the same indi-
vidual can be explained by the recently proposed hypothesis that they result from anti-
bodies being formed to cell products after cell death (50).

• Indications for testing: Individuals with a history of symptoms of SLE and/or collagen
vascular disease as well as all women experiencing two or more unexplained consecutive
pregnancy losses, unexplained infertility, or symptoms associated with endometriosis
should be tested for the presence ofANA.

• Detection method: ANA to eight nuclear antigens can be screened for the immunoglo-
bulin G isotype to single-stranded DNA, double-stranded DNA, Smith antigen, ribo-
nucleoprotein, Sjogrens antigen A, Sjogren’s antigen B, scleroderma 70, and histones.

• Interpretation of results: Results are reported as negative or positive. A normal value is
negative.

ATA. ATA include antithyroglobulin (ATG) and microsomal antibodies also known
as antithyroperoxidase (TPO) antibodies. Thyroid autoantibodies have been shown to be
independent markers for pregnancies at risk for loss (51–53). Women who have ATA
miscarry at approximately twice the rate of women who have no ATA (Fig. 4). ATA are
associated with an increase in proinflammatory cytokines secreted by T cells within the
uterine lining (54). Thus, the presence of ATA may represent a marker of an underlying
T-cell dysfunction that directly affects implantation and subsequent miscarriage.

• Indication for testing: All patients who have a history of thyroid abnormalities and/or a
history of two or more pregnancy losses or unexplained infertility should be tested for the
presence of ATA. Because women having ATA during the first trimester of pregnancy
have a 50% chance of either miscarrying or developing thyroid dysfunction in the post-
partum period, testing all women during the first trimester has been recommended (52).

• Detection method: The ATG and TPO tests are based on agglutination assays with gelatin
particles that have been sensitized with either thyroglobulin or the thyroid microsomal
antigen or use standard ELISA assays.

• Interpretation of results: Negative antibody titers are considered normal. Stagnaro-Green
et al. reported that thyroid antibodies are an independent marker of at-risk pregnancy.
However, the presence of a positive ATG or TPO test was able to predict these at-risk
pregnancies with only 34% sensitivity and 81% specificity (52). Similarly, LeJeune at al.
(53) reported 23% sensitivity and 95% specificity for detecting first-trimester miscar-
riage and 29% sensitivity and 84% specificity for detecting early and late miscarriage.

Reproductive Immunophenotype. Reproductive Immunophenotype (RIP) measures
the circulating percentages of NK cells. Elevated percentages of circulating NK cells
predict loss of a chromosomally normal pregnancy (55).

• Indication for testing: All women who have unexplained infertility or who fail to con-
ceive after IVF and embryo transfer of apparently normal embryos or who experience
two or more consecutive pregnancy losses should be tested for the presence of elevated
percentage of circulating CD56+ cells. Elevated percentage of circulating CD56+ cells
should be monitored during pregnancy to aid in management of treatment.

• Detection method: The percentage of mononuclear cells expressing CD3, CD4, CD8,
CD19, CD16, and CD56 is detected by flow cytometry using an immunofluoroescence
technique.
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• Interpretation of test results: Normal values in blood of percentage of lymphocytes are
CD3, 51–79%; CD4, 30–52%; CD8, 16–40%; CD19, 5–17%; CD56+/16, 3–16%;
CD56+/16+, 0–11% (34).

Natural Killer Activation. The Natural Killer activation (NKa) assay tests the killing
function of circulating NK cells and the ability of intravenous immunoglobulin (IVIg) to
suppress that activity. Increased NK killing activity has been demonstrated among women
experiencing reproductive failure including recurrent pregnancy loss. Preconceptually
measured abnormal NKa predicts postconceptual miscarriage (56).

• Indications for testing: All women who have unexplained infertility, endometriosis, or
other pelvic pathology such as pelvic adhesions, a history of recurrent IVF failures, or
elevated APLA or ATA and are undergoing an IVF procedure, or a history of two or more
consecutive pregnancy losses, should be tested with the NK Cell Activation Assay.

• Detection method: The percentage of lysed K562 cells is detected by flow cytometry
using an immunofluorescence technique.

• Interpretation of results: Normal NK activity is less than 10% activated NK cells (57).
In the presence of IVIg, a decreased activity of at least 50% should be observed if the NK
activity is elevated (58).

Embryotoxicity Assay. Embryotoxicity assay detects factors that kill embryos. Cir-
culating embryotoxic factors have been associated with recurrent pregnancy loss (59).
Most embryotoxic factors appear to be proinflammatory cytokines.

Fig. 4. The percentage of miscarriages in unselected pregnancies in women who were thyroid
antibody positive (TAb+) and thyroid antibody negative (TAb–). (Reprinted with permission from
ref. 51.)
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• Indication for testing: All women experiencing unexplained infertility, implantation failure
after IVF, infertility associated with endometriosis, or two or more consecutive pregnancy
losses should be tested for circulating embryotoxins.

• Detection method: Embryotoxins are identified by screening the patient’s serum using a
mouse blastocyst bioassay controlling for variability among mice (59). Two cell embryos are
collected from superovulated mated CB6F1/J mice and cultured in media supplemented with
fetal bovine serum or 10% serum at 37°C with 5% CO2 and high humidity. Each sample is
assayed in triplicate using three mice, with at least five embryos from the same mouse per
well. Embryonic development is evaluated at 72 h and the frequency of atretic embryos is
recorded. Intrasample (interassay) variation yields a coefficient of variation of 10%. When
repeated samples from a given individual are evaluated, the coefficient of variation is 9.7%.
Interoperator variability is 4% interassay and 2% intra-assay.

• Interpretation of results: A normal value is negative for or shows an absence of circulating
embryotoxins.

Ig Panel. The Ig Panel detects low concentrations of IgA. Low concentrations of IgA
can be a contraindication to the use of IVIg. Thus, an Ig panel should be performed on
all individuals prior to receiving IVIg therapy. Anyone who displays a low IgA concen-
tration should be tested for anti-IgA antibodies.

• Indications for testing: An Ig panel should be performed on all individuals prior to receiving
IVIg therapy to rule out hypogammaglobulinemic serum concentrations of IgA.

• Detection method: Total IgG, IgM, and IgA concentrations are determined by standard
nephelometric technique.

• Interpretation of results: Normal serum concentrations for IgA, IgG, and IgM are as follows:
IgA, 68–378 mg/dL; IgG, 694–1618 mg/dL; and IgM, 60–263 mg/dL. Any IgA concentration
less than 68 mg/dL should be followed up with an anti-IgA.

Anti-IgA Antibody. Anti-IgA Antibody measures antibodies directed toward IgA.
Low concentrations of IgA can be the result of lack of production of IgA or increased
destruction of IgA by antibodies. It is important to distinguish between these two causes
because the presence of anti-IgA puts an individual at risk for an adverse reaction to IVIg.

• Detection method: Anti-IgA antibodies are detected by standard immunoradiometric assay
for the IgG isotype to IgA.

• Indication for testing: All individuals who are hypogammaglobulinemic for IgA should be
tested for anti-IgA.

• Interpretation of results: Negative, less than 150% of negative control; limited specificity or
low titer class-specific antibodies, 151–200% of negative control; class-specific or high titer
limited specificity antibodies greater than 200% of negative control.

Thrombophilia Panel. The thrombophilia panel detects genetic risk factors for throm-
bosis or abnormal blood clotting. The specific genes tested are hyperhomocysteinemia,
factor V Leiden, and prothrombin mutations. All three of these gene mutations have more
frequently been associated with late rather than early pregnancy loss (18).

• Indications for testing: Women with a history of blood clots and reproductive loss,
especially late pregnancy losses, should be tested with the thrombophilia panel to rule out
any genetic cause.

• Detection method: Thrombophilic gene mutations are detected by standard polymerase
chain reaction.

• Interpretation of results: Results are reported as normal, heterozygote, or homozygote.
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Summary
There are numerous diagnostic tests to help determine the cause of recurrent miscar-

riages. In addition, there are tests available to help monitor the progress of pregnancy in
a woman who has had frequent pregnancy loss.

TREATMENT OF RECURRENT PREGNANCY LOSS

Treatment for recurrent pregnancy loss depends on the underlying causes. The two
major reasons for loss of pregnancy are problems with the pregnancy itself or problems
within the environment in which the pregnancy grows.

Problems With the Pregnancy
Problems with the pregnancy are usually characterized by the presence of an abnormal

chromosome analysis of the conceptus. When pregnancies are lost with repeated abnor-
mal karyotypes, the options for further treatment include preimplantation genetic diag-
nosis (PGD) and egg donation.

PGD
PGD is a procedure whereby the preimplantation embryo can be tested for genetic or

chromosomal abnormalities before transfer into the uterus. In other words, it serves as a
prepregnancy test of genetic normality. Because chromosomal abnormalities may result
in miscarriage, a prepregancy test may also avoid pregnancy failures caused by chromo-
somal abnormalities. The technique is based on assisted reproductive technology proce-
dures and allows selection and transfer of normal embryos into the uterus (60,61).

EGG DONATION

For women experiencing recurrent pregnancy loss as a result of repeated chromosomal
abnormalities who are still childless after PGD, egg donation is another option. Egg
donation involves preparing the uterus of the embryo recipient with hormonal replace-
ment while stimulating the egg donor’s ovaries with fertility drugs and harvesting and
then fertilizing her eggs in the embryology laboratory with designated sperm (usually
derived from the partner of the prospective embryo recipient). The embryos are then
transferred to the uterus of the embryo recipient, who carries and delivers the pregnancy.

SPERM DONATION

When recurrent pregnancy losses are associated with a sperm contribution measured
as sperm DNA fragmentation greater than 30%, artificial insemination with donor sperm
is an option for treatment.

Problems With the Environment
Problems within the environment in which the embryo implants and fetus grows have

been classified as anatomic, hormonal, and immunologic.

 ANATOMIC ABNORMALITIES

Anatomic abnormalities are lesions inside the uterus that, if present, would mechani-
cally inhibit normal implantation and hence normal embryo and/or fetal growth. Ana-
tomic abnormalities include endometrial polyps, submucosal fibroids, uterine synechia,
and Mullerian duct defects. Treatment for anatomic abnormalities of the uterus involve
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removal of the abnormality. Successful pregnancy rates after removal of endometrial
polyps have be reported to be increased by three- to fourfold compared to before removal,
and submucosal fibroids and endometrial adhesions by two- to threefold (62). The advan-
tage of correcting Müllerian duct defects to enhance live birth rates remains controver-
sial (31).

BLOOD FLOW

Blood flow has been shown to correlate with pregnancy outcome. If resistance of flow
through the uterine artery is elevated or if flow of blood though the spiral arteries leading
to the endometrium is low, successful pregnancy outcome is not expected. Aspirin (63)
and sildenafil (Viagra) (64) have been shown to increase blood flow to the uterus and
increase pregnancy rates in these patients.

Aspirin Therapy. Among women with increased resistance of blood flow through
their uterine arteries who were treated with aspirin for a minimum of 2 wk, the miscar-
riage rate decreased from 60 to 15% (63). An increase in subendometrial flow has also
been noted with aspirin therapy. The usual dose of aspirin is 80 mg/d (one baby aspirin).
However, occasionally, as much as 360 mg (one adult aspirin) has been required to see
a beneficial effect on uterine blood flow.

Sildenafil (Viagra) Therapy. When aspirin is unsuccessful in improving uterine
blood flow or if the miscarriages are associated with a thin (<9 mm) uterine lining,
sildenafil (Viagra) has been used successfully to increase uterine blood flow. Viagra in
the form of vaginal suppositories (25 mg four times a day) has been shown to increase
uterine blood flow and the thickness of the uterine lining. To date, we have seen signifi-
cant improvement in the thickness of the uterine lining in about 70% of women treated.
Successful pregnancy resulted in 42% of women who responded to the Viagra (64).

IMMUNOLOGIC CAUSES

Immunologic causes of recurrent pregnancy loss or failure can be treated with immuno-
therapy. Various forms of immunotherapy have been introduced to treat couples experienc-
ing recurrent pregnancy loss. At least 70% of pathologies leading to recurrent pregnancy
failures are manifest as a pre-existing excess of inflammation (34). Treatments for recur-
rent pregnancy loss have included aspirin, heparin, glucocorticoids, IVIg all four, or a
combination of two or three of these, and pentoxifylline.

Aspirin. Low-dose aspirin alone has been advocated in the treatment of recurrent
miscarriage associated with APLA. However, results of clinical trials have shown aspirin
alone to be half as effective as other treatments including heparin and glucocorticoids.
Two studies have shown that in women receiving treatment for recurrent pregnancy loss
associated with APLA, heparin plus aspirin provided a significantly better outcome than
aspirin alone (live birth rate of 80 vs 44%) (43,65).

A rationale for the use of low-dose aspirin therapy during pregnancy for women with
APLA is to decrease blood clots from forming in the placental vessels. The mechanisms
by which aspirin prevents blood clots are through its antiprostaglandin and anti-
prostacyclin effects and inhibition of platelet adhesiveness and aggregation.

Heparin and Aspirin. Heparin has also been used in conjunction with aspirin to
prevent placental clotting. The rational for using heparin is that it is a blood thinner and
inhibits clot formation by a different pathway than the aspirin. The combination of both
heparin and aspirin given to women experiencing recurrent pregnancy loss who had
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APLA is associated with a live birth rate of 80% compared with a live birth rate of 44%
in women receiving aspirin alone (43,65). Live birth rates with heparin, aspirin, and
prednisone are 74% (66). Thus, no enhancement of live birth rates is noticed when
prednisone is added to heparin and aspirin therapy for treatment of recurrent pregnancy loss.

Glucocorticoids. Steroid therapy in the forms of prednisone, prednisolone, and dex-
amethasone has been used to treat recurrent pregnancy losses. Historically, recurrent
postimplantation pregnancy loss associated with APLA was treated with combinations
of prednisone and aspirin. The rationale for prednisone therapy is suppression of autoan-
tibodies such as APLA and ANA. A randomized controlled trial confirmed the efficacy
of prednisone and aspirin for treatment of recurrent spontaneous abortion associated with
APLA (67). In this study, women treated with prednisone and aspirin had a live birth rate
of 77% compared with nontreated control women, who had a live birth rate of 8%.
However, risks associated with the dosages of prednisone used to treat recurrent spon-
taneous abortion associated with APLA include signs of Cushing’s syndrome, severe
acne, increased risk of gestational diabetes, osteopenia, posterior capsule cataract, list-
eriosis, pneumonia, and even maternal death from military tuberculosis (68–75). Early
preeclampsia is more common in pregnancy in women receiving prednisone therapy, and
premature rupture of membranes and associated preterm birth were almost always observed
after prednisone treatment (76,77). A study comparing live birth rates in women treated
with heparin and aspirin and those treated with prednisone and aspirin showed 75% live
births in both groups (76). However, both maternal complications and preterm delivery
with premature rupture of membranes and toxemia of pregnancy were significantly higher
in pregnant women treated with prednisone and aspirin compared to those treated with
heparin and aspirin (76). Therefore, the current recommendation for “first attempt” treat-
ment for recurrent pregnancy loss associated with APLA is heparin and aspirin.

IVIg. IVIg therapy has been used as treatment for recurrent pregnancy loss associated
with APLA, elevated circulating NK cells, abnormal NK cell activity, and presence of
circulating embryotoxins, as well as unexplained recurrent pregnancy losses.

The mechanisms by which IVIg is believed to enhance implantation rates include the
following: IVIg decreases killing activity of NK cells, increases the activity of suppressor
T cells, suppresses B-cell production of autoantibodies, and contains antibodies to anti-
bodies or anti-idiotypic antibodies. Originally, IVIg therapy was used to treat women
with postimplantation pregnancy losses who had not been successful in pregnancies
previously treated with aspirin and prednisone or heparin (68–70,77). The rationale for
the use of IVIG in the original studies was the suppression of LA in a woman being treated
for severe thrombocytopenia. IVIg was often given with prednisone or heparin plus
aspirin. The estimated success rate of 71% for women at very high risk for failure with
a history of previous treatment failures suggested that IVIg treatment was effective (68–
70,77). More recently, IVIg therapy alone has been used to successfully treat women with
APLA as well as women who become refractory to conventional autoimmune treatment
with heparin or prednisone and aspirin (70–74).

Proinflammatory cytokines at the maternal–fetal surface can cause clotting of the
placental vessels and subsequent pregnancy loss. One source of these cytokines is the NK
cell. Biopsies of the lining of the uterus from women experiencing recurrent pregnancy
loss reveal an increase in activated NK cells (78). Peripheral blood NK cells are also
elevated in women with recurrent pregnancy loss compared with women without a his-
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tory of pregnancy loss (55,79). IVIg has been used to successfully treat women with
recurrent pregnancy loss and elevated circulating concentrations of NK cells, NK cell
killing activity, and embryotoxins with live birth rates between 70 and 80% (79). IVIg
has also been used to treat women with unexplained recurrent pregnancy loss. Four
randomized, controlled trials of IVIg for treatment of recurrent pregnancy loss have been
published with conflicting results (80–83). None of the studies took into account the
pregnancies lost as a result of chromosomal abnormalities except the US-based trial,
which showed a significant improvement in live birth rates in women treated with IVIg
(81). Approximately 60% of the pregnancies lost in the clinical trial would be expected
to have chromosomal abnormalities that would not be corrected by IVIg (6).

Leukocyte Immunization Therapy. Clinical trials evaluating leukocyte immuniza-
tion therapy (LIT) have both supported and challenged the efficacy of this treatment for
recurrent miscarriages. To address the uncertainties caused by these conflicting results,
a worldwide collaborative study was undertaken (84). The results of that very large study
showed the difference between live birth rates in the treatment and control groups was
8 to 10% in favor of the treated group. This study also showed a negative effect of
treatment in women with positive autoantibodies and no benefit of treatment among
women who had a prior live birth. Because of the low rate of effectiveness in enhancing
live birth, the FDA has at the time of this writing imposed a ban on LIT. A proposal for
an investigational new drug application has been submitted to the FDA to further inves-
tigate the safety and efficacy of LIT. It is hoped that the application will be approved soon
and LIT will again be clinically available.

Pentoxifylline. Pentoxifylline (Trental) is a methyl xanthine derivative that has non-
specific phosphodiesterase inhibitory activity. The phosphodiesterases are responsible
for enzymatic degradation of the biologically active cyclic adenosine monophosphate
(cAMP) and cyclic guanosine monophosphate (cGMP) to the biologically inactive mol-
ecules adenosine monophosphate and guanosine monophosphate. Thus, pentoxifylline
would increase intracellular cAMP. Pentoxifylline has been shown to have anti-inflam-
matory effects mediated by two major actions: (1) reduction of production of cytokines
by phagocytes and (2) inhibition of adhesion of neutrophils, monocytes, and lymphocytes
to endothelial cells. Animal studies have demonstrated that pentoxifylline prevents mis-
carriages in abortion-prone mice (85). Efficacy of pentoxifylline for treatment of recur-
rent pregnancy loss in human beings remains to be established.

Summary
Success rates for immunotherapy depend on the age of the woman and her diagnosis.

Overall live birth rates in women with a history of recurrent pregnancy loss treated with
various forms of immunotherapy is between 70 and 80%.

CONCLUSION

Recurrent pregnancy loss is a health-care concern that needs effective treatment.
Before effective treatment can be instituted, a diagnosis must be made. The most common
causes of recurrent pregnancy losses are chromosomal abnormalities within the preg-
nancy itself and immunologic risk factors within the uterus or the environment in which
the pregnancy grows. The majority of patients experiencing immunologic recurrent preg-
nancy loss demonstrate a pre-existing “abnormal” inflammatory condition, and the physi-
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ology of recurrent pregnancy losses involves the vascular system as well as the immune
system. Once an accurate diagnosis is made and appropriate immunotherapy adminis-
tered, a live birth rate of 70 to 80% can be expected.
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INTRODUCTION

Multifetal pregnancies are high-risk pregnancies—a sweeping statement underlying
the day-to-day challenge of caring for the mother and her multiples. Remarkable changes
have occurred in the clinical picture and outcomes of multiple gestations during the past
25 yr. First and foremost, the frequency of multifetal pregnancies, primarily attributed to
infertility treatment, has reached epidemic dimensions in most developed countries (1).
Second, as a consequence of the ability of modern infertility technology to compensate
for the reduced fecundity of older age, mothers of multiples are quite often past what was
formerly thought to be “old” in terms of pregnancy and parturition. Third, the rapid
improvements in neonatal care of the last two decades have pushed the limits of viability
to gestational ages that were once considered as late miscarriages. Finally, the revolution-
ary technological achievements in imaging and genetic testing for singleton pregnancies
have been adopted in the management of multifetal gestations to the point that some of
the most advanced intrauterine interventions are currently performed exclusively in
complicated multifetal pregnancies.

The following generalizations can be made regarding the current status of multifetal
pregnancies:

• The overall rate of multiple births in most developed countries is currently as high as 2–
4%, a figure two to four times higher than the natural rate during the late 1970s (prior to
the implementation of assisted reproduction) or the rate in developing countries that do
not have assisted reproduction (1).

• Because the reduced fecundity of women over 35 yr of age significantly increases the
need for infertility treatment, and thus the risk of a multiple pregnancy, the age of the
mother of multiples is increasing in parallel with the increased use of infertility treatment.
For example, the ratio between triplet births in the United States in two time periods
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(1971–1977 and 1997–1998) demonstrates a stepwise, up to 10-fold increase, for women
aged 35–44 yr (2). At the same time, the frequency of women over 44 yr who delivered
triplets during the period 1997–1998 was 50 times higher than the frequency during the
period 1971–1977 (2).

• According to a population-based survey, the ratio of induced to spontaneous twins
increased from 1 to 46 in the 1970s to 1 to 2 in the late 1990s (3). This trend is even
more obvious in medical centers with busy infertility clinics, where induced conceptions
presently comprise the majority of multiple pregnancies. It is currently estimated that the
vast majority of triplets result from infertility treatment.

Although often underappreciated, maternal complications are quite common in mul-
tiple pregnancies (Table 1). Serious morbidity such as hypertensive disorders, eclampsia,
complications of treatment for premature contractions, prolonged bedrest, prolonged
hospitalization, and operative deliveries are significantly higher in twins and high-order
multiples (HOMPs) than in singletons. Moreover, the epidemic of iatrogenic HOMPs
confirmed that maternal morbidity increases with plurality. It is therefore expected that
maternal morbidity would decrease following multifetal pregnancy reduction (MFPR).
Indeed, Skupski et al. (4) found that severe preeclampsia was more common among in
vitro fertilization (IVF) triplet pregnancies compared with IVF triplets reduced to twins
and with nonreduced twins. In addition, Sivan et al. (5) found that gestational diabetes
mellitus (GDM) was significantly higher in the triplets than in the triplets reduced to
twins group.

Maternal morbidity should also be considered in the context of maternal age, because
assisted reproduction initiates conceptions beyond the range of reproductive years when
underlying diseases and pregnancy complications are more frequent and/or intensified.
One study of 74 IVF patients, ages 45–59, reported 29 (39.2%) multiple gestations,
including 20 twins, 7 triplets, and 2 quadruplets (6). Antenatal complications occurred
in 28 women (37.8%) including preterm labor, hypertension, diabetes, preeclampsia,
HELLP (hemolysis, elevated liver enzymes, and low platelets count) syndrome, and fetal
growth retardation. Cesarean section was performed in 64.8% (6). Many of these com-
plications represent serious pathology antecedents to maternal mortality, a fact that is
often either overlooked or ignored.

Generally, there is not much specific difference between laboratory tests ordered for
singletons and multiple gestations; however, in the case of multiples, the frequency and
timing of these tests are often different. This chapter focuses on some distinctive features
related to physiological changes characteristic of and peculiar to a mother of twins or a
HOMP, followed by a discussion of various laboratory tests that have specific connota-
tion for the multifetal pregnancy.

MATERNAL ADAPTATION TO A MULTIFETAL PREGNANCY

Multiple pregnancy represents a unique situation whereby the uterine milieu, com-
posed of utero–placental, maternal, and fetal components, needs to provide for more fetal
mass than is required in a singleton gestation. For example, the total masses of twins and
triplets achieve the singletons 40 wk gestation 50th birth weight percentile (approx
3500 g) by 32 and 29 wk, respectively. Both the total twin birth weight at 36 wk (2 ×
2500 g = 5000 g) and the total triplet birth weight at 33 wk (3 × 1700 g = 5100 g) exceed
by far the 90th percentile of singletons at term (7). The remarkable adaptation to the
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demands of these large fetal masses at early gestational age is seen in all maternal sys-
tems. Unfortunately, however, these demands frequently overwhelm the individual
mother’s physiologic capacity, leading to relative or absolute failure of adaptation (i.e.,
insufficiency) of certain components of the uterine environment.

The best example of the preceding cautionary statement is the change in cardiovascu-
lar system during pregnancy. Multiple gestation places increased demands on the mater-
nal circulation, and, as expected, cardiac output in the second and third trimesters is
greater during twin than during singleton pregnancy (8). Cardiac output is increased
primarily by heart rate (9) and, during the third trimester, also by stroke volume and
increased contractility (8). These changes suggest that the cardiovascular reserve is
reduced during a multiple pregnancy. Expansion in plasma volume, necessary for the
increased demand for nutrient supply, is exaggerated in women with twin pregnancies
(10). The combination of multiple gestation, labor, and volume overload more than
triples the cardiac output in twin gestation compared to the nonpregnant state (11) and
may cause serious maternal complications, especially during -mimetic tocolysis (12).

Another example of the maternal adaptation is the increased carbohydrate demand in
a multifetal pregnancy (13). One of the theories proposed in the past to explain why
multiple pregnancies were more prone to GDM was that the increased placental size
(hyperplacentosis) was thought to increase certain hormone concentrations (primarily
human placental lactogen) and, in turn, increased susceptibility to GDM. Casele et al.
(14) conducted a 40-h metabolic study in nondiabetic gestations and compared the meta-
bolic response to normal meal eating and the vulnerability to starvation ketosis in 10 twin
versus 10 singleton gestations matched for age and prepregnancy weight. Their observa-
tions suggested that twin gestations are more vulnerable to the accelerated starvation of
late normal pregnancy than is the case with singletons. Marconi et al. evaluated glucose
disposal rate in 11 singleton, 5 twins, and 1 triplet pregnancy to show that the differences
between multiples and singletons may be the result of a plurality-dependent increase in

Table 1
Complications That Are More Frequently Seen in Multifetal Pregnancies

Hypertensive diseases
Preeclamptic toxemia

HELLP syndrome
Acute fatty liver

Pregnancy-induced hypertension
Chronic hypertension
Eclampsia

Anemia
Gestational diabetes mellitus (?)
Premature contractions and labor

Complications associated with tocolysis
Delivery-associated complications

Cesarean section
Operative delivery
Premature rupture of membranes
Postpartum endometritis
Placental abruption
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the metabolic demands of the multiple gestation, (15) All these observations point to the
tremendous shift of nutrients from the maternal to the fetal compartment. The greater
nutritional requirements caused by greater need and metabolism in multiple pregnancies
is perhaps best demonstrated in the studies of Luke et al., who showed that early weight
gain may prolong length of gestation and result in increased birth weights of twins (16)
and triplets, (17).

The laboratory assessment of maternal adaptation to a multifetal pregnancy differs
little from the assessment of a singleton gestation. In general, interpretation of laboratory
results should not be different from that in singletons. A vivid example is higher physi-
ological demand for iron during a multiple pregnancy, frequently leading to maternal
anemia (18,19). Despite the fact that hemoglobin concentrations are significantly lower
during twin gestations, frank maternal anemia should not be considered as a physiologi-
cal adaptation and thus overlooked. Rather, anemia should be treated more aggressively
because of the increased likelihood of peripartum hemorrhage.

SPECIAL CIRCUMSTANCES IN MULTIPLE PREGNANCIES

Diagnosis of Pregnancy
From the early days of pregnancy diagnosis using human chorionic gonadotropin

(hCG) in urine or blood, it was clear that higher concentrations of these hormones are
found in a multiple than in a singleton pregnancy. This laboratory finding often led to the
consideration of a differential diagnosis between a multiple pregnancy and hydatidiform
mole, because both were associated with an increased uterine size on pelvic examination,
early onset hyperemesis gravidarum, and first-trimester bleeding. In the past, confusion
led to many induced abortions of normal twin pregnancies; however, with the advent of
sonography, the distinction between a mole and twins should be very simple. Moreover,
because there is no accepted threshold that clearly distinguishes twins from singletons,
the clinical utility of hCG as a diagnostic test is limited. Even the trend of -hCG con-
centrations, usually obtained following assisted reproductive technologies, should not be
used as evidence for or against a multiple pregnancy, because sonography is the diagnos-
tic gold standard.

Biochemical Screening for Trisomy 21
Although each of the fetuses in a multiple gestation has the same chance for a chro-

mosomal aberration, as does a singleton with similar risk variables, the risk for the mother
that one of her multiples will be affected is approximately doubled if she carries twins.
Thus, a 31-yr-old mother of dizygotic twins carries a similar risk of having one twin with
Down syndrome as a 35-yr-old mother of a singleton (20). Biochemical maternal serum
screening for aneuploidy in older women is particularly attractive given the fact that
multiples are commonly seen in older mothers and that invasive cytogenetic procedures
(amniocentesis or chorionic villus sampling) carry a much higher risk of pregnancy loss
when performed in multiples. Therefore, there is a genuine advantage to minimizing the
use of invasive procedures in these premium, advanced maternal age pregnancies.

Screening for trisomy 21 (Down syndrome) is presently accomplished by the “triple”
test composed of second-trimester maternal serum hCG or free -hCG, -fetoprotein
(AFP), and unconjugated estriol (uE3). The triple test yields a 67% detection rate for a 5%
false-positive rate (21). Inhibin A increases the detection rate by 7% for the same false-
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positive rate. In the first trimester, similar models predict that a combination of preg-
nancy-associated plasma protein A (PAPP-A), free -hCG, AFP, and uE3 will yield a
70% detection rate, increasing to 88% if sonographic nuchal translucency (NT) thickness
is added to the screening protocol (21). In twin gestations, however, the contribution of
each member of the set cannot be differentiated, and the total free -hCG and PAPP-A
values are 2.1 and 1.86 times greater than in singletons, yielding a 52% and 55% detection
rate in twins discordant or concordant for trisomy 21 (22). This detection rate, which is
not significantly changed by chorionicity (23), is less than the 75% attainable using NT
thickness. However, the combination of NT thickness and maternal serum biochemistry
provided detection rates approaching 80% (22).

One should also consider that biochemical markers change following spontaneous or
iatrogenic demise of one fetus, probably by release of tissue or serum from the dead
fetus(es). For example, first-trimester MFPR causes elevated maternal serum AFP com-
pared with normal twin values, and that maternal serum AFP concentration demonstrates
a positive correlation with the number of dead fetuses and a negative correlation with the
number of weeks elapsed since MFPR (24). It follows that sonography should be per-
formed to exclude fetal anomalies such as open neural tube and abdominal wall defects
because abnormal maternal serum AFP concentrations cannot be used in these patients
for screening.

Coagulopathy
As pointed out previously, fetal demise in a multiple pregnancy may be either spon-

taneous or iatrogenic. Spontaneous death may occur early in pregnancy, giving rise to the
so-called “vanishing twin” syndrome (25), or later, during the subsequent trimesters. The
iatrogenic counterpart of the “vanishing twin” syndrome is MFPR, a procedure primarily
intended to reduce the number of multiples. At a later stage, selective fetocide is per-
formed mainly for discordant anomalies detected by antenatal diagnostic testing.

In contrast to the dead fetus syndrome in singletons, which allegedly is associated with
maternal disseminated intravascular coagulation (DIC), embryonic or fetal demise in
multiples is seldom associated with clinical manifestations of coagulation defects. None-
theless, many clinicians follow such pregnancies with biweekly coagulation profiles.
Laboratory evidence of mild DIC after MFPR can be seen albeit uncommonly, but it will
likely resolve spontaneously (24).

In this respect, it should be remembered that normal pregnancy is a hypercoaguable
state, with elevated plasma concentrations of coagulation factors VII, VIII, and X and
fibrinogen and the increased concentrations of plasminogen activator inhibitors. It has
been suggested that multifetal gestations represent an exaggerated imbalance in hemo-
stasis, mimicking low-grade DIC (26). For example, D-dimers, formed by plasmin-
mediated proteolysis of cross-linked fibrin, were significantly higher in normal twin than
in singleton gestations. These data suggest that for the majority of women with multifetal
gestation, the coagulopathy observed in the laboratory may not be clinically apparent (26)
and should be substantiated by additional laboratory testing for such conditions as
decreased fibrinogen concentrations and thrombocytopenia.

Another example is coagulopathy associated with premature separation of the placenta
(placental abruption), which occurs more frequently in multiple gestations (12). The
higher frequency of abruption may be simply a result of more placentas per pregnancy
or because of a higher risk of acute decompression of the overdistended uterus (i.e., after
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rupture of the membranes of a gestational sac containing polyhydramnios, or following
the delivery of the presenting fetus). In addition, abruption is associated with severe
preeclamptic toxemia (PET), a well-known complication of multiple pregnancies. Placen-
tal abruption is a direct cause of pregnancy-related maternal death (12) mainly because
of acute blood loss. DIC, however, may be much more profound than the associated
blood loss would indicate.

Hypertensive Disorders
Hypertensive disorders, including PET, pregnancy-induced hypertension (PIH), and

choronic hypertension are not only serious but often life-threatening maternal complica-
tions during multiple pregnancies (12). PET occurs earlier and in a more severe form than
in singleton pregnancy (27), and eclampsia is a leading cause in maternal mortality
among mothers of twins (12). The range of relative risk of PIH, PET, and eclampsia for
twin compared to singleton gestations is 1.2 to 2.7, 2.8 to 4.4, and 3.4 to 5.1, respectively
(28,29). Moreover, the risk of hypertensive disorders is plurality dependent and reduced
following MFPR (30).

Regrettably, there is no laboratory test that accurately predicts PET, which is generally
diagnosed by elevated blood pressure, proteinuria, and edema. However, elevated serum
uric acid concentrations, attributed to decreased renal urate excretion, are frequently
found in pregnancies complicated with PET. Furthermore, uric acid concentrations of
6 mg/dL (0.35 mmol/L) or more measured at 30–31 wk of gestation in twin mothers
predict the onset of preeclampsia with a sensitivity of 73% and a specificity of 74% (28).
Higher maternal serum uric acid concentrations observed in the third trimester of non-
PET twin gestations result in part from increased uric acid production, as reflected in the
increased daily uric acid excretion (31), and presumably from higher adenosine concen-
trations (32). A positive correlation is found, irrespective of maternal size, between the
concentration of serum uric acid and the number of fetuses, suggesting that for clinical
purposes, the uric acid cutoff concentration should be adjusted using 5.2, 7.2, and 7.6
mg/dL for singleton, twin, and triplet gestations (33).

Finally, the involvement of the liver in variants of severe PET such as acute fatty liver
and HELLP syndrome is more common in multiple than in singleton pregnancies because
multiples may further stress the fatty acid oxidation capabilities of the susceptible woman
(34). Laboratory assessment in these cases would include frequent evaluations of liver
enzymes, bilirubin, albumin, and ammonia concentrations, as well as serological tests to
exclude hepatitis, similar to that of singleton pregnancies.

Gestational Diabetes Mellitus
Critical analysis of the data in the literature does not support a clear-cut association

between GDM and multiple pregnancies. Moreover, several reservations concerning the
available data are meritorious (13). First, published studies are quite old and do not
include multiples resulting from the current epidemic of iatrogenic conceptions, which
exhibit a remarkable shift toward older maternal age (13). Second, there is clear lack of
population-based data. As a result, prospective studies are flawed because of a small
sample size and insufficient statistical power. Third, there is a striking paucity of studies
related to triplet pregnancies, which were once notoriously rare and of negligible impor-
tance. Finally, the balance between fetal growth-promoting effects of GDM and the
inherent growth-restricting effects of the limited and overwhelmed uterine milieu is
absolutely unknown.
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In practice, clinicians tend to screen pregnant women irrespective of plurality. The
laboratory assessment, including fasting plasma glucose concentrations or concentra-
tions following one of the standardized glucose challenge tests, is not different from that
in a singleton pregnancy.

LABORATORY ASSESSMENT DURING MULTIPLE PREGNANCIES

Multiple pregnancy merits close antenatal supervision. In practical terms, this means
frequent antenatal visits to assess maternal and fetal well-being. Frequent repeated labo-
ratory tests are expected during such gestations. After birth, neonatal assessments are
usually double for twins, triple for triplets, etc. It is therefore safe to assume that a multiple
gestation keeps the laboratory busy during the antenatal as well as during the postnatal
period. In addition, pregnancy complications are either more frequent or of specific
nature in a multifetal gestation (Table 1).

The prominent and well-established differences, especially in terms of fetal growth,
between one member of a multiple set and a singleton, often led scholars to consider
differently growth and growth aberrations in multiples. For example, it has been sug-
gested that twins and triplets grow differently in utero, and therefore, twin- or triplet-
specific growth curves should be employed in assessing multiples (7). By the same token,
it is possible that the overwhelmed maternal–fetal unit behaves differently in a multiple
gestation. Hence, there is perhaps a need to adjust some laboratory reference intervals to
the number of fetuses, but as yet this possibility has not been tested with large compara-
tive studies (33).

Laboratory tests undoubtedly complement other diagnostic modalities and clinical
judgment in managing these challenging pregnancies. The laboratory assessment during
a multiple pregnancy is not complete without a thorough understanding of the underlying
condition.
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INTRODUCTION

With the advent of injectable insulin in the 1920s, physicians were finally given the
ability to treat the symptoms of diabetes mellitus (DM). Despite this success, the lack of
rapid-acting insulin and self-blood glucose monitoring meant that the available insulin
therapy could do little to maintain glucose at physiological concentrations. The effects
of large glycemic excursions were readily seen as diabetic women had extensive obstetric
complications as a result of their poorly controlled diabetes. Until the 1980s, physicians
actively counseled diabetic women to avoid pregnancy (1). Since that time, advance-
ments in insulin therapies and diagnostic tests have allowed for near-normal glucose
concentrations throughout pregnancy and produced dramatic improvements in the out-
come of diabetic pregnancies. Despite these improvements, there is still a threefold
increase in congenital anomalies in pregnancies complicated by diabetes in comparison
to the background population (2). Through better use of current therapies, this unneces-
sarily high number of complications can be lowered.

This chapter outlines the clinical laboratory tests available to physicians and patients
for use in the management and treatment of diabetes during pregnancy. The miniaturiza-
tion of some tests has brought them down to a scale where they can now be performed
in the patient’s own home. This breakthrough has been essential in the development of
therapies for diabetes because proper management requires blood glucose testing several
times each day. In addition, tests used to assess the maternal–fetal well-being need to be
performed frequently in order to guide treatment decisions. Despite the magnitude of the
task, it is possible to produce healthy babies through the judicious use of clinical tests.
In light of new and more modern techniques, some older tests are of questionable efficacy
so care should taken when choosing tests for patient management. This chapter assists in
making those decisions and demonstrates target ranges for a variety of laboratory tests.
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Diabetes Background

Three different forms of DM can complicate pregnancy: Type 1, type 2, and gesta-
tional diabetes mellitus (GDM). Type 1 and type 2 DM are conditions of hyperglycemia
that exist before pregnancy. In type 1 diabetes, the immune system attacks the pancreatic

cells through an autoimmune disease; in most cases there appears to be an immunologi-
cal cross-reaction with a virus possessing similar antigenic markers to cells. Over time,
the cells are destroyed. Treatment for this type of DM requires daily insulin injections.
In type 2 DM, the person continues to produce insulin, but his or her body develops insulin
resistance. This type of DM is found in varying degrees of severity and can often be
controlled through a combination of diet, exercise, and drug therapies that augment the
body’s insulin production and glucose uptake. GDM is defined as any degree of carbo-
hydrate intolerance with onset or recognition during pregnancy (3). GDM is an insulin-
resistant state, similar to type 2 DM. It is manifested when the pancreatic production of
insulin cannot keep up with the increasing anti-insulin hormones of pregnancy (cortisol,
prolactin, human placental lactogen, and progesterone), the increased food intake and the
increased adiposity, decreased physical activity, and increased insulin metabolism via
placental insulinases during pregnancy (1).

Complications of the fetus from pregnancies affected by diabetes can be divided into
two main groups: congenital anomalies resulting from abnormal metabolic conditions in
the first trimester, and macrosomia from these conditions in the second and third trimes-
ters. During the first 11 wk of pregnancy, hyperglycemia has been shown to be a major
teratogen (4,5). Congenital anomalies may occur in up to 27% of pregnancies with
severely uncontrolled hyperglycemia (6). Macrosomia is clinically defined as birth weight
greater than the 90th percentile (4000 to 4500 g in most populations) and occurs through
the overnourishment of the fetus by maternal hyperglycemia. Most of the excess weight
is body fat that accumulates in the shoulder, face, and waist regions. Macrosomia, although
seemingly benign, can be very serious because it diverts developmental energy to the
production of adipose tissue and increases the risk of birth trauma during delivery. Shoul-
der dystocia, or difficult delivery of the infant because the shoulders are too large to pass
through the pelvic outlet of the mother, can lead to permanent neurological damage
referred to as Erb’s palsy, clavicular fracture, fetal distress, low Apgar scores, and birth
asphyxia. To circumvent these problems, a macrosomic fetus needs to be delivered via
cesarean section if it is deemed too large for the birth canal. Diagnosis of this condition
is difficult because of the inability of ultrasonography to accurately image body fat (7).
Other methods of fetal weight determination, such as the state of maternal glycemic
control, must be addressed in order to make a proper determination of delivery route, thus
avoiding the excessive use of prophylactic cesarean section.

Excellent glycemic control during pregnancy is essential to the health of the unborn
baby. Studies focusing on achieving normoglycemia during pregnancy have had great
success in normalizing pregnancy outcome (8,9). To achieve this goal, most programs
use comprehensive patient training and treatment programs, such as physiologic insulin
therapy, to significantly reduce the fetus’s exposure to hyperglycemia (8). Despite the
intensity of the logistics, high success rates are possible through the proper use and
interpretation of the available diagnostic tests and the highly motivated nature of the
gravid patient population.
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SCREENING FOR GDM

Background

Screening for GDM is essential to the proper health of the infant because GDM can
be asymptomatic in the mother but cause serious problems to the fetus. Despite the
relatively long period of time that the impact of GDM has been recognized, screening
procedures have been a topic of frequent debate. Currently, there are more than 14
different published guidelines for use in screening for GDM. These guidelines vary in the
criteria for the oral glucose tolerance test (OGTT) and their use of selective vs universal
screening, fasting plasma glucose vs random plasma glucose, and other factors (10). The
most accepted of these guidelines are the World Health Organization (WHO), American
Diabetes Association (ADA), and National Diabetes Data Group (NDDG) guidelines,
with the latter two being the most used in the United States (11). Each of these guidelines
has varying degrees of sensitivity to detect potentially problematic pregnancies and there
is much debate over which is most beneficial and cost effective. As a result of this lack
of consensus, the decision of what test to use is at the discretion of the individual clinician.
The choice should be made only after considering which test most benefits the patient and
the fetus. Any rise in the postprandial glucose concentration should not be overlooked,
and closer monitoring must be instituted to lower the risks of obstetric complications (1).

Current Guidelines
WHO GUIDELINE

The WHO guideline stipulates the use of a 2-h, 75 g OGTT identical to that recom-
mended for nonpregnant adults. Two plasma glucose readings are taken: fasting and 2 h
postload. Elevated plasma glucose from either reading is considered diagnostic for GDM.
The diagnostic values are identical to the lower criteria used for identifying impaired
glucose tolerance in nonpregnant adults (Table 1) (11a). Because of the severity of the
obstetric complications that can occur, any degree of glucose intolerance is classified as
GDM. This test should be administered at the first obstetric visit. If negative, it is reor-
dered during the 24th to 28th wk of gestation.

The glucose load can be purchased premixed in solution or made in the office. The
glucose load is made by mixing either 75 g of anhydrous glucose or 82.5g of glucose
monohydrate in 250–300 mL water. If these compounds are not available, a partial
hydrolysate of starch or the equivalent carbohydrate content may also be used.

The OGTT is performed with the patient in a fasting state (8–14 h). In the 3 d prior to
the OGTT, the patient should follow an unrestricted carbohydrate diet with normal physi-
cal activity. A moderate carbohydrate meal (30–50 g) is consumed the evening before the
OGTT and the patient should be advised that water may be consumed after the fast begins.
Following the collection of the fasting blood sample, the patient should drink the pre-
pared glucose load over the course of 5 mins. Two h after the patient has started to drink
the glucose load, the second plasma glucose measurement is taken. Any two plasma
glucose concentrations over that shown in Table 1 are diagnostic of GDM. During the
course of the test, the patient must not be allowed to smoke and should remain seated.
The person giving the test must note any factors that may influence the interpretation
of the test results such as medications, inactivity, or infection (3,12).
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NDDG AND ADA GUIDELINES

The NDDG and ADA guidelines are the GDM diagnosis guidelines most commonly
used in the United States. Both utilize the same test format and differ only in their
diagnosis threshold values (Table 1). These tests are based on the O’Sullivan and Mahan
statistical OGTT originally proposed in 1964 and modified in 1973 (13). They both
utilize a 1 h, 50 g glucose screening test (GCT) for at-risk patients followed by a fasting
3 h, 100 g OGTT for those who have a high plasma glucose reading on the 50 g GCT.
Plasma glucose readings are taken every hour during the OGTT.

The NDDG guideline follows the O’Sullivan and Mahan cutoffs. These cutoffs were
derived through a statistical calculation, with the high values being any concentration
greater than two standard deviations above the calculated mean of the pregnant popula-
tion (Table 1) (14). After years of debate, this older guideline has been superseded in the
United States by the newer ADA guideline. The ADA guideline uses the lower concen-
trations recommended in 1982 by Carpenter and Coustan (3).

The current ADA protocol requires a risk assessment to determine the necessity of the
OGTT (Table 2). Those of low-risk status are not required to undergo any form of glucose
testing. Women considered at low-risk are those who are under 25 yr of age, have normal
weight before pregnancy, are members of an ethnic group with a low prevalence of GDM,
have no known diabetes in first-degree relatives, no history of abnormal glucose toler-
ance, and no history of poor obstetric outcome. All high-risk women should undergo an
OGTT as soon as possible during the pregnancy, and then be retested between the 24th
and 28th wk of gestation if the first test is negative. Those women considered to be of
high-risk status have any one of the following characteristics: marked obesity, personal
history of GDM, glycosuria, or a strong family history of diabetes. Women not falling
into either of these groups are considered to be of average risk and should be tested
sometime between the 24th and 28th wk of gestation.

The OGTT can be administered in two ways. First, it can be administered to all patients
of high or average risk without a prior glucose screen. This type of universal testing can
be more cost effective in a few homogeneous high-risk populations, but it will result in
a large number of unnecessary tests in a low-risk population. In order to reduce this
number in mixed-risk environments, the ADA suggests using a two-step approach (3).
This method utilizes a challenge test to identify those women who will most likely have

Table 1
Comparison of Diagnosis Guidelines for Gestational Diabetes Mellitus

With the Oral Glucose Tolerance Test

ADAa NDDG WHO
Glucose load 100 gb 100 g 75 g

Fasting 95 mg/dL 105 mg/dL 110 mg/dL
1 h 180 mg/dL 190 mg/dL —
2 h 155 mg/dL 165 mg/dL 140 mg/dL
3 h 140 mg/dL 145 mg/dL —

aAny two glucose concentrations over those shown are diagnostic of GDM.
bA 75 g load can be used in place of the 100 g. In that case, only the fasting, 1 h,

and 2 h values are used. (Adapted from ref. 11a.)
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a high 100 g OGTT. All high- or average-risk patients are given a 50 g glucose challenge
with plasma glucose concentrations measured 1 h postload consumption. This glucose
challenge does not need to be done following an overnight fast, but the patient should
remain seated and not smoke over the course of the hour. Those with a 1-h plasma glucose
concentration above the chosen screen threshold value must return for a follow-up 100
g OGTT (Table 3).

The choice of a challenge threshold value is at the discretion of the individual clinician,
although 140 mg/dL is the most commonly used. The pros and cons of each value must
be weighed, because a lower threshold will increase the sensitivity of the challenge to
GDM cases, but at the price of decreasing its specificity (specificity is the percentage of
women who are referred to the OGTT that will test positive for GDM). For example, a
threshold of 140 mg/dL will identify 79% of women who will be diagnosed with GDM
by the follow-up OGTT and will have a specificity of 87%. A threshold of 130 mg/dL will
increase the sensitivity of the test to 100%, but drop the specificity to 78% (15). The
choice of the challenge threshold depends on whether the goal of the clinician is to
identify all women with GDM, or refer the fewest healthy patients to the time-intensive
OGTT. These factors must be taken into account when choosing a threshold value for the
50 g challenge (Table 4).

The OGTT is performed in the same way, regardless of whether a glucose challenge
test is used as a screen. The OGTT is given the morning after an overnight fast (8–14 h),
following 3 d of an unrestricted diet with typical physical activity. The glucose load is
bought prepackaged or made by mixing 100 g of anhydrous glucose in 250–300 mL
water. Following the collection of the fasting blood sample, the patient should drink the
prepared glucose load over the course of 5 min. Timing of the test begins as the patient
starts to drink. Plasma blood samples are then taken every hour for 3 h. Two samples with

Table 2
ADA Risk Factors for GDM

 Low risk: (all of the following)
< 25 yr of age
Ethnicity of low prevalence (those not listed below)
Normal weight before pregnancy
No known diabetes in first degree relatives
No history of abnormal glucose tolerance
No history of poor obstetric outcome

High risk: (any one of the following)
Marked obesity
Personal history of gestational diabetes
Glycosuria
Strong family history of diabetes
Ethnicity of high prevalence (Hispanic, African, Native
American, South or East Asian, Pacific Islands, and indigenous
Australian)

Average risk:
Individuals not falling in either group

Adapted from ref. 17.
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Table 3
Steps to Diagnosing Gestational Diabetes

1. Assess patient risk status on first prenatal visit.
2. Perform one- or two-step OGTT (see text) according to risk status.

Low risk: No OGTT required.
Average risk: Perform OGTT at 24–28 wk gestation.
High risk: Perform OGTT as soon as possible. If negative, repeat at 24–28 wk or with
signs of hyperglycemia.

3. If the two-step OGTT is used, screen patients to receive OGTT with a 50 g glucose load.
All those with a 1-h value above the chosen threshold (see text) return for 100 g OGTT.

4. Compare 100 g OGTT results to values shown on Table 1. Any two samples above those
shown are diagnostic of GDM.

Adapted from ref. 17.

Table 4
Sensitivity and Specificity of the 1-h 50 g Screen

for Gestational Diabetes

Threshold 130 mg/dL 135 mg/dL 140 mg/dL

Sensitivity 100%  98% 79%
Specificity 78% 80% 87%

From ref. 15.

glucose concentrations above those indicated in Table 1 are diagnostic of GDM. During
the course of the test, the patient must not be allowed to smoke and should remain seated.
The person giving the test must note any factors that may influence the interpretation of
the test results such as medications, inactivity, or infection (3,12). Some have suggested
carbohydrate loading (>150 g carbohydrate daily) in the 3 d prior to the test. The authors
do not advise this course of action because it produces artificial testing conditions.

The ADA suggests two alternatives to the above OGTT format. First, a woman can be
diagnosed as having GDM without an OGTT if on two sequential days her fasting plasma
glucose concentration is above 126 mg/dL or casual plasma glucose concentration is
above 200 mg/dL (for more information, refer to the “Fasting Plasma Glucose,” section).
Second, the ADA also allows for a 2 h, 75 g OGTT to be used with the same cutoff values
as those used for the 100 g GCT. This alternate test may be used in place of the 100 g
OGTT, but ADA considers the body of evidence supporting the 100 g test to be much
more substantial (15).

CHOOSING A GUIDELINE

The current lack of consensus means that the choice of guideline is left up to the
individual clinician. There are many factors that must be taken into account when choos-
ing a guideline, and that choice should be made with careful attention to the needs of the
clinician’s patient population. The two most critical factors are cost and test sensitivity.

Much of the current debate is centered on which guideline is the most cost effective.
Testing every pregnant woman for GDM with a 3-h OGTT can be a large undertaking that
gives few returns in a low-risk population. The ADA and NDDG try to lower those costs
by using risk-factor testing. Risk-factor testing divides the patient population into three
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risk groups: low, average, and high. Patients are put into one of these three groups by
virtue of their age, body mass index, ethnicity, obstetric history, and family history of
diabetes (Table 2). Risk-factor testing attempts to lower the number of tests given by
assuming that those in a low-risk group are at negligent risk. Depending on the patient
population, around 20% of pregnant women would fall into this group (16). A 1 h, 50 g
GCT is also used to limit the number of 3-h, 100 g GCTs that are given to healthy women.
This screen is given to women of average risk and is intended to identify women who are
most likely have a high OGTT. It has the benefit of allowing a large number of people
to be screened at relatively low cost and effort. Only those who have a 1-h plasma
glucose value above the chosen threshold will be referred to the 3-h, OGTT (17).

Risk-based testing and the 1-h, 50 g GCT help make the ADA and NDDG guideline
tests less costly to administer. Most studies have confirmed this, but there is debate as to
the amount of money that is saved by the ADA criteria. Lavin et al. looked at the direct
costs per test, and average time spent was lower with the NDDG compared to the WHO
criteria. His group saw that each test would cost $7.88 for the NDDG compared to $10.88
for the WHO. The average time in testing would be 1.5 h for the NDDG because the
majority of women would not have to take the 3-h OGTT. The average time with the
WHO criteria is 2 h because every woman will take the 2-h OGTT (18). Poncet et al. found
in a 2002 French cost analysis study that the ADA risk-based 50 g challenge and 100 g
OGTT is more cost effective than the universal WHO 75 g OGTT when looking at total
treatment costs (not just the cost of testing as above, but also the cost of treating those
women the tests identify as having GDM). They found that the risk-based ADA guide-
line cost¤5588.32 per case of macrosomia prevented, whereas the universal WHO guide-
line cost ¤5708.00 (19). These two studies show that the WHO criteria are more expensive
to administer ($2 per test) and manage (¤119.68 per case of macrosomia prevented)
compared to the ADA/NDDG criteria. The higher cost per case of macrosomia prevented
with the WHO guideline is most likely the result of the decreased specificity of the WHO
criteria to at-risk births because of its lower diagnostic values. This means that more
women who are not at risk for obstetric complication are treated for GDM with the WHO
guideline, and that decreases the cost benefits. Although a risk-based test with a 50 g
glucose challenge is the most cost effective, Poncet et al. readily admit that the universal
WHO guideline is more efficient at identifying GDM cases (19).

The sensitivity of each guideline relies on three factors: universal vs risk-factor testing,
diagnostic cutoff values, and the number of high readings necessary to diagnose GDM.
Risk-factor testing was instigated by the ADA and NDDG guidelines to decrease the
number of tests administered. Opting not to test those women considered to be of low risk
can reduce the number of tests by 10 to 20%. This is beneficial as long as those in the low-
risk group have a negligible prevalence of GDM. Numerous studies have shown that this
is not the case. Moses et al. showed that GDM in a low-risk Australian population has a
prevalence of 2.8% and makes up 8.7% of the total GDM population (20). Coustan et al.
looked at the GDM population in Southern California and found that 22% of patients were
under 25 and had no risk factors (16). Giffin et al. saw that risk-factor testing missed
11.4% of patients that were identified using a universal test in an Irish population (9).
Each of these studies found a sizable number of cases in a segment of the pregnant
population considered to be at low risk. In each case, the prevalence is lower, but it is not
negligible. Kitzmiller notes that many of these studies are finding a prevalence of 3% in
the low-risk populations. Of great significance is that the same prevalence was thought
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to exist in the entire North American population 30 yr ago, and that prompted the initial
drive for a GDM test in the pregnant population (21). Risk-based testing would be prudent
only if those with GDM in the low-risk group had better obstetric outcomes than those
with GDM in the higher risk groups (19).

The diagnostic cutoffs and number of high results needed to diagnose GDM differ
between the guidelines as well. The WHO has the lowest cutoff values compared to the
ADA and NDDG, whereas the NDDG values are the oldest and highest. The newer ADA
values stand between the WHO and NDDG (Table 1). The lower values of the WHO are
problematic for some clinicians because they label more women as having GDM, and a
number of these women may be misdiagnosed. Misdiagnosis means that these women
would have had normal births without diabetic treatment, and this increases their health
care costs because they receive unnecessary GDM treatment. Additionally, it labels them
as being high-risk for type II DM later in life. Another safety measure the ADA criteria
uses to prevent misdiagnosis is the necessity of two high glucose values out the four
samples in order to diagnose GDM. The WHO criteria require only one high sample in
order to diagnosis GDM. The requirement of two high samples is an artificial constraint
because any high blood glucose concentration can affect the fetus and should not be
treated as an isolated event.

These two factors both play a part in making the WHO guideline more sensitive in the
identification of pregnancies with adverse outcomes. Pettitt et al. found that in the Pima
Indian population, the NDDG criteria identified only 18% of the cases of GDM that were
reported by the WHO criteria. The addition of these cases in the Pima Indian study was
beneficial because the WHO guideline identified 38% of the women with macrosomic
infants while the NDDG identified only 6%. The WHO guideline also identified 57% of
those who needed delivery via cesarean section, whereas the NDDG identified none (11).
Deerochanawong et al. found similar results. They noted that the GDM prevalence using
the WHO criteria is 15.7% in a Thai population, whereas the prevalence with the NDDG
criteria is 1.7%. The WHO guideline also identified 6 out of 14 macrosomic infants in the
study population compared to the 3 out of 14 that the NDDG identified (22). Poncet et al.,
in their cost analysis study, noted that the WHO guideline is more efficient than the new
ADA guideline at identifying problem pregnancies. The largest decrease was in perinatal
mortality: from 0.940 cases per 100 births with ADA guideline to 0.695 with the WHO
(18). In these studies, the WHO guideline identified the same macrosomia cases as the
NDDG and ADA guidelines, but it also identified a significant number of cases that were
not identified by the other guidelines.

The WHO guideline has other advantages. The 75 g load is more palatable than the
100 g, is only a one-step test, and is the same test that the women will take 6 wk
postpartum for reclassification. In the study of the Pima Indian population by Pettitt et al.,
31% of women with an abnormal 1-h test failed to appear for the 3-h 100 g OGTT (11).
Compliance with follow-up OGTT is a necessity because the screen is not considered to
be diagnostic by the ADA. Besides this difficulty, the 50 g GCT has other problems in
that it is only moderately reproducible. Sacks et al. found that a challenge with a 135-mg/
dL threshold is inconsistent with 33% of cases (23). The 1-h, 50 g glucose challenge test
causes more problems than it fixes.

Simplicity of use and greater sensitivity make the WHO guideline an ideal choice as
a GDM screen. Adoption of this guideline in the United States has been slow for two
reasons: cost and clinician’s comfort. Some physicians are not convinced that the cost of



Chapter 17 / Diabetes 367

increased testing is worth the small number of obstetric complications prevented, and the
clinicians are comfortable with the NDDG protocol they have used for years. Despite the
difficulty in acceptance, a transition to the WHO criteria would be better for the overall
health of the infant population because more at-risk women will be identified. Also, it is
possible that the WHO guideline, combined with the intensified insulin therapy, will be
more cost effective in the long term. This combination will find more women who are at
risk for obstetric complications and reduce the number of cesarean sections for
macrosomic infants through proper insulin therapy. Unfortunately, no study to date has
added the price of the cesarean sections and long-term treatment of macrosomic infants
resulting from misdiagnosis to the cost-analysis of diabetes screening. Thus, there are
significant human and monetary expenses that merit consideration in both a cost analysis
study and in the decision-making process.

Alternate Testing Methods
With all of the risks of diabetes to both the developing infant and the pregnant mother,

an accurate screening method is necessary. Ideally, the test should be quick, efficient, and
easy to administer. Currently, the most widely used guidelines all utilize some form of
the OGTT, which has proven to be highly specific and sensitive in all populations.
However, this test has proven to be time consuming and costly to health care providers
and induces discomfort in patients. Because of these shortfalls, there has been a strong
desire to find an accurate replacement for the OGTT using alternative methods of screen-
ing that would be more convenient to both the patient and the medical staff.

FASTING PLASMA GLUCOSE

One alternate method currently being considered is the fasting plasma glucose (FPG).
Some clinicians propose expanding the use of FPG to be the chosen screening test.
Because the FPG tends not to vary significantly during normal pregnancy, many scien-
tists believe this could be a more efficient test that could be administered as early as the
first trimester (24).

An FPG screen requires that the patient fast for at least 8 h prior to the test. In order
to confirm diabetes, the test must be repeated to give two different days with high fasting
blood glucose values. The current ADA guidelines state that any FPG above 126 mg/dL
is considered diabetes, whereas the normal glucose concentration for pregnant women is
less than 105 mg/dL (25). This cutoff is supported by the study of Coustan and Imarah,
who showed in a study of 445 patients that the mean FPG concentration in pregnancy is
94 ± 16 mg/dL (26). The European Association of Perinatal Medicine has established
guidelines with a lower normal concentration of 95 mg/dL (27). Many clinicians feel that
a high cutoff value would be highly specific but fear that it may not be sensitive enough
to diagnose all of the cases of carbohydrate intolerance. Therefore, there have been many
studies to find cutoff values that maximize both sensitivity and specificity, but no con-
sensus has been reached.

Sacks et al. (24) first proposed the usefulness of FPG. They concluded that the test was
sensitive enough to detect diabetes but could not reach the sensitivity of the 50 g GCT.
However, FPG did provide substantial savings in time to the patient and the medical staff.
The research of Atilano et al. (28) provides additional support for the FPG. In their
analysis of OGTT results, the FPG had a positive predictive value of 96%, and surpris-
ingly, the researchers noted that women with elevated FPG concentrations were more
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likely to have insulin therapy (which clearly was not well managed). However, Shushan
et al. (29) concluded that the FPG in the first trimester has no correlation with the result
of the glucose challenge test in the second trimester, so they do not recommend testing
in the first trimester.

One approach that is shared by many studies is to perform the 50 g GCT with both an
FPG and a 1-h glucose determination. This FPG–1-h 50 g GCT combination would allow
doctors to counteract one of FPGs deficiencies (inability to detect high postprandial
blood glucose values) with the oral glucose challenge test, without taking hours to admin-
ister. Then, the main goal of FPG focuses merely on the reduction in the total number of
OGTTs required. Agarwal et al. (30) proposed using FPG in a rule-in, rule-out system.
Because universal screening with the GCT and OGTT is costly for health care systems,
their research focused on determining cutoffs that could minimize the amount of OGTT
testing needed. Using this strategy eliminates the need for 50.9% of the OGTT. However,
they concluded that the FPG unfortunately does not detect those with impaired glucose
tolerance or postprandial hyperglycemia. Alternatively, a Swiss study by Perucchini et al.
(31) revealed that the FPG eliminated 70% of the required OGTTs and had a 22% higher
sensitivity than that of the GCT using a cutoff of 140 mg/dL. They state that the advan-
tages of the FPG are its independence of gestational age, lower variation between tests,
and reproducibility. They advocate using a universal screen utilizing FPG during 24–
28 wk gestation with a 75 g OGTT as a follow-up.

Kraemer et al. (32) determined that the Brazilian health care system could save $1.50
per test if an FPG cutoff of 93 mg/dL was used for testing. This value correlated best with
the first and second hour of the OGTT. They believe that the FPG is easier and cheaper
to use than the GCT and saves a significant amount of money in health costs. Reichelt
et al. (33) concluded for the Brazilian Study of Gestational Diabetes Working Group
that the FPG leads to results similar to those from the GCT. They found FPG to be
advantageous because of its presence worldwide, its ease of use, its affordability, and its
ability to be reproduced. An OGTT was used to confirm diabetes if the FPG was between
85 mg/dL and 126 mg/dL (Table 5).

On the basis of current literature, we conclude that an FPG–1-h 50 g GCT is the optimal
screening and diagnostic tool for gestational diabetes.

RANDOM PLASMA GLUCOSE

Also called the casual plasma glucose, this test has the benefit of being administered
any time of the day. Because no fasting must be done prior to this test, the cutoff concen-
trations are much higher. In pregnant women, the ADA recommends diagnosing diabetes
when the random plasma glucose reaches a concentration of greater than 200 mg/dL (25).
If it is confirmed on the subsequent day, the patient is considered diabetic. However, an
additional advantage of random plasma glucose is its positive correlation to capillary
whole blood glucose. In a study by Carr et al. (34), some point-of-care glucose instru-
ments have enough precision and accuracy to be able to correlate with laboratory-mea-
sured plasma glucose concentrations. With this method, results could be achieved almost
instantaneously. Therefore, a physician could diagnosis the patient within minutes.
However, the diagnosis of diabetes cannot be done on the basis of one positive result.
Confirmation must still be obtained by testing on the subsequent day. However, since
random plasma glucose is most likely to miss many diabetic patients with a milder form
of carbohydrate intolerance, it is not recommended as a screening method of GDM.
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GLYCATED PROTEINS

There is much hope that tests of glycated proteins, such as hemoglobin A1C and
fructosamine, which are indirect indicators of blood glucose concentrations, could be
used to screen for GDM. Because the landmark Diabetes Control and Complications
Trial (DCCT) showed the significance of glycated proteins and their correlation to blood
glucose concentrations, their place in monitoring has already been established (35).
Many physicians hope that this utility could be applied to screening as well. Because this
test would not rely on the patient to fast or take any special precautions before coming
to the doctor’s office, the pretest procedure is less rigorous than that of the OGTT.
Likewise, the same sample of blood drawn for FPG could be also used for these glycated
protein tests. However, the approach of utilizing these proteins is hindered by the high
cost of testing and some inherent deficiencies in the tests’ assays.

A1C. Glycosylated hemoglobin has been a mainstay of glucose monitoring for
decades. Measuring the amount of glycosylated hemoglobin proteins, which have a life
span of 120 d, has proven to be an accurate indicator of the degree of glucose control for
the preceding 2–3 mo. The percent of glycosylation is directly proportional to the amount
of glucose present in the blood stream. However, there has been much confusion in past
literature because results were measured as either hemoglobin A1 or hemoglobin A1C.
Furthermore, because there was no standardization between assays, test results were very
unreliable and confusing. With the medical community’s consensus on measuring solely
hemoglobin A1C culminating in the institution of the National Glycohemoglobin Stan-
dardization Program, physicians have hoped that a cutoff percentage of glycated A1C
could be established as a convenient screen for gestational diabetes.

Some studies have shown deficiencies even with the new standard of hemoglobin A1C
Artal et al. (36) tested 82 women in their third trimester of pregnancy with hemoglobin
A1C vs OGTT. Their goal was to find a percent hemoglobin A1C that had similar or better
sensitivity than the GCT. These researchers found that there was a significant correlation
between A1C and the 3-h OGTT. However, even using the best-established cutoff of 7%,
the test did not detect all of the cases of GDM. Therefore, these researchers do not
recommend using A1C for screening. Joshi and Bharadwaj (37) agree with this conclu-

Table 5
Published Studies on the Use of Fasting Plasma Glucose

Name Study Cutoff Sensitivity Specificity

Sacks et al. (24) US 88 mg/dL 80.0% 40.0%

84 mg/dL 90.0% 21.0%
81 mg/dL 95.0% 11.0%

Agarwal et al. (30) UAE >79 mg/dLa 94.7% 94.0%
<95 mg/dLa

Perucchini et al. (31) Switzerland 86 mg/dLa 81.0% 76.0%
Kraemer et al. (32) Brazil 93 mg/dL 81.3% 74.4%
Reichelt et al. (33) Brazil 85 mg/dL 94.0% 66.0%

89 mg/dL 88.0% 78.0%

aValues converted from mmol/L to mg/dL (1 mg/dL = 0.05551 mmol/L).
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sion. With a cutoff of 6%, they found a positive predictive value of 0%. They acknowl-
edged that A1C has a high specificity (92.9%), but in order to increase sensitivity, speci-
ficity decreased. If a cutoff of 5% was used, the specificity decreased to 65.7% while the
sensitivity increased to 42%. Without a high correlation between the two tests, the study
recommended against using A1C for screening. Agarwal et al. (38) applied the rule-in,
rule-out criteria (<5% and >6.5%) to hemoglobin A1C in their study in the United Arab
Emirates. While the sensitivity of their test was high, their criteria ruled in only 21% of
their diabetic patients. They surmise that the A1C test is more sensitive than specific,
which curbs its usefulness as a diagnostic test. Cefalu et al. (39) examined the feasibility
of A1C as a screening test, but the A1C values proved too insensitive to detect GDM
(Table 6).

In his commentary, Goldstein (40) argues that hemoglobin A1C testing would be more
widespread if the costs of A1C were close to those of the FPG. He agrees that A1C has
the benefit that samples can be drawn at any time of day. However, because FPG is
currently less expensive to measure than A1C, it is currently more cost effective to use
FPG to screen. Of note, at a recent American Association of Clinical Endocrinolo-
gists Consensus Conference, it was agreed that when hemoglobin A1C is abbrevi-
ated, the abbreviation will not have subscripts. Thus, by convention, the abbreviation
should be A1C.

Fructosamine. The fructosamine assay uses the ketoamine reduction of nitroblue
tetrazolium method to indirectly measure glycated serum proteins that have a half-life of
8–14 d. Unfortunately, the concentration of serum proteins varies diurnally (41). The
additional debate over fructosamine’s place in screening considers its benefits and defi-
ciencies. In the past, this assay was less expensive to perform than the hemoglobin A1C
assay and it also had the benefits of standardization. However, with the standardization
of A1C testing and new advances in diagnostic technology, the fructosamine test has been
replaced by the more reliable hemoglobin A1C assay because fructosamine lacks the
strong correlation with blood glucose concentration that hemoglobin A1C has. Even with
serum protein correction, fructosamine lacks good correlation to other indices of control.
Therefore, it does not appear as though fructosamine should be used to screen for GDM.

In the most recent study, Agarwal et al. (38) examined fructosamine in their study of
430 pregnant women in the United Arab Emirates. Using the rule-in, rule-out system,
their cutoff values were less than 210 µmol/L and greater than 240 µmol/L. Unfortu-
nately, this system led to a significant number of false-negatives. The researchers con-
cluded that fructosamine is not specific enough to rule in diabetic patients and therefore
should not be used as a screen. This study supported the idea by Comtois et al. (42), who
first questioned the notion of fructosamine screening for GDM. In a study of 100 pregnant
women in Canada, the researchers found no significant differences between diabetic
patients and normal controls. However, they concluded that the difference in the normal
and diabetic population’s fructosamine–protein ratio was less significant than their fast-
ing serum glucose concentrations. Cefalu et al. (39) also believed that fructosamine had
low sensitivity. The researchers confirmed that fructosamine lacks the sensitivity to be
a screening test but had the potential for use in monitoring glycemic status during preg-
nancy because it clearly distinguished those with good and poor glycemic control.

Hofmann et al. (43) also examined fructosamine concentrations in pregnant women.
Their study of 678 pregnant control subjects in Austria had a 95th percentile of 2.59
mmol/L. They concluded that fructosamine is not sensitive enough to detect people with
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impaired glucose tolerance, but can differentiate the severity of diabetes (those requiring
insulin therapy have elevated concentrations). With this data, they concluded that
fructosamine should not be used for screening in pregnancy.

Roberts et al. (44), pioneers of the fructosamine screening method, conducted a final
study in 1990 to determine the viability of their fructosamine screen. Looking at 507
women, they used a cutoff at the 95th percentile (2.55 mmol/L). However, the GCT
proved to be a better screen than serum fructosamine at both the 28- and 36-wk intervals.
They concluded by saying that fructosamine is better suited for management and should
not be used for screening, thus ending the debate (Table 7).

Combined Screening. Because the FPG tends to have high sensitivity but moderate
specificity and the glycated proteins have high specificity but low sensitivity, there have
been some studies that combined elements of both tests. The goal is to have a screening
type that would prove to be less of a burden on the patient while still retaining the high
accuracy that the OGTT maintains. However, the only studies published excluded preg-
nant women specifically.

Table 6
Published Studies on the Use of Hemoglobin A1C to Screen

for Gestational Diabetes

Study
Name  location Cutoff Sensitivity Specificity

Artal et al. (36) US 7.0% 69.0% —
Joshi and Bharadwaj (37) US 6.0% 0.0% 92.9%

5.0% 42.0% 65.7%
Agarwal et al. (38) UAE <5.0% 92.1% 98.1%

>6.5%
Cefalu et al. (39) US 5.2% 23.0% 86.9%

All studies indicate that hemoglobin A1C is not sensitive enough to be used to screen
for GDM.

Table 7
Published Studies on the Use of Fructosamine to Screen for Gestational Diabetes

Study
Name  location Cutoff Sensitivity Specificity

Agarwal et al. (38) UAE, cFRA <210 umol/L 92.2% 76.0%
>240 umol/L

Comtois et al. (42) Canada 2.54 mmol/L 18.0% 99.0%
Cefalu et al. (39) US 2.48 mmol/L 15.4% 97.6%
Hofmann et al. (43) Austria 2.59 mmol/L — —
Roberts et al. (44) England 2.48 mmol/L 27.0% 90.0%

2.52 mmol/L 7.0% 95.0%

All studies indicate that fructosamine is not a feasible method of screening
for gestational diabetes.
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In a study by Herdzik et al. (45), the authors concluded that the best correlations were
found between (1) fructosamine and the 2-h postprandial concentration of the OGTT and
(2) the fasting capillary glucose (FCG) concentration and the percent hemoglobin A1C.
The fructosamine and the FCG were the best tests to identify impaired glucose tolerance,
because the FCG alone was not adequate to do so. Fructosamine could be used as an
indicator of the high postload glucose concentrations in conjunction with the FCG nor-
mally used to monitor the fasting glucose concentrations. Having a test using all three
protocols (fructosamine, A1C, and FCG) led to no improvements. They believed that the
A1C test had high specificity but very low sensitivity in detecting diabetes. Their final
conclusion recommended that the FCG still be used in conjunction with the OGTT
because that was the highest correlation combination of any test.

Ko et al. (46) studied the use of FPG combined with either hemoglobin A1C or
fructosamine in a study in Hong Kong. They concluded that FPG could not be used alone
to screen for diabetes (mainly because it would miss those with abnormal postprandial
states) but advocated using one of the glycated protein tests in conjunction. In their study,
they reported that the fructosamine test was less sensitive when compared with hemoglo-
bin A1C. Anyone with an incredibly high risk would be confirmed with an OGTT. Their
values of FPG greater than 5.6 mmol/L and A1C greater than 5.5% were found to be
five times more likely in the diabetic patient than in the normal one. Fructosamine
(>235 µmol/L) could also be used, mainly because compared to A1C, it is less labor
intensive, quicker, and less expensive to perform (Table 8).

GLYCOSURIA

Once considered the mainstay of GDM testing, urine testing for glucose has largely
been replaced by blood glucose testing. Glycosuria is based on the principle that some
blood glucose will filter into the urine once concentrations exceed the renal threshold. For
normal healthy individuals, this threshold is 180 mg/dL. However, in pregnancy, the
renal threshold normally decreases, so that glycosuria increases in prevalence and may
not always be indicative of any carbohydrate intolerance. Because of the lack of solid
correlation between blood and urine glucose, urine glucose has limited value as a screen.

Some studies have indicated that glycosuria is present in many normal pregnancies,
so using this as a screening test would lead to poor specificity. Fine (47) reported that
urine glucose is found in almost all pregnancies, with the reference interval about 1–15
mg/100 mL (with a mean of 7 mg/100 mL). He speculates that such a decrease in the renal
threshold could be traced to increased concentrations of adrenocorticotropic hormone,
which could cause impaired reabsorption of glucose. In addition, glycosuria tends to peak
after food intake. In his study of 1547 patients in England, he found such a low incidence
of diabetes (0.28%) that he could not justify universal glycosuria screening. Furthermore,
Sutherland et al. (48) concluded that only a small percentage of pregnant women with
glycosuria have abnormal glucose tolerance. In a study of 1418 patients in England, they
report that a fasting glycosuria is more sensitive (15%) than a random glycosuria, which
found zero cases. They recommend that any pregnant woman who has glycosuria
undergo an OGTT because the presence of fasting glycosuria does not always reflect
a high fasting blood glucose concentration or correlate with abnormal glucose tolerance.
A study by Gribble et al. (49) concluded that elimination of glycosuria screening would
have no significant impact. Other studies have reached the same conclusion. Lind and
Anderson (50) concluded that relying on the appearance of glycosuria to refer OGTT
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could miss diabetic patients. When random blood glucose (abnormal result defined as
above the 99th percentile) to screen for diabetes, none of the diabetic patients were
missed, with 25 false-positives. However, only 25% of the diabetic patients would have
been referred to an OGTT on the basis of glycosuria. Therefore, glycosuria does not
prove to be a cost-effective screen (Table 9).

In addition, certain drugs can significantly affect dipstick measurements of urine
glucose. As reported by Rotblatt et al. (51), the test strips used in urine analysis use the
glucose oxidase enzyme. This enzyme can be affected by reducing agents such as ascor-
bic acid and salicylates to lead to a large number of false positive results and, hence, lower
its effectiveness.

In summary, with the advent of more advanced diagnostic techniques, glycosuria
should be phased out of screening for GDM.

MANAGEMENT OF DIABETES DURING PREGNANCY

Background
The management of diabetes during pregnancy is possible through the extensive and

frequent use of clinical testing. In all cases of diabetes, preexisting or gestational, man-
agement differs only in when it begins. Patients with preexisting type 1 and type 2 DM
must bring their blood glucose concentration into tight control before conception and

Table 8
Published Studies Regarding Combined Screening Methods to Detect Diabetes Mellitus

Name Study Cutoff values Sensitivity Specificity

Herdzik et al. (46) FCG (in mmol/L) >5.2 80.7% 80.2%
or 0.02 × value >5.5 71.1% 95.2%
of fructosamine >5.4 74.3% 93.5%
(in µmol/L)

Ko et al. (46) A1C and FPG 5.5% A1C and 83.8% 83.6%
100.8 mg/dL 81.5% 83.2%

Fructosamine and 235 µmol/L
FPG fructosamine

and 97.2 mg/dL

FCG, fasting capillary glucose; FPG, fasting plasma glucose.

Table 9
Studies About Glycosuria

Name Study Time Sensitivity Specificity

Sutherland et al. (48) UK 3rd trimester, 0.0% (fasting)
using dipsticks 15.0% (random) —

Gribble et al. (49) US 1st trimester,
using dipsticks 7.1% 98.5%

Lind and Anderson (50) UK 3rd trimester,
using dipsticks 25.0% —
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continue that level of control throughout pregnancy. Any diabetic woman planning a
pregnancy should consult with her physician prior to conception to limit the risk of
congenital anomalies. Management of patients with GDM begins at the point of diagnosis
with the same clinical laboratory targets as those for patients with type 1 and type 2 DM.
In all cases, the continual rise in hormonal growth factors as the pregnancy progresses
will make the woman increasingly resistant to insulin. Constant monitoring of the gly-
cemic state through self-monitored blood glucose (SMBG) is required to follow the
increasing insulin requirements, and treatment regimens must be adapted accordingly.
Other clinical tests specific to diabetes, such as A1C and glucosamine, should be used as
quality-control markers because they are a reflection of overall glucose control.

Blood Glucose
GLUCOSE TARGET VALUES

Blood glucose is the single most important factor to monitor during a diabetic preg-
nancy because it has a profound effect on the health and development of the fetus.
Excessive blood glucose concentrations during the first trimester can result in debilitat-
ing congenital anomalies, whereas increased blood glucose concentration during the
third trimester exponentially raises the risk for macrosomia (1). In order to reduce the risk
of obstetric complications, blood glucose must be kept at concentrations as close to
normal as possible. Optimal obstetric outcome will be achieved with the fasting blood
glucose concentration below 90 mg/dL and the 1-h postprandial concentration below 120
mg/dL. These values are lower than those suggested by the ADA in 1996 (fasting, 105
mg/dL; 2 h postprandial, 120 mg/dL); however, numerous studies have shown that lower
values can negate the risks for obstetric complications (52–57). The lower postprandial
concentrations also bring the fasting blood glucose concentrations down to the normal
range seen in nondiabetic pregnant women (60–90 mg/dL). This range is lower than the
normal fasting glucose range for a nongravid woman and is caused by the caloric draw
from the developing fetus. This is an important factor to take into account when setting
a fasting glucose target value (1) (Table 10).

Optimal obstetric outcome is achieved when the 1-h postprandial glucose concentra-
tion is less than 120 mg/dL. Combs et al. showed that moving the 120 mg/dL from 2 h
to 1 h postprandial negated the risk for macrosomia (zero observed out of nine cases) and
was accompanied by only a minimal risk for small for gestational age infants (one case
observed) (52). Hod et al. also reported that lower blood glucose targets decrease the rate
of macrosomia to that of the control population. In his study, a FPG concentration of 105
mg/dL and a 2-h postprandial glucose concentration of 140 mg/dL had a 17.9% macroso-
mia rate. Lowering the target glucose concentrations to 95 mg/dL and 120 mg/dL further
reduced the rate of macrosomia to 8.8%. This is comparable to the 6.1% macrosomia rate
in the nondiabetic controls (53). Langer et al. also demonstrated that women who keep
their fasting blood glucose in the 96–105 mg/dL range are at increased risk for macroso-
mia. By applying active insulin treatment for those women with an FPG concentration
of 96–105 mg/dL, he lowered the rate of macrosomia from 28.6% (diet-treated) to 10.3%
(insulin-treated) (54).

GLUCOSE TESTING

Laboratory Testing. Traditional laboratory testing for blood glucose is not the prin-
cipal management method for a diabetic pregnancy because of the time and expense
involved. The necessity of daily fasting and postprandial measurements means that most
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measurements will be done at home on small portable blood glucose meters. Clinical
laboratory blood glucose testing is used only during GDM diagnosis and as a quality-
control measure during obstetric consultations to verify the accuracy of the patient’s own
measurements.

The type of blood used in laboratory glucose analysis affects the glucose reading.
Three different types are used in glucose analysis: serum, plasma, and whole blood.
Ideally, samples for use by clinical laboratories should be either serum or plasma. The
laboratory will dictate its recommended sample method. Most clinical laboratories use the
hexokinase/glucose-6-phosphate dehydrogenase reaction. This test has become the stan-
dard for laboratory glucose testing because of its broad linearity (verified up to 600 mg/dL),
low standard deviation between samples (2 mg/dL), and high glucose recovery (> 99.3%
of glucose in solution). It is also relatively unaffected by anticoagulants and hemoglobin
so plasma samples can be used. Plasma is a preferable sample because there is no delay
waiting for blood samples to clot and more plasma than serum can be obtained from a
single sample. Whole blood, like the finger-prick sample used in SMBG, is seldom used
today in clinical laboratory glucose tests because its accuracy can be affected by varia-
tions in the hematocrit and is subject to contamination. If whole blood is used, it is
important to remember that it gives a measurement that is 15% lower than a serum or
plasma sample (58). Because most guidelines are based on the plasma/serum values, it
is important to take into account the type of blood used in the glucose measurement in
order to accurately interpret the laboratory results.

Another important consideration to take into account when taking blood samples for
clinical analysis is the amount of time that will pass between sampling and testing. Over
time, glycolytic enzymes found in blood cells will decrease the glucose concentration in
the sample. At room temperature, glycolysis can decrease serum glucose concentrations
by approx 5 to 7% (5–10 mg/dL) per hour in uncentrifuged blood. In order to maintain
clinical accuracy, any sample that is not going to be immediately analyzed should be
collected into a tube containing a substance that inhibits glycolysis, such as sodium
fluoride, and steps to minimize hemolysis should be taken. Separated serum and plasma
samples can be stored in a refrigerator for up to 3 d. If a longer delay is necessary, the
samples should be frozen (58).

SMBG. SMGB utilizes small, automated blood glucose meters that allow the diabetic
patient to monitor and manage his or her own diabetes treatment. This management
technique is essential in a diabetic pregnancy because fluctuations in blood glucose
concentrations have profound effects on obstetric outcome. Proper management requires
the patient to test herself frequently during the day so that her insulin regimen can be
regulated in order to achieve normal glycemia.

Table 10
Blood Glucose Targets

Test Fasting 1-h postprandial

Capillary blood
Glucose 90 mg/dL 120 mg/dL
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Modern SMGB instruments are quite simple to operate. A small amount of blood is
obtained by pricking the patient’s finger with a lancet. The blood is then applied to a
disposable test strip. The glucose in the blood sample is oxidized enzymatically by
glucose oxidase and is measured in one of two ways. In one method, the oxidation
reaction produces a small electric current that is measured by an electrode embedded in
the test strip. Alternatively, the oxidation reaction is coupled to a second reaction that
produces a colored product. A reflectance meter measures the intensity of the produced
color. In both methods, the electric current or color intensity is proportional to the amount
of glucose present (59).

The amount of blood necessary to obtain a measurement differs according to the
instrument used. Instruments using older technology need as much as 15 µL of blood in
order to take a proper reading. This requires that samples be taken from easily accessible
and well-vascularized tissues, such as the fingertips. Newer technologies have reduced
the blood needed to make a measurement to as little as 0.3 µL. This means that less
sensitive sites such as the forearm or thigh can be utilized to obtain a blood sample (60).

Numerous studies have attempted to correlate readings taken at alternate body sites to
readings taken at the fingertips. These studies vary slightly in their findings. One shows
no difference, whereas another finds that nonfingertip sites give values up to 7.9% lower
than the fingertips (60–62). Most studies consider these differences to be of negligible
significance, but care should still be used in the interpretation of results from alternate
testing sites because capillary blood glucose readings from alternate testing sites are tem-
porally delayed because compared to fingertip measurements. Ellison et al. showed that
nonfingertip postprandial capillary blood glucose peaks 30 min later and at a slightly
lower concentration compared to the fingertip capillary blood glucose. If the patient feels
hypoglycemic, or if her blood glucose concentrations are changing rapidly, a fingertip
should be used in order to get the most accurate view of the current glycemic state (63).

There are several sources of error in SMBG. The nonuser-dependent errors arrive from
the meters and test strips. Several studies have shown portable blood glucose meters to
be of varying accuracy. A study done by the College of American Pathologists in 1993
found that only 58 and 78% of meters were within 10 and 15% of the clinical laboratory
results, respectively (64). Another study by Ryan et al. in 2001 showed similar results,
with only 53% of measurements within 10% of their corresponding laboratory-measured
reference interval. Twenty-six percent of measurements exceeded 20% variance (65).
These studies are separated by 8 yr, and there has been very little progress in reducing
measurement variation, despite a call in 1994 by the ADA to reduce SMBG analytical
error to 5% (59).

There are many sources of analytical error. These include hematocrit, altitude, humid-
ity, temperature, inaccuracy with extreme hyper/hypoglycemia, and user error. The
hematocrit problem is amplified in pregnancy because capillary percent hematocrit
falls below that of nongravid patients (65). This is more of an issue for reflectance meters
because they can produce results that are 10 to 20% higher than normal when confronted
with low hematocrit situations (66). The accuracy of some electrode meters does not
appear to be affected as significantly by low hematocrit (only 3.5% variance), making
them a better choice for use in pregnancy (67).

It is also important to remember that the finger prick sample used in SMBG is capillary
whole blood and its value is 15% lower than that of a serum or plasma sample. Some
portable blood glucose meters are calibrated to give a reading that corresponds to the



Chapter 17 / Diabetes 377

plasma or serum value, whereas others do not. It is important to know how the patient’s
blood glucose meter reports results in order to make proper treatment decisions. Be-
cause of the importance of accurate SMBG in the management of a diabetic pregnancy,
glucose meter selection should be made after a careful consideration of its variance
from the reference laboratory test (58).

Discrepancies between plasma glucose concentrations and SMBG-measured concen-
trations can be attributed to both accidental and intentional causes. Intentional
misreporting arises because patients are afraid to report poor management to their doc-
tors. Mazze et al. reported that 26% of the written logbook entries were different than
the values recorded in the memory of the patient’s glucose meter. When the patients
were made aware of the memory capacity of the glucose meter, there was a significant
increase in patient’s logbook accuracy (68). These results indicate that patients must
understand that the purpose of a logbook is not to “grade” their performance, but to enable
physicians to make adjustments in their treatment regimen in order to normalize glucose
concentrations.

Despite the significant sources for error, SMBG is the only method for the daily
management of diabetes. The potential for congenital anomalies and obstetric complica-
tions in a diabetic pregnancy means that each patient must perform daily testing individu-
ally. The best way to limit measurement error is by a thorough patient education system.
Because much of the diabetes management comes from personally administered tests and
treatments, patients must understand and learn how to properly perform SMBG. Patients
need to feel that they are not alone in their struggle and that all the tools and resources
necessary for their success are available to them. With the proper training and motivation,
they will be able to give birth to a normal healthy child.

A1C
BACKGROUND

Glycosylated hemoglobin, or more specifically, the variant known as A1C, has long
been a mainstay of glucose monitoring. On the basis of results of the Diabetes Control
and Complications Trial (DCCT) (34) and the United Kingdom Prospective Diabetes
Study (UKPDS) (69), there is evidence directly linking an individual’s percent hemoglo-
bin A1C to his or her risk of long-term complications of diabetes. Hemoglobin A1C is
defined by the International Federation of Clinical Chemistry (IFCC) as hemoglobin
irreversibly glycated at one or both N-terminal valines of the chain (70). When the
Schiff base is formed, an irreversible Amadori rearrangement will result in a glycated
protein. Because the primary factor of glycosylation is the blood glucose concentration,
the percent hemoglobin A1C is believed to reflect mean blood glucose concentrations
over the previous 2–3 mo. However, it has been shown that percent hemoglobin A1C is
a “weighted average,” with the most recent month’s blood glucose concentrations attrib-
uting 50% of the percent hemoglobin A1C’s value (71). Hemoglobin A1C percentages
can change quickly if there is a sudden normalization of blood glucose concentrations
(72). In addition, trend analysis can be applied to percent hemoglobin A1C measurement
to indicate the effectiveness of a given treatment. A constant decrease could take just
3 wk to be statistically significant, instead of 2 to 3 mo (73). Thus, measuring the
percent hemoglobin A1C every 2 to 3 wk and comparing it to the patient’s own previous
result can be used to verify the glucose concentrations recorded by the self-blood glucose
testing (74).
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USE IN PREGNANCY

In pregnancy, there is an overall decrease in percent hemoglobin A1C. In a study by
Gunton and McElduff, pregnant women have a mean glycated hemoglobin A1C of 4.5 ±
1.3% whereas nonpregnant women had a mean glycated hemoglobin A1C of 7.6 ± 2.4%
(Table 11). There are many theories to explain this phenomenon. One study proposes that
pregnancy is associated with lower blood glucose and higher lactate dehydrogenase
concentrations, which results in less glycosylation (75). The consensus is that there is a
decline in basal glucose concentrations in pregnancy (76–78). In addition, the rate of
erythrocyte formation increases in pregnancy. Therefore, the overall volume of erythro-
cytes is increased, making the proportion of glycosylated hemoglobin smaller (74). In
normal pregnancy, the percent of glycosylated hemoglobin is decreased from the 11–
14 wk value until reaching its lowest point at 23–26 wk before returning to the baseline
at 31–34 wk gestation (79).

RISKS

Maternal hyperglycemia is associated with congenital malformations and other risks
of fetal distress. If the percent hemoglobin A1C is greater than 2 standard deviations (SD)
above the mean, the relative risk of major malformations increases (80). This supports
the ADA’s recommendation for diabetic women planning to become pregnant to achieve
an A1C value within 3 SD of the mean (81). A study of insulin-dependent diabetic
pregnancies showed that those mothers with smaller sized fetuses all had higher percent
glycated A1C (82). This suggested that poor glycemic control, especially in the early
stages of pregnancy, would lead to early fetal growth delay and thereby increase the risk
of malformation. A study by Rosenn et al. (83) showed that mothers with glycated
hemoglobin A1 higher than 12–13% (equivalent first-trimester blood glucose concen-
tration of 120–130 mg/dL) were at an increased risk of abortion and malformation
(Table 11).

STANDARDIZATION

There are some problems with the A1C measurement that question its reliability.
Multiple assays are used, which requires some form of standardization to relate their
results to each other. The National Glycohemoglobin Standardization Program (NGSP)
requires that assay results be aligned with the results of the DCCT and the UKPDS studies
(84). Current calibration material often fails because of matrix effects (84,85). By using
fresh (<1-wk-old) blood from the central laboratory of the NGSP, these effects can be
minimized and the machines can be uniformly calibrated (84). Capillary blood samples
can be mailed without a loss in accuracy or stability (86).

Table 11
Reference Intervals for Percent Glycated Hemoglobin A1C

Normal, Normal, Abnormal
nonpregnant range  pregnant range range for pregnancy

4.0–6.0%a 4.0–5.0%b >5.0%b

aRef. 35.
bRef. 39.
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PHYSIOLOGICAL FACTORS

Many abnormalities in hemoglobin status have been shown to alter percent glycated
hemoglobin to A1C. Therefore, it is necessary to obtain a clinical history of any hemo-
globinopathies, alternations in red blood cell turnover, or conditions favoring the chemi-
cal modification of hemoglobin (70). The effect of hemoglobin variants is method
dependent (87). It is known that hemolytic anemia, chronic blood loss, splenectomy, and
renal dialysis will affect percent of glycated hemoglobin A1C by altering hemoglobin
concentrations (88). Therefore, correcting for serum hemoglobin concentration is recom-
mended.

ASSAYS

Cation-Exchange High-Performance Liquid Chromatography. This assay sepa-
rates hemoglobin based on charge differences. N-terminal glycation of - or -chains
will change the pKa of the amino group of the valine (89). Hemoglobin species elute from
the cation-exchange column at different times with the application of buffers that have
increasing ionic strength (70). It is susceptible to hemoglobinopathies, but its long-term
stability (CV of 1.2% and 1.7% over 8 yr) lead to its selection as the standard assay for
the NGSP (84,85). In addition, although some hemoglobin variants can alter results, the
chromatogram will indicate the presence of variants (87). However, the system is not
specific for A1C and will tend to include / dimers, mono- and multiple-glycated
hemoglobin, carbamylated hemoglobin, and acetylated hemoglobin (90). Likewise, urea
reacts with hemoglobin at the same site as glucose. Therefore, the isoelectric point of
carbamylated hemoglobin is similar to A1C and will coelute to lead to falsely high
percentages (91). The percent A1C for high-performance liquid chromatography (HPLC)
methods is measured as A1C to total A0, not total hemoglobin (92) (Table 12).

Boronate Affinity Chromatography. This assay depends on the binding of the sugar
groups on the hemoglobin molecule (92). M-aminophenylboronic acid reacts with the
cis-diol groups of glucose bound to hemoglobin to form a reversible five-member ring
complex. This complex can be eluted and measured quantitatively. This method is used
by more than 50% of the laboratories surveyed by the College of American Pathologists
in 1999 (70). This assay is not affected by pH, temperature, or hemoglobin variants (93).
Therefore, the results have clinically reasonable ranges for all hemoglobin variants (87).
However, this method measures total glycated hemoglobin, not A1C specifically, so
percent A1C is estimated (70,93). In addition, the results are usually higher than the
results from the HPLC (70) (Table 12).

Immunoassays. Immunoassays rely on an antibody against glycosylated hemoglobin
A1C (93). They depend on the presence of an epitope that includes glucose and N-terminal
amino acids of the chain of hemoglobin (92). They are known to be unaffected by the most
common hemoglobin variants, except those with alternations at the N-terminal amino
acids (70). Unlike HPLC, however, there is no recognition of hemoglobin variants in the
event they are present (87,92). However, immunoassays are run on testing machines
portable enough that they can be in the doctor’s office to receive results in minutes (93).
These assays report percent A1C as A1C to total hemoglobin (92) (Table 12). Because of
its accuracy, portability, and ease of use, the immunoassay method of measuring A1C
values is strongly recommended.

Electrophoresis. Electrophoresis also separates hemoglobin molecules by charge. It
is used infrequently, mainly because of its susceptibility to hemoglobin variants (70).
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When urea concentrations are approx 15–30 mmol/L, the presence of carbamylated
hemoglobin (1–2%) is sufficient to elevate percent A1C in this assay (85). With other
more sophisticated assays available, this assay is not recommended (Table 12).

Mass Spectrometry. Pursued by the International Federation of Clinical Chemistry,
mass spectrometry relies on a separation of ions based on their mass-to-charge ratio (70).
It is being developed to replace the HPLC method because of its low CV (1–2%) (94).
Mass spectrometry would require only the measurement of four peaks ( and chains,
and glycated and chains) (95). This method would measure total glycoslyation of
hemoglobin, not just the terminal valines of the chain. This method is attractive because
it is not affected by hemoglobin variants and in fact is currently used to identify such
variants (70). The equipment cost is prohibitively high, but the reagent cost is comparable
to current methodologies (95). However, the large amount of technical expertise to operate
and the high cost of acquiring the equipment make it unappealing to most clinical labo-
ratories (96). In addition, using results from mass spectrometry would require adjusting
the target values and the reference intervals because this assay has results lower than
those of the DCCT (85). Clearly, there needs to be an evaluation of long-term stability
before it could be considered for replacing the HPLC standard in the NGSP (84) (Table 12).

Table 12
Summary of Hemoglobin A1C Assays

Assay Summary Advantages Disadvantages

Ion-exchange Separates by charge Method used in the Affected by
HPLC DCCT trial; low common and rare

CV in long-term hemoglobin variants
studies (sometimes listed)

Boronate Separates by structure Fully automated; Measures total
Affinity not affected by any glycosylated hemo-

hemoglobin variants globin, not A1C,
so it tends to
underestimate

Immunoassay Separates by affinity Not affected by Higher CV when
for antibody structure common hemoglobin compared to other

variants; portable methods; will not
identify interferences

Electrophoresis Separates by charge Older method that is Affected by
cheap to run hemoglobin variants;

not automated

Mass Separates by mass/ Fully automated; not Needs large amount
Spectrometry charge ratio affected by hemo- of expertise; high

globin variants; low initial cost; lower
coefficient of variance reference ranges
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Fructosamine
BACKGROUND

The fructosamine assay has often been used as an alternative to percent A1C monitor-
ing because of its shorter half-life (2–3 wk compared to A1C’s 2–3 mo) and its insensi-
tivity to hemoglobinopathies (75,93). Fructosamine acts like a memory and reflects
nonenzymatic protein glycosylation (42). Therefore, it can be used to reflect the blood
glucose concentrations in the last 2–3 wk. There is little day-to-day variation, and the test
can be performed without any patient preparation (97). The assay is based on the ketoamine’s
ability to reduce nitroblue tetrazolium at an alkaline pH (98). It should be measured every
2–3 wk, because the serum protein’s life span is equivalent to that timeperiod. Fructosamine
concentrations are averages that are weighted according to the past week. It has relative
stability at different times of the day and from one day to the next. In a normal pregnant
population, the concentration of fructosamine was found to be 2.34 ± 0.14 mmol/L (99).
Serum total protein and albumin concentrations fall after the first trimester of pregnancy
and may contribute to the 6.1% reduction. This change leads to significant differences
found among the first-, second-, and third-trimester concentrations (100) (Table 13).
However, after the first-trimester, values do not change with increasing gestation (17,79).
Normally, the assay is measured at 2-wk intervals in pregnancy (38).

USE IN PREGNANCY

Fructosamine’s usefulness in pregnancy is debatable. Roberts et al. conclude that
GDM patients with normal fructosamine by 35–37 wk gestation had babies that were
smaller and less obese than those with abnormal values. These babies also had lower cord
insulin and C-peptide concentrations (99). Another study showed that there is a higher
risk of miscarriage with higher concentrations of fructosamine (97). Schrader et al.
showed that using a combination of more than 23% glycosylated plasma proteins and a
FPG greater than 90 mg/dL was 100% sensitive in detecting macrosomia (101). How-
ever, a study by Ghosh et al. found no correlation between glycated serum proteins and
the birth weight (102). Without a clear consensus, fructosamine should not be the primary
test used to monitor glycemic status in diabetic pregnancies.

Table 13
Reference Intervals for Glycosylated Proteins

Normal, Normal, Abnormal
Test nonpregnant range pregnant range range for pregnancy

Fructosamine
(uncorrected) 2.0–2.7 mmol/La 2.06–2.62 mmol/Lb,d > 2.62 mmol/Lb

Glycosylated
Plasma Proteins 17.0–23.6%c 19.64–25.56%c >23%c

aRef. 41.
bRef. 99.
cRef. 101.
drange given as mean ± 2SD.
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The fructosamine assay is a reduction reaction; thus, antioxidants have the potential
to interfere with this method. Not surprisingly, high concentrations of vitamin C have
been known to affect results. In addition, because the assay requires a specific pH of 10.35
(maintained with a carbonate buffer), it is very sensitive to pH and must be carefully
maintained at that pH (40). Low albumin concentrations are known to interfere with the
assay, but only if the serum albumin concentration is less than 38 g/L (103). There is also
some interference from maternal hypertriglyceridemia when there is gross maternal
obesity (100). Lastly, there are some problems with standardization that has led to much
debate on the merits of correcting for proteins.

Correcting for albumin has been shown to improve the predictive power of
fructosamine, but correcting for total proteins has not (104). Corrected fructosamine has
higher correlation with other glycemic indices than uncorrected values (98). Therefore,
laboratories should indicate whether results have been corrected (the corrected value
tends to be lower than the uncorrected). Correcting comes with increased cost, but the
increase in accuracy is important to the patient.

24-H Urine Protein Testing
BACKGROUND

One consequence of prolonged diabetes is nephropathy, which can lead to end stage
renal failure. In pregnancies complicated with diabetes, the consequences of nephropathy
are greater because of the additional risk to the infant. Kidney trouble can also be a sign
of preeclympsia, which endangers the life of the mother and the unborn child. An easily
detectible symptom of both kidney disorders is proteinuria. The prevalence of proteinuria
varies among ethnic groups. However, patients with high blood pressure and a family
history of diabetes have a greater risk (105).

DIAGNOSIS

Because nephropathy is a chronic symptom of diabetes, it is important that urine
protein monitoring be initiated during prenatal planning, if possible, or at least at the first
visit to the obstetrician, in order to establish baseline. For those patients with preexisting
diabetes, testing should be performed every trimester unless an abnormal result warrants
closer attention. Those with type 1 DM are at a higher risk, because the possibility of
previously uncontrolled hyperglycemia cannot be ruled out.

There are three tests for proteinuria that measure three different analytes: albumin,
total protein, and creatinine clearance. Microalbuminuria, a misnomer, does not describe
small protein, but finding minute amounts of albumin in the urine. Normally, the kidney
does not filter protein, but with kidney damage, these serum proteins can leak through.
In order to make a diagnosis for microalbuminuria, urinary albumin excretion rates must
be between 30 and 300 mg/24 h in a 24-h collection (106). Because albumin follows a
circadian rhythm, excretion rates during the day are variable, and it is imperative that
24-h urine samples be collected (107,108). For normal healthy pregnancies, albumin
concentrations in the urine should not exceed 30 mg/dL (109) (Table 14). Furthermore,
total protein concentrations can also be determined from the same sample used to test for
microalbuminuria. Another measurement is a test of the “cleaning power of the kidney,”
or the creatinine clearance. In pregnancies, the creatinine clearance in 24 h is approx 100–
150 mg/min (110). It remains constant during the last quarter of pregnancy (111). Crea-
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Table 14
Reference Intervals for Urine Microalbumin, Creatinine, and Total Protein

Normal, Normal, Abnormal
Test nonpregnant range pregnant range range for pregnancy

Microalbumin Equal or <30 mg/24 h Equal or <30 mg/24 h > 30 mg/24 h
Creatinine 75–115 mL/min 100–150 mL/minb < 90 mL/minb

Total protein <138 mg/24 h <138 mg/24 h >260 mg/24 ha

aRef. 107.
bRef. 110.

tinine clearance measures the concentration of creatinine in the blood vs the amount in
the urine (Fig. 1). Therefore, a blood sample is needed to calculate clearance concentra-
tions of creatinine in the blood, which usually does not vary in pregnancy.

TESTING

In-office testing using the dipstick method is not recommended because it uses a
qualitative measuring system with low sensitivity (109,112). It is recommended that
urine samples be collected and tested using more quantitative methods, either with point-
of-care instruments or sent to the laboratory. Because collecting a 24-h sample of urine
is a rather tedious task, it is suggested that all three tests be ordered at once, in order to
avoid having the patient undergo multiple collections.

Importance of Thyroid Testing
The normal changes in thyroid function that occur during pregnancy are discussed in

detail in Chapter 8. GDM, type 2 diabetic, and normal pregnant women have no signifi-
cant differences in thyroid-stimulating hormone (TSH) and FT4 concentrations (113).
However, up to 50% of type 1 diabetic pregnancies have abnormal thyroid function. This
dysfunction is usually attributed to the autoimmune disorder that is present in patients
with type I diabetes. The risk is increased if proteinuria is also present, because thyroid-
binding globulin is lost to the urine (114). With lower concentrations of thyroid binding
globulin, these women lose a significant amount of their reserve T4 (115). When concen-
trations of T4 fall, the pituitary will attempt to compensate by increasing the concentration
of TSH in the blood. Therefore, monitoring TSH concentrations in the diabetic patient
will indicate any thyroid imbalance. Refer to Chapter 8 for symptoms, risks, diagnosis,
and treatment of the thyroid.

Fig. 1. Creatinine clearance measures concentration of creatinine in the blood vs amount in the
urine.
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-Hydroxybutyrate
Ketones are an alternate fuel source and increase in the body as a response to low

insulin concentrations. They are intended delay the effects of starvation, but high concen-
trations of ketones put the body into states of ketoacidosis and ketosis that further com-
plicate the body’s metabolic state. There are two main ketone bodies: -hydroxybutyrate
( -OHB) and acetoacetate. -OHB is the ketone that should be followed during ketoaci-
dosis because it is the most dynamic and abundant. During ketoacidosis, concentrations
of -OHB raise from parity to 10 times the concentration of acetoacetate (116). Once
therapy begins, -OHB concentrations are the first fall as the -OHB is converted in to
acetoacetate (117). Several quantitative tests specific to -OHB are currently available
and require only finger stick blood or urine samples. Urine and blood tests using the
nitroprusside reaction should not be used because they are specific for acetoacetate (116)
and are susceptible to positive interference by a number of endogenous substances (118).

Testing for -OHB is performed in order to monitor the progress of ketosis and dis-
tinguish it from simple hyperglycemia. It should be measured when glucose concentra-
tions are greater than 270 mg/dL. Few studies have been made to determine the reference
intervals for -OHB. Wallace et al. published a guideline correlating -OHB values to
ketosis risk. Their study found that those with a -OHB concentration below 1 mM/L
have no risk for ketosis and need to be treated only for the hyperglycemia. Patients with

-OHB concentrations between 1 and 3 mM/L are at moderate risk and should be tested
again after 1 h. Any concentration above 3 mM/L necessitates immediate medical treat-
ment for ketosis (Table 15). Once effective treatment is initiated, -OHB concentrations
should fall at a rate of approximately 1 mM/L per hour (117).

There is some question over the necessity of incorporating regular -OHB testing into
the management of a diabetic pregnancy. Experimental findings in rat models suggest
that the ketones might be involved in congenital anomalies (119–121). The direct effect
of -OHB on a diabetic pregnancy is difficult to determine because it is just one of the
potentially teratogenic substances that are elevated in diabetes (122,123). The most
extensive study of the connection between -OHB and obstetric outcome in humans is
the Diabetes in Early Pregnancy Study (DIEP). This study showed no significant differ-
ence between the -OHB concentrations in pregnancies that resulted in good obstetric
outcomes and those that resulted in stillbirths or congenital anomalies. In fact, there was
a slight decrease in the -OHB concentrations of women with malformed infants. The
DIEP study also demonstrated a positive correlation between -OHB concentrations and
glucose concentrations in diabetic mothers, and a negative correlation during week 6 in
nondiabetic mothers. The reason for this is unclear and may be because of the degree of
glycemic control in diabetic patients. Higher glucose concentrations reflect insufficient
insulin in type I diabetic patients, and increased fat oxidation occurs as a result. The
negative correlation in the nondiabetic mothers may be caused by sporadic eating pat-
terns of pregnant women in the first trimester.

Most of the women in the DIEP study maintained near-normal glycemia throughout
the pregnancy. As a result, the highest concentrations of -OHB in the diabetic group
were 20- to 40-fold lower than the -OHB concentrations that induced congenital anoma-
lies in rats (124). Rat models produced moderate congenital anomalies at 10 mM/L (121),
whereas while the highest average -OHB concentrations in the DIEP diabetic women
was 0.32 mM/L (124). The good diabetic control maintained in the DIEP study kept -OHB
and glucose concentrations down, thereby preventing any congenital anomalies.
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-OHB concentrations should not be a concern during a well-managed diabetic preg-
nancy because -OHB concentrations are directly related to and follow glucose concen-
trations. Direct -OHB testing is unnecessary because it is merely a reflection of overall
glucose control. Both SBGM and A1C serve equally well in that capacity and should
already be used in the management a diabetic pregnancy. Through those tests and proper
insulin treatment, the risk for malformation will be normalized (123,124). Direct testing
for -OHB is necessary only in cases of severe hyperglycemia (blood glucose >270 mg/
dL) in order to monitor the progress of ketoacidosis.
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INTRODUCTION

Hypertensive disorders of pregnancy complicate approx 10% of pregnancies and are
leading causes of maternal mortality (1–3). Although preeclampsia occurs in 5 to 8% of
pregnancies, it is a major contributor of premature deliveries and neonatal morbidity in
the United States (4). Despite the recognition of eclampsia since ancient times, it was not
until the late 1800s when an association between hypertension, edema, proteinuria, and
eclampsia was suggested (5). The differentiation of preeclampsia–eclampsia from epi-
lepsy, primary renal disease, and essential hypertension gained widespread acceptance
only in the 1950s. Even today, distinguishing these clinical entities from preeclampsia
can be difficult. More important, definition and classification of hypertensive diseases of
pregnancy remain controversial.

Preeclampsia is characterized by new-onset hypertension and proteinuria after 20 wk
gestation and is usually associated with edema. The clinical spectrum varies from mild
to severe and can involve multiple end organs including the kidney, the liver (HELLP
syndrome), the coagulation system, and the brain (eclampsia). Preeclampsia seems to
occur only in the presence of placenta and usually remits dramatically after the delivery.
Observations to date suggest that perhaps the earliest pathologic event is placental insuf-
ficiency. Eclampsia is characterized by convulsions and coma.
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Because the etiology and pathogenesis of preeclampsia is poorly understood, our
ability to distinguish between different hypertensive disorders of pregnancy remains
limited. In addition, our ability to predict, diagnose, and prevent preeclampsia continues to
be poor. In this chapter, we review the current classification for hypertensive diseases in
pregnancy and discuss clinical and laboratory tests for preeclampsia.

CLASSIFICATION OF HYPERTENSIVE DISEASES IN PREGNANCY

Hypertensive disorders of pregnancy are divided into the following four major
groups (1,4):

• Chronic hypertension: Presence of systolic pressure greater than 140 mmHg, diastolic
pressure of greater than 90 mmHg or both before the pregnancy, before the 20th wk
gestation, or after 12 wk postpartum.

• Gestational hypertension: Hypertension without proteinuria or other signs of preeclamp-
sia developing in the latter part of pregnancy. If it resolves by 12 wk postpartum, the
condition is termed transient hypertension of pregnancy.

• Preeclampsia–eclampsia: Onset of hypertension and proteinuria or symptoms of preec-
lampsia, usually after 20 wk gestation, in otherwise normotensive women.

• Superimposed preeclampsia: New-onset proteinuria or onset of symptoms of preec-
lampsia in women with chronic hypertension after 20 wk pregnancy. In women with
preexisting proteinuria (before 20 wk), an exacerbation of blood pressure to severe range
(systolic >160 mmHg or diastolic >110mmHg) in the last half of the pregnancy.

INCIDENCE AND RISK FACTORS

In the United States, chronic hypertension is found in 1–5% of pregnant women (6).
The incidence of gestational hypertension is estimated to be 6% (7). As many as 25% of
women with gestational hypertension will develop preeclampsia (8). The incidence of
preeclampsia is 5–8%, and 10% of preeclampsia occurs in pregnancies less than 34 wk
(9). The incidence of various hypertensive disorders of pregnancy rises with increasing
maternal age. The incidence of chronic hypertension in women 40 to 49 yr of age is
30.5%, whereas in the 18- to 29-yr-old group, it is only 2% (10). The incidence of
preeclampsia in women over 40 yr of age is roughly threefold higher than that of women
in their early 20s (1). Table 1 summarizes the risk factors for preeclampsia.

PATHOPHYSIOLOGY OF PREECLAMPSIA

The etiology and pathogenesis of preeclampsia remain poorly understood. Available
evidence suggests that preeclampsia is a disorder of the endothelium, with characteristic
features of microangiopathic hemolytic anemia. A number of investigators showed that
endothelial cell dysfunction precedes the development of symptoms of preeclampsia
(Fig. 1). Studies in humans have found increased circulating cellular fibronectin and
factor VIII antigen, both markers of endothelial cell injury, in women with preeclampsia
before they develop the symptoms (4,7). Decreased production of endothelial-derived
relaxing factors (such as nitric oxide and prostacyclin) and increased production of
endothelin and thromboxane in women with preeclampsia also suggest abnormal endot-
helial function (2,7). This model of preeclampsia suggests that the appearance of pro-
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Table 1
Risk Factors for Preeclampsia

Factor Risk ratio

Nulliparity 3:1
Age >40 y African-American race 3:1
Family history

of pregnancy-induced hypertension 1.5:1
Chronic hypertension 10:1
Chronic renal disease 20:1
Antiphospholipid syndrome 10:1
Diabetes mellitus 2:1
Twin gestation 4:1
High body mass index 3:1
Angiotensinogen gene T235
Homozygous 20:1
Heterozygous 4:1

Adapted from ref. 1.

Fig. 1. The pathophysiology of preeclampsia. Reproduced from ref. 24, with permission from
Appleton and Lang.
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teinuria and hypertension signals the end stage of the disease process and that involve-
ment of other end organs may be imminent. More importantly, the model suggests that
hypertension and proteinuria need not precede liver failure, coagulopathy, or seizure.

Several lines of evidence suggest that placental insufficiency plays an etiological
role in the pathogenesis of preeclampsia: (1) successful animal models of preeclampsia
involve creating placental insufficiency by disrupting uterine blood flow (11); (2) preec-
lampsia has been associated with inadequate trophoblast invasion of maternal decidual
arterioles (12,13); (3) pathological examination of placentas from preeclamptic pregnan-
cies reveals numerous placental infarcts and sclerotic narrowing of arterioles (14,15);
(4) maternal risk factors for preeclampsia include medical conditions that predispose
a patient to underlying vascular insufficiency such as chronic hypertension, diabetes,
systemic lupus erythematosus, and acquired and inherited thrombophilias (1); and (5)
obstetrical conditions such as multiple gestations or hydatidiform moles are associated
with increased placental mass, which may result in a relative decrease in placental
blood flow.

The mechanism by which placental insufficiency leads to diffuse endothelial cell
injury remains poorly understood but is believed to involve production of putative
factor(s) that can lead to endothelial cell dysfunction. Some of the candidate molecules
include, but are not limited to, tumor necrosis factor- , interleukin (IL)-6, IL-1 , IL-1
free fatty acid, and neurokinin-B (a close relative of substance P) (16–18).

More recently, we published data showing that the soluble form of vascular endothe-
lial cell growth factor receptor-1 (sVEGFR-1, or sFlt-1) is elevated in sera of patients with
preeclampsia. sVEGFR-1 is a differentially spliced form of membrane-bound VEGFR-1
that is secreted into the serum. sVEGFR-1 can bind circulating vascular endothelial cell
growth factor (VEGF) and placental growth factor and act as their antagonists. Placenta
obtained from patients with preeclampsia had significantly higher VEGFR-1 mRNA. We
also confirmed that the serum concentrations of free VEGF and free placental growth
factor are decreased in patients with preeclampsia. Administration of exogenous
sVEGFR-1 in rats induced proteinuria, hypertension, and the renal lesion that is thought
to be consistent with preeclampsia (glomerular endotheliosis). Taken together, these data
suggest that a balance between angiogenic and antiangiogenic factors could play a role
in the pathogenesis of preeclampsia. Furthermore, in pregnancy, the placenta appears to
be the main source of sVEGFR-1 and, for reasons not yet clear, placental production of
sVEGFR-1 in preeclampsia is markedly increased (19).

One of the consistent features of preeclampsia is an increased vascular responsiveness
to angiotensin II. Recently, a German group confirmed this finding and suggested that the
increased sensitivity of angiotensin II may be related to increased expression of brady-
kinin (B2) receptors (20). The up-regulation of B2 receptors was found to lead to
heterodimerization of B2 receptors with angiotensin II type I receptors (AT1), and this
angiotensin II type I/B2 heterodimer increased responsiveness to angiotensin II. The
fundamental causes of all these abnormalities described above still remain elusive.

DIAGNOSTIC CRITERIA FOR PREECLAMPSIA

Recently published criteria for preeclampsia are listed in Table 2. The increase in
systolic pressure of 30 mmHg and diastolic pressure of 15 mmHg (30–15 rule) is no
longer a part of the criteria for preeclampsia (4). Although 24-h urine protein measure-
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ment remains the standard for the diagnosis of preeclampsia, protein–creatinine ratio and
urine dipstick analysis have gained popularity. Caution should be used when the protein–
creatinine ratio and/or urine dipstick is used to exclude preeclampsia or to make the
diagnosis of severe preeclampsia.

Meyer et al. showed that nearly 30% of women with trace protein on urine analysis had
at least 300 mg of protein in a 24-h collection (21). Adelberg et al. also showed a poor
correlation between urine dipstick and 24-h collection (22).

Similarly, a prospective study comparing protein–creatinine ratio and 24-h urine pro-
tein in women with suspected preeclampsia showed a poor negative predictive value
(NVP;47.8%) and specificity (52.4%) for mild proteinuria. The positive predictive value
(PPV) and sensitivity for mild proteinuria were 87.7 and 85.5%, respectively. Interest-
ingly, the protein–creatinine ratio showed low PPV and sensitivity for severe proteinuria
of 63.6 and 58.3%, respectively, whereas the NPV and specificity were 94.6 and 95.7%,
respectively (23). On the basis of on these data, the authors concluded that protein–
creatinine ratio alone should not be used to exclude mild preeclampsia or diagnose severe
preeclampsia.

The available data to date support the use of 24-h urine protein as the gold standard for
diagnosis of preeclampsia. Adelberg et al. showed that there is a good correlation between
12-h and 24-h urine collection in 65 patients, raising the possibility that 24-h urine collec-
tion may not be necessary for the diagnostic accuracy (22). However, this needs to be
investigated in a larger cohort.

The clinical spectrum of preeclampsia varies widely. Although the severe form carries
a higher incidence of maternal and perinatal mortality and morbidity, it can be difficult
to distinguish the two. Complicating the clinical diagnosis of different forms of disease
is the fact that the progression of the disease can be extremely rapid. According to one
observational study, approx 20% of women with eclampsia (convulsions or coma) did not
have proteinuria and 23% had minimal or relative hypertension (25), emphasizing the
fact that preeclampsia–eclampsia is a disorder of the endothelium rather than hyperten-
sion or renal disorder. Thus, eclampsia, which is the most severe form of the disease, may
occur before the development of all or any of the classical symptoms and signs of preec-
lampsia. The criteria for severe preeclampsia are listed in Table 3. The presence of any
one of the criteria in the setting of preeclampsia will be enough to diagnose severe
preeclampsia. Occasionally, a patient may present with an atypical form of preeclampsia
where one or more of the classic signs and/or symptoms of preeclampsia may be absent.
In such a case, the presence of one of the criteria listed in Table 4 could strengthen the
diagnosis of preeclampsia.

Table 2
Diagnostic Criteria for Preeclampsia

Hypertension: Blood pressure � 140/90 mmHg (or mean
arterial pressure of � 105 mmHg)

Proteinuria: � 300 mg of protein in 24-h urine collection
or
� 1+ protein on urine dipstick

Adapted from ref. 1.
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Table 3
Criteria for Severe Preeclampsia

Systolic blood pressure of � 160 mmHg and/or
diastolic of � 110 mmHg on two occasions 6 h apart

Proteinuria > 5 g per 24 h
Oliguria (< 500 mL in 24 h)
Cerebral or visual disturbances
Pulmonary edema or cyanosis
Epigastric or right upper-quadrant pain
Impaired liver function
Thrombocytopenia
Fetal growth restriction

Adapted from ref. 1.

Table 4
Other Signs That Increase the Certainty of the Diagnosis of Preeclampsia

Proteinuria of � 2 g in 24-h period
Serum creatinine level of > 1.2 mg/dL (unless previously elevated)
Thrombocytopenia and/or elevated lactic acid dehydrogenase

(signs of microangiopathic hemolytic anemia)
Persistent headache
Persistent epigastric pain
Systolic blood pressure of � 160 mmHg
Diastolic blood pressure of � 110 mmHg

Adapted from ref. 4.

Most of the frequently seen laboratory abnormalities in preeclampsia are listed in
Table 5. The most well-characterized values are for proteinuria, thrombocytopenia, and
elevated serum transaminase values. However, even for these values, there is controversy
regarding the abnormal threshold. Although various investigators reported different
cutoff values for serum aspartate aminotransaminase, it has been suggested that a value
that is 2 standard deviations away from the mean for a given laboratory should be used
(26). Abnormal values for coagulopathy and hemolysis may vary among different labo-
ratories as well. The presence of hemolysis, elevated liver enzymes, and low platelets
meet the criteria for diagnosis of HELLP syndrome, a severe form of preeclampsia that
has been associated with increased maternal and perinatal mortality compared to mild
preeclampsia (26).

Hyperuricemia in preeclampsia has been well documented. However, it is not helpful
in distinguishing preeclampsia from transient hypertension of pregnancy (likelihood
ratio [LR] 1.4). In patients with chronic hypertension, a serum uric acid value of greater
than 5.5 mg/dL has an LR of 2.5 for superimposed preeclampsia (27).
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Table 5
Laboratory Criteria for Preeclampsia and HELLP Syndrome

Renal

Proteinuria of � 300 mg/24 h
Urine dipstick � 1+
Protein/creatinine ratio � 0.3a

Serum uric acid � 5.6 mg/dLa

Serum creatinine >1.2 mg/dLa

Low Platelets/Coagulopathy

Platelet count < 100,000/mm3

Elevated PT or PTTa

Decreased fibrinogena

Increased d-dimera

Hemolysis

Abnormal peripheral smeara

Total bilirubin � 1.2 mg/dLa

Lactate dehydrogenase � 600 U/La

Elevated Liver Enzymes

Serum aspartate aminotransferase � 70 U/L (26)
� 50 U/L (29)
� 40 U/L (28)
� 30 U/L (30)

Lactate dehydrogenase > 600 U/La

aNot required for the diagnosis or classification of preeclampsia
PT, prothrombin time; PTT, partial thromboplastin time.
Adapted from ref. 4.

SCREENING TESTS FOR PREECLAMPSIA

For several decades, investigators attempted to develop screening tests that would
predict the onset of preeclampsia. Although the only definitive therapy is delivery,
intensified maternal and fetal surveillance could be offered to women at high risk for
developing the disease.

A screening test should be safe, valid, reliable, acceptable to the population, reproduc-
ible, appropriate for the population, and economical. Preeclampsia is an appropriate
disease for which to screen, because it is common, important, and increases both maternal
mortality and perinatal mortality. However, no specific tests are available that are proven
to be appropriate screening tests for preeclampsia (31). This is caused, in part, by the wide
range of terminology used for hypertensive disorders in pregnancy. Researchers have
sought to identify predictors of the development of gestational hypertension and/or preec-
lampsia in normotensive women, the development of severe preeclampsia in women with
mild preeclampsia, and predictors of maternal morbidity and mortality in patients with
severe preeclampsia. At the same time, researchers have different criteria for the diag-
nosis of these complex disorders and different measures of outcomes.
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Studies have evaluated laboratory markers for the prediction of preeclampsia, such as
urinary kallikrein and creatinine, urine thrombomodulin–creatinine ratio, and urine cal-
cium–creatinine ratio (Table 6). In addition, a number of clinical variables have been
investigated, such as blood pressure measurements, weight gain, and response to angio-
tensin II infusion early in pregnancy. Currently, none of the screening tests are being used
in clinical practice because there is no effective method of preventing preeclampsia.

Table 6
Screening Tests for Preeclampsia

Test Cutoff Author No. Pt. SENS SPEC PPV NPV

Serum hCG � 2 MOM Sorensen (32) 426 69 70 7 99
� 3 MOM 426 15 94 7 97
� 2 MOM Vaillant (33) 434 69 85 15 99
� 2 MOM Ashour (34) 2737 12 89 5 96
� 3 MOM 2737 5 97 8 96

Combined
� 2 MOM 3597 23 86 7 96
Combined
� 3 MOM 3163 6 97 8 96

Uric Acid � 350 µmol/L Jacobson (35) 135 54 89 33 95
(plasma) (� 5.9 mg/dL)

Uric Acid Not specified Conde-) 387 53 65 6 97
(serum) Agudelo (36)

Urinary IUK:Cr Millar (37) 307 83 99.7 91 99
kallikrein  170 IUK: Kyle (38) 458 80 71 11 99

Cr  170

Urinary � 195 mg/day Sanchez- 103 88 84 32 99
Calcium Not specified Ramos (39)

Conde- 387 47 59 5 96
Agudelo (36)

Fibronectin  230 mg/L Paarlberg (40) 376 69 59 12 96
(plasma)

Platelet Count ? Conde- 387 47 59 5 96
Agudelo (36)

Platelet Platelet Konijnenberg (41) 244 47 76 13 95
Activation CD63 2%

Adapted from ref. 28.
MOM, multiple of the median; No. Pt., number of patients; NVP, negative predictive value; PPV, positive

predictive value; SENS, sensitivity; SPEC, specificity.
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ANATOMICAL AND PHYSIOLOGICAL CHANGES
DURING PREGNANCY

Understanding physiological changes that take place in the hepatobiliary system dur-
ing gestation is obligatory for diagnosis and treatment of pregnant women with diseases
of the liver and gallbladder. Because liver test abnormalities may occur during normal
pregnancies as well as in pregnancy-specific nonhepatic diseases, caution during inter-
pretation of these tests is warranted. Liver size, anatomy, and histology are minimally
affected by pregnancy (1). Several studies have evaluated hepatic blood flow using
bromsulfalein and indocyanine green (2,3), revealing that although absolute blood flow
to the liver during pregnancy is unchanged, the fraction of cardiac output reaching the
liver is diminished from 34% in nonpregnant females to 28% during pregnancy (4).
Compression of the inferior vena cava and increased flow to the azygous system fre-
quently results in esophageal varices in pregnant women (5).

Elevated concentrations of circulating estrogen and progesterone during pregnancy
lead to significant changes in both hepatic and biliary physiology. The hyperestrogenic
state of pregnancy has a myriad of effects on hepatic function during gestation. In general,
estrogen does not influence hepatic conjugation but does inhibit canalicular excretion of
anions, leading to a relative cholestasis. Hyperestrogenemia also increases hepatic cho-
lesterol synthesis and excretion (4). Interestingly, high circulating estradiol causes angi-
omata and spider nevi, seen in more than half of pregnant women, and therefore should
not be used to suggest a liver disease. Gallbladder contractility is influenced by preg-
nancy. After the first trimester, both fasting and postcontraction residual gallbladder
volume are higher than in nonpregnant women, reflecting delayed or incomplete empty-
ing (6). This has been attributed to smooth muscle relaxation by progesterone, perhaps
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through the blunting of acetylcholine- and cholecystokinin-mediated smooth muscle
contractions (7). The increase in hepatic cholesterol synthesis results in altered bile
composition, associated with increased concentration of bile acids and a decreased con-
centration of biliary water (4). These changes lead to an increase in the biliary lithogenic
index (5). These alterations, coupled with a decrease in enterohepatic circulation, serve
to promote cholelithiasis during pregnancy (5).

HEPATIC BIOSYNTHETIC FUNCTION DURING PREGNANCY

This section examines key liver function tests that are commonly used to diagnose
acute or chronic liver diseases. It is imperative to understand the influence of normal
pregnancy on these laboratory tests before they are utilized to diagnose liver dysfunction
during pregnancy (8). Although the incidence of jaundice during pregnancy is diminish-
ing, the majority of cases are caused by acute viral hepatitis or cholestasis of pregnancy.
Many causes of chronic liver dysfunction are associated with infertility and consequently
are not a part of the differential diagnosis of jaundice during pregnancy.

Transaminases
The transaminases aspartate aminotransferase (AST), also known as serum glutamate

oxaloacetate (SGOT) and alanine aminotransferase (ALT), also known as serum
glutamate pyruvate transaminase (SGPT) are commonly used as indicators of liver func-
tion. Both enzymes catalyze the transfer of an amino group to either aspartate or alanine.
AST is a mitochondrial enzyme found ubiquitously throughout the body, whereas ALT
is a cytosolic enzyme localized primarily to hepatocytes, with lower expression in the
kidney. Hepatocellular damage results in the rapid release of aminotransferases. Peak
concentrations of AST are reached 24–36 h after the initial insult and return to normal in
3–6 d. Although the concentrations of AST and ALT remain within normal limits through-
out gestation (9–11), serum concentrations of both aminotransferases are higher in late
gestation than during the first trimester, with further increases during labor (9). Although
variations in aminotransferase concentrations may occur during gestation, any elevation
that exceeds the upper limit of the normal reference range requires further evaluation.

Elevated serum concentration of either AST or ALT may reflect hepatocyte injury.
Patients with acute hepatitis exhibit aminotransferase concentrations that commonly
exceed 10–20 times the upper limit of normal. The ratio of AST to ALT is generally less
than 1 in patients with acute viral hepatitis. The increase in serum concentrations of
aminotransferases is less pronounced in patients with chronic hepatitis. Modest ami-
notransferase elevations are commonly seen in patients with alcoholic liver disease. In
these patients, the AST to ALT ratio is generally greater than 1. Other causes of mild AST
and ALT elevation include passive liver congestion, drug-induced hepatocellular dam-
age, liver neoplasm, and systemic viral infections such as infectious mononucleosis. In
patients with long-standing cirrhosis, AST and ALT concentrations may be near normal.
Diverse pregnancy-specific diseases are associated with elevated aminotransferase con-
centrations. An increase in AST and ALT concentrations characterizes acute fatty liver
of pregnancy (AFLP). The increase in aminotransferase concentrations in AFLP is usu-
ally moderate, with most patients exhibiting enzyme concentrations less than 1000 U
(12). Mild to moderate AST and ALT elevations are frequently seen in pregnant women
with hyperemesis gravidarum or intrahepatic cholestasis (13,14). Elevated aminotrans-
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ferase concentrations characterize preeclampsia and HELLP syndrome (hemolysis,
elevated liver enzymes, and low platelet count). Similar to alcoholic liver disease, serum
concentrations of AST typically exceed those of ALT in these conditions.

Alkaline Phosphatase
Alkaline phosphatases (AP) are a group of enzymes that are expressed in diverse

tissues including the liver and biliary tract, bone, gastrointestinal tract, and placenta (15).
Osteoblasts produce AP, and enzyme concentrations are commonly elevated in children
and adolescents because of active bone growth and remodeling. Placental AP isozyme is
heat stable, remaining active after heating to 60°C for 5 min, whereas the liver and bone
forms are heat labile (16).

The serum concentration of AP is elevated throughout pregnancy, peaking in the third
trimester (9,11,17–20). Near delivery, 50% of parturients have AP concentrations one to
two times the upper normal range, 29% have concentrations two to three times the upper
limit of normal, and 6% have concentrations greater than three times the upper limit of
normal. The remaining 15% exhibit enzyme concentrations within the nonpregnant ref-
erence range (21). Several sources contribute to elevated serum concentration of AP
during pregnancy (Fig. 1). The most important source is placental AP (9), which accounts
for 40–60% of the increase in AP (19,22,23). As expected, placental AP is almost
undetectable within 6 wk after delivery (23). Bone production of AP is also increased in
pregnancy (19,22,23) and remains elevated by 6 wk postpartum (23). In contrast, hepatic
AP remains unchanged during pregnancy (23).

Serum AP concentrations are commonly elevated in intrahepatic and extrahepatic
biliary obstruction and in patients with hepatic tumors. Hepatic AP release is also
elevated during liver congestion and viral infections such as infectious mononucleosis.
Common causes of bone-derived AP elevations include fractures, bone growth during
childhood and adolescence, tumors, and Paget’s disease. The liver-specific -glutamyl-
transferase (GGT) and 5'-nucleotidase (see below) can be used to distinguish hepatic and
extrahepatic sources for elevated AP. Although the physiological increase in AP during
pregnancy impedes its diagnostic utility, marked elevation characterizes conditions that
typically occur late in pregnancy, such as intrahepatic cholestasis of pregnancy and
AFLP. Interestingly, it has been reported that placental AP synthesis is lower in preec-
lamptic pregnancies than in normotensive controls (19).

GGT
GGT, produced primarily in hepatocytes, catalyzes amino acid transport across cellu-

lar membranes. GGT activity has also been demonstrated in placental tissue (24). Nev-
ertheless, serum concentrations of GGT remain within normal limits during pregnancy
(10,11,24) and even decline during the second and third trimesters of pregnancy (9).

Determination of GGT concentrations is commonly utilized to further assess elevated
AP. Elevated AP in the context of a normal GGT concentration suggests a non-
hepatobiliary source. Disorders associated with GGT elevation include biliary tract dis-
ease, acute hepatocellular injury, hepatitis, and liver tumors. GGT is frequently elevated
in patients with alcoholism, even without apparent hepatic disease (21). Other etiologies
for an elevated GGT concentration include acute myocardial infarction and ingestion of
high amounts of acetaminophen or phenytoin. GGT determination during pregnancy can
be used to distinguish between physiologic and pathologic elevations of AP. Whereas
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Fig. 1. Serial measurements of serum AP concentrations in 17 women during pregnancy and 6 wk
after delivery. The solid bars indicate the range of values in normal women and men. (Reprinted
with permission from the Endocrine Society [23].)

GGT may remain normal in women with intrahepatic cholestasis of pregnancy (5),
women with preeclampsia often exhibit GGT elevations, along with elevated
aminotransferases (10).

5'-Nucleotidase
The enzyme 5'-nucleotidase is produced primarily in the liver and biliary systems.

Unlike AP, osseous structures produce little 5'-nucleotidase. Thus, 5'-nucleotidase can be
helpful in determining the source of elevated AP. Although early studies of 5'-nucleoti-
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dase during pregnancy indicated that concentrations are unchanged (18,25), recent data
revealed that the concentration of 5'-nucleotidase is elevated from the midtrimester until
delivery (9). Although placental synthesis of 5'-nucleotidase has been documented,
because of its large molecular weight, it is not clear if 5'-nucleotidase can diffuse into
the maternal circulation (9,25).

Lactate Dehydrogenase
The cytosolic enzyme lactate dehydrogenase (LDH) catalyzes the conversion of lac-

tate to pyruvate. LDH is expressed in numerous tissues, including skeletal muscle, car-
diac muscle, red blood cells, liver, lung, and kidney. Five isoenzymes of LDH have been
isolated. The LDH5 fraction is the most sensitive marker for hepatic disease. All five LDH
isoforms are expressed in the placenta (26). During pregnancy, LDH concentrations
usually remain within normal limits, although some reports have documented slightly
higher LDH concentrations during the third trimester (27).

Because of its ubiquitous expression, LDH is a relatively nonspecific marker of
hepatic disease. Hepatic LDH may be elevated by diverse inflammatory diseases and
tumors (15). The most common source of LDH elevation in pregnancy is severe preec-
lampsia and HELLP syndrome, where LDH concentrations reflect hepatocyte damage,
red blood cell hemolysis, and higher production by the placenta (26,28).

Bilirubin
Bilirubin is produced by metabolic breakdown of hemoglobin. Hemoglobin is released

from senescent erythrocytes and degraded to heme and globin chains in the reticuloendot-
helial system. Oxidation of the porphyrin ring of heme results in the formation of biliver-
din, which is further reduced to bilirubin by biliverdin reductase. The resulting
unconjugated bilirubin is transported to the liver, predominantly bound to albumin, and
extracted by hepatic cells. Unconjugated bilirubin is the substrate for glucuronyl trans-
ferase within hepatocytes, resulting in formation of conjugated bilirubin. Conjugated
bilirubin is transported from the hepatocytes into the biliary tree and ultimately into the
intestine, where a portion of the bilirubin is metabolized by local intestinal flora to
urobilinogen. Although the majority of urobilinogen is excreted from the gastrointestional
tract, some is reabsorbed and enters the portal circulation. Whereas most of the reab-
sorbed urobilinogen is re-excreted by the liver, a small fraction is excreted by the kidneys
and appears in the urine. The kidneys in patients with conjugated hyperbilirubinemia also
excrete conjugated bilirubin.

During pregnancy, serum bilirubin concentrations remain within normal limits (9–
11,17), with a small decrease identified by several groups (8–10), likely reflecting the
hemodilution that normally occurs during pregnancy (9). Interestingly, Knopp et al.
reported lower serum bilirubin concentrations in pregnant women and oral contraceptive
users compared to nonpregnant females, suggesting a possible role for estrogen in the
decrease of bilirubin concentrations observed during gestation (8).

Diverse pathological processes may lead to an increase in blood bilirubin concentra-
tion. Hemolytic anemia is a common cause of hyperbilirubinemia. Typically, uncon-
jugated bilirubin is elevated and exceeds the concentration of conjugated bilirubin.
Intrahepatic and extrahepatic biliary obstruction also lead to hyperbilirubinemia.
Cholelithiasis is the most common cause of elevated bilirubin in adults. Conjugated
bilirubin predominates in obstructive hepatobiliary disease. Diseases that result in
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heptocellular injury also may give rise to elevated bilirubin and are typically character-
ized by elevation of both conjugated and unconjugated fractions of bilirubin. Rare meta-
bolic and transport diseases such as Gilbert’s syndrome, Crigler-Najjar syndrome, and
Dubin-Johnson syndrome are also associated with hyperbilirubinemia. During preg-
nancy, women with severe preeclampsia or isolated HELLP syndrome may also display
abnormally high blood bilirubin concentrations. In addition, women with cholestasis of
pregnancy typically display an elevated serum bilirubin concentration, although bile acid
elevation (see below) is a more sensitive marker of the disease. Bilirubin concentrations
are also frequently elevated in AFLP pregnancy.

Bile Acids
Bile acids are derived from hepatic cholesterol metabolism. The primary bile acids

cholic acid and chenodeoxycholic acid are produced and conjugated with glycine and
taurine, and subsequently excreted into the bile. On entering the small intestine, the
conjugated bile acids are degraded by intestinal bacteria into the secondary bile acids
deoxycholic acid and lithocholic acid. Ninety to 95% of the bile acids are then reabsorbed
in the jejunum and ileum, enter the enterohepatic circulation, and return to the liver, with
a small proportion excreted via the kidneys.

During pregnancy, serum bile acids remain within normal limits (9,29–31). Several
studies have documented an increase in serum bile acid concentrations in late pregnancy
compared to first-trimester values (9,31). Specifically, Lunzer et al. reported an increase
in mean cholyglycine concentration from 0.3 µmol/L at 15 wk to 0.6 µmol/L at 40 wk,
yet these concentrations are within normal limits (31). Similarly, Heikkinen et al.
reported an increase in chenodeoxycholic acid near term but no change in cholic acid
or deoxycholic acid (30).

Because almost any disease of the hepatobiliary system results in an elevation of the
serum bile acids, serum bile acids are a sensitive yet nonspecific marker of hepatic and
biliary disease. Bile acids have been reported to remain elevated in inactive cirrhosis and
resolving hepatitis, when other tests of liver function are normal. The main application
for the measurement of serum bile acids during pregnancy is for the evaluation of pruritus
that commonly accompanies cholestasis of pregnancy (32). As described below, cholic
acid frequently exhibits the most dramatic change in this condition, with elevation of
nearly 70-fold (31).

Lipoproteins
Serum lipoproteins, composed of polypeptide apolipoproteins and lipid fractions,

transport serum cholesterol and lipids. Apolipoproteins serve to bind lipoproteins to cell
receptors and regulate lipase activity. Elevated serum concentrations of low-density
lipoprotein (LDL) cholesterol is a major cause of coronary heart disease in the United
States (33).

The blood concentration of most lipoproteins is increased during pregnancy (34–39).
In a prospective evaluation of 553 pregnant females, Knopp et al. demonstrated that,
compared to the prepregnancy period, total cholesterol increased by 46%, LDL increased
by 49%, high-density lipoprotein (HDL) increased by 23%, and very low-density lipo-
protein increased by 36% (34). Interestingly, during early gestation, cholesterol concen-
trations decrease and then rise in the second and third trimesters until the time of delivery
(35) (Fig. 2A). During the postpartum period, cholesterol declines by 2 wk, yet the return
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Fig. 2. (A) Variation of serum cholesterol concentrations during and after pregnancy (mean SD,
n = 34). LMP, last menstrual period. (B) Variation in serum triglyceride concentration during and
after pregnancy (mean SD, n = 34). LMP, last menstrual period. (Reprinted with permission from
Elsevier Science [35].)

to preconception concentrations is variable (Fig. 2A). Estrogens enhance cholesterol
synthesis, thus contributing to the hyperlipoproteinemia of pregnancy (4,38,40). Indeed,
pregnancy-related changes in lipid profile are similar to those observed in women receiv-
ing exogenous estrogens (4,34). Similar to plasma lipoproteins, triglyceride concentra-
tions are significantly elevated during pregnancy (34–36). After a small decrease in the
first trimester, serum triglyceride concentrations increase during the midtrimester until
term and return to pregestational concentrations after several weeks (35) (Fig. 2B). The
hypertriglyceridemia of pregnancy is largely attributed to increased hepatic triglyceride
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production, likely secondary to estrogenic effect (34,36). In parallel, the enzymatic activity
of lipoprotein lipase, which catabolizes lipids in adipose tissue, is decreased (36).

Elevated concentrations of plasma lipoproteins and free fatty acids have been impli-
cated in the pathophysiology of preeclampsia and are associated with severity of the
disease (41–43). Hyperlipidemia may enhance endothelial cell dysfunction, perhaps by
stimulation of oxidative stress in vessel walls (44).

Serum Proteins
ALBUMIN

Albumin, the most abundant serum protein, is synthesized by the liver and accounts
for two-thirds of total plasma protein content (45). Albumin maintains plasma oncotic
pressure and transports proteins, fatty acids, and steroids. Diverse acute and chronic disor-
ders lead to hypoalbuminemia. Depressed albumin synthesis may occur in chronic liver
disease, cirrhosis, malnutrition, malabsorption, and chronic debilitation. Decreased albu-
min concentrations also occur secondary to protein loss in patients with nephropathy or
enteropathy (45).

Serum albumin concentrations are decreased during pregnancy (46–50). Albumin
concentrations begin to decline early in pregnancy, and the decrease continues through-
out gestation (46,49) (Fig. 3), with a rapid return to preconception concentrations in the
puerperium (46). This decline is attributed to the physiologic hemodilution of pregnancy
(46). Indeed, albumin mass in pregnant women is similar to that of controls (49), and the
rate of albumin synthesis and catabolism is unchanged during gestation (49).

HORMONE-BINDING GLOBULINS

Sex hormone-binding globulin (SHBG) plays an important role in binding and trans-
porting lipophilic steroid hormones in the blood, primarily testosterone and estrogen.
During pregnancy, production of SHBG in the maternal liver is up-regulated beginning
in the first trimester. This results in an increase in serum SHBG concentrations from a
mean of 70 nmol/L early in pregnancy to a plateau late in the second trimester at a mean
serum concentration of 392 nmol/L (51) (Fig. 4). Interestingly, reduced concentrations
of SHBG are associated with hyperinsulinemia and insulin resistance in nonpregnant
women. During pregnancy, reduced first-trimester SHBG was found to be associated
with a higher incidence of preeclampsia (52).

Similar to SHBG, corticosteroid-binding globulin (CBG) binds both progesterone and
cortisol in the serum. Even though the two- to threefold increase in CBG concentration
during pregnancy (53) diminishes the concentration of free hormones in the serum, the
concentration of unbound progesterone and cortisol is still elevated during pregnancy.
The concentration of thyroid-binding globulin is also elevated by two- to threefold during
pregnancy, buffering the concentration of free thyroid hormone in the serum (54). The
increase in serum concentration of the three hormone-binding globulins is believed to be
stimulated primarily by circulating estrogens.

-1-ANTITRYPSIN

-1-Antitrypsin is a plasma protease inhibitor, which neutralizes other serum pro-
teases such as elastase. Rarely, hereditary deficiency of -1-antitrypsin can lead to early-
onset emphysema and cirrhosis. -1-antitrypsin increases early in pregnancy and remains
elevated throughout gestation (Fig. 5) (48,49,55). In an evaluation of multiple serum
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Fig. 3. Antepartum serum albumin concentrations (n = 102). (Reprinted with permission from
Elsevier Science [49].)

Fig. 4. Changes in maternal serum concentrations of SHBG during pregnancy. Nonpregnant (NP)
reference interval for SHBG, 30–90 nmol/L, shown in shaded black area at the left. The mean
curves are described by the equation for log(SHBG) = exp(3.0751 – 0.6617 × week + 0.0231 +
week2). (Reprinted with permission of the American Association for Clinical Chemistry [51].)
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proteins during pregnancy, Mendenhall et al. (49) noted that the rise in -1-antitrypsin
was greater than of any of the other proteins evaluated. A similar, but less dramatic
increase in -1-antitrypsin has been noted in users of estrogen-containing oral contracep-
tives, suggesting that estrogenic stimulation during pregnancy contributes to the gesta-
tional increase in serum concentrations of -1-antitrypsin (50,56).

TRANSFERRIN

Transferrin is synthesized by the liver and transports ferric ions to the bone marrow
for incorporation into erythrocytes. Transferrin is most commonly measured by assess-
ing the total iron-binding capacity. Serum transferrin concentrations gradually increase
during pregnancy (49). Interestingly, there is no increase in transferrin concentrations in
women receiving estrogen-containing formulations (50,57).

CERULOPLASMIN

Ceruloplasmin is a copper-binding protein synthesized by the liver (45). The main
clinical use of serum ceruloplasmin measurements is in the diagnosis of Wilson’s disease
(hepatolenticular degeneration), in which ceruloplasmin concentrations are depressed.
Ceruloplasmin concentrations are elevated during pregnancy (48–50,58). As postulated
for other hepatic proteins, administration of exogenous estrogens to women results in an
increase in serum ceruloplasmin, thereby supporting a role for estrogen in that process
(50,57,59,60).

HAPTOGLOBIN

Serum haptoglobin binds free hemoglobin from lysed erythrocytes. After binding
hemoglobin, the haptoglobin–hemoglobin complex is rapidly taken up by the reticuloen-
dothelial system. In a longitudinal study of normal pregnant women, Haram et al. dem-

Fig. 5. Antepartum serum alpha1-antitrypsin concentrations by gestational age (n = 79). (Reprinted
with permission from Elsevier Science [49].)
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onstrated that haptoglobin exhibits a relative decrease during gestational weeks 24–27
(48), although concentrations remain within nonpregnant references ranges (48,57,
58,60).

IMMUNOGLOBULINS

In nonpregnant individuals, immunoglobins make up 20% of plasma proteins. During
gestation, immunoglobulin concentrations decline slightly (47,48,57), yet this decline
does not exceed normal nonpregnant reference ranges (48). A decrease in immunoglo-
bulin concentration has been seen in women receiving synthetic estrogens, suggesting
that the decrease during pregnancy may be estrogen mediated (57).

C-REACTIVE PROTEIN

The serum protein C-reactive protein (CRP) is produced in response to a variety of
inflammatory stimuli. CRP concentrations rise 4–6 h after an inflammatory insult and are
used as a nonspecific marker of inflammation and tissue necrosis. CRP concentrations
remain within normal limits in the majority of pregnant women (48,58,61). In a longitu-
dinal study of 81 gravid females, Watts et al. found that median CRP concentrations were
higher in pregnancy, yet 74% of women sampled had blood CRP concentrations that were
within the normal nonpregnant range. Interestingly, serum CRP concentrations tend to
be higher during labor (61) and have been suggested as a marker for intra-amniotic
infection (62).

COMPLEMENT

The complement system is a group of serum proteins that play a role in the inflamma-
tory response. More than 30 proteins are involved in the complement system. Comple-
ment activity is most commonly quantitated as total hemolytic complement (CH50),
which assesses the function of the entire complement system, as well as C3 and C4.
During gestation, complement activity is mildly increased (63–65). In serial measure-
ments of CH50 throughout pregnancy, Baines et al. documented a small increase in CH50
activity from the midtrimester until term (63) (Fig. 6A). CH50 measurements rapidly
decline during the peurperium (64). C3 and C4 concentrations rise throughout pregnancy
and are significantly elevated in the third trimester (63,65) (Fig. 6B).

The physiology of clotting factors, fibrinogen and endogenous anticoagulants during
pregnancy is discussed in Chapter 10.

LABORATORY FINDINGS IN COMMON HEPATOBILIARY DISEASES
DURING PREGNANCY

Preeclampsia, Eclampsia, and HELLP Syndrome

Preeclampsia, a most common obstetrical disease, as well as eclampsia and HELLP
syndrome are discussed fully in Chapter 18.

AFLP

AFLP is a rare disorder that complicates 1 in 13,000–16,000 pregnancies (12). AFLP
usually occurs in the third trimester (5,12,66). AFLP is more common in nulliparous
women, as well as women with multifetal gestations (12). AFLP is a life-threatening
disorder, associated with an 18% maternal mortality and a 23% fetal mortality rate (67).
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The precise mechanism that leads to AFLP is unknown. Recent reports have linked
fetal defects in the mitochondrial enzyme long chain 3-hydroxyl-acyl CoA dehydroge-
nase (13,68–70). Heterozygosity for the enzyme defect in the mother is likely to play a
role in the development of AFLP (5). Histological examination of liver biopsies of
women with AFLP typically reveals microvesicular fatty infiltration with displacement
of central hepatocyte nuclei (5). Electron microscopy reveals histological changes simi-
lar to those seen in Reye’s syndrome (68–70).

Fig. 6. (A) Total hemolytic complement (CH50) concentrations (± 1 SD) by gestational age in
normal pregnancies. (B) The concentration of B1C, a component of the C3 complement, in
maternal serum (mg/100 mL ± 1 SD) by gestational age in normal pregnancies. (Reprinted with
permission from the American College of Obstetricians and Gynecologists [63].)
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Pregnant women with AFLP initially present with malaise, nausea, vomiting, and
weight loss (5,12). Abdominal pain, hematemesis, and jaundice may accompany the
initial symptoms. In contrast, pruritus is rare. Signs and symptoms of coexistent preec-
lampsia may also occur. Ascites may be present on physical examination, but hepatosple-
nomegaly is rare (5). Complications of AFLP include fulminant hepatic failure,
disseminated coagulopathy, hypoglycemia, pancreatitis, and terminally, encephalopathy
and acute renal failure (5,12). Less common complications include subcapsular hepatic
hematomas, hepatic rupture, and fat emboli (5).

Laboratory findings in patients with AFLP depend on the severity of the disease. The
hallmark of AFLP is elevated concentrations of serum aminotransferases, although they
usually remain less than 1000 U (12,13), with AST typically higher than ALT. Serum AP
exceeds the physiological increase during the third trimester of pregnancy (5). Bilirubin
may be markedly elevated (5). Ammonia is elevated in 75% of patients, and creatinine
and uric acid are abnormally increased in over 90% of patients (71). Little data is available
on either 5'-nucleotidase or GGT during the course of AFLP. Hematological abnormali-
ties that indicate disseminated intravascular coagulation are common in women with
AFLP, including elevated prothrombin time (PT) and partial thromboplastin times (PTT)
(12,71). Additionally, hypofibrinogenemia, low antithrombin III concentrations, and
thrombocytopenia are common (71). Other abnormalities include mild leukocytosis and
hemolysis (12). Laboratory findings from two series of pregnant women with AFLP are
displayed in Table 1. Delivery is indicated for patients with AFLP and should be accom-
panied by aggressive supportive care for the mother. Platelet and clotting factor replace-
ment should be undertaken to correct coagulopathy. A minority of survivors may exhibit
persistent hepatic failure and benefit from liver transplantation (12).

Intrahepatic Cholestasis of Pregnancy
Intrahepatic cholestasis of pregnancy (ICP) is a form of cholestatic jaundice that

typically occurs in the third trimester of pregnancy (72). The incidence of ICP is esti-
mated at 0.5–1.0% of pregnancies, with a higher incidence in some countries, such as
Chile and Scandinavia, suggesting a genetic predisposition (5,73). The incidence of ICP
is higher in families with progressive familiar intrahepatic cholestasis and associated
with mutations in the multidrug resistance-3 gene (reviewed in Germain et al. [73]). ICP
is more common in women with multiple gestations and in women of advanced maternal
age (72).

The etiology of ICP is incompletely understood. It is hypothesized that the pregnancy-
related increase in estrogen concentration impairs biliary function (5,72,74). This hypoth-
esis is supported by the higher recurrence of ICP-like presentation when women who had
this condition use estrogen-containing oral contraceptives. Decreased dehydro-
epiandrosterone sulfate, a precursor for estriol, has also been implicated (75). Abnormali-
ties in progesterone metabolites have also been implicated in ICP (13,72). Histological
specimens reveal centrilobular cholestasis with accumulation of bile pigments in hepa-
tocytes but without evidence of necrosis or inflammation.

The first symptom and commonly the hallmark of ICP is nocturnal pruritus, which
begins on the palms and soles and progresses to the trunk and face (72). Mild jaundice
may follow pruritus, typically by 2 wk (5). Right upper quadrant pain is less commonly
observed. Although the disease is generally mild, a higher incidence of fetus-related
complications has been attributed to ICP, including perinatal mortality, preterm delivery,
and meconium-stained amniotic fluid (72,76).
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Diverse liver function abnormalities occur in women with ICP (77). Mild elevations
of the transaminases, typically less than 250 U, are common (5,14,67). GGT, 5'-nucle-
otidase, and alkaline phosphatase may also be elevated (13,72,78). Bilirubin is usually
elevated with a predominance of the conjugated fraction (13). The total bilirubin is
typically less than 6 mg/dL (72). These tests are useful primarily for excluding other
causes of liver disease. The most sensitive and specific laboratory parameter for the
evaluation of ICP is serum bile acid concentration (72). Total serum bile acids may be
elevated 10–25-fold during the course of ICP. An increase by 5-fold in chenodeoxycholic
acid and 10-fold in cholic acid concentrations is found in women with ICP (30). The most
predictive bile acid profile of women with ICP includes a total bile acid concentration
greater than 11.0 µmol, cholic to chenodeoxycholic acid ratio greater than 1.5, and
glycine to taurine bile acid ratio less than 1.0 (79).

Treatment of ICP is usually supportive. Symptomatic relief is frequently attempted
with antihistamines or sedatives. Cholestyramine may be useful but is associated with
malabsorption of fat-soluble vitamins. Ursodeoxycholic acid, in combination with
S-adenosylmethionine, is a newer agent that has shown promise for the treatment of ICP
(72,80). Dexamethasone has also been tried but without clear benefit (81). Importantly,
there is no evidence that any of these approaches alter fetal outcome. ICP naturally
disappears several days after delivery. The recurrence rate in subsequent pregnancies is
typically 40–60% (73).

Hyperemesis Gravidarum
Hyperemesis gravidarum is severe nausea, vomiting, and dehydration, frequently

accompanied by weight loss, ketonuria, and electrolyte abnormalities. It usually occurs in
the first and early second trimester. Mild elevations in the transaminases (< 250–300 U/L)
and bilirubin (<4 mg/dL) are frequently observed (5,82). Increased concentrations of serum
cholesterol and HDL have also been reported in women with hyperemesis gravidarum

Table 1
Common Laboratory Findings in Women With Acute Fatty Liver of Pregnancy

Usta (71) (n = 14) Castro (100) (n = 28)
Mean (SD) Abnormal (%) Median (Range)

Creatinine (mg/dL) 2.4 (1.0) 100 2.5 (1.1–5.2)
Uric acid (mg/dL) 10.7 (1.0) 93 10.2 (6.3–20.4)
Platelets (103/mm3) 126.0 (96) 64 113 (11–186)
Fibrinogen (mg/dL) 139.0 (79) 93 125 (32–446)
PT (sec) 19.5 (8.3) 86 NR
PT (% activity) NR — 36 (12–60)
PTT (sec) 50.6 (21.8) 79 98 (45–180)
AST (U/L) 1067.0 (1098) 100 210 (45–1200)
ALT (U/L) NR — 235 (20–1500)
Total bilirubin (mg/dL) NR — 8.6 (2.9–49.5)
Ammonia (µmol/L) 80.0 (91) 75 NR
Glucose (mg/dL) 61.0 (19) 71 45 (33–75)

NR, not reported; ALT, alanine aminotransferase; AST, aspartate aminotransferase; PT,
prothrombin time; PTT, partial thromboplastin time; SD, standard deviation.
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when compared to controls (83). Elevated human chorionic gonadotropin (hCG) concen-
trations are associated in women with hyperemesis gravidarum. Although hCG has a
weak thyroid-stimulating hormone (TSH)-like activity, marked elevation may lead to
suppression of TSH and erroneous diagnosis of hyperthyroidism. Elevations in the serum
amylase concentration may also occur in women with severe vomiting (82). Treatment
requires aggressive hydration, prompt electrolyte replacement, and antiemetics.

Viral Hepatitis
Viral hepatitis during pregnancy may expose both the mother and fetus to substantial

risk. The diagnosis of viral hepatitis relies on serologic confirmation, as performed for
nonpregnant patients (84). Acute hepatitis usually manifests as malaise, nausea, fatigue,
anorexia, and abdominal pain. The most common physical finding is jaundice, which
usually occurs several weeks after the development of subjective symptoms. Other physi-
cal findings include hepatomegaly, acholic stools and darkened urine. After initial infec-
tion, patients with hepatitis B, C, or D may progress to a chronic carrier state. One-third
of chronic carriers will subsequently develop chronic active hepatitis, cirrhosis, or even
end-stage liver disease (85). The hallmark of acute hepatitis is an elevation of the tran-
saminases. AST and ALT are generally more than 10–20 times the upper limit of normal.
ALT is usually higher than AST. AP and LDH are often elevated but usually less dramati-
cally than the transaminases. Total bilirubin, as well as the conjugated and unconjugated
fractions of bilirubin, rise in patients with hepatitis. The elevation in bilirubin usually begins
before the appearance of jaundice and then gradually declines. Additionally, 5'-nucleoti-
dase and GGT are often elevated.

HEPATITIS A
Hepatitis A is caused by an RNA virus of the picornavirus family. Transmission of

hepatitis A virus (HAV) is usually by fecal–oral contamination. The incubation period
is 15–50 d. Viremia is usually short, and serious complications are uncommon. Perinatal
transmission of HAV has not been demonstrated (85,86).

Detection of hepatitis A relies on detection of HAV antibodies by radioimmunoassay
or enzyme-linked immunosorbent assay (ELISA). Immunoglobulin M (IgM) antibodies
coincide with development of symptoms, peak 3 to 4 wk after the onset of clinical disease,
and resolve 3–4 mo afterward. The detection of HAV IgM indicates an acute HAV
infection. HAV IgG appears 2–3 wk after IgM, remains elevated indefinitely, and pro-
vides immunity against future HAV infections (21).

HEPATITIS B
Hepatitis B is caused by a DNA hepadenovirus. Acute hepatitis B accompanies 1–2/

1000 pregnancies, whereas chronic hepatitis B is present in 5–15/1000 pregnancies
(87,88). Transmission of hepatitis B virus (HBV) is by parenteral and sexual contact (85).
After an acute infection, 10–15% of patients will become chronic carriers. Fifteen to 30%
of chronic carriers demonstrate continued viral replication and are at risk for chronic
active hepatitis, cirrhosis, and hepatocellular carcinoma (89). HBV transmission may
occur transplacentally, through exposure to contaminated blood or genital secretions at
the time of delivery, or through breast-feeding. Transmission occurs in nearly 20% of
pregnant women who are positive for hepatitis B surface antigen and is more common
late in gestation (85). The rate of fetal transmission of HBV is not proven to be influenced
by the mode of delivery.
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The laboratory evaluation of HBV relies on the detection of several antigens and
antibodies. Three serum antigens and their corresponding antibodies are commonly
determined: hepatitis B surface antigen (HBsAg), hepatitis B core antigen (HBcAg), and
hepatitis B early antigen (HBeAg).

HBsAg is present on the outer surface of the HBV particle, appears 2–6 wk after
exposure, and peaks around the time of onset of hepatitis symptoms. HBsAg can be detected
by immunoassay or nucleic acid probe and is a marker for HBV activity. The antibody to
HBsAg, hepatitis B surface antibody (HBsAb), appears 2–6 wk after the disappearance
of HBsAg and persists indefinitely. HBsAb is a marker for immunity to HBV. Patients
with chronic hepatitis remain positive for HBsAg in the absence of HBsAb. HBcAg is an
antigen on the inner core of the HBV particle. The antibody to HBcAg, the hepatitis B
core antibody (HBcAb), appears 3–4 wk after the appearance of HBsAg and remains
elevated indefinitely. HBcAb IgM is usually present during acute infection. HBcAb IgG
is present in chronic infection or after recovery. HBcAb may be the only positive sero-
logic test during the interval when HBsAg has disappeared and HBsAb has not yet
become detectable (“core window”). HBeAg is an antigen contained within the core of
the HBV particle and appears 3–5 d after HBsAg and disappears while HBsAg is still
detectable (21). HBeAg is a marker for increased infectivity and approximately threefold
increased fetal transmission. HBV DNA can also be measured in the serum and is a
marker of active HBV replication.

HEPATITIS C
Hepatitis C is caused by an RNA virus from the flaviviridae family. Like hepatitis B,

transmission of hepatitis C virus (HCV) occurs parenterally and through sexual contact.
After initial infection, 50% of patients have persistence of HCV and 20% develop chronic
hepatitis or cirrhosis (85). Vertical transmission of HCV occurs in 7–8% of infected
mothers (90,91).

Laboratory detection of HCV relies on either antibody testing or viral load by poly-
merase chain reaction. Hepatitis C virus antibodies, measured by ELISA or recombinant
immunoblot assay, are present in the serum 6–16 wk after the onset of symptoms. Anti-
body detection by ELISA is usually employed as a screening test and has sensitivity in
excess of 95% but low specificity. HCV RNA may be detected 1 to 2 wk after the initial
infection. Tests for HCV genotyping are also commercially available and useful in pre-
dicting treatment responsiveness (92). Patients with chronic hepatitis C remain positive
for HCV antibody.

Hepatitis G, an RNA virus disease, may occur as a coinfection with HCV. Transmis-
sion is bloodborne, and diagnosis rests on the documentation of hepatitis G antibody.

HEPATITIS D
Hepatitis D is caused by a defective RNA virus that requires the surface-antigen coat

of hepatitis B virus for survival. Thus, hepatitis D virus (HDV) occurs only in patients
who are infected with HBV (93). Transmission of HDV occurs parenterally and through
sexual contact. Patients who develop chronic hepatitis D typically have severe disease
with hepatic failure and death in 25% of patients. Vertical transmission of HDV is
uncommon (85).

Assays for the measurement of hepatitis D antigen and antibodies are available. HDV
antigen is detectable by immunoassay and nucleic acid probe. The window for the detec-
tion of HDV antigen is brief; the antigen appears shortly before symptoms from HDV
infection and then rapidly declines. Immunoassays for HDV IgM and total HDV Ig are
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also available. HDV IgM appears 10 d after the onset of symptoms and becomes unde-
tectable in 10–80 d. Total HDV Ig rises 50 d after the appearance of symptoms and
becomes undetectable in 7 mo (21). In patients with chronic HDV infection, HDV total
antibody remains elevated and HDV IgM may be present in low titers. HDV antigen can
be demonstrated in hepatocytes but is undetectable in the serum (21).

HEPATITIS E
Hepatitis E is an RNA virus that is rare in the United States but endemic in several

third-world countries. Transmission is enteric. Hepatitis E is self-limited and does not
result in a carrier state. Mortality from hepatitis E infection during pregnancy is 10–18%
in some third-world countries (85,94). Laboratory documentation of hepatitis E requires
identification of hepatitis E antibodies.

Chronic Liver Disease and Cirrhosis
Because amenorrhea and ovulatory dysfunction are common in women with chronic

and end-stage liver diseases, these conditions are uncommon during pregnancy. The
laboratory diagnosis and evaluation of chronic hepatic diseases in pregnant women is
similar to that undertaken in nonpregnant patients. Wilson’s disease results from the
aberrant deposition of copper in multiple tissues. Its diagnosis rests on the measurement
of serum ceruloplasmin and urinary copper. The physiologic increase in serum ceru-
loplasmin concentrations during pregnancy (discussed earlier) should be taken into
account when interpreting ceruloplasmin concentrations. Hemochromatosis is charac-
terized by excess iron absorption and deposition. A transferrin saturation of greater than
50% is commonly used for the detection of hemochromatosis. Autoimmmune hepatitis
and primary biliary cirrhosis have rarely been described in pregnancy (45,95,96).
Autoimmune hepatitis is usually accompanied by high titers of antismooth muscle
antibodies, whereas patients with primary biliary cirrhosis often display elevated titers
of antimitochondrial antibodies. The effect of pregnancy on antibody presence and titer
is uncertain. The evaluation of porphyria during pregnancy is similar to that undertaken
in nonpregnant individuals (96).

Cirrhosis is the end result of diverse hepatocellular diseases, such as alcohol abuse,
viral hepatitis, hemochromatosis, or biliary cirrhosis, and characterized by liver fibrosis
and regenerative nodules. Complications from cirrhosis include portal hypertension with
esophageal varices, coagulopathy, jaundice, ascites, and encephalopathy. Cirrhosis is
commonly associated with amenorrhea and ovulatory dysfunction; however, successful
pregnancies have been documented in a number of women (5,97). When women with
cirrhosis become pregnant, complications are relatively frequent and include gastrointes-
tinal bleeding, worsening hepatic function, and even maternal death during gestation and
the puerperium (97). A wide variety of laboratory abnormalities depend on the severity of
the underlying hepatic damage. Patients with early cirrhosis often have minimal laboratory
changes. As cirrhosis progresses, the serum transaminases, GGT, AP, and bilirubin typi-
cally rise. Elevated prothrombin time and hypoalbuminemia characterize advanced-stage
cirrhosis, and serum ammonia correlates with the degree of encephalopathy.

Cholelithiasis and Cholecystitis
More than 20% of women over the age of 40 in the United States have gallstones, the

vast majority of which contain cholesterol (66). Physiological changes in pregnancy
enhance the formation of biliary sludge, alter bile acid composition, and decrease gall-
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bladder contractility, thus predisposing women to the development of symptomatic
cholelithiasis (7,98). Symptoms of cholelithiasis include fatty-food intolerance, dyspep-
sia, and right upper quadrant and epigastric pain (7). The symptoms of biliary colic are
usually episodic. The diagnosis of cholelithiasis rests on the demonstration of gallstones
by ultrasonography. Patients with biliary obstruction typically have markedly elevated
concentrations of AP and bilirubin. Seventy-five percent of the total bilirubin is usually
conjugated. AST and ALT are usually only minimally elevated (21). Prolonged biliary
obstruction will result in progressive elevation of the aminotransferases, reflecting hepa-
tocellular damage (21). Patients with cholelithiasis and episodic biliary colic are treated
symptomatically, with more intensive medical or surgical management if symptoms are
unremitting or if acute cholecystitis develops.

The distinction between acute cholecystitis and biliary colic from cholelithiasis is not
always clear. Pregnant women with cholecystitis exhibit severe pain accompanied by
nausea, vomiting, and fever (7). In addition to the laboratory findings of cholelithiasis,
patients with cholecystitis often display leukocytosis with a left shift. Treatment of
cholecystitis is either medical, with analgesia, bowel rest, hydration, and antibiotics, or
surgical, by cholecystectomy. This procedure can be performed during pregnancy if the
disease is severe or recurrent, or performed postpartum (66,67,99).
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Table 1
Explanation of Appendix Reference Intervals

Specimen
Other refs Ref type Units 1st trim n 2nd trim n 3rd trim n Meth1 Nonpreg n Meth1

Other Source Analyte units Pregnancy Reference n Pregnancy Reference n Pregnancy Reference n Method for Ref interval n Method for
useful of given weeks interval weeks interval weeks interval ref interval for nonpreg nonpreg ref
references ref interval calculation. controls interval

See list at calculation.
Pregnant Pregnant Pregnant end of each See list at
mean ÷ mean ÷  mean ÷ table. end of  each
nonpreg- nonpreg- nonpreg- table.
nant mean* nant mean* nant mean*

1Methods for Reference Range Calculations.
A, Mean ± 2SD.
B, Central 95%.
C, Range.
*Indicates mean preg value ÷ mean nonpregnant value.
Note. Reference intervals are method- and laboratory-specific. Caution should be used in applying published reference intervals to patients tested using different assays in different laboratories.

Each laboratory should establish its own reference intervals.
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Table 2
Published Reference Intervals for Serum During Pregnancy

Other
refs Ref Serum Units 1st trim n 2nd trim n 3rd trim n Meth1 Nonpreg n Meth1

(1,2) (3) -1 antitrypsin g/L 12 wk 1.76–3.72 29 24 wk 2.14–4.50 29 36 wk 2.47–5.67 29 A 1.35–3.10 121 B
129* 154* 189*

(3–6) (7) -fetoprotein ng/mL 1st trim 18–119 22 2nd trim 96–302 10 3rd trim 160–550 18 C
(3) -tocopherol µmol/L 12 wk 10–38 29 24 wk 19–43 29 36 wk 17–65 29 A 16–37 121 B

100 129 171
(3) -tocopherol: 12 wk 2.6–8.3 29 24 wk 3.3–7.6 29 36 wk 1.8–10.4 29 A 3.8–7.1 121 B

cholesterol
ratio 104 104 117

(3) Activated partial s 12 wk 24.6–34.2 29 24 wk 25.0–31.7 29 36 wk 23.9–33.0 29 A 26.6–35.5 121 B
thromboplastin
time 95 91 92

(8–11) (3) Alanine amino- U/L 12 wk 4–28 29 24 wk 4–28 29 36 wk 0–28 29 A 5–29 121 B
transferase (ALT) 89 89 78

(2,9–17) (3) Albumin g/L 12 wk 33–43 29 24 wk 29–37 29 36 wk 28–36 28 A 36–46 121 B
93 80 78

(18) (19) Aldosterone fmol/mL 3rd trim 1095–2488 83 E 256–599 80 E
400

(9,10,12– (3) Alkaline U/L 12 wk 22–91 29 24 wk 33–97 29 36 wk 73–267 29 A 38–98 121 B
15,20–22) phosphatase, 90 105 274

total
(21) (20) Alkaline U/L 10–12 wk 1.3–6.1 11 18–20 wk 1.7–10.5 11 32–34 wk 4.4–10.8 16 A 0–4.7 12 A

phosphatase, 160 270 330
bone

(21) (20) Alkaline U/L 10–12 wk 0.9–5.3 11 18–20 wk 0–7.3 11 32–34 wk 0–7 16 A 0.4–7.2 12 A
phosphatase, 82 55 47
hepatic

(21) (20) Alkaline U/L 10–12 wk 0–1.8 11 18–20 wk 0.1–1.7 11 32–34 wk 0–1.5 16 A 0–8.1 12 A
phosphatase, 24 27 15
intestinal

(21) (20) Alkaline U/L 10–12 wk 0–0.3 11 18–20 wk 0–6.6 11 32–34 wk 0.4–20 16 A 0 12 A
phosphatase,

(3) Amylase U/L 12 wk 11–97 29 24 wk 19–92 29 36 wk 27–97 29 A 27–82 121 B
108 110 124

(23) Androstenedione nmol/L 5 wk 3.5–18.8 60 40 wk 4.6–24.5 60 B 3–10 NI
(3) Anion Gap mmol/L 12 wk 10–20 29 24 wk 10–18 29 36 wk 11–18 29 A 10–17 121 B

115 108 108
(24) (25) Apo-A-1 g/L 0–8 wk 1.19–2.01 39 17–24 wk 1.44–2.47 34 33–40 wk 1.47–2.66 44 C
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(24) (25) Apo B g/L 0–8 wk 0.52–1.34 39 17–24 wk 0.98–1.85 34 33–40 wk 1.02–2.06 44 C
(26) Arginine pg/mL 32–34 wk 0.27–2.51 8 A 0.01–2.49 8 A

vasopressin (AVP) 111
(8–11,14, (3) Aspartate amino- U/L 12 wk 4–30 29 24 wk 1–32 29 36 wk 2–37 29 A 9–32 121 B
15,22) transferase (AST) 85 80 100

(12) (3) Bicarbonate mmol/L 12 wk 18–26 29 24 wk 18–26 29 36 wk 18–26 29 A 22–29 121 B
85 85 85

(27) Bile acid µmol/L 20 wk 2.3–7.9 50 36 wk 2.7–8.7 48 A
(8,10,11, (9) Bilirubin (total) µmol/L 1st trim 1–13 34 2nd trim 1–9 36 3rd trim 1–7 33 C 2–20 103 C
14,15) 70 61 47

(9) Bilirubin µmol/L 1st trim 0–2 34 2nd trim 0–2 36 3rd trim 0–1 33 C 0–3 103 C
(congugated) 63 50 38

(9,12) (3) Bilirubin µmol/L 12 wk 0–11 29 24 wk 0–9 29 36 wk 3–10 29 A 4–20 121 B
(uncongugated) 56 56 67

(12) Blood Urea mg/dL 25 wk 6.1–12.1 10 37 wk 5.4–15.8 25 A
Nitrogen

(11,13,14, (3) Calcium (total) mmol/L 12 wk 2.12–2.44 29 24 wk 2.04–2.36 29 36 wk 2.05–2.37 29 A 2.17–2.43 121 B
22,28–30) 98 95 95

(11,28–30) (3) Calcium (ionized) mmol/L 12 wk 1.13–1.33 29 24 wk 1.13–1.29 29 36 wk 1.14–1.38 29 A 1.1–1.36 121 B
99 98 102

(31) CA 125 kIU/L 6–9 wk 7.95–17.7 2 20–24 wk 6.5–54.3 14 35–40 6.2–49.3 20 C <40 100 D
(31) CA 15-3 kIU/L 6–9 wk 12.2–14.3 2 20–24 wk 10.0–22.8 14 35–40 5.1–27.0 20 C <30 100 C
(31) CEA µg/L 6–9 wk 1.4–2.4 2 20–24 wk 0.6–2.8 14 35–40 0.7–3.3 20 C <3 100 B

(1,2) (3) Ceruloplasmin mg/L 12 wk 205–586 29 24 wk 342–586 29 36 wk 360–624 29 A 198–340 121 B
157 184 195

(10,12,32) (3) Chloride mmol/L 12 wk 99–108 29 24 wk 100–107 29 36 wk 100–108 29 A 101–108 121 B
98 99 99

(12,24, (3) Cholesterol (total) mmol/L 12 wk 3.02–5.94 29 24 wk 3.91–7.47 29 36 wk 4.71–8.55 29 A 3.13–6.87 121 B
25,33) 100 127 148

(34) Cholic acid µmol/L 20 wk 0–1.47 25 36 wk 0–1.12 29 A
(4,35–41) (48) Chorionic IU/mL 8–11 wk 59–161 8 20–23 wk 2.2–45.2 8 36–39 wk 3.9–43.5 8 A

gonadotropin
(hCG)

(3) Colloid osmotic cm H2O 12 wk 19–31 29 24 wk 19–27 29 36 wk 19–27 29 A 22–33 121 B
pressure 93 85 85

(3) Complement C3 g/L 12 wk 0.44–1.16 29 24 wk 0.58–1.18 29 36 wk 0.60–1.26 29 A 0.47–0.92 121 B
112 124 132

(3) Complement C4 g/L 12 wk 0.09–0.45 29 24 wk 0.10–0.42 29 36 wk 0.17–0.37 29 A 0.14–0.41 121 B
108 104 108

(3) Copper µmol/L 12 wk 10.8–37.9 29 24 wk 21.8–38.4 29 36 wk 22.0–43.0 29 A 11.7–20.5 121 B
158 195 211

continued
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Table 2 (continued)

Other
refs Ref Serum Units 1st trim n 2nd trim n 3rd trim n Meth1 Nonpreg n Meth1

(3) Cortisol nmol/L 12 wk 205–632 29 24 wk 391–1407 29 36 wk 543–1663 29 A 110–580 121 B
111 238 292

(12) (3) Creatine kinase U/L 12 wk 0–111 29 24 wk 0–100 29 36 wk 0–145 29 A 20–137 121 B
87 79 90

(10,12,14, (3) Creatinine µmol/L 12 wk 25–79 29 24 wk 25–74 29 36 wk 23–93 29 A 50–90 121 B
15,22,42) 71 68 79

(43) Cystatin C mg/L 3rd trim 0.79–1.47 14 A 0.66–1.1 12 A
128

(23) DHEAS µmol/L 5 wk 2.0–16.5 60 20 wk 0.9–7.8 60 40 wk 0.8–6.5 60 B 3.4–8.6 NI

(44) Deoxycorti- pg/mL 10–14 wk 168–300 44 23–26 wk 48–308 44 39–42 wk 999–1619 44 A 72–152 A
costerone (DOC) 209 694 1169

(3) Erythrocyte Count × 10 12/L 12 wk 3.21–4.89 29 24 wk 3.20–4.28 29 36 wk 3.35–4.67 29 A 3.72–4.98 121 B
94 86 93

(45) (46) Erythropoietin U/L 14–18 wk 10.4–46 57 23–26 wk 12.2–97 57 39–43 wk 14.7–222 57 C 15–30 NI
100 114 156

(35,47) (23) Estradiol nmol/L 5 wk 0.69–3.88 60 16 wk 11.13–26.40 60 40 wk 22.53–127 60 B 0.37–0.77 NI
(4) Estriol ng/mL 20 wk 1.85 168 G

(uncongugated)
(48) Factor VII % 11–15 wk 60–206 41 21–25 wk 80–280 47 36–40 wk 87–336 48 C 52–171 61 C

of normal 118 160 182
(49) (48) Factor X % 11–15 wk 62–169 41 21–25 wk 74–177 47 36–40 wk 72–208 48 C 54–149 61 C

of normal 114 128 141
(49) Factor XI % 15 wk 47–139 8 38 wk 48–80 7 A 64–124 20 A

of normal 99 68
(48) Factor V % 11–15 wk 46–188 41 21–25 wk 36–185 47 36–40 wk 39–184 48 C 42–155 61 C

of normal 115 101 105
(48) Factor II % 11–15 wk 70–224 41 21–25 wk 73–214 47 36–40 wk 68–194 48 C 68–165 61 C

of normal 118 118 108
(48) Factor III:C % 11–15 wk 53–283 41 21–25 wk 44–453 47 36–40 wk 79–570 48 C 46–193 61 C

of normal 128 148 223
(10,46, (3) Ferritin µg/L 12 wk 0–45 29 24 wk 0–24 29 36 wk 0–22 29 A 4–63 121 B
50,51) 81 37 37

(17,48) (3) Fibrinogen g/L 12 wk 1.60–4.96 29 24 wk 2.22–4.98 29 36 wk 3.13–5.53 29 A 1.76–3.64 121 B
119 131 157

(52) (53) Folate, plasma nmol/L 1st trim 2.7–24.3 38 2nd trim 1.2–22.8 37 3rd trim 0–29.6 25 A 4–20 20 A
113 100 103
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(53) Folate, red cell nmol/L 1st trim 21–3597 38 2nd trim 313–2713 37 3rd trim 57–2709 25 A 542–1518 20 A
176 147 134

(8–11) (3) Gamma-glutamyl U/L 12 wk 9–28 29 24 wk 4–28 29 36 wk 7–32 29 A 14–33 121 B
transferase 86 76 95

(12,15,26, (3) Glucose (�4h fast) mmol/L 12 wk 3.7–5.5 29 24 wk 3.3–5.0 29 36 wk 3.5–5.0 29 A 3.9–5.5 121 B
54,55) 98 89 91

(3) Glutathione U/L 12 wk 467–1103 29 24 wk 494–1106 29 36 wk 435–1098 29 A 670–1312 121 B
peroxidase 79 81 77

(3) Granulocyte count × 10 9/L 12 wk 2.6–8.6 29 24 wk 3.9–10.3 29 36 wk 4.5–9.7 29 A 1.5–6.0 121 B
(automated) 170 215 215

(1) Haptoglobin g/L 8–11 wk 0.52–2.28 18 20–23 wk 0.41–1.81 22 36–37 wk 0–2.84 24 A 0.25–2.5 NI
(24,25,56) (3) HDL-Cholesterol mmol/L 12 wk 1.20–2.24 29 24 wk 1.25–2.45 29 36 wk 1.21–2.37 29 A 0.87–1.99 121 B

121 131 127
(10,26,45, (3) Hematocrit % 12 wk 31.2–41.2 29 24 wk 30.1–38.5 29 36 wk 31.7–40.9 29 A 34.3–42.6 121 B
48,57) 94 89 94

(10,46,48, (3) Hemoglobin g/L 12 wk 108–140 29 24 wk 100–132 29 36 wk 104–140 29 A 115–147 121 B
51,52) 95 89 93

(58) (52) Homocysteine, µmol/L 9–12 wk 6.9 (6.2–7.6)31 20–22 wk 5.9 (5.4–6.3) 39 36–38 wk 6.6 (5.9–7.2) 38 D
total (tHcy)

(2,59) (3) Immunoglobulin A g/L 12 wk 0.21–3.17 29 24 wk 0.30–3.06 29 36 wk 0.43–3.19 29 A 0.68–4.08 121 B
76 76 82

(2,59) (3) Immunoglobulin G g/L 12 wk 8.38–14.1 29 24 wk 6.54–12.9 29 36 wk 5.22–11.46 29 A 8.93–18.21 121 B
85 74 63

(2,59) (3) Immunoglobulin M g/L 12 wk 0.01–3.09 29 24 wk 0.02–2.90 29 36 wk 0–3.61 29 A 0.69–3.51 121 B
80 75 91

(59) Immunoglobulin E U/mL 11–13 wk 53–1412 11 23–25 wk 14–1243 11 38–40 wk 44–905 11 C
(55) (54) Insulin (fasting) µU/mL 10 wk 0–9 19 20 wk 0.6–7.8 19 38 wk 0.2–15.4 19 A 0–13.8 19 A

72 72 134
(50,51) (3) Iron µmol/L 12 wk 7–31 29 24 wk 4–29 29 36 wk 3–30 29 A 6–32 121 B

112 94 94
(3) Iron-binding µmol/L 12 wk 42–73 29 24 wk 54–93 29 36 wk 68–107 29 A 45–76 121 B

capacity 95 121 142
(10–12) (3) Lactate U/L 12 wk 217–506 29 24 wk 213–525 29 36 wk 227–622 29 A 25–525 121 B

dehydrogenase 92 94 108
(24,25,56) (3) LDL-Cholesterol mmol/L 12 wk 1.02–3.18 29 24 wk 1.07–4.57 29 36 wk 2.32–5.56 29 A 1.27–4.64 121 B

80 111 150
(60) Leptin ng/mL 12 wk 0–22 9 28 wk 0–58.4 9 A

(61) (3) Leukocyte count × 109/L 12 wk 3.9–11.9 29 24 wk 5.0–12.6 29 36 wk 5.3–12.9 29 A

144 160 165

continued
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Table 2 (continued)

Other
refs Ref Serum Units 1st trim n 2nd trim n 3rd trim n Meth1 Nonpreg n Meth1

(61) (3) Lymphocyte count × 109/L 12 wk 0.4–3.2 29 24 wk 0.7–2.7 29 36 wk 0.7–2.7 29 A 1.1–2.7 121 B
(automated) 100 94 94

(13,29) (3) Magnesium mmol/L 12 wk 0.62–0.84 29 24 wk 0.59–0.87 29 36 wk 0.59–0.79 29 A 0.67–0.92 121 B
92 92 87

(3) Mean corpuscular pg 12 wk 28.5–33.7 29 24 wk 28.7–33.9 29 36 wk 27.0–33.8 29 A 27.4–33.8 121 B
hemoglobin 102 102 99

(3) Mean corpuscular g/L 12 wk 325–353 29 24 wk 324–352 29 36 wk 319–355 29 A 314–360 121 B
hemoglobin 100 100 99
concentration

(10,52) (3) Mean corpuscular fL 12 wk 85.0–97.8 29 24 wk 85.8–99.4 29 36 wk 82.4–100.4 29 A 83.3–96.8 121 B
volume (MCV) 101 103 101

(3) Mean platelet fL 12 wk 6.4–11.6 29 24 wk 6.6–11.4 29 36 wk 7.1–11.5 29 A 8.0–12.4 121 B
volume 87 87 89

(61) (3) Monocyte count × 109/L 12 wk 0.2–0.6 29 24 wk 0.2–0.6 29 36 wk 0.3–0.7 29 A 0.1–0.5 121 B
(automated) 200 200 250

(3) Neutrophil count × 109/L 12 wk 2.82–8.23 29 24 wk 3.4–9.36 29 36 wk 3.79–9.67 29 A 0.92–5.40 121 B
(manual) 175 202 213

(11) (9) 5'-Nucleotidase IU/L 1st trim 2.9–8.3 34 2nd trim 2.2–10.0 36 3rd trim 3.4–11.7 33 C 2.6–14.2 103 C
98 113 114

(10,22,26, (12) Osmolality mOsm/kg 25 wk 259.3–301.7 8 37 wk 264.4–299.2 21 A
42,62)
(29,63,64) (28) Parathyroid ng/L 1st trim 2.9–22.9 20 2nd trim 4–28 32 3rd trim 0–27.5 29 A 6.8–42.8 11 A

hormone (intact) 52 65 54
(63) Parathyroid pmol/L 17 wk 0–3.47 12 40 wk 0.036–2.56 10 A

hormone–related
protein

(13,14,22) (3) Phosphate mmol/L 12 wk 0.93–1.42 29 24 wk 0.84–1.31 29 36 wk 0.87–1.35 29 A 0.82–1.37 121 B
108 100 103

(65) Plasminogen % 1st trim 59.8–190.2 9 2nd trim 82.6–203.4 11 3rd trim 98–197.6 34 A 60.1–144.1 20 A
122 140 145

(48,66,67) (3) Platelet count x 109/L 12 wk 149–357 29 24 wk 135–375 29 36 wk 121–373 29 A 166–381 121 B
98 98 95

(10–12,14, (3) Potassium mmol/L 12 wk 3.4–4.8 29 24 wk 3.5–4.7 29 36 wk 3.7–4.7 29 A 3.7–4.8 121 B
22,32,57) 95 95 98

(41) Pregnancy- IU/L 8 wk 1.0 640 G
associated plasma
protein A (PAPP-A)
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(3) Prealbumin mg/L 12 wk 85–329 29 24 wk 167–303 29 36 wk 88–280 29 A 161–342 121 B
84 96 75

(18,35) (23) Progesterone nmol/L 5 wk 26–91 60 40 wk 314–1087 60 B 12–90
(23) 17-Hydroxy- nmol/L 5 wk 5.2–28.5 60 19 wk 5.2–28.5 60 40 wk 15.5–84 60 B 0.8–8.7

progesterone
(35,36) (23) Prolactin mIU/L 5 wk 101–857 60 16 wk 379–3227 60 40 wk 1471–12,531 60 B 50–500

(65) Protein C, Immuno- % 1st trim 55–147 9 2nd trim 68–148 11 3rd trim 64–148 34 A 70.6–129.4 20 A
reactive 101 108 106

(65) Protein C, Function % 1st trim 74–126 9 2nd trim 65–129 11 3rd trim 72–128 34 A 68.7–124.3 18 A
104 101 104

(10,12, (3) Protein, total g/L 12 wk 58–72 29 24 wk 56–64 29 36 wk 52–65 29 A 63–78 121 B
14,15) 92 85 83

(3) Prothrombin time s 12 wk 8.9–12.2 29 24 wk 8.6–12.1 29 36 wk 8.7–12.1 29 A 9.4–12.0 121 B
99 98 98

(3) Red cell distribution 12 wk 0.117–0.149 29 24 wk 0.123–0.147 29 36 wk 0.114–0.166 29 A 0.116–0.155 121 B
 width 103 105 109

(52) Red blood cell × 1012/L 9–12 wk 4.4 (4.3–4.6) 31 20–22 wk 4.1 (4.0–4.2) 39 36–38 wk 4.1 (3.9–4.4) 38 D
count

(19) (18) Renin activity ng/mL/h 13–26 wk 2–8.3 8 26–40 wk 1.5–26.6 11 C
(PRA)

(3) Retinol µmol/L 12 wk 0.87–1.91 29 24 wk 1.07–1.71 29 36 wk 0.79–1.71 29 A 0.85–2.31 121 B
99 99 89

(3) Retinol-binding mg/L 12 wk 23–51 29 24 wk 27–55 29 36 wk 20–56 29 A 22–57 121 B
protein 95 108 100

(3) Selenium µmol/L 12 wk 1.24–2.04 29 24 wk 1.08–2.08 29 36 wk 1.08–1.88 29 A 1.38–2.29 121 B
97 92 87

(68) (23) Sex hormone- nmol/L 5 wk 39–131 60 25 wk 214–717 60 40 wk 216–724 60 B 30–90 NI
binding globulin
(SHBG)

(10–12,14, (3) Sodium mmol/L 12 wk 131–139 29 24 wk 133–139 29 36 wk 133–139 29 A 136–142 121 B
22,26,32, 97 98 98
42,57,62)

(31) Squamous cell µg/L 6–9 wk 0.3–2.9 2 20–24 wk 0.1–2.2 14 35–40 0.5–2.2 20 C <40 100 B
carcinoma 100 44 75

(23) Testosterone nmol/L 5 wk 0.9–7.4 60 40 wk 2.2–10.8 60 B 0.7–3.5 NI
(69) (40) Thyroglobulin µg/L 1st trim 0–91 230 2nd trim 0–97 265 3rd trim 0–115 370 A <30 NI

(35,69–74) (3) Thyroid-stimulating mU/L 12 wk 0–4.4 29 24 wk 0–5.0 29 36 wk 0–4.2 29 A 0.4–4.6 121 B
hormone (TSH) 111 122 111

(35,38,40, (3) Thyroxine, free pmol/L 12 wk 8.8–16.8 29 24 wk 4.8–15.2 29 36 wk 3.5–12.7 29 A 9.5–16.5 121 B
69–77) (fT4) 98 77 62

continued
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Table 2 (continued)

Other
refs Ref Serum Units 1st trim n 2nd trim n 3rd trim n Meth1 Nonpreg n Meth1

(15,35,38, (3) Thyroxine, nmol/L 12 wk 61–153 29 24 wk 78–150 29 36 wk 59–147 29 A 77–141 121 B
40,71–75) total (T4) 103 110 99

(40,74,75) (3) Thyroxine-binding mg/L 12 wk 10–40 29 24 wk 23–46 29 36 wk 19–49 29 A 16–28 121 B
globulin (TBG) 114 155 155

(65) Tissue-type ng/mL 1st trim 3.68–15.64 9 2nd trim 0–25.74 11 3rd trim 3.21–15.09 34 A 5.19–12.31 14 A
plasminogen 110 118 105
activator (t-PA)

(51) (50) Total iron binding µg/L 0–12 wk 2524–4141 62 12–24 wk 2658–4325 65 24–40 wk 2707–4609 56 A 2514–4108 64 A
capacity (TIBC) 101 105 110

(78) (3) Transferrin g/L 12 wk 2.09–3.89 29 24 wk 2.61–5.01 29 36 wk 3.11–6.03 29 A 2.18–3.89 121 B
105 134 160

(50) Transferrin receptor, mg/L 0–12 wk 1.49–3.61 62 12–24 wk 2.93–4.98 65 24–40 wk 3.52–5.94 56 B 1.34–3.27 64 B
serum (sTfR) 106 180 2.18

(9,126,136) (3) Transferrin saturation 12 wk 0.16–0.52 29 24 wk 0.01–0.45 29 36 wk 0–0.43 29 A 0.08–0.49 121 B
136 92 76

(12,24,25, (3) Triglycerides mmol/L 12 wk 0.12–2.36 29 24 wk 0.32–3.32 29 36 wk 1.01–5.25 29 A 0.49–1.86 121 B
33,56) 141 207 356

(38,40, (71) Triiodothyronine, ng/dL 8–11 wk 0.08–0.43 8 20–23 wk 0.10–0.29 8 36–39 wk 0.13–0.35 8 A 0.16–0.33 15 A
73,76) free (T3) 101 80 97

(15,48,46, (3) Triiodothyronine, nmol/L 12 wk 1.1–2.7 29 24 wk 1.4–3.0 29 36 wk 1.6–2.8 29 A 1.3–2.4 121 B
50,71,78, total (T3) 100 116 116
88,90)

(71) Triiodothyronine, ng/dL 8–11 wk 34.8–83.4 8 20–23 wk 18.2–74.7 8 36–39 wk 20.1–84.5 8 A 0–93.7 15 A
reverse (T3) 134 105 119

(31) Tumor-associated µg/L 6–9 wk 11.0–13.0 2 20–24 wk 7.0–35.0 14 35–40 9.0–65.0 20 C <40 100 B
trypsin inhibitor 48 68 107
(TATI)

(10,14,26, (3) Urea mmol/L 12 wk 1.6–5.0 29 24 wk 1.6–4.3 29 36 wk 0.9–4.5 29 A 2.5–6.5 121 B
42,62) 77 70 63

(10,12,79) (3) Uric Acid µmol/L 12 wk 75–251 29 24 wk 118–250 29 36 wk 144–360 29 A 154–325 121 B
68 77 106

(52,58) (53) Vitamin B12 pmol/L 1st trim 139–515 38 2nd trim 76–480 37 3rd trim 73–449 25 A 238–746 20 A
(cobalamin) 66 57 53

(13) Vitamin D binding g/L 8–14 wk 0.19–0.47 40 17–27 wk 0.19–0.55 40 29–35 wk 0.24–0.48 40 A 0.15–0.47 280 A
protein 106 119 116
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(29,80) (81) 1,25-dihydroxy- ng/L 12–22 wk 32–132 24 39–41 wk 45–149 40 A 17–73 58 A
vitamin D 182 216

(80) (81) 25-hydroxy- ng/L 12–22 wk 3.5–29.1 24 39–41 wk 3.5–23.5 40 A 1.2–26.8 58 A
vitamin D 116 96

(3) Zinc µmol/L 12 wk 7.8–15.4 29 24 wk 6.6–14.2 29 36 wk 7.0–13.4 29 A 10.0–16.5 121 B
89 80 78

(3) Zinc µmol/ 12 wk 14–76 29 24 wk 19–68 29 36 wk 12–91 29 A 26–64 121 B
protoporphyrin mol heme 107 100 119

1Methods for Reference Range Calculations
A, Mean ± 2SD.
B, Central 95%.
C, Range.
D, Mean and 95% confidence interval.
E, Interquartile range (central 50%).
F, Mean.
G, Median.
NI, Not indicated.
*Indicates mean preg value ÷ mean nonpregnant value.
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Table 3
Published Reference Intervals for Amniotic Fluid During Pregnancy

Other Amniotic
refs Ref fluid Units 1st trim n n 2nd trim n 3rd trim n Meth1

(3,5,78) (6) -fetoprotein mg/L 14 wk 2.4–38.5 396 20 wk 1.8–22.3 396 B

(12) Albumin g/dL 15 wk 0–0.7 26 25 wk 0–1.1 11 37 wk 0–0.4 16 A
(82) 7–12 wk 0–0.3 24 C
(83) Alkaline IU/L 15 wk 10–42 85 20–21 wk 4–36 31 24–35 wk 2–46 56 D

phosphatase, total
(83) Alkaline % 15 wk <10 85 20–21 wk <10 31 24–35 wk 30 56 D

phosphatase, of total
placental

(83) Amylase IU/L 15 wk 4–19 85 20–21 wk 11–40 31 24–35 wk 6–76 56 D
(84) Androstenedione ng/mL 13–21 wk 0–2.71 77 C
(83) Aspartate-amino- IU/L 15 wk 4–22 85 20–21 wk 8–25 31 24–35 wk 6–23 56 D

transferase (AST)
(12) Bicarbonate mmol/L 15 wk 12.7–19.9 24 25 wk 13.7–21.7 7 37 wk 6.4–24 21 A
(82) 7–12 wk 11–45 37 C
(12) Bilirubin mg/dL 15 wk 0.01–0.25 28 25 wk 0.08–0.20 3 37 wk 0–0.65 28 A
(82) 7–12 wk 0–0.12 24 C
(82) Calcium mmol/L 7–12 wk 0.86–2.57 40 C

(85) (12) Chloride mmol/L 15 wk 107–114.6 25 25 wk 115.5–113.5 8 37 wk 97–111.8 21 A
(82) 7–12 wk 83–111 32 C
(36) Chorionic IU/mL 8–10 wk 26.8–109.4 6 A

gonadotropin
(42,85) (12) Creatinine mg/dL 15 wk 0.6–1.0 29 25 wk 0.5–1.3 12 37 wk 1.1–3.1 31 A

(82) 7–12 wk 0.24–0.75 40
(84) Dehydroepiandrost- ng/mL 13–21 wk 0.19–1.77 77 C

erone
(83) Gamma-glutamyl IU/L 15 wk 431–1338 85 20–21 wk 127–922 31 24–35 wk 9–83 56 D

transferase (GGT)
(82) (12) Glucose mg/dL 15 wk 28.3–65.5 27 25 wk 20.6–58.2 11 37 wk 7.2–28.8 31 A

(86) Neuron-specific µg/L 16–20 wk <0.2–4.5 22 21–25 wk <2–4.5 22 36–40 wk <2–5.0 22 C
enolase

(83) 5'-Nucleotidase IU/L 15 wk 29–120 85 20–21 wk 6–59 31 24–35 wk 1–5 D
(42) (12) Osmolality mOsm/kg 15 wk 265.1–280.3 21 25 wk 263.4–280.6 2 37 wk 232.3–281.5 26 A

(82) 7–12 wk 268–280 7 C
(63) Parathyroid

hormone ng/L 17 wk 0.06–23.34 15 40 wk 0–14.0 20 A
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(63) Parathyroid pmol/L 17 wk 0–49.8 15 40 wk 0–43.3 20 A
hormone-related
protein

(82) Phosphate mmol/L 7–12 wk 0.47–2.84 34 C
(85) (12) Potassium mmol/L 15 wk 3.3–4.5 25 25 wk 3.8–4.2 8 37 wk 3.5–5.5 21 A

(82) 7–12 wk 3.7–4.4 36 C
(84) 17-Hydroxypro- ng/mL 13–21 wk 0.21–4.96 77 C

gesterone
(36) Prolactin ng/mL 12–14 wk 28.8–37.2 7 18–20 wk 1418–6082 34 34–36 wk 217–702 8 A
(5) Prostate-specifi µg/L 11 wk 0.022 5 21 wk 2.4 3 �40 wk 0.13 6 G

antigen (PSA)
(42,85) (12) Sodium mmol/L 15 wk 131.6–140 25 25 wk 131–145.8 8 37 wk 111.5–141.1 22 A

(82) 7–12 wk 139–144 36 C
(84) Testosterone ng/mL 13–21 wk 0–0.5 77 C

(87) (88) Thyrotropin (TSH) µIU/mL 27–39 wk <0.1–0.4 127 B
(89) 16–19 wk <0.15–1.7 201 C

(90,91) (88) Total thyroxine µg/mL 27–39 wk 2.3–3.9 129 B
(tT4)

(88) Free thyroxine ng/dL 27–39 wk <0.04–0.7 119 B
(fT4)

(12) Total protein g/dL 15 wk 0.1–0.9 29 25 wk 0–1.6 12 37 wk 0.1–0.5 12 A
(82) 7–12 wk 0–0.4 29 C
(82) Urea mmol/L 7–12 wk 2.0–5.4 38 C
(42) >39 wk 2.7–8.0 26 A
(12) Urea Nitrogen mg/dL 15 wk 5.4–16.2 27 25 wk 6.7–15.9 11 37 wk 7.2–28.8 31 A

(85) (12) Uric Acid mg/dL 15 wk 2.0–6.0 28 25 wk 3.9–7.5 12 37 wk 3.6–16.8 29 A

AMINO ACIDS
(92) Taurine µmol/L 10–13 wk 106–281 9 16–18 wk 62–117 10 >27 wk 70–142 12 C
(92) Aspartic Acid µmol/L 10–13 wk 3–13 9 16–18 wk 3–12 10 >27 wk 1–24 12 C
(92) Hydroxyproline µmol/L 10–13 wk 27–61 9 16–18 wk 25–55 10 >27 wk 23–60 12 C
(92) Threonine µmol/L 10–13 wk 192–273 9 16–18 wk 125–293 10 >27 wk 42–186 12 C
(92) Serine µmol/L 10–13 wk 18–41 9 16–18 wk 14–42 10 >27 wk 15–46 12 C
(92) Asparagine µmol/L 10–13 wk 84–121 9 16–18 wk 53–154 10 >27 wk 12–67 12 C
(92) Glutamic acid µmol/L 10–13 wk 86–212 9 16–18 wk 30–104 10 >27 wk 5–28 12 C
(92) Glutamine µmol/L 10–13 wk 157–287 9 16–18 wk 170–543 10 >27 wk 101–371 12 C
(92) Proline µmol/L 10–13 wk 173–340 9 16–18 wk 138–256 10 >27 wk 62–223 12 C
(92) Glycine µmol/L 10–13 wk 103–203 9 16–18 wk 114–233 10 >27 wk 72–237 12 C
(92) Alanine µmol/L 10–13 wk 266–689 9 16–18 wk 271–432 10 >27 wk 61–323 12 C
(92) Citrulline µmol/L 10–13 wk 6–19 9 16–18 wk 5–19 10 >27 wk 3–20 12 C
(92) -Aminobutyric µmol/L 10–13 wk 8–24 9 16–18 wk 6–20 10 >27 wk 1–8 12 C

continued
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Table 3 (continued)

Other Amniotic
refs Ref fluid Units 1st trim n n 2nd trim n 3rd trim n Meth1

(92) Valine µmol/L 10–13 wk 245–335 9 16–18 wk 131–298 10 >27 wk 28–167 12 C
(92) Half-cystine µmol/L 10–13 wk 53–106 9 16–18 wk 51–91 10 >27 wk 38–91 12 C
(92) Methionine µmol/L 10–13 wk 28–41 9 16–18 wk 17–33 10 >27 wk 4–21 12 C
(92) Isoleucine µmol/L 10–13 wk 63–94 9 16–18 wk 25–61 10 >27 wk 3–40 12 C
(92) Leucine µmol/L 10–13 wk 140–198 9 16–18 wk 44–150 10 >27 wk 8–68 12 C
(92) Tyrosine µmol/L 10–13 wk 67–107 9 16–18 wk 28–88 10 >27 wk 8–51 12 C
(92) Phenylalanine µmol/L 10–13 wk 79–109 9 16–18 wk 49–92 10 >27 wk 12–51 12 C
(92) Ornithine µmol/L 10–13 wk 46–88 9 16–18 wk 17–58 10 >27 wk 7–32 12 C
(92) Lysine µmol/L 10–13 wk 312–514 9 16–18 wk 205–406 10 >27 wk 63–191 12 C
(92) Histidine µmol/L 10–13 wk 85–132 9 16–18 wk 56–139 10 >27 wk 14–74 12 C
(92) Arginine µmol/L 10–13 wk 54–146 9 16–18 wk 31–74 10 >27 wk 8–45 12 C
(92) Homocysteine µmol/L 10–13 wk 0–2.4 4 16–18 wk 0–3.8 7 >27 wk 0–4.0 4 C

1Methods for Reference Range Calculations.
A, Mean ± 2SD.
B, Central 95%.
C, Range.
D, Central 90%.
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Table 4
Published Reference Intervals for Urine During Pregnancy

Other
refs Ref Urine Units 1st trim n 2nd trim n 3rd trim n Meth1 Nonpreg n Meth1

(93,94) (95) Albumin (24 h) mg/24 h 13–24 wk 1.8–15 7 25–36 wk 4.9–31.8 13 C
(16) Albumin excretion µg/min 14 wk 4.2–16.2 30 28 wk 4.8–29 31 36 wk 2.9–22.4 28 B 2.5–18 30 B

rate 130* 159* 119*
(10,16 (96) Creatinine clearance mL/min 15–18 wk 88–211 10 25–28 wk 101–210 10 35–38 wk 86–183 10 A 44–153 10 A
57) 152 158 137

(97) Glucose, random mmol/L 10–20 wk <2 158 21–30 wk <2.3 124 31–42 wk <2.7 245 B <1.4 330 B
143 164 193

(98) -glutamyl kU/mol 1st trim 3.1–6.9 11 2nd trim 0.3–12.5 34 3rd trim 0.9–25.4 37 C 3.1–7.0 29 C
transferase (random) creatinine 117 112 115

(96) (99) Insulin clearance mL/min 16 wk 114–183 25 26 wk 117–188 25 36 wk 87–214 25 A 62–135 25 A
151 155 153

(40) Iodine (random) µg/L 1st trim 0–122 115 2nd trim 0–127 132 3rd trim 0–135 185 A �150 NI
(100) (98) Protein, Total g/mol 1st trim 2.4–12.7 11 2nd trim 1.1–17.1 34 3rd trim 1.1–24.9 37 C 1.03–7.6 29 C

(random) creatinine 151 171 200
(94) (101) Protein, Total (24 h) g/24 h 1st trim 0–3.16 16 2nd trim 0–8.61 29 3rd trim 0–17.56 15 A 0–12.05 15 A

28 58 141
(101) Protein:Creatinine 1st trim 0–5 16 2nd trim 0–7 29 3rd trim 0–13 15 A 0–10 15 A

Ratio (random urine) 39 62 125
(57) Potassium excretion mmol/day 1st trim 9.4–40.9 38 2nd trim 0–52.17 73 3rd trim 0–46.6 55 A

(62) (57) Sodium excretion mmol/day 1st trim 0–217 38 2nd trim 0–225.52 73 3rd trim 0–204.49 55 A
(98) Transferrin (random) mg/mol 1st trim 14.5–430 11 2nd trim 6.7–903 34 3rd trim 12–55610 37 C 2.8–58.2 29 C

creatinine 203 449 1210
(57) (62) Volume mL/day 10 wk 631–2511 9 16 wk 991–2295 9 A 1185–1375 9 A

122 128

1Methods for Reference Range Calculations.
A, Mean ± 2SD.
B, Central 95%.
C, Range.
*Indicates mean preg value ÷ mean nonpregnant value.
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(PUBS), 221
PGD. See Preimplantation genetic diagnosis
Phadebact Streptococcus Test, 296
Phagocytosis assay, 228
Physiologic anemia of pregnancy, 9
Placental transport, 181–182
Plasma, 195–196, 196f
Plasma iodine, 169
Plasma osmolality

pregnancy, 9
Plasma renin activity (PRA), 5–6
Plasma renin concentration (PRC), 5–6
Plasminogen activator inhibitor-1 (PAI-1), 209
Plasmodium, 272
Platelets, 202–204
Polymerase chain reaction (PCR), 252

group B streptococcus, 297–298
parvovirus B19, 264

Treponema pallidum, 270
VZV, 267

Postpartum thyroid disease (PPTD), 176
PRA, 5–6
PRC, 5–6
PRCA, 317
Prednisone

thrombocytopenic purpura, 309
Preeclampsia, 121, 204, 392

diagnostic criteria, 394–395, 395t
laboratory criteria, 397t
laboratory findings, 411
pathophysiology, 383f, 392–394
risk factors, 383t
screening tests, 397–398, 398t
severe, 396t

Pregnancy, 1–11. See also Ectopic pregnancy;
Multiple pregnancies

amniotic fluid, 10–11
anatomical and physiological changes, 401–402
cardiac changes, 9
complications

hemostatic consequences, 210
detection

limitations, 29–30
early

carbohydrate metabolism, 4t
emergency room

progesterone, 161t
endocrine changes, 2–6
hemodynamic changes, 9
hepatic system, 6–7
HIV-positive

screening tests, 260–261, 261t
late

carbohydrate metabolism, 4t
metabolic adaptations, 2–6
normal immunologic adaptations, 301–303
physiological changes, 2t
recurrent loss (See Recurrent pregnancy loss)
renal function, 7–8
respiratory system, 9–10

Pregnancy-associated plasma protein A (PAPP-A),
100, 105–107, 108, 111–113, 114, 119–120,
355

Pregnancy-specific glycoprotein, 91
Pregnancy tests

serum-based, 30
urine-based, 29

Preimplantation genetic diagnosis (PGD), 140,
143–144, 148–149, 154, 342

FISH errors, 149
hybridization, 148–149
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nuclear fixation, 148
nucleus location, 149
slide-washing, 149

Prenatal diagnosis
chromosome analysis, 139–155

Prenatal screening, 72–73
assay methodologies, 123–125
calibration, quality control, patient medians,

123–124
defining cutoff value, 73–74, 74f
epidemiological monitoring, 125
health care providers, 122
intake information, 122
maternal, 71–126
median marker concentrations, 124
patient information, 122
program considerations, 121–125
requisition forms, 122
result reporting, 124–125

Preterm delivery, 121
biological markers, 35–43
risk assessment, 37
risk factors, 38t

Proform of eosinophil major basic protein
(proMBP), 91, 105

Progesterone, 2, 91
ectopic pregnancy, 160–162
fetal demise, 162
range, 3f
recurrent pregnancy loss, 333

Propylthiouracil, 304
Proteins, 408–409

pulmonary surfactant, 56
urine, 383t

Proteinuria, 395–396
Prothrombin time (PT), 205–206
Protozoal infection, 272–273
Pseudomonas, 316
PT, 205–206
PUBS, 221
Pulmonary embolism, 205
Pulmonary phospholipids

pulmonary surfactant, 56
Pulmonary surfactant, 55–56

composition, 56
development, 55–56
production, 55–56

Pure amniotic fluid
optical density, 238f

Pure red cell aplasia (PRCA), 317

Q
Qualitative human chorionic gonadotropin tests,

22–23

Quantitative human chorionic gonadotropin tests,
22

Queenan chart, 234–237, 235f, 236

R
Racial origin

AFP, 79–80
Radioimmunoassay (RIA), 249
RAFS, 338–339
Random plasma glucose, 368
Rapid-HIV kits, 259
Rapid testing

group B streptococcus, 297–298
RDS, 56–57
Reactive protein regain (RPR)

Treponema pallidum, 270
Recurrent pregnancy loss, 327–346

anatomic abnormalities, 329, 337t, 342–343
anti-IgA antibody, 341
aspirin, 343
blood flow, 343
causes, 328–329
chromosomal analysis, 331–332
diagnosis, 331–342, 331t
embryonic failure prediction, 333
embryotoxicity assay, 340–341
hormonal response, 329
Ig panel, 341
immunologic mechanisms, 329–330, 337f,

343–344
immunologic testing, 336
natural killer activation, 340
ovarian reserve, 332–333, 333f
reproductive immunophenotype, 339–340
thrombophilia panel, 341–342
treatment, 331t, 342–345
uterine blood flow, 336
uterine cavity, 336

Red cells, 195–196, 196f
indices, 198

Reduviid beetles, 276
Reference intervals. See Appendix
Renal function tests

pregnancy, 8t
Renin-aldosterone axis

pregnancy, 5–6, 6t
Reproductive autoimmune failure syndrome

(RAFS), 338–339
Reproductive inefficiency, 328f
Respiratory distress syndrome (RDS), 56–57
Reticulocyte, 196
Rheumatoid arthritis, 311–312
RhoGAM, 220–221
RIA, 249
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RPR
Treponema pallidum, 270

Rubella, 264–266

S
Sabin-Feldman dye test, 276
Sandwich enzyme-linked immunosorbent assay,

250
Screening tests. See also Prenatal screening

Chlamydia trachomatis, 267
cytomegalovirus, 254
hepatitis B, 256–257
hepatitis C, 258
herpes virus, 262
HIV, 258–259
malaria, 272
Neisseria gonorrhoeae, 268
predictive value, 246, 247t, 248f
sensitivity, 246
specificity, 246
toxoplasmosis, 274
Treponema pallidum, 270–271
Trypanosoma cruzi, 277

SDI
recurrent pregnancy loss, 334

Selective IgA deficiency, 313
Self-monitored blood glucose (SMBG), 374, 375–

377
Septicemia, 315
Serum glutamate pyruvate transaminase (SGPT),

402–403
Serum transferrin receptor (sTFR), 200
Serum urine ultrasound study (SURUSS), 112,

117f
Sex hormone-binding globulin (SHBG), 408, 409f
sFlt-1, 394
SGPT, 402–403
SHBG, 408, 409f
Shingles, 266
Sildenafil (Viagra)

recurrent pregnancy loss, 343
16a-hydroxy-DHEAS (16a-OH-DHEAS), 91
SLE. See Systemic lupus erythematosis (SLE)
SLOS, 120
SmartCycler Real-Time PCR, 298
SMBG, 374, 375–377
Smith-Lemli-Optiz syndrome (SLOS), 120
Soluble form of vascular endothelial cell growth

factor receptor-1 (sVEGFR-1 or sFlt-1), 394
Sperm DNA integrity (SDI)

recurrent pregnancy loss, 334
Sperm donation, 342
Sphingomyelin

chemical structure, 57f
Spina bifida, 74–75

Spontaneous abortion
chromosome abnormalities, 142t

Staining methods, 253–254
Staphylococcus aureus, 315, 316
sTFR, 200
Strep B OIA test, 297
Streptex latex agglutination, 296
Streptococcus agalactiae, 291–299
Superimposed preeclampsia, 392
Surfactant/albumin ratio (TDx FLM), 57
Surfactant/albumin ratio (TDx FLM) II, 58–60
SURUSS, 112, 117f
sVEGFR-1 or sFlt-1, 394
Syphilis, 269–271

assay sensitivity, 271t
Systemic lupus erythematosis (SLE), 304–305

associated antiphospholipid antibodies (APLA),
304

ELISA, 305

T
TBG, 167

normal pregnancy, 168f
TDx FLM, 57
TDx FLM II, 58–60
Thrombocytopenia, 202–204, 203t, 204t, 396

alloimmune, 310
immune purpura, 204

Thrombocytopenic purpura, 309–310
ELISA, 310

Thrombocytosis, 204
Thromboembolism, 205
Thrombophilia genes

recurrent pregnancy loss, 330
Thyroglobulin, 169
Thyroid

gestational age, 186f
hCG, 169–170
hypofunction, 175–176

Thyroid antibodies, 172–174
Thyroid disease, 167–176, 181–192

fetal, 182–183
diagnosis, 184–191

postpartum, 176
Thyroid function

normal pregnancy, 167–170
Thyroid function tests, 172t
Thyroid hormone

regulation, 168–169
Thyroiditis

Hashimoto, 175–176
Thyroid peroxidase (TPO), 172, 173
Thyroid-stimulating antibodies (TSAbs), 184
Thyroid system-related substances, 182f
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Thyroid testing, 383
Thyrotoxicosis

gestational transient, 174
Thyrotropin receptor antibodies (TRAbs), 173
Thyroxine-binding globulin (TBG), 167

normal pregnancy, 168f
Tissue factor, 206f
Tissue-type plasminogen activator (t-PA), 207f,

209
TMA, 252
Todd-Hewitt broth, 294, 296
Toxoplasma gondii, 261, 273–276
Toxoplasmosis, 273–276

EIA, 274
serological testing, 275t

t-PA, 207f, 209
TPO, 172, 173
TRAbs, 173
Transaminase, 396, 402–403
Transcription-mediated amplification (TMA), 252
Transferrin, 200, 410
Transferrin receptor, 196
Transient hyperthyroidism, 174–175
Transthyretin, 167
Transvaginal cervical ultrasonography, 41, 43f
Trental

recurrent pregnancy loss, 345
Treponema pallidum, 269–271
Treponema phagadenis, 271
Triple marker screening

Down syndrome, 92
Triploidy, 120–121
Trisomy 18, 146f

first-trimester markers, 119–120
screening, 118–120
second-trimester maternal serum markers, 118–

119, 119f
Trisomy 21

clinical aspects, 88
screening, 88–117

Trypanosoma cruzi, 276–277
TSAbs, 184
Turner syndrome, 145, 146f

hydropic, 120
24-h fluorescent in situ hybridization (FISH) test,

153, 155
24-h urine protein testing, 382–383
Twins, 352
Type II granular pneumocytes, 55

U
uE3, 355

Down syndrome, 96–98, 105
Ultrasound marker NT, 114
United Kingdom Prospective Diabetes Study

(UKPDS), 377
Urine

reference intervals, see Appendix
Ursodeoxycholic acid, 414
USA hCG Reference Service, 31

V
Vaginal bleeding, 159
Varicella zoster virus (VZV), 261, 266–267

EIA, 266
ELISA, 266

Venereal Disease Research Labs test (VDRL)
Treponema pallidum, 270

Venous thromboembolism (VTE), 212
inherited risk factors, 211

Venous thrombosis
pregnancy, 9

Viagra
recurrent pregnancy loss, 343

Viral culture, 253
Viral hepatitis, 415–417
Viral infection, 254–267
Visible Genetics Trugene, 260
Vitamin B12, 201–202
von Willebrand disease (vWD), 211
von Willebrand factor (vWF), 205–206
VTE, 212

inherited risk factors, 211
VZV. See Varicella zoster virus

W
Water retention

pregnancy, 9
Weight

gestational age, 11t
maternal and AFP, 80

Western blots, 251

Z
Zidovudine (AZT), 258
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