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 Just as we have realized the benefi ts of improved instrumentation with 
SPECT and the introduction of PET into pediatric practice, we are reminded 
that administered radionuclides are not without inherent hazard. Authority to 
address this dilemma has been assigned to the general editor of this volume 
who, with his colleagues, has responsibility for the nuclear imaging part of 
the  Image Gently  program. Their philosophy, copied from the canon of health 
physics, is to keep radiation exposure from nuclear medical procedure to as 
low as reasonably appropriate (ALARA) in order to maintain diagnostic 
accuracy, i.e., to maximize the gain to hazard ratio. Their commitment to this 
principle should assure pediatricians, their patients and families that the use 
of nuclear imaging in children is justifi ed and benefi cial. 

 This fourth edition, with many chapters written by Ted Treves as well as 
other authorities, exhibits the several additions recently made to pediatric 
nuclear medicine and calls attention to advances in instrumentation, includ-
ing combined anatomical and functional imaging (PET/SPECT-CT/MRI), 
and radio-pharmaceutical chemistry that have been applied to a number of 
childhood disorders including those of the brain, the GU and GI systems, as 
well as neuroendocrine and other tumors. 

 In oncology, FDG-PET, which refl ects the aerobic glycolysis of tumors, 
has assumed a lead role. Meanwhile, newer  18 F-labeled compounds that 
assess other manifestations of cancer and provide greater specifi city are being 
brought into pediatric practice. The uses of these modalities, which aid in 
formulating more unambiguous diagnosis and providing more rapid indica-
tors of response to therapy, are being explored. 

 At the same time, in the laboratory, the availability of high-resolution ani-
mal imaging equipment coupled with the development of new agents based 
on the molecular pathophysiology of disease allows us to glimpse a future 
that is certain to be greater in scope and complexity than the present. 

 All of this makes and will make pediatric nuclear medicine a much more 
demanding discipline than it was at the time the fi rst edition of this text was 
published. To the extent that past is prologue, and with the knowledge of 
what is now being developed, we can anticipate a continued life for this and 
future editions. 

 Boston, MA, USA   S. James Adelstein, MD, PhD  

   Foreword   
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 When I fi rst began my career as a pediatric nuclear medicine physician over 
42 years ago, I could never have imagined the incredible advances that have 
taken place in the fi eld; nor could I have imagined that I would have played 
even the smallest role in bringing this nascent imaging discipline to the fore 
of the radiologic sciences. Today, nuclear medicine offers critical diagnostic 
and treatment capabilities that benefi t children. In recent years, nuclear medi-
cine has evolved to include molecular imaging. 

 As the founder and chief of the Division of Nuclear Medicine and 
Molecular Imaging at Boston Children’s Hospital (1970–2011), I have wit-
nessed breathtaking technological advancements that have had impressive 
clinical impact – changes that have translated swiftly into improved patient 
care and outcomes. This amazing progress has enriched the fi eld and led us 
now to the innumerable opportunities that lie ahead. 

 It has been nearly 30 years since the fi rst edition of  Pediatric Nuclear 
Medicine  was published. It has been followed by a new edition nearly every 
decade since, updating the changes and advances within the fi eld. This edi-
tion is entitled  Pediatric Nuclear Medicine and Molecular Imaging  to refl ect 
the development and progression of the fi eld during the last decade. I have 
been very fortunate to have contributions from colleagues all over the world, 
whose expertise and experiences enrich this edition. It has been exciting and 
a pleasure to once again assemble the current principles of pediatric nuclear 
medicine and share with readers new developments in this fourth edition. 

 The unique features and capabilities of pediatric nuclear medicine and 
molecular imaging signifi cantly contribute to the diagnosis of many diseases 
in children. Pediatric nuclear medicine procedures reveal physiological pro-
cesses in vivo. They permit early detection of disease, help patient manage-
ment and therapeutic decisions, and have become increasingly important 
tools to follow the success of therapy or to assess progression of disease. 
Nuclear medicine provides information about the patient’s condition by 
physiological, sensitive, rapid, safe and minimally invasive means. Therefore, 
diagnostic nuclear medicine procedures are well suited for the evaluation of 
pediatric patients. Nuclear medicine reveals unique information about the 
patient’s condition not easily obtained or even possible with other diagnostic 
methods. 

 In this new edition, my collaborators and I hope to update readers about 
the well-established applications of pediatric nuclear medicine while 
 incorporating essential developments of the past decade. Given ongoing 
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advances in technology and clinical practice, it is anticipated that further 
developments will be incorporated into pediatric nuclear medicine and 
molecular imaging in the foreseeable future. There is no question that the 
increased use of PET/CT and SPECT/CT has infl uenced the practice of 
nuclear medicine in children. Multimodality image fusion and hybrid imag-
ing are recognized as important aspects of the fi eld, and this information is 
incorporated in the appropriate chapters. This book is designed to ensure that 
all aspects of functional imaging of pediatric nuclear medicine are covered 
and emphasized. Following the tradition of the fi rst three editions, this book 
focuses primarily on pediatric aspects of nuclear medicine and, therefore, it 
is important to note that  it is not intended  to provide an in-depth multimodal-
ity review of all pediatric imaging. 

 Most chapters from the third edition have been thoroughly revised or 
entirely re-written and new chapters have been added as well. The fi rst chap-
ter covers general aspects of pediatric nuclear medicine, followed by chapters 
on pediatric sedation and general anesthesia, pediatric imaging variants, cen-
tral nervous system including cerebrospinal fl uid, thyroid diagnosis musculo-
skeletal system, hepatobiliary system, lymphatic system, parathyroid 
imaging, cardiopulmonary system, gastrointestinal system, genitourinary 
system, infection and infl ammation, oncologic disorders, instrumentation, 
measurement of glomerular fi ltration rate, image processing, radiation doses, 
and risk. Finally, there is a chapter on molecular imaging in pediatrics. 

 Radionuclide therapies in thyroid disorders and neuroblastoma with  131 I in 
children have also been incorporated in this edition. A characteristic of pedi-
atric nuclear medicine is that normal values in children are diffi cult to obtain, 
as healthy patients cannot be studied easily with these techniques due to ethi-
cal and other inherent concerns relating to the use of radioactive materials. 
However, whenever possible, an effort is made to incorporate normal values 
within the appropriate chapters. 

 Clinical investigation in children is necessary in order to advance the 
understanding and derive the maximum benefi t of nuclear medicine in pedi-
atrics. However, as stated previously, radioisotope research in children, 
although possible, is quite limited in scope and depth. On the other hand, the 
use of small animal imaging provides the opportunity to explore, in serial 
non-destructive testing, mechanisms of disease, elucidation of biokinetics, 
pharmacology and metabolism in appropriate animal models. The use of such 
multimodality and multidisciplinary facilities provides ways to explore, dis-
cover and innovate on many issues related to pediatric disorders in ways not 
possible otherwise. This approach can enable exploration of problems and 
ideas that originate from the bench to the bedside and from the bedside to the 
bench. 

 In recent years, interest in the potential risks from radiation exposure to 
pediatric patients from the use of imaging methods employing ionizing radia-
tion has increased. This has been a concern of members of the scientifi c com-
munity, government, lay press and the general public. This has led to the 
formation of the Image Gently campaign (  www.imagegently.org    ). The mis-
sion of the campaign is to raise awareness, educate and advocate for the need 
to promote radiation protection for children worldwide. This edition adheres 
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to this mission and includes ways to communicate potential radiation risk to 
patients, families and members of the healthcare team. In addition, this book 
discusses means to optimize pediatric radiopharmaceutical administered 
doses and to reduce patient radiation exposure. 

 We sincerely hope this fourth edition of  Pediatric Nuclear Medicine and 
Molecular Imaging  will be a valuable resource to physicians, students, nurses, 
technologists and others involved in the care of pediatric patients. 

 Boston, MA, USA   S. Ted Treves, MD  

Preface
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 First, I would like to thank my Associate Editors, Frederic Fahey, PhD, 
and Frederick Grant, MD, for their tireless work, encouragement, senses of 
humor, collegiality and friendship. 

 I owe an enormous thanks to all the contributors to this edition, all of 
whom have provided state-of-the art chapters, and helped to make this edition 
informative and current. The effort and sacrifi ce of time each of them has 
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 I would also like to mention all the members of the Harvard Medical 
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book. 
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Taylor, for their support and encouragement, which enabled the creation and 
development of a very unique and state-of-the-art nuclear medicine unit at 
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world-class team of dedicated clinicians, scientists and technologists with 
whom I have had the privilege to work. The Boston Children’s Hospital pro-
gram included the clinical unit as well as the research unit, of which the 
radiopharmaceutical research laboratory and the Small Animal Imaging 
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Laboratory have been a part. Special thanks to Drs. Fred Fahey, Fred Grant, 
Alan Packard and Robert Mulkern for their commitment to help develop the 
Boston Children’s Hospital Small Animal Imaging Laboratory. With the 
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        Pediatric nuclear medicine is a very interesting, 
dynamic, and exciting fi eld. Nuclear medicine 
contributes to the diagnosis of many diseases in 
children. Well-established procedures reveal phys-
iological processes  in vivo , permit early detection 
of disease, help patient management and thera-
peutic decisions, and provide an important tool to 
follow the success of therapy or to assess progres-
sion of disease. One of the reasons that nuclear 
medicine in pediatric patients remains successful 
is that nuclear medicine studies provide unique 
information about the patient’s condition that 

cannot be obtained easily (or sometimes at all) 
with other diagnostic methods. Some nuclear 
medicine procedures require pharmacologic 
interventions. Examples include the administra-
tion of furosemide, acetazolamide, phenobarbital, 
cholecystokinin analog, and dobutamine. 

 Pediatric patients, with their wide range of 
body size, physical and psychological develop-
mental changes, and medical disorders, present 
unique challenges. Patients in pediatric nuclear 
medicine range in weight from premature infants 
to young adults reaching adult weight. It has been 
said that children are not small adults, and even in 
nuclear medicine “one size does not fi t all” [ 1 ,  2 ]. 

 As a consequence, nuclear medicine physicians 
and members of the team frequently need to adapt 
to these challenges and often need to customize 
studies and personalize care. Diagnostic nuclear 
medicine procedures are well suited for the evalu-
ation of pediatric patients because they are physi-
ological, sensitive, minimally invasive, and safe. 

 An important advantage of nuclear medicine 
procedures in the fi rst year of life is that they are 
extremely safe. Radiopharmaceuticals contain 
only trace amounts of material and are nontoxic 
and nonallergenic. The total mass of material 
that is administered is very small and is adminis-
tered in a very small volume (typically <1.0 mL). 
The small administered mass and volume of 
material means that radiopharmaceuticals do not 
produce a hemodynamic or osmotic effect. For 
example, a patient who is allergic to iodine can 
safely receive  123 I-NaI or  123 I-MIBG without fear 
of an allergic reaction because the actual mass of 
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iodine that is administered is exceedingly small 
and well below the threshold needed to trigger an 
allergic reaction. The volume and mass of a 
radiopharmaceutical that is administered is sig-
nifi cantly lower than for MRI and CT contrast 
agents. For example, the volume of  99m Tc-MDP 
solution administered to a 1-year-old patient 
weighing 10 kg is 0.06 mL, and the administered 
mass of material is 0.64 mg. In comparison, for 
the same 1-year-old, the volume of Gd-DTPA 
(Magnevist, Bayer) administered for an MRI 
scan is 2.0 mL, and the mass is 940 mg. The vol-
ume of ioversol (Optiray 320 TM  Covidien) admin-
istered for a CT scan is 20 mL, and the mass is 
6,400 mg. Thus, the administered volume for 
 99m Tc-MDP is 20–200-fold less than for MRI or 
CT contrast agents, and the administered mass is 
more than a thousandfold less. Other radiophar-
maceuticals are listed in Table  1.1 .

   A characteristic of pediatric nuclear medicine 
is that normal values in children are diffi cult to 
fi nd, as normal patients cannot be studied easily 
with these techniques due to ethical and other con-
cerns relating to the use of radioactive materials. 

 Also, the wide range of disorders, body 
sizes, and developmental stages of pediatric 
patients requires patient-centered care with 
considerations regarding individualized adjust-
ments of imaging methodology, dosimetry, and 
interpretation. Physicians and technologists 
working in pediatric nuclear medicine should 
be familiar with children, their varied behav-
ior, and the disorders that affect them. Dealing 
with pediatric patients adds a level of com-
plexity compared to adult nuclear medicine 
patients. Pediatric nuclear medicine proce-
dures are “people-intensive.” Many procedures 
that in an adult setting can be conducted ade-

quately by a single  technologist may require 
two technologists (or a  technologist and an 
aide) in children. More time and patience is 
necessary when dealing with children than 
with adults. Despite the best efforts of staff, 
procedures in children usually take longer than 
in adults (sometimes as much as twice as long). 

 Formal training and experience in pediatric 
nuclear medicine allows medical professionals to 
adjust the practice of nuclear medicine to meet the 
medical and personal needs of pediatric patients. 
For example, at centers experienced in the care 
of children, patient sedation for pediatric nuclear 
medicine studies is used less frequently than in 
less specialized centers. Also, image quality in 
specialized centers is frequently superior to those 
from nonspecialized institutions. 

 The nuclear medicine team should adjust the 
procedures in order to address the clinical prob-
lem to be investigated. The goal of every pediat-
ric nuclear medicine study is to obtain the best 
diagnostic yield while employing the highest 
technical standards in the shortest period of time, 
with the lowest patient radiation exposure. 

    The Consultation 

 Pediatric nuclear medicine studies should begin 
with evaluation of the diagnostic question, review 
of prior medical history, and assessment of the 
needs and concerns of the patient and family. 
Obtaining a clear description of the clinical ques-
tion being asked is of utmost importance in guid-
ing the procedure. Although current medical 
information systems treat the request for a nuclear 
medicine study as an “order,” the patient will be 
better served if the requesting clinician and nuclear 
medicine physician treat this as a request for a 
consultation. As a consultant, the nuclear medi-
cine physician can determine the most appropriate 
study to answer the clinical question and can opti-
mize the nuclear medicine study to the physical 
and physiological development of the pediatric 
patient. If the nuclear medicine consultant deter-
mines that the examination requested is not appro-
priate to address the problem in question or that 
another type of examination is indicated, he or she 

   Table 1.1    Comparison of mass and volumes for certain 
radiopharmaceuticals and contrast agents. Example in a 
1-year-old   

 Volume (mL)  Mass (mg) 

  99m Tc-MDP  0.06  0.64 
  99m Tc-DMSA  0.03  0.22 
  99m Tc-MAG 3   0.10  1.1 
 Gd-DTPA  2.0  940 
 Optiray 320  20  6,400 
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should communicate such concern to the referring 
physician in order to select a more appropriate 
examination or to avoid an unnecessary examina-
tion. Whenever possible, questioning parents and 
patients about the clinical history and symptoms, 
or an appropriately directed physical examination, 
should be considered integral parts of the nuclear 
medicine study as sometimes important relevant 
information may be gathered that may not be 
available on the original request. 

 Before proceeding with a nuclear medicine 
study, a female adolescent or young adult should 
be asked if she might possibly be pregnant. If the 
post-menarche patient does not know if she is 
pregnant, it is prudent to wait until the next men-
strual period or to perform a pregnancy test. If the 
patient is pregnant, it is advisable to consult with 
the referring physician about the need for the test 
at this time and to evaluate the potential risks and 
benefi ts of performing the test (or not). Asking a 
young woman if she is pregnant, however, can be 
a very delicate matter, and it needs to be handled 
with care and sensitivity. This can be diffi cult, 
and it can be worse if the parent does not know 
that the young woman is sexually active. 
Sometimes it is necessary to consult with the 
referring physician about the best way to handle 
the situation given each individual family situa-
tion. If the mother of the patient having an exami-
nation is pregnant, she should be instructed on 
how to avoid or reduce her radiation exposure. 

 Optimal results are obtained when the physi-
cian and the technologist review the case and con-
sult in order to determine if any aspect of the 
examination requires special attention. It is highly 
desirable that previous imaging studies be readily 
accessible to the nuclear medicine physician. 
Knowledge of potentially confl icting imaging 
tests already scheduled is essential when planning 
the study. Planning several studies in the same day 
requires careful scheduling, so the patient experi-
ence can be streamlined. It is important to deter-
mine if the patient had been given radiographic 
contrast during the past few days as contrast can 
produce shielding artifacts on the nuclear medi-
cine images. It is also important to determine, 
before the test, if the patient may require sedation 
and if there are any special precautions. In addi-

tion, knowledge of patient medications that may 
interfere with the nuclear medicine study is 
important for successful interpretation and results. 

 Optimal pediatric nuclear medicine practice 
requires the use of modern equipment, appropriate 
radiopharmaceutical administered doses, updated 
techniques, displays, and advanced image process-
ing software. In the modern era, nuclear medicine 
results should be reported promptly to the refer-
ring physician. Results of image analysis should 
be available immediately after the studies are com-
pleted so results can be reported rapidly and within 
a clinically useful time. The report should be clear 
and concise, and it must address the clinical 
question(s) being asked. Rapid and effi cient elec-
tronic access to nuclear medicine images and 
reports facilitates communication with referring 
physicians and can help improve patient care.  

    Interaction with Patients 
and Families 

 Parents are naturally concerned about what is 
going to happen to their child. The word nuclear 
can be concerning to some patients and parents. 
It is important that the nuclear medicine physi-
cian and other members of the nuclear medicine 
care team be accessible to patients, parents, and 
referring physicians to help explain the low radi-
ation exposures and physiological nature of 
nuclear medicine examinations [ 3 ]. 

 Patients and families should be given informa-
tion about what the anticipated nuclear medicine 
procedure will entail. If possible, the patient’s 
family should be contacted by a member of the 
nuclear medicine staff a day or two in advance to 
confi rm the appointment and to discuss the test. 
For example, it is important that families under-
stand necessary patient preparation, the antici-
pated duration of the study, and whether it may 
be necessary to return later the same day or on a 
later day. Many parents fi nd it helpful if informa-
tion about nuclear medicine studies and depart-
mental procedures is posted on the hospital or 
department website. It is useful to provide refer-
ring physicians’ offi ces with brochures explain-
ing common nuclear medicine tests (Appendix  1 ). 

1 General Aspects of Pediatric Nuclear Medicine
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 The fi rst contact, whether by phone or in per-
son, is important and should include a clear and 
honest explanation of the procedure. Physicians 
and technologists should make a concerted 
effort to inform patients (whenever possible) 
and parents personally about the examination. 
Every pediatric patient must be treated as an 
individual with individual emotional and physi-
cal needs. Children who are prepared can be 
more  cooperative, often facilitating the exami-
nation for everyone involved. Patients should be 
told what they will see, hear, feel, and, most 
importantly, what they will be expected to do. 
For example, they should be informed of an 
impending injection, the injection site, if there 
will be any pain, and any other appropriate 
explanations all of which tend to help reduce 
anxiety. Children have highly developed imagi-
nations, and their fantasies can be anxiety pro-
voking. It is important to keep in mind a child’s 
developmental level when giving information 
and defi ning expectations during the procedure. 
Explanations and words should be chosen 
accordingly to ensure proper understanding of 
the information being given. It is sometimes 
helpful to explain the procedure to the child at 
least twice, fi rst outside the imaging room 

where the child may feel less threatened and 
then in the imaging room. Throughout the 
examination, the technologist should provide 
reassurance and positive verbal reinforcement 
to enhance the child’s sense of mastery 
(Figs.  1.1  and  1.2 ).

    In most instances, children of all ages benefi t 
from having a parent, relative, or a familiar staff 
person in the imaging room. Typically, children 
between the ages of 8 and 36 months may suffer 
separation anxiety if removed from their parents. 
Older children may tolerate separation, but most 
will prefer the presence of a familiar person. 
Younger children may be comforted by a favorite 
toy or stuffed animal that they have with them 
during the examination (Fig.  1.3 ). This should be 
permitted so long as it does not interfere with the 
test. Some children can cope better with the 
examination when they are alone rather than with 
their parents. Many adolescents may prefer pri-
vacy and independence, while other adolescents 
will still want a parent with them during the 
study. Children and teenagers with extensive 
medical or hospital experience may have strong 
feelings about whether or not parents stay in the 
examination room, and these desires should be 
respected (Fig.  1.4 ) [ 1 ].

  Fig. 1.1    Young patient 
with a nuclear medicine 
technologist after a study 
was completed. Establishing 
a good rapport with the 
patient can be helpful in 
assuring patient cooperation       
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  Fig. 1.2    A young girl walking toward the examining room accompanied by her mother and a nuclear medicine 
technologist       

  Fig. 1.3    The patient is allowed to hold a favorite toy while undergoing a nuclear medicine scan. The toy did not inter-
fere with the test. The technologist is supporting the child by talking to her       
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  Fig. 1.4    Both parents and 
the child are watching TV 
while the patient is 
undergoing a  99m Tc-DMSA 
SPECT. Watching TV or a 
favorite program while 
imaging is proceeding can 
have a calming effect       

        Physical Environment 

 Ideally, the physical environment of the nuclear 
medicine department should support patient com-
fort as well as patient, family, and personnel 
safety and effi cient workfl ow. Making a depart-
ment accessible and friendly for children requires 
extra attention to the design and workfl ow of the 
department. Space is needed for patient reception 
and waiting, imaging, a radiopharmaceutical 
administration room, an examination room, a 
radiopharmacy, a technologist workspace or 
room, and a consultation/reading room. Ideally, 
the radiopharmacy and administration/examina-
tion room should be in close proximity to each 
other, while reception and waiting areas should be 
located away from the examination rooms. The 
consultation/reading room and the technologist 
work area should be easily accessible to nuclear 
medicine personnel and referring physicians. 
Emergency supplies should be readily accessible. 

    Waiting Room 

 Most children undergoing nuclear medicine 
examinations are outpatients, and careful 
 scheduling can reduce waiting time for patients 
and parents. However, in practice, parents and 
families almost always experience some wait-
ing before, during, and after an examination. 
Some studies may require extended waiting 
in the department after administration of the 
radiopharmaceutical (e.g., examinations using 
FDG). Other studies require the patient to return 
one or more times after initial imaging. Parents 
and other family members may wait for a few 
 minutes to several hours while the patient is 
undergoing an examination. The waiting room 
should be  spacious, friendly, comfortable, attrac-
tively  decorated, and well lit, and seating should 
be suffi cient to accommodate family members. 
The waiting room should be supplied with plenty 
of appropriate reading materials and toys as well 
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as information about parking, nuclear medicine, 
and other subjects appropriate for patients and 
their families. The reception desk should be at 
a writing height, so children can see the recep-
tionist and are not intimidated by a tall counter 
(Fig.  1.5 ).

       Radiopharmacy 

 The radiopharmacy should be well equipped 
with lead-shielded cabinets (for SPECT and 
PET radiopharmaceuticals), a hood, a suffi cient 
counter space, an appropriate safety equipment, 
an exhaust for volatile or gaseous materials, and 
a laminar fl ow hood. The room itself should be 
under negative air pressure. In departments that 
prepare radiopharmaceuticals, the radiophar-
macy should be compliant with the requirements 
of section 767 of the US Pharmacopeia. Some 
institutions do not have a radiopharmacy, and, in 
this case, radiopharmaceuticals are provided by 
commercial vendors. Therefore, these centers 
do not need an elaborate in-house radiophar-
macy. Radioactive storage and calibration equip-
ment should be provided however. Data entry 
tools for radiopharmaceuticals and other phar-
maceuticals should be provided in the nuclear 
medicine facility. The radiopharmacy should 

have suffi cient space for supplies as well as for 
storage and disposal of radioactive materials. In 
addition, storage space is needed for nonradio-
active supplies.  

    Radiopharmaceutical Administration: 
Examination Room 

 Busy pediatric nuclear medicine departments 
should have at least one room for administration 
of radiopharmaceuticals so that imaging rooms 
are free for performing studies. This room, which 
should allow for privacy, is also used to talk to 
patients and parents and to conduct directed 
physical examinations. The administration/
examination room ideally should be adjacent to 
the radiopharmacy. This room also can be used 
for the administration of 131I for the treatment of 
hyperthyroidism or thyroid cancer. Patients 
undergoing FDG-PET studies require special 
planning as they will need an area for waiting 
during the 1-h uptake period after FDG adminis-
tration. Keeping this room at 24°  centigrade has 
been shown to markedly reduce FDG uptake in 
brown adipose tissue, and it may be helpful for 
the patient to acclimate in this room for at least 
30 min prior to FDG administration [ 4 ]. With the 
increased use of CT with PET, there is a need for 

  Fig. 1.5    A waiting room in nuclear medicine. There is 
abundant space for the family to wait for the patient, 
and there are plenty of toys, a blackboard, a TV, and 
other materials to help entertain the family and the 

 siblings. There are plenty of reading materials including 
information about nuclear medicine and its tests. The 
reception desk is low to allow children to view what is 
behind it       
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space for the administration of oral contrast 
agents.  

    Imaging Rooms 

 Examining rooms should be designed so that they 
are friendly, attractive, and suffi ciently spacious 
to contain the equipment, permit proper examina-
tion, allow suffi cient privacy, and allow for the 
presence of the patient’s parents in the room. 
Examining rooms should be fl exible in design and 
adaptable to the changing technology in nuclear 
medicine (Figs.  1.6  and  1.7 ). Some useful attri-
butes of a nuclear medicine exam room include:
      1.    Suffi cient general ambient light as well as 

dimmers in order to be able to provide a 
soothing effect (some children fall asleep 
during the examination).   

   2.    Ceiling-mounted spotlight for illuminating 
the injection site or catheterization fi elds.   

   3.    Ceiling-mounted hangers to hold bottles or 
bags for intravenous infusion.   

   4.    Ceiling-mounted heating lamps.   
   5.    Telephone with a cancelable bell; emergency 

numbers must be posted clearly on the 
telephone.   

   6.    Oxygen and vacuum outlets, preferably wall-
mounted and within easy reach from the 
patient’s head on the examination table.   

   7.    Exhaust for safe disposal of radioactive 
gases (xenon-133 for ventilation studies).   

   8.    Small TV mounted over the examining table 
within easy view of the patient; a video 
player to play appropriate programming for 
the patient.   

   9.    Suffi cient space to house associated elec-
tronic equipment, such as electrocardio-
graphs, electroencephalograph, anesthesia 
monitoring equipment, and external physio-
logical detectors.   

   10.    Doors wide enough to permit safe access to 
regular and special patient beds.   

   11.    Room designed to permit safe maneuvering 
of the patient’s bed in relation to all the 
equipment around the patient.    

       Performing the Study 

 The technologist should examine patients for 
metallic objects that can shield gamma radiation 
(e.g., keys, belt buckles, coins, jewelry). Once the 
fi rst images are obtained, any diapers,  clothing, 
or gauze contaminated with radionuclides should 
be removed and the area reimaged. Contaminated 
skin should be thoroughly washed, monitored, 
and reimaged. Once the examination is com-
pleted, the physician and the technologist should 
review and evaluate the quality and adequacy of 

  Fig. 1.6    An example of a 
modern gamma camera/
SPECT/CT system 
(© COPYRIGHT Siemens 
Healthcare 2013)       
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the study and determine if additional imaging is 
necessary. Depending on the initial result, the 
physician may need to reexamine the patient and 
the clinical data before the patient is discharged. 
When appropriate, the physician may recom-
mend additional anatomic imaging to clarify an 
abnormal fi nding or to try to increase the speci-
fi city of a scintigraphic fi nding. 

 Proper patient positioning to avoid motion 
artifacts is essential for a good examination. 
Because most nuclear medicine imaging requires 
the patient to remain still for a relatively long 
period, immobilization techniques to help patients 
remain still during imaging are commonly used. 
Sandbags, adhesive tape, a papoose wrap with 
blanket, Velcro straps, and contoured pillows 
may be employed, depending on the size, age, 
 condition, and activity of the patient. Newborns 
usually fi nd swaddling comforting. In addition 
to these immobilization techniques, it is some-
times necessary for a technologist or an aide to 
hold a patient in position during imaging. Imaging 
artifacts resulting from holding patients by hand 

should be anticipated, recognized on the image, 
and, if possible, avoided. In some cases, the 
nuclear medicine physician needs to mark the 
patient’s skin over a lesion to help guide biopsy or 
surgery as in the case of a thyroid nodule, an oste-
oid osteoma, a sentinel node, etc. Technologists 
often need to talk, support, encourage, and distract 
the child while ensuring that the gamma camera 
is set up and functioning correctly. With a quiet 
environment, dim lights, and care, some children 
fall asleep during long examinations. Watching 
television or a DVD can be an effective “sedative” 
and can help distract and relax some patients (and 
parents) during the examination. In some cases, 
immobilization alone is not successful, and seda-
tion is required in order to avoid multiple sedations 
during the day of the patient’s visit (see Chap.   2    ). 

 In our experience, children less than 1 year of 
age only need sedation in less than 3 % of cases, 
mainly for brain or whole body SPECT or 
PET [ 2 ]. Sedation should only be used when 
 absolutely necessary. The type and dose of seda-
tive used must be individualized and should be 

  Fig. 1.7    A modern PET/CT 
system (© COPYRIGHT 
Siemens Healthcare 2013)       
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decided in consultation with the referring physi-
cian or pediatric anesthesiologist. Some large 
institutions have specialized pediatric imaging 
sedation guidelines and dedicated teams of nurses 
and anesthesiologists that manage all sedation 
and anesthesia for imaging. When administering 
sedatives to patients, potential side effects such 
as aspiration and respiratory arrest should be 
anticipated and appropriate means of treatment 
made available. Sedation or general anesthesia 
can affect many physiological processes, includ-
ing cerebral metabolism, myocardial function, 
renal blood fl ow, and specifi c functions such as 
cerebrospinal fl uid fl ow and cardiovascular shunt 
fl ow. 

 With the increased use of single photon 
 emission computed tomography (SPECT) and 
positron emission tomography (PET), the use of 
sedation has increased. Sedation or general anes-
thesia should be planned in advance of the 
patient’s visit to nuclear medicine. It is important 
to assess the appropriateness of the patient for 
sedation or general anesthesia before the study. 
Proper advance instructions about eating, diet, 
and any other preparation should be communi-
cated clearly to the patient or family. Similarly, 
outpatients need to be informed about their need 
to meet discharge criteria after sedation or gen-
eral anesthesia and the time commitment that 
may be needed. Importantly, if the patient needs 
more than one imaging procedure in the same 
day, sedation scheduling should be appropriately 
coordinated (see Chap.   2    ).  

    Imaging Infants and Young 
Children 

 Pediatric nuclear medicine plays an important 
role in the evaluation of the majority of organs 
and systems in the body in children less than 
1 year of life. Imaging patients in this age group 
is one of the most interesting and challenging 
aspects of this medical specialty, as the clinical 
problems encountered in patients during the fi rst 
year of life are rather unique in terms of the 
 disorders involved, extra care needed, and special 
imaging requirements. Successful imaging of 

neonates and infants requires special care and 
patience. Although imaging protocols should be 
standardized as much as possible, studying this 
population often requires that the nuclear medi-
cine specialist diverge from routine protocols by 
altering radiopharmaceutical doses, imaging 
technique, or type and number of images needed 
in order to optimize the imaging approach and 
the specifi c diagnostic task at hand. 

 During growth and development in the neo-
nate and infant, radiopharmaceutical kinetics 
can be different from those in the older child or 
the adult. These characteristics must be kept in 
mind during interpretation of nuclear medicine 
studies. Newborns and infants have relatively 
slower renal radiopharmaceutical kinetics, lower 
renal  function, lower glomerular fi ltration rate 
(see Chap.   14    ), faster washout of radioactive 
gases from the lungs, faster circulation times, and 
faster lymphatic fl ow than adult patients. Another 
example of differences in radiopharmaceutical 
biodistribution occurs in the developing brain. 
Similarly, in children the concentration of  99m  Tc- 
methylene diphosphonate (MDP) in growth cen-
ters is relatively high. 

 Babies and infants experience rapid growth 
and development that are refl ected on nuclear 
medicine studies. The pulmonary capillary bed in 
the very young child has a smaller number of 
arterioles than the older child. Gradually, with 
growth and maturation, physiological processes 
and radiopharmaceutical kinetics and biodistri-
bution reach adult levels (Figs.  1.8 ,  1.9 ,  1.10 , 
and  1.11 ) [ 2 ,  5 ].

          Instrumentation and Equipment 

    Collimators 

 Collimator selection for individual types of 
 examinations is important, and awareness of the 
characteristics of various collimators helps 
 optimize imaging. Collimation in pediatric 
nuclear medicine should favor high- and ultrahigh- 
resolution-type collimators. Magnifi cation 
 scintigraphy with the pinhole collimator provides 
the highest spatial resolution images routinely 
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  Fig. 1.8    MAG3 studies from a 3-month-old boy. ( a ) Early 
study reveals 63 % of the total renal function in the right 
kidney which is normal. Note the prolonged time-to-peak 
from the right renal time-activity curve and a very high 
residual at 20 min post-tracer administration ( red curve  
and  arrow ). ( b ) Study done 2 months after left pyeloplasty 

without any intervention in the right kidney shows a nor-
mal right kidney time-activity curve and normal drainage 
( red curve  = R). The right kidney shows maturation with a 
normal time-activity curve ( red curve  and  arrow ).  The blue 
curve  is form the left kidney as the  red curve  is from the 
right kidney       

L 37 %

a

b

63 %

49 % 51 %

2 min 20 min 0 min 20 0 min 30

2 min 20 min 0 min 20 0 min 30

R

R

L

L

Furosemide

Furosemide

Left
T1/2 ?
Residual >100 %

Left
T1/2  2.4 min
Residual 6 %

  Fig. 1.9     99m Tc-DMSA pinhole 
images of the kidneys from a 
6-week-old male showing 
normal fetal lobations that 
should not be confused with 
cortical defects       

 available with gamma cameras, and in selected 
applications it is an indispensable technique for 
imaging small body parts in children (see 
Chap.   28    ). Pinhole images using an insert of a 
small aperture (3–4 mm) in infants undergoing 
 99m  Tc- DMSA renal scans or  99m Tc-MDP bone 

scans are of excellent quality even in the smallest 
patients. However, the pinhole collimator has the 
lowest sensitivity of any of the routinely used col-
limators used with the gamma camera, particu-
larly with the smaller  apertures, and the images 
can take several minutes to acquire which can be 
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  Fig. 1.10     99m Tc-MDP skeletal scans. ( a ) One-month-old 
baby. Absent tracer uptake in non-ossifi ed centers.  S  
shoulder,  W  wrist,  E  elbow,  F  femoral head,  K  knee,  P  

pubis,  M  mid foot. ( b ) A 10-year-old patient showing 
open ischiopubic synchondroses       

  Fig. 1.11    Brain immaturity.  99m Tc-ECD brain SPECT 
from a newborn showing relatively low cerebral perfusion 
in the anterior sensorimotor aspect of the brain ( arrow )       
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rather diffi cult with children. Mobile cameras can 
be used for the evaluation of patients in operating 
rooms, intensive care units, recovery rooms, inter-
ventional radiography suites, and catheterization 
laboratories.  

    Image Fusion and Systems 
Integration 

 Image fusion overlays two or more three- 
dimensional (3D) image sets of the same or dif-
ferent imaging modality that are in the same 
orientation in the same space. Anatomic and 
functional imaging are complementary, and 
appropriate image registration and fusion 

 software should be easily available. The intro-
duction of hybrid PET/CT and SPECT/CT scan-
ners has sparked increasing use and interest in 
image fusion. This hardware approach to image 
fusion often needs to be complemented by soft-
ware adjustments on the images when patients 
move between the PET or SPECT and the CT. 
The PET/CT and SPECT/CT scanners limit 
image fusion to two modalities. Electronic image 
fusion, however, does not depend exclusively on 
hybrid instrumentation. Image fusion enables the 
direct comparison of function and structure 
[SPECT and MRI], function and function 
(SPECT and FDG-PET), structure and structure 
(MRI and CT), etc. (Figs.  1.12 ,  1.13 ,  1.14 ,  1.15 , 
and  1.16 ).

  Fig. 1.12    Stress changes in the pars interarticularis.  Left : 
MIP of the pelvis.  Right :  18 F-NaF PET and CT fusion. 
Selected slices reveal intense fl uoride uptake in the region 

of the right L5 pars. On CT, there is a linear defect through 
the right L5 pars interarticularis       

  Fig. 1.13     99m Tc-ECD perfusion brain SPECT. Ictal minus interictal perfusion SPECT has been subtracted and fused to 
an MRI. There is differential ictal increase of cerebral blood fl ow in the left temporal lobe       
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  Fig. 1.14    A 3-year-old girl 
with neuroblastoma after 
chemotherapy and surgery. 
Fusion of  123 I-MIBG 
SPECT and MRI demonstrates 
retroperitoneal MIBG 
accumulation only in a dilated 
renal pelvis which was 
determined not to be a 
metastasis         

       With advances in electronic communica-
tions, computer processing power, high-capac-
ity networks, and the wider acceptance of 
imaging standards, image fusion is rather easy 
to obtain and is now within the reach of routine 
practice. With the increasing sophistication of 
picture archiving and communication systems 
(PACS), all imaging methods can be viewed on 
most modern  workstations. More recently, PET/

MRI scanners are being introduced in practice. 
These systems show promise for the assessment 
of a variety of disorders and have the advantage 
over PET/CT of not utilizing X-rays, therefore 
resulting in lower radiation exposure to the 
patient. At present, PET/MRI systems are rather 
expensive and may not be within the reach of 
most institutions. However, electronic image 
fusion is very effective and does not require 
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the investment in these expensive devices. 
Electronic image fusion of brain studies 
(SPECT/MRI, PET/MRI) is relatively easy, 
while image fusion of body images obtained 
with the patient in different anatomic positions 
may be more diffi cult. 

 It is common that pediatric patients referred 
for PET or SPECT have had a CT study in the 
recent past. In these cases it is advantageous to 
use the CT already obtained and fuse it with the 
PET or the SPECT, thus avoiding additional CT 
exposures (see    Chap.   31    ).   

    Radiopharmaceutical 
Administration 

 Routes of radiopharmaceutical administration 
include intravenous, oral, inhalation, subcutane-
ous, intradermal, instillation, and intrathecal. 

    Intravenous Administration 

 Intravenous injection is the most frequent route 
of radiopharmaceutical administration and 

a b c

  Fig. 1.15    Ewing sarcoma. ( a )  99m Tc-MDP bone scan 
shows increased tracer uptake in the left iliac bone, left 
acetabulum, and proximal femur. ( b )  18 F-FDG MIP shows 
a larger region of increased tracer uptake also involving 

the soft tissue component of the tumor. ( c )  18 F-FDG fused 
to an MRI allowing to correlate increased metabolism 
within the tumor mass       

a b c

  Fig. 1.16     18 F-FDG uptake in pneumonia. A 13-year-old 
girl following chemotherapy and radiation therapy for 
Hodgkin’s lymphoma presented with 5 days of fever and 
cough. ( a ) The chest X-ray revealed left lower lobe pneu-
monia. ( b ) A selected coronal computed tomography 

(CT) slice also reveals a lesion in the left thorax. ( c ) The 
 18  F-FDG- PET reveals increased tracer uptake in the same 
region, indicating active infl ammatory disease extending 
beyond the visible CT lesion       
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 warrants special attention. In advance of tracer 
administration, a tray lined with absorbent paper 
should be prepared for each patient dose. This 
tray should contain disposable gloves, skin anti-
septic, needles, gauze, the radiopharmaceutical 
dose, adhesive tape, and a tourniquet. The radio-
pharmaceutical syringe should be shielded, 
clearly labeled with the name of the patient, the 
name of the tracer, the dose, the date and time of 
calibration, and the volume. 

 When dealing with venous access in small 
infants, there is no substitute for an experienced 
nuclear medicine technologist, nurse, or physi-
cian. Volume and site of injection are important. 
A 23–25-gauge needle of the butterfl y type can 
be used. A disposable T-type connector with a 
one-way valve permits rapid injection of the 
tracer followed by a saline fl ush. The radiophar-
maceutical should be in a small volume (0.2–
0.5 mL) of solution. Premature and newborn 
infants may require smaller volumes (0.1–
0.2 mL). A large vein, such as an antecubital 
vein, is usually adequate to permit rapid adminis-
tration of the radiopharmaceutical and the saline 
fl ush. Other veins may be used as long as they 
can tolerate the rapid bolus and the saline fl ush. 
Patients usually lie supine for the injection. The 
site of injection should not overlap the area of 
interest. Once an appropriate vein is identifi ed, a 
tourniquet is applied and the skin is cleaned with 
an antiseptic. The tubing is fi lled with sterile 
saline. The extremity is immobilized or held by 
an aide if necessary, and the vein is entered. As 
soon as blood return occurs, the tourniquet is 
released. If there is no free retrograde venous 
fl ow into the tube of the butterfl y needle, no 
attempt should be made to inject the radiophar-
maceutical, and another injection site should be 
identifi ed. 

 After successful venous entry, the needle 
should be carefully secured in place with adhe-
sive tape. One should check once more to make 
sure that there is free fl ow into the vein. It is good 
practice to fl ush the tubing with a small volume 
(1–3 mL) of normal saline before injecting the 
tracer. The radiopharmaceutical should then be 

injected and the tubing fl ushed with normal 
saline. 

 Injection technique varies for static and 
dynamic studies. The injection speed for static 
studies can be delivered slowly, and a rapid bolus 
injection is not needed. For dynamic studies 
requiring high temporal resolution, a proximal 
injection site, a small volume of radiopharma-
ceutical solution, and a rapid speed of injection 
are important for successful examination.  

    Radiopharmaceutical Dose 
Adjustment 

 In nuclear medicine, dosing of radiopharmaceuti-
cals in the adult population is roughly standard-
ized. Pediatric radiopharmaceutical doses should 
be determined by the minimum amount neces-
sary to ensure satisfactory examination in a rea-
sonable period of time. Administered doses in 
pediatric nuclear medicine have been developed 
by experience, taking into account the body 
mass, absorbed radiation dose, type of examina-
tion, available photon fl ux, instrumentation, and 
examination time. High doses (which do not 
result in improved diagnostic sensitivity or 
 accuracy) or low doses (which do not permit ade-
quate  examination) should be considered unnec-
essary radiation exposures. The amount of 
radioactivity administered to a child for a nuclear 
medicine procedure should be adjusted accord-
ing to the patient’s body weight or other expres-
sions of body size. Several methods for the 
determination of radiopharmaceutical doses in 
children have been used. The resulting calculated 
doses using these various methods have varied 
considerably among the different approaches [ 6 ]. 
Also, administered doses of radiopharmaceuti-
cals in children have varied considerably even 
among pediatric institutions. In the past, there 
has been no standardized approach to scaling the 
administered radiopharmaceutical doses in chil-
dren (Fig.  1.17 ).

   More recently, the North American Expert 
Consensus Guidelines for Pediatric Administered 
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Radiopharmaceuticals have been developed and 
approved by the Society of Nuclear Medicine and 
Molecular Imaging (SNMMI), the American 
College of Radiology (ACR), and the Society for 
Pediatric Radiology (SPR) and were published 
recently and widely disseminated by the Image 
Gently Campaign [ 7 ,  8 ]. In addition the European 
Association of Nuclear Medicine has developed 
and published a Dosage Card that closely resem-
bles the North American Guidelines [ 9 ]. 

 Estimations of administered doses of activity 
for pediatric patients that are based on adult dose 
corrected for body weight or body surface area 
are generally good guides for children over 
1 year of age. Premature infants and newborns 
require special consideration, and the concept of 
minimum total dose should be considered. 
Minimum total dose can be defi ned as the mini-
mum dose of radiopharmaceutical below which 
the study would likely be inadequate regardless 
of the patient’s body weight or surface area. The 
minimum dosage is determined by the type of 
study: dynamic or static. As a general rule, 
dynamic studies require a higher dose of tracer 
than do static studies. Matching the acquisition 
framing rate with the timing of the physiologic 
process to be investigated also allows for an opti-
mal determination of administered tracer dose in 

cases such as hepatobiliary or dynamic renal 
imaging.   

    Radionuclide Therapy 

 Therapy with internally administered radionu-
clides is employed less often in children than in 
adults. However, in the past few years there 
seems to be an increase in the use of this treat-
ment method in children. The most frequently 
performed radionuclide therapy in children is 
with  131 I in patients suffering from hyperthyroid-
ism refractory to medical treatment and those 
who refuse surgery. Reasons for the increase in 
the use of  131 I treatment for hyperthyroidism 
include undesirable side effects from medical 
therapy or lack of patient compliance with treat-
ment. Another use of  131 I is for the treatment of 
patients with metastatic papillary carcinoma of 
the thyroid (see Chap.   5    ). 

 During the past few years, treatment of neu-
roblastoma has included therapy with intrave-
nous  131 I-MIBG.  131 I-MIBG therapy has become 
popular, and centers have developed specifi c 
programs to deal with this method of treatment. 
One approach utilizes a single, relatively high 
dose of the agent and requires in-hospital admis-
sion with patient isolation. This is the most fre-
quently utilized approach. Another method 
employs smaller-fractionated doses of the same 
agent, which does not require hospitalization 
(see Chap.   20    ).  

    Radiation Exposure and Risk 

 The objective of pediatric nuclear medicine is to 
obtain the best diagnostic information employing 
the highest quality imaging in the shortest period 
of time and with the lowest patient radiation 
exposure. In general, nuclear medicine proce-
dures involve exposure to low levels of ionizing 
radiation, and the diagnostic value of these pro-
cedures when used appropriately far outweighs 
potential radiation risk (see Chap.   31    ).      
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  Fig. 1.17    Various methods used to calculate pediatric 
radiopharmaceutical administered doses       
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     Appendix 1: Example of a Patient/Parent Brochure 
About a Nuclear Medicine Procedure 

    Bone Scan in Nuclear Medicine 

  What      is a bone scan?  A bone    scan is an image that shows bone blood fl ow, metabolism, and cell activ-
ity in the bones. There are two types of bone scans – planar and 3D (SPECT). 

  Why bone scans at this hospital ? Our department of nuclear medicine is committed to providing a 
safe, comfortable, and child-friendly atmosphere with specialized:
•    Nuclear medicine physicians with expertise in interpreting bone scans in children of all ages  
•   Technologists with experience imaging children  
•   Equipment adapted for pediatric use  
•   Protocols that keep radiation exposure as low as possible while assuring high image quality    

  When is a bone scan needed?  A bone scan can detect very small changes in your child’s bones, 
even ones that may not be seen on regular X-rays. Bone scans can detect subtle injuries, stress changes, 
or small fractures that may result from intense playing or sports activity as well as infection or 
infl ammation.

     

pictures are taken. The camera does not touch your child and does not produce radiation. It is very 
important that your child remains still during the imaging in order to obtain the best quality images. 
The number of images obtained and the total imaging time will vary depending on the diagnosis under 
consideration, although the average imaging time is about 1 h. Some of the images are three-dimen-
sional (3D), and such images are also evaluated by “slicing” the image through different planes.

    How should I prepare for a bone scan?  There is 
no special preparation needed for this test. 
However, between the injection of the radiophar-
maceutical and the scan, there is a 3–4-h waiting 
period. In addition, the scan time is approximately 
30–60 min. Please schedule your day accordingly. 

  How is a bone scan obtained?  Scans are 
obtained using special cameras called gamma 
cameras. Before the images are taken, a tiny 
 volume of a radiotracer (radiopharmaceutical, 
 99m  Tc- MDP) is injected in one of your child’s 
veins using a very small needle (smaller than the 
needles used for blood tests). Two-minute pic-
tures showing blood fl ow to the bones may be 
obtained while the tracer is injected. The actual 
images of the bones are obtained approximately 
3–4 h after the injection of the tracer. 

 After the injection, your child can continue 
with his or her normal activities while waiting for 
the scan to begin. When you return to nuclear 
medicine, the bone scan is obtained. Your child 
will lie on an imaging table, and the camera will 
slowly move around his or her body as several 
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are committed to ensuring that your child receives the smallest radiation dose needed to obtain the desired 
result. Our doctors balance the medical benefi ts of any imaging test with potential radiation risks even if 
these are minuscule. 

 More information about nuclear medicine radiation safety can be found on the Image Gently web-
site (  www.imagegently.org    ). 

      

  Bone scan in a young gymnast with back pain. His 
X-rays were normal, but you can see that on the bone 
SPECT, there is stress injury in the spine ( arrows ). The 
picture on the right upper quadrant is a volume- rendered 
image, while the others are slices of the 3D image. The 
slices help localize the lesion  

    What happens after the bone scan?  Once the 
pictures are ready, the nuclear medicine physi-
cian will evaluate them and will produce and send 
a report to your child’s doctor. You will be free to 
leave and your child can resume normal activity. 

  What about radiation exposure?  Your child will 
be exposed to a very small amount of radiation that 
is within the lower range of what is received from 
routine diagnostic imaging procedures that use 
X-rays. Nuclear medicine has been used on babies 
and children for more than 40 years with no known 
adverse effects from the low doses employed. We 

  This pamphlet is written to provide patients, parents, and caregivers with information about bone 
scans and radiation exposure. This information should not be used as a substitute for the advice from 
your doctor. If you are concerned or have any unanswered questions, you should talk with a nuclear 
medicine physician before the study begins.  
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        Infants and young children who are scheduled 
for nuclear medicine imaging studies often 
require sedation, and those with complicated 
medical conditions will require general anesthe-
sia. There are several indications for sedation in 
nuclear medicine: Sedation can reduce patient 
motion during prolonged image acquisitions, 
facilitate a procedure which requires patient 
response to command and cooperation (e.g., 
voiding during a radionuclide cystogram) and 
minimize discomfort, anxiety, or pain [ 1 ]. 
Appropriate sedation is even more essential in 
neonates and infants, since they require special 
care, patience, adaptation, experience, and skill-
ful hands. Infants undergo rapid growth and 
development, and sedative and radiopharmaceu-
tical distribution and kinetics may vary from that 
of older children and young adults. Newborns 
and infants have a lower glomerular fi ltration 
rate, faster circulation, and faster pulmonary 
wash-in and washout of radioactive gases than 
older children [ 2 ]. 

 Sedation is the most common technique of 
ensuring immobility in infants, children, and the 
developmentally compromised who are unable 
to remain motionless on their own. In rare cir-
cumstances, anesthesia services are required 
to ensure the safety of the patient and the sur-
rounding  people. In general, the relative contra-
indications to sedation include an allergy to the 
sedatives utilized, a prior adverse reaction to 
sedation, history of a diffi cult endotracheal intu-
bation or diffi culty providing positive pressure 
ventilation via mask, uncontrolled gastroesopha-
geal refl ux, and a patient who has signifi cant car-
diac or respiratory compromise [ 3 ] (Table  2.1 ). 
This chapter will review established sedation 
guidelines and recommendations, the logistics 
of setting up a sedation and anesthesia program, 
patient selection and sedation-related risk factors 
and adverse events, a review of the more com-
monly utilized sedatives, and the challenges of 
providing sedation and anesthesia in the nuclear 
medicine setting.

      The Depths of Sedation 

 The tenets of sedation rely on the ability to deliver 
sedation to a targeted depth and to be able to 
identify the achieved levels. The term “conscious 
sedation” is no longer acknowledged as appropri-
ate terminology nor is it recognized as an indica-
tor of depth of sedation. The    Joint Commission, 
American Academy of Pediatrics (AAP), and 
American Society of Anesthesiologists (ASA) 

        R.  P.   Prescilla ,  MD       (*) •     K.  P.   Mason ,  MD     
  Department of Anaesthesia , 
 Harvard Medical School,    Boston,   MA,   USA   

  Department of Anesthesiology, 
Perioperative and Pain Medicine,  
 Boston Children’s Hospital,  
    Boston,   MA,     USA    
 e-mail: randy.prescilla@childrens.harvard.edu;   
keira.mason@childrens.harvard.edu   

  2      Sedation and General Anesthesia 

              Randy     P.     Prescilla       and     Keira     P.     Mason     

mailto:randy.prescilla@childrens.harvard.edu
mailto:keira.mason@childrens.harvard.edu


22

defi ne sedation as a sedation continuum that one 
can pass through escalating depths, described as 
minimal, moderate, and deep [ 4 ,  5 ] (Fig.  2.1 ). 
These depths of sedation rely on a subjective 
assessment of the patient’s response to verbal, 
tactile, and painful stimuli to predict the patient’s 
risk of respiratory and cardiovascular compro-
mise. The associated risks with each level of the 
sedation continuum are assumed but have never 
been validated.

       Guidelines for Sedation Practice, 
Monitoring, and Qualifi cations 

 The practice of sedation has become a con-
troversial topic over the past decade, as non- 
anesthesiologists have become sedation providers. 
Topics of debate include the sedatives appropriate 
for administration by non- anesthesiologists, the 
depth of sedation that is safe for non-anesthesi-
ologists to achieve, the training and credential-
ing appropriate for non- anesthesiologists, and 
the reimbursement for non-anesthesiologists. In 
2002, the American Society of Anesthesiologists 
(ASA) updated the 1995 document of  Practice 
Guidelines for Sedation and Analgesia by Non -
 anesthesiologists  [ 6 ,  7 ]. The purpose of this docu-
ment was to “allow clinicians to provide their 
patients with the benefi ts of sedation/analgesia 
while minimizing the associated risks” [ 6 ]. These 
guidelines are consistent with the most recent 
updates of 2006 by the American Academy 
of Pediatrics (AAP) of  The Guidelines for 
Monitoring and Management of Pediatric Patients 
During and After Sedation for Diagnostic and 
Therapeutic Procedures  [ 4 ,  8 – 10 ]. Both the AAP 
and ASA guidelines were intended to standardize 
sedation practice in order to minimize the practice 
variance which has existed in the past [ 11 ]. 

 The Joint Commission has also established 
standards for sedation and anesthesia care and, 
recently, in 2007, established  recommendations 

   Table 2.1    Relative contraindications to sedation   

 Active uncontrolled gastroesophageal refl ux 
 Active uncontrolled vomiting 
 Current (or within the past 3 months) history of apnea 
requiring an apnea monitor 
 Active current respiratory issues that are different from 
the baseline status (pneumonia, exacerbation of asthma, 
bronchiolitis, respiratory syncytial virus) 
 Unstable cardiac status (life-threatening arrhythmia, 
abnormal cardiac anatomy, signifi cant cardiac 
dysfunction) 
 Craniofacial anomaly, which could make it diffi cult to 
effectively establish a mask airway for positive 
pressure ventilation, if needed 
 History of adverse or paradoxical events occurring 
following administration of barbiturate or chloral 
hydrate 
 Allergy to barbiturates or chloral hydrate 
 History of failed sedation in this institution’s radiology 
department 

  From Mason et al. [ 3 ] with permission  

ASA AND JCAHO DEFINITION OF SEDATION

Minimal
sedation

“Anxiolysis”

“Responds
normally
to verbal
commands”

“Responds
purposefully to
verbal commands/
light touch”

“Responds
purposefully to
repeated or
painful stimuli”*

“Unarousable to
painful stimuli”
or “reflex
withdrawal”

Airway maintained ? Airway maintained

Moderate
sedation/analgesia

“Conscious
Sedation”

Deep
sedation/
analgesia

General
anesthesia

  Fig. 2.1    ASA    and JCAHO    defi nition of sedation (From Kaplan et al. [ 5 ] with permission). * Refl ex withdrawal from a 
painful stimuluis is NOT considered a purposeful response       
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for the minimal training and qualifi cations 
expected of sedation providers: “Individuals 
administering moderate or deep sedation and 
anesthesia must be qualifi ed and have the appro-
priate credentials to manage patients at what-
ever level of sedation or anesthesia is achieved, 
either intentionally or unintentionally” [ 12 ]. With 
respect to deep sedation, the Joint Commission 
specifi ed that “individuals must be qualifi ed to 
rescue patients from general anesthesia and are 
competent to manage an unstable cardiovas-
cular system as well as a compromised airway 
and inadequate oxygenation and ventilation” 
[ 12 ]. The Joint Commission does not specify the 
methods required to validate a provider’s rescue 
skills but instead states that “each organization is 
free to…determine that the individuals are able to 
perform the required types of rescue” [ 12 ]. 

 More recently, the Centers for Medicare & 
Medicaid Services (CMS) published in 2009 the 
 Revised Hospital Anesthesia Services Interpretive 
Guidelines  –  State Operations Manual  ( SOM ) 
 Appendix A.7, 8 , which mandated that deep seda-
tion be identifi ed as anesthesia services. Deep 
sedation was defi ned as “a drug-induced depres-
sion of consciousness during which patients can-
not be easily aroused but respond purposefully 
following repeated or painful stimulation. The 
ability to independently maintain ventilatory 
function may be impaired. Patients may require 
assistance in maintaining a patent airway, and 
spontaneous ventilation may be inadequate. 
Cardiovascular function is usually maintained” 
[ 12 ]. In 2010, the CMS limited the administra-
tion of deep sedation to an anesthesiologist, non- 
anesthesiologist physician, dentist, oral surgeon, 
podiatrist, certifi ed registered nurse anesthetist 
(CRNA), or anesthesia assistant [ 13 ,  14 ]. One 
year later, these guidelines were revised in  Pub. 
100 – 07 State Operations Provider Certifi cation  
which revised Appendix A of 42 CFR 482.52 and 
acknowledged that individual hospitals may 
establish their own policies with respect to the 
qualifi cations of sedation providers, provided 
that national guidelines of one or more special-
ties are followed [ 14 ].  

    Setting Up a Sedation 
and Anesthesia Service 

 The Department of Radiology/Nuclear Medicine 
generally depends on the services of other spe-
cialties to provide sedation or anesthesia [ 15 ]. 
Frequently, these services are provided by 
departments of anesthesia, pediatrics, hospital 
medicine, emergency medicine, or intensive care 
medicine [ 16 – 20 ]. Each institution and health 
care facility must determine which specialists can 
be credentialed to administer sedation services. 

 In 2004, the ASA fi rst issued guidelines for 
the delivery of anesthesia in locations outside 
of the operating room. This  statement on non-
operating room anesthetizing locations  sets a 
minimum standard for these anesthetizing loca-
tions and, essentially, the expectation that they be 
similar to that of the operating room. Although 
these  expectations may seem obvious, they are 
not always easy to meet in the Department of 
Radiology/Nuclear Medicine. For example, anes-
thetizing locations are expected to have a source 
of wall oxygen along with a means for removal of 
waste anesthesia gases. Older nuclear medicine 
suites, however, were not designed with anesthe-
sia services in mind; many were designed prior to 
the ASA guidelines of 2004. Accommodation of 
anesthesia services has, for these sites, required 
that renovation and engineering services recon-
fi gure these sites. As radiology units strived 
to become more effi cient, they have found that 
the capability to recover patients postanesthesia 
within their department offsets the ineffi ciency 
of transporting patients to remote anesthesia 
recovery areas. However, even recovery sites 
remote to the operating room must provide iden-
tical postanesthesia care. This care requires addi-
tional resources, as there is the expectation that 
“appropriate post-anesthesia management should 
be provided. In addition to the anesthesiologist, 
adequate numbers of trained staff and appropriate 
equipment should be available to safely transport 
the patient to a postanesthesia    care unit” [ 21 ]. 
To facilitate coordination between the Department 
of Radiology/Nuclear Medicine and the outside 
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 services that provide anesthesia and sedation, it is 
preferable to appoint a director(s) of Radiology/
Nuclear Medicine Anesthesia and Sedation. This 
professional(s) should have a commitment to 
promoting safe and effi cient care to all radiology 
patients through collaboration with the radiology/
nuclear medicine physicians, nurses, and technol-
ogists. As the technology and image techniques 
in the fi eld of radiology advance, it is important 
that this director(s) remains current with these 
advances and proactively plans with the nuclear 
medicine physicians and technologists whenever 
specifi c imaging techniques require specialized 
anesthesia management.  

    Patient Selection 

 The American Academy of Pediatrics advocates 
fi ve safety goals for sedation: (1) guard the 
patient’s safety and welfare; (2) minimize physi-
cal discomfort and pain; (3) control anxiety, min-
imize psychological trauma, and maximize the 
potential for amnesia; (4) control behavior and/or 
movement to allow the safe completion of the 
procedure; and (5) return the patient to a state in 
which safe discharge is possible [ 4 ]. Multiple 
factors are required in order to achieve these 
goals such as careful patient selection for seda-
tion, credentialing qualifi ed individuals to admin-
ister the medications and to rescue from an 
adverse response, the use of appropriate physio-
logic monitoring, and the appropriate selection of 
sedatives and analgesics. 

 A thorough medical history and review of sys-
tems should be documented prior to scheduling a 
patient and should include pertinent prior surgi-
cal, sedative, and anesthetic histories. All current 
medications and drug allergies must be noted 
along with relevant clinical consultations and 
laboratory and clinical studies. To optimize the 
pre-evaluation and appropriate triage of patients, 
each patient and family should be directly con-
tacted by a qualifi ed health care professional 
prior to fi nal scheduling. This direct contact 
enables the past and current history to be clarifi ed 
and expounded upon and provides the family 
with the opportunity to ask questions. Fasting 
(i.e., NPO) instructions must also be fi nalized. 

In most radiology departments, this triage is 
 performed by a core group of radiology nurses. 
These nurses also determine with the family and 
patient which medications, if any, should be con-
tinued even on the day of the intended procedure. 
All conversations and accompanying medical 
information should be documented in a manner 
consistent with individual institution policy. 

 There are no universally accepted criteria for 
the triage of patients to sedation or anesthesia. 
There are recommendations, however, which have 
been developed and followed, identifying “red 
fl ags” which warrant further assessment or con-
sultation prior to receiving sedation (Table  2.2 ).

   In general, those patients who are tri-
aged to receive sedation, particularly by non- 
anesthesiologists, tend to be classifi ed as 
American Society of Anesthesiologists (ASA) 
levels I and II and, occasionally, level III 
(Table  2.3 ). Children in ASA classes III and IV, 
those with special needs, anatomic airway abnor-
malities, or extreme tonsillar hypertrophy, often 
require additional and individual consideration 
and often require general anesthesia (as opposed 
to sedation). These and other patients with com-
plicated medical histories may also warrant prior 
consultation with other specialties such as cardi-
ology, otolaryngology, pulmonary, or neurology.

   Table 2.2    Red fl ags for sedation   

  1. Apnea 
  2.  Full-term infant less than 1 month of age (unless an 

inpatient admitted to the hospital) 
  3. Respiratory-compromised patients 
  4.  Uncontrolled/unpredictable gastroesophageal refl ux 

or vomiting that poses an aspiration risk 
  5.  Craniofacial abnormality that may make it diffi cult 

to establish effective mask airway 
  6. Cyanotic cardiac disease or unstable cardiac status 
  7.  Painful procedure that may be challenging to 

provide adequate analgesia without a general 
anesthetic 

  8.  High-risk procedure that may require presence of 
an anesthesiologist for resuscitation 

  9.  Procedure that requires absolute immobility only 
achievable with a general anesthetic 

 10.  Procedure being performed in remote location that 
is so removed that immediate emergency backup 
assistance would be virtually impossible 

 11.  Inadequate qualifi ed personnel available to provide 
safe procedural sedation 
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       Risks of Sedation and Anesthesia 

 The risks of sedation and anesthesia include 
hypoventilation, apnea, airway obstruction, car-
diopulmonary arrest, and the morbidity and mor-
tality associated with these events [ 1 ,  17 ,  22 – 25 ]. 
These adverse responses during and after seda-
tion for a diagnostic or therapeutic procedure 
may be minimized, but not completely elimi-
nated, by (1) a careful pre-procedure review of 
the patient’s underlying medical conditions and 
consideration of how the sedation process might 
affect or be affected by these conditions, (2) 
appropriate drug selection for the intended proce-
dure, (3) presence of an individual with the skills 
needed to rescue a patient from an adverse 
response, and (4) appropriate physiologic moni-
toring and continuous observation by personnel 
not directly involved with the procedure which 
allow for accurate and rapid diagnosis of compli-
cations and initiation of appropriate rescue inter-
ventions [ 4 ].  

    Most Common Medications Used 
in Pediatric Sedation 

 Unfortunately, most drugs used for sedation in 
children do not carry pediatric information that 
have been reviewed and approved by the Food 
and Drug Administration. Only a small percent-
age of drugs approved by the FDA are labeled for 
pediatric use, with the rest being used where the 

intent is the “practice of medicine.” The  published 
medical literature includes off-label use in 
pediatrics. 

 The most common medications currently used 
to provide sedation in children have recently 
been reviewed [ 26 ]. These include chloral 
hydrate, pentobarbital, midazolam, dexmedeto-
midine, ketamine, propofol, ketorolac, morphine, 
and fentanyl. The mean features of these drugs 
are presented below. 

    Chloral Hydrate and Pentobarbital 

 Historically, chloral hydrate and pentobarbital 
have been the hypnotics of choice for pediatric 
sedation [ 27 – 30 ]. Both medications have no anal-
gesic properties. They are useful for non- painful 
procedures as a sole agent (magnetic resonance 
imaging, computerized tomography, nuclear 
medicine). They can also be used with adjuvant 
analgesics in order to promote a hypnotic, seda-
tive state for interventional procedures. Rates of 
successful sedation with chloral hydrate and pen-
tobarbital range from 85 to 98 % [ 31 ,  32 ]. Both    
pentobarbital and chloral hydrate are medications 
which have almost 100 years of clinical experi-
ence. Because of their extended half-life (which 
approaches 24 h), they have been associated with 
prolonged recovery times and sedation-related 
morbidity. Adverse events with these medica-
tions include oxygen desaturation, nausea, vomit-
ing, hyperactivity, respiratory depression, and 
failure to adequately sedate [ 29 ,  33 ]. 

 Chloral hydrate is only available as an oral 
sedative. Pentobarbital, on the other hand, can 
be given by various routes; it may be adminis-
tered intravenously, intramuscularly, and orally. 
Children less than 1 year of age respond well 
to these two medications when given in the oral 
form. Pentobarbital, fl avored with cherry syrup, 
is more palatable and equally effective as chlo-
ral hydrate [ 34 ]. Comparing the two medications, 
oral pentobarbital has been associated with fewer 
respiratory events as compared to chloral hydrate. 
The incidence of a drop in oxygen saturation 
during sedation was over seven times higher 
in patients sedated with oral chloral hydrate 
 compared to those sedated with  pentobarbital [ 3 ]. 

   Table 2.3    ASA physical status classifi cation   

 1. A normal healthy patient 
 2. A patient with mild systemic disease 
 3. A patient with severe systemic disease 
 4. A patient with severe systemic disease that is a 
constant threat to life 
 5. A moribund patient who is not expected to survive 
without the operation 
 6. A declared brain-dead patient whose organs are 
being removed for donor purposes 

  Excerpted from   http://www.asahq.org/Home/For- 
Members/Clinical-Information/ASA-Physical-Status- 
Classifi cation-System     of the American Society of 
Anesthesiologists. A copy of the full text can be obtained 
from ASA, 520 N. Northwest Highway, Park Ridge, 
IL 60068-2573  
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Oral pentobarbital has been shown to have similar 
effi cacy and a lower rate of respiratory complica-
tions compared with intravenous pentobarbital in 
infants [ 35 ]. 

 Consideration should be given to the use of 
oral pentobarbital in infants less than 12 months 
of age, regardless of the presence of an intrave-
nous line. Patients over 1 year of age receive 
intravenous sedation because it is more predict-
able and reliable. Pentobarbital is titrated up to 
6 mg/kg intravenously to provide sedation and 
hypnosis. Patients who are on barbiturate therapy 
(for seizures) can develop tolerance to barbitu-
rates and may receive a higher dose, up to 8 mg/
kg body weight.  

    Midazolam 

 Midazolam is a short-acting benzodiazepine 
with sedative, anxiolytic, muscle relaxant, and 
amnestic effects with rapid onset and short dura-
tion of action. It is administered orally, intrave-
nously, intramuscularly, as well as intranasally. 
Midazolam is usually administered to provide 
anxiolysis, with accompanying mild sedation. 
This state usually suffi ces for short diagnos-
tic procedures, especially in children who are 
tired, sleepy, or close to their regular nap time. 
Adverse effects with midazolam include respi-
ratory depression and hypotension, with rare 
effects including headache, nausea, emesis, 
cough, and/or hiccups. Contraindications include 
acute narrow- angle glaucoma, uncontrolled pain, 
existing central nervous system depression, and 
shock [ 36 ].  

    Dexmedetomidine 

 Dexmedetomidine (Precedex; Hospira, Lake 
Forest, IL) is a highly selective alpha-2 adreno-
ceptor agonist approved for use in intubated and 
non-intubated adults. Dexmedetomidine is not 
approved for pediatric use by the FDA. It is, 
however, used for pediatric sedation in several 
settings such as diagnostic radiologic imaging 
studies and intensive care units. 

 Dexmedetomidine offers the advantage of 
providing sedation and analgesia with little respi-
ratory depression and in most a tolerable decrease 
in blood pressure and heart rate [ 37 ]. When 
administered to adults within clinical dosing 
guidelines, there are no accompanying changes 
in resting ventilation [ 38 – 40 ]. 

 It can produce dose-dependent decreases in 
blood pressure and heart rate as a result of its 
alpha-2 agonist effect on the sympathetic ganglia 
with resulting sympatholytic effects [ 39 ,  40 ]. 

 The half-life of dexmedetomidine is shorter 
than that of pentobarbital and chloral hydrate. 
A short half-life makes dexmedetomidine easier 
to titrate, quicker to recover from, and potentially 
associated with fewer prolonged sedation-related 
adverse events. 

 There is literature to support that dexmedeto-
midine has some analgesic properties [ 41 – 43 ]. It 
may be useful for select interventional radiology 
procedures that require sedation and minimal 
analgesia. It can be particularly effective when 
supplemented with a local anesthetic during the 
procedure. In addition, some feel that dexme-
detomidine actually mimics some aspects of nat-
ural sleep [ 25 ]. 

 Although there are no absolute contraindica-
tions to dexmedetomidine, the concurrent use of 
digoxin is often considered a relative contraindi-
cation, as it has been associated with extreme 
bradycardia in children and cardiac arrest in 
adults [ 44 ,  45 ]. Rarely, dexmedetomidine can 
cause potentially life-threatening cardiovascular 
complications in some adults and children [ 44 , 
 46 – 49 ]. The use of dexmedetomidine in nuclear 
medicine has been recently reported [ 50 ].  

    Ketamine 

 Ketamine is a rapid-acting dissociative agent that 
is administered via intravenous, intramuscular, 
oral, rectal, nasal, epidural, or intrathecal routes. 
Ketamine can produce a rapid onset of deep seda-
tion and analgesia with minimal respiratory 
depression and cardiovascular side effects 
[ 51 ,  52 ]. Ketamine is unique because it provides 
deep sedation and profound analgesia while still 
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 maintaining airway muscle activity and upper 
airway patency [ 53 ]. Large doses of ketamine can 
produce a state of general anesthesia. 

 When given in small bolus doses, ketamine 
provides analgesia for an average of 30 min. As 
an infusion, ketamine can produce a continuous 
state of analgesia which may be titrated up and 
down in response to (or in anticipation of) the 
painful stimulus. It is especially useful for 
patients who will undergo an exceptionally pain-
ful procedure, those on long-term treatment with 
opioids, or those who have a high tolerance to 
opiates. Ketamine provides an effective alterna-
tive to narcotics in these patients. 

 The use of ketamine for pediatric sedation and 
analgesia has been described in various nonop-
erating room settings. Most of the experience 
with ketamine in children is drawn from emer-
gency medicine and, lately, from interventional 
radiology. 

 Hallucinations, delusions, nightmares, and 
emergence delirium are phenomenon most com-
monly described as a potential side effect of ket-
amine; these are more commonly noted in adults 
[ 53 ,  54 ]. The presence of these adverse events in 
the pediatric population is controversial [ 55 ,  56 ]. 
In adults, the concomitant administration of ben-
zodiazepines (midazolam or diazepam) with ket-
amine has been shown to decrease the incidence 
of these events. Again, the utility of benzodiaze-
pines in reducing these events in children is con-
troversial [ 57 – 59 ]. Some reports indicate that the 
addition of benzodiazepines leads to an increased 
incidence of oxygen desaturation events [ 60 ]. 
Under age 5, there is no defi nitive evidence that 
benzodiazepine administration will reduce the 
hallucinations, delusions, and excitatory behav-
ior that can occur with ketamine. Children over 
age 5 may benefi t from concomitant benzodiaze-
pine administration.  

    Propofol 

 Propofol is an intravenous anesthetic approved 
for use in the induction and maintenance of gen-
eral anesthesia in children and adults. It has a 
rapid onset of action, distributed extensively and 

rapidly cleared from the body. Emergence from 
anesthesia occurs quickly. 

 Common adverse events include apnea (chil-
dren and adults). Other common adverse events 
in adults include bradycardia, arrhythmias, blood 
pressure problems, decreased cardiac output, 
burning/stinging at the site of injection, hyperlip-
idemia, respiratory acidosis, rash, and pruritus. 

 Propofol is also used in monitored anesthesia 
care for deep sedation in intensive care units and 
areas outside the operating room, including radi-
ology and nuclear medicine suites. There has been 
an increasing interest by non- anesthesiologists 
in using propofol as a sedation agent [ 16 – 18 ]. 
Propofol    is commonly administered fi rst via a 
slowly titrated load to achieve the targeted depth 
of sedation which is then maintained with a con-
tinuous infusion at doses of 100 mcg/kg/min 
upwards [ 61 ]. Propofol administration requires 
that the sedation provider be profi cient and 
expert in the identifi cation and management of 
airway compromise: even at low- dosing ranges, 
the cross-sectional area of the airway at the level 
of the tongue and epiglottis narrows, and patients 
can manifest signs of obstruction [ 62 ,  63 ]. There 
is literature to support that propofol can be as 
safely administered by gastroenterologists, pedi-
atricians, nurse practitioners, and emergency 
room physicians as it can be by anesthesiologists 
[ 16 – 18 ,  64 ,  65 ].  

    Ketorolac and Other Non-opioid 
Analgesics 

 Analgesics may be required for procedures in 
addition to the use of hypnotics, sedatives, or 
infi ltration with local anesthesia. There are a 
variety of analgesics available. Ketorolac is a 
nonsteroidal anti-infl ammatory drug adminis-
tered intravenously every 6 h with a maximum of 
72 h of administration. A one-time administration 
of ketorolac may be suffi cient to provide analge-
sia for simple, short nuclear medicine procedures 
such as cerebral spinal fl uid (CSF) fl ow studies 
and lymphangiograms. 

 Intravenous ibuprofen and intravenous acet-
aminophen were approved for use in the USA in 
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2009 and late 2010, respectively. However, the 
current costs of these medications have limited 
their routine clinical use. 

 Ketorolac and ibuprofen may inhibit platelet 
aggregation and prolong bleeding time, which 
may be an undesirable effect for some condi-
tions. Alternative analgesics include narcotics or 
ketamine.  

    Narcotics 

 The choice of narcotic should depend on the 
duration of the procedure and the extent of anal-
gesia required. Morphine and fentanyl are the 
more popular narcotics. Morphine requires 
approximately 10 min to take effect and has a 
duration of action of approximately 2 h. Fentanyl 
works quicker, has 100 times the potency of 
morphine, and can produce analgesia in minutes. 
It generally needs to be re-dosed at least every 
30–60 min depending on the procedure. 
Narcotics should be administered prior to (i.e., 
in anticipation of) the painful stimulus so that 
adequate analgesia is present at the time of the 
stimulus. 

 Respiratory depression is the most common 
adverse event resulting from narcotic use. In 
addition, rapid administration of fentanyl may 
result in rigid chest syndrome. Naloxone is the 
opioid antagonist indicated for the reversal of 
opioid-induced respiratory depression. Naloxone, 
as well as other drugs and equipment for resusci-
tation, should be readily available in the radiol-
ogy/nuclear medicine suites.  

    Combination Therapy 

 Additional medications increase the risk of 
adverse events, so the sedation physician or 
anesthesiologist should be aware of the possible 
adverse events that may result from the medica-
tions administered. Drugs with long durations 
of action must be allowed to manifest their 
pharmacologic actions and peak effects before 
additional doses are considered. The practitio-
ner must know whether the previous dose of any 

drug has taken full effect before  administering 
additional  medications [ 4 ]. If the mechanisms 
of action of concomitant medications are simi-
lar, synergistic effects may be potentiated, 
and the risk of adverse events is magnifi ed. 
Respiratory depression is a common pathway 
of adverse events and may result unexpectedly 
and quickly. 

 Practitioners must also be cognizant that drug 
interactions may occur. Drugs such as protease 
inhibitors, macrolide antibiotics, some azole anti-
fungals, and cimetidine inhibit the cytochrome 
P450 system, and concomitant use of these medi-
cations can result in prolonged sedation with 
midazolam and other hypnotics that involve the 
same enzyme systems.   

    Challenges in Nuclear Medicine 

 As the availability and introduction of complex 
imaging studies continue to increase, anesthesi-
ologists and sedation-care providers must main-
tain their understanding of associated principles, 
safety, and management concerns for the patients 
undergoing imaging studies [ 66 ]. The unique 
environment in nuclear medicine presents inher-
ent challenges for providing sedation and the 
administration of general anesthesia. 

    Radiation Safety 

 Unlike other modalities in pediatric imaging, 
there is a need for enhanced safety around the use 
of radioactive materials in nuclear medicine. 
Sedation and anesthesia providers must observe 
basic radiation safety practices, in the same man-
ner that the nuclear medicine nurses and tech-
nologists practice radiation safety. The sedation 
and anesthesia providers may be required to 
complete radiation safety training and may be 
even required to wear dosimeters while working 
in the area. Exposure to radioactive materials 
should be minimized. Biologic fl uids must be 
considered as radioactive and must therefore be 
handled and disposed of appropriately. Spills 
should be handled in accordance with existing 
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protocols and reported to the nuclear medicine 
technologist who will then report the incident to 
designated radiation safety offi cers.  

    Duration and Timing of Procedures 

 The anticipated duration of the scan will impact 
on the medical decision on what pharmacologic 
agent to use (e.g., short-acting versus longer- 
acting sedative) and the preferred intervention 
(e.g., intubation versus use of oral airway for 
general anesthesia). It is therefore essential for all 
health professionals involved to discuss the 
expected duration of the imaging study as well as 
the anticipated recovery plans after sedation or 
anesthesia. 

 Unlike other pediatric imaging modalities, 
nuclear medicine studies require an uptake period 
following injection of the radioisotope. This 
uptake period can last from half an hour for brain 
studies to over an hour for whole-body scans. It 
may be helpful to contact the sedation or anesthe-
sia provider prior to radioisotope injection, in 
order to confi rm the availability of such services 
soon after the uptake period. 

 The degradation process of the isotopes also 
plays a role in the duration of the scan; as a gen-
eral rule, the farther the time point of the injec-
tion of the isotope to the start of the scan, the 
longer the subsequent duration of the scan. It is 
therefore best to perform the scan as soon as the 
uptake of the isotope is completed (about half an 
hour for brain studies and an hour for whole- 
body PET scans). Again, sedation providers or 
anesthesiologists who are assigned concurrently 
to other units may need to be reminded in advance 
in order to ensure proper timing of the initiation 
of sedation or general anesthesia.  

    Combination Studies 

 Combination studies in nuclear medicine require 
even more careful planning. In centers with posi-
tron emission tomography–computerized tomog-
raphy (PET–CT) scanners, combination studies 
can be performed without moving the patient. 

In centers that do not have PET–CT scanners, the 
patients will need to be transferred to a CT scan-
ner after the PET scan. This may present prob-
lems of transporting patients who are intubated 
or who received short-acting sedating agents. In 
addition, the intake of oral contrast may be 
required for abdominal CT scans; in such cases, 
the patient will need to wake up, drink the oral 
contrast agent, and wait for at least an hour prior 
to being re-sedated. Other modalities such as 
MRI may also be required following nuclear 
medicine scans. There is a need to coordinate the 
availability of the subsequent scanners and the 
staff in order to minimize the duration of sedation 
and general anesthesia. 

 There may be requests for additional studies 
or procedures after a nuclear medicine imaging 
study. These include non-painful procedures such 
as blood draws through existing intravenous 
lines, dressing changes, or echocardiograms. 
Often, these do not create problems unless the 
schedule is so tight that no additional time in the 
scan room is permitted. In such cases, these pro-
cedures are best performed in the recovery area 
or postanesthesia care unit (PACU). Painful pro-
cedures such as spinal taps and fl uid aspirations 
may also be requested. In such cases, the decision 
on whether these procedures can be performed, 
and if so, the timing, should be made with appro-
priate discussion prior to the nuclear medicine 
study. A consensus must also be reached on 
whether sedation or general anesthesia will be 
continued after the primary diagnostic scan.  

    Painful Procedures 

 Painful diagnostic procedures in nuclear medi-
cine such as cerebral spinal fl uid (CSF) fl ow 
studies and lymphangiograms may require the 
administration of analgesic agents to decrease 
pain and optimize the procedures and scans. 
Again, the choice of analgesics should depend on 
the duration of the procedure and the extent of 
analgesia required. In addition, some diagnostic 
procedures by themselves do not infl ict pain, but 
due to the underlying condition (e.g., fractures in 
children who require bone scans), children may 
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experience severe discomfort or pain during 
these procedures. In such cases, discussion with 
the inpatient service may be necessary to ensure 
the comfort of these patients prior to arrival at the 
nuclear medicine suite. 

 Some children will require repeat visits for 
tests that may cause discomfort or pain, such as 
radionuclide cystograms. Sedatives that tend to 
provide amnestic effects, such as midazolam, 
will be especially helpful for these children.  

    Bladder Catheterization 

 Although extended fasting periods and certain 
medications (e.g., dexmedetomidine) can cause 
hypotension, the benefi ts of rehydration prior 
to and during sedation or anesthesia should be 
carefully weighed against the potential ramifi -
cations of the patient developing a full bladder. 
The presence of a full bladder may necessitate 
the need for bladder catheterization for several 
reasons [ 67 ]. First, a full bladder may obscure or 
cause reconstruction artifacts. The former may 
constitute a signifi cant problem in oncologic 
cases where the pelvic area needs to be fully 
evaluated. Secondly, the urge to void may result 
in patient discomfort and potential spontaneous 
voiding with associated spillage of radioactive 
material. Although bladder catheterization will 
alleviate these risks, the procedure itself may 
require the administration of additional seda-
tives or analgesics. It is therefore essential to 
have a collaborative discussion prior to the 
scan, among the sedation provider, the nuclear 
medicine physician, and the technologist who 
will be performing the study, in order to create 
a contingency plan.   

    Summary 

 Sedation and general anesthesia are required for 
certain patients who are scheduled for nuclear 
medicine imaging. The creation of a credentialed 
anesthesia and sedation service will enhance 
the effi ciency of the radiology/nuclear medi-
cine department while promoting safe care of 
 pediatric patients. The nuclear medicine setting is 

unique and poses inherent challenges. There is a 
need for ongoing discussions among the provid-
ers of sedation and anesthesia, the nuclear medi-
cine nurses, technologists, and physicians.     
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        The introduction of PET, and especially 
  18 F-FDG PET, has transformed pediatric 
nuclear medicine. In particular, hybrid imag-
ing with  18 F-FDG PET/CT has transformed 
pediatric nuclear oncology [ 1 – 4 ]. However, 
PET and PET/CT have a wide variety of pedi-
atric indications [ 1 ] including neurology [ 5 ,  6 ], 
sports medicine and orthopedics [ 7 ], pediat-
ric cardiology [ 8 ], and infection imaging [ 9 ], 
as well as pediatric oncology. Most PET and 
PET/CT studies utilize the glucose analogue, 
 18 F-fl uorodeoxyglucose ( 18 F-FDG) (Figs.  3.1  
and  3.2 ). Few other PET radiopharmaceuticals 
have been approved for routine clinical use, 
and few of those have extensive pediatric expe-
rience [ 6 ,  10 ]. One with some pediatric experi-
ence is the bone imaging agent [ 18 F] sodium 
fl uoride, which can be used for skeletal imag-
ing of both benign and malignant conditions 
(Fig.  3.3 ) [ 7 ].

        Radiopharmaceuticals 

    [ 18 F] Sodium Fluoride 

 Fluorine-18 (physical half-life 110 min) is a posi-
tron emitter and is the predominant radiolabel for 
PET radiopharmaceuticals in routine clinical use. 
It is a cyclotron product typically produced by 
the nuclear reaction  18 O (p,n)  18 F and isolated as 
an aqueous solution of [ 18 F] sodium fl uoride. 
Fluorine-18 may be the ideal PET tracer for med-
ical imaging due to its high specifi c activity, 
 effi cient labeling of a wide variety of PET radio-
pharmaceuticals, and nearly 2-h half-life. The 
emitted positron has the lowest kinetic energy 
(630 keV) of any common PET radionuclide. 
This limits the positron range before annihilation 
and may contribute to improved spatial resolu-
tion with  18 F compared to other PET radionu-
clides [ 11 ]. 

 Fluorine-18 sodium fl uoride also may be used 
as a radiopharmaceutical for skeletal imaging 
[ 7 ]. When used as a bone imaging agent, no fur-
ther chemical processing is required. The North 
American consensus guidelines [ 12 ] recommend 
a pediatric dose of 2.22 MBq/kg (0.06 mCi/kg) 
with a minimum dose of 18.5 mBq (0.5 mCi). 
After intravenous administration, there is rapid 
bone uptake of [ 18 F] fl uoride as it exchanges with 
hydroxyl ions on the surface of the hydroxyapa-
tite matrix of bone [ 13 ]. Fluorine-18 fl uoride is 
rapidly cleared from plasma, so that within 1 h 
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of  administration, only about 10 % of the dose 
remains in the circulation [ 14 ].  

     18 F-Fluoro-2-Deoxyglucose 

 Fluorine-18-fl uoro-2-deoxyglucose ( 18 F-FDG) 
is a glucose analogue labeled with  18 F. Fluorine-
18-FDG is taken into cells through one of the 
transmembrane glucose transporters, but does 
not enter the energy producing metabolic path-
ways [ 15 ]. Insulin-mediated stimulation of 
expression of some glucose transporters (GLUT-
4) will increase cellular uptake of  18 F-FDG in 
insulin-sensitive tissues such as skeletal muscle, 
liver, and myocardium [ 16 ]. Fluorine-18-FDG is 
phosphorylated by cellular hexokinases, but after 
monophosphorylation, FDG-6 phosphate cannot 
be further phosphorylated and is trapped in the 
cell [ 17 ], which provides a mechanism for ampli-
fi cation of the  18 F signal. Only a few tissues, such 
as liver, express suffi cient phosphorylase activity 
to dephosphorylate large amounts FDG-6 phos-
phate, which permits secretion out of the cell. 
The North American consensus guidelines [ 12 ] 
recommend a pediatric dose of 3.7–5.2 MBq/
kg (0.10–0.14 mCi/kg) for torso/whole-body 
imaging and 3.7 mBq/kg (0.10 mCi/kg) for brain 
imaging, with a minimum dose of 37 MBq (1.0 
mCi) for all studies.  

    Other PET Radiopharmaceuticals 

 Other  18 F-labeled PET agents, including 
 18 F-fl uoro-L-thymidine,  18 F-deoxy-phenylalanine 
( 18 F-DOPA), and  18 F-dopamine, remain investiga-
tional, but may acquire a role for imaging specifi c 
oncological or other indications [ 18 ]. Other PET 
radiopharmaceuticals [ 19 ], including those labeled 
with  11 C or  15 N, have limited pediatric experience, 
in part due to their short half-lives and the need for 
ready access to a cyclotron. PET radiopharmaceuti-
cals labeled with  68 Ga may have a role in identifi ca-
tion and localization of neuroendocrine tumors (see 
Chap.   20    ). PET with  124 I has been used to image 
thyroid cancer in adults, but has not been used rou-
tinely in children or young adults (see Chap.   5    ).  

  Fig. 3.1    Whole-body  18 F-FDG PET in a 14-year-old female. 
A MIP of a whole-body  18 F-FDG PET demonstrates a typical 
pattern of normal physiological uptake of  18 F-FDG. 
Physiological uptake of  18 F-FDG is most intense in the brain. 
Other sites of normal physiological uptake include the liver, 
tonsils, and gastrointestinal system. Variable uptake can be 
seen in muscles, including myocardium, skeletal muscle, and 
small muscles in the larynx and orbits. Due to renal excre-
tion, tracer accumulation usually is seen in the renal collect-
ing system, ureters, and bladder. Physiological uptake in the 
thymus is more common in pediatric patients than adults       

 

F.D. Grant

http://dx.doi.org/10.1007/978-1-4614-9551-2_20
http://dx.doi.org/10.1007/978-1-4614-9551-2_5


35

    Patient Preparation for  18 F-FDG PET 
and  18 F-FDG PET/CT 

 Patient preparation is important for successful 
completion of a technically adequate and diag-
nostically satisfactory PET or PET/CT [ 20 ,  21 ]. 
Patient and family preparation is of particular 
importance for  18 F-FDG studies [ 22 ], but may be 
less important with PET of the skeleton with [ 18 F] 
sodium fl uoride [ 23 ]. Although much informa-
tion can be provided in a mailing or on a depart-
mental website, individual telephone contact 
made by a knowledgeable healthcare profes-
sional, such as a registered nurse or nuclear med-
icine technologist, provides an opportunity for 
individualized education and encouragement. 
One-to-one contact provides a way for the 

 healthcare professional to answer questions, dis-
pel misunderstandings, identify potential prob-
lems that may affect the study, and assess the 
developmental needs of the patient. For nearly all 
pediatric patients, family contact with a health-
care professional prior to the study increases the 
likelihood of a technically adequate and diagnos-
tically successful study. 

 Pre-study fasting is important before  18 F-FDG 
PET or  18 F-FDG PET/CT of the body for an onco-
logical indication [ 20 ] or for imaging infection or 
infl ammation [ 24 ]. Pre-study fasting may be less 
important for brain imaging, but most guidelines 
recommend that it be done [ 21 ]. Although rarely 
performed in children,  18 F-FDG PET for myocar-
dial imaging requires enhancement of  18 F-FDG 
uptake in the myocardium [ 22 ]. Caloric intake 

a b

c

  Fig. 3.2    Brain  18 F-FDG PET in a 16-year-old male. A 
brain  18 F-FDG PET displayed in axial ( a ), coronal ( b ), 
and sagittal ( c ) planes demonstrates the normal pattern of 
 18 F-FDG uptake in the brain. Within the cerebral cortex, 
physiological uptake of  18 F-FDG is greater in the gray 

matter than in the white matter. Uptake in the cerebellum 
typically is less than in the cerebral cortex. Intense uptake 
of  18 F-FDG also is seen in the striatum. Increased uptake 
in the visual cortex refl ects visual activity during the 
uptake period       
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will stimulate insulin secretion, which can increase 
uptake of  18 F-FDG in skeletal and myocardial 
muscle. For most  18 F-FDG PET studies, patients 
should be fasting for at least 4 h before adminis-
tration of  18 F-FDG and must remain fasting during 
the 1-h uptake period after tracer administration. 
This restriction includes caloric intake by naso-
gastric tube or percutaneous feeding tube. Patients 
with delayed gastric emptying may need to fast 
for longer periods to ensure a technically adequate 
study. Unless the study will be performed with 
sedation or general anesthesia, patients can con-

tinue to drink water before the study. However, 
they must be instructed to avoid sweetened or 
caffeine-containing beverages [ 20 ,  21 ]. Even non-
nutritive sweeteners may have a mild stimulatory 
effect on insulin secretion [ 25 ]. In patients receiv-
ing parenteral nutrition or hydration, all intrave-
nous glucose sources must be discontinued for at 
least 4 h before  18 F-FDG administration. If intra-
venous hydration must be continued, this can be 
done with saline-containing solutions, but it is 
important to confi rm that all glucose- containing 
solutions, including solutions such as D5 Ringer’s 
lactate, have been discontinued. 

 In infants and young children, adequate fasting 
can be a challenge and may require coordination 
of the imaging schedule with the child’s eating 
and sleeping routine. Infants may be breastfed or 
given a bottle just before the start of the scan. 
However, this approach is rarely used, as patients 
usually must have nothing by mouth before under-
going sedation or general anesthesia, which is 
commonly used in this age group. In older chil-
dren, allowing a small snack after the uptake 
period and just before the start of imaging may 
improve patient cooperation and permit success-
ful completion of a scan. Special attention should 
be given patients at increased risk of hypoglyce-
mia during prolonged fasting, including infants. 
Caloric intake still must be restricted before tracer 
administration and during the  18  F- FDG uptake 
period, but caloric intake after the 1-h uptake 
period may have little effect on  18 F-FDG PET 
quality. If hypoglycemia is a clinical concern, 
then a dextrose-containing intravenous solution to 
maintain adequate blood glucose levels can be 
started after the 1-h  18 F-FDG uptake period. 

 Elevated blood glucose levels can compete 
with  18 F-FDG for cellular uptake and diminish 
 18 F-FDG uptake in tissues of interest. This effect 
may be greater when the FDG PET is performed 
for oncological indications and less when per-
formed to evaluate infection or infl ammation 
[ 24 ]. Before  18 F-FDG is administered, blood glu-
cose should be checked, typically using a glu-
cometer to test a fi nger-stick sample of capillary 
blood. Most guidelines recommend delaying an 
 18 F-FDG PET study if the blood glucose level is 
greater than 200 mg/dl [ 20 ,  21 ]. 

  Fig. 3.3    Fluorine-18-sodium fl uoride PET bone scan in a 
14-year- old female. A MIP of an  18 F-sodium fl uoride PET 
bone scan demonstrates that  18 F-sodium fl uoride uptake 
refl ects bone turnover in a pattern similar to  99m Tc-labeled 
diphosphonates, but image quality can be higher with PET 
acquisition. In pediatric patients, physeal uptake indicates 
skeletal immaturity       
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 Patients with diabetes mellitus can provide 
special challenges when planning an  18 F-FDG 
PET study. Excess insulin administration may 
produce hypoglycemia as well as lead to increased 
nonspecifi c muscle uptake of  18 F-FDG. With 
inadequate therapy, the resulting hyperglycemia 
can competitively inhibit tissue uptake of  18 F-
FDG. Both of these effects can degrade the qual-
ity and decrease the diagnostic accuracy of an 
 18 F-FDG PET study. The patient’s endocrinologist 
or primary care physician should be involved in 
any decision to alter the patient’s medical or nutri-
tional regimen. However, if these clinicians are 
not familiar with the techniques of  18 F-FDG PET, 
they may depend on the nuclear medicine physi-
cian to help develop an appropriate plan. 

 The management approach will depend on 
whether the patient has type 1 (insulin- dependent) 
or type 2 (insulin-resistant) diabetes. For most 
patients with diabetes, scheduling an  18 F-FDG 
PET for early morning will facilitate satisfactory 
management of blood glucose levels. Patients with 
type 1 diabetes must continue to receive  suffi cient 
insulin to maintain appropriate basal blood insulin 
levels while fasting. This can be accomplished 
with either subcutaneous injection of a long-acting 
insulin (typically at bedtime) or subcutaneous 
infusion of insulin at a basal rate from an insulin 
pump. Patients should not take additional pre-meal 
or sliding scale insulin before the  18 F-FDG PET 
study, as this may result in fasting hypoglycemia 
and can increase nonspecifi c muscle uptake of  18 F-
FDG. Patients demonstrating fasting hyperglyce-
mia may require adjustment of basal insulin doses. 

 Although type 2 diabetes is more common in 
adults than in children, increasing numbers of chil-
dren are developing this disease. Patients with type 
2 diabetes have insulin resistance, which can be 
managed by diet, oral medications, or insulin. 
With an overnight fast, many of these patients will 
not develop signifi cant hyperglycemia if they 
delay taking morning diabetes medications or 
insulin until midmorning, after completion of an 
early morning  18 F-FDG PET or PET/CT. Treatment 
with the diabetic drug metformin can been associ-
ated with intense  18 F-FDG uptake in the colon, and 
sometimes in the small intestine [ 26 ]. Metformin 
also increases  18 F-FDG uptake in skeletal muscle 

and liver [ 27 ]. Although it is used rarely in chil-
dren, metformin should be discontinued, if possi-
ble, two to three days before the  18 F-FDG PET 
study [ 28 ]. Some patients will arrive to their sched-
uled appointment with marked hyperglycemia due 
to either poorly controlled diabetes or unrecog-
nized nocturnal hyperglycemia. Occasionally, a 
patient may develop marked hyperglycemia after 
initiation of glucocorticoid therapy. Ideally,  18 F-
FDG PET or PET/CT can be postponed while 
awaiting improved glycemic control, but this may 
not be possible in all clinical situations. 

 Depending on the season and climate, brown 
adipose tissue may be seen in as many as a third of 
all children having an  18 F-FDG PET or PET/CT 
study (Fig.  3.4 ). A variety of maneuvers have 
been used to minimize  18 F-FDG uptake in brown 
adipose tissue. Heating in a warm room for at 
least 30 min before  18 F-FDG administration and 
for the duration of the uptake period can decrease 
the incidence of signifi cant uptake in brown adi-
pose tissue from 33 to 9 % [ 29 ]. Other interven-
tions have been used in an attempt to decrease 
 18 F-FDG uptake in brown adipose tissue, includ-
ing oral administration of a low dose of a beta- 
blocker such as propanolol [ 30 ] or a low dose of a 
benzodiazepine such as diazepam [ 31 ], intrave-
nous administration of fentanyl [ 32 ], or dietary 
restriction to a high-fat diet [ 33 ] for at least 12 h 
before the study. Compared to these medical and 
dietary interventions, pre-study warming avoids 
the need to assess potential drug interactions or 
side effects and does not require patient compli-
ance with a special diet. In some institutions, 
administration of diazepam or fentanyl may be 
considered sedation and thus require the docu-
mentation and consultation needed before any 
sedation procedure. Regardless of the method 
used to decrease uptake in brown adipose tissue, it 
is helpful to instruct patients to avoid cold expo-
sure and to dress warmly while travelling from 
home for the  18 F-FDG PET or PET/CT study.

   Intense muscle use prior to  18 F-FDG PET will 
increase uptake of  18 F-FDG in the involved mus-
cles (Fig.  3.5 ). Depending on the indication for 
the  18 F-FDG PET/CT, this may decrease the sen-
sitivity of the study. Therefore, patients should be 
advised to refrain from heavy physical exertion 
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for at least 24 h before the  18 F-FDG PET or PET/
CT. Similarly, exercise, repetitive muscle activ-
ity, maintaining a static posture, talking, or chew-
ing should be avoiding during the uptake period. 
In young children, increased uptake may be seen 
in the muscles of respiration after prolonged cry-
ing during the uptake period [ 34 ].

   Patients should be provided with a quiet envi-
ronment in which to stay during the uptake period. 
Although patients may be tempted to use electronic 
devices, including cell phones, electronic games, or 
laptop computers, the repetitive hand motion 
required to operate these devices may result in 
increased muscle uptake of  18  F- FDG. Quiet reading 
or movie watching usually is not a problem prior to 
imaging the torso, but patients still need to be 
encouraged to avoid staying in a single posture 
requiring prolonged static contraction of neck or 
back muscles, as this also can result in increased 
 18 F-FDG uptake in affected muscles (Fig.  3.5 ). In 
preparation for  18 F-FDG PET of the brain [ 21 ], the 
patient should stay in a quiet, dimly lit room for a 
half an hour before tracer administration and  during 

the uptake period to limit visual stimulation 
(Fig.  3.2 ). Ideally, the patients should have limited 
interaction with others and not talk, speak, or read, 
but this may not be feasible with every pediatric 
patient. Depending on the indication for the study, 
some interaction with caregivers or quiet reading 
may be allowed or even necessary to gain patient 
cooperation. Prior to all studies, emotional stimula-
tion should be limited. The indications for  18 F-FDG 
PET and the region of interest will guide the appro-
priate environment during the uptake period. 
However, dealing successfully with young children 
and teenagers requires fl exibility to achieve a bal-
ance between acquiring an ideal imaging study and 
provoking an adverse behavioral response to an 
environment that is sterile or unappealing.   

    PET Acquisition 

 The acquisition procedures for pediatric PET and 
PET/CT depend on the radiopharmaceutical, cam-
era geometry, the clinical indication, and the ana-

a b c

  Fig. 3.4    Fluorine-18-FDG uptake in brown adipose tis-
sue. Increased  18 F-FDG uptake in brown adipose tissue 
can be a common fi nding on  18 F-FDG PET of the body. 
Many pediatric patients may demonstrate a mild degree of 
brown adipose uptake ( a ), but some may have moderate 
( b ) or marked ( c ) uptake. Extensive uptake in brown 

 adipose tissue can obscure sites of pathological  18 F-FDG 
uptake and decrease confi dence in study interpretation. A 
variety of strategies have been used to decrease brown 
adipose uptake. Note variable myocardial uptake of  18 F-
FDG, despite similar pretest preparation in all three 
patients       
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tomic region to be imaged. Imaging protocols 
must be optimized for the equipment available in 
each department. For example, if a camera detec-
tor has septa, images can be acquired in “2-D” 
mode, while if the septa are retracted or not avail-
able on a camera model, then imaging is per-
formed in “3-D” mode [ 21 ]. Other camera 
features, such as time-of-fl ight circuitry, also can 
infl uence acquisition parameters. FDG PET image 
acquisition in 2-D may require 4–6 min per bed 
position, while 3-D mode may require 1.5–3 min 
per bed position. The number of bed positions 

required to complete a study will depend on the 
size of the child and camera. Brain imaging typi-
cally takes no more than two bed positions, and in 
small children may require only one bed position. 

 The uptake period, the time between 
 radiopharmaceutical administration and the start of 
imaging, depends on the radiopharmaceutical and 
the clinical indication. Fluorine-18-FDG PET of 
the torso (base of skull to thighs) or whole body 
(top of skull to feet) typically is started after a 
60-min uptake period. If standard uptake values 
(SUVs) are to be compared from one study to the 

a b
  Fig. 3.5    Fluorine-18-FDG uptake 
in skeletal muscle. Non-
pathological muscle uptake can 
occur with muscle use or exertion 
before or during the uptake period. 
( a ) In a 14-year-old patient with 
treated synovial cell sarcoma of the 
left upper leg, increased muscle 
uptake in the right leg refl ects a 
change in gait and altered weight-
bearing. In muscles of the right arm 
and hand, increased uptake could be 
related to weight- bearing on a cane, 
but also refl ect use of an electronic 
entertainment device during the 
uptake period. ( b ) In a 17-year-old 
male athlete, diffusely increased 
uptake throughout the skeletal 
muscles, but most intense in the 
lower legs and forearms, was 
attributed to extreme physical 
exertion 1 day before the  18 F-FDG 
PET was performed. The patient 
denied dietary indiscretion, but a 
similar pattern of uptake can be 
seen if  18 F-FDG PET is performed 
in a non-fasting patient       
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next, then it is critical that the uptake period be very 
consistent (less than 5 min of variation) from one 
study to the next [ 34 ]. Some authors have advo-
cated a longer uptake period or acquiring a second 
delayed  18 F-FDG PET to better characterize tumors 
[ 35 ], but this has not become routine practice. 
Other technical factors that may affect the standard 
uptake value include improper calibration of the 
dose calibrator and PET camera, subcutaneous 
infi ltration during intravenous administration of 
tracer, and inappropriate image reconstruction 
parameters [ 34 ]. 

 Fluorine-18-FDG PET of the brain usually is 
started after a 30-min uptake period [ 21 ]. For the 
occasional patient that needs both brain and body 
imaging, two approaches are possible. One 
approach is to start the brain PET after a 30-min 
uptake. Then, with only a small delay, acquisition 
of the torso scan can be started 60 min after  18  F- 
FDG administration. However, this approach limits 
the time a patient may be kept in a heated room as 
a method to decrease uptake of  18 F-FDG in brown 
adipose tissue. An alternative approach is to acquire 
the torso or whole-body scan starting at 60 min and 
then to acquire the brain PET. Imaging for  18 F-NaF 
bone PET begins typically 30–45 min after tracer 
administration for whole-body or torso imaging, 
but some departments may wait 90–120 min before 
acquiring images of the extremities [ 23 ].  

    Special Issues 

 Some management issues must be considered for 
all pediatric PET and PET/CT studies. Sedation or 
anesthesia may be needed in younger patients or 
patients with intellectual disabilities that may limit 
adequate cooperation. The preferred approaches 
and policies for sedation or general anesthesia 
vary among institutions (see Chap.   2    ). For other 
patients, distraction techniques may be suffi cient 
to accomplish a successful study [ 22 ]. If sedation 
or anesthesia will be needed for brain  18 F-FDG 
PET, it should be administered as late as possible 
after  18 F-FDG administration and before imaging 
[ 21 ]. The requirements for sedation or anesthesia 
may mandate a longer period of fasting than 
needed for the  18 F-FDG PET or PET/CT alone. 

 The approach to bladder catheterization also 
varies among institutions. Placement of a bladder 
catheter will decrease accumulation of excreted 
tracer in the bladder, which can improve visual-
ization of pelvic pathology on torso or whole- 
body studies. This is less important in a study 
limited to the brain. A bladder catheter also pre-
vents the contamination of the scanner bed and 
patient that can occur if a young patient inadver-
tently voids during the study. However, if the 
patient can void before the start of imaging and if 
torso imaging is performed from the pelvis to 
head, then only small amount of tracer should be 
in the bladder when the pelvis is imaged. 
Placement of a bladder catheter will be unpleas-
ant for the patient and may make an otherwise 
cooperative child become uncooperative. Some 
facilities perform bladder catheterization after 
induction of sedation or anesthesia [ 22 ,  36 ]. 
However, in patients undergoing conscious seda-
tion, catheterization may arouse the patient and 
necessitate using deeper sedation than originally 
planned. In our facility, we routinely do not use 
bladder catheterization and use it only for patients 
with known voiding disorders. Rarely, catheter-
ization will be used if a sedated patient is discov-
ered to have a large, fi lled bladder after imaging 
has started. 

 Although pregnancy is not an issue for most 
pediatric patients, the possibility must be consid-
ered in postpubertal girls and young women. Most 
institutions have standard policies guiding the 
determination of pregnancy status. At a mini-
mum, postpubertal females should be asked if 
they might be pregnant. Any patient expressing 
concern about pregnancy should be able to have a 
pregnancy test before proceeding with a PET or 
PET/CT scan. Depending on institutional policies 
and local statutes and regulations, this may raise 
issues about patient confi dentiality, parental or 
partner involvement, and the risks and benefi ts of 
the scheduled study, which may necessitate 
involvement of the ordering clinician or primary 
care provider. Similarly, if a pediatric patient’s 
mother or other family caregiver is pregnant, then 
special arrangements may be needed for other 
family members to accompany the patient during 
the PET or PET/CT study [ 37 ].  
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    Image Co-registration 

 Co-registration with anatomic imaging studies 
(CT, MR) or with prior PET studies can improve 
diagnostic accuracy. Nearly all commercially 
available PET scanners are integrated devices that 
include both PET and CT capabilities. Thus, PET/
CT fusion images can be obtained with a minimum 
of image manipulation. However, fusion software 
can be used for co-registration of PET images with 
a separately acquired CT or MR studies or with a 
prior PET study. This can be particularly useful 
with a patient who has had a recent diagnostic CT 
that was not acquired as a PET/CT. Software co-
registration also is becoming more important for 
planning radiation therapy [ 38 ]. For brain PET, 
such as for evaluation of a seizure disorder or brain 
tumor, correlative MR studies almost always are 
available and can be used to create PET/MR fusion 
images [ 6 ]. Elsewhere in the body, PET/MR soft-
ware co- registration can be helpful for evaluating 
musculoskeletal tumors or intra-abdominal tumors 
that may be conspicuous on MR rather than CT. 
With increased concern about radiation dose, MR 
is being used more for follow-up and surveillance 
of pediatric oncology patients. Due to the lower 
radiation dose, recently introduced hybrid PET/
MR scanners may be well suited to pediatric appli-
cations [ 39 ], but until these reach wider availabil-
ity (see Chaps.   26     and   27    ), software co-registration 
of PET and MR can be used to improve diagnostic 
certainty while decreasing radiation dose.  

    PET/CT 

 The availability of integrated PET/CT scanners 
provides the possibility that an  18 F-FDG PET/CT 
and diagnostic CT can be acquired as part of the 
same study and that the diagnostic CT can be 
used for attenuation correction the  18 F-FDG PET. 
However, implementing this approach in a pedi-
atric department requires careful planning and 
imaging protocols that can be customized to the 
medical and developmental needs of each patient. 
Development of all protocols should be guided 
by the principle of ALARA [ 40 ]. For example, 
the need for a diagnostic CT may be infl uenced 

by other available imaging, such as a recently 
acquired diagnostic CT or MR. 

 Depending on the energy settings, the CT 
acquired as part of a PET/CT study can serve as a 
stand-alone diagnostic study (with or without 
intravenous contrast, as indicated), as a “nondi-
agnostic” study for anatomic correlation, or for 
attenuation correction only [ 20 ]. If appropriately 
acquired, any of these studies can be used for 
attenuation correction of the PET, although 
metallic implants such as pacemakers or pros-
thetics may create an attenuation artifact. 

 CT energy settings should be determined based 
on patient size. An attenuation-only CT can be 
acquired with an energy of only 16–30 mA, 
depending on patient size [ 41 ]. Any CT scan that 
is to be used for attenuation correction of an 
 18  F-FDG PET should be acquired with the same 
patient positioning and with the same breathing 
pattern as the PET [ 20 ]. Thus, a chest CT should 
be acquired during tidal breathing or with a mid- 
breath breathhold. Otherwise, misregistration of 
the attenuation map and  18 F-FDG PET may create 
attenuation artifacts that can decrease the diagnos-
tic accuracy of the PET. However, a chest CT 
acquired without a full inspiration may have 
decreased diagnostic accuracy compared to a stan-
dard chest CT. Therefore, it may be necessary to 
acquire multiple chest CT scans, for example, a 
diagnostic chest CT acquired with a full inspira-
tion and a low-dose attenuation correction CT scan 
acquired with a mid-breath breathhold. How these 
scans link to other CT scans of the body will 
depend on the clinical indication, the need for 
diagnostic CT imaging of other body regions, and 
the availability of recent prior imaging. For exam-
ple, in our institution, we have found that in most 
patients with lymphoma, it is helpful to perform a 
diagnostic CT of the “extended neck” that includes 
the region from the base of the skull to the aorta 
and is acquired with the arms down and without 
full lung inspiration. This improves the diagnostic 
accuracy of both PET and CT, by providing a 
high-quality diagnostic scan and by facilitating 
high-fi delity co-registration in a region of the body 
most likely to have pathological fi ndings. 

 The appropriate use of intravenous and 
oral contrast for PET/CT in pediatric patients 
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remains unclear [ 20 ,  34 ]. The use of either con-
trast agent implies the acquisition of a diagnostic 
quality CT scan. However, if a high-quality CT 
scan is not indicated, then performing one will 
result in a higher radiation dose than necessary 
(see Chap.   30    ). On the other hand, if a diagnostic 
CT can be acquired as part of the PET/CT study, 
then this may avoid another separate diagnostic 
CT and lessen the overall radiation dose to the 
patient. Some authors have suggested that the 
use of barium-containing oral contrast may risk 
attenuation artifacts that can result from minor 
misregistration between the CT and PET acquisi-
tions. The risk of this may be lower with iodine- 
containing oral contrast agents, probably as these 
agents typically are used in diluted form and 
have a lower density than barium contrast agents, 
or with a negative contrast agent such as water. If 
oral contrast agents will be administered before 
the  18 F-FDG PET, then they should be given 
only with noncaloric, non-sweetened liquids. 
Similarly, if a CT acquired early during intra-
venous contrast injection is used for attenuation 
correction of the PET, then attenuation artifacts 
may occur around a vessel (e.g., the subclavian 
vein) containing a transiently high concentration 
of contrast. 

 Developing the CT and PET imaging proto-
cols for  18 F-FDG PET/CT must be customized 
for the medical and developmental needs of 
each patient. For example, in the absence of a 
specifi c clinical indication, the routine acquisi-
tion of high-energy diagnostic CT throughout 
the PET fi eld of view is particularly inappropri-
ate in the pediatric population. For each patient, 
the PET and CT imaging protocol must take into 
account the clinical indication, the sites of 
known disease, the information that can be pro-
vided by each study, and the goal of limiting 
radiation exposure.  

    Normal Patterns of FDG Uptake 

 Accurate interpretation of  18 F-FDG PET and 
PET/CT requires familiarity with the normal pat-
terns of FDG distribution in children. Normal 
patterns of physiological uptake and excretion of 

 18 F-FDG should be distinguished from pathologi-
cal uptake [ 42 – 44 ]. 

 The normal brain demonstrates high  18 F-FDG 
uptake, with the most intense uptake in gray mat-
ter and basal ganglia (Figs.  3.1  and  3.2 ). Glucose 
provides approximately 95 % of the energy 
required by the brain [ 21 ], and up to 6 % of the 
administered dose of  18 F-FDG may be taken up in 
the brain [ 45 ]. Increased  18 F-FDG uptake can be 
seen with neuronal activation, such as in the 
visual cortex. This pattern of uptake limits the use 
of  18 F-FDG PET for evaluation of brain tumors as 
it may be diffi cult to discriminate uptake in tumor 
from uptake in nearby normal brain. Similarly, 
intense uptake in the brain can obscure pathologi-
cal uptake in the adjacent scalp or skull base. 

 Normal physiological  18 F-FDG uptake is seen 
in lymphatic tissue in Waldeyer’s ring, including 
the palatine tonsils and adenoids (Fig.  3.1 ). In 
children, prominent physiological uptake can 
obscure disease, while increased uptake in 
response to an upper respiratory infection can be 
diffi cult to distinguish from disease. Symmetrical 
 18 F-FDG uptake is more likely to represent physi-
ological uptake [ 46 ]. Mild, and usually symmet-
rical,  18 F-FDG uptake also can be seen in salivary 
glands and pharyngeal muscles. Laryngeal 
uptake can range from mild to intense, depend-
ing, at least in part on recent talking. As in adults, 
asymmetrical laryngeal uptake is concerning for 
pathology, suggesting either FDG-avid local dis-
ease or unilateral vocal cord paralysis. 

 In children, cardiac uptake of  18 F-FDG can be 
variable, and intense myocardial uptake can be 
seen even after well-documented fasting (Figs.  3.4  
and  3.6 ). Additional dietary interventions, with 
high-fat, low-carbohydrate diets, to decrease myo-
cardial uptake have been tried in adults [ 33 ], espe-
cially those with disease located near the heart, but 
there has been little reported experience using 
these approaches in children.

   Diffuse thymic uptake of  18 F-FDG rarely indi-
cates disease in children (Fig.  3.5 ). This pattern 
of uptake usually represents age-related physio-
logical activation or post-chemotherapy stimula-
tion (thymic rebound) [ 47 ]. Although correlation 
or co-registration with CT can be used to confi rm 
thymic uptake, the conformation of uptake is 
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a b
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  Fig. 3.6    Variable physiological uptake of  18 F-FDG. 
Variable patterns of physiological  18 F-FDG uptake can be 
seen in many organs. ( a ) In postpubertal females, physiolog-
ical uptake of  18 F-FDG is most prominent in the ovaries and 
fallopian tubes around the time of ovulation and in the uterus 
at the end of menstrual cycle. ( b ) Mild-to-intense testicular 
uptake of  18 F-FDG can be seen in peripubertal and postpu-

bertal males. ( c ) Thymic uptake of  18 F-FDG is as common in 
pediatric PET. Intense thymic uptake of  18 F-FDG also can be 
seen due to “thymic rebound” after completion of chemo-
therapy. ( d ) Diffusely increased  18 F-FDG uptake in the 
expected locations of bone marrow typically refl ects physi-
ological or pharmacological stimulation of marrow and 
rarely represents disease involvement of bone marrow       
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typical of the thymus. Diffuse bone marrow 
uptake occasionally represents widespread dis-
ease, but marrow uptake also is a well-described 
response to cancer therapy, including physiologi-
cal rebound after chemotherapy and pharmaco-
logical stimulation with colony-stimulating 
factors used hasten marrow recovery (Fig.  3.6 ) 
[ 42 ,  48 ]. On the other hand, focal uptake rarely 
refl ects treatment-related stimulation and raises 
concern for marrow involvement by disease. 
Occasionally, diffuse marrow uptake of  18 F-FDG 
can represent incidental nontreatment-related 
marrow stimulation, such as in response to ane-
mia or a systemic infl ammatory process [ 42 ]. 

 Normal physiological distribution of  18 F-FDG 
can be seen throughout the gastrointestinal tract 
[ 43 ]. Focal uptake at the gastroesophageal junc-
tion is a normal fi nding, while substantial diffuse 
or regional uptake along the esophagus more 
likely represents an infl ammatory process, such 
as posttreatment mucositis. Fluorine-18-FDG 
uptake by gastric mucosa can be physiological, 
but also may indicate a pathological neoplastic or 
infl ammatory process. In the small and large 
intestines, the pattern of  18 F-FDG uptake helps 
distinguish physiological from pathological 
uptake. Typical physiological  18 F-FDG uptake 
can be multifocal and widespread. A single 
intense focus of  18  F- FDG uptake is worrisome for 
disease, while regional, segmental, or widespread 
diffuse intestinal uptake more likely represents an 
infl ammatory process [ 49 ]. For example, terminal 
ileitis may come to attention due to incidental  18 F-
FDG uptake identifi ed on an  18 F-FDG PET/CT. 

 The urinary system is the usual path of  18  F- 
FDG excretion, so tracer can be seen in the kid-
neys, renal collecting systems, ureters, and 
bladder (Fig.  3.1 ) [ 43 ,  50 ]. Tracer accumulation 
in ureters usually can be identifi ed by the distinc-
tive contours of the ureters and by correlation 
with CT. This may be particularly helpful if there 
is focal urinary tracer accumulation within the 
urinary collecting system. Tracer accumulation in 
the collecting system can be minimized by 
encouraging patient hydration. Although routine 
use of pharmacological diuresis has been advo-
cated in the past, diuretics are rarely, if ever, used 
for imaging children [ 44 ]. Bladder catheterization 

may be helpful in selected circumstances, such as 
in a sedated patient in whom tracer accumulation 
within the bladder may obscure  18 F-FDG uptake 
in nearby disease. Rarely, collecting system 
obstruction or hydronephrosis will be identifi ed 
on  18 F-FDG PET or PET/CT. Tracer accumula-
tion in congenital variants such as a dilated renal 
calyx, an ectopic or horseshoe kidney, or a blad-
der diverticulum must be recognized to avoid 
misinterpretation as a site of FDG-avid disease 
[ 51 ]. Persistent uptake in the renal cortex is 
abnormal and has a broad differential, including 
infection, infi ltrative disorder, and lymphoma. 

 Physiological uptake of  18 F-FDG can be seen 
in the testes [ 52 ], especially in peripubertal and 
postpubertal young men (Fig.  3.6 ). In premenar-
chal females,  18 F-FDG uptake should not be seen 
in the ovaries or uterus. After menarche (Fig.  3.6 ), 
 18 F-FDG uptake in the ovaries is most intense 
during follicular genesis and ovulation, while 
endometrial uptake appears most intense at the 
end of the menstrual cycle, but also may be 
increased in the ovulatory phase of the menstrual 
cycle [ 53 ]. Therefore, it can be important to know 
the menstrual phase to adequately interpret these 
fi ndings in a female patient. 

 Increased muscle  18 F-FDG uptake can be seen 
for up to 2 days after heavy exertion or if there is 
repetitive muscle use during the uptake (Fig.  3.5 ). 
Diffusely increased muscle uptake also can be 
seen in patients who did not fast before  18 F-FDG 
administration. Rarely, widespread muscle 
uptake represents an infl ammatory myositis or 
rhabdomyolysis. Increased uptake can be seen 
with compensatory muscle activity, such as 
increased muscle uptake in a leg after disuse or 
amputation of the contralateral limb. Increased 
 18 F-FDG uptake is seen with increased use of the 
accessory muscles of respiration related to respi-
ratory distress or even crying.  

    Summary 

 Infants and children provide special challenges to 
acquiring a technically adequate and diagnosti-
cally satisfactory PET or PET/CT scan. Adequate 
pre-study preparation of the patient and family is 
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critical. Imaging protocols must pay particular 
attention to the pediatric spectrum of disease, 
the developmental needs of pediatric patients, 
and the goal of minimizing radiation exposure. 
Interpretation of pediatric  18 F-FDG PET and 
PET/CT requires knowledge of pediatric diseases 
and an appreciation for the patterns of tracer 
biodistribution that can be seen in infants and 
children. Issues such as sedation or anesthesia, 
rarely a concern in adult nuclear medicine, are 
a normal part of routine pediatric PET and PET/
CT. Protocols and departmental procedures must 
balance the developmental needs of children with 
the goal of acquiring a diagnostic imaging study 
that answers the clinical question. Achieving 
this goal can be facilitated by trained profes-
sional staff, including nuclear medicine physi-
cians, nuclear medicine technologists, registered 
nurses, and child-life specialists, who have expe-
rience in pediatric imaging and a desire to work 
with infants and children.     
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 Part 1: The Brain

S. Ted Treves, Harry T. Chugani,  
and Blaise F.D. Bourgeois

The brain is a highly complex organ composed of 
billions of neurons linked to vast networks. The 
brain utilizes electrical and neurochemical sig-
nals to process information and control behavior. 

Brain function consumes and produces a great 
deal of metabolic energy, and it is served by a 
rich, well-regulated blood supply system [1, 2]. 
Although great advances in the fields of neuro-
sciences, physiology, physiopathology, neurol-
ogy, psychiatry, and neuroimaging have been 
made, our understanding of the brain is still in its 
infancy. Many imaging tools have been developed 
to explore the structure and functions of the brain, 
including computed tomography (CT), structural 
and functional magnetic resonance imaging (MRI 
and fMRI), MR spectroscopy (MRS), perfusion-
weighted imaging, diffusor tensor imaging 
(DTI), susceptibility-weighted imaging (SWI), 
single photon emission computed tomography 
(SPECT), positron emission tomography (PET), 
and magnetic source localization using magne-
toencephalography (MEG) [3]. These powerful 
tools have opened the door for the development 
of new methods for the exploration of the brain 
in vivo. Changes in local metabolism and activ-
ity are often inferred from changes in perfusion. 
However, although metabolism and perfusion are 
usually closely linked, this is not always the case. 
Activity detected by receptor ligands may not 
relate to either perfusion or metabolism.

This chapter will review methodology of single 
photon emission computed tomography (SPECT) 
and positron emission tomography (PET), radio-
pharmaceuticals, imaging instrumentation, image 
fusion, and clinical applications. Both SPECT 
and PET play an important role in the evaluation 
of the pediatric brain. These methods can depict 
regional cerebral perfusion, glucose metabolism, 
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and other functions and provide maps of the loca-
tion, quantification, and biokinetics of radiophar-
maceutical agents. In addition, these techniques 
can detect rapid changes due to normal brain 
activity in  different functional conditions or those 
caused by  pharmacologic or cognitive stimula-
tion. During the early 1960s, 133Xe was used to 
measure regional cerebral blood flow (rCBF) [4]. 
Because of its relative complexity, this method 
was limited to a small number of research institu-
tions and therefore did not become widely used. 
From the late 1960s to the mid-1970s, scintig-
raphy with 99mTc-pertechnetate was extensively 
used for the diagnosis of brain tumors, brain 
abscess and infections, and subdural hematomas 
and the assessment of brain death. When CT and 
MRI became widely available during the 1970 and 
1980s, respectively, the use of radionuclide tech-
niques for brain imaging declined dramatically. 
During the past several years, brain SPECT and 
PET have experienced significant improvements, 
and both have found their new place in routine 
practice. Improvements in the production and dis-
tribution of 18F-FDG and better PET systems have 
facilitated the widespread use of PET. Advances 
in imaging systems and data processing in SPECT 
have resulted in systems that are simpler to oper-
ate and that yield 3D images of high functional 
and anatomic resolution.

Each imaging technique has its own strengths 
and limitations, and it is becoming increasingly  
natural that physicians and scientists want to 
combine them in order to take full advantage of 
the different and often complementary informa-
tion they provide. Several methods for image 
registration and fusion are now available in many 
commercial systems. These methods enable more 
detailed assessment of functional and anatomic 
relationships that assist in the interpretation of the 
images. Current methods enable registration and 
fusion of two or more 3D image sets. Although 
the current proliferation of PET/CT systems is 
impressive, CT image registration is not consid-
ered as useful in brain imaging as registration of 
functional images to MRI and among themselves 
(SPECT/SPECT, SPECT/MRI, SPECT/PET, 
PET/MRI, etc.) (Fig. 4.1) [5].

Fused images are frequently very helpful to 
improve the selection of biopsy sites in order to 

ensure the highest yield of abnormal tissue to be 
evaluated. Also, image fusion can assist in guiding 
surgery and optimizing the targeting of radiother-
apy and radiosurgery. Along with improvements 
in SPECT systems, the  availability of single 
photon emitting radiopharmaceuticals labeled 
with 99mTc, such as those that are trapped intra-
cellularly in proportion to rCBF, is being used 
extensively. For example, 99mTc- bicisate (ECD) 
and 99mTc-hexamethylpropyleneamine oxime 
(HMPAO) are extensively used for brain SPECT 
in pediatric patients such as those affected with 
epilepsy and cerebrovascular disorders (e.g., 
moyamoya, stroke). Technetium-99m hexakis 
(2-methoxy-isobutylisonitrile) sestamibi (99mTc- 
MIBI) and 201Tl-chloride have been found use-
ful in the assessment of brain tumors following 
surgery and in radiation therapy to differentiate 
fibrosis or necrosis from residual tumor or tumor 
recurrence. The use of 18F-FDG has created 
renewed interest in PET scanning of the brain in 
a variety of pediatric disorders such as epilepsy, 
brain tumors, cerebrovascular disorders, and 
stroke to name a few. More details about brain 
imaging radiopharmaceuticals will be discussed 
within the context of clinical applications.

The future holds almost infinite potential for 
the discovery and development of radiolabeled 
molecules of relevance to the study of brain func-
tion with SPECT and PET. For example, the 
potential availability of radiopharmaceuticals that 
bind to neurotransmitter receptors will encourage 
research and hopefully further diagnostic opportu-
nities. It is anticipated that in the not-too-distant 
future, newer tracers will continue to be used in 
basic research, as well as in basic neuropharma-
cology research. Ultimately, new agents could be 
used to define specific patient populations for 
clinical trials in neurology. As new ligands are 
developed, it is tempting to speculate that new 
methods for radiotracer imaging may in the future 
find their way to join other neuroimaging methods 
in clinical practice. The variety and type of new 
and potential ligands are quite large, and a detailed 
discussion of such newer radiopharmaceuticals is 
well beyond the scope of this chapter. Ongoing 
developments in radiopharmaceutical research, 
imaging methodology, computer science, and 
clinical research will likely expand the use of 
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nuclear medicine techniques for the investigation 
of regional brain function in pediatric patients.

 Clinical Applications

Clinical applications of brain SPECT and PET in 
pediatric patients are expected to evolve as new 
methodology is developed. Table 4.1 lists the 
indications for radionuclide brain imaging in 
children. In pediatrics, the most frequent indica-
tions for the use of nuclear medicine imaging 
methods include seizure disorders, cerebrovascu-
lar diseases, and brain tumors.

 Normal Brain Development
Ethical considerations make study of normal 
children with SPECT or PET difficult or almost 
impossible. Therefore, data on the normal distri-
bution of cerebral perfusion and metabolism in 
children is scarce. The normal development of 
the brain affects the distribution of regional cere-
bral blood flow and metabolism, and this will be 
reflected on brain SPECT and PET. This is impor-
tant to keep in mind when evaluating these stud-
ies in the youngest patients.

The evolution of cerebral glucose utilization 
in infants during different stages of development 
was described by Chugani et al. using PET 
(Fig. 4.2) [6]. Metabolic activity is initially more 
intense in the sensorimotor cortex, thalamus, 
brainstem, and cerebellar vermis; later it involves 
the parietal, temporal, and occipital cortices, 

basal ganglia, and cerebellar cortex, and finally, 
the frontal cortex. More recent studies using 
higher resolution PET scanners have found that a 
number of limbic structures (i.e., amygdala, hip-
pocampus, cingulate cortex) also show relatively 
high glucose metabolism in the newborn period 
[7]. The development of normal brain in children 
has also been studied with SPECT using 
123I-iodoamphetamine (IMP) and 133Xe, and in 
general the SPECT studies have confirmed the 
findings of Chugani and colleagues [6, 8–12].

 Childhood Epilepsy
Epilepsy in children is treated with considerable 
success by medical means. A significant number 
(20–30 %) of epileptic patients, however, do not 
respond to drug therapy or remain refractory to 
this or other medical interventions. Patients with 
medically refractory partial seizures are referred 
for surgical resection of epileptogenic cor-

Fig. 4.1 Single photon emission computed tomography 
(SPECT) and magnetic resonance imaging (MRI) image 
fusion in a patient with intractable seizures. Ictal minus 

interictal perfusion SPECT superposed on a brain MRI. 
The image reflects ictal increase of cerebral blood flow in 
the left temporal region

Table 4.1 Indications for radionuclide brain imaging

Epilepsy
Cerebrovascular disease
Infantile spasms
Alternating hemiplegia
Attention deficit/hyperactivity disorder (ADHD)
Complications of extracorporeal membrane 
oxygenation
Effect of hypothermia and hypoxia
Brain death
Tumors
Rasmussen encephalitis
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tex. Epilepsy surgery has become a  specialized 
field, and surgical removal or  disconnection of 
a  portion of brain believed to contain the epi-
leptogenic focus may control seizures [13, 14]. 
The patient population involved includes those 
with seizures in whom structural lesions in the 
brain can be demonstrated, as well as those 
patients in whom no lesion in the brain is dem-
onstrated (non- lesional epilepsy). Seizure types 
that may be treated by surgery include simple 
partial seizures, complex partial seizures, and 
secondarily generalized seizures. The largest 
group of surgical candidates comprises patients 
with complex partial seizures originating in a 
temporal lobe. Preoperative evaluation identi-
fies those patients with dysplasias, migrational 
disorders, tumors, or vascular malformations 
and can determine whether the epileptic focus is 
deep (e.g., in the amygdala or hippocampus) or 
superficial ( convexity cortex). Partial seizures of 

frontal  origin and from other extratemporal sites 
may also be treated surgically when the clinical 
 manifestations and diagnostic studies indicate an 
epileptic region in a resectable area [15].

When a single epileptogenic focus can be iden-
tified, its surgical resection is often followed by 
cessation of seizures, a reduction of seizure fre-
quency, or a reduction of anti-epileptic doses of 
medication, all accompanied by an improvement in 
the quality of life in many patients. Appropriately 
directed, surgical resection of epileptogenic tis-
sue has resulted in success rates of 55–80 % of 
patients. Success has been defined as no seizures 
(some auras may be present) for 2 years after sur-
gery, sometimes with some patients still needing 
anticonvulsant medication. The postsurgical suc-
cess is dependent on accurate presurgical local-
ization of epileptogenic foci. Obviously, it would 
be catastrophic to operate on the wrong site or to 
overlook a second active focus.

Level

1

2

3

5 days 26 days 2 months 2.8 months

Age

6.25 months 7.6 months 1 year 28 years

a b c d e f g h

Fig. 4.2 Normal brain development. Fluorodeoxyglucose 
positron emission tomography (FDG-PET) images illus-
trating developmental changes in local cerebral metabolic 
rates for glucose (lCMRGlc) in the normal human infant 
with increasing age compared to that of the adult (image 
sizes not on the same scale). Grayscale is proportional to 
lCMRGlc, with black being highest. In each image, the 
anterior brain is at the top and the left brain is at the left. 
(a) At 5 days, lCMRGlc is highest in sensorimotor  cortex, 
thalamus, cerebellar vermis (arrowheads), and  brainstem 

(not shown). (b–d) lCMRGlc gradually increases in 
 parietal, temporal, and calcarine cortices, basal ganglia, 
and cerebellar cortex (arrowheads). (e) In the frontal 
cortex, lCMRGlc increases first in the lateral prefrontal 
regions (arrowheads) at around 6 months. (f) At around 
8 months, lCMRGlc increases in the medial aspects of the 
front cortex (arrowheads) and in the dorsolateral occipital 
cortex. (g) By 1 year the lCMRGlc pattern resembles that 
of adults (h) (From Chugani et al. [6], with permission)
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Imaging in Epilepsy
Localization of temporal and extratemporal 
epileptogenic foci in these patients can be chal-
lenging. A battery of tests is employed to verify 
seizure zone localization. Approaches leading to 
the localization of ictal cortex begin with non-
invasive methods, and depending on the results, 
they may progress toward more invasive ones. 
Clinical assessment followed by electrocorticog-
raphy provide an initial noninvasive approach, but 
it may not localize the foci and could even be mis-
leading. Brain MRI is the best structural imaging 
study and can demonstrate mesial temporal scle-
rosis or other anatomic lesions. However, in some 
epileptic patients MRI may not reveal  anatomic 
lesions. Furthermore, even if an anatomic lesion 
is detected on MRI, it cannot detect epileptogenic 
activity that may extend beyond or be independent 
of the identified anatomic lesion [16]. Despite 
great progress in structural neuroimaging, in most 
specialized epilepsy centers, the epileptogenic 
focus cannot be localized by MRI scanning in 
approximately 20–50 % of patients with medi-
cally refractory epilepsy. This problem has stimu-
lated efforts to develop functional neuroimaging 
techniques that can demonstrate transient physi-
ologic disturbances, not just static structural ones.

Perfusion brain SPECT in temporal epilepsy 
reveals characteristic time-dependent changes in 
regional cerebral perfusion following a partial sei-
zure. During the earliest postictal period, there is 
increased perfusion involving the medial tempo-
ral lobe, followed by hypoperfusion of the lateral 
temporal cortex, and later of the entire temporal 
lobe [17, 18]. Ictal SPECT must be performed 
with tracer injection at the onset or during the 
ictal episode. Injections of the tracer postictally 
will likely demonstrate activation not only of the 
epileptogenic cortex but also of secondary epi-
leptogenic tissue and this may lead to erroneous 
conclusions [19]. Much work remains to be done 
to define the exact time course of propagation of 
perfusion abnormalities following the seizure, 
especially in children. Image subtraction tech-
niques (ictal minus interictal perfusion SPECT) 
with MRI fusion are important to assist in the 
localization and interpretation of these findings 
(Figs. 4.3, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, and 4.10).

Functional abnormalities detected by SPECT 
or PET are not infrequently accompanied by nor-
mal or almost normal CT or MRI scans. In other 
instances, the perfusion or metabolic abnormali-
ties are seen to extend far beyond the limits of 
structural lesions. These findings have been dem-
onstrated by several authors using 99mTc-ECD, 
99mTc-HMPAO, or 133Xe SPECT [20–26].

For the localization of epileptogenic foci, it is 
generally agreed that ictal SPECT (when success-
fully accomplished) is better than interictal PET 
and that interictal PET is better than interictal 
SPECT. In addition to its wide availability, ictal 
perfusion brain SPECT has one unique advan-
tage over all other imaging methods. The 99mTc 
brain ligands (99mTc-ECD and 99mTc- HMPAO) 
are extracted and trapped intracellularly follow-
ing their first pass according to rCBF. The tracer 
remains fixed in the brain for several hours after 
intravenous administration, permitting imaging 
at a convenient time following cerebral stimula-
tion. Therefore a “snapshot” of rCBF during spe-
cific events can be obtained.

At the moment of injection, the child need not 
be in or near the camera. It is possible to inject the 
material through an established intravenous line 
in a comfortable room while the child’s behav-
ior, task performance, and EEG are recorded. 
SPECT can be obtained when the patient is sta-
bilized, anytime from 0.5 to 6 h following tracer 
administration (ECD). These advantages are 
of considerable practical value. Unpredictable 
events cannot be captured by perfusion studies 
using CT, PET, or MRI unless they occur while 
the child’s head is in the gantry of the machine. 
This positioning often provokes anxiety, which 
may itself alter regional brain function and there-
fore the pattern seen on perfusion or other func-
tional imaging. Administration of sedatives may 
affect rCBF. However, since the distribution of 
SPECT perfusion tracers does not change with 
time, sedation may be given after tracer injection 
of perfusion agents (ECD or HMPAO) for the 
imaging session.

Ictal Perfusion SPECT
Ictal injections are difficult to achieve as 
they depend ideally on the availability of a 
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qualified healthcare professional to be at the 
patient’s  bedside and be ready to administer 
the radiotracer at the time of seizure onset [27]. 
Unfortunately, due to practical considerations, it 
is not always possible to ensure that a staff mem-
ber is available to sit next to the patient awaiting 
a seizure. Therefore, using a special acoustic sig-
nal, specialized nurses are called to the patient’s 
room as soon as a seizure occurs, and the tracer 
is injected as quickly as possible following the 
onset of the seizure. This limitation makes the 
yield of true ictal injections lower than it could 
be. Unfortunately, a number of perfusion brain 
SPECTs obtained do not reflect true ictal distri-
bution, but rather immediate postictal distribu-
tion of the tracer. When this takes place, SPECT 
is likely to reveal secondary hyperperfused 
regions in the brain that may extend beyond the 
initial focus or may even be remote from the ini-
tial ictal focus. Therefore, it would be desirable 
to free up personnel who could ensure that true 
ictal injections, and therefore truer ictal brain 
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Fig. 4.3 Eight-month-old with intractable seizures. Ictal 
99mTc-ECD SPECT reveals increased brain flow in the epi-
leptogenic zone (arrows)
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Fig. 4.4 Interictal and ictal 99mTc-ECD SPECT reveals 
focal ictal hyperperfusion in the right parietal region 
(arrows)
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64

Interictal Ictal

72

Fig. 4.5 Interictal and ictal 99mTc-ECD perfusion brain 
SPECT. A rather large region of hyperperfusion on the left 
involves the frontal, parietal, and temporal regions. 
Increased perfusion is also seen in the central structures in 
the same side
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Interictal Ictal MRI Ictal minus
interictal on
MRI

Fig. 4.6 Young child with infantile spasms. The interic-
tal 99mTc-ECD SPECT reveals relatively increased perfu-
sion in the left temporal lobe, probably indicating activity 
in this region. The ictal SPECT shows a dramatic increase 

in perfusion to the left temporal lobe. Note the relative 
lower intensity in the rest of the brain. Ictal SPECT was 
subtracted from the interictal SPECT, and the resultant 
image was superposed (“fused”) with the MRI

a b

Fig. 4.7 Interictal 18F-FDG 
PET in a patient with intrac-
table seizures. There is less 
tracer uptake in the left 
temporal lobe
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SPECTs, are possible. Although this may be a 
preferable solution, it may not be practical in 
most settings.

A multidisciplinary approach should be uti-
lized. This requires excellent coordination and 
meticulous attention to detail, and this cannot be 
 emphasized enough. The entire process leading 
to the administration of the radiopharmaceutical 

to the patient for ictal SPECT should be under 
the supervision of a nuclear medicine physi-
cian with a close collaboration of a team that 
includes a neurologist, nuclear medicine tech-
nologists, specially trained nurses, and radiation 
safety personnel.

A critical prerequisite is to establish a secure 
intravenous line into the patient in advance of the 

Ictal perfusion
SPECT

Interictal FDG PET

Fig. 4.8 Six-week-old infant with seizures. Patient 
had recurrent convulsions with the head turning left 
and  stiffening of the right side of the body. A computed 
tomography (CT) scan at 10 days of age showed  evidence 
of hemorrhage in the left frontal periventricular white 
matter as well as prominent cortical sulci. Magnetic 

 resonance imaging (MRI) showed subacute hemor-
rhage in the left caudothalamic groove. An ictal perfu-
sion SPECT reveals high blood flow to almost the entire 
left hemisphere. An interictal FDG PET reveals marked 
decrease of tracer uptake in the same regions

99mTc-ECD
SPECT

18F-FDG
PET

Fig. 4.9 Interictal 99mTc-ECD 
SPECT and 18F-FDG PET in the 
same patient. The asymmetry in 
tracer uptake is more pro-
nounced on the SPECT
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procedure. This is done with a short intravenous 
catheter that is secured to the skin with tape and 
other appropriate precautions, so the line remains 
patent for the anticipated injection of the tracer 
during a patient’s seizure. The IV access should 
be kept open with a saline drip. Care must be 
taken so that patient motion during a seizure will 
not dislodge the IV access. For the most optimal 
localization of ictal cortical foci, the patient 
needs to be injected with the tracer as soon as the 
seizure starts. Therefore, it is important to make 
every possible effort to ensure that the tracer is 
injected at the time of the seizure or a very few 
seconds (<5 s) after its onset. Figure 4.11a, b 
show the effect of injecting the patient 30 s and at 

2 s after seizure onset (Fig. 4.11a, b). The SPECT 
obtained with injection at 30 s after seizure onset 
shows distribution of “ictal” activity within both 
cerebral hemispheres. Conversely, when the 
tracer was injected at 2 s following seizure onset, 
the SPECT demonstrates early seizure activity 
localized to one hemisphere. If the tracer is 
injected later (several seconds to a minute after 
the seizure onset), the resulting distribution will 
not provide a good localization of epileptogenic 
cortex. Rather, such distribution will be a postic-
tal distribution showing propagation of the 
 seizure activity focus. In these cases, it is very 
difficult or impossible to identify the initial ictal 
focus.

Interictal Ictal Ictal-interictal

SPECT SPECTPET

Fig. 4.10 Interictal 18F-FDG PET reveals significant 
decrease of tracer in the right temporal lobe. This is not as 
dramatic as on the interictal SPECT. The ictal SPECT 

clearly demonstrates high perfusion to the right temporal 
lobe. On the right panel are the ictal minus interictal 
SPECT subtraction images
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Technetium-99m-ECD or HMPAO is pre-
pared in advance in a dose appropriate to the 
patient size. The shelf half-life of 99mTc-ECD is 
6 h (HMPAO has a shorter shelf life). The plan is 
to enable rapid injection of the tracer at the time 
the patient has a seizure. The activity/volume of 
radiopharmaceutical in the syringe is calibrated 
so that if necessary the full dose of the tracer can 
be given at 6 h after tracer preparation. If the 
patient experiences a seizure at any time before 
the 6-h window closes, an appropriate amount of 
activity in the appropriate volume of the tracer is 
administered at the time of the seizure. If the 
patient does not experience a seizure during the 

6 h following preparation of the tracer, the tracer 
is injected for an interictal SPECT, if this was not 
obtained before.

An Injector System for Ictal SPECT
One of us (STT) designed a simple and conve-
nient injection apparatus to facilitate rapid ictal 
injections of the brain perfusion radiotracer 
(99mTc-ECD or 99mTc-HMPAO). This simple 
apparatus is made of Lucite and leaded glass, and 
it holds two syringes that are placed within the 
device. One syringe contains the tracer under the 
leaded glass shield and the other contains a 
30 mL saline syringe for flushing the line. A table 

Interictal SPECT

T

Post-ictal SPECT subtraction
images (ictal-interictal SPECT)
fused to MRI, fail to
demonstrate a definite, single
seizure focus

“Ictal SPECT”
Injection >30 s
post seizure onset

C

a

Fig. 4.11 (a) Interictal and ictal 99mTc-ECD SPECT. 
“Ictal” tracer injection was given >30 s after seizure onset. 
The ictal minus interictal image shows multiple focal 
hyperperfusion areas bilaterally arrow points to the right 

temporal lobe (R). (b) A repeat ictal SPECT obtained 
with tracer injected within 2 s of seizure onset reveals 
focal hyperperfusion in the right temporal lobe (R) 
(arrows)
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listing volumes of tracer to be injected at hourly 
intervals is placed next to the tracer and flushing 
syringe, so the nurse or physician can quickly 
determine the appropriate dose and proceed with 
the injection. Appropriately sized clamps within 
the device hold both syringes and another clamp 
is attached to the IV pole. The tubing is con-
nected so that the saline drip, the radiotracer and 
the saline flush converge together. It is important 
to ensure that there is no leakage of fluid and the 
connectors are tightly secured so that it tolerates 
the radiopharmaceutical bolus and the saline 
flush (Fig. 4.12a, b).

The apparatus is delivered to the patient’s 
 bedside by a nuclear medicine technologist. 
At that point the technologist transfers operations 
to a specially trained nurse familiar with radia-
tion safety and administration of this tracer who 

will give ictal injections during a seizure event. 
The entire assembly is checked to ensure that 
all the connections are done correctly. The line 
from the injector is connected to the IV tubing 
and is temporarily closed with a clamp, which is 
released at the time of tracer administration. At 
the time when the seizure is detected, the nurse 
(after double- checking for the volume to be 
injected) releases the clamp and delivers a bolus 
of the appropriate volume of the tracer solution 
which is rapidly followed by the saline flush 
(usually 10 mL). Following injection, the nurse 
calls the NM technologist to arrange for patient 
transport to nuclear medicine, to monitor the area 
for radioactivity, and to remove the entire appara-
tus and any tubing.

Positron emission tomography scanning 
after the injection of 18F-FDG has been widely 

Interictal SPECT

T

Ictal SPECT subtraction images (ictal-interictal SPECT) fused to
MRI, in axial and coronal planes demonstrates hyper perfusion in
the right temporal lobe

“Ictal SPECT” Injection 2.0 s
post seizure onset

C

b

Fig. 4.11 (continued)
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used to image regional cerebral glucose metab-
olism. Since patients must be scanned within 
minutes of 18F-FDG  administration, this tech-
nique is impractical for ictal studies. Therefore, 
the majority of FDG-PET studies in this popu-
lation are obtained in an interictal state. During 
the interictal state, PET will generally demon-
strate an area of reduced FDG uptake. However, 
if the patient develops a seizure during the 
FDG uptake period of 30–40 min, the PET will 
likely demonstrate focal increase uptake in the 
epileptogenic zone, particularly if the seizure 
occurred within the first minutes after FDG 
administration (Fig. 4.13). This is because dur-
ing the FDG uptake phase, the blood pool still 
contains FDG levels sufficient to be taken up 
by epileptogenic cortex (Fig. 4.14). Interictal 
PET has a lower sensitivity than ictal SPECT 

(60 % versus 87 %) in patients with no detect-
able  structural abnormalities.

Computer software allows us to highlight the 
differences between ictal and interictal perfusion 
brain SPECT. Subtracted images (ictal minus 
interictal SPECT) can be superimposed onto the 
patient’s MRI to help pinpoint the seizure focus. 
This technique is most helpful when MRI scans 
do not show a structural abnormality [28–30]. 
However, although ictal SPECT may show the 
epileptogenic focus, the “epileptogenic zone” 
(e.g., an area of microdysgenesis) is typically 
larger than ictal SPECT defined  epileptic focus 
and is delineated on interictal FDG PET 
(Fig. 4.15).

Typically, patients with intractable seizures 
are admitted for up to a week into the neuro-
science unit under constant clinical, video, 

Fig. 4.12 (a) Photograph of 
the injector apparatus used for 
the ictal administration of the 
brain perfusion agent. 
(b) Diagram of the injector with 
explanation of the parts
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Radiopharmaceutical
under leaded glass

Table with times
and volumes to be
administered

IV Line to patient

IV Pole

Clamps

Saline

Fig. 4.12 (continued)

Fig. 4.13 Ictal FDG PET. Soon after the patient was 
injected with 18F-FDG, he developed a series of seizures. 
At 1 h following tracer administration, the PET shows 

focal increased tracer activity within ictal regions in the 
brain. Arrows point to ictal activity in the brain
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and  surface EEG monitoring. The yield of true 
 successful ictal SPECT requires the coordination 
of several groups. During the hospital admis-
sion time, the patient has an ictal and interictal 

perfusion SPECT and an interictal PET to assist 
in the presurgical evaluation. An alternative to 
ensure a higher yield of ictal injections would 
be to utilize the EEG signal at seizure onset to 
trigger the automatic injection of the tracer. In 
this scenario one would utilize a small automatic 
pump appropriately attached to the patient. This 
pump would contain a small volume of appro-
priately  time-precalibrated  radiotracer. Our 
group, in collaboration with members of the epi-
lepsy department at Boston Children’s Hospital 
and colleagues at Massachusetts Institute of 
Technology, has looked into the development 
of patient-specific automatic EEG seizure onset 
detection and the possibility that such seizure 
onset detection could trigger the injection of the 
radiotracer into the patient via small automatic 
injector pumps. Initial work reveals that the 
signal-processing portion of the research shows 
promise [31].

More invasive procedures, such as subdural or 
intraoperative depth electroencephalography 
(EEG), are utilized to guide surgical resection. 

Brain

Blood

0 60min

Fig. 4.14 Time-activity curves of FDG in brain and 
blood over 60 min. If the patient experiences a seizure 
after the injection of the tracer, blood levels of FDG are 
available for ictal uptake in brain

MRI SPECT
subtraction

SPECT
MRI
Fusion

Fig. 4.15 Six-month-old boy with one to two spells/day 
since birth. More recently he developed five to six sei-
zures in a row over a 2–5-min period, up to five to seven 
times per day. The electroencephalograph (EEG) was 
quite active during sleep. The MRI revealed an abnormal 
gyral pattern in the right frontal and parasylvian regions 
suggestive of “neuronal migration disorder.” An interictal 
18F-FDG PET revealed generally decreased tracer uptake 

in the entire right hemisphere. An interictal 99mTc-ECD 
SPECT also revealed generalized decreased perfusion in 
the entire right hemisphere. An ictal perfusion SPECT 
showed focal increased perfusion in the right temporopa-
rietal region. Subtraction of ictal and interictal SPECT 
reveals the regional changes in cerebral perfusion in the 
right parietal region that are fused with the MRI. All 
arrows point to ictal perfusion in the brain
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These procedures are effective, but carry a risk of 
morbidity and even mortality.

 Infantile Spasms
With this entity a characteristic pattern of  flexion–
extension seizures coming in clusters is associ-
ated frequently with profound  developmental 
delay, despite treatment with anticonvulsants and 
corticosteroids [32]. Both SPECT and PET have 
been helpful in the assessment of patients with 
infantile spasms. Both have shown that in these 
patients several patterns of focal altered distri-
bution of perfusion and glucose uptake can be 
found. Chugani et al. have identified a subgroup 
of children with  infantile spasms who harbor 
focal cortical malformations or dysplastic lesions 
[33, 34]. In these patients FDG PET reveals 
marked, focal areas of cortical hypometabolism. 
These areas of functional  abnormality, not seen 
on structural imaging, concur with electrographic 
abnormalities and can be treated by focal cortical 
resection.

Perfusion brain SPECT also shows striking 
focal cerebral perfusion abnormalities in infan-
tile spasms. Abnormalities involve the temporal 
or parietal lobe but can involve the entire supra-
tentorial cortex. These changes can be single or 
multiple and unilateral or bilateral. The extent 
and intensity of these abnormalities appear 
greater than is noted in most patients with other 
forms of partial epilepsy. In infantile spasms the 
PET and SPECT findings, when taken in con-
junction with clinical and electrographic data, 
are suggestive of, but not specific for, the diag-
nosis [35]. Patients can reveal definite focal cor-
tical ictal hyperperfusion. Activation of 
subcortical structures can be found in some 
cases. A diffuse pattern can be present on ictal 
SPECT. In patients who have a focal PET or 
SPECT abnormality, surgical resection is fol-
lowed by marked improvement in seizure fre-
quency and in some even a normal developmental 
course. Thus functional imaging has revealed a 
previously unsuspected abnormality in these 
children and has influenced the development of a 
therapy with the possibility of alleviating the 
otherwise dismal developmental outcome 
(Fig. 4.6) [34, 36–39].

 Tuberous Sclerosis
Multiple cortical tubers are characteristic of 
tuberous sclerosis complex. Seizures often origi-
nate from a single tuber, making excisional sur-
gery a therapeutic option for intractable patients. 
In certain cases these regions can be removed 
surgically in the hope of providing better seizure 
control and improving developmental outcome. 
Ictal and interictal perfusion SPECT can help 
identify an area of the brain from which seizures 
are originating. A SPECT may reveal regions 
consisting of comma-shaped areas surrounding 
hypoperfused areas in the candidate tuber. A PET 
or SPECT can be superimposed over correspond-
ing MRI of the brain. In this way the brain’s 
structure or specific tubers can be identified in 
terms of perfusion or metabolic activity. This 
aids the neurologist and surgeon in determining 
who might benefit from seizure surgery [40]. 
Studies using the PET tracer α-[11C]methyl-L- 
tryptophan have found that epileptogenic tubers 
show increased uptake while nonepileptogenic 
tubers show decreased uptake (Fig. 4.16). PET is 
performed in the interictal state and can be very 
helpful to the epilepsy surgery team in selecting 
suitable candidates for surgery [41, 42].

 Cerebrovascular Disease of Childhood
Although more common than previously real-
ized, cerebrovascular disease in children is rela-
tively much rarer than in adults and tends to occur 
in the context of an underlying anatomic abnor-
mality (e.g., congenital heart disease) or systemic 
disease (e.g., sickle cell hemoglobinopathy) [43]. 
Perfusion brain SPECT is making contributions 
to our understanding of pathogenic mechanisms 
in a variety of the childhood cerebrovascular 
disorders.

Moyamoya Disease
Moyamoya is a rare disorder of uncertain etiol-
ogy that leads to irreversible blockage of a main 
blood vessel to the brain as it enters into the skull. 
This disorder occurs predominantly in children 
and in adults during the third to fourth decades of 
life. Moyamoya is characterized by an angio-
graphic pattern of supraclinoid internal carotid 
artery stenosis, followed ultimately by a luxuri-
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ant pattern of collateral vascularization. This 
angiographic appearance has been likened to a 
puff of cigarette smoke (from the Japanese trans-
lation) [44]. Moyamoya tends to cause strokes or 
seizures. Once the process of vascular occlusion 
begins, it tends to continue despite medical man-
agement. Repeated strokes can lead to severe 
functional impairment or even death. Surgery can 
produce good results. Therefore, it is important 
to recognize these lesions and treat them early. 
Serial cerebral perfusion studies using 123I-IMP 
were found to document accurately the changes 
in cerebral blood flow that occur during the 
course of the disorder [45]. The SPECT abnor-
malities were partly congruent with MRI and CT 
findings but showed larger perfusion defects than 
those revealed by the other modalities. Hence 
brain SPECT offers an effective way of following 
the natural history of moyamoya disease, and its 
noninvasive nature may offer an attractive alter-

native to serial arteriography. Single photon 
emission computed tomography may play an 
important role in evaluating the success of pro-
posed treatments for the disorder, such as super-
ficial temporal artery–middle cerebral artery 
bypass [46].

Once a diagnosis of moyamoya is suspected 
by CT or MRI, the next step is usually an angio-
gram to confirm the diagnosis and to see the 
anatomy of the vessels involved. Often nuclear 
medicine studies such as SPECT are used to 
demonstrate the decreased blood and oxygen 
supply to areas of the brain involved with moy-
amoya disease. The neurosurgeon would decide 
what type of operation is best suited for the 
patient. Several operations have been developed 
to treat moyamoya. They have in common the 
objective of bringing blood to the brain by 
bypassing the areas of vascular obstruction. The 
moyamoya vessels and the involved brain are 

Fig. 4.16 Three-year-old boy with tuberous sclerosis 
and intractable seizure disorder. The MRI shoes mul-
tiple tubers. The interictal 99mTc-ECD perfusion SPECT 

reveals grossly irregular tracer distribution with appar-
ent  reduction within the tubers. The ictal SPECT reveals 
increased perfusion surrounding the tubers (arrows)
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very sensitive to changes in blood pressure, 
blood volume, and the relative amount of carbon 
dioxide in the blood. Studies using acetazol-
amide (Diamox) a vasodilator that increases 
cerebral blood flow (by 50–100 % within 
20–30 min) are helpful in identifying the vascu-
lar reserve of involved territories before surgery. 
The lack of flow augmentation indicates a loss 
of autoregulation and inadequate vascular 
reserves (Fig. 4.17).

Other Forms of Childhood 
Cerebrovascular Disease
Using 99mTc-HMPAO SPECT, Shahar et al. 
described the scintigraphic findings in 15 infants 
and children presenting with a variety of cere-
brovascular disorders [47]. They correlated 
these findings with clinical, EEG, and radiologic 
abnormalities. Focal rCBF changes were found 
in all patients. In some patients, SPECT abnor-
malities occurred in the absence, or before the 
detection, of radiologic changes. This experi-
ence is an example of the importance of SPECT 
as a sensitive early detector of functional brain 
abnormality in pediatric cerebrovascular disease 
(Figs. 4.18 and 4.19).

Alternating Hemiplegia
Alternating hemiplegia is a rare neurologic disor-
der that develops in childhood, usually before the 
age of 4 years. The disorder is characterized by 
recurrent but temporary episodes of paralysis on 
one side of the body as well as other transient 
neurologic symptoms affecting eye movements, 
limbs, or facial muscles. One form of the disor-
der, identified recently, has a favorable outlook. It 
occurs primarily at night, when a child awakens, 
and is apparently related to migraine. These chil-
dren have no other mental or neurologic impair-
ments. In more serious cases symptoms may 
include mental impairment, balance and gait dif-
ficulties, excessive sweating, and changes in 
body temperature. Seizures can occur. Sleep 
helps in the recovery from the periods of paraly-
sis, but the paralysis can recur upon waking. 
There is frequently relief in response to the cal-
cium-entry blocker flunarizine [48].

Perhaps reflecting the temporally fluctuating 
quality of the symptoms, brain SPECT findings by 
different groups of investigators in this entity have 
been variable and at times contradictory. Perfusion 

Baseline Acetazolamide

Fig. 4.17 Patient with moyamoya. The baseline 99mTc-
ECD SPECT reveals markedly focal decreased perfusion 
(arrows). A repeat SPECT following the administration of 
acetazolamide reveals improved perfusion in the affected 
regions. This patient was considered a good candidate for 
revascularization

Fig. 4.18 99mTc-ECD SPECT 
in a child following a stroke
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brain SPECT showed ictal hypoperfusion of the 
relevant hemisphere with interictal normalization 
[49]. Mikati et al. defined the familial occurrence 
and apparent autosomal dominant inheritance of 
this entity [50]. In this paper SPECT and EEG 
failed to show abnormalities of cortical perfusion 
during hemiplegia compared to nonhemiplegic 
periods. More recently, however, several patients 
with alternating hemiplegia have shown striking 
abnormalities in regional cerebral perfusion at 
both the cortical and subcortical levels. No char-
acteristic distribution in the perfusion abnormality 
is evident so far in these patients, however.

Attention Deficit/Hyperactivity 
Disorder
Attention deficit/hyperactivity disorder (ADHD) 
is the most common neurobehavioral disorder 
in children, estimated to affect between 4 and 
12 % of all school-aged children. The chief fea-
tures of ADHD are inattention, hyperactivity, and 
impulsiveness, and this disorder is often associ-
ated with substantial impairments, including low 
 self- esteem, poor family and peer relationships, 
school difficulties, and academic underachieve-
ment [51]. A series of studies by Lou et al. using 
133Xe suggested a pattern of hypoperfusion of 
striate and periventricular structures, with sen-
sorimotor cortical hyperperfusion [52, 53]. This 
pattern tended to reverse after administration of 
methylphenidate, a commonly prescribed medi-
cation that improves attention and academic 
performance in some ADHD youngsters. This 
pattern is consistent with some neurophysiologic 
models of the disorder and with 18F-FDG-PET 
studies in adult ADHD [54]. This study noted that 
four regions, primarily in the premotor and sen-

sorimotor cortex, showed a significant decrease 
in local cerebral metabolic utilization of glucose, 
suggesting a corresponding regional dysfunc-
tion. In a later study in ADHD adolescents, glu-
cose metabolism was significantly reduced in six 
brain regions, including the left anterior frontal 
lobe [54, 55].

SPECTs in children and adolescents with 
ADHD have shown regions of hypoperfusion in 
the temporal lobes, frontal lobes, and basal gan-
glia. These findings can be bilateral [56]. There 
are problems inherent in obtaining consistent 
imaging results in patients during rest, which 
may range from extreme stress in a hyperactive 
child to another in somnolence. Effective treat-
ment of ADHD may be associated with increases 
in perfusion in the prefrontal cortex and caudate 
nucleus. In addition, it is difficult to obtain opti-
mal controls, or the experimental groups are too 
small to yield statistically valid results [57–60]. A 
lot of work remains to be done in the investigation 
of changes detected in brain images in ADHD. 
The lack of a sufficient number of observations 
and studies with inadequate controls can yield 
contradicting or confusing results [59, 61, 62]. 
Functional MRI holds promise for future study of 
rCBF [58]. Infrared spectroscopy may be useful 
alternatives in some investigations [63, 64]. Both 
PET and SPECT will remain important primary 
means of evaluating the neuropharmacology of 
the brain [65, 66]. The focus of these techniques 
may be in the study and exploration of central cat-
echolamines and dopamine receptors and dopa-
mine release [67–75]. Other conditions that have 
been studied with SPECT and PET include child-
hood dysphasias, cerebral palsy, autism, schizo-
phrenia, and depression [35, 37, 76–90].

Fig. 4.19 18F-FDG-PET appearance in a patient with a rupture of an arteriovenous malformation
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Complications of Extracorporeal 
Membrane Oxygenation
In newborns undergoing extracorporeal mem-
brane oxygenation (ECMO) for refractory 
respiratory failure, perfusion brain SPECT has 
been used to investigate the status of cerebral 
perfusion following the surgical interventions 
associated with ECMO, involving permanent or 
temporary occlusion of the right common 
carotid artery or the major cervical veins. In 7 
of 13 children, significant perfusion defects in 
either the ipsilateral or contralateral hemisphere 
were documented, whereas only two patients 
showed abnormalities on ultrasonography, CT, 
or MRI. SPECT can demonstrate rCBF deficits 
not  detectable by structural imaging modalities 
that may be of major importance to the neurode-
velopmental outcome of such infants [91]. 
However, although a normal SPECT scan is 
more likely to predict a normal neurodevelop-
mental outcome, an abnormal SPECT scan does 
not predict an abnormal outcome in these 
infants [92].

Effect of Hypothermia and Hypoxia
Surgical repair of complex congenital heart dis-
ease in very small children is possible today 
because of advances in anesthesia and techniques 
of hypothermia with hypoxia. This method, how-
ever, carries a risk of brain damage. A known 
complication of hypothermia with hypoxia is the 

choreoathetosis syndrome (CAS) [93]. We stud-
ied eight patients suffering from CAS following 
deep (<20 °C) hypothermic circulatory arrest or 
low-flow bypass during cardiac surgery during the 
neonatal period. Single photon emission computed 
tomography showed striking focal rCBF abnor-
malities at both the cortical (frontal, parietal, and 
temporal cortices) and subcortical (anterior basal 
ganglia) levels in seven of these eight patients. 
The distribution of the perfusion abnormalities 
was not predictable from clinical examination. 
In these patients, CT and MRI were normal or 
showed only generalized nonspecific abnormali-
ties. These cerebral perfusion abnormalities may 
have important implications for developmental 
outcome in these children (Fig. 4.20) [94].

Developmental and Neuropsychiatric 
Disorders
Behavioral function studies with SPECT have 
been done predominantly using perfusion radio-
pharmaceuticals such as 133Xe [52, 53, 57] and 
99mTc-HMPAO. Oxygen-15 PET and 133Xe SPECT 
can both allow multiple measurements in the same 
patient. A serious drawback of these methods, 
however, is that the patient must be in the field of 
view of the detectors while the tracer is adminis-
tered. In this circumstance, multiple affective 
states, such as anxiety and anger, may exist at the 
moment of radiopharmaceutical injection, so 
“baseline” behavioral states cannot be assured 

Ant Head

Left Rt

FeetPost
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Fig. 4.20 Effect of hypothermia on regional cerebral blood flow. The 99mTc-HMPAO SPECT reveals marked hypoper-
fusion of the left frontal, temporal, and parietal regions
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while imaging these patients. As mentioned above, 
the unique advantage of 99mTc-ECD and 99mTc-
HMPAO is that once they are taken up, there is 
lack of significant redistribution within the brain.

Brain Tumors
Tumors of the central nervous system are the 
greatest challenge in pediatric oncology [95]. 
Worldwide, approximately 30,000–40,000 chil-
dren develop CNS tumors each year, and the 
majority does not survive. Brain tumors are 
the second most frequent malignancy of child-
hood as well as the most common solid tumor 
in children. Brain tumors are the second leading 
cause of cancer-related deaths in children under 
age 20. Leukemia remains the leading cause of 
 cancer- related deaths in children. Each year, 
approximately 4,200 children in the United States 
alone are diagnosed with a brain tumor [96].

The incidence of malignant brain tumors 
appears to have increased steadily over the past 
few years. It is not clear if this is due to a true 
increase in incidence, improved diagnosis, or 
increased reporting of cases [97]. Children, age 
0–19, had the highest 5-year survival rate at 66 % 
between 1973 and 2004. That survival rate dimin-
ishes as age increases, down to 5 % for persons 
age 75 and older [98].

While approximately 60 % of children with 
brain tumors survive at least 5 years from the 
time of diagnosis, this figure has improved only 
slightly in the past 25 years. Approximately 50 % 
of brain tumors in children are infratentorial, with 
3/4 of these located in the cerebellum or fourth 
ventricle. Common infratentorial tumors include 
cerebellar astrocytoma, medulloblastoma, epen-
dymoma, brainstem glioma, and atypical tera-
toid/rhabdoid tumors. Approximately 20 % of 
supratentorial childhood brain tumors are in the 
sellar or suprasellar region and/or in other areas 
of the cerebrum or diencephalon (Table 4.2). 
These include astrocytomas, craniopharyngio-
mas, and diencephalic and germ cell tumors [99].

The presenting symptoms in brain tumors 
in children include headaches, seizure, vomit-
ing, ataxia, visual problems such as diplopia 
or blurred vision, and school or behavioral 
problems (reading, concentration, memory, 

poor school attendance). The hope of new 
approaches to treatment of childhood brain 
tumors increases the importance of developing 
accurate methods for the accurate assessment 
of the viability and extent of the tumors and for 
the assessment of residual disease after therapy.

Imaging
The roles of nuclear medicine in the evaluation of 
brain tumors include diagnosis, localization and 
detection of local extent and metastatic disease, 
assistance with therapy planning, and follow-up and 
assessment of the effect(s) of therapy. The nuclear 
medicine techniques used for the assessment of 
brain tumors mainly include SPECT and PET.

Both MRI and CT have high sensitivity and 
specificity in the diagnosis of brain tumors in 
children. These techniques frequently cannot dif-
ferentiate radiation effect from residual or recur-
rent brain tumor [100, 101]. Functional imaging 
(SPECT or PET), on the other hand, can detect 
the presence of active tumors. In combination 
with MRI, this ability is useful for diagnosing 
residual brain tumor following therapy and dif-
ferentiating between recurrent tumor and radia-
tion necrosis.

Image Fusion
Three-dimensional multimodality image regis-
tration and fusion are very important comple-
ments to brain SPECT and PET. By combining 
functional and anatomic information in the same 

Table 4.2 Supratentorial tumors

Other supratentorial tumors
  Low-grade cerebral hemispheric astrocytoma or 

glioma
 High-grade or malignant astrocytoma
 Mixed glioma
 Oligodendroglioma
 Primitive neuroectodermal tumor
 Ependymoma
 Meningioma
 Choroid plexus tumors
 Pineal parenchymal tumors
 Neuronal and mixed neuronal glial tumor
 Metastasis (rare) from extra-neural malignancies

From [99]

S.T. Treves et al.



67

3D volume, image fusion of CT, MRI, PET, and 
SPECT images provides more accurate and pre-
cise localization of disease and assists with ther-
apy planning and assessment [102]. Clinical 
applications of SPECT and PET in brain tumors 
include (a) assessment of degree of malignancy 
and staging, (b) treatment planning, (c) progno-
sis, (d) assessment of response to therapy, (e) 
detection of tumor recurrence, and (g) localiza-
tion of ictal cortex in postsurgical seizures.

Radiopharmaceuticals
SPECT Radiopharmaceuticals. Tumor-avid 
agents are normally excluded from normal brain 
by the blood–brain barrier and concentrate in 
active tumor tissue. Current SPECT radiophar-
maceuticals can image brain tumor activity, 
cerebral perfusion, and molecular localization 

and kinetics. These include agents for tumor 
localization. Currently, the most common agents 
in this group are 201Tl (TlCl2) and 99mTc-MIBI. 
Thallium-201 is a potassium analogue. It enters 
the cell via Na+/K+ ATPase pump. It localizes 
in lung cancer, breast cancer, melanoma, lym-
phoma, glioblastoma, etc. Thallium-201 uptake 
correlates with Ki-67 (mitotic index) and PCNA 
(proliferating cell nuclear antigen, marker for S 
phase). It accumulates in gliomas in proportion 
to tumor aggressiveness. Thallium-201 has been 
used in differentiating benign from malignant 
tumors, tumor grading, response to chemother-
apy, and differentiating necrosis from recur-
rent tumor [103]. Thallium-201 uptake can also 
be seen in recent hemorrhage, recent radiation, 
posttreatment granulation, neovascularity, and 
 infection (Fig. 4.21).

Fig. 4.21 Five-year-old boy with epilepsy and enlarging left temporal lobe mass on MRI. Brain FDG PET shows 
increased uptake in a left temporal lobe mass. Brain  thallium SPECT confirms focal uptake in the left  temporal lobe mass
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Technetium-99m-MIBI SPECT has been used 
to assess the viability of brain tumors in children 
[104, 105]. Technetium-99m-MIBI is a myocardial 
perfusion agent that has also been found to concen-
trate in several tumors including brain tumors. Its 
bio- distribution in brain tumors is similar to that of 
201Tl with two main differences. One difference is 
that it provides a higher photon flux resulting in 
better images. Early experience with 99mTc-MIBI 
SPECT for the assessment of brain tumor viability 
showed consistent uptake of this agent in brain 
tumors [105]. The tumor-to- normal brain ratio for 
tracer uptake of 201Tl and 99mTc-MIBI exceeds 
those reported for the most tumor-avid PET agent, 
11C-L-methionine, or for the SPECT amino acid 
analogue 123I-α-methyl- paratyrosine [106]. 
Another difference is that 99mTc-MIBI also local-

izes in the normal choroid plexus. This characteris-
tic may prevent diagnosis of adjacent tumor 
activity. Choroidal plexus uptake of 99mTc-MIBI 
cannot be blocked by perchlorate (Figs. 4.22, 4.23, 
4.24, 4.25, 4.26, and 4.27) [107–110].

Radiopharmaceuticals that image cerebral 
perfusion include 99mTc-ECD and 99mTc-HMPAO. 
These concentrate in normal brain as well as in 
some tumors are rarely used the assessment of 
brain tumors. Molecular imaging SPECT radio-
pharmaceuticals include 123I-MIBG which can be 
used for the assessment of neuroblastoma metas-
tasis in brain, 123I-Tyrosine to image cell prolif-
eration, 99mTc-Annexin V to image apoptosis and 
avb3 receptor imaging in angiogenesis.

PET Radiopharmaceuticals. Currently, the 
most commonly utilized PET radiopharmaceuti-
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Fig. 4.22 Ependymoma in the posterior fossa in a 
4- year-old boy. He was evaluated for the possibility of 
residual or recurrent tumor following a course of radiation 
therapy. Thallium-201 SPECT shows intense uptake of 

tracer in the tumor (arrows) (left). 99mTc-HMPAO SPECT 
reveals a well-defined region of decreased  perfusion 
 corresponding to the field of radiation therapy (right)

S.T. Treves et al.



69

cal for the assessment of brain tumors is 18F-
FDG. Increased FDG uptake is seen in high-grade 
tumors. Factors that contribute to increased FDG 
uptake include the number of viable cells, tumor 
blood flow, hexokinase activity, inflammation/
infection, and acute or subacute inflammation 
following radiation therapy. Decreased FDG 
uptake can be seen with low-grade tumors, necro-
sis, effective treatment, and chronic radiation 
therapy. As early as 1982, DiChiro et al. demon-
strated that tumor glycolysis rate increases with 
high grade of malignancy and that the histologic 
grade of glioma correlated with glycolytic activ-
ity on FDG PET [111]. These authors found that 
60/60 high-grade  gliomas showed increased FDG 

uptake while in low- grade gliomas only 4/40 
showed FDG uptake.

In a retrospective review of 58 biopsy-proven 
brain tumors, Delbeke et al. demonstrated that in 
32 high-grade and 26 low-grade, both primary 
and metastatic, the sensitivity was 94 % and the 
specificity was 77 % of FDG PET [112]. Cutoff 
levels of 1.5 for the tumor-to-white matter FDG 
uptake ratio and 0.6 for the tumor-to-cortex ratio 
are useful in the differentiation of low-grade from 
high-grade gliomas with PET.

Evaluating response to therapy with FDG 
PET includes qualitative visual image inter-
pretation after FDG uptake reaches a plateau. 
To reduce the effect of inflammation and edema 

C

99mTc-MIBI 201Tl

T T

Fig. 4.23 Posterior fossa tumor. This 4-year-old girl had 
a partially resected cerebellar astrocytoma. Left: 99mTc-
MIBI brain SPECT reveals an intense focus of increased 
tracer uptake in the posterior fossa corresponding to active 

tumor. In addition, there is normal 99mTc-MIBI uptake in 
the choroid plexus (C). Right: 201Tl SPECT defines the 
region of active tumor. Unlike 99mTc-MIBI, however, 201Tl 
does not concentrate in the choroid plexus
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 post- therapy, PET is usually carried out approxi-
mately 3 months following therapy. Another 
approach is semiquantitative—that is, determi-
nation of the standard uptake ratio (SUV) or a 
“tumor-to- normal tissue ratio.” Quantitative mea-
sure of local glucose utilization in mg of glucose 
per minute per 100 g of tissue would be useful, 
but this is not done in routine practice. Ideally, 
the assessment should be done on a 3D volume.

A major limitation of FDG in the assessment 
of brain tumors is the uptake of FDG in normal 
brain. This often prevents the detection and clear 
assessment of brain tumors. A method that can 
improve tumor lesion detection is the use of 

delayed FDG PET imaging. Normally, FDG 
imaging of the brain starts at 60 min following 
intravenous injection. It is often difficult to dif-
ferentiate FDG uptake in tumor from normal cor-
tex. Spence and co-workers have shown that the 
tumor-to-brain ratios increase if imaging is 
delayed for 3–4 h following tracer administration 
(Fig. 4.28) [113–115].

PET tumor agents that are normally excluded 
from the brain present a better alternative to 
FDG. In addition to FDG other PET agents 
relevant to the assessment of brain tumors 
include the following: 18F-fluoroethyltyrosine 
(FET), 18F-fluorophenylalanine (FDOPA), and 

Fig. 4.24 Metastatic neuroblastoma in the brain. 
Top row: MRI/201Tl fusion showing anatomic–functional 
 relations. Middle row: selected MRI slices depicting 
extensive abnormality in the right frontoparietal region. 

Bottom row: selected 201Tl brain SPECT revealing tracer 
uptake in the tumor (Images obtained with the assistance 
of I. Haboush and K. Mitchell)
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11C-methylmethionine. These agents depend on 
amino acid transport. Agents for cell proliferation 
include 18F-L-thymidine (FLT), 18F-fluorouridine, 
11C-choline, and 18F-choline.

FLT was originally developed as an antiviral 
agent for the treatment of HIV. It is taken up into 
cells and phosphorylated via thymidine kinase 1 
(TK). Its uptake is related to DNA synthesis and 
cell proliferation. FLT can be effective in distin-
guishing residual tumor from posttreatment 
fibrosis or necrosis after resolution of acute 
inflammation due to the treatment. FLT PET 
seems to be predictive of overall survival in 
treated patients with recurrent gliomas [116]. 
Comparing FDG and FLT, Van Waarde et al. 

demonstrated that FLT can be effective in differ-
entiating tumor activity from inflammation in 
rats. Therefore, it is possible that posttreatment 
evaluation could be done earlier with FLT than 
with FDG (Fig. 4.29) [117].

FET is a brain tumor imaging agent that 
shows promise in the diagnosis and assessment 
of tumor response to therapy. In patients with 
suspicion of recurrent glioma, FET sensitivity 
was 93 % and specificity was 100 % [118]. 
Fluoro-DOPA labeled with 18F has been shown 
to concentrate in active brain tumors and is more 
sensitive than FDG. Wei Chen and collaborators 
demonstrated excellent brain tumor images with 
fluoro-DOPA with a higher sensitivity (96 %), 

Fig. 4.25 Large brain tumor well seen on the MRI. Within the large tumor, there are two distinct foci of 18F-FDG 
uptake that may indicate active residual tumor
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higher positive predictive value, and higher neg-
ative predictive value than with FDG [119].

Assessment of tumor blood flow and hypoxia 
can be determined with 15O-H2 O, and 18F-FMISO 
or 64Cu-ATSM, respectively. Other radioisotopes 
that could be used to label promising molecules or 
compounds include 68Ga (68 min, 830 keV), 124I 
(4.2 d, 820 keV), and 94mTc (52 min, 1.0 MeV). 
The fundamental tracers 11C (half-life = 20 min), 
13 N (half-life = 10 min), and 15O (half-life = 
2 min) can be useful for neuro-oncologic assess-
ments. However, they require on-site cyclotron 
and extensive on-site chemistry. Their use is 
limited to large research centers, and therefore, 
they are not amenable to routine clinical use. 
Nuclear medicine, including SPECT and PET, 
can be useful for planning surgery and radia-
tion therapy and for the assessment of conven-
tional and experimental chemotherapy treatments 
(Fig. 4.30) [120–124].

Postsurgical Seizures
Seizures may be present following tumor resec-
tion. These seizures may be new or they may be 
residual. In these cases, either perfusion SPECT 
or PET can be utilized in the localization of ictal 
cortex. For example, Fig. 4.31 shows an FDG 
PET in a patient that had seizures following 
resection of an anaplastic astrocytoma (Fig. 4.31). 
Ictal minus interictal subtraction SPECT can 
reveal areas of ictal cortex following tumor resec-
tion surgery.

Brain Death
Cerebral radionuclide angiography followed by 
planar scintigraphy with 99mTc-pertechnetate has 
been frequently used in patients with an equivo-
cal clinical diagnosis of brain death. Experienced 
observers can make a satisfactory determination 
as to the presence or absence of cerebral  perfusion 
(Figs. 4.32, 4.33, and 4.34).

Fig. 4.26 Brain tumor showing intense uptake of 18F-FDG. The tumor uptake is more intense than normal gray 
matter
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Single photon emission computed tomography 
using 99mTc-ECD or 99mTc-HMPAO, or radioiodin-
ated amphetamine, has been used as an adjunct in 
the assessment of brain death [125]. It is probable 
that these radiopharmaceuticals allow superior 
definition of posterior fossa or subtler supraten-
torial perfusion abnormalities. Brain perfusion 
agents can be used for cerebral radionuclide angi-
ography followed by planar scintigraphy or brain 
SPECT. In addition to the characteristic of perfu-
sion agents for the assessment of the brain and 
the cerebellum, with them, one may obviate the 
need to repeat a study should there be equipment 
or other technical failure [126–128].

 Radiopharmaceuticals

The development of SPECT and PET radiophar-
maceuticals for imaging different aspects of brain 
function has been, and continues to be, the focus 
of considerable effort. But despite this effort, 
very few compounds have been approved for 
human use at this time [3, 129–131].

Perfusion Radiopharmaceuticals
Two 99mTc radiopharmaceuticals are used for the 
assessment of regional cerebral perfusion. The 
distribution of both of these compounds within 
the brain reflects rCBF. Tracer  distribution is 

Fig. 4.27 Brain tumor: carbon-11 (11C) methionine ver-
sus 18F-FDG. Top: 18F-FDG brain PET that faintly outlines 
tumor uptake. Tracer within the normal brain matter tends 
to make diagnosis of active tumor difficult. Center: 
11C-methionine brain PET shows the region of tumor 

 activity quite clearly. Bottom: fused 18F-FDG and 
11C-methionine PET (Courtesy of Dr. Alan Fischman, 
MD, PhD, Massachusetts General Hospital, Boston, MA, 
USA)
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essentially fixed after uptake, and there is very 
 little redistribution or efflux over a period of 
several hours. This combination of properties is 
important because it allows the tracers to be used 
to obtain a “snapshot” of rCBF at the time of 
injection.

Technetium-99m-ECD
Technetium-99m-bicisate, also known as 
 99mTc- ECD (Neurolite, Bristol–Myers Squibb 
Co.), is a neutral, lipophilic compound that rap-
idly concentrates in the brain following intra-
venous injection, with a total brain uptake of 

MRI, T1 post-contract Early phase FDG-PET (60 min) Late phase FDG-PET (6.5 h)

Fig. 4.28 A 69-year-old man with non-small cell lung 
cancer metastatic to the left temporal lobe 6 months after 
chemoradiotherapy, with increasing size on MRI (left); 
arrow indicates the lesion. Lesion SUVmax increased 
from 4.7 to 7.5 between early phase images (center) per-
formed 1 h after FDG tracer injection and delayed-phase 

images (right) performed 5.5 h later. In contrast, the 
SUVmax of the surrounding gray matter decreased from 
3.9 to 2.9. The change in the lesion to surrounding gray 
matter ratio over time was 146 %, compatible with viable 
metastasis as opposed to radiation necrosis (From Horky 
and Treves [115], with permission)

Fig. 4.29 18F-FLT in a patient with a brain tumor. The 
left side of the figure shows distribution of the tracer in the 
body (bones, kidneys, and liver, as well as within the brain 

tumor). The right side of the figure shows intense FLT 
uptake in the brain tumor

S.T. Treves et al.



75

PET/CT, EBROC

Fig. 4.30 Surgical planning 
with PET/CT, EBROC (From 
[124])

PET/MR lctal - inter-ictal
99mTc ECD SPECT/MR

Fig. 4.31 Seizures following 
resection of left temporal 
ganglioglioma, chemotherapy, 
and radiation in a 19-year-old 
patient
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approximately 6 % of the administered dose. The 
activity washes out of the brain quite slowly over 
time, which allows static imaging. The major 
organs of retention other than the brain include 
the gallbladder, kidneys, and liver. The primary 
route of excretion is the urinary tract, and approx-
imately 50 % is cleared by the kidneys within 
the first 2 h after administration. Approximately 
11 % of the tracer is eliminated via the gastro-
intestinal tract over 48 h. This agent has advan-
tages over 99mTc- HMPAO: a longer (6-h) shelf 
life and more rapid blood clearance [132]. The 
longer shelf life provides for more clinical flex-
ibility because the dose can be prepared ahead 
of time without concern about decomposition. 
Another favorable characteristic of ECD is the 
relatively lower uptake by soft tissues of the head 
as compared to HMPAO.  ECD can be used to 
obtain ictal images of regional cerebral perfusion 
[25, 133, 134]. Certain paroxysmal disorders in 

which this technique might also be used include 
migraine or transient cerebral ischemic episodes.

Technetium-99m-HMPAO
Technetium-99m-exametazime, also known 
as 99mTc-HMPAO (Ceretec, Amersham Co., 
Arlington Heights, IL), is also a neutral lipophilic 
compound that is rapidly cleared from the blood 
after intravenous injection [135]. Brain uptake is 
3.5–7.0 % of the injected dose within 1 min after 
administration. Approximately 15 % of the initial 
cerebral uptake is cleared within 2 min, and the 
rest is retained for 24 h. The remainder of the dose 
is distributed throughout the body,  particularly 
in the muscles and soft tissues. Approximately 
30 % of the administered tracer activity is found 
in the gastrointestinal tract a few minutes after 
injection, and approximately 50 % is eliminated 
by this route in 24 h. Approximately 40 % of the 
tracer activity is eliminated in the urine within 

Fig. 4.32 Top: a 99mTc-pertechnetate cerebral radionuclide angiogram reveals no evidence of intracranial blood flow. 
Bottom: anterior and lateral images of the head confirm the absence of intracranial blood flow
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48 h. The original formulation of 99mTc-HMPAO 
was subject to radiolytic decomposition, which 
limited its shelf life to 30 min, but the current, sta-
bilized version has a longer shelf life [136, 137].

Iodine-123–Iodoamphetamine
In the past, the radiolabeled amine N-isopropyl- 
p-123I-iodoamphetamine (123I-IMP, Spectamine) 

was used to evaluate cerebral perfusion dur-
ing pediatric onset seizures. In contrast to 
 99mTc- HMPAO and 99mTc-ECD, 123I-IMP under-
goes substantial redistribution within brain tis-
sue over time, which makes it less useful than 
the 99mTc rCBF agents for localizing seizure foci 
[138]. This radiopharmaceutical is currently not 
commercially available in the United States.

Radionulide angiogram

Anterior

L.Lat. R.Lat.

Posterior

Fig. 4.33 Selected images 
from a 99mTc-ECD cerebral 
radionuclide angiogram (top) 
reveal no evidence of 
intracranial flow. Static 
images obtained following 
administration of the tracer 
reveal (middle) no evidence of 
tracer uptake in the brain 
substance. A SPECT (bottom) 
confirmed this finding. The 
patient was considered brain 
dead”
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Xenon-133
Xenon-133 has been used for the characterization 
of rCBF, but it has fallen into disuse since the 
introduction of the 99mTc agents [139–141].

Tumor-Avid Radiopharmaceuticals
Fluoro-2-Deoxyglucose
The use of 18F-labeled 2-deoxyglucose (18F-
FDG) has greatly expanded in recent years 
with the development of nationwide distribu-
tion networks that provide this agent to sites 

that do not have access to on-site cyclotrons. 
Fluorine-18 FDG accumulates in the brain (and 
elsewhere) as a function of glucose metabo-
lism, which is typically increased in malignant 
tissues. It is, however, less than optimal for 
imaging brain tumors because its high uptake 
in the normal brain complicates the differentia-
tion of tumor from normal brain [129]. It also 
accumulates in inflammatory lesions, which 
may complicate interpretation of post-therapy 
images [142].

Radionulide angiogram

Anterior

L.Lat. R.Lat.

Posterior

Fig. 4.34 This patient was being evaluated for the pos-
sibility of brain death. A 99mTc-ECD study reveals evi-
dence of intracranial flow in the regions of the anterior 

and  middle cerebral artery territories (angiogram, top). 
Four static images obtained soon after tracer injection 
reveal evidence of intracranial blood flow (bottom)
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Usual administered dose: 150 μCi/kg 
(5.5 MBq/kg) with a minimum dose of 1 mCi 
(37 MBq) and a maximum dose of 10 mCi 
(370 MBq).

Thallium-201
Thallium-201 (201Tl), although primarily used as 
a myocardial perfusion agent (see Chap. 7), has 
also been used for imaging tumors, including 
those in the brain, where its low uptake in normal 
brain provides high contrast between the lesion 
and the normal brain [103, 143]. The tracer accu-
mulates in active tumor tissue within a few min-
utes after intravenous injection and remains 
within the tumor for some time, allowing static 
imaging.

Thallium-201 accumulates in gliomas, medul-
loblastomas, and oligodendrogliomas and may be 
useful in evaluating the histologic grade of astrocy-
tomas [144]. An important caveat to the use of 201Tl 
for tumor imaging is that uptake may also occur in 
nonneoplastic lesions within the brain [145].

Usual administered dose: 0.03–0.05 mCi 
(1.11–1.85 MBq)/kg body weight; minimum 
dose 0.5 mCi (18.5 MBq), maximum dose 
2.0 mCi (74 MBq).

Technetium-99m-MIBI 
and 99mTc-Tetrofosmin
Technetium-99m-MIBI (Sestamibi, Cardiolite, 
Bristol–Myers Squibb, N. Billerica, MA) and 
99mTc-tetrofosmin (Myoview, GE Healthcare, 
Boston, MA) are lipophilic, cationic, 99mTc 
 complexes that were developed as myocar-
dial perfusion agents (see Chap. 7). As is the 
case with the myocardial perfusion agent 201Tl, 
99mTc-MIBI was found to accumulate in brain 
tumors, and similar behavior has been observed 
for  99mTc- tetrofosmin [146–148]. The 99mTc 
agents typically provide higher tumor-to-normal 
brain ratios and better definition of tumor mar-
gins than 201Tl. Both tracers accumulate in the 
(normal) choroid plexus, which may complicate 
 interpretation of  paraventricular lesions [105, 
148]. This uptake is not seen with 201Tl.

Usual administered dose: 0.3 mCi (11.1 MBq)/
kg body weight; minimum dose 1 mCi (37 MBq), 
maximum dose 20 mCi (740 MBq).

Carbon-11-Labeled Methionine
A promising radiopharmaceutical for imaging 
neurologic tumors is 11C-labeled L-methionine 
(11C-MET) [131, 144]. Its use, however, is lim-
ited to sites with on-site cyclotrons because of 
the short half-life of 11C (20 min). Radiation-
absorbed doses for these radiopharmaceuticals 
are given in Chap. 28.

Receptor-Specific 
Radiopharmaceuticals
The evaluation of receptor distribution within the 
brain is proving to be a valuable research tool, 
with a large number of studies targeting a variety 
of receptors and their functional response to vari-
ous disease states. Virtually all of these are PET 
studies carried out in the research setting, primar-
ily with 11C-labeled analogues of known receptor 
agonists and antagonists. The success of the 18F- 
FDG distribution network has prompted efforts 
to develop 18F-labeled versions of several of these 
tracers, but none of these are commercially avail-
able at this time.

Iodinated agents (123I) have been developed 
which target several different neuroreceptors 
including γ-aminobutyric acid (GABA) and 
dopamine [149]. At the present time, however, 
none of these compounds are commercially avail-
able in the United States.

Developing 99mTc receptor-specific radiophar-
maceuticals is even more challenging because of 
the need to incorporate a chelating agent into the 
molecule without disrupting receptor binding. 
A 99mTc-labeled dopamine transporter (DAT) 
agent has been developed, but it is not commer-
cially available at this point [150, 151].

Radiopharmaceuticals Normally 
Excluded from the Brain
Technetium-99m-pertechnetate, 99mTc-diethyl-
enetriamine pentaacetic acid (DTPA), and 99mTc-
glucoheptonate were used extensively in the past 
for cerebral radionuclide angiography (CRA) and 
planar brain imaging. However, these agents are 
seldom used now for this purpose.

Usual administered doses: 0.2 mCi/kg 
(7.4 MBq/kg); minimum dose 10 mCi (370 MBq), 
maximum dose 20 mCi (740 MBq).
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 Imaging Methods

Cerebral Perfusion SPECT
Image quality is dependent on meticulous atten-
tion to detail. It is especially important to ensure 
that the detectors are positioned as close to the 
head as possible and that patient movement is 
minimized. Care is taken to reduce patient anxi-
ety about the intravenous injection of the tracer. 
Injection of perfusion tracers should be done in 
a quiet environment to minimize anxiety and 
 distractions. A butterfly-type needle should be 
inserted intravenously and secured with tape. 
The intravenous line is kept open with normal 
saline. After a few minutes, when the patient is 
more relaxed, intravenous injection of the tracer 
should proceed. A few minutes after intrave-
nous injection of the tracer, the patient is posi-
tioned supine on the imaging table. The patient’s 
head should be positioned and firmly secured. 
Imaging preference is for a multi-detector 
gamma camera system or a dedicated system, 
and it should be equipped with ultrahigh-reso-
lution collimators. An example of SPECT 
recording is as follows: Using a multi-detector 
system, each detector rotates 360° around the 
patient’s head. Each detector acquires 128 × 128 
images. Total imaging time is approximately 
20 min. Very young children and children who 
are unable or unwilling to cooperate may 
require sedation. Sedation may affect brain 
activity and is usually given after injection of 
the tracer.

Methods for Perfusion Brain SPECT
 1. Single controlled baseline study – To facilitate 

interpretation of results, it is highly desirable 
to attempt uniformity of conditions at the time 
of tracer injection. Care is taken to reduce to a 
practical minimum: patient anxiety, sensory 
stimulation, and motor activity, as these fac-
tors alter the rCBF and therefore the perfusion 
patterns on brain SPECT. Thus it is essential 
to ensure that the procedure is explained and 
the intravenous access established in advance. 

From a few minutes before until at least 5 min 
after tracer injection, the patient should be 
encouraged to engage in a simple task, such as 
staring at a spot on the wall of a quiet, dimly 
lit room. Image recording may proceed 
thereafter.

 2. Ictal study – This study is best performed in 
collaboration with a specialized epilepsy unit 
offering constant EEG monitoring and video-
telemetry. Intravenous access is established. 
As soon as possible after the onset of seizure 
activity, an appropriate dose of tracer is given. 
Preferably, the tracer is administered during 
the actual ictal event. SPECT may begin a few 
minutes later, or it may be delayed until sei-
zures are under control. 

 3. Activation study – This type of study is con-
ducted in the same way as the controlled 
baseline study, except that the patient is 
instructed to perform a specific task from 
a few minutes before until approximately 
5 min after tracer injection. The task may 
involve repetitive visual, auditory, or 
somatosensory stimulation, a repetitive 
motor task, or a psychological test depend-
ing on the issue of interest. Such a study is 
exemplified by the work of Woods et al., and 
a useful general review has been provided by 
George et al. [83, 152].

 4. Two studies in the same day – It is possible to 
perform two perfusion brain SPECT studies 
during the same day. The total dose is split 
such that one- third is given for the first study, 
and two-thirds of the dose is given for the sec-
ond study. The second injection may be given 
immediately after the first SPECT, or it may 
be delayed for a few minutes or a few hours. 
Residual tracer activity from the first injection 
is present on the second SPECT, but it is over-
whelmed to some extent. It is possible to sub-
tract residual tracer activity, which requires 
decay correction, image reorientation, and 
registration. Final image and comparison may 
be enhanced by normalization and subtraction 
of  registered images.
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Radiopharmaceutical Dosimetry  
(99mTc-HMPAO and 99mTc-ECD)
 1. Single-dose studies

 (a) Dose: 0.2–0.3 mCi (7.4–11.1 MBq)/kg 
body weight

 (b) Minimum dose 1.0 mCi (37 MBq)
 (c) Maximum total dose 10–20 mCi 

(370–740 MBq)
 2. Split-dose studies

 (a) First study: 0.2 m Ci (7.4 MBq)/kg body 
weight
 (i) Minimum dose 1.0 mCi (37 MBq)
 (ii) Maximum dose 10 mCi (370 MBq)

 (b) Second study: 0.4 mCi (14.8 MBq)/kg 
body weight
(i) Minimum dose 2.0 mCi (74 MBq)
 (ii) Maximum dose 20 mCi (740 MBq)

Tumor Perfusion SPECT
Approximately 5 min after intravenous injec-
tion of 201Tl or 99mTc-MIBI, the patient is posi-
tioned supine on the SPECT imaging table with 
the detector(s) placed as close to the patient’s 
head as possible. The patient’s head is secured 
firmly, and then imaging continues exactly as 
for perfusion SPECT. 

Cerebral Radionuclide Angiography 
and Planar Scintigraphy
For cerebral radionuclide angiography (CRA), 
the patient is given oral potassium perchlo-
rate 6 mg/kg 30 min prior to tracer injection. 
Alternatively, sodium perchlorate is given 
at the time of injection when 99mTc-sodium 
pertechnetate is used. Perchlorate is not nec-
essary if  99mTc- DTPA or 99mTc-glucoheptonate 
is used. The radiotracer is administered as a 
rapid intravenous bolus. The study is usually 
recorded in the anterior projection, with the 
gamma camera  fitted with a  high-sensitivity 
parallel hole collimator. The CRA is recorded 
at one frame per second for 60 s using a 
128 × 128 matrix. Immediately after the CRA, 
planar scintigraphic static images, including 
anterior and lateral views, are obtained for 

300,000–500,000 counts on a 256 × 256 matrix 
format.

 Part 2: Cerebrospinal Fluid1

S. Ted Treves, Alvin Kuruc

Sensitive, elegant assessments of normal and 
abnormal cerebrospinal fluid (CSF) dynamics can 
be obtained with relatively straightforward planar 
scintigraphy. It is used as a diagnostic tool for dis-
orders affecting the CSF. The introduction of CT 
and MRI has resulted in a significant reduction in 
the use of radionuclide cisternography [153]. The 
method continues to be used in conjunction with 
clinical examination, structural imaging, and 
other neurologic procedures in children to aid in 
the evaluation of selected clinical problems, such 
as evaluation of shunt function, assessment of the 
delivery of chemotherapeutic agents, localization 
of leaks, and in evaluation of the hydrocephalic 
patient. Radionuclide cisternography provides 
accurate quantification of CSF dynamics.

 Cerebrospinal Fluid

Normal Cerebrospinal Fluid Physiology
Radionuclide cisternography permits observation 
of the flow, mixing, and absorption of CSF. 
Cerebrospinal fluid is produced primarily by the 
choroid plexus (CP), which is located within the 
lateral third and fourth ventricles. From here the 
fluid courses into the basal cisterns; it passes 
along discrete spinal and cranial subarachnoid 
pathways to its eventual destination over the 

1Some of the concepts and portions of the wording in this 
part of the chapter were contributed by K. Welch, M.D., 
formerly professor of surgery at Harvard Medical School 
and chairman of the Department of Neurosurgery at 
Boston Children’s Hospital, and by L.A. O’Tuama, M.D., 
who was coauthor of this chapter in the second edition of 
Pediatric Nuclear Medicine.
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 convexities of the cerebral and cerebellar hemi-
spheres. Resorption into the systemic venous cir-
culation occurs through the arachnoid villi and 
granulations [154, 155].

Although the transvenous pathway is thought 
to be the major route of CSF absorption, several 
studies suggest that lymphatic vessels associ-
ated with cranial and spinal nerves within the 
subarachnoid spaces provide an alternative 
pathway of CSF absorption [156, 157]. These 
accessory routes may also be important when 
the usual routes of CSF egress are compromised. 
Winston et al. reported that the surgical correc-
tion of orthopedic abnormalities in a child with 
congenital dysfunction of the spinal cord was 
followed by acute elevation of the intracranial 
pressure, perhaps reflecting interference with 
the spinal accessory pathway for CSF  circulation 
[158].

The rate of CSF turnover is faster in children 
than in adults. As measured by ventriculocister-
nal perfusion, however, no significant differ-
ence has been noted between CSF formation in 
adults (0.37 mL/min) and children up to 
13 years of age (0.35 mL/min) [159, 160]. 
Lorenzo et al. and Page et al. did note lower for-
mation rates in newborns and younger children 
[154, 161].

It is firmly established that CSF is formed by 
a secretory process, as shown, inter alia, by the 
difference in electrolyte concentration between 
CSF and plasma ultrafiltrates [155, 162, 163]. 
Several discrete enzyme systems play a role in 
the formation process, primarily Na+/K+-activated 
adenosine triphosphatase (ATPase) but also ade-
nylate cyclase and carbonic anhydrase [154, 
164–166]. For comprehensive reviews of these 
topics, the reader is referred to authoritative 
reviews by Cserr, Netsky and Samruay, Milhorat, 
Wright, Davson et al., and Spector and Johanson 
[155, 167–171].

Abnormal Cerebrospinal Fluid 
Physiology
An imbalance between the normal rates of pro-
duction and removal of CSF results in a progres-
sive increase in the total volume of CSF, known 
generically as hydrocephalus. Hydrocephalus is 

caused by a relative obstruction of CSF absorp-
tion and, rarely, by overproduction.

Diminished Absorption
The most common cause of hydrocephalus in the 
neonate is congenital malformation. In infants 
and older children, hydrocephalus is caused by 
trauma, inflammation, bleeding, or intracranial 
tumor. In most cases, CT or MRI of the brain dis-
tinguishes extraventricular from intraventricular 
obstructive hydrocephalus. Difficult cases may 
be solved by radionuclide cisternography.

With hydrocephalus, there is an active, pro-
gressive increase in the size of spaces containing 
CSF. In infants, open sutures allow for an increase 
in the volume of the ventricles initially with 
 little increase in intracranial pressure. A persis-
tent increase in intracranial pressure ultimately 
results in atrophy of the brain. This condition is 
due to a reduction in cerebral blood flow, which 
results in cerebral hypoxia.

Various animal models of hydrocephalus 
have been used to study the pathophysiologic 
sequelae of CSF obstruction. For example, in 
adult dogs, chronic communicating hydroceph-
alus was produced by injection of kaolin into the 
subarachnoid space [172]. Most cases of hydro-
cephalus are due to a mechanism of impaired 
absorption. They may be further grouped as 
intraventricular (“obstructive”) or extraventric-
ular (“communicating obstructive”). With extra-
ventricular hydrocephalus, there is a functional 
block to the circulation of CSF, and this mecha-
nism is by far the most common encountered in 
children.

Overproduction
The rarest cause of hydrocephalus is an 
increase in CSF formation rates, associated 
with a tumor of the choroid plexus, either 
benign (papilloma) or malignant (carcinoma) 
[173]. A specific diagnosis of this condition 
can be provided preoperatively, as the cho-
roidal transport of anions can be imaged as a 
prominent uptake of  99mTc- pertechnetate. It can 
be prevented by prior treatment with potassium 
perchlorate, a specific inhibitor of the anion 
uptake  mechanism [107].
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Method
Tracers used for radionuclide cisternography 
are confined to the CSF space and are quickly 
 eliminated through the arachnoid plexus without 
being metabolized. Either 111In-DTPA or 99mTc-
DTPA is given in the subarachnoid space. Usual 
administered doses for 99mTc-DTPA are 0.3–
1.0 mCi (11.1–37.0 MBq) and 0.05–0.20 mCi 
(1.85–74.0 MBq) for 111In-DTPA. For routine 
cisternography in children, we prefer 99mTc-
DTPA for its higher photon flux and lower radia-
tion dose. The relatively short physical half-life 
of 99mTc is not an obstacle to the evaluation of 
CSF in children because it is distributed quickly 
[174]. In older children and adults, 111In-DTPA is 
preferable. The radiation dose to the spinal cord 
and the surface of the brain with 99mTc-DTPA is 
about 1.0 rad per millicurie administered. The 
radiation-absorbed dose with 111In-DTPA is 
approximately 2.5 rad/ mCi.

Careful technique is essential. The tracer is 
usually administered into the lumbar subarach-
noid space. Other sites of injection include the 
cisterna magna or a lateral ventricle. Reported 
success rates for lumbar puncture vary consider-
ably and clearly are highest with the most experi-
enced operator. For this reason, we routinely 
request that the referring staff neurosurgeon 
inject the radiotracer in our department, with a 
nuclear medicine physician in attendance.

Following the subarachnoid administration 
of the tracer, an image of the injection site is 
obtained to establish the adequacy of the injec-
tion. Epidural injections typically produce a 
“Christmas tree” or a “railroad” appearance on 
the scintigraph, resulting in an unsatisfactory 
examination. Routinely, a series of images with 
the gamma camera are obtained in the anterior, 
posterior, and lateral projections at 2, 6, and 
24 h after administration of the tracer. Because 
the turnover of CSF in children is more rapid 
than in adults, more frequent imaging may be 
necessary. A high-resolution, low-energy 
 collimator is used.

For the evaluation of CSF leaks, more fre-
quent images are obtained soon after administra-
tion of the tracer. This point is important in order 
to increase the chances of localizing the leakage. 

It is important that the patient be studied while 
there is active CSF leak in the position in which 
the leak is most profuse; otherwise, visualization 
of the leak by this method may not be possible. 
For this purpose, the patient is maintained in the 
position in which he or she may be known to leak 
most profusely, and images are obtained sequen-
tially in the appropriate projection in an attempt 
to localize any extracranial activity. If extracra-
nial activity due to a CSF leak is detected, the 
patient is imaged in other projections to allow for 
localization in three dimensions. The timing of 
the lateral and the anterior views is critical, as the 
CSF leak may be transient [174].

Small CSF leaks may not be detectable by 
scintigraphy. In some instances, it may be useful 
to place cotton pledgets in the nasal orifices; 
these pledgets should be changed and carefully 
labeled every 2–4 h and counted for activity. In 
some instances, it may be necessary to place 
small cotton pledgets in selected locations 
deeper inside the nasal cavity (e.g., over the ori-
fices of drainage of the nasal sinuses) to deter-
mine the site of the leak. A CSF leak can be 
stopped with cotton pledgets [174]. Placement 
and maintenance of nasal cotton pledgets in 
children is difficult and in many cases impossi-
ble. An additional problem with pledgets is that 
tracers used for cisternography diffuse into the 
blood and may appear in nasal secretions. The 
pledgets should be weighed and counted, and 
the activity in the plasma measured. This prac-
tice helps account for normal nasal activity and 
to facilitate recognition of differences in absorp-
tion. Nose/serum activity ratios of less than 1.5 
should not be considered indicative of CSF leak 
[175]. In some children, cotton pledgets were 
placed and maintained under general anesthesia 
in an attempt to localize a CSF leak. General 
anesthesia, however, tends to decrease or stop 
leakage of CSF [174].

Clinical Applications
Normal Radionuclide Cisternogram
On images at 2 and 6 h, the tracer can be seen as 
it migrates upward into the interhemispheric fis-
sure and the sylvian fissure. By 24 h, the tracer 
can be seen over the convexity (Fig. 4.35).
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Hydrocephalus
With communicating hydrocephalus (extraven-
tricular obstructive hydrocephalus), the radio-
tracer circulates into the ventricular system and 
does not appear in the cerebral fissures and on the 
convexity. Persistence of the tracer within ven-
tricles for more than 24 h is thought to indicate a 
progressive form of hydrocephalus that eventu-
ally needs shunting. In other instances of com-
municating hydrocephalus, a mixed pattern is 
seen; some tracer appears in the ventricular sys-
tem and some in the fissures and over the convex-
ity (Fig. 4.36) [157, 166, 176–178].

This pattern may indicate a partially compen-
sated form of hydrocephalus, and these patients 
probably do not need CSF shunting immedi-
ately but must be followed carefully to detect 
any worsening. Radionuclide cisternography, 
however, has not been found to be a reliable 
test for determining the need for shunting in 
adults, and there is not enough experience with 

it in children [179–182]. It has been proposed 
that the pattern of turnover of tracer in CSF is a 
reflection of ventricular size and the increased 
volume of distribution of CSF [183]. This idea 
is in keeping with the poor correlations found 
by earlier investigators. In the preterm infant, 
Donn et al. used 111In-DTPA radionuclide cis-
ternography to delineate CSF dynamic abnor-
malities associated with posthemorrhagic, 
“ex vacuo,” and postmalformational types of 
hydrocephalus [184]. Obstructive hydrocepha-
lus is equated with intraventricular obstructive 
hydrocephalus. If intraventricular obstruc-
tive hydrocephalus is considered, the tracer is 
injected into a lateral ventricle. Hydrocephalus 
due to oversecretion of CSF is in most cases 
caused by a papilloma of the choroid plexus 
[173, 185–188]. Cerebrospinal fluid produc-
tion rates of 0.75–1.45 mL/min in patients with 
papilloma of the choroid plexus have been mea-
sured [173, 189].

2h 6h 24h

Fig. 4.35 Normal 111In-diethylenetriamine pentaacetic acid (DTPA) cisternography. Anterior (top) and right lateral 
(bottom) images were obtained 2, 6, and 24 h after injection of the tracer into the lumbar subarachnoid space
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Cerebrospinal Fluid Liquorrhea
Cerebrospinal fluid liquorrhea is generally 
manifested by dripping from the nose or ear 
(Figs. 4.37 and 4.38). Profuse leakage sug-
gests communication with a large cistern. If 
rhinorrhea is  invariably unilateral, an opening 
into the nose or a paranasal sinus is suggested. 
If the side that drips alternates with position, a 
nasopharyngeal site, either directly or from the 
ear, is suggested. With CSF leaks, radionuclide 
cisternography reveals extracranial activity due 
to leak of the tracer outside the cranial cavity. 
Cerebrospinal fluid leak  complicates up to one-
third of fractures of the base of the skull. Most of 

these leaks cease  spontaneously within a week. 
Meningitis occurs in about one-fourth of the 
patients if they are not treated with antibiotics 
[185]. Both  rhinorrhea and otorrhea are ame-
nable to investigation with radionuclide cister-
nography (Figs. 4.37 and 4.38) [176, 190–193]. 

A LL

Fig. 4.36 Communicating hydrocephalus with 
intra- and extraventricular diffusion of tracer: 
111In-DTPA  cisternography 2 h after injection. A 
anterior view, LL left lateral view

RL

Fig. 4.37 Cerebrospinal fluid (CSF) leak, shown by 
99mTc-DTPA cisternography. This right lateral view was 
obtained 4 h after injecting the tracer into the lumbar sub-
arachnoid space. It is one of several images obtained 
every 15 min. Activity in the oropharynx due to a CSF 
leak is obvious. It was a posttraumatic leak through the 
fossa of Rosenmüller (Jaffe et al. [195], with permission)

Fig. 4.38 Otorrhea, shown by 111In-DTPA cisternogra-
phy. This anterior view was obtained 4 h after injecting 
the tracer into the lumbar subarachnoid space. Extracranial 
tracer activity in the region of the right ear is visualized 
(arrow)

4 Central Nervous System: The Brain and Cerebrospinal Fluid



86

Contrast-enhanced CT cisternography has been 
found less sensitive than radionuclide cisternog-
raphy for the detection of intermittent rhinoli-
quorrhea in children [194].

Loculations of Cerebrospinal Fluid
It is possible to have loculations of CSF in free 
communication with the subarachnoid pathways 
without loss of fluid to the external environment. 
Loculations of CSF appear on radionuclide cis-
ternography as areas of accumulation and reten-
tion of the tracer over a relatively long period, for 
example, a nasal encephalocele or a subconjunc-
tival loculation of CSF (Figs. 4.39 and 4.40) 
[195, 196].

Porencephalic Cyst
Porencephalic cysts are caused by infection, 
trauma, or vascular problems that result in local-
ized atrophy of the brain. These cysts have a 
pia- arachnoid lining and communicate with a 
ventricle. Such abnormalities lead to stasis of the 
tracer on radionuclide cisternography, suggesting 
a one-way valve mechanism for the movement of 
CSF [197, 198].

Block of Spinal Cerebrospinal Fluid Flow
Tumors or other lesions in the spine, meninges, 
or spinal cord may cause blockage of CSF flow. 
They are seen on radionuclide cisternography as 
filling defects in which the radiotracer does not 
circulate or accumulate (Fig. 4.41) or as abrupt 
termination of CSF flow.

 Cerebrospinal Fluid Shunts

Method of Assessment
Assessment of patency and quantitation of flow 
through CSF shunts can be made with radionu-
clide techniques in a rapid, safe, and accurate 
way. Technetium-99m as pertechnetate in a dose 
of 0.25–0.50 mCi (9.25–18.50 MBq) in a volume 
of 0.01–0.02 mL is used.

The patient should rest in a horizontal position 
for 30–60 min before the study so as to enable the 
measurement of shunt flow at baseline CSF 
 pressures. The patient is positioned under the 

LL A

Fig. 4.39 Nasal  encephalocele. 
99mTc-DTPA cisternography, 
left lateral (LL) and anterior  
(A) views, obtained 4 h after 
injecting the tracer into the 
lumbar subarachnoid space.  
A pool of extracranial activity 
is visualized anteriorly, 
corresponding to a nasal 
encephalocele (arrows)

RL

Fig. 4.40 Subconjunctival CSF loculation, shown by a 
right lateral view of an 111In-DTPA cisternogram. There is 
focal extracranial tracer activity corresponding to a mas-
sive subconjunctival CSF loculation (arrow)
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gamma camera equipped with a collimator of 
high sensitivity. The patient must remain immo-
bile for the duration of the study.

The radiotracer is injected into the valve reser-
voir of the shunt, and its disappearance is moni-
tored with the gamma camera and the computer 
at a rate of one frame every 5 s for 5 min. At the 
end of this time, a series of images is obtained 
along the course of the shunt to detect any inter-
ruption of the flow of CSF. These images are 
evaluated visually (Figs. 4.42 and 4.43) [174].

Meticulous attention to technical detail is 
essential when conducting this examination. 
Before injecting the radiotracer, one must ensure 
that the needle is within the lumen of the shunt. 
When it is not, the tracer can be accidentally 
injected outside the shunt. Pertechnetate is then 
absorbed slowly, and it is taken up by the salivary 
glands, thyroid, and stomach. It is then slowly 
eliminated by the kidneys (Fig. 4.44).

A time-activity curve is calculated from a 
region over the valve of the shunt. As discussed 
further below, the CSF shunt flow can be calcu-
lated from this curve (Fig. 4.45) [199–201]. 
Alternatively, the radionuclide can be injected 
into the ventricle in order to follow its flow 
through the shunt. This method allows only qual-
itative estimation of shunt flow.

Clinical Applications
Ventriculoperitoneal and ventriculoatrial shunts 
are used in hydrocephalic patients to divert 
CSF into a body space so it can be absorbed. 
Mechanical failure, occlusion, and the develop-
ment of loculated spaces around the ventricular 
or distal end of the shunt are causes of malfunc-
tion of a shunt. Such malfunction can usually be 
determined on clinical grounds, but in doubt-
ful cases special measures may be indicated. 
Radionuclide studies can measure the shunt flow, 
determine the presence of an obstruction, and 
diagnose loculation of CSF at the distal end of 
the shunt [174, 201].

Rarely, CSF collections exist in free communi-
cation with the subarachnoid pathway, but without 
connecting with the exterior, as with nasoethmoidal 
encephaloceles [202]. With intracranial arachnoid 
cysts in children, radionuclide cisternography has 
proven useful in establishing the communication of 
the cyst with the  ventricular or subarachnoid com-
partment and can aid in the assessment of associ-
ated hydrocephalus [164, 203, 204].

Quantification of Cerebrospinal Fluid 
Shunt Flow
Cerebrospinal fluid shunt flow may be estimated 
from the time-activity curve obtained from the 
valve of the shunt (Fig. 4.45). In one approach, 
the valve is modeled as a single, well-mixed 

A

A

B

B

C
KK

Fig. 4.41 Block of CSF diffusion due to metastatic 
medulloblastomas in the spine. 99mTc-DTPA was injected 
into a lateral ventricle. Top: posterior view of the cervical 
and thoracic spine 1 h after injection of the tracer. There 
are two “filling defects” corresponding to a tumor mass (A 
and B). Bottom: view of the lower thoracic and lumbar 
spine reveals another block of tracer movement in the CSF 
(C). Renal activity is visualized bilaterally (K)
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Fig. 4.42 Patent ventriculoperitoneal shunt. Series of 
10-s images with the administration of 0.30 mCi of 99mTc- 
pertechnetate in a volume of 0.1 mL in the valve (arrow). 
The tracer can be seen as it rapidly circulated through the 

shunt. An image obtained at 6 min after radiotracer 
administration reveals tracer within the shunt loops in the 
abdomen (single image, bottom right)

Fig. 4.43 Patent ventriculoperitoneal shunt. Left: image 
obtained almost immediately after tracer administration 
in the shunt. Activity in the valve and in the tubing is visu-
alized (arrows). Center: image 5 min later shows the tra-
jectory of the tube and the activity in the stomach, thyroid, 

salivary glands, and soft tissues indicating rapid absorp-
tion of the tracer. Right: at 2.5 h most of the activity is 
concentrated in the bladder, gastrointestinal tract, and thy-
roid (arrows)
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Fig. 4.44 Extravasation of pertechnetate. Serial imaging 
(1 frame = 20 s) reveals that the tracer remains largely at 
the site of injection outside the shunt. There is no tracer 
activity detected distally within the shunt or proximally 
within the ventricular system. Static planar images 

obtained at 10 min after injection reveal pertechnetate 
uptake in the salivary glands, thyroid, stomach, kidneys, 
and bladder, indicating systemic absorption of tracer from 
the injection site
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Fig. 4.45 Patent ventriculoperitoneal shunt. Top left: 
anterior views of the chest and abdomen 10 min after 
injection of 99mTc-pertechnetate into the valve of the 
shunt. Both images show widespread distribution of the 

tracer in the body, indicating patency of the shunt. Right: 
logarithmic (top) and linear (bottom) time-activity curves 
from the valve obtained from images at one frame every 
5 s. Calculation of CSF shunt flow is shown
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compartment. The term well mixed means that 
the tracer becomes equilibrated with the entire 
volume of the compartment immediately after its 
introduction and remains so for the duration of 
the experiment. In such a system, the disappear-
ance curve is of the form

 
A t A e k( ) = ( )0 − t / ,

 
(4.1)

where t is time and k is the time constant of the 
system. The time constant is equal to the mean 
time the tracer remains in the valve. Flow (F) is 
calculated using the formula

 F V k= / ,  (4.2)

where V is the volume of distribution [199].
There is much experimental evidence at vari-

ance with the well-mixed compartment model. 
With the method described in the preceding para-
graph, it was found necessary to use an experimen-
tally determined volume of distribution rather than 
the physical volume of the valve to obtain quanti-
tative results [199]. Moreover, it has been found 
that the observed disappearance curve differs from 
the exponential curve predicted by the model and 
depends on the injection technique [200].

As the well-mixed compartment assumption 
appears to be invalid, we have developed an alter-
native approach for estimating flow. If the radio-
tracer is instantaneously introduced, so the tracer 
is uniformly distributed across the fluid entering 
the compartment, one may estimate flow by cal-
culating the mean transit time (MTT) using the 
formula

 MTT = A H/ ,  (4.3)

where A is the total area under the disappearance 
curve and H is the initial height of the disappear-
ance curve. Flow is then calculated using the 
formula

 F V= / .MIT  (4.4)

This method is illustrated in Fig. 4.46. The 
method, which we term the A/H method, was found 
to be more precise than the method based on the 
well-mixed compartment model [200]. It has the 
additional advantage of working with the physical 
volume of the valve, obviating the need for experi-
mentally determined volumes of distribution.

The idea behind the A/H method is to label the 
fluid entering the value. Thus the best results are 
obtained by entering the valve at its proximal 
end, pointing the needle toward the proximal end 
of the valve, or both. If this maneuver is not fea-
sible, the method overestimates the shunt flow to 
some degree. As mentioned before, the volume 
injected must be small in order to minimize fluid 
displacement from the injection. The experimen-
tal finding that the time-activity curve depends on 
the injection technique implies that a uniform 
injection technique is essential to obtain repro-
ducible results.
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Nuclear medicine techniques to diagnose and 
treat thyroid diseases have been in routine use 
for many decades [1, 2]. Most of these meth-
ods depend upon the iodine avidity (and related 
pertechnetate avidity) of thyroid tissues. The 
radioiodine isotopes (123I and 131I) and 99mTc 
(as pertechnetate) are the most commonly used 
radiopharmaceuticals for thyroid imaging. Both 

123I and 131I have been used to determine thyroid 
iodine uptake as a measure of thyroid function. 
In patients with thyroid cancer, these radioiodine 
isotopes can be used to detect sites of remnant 
thyroid tissue and metastatic disease. In addition 
to imaging, 131I is used for specific radiotherapy 
of hyperactive thyroid tissue and thyroid can-
cer. With the introduction of positron emission 
tomography, 18F-FDG has acquired a limited role 
in the evaluation of  thyroid cancer. Some centers 
also use 124I PET to  evaluate thyroid cancer.

 Methods

 Radiopharmaceuticals

Thyroid follicular cells have mechanisms for 
both the trapping (uptake) and the organification 
of iodine. These mechanisms provide targets for 
assessing thyroid function, imaging the thyroid 
gland, and treating hyperthyroidism and thyroid 
cancer. Trapping of iodine depends on the sodium-
iodide (NaI) symporter (Fig. 5.1), a sodium-
ATPase-linked transmembrane anion transporter 
[3, 4]. The symporter mediates energy-dependent 
transport of univalent anions from the extracellu-
lar to intracellular space. Although it has greatest 
avidity for iodide (I−), the symporter has avidity 
for other univalent anions, including thiocya-
nate (SCN−), perchlorate (ClO3

−), pertechnetate 
(TcO4

−), and nitrate (NO3
−). Thus, thyroid imag-

ing is performed with radioactive isotopes of 
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either iodine or technetium, usually in the form 
of sodium salts of iodide (123I, 131I) or pertech-
netate (99mTc). Thiocyanate or perchlorate uptake 
can compete with and diminish thyroid uptake of 
either iodine or pertechnetate.

Organification of iodine occurs in the normal 
thyroid, but not other tissues of the body. In thy-
roid follicular cells, iodine is incorporated into 
thyroglobulin, the tyrosine-rich peptide precur-
sor of active thyroid hormones [5, 6]. Although 
the iodine symporter is expressed and can trap 
iodide in a wide range of organs and tissues, in 
most tissues, trapped iodide is washed out and 
returned to the extracellular space. Organification 
limits iodine washout, which amplifies the 
 accumulation of radioiodine within thyroid tis-
sue. Other anions, including pertechnetate, are 
not organified and are susceptible to washout 
from all tissues, including the thyroid. These 
processes of trapping and organification allow 
the use of iodine radioisotopes (123I, 124I, and 131I) 
and 99mTc-pertechnetate to assess thyroid func-
tion, image the thyroid gland, and treat  thyroid 
diseases.

For thyroid studies, iodine isotopes are pre-
pared as the sodium salt ([131I]NaI or [123I]NaI) 

and administered by mouth. Usually, 131I and 
123I are administered as a solid capsule, but a 
liquid formulation is available. The liquid for-
mulation can be particularly useful in pediatrics 
as it can facilitate titration of a weight-based 
dose and may be easier for younger patients 
to swallow. In unusual circumstances, sodium 
iodide can be custom formulated for intravenous 
 administration. Sodium pertechnetate ([99mTc]
NaTcO4) typically is administered by intra-
venous injection but also can be administered 
orally.

 Iodine-131
Iodine-131 (physical half-life 8.1 days) has both 
gamma-emission (predominately 364 keV) and 
beta-particle emission. As a product of nuclear 
fission reactors, it has been widely available, and 
for many decades it served as the routine iodine 
radiopharmaceutical for both thyroid imaging 
and therapy. Iodine-131 is an ideal therapeutic 
radiopharmaceutical for both benign and malig-
nant thyroid diseases as it has a relatively high 
absorbed radiation dose due to its half-life and 
beta-particle emission. However, this high radia-
tion dose and the high energy of its gamma- 
emission make 131I less satisfactory for thyroid 
imaging or assessing radioiodine uptake.

 Iodine-123
Iodine-123 decays (physical half-life of 13.2 h) 
principally by electron capture and subsequent 
gamma-emission (159 keV). Unlike 131I, 123I has 
no beta-emission. The absence of beta-emission 
and the energy of the gamma- emission make 123I 
the radiopharmaceutical of choice for thyroid 
imaging with a gamma-camera. However, 123I 
decay also produces a low abundance of other 
higher-energy gamma-emissions (248–784 keV) 
that occasionally can affect image quality [7].

Iodine-123 is a cyclotron product produced 
from a 124Xe target. Iodine-123 is produced by 
two different nuclear reactions with subsequent 
rapid decay to 123I. The primary nuclear reac-
tion is

 
124 123 123 1232Xe Cs Xep n I,( ) > >

 

2 Na+

3 Na+

2 l–

2 K+

Fig. 5.1 Sodium-iodide symporter. The sodium-iodide 
symporter is a transmembrane glycopeptide that is the pri-
mary cellular mechanism for iodine uptake. In an energy- 
dependent process, the symporter actively transports two 
sodium cations for every iodide anion transported into the 
cell. It is linked to the sodium-potassium ATPase pump, 
which transports three sodium cations out of the cell for 
every two potassium cations transported into the cell and 
provides energy for the active symporter transport. The 
symporter has avidity for other univalent anions, includ-
ing pertechnetate (TcO4

−) [3]
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and the secondary nuclear reaction is

 
124 123 123Xe pn Xep, I( ) > .

 

Compared to 131I, 123I has more limited com-
mercial availability and is more expensive, but its 
superior imaging characteristics have made it the 
preferred choice for diagnostic  thyroid imaging 
[8, 9]. The lower effective  radiation dose pro-
vided by 123I, compared to 131I, is another reason 
for its use in pediatric patients.

 Iodine-124
Iodine-124 is a positron emitter with a physi-
cal half-life of 4.18 days (100.3 h). It also has 
gamma-emission, which is predominately 
603 keV. Like 123I, it is a cyclotron product, 
which typically is produced by the nuclear reac-
tion 124Te (p,n) 124I. With the widespread avail-
ability of PET scanners, some medical centers  
have investigated the use of 124I-PET for imaging 
thyroid cancer [10]. Despite the excellent imaging 
characteristics of PET, the use of 124I as a PET 
radiopharmaceutical has a number of disadvan-
tages. Due to its limited commercial availability, 
most users must manufacture 124I in an onsite 
cyclotron. The emitted positron has a higher 
energy, and thus higher range than many other 
PET tracers, which slightly decreases PET reso-
lution. In addition to the predominate 603 keV 
gamma-emission, 124I also has numerous higher-
energy gamma-emissions, including 723 keV 
and 1,691 keV. Thus, due to its relatively higher 
radiation dose compared to 123I, 124I is not appro-
priate for evaluation of benign thyroid disease or 
for use in children, and it has not entered wide-
spread use.

 Technetium-99m Sodium 
Pertechnetate 
Technetium-99m (physical half-life 6.0 h, 
140 keV gamma-emission) is readily available in 
all nuclear medicine departments as a generator 
product (99Mo > 99mTc). It also is inexpensive, 
provides short imaging times, and results in a low 
radiation dose. For these reasons, 99mTc-sodium 
pertechnetate sometimes is preferred for thyroid 
imaging [11]. After intravenous administration of 

pertechnetate, there is rapid thyroid uptake of 
pertechnetate, but, unlike iodine, pertechnetate is 
not organified within the thyroid cell. In the 
absence of organification, there is rapid washout, 
so that thyroid imaging must be performed soon 
after administration of 99mTc-pertechnetate. As a 
result, physiological uptake in other tissues, such 
as salivary glands, is more prominent on thyroid 
scans performed with pertechnetate than on scans 
performed with iodine isotopes.

 Thyroid Scintigraphy

Thyroid scintigraphy can be performed with 
99mTc-pertechnetate, 123I, or rarely 131I (Fig. 5.2). 
The choice of radiopharmaceutical depends 
upon a number of factors, including tracer 
availability. Overall image quality will be best 
with 123I. Concurrent quantitative assessment of 
uptake requires the use of either 131I or 123I, but 
131I should rarely, if ever, be used for thyroid 
scintigraphy in children. The practice guide-
lines published by professional societies rec-
ommend a range of radiopharmaceutical doses 
for thyroid scintigraphy [12–14]. At our insti-
tution, the administered 123I dose is 0.2 MBq/
kg (0.006 mCi/kg) with a minimum dose of 
0.925 MBq (0.025 mCi) and maximum dose 
of 14.8 MBq (0.4 mCi). To ensure rapid and 
complete absorption of the tracer, patients are 
asked to fast (except for sips of water) for 2 h 
before and 1 h after radioiodine administration. 
For children, an adequate administered dose of 
99mTc-pertechnetate is 1 MBq/kg (0.03 mCi/kg) 
with a minimum dose of 7.4 MBq (0.2 mCi) 
and maximum dose of 74 MBq (2 mCi).

Imaging typically is performed 4–6 h after 
oral administration of 123I or is started 20–30 min 
after intravenous administration of 99mTc-pertech-
netate. Delayed images are rarely helpful, but if a 
concurrent thyroid uptake is being performed, 
then this can be determined 24 h after oral admin-
istration of 123I. As a small amount of tracer is 
excreted with saliva, salivary accumulation in the 
mouth, pharynx, or even the esophagus occasion-
ally will interfere with imaging. Usually, this  
can be cleared by having the patient “swish and 
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swallow” a few sips of water before the start of 
imaging.

A pinhole collimator with an aperture less 
than 3 mm produces satisfactory image quality. 
A pinhole collimator is preferable to a planar col-
limator, as it will produce images with the fine 
detail necessary to evaluate thyroid structure. 
When positioning the pinhole collimator, the 
thyroid image should fit within the central two-
thirds of the field of view to prevent distortion 
of thyroid anatomy. Images should be acquired 
in the anterior and two anterior oblique views. 
An additional “bird’s-eye view” acquired with 
the pinhole collimator approximately 10–20 cm 
from the neck provides a wider field of view that 
can demonstrate the location and position of the 
thyroid gland in relation to other structures in 
the neck, such as salivary glands. Each image 
should be acquired for 50,000–100,000 counts 
with 123I and 100,000–200,000 counts with 
99mTc-pertechnetate.

Images typically are acquired with the neck 
extended. In some cases, such as localization 
of an ectopic thyroid gland, it may be help-
ful to acquire an image in a lateral projection. 
For example, this may be helpful in  discriminating 
physiological salivary gland uptake from uptake 
in ectopic thyroid tissue. Anatomical correla-
tion, either with transmission images to outline 
body margins or with radioactive markers, may 
be helpful for some studies. Radioactive mark-

ers can be placed on a palpable thyroid nodule 
or on anatomic landmarks, such as the chin and 
 suprasternal notch.

 Thyroid Uptake

Quantitative assessment of radioiodine uptake is 
useful for assessing thyroid function. When thy-
roid uptake is determined concurrently with 123I 
thyroid scintigraphy, then the same dose of 123I is 
used for both studies, and no additional radioio-
dine is administered for the uptake determination. 
When performed without concurrent 123I thyroid 
scintigraphy, then determination of a radioiodine 
uptake requires a small dose of either 123I or 131I. 
Most professional  guidelines [13, 15] recommend 
a pediatric dose of 3.7–7.4 MBq (0.1–0.2 mCi) of 
123I or 0.15–0.37 MBq (0.004–0.01 mCi) of 131I 
for thyroid uptake determination without imag-
ing. Iodine-123 is preferable, as it can provide an 
approximately 100-fold smaller effective radiation 
dose than 131I at these recommended administered 
doses [15]. At our institution, we successfully use 
weight-based administration of 123I for both thy-
roid scintigraphy and radioiodine uptake with an 
administered 123I dose of 0.2 MBq/kg (0.006 mCi/
kg) with a minimum dose of 0.925 MBq 
(0.025 mCi) and maximum dose of 14.8 MBq 
(0.4 mCi). No more than 0.4 mCi as a maximum 
dose should be necessary for a thyroid uptake 

a b c

Fig. 5.2 Normal thyroid scan performed with 123I. 
Images obtained with a pinhole collimator in the anterior 
(a), left oblique (b), and right oblique (c)  projections dem-
onstrate that the normal thyroid gland has homogeneous 
iodine uptake in both lobes, which should be similar in 

size and have smooth contours. A small amount of tracer 
may be seen in the thyroid isthmus, located between the 
two lobes of the thyroid gland. Normal thyroid uptake of 
the administered radioiodine dose is approximately 
5–15 % at 4 h and 10–35 % at 24 h
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determination. Some clinicians have advocated 
99mTc-pertechnetate for determination of thyroid 
uptake. However, the rapid washout of pertechne-
tate means that uptake must be determined within 
a few minutes of tracer administration, and this 
may not be a  precise reflection of thyroid activity. 
Also, quantitation with 99mTc is more difficult than 
with radioiodine.

Thyroid radioiodine uptake can be calcu-
lated using a probe detector or by quantitative 
assessment of a planar scintigraphy. A radioio-
dine uptake calculation may be most informa-
tive when performed in conjunction with thyroid 
scintigraphy. Therefore, in most cases, thyroid 
scintigraphy, typically with a pinhole collima-
tor, still should be performed even when a probe 
detector is used to determine thyroid uptake. An 
accurate uptake measurement requires the use of 
a standard, typically a second dose of radioio-
dine with activity similar to the dose adminis-
tered to the patient. Thyroid uptake can then be 
determined by calculating the ratio of activity in 
the thyroid to the activity in the standard. This 
allows for accurate correction for probe sensi-
tivity and for radioactive decay. It is not ideal 
practice to rely on a calculated standard activity. 
Some departments will place the standard dose 
in a neck phantom to more accurately correct for 
soft tissue attenuation and geometry. However, 
these effects are probably small, particularly in 
children, and not routinely used for pediatric 
studies.

The standard time for determining thyroid 
uptake is 24 h after radioiodine administration. 
Many departments find it useful to perform an 
uptake measurement at an earlier time, typically 
4 or 6 h. If iodine uptake is absent or nearly 
absent at an early time point, then there may be 
little reason to have the patient return for another 
uptake measurement the following day. In other 
cases, a drop in measured uptake between early 
and later time points can indicate a state of high-
iodine turnover in the thyroid. The typical 
uptake is 6–18 % at 4–6 h and 10–35 % at 24 h 
[15]. However, these must not be considered 
absolute values and must be interpreted within 
the context of the biochemical thyroid function 
tests.

 Factors Affecting Thyroid Studies

Radioiodine uptake by the thyroid gland can be 
affected by iodine levels in the thyroid and body. 
For example, in populations with lower levels of 
dietary iodine intake, typical thyroid uptake of 
a radioiodine dose will be higher [16]. Recent 
iodine intake, whether in diet, dietary supple-
ments, medications, or intravenous iodinated 
radiographic contrast, will inhibit and lower 
subsequent radioiodine uptake [15]. This can 
impair thyroid imaging, reduce the diagnostic 
value of a radioiodine uptake determination, 
decrease detection of thyroid cancer metastases, 
and limit the effectiveness of radioiodine therapy. 
Therefore, a careful medical and dietary history 
must be performed with each patient before per-
forming these nuclear medicine procedures.

If feasible, thyroid imaging or uptake determi-
nation should be delayed until excess nonradio-
active iodine can be cleared (Table 5.1). After 
administration of iodinated radiographic contrast, 
thyroid studies should be delayed for at least 
1 month [17], although some clinicians may wish 
to wait up to 3 months before evaluating and 
treating thyroid cancer. Occasionally, it may be 
helpful to assess iodine economy by measuring 
the urinary excretion of iodine. This can be mea-
sured most accurately in a 24-h urine collection. 
Alternatively, iodine excretion can be estimated 
with the simultaneous measurement of iodine and 
creatinine in a random urine sample [18]. If uri-
nary iodine excretion exceeds 50 mcg/day, it may 
be appropriate to delay the thyroid study, if fea-
sible and clinically appropriate [19].

Patients should not be advised to discontinue 
any prescribed drug without involving the pre-
scribing clinician and the physician managing 
the patient’s thyroid condition. In some clinical 
situations, the study may need to be performed 
despite recent iodine intake or drug administra-
tion while recognizing that the diagnostic cer-
tainty of the study could be limited. The cardiac 
drug amiodarone deserves special mention. 
Amiodarone is 37 % iodine by weight, and the 
drug is cleared very slowly from the body. In 
some cases, amiodarone may be associated 
with the onset of thyroid disease. However, in 
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most cases, it is not clinically appropriate to 
discontinue amiodarone. Although amiodarone 
is rarely used in children, evaluation and treat-
ment of thyroid disease can be difficult in 
patients treated with this drug [20].

Drugs that directly affect thyroid func-
tion, such as thionamides (e.g., propylthioura-
cil, methimazole), should be discontinued for 
a short period of time (typically 3 days) before 
performing thyroid scintigraphy or a radioiodine 
uptake study [12, 13, 15]. This is best arranged 
with collaboration between the referring clini-
cian and the nuclear medicine physician. Lithium 
carbonate suppresses thyroid function, and in 
patients treated with lithium-containing drugs, 

any thyroid tests must be interpreted within the 
context of lithium therapy. It is not necessary to 
 discontinue other drugs, such as beta-blockers 
used for symptomatic relief of hyperthyroidism, 
before performing a thyroid scan or radioiodine 
uptake determination.

 Body Scans Using Radioiodine

Whole body scans are performed for detection of 
metastatic thyroid cancer [19, 21–23]. They may 
be performed as a diagnostic scan or may be per-
formed as a post-therapy scan shortly after treat-
ment with 131I. Diagnostic whole body scans are 

Table 5.1 Sources of iodine and ideal withholding time period before thyroid imaging

Source Time period

I. Iodine-rich foods and supplements
 1. Seaweed, kelp, sushi 1 week
II. Medications
 A. Thyroid hormonesa

  1. Levothyroxine (T4) 6 weeks
  2. Triiodothyronine (T3, Cytomel ®) 2 weeks
  3. Others (liotrix, Thyrolar ®, Armour Thyroid ®) 6 weeks
 B. Antithyroid drugs (methimazole, propylthiouracil) 3 days
 C. Iodine supplementsb

  1. Iodine solutions (SSKI, Lugol’s Purepac, Isostat) 1 week
  2. Potassium Iodine (KI) tablets 1 week
  3. Vitamin or mineral tablets with iodine 1 week
 D. Medications that contain iodine
  1. Cough medications (Tussi-Organidin®, Pima syrup®)c 6 weeks
  2. Skin cleansers and antiseptics (Betadine®)d 6 weeks
  3. Amiodarone (Coranone®)e 1 year
 E. Other medications that affect thyroid function
  1. Lithium carbonatee 1 year
III. Imaging studies
 A. Tests requiring intravenous iodinated contrast 6 weeks (arteriogram, intravenous pyelogram)
 B. Contrast-enhanced CT scanf 4–12 weeks
 C. Cardiac catheterization 6 weeks
aTypically, withdrawal of thyroid hormone is a concern only before performing whole body imaging or radioiodine 
therapy in a patient with differentiated thyroid cancer.
bWhole body iodine content can be confirmed with urinary iodine assay if there is clinical concern about recent iodine 
supplementation.
cLimited availability in the USA.
dPrimarily a concern in neonates, individuals with impaired skin integrity, and after mucosal application.
eRarely it is clinically appropriate to discontinue these medications, and thyroid function tests and imaging must be 
interpreted in the context of continued medication administration.
fFor most thyroid studies, a 1 month period is sufficient. Some clinicians prefer to wait up to 3 months after a contrast- 
enhanced CT scan before a diagnostic whole body scan or radioiodine therapy in a patient with thyroid cancer
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performed approximately 16–48 h (typically 
24 h) after administration of a small diagnostic 
dose of radioiodine. They may be performed with 
either 131I or 123I, but 123I has become the preferred 
agent due to lower radiation dose and improved 
image quality [9]. For a diagnostic whole body 
scan in a child, the usual dose of 123I is 3–5 mCi. 
The sensitivity of a whole body scan for detect-
ing functioning thyroid cancer metastases likely 
increases with increasing radioiodine dose [19]. 
Iodine-123 also is preferred because of concerns 
that diagnostic doses of 131I may “stun” thyroid 
cancer cells [24]. Stunning potentially may lead 
to decreased uptake and a diminished therapeutic 
effect of the subsequent treatment dose of 131I 
[25]. Iodine-131 is used for a diagnostic whole 
body scans when 123I is not available or if the 
whole body scan will be used for formal dosim-
etry planning before treatment with 131I. To mini-
mize stunning, the administered 131I dose should 
be limited to less than 3 mCi [26], and the usual 
diagnostic dose of 131I is 1–2 mCi.

Patient preparation is important to ensure 
accurate results from a diagnostic whole body 
radioiodine scan [19]. The scan should be per-
formed only under conditions of TSH stimulation 
and iodine depletion. Patients should maintain a 
low-iodine diet for 7–14 days before the diagnos-
tic dose of radioiodine is administered and should 
be screened for other sources of iodine intake (see 
“Factors affecting thyroid studies,” Table 5.1). 
Patients with renal failure or on dialysis will need 
special planning. TSH stimulation could be 
accomplished with either withdrawal of thyroid 
hormone replacement therapy or  administration 
of recombinant TSH [23]. However, the use of 
recombinant TSH in preparation for either whole 
body scans or radioiodine therapy has not been 
validated for outcome in children.

Post-therapy whole body scans are performed 
3–7 days after administration of 131I therapy. 
Despite the poorer imaging characteristics of 131I, 
the post-therapy scan can be highly sensitive for 
sites of disease not identified with whole body 
imaging after a diagnostic dose of radioiodine 
[23, 27, 28]. This increased sensitivity probably 
reflects both the much higher administered dose 
of radioiodine and the altered biodistribution of 

131I that is seen many days after administration 
[28]. With increased time after administration, 
there will be washout of radioiodine from tis-
sues that trap, but do not organify iodine, such as 
salivary and lacrimal glands and gastric mucosa. 
With increased soft tissue clearance, there can be 
improved target-to-background ratio, so that sites 
of disease that have small size or limited radio-
iodine avidity may become detectable. After a 
few days, little radioiodine accumulation is seen 
in the genitourinary system, but persistent accu-
mulation of radioiodine is seen in bowel. This 
may be exacerbated by the slowed colonic tran-
sit resulting from hypothyroidism due to thyroid 
hormone withdrawal. Physiological radioiodine 
uptake in breast and thymus may be more appar-
ent on post-therapy scans. Diffuse liver uptake 
reflects accumulation and metabolism of thyro-
globulin and thyroid hormone. Thus, diffuse liver 
uptake is an indicator of functional thyroid tissue 
(either benign or malignant) that can synthesize 
thyroglobulin, but should not be interpreted to 
represent diffuse liver involvement with meta-
static disease [29].

Whole body scans are acquired with a high- 
energy collimator in place for 131I and a medium-
energy collimator in place for 123I [7]. Whole body 
imaging is usually performed as a whole body 
sweep, but in younger children, it may be easier to 
acquire multiple planar images rather than to 
attempt a single whole body sweep. Typically, the 
whole body scan sweep rate is adjusted to take 
40 min to image the entire body. If static planar 
images are to be used, images should be planned 
to acquire 300,000–500,000 counts. To assist in 
image comparison and interpretation, all planar 
images should be acquired for the same period of 
time. Some institutions routinely image the thy-
roid bed and neck with a pinhole collimator and 
may calculate thyroid bed radioiodine uptake as 
part of pre-therapy diagnostic imaging [22]. If for-
mal dosimetry is planned, then the whole body 131I 
images should include a standard, typically 0.05–
0.1 mCi 131I diluted in water or saline in a small, 
well- sealed flask. SPECT and SPECT/CT may be 
useful in some patients for detecting low-avidity 
lesions and for localizing sites of abnormal radio-
iodine uptake [30, 31].
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 Clinical Applications

 Congenital Hypothyroidism

Nuclear medicine has little role in the evalua-
tion of hypothyroidism but with one exception, 
the evaluation of congenital hypothyroidism. 
Congenital hypothyroidism is not common, 
with an incidence of approximately 1 in 3,000 
live births in North America [32]. However, it 
is an important public health concern because 
of the devastating neurocognitive impairment 
that results from untreated congenital hypothy-
roidism. Thyroid hormone is critical to normal 
brain development, and the absence of thyroid 
hormone during early life results in severe and 
irreversible neurological damage. Congenital 
hypothyroidism (endemic cretinism) is the 
 leading cause of preventable mental retardation 
worldwide. Because of this, all US states and 
Canadian provinces mandate newborn screen-
ing of all infants for congenital hypothyroidism. 
In much of the world, the primary cause of con-
genital hypothyroidism is endemic iodine defi-
ciency. In iodine-replete populations, such as in 
North America, congenital hypothyroidism typi-
cally is sporadic but rarely may reflect maternal 
iodine deficiency.

Treatment with early replacement of thy-
roid hormone is effective in allowing nor-
mal neurological development and has been 
shown to prevent the neurocognitive damage 
associated with hypothyroidism. The underly-
ing cause of congenital hypothyroidism does 
not determine the treatment and rarely influ-
ences the neurological outcome of congenital 
hypothyroidism. Therefore, in these patients, 
the priority is to provide adequate thyroid hor-
mone replacement before any attempt is made 
to determine the etiology of the congenital 
hypothyroidism.

Characterizing the underlying defect in thy-
roid function may help in predicting the need 
for lifelong therapy. Most sporadic cases of 
congenital hypothyroidism are associated with 
thyroid dysgenesis or thyroid ectopia. Thyroid 
dysgenesis is twice as common in female as 
male newborns [33]. Approximately 15 % of 

cases are familial, typically with autosomal 
recessive inheritance of a syndrome of thyroid 
dyshormonogenesis. Other cases may represent 
transient hypothyroidism due to transplacental 
passage of maternal blocking antibodies that 
inhibit the function of the TSH receptor [34]. 
Rarely, congenital hypothyroidism is the result 
of a pituitary or hypothalamic abnormality. Rare 
cases may be caused by thyroid hypoplasia due 
to congenital TSH deficiency or abnormal bind-
ing or signaling of the TSH receptor located on 
thyroid follicular cells.

The appropriate role for imaging in the man-
agement of congenital hypothyroidism is 
unclear [32, 35]. Some clinicians will treat con-
genital hypothyroidism presumptively with thy-
roid hormone replacement therapy for the first 
3 years of life, the critical period of neurologi-
cal development. Once the child reaches age 
three, thyroid hormone is discontinued or 
decreased in dose, and an elevation in TSH level 
interpreted as a sign of persistent congenital 
hypothyroidism. In some cases, measurement 
of a serum thyroglobulin level can be helpful in 
determining the presence of functional thyroid 
tissue. Some clinicians find it useful to demon-
strate the location and function of thyroid tis-
sue. Identification of thyroid absence or ectopia 
(a majority of cases in North America) will 
indicate a need for lifelong thyroid hormone 
replacement [36].

A thyroid scan with either 123I (Fig. 5.3) or 
99mTc-pertechnetate (Fig. 5.4) can be useful 
both to demonstrate the presence and loca-
tion of any functional thyroid tissue, as well 
as providing an indication of thyroid function. 
For example, rapid washout of 123I between 4 
and 24-h images suggests an error in iodine 
organification. Thus, 123I may be the preferable 
radiopharmaceutical for assessing congenital 
hypothyroidism. However, thyroid hormone 
replacement therapy should not be discontinued 
with the purpose of assessing thyroid function 
in an infant [32, 35]. Thyroid ultrasound can be 
helpful in confirming that the thyroid has nor-
mal morphology and location, but ultrasound 
is less sensitive for  localizing ectopic thyroid 
tissue and does not provide  information about 
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function. Infants with absent uptake on a thy-
roid scan should be evaluated by thyroid ultra-
sound. Other imaging tests, such as CT and 
MRI rarely, if ever, have a role in the evaluation 
of congenital hypothyroidism.

A young patient with no prior history of hypo-
thyroidism may present with an ectopic thyroid 
gland. Ectopic thyroid tissue can be found any-
where along the usual embryological migration 
pathway from the foramen cecum at the base 

Fig. 5.3 Lingual thyroid gland detected with an 123I scan. 
(a) In a patient with congenital hypothyroidism, a planar 
123I scan of the head and neck in the anterior projection 
demonstrates no thyroidal uptake in the expected location 
of the thyroid gland. A focus of intense radioiodine is 
located in the midline and superior to the neck. (b) 

External markers on the chin and at the upper sternal 
notch can be helpful for localization. (c) A planar image 
in a lateral projection demonstrates focal uptake in the 
region of the oropharynx. (d) External markers help con-
firm the likely location of the ectopic thyroid tissue to the 
base of the tongue
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of the tongue to the mediastinum, but develop-
ment of clinically identifiable thyroid tissue is 
rare. Occasionally, ectopic thyroid tissue rarely 
is  discovered elsewhere in the neck. Rarely, 
 multiple sites of ectopic thyroid tissue can be 
identified [37]. At least two-thirds of patients 
with a clinically apparent ectopic thyroid mass 
have no thyroid gland in the expected location 
in the thyroid bed. The most common present-
ing symptom is new awareness of a mass in the 
anterior neck or at the base of the tongue. Other 
presenting symptoms can include dysphagia, 
dysphonia, or hemorrhage from a lingual thyroid 
gland. Almost always, the growing thyroid tissue 
represents histologically benign thyroid tissue, 
but thyroid carcinoma has been reported in ecto-
pic thyroid tissue.

Unusual sites of ectopic thyroid tissue in the 
ovary (struma ovarii) and elsewhere in the abdo-
men and pelvis likely reflect ectopic develop-
ment of thyroid tissue and not abnormal 
migration from the foramen cecum [37]. These 
sites of abnormal thyroid tissue have a higher 
incidence of hyperfunction and malignancy. In 
cases of suspected ectopic thyroid, thyroid scin-

tigraphy can be helpful confirming that the mass 
represents functional thyroid tissue and at the 
same time can help determine if a normal thyroid 
gland is present [38].

 Evaluation of Hyperthyroidism

Thyroid hormone contributes to the regulation of 
metabolic activity throughout the body. Excess 
levels of thyroid hormone produce symptoms 
of hypermetabolism, such as heat intolerance 
and weight loss, and symptoms of adrenergic 
excess, such as tremor, hyperactivity, tachycar-
dia, palpitations, increased frequency of bowel 
movements, and sleep disturbance. In chil-
dren, other symptoms can include behavioral 
 disturbance, impaired school performance, and 
growth  disturbance [39–41]. The term thyro-
toxicosis refers to the clinical syndrome result-
ing from excess circulating levels of thyroid 
hormone.

Thyroid hormone excess can result from a 
variety of disorders (Table 5.2). With the excep-
tion of rare cases of secondary hyperthyroidism, 

a b

Fig. 5.4 Lingual thyroid gland detected with thyroid scan 
performed with [99mTc] sodium pertechnetate. (a) In a 
3-year- old boy with congenital hypothyroidism, a planar 
scan performed with [99mTc] sodium pertechnetate. 
A  planar image acquired in the anterior projection 
 demonstrates no thyroidal uptake in the expected location 

of the thyroid gland. Extensive and expected uptake is 
seen in salivary glands and in secretions in the oral and 
nasal cavities. Above the neck, a midline focus of uptake 
is at a typical location for a lingual thyroid gland. 
(b) A planar image acquired in a lateral projection 
 confirms the location of an ectopic lingual thyroid gland
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elevated levels of thyroid hormone suppress 
secretion of thyroid-stimulating hormone (TSH) 
through the process of negative feedback on the 
hypothalamic-pituitary-thyroid axis. Strictly 
speaking, the term hyperthyroidism refers only 
to the overproduction of thyroid hormone by 
thyroid tissue, but any inappropriate elevation 
of circulating thyroid hormone sometimes is 
referred to as hyperthyroidism. The diagnoses 
of thyrotoxicosis and hyperthyroidism are based 
on clinical findings and blood tests (plasma T4, 
T3, and TSH). Determination of radioiodine 
uptake and thyroid scintigraphy can further 
characterize the underlying cause of the thyro-
toxicosis, which is useful in guiding appropriate 
therapy.

Thyrotoxicosis can result from hyperthyroid-
ism due to overproduction of thyroid hormone 
by a toxic goiter (Graves’ disease), a toxic 
 thyroid nodule, or a toxic multinodular goiter. 
These conditions are characterized by increased 
thyroid uptake of iodine in the overactive thyroid 
tissue. Graves’ disease represents autonomous 
thyroid hyperfunction due to circulating stimu-
lating antibodies directed against the TSH recep-
tor on the cell surface of thyroid follicular cells. 
The resulting hyperthyroidism produces hyper-
thyroxinemia with subsequent suppression of 

TSH levels. Most cases of Graves’ disease are 
characterized by elevated circulating levels of 
both levothyroxine (T4) and triiodothyronine 
(T3). However, occasional patients with Graves’ 
disease may have elevated T3 levels without T4 
elevation [39], which sometimes is referred to as 
“T3 toxicosis.”

In patients with Graves’ disease, autonomous 
thyroid function almost always is associated 
with increased radioiodine uptake. While assess-
ing thyroid radioiodine uptake, most institutions 
will perform thyroid scintigraphy to assess the 
functional structure of the thyroid gland 
(Figs. 5.5 and 5.6). Occasional mild cases of 
Graves’  disease may be associated with “nor-
mal” radioiodine uptake (Fig. 5.7). However, in 
the absence of circulating TSH, a normal radio-
iodine uptake is inappropriately normal and still 
consistent with Graves’ disease. Other causes of 
a normal  radioiodine uptake in Graves’ disease 
include recent iodine intake (Table 5.1) or 
administration of radiographic contrast. 
Thyrotropin receptor antibodies (TRAb) or thy-
roid-stimulating antibodies (TSAb) may be 
assayed in patients with suspected Graves’ dis-
ease, but these assays may have a false-negative 
rate of 10–20 %. These antibody assays are 
rarely necessary as the combination of thyrotoxi-
cosis and an elevated (or inappropriately normal) 
radioiodine uptake is virtually diagnostic of 
Graves’ disease [42]. While assessing thyroid 
radioiodine uptake, most institutions will per-
form thyroid scintigraphy to exclude either an 
autonomous or a hypofunctioning thyroid nodule 
(Fig. 5.8). Although cold nodules are an infre-
quent finding in the setting of Graves’ disease, 
some reports have suggested that they may have 
an increased likelihood of malignancy or aggres-
sive clinical features [39].

Autonomous thyroid nodules [39–41], 
whether solitary or within a multinodular goiter, 
produce elevated thyroid hormone levels that 
will suppress TSH levels. With the absence of 
TSH stimulation, the function of the remaining 
nonautonomous thyroid tissue is suppressed, 
and it will demonstrate decreased radioiodine 
uptake on thyroid scintigraphy. The resulting 
pattern of autonomous radioiodine uptake in the 

Table 5.2 Thyrotoxicosis in children

Cause Typical thyroid radioiodine 
uptake

Graves’ disease Autonomous  
(usually elevated)

Toxic (“hot”) nodule Autonomous uptake in the 
nodule (with suppression of 
normal thyroid tissue)

Toxic multinodular 
goiter

Autonomous uptake in 
overactive nodules (with 
suppression of normal 
thyroid tissue)

Subacute thyroiditis Decreased
Chronic thyroiditis 
(“hashitoxicosis”)

Decreased

Factitious thyrotoxicosis 
(excess thyroxine intake)

Suppressed

Secondary thyrotoxicosis 
(elevated TSG, hCG)

Elevated

Ectopic thyroid tissue Suppressed
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nodule with suppression of uptake in the remain-
ing thyroid tissue is that of a “hot nodule” 
(Fig. 5.9). Other thyroid nodules may have mild 
autonomous overactivity, but, without suppres-
sion of TSH levels, the radioiodine uptake in the 
nodule will be similar to the surrounding thyroid 

tissue; these are “warm” thyroid nodules 
(Fig. 5.10)

Other causes of thyrotoxicosis [39–41] typi-
cally are associated with decreased iodine uptake 
throughout the thyroid gland. The combina-
tion of thyrotoxicosis with suppressed thyroid 

a b c

Fig. 5.6 Thyroid scintigraphy in Graves’ disease. 
A 15-year-old male developed palpitations and heat 
 intolerance and was diagnosed with hyperthyroidism 
(TSH <0.001 mU/l, free T4 >7.5 ng/dl). Iodine-123 
 scintigraphy was performed with pinhole images of the 
thyroid gland acquired in the anterior (a), left anterior 

oblique (b), and right anterior oblique (c) projections. 
There is diffuse or mildly heterogenous uptake in both 
enlarged thyroid lobes and in a long pyramidal lobe that 
extends along the anterior neck. Radioiodine uptake was 
79 % at 4 h and 82 % at 24 h. He was treated successfully 
with 18 mCi 131I

a b c

Fig. 5.5 Thyroid scintigraphy in Graves’ disease. In a 
15-year-old female with Graves’ disease of 2 years dura-
tion, thyroid scintigraphy was performed with 123I. Pinhole 
images acquired in the anterior (a), left anterior oblique 
(b), and right anterior oblique (c) projections demonstrate 

a symmetrically enlarged thyroid gland with diffuse or 
mildly heterogenous iodide uptake. The thyroid isthmus 
and a small pyramidal lobe can be identified. Radioiodine 
uptake was 85 % at 4 h and 83 % at 24 h. The patient was 
treated successfully with 15 mCi 131I
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a b c

Fig. 5.7 Thyroid scintigraphy in Graves’ disease with 
inhibited radioiodine uptake. An 11-year-old girl with 
Graves disease previously had been treated with oral 
antithyroid medications and then had been in remission 
without therapy for 2 years. After recurrence of Graves’ 
disease (TSH 0.009 mU/l, free T4 1.95 ng/dl), thyroid 
scintigraphy was performed with 123I. Pinhole images 
acquired in the anterior (a), left anterior oblique (b), and 
right anterior oblique (c) projections demonstrate patchy 
uptake throughout an enlarged thyroid gland. Radioiodine 
uptake was only 14 % at 4 h and 24 % at 24 h. The uptake 

was inappropriately normal in the absence of circulating 
TSH. The differential includes thyroid hormone ingestion, 
recurrent Graves’ disease complicated by self-treatment 
with antithyroid medication, iodine ingestion, and mild 
Graves’ disease. Further investigation revealed that the 
patient was taking an unreported dietary supplement that 
contained an unexpectedly high level of iodine. Three 
months after discontinuation of the supplement, radioio-
dine uptake increased to 53 % at 4 h and 61 % at 24 h, the 
patient was treated with 20 mCi 131I

a b c

Fig. 5.8 Thyroid scintigraphy of papillary thyroid cancer 
in a patient with Graves’ disease. An 12-year-old girl with a 
sore throat was found to have an enlarged thyroid gland and 
thyrotoxicosis (TSH <0.001 mU/l, free T4 2.8 ng/dl). 
Physical examination by an endocrinologist revealed an 
enlarged thyroid with a palpable nodule in the lower pole of 
the right lobe. Iodine-123 scintigraphy with pinhole images 
of the thyroid gland acquired in the anterior (a), left anterior 
oblique (b), and right anterior oblique (c) projections 

showed a bilaterally enlarged and symmetrical thyroid 
gland, with slightly patchy tracer uptake and prominent 
uptake in a pyramidal lobe. There is minimal uptake in the 
palpable nodule at the lower pole of the right lobe of the 
gland. The nodule was evaluated by fine-needle aspiration 
under ultrasound guidance, and cytology was suspicious for 
papillary carcinoma. After treatment with methimazole and 
SSKI, a total surgical thyroidectomy was performed, and 
pathology showed a 1.2 cm papillary thyroid carcinoma
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uptake most commonly represents either a sub-
acute or chronic thyroiditis (Fig. 5.11). Subacute 
 thyroiditis represents an autoimmune-mediated 
inflammation, and possible destruction, of the 
thyroid gland. There are various  subgroupings 
and categorizations of subacute thyroiditis, 
such as painless or painful and lymphocytic or 

 granulomatous, but all appear similar on thy-
roid scintigraphy. Postpartum thyroiditis is a 
common cause of painless thyroiditis. Chronic 
thyroiditis, also called Hashimoto’s thyroiditis, 
is characterized by autoimmune inflammation 
and destruction of the thyroid gland that usually 
results in hypothyroidism, but a subset of patients 

a b c

Fig. 5.9 Thyroid scintigraphy of an autonomous (“hot”) 
thyroid nodule. A 13-year-old girl with an enlarged left 
thyroid lobe was found to have hyperthyroidism (TSH 
<0.005 mU/l, free T4 1.7 ng/dl). Iodine-123 scintigraphy 
was performed with pinhole images of the thyroid gland 
acquired in the anterior (a), left anterior oblique (b) and 

right anterior oblique (c) projections. There is mildly het-
erogenous and intense uptake in a large nodule in the left 
lobe of the thyroid gland. There is minimal uptake in the 
normal thyroid gland. Radioiodine uptake was 30 % at 4 h 
and 51 % at 24 h. Surgical thyroidectomy was performed 
and pathology showed benign nodular hyperplasia

a b c

Fig. 5.10 Thyroid scintigraphy of a “warm” thyroid nod-
ule. In a 14-year-old girl with a palpable thyroid nodule 
and subclinical hyperthyroidism with free T4 1.24 ng/dl 
(reference 0.8–1.9 ng/dl) and TSH 0.3 mU/l (reference 
0.7–5.0 mU/l), ultrasound demonstrated a 3 cm nodule in 
the upper pole of the right lobe of the thyroid gland. 
Iodine-123 scintigraphy was performed with pinhole 
images of the thyroid gland acquired in the anterior (a), 

left anterior oblique (b), and right anterior oblique 
(c)  projections. There is increased uptake within the 
 nodule in the upper region of the right lobe of the thyroid, 
but there is no suppression of the rest of the normal 
appearing thyroid gland. Fine-needle aspiration revealed 
benign cytology, and the patient and her family have opted 
for close clinical follow-up
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 developed transient thyrotoxicosis (some-
times called “hashitoxicosis”) characterized by 
decreased radioiodine uptake. Acute thyroiditis, 
by comparison, refers to a suppurative infection 
of the thyroid, an extremely rare condition that is 
associated with a heterogeneous pattern of radio-
iodine uptake.

Suppressed radioiodine uptake has a broad 
differential beyond thyroiditis (Table 5.3). 
Other causes of thyrotoxicosis with suppressed 
 radioiodine uptake include excess intake of thy-
roid hormone (thyrotoxicosis factitia) and ectopic 
thyroid tissue. Factitious thyrotoxicosis has been 
reported with inappropriate intake of  thyroid 
hormone in misguided attempts at weight loss or 
energy stimulation, unintentional intake in non-
traditional diet supplements containing thyroid 
hormone or the result of contamination of meat 
products with bovine or porcine thyroid tissue 
(“hamburger thyrotoxicosis”), and, in children, 
surreptitious ingestion of thyroid  medications 
prescribed for family members. Ectopic  thyroid 
tissue, such as struma ovarii or  functional 
 metastatic thyroid cancer, is rare but can dem-
onstrate TSH- independent autonomy with sup-
pression of a normal thyroid gland. Decreased 
or absent radioiodine uptake is seen with hypo-
thyroidism and in patients with thyroid tissue 

absent due to surgery or radioiodine ablation. 
Antithyroid medications will decrease radioio-
dine uptake, so that these medications must be 
discontinued (typically for 3 days) before thy-
roid scintigraphy or determination of radioiodine 
uptake. Prior to performing thyroid scintigraphy, 
it is important to obtain a thorough dietary and 
medical history and to delay the study if appro-
priate (Table 5.1).

a b c

Fig. 5.11 Thyroid scintigraphy of subacute thyroid-
itis. A 14-year-old girl with sweating and hot flashes 
was found to have a suppressed TSH (0.2 mU/l) and 
elevated total T4 level (14.7 mcg/dl). There was no thy-
roid tenderness. After administration of 123I, radioio-
dine uptake was 5 % at 4 h and 3 % at 24 h. Scintigraphy 
performed with pinhole images of the thyroid gland 

acquired in the anterior (a), left anterior oblique (b), 
and right  anterior oblique (c) projections showed mini-
mal uptake in a symmetrical thyroid gland. Symptoms 
of sweating and hot flashes responded to symptomatic 
therapy, and the patient eventually developed chronic 
hypothyroidism

Table 5.3 Causes of decreased thyroid radioiodine 
uptake

Thyrotoxicosis
 Subacute thyroiditis (lymphocytic)
 Subacute thyroiditis (granulomatous)
 Subacute phase of chronic thyroiditis
 Factitious thyrotoxicosis
 Ectopic thyrotoxicosis
Increased iodine intake/administration
 Iodine-rich diet
 Iodine-containing medications/supplements
 Intravenous iodinated radiological contrast
Hypothyroidism
 Autoimmune hypothyroidism
 Athyreosis/ectopic thyroid gland
 Prior thyroidectomy
 Prior thyroid ablation
Antithyroid medications
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 Treatment of Hyperthyroidism

Treatment of thyrotoxicosis depends upon the 
underlying mechanism of thyroid hormone 
excess. No definitive therapy is available for thy-
roiditis, and possible medical therapy includes 
symptomatic therapy, such as beta-blockers, to 
decreased cardiac awareness and palpitations. On 
the other hand, the options for treatment of hyper-
thyroidism [39–42] include medical therapy, 
radioiodine therapy [43], and surgery [44]. The 
treatment plan must be developed in consultation 
with the patient and family, and usually is made 
in collaboration with the referring physician.

For most patients with hyperthyroidism due to 
Graves’ disease or an autonomous thyroid  nodule, 
medical therapy is the preferred first choice for 
therapy. The thionamides (propylthiouracil, 
methimazole) have an antithyroid effect and can 
be highly effective for the treatment of hyperthy-
roidism. In children with Graves’ disease, up to 
one-third of patients may obtain disease remis-
sion within 2 years of starting  antithyroid medi-
cations. Other patients can use these medications 
for long-term control of the hyperthyroidism, and 
some may achieve long-term remission. However, 
up to a third of children that go into remission 
may relapse [45]. Due to recent reports of hepa-
totoxicity associated with the use of propylthio-
uracil (PTU) in pediatric patients, methimazole 
has become the antithyroid medication of choice 
for children. PTU should not be the first drug of 
choice, and long-term PTU therapy should never 
be used in children [46]. However, PTU may have 
a very limited short-term role during the first tri-
mester of pregnancy and in the treatment of thy-
roid storm [47]. Other supportive therapies, such 
as beta-blockers to lessen cardiac symptoms, also 
may be helpful early in treatment [40, 47].

Many patients experience good clinical results 
with medical treatment of hyperthyroidism. 
However, patients can have difficulty with the 
strict regimen of taking medication two to four 
times a day, and poor compliance can result in 
suboptimal control or treatment failure. Up to 
one-quarter of patients may develop minor side 
effects, such as pruritus, hives, myalgias, arthral-
gias, mild increases in liver enzymes, or mild 

decreases in white blood cell count [40]. Severe 
or life-threatening side effects of antithyroid 
medications are rare (probably less than 5 %) but 
include severe hepatotoxicity and bone marrow 
suppression [48, 49]. Unlike the hepatocellu-
lar injury and liver failure associated with PTU, 
cholestasis is more likely to be associated with 
methimazole [50]. Patients who do not achieve 
adequate long-term disease control or have medi-
cation side effects usually seek definitive therapy. 
Definitive therapy, with either surgery or radio-
iodine therapy, likely will result in permanent 
hypothyroidism requiring lifelong thyroid hor-
mone replacement therapy.

Although surgical thyroidectomy was the first 
definitive therapy developed for hyperthyroid-
ism, it is now rarely the first treatment of choice. 
Possible risks of thyroidectomy include anesthe-
sia complications, damage to the recurrent laryn-
geal nerve, hypoparathyroidism due to inadvertent 
injury or removal of the parathyroid glands, and 
bleeding necessitating reoperation. These risks 
should be extremely low with an experienced 
thyroid surgeon. Surgical thyroidectomy may be 
the choice for definitive therapy in selected cir-
cumstances, including failed radioiodine therapy, 
pregnancy with intolerance or allergy to antithy-
roid medications, or for women planning a preg-
nancy in less than 4–6 months. Surgical therapy 
also will be the first choice for treatment of 
Graves’  disease when concurrent thyroid malig-
nancy is documented by cytopathology or sus-
pected in a concurrent nonfunctioning thyroid 
nodule (Fig. 5.8) [47]. Surgical therapy may be 
an appropriate first choice for treatment of an 
autonomous (“hot”) thyroid nodule (Fig. 5.9), 
particularly if the nodule is large enough to cause 
compressive symptoms, if there are concomitant 
nonfunctioning thyroid nodules, or for cosmetic 
reasons.

 Radioiodine Therapy 
for Hyperthyroidism

Radioiodine therapy has been used for over 
65 years for the treatment of hyperthyroidism [1, 
2, 51, 52]. Iodine-131, administered as [131I] 
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sodium iodide, is effective for treatment of both 
Graves’ disease and toxic thyroid nodules [53]. 
After administration of adequate 131I radioiodine 
therapy, approximately three-quarters of patients 
with Graves’ disease will be euthyroid within 
2 months, and over 90 % eventually will achieve 
hypothyroidism. Although some attempts have 
been made to carefully titrate the radioiodine 
dose in an effort to achieve post-therapy euthy-
roidism, this approach had an increased risk of 
disease recurrence, and the current consensus is 
to aim for thyroid ablation as definitive therapy of 
Graves’ disease.

Although rare in young children (less than 
5 years of age), Graves’ disease can occur in this 
age group. Some clinicians advocate against radio-
iodine therapy in these very young  children due to 
concerns about radiation risk, but the complica-
tion rate of surgical thyroidectomy also is greater 
in children than adults. Young children provide 
a challenge for radiation safety, as they require 
closer involvement with caretakers and may not 
yet be toilet trained. Therefore, it is preferable that 
the few young children requiring treatment for 
Graves’ disease be treated with antithyroid medi-
cations until old enough for definitive therapy. 
However, when indicated, radioiodine therapy can 
be used in young  children [42, 47].

For treatment of hyperactive thyroid nod-
ules, radioiodine therapy may be the preferred 
therapy for a small nodule or in a patient with a 
higher surgical risk [53, 54]. Ablation of hyper-
active thyroid tissue allows TSH levels return to 
normal with subsequent return of normal thy-
roid function [55]. The response to radioiodine 

therapy is more rapid with a single toxic nod-
ule. Three- quarters of patients will reach euthy-
roidism within 3 months after treatment for a 
single nodule and within 6 months after treat-
ment for a toxic multinodular goiter. A small 
number of patients will develop hypothyroid-
ism within the first year, but nearly two-thirds 
of patients treated as children may develop 
hypothyroidism by two decades [56, 57]. Some 
clinicians prefer to not use radioiodine for treat-
ment of thyroid nodules due to concerns about 
the theoretical risks of radiation exposure to the 
rim of normal thyroid tissue adjacent to the 
treated nodule.

Many approaches have been advocated for 
choosing the appropriate administered dose of 
131I for the treatment of hyperthyroidism [53, 
58–60]. Some practitioners have administered 
the same empiric dose of 131I, typically ranging 
between 5 and 29 mCi, to every patient. Another 
approach has been to correct an empiric dose for 
the measured uptake of radioiodine as deter-
mined by a prior radioiodine uptake measure-
ment. For example, the intended goal may be to 
achieve delivery of 8 or 12 mCi of 131I to the 
thyroid gland. However, both of these approaches 
seem less appropriate for pediatric patients, and 
ideally, the administered dose of 131I is adjusted 
for both thyroid size and radioiodine uptake. 
The effectiveness of radioiodine therapy 
depends upon an adequate radiation dose to the 
thyroid gland. Usually, this can be achieved with 
an administered dose of 0.08–0.22 mCi per 
gram of thyroid, corrected for  thyroid uptake 
[51, 53].
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Thyroid radioiodine uptake (ranging between 
0.00 and 1.00) is determined 24 h after oral admin-
istration of a small dose of 123I (see section “Thyroid 
Uptake”). Estimated thyroid size is determined by 
physical examination of the neck by an experienced 
clinician. Imaging studies, such as ultrasound or 
CT, are not reliable methods for estimating thyroid 

gland size. A dose at the higher range (0.2 mCi/g) is 
used for younger patients (i.e., most pediatric 
patients), if the gland is relatively large, or when 
there has been prior failure of radioiodine therapy. 
The higher dose also is used when the thyroid has a 
high iodine turnover, demonstrated by 24 h radioio-
dine uptake less than the 4-h radioiodine uptake. In 
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children, the administered dose of 131I should not be 
decreased solely based on age, as this risks under-
treatment and the need for additional doses of 
radioiodine therapy [47, 53].

Most guidelines recommend a low-iodine diet 
for at least 2 weeks before administration of radio-
iodine. This should include maintaining a low-salt 
diet, as salt may be supplemented with iodine. 
Although there is little evidence that a strict low-
iodine diet improves outcome, substantial prior 
iodine intake will decrease radioiodine uptake, 
even in a thyroid gland with Graves’ disease. As 
this can decrease uptake of the therapeutic dose 
and could require administration of a larger dose 
of 131I to achieve adequate thyroid uptake of the 
therapeutic dose, it is most important to avoid 
sources of large doses of iodine, such as iodine-
containing medications and iodinated radiological 
contrast. Unless contraindicated, most patients 
will have received treatment with antithyroid 
medications prior to radioiodine therapy. These 
medications should be  discontinued 3–5 days 
before administration of radioiodine [47, 53]. 
Typically, patients will discontinue antithyroid 
medications at least 3 days before the pretreat-
ment thyroid scintigraphy and uptake. In some 
patients, antithyroid medications will be restarted 
3–7 days after radioiodine administration.

Radioiodine therapy has a number of side 
effects and risks [53] that should be discussed 
with the patient and family before making a deci-
sion to use radioiodine therapy. Transient wors-
ening of hyperthyroidism may occur due to 
withdrawal of antithyroid medications or due to a 
potential unregulated release of thyroxine during 
the inflammatory response to 131I. Persistent or 
recurrent hyperthyroidism occurs in less than 
10 % of patients. Patients must understand that 
the goal of 131I therapy is permanent hypothyroid-
ism, which will require lifelong thyroid hormone 
replacement therapy. Another potential short-
term complication is thyroid or salivary gland 
pain, which usually responds to over-the- counter 
anti-inflammatory agents. Long-term salivary 
damage is possible but very unlikely at the radio-
iodine doses used to treat Graves’ disease. Many 
authorities recommend sour candies or tart juice 
to increase salivary flow with the goal of decreas-

ing 131I residence time in the salivary glands. 
Typically, this is started soon after administration 
of the radioiodine dose, but some studies suggest 
that the start of these agents be delayed for 24 h 
after 131I administration. Antiemetics may be use-
ful in children. As the mass of administered 
iodine is less than 1 microgram, allergy to iodine 
is not a contraindication to radioiodine therapy. 
There has been concern that radioiodine therapy 
may lead to a worsening of thyroid 
 ophthalmopathy. More recent findings suggest 
that the incidence of new eye disease or worsen-
ing of know eye disease is no greater with radio-
iodine than other forms of therapy and that early 
post-therapy thyroid hormone replacement is 
important in limiting Graves’ ophthalmopathy 
[61]. As a general rule, definitive therapy of 
Graves’ disease should not be delayed due to con-
cerns about thyroid ophthalmopathy. However, it 
is important that patients with eye findings receive 
appropriate ophthalmological care.

The potential risk of carcinogenesis after 
radioiodine therapy should be discussed with 
a patient and family. Long-term studies of 
large medical registries, mostly in the USA and 
Scandinavia, have produced conflicting results 
about the risk of cancer after 131I therapy [62–66]. 
Although an increase in overall risk of cancer 
has not been clearly demonstrated, there may 
be a small increase in the risk of solid tumors in 
tissues that may have the greatest iodine accu-
mulation, such as stomach, kidney, and breast. 
A possible increased risk of thyroid cancer 
reported by some early studies probably reflects 
the use of relatively low doses of 131I resulting 
in incomplete thyroid ablation [47]. Prior con-
cerns regarding leukemia risk after radioiodine 
therapy for hyperthyroidism have not been con-
firmed with any of these more recent studies. In 
patients receiving radioiodine for treatment of 
an autonomous thyroid nodule, there is concern 
about the theoretical risk of radiation exposure to 
the rim of normal thyroid adjacent to the nodule. 
Because of this, it may be appropriate to delay 
radioiodine therapy of a thyroid nodule, possibly 
until the patient reaches adulthood.

Pregnancy is an absolute contraindication 
to radioiodine therapy, and pregnancy must 

F.D. Grant and S.T. Treves



117

be excluded before a therapeutic dose of 131I is 
administered to a female patient. Most hospi-
tals have clear policies regarding the timing of 
pregnancy testing in female children before 
radioiodine therapy. Gonadal radiation dose is 
enhanced with accumulation of 131I in the blad-
der, so patients should be encouraged to drink 
copiously during the first few days after radio-
iodine administration. There is no evidence of 
teratogenesis or other adverse outcomes in future 
offspring conceived after administration of radio-
iodine therapy. Many guidelines recommend 
that pregnancy be delayed for a period of time, 
typically 3–6 months, after therapy with 131I [53]. 
Similarly, breastfeeding must be discontinued 
prior to radioiodine therapy. There is no contrain-
dication to breastfeeding children that are born of 
subsequent pregnancies.

Radioiodine is not indicated for some forms of 
thyrotoxicosis. Radioiodine is not effective in the 
treatment of any form of thyroiditis. The  minimal 
iodine uptake associated with thyroiditis means 
that little of the administered radioiodine would 
be taken up in the thyroid gland. More impor-
tantly, subacute thyroiditis and chronic thyroiditis 
are self-limited processes of thyroid inflamma-
tion, and treatment with 131I will have little effect 
on the course of the disease.

Radioiodine therapy should never be used for 
acute treatment of thyroid storm. The beneficial 
effects of radioiodine therapy occur over months, 
which is not rapid enough to serve as a useful 
treatment of thyroid storm. The inflammatory 
response to radioiodine may cause release of addi-
tional thyroid hormone, which potentially could 
worsen the thyrotoxicosis. Many patients with 
thyroid storm will have received large doses of 
nonradioactive iodine in an attempt to transiently 
decrease thyroid hormone secretion (the Wolf-
Chaikoff effect), which will limit thyroid uptake 
of administered radioiodine. Finally, adminis-
tration of a therapeutic dose of radioiodine will 
necessitate radiation safety precautions, which 
may interfere with the intensive medical and nurs-
ing care needed by a patient with thyroid storm. 
Thus, requests for radioiodine therapy should be 
strongly resisted, and 131I should never used for 
the acute treatment of thyroid storm.

 Thyroid Nodules

Thyroid nodules, and their appropriate evalua-
tion, are important because of the concern that 
they may represent thyroid cancer. Thyroid nod-
ules are a frequent finding on physical examina-
tion. Incidental thyroid nodules can be identified 
on any study that includes the thyroid gland in the 
field of view, including neck ultrasound and chest 
CT. Up to one-third of all women in North 
America may have an identifiable thyroid nodule 
at some time in their lives. However, thyroid can-
cer is rare, with approximately 40,000 new cases 
per year diagnosed in the USA [67]. A thyroid 
nodule is more likely to represent thyroid cancer 
in the elderly and in children. Other risk factors 
that increase the likelihood of  thyroid cancer 
include a hard, fixed nodule, lymphadenopathy, 
hoarseness, and dysphagia, but even most of 
these thyroid nodules will not be cancerous. Prior 
neck irradiation is a risk factor for thyroid cancer, 
but even with prior radiation therapy, there is 
only a 50 % likelihood that a thyroid nodule rep-
resents cancer. Therefore, the challenge is the 
effective and efficient evaluation of a large num-
ber of thyroid nodules to identify the small frac-
tion that do represent thyroid cancer. Incidental 
thyroid nodules may be identified on FDG-PET 
[68, 69]. Little data is available for children, but 
for all ages, focal FDG uptake in the thyroid 
gland is quite likely to represent thyroid cancer 
and deserves further evaluation.

Thyroid scintigraphy has little role in the eval-
uation of most thyroid nodules [21, 70]. In the 
past, characterizing thyroid nodule activity by 
scintigraphy was an important part of determin-
ing the risk that the nodule represented thyroid 
cancer. An autonomous (“hot”) nodule (Fig. 5.9) 
almost never represents thyroid cancer, while 
cancer cannot be excluded in a thyroid nodule 
with any other pattern (“not hot”) of uptake. 
Thus, thyroid nodules with uptake that is less 
than (“cold”, Fig. 5.12) or similar to (“warm,” 
Fig. 5.10) normal thyroid tissue must undergo 
further evaluation to exclude cancer. Rarely, a 
hypofunctioning thyroid nodule may represent a 
parathyroid adenoma or metastases of a nonthy-
roidal cancer. Therefore, thyroid scintigraphy 
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will be useful for excluding cancer in only the 
small fraction (<10 %) of thyroid nodules that 
have autonomous function. With hot nodules, the 
autonomous secretion of thyroid hormone from 
the nodule suppresses normal thyroid function by 
suppressing TSH secretion. Therefore, thyroid 
scintigraphy can be useful for thyroid nodule 
evaluation only in those patients with a sup-
pressed TSH level. In all other cases, thyroid 
scintigraphy usually should not be performed, 
and a thyroid nodule should be evaluated by fine- 
needle aspiration, typically under ultrasound 
guidance. In the absence of a suppressed TSH 
level, thyroid scintigraphy should be considered 
only in unusual circumstances, such as a patient 
with a medical contraindication to fine-needle 
aspiration.

 Thyroid Cancer

Nearly all thyroid cancer is categorized as 
 differentiated thyroid cancer. Anaplastic thyroid 
cancer is exceedingly rare in children, but other 
uncommon forms of thyroid cancer, such as med-
ullary thyroid cancer, can occur in children and 
young adults. The two major histological types of 

differentiated thyroid cancer are papillary thyroid 
cancer and follicular thyroid cancer. Most differ-
entiated thyroid cancer is iodine avid and so can 
be imaged with radioiodine imaging and treated 
with 131I.

Thyroid cancer is the most common endo-
crine malignancy in children and young adults. 
It represents over 3 % of all cancers diagnosed 
before the age of 20 years [67]. It is more com-
mon in teenagers than younger children, and it is 
five times more common in females than males. 
As in adults, the incidence of pediatric thyroid 
cancer has increased over the past few decades. 
Compared to adults, children with thyroid can-
cer are more likely to have widespread disease 
[71]. Although less common in children under 
the age of 10 years, thyroid cancer appears to be 
particularly aggressive in younger children, with 
higher rates of recurrence and mortality. Children 
are more likely than adults to have multifocal dis-
ease (up to 40 %) and disease spread to lymph 
nodes (greater than 50 %). Up to 30 % of all 
children with differentiated thyroid cancer will 
have distant metastatic disease, with half hav-
ing metastases at the time of diagnosis. The most 
common site for distant metastases is the lungs. 
More than half the cases of lung metastases will 

a b c

Fig. 5.12 Thyroid scintigraphy of a “cold” thyroid nod-
ule. A 15-year-old female was found to have a thyroid 
nodule during a preoperative evaluation, and ultrasound 
confirmed a 2 cm nodule with mixed solid and cystic com-
ponents in the lower pole of the left lobe of the thyroid 
gland. Thyroid function tests showed a TSH level of 
0.95 mU/l (reference 0.7–5.0 mU/l). Iodine-123 scintigra-
phy was performed with pinhole images of the thyroid 

gland acquired in the anterior (a), left anterior oblique (b), 
and right anterior oblique (c) projection. The thyroid 
gland has a normal size and shape, with an ovoid region of 
photopenia corresponding to the palpable thyroid nodule 
in the lower pole of the left lobe. Radioiodine uptake was 
11 % at 4 h and 28 % at 24 h. A surgical hemithyroidec-
tomy was performed and the nodule had benign 
pathology
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be micrometastases that are not evident of chest 
CT, but are detectable by radioiodine whole 
body scans [72]. Up to a third of thyroid cancer 
patients develop recurrent disease, and two-thirds 
of those will recur in the thyroid bed or cervi-
cal lymph nodes. However, one-third will recur 
with distant metastases, which is a risk factor for 
decreased survival [73].

 Therapy of Thyroid Cancer
The primary treatment for thyroid cancer is sur-
gical resection. Ideally, a near-total thyroidec-
tomy will be performed. Compared to unilateral 
hemithyroidectomy, a bilateral thyroidectomy 
is associated with a lower rate of disease recur-
rence and an improved tumor-free survival rate 
[74, 75]. In some centers, patients with a lower 
risk of cancer may have surgical resection of the 
primary nodule and a hemithyroidectomy, with 
a completion thyroidectomy performed only if 
histology demonstrates cancer. Adjuvant che-
motherapy or external beam radiation has little 
benefit for the treatment of differentiated thyroid 
cancer. Effective post-thyroidectomy treatments 
include TSH suppression with levothyroxine, 
surgical re-exploration of the neck, and 131I ther-
apy. Iodine-131 therapy increases recurrence-
free survival and may increase overall survival. 
Iodine-131 is used for three indications: ablation 
of a thyroid remnant, treatment of residual dis-
ease, and treatment of metastatic disease.

Radioiodine ablation of postsurgical remnant 
thyroid tissue decreases recurrence of differen-
tiated thyroid cancer [71, 76, 77], probably by 
treating microscopic sites of disease. Remnant 
ablation also facilitates post-therapy scanning 
for detecting disease and permits serum thyro-
globulin to be used as a noninvasive marker to 
assess for disease recurrence [26]. Most guide-
lines recommend radioiodine remnant ablation 
in all except the very lowest-risk patients. These 
very low-risk patients are those who had a com-
plete thyroidectomy with favorable histology, a 
single small (e.g., less than 1 cm) tumor, no local 
invasion, and no lymph node involvement. The 
typical adult 131I dose for remnant ablation is 
30–100 mCi, which can be scaled by patient size 

for younger patients [78]. However, treatment 
with less than 30 mCi is associated with a high 
failure rate, which results in the patient requiring 
a second dose of 131I for remnant ablation [73]. 
In patients with known locoregional disease, 
remnant ablation can be combined with the first 
radioiodine therapy administered with therapeu-
tic intent.

For treatment of residual neck disease or met-
astatic disease, the administered dose of 131I is a 
clinical and dosimetric decision. The adminis-
tered dose may depend on histology, extent of 
disease, location of metastases (lymph nodes, 
lung, or bone), and any prior therapy. There are 
multiple empiric approaches for determining the 
dose of 131I [79], but most approaches typically 
use an adult dose of between 100 and 300 mCi 
per administration, which can be scaled based on 
patient size [78]. There is a wide variation in the 
frequency of 131I treatment, but, for most patients, 
repeated radioiodine therapy is performed as 
long as iodine-avid disease is present. For physi-
cians with limited experience in treating thyroid 
cancer, particularly in children, the most appro-
priate approach may be to provide treatment in 
collaboration with a more  experienced physician 
or by referral to an institution with expertise in 
pediatric thyroid cancer.

An elevated circulating TSH level (typically 
greater than 30 mIU/ml) is needed to ensure 
adequate uptake of a therapeutic 131I dose. This 
can be accomplished by withdrawing thyroid 
hormone replacement therapy for approximately 
2–6 weeks prior to the anticipated treatment date. 
Although some adults may require up to 6 weeks 
to reach an adequate TSH level, young children 
may require as little as 1–2 weeks. Typically, 
thyroid hormone withdrawal is managed by 
the referring or treating physician. Patients and 
families should be advised that the patient will 
develop some symptoms of hypothyroidism dur-
ing this time. If thyroid hormone will be with-
drawn for a long period of time, some clinicians 
will treat with triiodothyronine (T3) for the first 
few weeks of thyroid hormone withdrawal [23]. 
As T3 has a shorter half-life than T4, it can be 
withdrawn 2 weeks before the planned therapy. 
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However, this rarely needs to be done in children. 
Adequate elevation of the circulating TSH level 
to greater than 30 mIU/l can be confirmed with 
a TSH blood level measured a day or two before 
pre-therapy imaging or administration of radio-
iodine. When recombinant TSH was available, 
some clinicians used it for preparation for radio-
iodine therapy in children, although the efficacy 
of this approach was never fully validated in this 
age group [19, 80].

Achieving a low-iodine state is important for 
ensuring that there is optimal uptake of radioio-
dine by thyroid cancer cells. Therefore, patients 
should avoid iodine intake (Table 5.1) and be 
placed on a low-iodine diet for 7–14 days before 
imaging or therapy. If there is any doubt about 
the success of iodine restriction, iodine economy 
can be assessed by measuring urinary excretion 
of iodine. This can be most accurately measured 
in a 24-h collection. Alternatively, iodine excre-
tion can be estimated with the simultaneous 
measurement of iodine and creatinine in a ran-
dom urine sample [18]. If urinary iodine excre-
tion exceeds 50 mcg/day, then the patient 
probably has not reached an optimal low-iodine 
state [19].

Pregnancy is an absolute contraindication to 
radioiodine therapy, and a quantitative serum 
hCG level should be measured within 24–48 h 
before administration of radioiodine to any 
female patient at risk for pregnancy. Most institu-
tions have established policies for determining 
which female patients must have a pregnancy test 
prior to radioiodine administration. For example, 
the policy may require pregnancy testing in all 
female patients determined to be post-menarchal 
by history or in all female patients older than age 
10 years. Breastfeeding must be discontinued, 
preferably with adequate lead-time to allow invo-
lution of breast tissue, which will limit radioio-
dine uptake by the breasts. Breastfeeding cannot 
be resumed for the same child but can be done 
after any subsequent deliveries [19].

Many of the potential complications and 
long- term risks of radioiodine therapy for thy-
roid cancer are similar to those for treatment 
of hyperthyroidism. Patients should under-
stand the lifelong need to take thyroid hormone 

replacement, usually at doses that will sup-
press TSH. Antiemetics can be useful, particu-
larly with higher doses of radioiodine, which 
may be associated with nausea and vomiting 
[19]. Determinant (dose-dependent) risks of 
higher dose 131I therapy include sialadenitis, 
xerophthalomia, and bone marrow suppres-
sion. Occasionally, there may be increased local 
radiation dose near sites of metastatic uptake, 
for example, brain and lungs, or near sites of a 
thyroid remnant or locoregional disease in the 
neck, and this may cause local tissue swelling 
[81]. The critical organs for radiation dose are 
bone  marrow and sites of metastatic disease. The 
aim is to  provide the largest effective radiation 
dose to sites of disease while avoiding bone mar-
row suppression or pulmonary fibrosis. Formal 
dosimetry may be useful in some cases, particu-
larly in patients with extensive lung metastases 
[82, 83]. Although formal dosimetry typically 
has been performed with 131I whole body scans, 
PET or PET/CT with 124I may become an alterna-
tive for pre-therapy planning [10, 84].

In females, high-dose radioiodine therapy 
may be associated with earlier menopause [85]. 
In males, repeated administration of radioiodine 
may be associated with impaired spermatogene-
sis [86], leading some clinicians to suggest sperm 
banking if the cumulative dose of 131I is likely to 
exceed 14 GBq (378 mCi) [71, 87]. There is no 
evidence of increased malformations or malig-
nancy in offspring of males or females treated 
with radioiodine [71, 81]. Many guidelines rec-
ommend that pregnancy be delayed for at least 
6 months after radioiodine therapy, but there is 
little data to support concerns that residual 131I 
could harm a fetus conceived after radioiodine 
administration. However, due to normal altera-
tions in thyroid hormone replacement needs dur-
ing pregnancy [88], it may be prudent to delay 
pregnancy until the thyroid hormone replacement 
dose has been stabilized [81].

In patients treated with radioiodine for thy-
roid cancer, the risk of second primary malig-
nancy is a concern. However, this is complicated 
by an increased risk of malignancy in patients 
with thyroid cancer, independent of therapy, and 
ascertainment bias [71, 89]. The few long-term 
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studies that specifically address the risk to indi-
viduals treated as children have not documented 
an increased risk [90]. In larger studies, includ-
ing patients of all ages, radiation-related leuke-
mia is rare but has been reported after high-dose 
(typically greater than a cumulative dose of 
500 mCi) radioiodine therapy in a small number 
of cases [81]. Overall, there may be a slightly 
increased risk of tumors of the salivary glands, 
gastrointestinal tract, and soft tissue in adults 
receiving radioiodine for treatment of thyroid 
cancer [71, 81, 89].

 Whole Body Scans in the Management 
of Thyroid Cancer
The utility of a diagnostic whole body scan 
(Fig. 5.13) in the management of thyroid cancer 
remains controversial [19, 21, 22]. A diagnostic 
whole body scan may be most useful in two cir-
cumstances (1) before planned therapy, when the 
amount of remnant thyroid tissue cannot be 
determined by the surgical report or ultrasound 
or (2) for surveillance, when the results will 
clearly affect the decision to administer radioio-
dine or the dose of radioiodine. Diagnostic 

a b c d

Fig. 5.13 Diagnostic and post-therapy whole body scin-
tigraphy for thyroid cancer. A 14-year-old female with 
papillary thyroid cancer underwent near-total surgical 
thyroidectomy. Three months later, diagnostic whole body 
scintigraphy was performed with 123I. Images acquired in 
the anterior (a) and posterior (b) projections demonstrate a 
poorly defined region of uptake in the lower right thyroid 
bed and an intense focus of uptake in the upper midline of 
the neck. Localization was confirmed with a marker at the 
suprasternal notch. Normal  physiological accumulation of 

123I is seen in the lacrimal glands and nasal secretions, sali-
vary glands and mouth, stomach, bowel, and bladder. Five 
days after treatment with 64 mCi 131I, a post-therapy whole 
body scan was performed. Images acquired in the anterior 
(c) and posterior (d) projections demonstrate intense uptake 
in the remnant thyroid tissue in the neck. Physiological 
accumulation of 131I is seen in lacrimal glands and nasal 
secretions, salivary glands and mouth, thymus, liver, and 
bowel. Intense uptake in the pelvis is in the sigmoid colon 
and rectum
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whole body scans are not recommended for rou-
tine use in all patients by current guidelines of 
the American Thyroid Association [21]. 
However, advocates argue that pre-therapy 
whole body scans have the potential to provide 
unexpected information that may change care 
for many patients [22]. Primarily, this has 
included patients in whom identification of 
unexpected distant metastases leads to a deci-
sion to appropriately increase the 131I dose. Pre-
therapy diagnostic scans also may benefit 
patients found to have large thyroid remnants or 
unanticipated cervical lymph node metastases, 
as they may be advised to undergo repeat sur-
gery before radioiodine therapy. Rarely, diag-
nostic scans can identify unexpected metastatic 
disease in the brain or spinal cord, which may 
require pretreatment with corticosteroids to limit 
post-therapy swelling [19].

Post-therapy scans will demonstrate uptake 
of radioiodine at sites of iodine-avid disease 
[21, 23, 26–28]. Approximately 10 % of patients 
will have iodine-avid disease identified on post- 
therapy whole body scan that was not apparent 
on the pre-therapy whole body scan [23, 26]. The 
post-therapy scan may be most useful in patients 
with elevated thyroglobulin levels and a negative 
diagnostic whole body scan [27]. Up to half of 
these individuals may be shown to have iodine- 
avid metastases to lung (Fig. 5.14) or bone [26, 
28]. Therefore, a post-therapy whole body scan 
is recommended by the clinical guidelines of the 
American Thyroid Association [21] and American 
Association of Clinical Endocrinology [26].

 Evaluation and Follow-Up of Patients 
with Thyroid Cancer
The risk of recurrence of thyroid cancer has 
been reported to be between 15 % [91] and 
30 % [92], with the wide range likely reflect-
ing differences in the aggressiveness of primary 
therapy. Age also is a risk factor for recurrence, 
with younger age associated with a higher risk 
of recurrence [73]. A third of all patients with 
recurrent thyroid cancer will have distant meta-
static disease. Therefore, the evaluation and 
surveillance of patients with thyroid cancer 
depends on being able to detect recurrence and 

to localize sites of distant disease. The appropri-
ate strategy for following patients with thyroid 
cancer can vary among institutions and treating 
physicians and is best guided by clinical guide-
lines developed by professional organizations, 
including the Society of Nuclear Medicine and 
Molecular Imaging [19], the American Thyroid 
Association [21], and the American Association 
of Clinical Endocrinologists and American 
College of Endocrinology [26]. Although there 
may be some variations among these guidelines, 
they  represent the consensus opinions of clinical 
experts guided by the current medical literature. 
These guidelines recommend post-therapy sur-
veillance with some combination of serum thy-
roglobulin and whole body radioiodine imaging 
(Figs. 5.13, 5.14, and 5.15), with the addition of 
neck ultrasound and chest CT when needed. The 
appropriate approach to long-term surveillance 
depends upon the risk of having persistent or 
recurrent disease [21].

Thyroglobulin is produced only by thyroid 
 tissue, so serum thyroglobulin serves as a sensi-
tive indicator of the presence of thyroid tissue. 
Therefore, after radioiodine ablation of normal 
thyroid tissue, serum thyroglobulin level can be 
used as a tool to follow thyroid cancer. In a 
patient with prior thyroid remnant ablation, 
serum thyroglobulin should be undetectable 
(<2 ng/ml) after TSH stimulation, and a rising 
serum thyroglobulin level is a sign of persistent 
or recurrent thyroid cancer [21, 93, 94]. The 
appropriate approach to evaluating a patient with 
a rising thyroglobulin level depends on the prior 
history of the patient but could include neck 
ultrasound, chest radiograph/CT, or whole body 
radioiodine scintigraphy.

 Management of Non-iodine-avid 
Thyroid Cancer
Some patients with a rising serum thyroglobulin 
will have no iodine-avid disease identified with 
whole body radioiodine scanning. This  so-called 
Thyroglobulin Elevation, Non-Iodine-avid 
Syndrome (TENIS) [94] is a management chal-
lenge. One approach is therapeutic administration 
of a relatively large dose of 131I with the goal of 
treating disease that was not apparent on whole 
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body scan due to either small size or diminished 
(but not absent) iodine avidity. The post-therapy 
whole body scan may detect sites of disease not 
detected on the pre-therapy diagnostic scan [23, 
27, 28]. Imaging with neck  ultrasound and chest 
CT may identify sites of non-iodine-avid  disease, 
and surgical resection may be a good option for 
non-iodine-avid disease in cervical lymph nodes. 
More recently, FDG- PET has been used to evalu-

ate patients with TENIS. FDG-PET also may be 
helpful when anatomic imaging, such as chest 
CT, indicates progressive disease, despite dimin-
ished uptake on whole body radioiodine scan 
(Figs. 5.15 and 5.16). In general, as iodine avid-
ity decreases, FDG avidity increases, probably 
reflecting de- differentiation of tumor cells and loss 
of sodium- iodide symporter  expression. Patients 
with FDG-avid thyroid cancer have decreased 

a b c d

Fig. 5.14 Diagnostic and post-therapy whole body scin-
tigraphy for metastatic thyroid cancer. A 15-year-old girl 
with papillary thyroid cancer underwent near-total surgi-
cal thyroidectomy, which showed disease involvement in 
multiple cervical lymph nodes. Six weeks later, diagnostic 
whole body scintigraphy was performed with 123I. Images 
acquired in the anterior (a) and posterior (b)  projections 
show physiological tracer accumulation is seen in the lac-
rimal glands and nasal secretions, salivary glands and oral 
secretions, breasts, stomach, bowel, and bladder. Focal 
uptake on each side of the thyroid bed could  represent 
remnant thyroid tissue or metastatic  disease in  cervical 

lymph nodes, but ultrasound identified no  abnormal cervi-
cal lymph nodes, and the patient was treated with 100 mCi 
131I. Six days later, a post-therapy whole body scan in 
anterior (c) and posterior (d) projections shows expected 
uptake in the neck. Multiple foci of uptake in the chest are 
consistent with multiple lung metastases. Physiological 
accumulation of 131I is seen in nasal secretions, salivary 
glands and oral secretions, liver, and bowel. These find-
ings demonstrate visualization of metastatic sites of 
iodine-avid disease on the post-therapy whole body scan 
that could not be detected on the pre-therapy diagnostic 
whole body scan
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survival compared to patients with iodine-avid 
disease [95]. This reflects the loss of effective 
therapy with radioiodine, but also likely reflects 
the poorer prognosis of de-differentiated disease.

 Incidental Findings on FDG-PET
Large screening studies in apparently healthy 
adults have reported a prevalence of incidental 
thyroid uptake of up to 3 % [68, 69]. About half 

of these (1.5 %) will have focal uptake, of which 
15–50 % will be found to represent thyroid 
 cancer. Rarely, focal thyroid uptake may repre-
sent metastatic disease [96]. Diffuse 18F-FDG 
uptake typically represents autoimmune thy-
roiditis, and uptake may not be affected by thy-
roid hormone replacement therapy [97]. 
Postradiation thyroiditis may be common among 
the patients undergoing imaging with FDG-PET. 

a b c d

Fig. 5.15 Post-therapy whole body scintigraphy dem-
onstrating loss of iodine avidity in metastatic thyroid 
cancer. A 12-year-old girl with metastatic thyroid cancer 
previously had been treated with 50 mCi 131I and then 
was referred for further management and therapy. A post-
therapy whole body scan performed in anterior (a) and 
posterior (b) projections 6 days after administration of 
203 mCi 131I shows intense uptake throughout both lungs, 
consistent with extensive metastatic disease seen on chest 
CT. Little uptake is identified elsewhere in the body. 
Because of persistent elevation in serum thyroglobulin 
and progression of lung disease demonstrated on chest CT 
11 months later, whole body dosimetry was  performed and 

the patient was again treated with  radioiodine. Seven days 
after oral administration of 327 mCi, a post-therapy whole 
body scan was performed in anterior (c) and posterior (d) 
projections. Physiological accumulation of radioiodine 
is seen in the nasal secretions, mouth, liver, and bowel. 
A percutaneous gastrostomy had been placed due to fre-
quent vomiting, and intense radioiodine accumulation is 
present in the mouth and on the gastrostomy. Uptake in 
the lungs is more heterogeneous and less intense than on 
the prior post-therapy scan, despite progression of disease 
identified by chest CT. These findings suggested that, 
since the previous radioiodine therapy, papillary thyroid 
carcinoma metastatic to the lungs had lost iodine avidity

F.D. Grant and S.T. Treves



125

Less  commonly, diffuse 18F-FDG uptake may 
reflect Graves’ disease or malignancy [98]. 
Therefore, thyroid uptake of FDG frequently rep-
resents significant thyroid disease, and referring 
clinicians should be made aware of this poten-
tially important finding. Although it may not the 
first clinical priority in all patients imaged with 
FDG-PET, the patient may benefit from further 
diagnostic evaluation and therapy [99].
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        Nuclear medicine    provides physiological and 
sensitive methods for assessing regional lung 
perfusion and ventilation. In adults, the most 
established indication for these studies has been 
suspected pulmonary embolism. In children, both 
perfusion and ventilation imaging have been used 
for a broader range of indications. In children 
with congenital heart disease, perfusion scintig-
raphy is used to assess differential (left vs. right) 
and regional lung perfusion. Perfusion scintigra-
phy also is useful for demonstrating shunts 

between the right (pulmonary) and left (systemic) 
circulation. In children with parenchymal and 
airway diseases, static or dynamic ventilation 
scintigraphy can be used to assess lung ventila-
tion and differential lung volumes. Ventilation/
perfusion (V/Q) uses both ventilation (V) and 
perfusion (Q) scans for the evaluation of pulmo-
nary embolism or to demonstrate ventilation/per-
fusion mismatches in developmental or acquired 
lung diseases. 

    Methods 

 Little or no patient preparation is needed before 
performing lung scintigraphy. It may be helpful 
to confi rm at the time of scheduling the study 
that a patient’s respiratory status will not pre-
clude cooperation with the study. Some guide-
lines suggest treating a patient to optimize 
control of chronic lung disease before perform-
ing a nonurgent lung scan. Although this prepa-
ration might decrease the likelihood that regional 
airway obstruction will interfere with study 
interpretation, it is not a part of routine clinical 
practice. 

    Assessment of Pulmonary Blood Flow 

 Regional pulmonary blood fl ow typically is 
determined with  99m Tc-labeled macroaggregated 
albumin (MAA). After administration into the 
peripheral venous circulation, MAA particles 
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 circulate through the right heart and into the pul-
monary circulation where they are trapped within 
the capillaries of the lungs. The distribution of 
 99m Tc-MAA within the lungs refl ects regional and 
differential pulmonary blood fl ow. An alterna-
tive, and now rarely used, method to demonstrate 
pulmonary blood fl ow is the intravenous admin-
istration of  133 Xe dissolved in saline [ 1 ]. 

 Macroaggregated albumin (MAA) particles are 
created by the acid aggregation of human albumin 
to produce aggregated particles with diameters 
between 10 and 100 μm, with most between 10 
and 40 μm [ 2 ]. This is greater than the diameter of 
pulmonary capillaries, so that MAA particles in 
the pulmonary circulation will be trapped at the 
transition from arteriole to alveolar- capillary. 
Macroaggregated albumin particles are labeled 
with  99m Tc for lung perfusion scintigraphy. In an 
adult, the typical dose of 500,000 particles of 
 99m Tc-labeled MAA temporarily will occlude 
approximately 1 in 1,000 pulmonary arterioles 
and have essentially no effect on normal adult 
lung function. The MAA particles have a biologi-
cal half-life of only a few hours as they are 
degraded to smaller particles and polypeptides, 
which reenter the circulation and are cleared by 
the liver. 

 A smaller number of MAA particles are rec-
ommended for infants and young children, as their 
pulmonary vasculature is immature [ 3 ]. The num-
ber of pulmonary capillary beds increases during 
the fi rst years of life, but reaches only one- half of 
the adult number by 3 years of age [ 4 ]. This sug-
gests that the number of administered particles 
should not exceed 50,000 in a newborn or 165,000 
in a 1-year-old child [ 5 ]. The smallest number of 
particles necessary should be used for all perfu-
sion lung scans, and the number of MAA particles 
necessary for an adequate study will depend on 
the indication for lung scintigraphy and patient 
characteristics. When the indication for the lung 
scan is to assess differential or regional pulmonary 
perfusion (and not pulmonary embolus), nearly all 
pediatric lung scans can be performed with only 
10,000 MAA particles. A similar number of MAA 
particles should be used in patients of all ages with 
pulmonary hypertension or with a known (or sus-
pected) right-to-left cardiac shunt. There have 
been unpublished anecdotal reports of transient 

cerebral ischemia following administration of an 
adult dose of MAA particles to a pediatric patient 
with a pulmonary- to-systemic shunt. When higher 
quality lung images are needed for the evaluation 
of possible pulmonary embolism, a greater num-
ber of MAA particles may be required to ensure 
uniform particle distribution within the microcir-
culation of the lungs. 

 Image quality also will depend on the admin-
istered dose of  99m Tc. The typical radiopharma-
ceutical preparation of MAA particles provides 
approximately 1 mCi per 100,000 particles (so 
the typical dose is 0.1 mCi or 10,000 particles). 
Administration of a limited number of MAA par-
ticles with this specifi c activity rarely provides 
suffi cient counts for routine gamma camera 
imaging. Therefore, for pediatric lung scintigra-
phy, special preparation of  99m Tc-labeled MAA 
particles may be needed to provide MAA parti-
cles with a higher specifi c activity. 

 Typically,  99m Tc-MAA is administered by intra-
venous injection while the patient is supine, so that 
differential regional blood fl ow between the apex 
and base of the lungs is reduced. Extreme care must 
be taken to avoid drawing blood into the injection 
syringe, as this will result in formation of clots con-
taining blood and MAA particles. If injected into 
the circulation, these clots will heterogeneously 
distribute within the pulmonary circulation. This 
will limit the diagnostic utility of the imaging study 
and could be dangerous to the patient. 

 Image acquisition depends on the clinical 
indication for lung perfusion scintigraphy. As 
MAA particles are trapped within the lung with a 
distribution refl ecting pulmonary perfusion, there 
is no reason to perform dynamic lung imaging. 
Planar images are acquired with a high- resolution 
collimator with each view collected for 300,000–
500,000 counts. Differential lung perfusion usu-
ally can be assessed with images acquired in the 
anterior and posterior projections. Region-of- 
interest analysis is used to quantitatively assess 
differential or regional lung perfusion. For evalu-
ation of pulmonary embolism, planar images are 
acquired in multiple projections, typically ante-
rior, posterior, and four oblique projections. 
Some institutions also will acquire images in the 
two lateral projections. Recent studies have sug-
gested a role for lung SPECT or SPECT/CT in 
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the assessment of functional lung volume or eval-
uation for pulmonary embolism [ 6 ].  

    Lung Ventilation Scintigraphy 

 The airspaces of the lungs can be assessed by 
imaging the lungs after the patient inhales either 
radiolabeled aerosols or radioactive gases. Inhaled 
aerosolized nanoparticles are distributed and 
trapped in the pulmonary airspace in proportion to 
regional ventilation. Once the radiolabeled 
nanoparticles are trapped in the lungs, static images 
of the lungs can be acquired in multiple projec-
tions. The most commonly used radioactive gas for 
lung ventilation scintigraphy is  133 Xe, although 
other inert gases, such as  81m Kr, also have been 
used. As inhaled gases are not trapped within the 
lungs, dynamic imaging of lung ventilation can be 
performed. With rebreathing, inhaled gases can 
redistribute throughout the pulmonary airspace, 
which permits imaging and volume assessment of 
the entire aerated lung volume. 

     133 Xe for Inhalation 
 Xenon-133 (physical half-life 5.2 days) is an 
inert gas at room temperature and normal pres-
sure. Xenon-133 decays with a principal gamma 
emission of 87 kEv (37 % abundance). There are 
many commercially available systems for admin-
istration of inhaled  133 Xe gas for lung scintigra-
phy. Many require some degree of patient 
cooperation, but  133 Xe gas can be administered 
successfully to children with limited cooperation.
Xenon-133 gas also can be administered through 
the endotracheal tube of intubated patients. 
During a rebreathing study, care must be taken to 
ensure that the patient is provided with adequate 
oxygen. One disadvantage to the use of  133 Xe gas 
for lung ventilation scintigraphy is the require-
ment to trap and exhaust the exhaled  133 Xe gas. 

 Dynamic ventilation studies can be performed 
with the patient supine over a camera equipped 
with a low-energy collimator [ 7 ]. Dynamic images 
typically are acquired in the posterior projection 
at a rate of one frame every fi ve seconds. After 
inhalation of a single breath, the distribution of 
 133 Xe gas corresponds to regional ventilation 
within the lungs. After multiple breaths through a 

rebreathing inhalation system, the  133 Xe gas 
reaches equilibrium within the  airways.  133 Xe dis-
tribution will refl ect the distribution of aerated air-
space volumes. After  133 Xe inhalation is stopped, 
continued dynamic imaging during the washout 
phase can be used to measure regional ventilation 
and to determine if there is regional air trapping 
within the lungs. Region-of- interest analysis is 
used for quantitative assessment of regional venti-
lation, lung volume, and air trapping.  

    Lung Ventilation with  99m Tc-Labeled 
Aerosols 
 A variety of  99m Tc-labeled aerosolized particles 
can be used for lung ventilation imaging. 
Aerosolized particles are administered through a 
face mask connected to an ultrasonic or jet nebu-
lizer. In the USA, the most commonly used is 
aerosolized  99m Tc-labeled diethylenetriamine 
pentaacetic acid ( 99m Tc-DTPA). Less commonly 
used is aerosolized  99m Tc-labeled sulfur colloid. 
Technetium-99m-labeled carbon nanoparticles 
(Technigas ®) have been used widely throughout 
the world [ 8 ], but this radiopharmaceutical is not 
approved for use in the USA. After aerosolized 
particles are inhaled and deposited within the 
small airways, planar images can be acquired in 
multiple projections. Because particles persist 
within the airways, dynamic ventilation imaging 
cannot be performed. Some studies have 
described the use of SPECT or SPECT/CT with 
 99m Tc-labeled carbon nanoparticles to assess lung 
ventilation [ 6 ]. 

 Once deposited in the alveolar space,  99m  Tc- 
DTPA is slowly absorbed through the alveolar-
capillary membrane with a clearance half-time of 
approximately one hour in adults [ 9 ]. Technetium-
99m-DTPA clearance is increased with exercise 
[ 10 ] and can be affected by conditions that alter 
alveolar membrane permeability, such as hyaline 
membrane disease [ 11 ]. Once absorbed into the 
circulation,  99m  Tc- DTPA is excreted by the kid-
neys, and a renogram pattern can be seen with 
delayed imaging. Inappropriate aerosolization 
technique can produce larger size nanoparticles 
which will deposit in the inhalation apparatus, 
oropharynx, and large airways. This results in 
inadequate aerosol delivery to the small airways 
and poor image quality. Normal mucociliary 
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action will clear tracer from the large airways to 
the oropharynx, where particles can then be swal-
lowed and accumulate in the esophagus and stom-
ach. These patterns of extrapulmonary tracer 
accumulation can interfere with study 
interpretation.    

    Clinical Applications 

 Lung scintigraphy can be used in the evaluation of 
a wide range of pulmonary, cardiac, and systemic 
diseases. For many indications, either a perfusion 
lung scan or a ventilation lung scan may be suffi -
cient. For other indications, such as pulmonary 
embolism, congenital diaphragmatic hernia, and 
some complex congenital heart problems, a venti-
lation/perfusion (“V/Q”) scan can be used to com-
pare patterns of ventilation and perfusion. 

    Congenital Heart Disease 

 In most pediatric institutions, congenital heart 
disease is the most common indication for lung 
scintigraphy. A perfusion lung scan is a rapid and 
noninvasive method for quantitative assessment 
of differential (left vs. right) and regional pulmo-
nary blood fl ow. As many of these patients will 
have a pulmonary-to-systemic (right-to-left) 
shunt, lung perfusion scans should be performed 
with the smallest possible number of MAA 
 particles. In our experience, patients with con-
genital heart disease are evaluated successfully 
with perfusion lung scans using only 10,000 
MAA particles. Although image quality can be 
limited and particle distribution within the lungs 
may appear slightly heterogeneous, this number 
of particles is suffi cient to assess regional and dif-
ferential pulmonary blood fl ow. 

 Many forms of congenital heart disease are 
associated with altered pulmonary perfusion 
(Fig.  6.1 ). Pulmonary artery atresia or stenosis of a 
main or branch pulmonary artery commonly is 
associated with tetralogy of Fallot. Differential 
lung perfusion can be used for initial evaluation 
and for postsurgical assessment of pulmonary 

blood fl ow after pulmonary arterioplasty or con-
duit placement [ 12 ]. Pulmonary vein stenosis or 
anomalous pulmonary venous return can affect 
differential lung perfusion, and a lung perfusion 
scan can be used to assess the severity of venous 
disease. In patients undergoing cardiac catheter-
ization with balloon dilation or stenting of a pul-
monary vessel or conduit, a lung perfusion scan 
can be performed after the procedure to assess for 
improved differential pulmonary perfusion and to 
confi rm that instrumentation did not result in 
occlusion of the vessel. Differential lung perfusion 
can occur in patients with pulmonic valve stenosis. 
The jet of blood fl ow through the stenotic pul-
monic valve can be preferentially directed to the 
left, so that the differential pulmonary blood fl ow 
will be greater in the left lung [ 13 ].

   Anomalous pulmonary blood fl ow also can 
occur after corrective surgery performed for 
congenital heart disease. Alterations in the nor-
mal pattern of blood fl ow will depend on both 
the underlying cardiopulmonary anatomy and 
the surgical procedures [ 14 ]. For example, in 
patients with a classic Glenn shunt (end-to-end 
anastomosis), blood return from the superior 
vena cava is directed to the right lung, while the 
inferior vena cava blood return is to the left 
lung. In these patients,  99m Tc-MAA intrave-
nously administered in an upper extremity will 
travel only to the right lung, while tracer admin-
istered in a lower extremity vein will travel to 
the left lung. In patients treated with a bidirec-
tional Glenn shunt (end-to- side anastomosis), 
venous return from the upper extremities is 
directed to both lungs, while venous return 
from the inferior vena cava is returned directly 
to the systemic circulation. In this situation, 
when  99m Tc-MAA is administered in an upper 
extremity vein, it should accumulate in the pul-
monary circulation of both lungs, while tracer 
administered intravenously in a lower extremity 
will bypass the pulmonary circulation and enter 
the systemic circulation. Thus, the pulmonary 
perfusion pattern depends on the pattern of car-
diopulmonary circulation and the site of intra-
venous administration of  99m Tc-MAA, and it is 
important to confi rm the original and presumed 
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postoperative circulatory anatomy before per-
forming a lung perfusion scan.  

    Pulmonary Shunting 

 A pulmonary-to-systemic (right-to-left) shunt 
will result in systemic penetration of intrave-
nously administered  99m Tc-MAA [ 15 ]. Tracer that 
has been shunted into the systemic circulation 
will be trapped within precapillary arterioles of 

organs other than the lungs. As MAA trapping 
will refl ect relative blood fl ow, the largest amount 
of MAA accumulation is seen within the organs 
receiving the greatest fraction of cardiac output, 
such as brain and kidneys. Quantitative assess-
ment of a right-to-left shunt may be somewhat 
limited by overlap between tissues with systemic 
circulation and the lungs, but the degree of right-
to- left shunt can be evaluated qualitatively or 
assessed semiquantitatively using region-of- 
interest analysis (Fig.  6.2 ).

a

c d

b

  Fig. 6.1    Correction of persistent pulmonary artery stenosis 
in tetralogy of Fallot. In a 3-year-old girl with surgically cor-
rected tetralogy of Fallot, a perfusion lung scan imaged in 
anterior ( a ) and posterior ( b ) projections shows asymmetric 
pulmonary perfusion (21 % left lung, 79 % right lung). 

Cardiac catheterization showed stenosis of the proximal left 
pulmonary artery, and a stent was placed at this location. 
A follow-up perfusion lung scan imaged in anterior ( c ) and 
posterior ( d ) projections demonstrates improved differential 
perfusion to the left lung (46 % left lung, 54 % right lung)       
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a

c

b

d

  Fig. 6.2    Cardiac right-to-left shunt. In a 1-year-old girl 
with tetralogy of Fallot and pulmonary atresia corrected 
with a pulmonary artery conduit, a perfusion scan was per-
formed with  99m Tc-MAA. Anterior ( a ) and posterior ( b ) 

images show systemic penetration of tracer indicative of a 
severe intracardiac right-to-left shunt. After corrective sur-
gery, a perfusion scan imaged in anterior ( c ) and posterior 
( d ) projections shows resolution of the right-to-left shunt       
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   Typically, right-to-left shunts are identifi ed in 
patients with an atrial or ventricular septal defect. 
In these patients, the degree of shunting may cor-
respond to the severity of pulmonary hyperten-
sion, with increased shunting into the systemic 
circulation as arterial pressures increase in the 
pulmonary circulation and right heart. Shunting 
also can occur in patients with more complex 
congenital heart disease that permits communica-
tion or mixing between the right and left heart 
circulations, such as a common ventricular out-
fl ow tract or patent ductus arteriosus. 

 Patients treated with a surgical cavopulmo-
nary anastomosis, such as a Glenn shunt, also can 
develop intrapulmonary arteriovenous shunts, 
possibly refl ecting dysregulated pulmonary vaso-
dilation [ 14 ]. In a patient with a classic Glenn 
shunt, the degree of right-to-left shunt may be 
different for the superior and inferior vena cavae, 
so that it may be necessary to perform two lung 
perfusion studies and to calculate the shunt after 
 99m Tc-MAA administration into either the upper 
or lower systemic venous circulation [ 16 ]. 

 Intrapulmonary arteriovenous shunting also 
may develop in patients with chronic liver disease. 
These shunts produce systemic penetration of 
tracer on a perfusion lung scan [ 17 ]. Lung scan 
may be more sensitive than other techniques, such 
as contrast-enhanced echocardiography, for detect-
ing physiologically signifi cant intrapulmonary 
shunts in children with chronic liver disease [ 18 ].  

    Parenchymal and Bronchial Lung 
Disease 

 Ventilation lung scans can be used to evaluate 
parenchymal and bronchial lung disease. 
Ventilation scans can be helpful to assess differen-
tial and regional pulmonary function in patients 
with primary lung diseases, such as cystic fi brosis 
lung disease, bronchiectasis, and pulmonary 
fi brosis [ 19 ,  20 ]. Dynamic ventilation scans per-
formed with  133 Xe can be used to identify func-
tional airway obstruction or air trapping in patients 
with obstructive lung diseases, such as congenital 
lobar emphysema (Fig.  6.3 ) [ 21 ]. Ventilation/per-
fusion scans can be used to compare relative ven-

tilation and perfusion or to identify a regional 
ventilation/perfusion mismatch that can result 
from obstruction of a segmental pulmonary artery. 
However, these studies must be interpreted with 
care. In patients with primary lung disease, airway 
obstruction will produce local hypoxia and lead to 
vasoconstriction and shunting of pulmonary blood 
fl ow away from the affected lung region. 
Therefore, airway obstruction may produce 
matched ventilation and perfusion defects [ 22 ].

       Airway Obstruction 

 Lung scintigraphy can help in the functional eval-
uation of suspected upper airway obstruction. 
Airway obstruction can result from intrinsic 
obstruction of the lumen, such as by a foreign 
body or mucous plug, or by extrinsic compression 
of the tracheal or bronchial from an adjacent tumor 
or dilated vessel. A radionuclide ventilation scan 
can provide information about differential or 
regional ventilation that cannot be obtained with 
pulmonary function testing or other imaging. 
Combined ventilation and perfusion imaging has 
been used to evaluate children with a unilateral 
hyperlucent lung [ 23 ,  24 ]. Bronchiolitis obliterans 
(Swyer-James syndrome) demonstrates markedly 
diminished ventilation and perfusion. Airway 
obstruction will demonstrate absent ventilation, 
with a variable alteration in perfusion in response 
to local hypoventilation [ 25 ,  26 ]. In cases of partial 
airway obstruction, a dynamic ventilation scan 
performed with  133 Xe can be helpful in assessing 
the degree and extent of airway obstruction. Lung 
regions beyond a partial airway obstruction will 
demonstrate delayed tracer wash-in and delayed 
washout suggestive of air trapping.  

    Structural Abnormalities of the Chest 

 Ventilation/perfusion lung scans are used to assess 
lung function in patients with structural abnormal-
ities of the chest, such as congenital diaphragmatic 
hernia, pectus excavatum, and spinal scoliosis. 

 Congenital diaphragmatic hernia classically 
presents with the triad of diaphragmatic defect, 
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pulmonary hypoplasia, and pulmonary hyperten-
sion. Diagnosis now frequently is made prena-
tally. CDH most frequently occurs on the left 
(85 %), less frequently on the right (13 %), and 
rarely bilaterally (2 %) [ 27 ]. With surgical repair 
of the diaphragmatic hernia, the pulmonary 
sequelae become the long-term clinical effects of 
CDH [ 28 ]. After repair of the diaphragm, the 
affected lung expands to fi ll the affected lung 
cavity. Thus, the ventilation volume of the lung 
will increase, but the recovery of relative pulmo-
nary perfusion is uncertain and may depend on 
patient age [ 29 ]. In most patients, there may be 
little postsurgical increase in lung perfusion. 
However, if the diaphragmatic hernia is corrected 
early in life, there may be further maturation of 
pulmonary circulation, so that lung perfusion 
will increase to nearly match lung volume [ 30 ]. 

In an individual patient, the degree of lung matu-
ration is unpredictable, and ventilation/perfusion 
scans can be used to assess the degree of ventila-
tion/perfusion mismatch [ 28 ] and to follow these 
patients after surgery (Fig.  6.4 ).

   In patients with severe spinal scoliosis or pec-
tus excavatum, differential compression of the pul-
monary vessels and airways can produce regional 
or whole-lung ventilation/perfusion mismatches. 
For example, patients with pectus excavatum most 
typically have a mild reduction in ventilation and a 
greater reduction in perfusion in the left lung. The 
severity and progression of ventilation and perfu-
sion abnormalities may help determine the need 
for surgery [ 31 ]. The effect of surgery, one goal of 
which is improvement of these ventilation and per-
fusion abnormalities, can be assessed with postop-
erative lung scintigraphy.  

  Fig. 6.3    Air trapping in congenital lobar emphysema. In 
a 10-month-old boy with congenital lobar emphysema of 
the upper right lung, a dynamic ventilation lung scan per-
formed with  133 Xe gas shows both marked delay in venti-

lation and delayed washout consistent with air trapping in 
the upper right lung. Recurrent hypercapnia improved 
after surgical resection of the upper and middle lobes of 
the right lung       
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    Pulmonary Embolism 

 Pulmonary embolism occurs less frequently in 
children than adults, but over the past few 
decades, the reported incidence has increased. 
This increased frequency of diagnosis has been 
attributed to a heightened awareness and an 
increased likelihood of evaluation of pulmonary 
embolism [ 32 ]. However, it also likely represents 
a true increase in the occurrence of pulmonary 
embolism in children. This increased incidence 
has been attributed to increased long-term ther-
apy and prolonged survival of children with pre-
disposing diseases, such as cancer, and the 
increased use of indwelling venous catheters to 
provide the therapy for these diseases. The inci-
dence of pediatric pulmonary embolism has a 
bimodal distribution, with incidence peaks in 
children less than 1 year of age and in teenagers 
[ 33 ,  34 ]. 

 While up to one-third of adults with pulmo-
nary embolism have no apparent risk factor, 
nearly all children have at least one identifi able 
risk factor [ 35 ]. More than one risk factor can be 
identifi ed in over half of all children with 

 pulmonary embolism [ 33 ,  35 ]. In children, most 
risk factors relate to an underlying medical con-
dition or a medical intervention [ 33 ,  34 ]. In chil-
dren, the most common risk factor for pulmonary 
embolism is an indwelling central venous 
 catheter, which can serve as a nidus for a deep 
venous thrombosis [ 34 ,  36 ]. This may be related 
to venous obstruction, abrasion of the vessel wall 
caused by the catheter, or damage to the vessel 
wall by medications infused through the venous 
catheter. Venous thrombosis is more likely when 
an indwelling catheter becomes infected [ 37 ]. 
However, even in the apparent absence of these 
factors, venous thrombosis related to indwelling 
catheters can embolize to the lungs [ 38 ]. Deep 
venous thrombosis, and thus pulmonary embo-
lism, is more common with central venous cath-
eters in an upper extremity [ 39 ], and possibly 
more prevalent when the catheter has been placed 
in the left upper extremity [ 40 ]. 

 The clinical risk factors for pulmonary embo-
lism are different in different age groups. In 
infants, more than three-quarters of patients diag-
nosed with pulmonary embolism may have an 
indwelling venous catheter [ 34 ,  36 ]. Other less 

a b

  Fig. 6.4    Persistent lung hypoperfusion after repair of a 
congenital diaphragmatic hernia. A ventilation/perfusion 
scan was performed in an 8-year who had undergone 
repair of a left congenital diaphragmatic hernia as an 
infant. A lung ventilation scan shows ventilation of both 
lungs with no air trapping. At respiratory equilibrium, 

merged posterior images ( a ) show differential lung vol-
umes of 49 % left lung and 51 % right lung. However, a 
lung perfusion scan imaged in the posterior projection ( b ) 
shows persistent hypoperfusion of the left lung with dif-
ferential lung perfusion of 30 % left lung and 70 % right 
lung       
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common risk factors in this age group are con-
genital heart disease and recent surgery [ 35 ]. In 
older children, indwelling venous catheters 
remain a common cause of pulmonary embolism, 
but older patients are more likely to have other, 
possibly concurrent risk factors. These risk fac-
tors include immobility or recent surgery [ 35 ], 
malignancy [ 35 ], or an underlying clotting disor-
der [ 34 ]. Some clotting disorders represent a pre-
viously undiagnosed inherited thrombophilia, 
while others represent an acquired clotting disor-
der associated with a wide range of conditions, 
including malignancy, autoimmune disorders, 
and nephrotic syndrome. Birth control pills and 
pregnancy increase the risk of pulmonary embo-
lism [ 41 ,  42 ]. 

 The diagnosis of pulmonary embolism can be 
more diffi cult in children than adults. One 
autopsy study suggested that half of all children 
with pulmonary embolism did not have clinical 
fi ndings to suggest the diagnosis [ 43 ]. Young 
children may be unable to express subtle symp-
toms. Children typically have a higher cardiopul-
monary reserve and so may have milder 
symptoms than in an older patient [ 34 ]. Some 
investigators have suggested that, in most chil-
dren, few symptoms will be apparent if less than 
50 % of the pulmonary circulation is obstructed. 
However, the sensitivity to pulmonary arterial 
obstruction may depend on the presence of other 
cardiopulmonary disease and levels of circulat-
ing vasoactive molecules [ 42 ]. 

 Pulmonary arterial obstruction creates a ven-
tilation/perfusion mismatch and a right-to-left 
intrapulmonary shunt, which together result in 
systemic hypoxemia [ 44 ,  45 ]. If a signifi cant 
portion of the pulmonary circulation is 
obstructed, then the right ventricle dilates in 
response to the increased afterload. Leftward 
shift of the interventricular septum can decrease 
left ventricle fi lling, which results in decreased 
cardiac output [ 32 ]. 

 The identifi cation of a patient with a pulmo-
nary embolism begins with clinical assess-
ment. Although the clinical prediction rules 
and D-dimer testing used in adults have not 
been validated in children [ 32 ], clinical risk 

assessment still has an important role in deter-
mining which patients should undergo further 
evaluation for pulmonary embolism. The diag-
nosis of pulmonary embolism is based on an 
identifi able perfusion defect within the pulmo-
nary circulation. The traditional approach to 
the diagnosis of pulmonary embolism has been 
with a lung ventilation/perfusion (V/Q) scan. 
A perfusion scan may be suffi cient to make the 
diagnosis in some patients. However, the addi-
tion of a ventilation lung scan increases the 
accuracy and confi dence of the study. 

 A variety of protocols have been used for 
performing a V/Q scan. The ventilation study 
can precede or follow the perfusion scan. If 
the perfusion scan is performed first, then the 
subsequent ventilation scan must be per-
formed with a higher radiopharmaceutical 
dose to overcome interference from the perfu-
sion scan. The ventilation scan can be per-
formed with either  133 Xe gas or inhaled 
aerosol. One advantage of assessing perfusion 
first is that a normal perfusion scan may elimi-
nate the need for a subsequent ventilation 
study. If the ventilation scan is performed first 
with an inhaled aerosol, then the perfusion 
scan must be performed with a higher dose of 
 99m Tc-MAA. If the ventilation scan is per-
formed first with  133 Xe gas, the rapid washout 
of gas limits the number of views that can be 
acquired, but as there is little interference with 
the subsequent perfusion scan, the perfusion 
scan can be performed with a lower adminis-
tered dose of  99m Tc-MAA. A recent chest 
radiograph is essential to the correct interpre-
tation of many V/Q scans. If a chest radio-
graph has not been performed as part the 
evaluation of the patient’s presenting symp-
toms, then one should be obtained before per-
forming the V/Q scan. As in adults, the 
diagnosis of pulmonary embolism in children 
is based on diagnostic criteria used for lung 
scintigraphy in PIOPED II (Prospective 
Evaluation of Pulmonary Embolism 
Diagnosis), but neither the original [ 46 ] nor 
modified [ 47 ] PIOPED II criteria have been 
fully validated in pediatric patients. 
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 Resolution of pulmonary embolism typically 
occurs spontaneously by fi brinolysis within a few 
days after the embolic event. However, normal 
pulmonary blood fl ow may not return for weeks. 
Restoration of pulmonary blood fl ow may be 
faster in younger patients [ 48 ]. Follow-up ventila-
tion/perfusion imaging may be helpful to assess 

resolution of perfusion defects in patients with 
pulmonary embolism (Fig.  6.5 ). This can be par-
ticularly helpful in establishing a new baseline for 
patients at risk for recurrent pulmonary emboli. 
Ventilation/perfusion imaging also can be helpful 
in detecting chronic thromboembolic disease in 
patients with pulmonary hypertension [ 49 ].

a

c

b

d

  Fig. 6.5    Massive pulmonary embolism identifi ed by ven-
tilation/perfusion scan. A 13-year-old girl with Cushing’s 
disease developed a postoperative deep venous thrombo-
sis and shortness of breath. A perfusion study ( a , posterior 
projection) performed with  99m Tc-MAA shows markedly 
decreased perfusion to the left lung, while a ventilation 

study ( b , posterior projection) performed with  133 Xe 
shows a normal ventilation pattern in both lungs. A fol-
low-up study performed 6 weeks later shows resolution of 
the pulmonary embolism, with normal perfusion ( c ) and 
ventilation ( d ) in both lungs       
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   Ventilation/perfusion scans have been replaced 
largely by computed tomographic (CT) angi-
ography for evaluation of possible  pulmonary 
 embolism in both adults [ 50 ] and children [ 51 –
 53 ], although there has been a recent resurgence 
in the use of lung scintigraphy. Ventilation/perfu-
sion scans may be used in patients with contrain-
dications to CT angiography, such as an allergy to 
iodinated contrast, renal insuffi ciency, or concerns 
about radiation dose [ 54 ]. In pregnant or lactat-
ing patients with suspected pulmonary embolism, 
the breast radiation dose is less with ventilation/
perfusion scan than with CT angiography [ 54 ]. 
Recently, increased concern about radiation expo-
sure, especially in children, has led to a reassess-
ment of the role of ventilation/perfusion scans in 
the diagnosis of pulmonary embolus. Despite the 
higher radiation dose with CT angiography, the 
higher anatomic detail led to its widespread adop-
tion for evaluating possible pulmonary embolism. 
However, with the adoption of CTA, there has 
been increased diagnosis of pulmonary embo-
lism, without a clear benefi t in patient mortal-
ity. This has led some investigators to question if 
detection of small, subsegmental emboli leads to 
overdiagnosis of pulmonary emboli [ 55 ,  56 ]. 

 Magnetic resonance imaging techniques have 
been proposed as alternatives for the diagnosis of 
pulmonary embolism. The three most common 
techniques are magnetic resonance angiography 
(MRA), real-time MR, and MR perfusion. The 
sensitivity and specifi city of each technique may be 
different, and overall, MR may be slightly less sen-
sitive than CTA [ 57 ]. Magnetic resonance tech-
niques have yet to be validated as a reliable method 
for excluding pulmonary embolism. Other current 
disadvantages include longer acquisition time, the 
need for greater patient cooperation with a pro-
longed breathhold, and less emergent access to MR 
scanners. 

 Notwithstanding concerns about the clinical 
signifi cance of some small angiographic fi nd-
ings, another reason for the widespread adoption 
of CT angiography has been the perception of 
higher diagnostic certainty. However, children 

may have a low rate of indeterminate studies 
[ 58 ]. Use of single-photon emission computed 
tomography (SPECT) or SPECT/CT for acquir-
ing both the ventilation and perfusion scans may 
increase diagnostic accuracy and, with fewer 
indeterminate studies, increase confi dence in the 
interpretation of ventilation/perfusion scan 
[ 6 ,  59 ]. New diagnostic criteria, similar to 
PIOPED, may be needed for diagnosing pulmo-
nary embolism by lung SPECT [ 60 ]. There has 
been little reported experience with using SPECT 
or SPECT/CT for the diagnosis of pulmonary 
embolism in children.  

    Other Causes of Pulmonary Perfusion 
Defects 

 Every pulmonary embolus does not represent a 
venous thromboembolism. Pulmonary embolism 
also can occur with tumor emboli, which may be 
associated with more extensive obstruction of 
pulmonary circulation and with systemic hypo-
tension [ 61 ,  62 ]. Other causes of pulmonary 
emboli include foreign bodies, such as catheter 
fragments, and posttraumatic fat emboli [ 61 ]. 
Occlusion of a main or branch pulmonary artery 
or pulmonary vein can occur with extrinsic com-
pression due to tumors at the hilum or in the lung 
parenchyma [ 63 ]. Intrinsic pulmonary artery dis-
eases, including collagen vascular diseases and 
arteritis, can produce pulmonary artery occlusion 
[ 64 ,  65 ]. With pulmonary sequestration [ 66 ], the 
involved region of lung typically receives its 
blood supply from the systemic circulation and 
will not be visualized after intravenous adminis-
tration of  99m Tc-MAA. In most cases of pulmo-
nary sequestration, there is no communication 
with the normal tracheobronchial tree resulting in 
a matching defect on a ventilation lung scan. 
Occasionally, a pulmonary sequestration will 
have an anomalous systemic blood supply with 
normal connection to the tracheobronchial tree 
(Fig.  6.6 ), which produces a ventilation/perfu-
sion mismatch.
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The application of radionuclides to study the 
 cardiovascular system was first investigated by 
Blumgart and Yens and Blumgart and Weiss in 
1927 [1, 2]. These investigators used radium C and 
a primitive radiation detector to study  blood- flow 
velocity. In 1948 and 1949, Prinzmetal et al. 
described radiocardiograms of three patients with 
congenital heart disease using 131I, sodium iodine, 
and a Geiger-Mueller counter [3, 4].

Congenital heart disease affects 0.8 per 100 
live births. Approximately one-third of these 
children require treatment by interventional cath-
eterization or surgery during the first year of life 
[5]. Significant advances in these therapeutic 
methods as well as cardiac intensive care during 
the past decades have enabled corrective and 

 palliative interventions to be performed in even 
the smallest neonates [6, 7].

Advances in imaging techniques such as echo-
cardiography, computed tomography (CT), mag-
netic resonance imaging (MRI), and angiography 
have helped in the evaluation of anatomy and the 
understanding of physiology in children with heart 
disease in ways not possible before. With dra-
matic improvements in technology (radiopharma-
ceuticals and imaging instrumentation), nuclear 
medicine offers several methods applicable to 
the diagnosis and assessment of pediatric cardio-
vascular disorders. These include single photon 
emission computed tomography (SPECT), posi-
tron emission tomography (PET) and hybrid posi-
tron emission tomography/computer tomography 
(PET/CT), first-pass radionuclide angiocardiogra-
phy, radionuclide ventriculography (gated blood 
pool scan), and venography.

 Imaging of the Myocardium

Radionuclide imaging of the myocardium can be 
carried out with SPECT, PET or PET/CT, which 
can image myocardial perfusion, metabolism, 
neuronal innervation, and inflammation/infec-
tion. This section focuses on myocardial perfu-
sion imaging with SPECT, as most of the 
experience in children has been obtained with 
this imaging modality. Because of its higher spa-
tial resolution, PET/CT imaging is now also 
being used in pediatric patients [8, 9]. Myocardial 
perfusion imaging is useful in the assessment of 
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several cardiovascular disorders including 
Kawasaki disease, transposition of the great 
arteries following arterial switch operation, car-
diac transplantation, cardiomyopathy, chest pain, 
chest trauma, and anomalous left coronary artery 
arising from the pulmonary artery. Other less fre-
quent indications include hyperlipidemia, supra-
valvular aortic stenosis, syncope, coarctation of 
the aorta, Takayasu disease, and pulmonary atre-
sia with intact ventricular septum (Table 7.1).

 Clinical Applications

 Kawasaki Disease
Kawasaki disease, also known as mucocutaneous 
lymph node syndrome, was first described in 
l967 by Tomisaku Kawasaki [10]. Kawasaki dis-
ease is an acute, self-limited vasculitis of 
unknown etiology that occurs predominantly in 
infants and young children of all races. The dis-
ease is characterized by fever, bilateral nonexu-
dative conjunctivitis, erythema of the lips and 
oral mucosa, changes in the extremities, rash, and 
cervical lymphadenopathy. Coronary artery 
aneurysms or ectasia develops in 15–25 % of 
untreated children with the disease and may lead 
to ischemic heart disease, myocardial infarction, 
or even sudden death [11, 12]. In the USA, 
Kawasaki disease has surpassed acute rheumatic 
fever as the leading cause of acquired heart dis-
ease in children. The cause of Kawasaki disease 
is unknown, although an infectious agent seems 
likely, as there is a seasonal incidence with peaks 
during the winter and spring, and cases are usu-
ally clustered geographically. The peak incidence 
of Kawasaki disease is in the toddler and pre-

school age group (75 % of cases in children under 
5 years in the USA); it is rare in adults [13]. The 
case fatality ratio of Kawasaki disease is approxi-
mately 0.08 %, with virtually all deaths caused 
by the cardiac complications of this  disease [14].

Histopathologic examination findings at 
0–9 days are characterized by acute perivasculitis 
and vasculitis of the microvessels and small arter-
ies throughout the body [15]. At 12–25 days there 
is panvasculitis of the coronary arteries with 
aneurysm and thrombosis. Aneurysms with inter-
nal diameters greater than 8 mm carry a dispro-
portionately high risk of myocardial infarction. 
Myocarditis, pericarditis, and endocarditis may 
be present during this phase as well. Disappearance 
of inflammation in the microvessels, marked inti-
mal thickening, and granulation of the coronary 
arteries are present between 28 and 31 days. 
Subsequently, coronary artery aneurysms either 
regress by myointimal proliferation to normal 
lumen diameter, or stenosis may develop at either 
end of the aneurysm. Among patients with persis-
tent coronary artery aneurysms, the prevalence 
and severity of stenoses increase steadily over 
many years and are most highly predicted by the 
original size of the aneurysm [16].

The risk of coronary artery thrombosis is 
greatest after the acute phase subsides (beyond 
12 days), when coronary vasculitis occurs con-
comitantly with marked elevation of the platelet 
count and a hypercoagulable state. Standard 
treatment involves  intravenous immunoglobulin 
(IVIG), other anti-inflammatory agents, and oral 
anticoagulant therapy. Intravenous anticoagulant 
therapy or thrombolytic therapy may be neces-
sary, and in rare cases coronary artery bypass 
grafting is required [17].

Echocardiography is helpful for delineating 
aneurysms and assessing ventricular function. 
Myocardial perfusion imaging with SPECT and 
PET has been widely used in the assessment of 
these patients. The presence of aneurysm may or 
may not be correlated with abnormalities in 
regional myocardial perfusion. Perfusion imag-
ing, with exercise or pharmacologic stress, may 
demonstrate regionally reduced myocardial per-
fusion or an improvement in perfusion after medi-
cal therapy. In patients with Kawasaki disease and 
clinical signs of myocardial ischemia, regionally 
abnormal wall motion is frequently associated 

Table 7.1 Indications for myocardial perfusion scintig-
raphy in children

Postoperative evaluation of arterial switch operation 
for TGA
Takayasu arteritis
Tetralogy of Fallot repair
Mustard/Senning operation
Mucocutaneous lymph node syndrome (Kawasaki)
Anomalous left coronary artery
Cardiomyopathies (thalassemia)
Chest pain
Chest trauma
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with perfusion defects and, based on PET meta-
bolic imaging, with increased glucose utilization 
as an index of myocardial viability [18, 19]. 
Moreover, flow responses to pharmacologic vaso-
dilation and, thus, flow reserves have been 
reported to remain attenuated long after the acute 
phase of Kawasaki disease [20, 21]. Examples of 
myocardial perfusion SPECT in Kawasaki dis-
ease are illustrated in Figs. 7.1, 7.2 and 7.3.

 Takayasu Disease
Takayasu disease, an inflammatory disorder of 
the great vessels, was described first in 1908 
[22]. It is a rare disease with an estimated 
occurrence in the USA of 2.6 cases per one 
million people. It is most prevalent among  
individuals of Asian origin but affects individ-
uals of all ethnic backgrounds. Women are 
eight to nine times more often affected than 

a b c

Fig. 7.1 A 6-year-old boy with Kawasaki disease and 
severe aneurysms in the left anterior descending and the 
right coronary arteries. Short axis (a), horizontal long axis 

(b), and vertical long axis (c) slices reveal a perfusion 
defect in the anterior wall of the left ventricle (arrows)

RVEF = 35 %
LVEF = 25 %

a

b

Fig. 7.2 Kawasaki disease. Dilated 
 cardiomyopathy with focal myocardial defects 
and poor function. (a) Short axis. (b) Transverse 
long axis. RVEF: Right Ventricular Ejection 
Fraction, LVEF; Left Ventricular Ejection 
Fraction
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men; the disease usually occurs in the second 
and third decades of life [23]. However, cases 
in children as young as 24 months have been 
reported [24–29].

The pathogenesis of Takayasu disease has not 
been fully established. It is believed to involve 
cell-mediated autoimmune mechanisms, triggered 
by still unknown stimuli [30]. The disease prefer-
entially targets the large brachiocephalic arterial 
vessels including the aortic root, the thoracic and 
abdominal aortas, and the proximal brachial and 
iliac vessels. Histology of the acutely affected 
arterial wall reveals concentric intimal hyperpla-
sia with infiltration of macrophages, T cells, and 
natural killer cells, resembling to some extent his-
tomorphologic features of giant cell arteritis. The 
disease usually progresses in three phases, begin-
ning with an acute phase with ill- defined symp-
toms like fever, malaise, weight loss, and fatigue, 
followed by a vascular  inflammatory phase and a 
late quiescent vascular occlusion phase. Due to 
frequent relapses, the three disease phases fre-
quently coexist. Cardiovascular manifestations 
include hypertension, dilation of the aortic root, 
and coronary stenoses. Vascular alterations as 
seen on angiography typically include smooth, 
concentrically stenosed vessel segments alternat-

ing with normal vessel segments. Vascular aneu-
rysms are frequently present. Treatment includes 
corticosteroids and other immunosuppressive 
agents as well as endoscopic or surgical revascu-
larization of stenosed or occluded vessels.

Myocardial perfusion imaging, especially 
during stress, can identify obstructive coronary 
stenoses or, when combined with metabolic 
imaging, viability and dysfunctional myocardial 
regions. Because of the absence of disease- 
specific clinical manifestations during the acute 
phase, imaging approaches are essential for 
establishing the diagnosis. Ultrasound, CT, and 
cardiac MRI are being used for detecting 
inflammation- related increases in arterial wall 
thickness as well as the presence of vascular ste-
nosis [31]. Also, as several investigations have 
indicated, the acute vascular inflammatory 
phase can be directly identified with FDG and 
PET imaging [32–36]. FDG accumulates in 
inflammatory neutrophils and macrophages. 
Increases in vascular FDG uptake thus serve as 
indicators of vascular inflammation. Vascular 
uptake is highest during the acute inflammatory 
phase and declines during the late quiescent 
phase [37–40]. Changes in vascular FDG uptake 
also serve as a measure of the response to 

Rest

Stress

Rest

Stress

Fig. 7.3 Patient with Kawasaki disease with severe ischemia of the inferior wall of the left ventricle, most pronounced 
during stress
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 corticosteroid or immunosuppressive treatment 
(Fig. 7.4) [36, 37, 41, 42].

 Transposition of the Great Arteries: 
Arterial Switch Operation
In dextro-transposition of the great arteries 
(d-TGA), the aorta arises anterior from the ana-
tomic right ventricle and the pulmonary artery 
arises from the anatomic left ventricle. This 
defect accounts for 5–7 % of all congenital car-
diac malformations [43]. Without treatment, 
approximately 30 % of these infants die in the 
first week of life, 50 % within the first month, and 
more than 90 % within the first year [44]. Current 
medical and surgical treatment, which includes 
the arterial switch operation (ASO), provides 
greater than 95 % early and midterm survival. 
The most technically challenging portion of the 
ASO surgery involves the transfer of the coronary 
arteries from the anterior semilunar root to the 
reconstructed neoaorta. The short- and long- term 
success of this operative approach depends prin-
cipally on the continued patency and adequate 
functioning of the coronary arteries [45–49]. 

Vogel et al. have previously reported areas of 
myocardial hypoperfusion after the ASO [50, 
51]. Using 201Tl perfusion scintigraphy with iso-
proterenol stress, we investigated the prevalence 
of myocardial perfusion abnormalities in chil-
dren after the arterial switch operation at rest and 
with the physiologic stress of exercise using 
99mTc-sestamibi myocardial perfusion SPECT. 
Abnormalities of myocardial perfusion were 
present in nearly all patients. These perfusion 
abnormalities did not correlate with echocardio-
graphic indices of wall motion abnormalities and 
most likely were related to small areas of hypo-
perfusion resulting from aortic cross-clamping at 
surgery (Fig. 7.5).

Combined imaging of myocardial perfusion 
and glucose metabolism with positron emission 
tomography can identify the presence of viable 
myocardium and, thus, the possibility of an 
improvement in myocardial function after revas-
cularization (Fig. 7.6).

The long-term patency of surgically reim-
planted coronary vessels has also been assessed 
with 13N-ammonia PET perfusion imaging 

Fig. 7.4 Example of increased 18F-FDG uptake in the great vessels in a patient with giant cell arteritis. Similar 18F- FDG 
uptake is seen in patients with Takayasu arteritis, though usually less extensive (Adopted from Meller et al. [175], Figure 2)
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Rest Ex

Fig. 7.5 Arterial switch operation for transposition of the great arteries. At rest, there is an apparent apical defect that 
is not present at exercise (arrows)

employing pharmacologic vasodilation or physi-
cal exercise as stressors [52, 53]. Myocardial 
blood flows measured quantitatively in these 
studies were found to be diminished during 
adenosine- stimulated hyperemia, despite patency 
of the reimplanted coronary arteries. While the 
reason for the attenuated hyperemic flow response 
and the reduced flow reserve remains uncertain, 
they have been attributed to impairments in coro-
nary vasomotor function.

 Anomalous Left Coronary Artery
Anomalous origin of the left coronary artery 
from the pulmonary artery (ALCAPA) results in 
severe myocardial dysfunction and ischemia dur-
ing early infancy [54, 55]. Following birth, the 
left ventricle becomes perfused with desaturated 
blood at pressures that rapidly fall below sys-
temic pressures. Classic findings include 
 infarction of the anterolateral left ventricular free 
wall followed by mitral valve incompetence sec-
ondary to an infarcted anterior papillary muscle. 
This leads to symptomatic congestive heart fail-
ure in the first year of life. A number of surgical 

techniques have been utilized to transfer the 
anomalous coronary artery back to the aortic 
cusp [56–58]. The diagnosis can usually be made 
by history, physical examination, electrocardio-
gram, and echocardiogram with color Doppler. 
Myocardial perfusion scintigraphy may be help-
ful for assessing the severity of hypoperfusion 
and for the serial evaluation during recovery of 
function following repair (Figs. 7.7 and 7.8) [59].

 Cardiac Transplantation
Pediatric cardiac transplantation has become a 
viable treatment option for neonates, infants, 
and children with end-stage cardiomyopathy or 
congenital heart disease not amenable to con-
ventional surgical repair or palliation. Although 
early mortality generally results from acute 
rejection or infectious complications, accelerated 
coronary vasculopathy has become the major 
cause of late morbidity and mortality following 
transplantation [60, 61]. The specific pathogen-
esis of transplant coronary disease is unknown, 
but it is presumed to involve some form of vascu-
lar immunologic injury. In severe cases, coronary 
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arteriography shows progressive distal oblitera-
tive disease in the absence of collateral vessel 
development [62]. Myocardial perfusion imag-
ing has been used to evaluate these patients on a 
 regular basis. Along with coronary angiography, 
it helps in the diagnosis of coronary artery dis-
ease and myocardial viability. In cases showing 
 perfusion defects associated with diminished wall 
motion, 18 F-FDG-PET can determine the pres-
ence of myocardial viability (i.e., of a potentially 
reversible contractile dysfunction). Examples 
of 99mTc- sestamibi SPECT in patients following 
heart transplant can be seen on Figs. 7.9, 7.10  
and 7.11.

Cardiac allograft vasculopathy diffusely 
affects the coronary circulation. Even when dis-
creet obstructive coronary stenoses are absent, 
the vasculopathy leads to concentric intimal 
thickening of the proximal and distal coronary 

arteries that is associated with coronary vaso-
motor abnormalities. Myocardial perfusion then 
remains homogeneous even during stress 
despite a diffuse impairment of the vasodilator 
function and the absence of stress-induced flow 
defects. Severe impairments in the coronary 
flow reserve appear to be correlated with 
decreases in left ventricular function so that 
increases in end-systolic and end-diastolic vol-
umes as assessed by gated SPECT or PET per-
fusion imaging can contribute to the diagnosis 
of cardiac allograft vasculopathy [63]. 
Alternatively, impairments in vasodilator func-
tion can be identified directly through quantita-
tive PET-based measurements of myocardial 
blood flow at rest and during pharmacologic 
vasodilation [64, 65]. In children with cardiac 
allograft vasculopathy, the coronary flow 
reserve as the ratio of hyperemic to rest blood 

a

b

Fig. 7.6 PET stress and rest myocardial perfusion 
images and 18F-deoxyglucose uptake images in a 22-day-
old child after an arterial switch operation (ASO) for 
D-transposition of the great arteries. (a) The perfusion 
images obtained with 13N-ammonia show a mild perfu-
sion deficit in the anterior and lateral wall that largely 

 normalizes on the stress images. (b) Comparison of the 
FDG uptake images to the myocardial perfusion images at 
rest shows increased FDG uptake in the slightly hypoper-
fused anterior and lateral wall, consistent with a perfusion 
metabolism mismatch and the presence of myocardial 
viability
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Fig. 7.8 Anomalous origin of the left anterior descending coronary artery from the right coronary artery. Successful repair

Rest

Stress

Rest

Stress

Rest

Stress

Fig. 7.7 A 5-year-old boy with anomalous coronary artery departing from the pulmonary artery. A perfusion defect gets 
worse with stress (arrow)
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Rest

Stress

Fig. 7.9 Cardiac transplant. Images at rest reveal irregu-
lar distribution of myocardial perfusion. This pattern 
changes during stress. The defect in the anterior wall 

remains, while the apical defect improves with stress. 
A coronary angiogram revealed collateral circulation 
feeding the apex

Rest

Stress

Rest

Stress

Rest

Stress

Fig. 7.10 Cardiac transplant. Images at rest reveal irreg-
ular distribution of myocardial perfusion with defects in 
the mid-anterior, mid-septal, and mid-inferior wall of the 

left ventricle. The images at stress show a more normal 
distribution of myocardial blood flow. There were collat-
erals that were recruited during the stress
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flows is typically diminished. The decrease in 
the flow reserve occurs in an inverse proportion 
to the extent and severity of intimal thickening 
of the coronary vessels (Fig. 7.12).

 Cardiomyopathy
Primary cardiomyopathies (CMs) include a 
diverse group of diseases affecting the heart 
muscle itself. There are three types of CM 

Fig. 7.12 Stress-rest myocardial perfusion images 
obtained with 13N-ammonia and PET in a 16-year-old 
patient with a cardiac transplant and suspected transplant 
vasculopathy causing a progressive increase in left 

 ventricular volumes. Global left ventricular blood flow at 
rest was 1.19 ml/mm/g and increased with adenosine 
stress to 1.92 ml/min/g. Accordingly, the myocardial per-
fusion reserve was only 1.65

Rest

Stress

Rest

Stress

Rest

Stress

Fig. 7.11 Cardiac transplant. 99mTc-sestamibi single photon emission computed tomography (SPECT) demonstrates an 
apical perfusion defect that is seen at stress
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based on anatomic and functional features: 
hypertrophic (HCM), dilated (DCM), and 
restrictive (RCM). Each type of CM is distinct 
in its set of etiologies, functional characteris-
tics, clinical features, and therapeutic approach. 
Based on the form of cardiomyopathy, the ven-
tricle may become hypertrophied or dilated 
with increasingly diminished diastolic or sys-
tolic function, ultimately leading to heart 
 failure, arrhythmia, or sudden death. Severe 

reductions in the coronary flow reserve in the 
hypertrophied septum in children with HCM, 
as observed with 13N-ammonia PET, may be the 
cause of regional myocardial ischemia [66]. 
Depending on the type and severity of the dis-
ease, myocardial imaging can diagnose left 
ventricular dilatation, myocardial thinning, 
focal ischemia, or infarction as well as abnor-
malities in regional and global left ventricular 
function (Fig. 7.13).
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Fig. 7.13 (a) Patient with severe dilated cardiomyopathy. (b) Same patient following successful cardiac transplantation
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 Chest Pain and Trauma
Chest pain is a common complaint in children, 
often idiopathic, commonly chronic, and most 
often benign. Cardiac causes of chest pain 
account for a small minority of potential etiolo-
gies including idiopathic (12–85 %), musculo-
skeletal (15–31 %), pulmonary (12–21 %), 
psychiatric (5–17 %), gastrointestinal (4–7 %), 
other (4–21 %), and cardiac (4–6 %) [67]. 
Cardiac-related causes of chest pain include 
anatomic lesions (such as aortic stenosis, anom-
alous coronary artery from the pulmonary 
artery, and coarctation), acquired lesions (car-
diomyopathies, Kawasaki disease, dissecting 
aortic aneurysm, and pericarditis), and tachyar-
rhythmias. Chest pain is not a frequent referral 
diagnosis for myocardial perfusion imaging in 
children. However, in our practice we have 
observed that this method has been utilized to 
help rule out cardiac ischemia as a cause of 
chest pain.

 Right Ventricular Hypertrophy  
and Hypertension
In normal individuals, the myocardium of the 
right ventricle has much lower tracer uptake than 
that of the left ventricle and therefore may not be 
clearly visible on myocardial perfusion imaging. 
The right ventricular wall can be seen in the nor-
mal individual if the injection is made during or 
just after exercise. High radiotracer uptake in the 
right ventricular myocardium at rest is seen in 
patients with right ventricular hypertrophy 
(Figs. 7.14, 7.15 and 7.16) [68, 69]. As, for 
example, in patients with congenital heart dis-
ease, such as tetralogy of Fallot (pre- and postop-
eratively), transposition of the great arteries 
(following Senning or Mustard repair when the 
right ventricle is at systemic pressure) (Table 7.2), 
after an arterial switch operation (ASO) with 
residual supravalvular pulmonary stenosis and 
secondary right ventricular hypertrophy, or in 
pulmonary artery hypertension [53, 70].

Rest Stress

Fig. 7.14 An 11-year-old girl 
with truncus arteriosus. The 
99mTc-sestamibi SPECT reveals 
increased right ventricular tracer 
uptake due to hypertrophy 
(arrow). Post-repair magnetic 
resonance imaging (MRI) 
shows mild narrowing of the 
distal conduit, a left pulmonary 
artery of small caliber, and 
regurgitant fraction of 43 %. 
Pulmonary hypertension 
and mild to moderate right 
ventricular dilatation are present
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We have studied the effect of right ventricular 
hypertrophy on the myocardial distribution of 
201Tl in a small group of rats maintained in a 
hypobaric chamber (air at 380 mmHg) for 
2 weeks to cause pulmonary arterial hypertension 
[71]. The hypoxic rats showed significant right 
ventricular hypertrophy, and the ratio between 

left ventricle (LV) mass and right ventricle (RV) 
mass decreased from 4.2 ± 0.2 (SD) in controls to 
2.4 ± 0.1 in hypoxic animals. The LV/RV activity 
ratios in both the hypoxic and control rats were 
nearly identical to the respective mass ratios 
(r = −0.97). Radiographic and microscopic stud-
ies confirmed the changes of pulmonary arterial 

Rest Stress

Fig. 7.15 A 28-year-old man 
who had a Mustard operation for 
transposition of the great arteries. 
The patient had a dilated and 
hypertrophic right (systemic) 
ventricle with depressed function, 
mild to moderate TR, chest pain 
with exertion, and systemic 
hypertension. The left ventricle 
(pulmonary) is small and takes 
relatively much lower amount of 
tracer. Arrow points to the Right 
Ventricle

Stress

Fig. 7.16 A 13-year-old boy 
with double-outlet right 
ventricle, hypoplastic left heart 
syndrome, multiple septal 
defects, mitral atresia, and 
moderate RV dysfunction. 
Ventricular ejection fraction 
was 36 %
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hypertension in the lungs of hypoxic rats. The 
right ventricle hypertrophied in response to the 
increased pressure load, whereas the left ventri-
cle remained the same in weight-adjusted com-
parisons of the two groups [72]. In another study, 
201Tl myocardial scintigraphy was performed in 
patients with congenital heart defects to deter-
mine if quantitative right ventricular uptake cor-
related with the degree of right ventricular 
hypertrophy and therefore the degrees of right 
ventricular pressure [73]. A total of 24 patients 
ranging from 7 months to 30 years were studied; 
18 were studied before corrective surgery and six 
postoperatively. All but three had congenital 
heart defects that had resulted in pressure or vol-
ume overload (or both) of the right ventricle. 
During routine cardiac catheterization, 201Tl was 
injected through the venous catheter and myocar-
dial images were recorded in anterior and left 
anterior oblique projections.

Insignificant right ventricular 201Tl counts were 
present in six patients, all with a right  ventricular 
peak systolic pressure of less than 30 mmHg. In 
the remaining 18 patients, there was a good corre-
lation between the right ventricular/left ventricular 
peak-systolic pressure ratio and the right ventricu-
lar/left ventricular 201Tl counts ratio. All patients 
with right ventricular/left ventricular peak systolic 
pressure of less than 0.5 mmHg had a right ven-
tricular/left ventricular 201Tl count ratio of less 
than 0.4. Qualitative evaluation of right ventricular 

uptake was able to distinguish patients with right 
ventricular pressure at or above systemic levels. 
Similarly, SPECT myocardial perfusion imaging 
with 99mTc- sestamibi can be used to estimate right 
ventricular pressure and right ventricular overload 
in children with congenital heart disease [74]. 
External quantitation of right myocardial uptake 
of perfusion  tracers could be used as an index of 
right ventricular mass, and this correlates with 
increased pressure in the right ventricle, especially 
in patients with echocardiographic parameters 
inadequate for estimating right ventricular pres-
sure [73, 75, 76]. Such information may be useful 
for right-sided obstructive lesions, septal defects 
altering the pulmonary vasculature, and primary 
pulmonary disorders such as cystic fibrosis.

 Pulmonary Atresia with Intact 
Ventricular Septum
Pulmonary atresia with intact ventricular sep-
tum represents a heterogeneous group of 
patients with a spectrum of disease ranging 
from a nearly normal- sized right ventricle and 
tricuspid valve to an extremely hypoplastic right 
ventricle and tricuspid valve with coronary 
sinusoids [77–80]. In many of these patients, 
the combination of right ventricle to coronary 
sinusoids and proximal coronary artery stenoses 
creates a right ventricle- dependent coronary cir-
culation in which a significant portion of coro-
nary blood supply arises from the hypertensive 

Table 7.2 Uses of radionuclide angiography for quantitative assessment of ventricular function

Ventricle morphology Physiology Location Clinical examples

Right Pulmonary ventricle Anterior/rightward Tetralogy of Fallot
Truncus arteriosus
Valvar pulmonary stenosis
Cystic fibrosis

Right Systemic ventricle Anterior/rightward D-TGA
Posterior/leftward L-TGA

Left Systemic ventricle Posterior/leftward Kawasaki disease
s/p chemotherapy
s/p transplantation
s/p corrective cardiac surgery

Left Pulmonary ventricle Anterior/rightward L-TGA
Variable Systemic ventricle Variable s/p Fontan surgery

s/p, status post; TGA, transposition of the great arteries
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right ventricle. Decompression of the right ven-
tricle at surgical repair may thus result in sig-
nificant areas of myocardial ischemia. 
Myocardial perfusion imaging is helpful for 
evaluating infarcted areas.

Radionuclide imaging procedures also con-
tribute to the assessment of responses to correc-
tive or palliative surgical interventions in 
children with congenital cardiac malformations. 
For example, in children after a Fontan-like 
operation, diminished function of the single 
ventricle driving the entire circulation may 
lower the  long- term clinical outcome. Possible 
reasons for this diminished function include an 
increased ventricular mass, the morphologic 
type of the systemic ventricle, and an impair-
ment in coronary blood flow [81]. In a study in 
10 adolescents at 5.9 years after a Fontan-like 
operation, myocardial blood flow measured 
with 13N-ammonia and PET was found to be 
increased at rest but significantly diminished 
during maximum pharmacologic vasodilation 
[81]. In particular, the hyperemic flows were 
reduced in systemic ventricles with a right mor-
phology and in individuals with ejection frac-
tions of less than 45 %.

 Approaches to Imaging 
the Myocardium

Imaging of the myocardium can be performed 
with two modalities, the widely available single 
photon emission computer tomography (SPECT) 
and the dual-modality positron emission tomog-
raphy and computed tomography (PET/CT).

 Single Photon Emission Computed 
Tomography (SPECT)

Myocardial perfusion imaging with SPECT in 
children can be carried out using one of the fol-
lowing radiotracers: 99mTc-sestamibi (Cardiolite), 
99mTc-tetrofosmin (Myoview), or 201Tl. In our 
laboratory, the radiopharmaceutical of choice for 
myocardial perfusion SPECT is 99mTc-sestamibi.

 Radiopharmaceuticals
Technetium-99m-Sestamibi
Technetium-99m-sestamibi is one of several  
99mTc-labeled radiotracers of myocardial blood 
flow. It is a cationic complex that accumulates 
in the myocardium in proportion to regional 
myocardial blood flow. After intravenous 
administration, the agent distributes throughout 
the body and concentrates in several organs 
including the thyroid, myocardium, kidneys, 
and striated muscle. The agent clears rapidly 
from the blood with a fast initial component 
with a half-time of 4.3 min. There is less, 
approximately 8 %, of the administered tracer 
activity in blood by 5 min, and less than 1 % of 
the tracer is protein-bound in the plasma. The 
major route of elimination of 99mTc-sestamibi is 
the hepatobiliary system. Tracer activity appears 
within the intestine within the first hour after 
injection. The cumulative excretion of this agent 
in 48 h is 27 % of the amount administered in 
urine and 33 % in the feces. The biologic half-
lives of 99mTc-sestamibi in the myocardium and 
liver are 6 h and 30 min, respectively. The effec-
tive half-lives in the same organs are 3 h and 
28 min, respectively. At rest, approximately 
1.5 % of the injected dose is taken up in the 
myocardium where it remains fixed there and 
shows no significant washout or redistribution 
over time.

Technetium-99-Tetrofosmin
This agent is taken up in the myocardium to a 
maximum of 1.2 % of the injected dose at 5 min 
and 1 % at 2 h, respectively. Activity in the blood, 
liver, and lung is less than 5 % of the adminis-
tered activity at 10 min and less than 2 % at 
30 min. Tracer activity is eliminated in the urine 
(approximately 40 %) and in the feces (26 %) 
within 48 h.

With both 99mTc-labeled radiotracers, both 
resting and stress evaluations can be performed; 
physiologic stress evaluations may be performed 
in patients old enough to cooperate with exercise 
testing (usually 7 years or older), whereas the 
pharmacologic stress can be used in all age 
groups.
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Thallium-201
Thallium-201 is cyclotron produced; it has a physi-
cal half-life of 73 h and decays by electron capture. 
During its decay, it produces mercury K x-rays of 
69–83 keV (98 % abundance) and gamma rays of 
135 and 167 keV (10 % abundance) [82]. A mini-
mum dose of 0.150 mCi (5.55 MBq) and a maxi-
mum dose of 2.0 mCi (74 MBq) are suggested 
dose guidelines. See the chapter on Radiation 
Exposures for absorbed dose estimates.

Thallium-201 is considered a potassium ana-
logue [82, 83]. Clearance of potassium from the 
myocardium is faster than that of thallium, how-
ever [84, 85]. After intravenous injection, the 
blood disappearance half-time of 201Tl is less than 
1 min. The peak myocardial uptake, about 3–4 % 
of the injected dose, occurs at approximately 
10 min. At this time, the distribution of radiothal-
lium in the heart appears to correlate with myo-
cardial perfusion [85]. Thallium-201 is not fixed 
to the myocardium; it redistributes with time, 
exercise, drugs, and ischemia.

Neuronal Single Photon Emission 
Computed Tomography Tracer (123I-MIBG)
Iodine-123-metaiodobenzylguanidine (123I-MIBG) 
is a norepinephrine analogue (123I has a physical 
half-life of 13.3 h and decays with the emission of 
a 159-kEV photon in 85 % abundance.) As such, 
this agent allows noninvasive assessment of  
cardiac adrenergic innervation and function. 
Metaiodobenzylguanidine shares the same uptake 
and storage mechanisms as norepinephrine. It is 
actively transported into the presynaptic nerve ter-
minals by the uptake 1 system and it is stored 
within vesicles [86–93]. Single photon emission 
computed tomography can be obtained at 2–4 h (or 

even later) following the intravenous administra-
tion of the agent. The images reflect neuronal 
uptake. There are a number of drugs that interfere 
with MIBG uptake. MIBG imaging has been used 
to evaluate patients with cardiomyopathy, chronic 
heart failure, heart transplantation, and ventricular 
arrhythmias (Fig. 7.17).

 Technique for Myocardial Perfusion 
Imaging

 Usual Administered Doses of  
99mTc- Sestamibi or 99mTc-Tetrofosmin

The patient should fast for 2 h prior to adminis-
tration of the tracer. An intravenous needle or a 
short catheter is placed and secured to the skin 
with tape, and the line is kept open with normal 
saline. The intravenous line is kept in place so it 
can be used to inject the tracer during exercise 
studies. Because 99mTc-sestamibi has no signifi-
cant redistribution over a 4- to 6-h period, two 
injections of the radiopharmaceutical are neces-
sary to obtain resting and peak exercise during 
myocardial perfusion imaging [94, 95].

 Single SPECT Perfusion Imaging

For a single study (rest or exercise) done alone, a 
dose of 0.25 mCi (9.25 MBq)/kg is used with a 
minimum total dose of 2 mCi (74 MBq) and a 
maximum dose of 10 mCi (370 MBq). If rest and 
exercise studies are done on separate days, the 
same dose of 99mTc-sestamibi can be used. In a 
two day protocol, it is recommended to perform 

a b c

Fig. 7.17 123I-MIBG SPECT in a 10-year-old boy who was followed for neuroblastoma. (a) Short axis, (b) transverse 
long axis, and (c) vertical long axis
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the stress test first. If the stress test is normal, 
there is no need to perform the resting test. In this 
way, radiation exposure is limited to one study 
and the total radiation exposure will therefore be 
lower than with two tests.

 Rest and Exercise 99mTc-Sestamibi 
SPECT Studies (Same-Day Protocol)

For rest and exercise studies performed on the 
same day, the following dose schedule is 
suggested:
Rest: 99mTc-sestamibi SPECT study: 0.15 mCi 

(5.55 MBq)/kg, with a minimum dose of 
2.0 mCi (74 MBq) and a maximum dose of 
10 mCi (370 MBq).

Exercise: 99mTc-sestamibi SPECT study: At 
2–4 h after the rest study, the exercise study is 
performed using a dose of 0.35 mCi 
(12.95 MBq)/kg, with a minimum dose of 
4 mCi (148 MBq) and a maximum dose of 
20 mCi (740 MBq), given at peak exercise. 
After this injection, the child is encouraged to 
run for an additional 30–60 s.

 Patient Preparation and Procedure

The patient should fast for 4 h prior to rest and 
stress studies. Depending on local policies, female 
adolescents given a relatively high dose of tracer 
should undergo a pregnancy test before proceed-
ing. An intravenous needle or short catheter is 
inserted and secured to the skin. A slow intrave-
nous drip of saline runs throughout the procedure 
in order to maintain a viable IV line. Non-
attenuating electrocardiographic electrodes are 
placed on the patient, two on either side of the 
chest superiorly and another over the left ribcage. 
Radiopaque objects in the area of the thorax should 
be removed before imaging; implanted radiopaque 
objects (metal, silicone, etc.) should be noted as 
potential attenuators of cardiac activity.

Most acquisition protocols for pediatric myo-
cardial perfusion SPECT utilize a gamma camera 
with two detectors positioned at 90° from each 
other imaging the cardiac region for 180° for better 
spatial resolution, higher contrast, and less attenu-

ation than a 360° acquisition. Either a high- 
resolution collimator or an ultra-high-resolution 
collimator set is used, and the images are recorded 
in a 128 × 128 matrix format. Either a step-and- 
shoot acquisition with 32 or 64 stops separated by 
3° or continuous acquisition may be used. 
Typically each image is recorded for 25 s. 
Electrocardiogram electrodes are placed on the 
patient so that the study is triggered by the ECG 
signal. Typically 200–300 heartbeats are recorded 
and the study is completed in 20–30 min. For both 
the rest and the stress studies, imaging begins at 
15–30 min post-tracer administration. The patient 
is placed in the supine position on the SPECT table 
with his or her left arm over the head. After the rest 
study is completed, the patient is taken to the stress 
laboratory. The radiopharmaceutical is prepared in 
the appropriate dose in advance and is taken with 
the patient to the exercise laboratory. The exercise 
test (treadmill or bicycle) is obtained under the 
supervision of a cardiologist. The tracer is injected 
at peak exercise or at the point where the patient 
states he/she is about to stop or has chest pain.

 New Dedicated Detector Systems

The developments of novel dedicated detector 
systems are revolutionizing the acquisition and 
analysis of ECG-gated myocardial perfusion 
SPECT. These systems include the use of new 
detector technology including the use of materi-
als such as CsI(Tl), CZT, and NaI(Tl) crystals. 
System’s designs include triple planar detec-
tors, detectors arranged in an arc design, vertical 
detector columns placed at 90°, multiple pinhole 
collimator, and astigmatic collimators.

Advanced reconstruction methods include 
ordered subset expectation maximization 
(OSEM) 3D with resolution recovery. Image 
quality and spatial resolution are improved. With 
the increased sensitivity, these systems allow 
imaging times that are reduced to 2–5 min from 
the traditional 15–30 min per study. In addition, 
patient comfort is improved and motion arti-
facts are reduced. These developments prom-
ise improved imaging protocols with improved 
patient comfort, higher patient throughput, and 
reduced radiation exposure [96, 97].
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 Positron Emission Tomography (PET)

Stand-alone PET systems have now been largely 
replaced by hybrid PET/CT imaging systems so 
that PET/CT imaging is the current standard.

 Radiopharmaceuticals
Rubidium-82, 13N-ammonia, and 15O-water can 
be used for evaluating myocardial perfusion with 
PET and for measurements of myocardial blood 
flow.

Rubidium-82
Rubidium-82 is a generator-produced radionu-
clide with a half-life of 75 s. The parent radioiso-
tope is 82Sr with a physical half-life of 25.5 days. 
The generator eluant is injected intravenously 
into the patient as a 10–20 s bolus. Rubidium-82 
is extracted rapidly in the myocardium; the radio-
tracer extraction fraction depends inversely on 
flow so that the myocardial radiotracer myocar-
dial net uptake increases with higher flows in a 
curvilinear fashion. The short half-life of 82Rb 
permits studies to be performed in rapid succes-
sion. The 82Rb generator system can be used for 
approximately 1 month.

Nitrogen-13 Ammonia
Nitrogen-13 and 15O require a medical cyclotron 
in proximity to a PET/CT scanner. Nitrogen-13 
has a physical half-life of 10 min; in the form of 
13N-ammonia, it is rapidly extracted by the myo-
cardium. It is trapped primarily by the glutamic- 
acid-glutamine reaction and accumulates in the 
myocardium in proportion to blood flow, though 
not in a linear but in a curvilinear relationship 
where increases of coronary flow are associated 
with progressively smaller increases in radio-
tracer uptake [98].

Oxygen-15 Water
Oxygen-15 has a physical half-life of 2 min, and 
as 15O-water, it is taken up by the myocardium 
with an extraction fraction of almost 100 %. 
However, intravenously injected 15O-H2O also 
resides within the blood pool, and special pro-
cessing techniques are needed to outline the 
myocardial image separate from the blood pool.

Quantification of regional myocardial blood 
flow has become available in the clinical setting. 
Such quantification requires serial image acqui-
sition beginning immediately prior to injection 
of the radiotracer and continues for about 
15–20 min and for 8–10 min for 13N-ammonia 
and 82Rb, respectively. Software routines are 
available for extracting time-activity curves 
from the serially acquired images and for com-
puting estimates of myocardial blood flow in ml/
min/g.

Fluorine-18-Labeled Myocardial Perfusion 
Agents
Several 18F-labeled PET myocardial perfusion 
agents are currently under investigation. These 
include rhodamines, fluorobenzyl triphenyl 
 phosphonium, flurpiridaz, and others [99–104].  
Potential advantages of these radiotracers include 
the short physical half-life of the tracer, the 
higher spatial resolution, the easy availability, 
and the potential for quantitation of myocardial 
blood flow.

 Perfusion Imaging

 Dose Schedules for Myocardial 
Perfusion Tracers for PET

 Nitrogen-13 Ammonia
The standard dose is 0.3 mCi/kg (11.1 MBq/kg) 
with a maximum dose of 30 mCi (1,110 MBq). 
Allowing 20 min to 25 min from the end of the 
first to the beginning of the repeat study (about 5 
half-times between radiotracer administrations 
with more than 95 % of the radioactivity 
decayed), the same dose of 13N-ammonia is 
administered for the stress study.

 Rubidium-82
The standard dose is approximately 0.71 mCi/kg 
(27 MBq/kg) with a maximum dose of 60 mCi 
(2,200 MBq). The time interval between studies 
is shorter than for 13N-ammonia because of the 
ultrashort 75-s physical half-time.

Imaging of perfusion at rest delineates abnor-
malities in regional myocardial blood flow 
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caused by an obstruction or severe constriction of 
a coronary vessel or due to scar tissue. When 
combined with stress perfusion imaging, it aids 
in the detection of anomalous coronary vessels, 
of inflammatory alterations of the coronary ves-
sels, and of obstructive coronary lesions as, for 
example, associated with congenital abnormali-
ties or after surgical reimplantation of arterial 
vessels.

Stress-rest perfusion imaging with PET is per-
formed analogous to that with SPECT but distinct 
differences exist: First, the short physical half-time 
of PET perfusion tracers as, for example, 10 min 
for 13N-ammonia and 75 s for 82Rb allows repeat 
imaging at only 20–40 min intervals. Hence, no 
dose adjustments are needed for repeat studies as 
is done with SPECT perfusion imaging. The same 
dose of radiotracer activity is given for the second 
imaging study. Second, treadmill or bicycle exer-
cise can be employed as stress. However, the short 
physical half-life of the PET perfusion radiotrac-
ers poses formidable logistic challenges so that 
pharmacologic vasodilation has become the 
widely accepted form of stress.

 Patient Preparation and Procedures

Patient preparation for myocardial perfusion 
imaging with PET largely follows that for SPECT 
perfusion imaging. Patients should fast for 4–6 h 
prior to study and refrain from caffeine- and the-
ophylline-containing beverages or medications 
as they may attenuate or abolish the hyperemic 
response to vasodilator agents. Female patients, 
if appropriate, might undergo pregnancy testing 
in view of the radiation exposure due to the radio-
tracer and computed tomographic imaging. An 
intravenous line is inserted and secured for 
administration of the radiotracer and the vasodi-
lator stress agent. A manometer cuff is attached 
to the opposite arm for monitoring arterial blood 
pressure during the vasodilator stress. 
Electrocardiographic leads are attached, two on 
either side of the chest and a third one to the left 
lower rib cage.

The patient is placed supine on the imaging 
table with both arms extended and resting com-

fortably on a pillow or arm support above the 
head. Prior to the study, a test run of the imaging 
table with the patient through the imaging gantry 
should be done in order to assure free access to 
the intravenous line and to ascertain that infusion 
lines, electrode wires, and blood pressure lines 
do not become entangled between the imaging 
table and imaging gantry. Wrapping the patient’s 
torso with sheets on the imaging table aids in 
reducing patient motion during the image 
acquisition.

Sedation of infants for the imaging study 
should be considered to ensure adequate image 
quality but usually is not needed in children 
10 years or older. For adequate positioning of the 
heart in the imaging field, a low dose computed 
tomographic topogram is recorded during free 
breathing.

State-of-the-art positron emission tomo-
graphic imaging systems acquire image data in 
list mode, where each emission event together 
with its precise timing and position is recorded 
sequentially, together with a physiologic signal 
like the electrocardiogram or respiratory motion. 
Compared to the standard frame acquisition, list 
mode acquisition offers several advantages: The 
image data can be re-sorted into static image 
frames for assessing the relative radiotracer dis-
tribution throughout the myocardium, into a set 
of image frames throughout the cardiac cycle for 
evaluating regional wall motion and left ventricu-
lar volumes, or into a sequence of 5- to 10-s 
frames during the initial 2–3 min post injection, 
which like radionuclide angiocardiogram depicts 
the initial transit of the radiotracer bolus through 
the central circulation and its uptake in the myo-
cardium. From these “dynamic image sets,” time-
activity curves for the left ventricular myocardium 
and the left ventricular blood pool are generated, 
and myocardial blood flow is obtained in ml/
min/g.

For standard clinical assessment of the myo-
cardial distribution of blood flow, list mode 
image data acquisition usually begins at 3 min 
after tracer administration and continues for 
11 min. For 82Rb, image acquisition begins at 
90 s after the radiotracer injection and continues 
for 6–7 min. For the assessment of ventricular 

7 Cardiovascular System



166

volumes and wall motion, the list mode data are 
rebinned into 8 frames per cardiac cycle. 
Quantification of myocardial blood flow requires 
the image acquisition to start immediately before 
the radiotracer injection so that the initial radio-
tracer kinetics including the arterial input func-
tion and its rate of accumulation in the 
myocardium are captured.

An important aspect of the reconstruction of 
the image data and the correction for photon 
attenuation is the adequate co-registration of the 
CT attenuation and the PET images. In order to 
ascertain adequate alignment or to correct for 
possible patient motion between the CT and 
PET images, a “scout PET image” is recon-
structed and its position compared against the 
CT images. If necessary, the CT images can be 
realigned with the PET images followed by 
reconstruction and attenuation correction of the 
PET images.

 Technical Aspects of Pharmacologic 
Vasodilator Stress
For maximum coronary vasodilation and stimu-
lation of hyperemic flows, dipyridamole, adenos-
ine, and selective A2A adenosine receptor agonists 
are available.

Dipyridamole at dose of 0.56 mg/kg is infused 
intravenously over a 4-min period. Maximum 
hyperemic flows are reached at 4 min after the 
end of the dipyridamole infusion, at which time 
the flow tracer is given intravenously.

Adenosine is infused intravenously at a rate of 
0.14 mg/kg/min for a 6-min period. Coronary 
flow promptly increases within the first minute of 
vasodilator administration. Three minutes into 
the adenosine infusion, the flow tracer is admin-
istered while the adenosine infusion continues 
for another 3 min in order to fully maintain 
hyperemic blood flows.

Regadenoson (Lexiscan, Gilead Sciences, 
Inc.), a selective A2A adenosine receptor agonist, 
is administered at a dose of 0.4 mg (diluted in a 
5 ml solution) over 10–20 s, followed by a 5 ml 
saline flush. The hyperemic flow response peaks 
within the first minute, at which time the radio-
tracer is administered.

 Imaging Metabolism with Positron 
Emission Tomography
Imaging myocardial glucose metabolism with 
FDG requires additional patient preparation in 
order to optimize the radiotracer uptake in the 
myocardium. Patients should fast for 6 h prior 
to the study. After determining the blood glu-
cose level, dextrose is given orally or, if indi-
cated, intravenously in order to stimulate 
insulin secretion and to suppress circulating 
free fatty acid levels. Our own approach is to 
administer 0.3 g/kg intravenously 1 h before 
the FDG injection, whereas, in another labora-
tory, infants and children less than 10 years of 
age are given 2 g of glucose orally followed by 
continuous IV infusion of 10 % dextrose in 
water at a rate of 4 ml/kg/min [9, 105]. In chil-
dren older than 10 years of age, 10 % dextrose 
in water is infused at a rate of 1.3 ml/kg/h. 
FDG is administered intravenously 1 h later 
and acquisition of 15-min images commences 
at 60 min. For imaging the FDG uptake in the 
great arteries as, for example, in instances of 
suspected vascular inflammation, the time from 
radiotracer administration to the start of imag-
ing is at least 90 min or even as long as 3 h in 
order to maximally reduce background 
activity.

FDG is a glucose analogue. Fluorine-18 has a 
physical half-life of 111 min. The radiotracer 
competes with glucose for hexokinase-mediated 
phosphorylation. Because FDG-6-phosphate is a 
poor substrate for glycolysis and glycogen syn-
thesis, it becomes trapped in the myocardium. Its 
accumulation in the myocardium as depicted on 
the PET images corresponds to the rate of glu-
cose utilization. In pediatric patients, FDG is 
used for the assessment of myocardial viability 
and for the detection of inflammatory vascular 
disease. Increased FDG uptake relative to blood 
flow in dysfunctional myocardial regions identi-
fies the myocardium as viable, i.e., wall motion 
can potentially recover upon restoration of 
 myocardial blood flow (see also Fig. 7.6). 
Conversely,  proportional decreases in glucose 
uptake and in blood flow identify the myocar-
dium as scarred.
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 Dose Schedules for Metabolic 
Imaging with FDG and PET

Imaging of the myocardial glucose utilization with 
FDG can detect regional metabolic abnormalities 
as, for example, associated with certain types of car-
diomyopathies (i.e., Duchenne or Becker muscular 
dystrophy) or with myocardial viability as a poten-
tially reversible form of contractile dysfunction that 
is associated with a regional increase in FDG uptake 
relative to blood flow. PET imaging with FDG also 
aids in identifying inflammatory disorders of the 
great vessels as for example in Takayasu disease.

FDG is administered at a dose of 0.14 mCi/kg 
(5.3 MBq/kg) with a minimum dose of 1–2 mCi 
(37–74 MBq).

 Current Developments in Positron 
Emission Tomographic Imaging

PET/MRI hybrid imaging devices have now 
become available. Some of these devices entail 
separate PET and MR components, while others 
are fully integrated PET/MRI systems that enable 
simultaneous dual-modality imaging. Although 
the clinical role of these dual-modality devices 
remains to be established, it is clear that they 
offer advantages in cardiac imaging of pediatric 
patients. Besides assessment of the cardiac anat-
omy and contractile function, regional myocar-
dial blood flows and metabolism can be evaluated 
at the same time. Moreover, use of the PET/MRI 
instead of PET/CT will reduce the radiation bur-
den to children.

 Assessment of Ventricular Function

 Clinical Applications

Several nuclear medicine methods for the 
assessment of ventricular function in children 
are available. These include electrocardiogram 
(ECG)-gated myocardial perfusion SPECT 
(Fig. 7.18), gated metabolic PET (18F-FDG), 
gated blood pool scintigraphy, and first-pass 

radionuclide angiography. Radionuclide assess-
ments of ventricular function include right and 
left ejection fractions, detection of wall motion 
abnormalities, ventricular volume, cardiac output, 
and regurgitant fraction. Clinical applications of 
radionuclide studies to assess ventricular function 
have been applied to Kawasaki disease, anoma-
lous origin of the coronary artery, cardiomyopa-
thies, cardiac transplants, atrial and  ventricular 
septal defects, cystic fibrosis, cardiac tumors, and 
certain congenital heart diseases, before and after 
catheter intervention or corrective surgery.

 Gated Blood Pool

Gated blood pool scintigraphy is a means of imag-
ing the cardiac blood pool by synchronizing the 
recording of scintillation data with the ECG [106, 
107]. This technique permits repetitive sampling 
of the cardiac cycle from many cycles until an 
image of appropriate count density is recorded. 
Certain conditions must be met for the gated scan 
to be performed adequately: regular heart rate and 
rhythm, limited beat-to-beat variability during the 
study, no patient motion, minimal diaphragmatic 
motion, largely intravascular location of the 
tracer, and sufficient count density (Fig. 7.19).

Gated cardiac studies permit an evaluation of 
both global and regional ventricular function. 
Generally, no patient preparation is needed for 
this study, but patients under 3 years of age may 
require sedation in order to keep them still for the 
20–30 min required for the recording.

 In Vitro Labeling of Red Blood Cells
A 1- to 3-mL sample of the patient’s blood is 
obtained and treated with heparin or acid-citrate- 
dextrose (ACD). Ethylenediaminetetraacetic 
acid (EDTA) or oxalate should not be used as an 
anticoagulant. The red blood cells (RBCs) are 
labeled with 99mTc using a commercial prepara-
tion (Ultratag RBC, Mallinckrodt, St. Louis, 
MO). The labeled RBCs are reinjected slowly 
into the patient. Caution: The labeled blood cells 
must be reinjected only into the patient from 
whom the blood was drawn. Technetium-99m- 
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labeled RBCs are used in a dose of 0.2 mCi 
(8.4 MBq)/kg, with a minimum dose of 2.0 mCi 
(74 MBq) and a maximum of 20 mCi (740 MBq).

 Technique for Gated Blood Pool 
Imaging
The patient is usually studied in the supine posi-
tion. Sitting or upright positions are also possible. 
An intravenous needle (butterfly type, 23 or 25 
gauge) or a short IV catheter is inserted and used 
to obtain blood for radiopharmaceutical labeling 
and re-injection. Once one is certain that the nee-

dle/catheter is properly placed and that there is no 
possibility of extravasation, it should be secured 
with tape to the patient’s skin. The patient’s arm 
should be free of any object that could interfere 
with venous return. Venous access is kept patent 
with normal saline while the patient is being 
readied for the angiogram. EEG electrodes are 
placed on both shoulders and on the patient’s 
right costal margin. After intravenous injection 
of the 99mTc-RBCs, recording proceeds almost 
immediately. The gamma camera is usually 
equipped with a high-resolution parallel- hole 

Stress MIBI-Gated

EDV  43 ml [8]

ESV  15 ml [4]
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Fig. 7.18 Gated myocardial perfusion SPECT. Selected 
end-diastolic and end-systolic slices in the short axis and 
horizontal and vertical long axes are shown. Ventricular 

time-activity curve of a cardiac cycle is represented in the 
right upper quadrant
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collimator in the left anterior oblique  projection 
in order to obtain maximal separation between 
the right and the left sides of the heart and tilted 
caudally so there is a separation between the aria 
and the ventricles. If available, a 30° slanted par-
allel-hole collimator positioned on contact with 
the patient’s chest on a left anterior oblique pro-
jection and tilted caudally is preferred. 
Adjustments for abnormal cardiac positions may 
be necessary. Typically, recording consists of 32 
frames per heartbeat on a 128 × 128 matrix for an 
appropriate amount of counts.

 Data Recording
Data recording programs allow tailoring studies 
to each individual patient. The recording rate 
should be adjusted depending on the patient’s 
heart rate. If aberrant beats occur frequently 
(more than 10 % of the beats) or if other arrhyth-
mias are present (e.g., atrial fibrillation), this 
method may not be effective. Alternatively, it is 

possible to record all scintigraphic events and the 
electrocardiogram in list mode and then evaluate 
various R-R intervals after the study is recorded. 
The end of the study can be determined by a pre-
set number of cardiac cycles or a preset amount 
of time.

 Analysis
Before analyzing the gated study, it is important 
to assess its technical adequacy. The following 
items should be evaluated: adequate tracer label-
ing, patient motion, positioning, sharpness of the 
image, and adequate gating.

The study is viewed to assess global cardiac 
function and chamber sizes and to detect abnormal 
wall motion. Analysis of the study can be per-
formed manually or by several commercially 
available automated methods. Time-activity 
curves of ventricular activity are calculated. 
Maps of regional ejection fraction and stroke vol-
ume are also displayed for analysis.

Phase image Amplitude image Regional EF and wall
motion

Fig. 7.19 Gated blood pool scan showing end-diastolic 
(ED) and end-systolic (ES) frames and a ventricular time- 
activity curve of an average cardiac cycle. The ejection 

fraction is 24 %. On the bottom of the image, a phase 
image, an amplitude image, and an image of regional 
ejection fraction are shown
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There are two parts to the analysis of gated 
scans: visual evaluation of the study on a series of 
images or on a movie mode display of the heart 
cycle and measurement of ventricular function 
and volumes. Ventricular volume changes can be 
quantitated by analyzing time-activity curves 
from regions of interest (ROIs) over the ventri-
cles. Global ventricular ejection fraction, ejection 
rate, filling rates, and ventricular volumes can be 
estimated.

 Valvular Regurgitation

This technique is useful for quantitating mitral 
valve or aortic valve regurgitation, both prospec-
tively following the natural history and assessing 
the results of surgical or catheter interventions. In 
gated blood pool studies, a ratio of the change in 
count rates in the left ventricle between end dias-
tole and end systole divided by the change in 
count rates in the right ventricle between end sys-
tole and end diastole (regurgitation volume index, 
stroke-volume ratio) provides a simple and 
unique way to quantitate left-sided valvular 
regurgitation [108–113]. Rigo et al. developed 
the method based on cardiac blood pool scintig-
raphy [111]. In the left anterior oblique projec-
tion, this study permits simultaneous assessment 
of the left and right ventricles. The mean left 
 ventricular/right ventricular stroke ratio (LV/RV) 
in normal patients is 1.19. In patients with aortic 
or mitral regurgitation, this ratio is elevated. 
These authors found good agreement between 
the LV/RV stroke volume ratio and angiographic 
grading of valvular regurgitation. The technique 
is simple and does not require elaborate data 
processing.

Hurwitz et al., in our laboratory, evaluated this 
method to quantitate aortic or mitral regurgitation 
in children and young adults at rest and  during 
 isometric exercise [114]. There was good correla-
tion with cineangiographic results in 47 of 48 
patients. The stroke volume ratio was used to clas-
sify severity. The group with equivocal  regurgitation 
differed from the group with mild regurgitation 
(p < .02); patients with mild regurgitation differed 
from those with moderate regurgitation (p < .001); 
and those with moderate regurgitation differed 
from those with severe regurgitation (p < .01). The 
stroke volume ratio was responsive to isometric 
exercise, remaining constant or increasing in 16 of 
18 patients. After corrective surgery in seven 
patients, the stroke volume ratio significantly 
decreased from preoperative measurements in all 
patients. As in adult patients, the stroke volume 
ratio in normals varied between 1.0 and 1.3. This 
study suggested that a stroke volume ratio of more 
than 2.0 is compatible with moderate to severe 
regurgitation and that a ratio greater than 3.0 indi-
cates severe regurgitation (Fig. 7.20).

 Diagnosis and Quantitation  
of Left-to-Right Shunts and 
Ventricular Function with First-Pass 
Radionuclide Angiocardiography

 Clinical Applications

First-pass radionuclide angiocardiography 
(Fig. 7.21) is a rapid, accurate, and noninva-
sive method that is useful in the diagnosis and 
measurement of left-to-right shunts in certain 
congenital lesions (Table 7.3). This method is 
useful for assessing the magnitude of the shunt in 

RVSV LVSV

SV Ration = 2.7
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Fig. 7.20 Regurgitant 
fraction estimated by gated 
blood pool scanning. The 
stroke volume ratio  
(SV ratio) is 2.7
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patients before and after repair. Determination of 
ventricular function with first-pass radionuclide 
angiocardiography is also possible in patients 
with most of the indications described earlier (see 
section “Assessment of Ventricular Function”).

 Detection and Quantitation  
of Left-to- Right Shunts

 Radiopharmaceuticals
Technetium-99m as pertechnetate is the most 
commonly used radiopharmaceutical for first- pass 
radionuclide angiocardiography. Other radiophar-
maceuticals labeled with 99mTc can be used so long 

as they remain largely within the blood during the 
time required for the angiocardiogram [e.g., 99mTc-
methylene diphosphonate (99mTc-MDP), 99mTc-
diethylenetriamine pentaacetic acid (99mTc-DTPA), 
and 99mTc- disodium [N-[N-N-(mercaptoacetyl)
glycyl]-glycinato(2-)-N,N′,N″,S]oxotechnetate 
(2-) (99mTc-MAG3)]. Clearly agents such as 99mTc-
macroaggregated albumin (99mTc-MAA) are not 
adequate for this purpose. Radiopharmaceuticals 
with rapid blood disappearance rate (99mTc-MAG3 
or 99mTc-DTPA) enable repeated angiocardio-
grams with lower residual background than 
pertechnetate.

When using 99mTc-pertechnetate, the patient 
should be premedicated with sodium (intrave-
nous) or potassium (oral) perchlorate to reduce 
thyroid uptake of the tracer. When other 99mTc- 
labeled radiopharmaceuticals are used, perchlo-
rate premedication is not necessary. Recommended 
administered dose of 99mTc is 0.2 mCi (7.4 MBq)/
kg, with a minimum total dose of 2 mCi  
(74 MBq) and a maximum of 20 mCi (740 MBq). 
The total volume of radiopharmaceutical should 
be less than 0.2 mL so that a small rapid bolus 
can be administered.

SVC

RA RV RL

LA

LV Ao

PA

Fig. 7.21 Normal radionuclide angiocardiogram. Tracer circulates in the superior vena cava (SVC), right atrium (RA), 
right ventricle (RV), pulmonary artery (PA), right lung (RL), left atrium (LA), left ventricle (LV), and aorta (Ao)

Table 7.3 Indications for first-pass radionuclide angio-
cardiography in children

Atrial septal defect
Ventricular septal defect
Truncus arteriosus
Patent ductus arteriosus
Complete atrioventricular canal
Aortopulmonary collaterals
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 Imaging Technique
In expert hands the majority of patients do not 
need sedation for this short procedure. If sedation 
is needed, it should be prescribed for each patient 
individually. Prior to positioning the patient 
under the gamma camera for the angiocardio-
gram, an intravenous needle (butterfly type, 
23–25 gauge) or a short IV catheter is inserted. 
Once one is assured that the needle/catheter is 
properly placed and that there is no possibility of 
extravasation, it should be secured with tape to 
the patient’s skin. If possible, an antecubital vein 
is selected for the injection. In instances when the 
bolus of tracer is fragmented, the application of 
deconvolution analysis ensures a high percentage 
of successful studies.

The patient is placed supine on the imaging 
table. The gamma camera, equipped with a 
parallel- hole, high-sensitivity collimator, is posi-
tioned anteriorly over the patient’s chest. The 
field of view should extend from the suprasternal 
notch to just below the xiphoid and should cover 
both pulmonary fields.

 Data Recording
Radionuclide angiocardiography for the assessment 
of left-to-right shunting is recorded at two or four 
frames per second for 25 s on a 128 × 128 matrix. 
Alternatively, a list mode acquisition is used.

 Injection Technique
For the evaluation of left-to-right shunts, the 
technique of injection is of utmost importance 
in order to obtain a good-quality angiogram 
with high temporal resolution. Qualitative and 
quantitative analyses of radionuclide angiocar-
diography are best done when the radiotracer is 
delivered as a single, small, rapid intravenous 
bolus injection, a point that cannot be overem-
phasized. The volume of saline flush varies from 
approximately 0.5 mL in infants to 15.0 mL 
in young adults. Before the tracer is injected, 
a trial flush with saline alone should be made 
to ensure against the possibility of acciden-
tal tracer extravasation. If there is no free flow 
into the vein or there are any doubts about the 
adequacy of venous access, the tracer must not 
be injected and another site for the injection 
should be selected. The tracer should not be 

injected while the patient is crying or producing 
Valsalva maneuvers. Increased or widely vari-
able changes of intrathoracic changes will most 
likely cause bolus fragmentation and render the 
study inadequate. Injecting the tracer with the 
saline simultaneously allows rapid, uniform 
delivery of the tracer with uninterrupted saline 
flushing. The injection should be given in one 
continuous motion, and recording should begin 
simultaneously with tracer injection.

Quality Control
Without moving the patient, the angiocar-
diogram is reviewed on a cine display. Then 
a small ROI is placed over the superior vena 
cava, and a time- activity curve is generated. 
This curve serves to determine the adequacy of 
the bolus. Acceptable bolus injections reveal 
a single peak with an FWHM (full width at 
half maximum) of less than 3 s. As men-
tioned, some fragmented boluses can be cor-
rected by deconvolution analysis. If the study 
still appears inadequate for analysis, a second 
study may be performed using approximately 
twice the amount of the initial dose. Recording 
for the second angiogram is begun 3–5 s after 
the injection to allow background correction. 
If both injections fail, the study should be 
rescheduled for another day.

Analysis
ROIs are marked over the lung fields. These 
regions should be placed carefully so they do not 
overlap the heart and great vessels. A series of 
images at 0.5–1.0 frames per second should be 
displayed. Superior vena cava time-activity 
curves are used to select the input for deconvolu-
tion analysis. Pulmonary time-activity curves are 
used for left-to-right detection and quantitation.

In a normal radionuclide angiocardiogram, 
tracer is seen as it circulates sequentially through 
the superior vena cava, right atrium, right ven-
tricle, pulmonary artery, lungs, left atrium, left 
ventricle, and aorta. The left ventricle and the 
aorta are clearly visualized with only minimal 
pulmonary activity. The relative sizes of the heart 
chambers can be appreciated on the angiocardio-
gram (Fig. 7.21). A normal pulmonary time- 
activity curve is characteristic. Following an 
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initial almost flat segment, the curve rapidly rises 
to a single peak and descends less rapidly to a 
“valley,” almost reaching the baseline. This first 
peak represents the initial passage of the bolus 
through the pulmonary circulation and is fol-
lowed by a second peak of less amplitude and 
broader than the first one. The second peak rep-
resents the portion of the initial bolus returning 
to the lungs after it circulates through the sys-
temic circuit (Fig. 7.22).

With left-to-right shunting, the radionuclide 
angiocardiogram reveals a persistence of tracer 
activity in the lungs caused by premature pul-
monary recirculation of the tracer through the 
intracardiac shunt (Figs. 7.23 and 7.24). The 
amount of persistent tracer activity in the lungs 
is directly related to the magnitude of shunt 
flow. In addition, in moderate to severe left-to-
right shunting, the left side of the heart and the 
aorta are not well visualized on the angiogram. 
These two radionuclide angiocardiographic 

Lung Lung

Normal L → R shunt

S

Fig. 7.22 Pulmonary time-
activity curves. Left normal, 
S systemic peak, Right 
left-to-right shunt

Fig. 7.23 Left-to-right shunt. Radionuclide angiocardiogram from a patient with a moderate left-to-right shunt 
(Qp:Qs = 2.8). The angiocardiogram reveals premature pulmonary recirculation

Fig. 7.24 Pulmonary time-activity curves for two 
patients without intracardiac shunting
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 Qp:Qs - 1.3

RIGHT LUNG
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Time (s)

20 25 0 5 10 15
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20 25

Fig. 7.25 Small left-to-right shunt. The radionuclide 
angiocardiogram reveals a small amount of early pul-
monary recirculation accompanied by a rather clear 

 visualization of the left side of the heart and the aorta. 
This is consistent with a small left-to-right shunt 
(Qp:Qs = 1.3)

 features—persistent pulmonary tracer activity 
and poor visualization of the left side of the 
heart and aorta—are diagnostic for left-to-right 
shunting. The pulmonary time-activity curve in 
left-to-right shunting characteristically reveals 
an early secondary peak that interrupts the ini-
tial downslope of the curve. This premature sec-
ondary peak is due to premature reentry of 
tracer into the pulmonary circulation through 
the left-to-right shunt and is diagnostic. The 
pulmonary time-activity curve can be used to 
calculate the pulmonary-to-systemic flow ratio 
(Qp/Qs) (Figs. 7.25 and 7.26).

 Assessment of Right and Left 
Ventricular Ejection Fraction

For determination of right and left ventricular 
ejection fraction, radionuclide angiocardiogra-
phy should be recorded at a minimum recording 
rate of 25 frames per second. The study is 
recorded for 25 s on a 128 × 128 matrix. 

Alternatively, the study can be recorded on a 
list mode. For assessment of ventricular ejec-
tion fraction, the radionuclide angiocardiogram 
should be first evaluated on a cinematic mode. 
This provides an overall view of the study. 
Regions of interest are drawn over the left and 
right ventricles, and time- activity curves are 
calculated (see below). These curves are used to 
identify the frames in the study corresponding 
to end diastole and end systole. An adaptive 
low-pass filter is applied to eliminate high-fre-
quency noise. Consecutive end-diastolic and 
end-systolic frames are selected over several 
cardiac cycles during the first pass of radionu-
clide through the right and left ventricles. 
Composite images of each ventricle at end dias-
tole and end systole are formed by adding the 
selected frames. Subtracting the end-systolic 
image from the end-diastolic image results in a 
“stroke volume” image, which is useful for 
 identifying the atrioventricular plane. Regions 
of interest are then marked over the summed 
right and left diastolic and systolic frames. 
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Ejection fractions are calculated by the 
formula

 
EF

EDC ESC

EDC
,=

−

 
where EF is the right (RV) or left (LV) ventricu-
lar ejection fraction, EDC is the end-diastolic 
counts, and ESC is the end-systolic counts. This 

method is accurate and ideally suited for chil-
dren because it can be performed in just a few 
seconds, with no need for prolonged immobili-
zation or sedation. First-pass radionuclide angio-
cardiography (FPRA) has been compared in our 
laboratory with biplane angiocardiography, and 
a good correlation was found (Figs. 7.27 and 
7.28) [115].

Fig. 7.26 Radionuclide angiocardiogram from a 4-month-old girl after repair of tetralogy of Fallot 8 weeks prior to this 
examination. SVC superior vena cava

20 30 40
Time (s) Time (s)

50

RVEF = 62 % LVEF = 71 %

8.0 9.0 10.0 11.0 12.0 13.0 14.0

ED ES ED ES

Fig. 7.27 Determination of right and left ventricular 
ejection fractions (RVEF, LVEF) by first-pass radionu-
clide angiocardiography. Upper left: right ventricle. ED 

end-diastolic image, ES end-systolic image. Upper right: 
left ventricle. Lower quadrants: right and left ventricular 
time-activity curves
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To determine normal pediatric values of EF, 
we measured right and left ventricular ejection 
fractions in 74 children with normal cardio-
vascular function who were referred for skel-
etal scintigraphy [116]. These normal values 
are listed in Table 7.4. First-pass radionuclide 
 angiocardiography requires meticulous atten-
tion to detail in the delineation of the edges of 
the ventricular margins and careful injection 
technique.

 Right-to-Left Shunts

With right-to-left shunting, the first-pass radionu-
clide angiogram reveals passage of the radio-
tracer within the superior (or inferior) vena cava, 
the right atrium, and the right ventricle. There is, 
depending on the level of the shunt, rapid appear-
ance of the tracer within the left atrium or the left 
ventricle and the aorta (or both), which on the 
angiogram appears to occur at the same time or 

before the tracer reaches the lungs. For example, 
with tricuspid atresia, the tracer is seen to circu-
late from the right atrium into the left ventricle 
via the left atrium, presenting a rather unique 
angiographic pattern. Some examples of congen-
ital lesions where radionuclide angiocardiogra-
phy may be used to detect and quantify 
right-to-left shunts include tetralogy of Fallot, 

ED ES ED ES

RVEF = 53 % LVEF = 55 %

8.0 9.0 10.0

Time (s) Time (s)

11.0 12.0 10.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0 25.0

Fig. 7.28 Determination of RVEF and LVEF by first-pass radionuclide angiocardiography

Table 7.4 Right and left ventricular ejection fractions in 
children

Right ventricle Left ventricle

Age (years)
No. of 
patients RVEF

No. of 
patients LVEF

<1 5 0.54 ± 0.09 5 0.68 ± 0.13
1–5 12 0.53 ± 0.07 11 0.62 ± 0.09
6–10 16 0.52 ± 0.05 15 0.69 ± 0.08
11–15 19 0.54 ± 0.03 18 0.65 ± 0.09
16–20 22 0.53 ± 0.06 23 0.70 ± 0.08
Totals/mean 74 0.53 ± 0.06 72 0.68 ± 0.09

RVEF right ventricular ejection fraction, LVEF left ven-
tricular ejection fraction
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tricuspid atresia, pulmonary atresia/intact ven-
tricular septum, and tetralogy of Fallot with pul-
monary atresia.

Two approaches to the detection and quantita-
tion of right-to-left shunts are available. The 
angiocardiographic technique is the same as that 
described for left-to-right shunting except that 
the patient (with levocardia) should be imaged in 
the left anterior oblique projection to obtain 
 maximum separation between the right and left 
ventricles. The ROIs are marked over the supe-
rior vena cava, right ventricle, left ventricle, and 
lungs. The time-activity curve from a small ROI 
over the left ventricle is analyzed. Care must be 
taken to avoid contamination of counts from the 
right side of the heart in the ROI selected. A first 
peak of activity, due to blood shunted from the 
right to the left side of the heart, is followed by a 
second peak of activity due to the radioactive 
blood that has circulated through the lungs. Using 
an exponential extrapolation of the downslope 
following these peaks, shunt flow can be esti-
mated as the ratio of the area under the first peak 
to the whole area under both peaks [117–120].

Another technique uses radioactive particles 
(99mTc-MAA) (Fig. 7.29). The principle of this 
method is that following IV injection the parti-
cles are completely extracted from the circulation 
in one pass through the pulmonary and systemic 
capillary beds. This condition is largely met for 
particles larger than 10 μm in diameter. It is also 
assumed that the particles are mixed uniformly in 
the blood, that the particles themselves do not 
affect the blood flow, and that the particles tra-
verse the system in the same manner as the blood. 
After intravenous administration of radioactive 
particles to a patient with a right-to-left shunt, the 
ratio of particles that enter the pulmonary and 
systemic circulations equals the pulmonary blood 
flow/systemic blood flow ratio.

The activity in the whole body is measured 
and compared with that in the lungs. Gates et al., 
using posterior images, and Lin, using a whole- 
body profile device, employed this method [121, 
122]. The theoretic difficulty is that the pulmo-
nary and systemic circulations may be detected 
with different sensitivities owing to counting 
geometry and self-absorption. Good clinical 

results have been reported with this method. 
Although no adverse reactions have been 
reported from the intravenous administration of 
particles in patients with right-to-left shunting, 
one should be reminded that these particles 
 produce microembolization in the systemic 
 vascular bed, including the brain and kidneys. In 
patients with right-to-left shunts, we empirically 
employ a small number of particles (<10,000) in 
order to reduce systemic embolization. 
Assessment of right-to-left shunting with 99mTc-
MAA may be particularly useful in cyanotic 
patients with congenital heart disease to 

Anterior Posterior

Fig. 7.29 Right-to-left shunt. The patient received 99mTc- 
macroaggregated albumin intravenously. The whole-body 
scan reveals systemic penetration of the particles. This 
extrapulmonary activity is noted in the brain, thyroid, 
myocardium, spleen, kidneys, intestine, and muscles
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 differentiate intrapulmonary versus intracardiac 
or extracardiac shunting. For example, in 
patients who have had either a Glenn or Fontan 
operation for a single ventricle, a number of 
“decompressing” or “shortcut” venous collater-
als may develop, diverting blood from the high-
pressure venous circuit in the superior vena cava 
to the lower-pressure left atrium. Injections in 
the upper extremities with visualization of the 
particles in territories such as the brain and the 
kidneys suggest an extracardiac connection 
between the upper venous system and the left 
atrium.

Right-to-left shunting can also be detected by 
angiocardiography with an inert gas. An inert gas 
is almost completely removed from the blood in 
one transit through the lungs. The appearance of 
systemic activity after intravenous injection of an 
inert gas (dissolved in saline) indicates a right-to- 
left shunt. Prior to high-resolution echocardiog-
raphy and cine-MRI, some investigators used 
both an inert gas and a nondiffusable indicator to 
define the nature of the cardiac defect, especially 
in complicated cases [123–127].

 Venography and Evaluation 
of Central Venous Lines

Radionuclide venography can be used to evaluate 
venous drainage in patients who have had multiple 
venous lines to determine venous patency and to 
help decide a site for placement of a new line. 
Also, this technique is indicated to evaluate venous 
drainage in patients with suspected superior vena 
cava syndrome. Another indication is the assess-
ment of patency of central venous lines. Finally, 
the presence of a left superior vena cava is com-
mon in certain complex congenital heart diseases 
and may not be visible on the transthoracic echo-
cardiogram. In these cases, a left-hand injection is 
helpful for determining the venous route to the 
heart. Radionuclide venography employs small 
volumes of material and can be done using simple 
intravenous needles. Radionuclide venography is 
a sensitive technique, as well as being safe and 
effective.

 Radionuclide Venography

Radiopharmaceuticals
Technetium-99m pertechnetate is commonly 
used, although other radiopharmaceuticals, 
including 99mTc-DTPA and 99mTc-MAG3, may be 
used as well.

Imaging Technique
When evaluating venous drainage from a single 
extremity, the imaging method is simple. Once 
venous access has been gained as described 
above, the gamma camera equipped with a high- 
resolution collimator is positioned anteriorly 
over the patient, covering an area including the 
injection site, the extremity, and the heart. The 
tracer is injected as a bolus, as described above. 
The venogram is recorded beginning at the time 
of injection at a rate of two frames per second for 
60 s on a 64 × 64 or 128 × 128 matrix. 
Recommended administered dose for a single 
study is 0.03 mCi (11.1 MBq)/kg, with a mini-
mum of 1 mCi (37 MBq) and a maximum of 
2 mCi (74 MBq) (Fig. 7.30).

Patients with central venous lines are best eval-
uated using three injections: one in the right arm, 
one in the left arm, and one in the central line 
itself. Three injections may be necessary, as clot-
ting and other complications may occur in the 
proximal veins and not the central venous line 
itself. The venography technique is essentially the 
same as above, except it is modified by using three 
consecutive injections of graded amounts of radio-
tracer. The three sites for injection are prepared, 
and butterfly-type needles are placed in veins of 
both arms and secured with tape to the skin. The 
entry port of the central venous line is identified. 
Three syringes containing the radiopharmaceuti-
cal are prepared. The recommended administered 
doses for three sequential doses are as follows:
First injection: 0.03 mCi (1.11 MBq)/kg; minimum 

1 mCi (37 MBq), maximum 2 mCi (74 MBq)
Second injection: 0.06 mCi (2.22 MBq)/kg; min-

imum 2 mCi (74 MBq), maximum 4 mCi 
(148 MBq)

Third injection: 0.12 mCi (4.44 MBq)/kg; minimum 
4 mCi (148 MBq), maximum 8 mCi (296 MBq)
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The computer is set to record at a rate of two 
frames per second for 5 min, and the recording 
is interrupted as soon as the last venography 
phase is completed. Alternatively, three sequen-
tial recording phases are preset, each at a rate of 
two frames per second for 60 s. First the arms 
are injected in sequence (the right and then the 
left or vice versa), and the central line is injected 
last.

Assessment of Pulmonary Blood Flow
Abnormalities of pulmonary artery blood flow 
and distribution are common with complex con-
genital heart disease. A number of complex 
lesions require the combined surgical catheter 
and intervention approaches [128–136]. 
Quantitative pulmonary-perfusion scintigraphy 
has assumed an important role in the assessment 
of these repairs (see Chap. 6).

 Appendix A

 Quantitation of Left-to-Right Shunts

Analytic Model
The pulmonary time-activity curve recorded 
from a normal subject is composed of several 
sequential components. The first component, 
appearing at time tp, is due to detection of radio-
tracer passing through the pulmonary vascular 
bed for the first time. We term this component 
P(t). The second component, appearing at time 
trl, is due to detection of radiotracer passing 
through the pulmonary vascular bed for the sec-
ond time, after one circuit through the systemic 
vascular bed. We term this component R1(t). The 
third and later components are due to detection of 
radiotracer passing through the pulmonary vas-
cular bed for the third or later time, after two or 
more circuits of the systemic vascular bed. The 

R

CVL

Fig. 7.30 Radionuclide venography. This patient had 
had several central venous lines (CVLs) in the past and 
now has a left one. Technetium-99m pertechnetate was 
injected first into a right antecubital vein, which shows 
some impediment of flow at the junction of the 

 innominate vein and the superior vena cava (arrow in 
top row). The second injection was in a left antecubital 
vein, which shows obstruction (arrow in second row) 
with collaterals. The third injection in the CVL demon-
strates its patency
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observed normal pulmonary curve, O(t), may 
therefore be decomposed according to the fol-
lowing formula:

 
O t = P t +R1 t +....( ) ( ) ( )

 

In the case of a subject with a left-to-right 
shunt, a fraction (K) of radiotracer leaving the 
pulmonary vascular bed bypasses the systemic 
vascular bed by traveling through the shunt. The 
remaining fraction (1 − K) of radiotracer passes 
through the systemic vascular bed. Assuming the 
radiotracer is well mixed with the blood in the 
pulmonary vascular bed, these fractions are equal 
to the relative blood flows through the shunt and 
systemic vascular beds. It follows that

 Q / Q = / Kp s 1 1−( )  

As in a normal subject, the first component 
of the observed pulmonary curve, P(t), is due 
to radiotracer passing through the pulmonary 
vascular bed for the first time. The minimum 
transit time for the radiotracer passing through 
the shunt and back to the pulmonary system is 
generally less than that for the radiotracer pass-
ing through the systemic vascular bed before 
returning to the pulmonary system. Therefore, 
the second component of O(t), appearing at 
time ts1, represents radiotracer that is passing 
through the pulmonary vascular bed for the sec-
ond time, after one circuit through the shunt. 
We term this component S1(t). The area under 
S1(t) is equal to K times the area under P(t). 
The next two components of O(t), appearing at 
times tr1 and ts2, are due to detection of radio-
tracer passing through the pulmonary vascular 
bed after one circuit of the systemic vascular 
bed and two circuits of the shunt, respectively. 
We term these components R1(t) and S2(t). 
The remaining components of O(t) are due 
to radiotracer passing through the pulmonary 
vascular bed following multiple circuits of the 
shunt or systemic vascular bed (or both). The 
observed pulmonary curve may therefore be 
decomposed as

 O t = P t +S1 t +R1 t +S2 t +....( ) ( ) ( ) ( ) ( )  

Shunt quantification is the problem of deter-
mining K. From the above,

 K = S1 t / P tarea under area under( ) ( )  
Thus, we can compute K by recovering P(t) 

and S1(t) from O(t).

Gamma-Variate Analysis
We now describe the gamma-variate method for 
recovering P(t) and S1(t) from the observed pul-
monary curve, O(t). Consider the O(t) obtained 
from a normal subject. The portion of O(t) for t 
between tp and tr1 is due solely to the component 
P(t). At time tr1, the component R1(t) appears. In 
most cases, almost the entire area of P(t) is to the 
left of tr1. It is therefore possible to recover P(t) 
almost perfectly.

It has been found empirically that the P(t) 
obtained after a compact bolus injection of radio-
tracer can be closely approximated by a gamma- 
variate function of the form

 
P t = C t t e

A t t / B( ) ( ) ( )− − −
p p

 

where tp is the time at which activity first appears 
and C, A, and B are variable parameters. The 
gamma-variate function can be fitted to a portion 
of an observed data curve by a weighted least- 
squares technique [137]. Thus, it is possible to esti-
mate P(t) by fitting the gamma-variate function to 
O(t) for t between tp and tr1 and extrapolating.

Consider the O(t) obtained from a subject 
with a left-to-right shunt. The initial portion of 
the curve is again solely due to the component 
P(t). At time ts1, the component S1(t) begins to 
appear. Because ts1 is smaller than tr1, a substan-
tial portion of the area under P(t) may be to the 
right of ts1. However, it is usually still possible to 
recover P(t) approximately by fitting a gamma 
variate to O(t) for t between tp and ts1 and extrap-
olating. We denote the area under P(t) by A1. 
Note that, in practice, it is necessary to infer the 
limits of the gamma-variate fit from O(t). It can 
be done by visually interpreting the curve and 
manually choosing the points or by using a com-
puter algorithm that automatically chooses the 
points [138].
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We now need to recover the component S1(t). 
Subtracting the gamma-variate fit for P(t) from 
O(t) yields the recirculation curve

 
RC t = S1 t +R1 t +S2 t +....( ) ( ) ( ) ( )  

which is equal to S1 (t) for t between ts1 and min 
(ts2, tr1). We denote min (ts2, tr1) by trc. A gamma- 
variate function is fit to this portion of the recir-
culation curve and extrapolated to recover S1(t). 
We denote the area under S1(t) by A2. Again it is 
necessary to manually or automatically infer the 
limits of the fit from RC(t).

K is equal to the ratio A2/A1. Substituting 
A2/A1 for K in Eq. (1), we obtain the formula

 Q / Q = / A2 / A1

= A1 / A1 A2 .
p s 1 1−

−
( )

( )
 

This method provides accurate determinations 
of Qp/Qs when Qp/Qs is between 1.0 and 3.0, the 
range most important to the clinician. Qp/Qs val-
ues of greater than 3.0 are difficult to quantify 
precisely. However, large shunts (Qp/Qs <3.0) are 
usually clinically apparent, and more precise 
quantitation is unimportant [114]. Qp/Qs values 
between 1.0 and 1.2 may be obtained in patients 
with no shunt [139–144]. When the flow ratio is 
Qp/Qs <1.5, the shunt may not be recognized by 
visual inspection of the angiogram alone.

A number of alternative methods to estimate 
Qp/Qs from pulmonary time-activity curves have 
been suggested. We refer the interested reader to 
the available literature [145–150].

Correction for Radiotracer Delivery
Shunt quantification by the gamma-variate 
method assumes that P(t) and S1(t) can be 
described by gamma-variate functions. In addi-
tion, the method assumes that sufficiently large 
portions of P(t) and S1(t) occur before ts1 and trc, 
respectively, to allow accurate extrapolation. The 
validity of both of these assumptions depends on 
the time course of delivery of the radiotracer to 
the cardiopulmonary system. This delivery can 
be monitored using an ROI over the superior 
vena cava.

Ideally, one would like to deliver the radio-
tracer to the cardiopulmonary system as an 
instantaneous pulse because it would maximize 
the separation of the components of the pulmo-
nary curve and thus facilitate shunt quantitation. 
In practice, it is impossible to attain this goal by 
peripheral intravenous injection. It is possible, 
however, to estimate the pulmonary curve that 
would be produced from an instantaneous pulse 
of radiotracer from the observed superior vena 
cava and pulmonary curves by using a mathemat-
ical technique known as deconvolution [71, 151, 
152]. Studies on dogs and humans have shown 
that deconvolution may improve the accuracy of 
shunt quantification by radionuclide angiocardi-
ography [108, 153, 154].

 Appendix B

 Ultrashort-Lived Radionuclides

Although commonly used, 99mTc has limitations 
as a tracer for first-pass radionuclide angiogra-
phy: (1) Radiation-dose constraints limit the 
injected dose, which, in turn, limits the number 
of counts present in the study and thus the statis-
tical accuracy. (2) It is difficult to perform 
repeated studies within a short time (as would be 
required to assess the effects of an intervention 
such as a pharmacologic intervention or exercise) 
because of background interference from the pre-
vious study. (3) In small children the temporal 
and spatial resolution of the study may be limited 
because of absorbed dose considerations. These 
limitations are primarily a consequence of the 
6-h half-life of 99mTc compared to the short time 
required to perform the study (<30 s).

The most obvious way to eliminate these 
problems is to use a tracer with a shorter half-life 
[155]. This group of tracers is collectively known 
as ultrashort-lived radionuclides and includes 
195mAu (t1/2 = 30.5 s),  191mIr (t1/2 = 5 s) [156], and 
178Ta (t1/2 = 9.3 min). Because of their short half- 
lives, these tracers are produced at the bedside 
using radionuclide generators analogous to the 
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molybdenum (99Mo → 99mTc) generator. Gold- 
195m was the subject of several clinical stud-
ies during the 1980s when the mercury-195m 
(195mHg → 195mAu) generator was produced com-
mercially, but it is no longer available [157–162].

We and others have found that 191mIr is well 
suited for first-pass radionuclide angiography 
despite its short half-life (4.96 s) [163–169]. 
Iridium-191m emits 65- and 129-keV photons 
(65 and 26 % abundance, respectively), both of 
which can be imaged with modern scintillation 
cameras [165]. In addition, the 65-keV x-rays can 
be imaged with the multiwire proportional cam-
era [170]. The short half-life of 191mIr allows 
much larger amounts of 191mIr to be administered 
with an absorbed radiation dose to the patient 
lower than would be experienced with the normal 
dose of 99mTc. The resulting high photon flux per-
mits images with high count density and thus 
greater statistical accuracy. The short half-life 
and low-radiation dose allow multiple studies to 
be performed within a short time to assess the 
cardiovascular changes that result from exercise, 
drugs, or catheter interventions.

Iridium-191m is the product of beta decay of 
191mOs, which has a physical half-life of 
15.4 days. An 191Os-191mIr generator system, 
which can deliver multiple doses of 191mIr for 
rapid intravenous injection, has been developed 
in our laboratory and used in humans [165]. If 
191mIr is used, the time-activity curve from the 
angiogram is corrected for radioactive decay and 
count losses due to gamma camera dead time 
before analysis.

Tantalum-178 has a somewhat longer half-life 
than 195mAu or 191mIr but is still a significant 
improvement over 99mTc for first-pass radionu-
clide angiocardiography (FPRA). Lacy et al. 
have described an automated generator that facil-
itates clinical use of 178Ta [171–174].
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        Radionuclide    lymphoscintigraphy is the  fi rst-line 
test to assess lymphatic function [ 1 – 3 ]. It is 
used to diagnose lymphedema, a disease caused 
by either anomalous development of the lym-
phatic system or injury to lymphatic vascula-
ture. Lymphoscintigraphy also can be used as 
a method of sentinel lymph node localization 
to aid in the staging of some cancers. In chil-
dren and young adults, sentinel lymph node 
localization has been used for a variety of tumors 

[ 4 – 9 ], including melanoma, rhabdomyosarcoma, 
and non- rhabdomyosarcoma soft tissue sarco-
mas, such as synovial cell sarcoma. 

    Methods 

    Radiopharmaceuticals 

 The technique of lymphoscintigraphy relies on 
imaging the lymphatic transit and lymph node 
accumulation of radiolabeled colloidal nanoparti-
cles. Many different radiopharmaceutical colloids 
have been developed for lymphoscintigraphy. 
Most are labeled with  99m Tc (physical half-life 
6.0 h, 140 keV gamma emission), which is readily 
available in all radiopharmacies and many nuclear 
medicine departments as a generator product 
( 99 Mo >  99m Tc). It also is inexpensive, provides 
short imaging times, and results in a low radiation 
dose. In most locations, regulatory restriction and 
commercially availability typically limit the 
choices of radiopharmaceutical for routine clini-
cal use in lymphoscintigraphy. 

     99m Tc-Labeled Sulfur Colloid (Filtered) 
 In the USA, fi ltered  99m Tc-labeled sulfur colloid 
is the primary radiopharmaceutical used for lym-
phoscintigraphy [ 10 ]. Filtering with a 0.2 μm fi l-
ter results in colloidal particle sizes ranging 
between 20 and 200 nm in diameter [ 11 ], while 
using a 0.1 μm fi lter results in colloidal particles 
smaller than 100 nm, with most smaller than 
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55 nm [ 10 ]. For lymphoscintigraphy, fi ltered 
 99m Tc-labeled sulfur colloid has been adminis-
tered by a wide variety of routes, but most studies 
use the intradermal route, rather than subcutane-
ous or subfascial route, because of the faster 
uptake and transit that occur after intradermal 
administration [ 12 ,  13 ]. 

 Intradermal administration of  99m Tc-labeled 
sulfur colloid can cause transient discomfort due 
to its low pH [ 14 ]. For some patients this may 
seem only a minor inconvenience, but this is not 
true for all patients, especially younger children. 
The application of anesthetic cream before injec-
tion may decrease, but does not eliminate, this 
discomfort. Some investigators have studied the 
addition of either lidocaine or bicarbonate to the 
fi ltered  99m Tc-labeled sulfur colloid preparation 
before it is administered. In patients undergoing 
sentinel node mapping for breast cancer, the 
addition of lidocaine (to make a 1 % solution) 
can signifi cantly decrease the discomfort associ-
ated with subareolar injection [ 15 ]. However, for 
other patients, the transient discomfort associ-
ated with intradermal injection of lidocaine [ 14 ] 
may be no better than the transient discomfort 
associated with intradermal administration of 
sulfur colloid. Other nuclear medicine depart-
ments have found that adjusting the radiophar-
maceutical to a neutral pH with sodium 
bicarbonate relieves most of the discomfort asso-
ciated with intradermal injection of fi ltered 
 99m Tc-labeled sulfur colloid. The addition of both 
lidocaine and sodium bicarbonate to produce fi l-
tered  99m  Tc- labeled sulfur colloid with a pH of 
7.1 has been shown to maintain radiochemical 
purity (>92 %) and may result in more desirable 
particle size [ 14 ]. The typical dose of  99m Tc-
labeled sulfur colloid is a total administered dose 
of approximately 18–37 MBq (0.5–1 mCi) for 
patients of all ages.  

     99m Tc-Tilmanocept 
 Recently, the radiopharmaceutical agent  99m Tc- 
tilmanocept (Lymphoseek®) was approved by the 
US Food and Drug Administration for sentinel 
lymph node mapping in patients with breast can-
cer or melanoma [ 16 ]. There has been no reported 
experience using this agent in children.  

    Other  99m Tc-Labeled Agents 
 Other  99m Tc-labeled colloidal particles [ 10 ,  11 , 
 13 ] used for lymphoscintigraphy include  99m Tc-
labeled human serum albumin (HSA) colloid, 
 99m Tc-labeled rhenium sulfi de [ 17 ],  99m  Tc- labeled 
antimony trisulfi de, and  99m Tc-labeled mannosyl-
dextran [ 18 ]. Despite differences in particle sizes 
among these agents, the approach to lymphoscin-
tigraphy is very similar with each one.   

    Procedures 

    Evaluation of Lymphatic Function 
 Lymphoscintigraphy [ 1 – 3 ] most frequently is 
used to diagnose lymphedema, a disease caused 
by the anomalous development of the lymphatic 
system or by injury to lymphatic vasculature. 
Lymphoscintigraphy also may be helpful in eval-
uating other abnormalities of lymphatic drainage, 
including thoracic duct leaks and other primary 
chylous disorders that may present as chylotho-
rax or chylous ascites. 

 The radiopharmaceutical (typically fi ltered 
 99m Tc-labeled sulfur colloid) is administered by 
intradermal injection. The volume of each injec-
tion should be limited to approximately 100 μl and 
should contain at least 100 microCi of fi ltered 
 99m Tc-labeled sulfur colloid. In practice, we use a 
total dose of approximately 37 MBq (1 mCi)  99m Tc-
labeled sulfur colloid that is diluted and divided 
among four injections of 100 μl each. Meticulous 
skin preparation is important because of concern 
that there may be increased risk of infection in ana-
tomic locations affected by lymphedema. For 
younger children, a topical anesthetic may decrease 
discomfort and improve patient cooperation. 

 The location of radiopharmaceutical injections 
depends upon the study indication and the involved 
body region. For lower extremity edema, the tradi-
tional site of intradermal injection has been the 
interdigital webspace. However, we have had 
excellent results with two intradermal injections 
placed in the dorsum of each foot just proximal to 
the toes. This location is easier to clean, and intra-
dermal injections on the dorsum of the foot seem 
to cause less discomfort than injections in the web-
space. Similarly, for evaluation of upper extremity 
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edema, intradermal injections are made on the dor-
sum of each hand. In general, the upper and lower 
extremities cannot be evaluated as part of the same 
procedure. Usually, foot injections are used to 
evaluate lymphatic leaks or chylous accumulation 
in the abdomen or chest [ 19 ], but occasionally an 
upper extremity injection may be helpful for 
assessing a chylous pleural effusion. Rarely, 
 radiopharmaceutical may be injected at other loca-
tions, such as the skin of the scalp to assess scalp 
edema or in the mucosa of an ileostomy to evalu-
ate gastrointestinal lymphatic function. 

 Images are acquired as sequential planar 
images, typically for 5 min each, with a high- 
resolution collimator. Images should include the 
extremities of interest and the torso. Transmission 
images can be acquired with a  57 Co fl ood source, 
or external markers can be used to outline the 
body. Typically, images must be acquired at mul-
tiple time points to fully characterize lymphatic 
transit. A standard imaging protocol helps to bet-
ter defi ne normal and abnormal lymphatic fl ow 
and helps for comparison of follow-up studies 
over time. Lymphatic function can be evaluated 
with semiquantitative and qualitative features of 
lymphatic fl ow. Images acquired during the fi rst 
20 min after tracer injection provide early images 
of the distal extremity lymphatic system. 

 Images acquired at 45–60 min should demon-
strate normal transit of tracer from the feet to the 
pelvis with tracer accumulation in the inguinal 
and pelvic lymph nodes (Fig.  8.1 ). Delayed tracer 
accumulation in the pelvic lymph nodes suggests 
abnormal lymphatic transit in the adjacent limb 
(Fig.  8.2 ). In the upper extremities, tracer accu-
mulation can be detected in the axillary lymph 
nodes within 30 min and may be seen as soon as 
10 min after tracer injection (Fig.  8.3 ). In the 
lower extremities, ambulation may stimulate 
lymphatic transit, and if pelvic lymph nodes are 
not visualized by 1 h, patients can be encouraged 
to stroll in the department or hospital before 
returning for later images that can be obtained 
between 2 and 4 h after tracer injection. Similarly, 
light lifting may accelerate lymphatic transit in 
the upper extremities.

     Lymphatic fl ow also can be evaluated by the 
patterns of tracer accumulation in the extremity. 

Signs of delayed lymphatic drainage include 
prominent and dilated lymphatic channels, the 
presence of collateral lymphatic channels, tracer 
accumulation in extensive cutaneous collaterals 
(dermal backfl ow), and a paucity of inguinal and 
pelvic lymph nodes showing tracer accumulation 
(Fig.  8.2 ) [ 10 ,  20 ]. 

 For most regions of the body, the normal path-
way of lymphatic drainage is from the periphery 
to the central lymphatic structures, the cisterna 
chyli and thoracic duct, which then drain into the 
left subclavian vein. Lymphatic drainage from 
the right side of the head and neck, the right arm, 
and some of the right thorax is through the right 
lymphatic duct, which drains into the right sub-
clavian vein. Therefore, lymphatic transit should 
carry the radiolabeled nanoparticles from the 
injection site to the blood circulation. Subsequent 
accumulation of  99m Tc-labeled sulfur colloid in 
the liver confi rms that this pathway of lymphatic 
drainage is intact. Typically, liver accumulation 
is seen within the fi rst 4 h, but in some patients 
with slow lymphatic drainage, delayed images 
may have to be acquired as late as 24 h to confi rm 
that the central lymphatic drainage is intact. 

 Lymphoscintigraphy may be helpful in the 
evaluation of chylous ascites or chylous pleural 
effusion (Fig.  8.4 ). In some cases of chylous 
pleural effusion, it may be helpful to perform 
injection in the right arm as a separate study and 
compare the pattern of lymphatic drainage to the 
pattern seen after injection in either the left arm 
or the feet. For example, in a patient with a post-
surgical leak in the thoracic duct, tracer injected 
into the feet can accumulate in the thoracic cav-
ity, while tracer injected into the arms may enter 
the peripheral circulation.

      Sentinel Lymph Node Localization 
 In children and young adults, sentinel node local-
ization is used to assist in the staging of a wide 
variety of tumors, using techniques similar to 
those used in adults [ 11 ,  13 ]. Lymphoscintigraphy 
for sentinel node localization typically is per-
formed as the fi rst case of the morning to  facilitate 
scheduling of the surgical procedure. However, 
in rare cases, it may be possible to perform lym-
phoscintigraphy up to 15 h prior to surgery. 
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 Radiopharmaceutical (typically fi ltered  99m  Tc- 
labeled sulfur colloid) is administered by intra-
dermal injection around the tumor site. Most 
guidelines [ 11 ,  13 ] recommend placing the injec-
tions within 0.5–1.0 cm of a cutaneous tumor or 
scar. For intradermal or subdermal injections, the 
volume of each injection should be limited to 
approximately 100 μl and should contain at least 
100 microCi of fi ltered  99m Tc-labeled sulfur col-
loid. In practice, we use a total dose of 18–37 MBq 
(0.5–1 mCi)  99m Tc-labeled sulfur colloid that is 
diluted and divided among two to four injections 

of 100 μl each. The number and the location of 
the injections will be guided by the tumor type, 
tumor location, and prior surgery. 

 For a cutaneous tumor on an extremity 
(Fig.  8.5 ), radiopharmaceutical should be injected 
at two to four sites proximal to the tumor, as lym-
phatic fl ow should be proximal towards the torso 
[ 13 ]. Cutaneous tumors on the head, neck, trunk, 
and upper thighs have less predictable lymphatic 
drainage (Fig.  8.6 ). In these cases, at least four 
injections may be placed around the entire lesion 
or site of prior surgery [ 11 ]. However, care should 

a b  Fig. 8.1    Normal lymphos-
cintigraphy. ( a ) After 
intradermal injection in the 
dorsum of the feet, fi ltered 
 99m Tc-labeled sulfur colloid 
undergoes proximal 
lymphatic transit in 
lymphatic channels along 
the medial aspect of each 
leg. Within 45–60 min, there 
is a symmetrical pattern of 
tracer accumulation in 
inguinal and pelvic lymph 
nodes. Co-registration with 
a transmission image of the 
body is helpful for anatomic 
localization. ( b ) With 
additional time, there is 
further accumulation of 
tracer in popliteal, inguinal, 
and pelvic lymph nodes. 
Tracer accumulation within 
the liver should be apparent 
within 4 h and confi rms that 
there is intact lymphatic 
transit through the thoracic 
duct and into the systemic 
circulation       
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be taken to limit masking the potential site of a 
nearby sentinel lymph node [ 13 ], and it may be 
appropriate to use fewer injection sites. For sub-
cutaneous soft tissue tumors, the injection site is 
identifi ed by palpation and correlation with 
cross-sectional imaging. Typically, two to four 
injections are made. One approach is to place an 
intradermal injection at each of the four quad-
rants of the tumor, determined by the diagonals 
of maximum transverse and longitudinal 
 diameters of the tumor [ 9 ]. Alternatively, two of 
the injections may be peritumoral injections [ 21 ].

    For many tumors, sentinel lymph node local-
ization will be performed at the time that that pri-

mary tumor is resected. However, for cutaneous 
tumors, including melanoma, an initial excision 
or excisional biopsy may have been performed 
before the patient is referred for defi nitive surgical 
care. In these cases, radiopharmaceutical injec-
tion sites will be guided by the scar left by the 
prior surgery. In an extremity, drainage from the 
distal margin of a surgical scar may be disrupted 
and likely will demonstrate slower transit com-
pared to particles injected on the proximal margin 
of a scar. Therefore, in the extremities, it may be 
appropriate to place two injections on only the 
proximal aspect of a transverse scar [ 11 ] or at 
each end of the scar. There is little information 

a b

  Fig. 8.2    Abnormal lymphatic function demonstrated by 
lymphoscintigraphy. ( a ) In a 7-year-old boy with left 
lower extremity edema, lymphoscintigraphy is performed 
after intradermal injection of fi ltered  99m Tc-labeled sulfur 
colloid in the dorsum of each foot. After 50 min, tracer 
accumulation in numerous pelvic lymph nodes demon-
strates normal lymphatic transit in the right leg. In the left 
leg, abnormal lymphatic transit is demonstrated by the 
absence of tracer accumulation in pelvic lymph nodes. 
Cutaneous accumulation of tracer (dermal backfl ow) also 

suggests abnormal lymphatic drainage of the left leg. 
Co-registration with a transmission image is helpful for 
anatomic localization. ( b ) After 2 h, tracer accumulation 
in the liver confi rms lymphatic fl ow through an intact tho-
racic duct to the systemic circulation. A normal pattern of 
lymphatic channels is seen along the medial aspect of the 
right leg. In the left leg, extensive cutaneous tracer accu-
mulation (dermal backfl ow) and the absence of tracer 
accumulation in pelvic lymph nodes confi rm the diagno-
sis of lymphedema       
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a b

  Fig. 8.3    Normal lymphoscintigraphy of the upper 
extremities. A 1-year-old infant with fullness of the hands 
was referred for evaluation of possible lymphedema. ( a ) 
For the upper extremities, lymphoscintigraphy was per-
formed after intradermal injection of fi ltered  99m Tc-labeled 
sulfur colloid in the dorsum of each hand. ( a ) Within 

20 min, a normal pattern of tracer accumulation is seen in 
brachial, axillary, and infraclavicular lymph nodes. ( b ) 
After 2 h, additional tracer accumulation is seen in bra-
chial, axillary, infraclavicular, and supraclavicular lymph 
nodes. Tracer accumulation in the liver confi rms lym-
phatic drainage into the systemic circulation       

about the effect of prior surgery on the accuracy 
of lymphoscintigraphy for sentinel node detection 
with pediatric solid tumors, but prior surgery does 
increase the rate of false-negative lymphoscintig-
raphy in patients with breast cancer [ 21 ]. Delayed 
lymphatic transit can occur if the skin injections 
are placed subcutaneously [ 12 ] or if the nearby 

tissue is infl amed or scarred [ 11 ]. Some guide-
lines [ 11 ,  13 ] suggest massaging the injection 
sites, but this rarely seems necessary. 

 Images are acquired as sequential planar 
images, typically for 5 min each with a high- 
resolution collimator. Images should include the 
injection site and any likely sites of sentinel 

a c db

  Fig. 8.4    Lymphoscinti graphy for evaluation of chylous 
ascites. In a 2-month-old infant with congenital chylous 
ascites, lymphoscintigraphy is performed after intrader-
mal injection of fi ltered  99m Tc-labeled sulfur colloid in the 
dorsum of each foot. Within 10 min ( a ), there is demon-
stration of normal lymphatic transit of tracer to inguinal 
and pelvic lymph nodes. After 30 min ( b ), there is promi-
nent tracer accumulation in the midline of the abdomen, 

although tracer accumulation in the liver confi rms lym-
phatic drainage into the systemic circulation. With addi-
tional imaging at 45 min ( c ) and 120 min ( d ), progressive 
diffuse accumulation of tracer within the abdominal cav-
ity demonstrates an intra-abdominal lymphatic leak. 
Exploratory laparotomy demonstrated jejunal lymphangi-
ectasis, which was treated successfully with a low-fat diet, 
sclerotherapy, and octreotide       
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node localization. For tumors located in an 
extremity or in the head or neck, the adjacent 
torso should be included. For tumors located on 
the torso, the entire torso should be imaged. 
Typically, a sentinel node is visualized between 
30 and 60 min after injection. A number of tech-
niques are helpful for localizing the sentinel 
node. Transmission images can be acquired with 
a  57 Co fl ood source, or external markers can be 
used to outline the body. Good localization of 
the sentinel node usually requires additional lat-
eral or oblique views. Care should be taken to 
ensure that, in a drainage bed, the fi rst node to be 
visualized is identifi ed as the sentinel lymph 
node. The sentinel lymph node may not be the 

most intense focus of uptake identifi ed on 
lymphoscintigraphy [ 11 ,  13 ,  22 ]. If necessary, 
additional images may be acquired at later times, 
although this likely will disrupt the operating 
room schedule. 

 Once the sentinel node is identifi ed, the overly-
ing skin is marked with a surgical pen marker. Using 
a handheld radioactive marker can be very helpful 
for confi rming the exact location to be marked on the 
skin. Ideally, the location of the sentinel node is marked 
while the patient is in the same  position as they will 
be in the operating room. For example, if the surgi-
cal procedure will be performed with arms out to 
the side, then the sentinel node should be localized 
and marked while the arms are out to the side. 

a

c

b

  Fig. 8.5    Sentinel lymph node localization in a 13-year-
old boy with synovial sarcoma in the right antecubital 
fossa. Lymphoscintigraphy is performed after two intra-
dermal injections of fi ltered  99m Tc-labeled sulfur colloid in 
the antecubital fossa. Planar images are co-registered with 
transmission images for anatomic localization. ( a ) After 

25 min, a single focus of tracer accumulation is identifi ed 
in the right axilla. ( b ) An image acquired in the lateral 
projection also demonstrates a single focus of tracer accu-
mulation. ( c ) A small radioactive marker is used to con-
fi rm the location of the sentinel lymph node before the 
overlying skin is marked       
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  Fig. 8.6    Sentinel lymph node 
localization in a 16-year-old boy 
with a melanoma of the gluteal 
crease. Lymphoscintigraphy is 
performed after four intradermal 
injections of fi ltered  99m Tc-labeled 
sulfur colloid around the site of 
prior surgical resection. By 5 min, 
there is a small amount of 
lymphatic transit of tracer from the 
sites of injection ( a : posterior 
image,  b : with transmission scan). 
By 20 min, there is lymphatic 
transit along the perineum and into 
the inguinal region ( c : posterior 
image,  d : with transmission scan). 
Additional imaging demonstrates 
lymph node accumulation in 
inguinal and pelvic lymph nodes 
( e : lateral image,  f : lateral image 
with transmission scan,  g : anterior 
image). The overlying skin was 
marked to indicate the location of 
sentinel lymph nodes in both 
inguinal regions ( solid arrows ). ( h ) 
A pelvic lymph node ( dashed 
arrow ) does not represent a 
sentinel lymph node         

a

c d

b

g h

e f
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In some cases, marking in two planes may help the 
surgeon determine the appropriate incision site for 
lymph node excision (Fig.  8.5 ). SPECT usually is 
of little benefi t as there are few landmarks for local-
ization, but some nuclear medicine departments 
now use SPECT/CT to assist in localizing sentinel 
lymph nodes [ 23 ]. With tumors located in extremi-
ties, the sentinel lymph usually is located in either 
the inguinal or axillary region. Tumors on the head, 
neck, or torso may drain to multiple lymph node 
regions, and a sentinel lymph node should be identi-
fi ed and marked in each region where tracer accu-
mulation is seen in a lymph node (Fig.  8.6 ). Once 
the patient is in the operating room, the lymph bed 
is surgically exposed and a portable gamma probe is 
used to identify and localize potential sentinel 
lymph nodes. One approach is to surgically resect 
any lymph node with a count rate 10–20 times back-

ground [ 11 ,  13 ]. Another approach is to remove the 
lymph node containing the greatest activity. Then, 
any other lymph nodes containing at least 10 % of 
the activity of the hottest lymph node are resected 
for histological evaluation [ 22 ].    

    Clinical 

    Lymphedema 

 Lymphedema is a common condition, affecting as 
many as 200 million people worldwide [ 24 ,  25 ]. In 
individuals with lymphedema, extracellular fl uid 
accumulates in the interstitial space and causes pro-
gressive enlargement of the affected area; there is 
no cure. The extremities are most commonly 
involved, followed by the genitalia (Fig.  8.7 ). 

a b

  Fig. 8.7    Lymphoscintigraphy to confi rm the diagnosis of 
lymphedema. ( a ) A 30-year-old woman had experienced 
swelling of the left lower extremity since adolescence. ( b ) 
Lymphoscintigraphy is performed after intradermal injec-
tion of fi ltered  99m Tc-labeled sulfur colloid in the dorsum 
of each foot. After 45 min, normal tracer accumulation is 

seen in the right inguinal lymph nodes. On the left, the 
absence of inguinal lymph node tracer accumulation and 
cutaneous tracer accumulation (dermal backfl ow) con-
fi rms the diagnosis of adolescent-onset lymphedema in 
the left lower extremity       
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Complications include functional disability, psy-
chosocial morbidity, infection, skin changes, and 
rarely, malignant transformation. Primary (idio-
pathic) lymphedema is rare; the incidence is 1.2 per 
100,000 persons younger than 20 years old [ 26 ,  27 ]. 
Secondary lymphedema is the most common cause 
of the disease (Table  8.1 ). Worldwide, the most 
common cause of secondary lymphedema is 
 fi lariasis, but in North America it typically results 
from injury or surgical removal of lymph nodes or 
lymphatic vasculature (Fig.  8.8 ).

     A clinical diagnosis of lymphedema usually 
can be made by history and physical examina-
tion, but cannot be confi rmed by tissue biopsy as 
histopathology shows only nonspecifi c infl am-
mation in patients with lymphedema [ 1 ,  3 ]. 
However, 27 % of patients referred to the 
Children’s Hospital Lymphedema Program for 
evaluation of “lymphedema” were found to have 
another condition [ 3 ]. The term “lymphedema” 
often has been used to describe any extremity 
overgrowth, regardless of the underlying cause. 
Many pathophysiological processes can result in 
extremity swelling/enlargement (Table  8.2 ), but 
lymphedema is a specifi c disorder that results 
from malfunction of the lymphatic vessels. It is 
important to confi rm the diagnosis of lymph-
edema because the prognosis and management is 
different for lymphedema than for other causes of 
extremity enlargement.

   Patients with suspected lymphedema undergo 
radionuclide lymphoscintigraphy for diagnostic 

confi rmation and to obtain a qualitative assess-
ment of lymphatic function. Lymphoscintigraphy 
serves as the defi nitive diagnostic study for 
lymphedema and can be 92 % sensitive and 
100 % specifi c for the condition [ 28 ,  29 ]. 
Lymphoscintigraphy has replaced lymphangi-
ography (direct injection of lymphatic channels 
with radiopaque contrast) for the assessment of 
the lymphatic vasculature. Patients undergoing 
lymphangiography can experience allergic reac-
tions to the contrast, lymphangitis (19 %), or 
worsening lymphedema (32 %) [ 30 ], but these 
complications do not occur with lymphoscintig-
raphy. Despite concerns about an increased risk 
of infection after intradermal injection, this 
 complication is not observed when appropriate 
 technique and skin preparation are used [ 31 ]. 
Other imaging methods, including MRI, CT, 
and ultrasonography, are neither sensitive nor 
specifi c for lymphedema [ 1 – 3 ]. For example, 
ultrasonography shows nonspecifi c skin thick-
ening in regions with lymphedema. MRI and 
CT fi ndings in lymphedema include thickened 
skin and subcutaneous tissue with fl uid and 
stranding above the muscle fascia. MR lym-
phangiography has been used to visualize lym-
phatic vessels, but does not perform as well as 
lymphoscintigraphy for evaluating inguinal 
lymph nodes [ 32 ]. 

 The results of lymphoscintigraphy have 
important implications for patient manage-
ment. If lymphoscintigraphy confi rms delayed 
lymphatic transport consistent with lymph-
edema, then the patients are counseled that they 
have a progressive and incurable condition, but 
one that can be managed to decrease morbidity 
and to improve quality of life. Based on the 
severity of the delayed lymphatic transport, 
patients can be counseled about the severity of 
the lymphatic dysfunction and the likelihood of 
complications. For example, an individual with 
a markedly  prolonged transit time of 5 h to the 
axillary/inguinal nodes and with dermal back-
fl ow has more severe dysfunction and may have 
a potentially poorer prognosis than another 
individual with a mildly delayed transit time of 
2 h and no other signs of abnormal lymphatic 
fl ow, such as dermal backfl ow. Patients with 

   Table 8.1    Classifi cation of lymphedema   

  Primary  
  (Idiopathic)  
 Infant onset (birth–1 year) 
 Childhood onset (1–9 years) 
 Adolescent onset (10–21 years) 
 Adult onset (>21 years) 
  Secondary  
  (Injury to lymph nodes and/or lymphatic vessels)  
 Infection (e.g., cellulitis, parasite Wuchereria bancrofti) 
 Malignancy (e.g., lymphadenectomy, radiation, 
metastasis) 
 Trauma (e.g., penetrating, severe burns, iatrogenic 
postsurgical) 
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  Fig. 8.8    Lymphoscintigraphy to evaluate 
secondary lymphedema. Two years after 
extensive surgical resection of a right pelvic 
Ewing sarcoma, an 18-year-old male had 
persistent right leg swelling, which was 
most prominent in the medial right thigh. 
Lymphoscintigraphy is performed after 
intradermal injection of fi ltered  99m Tc-
labeled sulfur colloid in the dorsum of each 
foot. ( a ) After 45 min, there is lymphatic 
transit of tracer to inguinal and pelvic lymph 
nodes, but fewer lymph nodes are visualized 
on the right compared to the left. A 
co-registered transmission scan is used for 
anatomic localization and demonstrates 
asymmetry (right larger than left) in leg 
diameter. ( b ) Without the co-registered 
transmission scan, a normal pattern of 
lymphatic channels can be seen along the 
medial aspect of both legs. There is diffuse 
tracer accumulation along the medial aspect 
of the right thigh. ( c ) After 3 h, there is 
additional accumulation of tracer in 
inguinal, pelvic, and retroperitoneal lymph 
nodes, and tracer accumulation in the liver 
confi rms lymphatic transit of tracer to the 
systemic circulation. ( d ) Without the 
co-registered transmission scan, extensive 
tracer accumulation can be identifi ed more 
clearly in the region of prominent lymph-
edema in the medial right thigh         

a b

c d
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lymphedema are at increased risk for infection. 
Skin moisturizers are used to avoid desiccation, 
which is another risk factor for infection. To 
avoid incidental cuts or injury, individuals with 
lymphedema are advised to wear protective 
clothing and to avoid walking barefoot. 
Compression therapy using custom-fi tted gar-
ments as well as pneumatic compression can be 
helpful for many individuals. 

 If lymphoscintigraphy shows normal lym-
phatic transit, then alternative causes of extremity 
swelling must be investigated. The patient can be 
advised that protective clothing and compression 
measures are unlikely to be necessary. In patients 
with normal lymphatic function, the most likely 
causes of lower extremity edema are venous dys-
function or systemic disease, including cardiac, 
renal, and hepatic disease. Occasionally, MRI 
will be helpful to exclude other musculoskeletal 
disorders, such as tendonitis or ligamentous 
injury, before initiating a rheumatological evalu-
ation. In North America, lymphatic fi lariasis is an 
unlikely cause of lymphedema, but lymphoscin-
tigraphy can demonstrate abnormal lymphatic 
drainage in patients with this infection [ 33 ]. As 

lymphoscintigraphy is only 92 % sensitive for 
lymphedema [ 28 ,  29 ], some individuals with 
lymphedema may not be identifi ed with lympho-
scintigraphy. Individuals with clinical fi ndings 
consistent with lymphedema and who have 
undergone a thorough evaluation revealing no 
other cause for extremity swelling are counseled 
that they may be in the latent phase of the disease 
that is not yet evident on radionuclide 
lymphoscintigraphy.  

    Sentinel Lymph Node Localization 

 The use of sentinel lymph node localization is 
well established for adults with certain tumors, 
such as breast cancer, melanoma, and some soft 
tissue sarcomas. Sentinel lymph node localiza-
tion is used much less frequently in children and 
young adults, but it has been used in this age 
group to assist in the staging of a wide variety of 
tumors [ 4 – 9 ], including melanoma and other 
cutaneous tumors, rhabdomyosarcoma, and non- 
rhabdomyosarcoma soft tissue sarcomas, such as 
synovial cell sarcoma. 

 A sentinel lymph node refers to a lymph node 
that receives lymphatic drainage from a tumor 
[ 34 ]. Tumor spread to lymph nodes has important 
implications for tumor staging, and for many 
decades the standard practice was to look for 
lymph node spread by performing extensive 
lymph node dissection in the tumor bed likely to 
receive lymphatic drainage from the tumor. 
Problems with this approach included the absence 
of a method to confi rm that the lymph node 
region received lymphatic drainage from a tumor, 
the low sensitivity for identifying microscopic 
disease among a large number of dissected lymph 
nodes, and the high rate of postoperative lymph-
edema caused by the disruption of lymphatic 
drainage of the affected region. More recently, 
the approach of sentinel lymph node mapping 
has been adopted for many adult and pediatric 
tumors [ 21 ,  35 ]. Successful implementation of 
sentinel lymph node mapping requires collabora-
tion, coordination, and communication among 
surgeons, anesthesiologists, nuclear medicine 
physicians, and pathologists.      

   Table 8.2    Differential diagnosis of extremity enlargement 
in pediatric patients referred with “lymphedema”   

 Capillary malformation 
 Hemihypertrophy 
 Infantile hemangioma 
 Kaposiform hemangioendothelioma 
 Klippel-Trenaunay syndrome 
 Lipedema 
 Lipofi bromatosis 
 Lymphatic malformation 
 Noneponymous combined vascular malformation (e.g., 
capillary-venous malformation) 
 Obesity 
 Parkes Weber syndrome 
 Posttraumatic swelling (e.g., ligament sprain, occult 
fracture) 
 Rheumatological disease (e.g., tenosynovitis, 
rheumatoid arthritis) 
 Systemic causes of edema (cardiac, renal, hepatic 
disease) 
 Venous malformation 
 Venous stasis disease 
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           Gastroesophageal Refl ux 

    Defi nition, Pathophysiology, 
and Clinical Manifestations 

 The    defi nition of gastroesophageal refl ux (GER) 
is the passage of gastric contents into the esoph-
agus. Regurgitation is defi ned as passage of 
refl uxed gastric contents into the mouth. Vomiting 
is the expulsion of gastric contents from the 
mouth. Many episodes of gastroesophageal refl ux 
occur in healthy infants and children and are con-
sidered “physiological.” Such episodes are brief 
and either asymptomatic or cause mild regurgita-
tion or occasional vomiting [ 1 ]. Gastroesophageal 
refl ux disease (GERD) occurs when episodes of 
GER produce symptoms and complications. 

 The lower esophageal sphincter is the main 
barrier preventing retrograde passage of gastric 
contents into the esophagus. While the baseline 
tone of the lower esophageal sphincter (LES) is 
normal in most children with GER, transient relax-
ations of the sphincter, unrelated to swallowing, 
and inadequate adaptation of the sphincter tone 
to changes in abdominal pressure are the main 
mechanisms causing GER [ 2 ,  3 ]. Distention of 

the gastric wall can produce transient relaxations 
of the LES [ 4 ,  5 ]. Prolonged distension of the gas-
tric walls due to delayed emptying is a proposed 
mechanism explaining the relationship between 
the two conditions. Delayed gastric emptying has 
been documented in adults with GERD [ 6 – 8 ]. In 
children, this relationship is controversial. Some 
authors found delayed gastric emptying in chil-
dren with GERD while others did not [ 9 – 13 ]. In 
one study, involving 477 children, delayed gastric 
emptying was noted only in children with GERD 
that were older than 6 years [ 14 ]. According to 
another study, gastroesophageal refl ux in children 
is worsened by increasing the volume and osmo-
lality of meals that affect the LES pressure [ 15 ]. 

 It is not well established why GER is asymp-
tomatic in some children and produces clinical 
manifestations in others. Multiple factors can 
contribute to the pathogenesis of GERD including 
the frequency and duration of refl ux, gastric acid-
ity, gastric emptying, esophageal mucosal barrier, 
esophageal clearing mechanisms, and airway 
hypersensitivity. Clustering of severe GERD in 
families and a higher prevalence of acid refl ux in 
monozygotic twins compared with dizygotic 
twins provide evidence for genetic disposition for 
GERD. This genetic component however only 
accounts for a small number of GERD cases [ 16 , 
 17 ]. The prevalence of GER and GERD is not 
well established. According to some authors it 
ranges from 20 to 40 % in infants and 7 to 20 % in 
older children and adolescents [ 18 – 20 ]. One study 
found GER to be very common in preterm infants 
of less than 34 weeks of gestation (60–70 %) who 
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underwent gastroesophageal refl ux scintigraphy. 
The frequency and the severity of refl ux was not 
signifi cantly different in symptomatic versus 
asymptomatic babies [ 21 ]. The prevalence of 
GER may be even higher when determined by 
clinical symptoms commonly associated with 
GER, especially vomiting [ 22 ]. The higher fre-
quency of GER and GERD in infants is associated 
with transient immaturity of the esophagus and 
stomach [ 1 ]. 

 Gastroesophageal refl ux disease can affect the 
gastrointestinal and respiratory systems. Clinical 
manifestations vary with age. The main GER- 
related symptom in infants is recurrent vomiting. 
It occurs in 50 % of infants during the fi rst 
3 months of life and in 67 % of 4 months old 
infants. Vomiting resolves spontaneously in the 
majority of infants and is only encountered in 
5 % of infants at the age of 10–12 months [ 22 ]. 
Severe symptoms of anorexia, dysphagia, painful 
swallowing, irritability, hematemesis, anemia, 
and failure to thrive occur only in a small number 
of infants and are related to complications of 
esophagitis. GER in infants has been associated 
with respiratory complications, including apnea 
and apparent life-threatening events (ALTE), 
recurrent pneumonia, hyperactive airway dis-
ease, chronic cough, and recurrent stridor. In pre-
school children, the main manifestation of GER 
is intermittent vomiting. In older children, com-
mon symptoms include heartburn or regurgita-
tion with reswallowing. Rarely, esophageal pain 
may produce repetitive stretching and arching 
movements (Sandifer syndrome) commonly mis-
taken for atypical seizures or dystonia [ 23 ,  24 ]. 
Esophagitis in older children can manifest as 
dysphagia and in severe cases result in hemateme-
sis, anemia, hypoproteinemia, and melena. 
Esophageal strictures and circumferential scar-
ring can complicate untreated esophagitis. 

 Erosive esophagitis is encountered in less than 
5 % of thriving children and is much more com-
mon in children with neurological disabilities. 
Chronic esophagitis may lead to replacement of 
the distal esophageal mucosa with Barrett’s 
mucosa, a metaplastic, potentially malignant epi-
thelium [ 25 ]. Barrett’s esophagus is found in fewer 
than 2 % of children with GERD [ 1 ]. A strong 
association was found between gastroesophageal 

refl ux disease and dental erosions [ 26 ]. 
Gastroesophageal refl ux is prevalent in children 
with asthma. Recent research suggests that the 
presence of gastric acid in the esophagus alters 
bronchial hyperresponsiveness and that effective 
treatment of GERD can improve respiratory dis-
ease in selected asthma patients [ 27 ]. Aspiration 
pneumonia due to gastroesophageal refl ux is 
mostly encountered in neurologically impaired 
children. Hoarseness also has been associated 
with GER in children.  

    Diagnosis of Gastroesophageal Refl ux 

    Extended Esophageal pH Monitoring 
 Twenty-four-hour esophageal pH monitoring is the 
most widely accepted tool for the diagnosis of 
GER. This technique measures esophageal expo-
sure to gastric acid by detecting the concentration 
of hydrogen ions (pH) in the distal esophagus. 
Values under 4 are used to indicate gastric acid 
exposure due to refl ux (the normal esophageal pH 
varies from 5 to 7). The study has a sensitivity and 
specifi city over 90 % for detection of gastroesoph-
ageal refl ux disease and is considered by many as 
the gold standard. The electrode is placed a few 
centimeters above the LES, in the distal esophagus, 
and records the frequency and duration of refl ux 
episodes and the accumulated exposure times. 
These parameters are integrated into a composite 
score that correlates with the degree of esophageal 
epithelial damage, determined histologically. The 
percentage of the total time that the esophageal pH 
is <4 is called the refl ux index. Considering the fact 
that not all episodes of acid refl ux are symptomatic 
or cause complications, the North American 
Society of Pediatric Gastroenterology and 
Nutrition recommended that the upper limit of nor-
mal for the refl ux index is 12 % during the fi rst 
year of life and 6 % thereafter [ 28 ]. 

 Esophageal pH monitoring requires introduc-
tion of a transnasal pH catheter and is often pre-
ceded by esophageal manometry to identify the 
location of the LES for proper placement of the 
pH electrode [ 29 ]. The main strength of this tech-
nique is the 24-h observation period that provides 
a true estimate of the frequency of GER and 
cumulative residence time of acid refl uxate in the 
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esophagus. The technique, however, cannot 
detect nonacidic refl ux episodes. It has been 
shown in infants and children that refl ux- 
associated disturbances such as bronchitis, irrita-
bility, sleep disorders, episodes of apnea, oxygen 
desaturation, and pulmonary aspiration can be 
induced by both acidic (pH < 4) and nonacidic 
(pH > 4) refl ux [ 30 ]. During the postprandial 
period, neutralization of gastric acidity of vary-
ing duration occurs and is affected by the patient’s 
age, volume and composition of the meal, and the 
frequency of feeding [ 31 ]. Refl ux during these 
periods may occur in the physiologic esophageal 
pH (from 5 to 7) and will not be detected with pH 
monitoring. Antacid therapy for GER can also 
prevent detection of GER episodes with pH mon-
itoring [ 32 ]. The invasive nature of the study and 
the need to hospitalize young infants for the study 
are additional important disadvantages. A radio-
telemetric, catheter-free, pH capsule secured to 
the lower esophagus is under investigation as a 
more comfortable alternative to the pH catheter.  

    Multiple, Intraluminal Electrical 
Impedance 
 Multiple, intraluminal electrical impedance (IMP) 
is a new technique for the diagnosis of GER based 
on changes in electrical impedance during pas-
sage of a bolus along an esophageal segment 
(between two electrodes). The use of multiple 
segments along a catheter placed in the esophagus 
enables differentiation between antegrade and ret-
rograde bolus movements in the esophagus and 
the detection of GER. A  pH- sensitive electrode 
can be attached to the catheter, allowing simulta-
neous measurements of electrical impedance and 
changes in esophageal pH [ 32 ]. The dual pH-mul-
tichannel intraluminal impedance (pH-MII) is a 
sensitive tool for evaluating overall gastroesopha-
geal refl ux disease and particularly for permitting 
detection of nonacid refl ux. It is considered supe-
rior to stand alone pH monitoring. It is useful in 
correlating symptoms with refl ux and in assess-
ment of the effi cacy of anti-refl ux treatment [ 33 ]. 
A study of infants with history of apnea, breathing 
irregularities, and aspiration that combined IMP 
with pH monitoring and overnight polysomnogra-
phy showed that the majority of GER episodes 
(including many symptomatic episodes) were not 

associated with pH measurements under 4 and 
would probably pass undetected by esophageal 
pH monitoring alone [ 34 ]. Currently this promis-
ing new technique is not widely available, requires 
time for analysis of the recordings, and has the 
same disadvantage of being invasive as extended 
pH monitoring.  

    Sonography 
 Sonographic detection of GER has been 
attempted and showed encouraging results in 
young infants when compared with esophageal 
pH monitoring. In one study, sonographic detec-
tion had a sensitivity of 100 % and specifi city of 
87 % [ 35 ]. Despite these encouraging results, 
there has been very little experience with this 
technique, and it is not currently utilized in rou-
tine clinical practice.  

    Barium Contrast Radiography 
 Upper gastrointestinal (UGI) series are often 
used in the evaluation of GERD although various 
studies show this test is neither sensitive nor spe-
cifi c in comparison to 24-h pH monitoring (sensi-
tivity ranged from 31 to 86 % and specifi city 
from 21 to 83 %). Imaging is short and intermit-
tent because the radiation dose of cineradiogra-
phy is prohibitive [ 28 ]. The short observation 
period can result in false-negative studies when 
refl ux is present, while the frequent occurrence of 
non-pathological refl ux results in false-positive 
results for GERD. Upper GI series provide high- 
resolution images that are important in excluding 
anatomic abnormalities that can produce symp-
toms of GERD (mainly vomiting). These abnor-
malities include pyloric stenosis, hiatal hernia, 
and malrotation. The study is also useful for 
assessing complications of GERD such as coarse 
mucosal changes due to esophagitis and esopha-
geal strictures, in more severe cases. In contrast 
to gastroesophageal scintigraphy, upper GI series 
cannot be considered a physiologic test because 
of the usage of barium as a contrast agent and the 
occasional employment of provocative measures 
such as abdominal compression.  

    Endoscopy and Biopsy 
 Endoscopy with biopsy can evaluate the compli-
cations of gastroesophageal refl ux in GERD such 
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as esophagitis, strictures, and Barrett’s esophagus 
and exclude other diseases with similar clinical 
symptoms such as eosinophilic or infectious 
esophagitis and Crohn’s disease [ 36 ]. Endoscopy 
alone is not suffi cient because a normal- appearing 
esophagus does not exclude microscopic esopha-
gitis. Subtle mucosal changes such as erythema 
and pallor may occur in the absence of esophagitis 
[ 37 ]. The technique is invasive and mostly used in 
the evaluation of GERD-associated esophagitis.  

    Gastroesophageal Refl ux Scintigraphy 
 Gastroesophageal refl ux scintigraphy, also 
known as the “milk scan,” is a radionuclide study 

for the detection of gastroesophageal refl ux and 
pulmonary aspiration secondary to refl ux. This 
section will focus on detection of gastroesopha-
geal refl ux. The ability of this study to detect pul-
monary aspiration will be discussed in the section 
on pulmonary aspiration. 

 A mixture of milk or milk formula with  99m    Tc- 
sulfur colloid is introduced into the stomach by 
oral feeding, naso gastric tube, or gastrostomy 
tube. Gastroesophageal refl ux episodes can be 
detected by showing abnormal tracer activity in 
the esophagus with dynamic scintigraphy of the 
upper abdomen and thorax over a 60-min period 
(Fig.  9.1 ). Dynamic images are followed by 

60 s 60 s 60 s

60 s 60 s 60 s

60 s 60 s 60 s

60 s 60 s 60 s

60 s 60 s 60 s

  Fig. 9.1    Several episodes of 
gastroesophageal refl ux up to 
the proximal esophagus in a 
15-year-old girl with 
recurrent vomiting and 
rumination       
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anterior and posterior static images of the chest 
at 1 and 4 h post-feeding. Twenty-four-hour 
images are occasionally obtained as well. The 
purpose of the static images is to detect abnor-
mal tracer activity in the lungs indicating pulmo-
nary aspiration. They can demonstrate subtle 
aspiration that was not evident on the dynamic 
images and document aspiration that occurred 
after completion of the dynamic sequence. These 
images enhance the ability of the study to detect 
pulmonary aspiration.

   There is no single universally accepted proto-
col for this study. Most techniques, however, 
share the same basic principles. A common pro-
tocol, used at the author’s department, will be 
described as a general reference. 

 Technetium-99m-sulfur colloid is the radio-
pharmaceutical of choice for the study because it 
is not absorbed from the gastrointestinal or pul-
monary mucosa and remains stable in the acidic 
medium of the stomach. Such absorption would 
increase the background activity and lower the 
sensitivity of the study for detection of refl ux and 
aspiration [ 38 ]. The recommended dose range is 
9.25–37 MBq (0.25–1.0 mCi). The administered 
activity will depend on the age of the child, the 
volume to be fed, and the time per frame used for 
imaging [ 39 ]. 

 Older children should fast for at least 4 h prior 
to the exam. Young infants should replace a nor-
mal scheduled feeding with the radioactive milk 
or formula. The radiopharmaceutical is added to 
a portion of the patient’s feeding (one-third or 
one-half of the normal milk or formula feeding 
volume). This volume is introduced into the 
stomach by oral feeding or alternatively by naso-
gastric tube (which should be removed after 
feeding) or by gastrostomy tube when used for 
routine feedings. A second, tracer-free volume is 
then given to complete the meal. The tracer-free 
volume has an important role of clearing residual 
tracer from the oropharynx and esophagus prior 
to imaging. The volume of the feeding varies 
according to the patient’s age and weight. In most 
cases the desired volume is similar to the volume 
the patient is given for regular meals. It is best to 
wait 48 h after a barium study to avoid the pos-
sibility of inaccuracies in interpretation due the 

attenuating effect of residual barium in the gas-
trointestinal tract. 

 Times of the beginning and completion of 
feeding should be recorded. After feeding, the 
patient is placed supine on the imaging bed. 
Young infants should be burped when possible 
prior to imaging. Immobilization may be used to 
prevent motion and to secure young children on 
the imaging bed. Dynamic images are carried out 
from the posterior view with the stomach and 
chest in the fi eld of view. A low-energy high- 
resolution collimator is used, and images are 
recorded on a 128 × 128 matrix at a rate of 
30 s/frame for 60 min. The dynamic images are 
followed by anterior and posterior static images 
of the chest with the stomach out of the fi eld of 
view. These images are recorded on a 256 × 256 
matrix over 3–5 min. A second set of static 
images is acquired 2–4 h after completion of the 
meal. Delayed 24-h images are optional. 

 Some technical aspects of the study deserve 
further elaboration. Care should be taken to avoid 
any form of external contamination due to spill-
age during feeding or subsequent vomiting or 
regurgitation. Contamination artifacts over the 
lung fi elds could be mistaken for pulmonary aspi-
ration or prevent detection of such aspiration. 
Disposable, absorbent sheets, lined on one side 
with plastic material, may be used to contain con-
tamination over the neck, chest, and upper abdo-
men during feeding and during imaging. Residual 
tracer in the mouth and/or esophagus at the 
beginning of imaging may limit the ability to 
detect gastroesophageal refl ux. Using a suffi cient 
volume of non-labeled milk/formula to complete 
the meal will prevent this problem in most cases. 

 In some centers, imaging is performed in the 
anterior position. Anterior imaging has certain 
advantages. Depending on the camera and 
imaging table, a closer patient-to-collimator 
distance can be achieved with anterior imaging. 
In posterior imaging, counts originating from 
gastroesophageal refl ux can be attenuated by 
the superimposed spine and the imaging table. 
Despite these considerations, we feel that pos-
terior imaging is more practical and does not 
sacrifi ce, to any signifi cant extent, the ability to 
detect refl ux and aspiration. This has been 
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shown in a study that found an excellent corre-
lation between anterior and posterior dynamic 
images in detection of GER [ 40 ]. Infants and 
young children are often intimidated by the 
large camera detector positioned over their head 
and neck for extended periods and are less 
likely to lie still. In posterior imaging, with the 
camera head positioned under the imaging 
table, there is an unobstructed space over the 
imaging bed allowing easy communication with 
the children and access to caregivers. The chil-
dren are more relaxed and can watch an over-
head television. The supine position was found 
to be more sensitive than prone, left lateral, and 
30° right posterior oblique positions for detec-
tion of gastroesophageal refl ux [ 41 ]. 

 A more recent study, however, reported that 
imaging the children in multiple positions 
(supine, prone, right-side down, and left-side 
down) yielded more GER-positive studies than 
imaging in the traditional supine position alone 
[ 42 ]. It is important to perform the dynamic study 
over 60 min. Twenty-fi ve percent of refl ux epi-
sodes can be missed by limiting the study to 
30 min [ 43 ]. Another study showed that placing 
the children in the upright position for a few sec-
onds, in the middle of the examination, increased 
the frequency of GER episodes [ 44 ]. 

 Recordings from pH probe monitoring show 
that refl ux episodes may be very brief. Brief epi-
sodes of GER can be missed when using a frame 
time of 30–60 s during dynamic scintigraphy. 
Shortening the frame time to 5–10 s will usually 
allow detection of brief episodes and provide a 
more accurate estimation on the total number of 

refl ux episodes during the study. The study could 
later be reformatted to 30 or 60 s per frame for 
more convenient display. 

 The dosimetry for different ages is shown in 
Table  9.1  [ 45 ]. The critical organ is the lower 
large bowel. The effective dose in this study is 
among the lowest for nuclear medicine studies.

       Interpretation of Gastroesophageal 
Refl ux Scintigraphy 
 New appearance of tracer in the esophagus indi-
cates a refl ux episode (Fig.  9.1 ). All recorded 
frames as well as the delayed static images should 
be inspected. Computer display allows interac-
tive manipulation of the window as well as count 
truncation. These measures improve the detect-
ability of subtle refl ux episodes. Cinematic play-
back of the recorded frames is also helpful in 
detecting refl ux and can easily identify patient 
movement that occurred during the study. 

 Placing markers over the suprasternal notch 
and over the xiphoid is helpful in determining the 
level of refl ux in the esophagus or oropharynx 
and in localizing tracer activity over the lung 
fi elds. Obtaining a transmission image of the 
chest, with a  57 Co fl ood source, and overlaying it 
on the emission image is another technique that 
can improve localization of tracer activity in the 
chest. 

 Interpretation can be enhanced by generating 
time activity curves from regions of interest 
(ROI) placed over the esophagus. Refl ux epi-
sodes are seen as a sharp spikes in the curves 
(Fig.  9.2 ). By placing one ROI over the entire 
esophagus and a second ROI over the upper 

   Table 9.1    Radiation 
dosimetry   

 Dose (rads/100 μCi), by age 

 Site  Newborn  1 year  5 years  10 years  15 years  Adult 

 Stomach  0.383  0.093  0.0507  0.0308  0.0221  0.0187 
 SI  0.372  0.164  0.0911  0.0583  0.0361  0.0315 
 ULI  0.596  0.267  0.164  0.0896  0.0539  0.0518 
 LLI  0.972  0.380  0.194  0.120  0.0721  0.0329 
 Ovaries  0.0993  0.0420  0.033  0.0722  0.00149  0.0102 
 Testes  0.0176  0.00717  0.00334  0.0108  0.0011  0.00029 
 Thyroid  0.00164  0.00062  0.000215  0.00007  0.00003  0.00002 
 Whole body  0.0200  0.0107  0.00633  0.00407  0.00268  0.00186 

  From Castronovo [ 45 ] 
  SI  small intestine,  ULI ,  LLI  upper and lower large intestine  
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esophagus and oropharynx, the proportion of 
severe refl ux episodes from the total number of 
episodes can be established. Patient motion dur-
ing the study can introduce signifi cant artifacts in 
the curves because motion can cause the esopha-
geal region to overlap gastric activity, simulating 
the appearance of refl ux. Images should always 
be inspected for motion prior to interpretation, 
and motion correction should be applied when 
indicated.

   Visual inspection of the images in conjunction 
with curve interpretation is the most accurate 
way to read the study. The number of refl ux epi-
sodes, the level of refl ux (lower esophagus, upper 
esophagus, pharynx), and the presence of pulmo-
nary aspiration should be documented. Dividing 
the number of frames showing esophageal refl ux 

by the total number of frames provides a simple 
index that can roughly estimate the residence 
time of refl ux in the esophagus during the study. 

 Some authors use more elaborate techniques 
to quantify gastroesophageal refl ux. These tech-
niques take into account the volume of refl ux in 
each episode, the frequency of refl ux, and the rate 
at which it clears from the esophagus. Some indi-
ces normalize esophageal activity during refl ux 
episodes to the initial gastric activity [ 43 ,  46 ,  47 ]. 

 Gastroesophageal refl ux scintigraphy is a 
sensitive, noninvasive, physiologic, and direct 
technique to demonstrate the presence of gastro-
esophageal refl ux. It is easy to perform and well 
tolerated and requires minimum patient coop-
eration. It also entails a relatively low radiation 
burden. The study can be quantifi ed for  better 

Gastroesophageal reflux scintigraphy
5,000
4,500
4,000
3,500
3,000
2,500
2,000
1,500
1,000

500
0

0.0 6.0 12 18 24 30 35 42 48 54 60

a

b

  Fig. 9.2    A region of 
interest over the entire 
esophagus ( a ) is used to 
generate a time activity 
curve ( b ) shows multiple 
sharp peaks corresponding 
to episodes of gastroesopha-
geal refl ux (same study as in 
Fig.   7.1    )       
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intersubject comparison and for monitoring 
response to therapy [ 48 ]. Additional advantages 
of gastroesophageal refl ux scintigraphy in com-
parison to pH monitoring and endoscopy include 
the ability to detect pulmonary aspiration and 
to evaluate gastric emptying in the same study. 
Scintigraphy is considered by many authors to 
be a safe and reliable screening test for detection 
of GER. It cannot distinguish, however, between 
physiologic refl ux and refl ux related to GERD. 

 Comparing sensitivities and specifi cities of 
the different studies for detection of gastroesoph-
ageal refl ux is problematic. Techniques are often 
compared to extended pH monitoring as a gold 
standard. As mentioned earlier, pH monitoring is 
a sensitive and specifi c study for indirect detec-
tion of acid refl ux, but not all symptomatic refl ux 
episodes are acidic. Lack of uniform protocols 
for the various techniques is another confounding 
factor. Clinical signs and symptoms of GERD are 
used in some studies to evaluate the sensitivity 
and specifi city of diagnostic methods. This 
approach is problematic because of signifi cant 
overlap between signs and symptoms of GERD 
and those of other conditions. 

 According to most studies, the sensitivity of 
gastroesophageal scintigraphy for detection of 
GER in comparison to pH monitoring ranges 
from 60 to 90 % [ 46 ,  49 – 55 ]. Specifi city is over 
90 % [ 51 ,  54 ]. In a few studies that performed 
simultaneous esophageal pH monitoring and 
scintigraphy for 1–2 h, no correlation was found 
between the total number of refl ux episodes 
detected by scintigraphy and pH monitoring. 
Scintigraphy, however, detected more refl ux epi-
sodes than pH monitoring [ 56 ,  57 ]. It was con-
cluded that the two tests measure different 
pathophysiologic phenomena and should be 
regarded as complementary. Used together they 
could enhance the sensitivity and specifi city of 
the diagnostic evaluation [ 58 ]. The agreement 
between scintigraphy and esophageal pH moni-
toring depends to some extent on the acquisition 
and display parameters used for scintigraphy. 
The best correlation was achieved when images 
were reformatted in 60-s frames [ 59 ]. 

 Most authors found gastroesophageal scintigra-
phy to be more sensitive than barium radiography 

for detection of GER [ 46 ,  49 ,  52 ,  55 ,  60 ]. The 
inherent sensitivity of scintigraphy for detection of 
small amounts of radioactivity in the esophagus 
and the longer observation period compared to 
barium radiography may account for these differ-
ences. A combination of diagnostic modalities 
may be required to diagnose GER in young chil-
dren. Gastroesophageal scintigraphy is also a use-
ful noninvasive study for assessing the outcome of 
anti-refl ux surgery.  

    Treatment 
 According to the guidelines of the North 
American Society for Pediatric Gastroenterology 
and Nutrition, treatment options include the fol-
lowing categories: dietary changes, positioning, 
life changes in children and adolescents, acid 
suppressant therapy, prokinetic therapy, and sur-
gical therapy [ 28 ]. 

 Milk and formula thickening agents may 
decrease the number of vomiting episodes in 
infants but do not improve the refl ux index 
score on pH monitoring. A trial of hypoaller-
genic formula in formula-fed infants may reduce 
vomiting. Twenty-four-hour pH monitoring doc-
umented a lower prevalence of GER in the prone 
versus the supine position. This treatment option, 
however, is not recommended for most infants 
under 1 year of age because of the increased 
risk for sudden infant death in the prone position 
compared to the supine position. Left-side posi-
tioning and elevation of the bedhead have been 
traditionally recommended. A systematic review 
of published data, however, concluded that eleva-
tion of the head of the crib in the supine position 
did not have any effect [ 61 ]. Lifestyle changes 
in older children and adolescents include recom-
mendations to avoid caffeine, chocolate, spicy 
foods, tobacco, and alcohol and to treat obesity. 

 Acid suppressant therapy is based on histamine  
receptor inhibitors (H 2 Ras) and on proton pump 
inhibitors (PPIs). Proton pump inhibitors are more 
effective in relieving symptoms than H 2 Ras. In 
children requiring chronic maintenance treatment, 
PPIs appear to be well tolerated and effective in 
maintaining remission of refl ux esophagitis and 
refl ux symptoms [ 62 ]. Chronic antacid therapy 
is not indicated because of potential side effects 
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related to increased absorption of aluminum 
and the presence of better alternatives (H 2 Ras 
and PPIs). Prokinetic therapy affects the LES 
tone, esophageal motility, and gastric emptying. 
Domperidone and metoclopramide have question-
able effi ciency and may have adverse effects on 
the central nervous system. The effi cacy of cis-
apride, a mixed serotoninergic agent, in reducing 
the symptoms of GERD has also been questioned 
[ 63 ]. This drug can cause cardiac arrhythmias, 
however, and requires proper dosing and proper 
patient selection and monitoring. Surgical therapy 
consists of anti-refl ux surgery. The most common 
surgery is fundoplication. It is indicated when 
medical therapy fails and in severe life-threaten-
ing conditions related to GERD. Surgery should 
be avoided, if possible, before 2 years of age [ 1 ]. 
Laparoscopic Nissen’s fundoplication in children 
may be considered a safe and effective alternative 
to open surgery with careful case selection [ 64 ].    

    Gastric Emptying 

    Physiology 

 The stomach can be divided into three functional 
regions: proximal stomach (cardia, fundus, and 
proximal body), distal stomach (distal body, 
antrum), and the pylorus. The proximal stomach 
stores and accommodates food. It delivers food 
to the distal stomach by tonic propulsion. Smooth 
muscles of the proximal stomach do not exhibit 
rhythmic or peristaltic contractions but are rather 
in a state of continual partial contraction. The 
motor function of the proximal stomach is to reg-
ulate intragastric pressure. This is achieved by 
receptive relaxation (a reduction in gastric tone 
in response to swallowing mediated by a vago- 
vagal refl ex) and gastric accommodation 
(a neural- mediated refl ex triggered by mechano-
receptors in the gastric wall in response to gastric 
distention). Even large volumes entering the 
stomach do not cause signifi cant increases in 
intragastric pressure due to these mechanisms 
[ 48 ]. Receptive relaxation is absent in newborns, 
which partly explains why GER is more common 
in newborns than in older infants [ 65 ]. 

 Motor activity of the distal stomach is charac-
terized by peristaltic contractions in response to 
rhythmic depolarization in muscle cells known as 
the pacesetter potential. This electrical activity 
originates from the interstitial cells of Cajal, a 
network of specialized cells extending from the 
corpus to the distal antrum [ 66 ]. The gastric pace-
setter potential has a baseline frequency of 3 
cycles per minute. The motor function of the dis-
tal stomach is to mix, grind, and triturate solid 
food and to propagate the chyme towards the 
pylorus. Chyme is formed by contact of solids 
with gastric juices and digestive enzymes. The 
antro-pyloric region prevents emptying of parti-
cles greater than 1 mm in diameter. Larger parti-
cles are repelled back, triturated, and eventually 
emptied with the liquid phase. During trituration 
no signifi cant emptying of solids occurs, giving 
rise to the lag phase that may be seen on solid 
gastric emptying time activity curves [ 67 ]. The 
lag phase usually is absent with emptying of 
milk. The pylorus regulates the outfl ow of intra-
luminal gastric contents. The thickness of the 
smooth muscle layers and the abundant pyloric 
mucosa form a mechanical stricture preventing 
passage of large particles into the duodenum 
[ 48 ]. In general, tonic pressure in the proximal 
stomach is the main mechanism that regulates 
emptying of liquids, and the peristaltic motor 
activity of the distal stomach is the main mecha-
nism that regulates emptying of solids. 

 Coordinated gastric motor activity in the dif-
ferent functional zones is the end result of com-
plex muscular, neural, and hormonal interactions 
and is also affected by feedback regulation from 
the small bowel. Neural regulation of gastric 
motor activity is largely mediated through the 
vagus nerve. Gastric emptying rate is infl uenced 
by multiple factors. Gastrointestinal hormones 
such as cholecystokinin, secretin, gastrin, and 
gastric inhibitory peptide delay gastric emptying. 
Liquids empty faster than solids. Gastric empty-
ing is delayed by high-caloric and high- osmolarity 
meals. High osmolarity delays emptying in adults 
but was shown to have a smaller infl uence on 
emptying rates in premature infants and new-
borns [ 68 ]. Large meals prolong emptying. This 
probably is due to the high- caloric content of 
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large meals and not as much due to the meal size 
[ 69 ,  70 ]. 

 Varying rates of emptying are encountered 
with different kinds of milk and milk formulas. 
Human milk empties faster than cow’s milk 
although both are isocaloric [ 71 ]. Whey-based 
formulas empty more rapidly than casein-based 
formulas despite similarities in caloric content, 
osmolarity, and fat content. Acidifi ed milk, how-
ever, was found to empty more rapidly [ 72 ]. The 
variability in the emptying rate of different kinds 
of milk and milk formulas may be related to the 
formation of solids in the stomach by milk and 
formulas during digestion. Fatty acids of specifi c 
carbon chain lengths, acid solutions, and physio-
logic concentrations of L-tryptophan have been 
shown to delay gastric emptying [ 73 ,  74 ]. In 
addition to these factors, gastric emptying in 
 children is infl uenced by the child’s age. Longer 
emptying times were observed in infants [ 12 ,  75 ]. 
Gastric surgery such as antrectomy and pyloro-
plasty and prokinetic drugs such as metoclo-
pramide and domperidone shorten the lag phase 
and can increase gastric emptying rates [ 48 ].  

    Clinical Manifestations and 
Management of Abnormal Gastric 
Emptying 

 Vomiting, abdominal pain, nausea, weight loss, 
early satiety, and bloating were the most common 
symptoms among 239 children with scintigraphic 
evidence of delayed solid gastric emptying. 
Gastroparesis was idiopathic in 70 % of the cases, 
drug related in 18 %, postsurgical in12.5 %, and 
due to diabetes in 4 %. Improvement was noted 
in 60 % of the children receiving various thera-
peutic modalities at the end of the 2-year follow-
 up period, regardless of age, gender, or degree of 
delayed emptying [ 76 ]. Delayed gastric empty-
ing was more prevalent in children with malrota-
tion and GERD compared to children with GERD 
without malrotation [ 77 ]. Delayed emptying was 
also prevalent among children with functional 
dyspepsia [ 78 ]. 

 Therapeutic options include prokinetic ther-
apy mainly with metoclopramide, domperidone, 

cisapride, and erythromycin. Neurological and 
cardiac side effects limit the use of metoclo-
pramide and cisapride. Dietary treatment is espe-
cially relevant in infants with delayed gastric 
emptying. Mother’s milk and formulas high in 
protein hydrolysates and carbohydrates and low 
in fat may enhance gastric emptying. Gastric 
electrical stimulation is a promising nonmedical 
treatment modality but is an invasive procedure 
currently reserved to patients refractory to medi-
cal therapy [ 79 ]. There is limited experience with 
this technique in children [ 80 ]. Delayed gastric 
emptying manifestations, however, are not spe-
cifi c and can be encountered in many other con-
ditions such as anatomical obstructions 
(congenital and acquired), GERD, hepatobiliary 
disease, peptic ulcer, drug effects, and infection. 
Symptoms of delayed gastric emptying may be 
seen in systemic diseases (e.g., malignancies, 
diabetes) and during drug therapy. 

 Gastric neuromuscular disorders such as 
visceral hypersensitivity, gastric dysrhyth-
mias, gastric dysrelaxation, antral hypomotility, 
pylorospasm, and gastroparesis are more often 
encountered in adults. These conditions manifest 
as dyspeptic symptoms with early satiety, full-
ness, gastric discomfort, bloating, nausea, and 
vomiting but could also present with ulcer-like 
symptoms, mainly epigastric pain [ 81 ]. Rapid 
gastric emptying is less frequently encountered 
and can manifest with signs and symptoms that 
are major components of the “dumping syn-
drome,” typically seen after peptic ulcer surgery. 
Early symptoms include diarrhea, abdominal dis-
comfort, and bloating, and late symptoms include 
tachycardia, palpitations, diaphoresis, weakness, 
and fainting. These late symptoms are related to 
reactive hypoglycemia due to exaggerated insulin 
release [ 82 ].  

    Diagnostic Evaluation of Gastric 
Emptying 

 Meaningful quantifi cation of gastric emptying 
requires standardization of study techniques and 
standardization of the test meal. Standardization is 
essential for inter- and intra-subject  comparisons. 
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Gastric emptying scintigraphy is the most widely 
accepted technique in clinical practice and 
regarded as the gold standard. Non- scintigraphic 
techniques will be reviewed fi rst, followed 
by a detailed description of gastric emptying 
scintigraphy. 

 Upper gastrointestinal (UGI) series with bar-
ium contrast provides fi ne anatomical details and 
is important for excluding anatomical conditions 
that can alter gastric emptying such as pyloric 
stenosis or antral web. Otherwise, the emptying 
rate of a nonphysiologic substance such as bar-
ium does not refl ect gastric emptying under 
native, physiologic conditions. 

 Gastric ultrasonography can evaluate gastric 
volume, emptying, and transpyloric fl ow. It can 
assess gastric contraction and distension and mea-
sure the antral cross-sectional area [ 83 – 85 ]. A 
high correlation was encountered between ultra-
sonographic gastric emptying parameters and 
scintigraphic techniques [ 86 ]. Ultrasonography 
was useful for detection of motor abnormali-
ties in children with dyspeptic symptoms [ 87 ]. 
Ultrasonography has the advantages of being a 
widely available, low-cost, and a nonradioactive 
technique. The main limitations of this technique 
are a short observation period and dependency on 
operator skills explaining its limited use in clini-
cal practice. 

 Electrogastrography measures myoelectrical 
activity in the gastric antrum during the fasting 
and postprandial states [ 48 ]. Surface recording is 
usually employed, using cutaneous electrodes 
placed over the epigastrium [ 88 ]. The normal 
gastric pacesetter potential range is between 2.5 
and 3.75 cycles per minute. This technique can 
detect bradygastria (<2.5 cpm) or tachygastria 
(3.75–10 cpm). Gastric dysrhythmias have been 
associated with certain conditions such as diabe-
tes, idiopathic gastric paresis, or motion sickness 
[ 88 ]. This technique, mostly utilized in adults, is 
not widely available in clinical practice. 

 Breath tests provide a simple, noninvasive, 
and nonradioactive technique to evaluate gastric 
emptying. Most tests today are based on measur-
ing the concentration of the stable isotope  13 C in 
expired air. Carbon-13-labeled octanoic acid is 
used as a substrate for solid gastric emptying 

evaluation and  13 C-labeled acetate for liquid 
emptying. Both substrates are absorbed in the 
duodenum and transported to the liver. Metabolic 
degradation in the liver produces  13 CO 2  that is 
excreted with exhaled air and measured with a 
mass spectrometer. Breath samples are measured 
for enrichment with  13 C up to 6 h. First appear-
ance of  13 CO 2  indicates the beginning of empty-
ing. The slope of the rising time-related  13 C 
enrichment curve is related to the gastric empty-
ing rate [ 89 ,  90 ]. Simultaneous performance of 
gastric emptying scintigraphy with a  13 C breath 
test in 29 children with dyspeptic and respiratory 
symptoms showed good correlation between the 
techniques in assessment of gastric emptying 
times [ 91 ]. The reliability of the breath test to 
accurately refl ect gastric emptying can be 
adversely affected by certain conditions such as 
malabsorption and pancreatic, liver, and lung dis-
eases and by visceral hemodynamic changes 
(physical exercise) that can alter the delivery of 
 13 C to the sampled breath air, irrespective of the 
gastric emptying rate. 

 Gastric MRI is an emerging technique, allow-
ing evaluation of both gastric emptying and motil-
ity disorders without exposure to ionizing radiation 
or to invasive procedures (such as the barostat 
technique required to evaluate gastric accommo-
dation). The technique is based on labeling a meal 
with Gadolinium DOTA allowing precise mea-
surements of gastric volumes and peristalsis with 
dynamic protocols. Currently this technique is not 
widespread in routine clinical practice [ 92 ]. 

    Gastric Emptying Scintigraphy 
 Gastric emptying scintigraphy is a physiologic, 
noninvasive, low-cost technique to evaluate gas-
tric emptying based on imaging and quantifi ca-
tion of a radiolabeled test meal. Several 
techniques are used in clinical practice for gastric 
emptying. The techniques vary in the meal con-
tent, volume, and imaging technique. The lack of 
uniformity adversely affects inter-institutional 
comparison of study results. 

 Different mechanisms regulate gastric empty-
ing of solids and liquids. A solid test meal is con-
sidered more reliable than a liquid meal for 
measuring gastric emptying. Solid meals are used 
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in adults [ 48 ]. In the pediatric population, they 
are reserved for older children and adolescents. 
The diet of infants is milk or milk formulas, 
which makes them the natural and only practical 
choice for a test meal. This is in keeping with the 
physiologic nature of the study. Milk or formula 
is often used in young children too because it is 
more acceptable to them than standardized solid 
meals. As mentioned earlier, milk and milk for-
mulas form solids in the stomach due to interac-
tions with digestive enzymes and gastric acid. 
Their clearance does not truly represent liquid 
gastric emptying. 

 Gastric emptying evaluation with milk or for-
mula is often performed simultaneously with 
evaluation of gastroesophageal refl ux. We use 
similar preparations and acquisition parameters 
to those used for gastroesophageal scintigraphy 
(milk scan). The radiopharmaceutical of choice is 
 99m Tc-sulfur colloid because it remains stable in 
an acid medium and is not absorbed from the gas-
trointestinal mucosa. The recommended dose 
range is 9.25–37 MBq (0.25–1.0 mCi). The 
administered activity will depend on the age of 
the child and the volume to be fed [ 39 ]. 
Preparations for the study include fasting for at 
least 4 h prior to the test. Young infants should 
miss a normal feeding just prior to the exam. 

 Medications that affect gastric motility should 
be discontinued for an appropriate period prior to 
the exam, depending on the pharmacokinetics of 
the drugs, unless the scintigraphy is used to eval-
uate the effect of a specifi c drug regimen on gas-
tric motility. These drugs include prokinetics, 
narcotic analgesics, anticholinergic agents, anti-
depressants, gastric acid suppressants, alumi-
num-containing antacids, somatostatin, and 
calcium channel blockers [ 48 ]. Barium radiogra-
phy should not be performed within 48 h prior to 
scintigraphy. Glycemic control is required in dia-
betic patients because hyperglycemia can delay 
gastric emptying [ 93 ]. The volume of the meal is 
adjusted according to the patient’s age or size. 
For standardization purposes, the feeding period 
is limited to 10 min. The referring physician 
should indicate the volume of the meal expected 
to be consumed within this time frame. The 
radiopharmaceutical is added to the meal, and a 

second, tracer-free volume is added to complete 
the desired feeding volume. Oral feeding is pre-
ferred, but feeding through a nasogastric tube or 
gastrostomy tubes is occasionally required. 
Nasogastric tubes should be removed immedi-
ately after feeding. The volume and composition 
of the meal are recorded for future reference. 

 After completion of the feeding, the patient is 
placed in the supine position, and continuous 
dynamic images of the stomach and chest are 
recorded on a 128 × 128 matrix, 30 s per frame 
for 60 min. Images are obtained in the posterior 
projection using a low-energy, high-resolution 
collimator. Static images of the abdomen and 
chest are acquired using a 256 × 256 matrix at 
60 min. If emptying is delayed, additional images 
are obtained at 2 h. Static images of the lung 
fi elds are also obtained at 4 h and occasionally at 
24 h for the detection of late aspiration. 

 A region of interest (ROI) is placed around the 
stomach, as seen in the immediate post-feeding 
image. A time activity curve, corrected for decay, 
is generated from the stomach ROI. Motion cor-
rection should be applied when required. Care 
should be taken not to include bowel activity in 
the gastric ROI. An additional gastric ROI derived 
from the last image is often required for accurate 
generation of the time activity curve. Another 
option is to generate separate regions over the 
stomach every 10 or 15 min. Gastric emptying 
can be expressed as the percentage of the initial 
activity remaining at a specifi c time point (resid-
ual) or as the activity emptied by the stomach at 
these times. It can also be expressed as the half 
emptying time (T1/2). We use the 60-min time 
point for calculation of the gastric residual. Half 
emptying time is more commonly used in adults 
with solid gastric emptying. The pattern of the 
emptying curve, including the presence and 
length of the lag phase (seen in solid gastric emp-
tying), is important because it may provide evi-
dence on abnormalities in gastric motility. Milk 
usually empties in an exponential or biexponen-
tial manner. A long plateau on the time activity 
curve may be encountered in intermittent gastric 
outlet obstruction due to an antral web. 

 Some features of the protocol are subject to 
variability and deserve further discussion. 
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The study length is not well standardized. Gastric 
emptying rate may increase during the second- 
hour post-feeding. In a study that evaluated gas-
tric emptying of a liquid meal for 2 h in infants 
and children, the 1-h measurements did not pre-
dict well the 2-h measurements. It was concluded 
that gastric emptying measurements in children 
should be continued until 2 h after feeding unless 
rapid emptying is observed during the fi rst hour 
of the study [ 94 ,  95 ]. Extending dynamic acquisi-
tion for 2 h may be diffi cult to achieve in young 
children. Serial delayed static images can be used 
instead. The supine position is best suited for 
extended imaging in infants and children but can 
delay gastric emptying. In one study a signifi cant 
number of children, 1 week to 2 years old, with 
delayed emptying in the supine position showed 
signifi cant emptying just by changing position. It 
was recommended to complement gastric empty-
ing studies with delayed views in the right lateral 
and upright position [ 96 ]. 

 Physiologic movement of gastric contents 
from the posteriorly located fundus to the more 
anteriorly located antrum can produce artifacts in 
quantitation due to nonuniform attenuation 
throughout the study. Using a geometrical mean 
of anterior and posterior counts, acquired simul-
taneously with a dual detector camera, will cor-
rect this problem. It is also possible to use the left 
anterior oblique projection instead of anterior or 
posterior projections to minimize this artifact. 
Nonuniform attenuation is a concern mostly in 
adults and large or obese older children. 
Conjugate counting did not signifi cantly change 
the results compared with anterior imaging alone 
in a study that evaluated gastric emptying with 
milk feedings in infants and young children. It 
was suggested that anterior imaging alone is suf-
fi cient in this patient population [ 97 ]. We prefer 
posterior imaging, which is much more comfort-
able for the patient. A recent study in children 
compared the effect of different imaging posi-
tions on gastric emptying calculations (60-min 
gastric residual) and found a high correlation 
between calculations from the posterior image 
and calculations from the geometrical mean of 
anterior and posterior acquisitions. The authors 
recommended using the posterior image for both 

solid and  liquid gastric emptying calculations 
except for solid gastric emptying in children 
older than 8 years and heavier than 30 kg in 
which simultaneous acquisition from the anterior 
and posterior projections was advised [ 98 ]. 

 Continuous data recording rather than serial 
static images is recommended and well suited for 
small children, who occasionally need to be 
restrained. Recording data only at discrete time 
intervals (e.g., every 10–30 min) is incapable of 
providing information on the lag phase and may 
be limited in identifying patterns of rapid gastric 
emptying [ 99 ]. 

 Occasionally, signifi cant emptying occurs 
during the feeding period. This emptying is not 
accounted for when the gastric residual is derived 
from a region of interest placed over the stomach 
in the immediate post-feeding image. Calculation 
of the gastric residual relative to the total dose 
ingested by the patient can be achieved by com-
paring the activity in the stomach in the fi nal 
image to the activity in a ROI that includes the 
stomach and bowel as seen in the immediate 
post-feeding image. This value takes into account 
both the emptying that occurred during imaging 
and the emptying that occurred before imaging 
(during feeding). The two methods for calcula-
tion of the gastric residual were compared in a 
study that included 44 children who underwent 
liquid  99m Tc-sulfur colloid gastric emptying. 
Sixty-minute gastric residuals from the total 
ingested dose were signifi cantly lower by 
15–16 % from gastric residuals derived only 
from the initial stomach activity in the fi rst post- 
feeding image. It was concluded that emptying 
that occurs during feeding should be factored into 
quantitation of liquid gastric emptying in infants 
and young children to avoid overestimation of 
gastric residuals and erroneous interpretations of 
delayed gastric emptying [ 100 ]. Vomiting a por-
tion of the ingested meal can result in lower gas-
tric residual values falsely suggesting faster 
gastric emptying. 

 A major problem with gastric emptying scin-
tigraphy in children is the lack of age-related nor-
mal values derived from large groups of normal 
controls. Normal children cannot be studied as 
control subjects due to ethical considerations. 
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Pooling data from different institutions to estab-
lish the normal range is problematic due to lack 
of standardization of the study technique and the 
test meal. Given these limitations, it is best for 
individual laboratories to establish their own nor-
mal range. The few reports concerning normal 
values that were published in the literature should 
serve as a guide. In one study, normal infants 
were fed with 50 ml milk labeled with  113m In 
microcolloid. The gastric emptying time activity 
curve was found to be exponential, and the T1/2 
was 87 ± 29 min. The 1-h normal gastric residuals 
extrapolated from this data were 48–70 % [ 101 ]. 
In another study normal emptying residuals for 
young children ranged between 36 and 68 % at 
1 h with a sulfur colloid-labeled milk/formula. In 
a small number of older children, the range was 
between 42 and 56 % [ 102 ]. The normal range 
for liquid gastric emptying residuals with  99m Tc- 
sulfur colloid-labeled dextrose at 1 h, in children 
less than 2 years, was 27–81 % and over 2 years 
11–47 % [ 12 ]. An example of delayed gastric 
emptying is shown in Fig.  9.3 .

   Gastric emptying with a solid test meal is the 
preferred method to assess gastric emptying in 
older children, adolescents, and adults. It is 
important that the radioactive label remains 
fi rmly attached to the solid phase. Since liquids 
affect the emptying of solids, it is common to 
include unlabeled liquids in the test meal. The 
best stability is achieved with in vivo labeling of 
chicken liver using  99m Tc-sulfur colloid (98 % 
bound at 3 h in gastric juice) [ 103 ]. This method 
requires injecting the label into the chicken, har-
vesting the liver, and cooking the liver. It is there-
fore impractical for routine clinical use. A stable 
label can be achieved by mixing and cooking 
 99m Tc-sulfur colloid with a whole egg (82 % 
bound at 3 h) or with the egg white (95 % bound 
at 3 h) [ 103 ]. A stable label can also be obtained 
with fat-free egg substitutes. Basing the test meal 
on radiolabeled eggs is convenient and widely 
used in clinical practice. The recommended 
radiopharmaceutical dose is 9.25–18.5 MBq 
(0.25–0.5 mCi)  99m Tc-sulfur colloid [ 39 ]. Less 
common alternatives include  99m Tc-labeled bran, 
pudding, or iodinated fi ber [ 75 ,  104 ,  105 ]. These 
alternatives may be useful in cases of allergy to 
eggs. A solid meal consisting of a 30 g chocolate 

crispy cake and 100 cc of water was investigated 
in 24 normal children 5–10 years old. The choco-
late crispy cake was labeled with a  99m Tc ion 
exchange resin (3 MBq) to achieve a stable label. 
The mean gastric emptying half time in this nor-
mal cohort was 107.2 min [ 106 ]. More recently, 
mixing  99m Tc-sulfur colloid with melted cheddar 
cheese was reported to produce a stable label 
comparable to egg white and was found to be 
superior to oatmeal or mashed potatoes, which 
had a low and variable labeling stability [ 107 ]. 

 Simultaneous assessment of solid and liquid 
emptying can be achieved by labeling the solids 
with  99m Tc-sulfur colloid and the liquid (water) 
with  111 In. Maintaining a ratio of at least 6:1 
between the  99m Tc and  111 In activities can mini-
mize downscatter from  111 In into the  99m Tc win-
dow. A suitable pediatric dose for this dual-isotope 
study is 11.1 MBq (300 microcurie) for  99m Tc and 
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  Fig. 9.3    Delayed gastric emptying in a 2-year-old boy 
with suspected metabolic disease, hypotonia, psychomo-
tor retardation, and recurrent vomiting. Posterior view 
images, displayed at 5 min per frame, show considerable 
retention of labeled formula in the stomach. The 60-min 
gastric residual calculated from the time activity curve 
was 88 %       
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1.85 MBq (50 microcuries) for  111 In [ 67 ]. 
Preparations for solid gastric emptying in chil-
dren are similar to those described for liquid 
emptying. Imaging duration should be at least 
2 h. Continuous dynamic imaging can be used. A 
protocol consisting of 30-s images, acquired in 
the supine position every 10 min for 2 h, and 
keeping the patient upright between images can 
also be used. A gastric emptying time activity 
curve is constructed from the decay corrected 
counts in each frame. 

 The range of normal values for solid gastric 
emptying in children has not been established. In 
a small series of 11 normal control children, 
5–11 years old, solid gastric emptying values 
 corresponded well to those described in adults 
[ 108 ]. Using the anterior imaging projection, 
normal control values in young adult volunteers 
can be used as a guide. These values expressed as 
gastric residuals are 60–82 % at 1 h and 25–55 % 
at 2 h [ 109 ]. 

 An effort has been made in recent years to 
standardize solid gastric emptying scintigra-
phy in adults resulting in joint recommenda-
tions of the American Neurogastroenterology 
and Motility Society and the Society of Nuclear 
Medicine [ 110 ]. The standard test meal is based 
on an egg white meal (Egg Beaters® or generic 
equivalent) radiolabeled with 18.5–37 MBq 
(0.5–1.0 mCi)   99m Tc-sulfur colloid. One hundred 
twenty grams of liquid egg white (approximately 
the equivalent of two large eggs) is cooked with 
the radiotracer and served with 2 toasted white 
bread slices, 30 g of strawberry jam, and 120 g 
of water. The meal should be consumed over 
10 min. Gastric emptying measurements are 
based on gastric counts derived from the geo-
metrical mean of anterior and posterior 1-min 
static images in the upright position. The images 
are acquired immediately after meal ingestion 
(time 0) and at 1, 2, and 4 h after meal ingestion. 
Normal gastric emptying values for this proto-
col were adapted from a large multi-institutional, 
multinational study [ 111 ]. The normal gastric 
residuals for adults in terms of gastric residu-
als were 37–90 % at 1 h, 30–60 % at 2 h, and 
0–10 % at 4 h. The applicability of this protocol 
and the validity of the normal reference values 
have not been determined in children capable of 

ingesting a solid meal. It could perhaps serve as a 
general guideline in older children and teenagers.  

    Investigational Scintigraphic Techniques 
 Dynamic antral scintigraphy provides informa-
tion on gastric motility and can be performed in 
conjunction with standard gastric emptying scin-
tigraphy. A short (4–5 min) dynamic acquisition 
with 1- to 2-s frames is added at the end of a stan-
dard gastric emptying study. Time activity curves 
are generated from ROIs placed over the proxi-
mal, middle, and distal antral areas. The data is 
corrected for motion artifacts and for transla-
tional movement of the stomach. Finally, a 
refi ned Fourier transform is performed on the 
time activity curves to determine the frequency 
and amplitude of antral contractions. This tech-
nique has been investigated in adults [ 112 – 114 ]. 
The amplitude rather than the baseline frequency 
of antral contractions (3 per min) was more use-
ful in discriminating various patient groups. 
Decreased amplitudes have been noted in dia-
betic patients and increased amplitudes in 
patients with functional dyspepsia [ 114 ,  115 ]. 

 Gastric SPECT is a new scintigraphic tech-
nique to evaluate gastric accommodation. 
Impaired postprandial gastric accommodation is 
responsible for symptoms of bloating, distension, 
early satiety, and nausea. Abnormal accommoda-
tion can be detected with barostatically controlled 
balloon in the proximal stomach and by ultraso-
nography in the distal stomach. The intragastric 
barostat balloon study is considered the gold 
standard for measurements of gastric volumes. 
Gastric SPECT allows evaluation of the entire 
gastric accommodation refl ex by measuring fast-
ing and postprandial gastric volumes. Following 
an overnight fast,  99m Tc is injected intravenously 
and localizes in parietal and mucous cells in the 
gastric mucosa. Sequential gastric SPECTs are 
performed starting 10 min after injection in the 
fasting state and after ingestion of a test meal 
without changing the patient’s position. Dynamic 
tomographic acquisition (6° steps, 3 s per frame, 
128 × 128 matrix) has been used for gastric 
SPECT. Total gastric volumes are measured from 
the SPECT data with specialized software during 
the fasting state and in the postprandial state 
(3–12 min and 12–21 min after completion of the 
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meal) [ 116 ]. Gastric SPECT has been investi-
gated in adults and showed good correlation with 
invasive barostat balloon studies in determining 
gastric volumes [ 117 ]. Impaired accommodation 
was found in idiopathic dyspepsia and after fun-
doplication [ 116 ,  118 ]. Simultaneous measure-
ment of gastric emptying and accommodation 
was reported with dual-isotope acquisition ( 111 In 
for solid or liquid emptying and  99m Tc for accom-
modation) [ 119 ].    

    Esophageal Transit 

    Anatomy and Physiology 
of the Esophagus 

 The esophagus is the conduit that delivers food 
from the oropharynx to the stomach with coordi-
nated muscular peristalsis aided by gravity. It 
begins in the neck, at the lower border of the cri-
coid cartilage, extends through the diaphragm, 
and ends at the cardia of the stomach. Circular 
muscle fi bers form sphincters at both ends of the 
esophagus. The upper esophageal sphincter pre-
vents regurgitation of food from the esophagus 
back into the oropharynx. The lower esophageal 
sphincter (LES) controls transit of food from the 
esophagus into the stomach and prevents retro-
grade refl ux of food from the stomach into the 
esophagus. The primary peristaltic pump origi-
nates in the pharynx and produces signals that 
propagate through the circular and longitudinal 
muscles of the esophagus at about 4 cm/s [ 48 ]. 
Esophageal peristalsis is coordinated with the 
post-swallowing relaxation of the lower esopha-
geal sphincter [ 120 ]. The striated muscles of the 
esophagus are innervated through the vagus and 
the smooth muscles through sympathetic and 
parasympathetic nerves.  

    Esophageal Transit Disorders 

 Esophageal motor disorders can be primary (e.g., 
achalasia—failure of relaxation of the LES and 
loss of esophageal body peristalsis) or secondary 
to other conditions (e.g., esophagitis, surgery). 

The occurrence and severity of esophagitis 
depends both on severity and frequency of gas-
troesophageal refl ux and on esophageal motility. 
Abnormal clearance of the refl uxate contributes 
to the pathogenesis of esophagitis and can result 
from decreased amplitude of distal esophageal 
peristaltic contractions and from an increased 
frequency of non-peristaltic contractions. 

 Functional esophageal disorders are deter-
mined on the basis of lack of any identifi able 
structural or metabolic damage. They are mostly 
encountered in adults but may also be seen in 
children and adolescents. They include condi-
tions such as rumination syndrome, globus (sen-
sation of a lump stuck in the throat), functional 
dysphagia, and functional chest pain [ 121 ]. 
Functional esophageal disorders, in adults, are 
the second most common functional disorder of 
the gastrointestinal tract after irritable bowel syn-
drome and are sometimes accompanied by psy-
chological and psychiatric disorders [ 121 ,  122 ]. 

 In children and adolescents, esophageal motil-
ity disorders are encountered with tracheoesoph-
ageal fi stula, esophagitis, esophageal strictures, 
psychomotor retardation, cerebral palsy, and 
Down syndrome [ 123 – 126 ]. Prolonged esopha-
geal transit was noted in children with familial 
dysautonomia [ 127 ]. Impaired esophageal motil-
ity in children is seen following injury to the 
esophagus from ingestion of caustic materials 
and following repair of esophageal atresia [ 128 , 
 129 ]. Common clinical presentations of esopha-
geal disorders include dysphagia and chest pain.  

    Evaluation of Esophageal Transit 

    Non-scintigraphic Techniques 
 Esophageal endoscopy is the mainstay of the 
diagnostic procedures for esophageal disorders. 
It allows direct visualization of the esophageal 
mucosa and performance of tissue biopsies. 
Esophagitis, esophageal metaplasia, esophageal 
diverticulae, and fi stulae are often evaluated with 
this technique. Endoscopy is usually extended to 
evaluate the stomach and duodenum too. It is the 
fi rst-line diagnostic procedure for patients with 
complaints of dysphagia or dyspepsia. Endoscopy 
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is an invasive procedure that is not well tolerated 
by some patients and requires anesthesia in chil-
dren. It does not provide direct information on 
motility disorders [ 48 ]. 

 Upper gastrointestinal (UGI) series with bar-
ium contrast provides imaging evaluation of the 
esophagus, stomach, and duodenum. The study is 
commonly used in the diagnosis of esophageal 
disorders. UGI series is useful for the diagnosis 
of intrinsic or extrinsic anatomical obstructions 
(e.g., strictures or pressure from mediastinal 
space-occupying lesions), esophageal fi stulae, 
and diverticulae and can also suggest mucosal 
changes encountered in esophagitis. It also allows 
dynamic evaluation of esophageal motility and 
transit of barium boluses from the mouth to the 
stomach. The radiation dose during video fl uo-
roscopy is prohibitive. Although noninvasive, the 
study requires cooperation. Some children refuse 
to swallow the barium contrast. It is also limited 
in providing functional data for evaluation of cer-
tain motor disorders. 

 Esophageal manometry is indicated in patients 
with dysphagia unrelated to structural abnormali-
ties. Manometry provides dynamic pressure mea-
surements that are useful in the diagnosis of 
primary motor disorders such as achalasia, dif-
fuse esophageal spasm, nutcracker esophagus, 
and hypertensive LES. It can demonstrate esoph-
ageal disorders secondary to systemic diseases 
such as scleroderma and dermatomyositis [ 48 ]. 
Multichannel intraluminal impedance is a new 
technique that allows evaluation of bolus move-
ment in the esophagus. The technique was 
described in the section on GER. When com-
bined with esophageal manometry, simultaneous 
information on esophageal pressure and bolus 
movement is recorded. This information is help-
ful in the diagnosis of motility disorders.  

    Esophageal Transit Scintigraphy 
 The study was fi rst introduced in the early 1970s 
by Kazem and has been adapted for use in chil-
dren [ 130 – 132 ]. Esophageal transit scintigraphy 
provides imaging and quantitative data on the 
transit of a labeled bolus through the esophagus. 
There are several protocols for the study. The fol-
lowing will be described as a general guide. 

   Study Protocol 
  Preparations : A 4-h fasting is recommended for 
most cases. In infants, the study should replace a 
normal scheduled feeding. 

  Radiopharmaceutical :  99m Tc-sulfur colloid 
mixed with 30 ml of liquid (milk, formula, or 5 % 
dextrose water). The dose range is 7.4–37 MBq 
(200 μCi to 1 mCi). Larger volumes may be used 
for older patients. Labeled semisolids and solids 
are used infrequently. 

  Study technique : Infants can lie directly on the 
slightly inclined collimator or be supported on a 
secured apparatus. Older children can sit up with 
their back to the collimator. It is important to turn 
the head of bottle-fed infants to the side to pre-
vent superimposition of the radioactivity in the 
bottle over the upper esophagus. Older children 
can be fed with a cup or, preferably, through a 
straw. Imaging begins at the onset of swallowing. 
The camera is equipped with a low-energy high- 
resolution collimator. Images are recorded on a 
128 × 128 matrix, 2 s per frame for 100 s. Static 
images are taken after completion of the dynamic 
sequence. If a large residual remains in the 
esophagus, delayed static images are obtained at 
30 and 60 min. A  57 Co transmission image may 
be taken immediately or at 10 min following 
completion of the dynamic sequence, when ana-
tomical location (e.g., gastric fundus vs. esopha-
gus) of the tracer is uncertain.  

   Image Processing and Interpretation 
 Recorded images are played back in cine mode 
for visual evaluation of the bolus transit. Oral or 
pharyngeal retention, esophageal retention, bolus 
fragmentation, premature swallows (resulting in 
deglutition inhibition), tracheobronchial aspira-
tion, and GER can be identifi ed by visual inspec-
tion. Slow progression or even stopping of the 
bolus with the cranio-caudal direction maintained 
can be seen in scleroderma and achalasia. 
Presenting the dynamic data in a single image 
can enhance visual inspection. The condensed 
dynamic image shows the profi les of the swal-
lowing event side by side on the y-axis along 
with time on the x-axis [ 133 ]. The condensed 
image may aid identifi cation of abnormal motil-
ity patterns. 
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 Esophageal transit can be measured quantita-
tively with time and retention parameters. The 
esophagus is divided into upper, middle, and 
lower zones. Equal ROIs are placed on each 
zone, and a fourth ROI is placed over the stom-
ach. Time activity curves are generated from 
each ROI. The curves allow qualitative and 
quantitative assessment of the bolus transit. The 
data from the 3 zones can be summed for a total 
esophageal measurement. Normal transit pres-
ents as a sharp peak in the upper esophageal 
zone followed by sequential sharp peaks in the 
middle and lower zone and early buildup of 
activity in the stomach (Fig.  9.4 ). Deviation from 

this pattern can suggest esophageal dysmotility 
(Fig.  9.5 ). Multiple peaks in the three esophageal 
time activity curves can be seen in diffuse esoph-
ageal spasm.

    Esophageal transit time (for a single swallow) 
is defi ned as the time from initial entry of activity 
into the esophagus to the time activity drops to 
less than 10 % from the peak. It was found useful 
in differentiating between diffuse esophageal 
motility disorders, low esophageal motility disor-
ders, and achalasia [ 134 ]. Esophageal transit time 
is affected by the patient’s position and the con-
sistency of the test meal. In adults, transit time 
for liquids was less than 5 s in the erect position 
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  Fig. 9.4    A normal esophageal motility study. Note the 
sequential coordinated peaks of the time activity curves 
derived from the  upper ,  middle , and  lower  esophagus and 

the complete clearance of activity from the esophagus at 
the end of the dynamic sequence       
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and approximately 8 s in the supine position 
[ 135 ]. More complex parameters such as mean 
transit time and mean time and retention param-
eters such as esophageal emptying (10 or 12 s 
after swallowing) as a fraction of the peak activ-
ity have been used, mostly in adults [ 136 – 138 ]. 
Normal quantitative parameters require standard-
ization of techniques and processing algorithms. 
Such parameters have not been established in 
children. Characteristic dysmotility patterns can 
be elicited with esophageal scintigraphy studies 
in nutcracker esophagus (high-amplitude waves 
in the lower esophagus), diffuse esophageal 

spasm (multiple simultaneous contractions at dif-
ferent levels induced by wet swallows), sclero-
derma (retention in the lower esophagus in the 
supine position that clears after the patient is 
upright), and achalasia (signifi cant retention in 
the lower esophagus in the absence of anatomical 
obstruction that does not clear in the upright posi-
tion or following a drink of water) [ 48 ]. 

 Some aspects of esophageal transit scintigraphy 
deserve further elaboration. Technetium-99m-sulfur 
colloid is the most commonly used radiopharma-
ceutical. Technetium-99m-nanocolloid and  99m Tc-
diethylenetriaminepentaacetic acid (DTPA) also 
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  Fig. 9.5    An esophageal transit study of a young woman 
with history of renal transplantation and fundoplication 
surgery for gastroesophageal refl ux. The woman pre-
sented with complaints of dysphagia and heartburn. Time 
activity curves obtained from regions of interest placed 

over the  upper ,  middle , and  lower  esophagus show multi-
ple uncoordinated spikes and some tracer accumulation in 
the distal esophagus that clears away on a delayed 10-min 
image (not shown). These fi ndings suggest esophageal 
dysmotility       

 

9 Gastroesophageal Refl ux, Gastric Emptying, Esophageal Transit, and Pulmonary Aspiration



222

have been used. Radiopharmaceuticals used in 
transit scintigraphy should not be absorbed by the 
gastrointestinal mucosa. Esophageal transit scin-
tigraphy has also been performed with krypton-
81m    ( 81m Kr)-labeled glucose. Glucose 5 % in water 
is infused through a  81 Rb/ 81m Kr generator produc-
ing several millicuries of  81m Kr solution. In children 
the solution is delivered into the mouth by syringe 
[ 135 ]. This technique is easy to perform and pro-
vides a quantitative assessment of esophageal tran-
sit under physiologic conditions. The radiation dose 
to the patient from  81m Kr is very low compared with 
other isotopes. High doses can be given to ensure 
good quality images, and the study can be repeated 
as often as necessary. Rubidium-81/krypton-81m 
generators are not widely available and are more 
expensive than  99m Tc-based radiopharmaceuticals 
limiting the availability of this technique for rou-
tine clinical practice. 

 The patient’s position during the study can 
affect results due to the effect of gravity. Performing 
the study in an upright position appears to be more 
physiologic. Eliminating the force of gravity, how-
ever, by performing the study in the supine posi-
tion may be more effi cient in exposing motility 
disorders [ 139 ]. In infants and young children, the 
supine or semi- recumbent positions are more prac-
tical. Most esophageal studies employ a labeled 
liquid meal. A semisolid bolus requires more 
intense peristalsis to complete the transport over 
the distal half of the esophagus and can increase 
the sensitivity of the test [ 140 ]. There is no consen-
sus on the desired viscosity and type of the semi-
solid. Solids such as radiolabeled gelatin capsules 
or labeled chicken liver cubes have been used but 
can remain in the esophagus up to 2 h even in nor-
mal individuals [ 141 ,  142 ]. The volume of a liquid 
bolus may also affect transit rate. Ten-ml boluses 
were shown to travel faster than 20-ml boluses in 
the upright but not in the supine position [ 135 ]. It 
is obviously diffi cult to control the volume of the 
swallowed bolus in children and infants. The num-
ber and type of swallows is subject to variability. 
According to one approach, one wet swallow fol-
lowed by three dry swallows is suffi cient for esti-
mation of esophageal residual fraction [ 136 ]. 
According to another approach, the patient is 
required to perform six independent, wet swallows 
30 s apart; a summed image of the six swallows is 

used to analyze time and retention parameters 
[ 138 ]. The number and frequency of swallows in 
infants and young children in a given time frame is 
hard to control. 

 Sensitivity and specifi city of esophageal tran-
sit scintigraphy are hard to establish given the 
lack of technique standardization. They may also 
differ for different esophageal disorders. Some 
studies reported sensitivities and specifi cities of 
up to 95 and 96 %, respectively, compared with 
the gold standard of esophageal manometry [ 138 , 
 143 ]. Other studies found esophageal scintigra-
phy to be more sensitive than esophageal manom-
etry or barium radiography [ 141 ,  144 ]. Common 
indications for esophageal transit scintigraphy in 
adults include evaluation of dysphagia in patients 
who cannot tolerate manometry or who have 
equivocal manometry results, repeat measure-
ments after intervention or therapy, evaluation of 
ongoing esophageal symptoms in patients with 
esophageal cancer after esophageal patency has 
been achieved with stenting, and follow-up of 
patients with scleroderma [ 145 ]. Esophageal 
transit scintigraphy was found useful in detecting 
symptomatic and asymptomatic esophageal dys-
motility in the midterm follow-up of children 
who underwent primary repair of esophageal 
atresia [ 146 ]. 

 Dosimetry of esophageal transit scintigraphy 
was calculated for children assuming an ingested 
dose of 7.4–18.5 MBq (200–500 μCi). The criti-
cal organ was the proximal small bowel. In neo-
nates the proximal small bowel received a dose of 
2–3 mSv (200–300 mRem), and the total body 
dose was 0.30 mSv (30 mRem) [ 131 ]. 

 In summary, esophageal transit scintigraphy is 
a noninvasive study with low radiation exposure 
that is well tolerated and easy to perform. It pro-
vides quantitative parameters that refl ect patho-
physiologic processes. It can be used for the 
diagnosis of organic and functional esophageal 
disorders and is especially valuable when per-
formed serially to evaluate the effect of medical 
or surgical therapy.  

    99m Tc-Sucralfate Scintigraphy 
 Sucralfate is an aluminum salt of a sulfated disac-
charide that binds to proteins exposed in ulcer-
ated mucosal surfaces. Sucralfate has  protective 
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and healing properties and has been used thera-
peutically. Technetium-99m-labeled-sucralfate 
adheres to damaged, ulcerated surfaces in the 
gastrointestinal mucosa [ 147 – 149 ]. In children it 
was shown to adhere to esophageal mucosal sur-
faces injured by caustic ingestion. It correlated 
well with endoscopic fi ndings, providing a sim-
ple noninvasive technique to assess esophageal 
injury after ingestion of caustic substances [ 150 ].     

    Pulmonary Aspiration 

 Aspiration is a common cause of pulmonary dis-
ease [ 151 ]. Risk factors for aspiration include 
neurological impairments, congenital malforma-
tions of the head and neck (e.g., cleft palate), and 
surgery of the upper aerodigestive tracts. Children 
with severe neurodisabilities often experience 
respiratory problems that may lead to premature 
death. Pulmonary aspiration has a signifi cant 
role in the deterioration of respiratory function 
[ 152 ]. Pulmonary aspiration can occur from 
“above” (direct aspiration of food and saliva) or 
from below (aspiration of gastric contents due to 
gastroesophageal refl ux). Investigators empha-
size the role of aspiration during feeding or from 
gastroesophageal refl ux (GER) as an important 
cause of acute, recurrent, and chronic pulmo-
nary disease in children [ 151 ,  153 ,  154 ] . GERD 
was found in 78 % of children and adolescents 
with brain damage, mainly cerebral palsy [ 126 ]. 
Children with GERD and swallowing dysfunc-
tion have the highest risk for recurrent respiratory 
tract infections [ 155 ]. Imaging studies most fre-
quently requested to evaluate children with sus-
pected aspiration include barium swallows, upper 
gastrointestinal (UGI) series, and gastroesopha-
geal scintigraphy (“milk scan”). The barium 
swallow shows aspiration that occurs during the 
voluntary ingestion of liquids or, with modifi ed 
techniques, solids. Aspiration secondary to gas-
troesophageal refl ux is demonstrated with radio-
nuclide GER studies or with UGI series. The 
yield for detecting aspiration from GER has been 
low in most published series, even with the more 
sensitive radionuclide GER study [ 38 ,  156 – 160 ]. 
Aspiration of saliva is not evaluated with any of 
the studies mentioned. 

    Gastroesophageal Refl ux 
Scintigraphy for Detection 
of Pulmonary Aspiration 

 Recurrent pulmonary infections have been associ-
ated with gastroesophageal refl ux. Repeated aspi-
ration of gastric contents following GER has been 
proposed as a pathogenic mechanism [ 153 ,  154 , 
 161 ]. Gastroesophageal refl ux scintigraphy (“milk 
scan”), developed in the late seventies, can detect 
pulmonary aspiration secondary to GER [ 38 ,  162 ]. 
The study technique was discussed earlier in the 
section on gastroesophageal refl ux scintigraphy. 
The percent of milk scans positive for aspiration 
ranges from 1 to 25 % in different series [ 38 ,  157 , 
 159 ,  160 ,  162 – 166 ]. Higher aspiration rates were 
found in a study on 51 children with unexplained 
respiratory symptoms including pneumonia, 
cough, asthma, apnea, and laryngitis that under-
went a gastroesophageal refl ux study with a test 
meal based on milk or formula in young children or 
scrambled eggs with toast in older children labeled 
with  99m Tc-sulfur colloid. These studies included 
overnight planar images of the chest performed 
20 h after ingestion of the test meal. An exception-
ally high rate (49 %) of pulmonary aspiration was 
found in this cohort. Interestingly, 19 of 25 children 
with aspiration on scintigraphy had negative esoph-
ageal pH monitoring studies. Pulmonary aspiration 
was demonstrated in all children with apnea [ 167 ]. 

 Nevertheless, the ability of milk scans to 
detect pulmonary aspiration continues to be a 
subject of considerable debate [ 157 ,  158 ,  164 ]. 
Some authors report a very low yield in detection 
of pulmonary aspiration [ 157 ,  164 ]. This has 
been the general experience of many pediatric 
radiology departments in the United States [ 158 ]. 
It was argued that milk scans are insensitive for 
detection of pulmonary aspiration. The success 
of anti-refl ux treatment in lowering the incidence 
of pulmonary disease in children who failed to 
demonstrate aspiration on GER scintigraphy was 
used to support this argument [ 157 ]. 

 One study found a higher incidence of aspira-
tion in children with pulmonary disease than in 
children referred for gastrointestinal symptoms 
of GER, indicating that detection rates depend on 
patient selection [ 160 ]. The number of children 
with  predisposing risk factors for aspiration such 
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as  neurological impairment, congenital malfor-
mations, and surgery of the head and neck varied 
in different series as well. Differences in study 
technique may also play a role. Low concentra-
tion of radioactivity in the aspirate and rapid 
clearance of activity from the upper airway by 
the coughing refl ex and the mucociliary transport 
mechanism could account for low detection rates 
as well [ 168 ]. A phantom study designed to esti-
mate the detectability of different volumes of 
aspirated gastric contents found a minimal 
detectable volume of 0.025 ml using a standard 

concentration of  99m Tc-sulfur colloid (5 μCi/ml) 
[ 38 ]. Low detection rates may result from the 
intermittent nature of pulmonary aspiration even 
in patients with risk factors for aspiration and 
recurrent lung infections [ 158 ]. Finally, the pos-
sibility that infrequent demonstration of aspira-
tion on milk scans indicates that aspiration of 
gastric contents is not a common mechanism for 
recurrent pulmonary infections (as traditionally 
assumed) should also be considered. Figure  9.6  
demonstrates pulmonary aspiration secondary to 
gastroesophageal refl ux.

a

b c

  Fig. 9.6    A “milk scan” of a 1-year-old boy with neuro-
logical impairment due to thiamine defi ciency and recur-
rent pneumonia was obtained due to suspected aspirations. 
Dynamic images ( a ) show multiple episodes of GER up to 
the oral cavity. An anterior static image ( b ) of the chest 
obtained at 1 h, immediately after the dynamic sequence, 

shows clear lung fi elds. A delayed anterior image of the 
upper abdomen and thorax ( c ) shows tracer localization in 
the trachea and right and left main bronchi ( arrow ), indi-
cating late aspiration of gastric contents. The dotted line, 
seen on images ( b ,  c ), is a radioactive marker outlining the 
chest boundaries       
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   The radionuclide gastroesophageal refl ux 
study (milk scan) was found to be more sensitive 
than upper GI series for demonstrating aspiration 
of gastric contents [ 38 ,  163 ]. This observation 
was also noted in a study on 120 children referred 
for scintigraphy and UGI series due to respiratory 
disorders, gastroesophageal refl ux, and near- miss 
sudden infant death syndrome [ 160 ].  

    Aspiration of Saliva and the 
Radionuclide Salivagram 

 Aspiration of saliva is less well recognized as a 
potential etiology for pulmonary disease probably 
due to the lack of methods that could demonstrate 
aspiration of saliva. Repeated aspiration of oral 
secretions and failure to adequately clear the aspi-
rate from the respiratory tract have been proposed 
as pathogenic mechanisms leading to recurrent 
pulmonary infections. Bacteriologic studies 
showing that organisms isolated from the lower 
respiratory tract in aspiration pneumonia refl ect 
the oropharyngeal fl ora, with a predominance of 
anaerobes, support this etiology [ 169 ,  170 ]. 
Aspiration of oral secretions is likely to occur in 

patients with abnormal laryngeal closure [ 171 ]. 
Aspiration of saliva accounts for ongoing pulmo-
nary infections in neurologically impaired patients 
despite corrective measures to prevent aspiration 
such as anti-refl ux surgery and discontinuation of 
oral feedings with gastrostomy tube feeding 
[ 172 – 175 ]. It deserves consideration and should 
be evaluated in the context of recurrent lung 
infections. 

 The radionuclide salivagram is a technique 
designed to detect aspiration of saliva. A drop of 
 99m Tc-sulfur colloid is placed in the oral cavity, 
mixes with saliva, and is swallowed. Using 
dynamic scintigraphy, the course of the tracer- 
saliva mixture is followed as it passes through the 
esophagus into the stomach. When aspiration 
occurs, tracer is seen within the tracheobronchial 
tree (Fig.  9.7 ) [ 176 ].

     Study Technique and Interpretation 
 No specifi c preparations are required for the test. 
The patient is placed supine with the camera 
positioned under the imaging table and centered 
under the patient’s chest. A small drop (100 μl) 
containing 11.1 MBq (300 μCi)  99m Tc-sulfur col-
loid is placed on the back of the patient’s tongue. 

a b

  Fig. 9.7    A radionuclide salivagram was performed on a 
7-week-old infant with choking episodes and suspected 
laryngeal cleft. ( a ) shows the dynamic study displayed at 
60 s per frame. Sequential posterior images ( left to right , 
 top to bottom ) demonstrate transit of tracer from the oral 
cavity down the esophagus into the stomach. Ectopic 

activity in the airways, indicating aspiration of saliva, is 
fi rst noted on the second frame from the left in the top row 
and becomes more evident as the study progresses. ( b ) is 
an enlarged frame showing more clearly localization of 
tracer in the left and right main bronchi       
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Imaging commences immediately after adminis-
tration. A camera equipped with a low-energy 
high-resolution collimator records posterior view 
dynamic images on a 128 × 128 matrix, 30 s per 
frame, for 60 min. Static anterior and posterior 
images of the chest are recorded on a 256 × 256 
matrix immediately after the dynamic sequence. 
If a signifi cant amount of tracer remains in the 
oral cavity, additional delayed images are 
obtained at 120 min. A  57 Co transmission image 
of the chest can improve localization of tracer in 
the lung fi elds. Care should be taken to avoid 
external contamination of cloths by labeled saliva 
because contamination could be mistaken for 
aspiration when positioned over the lung fi elds. 

 Images are inspected for evidence of tracer 
penetration into the tracheobronchial tree or into 
the lung parenchyma. The level of tracer localiza-
tion in the proximal or distal airways and the per-
sistence or clearance of aspirated tracer are noted. 
Cinematic display of the dynamic images is help-
ful. The effectiveness of this study in demonstrat-
ing aspiration of saliva has been reported in 
several studies. We demonstrated aspiration of 
saliva in 8 of 31 children (26 %) with pulmonary 
disease and risk factors for aspiration, especially 
neurological disorders and birth defects involving 

the head and neck [ 177 ]. Other studies, performed 
on children with similar risk factors, yielded sim-
ilar results [ 166 ,  176 ]. 

 The ability of the radionuclide salivagram to 
determine the level of aspiration and to determine 
the clearance of the aspirate from the tracheo-
bronchial tree is important in assessing the sever-
ity of aspiration. In an animal experiment, 
 99m Tc-sulfur colloid instilled into proximal air-
ways cleared rapidly, but the same tracer instilled 
into distal airways was retained [ 38 ]. It is there-
fore likely that distal aspiration is more ominous 
than proximal aspiration. In addition, by assess-
ing a patient’s ability to clear aspirated secre-
tions, the radionuclide salivagram evaluates the 
functional integrity of airway protective mecha-
nisms such as the cough refl ex and mucociliary 
transport (Fig.  9.8 ). Impairment of these protec-
tive mechanisms is a signifi cant factor contribut-
ing to the development of lung disease in patients 
who aspirate [ 169 ,  178 – 180 ].

   It should be emphasized that the radionuclide 
salivagram is not a scintigraphic counterpart of 
the radiographic barium swallow. The saliva-
gram is a physiologic technique, simple to per-
form and requiring little patient cooperation. It 
involves the oral administration of only a tiny 

1’

60’

  Fig. 9.8    A radionuclide salivagram of a 4-year-old girl 
with recurrent lung infections, macrocephalus, psycho-
motor retardation, and seizure disorder was obtained due 
to suspected aspiration. Sequential dynamic images show 

aspiration of saliva into the right and left main stem bron-
chi ( top row ) with complete clearance of tracer from the 
airways as the study progresses       
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volume of saline, often unnoticed by the patient. 
It provides information on aspiration of oral 
secretions, unrelated to the conscious ingestion 
of liquids and solids during feeding. It exposes 
the patient to minimal radiation (in the order of 
0.05 mSv total body dose) [ 181 ]. By compari-
son, a barium swallow delivers a much higher 
radiation dose to the patient (up to 13 mSv for a 
modifi ed barium swallow in adults), necessitates 
the ingestion of a larger volume of liquid, the 
taste of which is unpleasant to some patients, and 
requires a higher degree of patient cooperation 
[ 182 ]. It provides information on aspiration that 
occurs during feeding. Barium swallows provide 
valuable dynamic anatomical information that is 
used to assess the integrity of the swallowing 
mechanism [ 183 ]. 

 Information provided by both techniques 
should be regarded as complementary. Aspiration 
of oral secretions, detected by salivagrams, was 
more commonly encountered than aspiration of 
barium in a study involving 46 children with lung 
disease, recurrent vomiting, or apnea who under-
went scintigraphic and radiographic evaluations 
for detection of GER and aspiration [ 163 ]. In 63 
children with cerebral palsy, aspiration was most 
commonly found with salivagrams (56 %) fol-
lowed by barium videofl uoroscopy (39 %) and 
milk scans (6 %). The authors concluded that the 
agreement between the tests was poor [ 184 ]. It 
should be kept in mind, however, that these stud-
ies detect different types of aspirations. 
Radionuclide salivagrams were more sensitive 
than barium studies in detecting aspiration in 78 
patients with head and neck pathologies and neu-
rological disorders [ 185 ].   

    Other Techniques for Detection 
of Aspiration 

   Scintigraphic Swallowing Studies 
 Scintigraphic swallowing techniques are based 
on swallowing of 10–15 ml boluses of liquids 
labeled with   99m Tc-sulfur colloid. They are 
designed to detect aspiration that occurs during 
drinking, unlike the radionuclide salivagram 
which is designed to detect aspiration of saliva by 

using a very small volume of radiotracer (one 
drop). The majority of such studies were per-
formed in adults with dysphagia [ 186 ,  187 ]. The 
techniques vary in protocols. Some protocols are 
similar to esophageal transit scintigraphy 
described in the previous section [ 159 ,  188 ,  189 ]. 
In a modifi ed salivagram study, in which 20 ml of  
 99m Tc-sulfur colloid were instilled into the phar-
ynx over an hour, a pulmonary aspiration was 
seen in 56 % of children with cerebral palsy as 
opposed to 0 % in healthy young adult volunteers 
[ 190 ]. Aspiration of a swallowed tracer can be 
volume dependent. This has been shown in a 
7-year-old girl with respiratory failure and sus-
pected aspirations. Her radionuclide salivagram 
was normal; however, when challenged with a 
10-ml-labeled water bolus, bilateral pulmonary 
aspiration occurred. It was hypothesized that the 
swallowing mechanism may be capable of han-
dling small volumes of saliva but malfunctions 
when challenged with larger volumes. It was rec-
ommended to perform a labeled bolus study on 
patients with suspected aspiration and a normal 
salivagram [ 189 ].  

   Non-imaging Techniques for 
Evaluation of Pulmonary Aspiration 
 The lipid-laden alveolar macrophage study is a 
non-imaging technique used as an indicator for 
recurrent pulmonary aspiration by demonstrating 
increased lipid content in alveolar macrophages 
isolated from bronchoalveolar lavage (BAL) 
fl uid. The invasive nature of this study is a disad-
vantage compared with imaging techniques. 
Studies assessing the utility of this technique in 
children yielded confl icting results. Signifi cantly 
higher lipid-laden alveolar macrophage (LLAM) 
scores were found in children with lung disease 
due to suspected aspirations than in children 
without lung disease or in children with lung dis-
ease from other etiologies [ 191 – 194 ]. Others 
found elevated LLAM scores in a variety of pul-
monary diseases in which there was no clinical 
evidence of aspiration [ 195 ]. 

 In another study, the mean LLAM index of a 
subgroup of children with both refl ux and respi-
ratory symptoms was not signifi cantly different 
from that of a subgroup that was negative for 
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both conditions [ 196 ]. These authors concluded 
that the low sensitivity and specifi city of this test 
preclude it from becoming a useful indicator of 
silent pulmonary aspiration in children. Pepsin is 
a proteolytic enzyme derived from pepsinogen 
that is produced by the chief cells in the gastric 
mucosa. It has been suggested as a biomarker for 
the detection of aspiration secondary to GER. 
Pepsin can be isolated from tracheal aspirates 
and even from salivary secretions [ 152 ]. Pepsin 
enzymatic activity was found in 31/37 tracheal 
aspirates of children with GERD compared with 
0/26 healthy controls [ 197 ]. Assays for measur-
ing pepsin activity vary signifi cantly in their sen-
sitivity. The more sensitive assays have shown 
low pepsin activity in healthy pediatric control 
patients [ 198 ]. Lack of assay standardization and 
establishment of normal values limits the useful-
ness of this test [ 152 ].   

    Prevention of Pulmonary Aspiration 

 Discontinuing oral feedings, substituting gastros-
tomy tube feedings, and performing anti-refl ux 
surgeries are effective means to control aspira-
tion that occurs during feeding and aspiration 
secondary to gastroesophageal refl ux. In contrast, 
therapy options for children who aspirate saliva 
are limited, require surgical intervention, and are 
associated with signifi cant morbidity. Radical 
surgery is justifi ed in some patients (mostly with 
severe neurological impairment and inability to 
handle oral secretions) in whom intractable aspi-
ration of saliva results in life-threatening respira-
tory conditions. Tracheotomy is often performed 
in such patients to allow better respiratory con-
trol and the ability to manage secretions, but this 
does not solve the underlying condition of sali-
vary aspirations. 

 Laryngotracheal separation is a radical, but 
potentially reversible, surgery that prevents aspira-
tion of oral secretions. Phonation is sacrifi ced with 
this procedure. Using this technique, complete 
control of aspiration was achieved in 19 children 
with severe neurological impairment and chronic 
salivary aspiration [ 199 ]. Radionuclide saliva-
grams proved useful in selecting neurologically 

impaired children with recurrent respiratory infec-
tions and frequent hospitalizations for laryngotra-
cheal separation [ 200 ]. 

 Laryngeal diversion is another radical surgery 
that achieved stabilization or improvement of 
pulmonary function in a group of children with 
life-threatening aspiration [ 201 ]. Bilateral sub-
mandibular gland excision and parotid duct liga-
tion is a voice-sparing procedure that reduced the 
incidence of aspiration pneumonia and hospital-
ization in a select group of neurologically 
impaired children [ 202 ]. A simpler procedure 
involving bilateral submandibular gland and 
parotid duct ligation achieved control of salivary 
aspiration in fi ve children with severe neuromus-
cular impairment and recurrent aspiration pneu-
monia [ 203 ].      
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       This chapter focuses principally on hepatobiliary 
scintigraphy, as it is by far the most frequently 
indicated nuclear medicine method for the evalu-
ation of the liver in pediatric patients. Later in 
this chapter, we will discuss splenic scintigraphy 
using heat-denatured red blood cells. Lastly we 
will briefl y discuss reticuloendothelial system 
(RES) scintigraphy of the liver and spleen, which 
is currently very rarely used in children. 
Indications for hepatic and splenic scintigraphy 
in pediatrics are listed in Tables  10.1  and  10.2 .

       Methods 

    Hepatobiliary Scintigraphy 

    Patient Preparation 
 All intravenous lipids should be stopped 4 h 
prior to study. In infants, the principal indica-

tion is determination of the patency of the biliary 
tract and not the visualization of the gallbladder. 
Therefore, fasting prior to hepatobiliary scintigra-
phy is not absolutely necessary in most infants. In 
jaundiced neonates pretreatment with phenobar-
bital is frequently used to increase bile secretion 
and, therefore, to help improve differentiation of 
neonatal hepatitis and biliary atresia. Older chil-
dren should fast for at least 4 h prior to the study. 
If a barium study has been done recently, a plain 
x-ray may be indicated before the scan to make 
sure the bowel is clear.  

    Pharmacologic Interventions 
  Phenobarbital premedication:  In infants, pre-
medication with phenobarbital is recommended. 
Phenobarbital dose: 5 mg/kg/day in two equal 
doses for 3–5 days prior to the test. 

  Ursodeoxycholic acid (UDCA):  Oral UDCA 
is also thought to improve the specifi city of hepa-
tobiliary scintigraphy in ruling out extrahepatic 
biliary atresia in patients with neonatal jaundice. 
The recommended dose is 20 mg/kg every 12 h 
for 48–72 h. An accuracy of just over 90 % has 
been reported [ 1 ]. 

  Sincalide:  A cholecystokinin analogue 
(Kinevac, sincalide; Bracco Diagnostics, 
Princeton, NJ) [ 2 ] may be given to stimulate gall-
bladder contraction. Most pediatric institutions 
have adopted this method. Kinevac (Sincalide for 
injection) is a cholecystopancreatic- gastrointestinal 
hormone peptide for parenteral administration. 
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Each vial of sincalide provides a sterile non-pyro-
genic lyophilized white powder consisting of 5 μg 
   sincalide with 45 mg sodium chloride to provide 
tonicity; sodium hydroxide or hydrochloric acid 
may have been added prior to lyophilization for 
pH adjustment (5.5–6.5). During the manufactur-
ing process, the air in the vial is replaced with 
nitrogen. The administered dose is 0.02 μg/kg    
CCK diluted with saline to 30 ml with a maximum 
dose: 1.4 μg/70 kg. The drug is reconstituted with 
5 ml of sterile water. The solution then contains 5 
μg of sincalide in 5 ml of water or 1 μg/ml. The 
individual dose is calculated according to body 
weight in kilograms. For example, to calculate the 
dose for a 10 kg patient, multiply 0.02 × 10 = 0.2 
μg or 0.2 ml of solution. Draw 0.2 ml into a 1 ml 
syringe. Transfer the solution that is in the 1 ml (or 
3 ml) syringe containing the sincalide into a 30 ml 
syringe containing saline solution. This should be 
mixed thoroughly. The 30 ml syringe should be 
appropriately labeled (date, time, patient name, 
etc.). The infusion tubing is attached and primed 
with the solution from the 30 ml syringe. The solu-
tion with sincalide is administered intravenously 
into the patient using a medication infusion pump 
at a rate of 1 ml/min for 30 min. 

  Fatty meal:  A standard fatty meal or a milk 
shake will also provoke a powerful gallbladder 
contraction and will work in these patients.  

    Radiopharmaceuticals 
 Hepatobiliary scintigraphy employs intrave-
nously injected radiopharmaceuticals that are 
rapidly taken up by the parenchymal cells of the 
liver and eliminated through the biliary system 
into the intestine. The knowledge that organic 
dyes are localized in the liver led to the fi rst suc-
cessful hepatobiliary imaging agent,  131 I-rose 
bengal, introduced by Taplin et al. [ 3 ] in 1955. 
Modern hepatobiliary agents are labeled with 
 99m Tc (Fig.  10.1 ).

       Administered Doses 
 Currently accepted minimum administered dose 
for hepatobiliary radiopharmaceutical is 
18.5 MBq (0.5 mCi). This study evaluates if the 
administered radiopharmaceutical doses can be 
signifi cantly reduced below the minimum in the 
youngest children while maintaining image qual-
ity using the Enhanced Planar Processing (EPP) 
(Siemens Medical Solutions USA). 

 Technetium-99m mebrofenin (Choletec® is 
available through Bracco Diagnostic Inc) or 
disofenin (Hepatolite, CIS-US, Bedford, MA) 
is given in a dose of 0.02 mCi/kg (0.74 MBq) 
with a minimum total dose of 0.25 mCi 
(9.25 MBq) and a maximum total dose of 
1.4 mCi (52 MBq).  

    Imaging Method 
 Patients are studied in the supine position with 
the gamma camera equipped with high- 
resolution, parallel-hole collimator viewing the 
entire abdomen including the liver. Intravenous 
access is gained using a butterfl y-type needle that 
is securely fastened to the skin with tape and kept 
patent with normal saline until the time of radio-
pharmaceutical administration. After the patient 
is positioned under the gamma camera, the radio-
pharmaceutical is injected as a bolus and fl ushed 
with normal saline. Recording begins simultane-
ously with the start of the injection. 

   Table 10.1    Indications for hepatobiliary scintigraphy in 
pediatric patients   

 Biliary atresia versus neonatal hepatitis 
 Right upper quadrant pain/cholecystitis 
 Postoperative/Kasai operation 
 Choledochal cyst 
 Liver transplantation 
 Right upper quadrant mass 
 Trauma 
 Congenital malformations 

   Table 10.2    Indications for splenic scintigraphy in pedi-
atric patients   

 Heterotaxia (polysplenia, asplenia) 
 Functional asplenia 
 Abdominal trauma 
 Accessory spleen(s) 
 Splenosis 
 Infarction 
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 The hepatobiliary study is recorded with serial 
1.0-min frames for 60 min using a 128 × 128 matrix 
with zooming determined by the patient size 
(Fig.  10.1 ). Additional images are obtained at later 
intervals (i.e., 2, 4, 6, and 24 h) or until radiotracer 
appears in the bowel. If the gallbladder fails to 
empty signifi cantly during the initial 60-min period, 
an additional series of images (one frame per min-
ute for 60 min) is obtained following the adminis-
tration of a cholecystokinin analogue or a standard 
fatty meal. If a biliary leak is suspected, additional 
images in various projections are obtained in order 
to identify any abnormal collection of tracer.  

    Evaluation 
 The physician should evaluate the study on a 
computer monitor in a cinematic mode. Varying 
the playback speed, intensity, and contrast is 
helpful for assessment of bile fl ow. Evaluation of 
the later static images directly on the computer 
monitor is useful to ascertain the presence and 
nature of any extrahepatic tracer activity. 
Evaluation of time-activity curves from regions 
of interest over the cardiac blood pool, liver, and 
abdomen complements assessment of the images.   

    Splenic Scintigraphy 
( 99m  Tc- Denatured RBCs)  

 Splenic scintigraphy is done using  99m Tc-
labeled denatured RBCs. A specimen (1–3 ml) 
of the patient’s blood is drawn and anticoagu-
lated with heparin or acid-citrate dextrose 
(ACD). Do not use ethylenediaminetetraace-
tic acid (EDTA) or oxalate as an anticoagu-
lant. Red blood cells are labeled using a 
commercial preparation (Ultratag RBC, 
Mallinckrodt, Maryland Heights, MO). After 
the labeling procedure, the RBCs are dena-
tured by incubating the tube containing the 
blood in a constant temperature bath at 
49.5 °C for 12–15 min. The denatured RBCs 
are reinjected slowly into the patient.  The 
labeled blood cells must be reinjected only 
into the patient from whom the blood was 
drawn . Splenic imaging can begin 15 min 
after injection. 

 Anterior, posterior, left and right posterior 
obliques, and left lateral projections are obtained 
using the high- or ultrahigh-resolution collima-
tor. Images are recorded for 300,000–500,000 

  Fig. 10.1    Normal  99m Tc-disofenin hepatobiliary scintig-
raphy in a young infant. There is normal blood clearance 
and hepatic uptake of the tracer. Tracer appears in the 

bowel within 10 min. The gallbladder is visualized at 
approximately 30 min. Each image represents 3 min, ante-
rior projection       
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counts each on a 256 × 256 matrix. The pinhole 
collimator (2 mm) or SPECT is helpful in some 
patients for obtaining more detailed assessment 
(Fig.  10.2 ).

       Reticuloendothelial System 
Scintigraphy 

 Although rarely used at present, RES scintigra-
phy is discussed for the sake of completeness. All 
metallic and other photon-absorbing objects are 
removed from the patient’s clothing before imag-
ing. It should be noted that barium in the abdo-
men from previous radiographic procedures 
causes artifacts on  99m Tc-sulfur colloid imaging. 

    Radiopharmaceutical 
 Technetium-99m–sulfur colloid in a dose of 
0.05 mCi/kg (1.85 MBq), with a minimal total 
dose of 0.1 mCi (3.7 MBq) and a maximum total 
dose of 3.0 mCi (111 MBq), is administered 
intravenously 10–15 min prior to imaging. After 
intravenous injection,  99m Tc–sulfur colloid is rap-
idly absorbed by cells of the RES in the liver 
(Kupffer cells), spleen, and bone marrow. The 
normal circulating half-time of this radiotracer 
in adults is approximately 2.5 min. The size of 

colloidal particles is 0.01–1.0 μm. Approximately 
80–90 % of the radiocolloid is taken up by the 
liver, 5–10 % by the spleen, and the remainder by 
the bone marrow. Once absorbed, the colloidal 
particles have an effective half-life equal to the 
physical half-life of  99m Tc [ 4 ].  

    Imaging Method 
 Patients are imaged in the supine position. For 
planar studies, imaging is carried out using a 
parallel- hole, high- or ultrahigh-resolution colli-
mator. Electronic magnifi cation (zoom) is used 
for small children. Images of 500,000 counts are 
obtained in the anterior, posterior, right and left 
lateral, right and left posterior oblique, and right 
and left anterior oblique projections (256 × 256 
matrix). Magnifi cation scintigraphy with the pin-
hole collimator (2 mm) is useful for evaluating 
small children’s organs and questionable areas on 
planar scintigraphy. Single-photon emission 
computed tomography is carried out with the 
patient in the supine position. The same dose of 
 99m Tc–sulfur colloid as above is given. SPECT 
recording consists of images 360° around the 
body on a 128 × 128 matrix format. It is evaluated 
using volume- and surface-rendered images, as 
well as through transverse, coronal, and sagittal 
slices (Fig.  10.3 ).

P
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a b

  Fig. 10.2    ( a ) Two-day-old male infant with heterotaxia 
syndrome and polysplenia. The  99m Tc-heat-denatured red 
cell SPECT reveals three splenules located in the right 
upper quadrant posterior to the liver ( arrows ),  P  Posterior, 
 R  Right. ( b ) Infant with heterotaxia syndrome and poly-
splenia. SPECT obtained with  99m Tc-heat-denatured red 

blood cells shows the splenic mass in the right lower 
quadrant. On the  left  of the fi gure, SPECT was recon-
structed using fi ltered back projection while on the  right  
of the fi gure, the same study was reconstructed with 
OSEM-3D. Note the fi ner detail on the  right image  when 
OSEM is applied       
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  Fig. 10.3    Splenic infarction. Technetium-99m–sulfur 
colloid study in a 12-year-old boy with subbacterial 
endocarditis and recent episode of septic emboli to the 
brain, kidneys, and spleen. ( a ) Single-photon emission 
computed tomography (SPECT) reveals splenomegaly 

with several splenic defects ( arrows ) presumably due to 
infarcts ( arrows ), ( T ) Transverse, ( S ) Sagittal, ( C ) 
Coronal. ( b ) Volume rendered images from the same 
study         
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         Clinical Applications 

    Neonatal Jaundice 

 Neonatal hepatitis is diffi cult to differentiate 
from biliary atresia because these two conditions 
have similar clinical, biochemical, and histologic 
features (Figs.  10.4 ,  10.5 ,  10.6 ,  10.7 , and  10.8 ). 
Early diagnosis of biliary atresia is important 
because the results of surgical intervention are 
most successful during the fi rst 2 weeks of life. In 
contrast, surgery is not indicated in patients with 
neonatal hepatitis [ 5 ].

          Clinical Characteristics 
 Neonatal hepatitis is almost four times more 
common in male infants, and biliary atresia is 

encountered twice as often in females. A wide 
variation and overlap of these two diseases must 
be kept in mind. Clinical criteria provide some 
help in differentiation of neonatal hepatitis from 
biliary atresia. Biliary atresia is accompanied by 
familial incidence, low birth weight for gestational 
age, associated anomalies, hemolytic anemia, and 
splenomegaly. These factors are not usually 
encountered in patients with neonatal hepatitis, 
which tends to occur in otherwise healthy infants 
between 1 and 4 weeks of age [ 6 ]. Patients with 
hepatitis have splenomegaly and jaundice, and 
with time they may develop cirrhosis. The patho-
logic fi ndings vary, but in general multinucleated 
giant cells are present (as they are in some other 
liver diseases). The canaliculi are free of bile, and 
there is parenchymal disorganization.  

  Fig. 10.4    Hepatocellular disease in a 2-week-old boy 
with jaundice ( 99m Tc-disofenin 60-min dynamic study, 
each image represents 3 min). Hepatic uptake of the tracer 
is lower than normal, and renal excretion (9–12 min) 
of the radiopharmaceutical into the bladder (15 min) is 

evident. The gallbladder is visible at approximately 25 
min; however, no evidence of intestinal tracer activity is 
detected at 1 h. Images at 4 and 24 h demonstrate tracer in 
the bowel ( arrows )       
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    Etiology 
 Neonatal hepatitis has been associated with a 
number of entities affecting the liver during the 
neonatal period: infectious agents (cytomegalovi-
rus, hepatitis A and B, rubella, toxoplasma, spiro-
chetes) and metabolic factors (α 1 -antitrypsin 
defi ciency, inborn errors of metabolism). With 
neonatal hepatitis the intrahepatic and extrahepatic 
biliary system is patent but small. Biliary atresia 
and neonatal hepatitis are most likely  variations of 

the same process [ 7 ]. With biliary atresia there is 
sclerosing cholangitis of the  extrahepatic biliary 
system and sometimes progressive occlusion of 
bile ducts after birth. In patients with biliary atre-
sia, the major biliary ducts are partially or totally 
absent. Periportal fi brosis and intrahepatic prolif-
eration of small bile ducts are characteristic, but 
there is no dilation of these intrahepatic ducts. 
Cirrhosis of the liver ultimately develops unless 
surgical correction is successful.  

4 h.

  Fig. 10.5    Hepatocellular disease in a 3-month-old boy 
with jaundice ( 99m Tc-disofenin, 60-min dynamic study, 
each image represents 3 min). Hepatic uptake of the radio-

pharmaceutical appears adequate. Renal excretion of the 
tracer into the bladder is visible early (12 min) in the 
study. The image at 4 h reveals tracer in the bowel ( arrow )       

 

10 Liver and Spleen



242

  Fig. 10.6    Severe hepatocellular disease in a 1-month-old 
boy with severe jaundice and high bilirubin level. The 
 99m  Tc- disofenin study reveals poor extraction by the liver, 
high blood level, and signifi cant urinary excretion of the 

tracer. An anterior image at 24 h reveals tracer in the liver, 
kidneys, and bladder without evidence of tracer in the 
bowel       

4 h 24 h

  Fig. 10.7    Biliary atresia. A  99m Tc-disofenin study in a 
1-month-old boy with conjugated hyperbilirubinemia. 
Tracer is rapidly taken up by the liver. Renal excretion of 

the radiotracer is high. However, there is no evidence of 
tracer in the intestine during the initial hour of the study 
nor at 4 or 24 h       
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    Differential Diagnosis 
 Clinical and laboratory diagnosis of biliary atre-
sia is diffi cult and often impossible. Morphologic 
imaging can be useful if it demonstrates a patent 
biliary tree, and hepatobiliary scintigraphy can 
rule out biliary atresia when it demonstrates pas-
sage of the radiotracer into the bowel. If passage 

of tracer into the bowel cannot be demonstrated, 
scintigraphic distinction between biliary atresia 
and severe hepatocellular disease cannot be made 
with certainty [ 8 – 11 ]. Repeat hepatobiliary scin-
tigraphy after a few days may be helpful in those 
patients in whom excretion of tracer in the bowel 
is not demonstrated in a single examination. 

a

b

  Fig. 10.8    Biliary atresia. ( a )  99m Tc-disofenin study in a 
2-month-old boy with jaundice. The study reveals hepa-
tomegaly, renal excretion of the tracer, and no evidence 
of bowel activity up to 24 h (image not shown). ( b ) Same 
patient after surgery for a choledochojejunal anastomosis 

(Kasai procedure). There is greater initial  99m Tc-disofenin 
uptake by the liver, less renal excretion of the tracer, and 
passage of radiolabeled bile though the anastomosis into 
the bowel       
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A defi nitive diagnosis can be made by percutane-
ous transhepatic cholangiography, laparotomy, 
laparoscopy, or analysis of duodenal fl uids 
[ 12 – 15 ]. 

 Gerhold et al. [ 16 ] have demonstrated the 
accuracy (91 %), sensitivity (97 %), and speci-
fi city (82 %) of hepatobiliary imaging in the 
diagnosis of biliary atresia. They proposed a 
visual grading that includes the assessment of 
hepatocyte clearance and timing of radiotracer 
appearance in the intestine or extrahepatic bili-
ary system. Hepatocyte clearance was graded by 
visually comparing hepatic activity with cardiac 
blood pool activity on the 5-min image. The 
studies were categorized as normal when hepa-
tocyte clearance was normal and radiotracer 
appeared in the biliary tract or intestine (or 
both) within 15 min after injection. The scinti-
graphic diagnosis of biliary atresia was made 
when there was no intestinal activity through 24 
h and hepatocyte clearance was relatively pre-
served. Studies were interpreted as compatible 
with neonatal hepatitis when there was impair-
ment in hepatocyte clearance and hepatobiliary 
transit time and the radiotracer reached the 
intestine. The interpretation was intrahepatic 
cholestasis when hepatocyte clearance was rela-
tively preserved compared with hepatobiliary 
transit time but radiotracer eventually reached 
the intestine. Indeterminate studies were classi-
fi ed as those in which there was no intestinal 
radiotracer and hepatocellular function was 
severely impaired [ 16 ]. In another study of neo-
natal jaundice, Majd et al. [ 17 ] concluded that 
hepatobiliary scintigraphy after 3–7 days of 
phenobarbital therapy is highly accurate for dif-
ferentiating biliary atresia from other causes of 
neonatal jaundice. 

 Arteriohepatic dysplasia (Alagille syndrome) 
is an uncommon cause of neonatal jaundice. This 
syndrome is characterized by typical facial fea-
tures, pulmonary artery stenosis, and a liver dis-
order that presents as neonatal jaundice. We have 
obtained hepatobiliary scintigraphy in two neo-
nates who were later found to have Alagille syn-
drome. In both cases the initial scintigraphic 
patterns were similar to those found in biliary 
atresia, and both patients required surgical explo-
ration. Bile plug syndrome in patients with cystic 

fi brosis, dehydration, sepsis, or on total paren-
teral nutrition may also appear similar to biliary 
atresia on scintigraphy.   

    Biliary Obstruction and Cholecystitis 

 Obstruction of the cystic duct is a major factor in 
the development of acute cholecystitis. The 
obstruction may be partial or complete and may 
or may not be associated with cholelithiasis. 
Scintigraphic visualization of the gallbladder 
rules out the diagnosis of acute cholecystitis with 
a high degree of accuracy in adults. Among 296 
patients, Weissmann et al. [ 18 – 20 ] found an 
accuracy of 98 %, a specifi city of 100 %, a false- 
negative rate of 5 %, and a false-positive rate of 
0 % for hepatobiliary scintigraphy in the diagno-
sis of acute cholecystitis. 

 In children, however, visualization of the 
gallbladder on hepatobiliary scintigraphy does 
not exclude cholecystitis (Fig.  10.9 ). The gall-
bladder can be visualized in acalculous chole-
cystitis or toxic cholecystitis. Some patients 
affected by these conditions may have only par-
tial  obstruction of the cystic duct, and the gall-
bladder may not be visualized because of edema 
of the cystic duct. When acalculous cholecysti-
tis is present, a fatty meal or injection of chole-
cystokinin usually results in failure of the 
gallbladder to contract effectively. This failure 
suggests partial cystic duct obstruction, chronic 
cholecystitis, or acalculous cholecystitis. With 
chronic cholecystitis there may be a delay in 
gallbladder fi lling in the presence of normal 
liver function.

   Cholecystitis in pediatric patients is infre-
quently associated with cholelithiasis and is usu-
ally a complication of another infection (e.g., 
scarlet fever, other streptococcal infections, 
Kawasaki disease) [ 21 – 23 ]. 

 Children with acute cholecystitis generally 
present with abdominal pain localized to the right 
upper quadrant several days after a systemic 
infection or a streptococcal pharyngitis. The gall-
bladder may be enlarged and palpable, and jaun-
dice may be present. 

 Cholelithiasis can be observed in patients 
with cystic fi brosis who may be asymptomatic or 
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present with symptoms of cholecystitis or 
obstruction (Fig.  10.10 ). Ultrasonography is an 
essential diagnostic modality for evaluating the 
biliary tract and should be performed in conjunc-
tion with hepatobiliary imaging. A large gall-
bladder with a thickened wall may be apparent 
on ultrasonography in patients with cholecysti-
tis, although this is a nonspecifi c fi nding. 
Usually, there is no concomitant dilatation of the 
biliary tree.

       Choledochal Cyst 

 Choledochal cyst is a congenital dilatation of the 
extrahepatic biliary tree. There are three types of 
choledochal cyst. The most common one is a 
dilatation of the common bile duct, which may be 
accompanied by dilatation of the hepatic ducts. 
With this type of cyst, the cystic duct and the 
gallbladder are usually not dilated. Approximately 
15 % of these patients also have biliary atresia. 

a

b

  Fig. 10.9    Acalculous cholecystitis. A hepatobiliary study 
( 99m Tc-disofenin, 3-min frames) was done in a 14-year-old 
girl with a 3-week history of right upper quadrant pain and 
intermittent chills. ( a ) Initial 60-min study reveals ade-
quate hepatic uptake of the tracer and transhepatic transit 

time. Tracer is visualized in the gallbladder at 15 min into 
the study and reveals ever-increasing concentration. Some 
tracer is seen in the bladder beginning at 6 min. ( b ) 
Gallbladder fails to contract adequately after intravenous 
administration of cholecystokinin analogue       
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In a review by Kim [ 24 ], dilatation of the com-
mon bile duct accounted for 93 % of 188 cases of 
choledochal cyst reviewed. The second type of 
choledochal cyst is a diverticulum of the com-
mon bile duct, with the biliary tree being other-
wise normal (diverticulum). The third type is a 
dilatation of the duodenal intramural portion of 
the common bile duct (choledochocele). 

 Ninety percent of the patients with chole-
dochal cyst present before 12 years of age, 70 % 
before age 6, and approximately 40 % before age 
1. The lesion occurs two to three times more fre-
quently in female than in male children. The 
symptoms at presentation, in order of decreasing 
frequency, include jaundice (70 %), abdominal 
pain (55 %), dark urine (50 %), hepatomegaly 
(45 %), acholic stools (45 %), abdominal mass 
(40 %), and fever (35 %). Other symptoms 
include splenomegaly, anemia, cholecystitis, and 
vomiting. Ultrasonography and hepatobiliary 
scintigraphy (with cholecystokinin or fatty meal) 
can make the diagnosis of choledochal cyst in 
most cases (Figs.  10.11 ,  10.12 , and  10.13 ).

         Caroli’s Disease 

 Caroli’s disease is characterized by a saccular 
dilatation of the intrahepatic biliary ducts without 
biliary obstruction [ 25 ,  26 ]. This rare disease is 

sometimes associated with congenital hepatic 
fi brosis [ 27 ]. Infection of the dilated ducts may 
result in cholangitis, calculi, and cirrhosis. 
Ultrasonography and transhepatic cholangiogra-
phy play a major part in the diagnosis of this rare 
disease by demonstrating widespread dilatation 
of the biliary ducts. Hepatobiliary scintigraphy 
demonstrates dilatation of the biliary ducts, nor-
mal transhepatocyte transit time, and, sometimes, 
delay in transit of tracer into the intestine without 
obstruction.  

    Biliary Leak 

 Biliary leak secondary to trauma or as a surgical 
complication can be readily demonstrated with 
hepatobiliary scintigraphy. This technique dem-
onstrates leakage of radiotracer into the perito-
neal cavity (Fig.  10.14 ). Resultant bile collections 
are usually contained by the hepatic capsule or 
localized adjacent to the liver, although free bile 
ascites may also occur. Advantages of the tracer 
method include its inherent high contrast and 
lack of interference from adjacent structures or 
bowel gas. Ultrasonography and CT can defi ne 
biliary collections, but cannot easily determine if 
there is an active leak. A radiotracer study can 
establish the integrity of the capsule and deter-
mine the presence of an active leak [ 28 ].

  Fig. 10.10    Cholelithiasis. Hepatobiliary study in a 19-year-old woman with cystic fi brosis and gallstones. Adequate 
hepatic uptake of the  99m Tc-disofenin without tracer entering the gallbladder. Bile fl ow is patent but sluggish       
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  Fig. 10.11    Choledochal cyst in a 6-year-old girl with 
right upper quadrant pain. There is adequate uptake of 
tracer by the liver, with normal parenchymal transit time. 

 99m Tc-disofenin is held in a localized dilatation of the 
hepatic duct (choledochal cyst)       

5

45 60
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  Fig. 10.12    Choledochal cyst in a 12-year-old patient. 
The liver takes up the tracer adequately, and it delineates a 
dilated common duct on the images at 15, 30, and 45 min. 

At 60 min tracer is seen in the gallbladder ( GB ). The 
image at 90 min demonstrates complete drainage of the 
gallbladder while the tracer is retained in the cyst ( C )       
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       Congenital Anomalies 

 Congenital abnormalities, such as organ malposi-
tion, symmetric liver, asplenia, polysplenia, and 
accessory spleens, can be diagnosed by  99m  Tc- 
denatured RBCs or radiocolloid scintigraphy. 
Hepatobiliary agents are useful in identifying an 
abnormal position of the gallbladder. 

 The heterotaxia syndrome includes complex 
congenital heart disease, visceral heterotaxia, 
bronchopulmonary abnormalities, a common gas-
trointestinal mesentery (often with malrotation), 
nonretroperitoneal location of the pancreas, and 
often asplenia or polysplenia. This syndrome may 
be accompanied by abnormalities, such as double 
inferior vena cava or absence of the hepatic por-
tion of the inferior vena cava. The liver may have a 
symmetric or “horizontal” appearance, or it may 
be located in the left upper quadrant. In this syn-
drome the spleen may be normal or abnormal; 
asplenia, polysplenia, or malposition may be pres-
ent [ 29 ,  30 ] (Figs.  10.15 ,  10.16 ,  10.17 , and  10.18 ).

      Asplenia is usually associated with other con-
genital abnormalities, including complex cardiac 
anomalies, isomerism of the liver and lungs, 
bowel malrotation, and dextroposition of the 
stomach (Fig.  10.19 ) [ 29 ,  31 – 34 ]. Most patients 
with asplenia have Howell–Jolly bodies, Heinz 
bodies, and siderocytes on the peripheral blood 
smear. Occasionally, the erythrocytes of a normal 
premature or term infant also demonstrate these 
abnormalities, possibly because of splenic imma-
turity. Documentation of splenic hypofunction in 
patients with congenital cyanotic heart disease by 
hematologic fi ndings is highly suggestive of the 
congenital asplenia syndrome and the associated 
cardiac anomalies.

   The specifi c diagnosis of polysplenia with 
normal splenic function can be made by scinti-
graphic demonstration of multiple spleens. 
Associated abnormalities include absence of the 
proximal portion of the inferior vena cava and 
bilateral hyperarterial bronchi. Polysplenia can 
also occur without signifi cant heart disease. 

4 h 24 h

30 min 60 min

  Fig. 10.13    Choledochal 
cyst ( arrow ). Hepatobiliary 
scintigraphy shows a large 
defect in the posterior margin 
of the hepatic silhouette (30 
min), which corresponds to a 
large choledochal cyst that 
slowly fi lls with the tracer       
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  Fig. 10.14    Two-year-old male with hepatoblastoma after 
an exploratory laparotomy with L trisegmentectomy, en 
bloc splenectomy, and post-op bile leak. ( a ) Initial 60 min 
shows absent tracer uptake in the region of the left lobe of 

the liver with rapid transit into the bowel. ( b ) Images 
obtained 2 h later reveal tracer that has leaked into the 
peritoneal cavity ( arrows )         
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Absence of the renal-to-hepatic portion of the 
inferior vena cava is accompanied by azygos or 
hemiazygos extension. In some cases patients 
also may have a persistent left superior vena 
cava. Radionuclide venography can detect 
patency of the inferior vena cava and facilitate 
cardiac catheterization [ 29 ].  

    Diffuse and Focal Liver Disease 

 Enlargement of the liver can be due to homoge-
neous involvement, such as in glycogen storage 
disease, biliary obstruction, congestive heart fail-
ure, infection, leukemia, Hodgkin’s disease, or 

Tc-ppm SC

S
P

  Fig. 10.15    Symmetric (“horizontal”) liver and right- 
sided spleen. A posterior ( P )  99m Tc–sulfur colloid image 
reveals the spleen in the right upper quadrant ( S ). The liver 
has a symmetric appearance       
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  Fig. 10.16    Heterotaxia. Anterior 
image of the abdomen using  99m Tc–
sulfur colloid shows the liver in the 
left upper quadrant ( left ).  131 I-rose 
bengal imaging demonstrates the 
abnormal location of the gallbladder 
( GB ,  right )       
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  Fig. 10.17    Polysplenia    in the 
heterotaxia syndrome.  Top : 
 99m Tc–sulfur colloid images ( SC ) 
reveal a rather uniform distribu-
tion of the tracer.  Bottom : The 
same patient imaged with  99m Tc–
denatured red blood cells ( RBCs ) 
demonstrates the spleen in the 
right upper quadrant. 
Magnifi cation (pinhole) scintigra-
phy in the right anterior oblique 
( RAO ) and right lateral ( RL ) 
projections with  99m Tc-denatured 
RBCs reveals polysplenia, 
 A  Anterior,  P  Posterior       
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diffuse tumor. The usual appearance in glycogen 
storage disease is a diffuse reduction in the con-
centration of tracer within the liver. Diffuse 
parenchymal processes, such as cirrhosis (α 1 - 
antitrypsin defi ciency, congenital hepatic fi bro-
sis, cystic fi brosis), may reveal hepatomegaly or 
reduction of liver size depending on the stage of 
the disease. Often these patients have increased 
uptake of radiocolloid in the spleen and vertebral 
marrow. With diffuse lung disease (cystic fi bro-
sis, asthma), the hepatic silhouette may be 
depressed inferiorly by the expanded lungs. 

 Single or multiple space-occupying lesions of 
the liver, for example, hematoma (Fig.  10.20 ), 
abscess, cyst, tumors (hepatoma, hepatoblas-
toma, metastatic Wilms’ tumor, neuroblastoma, 
hemangioma, lymphoma), can occur with or 
without hepatomegaly. In cirrhosis (primary, 

 cystic fi brosis, α 1 -antitrypsin defi ciency) multiple 
hepatic defects can be seen. Liver metastases 
from lymphoma, leukemia, or neuroblastoma 
can be diffuse and infi ltrative and can cause 
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  Fig. 10.18    Heterotaxia   .  Top : 
Anterior ( A ) and posterior ( P ) 
images obtained with  99m Tc–sul-
fur colloid reveal uniform 
distribution of the tracer. The 
spleen cannot be identifi ed. 
 Bottom : Images obtained with 
 99m Tc-denatured  RBCs  demon-
strate the location of the spleen 
in the left upper quadrant 
 SC  Sulfur Colloid, 
 RBC  Red Blood Cells       

A P

  Fig. 10.19    Asplenia. 
Anterior ( A ) and posterior 
( P )  99m Tc–sulfur colloid 
images reveal no evidence 
of functioning splenic 
tissue in the left upper 
quadrant. The hepatic 
silhouette appears normal       

  Fig. 10.20    Posttraumatic hepatic hematoma. Posterior 
 99m Tc–sulfur colloid scintigraphy reveals a well-defi ned 
area of decreased to absent uptake posteriorly and superi-
orly ( arrow ) corresponding to a subcapsular hematoma       
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 hepatomegaly with or without defects. Focal 
space- occupying lesions usually appear on 
hepatic scintigraphy as areas of reduced to absent 
radiocolloid uptake. A scintiscan using a  99m Tc-
labeled hepatobiliary agent can occasionally 
demonstrate uptake in a hepatoma. Hepatic ade-
nomas and focal nodular hyperplasia may con-
tain a suffi cient concentration of Kupffer cells to 
allow for colloidal uptake. Areas of increased 
normal or decreased radiocolloid uptake within 
the liver may be detected in patients with focal 
nodular hyperplasia [ 35 ,  36 ].

   Enlargement, tumors, or abscesses of neigh-
boring structures can produce abnormal scinti-
scans. For example, a gallbladder cyst, renal 
mass or renal hypertrophy, pancreatic tumor or 
cyst, gastric or mesenteric tumors or cysts, the 
diaphragm, the aorta, the para-aortic nodes, and 
pulmonary pathology may cause impressions on 
the hepatic or splenic image that can be indistin-
guishable from intrahepatic or intrasplenic dis-
ease [ 37 ,  38 ]. 

 The course of hepatic regeneration after par-
tial hepatectomy or radiation therapy can be fol-
lowed by means of hepatic scintigraphy. 
Radiation directed to an area of normal hepatic 
tissue produces a defect with well-defi ned mar-
gins corresponding to the radiotherapy port. 
Sometimes radiation injury to the liver is revers-
ible, and the liver scan returns to normal. In other 
cases fi brosis leads to atrophy of the involved 
area of the liver. The intact portion of the liver 
hypertrophies in these patients and the normal 
portion of the liver rapidly become hyperplastic 
and assume a globular shape. Portions of the liver 
within a radiation therapy portal may not be vis-
ible by  99m Tc–sulfur colloid scintigraphy or with 
 99m Tc-labeled hepatobiliary agents. After partial 
hepatectomy, the liver usually undergoes rapid 
regeneration and resumes a normal size and 
shape. 

 Focal liver defects can also be seen with intra-
hepatic gallbladder, choledochal cysts, and 
Caroli’s disease. Hepatobiliary scintigraphy con-
fi rms the biliary nature of these lesions. 
Reticuloendothelial system scintigraphy can eas-
ily assist with the diagnosis of eventration or her-
niation of the liver (Fig.  10.21 ). In the presence 

of a mass in the left lower lung fi eld, splenic scin-
tigraphy with  99m Tc-denatured RBCs rapidly and 
effectively identifi es misplaced splenic tissue.

   Multiple intrahepatic defects can be found 
with polycystic liver disease, which is associated 
with renal cysts. Single or multiple focal defects 
may be seen in patients with hydatid cysts. 
Primary tumors of the liver may be solitary or 
multifocal, avascular or hypervascular, but scin-
tigraphy does not permit differentiation of malig-
nant and benign lesions of the liver. Tumors with 
high blood fl ow within the liver show an arterial 
blush on radionuclide angiography. Conventional 
hepatic scintigraphy reveals those tumors as 
areas of decreased to absent radiotracer uptake. 
Liver abscesses are uncommon in children, but 
when they occur they are usually a complication 
of an underlying process. For example, abscesses 
can be seen in chronic granulomatous disease, 
leukemia, and other diseases. These lesions show 
no radiocolloid concentration and can be seen on 
 201 Tl scintigraphy or  18 F-FDG-PET as areas of 
increased uptake. 

 Patients with superior vena caval obstruction 
and the Budd–Chiari syndrome [ 39 ] may exhibit 
increased focal uptake of radiocolloid within the 
liver. With superior vena caval obstruction, 
systemic- to-portal venous shunting occurs 
through the internal thoracic and periumbilical 
venous channels. After intravenous injection 
(within a vein of an upper extremity), part of the 
radiotracer reaches the liver in high concentra-
tions, bypassing the systemic circulation. It 
results in an area of increased radiocolloid con-
centration in the medial segment of the left lobe 

A P

  Fig. 10.21    Hepatic eventration. Anterior ( A ) and poste-
rior ( P )  99m Tc–sulfur colloid images demonstrate part of 
the hepatic substance within the right lower hemithorax       
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of the liver. If tracer is injected in a vein of the 
lower extremities, it reaches the liver through the 
normal pathways, and the distribution of colloid 
in the liver is normal. With inferior vena caval 
obstruction, the reverse is true [ 40 ]. The typical 
pattern of Budd–Chiari is preserved  99m Tc–sulfur 
colloid uptake in the caudate lobe with dimin-
ished uptake by the remainder of the liver. 

 Hepatic scintigraphy in patients with lym-
phoma or leukemia usually reveals hepatospleno-
megaly without focal defects, although sometimes 
defects are found. Hepatotoxicity due to chemo-
therapy in leukemia and other disorders may 
result in hepatomegaly with or without uniform 
distribution of tracer within the liver with or 
without splenomegaly. If severe hepatocellular 
damage occurs, a shift of colloid uptake to the 
spleen may be apparent. In other cases, when 
chemotherapeutic agents are given together with 
radiation therapy, multiple focal defects can be 
detected within the liver. These defects are not 
always metastatic tumors, and they may repre-
sent local congestion, atrophy, or necrosis. 

 Children with Wilms’ tumor treated with radi-
ation therapy and chemotherapy may develop 
sudden enlargement of the liver with intrahepatic 
defects resembling metastases. Temporary with-
drawal of chemotherapy may result in resolution 
of the intrahepatic abnormalities and normaliza-
tion of the liver size. Awareness of this effect of 
chemotherapy and radiation on the liver may pre-
vent the erroneous diagnosis of metastatic 
disease. 

 Splenomegaly can be seen with a variety of 
conditions, including portal hypertension (cirrho-
sis, cystic fi brosis, α 1 -antitrypsin defi ciency), 
Gaucher’s disease, leukemia, lymphoma, ane-
mia, congestive heart failure, bacterial endocar-
ditis, pyelonephritis, metastatic disease, hepatitis, 
granulomatous disease, hemolytic disease, gly-
cogen storage disease, and systemic infections. 
Increased uptake of  99m Tc–sulfur colloid in the 
spleen without an increase in the size of the organ 
can be found in children suffering from any of a 
large variety of infectious diseases or in children 
with splenic congestion following trauma. 
Relatively increased  99m Tc–sulfur colloid uptake 
in the spleen with or without splenomegaly is 

found with severe liver dysfunction, including 
hepatic cirrhosis, chemotoxicity, trauma with 
edema of the liver, and storage disease of the 
liver. 

 Focal splenic defects can be found with 
splenic rupture, subcapsular hematoma, tumor, 
lymphoma, abscess, cyst, leukemia, infarction, 
and histiocytosis [ 41 ] (Treves ST, 1984, unpub-
lished data). Positional changes may affect the 
shape of the spleen or simulate focal splenic 
defects. Likewise, gastric dilation caused by food 
or carbonated liquids may change the shape of 
the spleen. Sometimes it is diffi cult to distinguish 
the left lobe of the liver from the spleen. In these 
cases one may consider using oral carbonated 
beverages to induce gastric dilatation for better 
separation of these organs [ 42 ,  43 ]. Single-photon 
emission computed tomography using  99m Tc–sul-
fur colloid improves assessment of hepatic dis-
ease [ 44 ].  

    Trauma 

 With blunt abdominal trauma, both liver and 
spleen may be damaged, with other abdominal 
organs involved as well. In large medical centers, 
blunt abdominal trauma is usually evaluated ini-
tially with CT, which enables the diagnosis of 
multiple organ involvement in one examination. 

 Hepatic trauma can be effectively detected by 
RES scintigraphy. Multiple projections (or pref-
erably SPECT) and awareness of anatomic vari-
ants are essential for correct interpretation. 
Hematoma or rupture of the liver appears as an 
area of reduced or absent uptake of variable size 
or shape within the organ (Fig.  10.20 ) [ 45 ]. 

 The spleen comprises 25 % of the total lym-
phoid mass of the body and functions to clear the 
body of particulate antigens. An increased risk 
of septicemia, often fatal in children, after sple-
nectomy has been reported. The risk of over-
whelming lethal infection following splenectomy 
is approximately 0.1 % in otherwise normal indi-
viduals [ 23 ,  46 – 50 ]. The risk of overwhelming 
sepsis is greatest in patients who require sple-
nectomy as part of the therapy for an underlying 
debilitating disease, such as portal hypertension 
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or thalassemia. This risk appears to be greatest in 
children, especially those under age 1. 
Approximately 75 % of infections occur within 
2 years after surgery [ 50 ]. Fifty percent of these 
infections are due to  Diplococcus pneumoniae  
and the remainder to  Haemophilus infl uenzae , 
 Staphylococcus aureus , group A streptococci, 
and  Neisseria meningitidis . The explanation for 
the increased incidence of infection is not 
known. One theory attributes the susceptibility 
to the low serum opsonin levels and defective 
production of immunoglobulin M (IgM) [ 51 ]. 
The total incidence of postsplenectomy mortal-
ity from sepsis in all groups is estimated to range 
from 0.25 to 0.58 % [ 23 ,  48 ]. Nonoperative man-
agement of patients with splenic injury has 
become the treatment of choice. If surgery is 
required, alternatives to total splenectomy 
include oversuturing splenic lacerations or par-
tial splenectomy [ 52 ,  53 ]. Potential risks or com-
plications associated with the failure to excise a 
damaged spleen include delayed rupture and the 
development of a splenic pseudocyst. Delayed 
rupture of the spleen is a controversial subject 
[ 54 – 56 ]. We have not seen a single case of 
delayed rupture among our patients. Splenic 
pseudocysts are non-epithelium- lined cystic 
structures that contain bloody material [ 57 ,  58 ]. 
They can present as an abdominal mass at a time 
when the episode of trauma may not even be 
remembered. 

 With  99m Tc–sulfur colloid and multiple projec-
tions (or preferably SPECT), splenic scintigraphy 

is a reliable, simple, safe, and convenient method 
for diagnosing splenic injury and, if necessary, 
following its resolution [ 59 – 62 ] (Figs.  10.22  and 
 10.23 ). Splenic injury may be seen on scintigra-
phy as a focal defect, a band of decreased to 
absent activity, apparent amputation of a portion 
of the spleen, a T- or Y-shaped defect or band, or 
a very small or absent spleen. After the diagnosis 
of splenic trauma has been made, scintigraphy 
can show that the laceration or hematoma is 
resolving and that a posttraumatic cyst is not 
developing. Scintigraphic follow-up should be 
done if pain develops or a left upper quadrant 
mass appears. Fischer et al. [ 60 ] at our institution 
followed 20 patients with splenic trauma for 2 
months to 1 year. Most of these patients showed 
persistent defects that became smaller with time. 
In no case did the scan defect enlarge with time. 
Only three of the 20 patients examined showed 

a LPO b

  Fig. 10.22    Splenic    injury. Two  99m Tc–sulfur colloid 
images in the left posterior oblique projection ( LPO ) 
obtained 20 months apart. The fi rst image ( a ), obtained 
shortly after blunt abdominal trauma, reveals a discrete 

defect extending across the spleen. The second image ( b ), 
obtained 20 months later, reveals signifi cant reduction of 
the defect.  Arrows  point to splenic defects       

2–1 5–17

  Fig. 10.23    Splenic injury. Two consecutive  99m Tc–sulfur 
colloid images obtained 3 months apart reveal resolution 
of a splenic defect ( arrows ) after blunt abdominal trauma       
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scintigraphic healing or total disappearance of the 
scan defect. The presence of a residual defect on 
follow-up scintigraphy is probably not suffi cient 
reason for keeping the patient on restricted 
activity.

        Splenosis 

 Splenosis is autotransplantation of splenic tissue 
after splenic trauma [ 63 – 66 ]. It does not have a 
characteristic clinical picture and is not com-
monly encountered. Splenic scintigraphy using 
either  99m Tc–sulfur colloid or  99m Tc-denatured 
RBCs makes the specifi c diagnosis of splenosis. 
When evaluating liver and spleen scans in patients 
with previous abdominal trauma who may or 
may not be splenectomized, the possibility of 
splenosis should be kept in mind. Splenosis can 
also occur in the thorax [ 63 ] (Ehrlich CP, Treves 
ST, 1981, unpublished data). Radionuclide scin-
tigraphy is useful for making the diagnosis of 
splenosis in any pediatric patient with an unex-
plained thoracic mass who has a prior history of 
splenic trauma and should be performed before 
considering thoracotomy. The uptake of radio-
colloid by splenic tissue in patients with spleno-
sis may be minimal in relation to liver uptake. To 
recognize splenosis, it may be necessary to shield 
the hepatic image or use contrast enhancement 
(Fig.  10.24 ).

       Accessory Spleen 

 Accessory spleens (one or more) are found in 
approximately 10–15 % of autopsies in children 
[ 65 ,  67 ]. They can be found anywhere in the 
abdomen but are most frequently seen in the left 
upper quadrant. Usually, accessory spleens are 
not visible on routine imaging with  99m Tc–sul-
fur colloid or  99m Tc-denatured RBCs. Accessory 
spleens are more likely to be seen by scintigraphy 
after splenectomy (Ehrlich CP, Treves ST, 1981, 
unpublished data) (Figs.  10.25  and  10.26 ).

  Fig. 10.24    Splenosis. A conventional anterior image of 
the liver using  99m Tc–sulfur colloid is normal, and the 
spleen is not visible ( left ). There are three foci of selective 

radiocolloid concentration in the left hemithorax ( center ). 
In addition, there are three or more foci of colloid uptake in 
the abdomen ( right ).  Arrows  point to accessory spleens       

  Fig. 10.25    Accessory spleen. Abnormal concentration of 
 99m Tc–sulfur colloid below the hepatic silhouette corre-
sponds to an accessory spleen seen after splenectomy       
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        Splenic Torsion and Wandering 
Spleen 

 The main support of the spleen is provided by its 
various ligaments and vessels. The surrounding 
organs and the intra-abdominal pressure also 
help keep the spleen in its normal position and 
limit its mobility. 

 Torsion of the spleen, which is a rare condi-
tion, can present with a varied clinical picture, 
such as acute intestinal obstruction [ 68 ]. 
Radiographically, torsion of the spleen may not 
be apparent or may appear as a mass lesion on 
plain fi lms. Scintigraphically, splenic torsion can 
cause nonvisualization of the spleen. Acute tor-
sion of the spleen reportedly has caused gastric 
varices that subsequently bleed [ 69 ]. In this 
instance chronic splenic vein occlusion probably 
leads to retrograde fi lling of the short gastric and 
gastroepiploic veins, which rupture in response 
to the increased pressure. 

 Wandering spleen is a rare condition charac-
terized by unusual mobility of this organ and is 
usually discovered when torsion of the splenic 
pedicle occurs. The patient usually presents with 
an acute abdomen. On scintigraphy, the spleen 

may appear in its normal position or be displaced 
inferiorly or medially. Repeated views with the 
patient in various positions may help diagnose 
the unusual mobility of the spleen [ 70 ].  

    Nonvisualization of the Spleen 
(“Functional Asplenia”) 

 Nonvisualization of the spleen on  99m Tc–sulfur 
colloid images was fi rst described in patients with 
sickle-cell disease [ 71 – 73 ]. The spleen in these 
patients can be identifi ed with a  99m Tc bone- 
seeking radiopharmaceutical [ 74 ] (Fig.  10.27 ). 
Dhawan et al. [ 75 ] published a tentative classifi ca-
tion of disorders associated with reversible func-
tional asplenia, including certain cyanotic 
congenital heart diseases (treated), sickle-cell dis-
ease, hemoglobin sickle-cell disease, and com-
bined immunodefi ciency. Functional asplenia of 
patients with sickle-cell disease can be reversed 
by transfusion of normal RBCs, with the circulat-
ing level of normal RBCs required for visualiza-
tion of the spleen being approximately 50 %. 
Functional asplenia can be observed in some 
patients with no circulating Howell–Jolly bodies 

L Lat P

R

  Fig. 10.26    Accessory    spleen. 
Images obtained with  99m Tc-
denatured RBCs demonstrate 
accessory splenic tissue ( arrows ), 
 L Lat  Left Lateral;  P  Posterior; 
 R  Right       
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[ 76 ]. Kevy et al. [ 77 ] reported a small number of 
children with hereditary splenic hypoplasia who 
had extraordinary susceptibility to infection and 
showed little or no evidence of signifi cant splenic 
function by scintigraphy.

       Splenic Abscess 

 Abscesses of the spleen are rare. They are most 
often found in patients with a preexisting hema-
tologic disorder, primary infection elsewhere, or 
trauma to the spleen. Trauma is responsible for 
approximately 15 % of cases of splenic abscess. 
Brown et al. [ 78 ] reported a  Salmonella  splenic 
abscess detected on a  99m Tc–sulfur colloid study 
that also appeared as a defect surrounded with a 
halo of increased uptake on gallium-67 (67Ga) 
scintigraphy [ 78 ].  

    Liver Transplantation 

 Hepatobiliary scintigraphy is useful for evaluat-
ing recipients of liver transplants [ 44 ,  79 – 82 ]. 
This technique provides an overall view of the 
transplant’s functional parenchyma and of bile 

drainage. Typically, and unless there is a suspi-
cion of surgical complication, a baseline study is 
obtained within 24 h of the transplant. This study 
is useful for detecting regional hepatic fl ow, 
global hepatic function, and biliary drainage. The 
presence of focal defects caused by vascular 
damage that may have occurred during harvest-
ing can be detected early. In addition to the initial 
evaluation, hepatobiliary scintigraphy is useful at 
any time after transplantation when clinical or 
laboratory fi ndings indicate that a complication 
may be present (Figs.  10.28  and  10.29 ). Bile 
leaks can be detected with remarkable sensitivity 
(Fig.  10.30 ).

         Liver and Spleen Size 

 In practice, the size of the liver and spleen are 
estimated by the physician after physical exami-
nation with consideration of the patient’s overall 
size and body proportions and sometimes with 
the aid of imaging. Comments on the size of the 
liver and spleen on diagnostic images must be 
evaluated with caution because these organs 
grow and change size relatively rapidly in chil-
dren. Furthermore, it is diffi cult to establish 

  Fig. 10.27    Sickle-cell 
disease. The spleen ( arrows ) 
is visualized after adminis-
tration of  99m Tc–methylene 
diphosphonate ( 99m Tc-MDP) 
for skeletal scintigraphy in a 
patient suffering from 
sickle-cell disease. 
 99m Tc–sulfur colloid 
scintigraphy (not shown) did 
not reveal splenic uptake       
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 precise normal hepatic and splenic sizes in chil-
dren. Information on these sizes by scintigraphy 
must be refi ned in terms of distribution by sex, 
weight percentile, age, body surface area, nutri-
tional status, and other factors. 

 The maximum vertical dimension (MVD) in 
centimeters of the hepatic silhouette on hepatic 
scintigrams has been related to age in years ( A ) in 
66 children from 0 to 19 years of age by the for-
mula: MVD = 8.8 + 0.46 A . The correlation coef-
fi cient was 0.89. Similarly, the maximum splenic 
dimension (MSD) on posterior splenic scintigra-
phy was related to age in 45 children by the for-
mula: MSD = 5.7 + 0.31 A . The liver/spleen ratio 
of lengths was found to be independent of age: 

1.55 at birth, 1.52 at 10 years of age, and 1.52 at 
18 years of age [ 83 ,  84 ]. It may be possible to 
compare the calculated weights or dimensions of 
the liver or spleen (from height, weight, body sur-
face area, or other measurements) with that sug-
gested by the scans [ 38 ,  85 ]. Markisz and 
associates [ 86 ] from our institution found a rea-
sonably good correlation between the maximum 
vertical dimension on the liver scan and the age 
and body weight in children with normal liver 
function. Good correlation was also found 
between estimated liver volume and patient 
weight. In addition, they found a good correlation 
of spleen measurements and age and weight in 
normal children (Figs.  10.31  and  10.32 ).

  Fig. 10.28    Liver transplant. Hepatobiliary scintigraphy 1 
day after liver transplantation. There is rapid uptake of the 
radiotracer ( 99m Tc-disofenin) by the liver with adequate 
blood clearance. Minimal tracer activity is visualized in 
the kidneys and bladder. Throughout the 60-min study, the 

tracer appears to be retained in a region just below the 
inferior margin of the hepatic silhouette, presumably cor-
responding to the biliary anastomosis. An image obtained 
at 24 h demonstrates hepatic clearance and tracer within 
several bowel loops       
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        Normal Variants 

 Scintigraphic recognition of normal anatomic 
variants of the liver and spleen is diffi cult at 
times. Prominent notches or separation of the 
left and right lobes of the liver or impressions by 
surrounding organs or the costal margins may 
produce irregularities in the hepatic or splenic 
image. An accentuated porta hepatis may simu-
late intrahepatic disease. A kidney situated in a 
high position can produce impressions on either 
the liver or the spleen. Gastric dilatation may 
produce an impression on the splenic silhouette 
or the left lobe of the liver that mimics a lesion 
[ 87 ,  88 ].      

  Fig. 10.29    Liver transplant with failure. Hepatobiliary 
study reveals poor blood clearance and poor liver uptake 
of the tracer. A large proportion of the tracer is excreted 

by the kidneys. There is no evidence of biliary obstruction 
as the tracer slowly appears in the bowel, and at 24 h it can 
be seen within several bowel loops       

  Fig. 10.30    Bile leak. Anterior ( left ) and right lateral 
( right ) images demonstrating a bile leak over the posterior 
and superior aspects of the liver seen best on the lateral 
projection ( arrow ). This study is from a recipient of a liver 
transplant       
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  Fig. 10.31    Normal hepatic sizes in children. ( a ) Vertical liver span as a function of age. ( b ) Vertical liver span as a 
function of weight. ( c ) Liver volume as a function of weight.       
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  Fig. 10.32    Normal splenic sizes in children.  Left panel  shows major splenic axis as a function of age 0 to 15 years of age.  
 Right panel  shows major splenic axis as a function of age extending to age 80       
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        Gastrointestinal (GI) bleeding is a life- threatening 
presentation that the physician must recognize 
and manage appropriately. The annual incidence 
rate of upper GI bleeding in adults in the USA is 
100–200 cases per 100,000 [ 1 ]. The lower GI 
bleeding incidence rate in US adults is lower at 
20.5–27 cases per 100,000 [ 2 ]. The incidence of 
GI bleeding in children is not well established in 
the general population. For upper GI bleeds most 
large, prospective studies have assessed the inci-
dence in pediatric critical care settings. In one 
prospective study of 984 patients, upper GI 
bleeds occurred in 6.4 % of admissions [ 3 ,  4 ]. In 
a study of lower GI bleeding based on 40,000 
admissions to a tertiary-care pediatric emergency 
department, lower GI bleeding was seen in 0.3 % 
of all admissions [ 5 ]. 

    Etiology 

 In order to better identify, manage, and treat GI 
bleeding, it typically is classifi ed as upper and 
lower GI bleeding. This is based on the origin of 
bleeding being either proximal or distal to the 
ligament of Treitz. With the improvement in 
endoscopic visualization of the small intestine 
with newer technologies such as capsule endos-
copy and single- and double-balloon enteros-
copy, some experts have proposed reclassifying 
GI bleeding into three categories (upper, mid-, 
and lower GI bleeding) [ 6 ]. This new classifi ca-
tion of GI bleeding may be more useful in 
improving our understanding of the problem. In 
this classifi cation, mid-GI bleeding is defi ned as 
bleeding that occurs between the ligament of 
Treitz and the ileocecal valve. Mid-GI bleeding is 
especially important in the case of obscure GI 
bleeding which accounts for approximately 5 % 
of all gastrointestinal hemorrhage [ 6 ]. 

 The classic clinical symptom of upper GI 
bleeding (UGIB) is hematemesis which is emesis 
of bright red blood or coffee grounds. Other 
symptoms include melena, occult blood loss, 
and, in the case of severe UGIB, hematochezia 
[ 7 ]. Table  11.1  lists common causes of UGIB in 
pediatrics. The classic clinical symptoms of 
lower GI bleeding (LGIB) are hematochezia and 
bright red blood mixed or coating normal stool. 
LGIB can also be associated with melena and 
occult blood loss [ 8 ]. Table  11.2  lists common 
causes of LGIB in pediatrics. Mid-GI bleeding 
(MGIB) is most commonly associated with 
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occult blood loss; however, melena and hemato-
chezia can also occur. Please see Table  11.3  for 
common causes of MGIB.

         Evaluation and Management 

 The initial evaluation of patients presenting 
with GI bleeding focuses on assessment of vital 
signs, history of present illness, focused medi-
cal history, physical examination, and lab test-
ing. Interpreting all of the above factors allows 
for early diagnosis, aggressive intervention, and 

timely management. In cases of acute-onset 
hematochezia or melena, the placement of a naso-
gastric (NG) tube with aspiration of contents may 
help diagnose the origin of bleeding [ 9 ]. In addi-
tion, nasogastric aspiration with lavage may be 
used to quantify active bleeding. Initial manage-
ment of patients largely focuses on fl uid replace-
ment. This is accomplished fi rst with crystalloid 
infusion and then blood transfusions if necessary. 

 The indications for early endoscopy in bleed-
ing children are not standardized, and no pediat-
ric studies have directly compared the outcomes 
of early endoscopy versus supportive, medi-
cal management. In 1996 a position statement 
by the North American Society of Pediatric 
Gastroenterology, Hepatology, and Nutrition sup-
ported therapeutic endoscopy for management of 
gastrointestinal bleeding under the  following cir-
cumstances: [ 10 ]
•    Active, persistent, or recurrent bleeding unre-

sponsive to medical therapy  
•   Hemodynamically signifi cant hemorrhage  
•   Management of esophageal variceal bleeding 

during or after a fi rst bleeding episode  

   Table 11.1    Principal causes of lower gastrointestinal bleeding in relation to age   

 Newborn (birth–1 month)  Infant (1 month–2 years)  Preschool age (2–5 years)  School age (>5 years) 

 Necrotizing enterocolitis  Anal fi ssure  Anal fi ssure  Anal fi ssure 
 Malrotation with volvulus  Infectious colitis  Infectious colitis  Infectious colitis 
 Allergic proctocolitis  Allergic proctocolitis  Polyp  Polyp 
 Hirschsprung’s disease 
enterocolitis 

 Intussusception  Meckel’s diverticulum  Henoch–Schönlein purpura 

 Hemorrhagic disease of 
the newborn 

 Meckel’s diverticulum  Henoch–Schönlein purpura  Infl ammatory bowel 
disease  Lymphonodular hyperplasia  Hemolytic uremic syndrome 

 Malrotation with volvulus  Lymphonodular hyperplasia 
 Hirschsprung’s disease 
enterocolitis 
 Intestinal duplication 

   Table 11.2    Etiologies of upper gastrointestinal bleeding in children by age group, in relative order of frequency   

 Newborn  Infant  Child–adolescent 

 Swallowed maternal blood  Stress gastritis or ulcer  Mallory–Weiss tear 
 Vitamin K defi ciency  Acid–peptic disease  Acid–peptic disease 
 Stress gastritis or ulcer  Mallory–Weiss tear  Varices 
 Acid–peptic disease  Vascular anomaly  Caustic ingestion 
 Vascular anomaly  Gastrointestinal duplications  Vasculitis (Henoch–Schönlein purpura) 
 Coagulopathy  Gastric/esophageal varices  Crohn’s disease 
 Milk-protein sensitivity  Duodenal/gastric webs  Bowel obstruction 

 Bowel obstruction  Dieulafoy lesion, hemobilia 

   Table 11.3    Etiologies of mid-GI bleeding in both chil-
dren and adults   

 Causes of bleeding in the small intestine 

 Angioectasia or vascular 
anomaly 

 NSAID enteropathy 

 Small bowel tumors  Dieulafoy lesion 
 Crohn’s disease  Ectopic varices 
 Celiac disease  Portal hypertension 

enteropathy 
 Meckel’s diverticulum  Radiation enteritis 
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•   Evaluation of unexplained gastrointestinal 
bleeding  

•   Treatment of bleeding vascular anomalies, 
ulcers, or a post-polypectomy site    
 Upper endoscopy and colonoscopy has 

become the prime diagnostic and therapeutic 
tools for UGIB and LGIB. Endoscopy will accu-
rately delineate the bleeding site and determine 
the specifi c cause [ 11 ]. Capsule endoscopy has 
become a fi rst-line treatment in adults and chil-
dren to diagnose obscure causes of GI bleeding in 
the small intestine [ 12 ,  13 ]. The limiting step in 
capsule endoscopy is the ability of the patient to 
swallow the capsule. However, the capsule can be 
placed endoscopically into the small intestine in 
younger children. In cases where endoscopy fails 
to make the diagnosis of GI bleeding and contin-
ued bleeding is suspected, then additional imag-
ing is indicated. The one major exception to this 
strategy is when there is a high clinical suspicion 
for a Meckel’s diverticulum. In this case, scintig-
raphy can precede endoscopy if the patient is 
clinically stable. 

    Meckel’s Diverticulum 

 The fi rst recorded observation of an ileal diver-
ticulum has been attributed to Fabricius Hildamus 
in 1650 [ 14 ], and the fi rst comprehensive embryo-
logic and pathologic description of the lesion was 
made by Johann Friedrich Meckel, the younger, in 
1809. Ileal (Meckel’s) diverticulum is a noninher-
ited congenital abnormality of the antimesenteric 
side of the small intestine, resulting from incom-
plete closure of the embryonic vitelline or ompha-
lomesenteric duct. Meckel’s diverticula may 
measure from 1 to 56 cm in length and 1 to 50 cm 
in diameter. Most Meckel’s diverticula are found 
within the ileum approximately 90 cm proximal 
to the ileocecal valve [ 15 ]. 

 A Meckel’s diverticulum usually contains 
ileal mucosa but may contain gastric, duodenal, 
jejunal, colonic mucosa, or pancreatic tissue. 
Heterotopic tissue in a diverticulum of the pan-
creatic type was reported by Zonkel in 1861 and 
of the gastric type by Tillmans in 1882. The rela-
tionship of aberrant gastric mucosa to the ulcer of 
a diverticulum was considered by Deetz in 1907. 

Gastric mucosa is present in Meckel’s diverticu-
lum in approximately 50 % of cases [ 16 ,  17 ]. 

 Meckel’s diverticulum is the most common 
cause of lower gastrointestinal hemorrhage in pre-
viously healthy infants, and more than 50 % of 
infants with the remnant have symptoms before 
the second year of life [ 18 ]. Clinical symptoms 
occur in 25–30 % of all the patients. Estimates of 
the probable incidence of Meckel’s diverticulum 
in the general population range from approxi-
mately 1 to 3 %, with a frequency three times 
greater in males than females [ 16 ]. The most com-
mon symptom of Meckel’s diverticulum is gross 
rectal bleeding with or without associated abdom-
inal complaints. The bleeding apparently results 
from mucosal ulceration in the diverticulum or 
adjacent ileum caused by hydrochloric acid 
secreted by the ectopic gastric mucosa. Nearly all 
diverticula of patients with symptoms of gastroin-
testinal bleeding contain ectopic gastric mucosa 
[ 16 ,  18 – 21 ]. Other pathologic conditions associ-
ated with Meckel’s diverticulum include intestinal 
obstruction caused by bands, knots, volvulus, 
infl ammation, or intussusception; regional enteri-
tis; hernia; enterolith; calcifi cation; diverticulitis; 
tuberculosis; and foreign body [ 18 ,  22 ]. 

 Several years ago, we reviewed the records of 
all patients with Meckel’s diverticulum less than 
2 years of age undergoing surgery at Children’s 
Hospital Boston between 1951 and 1972. Among 
60 infants less than age 2, 32 had painless rectal 
bleeding. Of these 32, 56 % presented before 1 
year of age and the remaining 44 % before age 2. 
Among those symptomatic patients, 91 % (29 of 
32 patients) had ectopic gastric mucosa in their 
Meckel’s diverticula [ 23 ]. The differential diag-
nosis of rectal bleeding in infants less than age 2 
years includes Meckel’s diverticulum, anal fi s-
sure, volvulus, intussusception, peptic ulcer, and 
colonic polyp. Of these disorders, only colonic 
polyp and Meckel’s diverticulum usually cause 
painless bleeding. 

    Technetium-99m Pertechnetate ( 99m Tc-
O 4  − ) Abdominal Scintigraphy 
 Technetium-99m pertechnetate abdominal scin-
tigraphy was initially proposed by Harden and 
Alexander [ 24 ] in 1967 and was subsequently 
introduced into clinical practice by Jewett et al. 
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[ 25 ] in 1970. Since then, many reports have dem-
onstrated the safety and effectiveness of this 
examination in the detection of functioning ecto-
pic gastric mucosa in a Meckel’s diverticulum, as 
well as other sites [ 26 – 33 ]. A comprehensive 
review of the topic has been written by 
Sfakianakis and Conway [ 31 ,  34 ]. Meckel’s 
diverticulum cannot be diagnosed as simply and 
reliably by other imaging modalities [ 23 ,  35 – 37 ], 
and at present pertechnetate abdominal scintigra-
phy is the best nonoperative method of defi nite 
diagnosis of this condition. It is easy to perform, 
and the radiation exposure to the patient is equiv-
alent to only 20 s of fl uoroscopy [ 38 ].  

    Indications 
 Asymptomatic gross rectal bleeding (bright red 
stools) in a young child is a frequent indication 
for pertechnetate scintigraphy. A pediatric patient 
presenting with rectal bleeding suspected to be 
caused by ulceration of a Meckel’s diverticulum 
requires a complete physical examination, which 
may include a careful examination of the anal 
area, rectoscopy, or sigmoidoscopy to exclude 
distal colonic disease and, when indicated, a 
hematologic examination to exclude a systemic 
bleeding disorder. Pertechnetate abdominal scin-
tigraphy should then be performed.  

    Radiopharmaceutical 
 For the detection of Meckel’s diverticulum, 
 99m Tc-O 4  –  is injected intravenously in a dose of 
0.1 mCi (3.7 MBq)/kg of body weight [minimum 
dose 0.2 mCi (7.4 MBq), maximum dose 10 mCi 
(370 MBq)]. It should be obvious that abdominal 
scintigraphy ( 99m Tc-O 4  – ) does not detect a 
Meckel’s diverticulum per se but reveals uptake 
of radiopertechnetate by functioning ectopic gas-
tric mucosa in the diverticulum or elsewhere. To 
give a sense of the intensity of pertechnetate 
uptake in gastric mucosa, normally, approxi-
mately 25 % of the intravenously administered 
dose of  99m Tc-O 4  –  localizes in the wall of the 
stomach. The gastric uptake of pertechnetate is 
rapid and increases in intensity over time. 

 A number of authors have investigated the 
cellular localization of pertechnetate in the stom-
ach. Keramidas et al. [ 39 ] found no signifi cant 
differences in the concentration of pertechnetate 

in the body and antrum of the stomach in dogs. 
Using microautoradiography, Meier-Ruge and 
Fridrich [ 40 ] demonstrated that pertechnetate is 
 selectively taken up by the parietal cells of the 
stomach, whereas  131 I as sodium iodide is 
absorbed and secreted by the gastric chief and 
mucosal cells [ 40 ,  41 ]. Wine et al. [ 41 ,  42 ], using 
Heidenhain pouches and denervated antral 
pouches in dogs, suggested that parietal cells are 
not essential for  99m Tc-O 4  –  concentration and that 
both acid output and volume output relate to the 
amount of  99m Tc-O 4  –  output. Priebe et al. [ 43 ], 
using contact autoradiographs of canine gastric 
mucosa, demonstrated that  99m Tc-O 4  –  concen-
trated in surface mucous cells of the gastric pits 
but not in the gastric glands. Using autoradiogra-
phy, Berquist et al. [ 16 ] showed pertechnetate 
concentration in the superfi cial cells only. These 
authors also had six cases of histologically 
proven Barrett’s esophagus, all with abnormal 
scintigraphy. Biopsy material revealed complete 
absence of parietal cells in all but one [ 44 ,  45 ]. In 
contrast, the gastric type of surface epithelial 
cells was present in every case. The pertechne-
tate anion is believed to be accumulated selec-
tively by surface cells of gastric mucosa and then 
secreted into the bowel lumen [ 46 – 49 ]. 
Approximately 20 % of the injected dose of 
 99m Tc-O 4  –  is rapidly eliminated by the kidneys. 
Organs that also normally concentrate radiop-
ertechnetate include the choroid plexus, the thy-
roid, and the salivary glands [ 50 – 53 ]. The blood 
disappearance rate of  99m Tc-O 4  –  may be pro-
longed in infants because of renal immaturity, a 
normally low gastric mucosal uptake, or both. 
Slow blood disappearance and low gastric uptake 
of pertechnetate in older children with normal 
renal function may be caused by hormonal, vas-
cular, or stress-related factors. 

 A variety of drugs and hormones affect the 
gastric uptake of pertechnetate. Perchlorate sup-
presses uptake of pertechnetate by the gastric 
mucosa two- to fourfold [ 41 ,  54 – 57 ]. Although 
administration of perchlorate has not been known 
to result in failure to identify a Meckel’s divertic-
ulum, this is theoretically possible. Consequently, 
premedication with perchlorate in patients under-
going radiopertechnetate abdominal scintigra-
phy is not recommended. Pentagastrin increases 
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 gastric mucosal uptake of pertechnetate, and it 
has been used to enhance imaging on patients and 
animals [ 54 ,  58 – 61 ]. Cimetidine, a histamine H 2 -
receptor antagonist, inhibits release of pertechne-
tate by the intraluminal cells [ 62 – 64 ]. Glucagon 
slightly reduces gastric activity of pertechnetate 
and suppresses peristaltic activity [ 65 ]. Other 
agents that have been investigated include hista-
mine, which has a lesser effect than pentagastrin 
and secretin. Secretin has little effect on pertech-
netate localization [ 43 ,  54 ].  

    Imaging 
 As mentioned above, the patient should not be 
premedicated with perchlorate. Barium in the 
abdomen can cause false-negative results, so 
one must ensure that scintigraphy is performed 
in the absence of barium in the abdomen. All 
metallic and other radiation-absorbing objects 
(belt buckles, coins, etc.) must be removed 
from the patient prior to imaging. The patient 
should fast for approximately 4 h before the 
examination to reduce the size of the gastric sil-

houette. When available, we routinely use sub-
cutaneous pentagastrin (6 μg/kg) a half hour 
prior to the administration of pertechnetate to 
increase its uptake by the gastric mucosa. 
During imaging, the patient lies supine with the 
gamma camera viewing the entire abdomen. A 
high-resolution or ultrahigh- resolution parallel-
hole collimator should be used. First, a radio-
nuclide angiogram (1- to 5-s frames for 60 s, 
128 × 128 matrix format) is obtained to diag-
nose vascular malformations and attempt to 
localize a site of rapid bleeding. Second, a 
series of 1-min images is obtained in the ante-
rior projection for 30 min (Figs.  11.1 ,  11.2 , 
 11.3 ,  11.4 , and  11.5 ). The study should be mon-
itored on the display as it progresses. In cases 
of strong clinical suspicion, prolonged imaging 
(images at 1 and/or 2 h postinjection) may be 
necessary if the study appears normal.

       A lateral image is helpful in determining the 
anterior position of uptake in a Meckel’s diver-
ticulum and to exclude uptake in the genitouri-
nary system. This image should be obtained as 
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  Fig. 11.1    Meckel’s diverticulum. Study from a 21-month-
old boy with a recent history of abdominal cramps and 
large blood clots in the stool 5 days prior to this examina-
tion. The patient had an air enema and a barium enema, 
which were both negative. Selected anterior images taken 
at 5-min intervals are shown. In the fi rst image, tracer is 
seen in the cardiac blood pool, liver, spleen, stomach, and 
in the vascular and extravascular compartment. Sequential 
images reveal increasing concentration of tracer in the 

stomach ( S ) and decreasing blood pool and background 
activity. Beginning on the second image, there is a small, 
intense, and well-defi ned region ( M ) in the right lower 
quadrant that concentrates pertechnetate. This area reveals 
gradual increase of tracer uptake with time that is charac-
teristic of ectopic gastric mucosa in a Meckel’s diverticu-
lum. Note tracer accumulating in the bladder ( B ) and in 
the small bowel. A Meckel’s diverticulum containing gas-
tric mucosa was removed at surgery       
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soon as a suspicious area of increased activity is 
visualized on the anterior view to avoid the pos-
sibility of being unable to defi ne the abnormal 
uptake in three dimensions at a later time, because 
of the possibility of overlap with radiopertechne-
tate within the intestine. Laterals or posterior 
images should be obtained at any time after the 
injection to help localize abnormal tracer uptake. 
This may confuse untrained observers, especially 
if the left renal pelvis is obscured by the gastric 
outline, as it often is. Similarly, tracer in the right 
renal pelvis should be recognized. Later images, 

hydration, moving the patient to the upright posi-
tion to help empty the renal pelvis, posterior and 
lateral images, and diuretic administration are 
often helpful maneuvers to help identify poten-
tially confusing concentration of the tracer. Some 
Meckel’s diverticula lie very close to the urinary 
bladder, preventing detection. Obtaining images 
with an empty bladder or even after bladder cath-
eterization should be considered part of the 
 routine practice. Single- photon emission com-
puted tomography (SPECT) has been used to 
help identify tracer uptake in Meckel’s diverticulum 
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  Fig. 11.2    Meckel’s diverticulum. Study from a 4-year-
old boy who presented with lower abdominal cramps and 
guaiac-positive stools. A barium enema demonstrated no 
evidence of intussusception or polyp. An abnormal accu-
mulation of pertechnetate can be seen in the right lower 
quadrant ( M ) that appears at the same time as the gastric 
activity ( S ) and increases in intensity with time. 

The  urinary bladder ( B ) is visible at 10 min and increased 
in intensity during the observation period. A cross-table 
image reveals the abnormal tracer accumulation to be 
located anteriorly in the abdomen. At surgery, a Meckel’s 
diverticulum containing gastric mucosa was removed. 
 Post  Posterior,  R Lat  Right Lateral       

Ant R Lat

  Fig. 11.3    Meckel’s diverticulum. This 
2-year-old boy presented with a 3-month history 
of bloody stools. Selected images at 10 ( Ant .) 
and 15 ( R. Lat .) minutes postinjection reveal 
a small, well-localized area of increased 
pertechnetate uptake in the right lower 
quadrant anteriorly       
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obscured by the bladder. Upright anterior and 
oblique images may assist in differentiating duo-
denal activity, which will not change position, 
from ectopic gastric mucosa, which may move 
more in response to the altered direction of gravi-
tational pull [ 31 ,  34 ,  66 ]. 

 Background activity in the abdomen refl ecting 
blood levels of pertechnetate usually decreases with 
time and in most cases allows for identifi cation of 
ectopic gastric mucosa within 30 min after injection 
of pertechnetate. If blood disappearance and gastric 
uptake of the tracer are slow, as in infants or anemic 
patients, the scanning time should be prolonged in 
order to increase the chance for identifi cation of a 
lesion not visible early in the study.  

    Prior Bleeding Study 
 Yen and Lanoie [ 67 ] warned that a pertechnetate 
study should not be performed after a bleeding 

study with in vivo-labeled red blood cells using 
 99m Tc and stannous pyrophosphate. These authors 
reported a case showing blood pool distribution 
of pertechnetate with absent gastric uptake in a 
1-week-old patient who had a recent bleeding 
study with in vivo stannous pyrophosphate. The 
scan was considered uninterpretable. 

 However, Kwok et al. [ 68 ] reported a success-
ful Meckel’s scan done 26 h after a labeled RBC 
study using a commercial in vitro labeling kit, 
UltraTag (Mallinckrodt Medical, Inc., St. Louis, 
MO). Normal distribution of  99m Tc was observed. 
This case demonstrates that it is feasible to per-
form an in vitro-labeled RBC study and to follow 
up with a Meckel’s scan if necessary. However, 
the reverse sequence is preferred. 

 In the in vivo labeling method, the amount of 
stannous ion in the pyrophosphate kit injected 
into the patient is quite large (0.4–0.9 mg). If 

2 min 2 h

  Fig. 11.4    Meckel’s diverticulum. Two selected 
images from a 2.5-year-old boy with a history 
of rectal bleeding. The image at 2 min did not 
reveal a clear abnormality. Tracer in the right 
upper quadrant could have been the duodenum 
or a highly placed Meckel’s diverticulum. The 
image at 2 h postinjection reveals a well-defi ned 
and focal region of increased pertechnetate 
concentration that suggests a Meckel’s 
diverticulum containing gastric mucosa       

Ant L Lat

  Fig. 11.5    Meckel’s diverticulum, left lower 
quadrant. Selected anterior ( Ant .) and left 
lateral ( L. Lat .) pertechnetate images revealing 
a rather large and well-defi ned area of intense 
pertechnetate concentration in the left lower 
quadrant anteriorly       
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pertechnetate is injected afterward, it will be rap-
idly and effi ciently attached to the red blood cells 
and render a blood pool scan. This effect may last 
for days. In contrast, the in vitro kit has a very 
small amount of tin (50–96 μg of tin), and this 
factor may explain the differences reported. 

 In our practice, we have confi rmed that a 
pertechnetate scan can be performed effectively 
following a bleeding study using the commer-
cially available kit for in vitro RBC labeling. The 
pertechnetate biodistribution appears to not be 
affected by the prior blood pool study (Fig.  11.6 ).

         Clinical Applications 

    Normal Pertechnetate 
Abdominal Scintigraphy 

 A normal  99m Tc-O 4  −  abdominal series reveals 
rapid gastric uptake followed by a gradual 
increase of tracer in the wall of the stomach. 
Some pertechnetate is eliminated into the gastric 
cavity and transported into the lumen of the duo-
denum and small intestine. The speed of this 
transit is variable. In some patients with rapid 

gastric emptying, tracer in the duodenum and 
intestine could interfere with interpretation, but 
this is rare. The intense gastric outline usually 
shows a central area of relatively lower concen-
tration of pertechnetate corresponding to the gas-
tric cavity. This area of decreased uptake can be 
quite large if the patient has eaten before the 
examination. The bladder (if full) initially con-
tains less tracer activity than background. As 
radiopertechnetate is eliminated by the kidneys, 
progressively increasing levels of tracer are evi-
dent in the bladder.  

    Meckel’s Diverticulum 

 A scintigraphic abdominal survey revealing 
ectopic gastric mucosa is almost unmistakable; 
in addition to the normal uptake pattern, one 
can observe a well-defi ned area of increased 
radiopertechnetate uptake anteriorly, usually in 
the right lower quadrant. This abnormal uptake 
of tracer in the ectopic gastric mucosa appears 
at the same time as the stomach and persists 
with increasing intensity as the study pro-
gresses (Figs.  11.1 ,  11.2 ,  11.3 ,  11.4 , and  11.5 ). 

99mTC-RBC

99mTC-pertechnetate

  Fig. 11.6    Pertechnetate scan following  99m Tc-red blood 
cell (RBC) study for the detection of bleeding using an in 
vitro labeling technique. A 15-year-old boy presented 
with rectal bleeding. A blood pool scan using an in vitro 

technique demonstrates gastrointestinal bleeding along 
the ascending colon ( upper panel ). A pertechnetate scan 
performed a day later reveals normal distribution of the 
tracer ( lower panel )       
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Rarely, tracer activity in the lesion may fl uctu-
ate if intestinal secretions or hemorrhage car-
ries the radiotracer away from the diverticulum 
[ 31 ]. Observation for 30 min after injection of 
the radiopertechnetate is usually suffi cient to 
detect most cases of Meckel’s diverticulum 
containing functioning gastric mucosa. 

 In questionable cases or cases in which the 
gastric uptake or the gastric-to-background 
ratio is low, one should delay the imaging by 1 
h or longer. A potential problem with delayed 
images is migration of radioactive gastric con-
tents into the duodenum, small bowel, and even 
large bowel, obscuring uptake within the ecto-
pic gastric mucosa. An alternative is to restudy 
the patient on another day using pentagastrin 
(Fig.  11.7 ).

   A Meckel’s diverticulum may appear to shift in 
position caudally if the patient is raised or has 
voided. Only rarely does more than one area of 
ectopic gastric mucosa occur in the intestine or 
does the ectopic mucosa extend beyond the diver-
ticulum, producing a larger area of uptake [ 34 ,  45 ]. 

   Abnormal Uptake Due to Other Causes 
 Other conditions in the abdomen that accumulate 
pertechnetate include intestinal obstruction or 
intussusception [ 69 ], infl ammation [ 69 – 71 ], vas-

cular malformations [ 72 ], ulcers [ 70 ], some 
tumors [ 73 ,  74 ], and various urinary tract abnor-
malities that interrupt urinary excretion of the 
pertechnetate. Certain drugs, such as ethosuxi-
mide (Zarontin) or laxatives, may also cause vari-
able uptake of tracer in the intestine. The nature 
of these fi ndings should be recognized during 
evaluation of the images and such fi ndings not be 
considered falsely positive. They are true abnor-
malities in the distribution of radiopertechnetate 
in the abdomen, and experienced physicians will 
recognize their appearance as different from that 
of Meckel’s diverticulum. 

 Blood pool tracer activity, as in vascular mal-
formations or hemangiomas, should be apparent 
on the radionuclide angiogram and initial images 
and may or may not fade with time [ 31 ,  34 ]. 
However, these lesions do not exhibit a response 
to pentagastrin. 

 Other abnormalities that may contain ecto-
pic gastric mucosa include otherwise normal 
bowel [ 45 ], enteric duplication [ 70 ,  75 ], dupli-
cation cysts [ 70 ,  76 ,  77 ], and gastrogenic cysts 
[ 78 ]. As in Meckel’s diverticulum, the compli-
cations and symptoms in these conditions are 
due to hydrochloric acid secretion by the gas-
tric mucosal cells, and the treatment is surgical 
excision. 

10 min 20 min

  Fig. 11.7    Meckel’s diverticulum, use of 
pentagastrin. Selected images at 10 and 20 min 
of two consecutive pertechnetate studies on the 
same patient. The study in the  upper panel  
reveals no abnormality. The study following 
administration of pentagastrin reveals a clearly 
defi ned abnormality of pertechnetate uptake 
in the right lower quadrant corresponding to 
Meckel’s diverticulum containing gastric 
mucosa ( lower panel )       
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 In Barrett’s esophagus, the esophageal mucosa 
may be lined with gastric epithelium rather than 
normal squamous epithelium and it takes up 
pertechnetate, yielding scans with uptake above 
the stomach [ 79 ]. Gastric mucosa that has been 
moved surgically to an ectopic site in the body 
will also take up pertechnetate (Fig.  11.8 ).

      Accuracy 
 Among the surgically proven cases of Meckel’s 
diverticulum in the literature, the accuracy of 
 99m Tc-O 4  −  scintigraphy is 90 %. The overall 
 sensitivity among published accounts is 85 %, 
and the specifi city is 95 % [ 34 ]. With meticulous 
attention to technique and in the appropriate clin-
ical setting, pertechnetate scintigraphy is an 
effective method for the detection of Meckel’s 
diverticulum containing functioning gastric 
mucosa. Prior to use of pertechnetate scintigra-
phy for Meckel’s diverticulum, the lesion was 
diagnosed at laparotomy in approximately 60 % 
of the symptomatic patients [ 80 ,  81 ]. 

 A normal pertechnetate study does not rule out 
the presence of a Meckel’s diverticulum, however, 
as ectopic gastric mucosa must be functioning in 
order to take up pertechnetate. Hypofunction, 
necrosis, fi brosis, ischemia, or other causes can 
reduce or even prevent scintigraphic detection 
[ 42 ,  54 ]. Low pertechnetate uptake by gastric 
mucosa in infants may be a cause of false-neg-
ative examinations. As the child matures, nor-
mal  99m Tc-O 4  −  uptake should allow detection of 

ectopic gastric mucosa. Drug effects and normal 
structures may obscure   99     m Tc- O 

4 −  uptake by the 
gastric mucosa in the diverticulum. Because pep-
tic ulceration of the intestinal mucosa is usually 
responsible for the bleeding, most of the Meckel’s 
diverticula that bleed contain ectopic gastric 
mucosa. Experiments on animals show that at 
least 1–2 cm 2  of such tissue may be required for 
the lesion to be visible on scintigraphy [ 34 ,  43 , 
 82 ,  83 ]. One reported patient whose scan was 
negative had considerable scarring of the diver-
ticulum and little intact gastric mucosa [ 45 ]. In 
one of our patients, the pertechnetate survey was 
normal in the presence of a cystic Meckel’s diver-
ticulum with fl uid within the cyst and necrotic 
gastric mucosa.   

    Technetium-99m-RBC Scintigraphy 

 Diagnosis of gastrointestinal bleeding from any 
cause (including bleeding from a Meckel’s diver-
ticulum) can be detected and often localized using 
 99m Tc-labeled RBC scintigraphy. Following intra-
venous injection, this radiopharmaceutical remains 
largely within the blood pool and can be visualized 
with scintigraphy. Because of their long residence 
time in the blood pool,   99m  Tc- RBCs allow the pos-
sibility of localizing intermittent bleeding, as the 
observation period can be extended for several 
hours. Bleeding rates detected with  99m Tc-RBC are 
lower than those detectable by angiography. The 

R
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  Fig. 11.8    Gastric    mucosal remnant in the mediastinum. 
These unusual pertechnetate images are from a 12-year-
old boy who swallowed caustic material at 2 years of age, 
damaging his esophagus. He had an esophagectomy and a 
gastric pull-through at that age. More recently, he under-
went a colonic interposition, complicated by mediastinal 
fl uid collection that eventually drained through the neck 
causing severe local pain. In addition, there was fl uid col-
lection in the left chest. The patient had multiple imaging 

examinations in an attempt to elucidate the problem, with-
out much success. The image obtained at 5 min following 
intravenous administration of pertechnetate reveals exqui-
site tracer uptake in the region of the mediastinum ( left 
panel ,  arrow ). This was a residual gastric remnant from 
the surgery to place the colonic interposition. The image 
on the right panel reveals, in addition, tracer in the left 
hemithorax, due to gastric secretion from the remnant. 
The gastric remnant was removed surgically       
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bleeding rates detectable with  99m Tc-RBC are 
0.4 mL/min in areas of high background and 
0.1 mL/min in areas of low background [ 84 ]. The 
sensitivity of this technique, however, depends not 
only on bleeding rate but also on bowel motility 
[ 85 ]. Another approach to the detection of bleed-
ing employs  99m Tc–sulfur colloid. The advantages 
of  99m Tc-RBC over  99m Tc–sulfur colloid have been 
recognized [ 86 ]. 

   Radiopharmaceutical 
 Red blood cells can be labeled with  99m Tc using 
an in vivo or an in vitro method. We routinely 
employ the in vitro method, in which 1–3 mL of 
the patient’s blood is drawn and anticoagulated 
with heparin or acid-citrate dextrose (ACD). 
Ethylenediaminetetraacetic acid (EDTA) or oxa-
late must not be used as an anticoagulant. The red 
blood cells are labeled using a commercial prepa-
ration (Ultratag®RBC, Mallinckrodt, St. Louis, 
Mo.). Technetium-99m-labeled RBCs are given 
in a dose of 0.2 mCi (7.4 MBq)/kg of body weight 
with a minimum dose of 1.0 mCi (37 MBq) and a 
maximum dose of 20 mCi (740 MBq).  The 
labeled red blood cells are reinjected slowly into 
the patient and only the patient from whom the 
blood was drawn .  

   Imaging 
 For this method to be most effective, it must be 
performed while the patient is actually bleeding. 
Barium within the abdomen as well as photon- 

absorbing objects on the patient can cause false- 
negative results, and their presence should be 
avoided. The patient is positioned supine with 
the gamma camera equipped with a high-reso-
lution collimator viewing the entire abdomen. 
The tracer is injected, and a radionuclide angio-
gram is obtained at a rate of one frame per sec-
ond for 60 s (128 × 128 matrix). The angiogram 
is immediately followed by serial imaging of 
the abdomen at one frame per minute for 60–90 
min (128 × 128 matrix). Additional images are 
obtained at  various intervals as needed, up to 
approximately 24 h. The radionuclide angiogram 
and the following serial imaging should be evalu-
ated using a cinematic mode. This is more effec-
tive than reviewing a series of static images.  

   Clinical Application 
 A normal  99m Tc-RBC study will demonstrate 
tracer within the blood pools of the aorta, inferior 
vena cava, and other vessels (iliac, portal, mesen-
teric, renal). Tracer activity can also be seen in 
the blood pool of the kidneys and penile blood 
pool. If present in suffi cient amount, free pertech-
netate can be seen in the kidneys, ureters, and 
urinary bladder. The observer should be aware of 
these normal scintigraphic features and not con-
fuse them with bleeding (Fig.  11.9 ). None of the 
areas mentioned above changes in location with 
time, while abnormal tracer concentration associ-
ated with bleeding usually shows changes in 
location.

  Fig. 11.9    Normal  99m Tc-RBC blood pool scan. The study reveals no evidence of gastrointestinal bleeding. The patient 
had hemophilia; the spleen is visualized       
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   Bleeding sites are detected by a focal intralu-
minal accumulation of the radiotracer with a 
characteristic pattern of increasing tracer in 
bowel. Blood entering the bowel causes altered 
motility, and blood may be seen moving for-
ward and backward in the intestine [ 87 ,  88 ]. 
Even massive bleeding can be intermittent. 
Sometimes bleeding occurs after the initial hour 
of continuous observation and can only be 
detected on delayed images. Bleeding in these 
cases may have occurred during the interval 
while the patient was not being imaged. If bleed-
ing is detected on delayed imaging and the clini-
cal impression is of active bleeding, a second 
tracer injection may be of value [ 89 ]. 

Administration of heparin has been suggested as 
a method of enhancing detection of bleeding 
sites [ 90 ,  91 ]. Reported correct localization of 
bleeding sites varies from 40 to 90 % [ 92 – 96 ]. 
In most cases, surgery should not be based on 
scintigraphic appearance alone. There is a need 
for randomized studies comparing scintigraphy 
and angiography performed within close prox-
imity of each other [ 97 ]. Examples of gastroin-
testinal bleeding detected with radiolabeled 
RBCs are illustrated in Figs.  11.10 ,  11.11 ,  11.12 , 
 11.13 , and  11.14 .

       Indium-111-RBC scintigraphy has also 
been proposed for the detection of gastrointes-
tinal bleeding [ 98 ]. The potential advantage of 

  Fig. 11.10    A 10-year-old with rectal bleeding. 
Compressed display of initial 60-min recording ( upper 
panel ) reveals no evidence of bleeding. An image at 1.5 h 

( lower left ) doesn’t show bleeding. Bleeding into the large 
bowel is visible; the actual site of bleeding could not be 
pinpointed, however       
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  Fig. 11.11    Massive lower gastrointestinal bleeding. 
Technetium-99m-RBC scintigraphy from an 18-month-
old boy with acute leukemia on treatment presenting with 
a falling hematocrit and increasingly severe gastrointesti-
nal bleeding. The sequential anterior images reveal abnor-
mal tracer accumulation fi rst at the level of the epigastrium 

followed by tracer migrating into both the proximal and 
distal colon. The bleeding was thought to be secondary to 
chemotherapy- induced enterocolitis. The patient under-
went surgery for the removal of part of his colon. At sur-
gery, a swollen colon with marked infl ammation with 
multiple deep linear mucosal ulcerations was noted       

30 min

24 h

  Fig. 11.12    Massive gastrointestinal bleeding. 
Technetium-99m-RBC scintigraphy from a 
teenage girl with uncontrollable gastrointestinal 
bleeding for several years. The image on the 
 left  (30 min postinjection) reveals bleeding in 
a portion of the small bowel. Images 24 h later 
( right panel ) reveal tracer within the entire 
course of the colon. The patient had a small 
bowel resection in which a cluster of veins 
was found       
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  Fig. 11.13    A  99m Tc-RBC scan from a 6-year-old girl with leukemia and melena. There is rapid accumulation of RBCs 
in the spleen, and tracer appears in the small bowel in the left upper quadrant near the midline       

  Fig. 11.14    A  99m Tc-RBC scan from a 16-year-old with 
severe pulmonary hypertension and a hypercoagulable state 
treated with anticoagulants. The patient presented with a 

second episode of massive gastrointestinal bleeding with a 
hematocrit decrease from 42 to 26 during 1 day. Bleeding is 
detected in the small bowel in the left lower quadrant       

this method is that it permits evaluation beyond 
24 h. The disadvantages are the relatively 
lower photon flux of  111 In than of  99m Tc and the 
relatively high radiation exposure for the 
patient.   

   Technetium-99m-Sulfur Colloid 
Scintigraphy 

 Another scintigraphic method to localize bleed-
ing employs  99m Tc–sulfur colloid. After intrave-
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nous injection,  99m Tc–sulfur colloid is extracted 
rapidly from the blood by cells of the reticuloen-
dothelial system with a normal half-time in blood 
of 2.5–3.5 min. 

 The patient is examined supine with the 
gamma camera, which is equipped with a high- 
resolution collimator viewing the entire abdo-
men. Technetium-99m–sulfur colloid is given in 
a dose of 0.05 mCi/kg (1.85 MBq/kg) with a 
minimum total dose of 0.1 mCi (3.7 MBq) and a 
maximum total dose of 3.0 mCi (111 MBq). The 
study is recorded at 1 frame per minute for 30 
min on a 128 × 128 matrix format. 

 If bleeding occurs during the tracer’s presence 
in the blood pool, it extravasates, and this can be 
detected scintigraphically. Because of the high 
bleeding-to-background activity ratio achievable 
with this tracer, small amounts of bleeding may 
be detected. In the gastrointestinal tract, this tech-
nique has detected bleeding at rates as low as 
0.05–0.1 mL/min [ 99 – 101 ]. Bleeding rates of 
0.1–0.2 mL/min have been detected in dogs 
[ 102 ]. In patients who have intermittent bleeding, 
the “window of opportunity” for the detection of 
bleeding with colloid is very small. Another dis-
advantage of this method is the intense accumu-
lation of sulfur colloid in the liver and spleen, 
which may obscure bleeding in this region.      
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Nuclear medicine techniques play a very impor-
tant role in the initial diagnosis and follow-up 
of many renal diseases in children. These tech-
niques are physiological, minimally invasive, 

and highly sensitive. They enable early detec-
tion of renal disease, even before structural 
changes become apparent on anatomic imaging. 
Nuclear medicine provides unique functional 
and anatomic information with minimal risk to 
the patient. Radionuclide techniques can be used 
safely in all pediatric age groups and in severely 
ill patients, including those with renal insuf-
ficiency or other renal impairment. These tech-
niques require only a very small amount of tracer 
material (0.02–0.08 mg) in a very small volume 
of solution delivered by intravenous injection 
(0.1–0.5 mL). Radiopharmaceuticals adminis-
tered in renal studies do not produce pharmaco-
logic, osmotic, hemodynamic, or toxic effects. 
Renal radiotracers can be administered safely 
even in patients allergic to iodinated contrast 
agents. The radiation exposures to the patients 
are very low. Indications for these studies in chil-
dren are listed in Table 12.1. For the vast majority 
of pediatric patients, sedation is not required for 
these studies. If motion occurs, motion correction 
techniques can be applied effectively [1].

The extensive use of ultrasonography has pro-
vided a clear indication of the incidence of renal 
disease during the prenatal and neonatal periods 
[2]. The complementary nature of nuclear medi-
cine and other diagnostic imaging methods for 
the pediatric urinary tract, especially ultrasonog-
raphy, should be emphasized. In many instances, 
a combined approach allows the determination of 
anatomic-functional relationships, which often 
provide additional insight into the nature and 
severity of the problem under investigation.
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Collectively, congenital abnormalities account 
for approximately 42 % of cases of chronic renal 
failure [3]. The incidence of end-stage renal dis-
ease in children in the USA is approximately 11 
new cases per one million total population per year 
[4]. Koenigsberg et al. reported that the incidence 
of preexisting lesions is 15–23 % in children show-
ing serious renal injury following relatively minor 
trauma [5]. Associated anomalies of other organs 
are not uncommon. For example, infections of the 
urinary tract affect 3–5 % of all children. During 
the neonatal period, male infants are more com-
monly affected, but after 3 months of age, female 
children are affected approximately three times 
more often than males [6]. Approximately 10 % 
of the population is affected by renal anomalies, 
but many of these problems are minor and of no 
clinical significance. Excluding polycystic kid-
neys, the incidence of major malformations has 
been estimated at 4–7 per 1,000 [7]. A screen-
ing study using ultrasonography on more than 
132,000 school children of both sexes revealed 
renal abnormalities in approximately 0.5 % of 
the subjects [8]. Early diagnosis and treatment of 
abnormalities of the urinary tract in children can 
reduce morbidity and mortality [9]. The high-
sensitivity, noninvasive, and  physiologic nature of 
diagnostic nuclear medicine places it in a central 

role in the diagnosis of renal disorders and the 
evaluation of renal function in pediatric patients. 
This chapter will review dynamic and static renal 
scintigraphy and its clinical applications.

Radiopharmaceuticals used in the evaluation 
of the kidneys may be classified into two groups. 
The first group includes radiopharmaceuticals 
that are rapidly eliminated by the kidneys and 
thus enable evaluation of both renal function and 
urine drainage. This group includes 99mTc-mer-
captoacetyltriglycine (99mTc-MAG3) and 99mTc-
diethylenetria minepentaacetic acid (99mTc-DTPA), 
as well as 99mTc- glucoheptonate and 123I-orthoio-
dohippurate (123I-OIH).

The second group includes radiopharmaceu-
ticals that concentrate in the renal parenchyma 
for a sufficiently long period so that detailed 
scintigraphic mapping of regional functioning 
renal parenchyma is possible. The current agent 
of choice for static renal cortical imaging is 
99mTc- dimercaptosuccinic acid (99mTc-DMSA). 
Selection of the renal agent depends largely on 
the diagnostic problem to be investigated and 
on the practitioner’s experience and preference. 
In general, it is best to become familiar with 
one agent for dynamic renal scintigraphy and 
one for static renal scintigraphy and to use them 
consistently. Many pediatric patients affected 
with renal disease require follow-up evalu-
ations, and the use of the same radiopharma-
ceutical and technique facilitates assessment of 
change.

 Dynamic Renal Scintigraphy

 Procedure

Whenever possible, it can be useful to provide 
the patient and the caregiver(s) detailed explana-
tions about the procedure in advance so that they 
know what to expect when they arrive in the 
nuclear medicine department. Parents may have 
questions and concerns about the need for an 
intravenous injection, bladder catheterization, 
study duration, radiation exposure, and other 

Table 12.1 Indications of nuclear medicine renal studies 
in children

Hydronephrosis and obstruction
Pre- and post-surgery/interventions
Pyelonephritis
Vesicoureteral reflux
Renal function. Split renal function
Cortical integrity. Scarring
Hypertension
Duplication
MCDK
Ectopia, cross fused renal ectopia
Congenital anomalies. Horseshoe kidney
Renal transplants
Urinary leak
Trauma
GFR
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risks. Information brochures can be given to the 
patient by the referring physician’s office. 
Additionally, such information brochures can be 
placed on an appropriate website for easy access 
by the patient and families. The nuclear medicine 
physician reviews the indications for the study 
and determines if there are any special procedural 
considerations or if the use of a diuretic should be 
anticipated. Upon arrival to the department, the 
patient is greeted by a nuclear medicine technol-
ogist or a child life specialist who will review the 
procedure further and answer any questions. 
Recent administration of intravenous contrast 
agents may affect the renogram by reducing renal 
uptake or clearance of radiopharmaceutical for 
up to 24 h. Therefore, dynamic radionuclide 
studies of the kidneys should be performed either 
before or 24 h after the administration of radio-
graphic contrast agents.

Patients should be encouraged to drink fluids 
approximately 1 h prior to the study. In pediatric 
practice, however, it is difficult to implement a 
standard pre-study hydration method; therefore, 
many children end up being examined in their 
 normal state of hydration. When possible, 
patients are encouraged to empty their bladder 
before the examination begins. A catheter should 
be inserted into the bladder if the patient cannot 
or will not void. The bladder should be allowed 
to drain through the catheter during the entire 
duration of the study. Intravenous access is estab-
lished using a butterfly needle (23–25 gauge) or 
a short intravenous catheter that is securely fas-
tened to the skin with tape. Before proceeding, 
one must ensure that intravenous access is reli-
able and stable. Next, an intravenous infusion of 
normal saline (10–15 mL/kg) is begun and 
should be maintained during the first 20 min of 
the study and continued as necessary to include 
diuretic renography when this is indicated. 
Extravasation of the tracer can ruin the examina-
tion and must be avoided at by ensuring patency 
of the intravenous access. Partial extravasation 
can severely compromise the quality of the study 
and, if not recognized, may yield to erroneous 
interpretation.

 Radiopharmaceuticals  
and Administered Doses

 99mTc-MAG3
Technetium-99m-MAG3 (Mallinckrodt, St 
Louis, MO) is the current agent of choice for 
dynamic renal scintigraphy [10–15]. The agent 
is excreted principally through active renal tubu-
lar transport. Because 99mTc-MAG3 is eliminated 
by tubular secretion and has a high initial renal 
uptake, it produces high kidney/background 
ratios, which provide good images of the renal 
cortex. Its rapid excretion provides good tem-
poral resolution. The usual administered dose 
of 99mTc-MAG3 for radionuclide angiography is 
5.55 MBq/kg of body weight (0.15 mCi/kg) with 
a minimum of 37 MBq (1.0 mCi) and a maxi-
mum of 148 MBq (4.0 mCi). When radionuclide 
angiography is not needed, the usual dose of this 
agent is lower: 3.7 MBq/kg (0.1 mCi/kg) with a 
minimum of 37 MBq (1.0 mCi) and a maximum 
of 148 MBq (4 mCi) [16].

The use of noise reduction software may facili-
tate even further reductions in the administered 
dose [17].

 99mTc-DTPA
Technetium-99m-DTPA has been used for 
dynamic renal scintigraphy for several decades, 
but largely has been replaced by 99mTc-MAG3. 
Technetium-99m-DTPA is excreted primarily 
by glomerular filtration, although with a lower 
renal clearance rate than 99mTc-MAG3 [18–29]. 
A lower rate of glomerular filtration compared 
with inulin is probably due to protein binding, 
the amount of which varies with the formulation 
[30]. A maximum concentration of 5 % in each 
kidney is achieved 2–3 min after injection [31].

 99mTc-Glucoheptonate
Technetium-99m-glucoheptonate is promptly 
taken up by the kidneys and rapidly eliminated 
in the urine. By 1 h after injection, 8–10 % of 
the initial tracer  activity is present in the kidneys 
and almost 40 % of the administered dose has 
been eliminated in the urine [32]. Therefore, this 
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radiopharmaceutical offers the opportunity for 
both a dynamic renogram and renal cortical scin-
tigraphy, but this rarely is done [33].

 123I-Orthoiodohippurate (OIH)
Iodine-123-OIH is useful for dynamic renal scin-
tigraphy because of its high uptake by the renal 
tubules and rapid excretion into the urine. Iodine-
123-OIH has been used extensively in Europe, 
but the use of this agent in the USA has been lim-
ited. This radiopharmaceutical is excreted by the 
kidneys similarly to para-aminohippuric acid 
(PAH), the standard for the measurement of 
effective renal plasma flow [34]. Approximately 
80 % of PAH is eliminated by tubular secretion 
and 20 % by glomerular filtration, with an extrac-
tion ratio of approximately 0.9 [35], which is 
approximately 85 % that of PAH [36].

 The Renogram: Procedure

Dynamic renal scintigraphy or renogram consists 
of serial imaging following the intravenous injec-
tion of the radiotracer. Dynamic renal scintigra-
phy can include three phases: (1) radionuclide 
angiography, (2) dynamic renal scintigraphy, and 
(3) diuretic renography. The diuretic of choice 
for diuretic renography is the loop diuretic furo-
semide. There are three approaches to the admin-
istration of furosemide for diuretic renography. 
In North America, most practitioners administer 
furosemide after the completion of the initial 
20-min dynamic renal study, usually within 30 
min after the administration of 99mTc-MAG3. 
This has been referred as the F+20 diuretic reno-
gram. Another approach is to administer furose-
mide simultaneously with 99mTc-MAG3 (F-0). 
This shortens overall  imaging time, but results in 
diuretic administration to all patients. A third 
approach is to administer diuretic approximately 
15 minutes (F-15) before administration of 
99mTc-MAG3.

Children typically are examined in the supine 
position with the gamma camera placed under-
neath the examining table, viewing the area of the 

kidneys and bladder. In the supine position, the 
distance from the skin to each of the kidneys is 
approximately the same, and for the calculation 
of the left-to-right renal uptake ratio, depth cor-
rection is not done. Recipients of renal transplants 
located in the pelvis are examined in the supine 
position with the gamma camera viewing the kid-
ney and the bladder from the anterior projection. 
Appropriate immobilization equipment should be 
employed to reduce patient motion. Sedation for 
this test is used very exceptionally, if ever. 
The gamma camera is equipped with a parallel-
hole, low-energy, high-resolution collimator. 
Electronic magnification is employed according 
to the patient’s size. After the patient is posi-
tioned, the tracer is administrered as a rapid intra-
venous bolus injection, and recording of the study 
is begun simultaneously with the injection.

 Imaging: Radionuclide Angiography
Radionuclide angiography consists of rapid 
imaging of the initial minute of the renogram fol-
lowing the rapid intravenous injection of the 
tracer. Radionuclide angiography is almost never 
used alone and it is typically recorded during the 
first minute of a dynamic renogram. If the study 
includes a radionuclide angiogram, recording is 
begun at 0.25 s per frame for 60 s, immediately 
followed by dynamic renal scintigraphy. As few 
pediatric renograms are performed to evaluate 
the vascular supply to the kidney, images from 
the angiographic phase of the renogram are rarely 
acquired in children. The high frame rate needed 
for angiography requires administration of higher 
doses of 99mTc-MAG3. Therefore, radiation expo-
sure can be decreased by eliminating this phase 
of the renogram. However, for special indica-
tions, such as  evaluation of possible aortic or 
renal artery stenosis, the angiographic phase may 
be a useful part of the renogram. In practice, 
however, most of the relevant information about 
renal perfusion can be obtained from the 20-min 
dynamic scintigraphy phase.

 Imaging: Dynamic Renal Scintigraphy
The dynamic phase of the renogram is acquired 
at a slower frame rate than the angiographic 
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phase. For our protocol, images are acquired at 
15 seconds per frame for twenty minutes (128 x 
128 matrix). At the end of the 20-min renogram, 
the nuclear medicine physician reviews the study 
and determines if there is enough information to 
answer the diagnostic question or if additional 
images and/or a diuretic renogram is needed.

If there is spontaneous, but slow, drainage of 
tracer, the patient can be instructed to get up (if pos-
sible), void in the bathroom, and walk around for a 
few minutes in order to promote postural drainage 
before another image of the kidneys is obtained. In 
a small child or a baby, the patient should be picked 

up and held by a caregiver for a few minutes before 
taking additional images (Fig. 12.1). If adequate 
postural drainage is not seen, the nuclear medicine 
physician may decide to proceed with a diuretic 
renogram. If postural drainage occurs, then admin-
istration of furosemide may not be necessary.

 Imaging: MRI Urography
MRI urography provides exquisite detail of the 
kidneys, ureters, and bladder with no radiation 
exposure. However, there are many differences 
between MRI urography and dynamic radionu-
clide scintigraphy. Dynamic renal scintigraphy, 

Fig. 12.1 Dynamic renography in a 4-month-old male 
with left multicystic dysplastic kidney and with grade 3 
vesicoureteral reflux into the right kidney. Differential 
function is 9 % left kindey and 91 % right kidney as 
assessed during the second minute of imaging (top left 
panel). After twenty minutes (top right panel), the dys-

plastic left kidney shows no tracer uptake. The right 
 kidney has 49% residual tracer in the collecting system. 
After postural drainage (bottom panel), a repeat image at 
36 minutes demonstrates additional collecting system 
drainage with a residual of 11% of peak activity
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including diuretic renography when indicated, 
takes approximately 50 min to complete, while 
MRI urography requires approximately 1.5 h and 
typically requires sedation to acquire satisfactory 
images. For MRI urography, Ga-DTPA 
(0.2 mL/ kg) is infused intravenously for approxi-
mately 30 s, while less than 1 nmol of 99mTc-
MAG3 is given as a rapid bolus of <0.2 mL. 
Furosemide is given approximately 30 min before 
the administration of the MRI contrast agent in 
all patients, while in dynamic scintigraphy, furo-
semide is given only as needed.

 Imaging: Diuretic Renography
Prior to administration of the diuretic, it is impor-
tant to ensure that radiotracer has filled the renal 
pelvis. In a poorly functioning and severely 
hydronephrotic kidney, tracer may not be detected 
by 20 min within a very dilated renal pelvis. If 
this is the case, it is prudent to wait a few minutes 
to allow the renal pelvis to fill in with tracer and 
then proceed with the administration of furose-
mide. This may or may not resolve the diagnosis. 
Forced hydration has been suggested as a means 
to improve the diagnosis of obstruction versus 
non-obstruction by diuretic renography [37–39]. 
A compliant and dilated renal pelvis of a poorly 
functioning kidney leads to one of the pitfalls 
of diuretic renography: it may not be possible 
to  differentiate a dilated compliant pelvis from 
obstruction.

The computer is set to record at a rate of 15 
seconds per frame for 30 minutes in a 128 x 128 
matrix format. The dose of furosemide (1.0 mg/
kg,  maximum dose 40 mg) is prepared and read-
ied for  intravenous injection. Image acquisition 
is begun 1 min prior to the administration of the 
diuretic; the initial images can serve as a baseline. 
The furosemide then is slowly injected over 2 min 
through the intravenous line. The diuretic effect is 
very rapid and it is usually seen on the renal time-
activity curve by 1–2 min after administration of 
the furosemide.

In some patients, the forced diuresis causes or 
reproduces flank pain, especially in those with 

hydronephrosis who complain of intermittent 
pain. In some cases, rapid overdistention of the 
renal pelvis may disrupt the status of a system in 
which urine flow and drainage are otherwise bal-
anced. In most cases, even with collecting system 
dilation, rapidly increased diuresis causes no pain 
or discomfort.

 Processing and Display
An integrated display of the entire renogram is 
useful for interpreting the study as well as helpful 
in providing the referring physicians with a sim-
ple, intuitive, and consistent way to communicate 
the results (Fig. 12.2).

The Renogram: Interpretation

 Interpretation of Renal Radionuclide 
Angiography
The radionuclide angiogram can be viewed as a 
series of sequential images or in a cinematic 
mode. The series of images depict tracer activity 
as it initially circulates within the aorta and the 
arterial-arterio territories of the kidneys. 
However, once tracer reaches the kidneys, dilu-
tion will make it difficult or impossible to differ-
entiate the arterial, capillary, and venous phases. 
Rapid changes in renal blood flow secondary to 
sudden increases in pressure in the renal pelvis 
can be detected by radionuclide angiography. 
This suggests that there can be reversible changes 
in renal blood flow responding to acute changes 
in pelvic pressure (Fig. 12.3) [40, 41].

 Interpretation of the Renogram
When interpreting a dynamic renal study such 
as the renogram, it is important to evaluate all 
the available information including both the 
images and the time-activity curves derived 
from appropriate regions of interest (ROI). 
Cinematic  display of the images can be helpful 
for interpretation by the nuclear medicine physi-
cian and the referring physicians. Appropriate 
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interpretation of the renogram should include a 
systematic evaluation of three phases of the 
study. These include:
 1. Parenchymal or cortical phase
 2. Cortical transit time
 3. Urine drainage phase

 Parenchymal Phase
The parenchymal or cortical phase occurs after 
the initial vascular distribution of the tracer and 
before the first appearance of tracer in the renal 

collecting system. During this period, tracer con-
centrates in the renal cortical parenchyma while 
the blood level of tracer is decreasing. The paren-
chymal phase  provides information about (a) 
total renal function, (b) split or differential renal 
function, (c) size and position of the functional 
renal parenchyma, and (d) renal morphology of 
functioning renal parenchyma. The parenchymal 
phase image usually is acquired during the sec-
ond minute (60–120 s) following the intravenous 
administration of the tracer (Fig. 12.4).

L

1–2 min

1 2 3 4 5 6

8
minutes

10 12 14 16 20

19–20 min 0

Parenchymal Phase
Distribution: 51% Left, 49% Right
Uptake: 22% of the inject dose

min 20

Right:
Peak at
Residual 14% at

Residual 90% at

20 min

20 min

3.0 min

Peak at
Left:

Whole kidney

12.5 min

Fig. 12.2 Simplified display developed at Boston 
Children’s Hospital. All information from the parenchy-
mal phase of the renogram can be reviewed on a single 
screen. Summed dynamic images acquired over twenty 
minutes are displayed in the bottom panel. The are no seg-
mental perfusion defects and cortical transit is identified 
by three minutes in both kidneys. The right kidney has 

normal uptake, cortical clearance, and collecting system 
drainage. The left kidney has normal uptake and cortical 
clearance, but markedly delayed collecting system drain-
age. Differential function determined during the second 
minute of imaging (top left panel) is 51 % left kidney and 
49 % right kidney. The time activity curve and summary 
data are displayed in the upper right panel
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 Total Renal Function
Evaluating the ratio of the total renal uptake of 
99mTc-MAG3 and the body background activity, 
one can obtain a qualitative estimate of total 
renal function. 

A quantitative estimate of the total renal 
uptake of the injected dose complements this 
visual assessment. This can be useful in the serial 
evaluation of individual patients as the analog 
images may vary in intensity.

Total renal uptake can be estimated using the 
following procedure. The syringe containing 

the tracer to be injected is placed at 15 cm from 
the face of the collimator using a specially made 
plastic holder and the activity is recorded as the 
initial dose. All materials used for the injection 
of the tracer (e.g., syringe, butterfly needle) are 
saved for later counting. The dynamic study is 
recorded as described above. At the end of the 
dynamic study, the saved materials are placed in 
front of the collimator using the same holder, 
and another image (residual dose) is recorded. 
The total renal counts are determined in regions 
of interest (ROIs) drawn around the kidneys on 
the parenchymal phase (60–120 s). All mea-
surements are corrected for background and 
radioactive decay. Results are expressed as per-
centage of the administered dose (initial minus 
residual) in the kidney(s) during the parenchy-
mal phase.

As this approach does not correct for tissue 
attenuation and depth, only an estimate of 
the total renal uptake is obtained, not an absolute 
value. Meticulous attention to detail and study-
to-study consistency are essential to avoiding 
errors that may lead to inadequate assessment of 
renal function. We evaluated the normal values 
of estimated percentages of the injected dose in 
the kidneys using our method in children. The 
estimated percentage of the total renal uptake of 
the injected dose in children younger than 5 
years of age (range 1–60 months) with normal 
total renal function ranged from 8 to 23 % with 
an average of 15.4 % (median 15.0 %, range 
8–23 %). These children’s weights averaged 
10.1 kg (median 8.0 kg, range 5–23 kg), serum 
creatinine levels averaged 0.3 mg/dL (median 
0.2 mg/dL, range 0.2–0.4 mg/dL), and serum 
BUN levels averaged 11.7 mg/dL (median 
10 mg/dL, range 5–18 mg/dL).

 Split or Differential Renal Function
The parenchymal phase provides information 
about differential renal function (split renal func-
tion). The differential renal function can be cal-
culated in the parenchymal phase from the ratio 
of counts from the corresponding ROI from each 
kidney. This ratio is consistent with a differential 

Baseline

Increased pressure
in left kidney
2 s images

Fig. 12.3 Effect of acute increases in hydrostatic pelvic 
pressure on renal blood flow. Iridium-191m radionuclide 
angiograms, 2-s frames. Top: Baseline study reveals sym-
metric renal blood flow. Bottom: Decreased left renal 
blood flow (arrow) during acute increase of hydrostatic 
pressure in the left renal pelvis
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renal function calculation that can be obtained 
from renal 99mTc-DMSA scintigraphy when the 
function in each kidney is greater than 10–15 % 
of the total renal uptake. If the renal function 
from an individual kidney estimated by 99mTc-
MAG3 is less than 10–15 %, then this method 
likely will underestimate of the kidney’s contri-
bution to the total renal function. This likely is 
due to slow accumulation of tracer over many 
minutes in a kidney with markedly impaired 
function, as well as difficulty discriminating low 
levels of renal uptake from background. In these 
cases, 99mTc-DMSA scintigraphy will provide a 
more reliable determination of differential renal 
function.

Placement of ROIs over the kidneys without 
including extraparenchymal sources of activity 
may be difficult, especially in cases of poor 
renal function and in hydronephrosis. Careful 
attention to detail and consistency during selec-
tion of background ROIs is essential as different 

sizes and positions of background regions can 
produce different results. This can be most 
problematic when the renal function is low or 
hydronephrosis is present. Thus, it is crucial to 
verify any semiquantitative results with visual 
assessment.

 Kidney Size and Position
The relative renal size can be estimated by sim-
ple visual observation of the parenchymal image. 
The maximum renal dimensions in the longitudi-
nal and transverse planes can be measured with a 
calibrated system or by imaging a radioactive 
ruler placed to the side of the patient. In addition, 
the functional size of the kidneys can be  estimated 
by comparing the kidneys with the body outline 
and relative proportions of visible organs on 
early images. However, this assessment is not as 
accurate as can be obtained with renal cortical 
scintigraphy. The parenchymal phase also shows 
the position of the kidneys. If a pelvic kidney is 

Duplication

Hydronephrosis

Poorly functioning
left kidney

Fig. 12.4 Examples of 99mTc-MAG3 parenchymal phase 
images. Top left and middle: Two examples of renal dupli-
cation. Top right: Poorly functioning left kidney.  Bottom 

left: Left hydronephrosis. Bottom middle: Right hydrone-
phrosis. Bottom right: Bilateral hydronephrosis
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suspected, it is important to include the pelvic 
area within the field of view of the camera 
(Fig. 12.5).

 Morphology of Functioning 
Renal Parenchyma
The parenchymal phase provides information 
about overall morphology of the kidneys and 
intrarenal distribution of radiotracer. In kidneys 
with pelvicaliectasis or hydronephrosis the fun-
tional cortex appears as a rim of uptake around 
the dilated renal pelvis. Larger cortical defects 
and some renal scars also can be identified, such 
as a malfunctioning upper pole in a duplex kid-
ney, trauma, tumor, or cyst. The parenchymal 
phase does not allow detection of small cortical 
defects, however.

 Cortical Transit Time
A very useful parameter that can be measured 
from the dynamic renal study is the corti-
cal transit time. The cortical transit time can 
be defined as the time between the intrave-
nous administration of the tracer and the first 
 appearance of tracer within the renal collect-
ing system. With normal renal function radio-
tracer should appear within the renal collecting 
system 2–5 min after intravenous injection. 
With impaired renal function, the cortical tran-
sit time will be prolonged. In the presence of 
pelvicalyceal dilation, a normal cortical tran-

sit time can be reassuring that there has been 
little loss of renal cortical function. As the 
tracer is excreted from the renal cortex into the 
renal pelvis, parenchymal renal activity should 
decrease gradually. Even if the cortical transit 
time appears to be within the normal range, it 
is important to confirm that it is associated with 
a decrease of parenchymal activity. Cortical 
transit time may be prolonged in several condi-
tions that affect renal function, including renal 
immaturity, ureteral obstruction, hydronephro-
sis, renal insufficiency, acute tubular necrosis, 
renal artery stenosis, renal vein thrombosis, 
acute and chronic pyelonephritis, transplant 
rejection, nephrotoxicity, and trauma.

Urine Drainage Phase. As the renogram pro-
gresses to the drainage phase, tracer gradually is 
eliminated through the pelvicaliceal system and 
the ureters into the bladder. By the end of the 20 
min renogram, nearly all of the tracer should 
have cleared from the renal parenchyma and 
most should be drained from the renal collecting 
system. Time-activity curves generated from 
regions of interest over an entire  kidney usually 
reveal peak activity at 4–6 min with subsequent 
decrease by 20 min. With normal renal function 
and drainage, the twenty-minute residual should 
be less than 50 % and usually is less than 35 %. 
Time-activity curves must not be interpreted 
alone, but along with careful evaluation of the 
images of the parenchymal phase, cortical transit, 

2 min 5 min 20 min

Fig. 12.5 Ectopic left kidney. 99mTc-MAG3 renogram 
demonstrates tracer uptake renal parenchyma of a normally 
positioned right kidney and ectopic pelvic right kidney on 
the 2-min image. By 5 min, tracer appears in the renal 

 pelvis of both kidneys. The right kidney demonstrates per-
sistent tracer accumulation in the collecting system, con-
cerning for mild ureteropelvic junction obstruction

S.T. Treves et al.



293

and the drainage phase. A normal cortical transit 
time with nearly complete cortical clearance of 
the tracer from the cortex at 20 min accompanied 
with a renal time-activity curve that reveals a 
delayed peak and high residual value indicates 
delayed urine drainage without parenchymal dys-
function. The most accurate interpretation 
requires examination of both serial images and 
time-activity curves.

A normal dynamic renal study reveals rela-
tively rapid and intense concentration of the 
tracer in the renal parenchyma at 1–2 min after 
administration (Fig. 12.6). Passage of the tracer 
into the renal calyces and the renal pelvis 
occurs at 3–5 min. In the absence of ureteral 
dilation or obstruction, visualization of tracer 
in the ureters is variable. The ureter may be 
visualized in some normal patients and those 

with slow ureteral transit time. Ureteral dilata-
tion or very slow transit time, with or without 
obstruction, usually shows as ureteral visual-
ization in the renogram. By 20 min after injec-
tion, the radiotracer usually has cleared almost 
completely from the renal parenchyma. Small 
residual amounts of tracer persisting in the 
 pelvicaliceal system at 20 min may be normal 
and are usually of no clinical significance. 
Minimal residual tracer tends to clear spontane-
ously, with a change in the patient’s position or 
after voiding. Tracer appears within the bladder 
3–6 min after injection, and its level increases 
with time as more of it is excreted by the kid-
neys. In a patient with normal renal function, 
soft-tissue background, which reflects blood 
clearance of the tracer and therefore total renal 
function, rapidly decreases with time. 

1 2 3 4 5 6

7 8 9

Left

Right

0 20min

10 15 20 min

Fig. 12.6 Normal 99mTc-MAG3 renogram in a 4-week-
old girl with a question of renal obstruction. Dynamic 
images acquired for twenty minutes after tracer adminis-
tration demonstrate symmetric tracer accumulation in 
both kidneys. By four minutes, there has been cortical 
transit of tracer and tracer accumulation is seen in both 

ureters and the bladder. The is rapid drainage of the col-
lecting system. The time activity curve (bottom panel) 
confirms these findings. Maximal activity is at 4 minutes 
in both kidney, and the curves demonstrate a normal con-
cave appearance during the drainage phase. By twenty 
minutes, residual tracer in each kidney is 20–25 %
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If there is no retention of tracer within the pel-
vicaliceal system or the ureter(s), the study is ter-
minated at 20 min. If, at the end of the initial 20 
min, tracer is retained within the pelvicaliceal 
system, the patient should be encouraged to get 
up, void in the bathroom, and walk around for a 
few minutes if possible (a small child should be 
picked up for a few minutes) to promote postural 
drainage. An additional image is then obtained to 
determine if drainage has occurred. Kidneys that 
drain with a change in patient position should not 
be considered obstructed [42]. If urinary obstruc-
tion is  suspected, a diuretic renogram may be 
indicated (see below).

 Interpretation of the Diuretic 
Renogram
Intravenous administration of furosemide is fol-
lowed by a rapid diuretic response that displaces 
tracer from dilated unobstructed systems. If there is 
significantly obstruction of the collecting system, 
then tracer in the renal area decreases slowly, fails 
to decrease, or even increases in response to the 
induced diuresis.

In diuretic renography, drainage is directly 
proportional to urine flow and inversely propor-
tional to the volume of the renal pelvis and ureter. 
Urine flow depends on the level of renal function 
and amount of renal parenchyma present, as well 
as the ability of the parenchyma to respond to the 
diuretic. There are a set of factors that, when 
present, limit the ability of diuretic renography to 
determine if there is obstruction or not. These 
 pitfalls include poor renal function; parenchymal 
loss; large, flaccid, and compliant renal pelvis 
and/or ureter; infiltration of the diuretic; bladder 
overdistention; prune-belly syndrome; and com-
plex surgeries [43–45].

Interpretation of the diuretic study must 
include the evaluation of both the initial 20-min 
dynamic renal study and the diuretic phase.

In the absence of obstruction, rapid and almost 
complete washout of radiotracer from the pelvi-
caliceal system occurs. If a kidney drains satis-
factorily during the initial dynamic renal study, 
half-time (t1/2) is not calculated. As there is not 
much tracer remaining, a calculated t1/2 will be 
prolonged and potentially misleading. In 

obstructed systems, drainage of tracer following 
administration of the diuretic is slow and there is 
tracer retention at the end of the study. 
Interpretation of intermediate diuretic reno-
graphic patterns can be more difficult.

A comparison is made of images obtained 
prior to the administration of the diuretic and at 
the end of the 30-min diuretic study. The diuretic 
washout t1/2 is determined using a mono-expo-
nential interpolation between a point on the ini-
tial descent of the time-activity curve and another 
point on the downslope while the curve is decay-
ing monotonically. A rapid initial t1/2 can be fol-
lowed by significant retention of tracer in the 
renal pelvis. Therefore, it is important to report 
both the initial washout t1/2 and the residual activ-
ity in the renal pelvis at 30 min.

Estimation of the diuretic half-time is a useful 
adjunct to the assessment of urinary obstruction. 
Washout half-time has been overemphasized as 
the only factor in the assessment of possible kid-
ney obstruction. This approach can lead to over-
simplification of a rather complex condition as 
diuretic half-time is only one of several factors 
considered when assessing urinary obstruction. 

At least three different methods have been 
used to calculate the diuretic washout half-time. 
Therefore, diuretic half-time values vary from 
method to method and from observer to observer 
(Fig. 12.7). Despite these variations in technique, 
the overall sensitivity of diuretic renography for 
the detection of obstruction in children remains 
high [46].

 Advanced Image Processing
Advanced planar processing software provides 
opportunities to decrease administered radio-
pharmaceutical dose while maintaining or 
improving the quality of planar images. Research 
in our laboratory has shown that the administered 
dose of 99mTc-MAG3 can be reduced to 2.2 MBq/
kg (0.06 mCi/kg) without compromising image 
quality when images are viewed at 1 frame per 
minute. With noise reduction software, the 
administered dose can be reduced further to 1.5 
MBq/kg (0.04 mCi/kg). Denoising software may 
permit a significant reduction in administered 
radiopharmaceutical dose and patient radiation 
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exposures without loss of diagnostic information. 
(Fig. 12.13) [17].

Renal Cortical Scintigraphy

  Patient Preparation

There is no need for special patient preparation 
for this method other than informing the patient 
and caregivers of what to expect in terms of the 

method and the several hours of time commit-
ment from arrival, tracer injection, and imaging. 
In our experience, sedation is used rarely, if ever, 
for this procedure.

 Radiopharmaceutical  
and Administered Doses

 99mTc-DMSA
Technetium-99m-DMSA is the agent of choice 
for renal cortical imaging by planar scintigraphy, 
by pinhole magnification, or by single photon 
emission computed tomography (SPECT). 
Technetium-99m-DMSA is administered intrave-
nously with a usual dose of 0.05 mCi/kg (1.85 
MBq/kg) [minimum 0.3 mCi (11.1 MBq); maxi-
mum 3.0 mCi (111 MBq)]. After intravenous 
injection, this agent is 90 % bound to plasma pro-
teins, and a small amount (0–5 %) is associated 
with red cells [47]. In normal individuals, the 
blood disappearance of 99mTc-DMSA follows a 
single exponential with a mean half- time of 56 
min and with 6–9 % of the administered dose 
present in the blood at 14 h after injection. The 
renal uptake of 99mTc-DMSA is approximately 
40–50 % of the injected dose at 4 h and 70 % at 24 
h, [47, 48]. Most accumulated tracer is found in 
the proximal convoluted tubules, with small 
amounts elsewhere in the kidney (Fig. 12.8) [49]. 
Although most 99mTc-DMSA is retained in the 
renal parenchyma, cumulative urinary excretion 
has been reported to be 6 % at one hour, 1–12 % 
at two hours, and 25 % at 14 hours.

The distribution of 99mTc-DMSA uptake 
between kidneys reflects regional renal blood 
flow and functional renal parenchymal mass [50, 
51, 52]. There is an autoregulation phenomenon 
that maintains total renal function at normal lev-
els even in an increase in the number of nephrons 
and apparent renal mass. For example, in experi-
mental rats receiving a renal transplant, the ani-
mal ends up with three kidneys (two native and 
one transplant), and the total renal uptake of 
DMSA remains the same as before transplanta-
tion. The tracer is evenly distributed among the 
three renal units. There appears that there is a 
feedback signal to enable the aggregate renal  
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Fig. 12.7 Different ways of calculating diuretic-phase 
half-time from the diuresis time-activity curve: (a) 
Exponential interpolation of the washout curve in the 
region of fastest collecting system drainage may pro-
vide the most accurate assessment of collecting system 
obstruction, (b) Linear interpolation in the region of fast-
est collecting system drainage, (c) Linear interpolation 
from time 0 to the end of imaging at 30 minutes may be 
the least accurate
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glomerular and tubular clearance to remain a 
constant linear function of body weight even in 
the presence of an additional kidney (Fig. 12.9) 
[53].

In patients, excellent images of renal cor-
tex can be obtained approximately 3–4 h after 
administration of 99mTc-DMSA. In patients 

with obstruction, tracer retained within the 
pelvicaliceal system can interfere with map-
ping of functioning renal parenchyma and 
may lead to the wrong estimate of differential 
renal function. It is important to evaluate care-
fully the images acquired at 4 h to confirm that 
there is no tracer in the pelvicaliceal system. 
If tracer is retained, later imaging (up to 24 h 
after injection) may allow tracer in the urine to 
be eliminated and permit a better assessment 
of renal cortices and differential renal function 
(Fig. 12.10).

 Renal Scintigraphy: Imaging

Three to four hours after administration of 99mTc-
DMSA, the kidneys may be imaged using planar 
scintigraphy, pinhole magnification, or SPECT.

 Planar Renal Scintigraphy
Planar renal scintigraphy can provide infor-
mation about: (1) number, position, size, and 
overall morphology of the functioning kidneys; 
(2) differential renal function; and (3) regional 
parenchymal function. For conventional planar 
renal scintigraphy the patient is examined in the 
supine position, and a posterior image containing 
300,000–500,000 counts is recorded using a high-
resolution or, preferably, ultrahigh- resolution 

Fig. 12.8 99mTc-DMSA. 
Frozen section autoradiogra-
phy from a rat kidney 1 h 
after intravenous injection of 
99mTc- DMSA. Tracer 
concentrates principally in the 
proximal convoluted tubules. 
Minimal or no tracer activity 
is seen elsewhere

Fig. 12.9 Three-kidney rat 16 h after injection of DMSA. 
The transplanted third kidney (T) lies below the other  
two [53]
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collimator on a 256 × 256 matrix format. Left and 
right posterior oblique projections may be use-
ful for identifying  cortical defects. A calibrated 
system enables measurement of the size of the 
functional renal parenchyma. Semi-quantitative 
assessment is performed with regions of interest 
of each kidney and background areas. The differ-
ential split renal uptake corrected for body back-
ground is then calculated. The normal differential 
renal uptake is nominally 50 %/50 % (+/–5 %), 
so it can range from 45 %/55 % to 55 %/45 %. In 
renal duplication, separate regions of interest of 

the upper and lower poles can be used to estimate 
the distribution of functioning renal parenchyma 
with in the duplicated kidney. A more detailed 
assessment of regional parenchymal function 
(e.g., scar, inflammation, infarct, duplex) is best 
done with SPECT or with pinhole magnification.

 Magnification Renal Scintigraphy
Pinhole magnification is very effective for 
detailed imaging of the kidneys in both infants 
(in whom magnification is essential) as well  
as older children and adolescents. A pinhole  

52 % 48 % 46 % 54 %

L

4 h 24 h

a

b

Fig. 12.10 (a) 4-day-old infant with bilateral hydrone-
phrosis, hydroureters, and severe bilateral reflux. Left: The 
4-h image estimates a 52 %–48 % differential 99mTc-
DMSA uptake. However, high levels of tracer in the pelvis 
and ureters interfere with assessment. Right: An image at 
24 h is clear of excreted urinary activity and best repre-
sents the differential renal function as 46 %/54 %. (b): 
99mTc-DMSA cortical scintigraphy in a 3-month-old boy 
with nonvisualization of the right kidney by ultrasonogra-

phy. This study was performed to look for any evidence of 
right renal function. Left: Scintigraphy at 4 h revealed nor-
mal tracer accumulation in the left kidney (L). Tracer accu-
mulation in the right side could correspond to an ectopic 
right kidney or tracer in the bladder (arrow). Right: Image 
at 24 h shows clearance of tracer from the pelvis, which 
clearly demonstrates that tracer had accumulated in the 
bladder (arrow) with, no evidence of an ectopic pelvic 
right kidney
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collimator with an internal diameter of 2–3 mm 
 provides images of high spatial resolution (2–3-
mm range). Posterior and posterior oblique pro-
jections are useful to detect and outline cortical 
abnormalities. Each pinhole image is obtained 
for approximately 150,000 counts using a 
256 × 256 matrix (Figs. 12.11 and 12.12). 
Cortical functional defects in pyelonephritis, 
infarction, scarring, duplication and fetal loba-
tions can be discerned better with pinhole mag-
nification than with parallel-hole, high resolution 
collimators.

Advanced Image Processing
Advanced planar processing software provides 
opportunities to decrease administered radiophar-
maceutical dose while maintaining or improving 
the quality of planar images. Denoising software 
may permit a significant reduction in admin-
istered radiopharmaceutical dose and patient 
radiation exposures without loss of diagnostic 
information. (Fig. 12.13) [17].

 Single Photon Emission Computed 
Tomography (SPECT)
Technetium-99m-DMSA single photon emission 
computed tomography (SPECT) is superior to 

 conventional planar or pinhole scintigraphy for 
mapping regional functioning renal parenchyma. 
By definition, SPECT permits simultaneous eval-
uation of images in the transverse, coronal, or 
sagittal plane, or in any plane. Evaluating rotat-
ing volume- rendered images permits a superior 
overall view of the functional anatomy of the kid-
neys. Using modern  systems, renal SPECT 

66 % 34 % L R

4 %

30 %

Fig. 12.11 99mTc-DMSA pinhole scintigraphy in a 
2-year-old girl with repeated urinary tract infections, a 
double right collecting system, and moderate vesicoure-
teric reflux in the right lower pole. Posterior images reveal 
reduced relative function of the right kidney. There is a 
large cortical in the lower moiety of the right kidney (left 

panel). Pinhole images (right panel) reveal greater detail 
with a clear delineation of the focal reduction of tracer 
uptake in the right (R) lower moiety. Region of interest 
analysis showed that the upper moiety contributes 30 % of 
total renal function, while the lower moiety contributes 
only 4 % of total renal function

a b

Fig. 12.12 Right multicystic dysplastic kidney. The right 
kidney is not visualized. Planar (a) and magnified pinhole 
images (b) are shown. Note the detailed visualization of 
renal cortex on the pinhole image
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acquisition requires 15–20 min (Figs. 12.14, 
12.15, and 12.16). SPECT may be less suitable 
for small patients less than 1 year of age. With 
currently available SPECT cameras, the detectors 
cannot easily be positioned close to a small 
patient and the distance between the cameras and 
kidneys limits detailed renal imaging.

 Iterative Reconstruction
Until recently, most renal SPECT studies have 
been processed using the technique of fil-
tered back projection. The application of 3-D 
Ordered Subset Expectation Maximization 
(OSEM) with resolution recovery (for example, 
OSEM 3D, Flash 3D, Siemens) can result in a 
significant improvement in DMSA image qual-
ity compared to filtered back projection. The 
improved image quality can facilitate a reduc-
tion of radiopharmaceutical administered doses 

and, therefore, reduction in radiation exposure. 
Alternatively, utilization of OSEM may per-
mit a substantial reduction in acquisition time 
without loss of image quality (Figs. 12.17 and 
12.18) [54].

 Measurement of Renal Volumes with SPECT
Measurement of individual renal volumes in chil-
dren can be elegantly performed with an auto-
mated method of SPECT analysis. With this 
method, we measured renal volumes in 310 chil-
dren without renal disease with a median age of 
8.8 years (range 1–21 years of age). This auto-
mated approach showed a high level of reproduc-
ibility and reliability compared to other methods. 
Normal ranges of renal volumes in children were 
determined with this method. These volumes 
were determined as a function of body weight in 
males and females (Fig. 12.19) [55].

100 % counts

20 %

50 % 30 %

10 %
Dose reductions

Fig. 12.13 Dose reduction using advanced image pro-
cessing. Simulated noise was added to simulate fewer 
counts/activity. Then, spatially variant filtering was used 

for noise reduction, demonstrating that advanced image 
processing may permit high image quality with lower 
radiopharmaceutical doses [183]
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Posterior view

Left Right

59 % 42 %

7.7 cm9.2 cm

Left sagittal

Right sagittal
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Superior Transverse Anterior Coronal
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A
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Fig. 12.14 99mTc-DMSA SPECT in a 9-year-old female 
with hypertension and with normal ultrasonography with 
Doppler. Summed projection images are used to deter-
mine that differential renal function is left 59 % and right 
42 %. The left kidney has an irregular contour and the 

right kidney is smaller than the left. In the left panel, slices 
in the transverse, coronal, and sagittal projections more 
clearly delineate cortical defects the in the lateral mid and 
superior aspect of the left kidney

5/02

2/03

5/04

Planar C T S

SPECT
Fig. 12.15 Pyelonephritis 
and recovery. Planar and 
SPECT 99mTc-DMSA images 
of a 7-year-old girl with 
bilateral vesicoureteral reflux. 
Planar images reveal the left 
kidney has lower renal 
function and that on 2/03 a 
cortical defect was present in 
the right upper pole. SPECT 
reveals the defect more 
clearly. Following a course of 
intravenous antibiotics, the 
defect has largely resolved. 
This recovery is more clearly 
seen on SPECT. C coronal, 
T transverse, S sagittal
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T

S R

R

C

Fig. 12.16 Single photon 
emission computed tomogra-
phy (SPECT) and conven-
tional planar scintigraphy in 
pyelonephritis. This 16-year-
old girl with a history of 
repeated urinary tract 
infections and vesicoureteric 
reflux presented with acute 
onset of right flank pain and 
fever. Selected transverse (T), 
coronal (C), and sagittal (S) 
slices reveal a focal cortical 
defect in the right upper pole 
(arrows). Conventional planar 
scintigraphy does not show 
the defect (arrow) as clearly 
as SPECT

FBP
Full counts

OSEM-3D
Half counts

OSEM-3D
Full counts

Fig. 12.17 OSEM 3D (Ordered Subset Expectation 
Maximization) with resolution recovery [54]. Left: DMSA 
SPECT reconstructed with Filtered Back Projection 

(FBP). Middle: Same image with 50 % counts recon-
structed with OSEM 3D. Right: Same image with 3D 
OSEM containing full counts

R R

Fig. 12.18 Effect of OSEM 3D and resolution recovery on DMSA SPECT [54]. Left: DMSA SPECT reconstructed 
with Filter Back Projection. Right: DMSA SPECT reconstructed with OSEM 3D with resolution recovery
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 Clinical Applications

 Renal Immaturity/Neonatal Period

When evaluating newborn infants, nuclear medi-
cine clinicians should recognize normal renal 
immaturity and its effect on the renal handling of 
radiotracers [56]. The glomerular filtration rate 
(GFR) per unit of surface area in the newborn is 
approximately 30 % of the adult rate. During the 
first few days of life, there is a dramatic rise in the 
renal function, followed by a more gradual 
increase with adult levels (normalized to BSA) 
reached at 6 months to 1 year of age. Studies of 
very low birth weight (VLBW) premature infants 
have revealed dramatically lower renal function 
with a much slower rise to normal levels [57].

Most newborns are able to urinate within 24 h 
from birth. In problem cases, radionuclide imag-
ing is useful to assess renal function, even in the 
absence of diuresis. The combination of ultraso-
nography and scintigraphy has proved useful for 
evaluating renal function in this group of patients.

Depending on renal maturation, renal uptake 
of dynamic tracers may be lower in newborns 
than in older children and adults. In addition, 
intrarenal transit time and excretion of these trac-
ers may be slow at this age. During the first or 
second week of life, a dynamic renogram may 
demonstrate faint, delayed renal uptake of the 

tracer with or without bladder activity at the 
expected times. If tracer is seen in the bladder 
within 2–5 min, the amount present may be lower 
than in older children. Background may be high 
throughout the study, reflecting low plasma clear-
ance of the tracer. As the child matures and renal 
function increases, renal uptake, intrarenal transit 
time, and excretion of tracers reach normal val-
ues. Some normal newborns, however, show 
apparently normal handling of dynamic renal 
tracers (Fig. 12.7).

Renal function immaturity also may be 
reflected on 99mTc-DMSA studies. In normal 
newborns, there may be relatively low  kidney/
background ratio. Intravenous urography is not 
the initial method of choice in this age group 
because of the poor concentration of contrast 
agents by the kidneys and the relatively high 
doses of contrast agents that must be used 
[58–60].

 Hydronephrosis/Obstruction

Hydronephrosis is one of the most common indi-
cations for radionuclide evaluation of the kid-
neys in pediatric patients. Findings on renal 
scintigraphy vary depending on hydration, age, 
type, and severity of the disease, site of obstruc-
tion, unilateral or bilateral pathology, presence 
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Fig. 12.19 Nonlinear relationship (solid lines) between 
renal volume and body weight for left (a) and right (b) 
kidneys with 95 % confidence intervals representing the 
normal ranges (dashed lines). The power models fit the 

empirical data closely. Male and female patients are 
pooled together because no gender differences were 
detected for left or right renal volumes [55]
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or absence of reflux, and recent surgery. In cases 
of hydronephrosis caused by obstruction at the 
ureteropelvic junction or ureterovesical junction, 
dynamic renal scintigraphy demonstrates abnor-
malities in structure and function on the involved 
side. With posterior urethral valves, there is 
bilateral renal involvement, and patients who 
present during early infancy may have severe 
obstruction with impaired renal function. In 
young children, the evaluation of function in the 
presence of obstruction does not give a reliable 
indication of the potential for recovery. It does 
indicate, however, the minimal function that may 
be expected.

In the young, even poor renal function caused 
by chronic obstruction is potentially reversible 
[61]. In these patients, ultrasonography should be 
obtained to search for surgically correctable 
lesions. Serial renal scintigraphy can be used 
to assess recovery as renal function may 
improve once the obstruction has been relieved. 
In  newborn hydronephrosis without obvious 
obstruction, the hydronephrosis may resolve 
spontaneously, suggesting that some hydrone-
phrosis in neonates and infants is a manifestation 

of physiologic change during development [62–
66]. Thus, in a young child with hydronephrosis, 
one should not arrive at the diagnosis of obstruc-
tion or prognosis based on a single examination. 
A single study provides only a “snapshot” of a 
changing situation. Serial studies over time pro-
vide a better indication of the natural progression 
of the hydronephrosis and help determine the 
presence of an obstruction (Figs. 12.20, 12.21, 
12.22, 12.23, and 12.24).

With dynamic renography a hydronephrotic 
 kidney initially will appear as a rim of tracer accu-
mulating in the renal parenchyma surrounding a 
dilated collecting system. As dynamic imaging 
continues, the pelvicaliceal system slowly will fill 
with tracer. The rate of appearance and the amount 
of the tracer in the pelvicaliceal system will 
depend on the cortical function of the hydrone-
phrotic kidney and the degree of collecting sys-
tem obstruction. Depending on the severity and 
duration of the obstruction, tracer may begin to 
accumulate in the renal pelvis within 3–6 min 
despite severe dilatation; with prolonged severe 
obstruction, however, tracer accumulation in the 
dilated renal pelvis is much slower.

1–2 min 20 min Pre-diuretic 30 min

Pre-diuretic 30 min

Left Pelvis

Left Pelvis

<0 m Halftime
98 % Residual

4 m Halftime
6 % Residual

0 min 30

0 min 30

0 min

20 min

20

0 min 20

R

49 %

37 % 63 %

51 %

1–2 min

R

Fig. 12.20 Left hydronephrosis with ureteropelvic junc-
tion obstruction in a 2-month-old boy. Top row: 
Preoperative study reveals differential function 37 % left 
and 63 % right. Both kidneys have mild cortical retention, 
consistent with immaturity, and markedly delayed sponta-
neous collecting system drainage. During diuresis, there is 
prolonged retention of tracer in the left renal pelvis with a 

clearly obstructive pattern. Bottom row: Following left 
pyeloplasty, differential renal function is 49 % left and 
51 % right. With maturation, the right kidney demon-
strates a nearly normal time-activity curve. The left kid-
ney still has markedly delayed spontaneous drainage, but 
during diuresis, there no longer are findings of obstruction 
(left, 49 %; right, 51 %)
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The apparent function of the hydronephrotic 
kidney will be affected by the severity of urinary 
 obstruction. High pressure in the pelvicaliceal sys-
tem can result in reduced renal blood flow and 
decreased cortical function. In the young, this can 
be reversed after relief of the urinary obstruction. A 
more accurate assessment of renal function can be 

attained after the obstruction is relieved (Fig. 12.25) 
[67, 68].

The amount of tracer uptake in the renal 
parenchyma is directly related to the functional 
capacity of the kidney. Renal blood flow decreases 
rapidly with increased pressure in the pelvicali-
ceal system (Fig. 12.3). This can be  reversible for 

1–2 min 20 min Pre-diuretic 30 min

Pre-diuretic 30 min20 min
min

46 % 54 %

47 % 53 %

1–2 min
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R
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R

200
min 300

min 300

Left Pelvis
T1/2 2 min
Residual 7 % 

Left Pelvis
T1/2 2 min
Residual 7 % 

Fig. 12.21 Prenatal diagnosis of left hydronephrosis in a 
2-month-old with mild ureteropelvic junction obstruction by 
intravenous urography. Top row: Preoperative 99mTc-MAG3 
study reveals lack of spontaneous drainage from the left kid-
ney. However, there was rapid washout of tracer following 
diuretic challenge with a washout half-time (t1/2) of 2 min 

and a 30-min residual of 7 %. Bottom row: 99mTc-MAG3 
study 3 months after left pyeloplasty. Differential renal func-
tion is stable with improved spontaneous drainage from the 
maturing right kidney. The diuretic phase is unchanged from 
the preoperative study. Ultrasonography and intravenous 
urogram revealed mild postoperative improvement

1–2 min

55 % 45 %

57 % 43 %

20 min

Pre-diuretic 30 min

Pre-diuretic 30 min

min

20 min1–2 min

200

R

R

min 200 min 300

min 300

Left Pelvis
T1/ 17 min
Residual 30 % 

Left Pelvis
T1/ 4 min
Residual 9 %

Fig. 12.22 A 1-month-old girl with prenatal diagnosis of 
left hydronephrosis and no treatment. Top row: 99mTc-
MAG3 study shows lack of significant spontaneous drain-
age from the left kidney. The washout half-time is 17 min 

with a 30-min residual of 30 %. Bottom row: 
Approximately 1 year later, there is an improvement in 
spontaneous drainage from the left kidney, a post-diuretic 
washout half-time of 4 min, and a 30-min residual of 9 %
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a period of time, but if increased pressure is per-
sistent, reduction in blood flow and function can 
become permanent. In studies of hydronephrosis 
due to obstruction, the obstructed kidney may 
take up more tracer than the contralateral side. It 

has been thought that the stressed, obstructed 
kidney develops transiently increased blood flow. 

Over time, renal function in an obstructed kid-
ney will be reduced. It has been suggested that in 
preoperative patients in whom the cortical  

1–2 min 20 min

Pre-diuretic 30 min

Pre-diuretic 30 min

min

20 min

46% 54%

50 % 50 %
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min 200 min 300

min 300

Left Pelvis

Left Pelvis
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3 m Halftime

4l % Residual

3 % Residual

Fig. 12.23 A 2-month-old boy with congenital left 
hydronephrosis 99mTc-MAG3 study. Top row: Lack of sig-
nificant spontaneous drainage from the left kidney. 
Following diuretic challenge, there was a washout half-
time of 14 min with a high (41 %) 30-min residual. Bottom 

row: Following left pyeloplasty, there is an improvement 
on the split renal function to 50 % and a rapid washout 
following diuretic challenge (t1/2 = 3 min, 30-min 
residual = 3 %)

min 200

min 200
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min 300

20 min1–2 min Pre-diuretic 30 min

Pre-diuretic 30 min1–2 min 20 min

58 % 42 %

55 % 45 %

R

R Right Pelvis

Right Pelvis > 100 m Halftime
84 % Residual

9 m Halftime
3l % Residual

Fig. 12.24 Worsening ureteropelvic junction obstruc-
tion. A 6-month-old boy with prenatal diagnosis of right 
hydronephrosis. Top row: Baseline 99mTc-MAG3 study 
showing right hydronephrosis, lack of spontaneous drain-
age from the right kidney, and washout following diuretic 
challenge (washout t1/2 = 9 min and 31 % residual). Bottom 

row: 6 months later, there is no significant spontaneous 
drainage from the right kidney and the diuretic renogram 
is grossly abnormal (t1/2 > 100 min with a 30-min residual 
of 84 %). There is an apparent slight increase in right renal 
function. The patient underwent right pyeloplasty to 
relieve the obstruction
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time-activity curves appear more nearly normal 
than the total kidney curve, there is a strong like-
lihood of improvement after the obstruction is 
relieved. Conversely, abnormal cortical curves 
may be associated with a poor prognosis for 
functional improvement [69]. It usually is possi-
ble to identify a single site of obstruction at the 
ureterovesical or the pelvicaliceal junction, but 
obstruction at both the pelvicaliceal and uretero-
vesical junctions may be difficult to detect. 
Detection of the level of obstruction depends on 
adequate renal function and the presence or 
absence of dilatation of the pelvicaliceal system 
and ureter [70]. Differentiating obstructed from 
dilated nonobstructed systems can be achieved 
by serial imaging after intravenous administra-
tion of furosemide (diuretic renography).

 Pyelonephritis

 Clinical Features
Urinary tract infection (UTI) is a common prob-
lem in children. Presenting signs and symptoms 
of children with UTI are varied and sometimes 
confusing. Infection may be confined to the 
bladder (cystitis); it may involve the upper col-
lecting systems (ureteritis, pyelitis) or the renal 
parenchyma (pyelonephritis). This differentia-

tion can be difficult to make on clinical grounds 
alone [71]. Patients may present with fever, 
flank pain or tenderness, malaise, irritability, 
leukocytosis, and bacteriuria, but there may be 
no clear indication that there is renal parenchy-
mal infection. Occasionally, patients with pyelo-
nephritis may present with fevers of unknown 
origin, particularly in neonates and infants. 
Prospective clinical studies have shown that 
commonly used clinical and laboratory findings 
are unreliable in differentiating acute pyelone-
phritis from lower UTI in children [72]. Acute 
pyelonephritis can result in irreversible renal 
damage (scarring), which in the long term leads 
to hypertension and/or chronic renal failure 
[73]. Experimental and clinical studies have 
shown that renal scarring can be prevented or 
reduced by early effective antimicrobial therapy 
of pyelonephritis [74–76]. 

 Vesicoureteral Reflux  
and Pyelonephritis
Although the coexistence of vesicoureteral reflux 
and pyelonephritis is well documented (see Chap. 
13), many cases of pyelonephritis occur in the 
absence of documented vesicoureteral reflux. 
Once acute pyelonephritis occurs, the subsequent 
development of renal scarring may be indepen-
dent of vesicoureteric reflux [39, 77–83]. That is, 

28 % 72 % 34 % 61 %

a b

Fig. 12.25 Left ureteropelvic junction obstruction, pre-
operative and postoperative 99mTc-MAG3 parenchymal 
phase images. A 2-year-old patient with left ureteropelvic 
junction obstruction, before and after left pyeloplasty. (a) 
The preoperative image reveals a large left kidney with 

low cortical uptake and severe pelvicaliectasis. The corti-
cal transit time of the tracer was prolonged. (b) The post-
operative study shows a smaller left kidney with improved 
tracer uptake and normal cortical transit time. Arrows 
indicate upper and lower limits of the left kidney
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some patients presenting with febrile UTI in the 
absence of documented vesicoureteral reflux can 
develop renal scaring. Therefore, it may be pru-
dent to assess renal cortical integrity in all 
patients with a febrile UTI. It would seem unwise 
to limit evaluation of cortical integrity in UTI 
only to those patients who present with a history 
of vesicoureteral reflux. Diminished 99mTc-
DMSA uptake at the site of acute pyelonephritis 
probably reflects both tubular dysfunction and 
focal ischemia related to microvascular changes 
[93, 94, 95].

 Cortical Scintigraphy of Pyelonephritis
Renal cortical scintigraphy with 99mTc-DMSA 
can be a reliable, simple, and practical imaging 
technique for routine use in the initial evaluation 
and follow- up of children with febrile UTI. It is 
useful to identify the degree of renal damage 
and to assess recovery or residual renal damage. 
The high sensitivity of 99mTc-DMSA scintigra-
phy for the early diagnosis and localization of 
acute pyelonephritis is well established [50, 51, 
84–86]. The sensitivity of 99mTc-DMSA scintig-
raphy for pyelonephritis is 96 % and the speci-
ficity is 98 % [87]. Imaging strategies in patients 
suspected of pyelonephritis or patients with sud-
den onset of fever, flank pain, and pyuria or 
 bacteriuria should include 99mTc- DMSA scintig-
raphy [88–90].

Images should be obtained in the posterior and 
posterior oblique projections using a parallel- 
hole, high or ultrahigh-resolution collimator. 

Pinhole magnification provides greater diagnos-
tic sensitivity than the parallel-hole collimator 
for the detection of small focal cortical defects. 
Technetium-99m- DMSA SPECT provides addi-
tional sensitivity and specificity over planar 
imaging in the evaluation of patients suspected of 
having pyelonephritis (Figs. 12.15 and 12.16) 
[85, 91, 92].

In normal kidneys, 99mTc-DMSA scintigraphy 
shows a pattern of tracer distribution reflecting 
the morphology of the renal cortex. No tracer 
uptake is seen in the medulla or in the collecting 
system. Flattening of the superolateral aspect of 
the left cortex may be due to splenic impression. 
Irregularities in the contour of the renal image 
may be due to fetal lobations (Fig. 12.26). In 
these instances, cortical thickness and tracer 
uptake are normal. Acute pyelonephritis usually 
appears as a single or as multiple focal areas of 
reduced or absent uptake with a soft edge, with-
out deformity of the renal outline or apparent loss 
of volume (Figs. 12.27, 12.28, 12.29, and 12.30).

In some cases, reduced uptake may be accom-
panied by an acute increase in volume of the 
affected area. Although the majority of lesions 
occur in the upper or lower poles, the mid-zone is 
not protected, and cortical defects can be seen in 
this area, also. By comparison, renal scars typi-
cally show loss of cortical volume with relatively 
sharp edges to the cortical defect. A less common 
scintigraphic pattern is one of diffusely decreased 
tracer uptake throughout an enlarged kidney. If 
treated appropriately within 48 hours, acute 

Fig. 12.26 Fetal lobation demonstrated on a 
99mTc-DMSA cortical scan in a 1 month-old 
infant with vesicoureteral reflux. There is 
decreased relative function in the right kidney, 
but no focal cortical defects are identified. 
Normal fetal lobation is seen in both kidneys
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pyelonephritis may resolve completely and scin-
tigraphic images typically would become normal 
within 4–6 months (Fig. 12.31).

Alternatively, without adequate and early 
antibiotic treatment, a permanent cortical scar 

may develop. A mature cortical scar is usually 
associated with contraction and apparent loss 
of volume of the involved cortex. This may 
manifest as cortical thinning, flattening of the 
renal contour, or a wedge-shaped defect. The 

Fig. 12.27 Acute multifocal pyelonephritis in 
a 2-year-old boy who presented with recurrent 
fever and left flank pain. The patient had no 
documented vesicoureteric reflux. 99mTc-DMSA 
planar scintigraphy reveals several cortical 
defects in the left kidney

Fig. 12.28 Diffuse acute pyelonephritis. Diffuse 
and focal pattern of decreased 99mTc-DMSA 
uptake in an enlarged (swollen) right kidney

a bFig. 12.29 Resolution of acute pyelonephritis. 
(a) Magnified image of a 3-month-old infant 
at the time of acute febrile urinary tract infection 
shows focal decreased uptake of 99mTc-DMSA 
in the medial aspect of the left upper pole.  
(b) Corresponding image 6 months later 
shows complete resolution
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scintigraphic pattern of a maturing scar var-
ies according to the severity, age, and location 
of the lesion as well as the rate of growth of 
 surrounding normal tissue.

The diminished uptake of 99mTc-DMSA in 
areas of acute inflammation probably reflects 
both focal tubular cell dysfunction and isch-
emia [81, 93, 94, 95].

a

b

c

d

Fig. 12.30 Progression of acute pyelonephritis 
to cortical scar. Posterior (a) and posterior 
oblique (b) images of the left kidney from a 
5-year-old child at the time of acute febrile 
urinary tract infection demonstrate focally 
decreased 99mTc- DMSA uptake in the upper pole 
with preserved renal outline and without 
evidence of volume loss. Corresponding images 
obtained 1 year later (c, d) show contraction and 
apparent loss of volume of the upper pole, 
consistent with cortical scarring

Acute

a b

2 months later

Fig. 12.31 Recovery of cortical function with rapid anti-
biotic therapy of a febrile urinary tract infection. The 
9-year-old girl presented with right flank pain and fever. A 
urinary infection was diagnosed. (a) 99mTc-DMSA dem-
onstrates focal cortical defects (arrows) in the right kid-

ney. Ultrasonography was normal. (b) Two months later, a 
follow-up 99mTc-DMSA cortical renal scan shows com-
plete resolution of cortical defects. With rapid antibiotic 
therapy of pyelonephritis, cortical scarring can be avoided
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 Intravenous Urography and Renal 
Ultrasonography
The limited sensitivities of intravenous urogra-
phy and ultrasonography for identifying early 
renal infection have been well-studied [87, 88, 
96–98]. Ultrasonography is very useful in diag-
nosing renal or perirenal abscesses, but less 
valuable in acute pyelonephritis in which renal 
enlargement may be the only abnormal finding. 
Intravenous urograms are abnormal in only 
24–26 % of patients with acute pyelonephritis 
[96, 98]. Possible abnormal urographic findings 
include a renal pelvis of small volume, dilated 
and distorted pelvicaliceal structures, renal 
enlargement, delayed pyelogram, reduced con-
centration of urographic material, and dilatation 
of the ureter without obstruction. In contrast to 
urography, cortical scintigraphy can detect cor-
tical defects that do not deform the renal outline 
or the collecting system [97, 99]. Computed 
tomography is an effective technique for docu-
menting the nature of parenchymal involve-
ment, particularly for the evaluation of the 
perinephric space. Concern about CT radiation 
exposures limits its use; therefore, routine use in 
the initial and follow-up evaluation of children 
with UTI is not practical, and CT should be 
reserved for complicated cases [100, 101]. The 
role of magnetic resonance imaging (MRI) in 
the diagnosis of acute  pyelonephritis remains to 
be defined [102].

In the diagnosis of pyelonephritis, the com-
bination of ultrasonography and cortical scin-
tigraphy is useful. Changes secondary to 
pyelonephritis may be recognized on ultrasonog-
raphy as hyperechoic or hypoechoic foci, loss of 
corticomedullary differentiation, focal or diffuse 
renal enlargement, and mild or moderate dilata-
tion of the renal pelvis. However, renal ultraso-
nography has proved to have a low sensitivity for 
the detection of acute focal inflammatory changes 
of the renal cortex. In a prospective study, ultra-
sonographic changes consistent with acute 
pyelonephritis were found in only 39 % of the 
children with scintigraphically documented acute 
pyelonephritis. When abnormal, ultrasonography 
underestimated the number and extent of the 
pyelonephritic lesions [77]. Ultrasonography 

should not, therefore, be regarded as the primary 
imaging technique for the diagnosis of acute 
pyelonephritis. Ultrasonography is, however, 
highly reliable for the detection of hydronephro-
sis and of the congenital abnormalities that may 
be associated with UTI in some patients.

 Renal Vein Thrombosis

Most types of acquired renal disease in newborns 
are due to circulatory disturbances, such as renal 
arterial or venous thrombosis. Approximately 
two-thirds of all cases of renal vein thrombosis 
occur in the pediatric age group, with most seen 
during the neonatal period. In older children, 
renal vein thrombosis may develop as a conse-
quence of nephrotic syndrome or severe illness. 
Nephrotic syndrome is a very frequent cause of 
large-vessel thrombosis because of urinary losses 
of antithrombin III, protein C, protein S, and 
other factors. In infants renal vein thrombosis 
usually is related to venous stasis secondary to 
shock, septicemia, or dehydration. The diagnosis 
of renal vein thrombosis may be suggested by the 
presence of oliguria, mild hematuria, and pro-
teinuria. Renal vein thrombosis also is seen in 
infants of diabetic mothers and children with 
congenital heart disease. Consumptive coagulop-
athy or intravascular coagulation may be present 
in some of these patients [78, 103–109]. 

Renal vein thrombosis has been described as 
a bilateral disease, with asymmetric involvement. 
Because of this characteristic, a minor lesion in 
the apparently noninvolved kidney may be missed. 
Most frequently, the thrombus originates in the 
interlobar or arcuate veins and less commonly in 
the main renal vein. The thrombus may extend 
into the main renal vein and the inferior vena cava, 
or in a retrograde fashion, it may involve the renal 
cortex. The venous obstruction then leads to infarc-
tion and hemorrhage. Blood leaking into the inter-
stitium and renal tubules may ultimately result in 
fibrosis. Most patients with renal vein thrombosis 
are treated medically with maintenance of normal 
fluid and electrolyte balance [107].

There is considerable variability in the uro-
graphic identification of renal vein thrombosis. In 
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most patients with this condition, the kidney 
involved is not visualized by intravenous urogra-
phy. Before modern nuclear medicine techniques 
were widely employed, it was thought that 
affected renal units not visible on initial uro-
graphic examination virtually ensured an atro-
phic, functionless kidney later [110]. Doppler 
ultrasonography typically shows decreased or 
absent flow in the affected kidney or renal vein.

Renal scintigraphy using 99mTc-MAG3 or 
99mTc-DMSA is a sensitive method for screening 
patients with renal vein thrombosis because 
the findings on serial renal scintigraphy that 
show the evolution of renal function correlate 
well with the ultimate outcome [111].

In severe cases, there may be no perfusion or 
apparent function in the involved side. A follow-
 up study may be useful to demonstrate the resid-
ual renal function after recovery. Radionuclide 
studies may reveal information of prognostic sig-
nificance, with a normal study predicting a rapid 
and complete recovery (Figs. 12.32 and 12.33).

 Renal Infarction

Renal infarction can occur in patients with cya-
notic congenital heart disease, polycythemia, 
atrial fibrillation, dehydration, or trauma. Aortic 
thrombosis and renal infarction are also well- 

recognized complications of prolonged umbilical 
artery catheterization. Treatment with thrombo-
lytic agents has produced resolution of the clot 
and recovery of renal function in some cases. 
Technetium-99m-DMSA scintigraphy demon-
strates focal perfusion defect(s) in the affected 
kidney(s) (Fig. 12.34).

 Hypertension

The prevalance of hypertension in children is 
less than 2.5 % [112], but the reported preva-
lance of secondary hypertension varies with the 
source of patients [113–115]. The younger the 
patient, the more likely that hypertension has a 
secondary cause, and the most common cause of 
secondary hypertension in children is renal dis-
ease. Renal disease associated with hypertension 
can be caused by diseases that involve the renal 
arteries or the renal parenchyma. In a study of 
563 pediatric patients with secondary hyperten-
sion, 78 % had a renal abnormality and 12 % 
were diagnosed with renal artery disease [114]. 
Less frequently, secondary hypertension may be 
caused by disorders of the endocrine, cardiovas-
cular, or nervous systems. Radionuclide renal 
studies play an important role in the evaluation 
and treatment of hypertension in infants and 
children.

Fig. 12.32 Renal vein thrombosis. This 99mTc-DMSA 
study was performed in a premature, 1,400-g female 
infant who developed hypertension after withdrawal of an 
umbilical artery catheter. Ultrasonography showed two 
kidneys of normal size. On the initial study (left panel), 

the kidney is not visualized. After treatment with hydrala-
zine, the patient became normotensive, and another study 
3 weeks later showed return of left renal function (right 
panel)
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1–2 min 20 min

1–2 min 20 min

R

R

0 min 20
71 % 29 %

56 % 44 %
0 min 20

Fig. 12.33 Renal vein thrombosis demonstrated by a 
99mTc-MAG3 renogram in a 1-week-old girl presenting with 
oliguria, cardiomegaly, and hypertension. Top row: First 
study shows asymmetric renal function (L > R) with bilateral 
delay in transit time. There is marked cortical retention of 
tracer. Bottom row: 1 month later, there is more symmetric 

renal function (L = 56 %, R = 44 %) and a normalization of 
cortical transit. There is minimally delayed drainage of 
tracer from the right pelvis. The time activity curve demon-
strates a longer time to peak and slower drainage of the col-
lecting system on the right

Fig. 12.34 Renal infarct. A 16-year-old boy with cya-
notic congenital heart disease had undergone several sur-
gical interventions and presented with acute right flank 
pain. Left: Initial 99mTc-DMSA scintigraphy shows a well-

defined defect in the right kidney due to ischemia. Right: 
A follow-up study 1.5 months later shows considerable 
resolution of the defect (arrow), but there is a persistent 
scar
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Some of the renal causes of hypertension, 
such as infarction, postpyelonephritic scarring, 
and posttraumatic lesions, are easily diagnosed 
by conventional renal scintigraphy. Both dynamic 
and static renal scintigrapy are very sensitive for 
the identification of renovascular hypertension 
[95, 109, 116]. On dynamic scintigraphy, the 
affected kidney is usually smaller and shows less 
uptake than the contralateral kidney. With mild 
renal artery stenosis, a renogram may appear nor-
mal. When stenosis is severe, however, excretion 
of tracer in the collecting system is delayed or 
even absent during the 20-min observation 
period. Parenchymal retention of the tracer 
increases with severity of stenosis. Technetium-
99m- DMSA scintigraphy in patients with reno-
vascular hypertension typically reveals renal 
asymmetry; the affected kidney is smaller, has 
decreased relative function, and may demontrate 
cortical defects.

A kidney with a stenotic artery may remain 
adequately perfused due to the renal autoregula-
tion mechanism. The radionuclide renal study 
therefore may appear normal in many patients 
with renal artery stenosis. The efficacy of renal 
scintigraphy for the diagnosis of renovascular 
hypertension, however, can be improved by the 
use of angiotensin- converting enzyme (ACE) 
inhibitors, such as captopril. These block the for-
mation of angiotensin II, resulting in dilatation of 
the efferent arterioles and a decrease in the trans-
capillary pressure gradient. This can lead to a 
marked decrease in glomerular filtration in a kid-
ney with significant renal artery stenosis. This 
stimulated loss of renal function can be detected 
by renal scintigraphy and renography [117–121].

The choices of radiopharmaceutical, ACE 
inhibitor, and examination technique vary 
among institutions. In the original studies in 
pediatric patients, 99mTc-DTPA was used [118]. 
Subsequent experience has shown that either 
glomerular or tubular agents can be used. 
Technetium-99m-MAG3 captopril renography 
appears to be effective. The radiopharmaceutical 
of choice for detecting focal parenchymal abnor-
malities such as infarcts and pyelonephritic 
scars is 99mTc- DMSA [52, 88, 116, 122]. 
Administration of captopril may cause a 

decrease in the renal 99mTc-DMSA uptake in 
patients with renovascular hypertension [123].

Either captopril (1 mg/kg, up to 50 mg) or 
enalaprilat can be used as the ACE inhibitor. To 
ensure better absorption of captopril, the patient 
should not eat solids for approximately 4 h before 
the study. The advantage of enalaprilat is that it is 
administered intravenously and, unlike oral cap-
topril, its effect does not depend on variable rate 
of absorption through the gastrointestinal tract.

A significant fall in blood pressure can be 
observed even after a single dose of captopril. 
Therefore, the patient should be well hydrated, well 
monitored, and an intravenous access maintained 
throughout the study. The blood pressure should be 
monitored every 5–15 min. The probability of 
severe hypotensive crisis is even higher with intra-
venous enalaprilat, so that its routine use is not rec-
ommended. Diuretics may exaggerate the 
hypotensive effect of ACE inhibitors and should not 
be used in conjunction with captopril renography.

Ideally, both a baseline and stimulated study 
should be performed. An alternative approach is 
to obtain the initial study with an ACE inhibitor 
and then, if the first study is abnormal, repeat the 
study without the use of ACE inhibitor. 

The scintigraphic manifestations of decreased 
renal function induced by ACE inhibition in the 
presence of hemodynamically significant renal 
artery stenosis depend on which radiopharmaceu-
tical is used. The primary effect of ACE inhibitors 
is decreased GFR. Therefore, the effect of an ACE 
inhibitor on a 99mTc-DTPA study will be observed 
as a varying degree of decreased extraction of 
tracer and delayed visualization of the collecting 
system, whereas with the use of tubular agents, 
prolonged cortical retention of the tracer is seen. 
Therefore, detection of focal cortical changes is 
easier with 99mTc-MAG3 (Figs. 12.35a–c and 
12.36).

The typical findings of a positive captopril 
study include an decrease in the differential renal 
uptake, an increase in cortical transit time, a pro-
longation of time to peak, and retention of tracer 
in the renal parenchyma. Scintigraphic abnor-
malities in unilateral renal artery stenosis can be 
appreciated visually by inspection of the images 
and the renal time-activity curves. Numerical or 
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semiquantitative evaluation of time-activity 
curves has been utilized. In the presence of 
 bilateral renal artery stenosis,  narrowing is usu-
ally asymmetrical, as is the effect of captopril on 
each kidney. In this case, evaluation of the 
 time- activity curves may be most revealing.

In hypertensive adult patients, scintigraphic 
abnormalities induced by the administration of 
captopril appear to be strongly associated with 
cure or improvement in blood pressure control 
following revascularization or nephrectomy. 
Cases in which captopril does not induce scinti-
graphic changes are associated with failure of 
revascularization or nephrectomy [124–127]. 
Such failure may be due to a high prevalence of 
coexisting essential hypertension. Angiographic 
demonstration of renal artery narrowing in 
older patients does not, therefore, necessarily 
indicate renovascular hypertension, and revas-
cularization may fail to cure hypertension. In 
hypertensive children, however, a negative cap-

topril renogram rarely is associated with angio-
graphic evidence of renal artery stenosis.

Congenital Anomalies

 Ectopic Kidney and Solitary Kidney
One or both kidneys may be displaced in associa-
tion with, or independent of, other renal malforma-
tions. Ectopic kidneys situated in the pelvis may be 
difficult to visualize on intravenous  urography, 
partly because of interference by  surrounding bony 
structures. Scintigraphy with 99mTc-DMSA or 
99mTc-MAG3 is helpful for diagnosing renal ecto-
pia or a solitary kidney (Figs. 12.6 and 12.37).

 Horseshoe Kidney
With horseshoe-shaped kidneys, fusion is 
between the two lower poles. Radionuclide 
 studies are useful for assessing functional 
 abnormalities when there are symptoms referable 

1-2 min 20 min
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0 min 200 min 2052 % 48 %
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R
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0 min 20

R
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50 % 50 %

a

Fig. 12.35 (a) Hypertension. Baseline and post-angio-
tensin-converting enzyme (ACE) inhibitor 99mTc-MAG3 
studies. On the baseline study (top), renal function is sym-
metric, and there is no retention of tracer in the renal 
parenchyma. The time activity curve shows a slightly 
delayed time to peak in the left kidney. On the post-ACE 
inhibitor study (bottom), relative renal function appears 
normal. However, there is focal parenchymal retention of 
tracer in the left lower pole. The time- activity curve of the 
left lower pole (LLP) shows lower peak amplitude and 
higher residual at 20 min than the left upper pole (LUP). 

(b) Baseline study (top): 1- to 2-min and 20-min images 
of the left kidney reveal normal intrarenal distribution of 
tracer. Similar images of the left kidney (bottom) after 
administration of ACE inhibitor reveal decreased tracer 
uptake in the left lower pole (1–2 min) and focal paren-
chymal tracer retention in the same region after 20 min. 
(c) Renal angiography reveals arterial stenosis to the 
involved segment of the left lower pole. Following selec-
tive balloon angioplasty, the patient’s blood pressure 
dropped from 170/110 to 120/60 mmHg
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Fig. 12.35 (continued)
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to the kidney, such as infection, hypertension, 
and hematuria. Technetium-99m-DMSA images 
(including anterior views) show whether the 
 kidneys are joined by functioning renal tissue or 
by a fibrous band (Fig. 12.38).

 Duplication
Duplication of the ureter and renal pelvis is one 
of the most common abnormalities of the urinary 
tract. It occurs bilaterally in 25–30 % of affected 
patients. The upper pole ureter tends to insert 

L R L LR R

Fig. 12.36 Patient with renovascular hypertension and DMSA SPECT revealing well-defined cortical defects caused 
by renal artery stenosis. Arrows show well-defined cortical defects in the right kidney

Posterior Anterior

Fig. 12.37 Ectopic right kidney. 99mTc-DMSA 
renal scan of a 2.5-month-old female showing an 
ectopic right kidney in the right flank and pelvis

1–2 min

1 2 3 4

5 10 15 20

Fig. 12.38 Horseshoe-shaped kidney imaged with 99mTc-MAG3 dynamic renography
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more caudally and medially than the normally 
placed lower pole ureter. The ureter from the 
lower pole is more often affected by vesicoure-
teral reflux, whereas the upper ureter is more 

often obstructed. When surgery is contemplated, 
99mTc-DMSA can be used to evaluate the relative 
function of the upper and lower renal moieties 
(Figs. 12.12 and 12.39).

L

a

49

61

R

R

c

b

Fig. 12.39 Renal duplication. Three examples of 99mTc-
DMSA scintigraphy in kidneys with duplication. (a) 
Bilateral duplication with relatively poor function in both 
upper moieties. (b) Bilateral duplication with less func-
tion in the smaller right kidney and in both lower moieties. 

(c) Conventional planar scintigraphy (left) and selected 
sagittal and transverse SPECT slices (right) in unilateral 
duplication with relatively poor function of the right upper 
moiety, anteriorly
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 Polycystic Kidney Disease
There are two types of polycystic kidney disease. 
Autosomal dominant polycystic kidney disease 
is the more common type, but usually does not 
present until adulthood. Autosomal recessive 
polycystic kidney disease usually presents dur-
ing infancy and is an inherited cystic disorder 
affecting both kidneys. It is twice as frequent in 
male infants as in female infants. Scintigraphy 
with 99mTc-DMSA often reveals large renal sil-
houettes and outlines of renal parenchymal 
uptake surrounding the cysts. The appearance of 
the scan in polycystic kidney disease depends on 
the degree of renal involvement. In more severe 
cases, no functional cortex may be identified by 
99mTc-DMSA.

 Multicystic Dysplastic Kidneys
Multicystic dysplasia of the kidney (MCDK) is 
the most frequent cystic disorder of infants and 
children [128]. There is marked variation in the 
size of the lesions and extent of involvement. 
Classically, MCDK has been described as a mass 
of noncommunicating cysts with no discernible 
renal parenchyma or pelvis [129, 130]. 
Urogenital abnormalities are frequently associ-
ated with MCDK. In approximately 75 % of the 
cases, scintigraphy with 99mTc-DMSA does not 
demonstrate tracer uptake in the involved kid-
ney. In some instances, however, some tracer 
uptake can be seen in small regions of distorted 
renal parenchyma. Sometimes scintigraphic 
images of newborns with MCDK will appear 
similar to the images seen with hydronephrosis 
(Fig. 12.40).

 Prune-Belly Syndrome
Prune-belly syndrome occurs in male infants and 
manifests as dilatation of the urinary bladder and 
ureters with a bizarre, wrinkled, flabby abdomi-
nal wall [131–134]. The cause of the abdominal 
muscular deficiency is not known. The most 
severely affected patients die soon after birth or 
may be stillborn. Abnormalities associated with 
this syndrome include pulmonary hypoplasia, 
renal dysplasia, urethral obstruction, weak chest 
wall muscles, vesicoureteric reflux, and unde-
scended testes. Dynamic renal scintigraphy 
reveals a spectrum of findings. Scintigraphy may 
show dilatation of the pelvicaliceal systems with-
out obstruction; yet others reveal dilatation with 
apparent obstruction. Technetium-99m-DMSA 
scintigraphy can help assess regional distribution 
of functioning renal parenchyma, detect renal 
scarring, and evaluate the course of the renal dis-
ease. Frequently, 99mTc-DMSA imaging may be 
delayed until 24 h to allow drainage of the tracer 
activity from the dilated ureters.

 Renal Trauma

Radionuclide imaging is used infrequently in 
these patients. In some cases, 99mTc-DMSA scin-
tigraphy can be helpful for detecting nonobvious 
functional or structural damage to the kidney. 
Renal scintigraphy can be used to assess recov-
ery or residual damage. Studies using 99mTc- 
MAG3 or 99mTc-DTPA can effectively detect 
urinary leaks following trauma (Figs. 12.41 and 
12.42).

0 1 2 3

Fig. 12.40 Multicystic dysplastic kidneys (MCDK) 
imaged with 99mTc-DMSA scintigraphy. Different appear-
ances illustrating the degree of severity. 0 no evidence of 

tracer uptake, 1 minimal tracer uptake detected after 
image enhancement, 2 minimal uptake without image 
enhancement, 3 substantial uptake in a small kidney
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SPECT Planar

Fig. 12.41 Trauma. Selected transverse, sagittal, and 
coronal 99mTc-DMSA SPECT slices as well as planar 
scintigraphy reveal cortical damage of the left kidney 

after trauma. These images are from a follow-up study  
to assess recovery. T Transverse; C Coronal; S sagittal;  
L Left

2 min

5 min 20 min

LK

RK

0 min 20

Fig. 12.42 Trauma. Example of a 99mTc-MAG3 study 
from a patient who had sustained previous renal trauma. 
The parenchymal phase (top left) reveals a hypertrophic 
left kidney and a small right kidney with a cortical defect 

in its midportion at the site of prior traumatic injury. 
Cortical transit time and drainage are normal bilaterally. 
LK left Kidney; RK Right Kidney
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 Acute Renal Failure

With acute renal failure, dynamic renography 
with 99mTc-MAG3 will show delayed cortical 
clearance of tracer. Cortical transit of tracer and 
appearance of tracer in the renal collecting sys-
tem is delayed. The typical finding is cortical 
retention of tracer, but with severe renal insuffi-
ciency or renal damage, there may be absent or 
significantly diminished cortical uptake of tracer. 
Improvements in function detected on such stud-
ies usually precede biochemical changes by 1–2 
days. In patients with known urinary obstruction, 
dynamic renography may be used to exclude con-
current parenchymal disease as a cause of acute 
renal failure.

 Tumors

Renal scintigraphy is very infrequently used in 
the investigation of renal tumors. Diagnosis and 
further evaluation of renal and perirenal masses 
and tumors are carried out with ultrasonography, 
MRI, and CT. Hypertrophy of a renal column of 
Bertin may appear as a mass that at times is dif-
ficult to distinguish from neoplasm or cyst on 
urography. Cortical radionuclide imaging can 
firmly establish the diagnosis of normal renal 
cortex and absence of tumor [135–137].

 Effect of Radiotherapy
Radiation therapy can cause transient or perma-
nent functional defect(s) in the irradiated kidney. 
This effect can be seen as one or more regions in 
the kidney with reduced to absent uptake of 
99mTc-DMSA and 99mTc-MAG3. Prior radiation 

therapy also can cause cortical retention of 99mTc-
MAG3. Radiation  therapy can cause delayed 
uptake and retention of dynamic renal tracers.

 Renal Transplantation

 Living Renal Donors
Living donors comprise approximately 60 % of all 
donors for renal transplants in children [3]. Renal 
scintigraphy is useful for assessing both renal 
function and anatomy in living donors. For exam-
ple, if previously undetected renal abnormalities 
are seen, a donor may be considered unsuitable. If 
a radionuclide study on a living donor reveals 
renal function asymmetry, the surgeon may elect 
to transplant the kidney showing less function. 

 Recipients of Renal Transplants
Radionuclide studies are useful during the early 
and late periods after renal transplantation to 
assess surgical results and detect complications 
[138–144]. As radiopharmaceuticals produce no 
osmotic load and no pharmacologic effects they 
can be used safely even in the presence of severe 
renal transplant dysfunction. It is possible with 
scintigraphic methods to assess perfusion of the 
transplant during the early and late postoperative 
periods and assist in the differential diagnosis of 
diminished graft function, which includes rejec-
tion, obstruction, and urinary leak (Fig. 12.43).

If there are no suspected surgical complications, 
a baseline evaluation of the transplant is often 
obtained during the first 24 h following transplan-
tation. Subsequent studies are performed depend-
ing on the patient’s progress. Renal  transplants 
from living donors that have had short periods of 

2 min 20 min

Fig. 12.43 Urinary leak. Postoperatively, this 
recipient of a renal transplant developed a 
urinary leak. Selected images of a 99mTc-MAG3 
study (left to right: 2, 20 min) reveal an 
abnormal accumulation of radiotracer inferior 
to the left-sided transplant, which corresponded 
to a urine leak through the transplanted ureter
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cold and warm ischemia often will function imme-
diately after transplantation. The initial uptake of 
the tracers in these transplants is normal and occa-
sionally more intense than in a normally function-
ing kidney. In addition, the intrarenal transit time 
is normal or even faster than normal (Fig. 12.44). 
After a few days, in the absence of complications, 
the handling of tracers by the transplant becomes 
nearly identical to that of normal kidneys.

As many as one-third of grafts, particularly 
those from deceased donors, are affected by acute 
tubular necrosis (ATN), which can persist for just a 
few days or for as long as 2 months after the trans-
plant procedure. In patients with ATN, delayed 
images obtained with 99mTc-MAG3 several hours 
after administration of the tracer reveal retention of 
the radionuclide within the renal parenchyma with 
 little, if any, accumulation or passage of activity into 
the renal pelvis, ureter, or bladder. If tracer activity 
within the transplant is similar to background on 
radionuclide angiography and later images, it indi-
cates severe depression of renal function. However, 
the kidney should not be assumed nonviable, as 
most transplanted kidneys will recover from ATN 
unless rejection or other complications occur.

 Thrombosis
Renal graft thrombosis and infarction is the 
third most frequent cause of graft loss in pedi-
atric renal transplantation [145]. The apparent 
lack of  perfusion of a renal transplant, seen on 

radionuclide angiography, does not always sig-
nify occlusion of the main renal artery leading 
to the transplant. Lack of blood flow to a trans-
planted kidney also may be due to hyperacute 
rejection. Correlative ultrasonography can be 
helpful to distinguish thrombosis from renal 
causes of decreased renal perfusion. Renal graft 
thrombosis in a living-related donor transplant is 
most frequently seen when the recipient is less 
than 5 years of age. On the other hand, thrombo-
sis following cadaveric renal transplant is most 
common when the donor is young usually less 
than 5 years of age. All these conditions present 
as a lack of renal blood flow to the transplant on 
a radionuclide angiogram and failure to visualize 
the kidney on subsequent serial images. Chances 
of recovery of renal function in these patients are 
remote, and unfortunately, surgical removal of 
the graft may be indicated.

 Rejection
The most common cause of renal graft dysfunc-
tion during the first several months following 
transplantation is an acute rejection episode. As 
many as 25 % of deceased transplants and 15 % 
of living-related donor transplant recipients have 
acute rejection episodes during the first year after 
transplantation. Rejection is often suspected on 
the basis of nonspecific clinical findings (fever, 
tenderness over the graft site) or specific clinical 
findings (decreased urine output, increased serum 

1–2 min 20 min 0 min 20

Fig. 12.44 Kidney from a living donor. The recipient 
was imaged with 99mTc-MAG3 renography a few hours 
post-transplantation. Tracer uptake is brisk at 1–2 min, 
and there is minimal parenchymal or urinary retention at 

20 min. The renal time-activity curve shows a time to 
peak of only 2 min and less than 35 % residual at 20 min. 
Therefore, there is little post-transplant ATN
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urea nitrogen and creatinine). A renal biopsy is 
frequently obtained to confirm the diagnosis of 
rejection. Treatment for acute rejection episodes 
includes high-dose “pulse” corticosteroid treat-
ment or the use of antilymphocyte preparations. 
Complications associated with these therapies, 
particularly opportunistic infections, are some-
times severe.

Renal scintigraphy is generally performed 
during the evaluation of an apparent acute rejec-
tion episode. The scintigraphic findings during 
acute rejection episodes include diminished per-
fusion of the graft, poor uptake of 99mTc-MAG3, 
and, occasionally, increased size of the renal sil-
houette. There are no specific findings in renal 
scintigraphy to confirm renal transplant rejec-
tion. The major value of the study is to rule out 
other conditions (e.g., renal obstruction, vascular 
comprise, or urinary leak) that could cause 
diminished graft function. These studies are par-
ticularly important, as they provide the basis for 
avoiding unnecessary therapy when processes 
other than rejection account for the diminished 
graft function.

Virtually all acute rejection episodes are 
reversible with treatment. With many episodes, 
however, return of graft function to prerejection 
levels may be delayed for up to several weeks, 
possibly related to renal interstitial edema sec-
ondary to the infiltrating lymphocytes and their 
subsequent destruction. Serial follow-up radio-
nuclide studies may be helpful for assessing the 
returning renal function, as these studies often 
predict the recovery of function 24–48 h before 
the blood chemistry values improve.

 Obstruction
Urinary obstruction is a very rare complication 
following renal transplantation. It can be difficult 
to diagnose in the presence of depressed renal 
function, such as occurs in acute tubular necrosis 
or after a rejection episode. Obstruction soon after 
surgery may be due to edema and/or inflamma-
tion in the region of the ureterovesical junction, 
which may be temporary. Later, obstruction may 
be due to external compression, which may be 
caused by (1) a lymphocele or scarring secondary 
to previous surgery or (2) internal obstruction, 

such as that caused by a ureteral stone or steno-
sis at the ureteral anastomosis site. In most cases, 
the transplant ureter is implanted directly into the 
bladder. In some cases, however, the native ureter 
may be used as a ureterostomy or, by anastomo-
sis, connected directly to the pelvis of the graft. 
Because the transplant ureter obtains its blood 
supply only from the graft, the distal ureter may 
be poorly perfused, which may result in distal 
ureteral scarring and obstruction. Partial or even 
total obstruction of a transplant kidney may be 
relatively asymptomatic, as the graft is not inner-
vated. Diagnosis of partial obstruction is some-
times difficult, and the use of furosemide after 
injection of the tracer may aid in the diagnosis. In 
cases of diminished graft function, 99mTc-MAG3 
sometimes can demonstrates urinary obstruction, 
even in the presence of severe renal failure.

 Urinary Leak
Urinary leak usually occurs in the first few 
months following transplantation. It can occur 
at the site of anastomosis of the transplant ureter 
or through necrosis of the distal transplant ure-
ter related to diminished perfusion. The pres-
ence of urinary leak is detected with serial 
scintigraphy, usually as part of a 99mTc-MAG3 
renogram, with greater sensitivity than other 
methods because of the high contrast of the 
radiotracer technique [146]. Multiple images at 
several  minutes to several hours after the injec-
tion tracer may be necessary to detect urinary 
leakage. On the series of scintigrams, the leak-
age appears as a focal or diffuse area of increas-
ing tracer accumulation outside the confines of 
the transplant, the ureter, or the bladder. In 
patients with a post-surgical drain in the abdom-
inal cavity, leaked urine may cleared by the 
drain and little extravasated tracer may be seen 
in the abdomina cavity. The drain collection 
container must be imaged to exclude this possi-
bility. Urinoma usually appears as a photon-
deficient area on early images (5–10 min) with 
subsequent tracer accumulates on later images. 
If the area that is photon-deficient on early 
images does not concentrate radiotracer on later 
images, this region may represent a hematoma 
or a lymphocele (Fig. 12.43).
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 Transplantation of Adult Kidneys  
into Babies
When a kidney from an adult donor is trans-
planted into a baby, the large disproportion 
between the size of the transplant and the patient’s 
body may interfere with drainage of the renal col-
lecting system (Fig. 12.45).

 Appendix: Quantitative Analysis  
of Renal Function

Nuclear medicine is unique among medical 
imaging modalities in that it is capable of provid-
ing detailed quantitative physiologic information 
about the kidneys. In large part, this is due to the 
availability of radiotracers whose properties 
approximate those of the classic tracers PAH and 
inulin.

Although quantitative physiologic informa-
tion is useful in monitoring patients, producing it 
in a consistent and accurate way requires close 
attention to detail. In what follows, we have tried 

to emphasize the assumptions that are made in 
some common approaches to the quantitative 
analysis of the renogram.

 Correction for Tissue Attenuation 
and Detection of Extrarenal Activity

In quantitative analysis of dynamic renal scintig-
raphy, one is attempting to measure the amount 
of activity in each kidney as a function of time. 
These functions are approximated by time- 
activity curves obtained from ROIs over the kid-
neys. The resulting time-activity curves have 
components that are due to the detection of extra-
renal (i.e., background) activity. In addition, there 
is attenuation of photons from the kidney due to 
the intervening tissue. Thus, in order to estimate 
the activity in each kidney, it is desirable to 
attempt to correct for background activity and 
attenuation.

Background and attenuation correction for 
renography is a somewhat controversial subject 

1–2 min 1–920 min 0 min 20

Parenchymal
phase

25 % of injected dose

1 2 3 4 5 6

7 9 10 12 15 20

Fig. 12.45 A 9-month-old recipient of a living-related 
donor kidney transplant who was studied with a 99mTc-
MAG3 renogram 1 day following transplantation. The 
parenchymal phase reveals a relatively large renal trans-
plant (see the proportion to the baby’s whole body). There 

is prompt and adequate tracer uptake in the viable trans-
plant with delayed transit time and marked cortical reten-
tion, consistent with post-transplant ATN. With minimal 
tracer excretion into the collecting system, no determina-
tion can be made about urinary obstruction or leak
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that is an area of ongoing research. We limit our-
selves here to describing some simple first-order 
corrections that illustrate the general ideas 
involved and that are adequate except in the case 
of extremely poor renal function. For more 
sophisticated approaches, we refer the reader to 
the literature.

Background correction is usually based on the 
time-activity curve obtained from an ROI adja-
cent to the kidneys. This ROI is termed the 
 background region. Various background regions 
have been proposed: an area between the kid-
neys, an area around the kidneys, an area superior 
to the kidneys, and an area inferolateral to the 
kidney have been used [147–149].

A simple approach to background correction 
is as follows: Let K(t) and B(t) denote the kidney 
and background time-activity curves, respec-
tively. Let AK and AB denote the area in pixels of 
the renal and background ROIs, respectively. 
The background-corrected kidney time-activity 
curve, Kc(t), is computed using the formula

 
K t K t S A A B tc K B( ) = ( ) − ( ) ( )/ ,

 

where S is a scaling factor (usually equal to 1) 
[147].

More sophisticated techniques for background 
correction take into account such factors as kidney 
volume and differences in kinetics between the 
kidney and background curves [150, 151]. The use 
of such techniques reportedly results in more 
accurate quantification of renal function [151].

A simple approach to attenuation correction 
is based on the mean distance of the kidney from 
the surface of the body. This distance may be 
measured by the gamma camera using a lateral 
view or by ultrasonography. Alternatively, this 
distance may be estimated from the patient’s 
height and weight using a nomogram [152]. 
Attenuation correction is done by multiplying the 
background-corrected renal time-activity curve 
by eux, where u is the linear attenuation coeffi-
cient of the radiotracer in soft tissues and x is the 
mean distance of the kidney from the surface of 
the body [149, 153]. A more sophisticated 
approach may be found in the paper by Takaki 
et al. [151].

 Deconvolution Analysis

After background and attenuation correction, the 
renal time-activity curve approximates the amount 
of tracer in the kidney as a function of time. It is 
intuitively clear that this time-activity curve 
depends on how much radiotracer enters the kid-
ney from the bloodstream as a function of time, 
which we refer to as the input function, as well as 
the handling of the radiotracer by the kidney. The 
input function and hence the observed renal time-
activity curve are affected by factors that have no 
bearing on the function of a particular kidney, 
such as the function of the other kidney, loss of 
radiotracer from the intravascular space, and, 
occasionally, continued input of radiotracer from 
a partially extravasated injection [154]. The pur-
pose of deconvolution analysis is to describe the 
handling of the tracer by the kidney in a way that 
is independent of the input function.

One way to describe the handling of radio-
tracer by the kidney is to construct a curve show-
ing the fraction of radiotracer entering the kidney 
at time 0, and the fraction that remains in the kid-
ney at time t. We call this curve the retention 
function. The retention function is of direct clini-
cal significance. For example, prolonged reten-
tion of radiotracer suggests obstruction. It is 
intuitively clear that the observed renal curve is 
determined by the input function and the reten-
tion function. To make this statement mathemati-
cally precise, the kidney is modeled as a linear, 
time-invariant system whose input is the input 
function discussed above and whose unit impulse 
response is equal to the retention function. With 
this model, the observed renal curve is given by 
the mathematical operation of convolution of the 
input function and the retention function. 
Denoting the input, retention, and kidney func-
tions by I(t), R(t), and K(t), respectively, we can 
write it as

 
K t I t R t( ) = ( ) ( )* ,

 

where * denotes the mathematical operation of 
convolution. Given I(t) and K(t), one can solve 
this equation for R(t). This is known as deconvo-
lution. The concepts of linear, time-invariant  
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system, unit impulse response, convolution, and 
so forth are discussed in more detail by 
Oppenheim et al. [155].

The input function is commonly assumed to 
be proportional to the plasma tracer concentra-
tion in the blood entering the kidney. This func-
tion is difficult to measure directly. In practice, 
the input function may be approximated as being 
proportional to a time-activity curve obtained 
from the abdominal aorta, heart, liver, or brain 
[154, 156]. There are two possible sources of 
error in this approximation: temporal differences 
in tracer concentration between the plasma in 
the pool being monitored and the renal artery 
and possible contamination of the observed 
blood- pool curve by detection of extravascular 
activity. However, this approximation of the 
input function by externally detected time-activ-
ity curves has been found to work well in prac-
tice [157].

Several investigators have reported using 
deconvolution to estimate the renal retention 
function [57, 147, 154, 158]. One difficulty with 
deconvolution is that small observation errors 
may lead to physiologically unrealistic negative 
values and high-frequency oscillations in the 
computed retention function [159]. To prevent 
this, we have found it useful to introduce con-
straints derived from physiologic considerations 

of the renal system into the deconvolution 
 process. Specifically, the computed retention 
function is constrained to be nonnegative and 
nonincreasing. Retention functions computed 
using this technique have been shown to be rela-
tively insensitive to random data errors [160].

 Interpretation of the Renal  
Retention Function

The computed retention function is an estimate of 
the renal time-activity curve that would be 
obtained after an instantaneous intra-arterial 
injection of a radiotracer without recirculation. 
Consider such a curve obtained with a PAH-like 
substance that is handled primarily by tubular 
secretion (e.g., 123I-OIH). All of the tracer arriv-
ing in the kidney subsequently enters the tubular 
space by either glomerular filtration or tubular 
secretion and leaves via the ureter. The corre-
sponding retention function, shown in Fig. 12.46a, 
consists of a tubular plateau phase (from time 0 to 
the minimal tubular transit time) followed by a 
tubular washout phase. In contrast, consider such 
a curve obtained with a substance like inulin that 
is handled primarily by glomerular filtration (e.g., 
99mTc-DTPA). A fraction of the tracer, equal to 
the filtration fraction, enters the tubular space by 
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Fig. 12.46 (a) Deconvoluted renal time-activity histogram from a substance behaving like para-aminohippuric acid 
(PAH). (b) Deconvoluted renal time-activity curve from a substance behaving like inulin
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glomerular filtration and leaves via the ureter. 
The remainder of tracer stays in the vascular 
space and leaves the kidney via the renal vein. 
The corresponding retention function, shown in 
Fig. 12.46b, consists of a vascular plateau phase 
(from time 0 until the minimal vascular transit 
time), a vascular washout phase (until the maxi-
mal vascular transit time), a tubular  plateau phase 
(until the minimal tubular transit time), and a 
tubular washout phase. The amplitude of the 
tubular plateau divided by the amplitude of the 
vascular plateau is equal to the filtration fraction. 
The vascular phase occurs quite rapidly, however, 
and is difficult to delineate at the frame rates 
commonly used for dynamic renal imaging. It is 
sometimes useful for interpretation to eliminate 
the vascular phase of the retention function by 
setting the retention function values prior to a set 
time (chosen to be greater than the maximal vas-
cular transit time and less than the minimal tubu-
lar transit time) equal to the retention function 
value at that time. The resulting curve is termed 
the tubular retention function.

Computed retention functions may be used to 
calculate indices of relative renal function (i.e., 
left versus right). Relative effective renal plasma 
flow (ERPF) may be estimated from the relative 
initial amplitudes of the retention functions 
obtained using a tracer that is handled like PAH 
[147, 158]. Relative GFR may be estimated from 
the relative initial amplitudes of the tubular reten-
tion functions obtained using a tracer that is han-
dled like inulin [154]. Relative GFR calculated by 
this method has been shown to correlate well with 
individual kidney creatinine clearance [161]. 
Computed retention functions are also  useful for 
quantifying transit times of radiotracer through 
the kidney. The mean tubular transit time (MTTT) 
(i.e., the mean time that filtered or secreted radio-
tracer remains in the kidney) has been shown to 
be of value for distinguishing obstructive from 
nonobstructive renal disease [156]. The MTTT 
may be computed using the formula

 
MTTT dt dt= − ( )( )

∞

∫
0

t dR t / ,
 

where R(t) is the tubular retention function [151].

 Glomerular Filtration Rate

The GFR may be estimated following intrave-
nous injection of a radiotracer that is handled like 
inulin (see Chap. 13). The substance most com-
monly used for this purpose is 99mTc-DTPA. 
There are two basic approaches to the estimation 
of GFR. The first approach is based on clearance 
of the radiotracer from the plasma, and the sec-
ond approach is based on the rate of tracer uptake 
by the kidney. Both approaches are reasonable, 
and the choice between them is a matter of 
convenience.

With the plasma clearance method, it is 
assumed that the radiotracer leaves the body 
solely through the urine. Single-injection tech-
niques have largely replaced the classic, but 
tedious, constant-infusion techniques and have 
been shown to correlate well with results obtained 
using the constant-infusion technique [162, 163]. 
The concentration of the tracer in the plasma as a 
function of time may be monitored by counting a 
series of blood samples. Alternatively, plasma 
concentration of the tracer may be recorded by an 
external detector over the heart or head. The 
resulting time-activity curve must be calibrated 
by one or more blood samples. External detection 
introduces a possible source of error because 
activity outside of the intravascular space may be 
detected [164]. But has the advantage of reducing 
the number of blood samples needed [165, 166].

Equations for calculating the clearance of a 
radiotracer after a single injection are derived 
from either a single- or multiple-compartment 
model [167, 168]. The parameters of the model 
are estimated by fitting a single or multiple expo-
nential curve to the plasma concentration curve 
[162, 163, 166, 169, 170, 171].

The other approach to estimation of GFR, 
based on the uptake of the tracer by the kidney, 
assumes that the radiotracer remains in the kid-
ney for at least some fixed period of time after it 
enters (typically 2–3 min) [172, 173]. 

One goal has been to eliminate the need for 
blood sampling. As with the plasma clearance 
approach, this is done, in essence, by using an 
empirically derived approximation for the effec-
tive volume of distribution of the radiotracer. 
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Gates reported using such a method to estimate 
GFR from the percentage of the 99mTc-DTPA 
dose taken up by the kidneys during the 2- to 
3-min interval after injection [149]. More 
recently, Gordon et al. have reported using such a 
method in  children [174].

The percent uptake of 99mTc-DTPA during the 
1- to 2-min interval after injection can be used to 
estimate differential renal function. With this 
method, it is possible to monitor changes in renal 
function in patients undergoing surgical or medi-
cal treatment for a variety of renal diseases. It is 
also possible to estimate differential GFR from 
the relative percentage of uptake by the two kid-
neys [175]. 

 Effective Renal Plasma Flow

The effective renal plasma flow (ERPF) may be 
estimated in the same manner as GFR if a radio-
tracer is used that is handled as PAH rather than 
as inulin. The most commonly used radiotracers 
for this purpose are 99mTc- MAG3 and 123I-OIH 
[171]. In practice, ERPF measured with tracers 
such as these are always slightly lower than the 
actual renal plasma flow because no substance is 
completely extracted in a single pass [176]. The 
plasma clearance and renal uptake approaches 
have both been used. The techniques used are 
essentially the same as those used for estimating 
GFR from inulin-like radiopharmaceuticals.

As with estimation of GFR, the concentration 
of the tracer in plasma may be followed by either 
multiple blood samples or external detection. The 
two methods have been found to produce similar 
results. Blaufox et al. found a good correlation in 
the measurement of ERPF using 131I-OIH with 
serial blood sampling and external detection using 
a scintillation probe over the patient’s head [167]. 
Similarly, Ram et al. and Razzak et al. found good 
agreement in the values of ERPF calculated by 
serial blood sampling and external detection over 
the precordium [177, 178]. Ram et al. reported a 
strong correlation between ERPF estimates 
obtained by single-exponential extrapolation of 
125I-OIH time-activity curves obtained from over 
the precordium and PAH clearance. Mackay et al. 

reported the estimation of ERPF from a 123I-OIH 
time-activity curve obtained over the abdomen 
and a single blood sample using single-exponen-
tial extrapolation [179]. The ERPF estimates were 
found to correlate closely with PAH clearances 
but tended to be slightly lower. The average value 
was 89 % of the PAH clearance values. 
Heidenreich et al. reported their clinical experi-
ence in the estimation of ERPF from the clearance 
of 123I-OIH in 153 children [180].

As in the case of estimating GFR, there has 
been much interest in procedures for estimating 
ERPF that require no external counting and only 
a single blood sample. Again, these procedures 
work by using an empirically derived approxima-
tion for the effective volume of distribution of the 
radiotracer. Such simplified techniques have been 
shown to produce reasonable estimates of ERPF 
in children [30].

The renal uptake approach to ERPF estima-
tion has also been used [152]. Thompson et al. 
reported the renal uptake of 131I-OIH in the 1- to 
2-min interval after injection correlated with 
PAH clearances [181].

Relative ERPF may also be estimated from the 
relative percentage of uptake of the two kidneys 
[153, 180, 182]. Relative uptake of 123I-OIH in 
the 0.5- to 2.5-min interval following injection 
has been shown to correlate with separate kidney 
PAH clearance values obtained by ureteral cath-
eterization [121].
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        Vesicoureteric refl ux (VUR) is the retrograde 
transit of urine from the urinary bladder to the 
ureters and kidneys. VUR is caused by a failure of 
the ureterovesical valve mechanism. This failure 
may be due to a congenital variation, immaturity, 
or a pathologic process, such as an infection that 
distorts the anatomy or function (or both) of the 
ureterovesical junction. The clinical importance 
of VUR is its association with pyelonephritis and 
its contribution to refl ux-related nephropathy. 
Although an evolving fi eld, identifi cation of VUR 

remains an important part of the evaluation of 
patients with febrile urinary tract infections, espe-
cially those with documented involvement of the 
kidney as a site of infection [ 1 – 5 ]. VUR also can 
contribute to nephropathy resulting from the 
refl ux of urine into the renal collecting system 
without a concurrent infection. Radionuclide cys-
tography (RNC) is a sensitive and easy method 
for the diagnosis and follow-up of VUR. In con-
junction with  99m Tc-DMSA, ultrasonography, and 
voiding cystourethrography, RNC can be an 
important part of the evaluation of recurrent 
febrile urinary tract infections in children. 

    The Ureterovesical Junction 

 Passive and active factors characterize the normal 
valve mechanism of the ureterovesical junction. 
Passive factors include the obliquity of entry of 
the ureter into the bladder; the length of the intra-
mural ureter, particularly of its submucosal seg-
ment; and the ratio of the length of the submucosal 
tunnel to the diameter of the ureter. The active 
factors include the contraction of the ureterotri-
gonal muscles, which close the ureteral meatus 
and the submucosal tunnel, and active ureteral 
peristalsis, as seen during diuresis [ 6 ]. The intra-
mural ureter becomes  longer with age, often pro-
ducing  suffi cient length to convert a refl uxing 
 ureterovesical junction into a nonrefl uxing one. 
The principal long-term consequence of VUR, 
particularly when associated with infection, is the 
development of pyelonephritis, which in turn 
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may lead to scarring, hypertension, and chronic 
renal failure.  

    Incidence 

 The incidence of VUR in the general  population 
is not well-defi ned. Approximately 1 % (7 of 535) 
of apparently normal neonates, infants, and chil-
dren have been found to have VUR [ 6 ]. The inci-
dence of VUR in siblings of children with refl ux 
is much greater than in the general population 
and may be as high as 45 % [ 7 – 11 ]. In a study at 
Boston Children’s Hospital six of 16 refl uxing-
symptom-free siblings of children with VUR had 
evidence of cortical renal damage as assessed by 
 technetium-99m- dimercaptosuccinic acid ( 99m Tc-
DMSA) scintigraphy [ 12 – 15 ].  99m Tc-DMSA 
cortical scintigraphy provides an early indicator 
of renal damage, and it can be considered in the 
assessment of symptomatic and asymptomatic 

siblings of refl uxing children. Using radionuclide 
cystography, we also have found previously undi-
agnosed asymptomatic refl ux in parents of index 
children with VUR.  

    Diagnosis 

 The imaging method most frequently used for the 
detection of VUR has been radiographic voiding 
cystourethrography (VCUG). It provides fi ne 
anatomic detail of the bladder and the urethra. In 
patients with refl ux, it clearly outlines the anat-
omy of the pelvicaliceal systems, the ureters, and 
their insertion into the bladder. It has some limi-
tations, however, including gonadal radiation 
exposure and low temporal resolution, which pre-
vents diagnosis of intermittent VUR. In the past 
decades, radionuclide cystography (RNC) gained 
increasing acceptance for both the initial diagno-
sis and follow- up of VUR (Fig.  13.1 ). Advantages 

  Fig. 13.1    Bilateral vesicoureteric refl ux, as shown by 
radionuclide cystography. Initial left refl ux followed by 
right refl ux reaching the renal pelves. Refl ux appears 
early and persists during the entire voiding phase. 

The patient could not void while on the examination 
table. Postvoid images reveal complete drainage of tracer 
from the ureteropelvicaliceal systems       
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of RNC include lower gonadal radiation expo-
sure, high temporal resolution, and higher sensi-
tivity for the detection of mild VUR. Also RNC 
may be less expensive to perform than VCUG 
[ 16 ]. However, RNC cannot delineate the anat-
omy of the bladder and urethra. Therefore, one 
approach is to to use VCUG for the initial diag-
nosis of VUR, and then to follow patients with 
RNC. RNC may be appropriate for the initial 
diagnosis of VUR in sibling studies and in older 
girls, in whom excluding urethral valves is not 
important [ 17 – 19 ].

       Grading the Severity 
of Vesicoureteric Refl ux 

 The severity of VUR has been classifi ed by its 
morphologic appearance on VCUG or RNC. A 
report by an international group studying VUR 
adopted a VCUG classifi cation of refl ux illus-
trated in Fig.  13.2  [ 20 ]. This grading system is 
convenient for communication but need not be 
applied rigidly in an individual case [ 6 ]. 
Moreover, this classifi cation is not exact, as VUR 
appearances vary over a continuum and often 
some VURs do not fall precisely within one of 
the fi ve grades. For example, the same patient 

may be classifi ed with a grade II refl ux during 
one examination and a grade I or III at another.

   With RNC it is possible to recognize at least 
three degrees of refl ux severity (Fig.  13.3 ) [ 21 ]. 
The least severe degree shows refl ux limited to the 

  Fig. 13.2    Grading of vesicoureteral refl ux by voiding 
cystourethrography, international study classifi cation. 
Grade  I : ureter only. Grade  II : ureter, pelvis, and calyces; 
no dilatation, normal caliceal fornices. Grade  III : mild or 
moderate dilatation or tortuosity of ureter (or both) and 
mild or moderate dilatation of renal pelvis but no or slight 
blunting of fornices. Grade  IV : moderate dilatation or 

 tortuosity of ureter (or both) and moderate dilatation of 
renal pelvis and calyces. Complete obliteration of sharp 
angles of fornices but maintenance of papillary impres-
sions in majority of calyces. Grade  V : gross dilatation and 
tortuosity of ureter; gross dilatation of renal pelvis and 
calyces; papillary impressions are no longer visible in 
most calyces       

RNC Grade 1 RNC Grade 2 RNC Grade 3

  Fig. 13.3    Refl ux severity in radionuclide cystography 
(RNC)       
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distal ureter without reaching the renal pelvis 
(Fig.  13.4 ). This corresponds to grade I refl ux and 
can be called RNC-grade 1. Another appearance is 
that of a small volume of VUR reaching the renal 
pelvis with minimal or no visualization of the ure-
ter (Fig.  13.5 ). This appearance corresponds to 
radiographic grades II or III, as it is not possible by 
the radionuclide technique to assess fi nely the 
diameter of the ureter and the anatomy of the 

pelvicaliceal system (RNC-grade 2). Finally, the 
radionuclide cystogram may reveal a large  volume 
of refl ux reaching a dilated pelvicaliceal system 
with defi nite or marked dilatation and even elon-
gation and tortuosity of the ureter corresponding in 
appearance to radiographic grades IV and V 
(RNC-grade 3) (Figs.  13.6  and  13.7 ). Comparing 
the fi ve VCUG grades of refl ux with the three 
grade of refl ux severity on RNC can be diffi cult, 
because of the technical differences between these 
two methods. This may be of particular concern 
when trying to compare the VCUG and RNC fi nd-
ings in the same patient to determine if refl ux 
severity has changed over time.

           Variability of Low-Grade 
Vesicoureteric Refl ux 

 Vesicoureteric refl ux is not a constant phenome-
non. Low-grade VUR may vary from examination 
to examination. In our observation, using RNC, 
VUR varies also with bladder volume, voiding or 
fi lling, patient position, and level of anxiety. Refl ux 
may be present during most of the fi lling and void-
ing phases of the radionuclide cystogram, or it may 
be intermittent (Fig.  13.8 ) [ 21 ,  22 ]. Therefore, it is 

  Fig. 13.4    Distal left vesicoureteric refl ux, RNC severity 
grade 1. Refl ux is limited to the left distal ureter without 
reaching the renal pelvis       

  Fig. 13.5    Bilateral vesicoureteric refl ux, RNC severity 
grade 2. Refl ux reaches both renal pelves and persists 
 during the fi lling and voiding phases of the RNC. At the 

end of voiding, a signifi cant amount of tracer has drained 
out of the renal pelves, ureters, and bladder       
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  Fig. 13.6    Severe unilateral vesicoureteric refl ux, RNC 
severity grade 3. Refl ux is visualized in a dilated right ure-
ter and renal pelvis. A postvoid image reveals signifi cant 

retention of tracer in the renal pelvicaliceal system and 
ureter with secondary fi lling of the bladder       

  Fig. 13.7    Severe right vesicoureteric refl ux (RNC sever-
ity grade 3) and mild to moderate left vesicoureteric refl ux 
(RNC grade 2). Right refl ux appears early at low bladder 
volume and persists during the entire examination. 
A postvoid image ( bottom right ) reveals secondary bladder 

fi lling and signifi cant retention of tracer in the right renal 
pelvis. In addition, there is mild to moderate left vesico-
ureteric refl ux reaching the renal pelvis. Left refl ux occurs 
at higher bladder volumes, is intermittent, and drains 
rather rapidly even during bladder fi lling       
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clear that a single normal examination may not suf-
fi cient to ensure that VUR has resolved. Serial cys-
tograms over several (6–12) months should provide 
greater assurance of complete cessation of refl ux 
[ 23 ]. We have evaluated 480 ureters from 240 
patients on two separate occasions when patients 
underwent RNC. The period between observations 
averaged 13 months (3 months to 3.7 years). None 
of the patients had prior surgery, neurogenic blad-
der, or other anatomic abnormality. This study 
revealed that 85 % of the ureters showed either no 
change (55 %) or decrease (30 %) in refl ux sever-
ity. However, 15 % revealed an apparent worsen-
ing in refl ux severity (9 %), or refl ux was detected 
only on the second RNC (6 %). Two-stage RNC 
has also shown the variable nature of VUR [ 24 , 
 25 ]. Treatment programs for VUR, therefore, 
should take into account the variability of low-
grade refl ux.

       Spontaneous Cessation of Refl ux 

 VUR frequently resolves with growth and matura-
tion of the urinary tract. Spontaneous cessation of 
refl ux was reported in approximately 71 % of chil-
dren and 79 % of ureters studied by Normand and 
Smellie [ 26 ] in 1979. The most important factor in 

the resolution of VUR seemed to be the apparent 
diameter of the ureter at the time of diagnosis. 
Resolution of VUR took place in 85 % of ureters of 
normal caliber but in only 41 % of dilated ureters. In 
addition, these authors reported that 65 % of ureters 
associated with scarred kidneys also ceased to 
refl ux spontaneously.  

    Treatment 

 Traditionally, patients with low-grade refl ux have 
been treated with a regimen of long-term antibi-
otic prophylaxis. With severe refl ux, spontaneous 
resolution of refl ux can occur but is less likely. 
Continuous antibiotic therapy may be given to 
these patients provided their urine remains ster-
ile, frequent urine cultures are performed, and 
that serial evaluation for refl ux is carried out. 
This routine requires careful compliance by the 
patient and parents. Patients with peristent refl ux, 
requiring prolonged antibiotic prophylaxis, 
febrile urinary infection despite prophylaxis, or 
severe refl ux may be offered surgical correction 
of the vesicoureteral refl ux. 

 Surgical treatment of VUR has a high degree 
of success in experienced hands [ 27 ,  28 ], offers 
an immediate correction of the anatomic problem, 

  Fig. 13.8    Intermittent bilateral vesicoureteric refl ux. 
Mild to moderate refl ux appears almost simultaneously 
during the mid-fi lling phase in both ureters and renal 

 pelves. During the mid- to late fi lling phase, refl ux sub-
sides temporarily in both sides and reappears during the 
late fi lling and voiding phases       
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and reduces the risk of pyelonephritis. Neither 
medical nor surgical treatment, however, seems to 
offer a clear advantage related to subsequent 
development of hypertension or impairment of 
renal growth. Whichever form of therapy is cho-
sen, long-term follow-up and observation are 
essential to assess the patient’s progress and the 
presence of complicating factors, such as residual 
VUR, pyelonephritis, new scarring, hypertension, 
or renal dysfunction.  

    Radionuclide Cystography 

    Indications 

 Radionuclide cystography has four principal 
indications (Table  13.1 ) [ 1 ]. Because of its safety, 
high sensitivity, and minimal radiation exposure, 
RNC can be an ideal method for the initial diag-
nosis of VUR in some patients. For example, 
RNC can be an appropriate test in an older girl in 
whom there is less concern for urethral obstruc-
tion or anatomic abnormalities of the urinary 
tract. However, for younger children, most clini-
cians prefer to use VCUG for the fi rst evaluation 
of the urinary tract, as it will provide more ana-
tomic detail and better visualization of the ure-
thra. Radionuclide cystography is indicated for 
the follow-up of patients who have been diag-
nosed previously with VUR and are receiving 
long-term prophylactic antibiotic therapy. 
Patients undergoing this type of treatment are 
typically monitored for refl ux every 12–24 
months. RNC also can be used for follow-up 
evaluation of patients found to have VUR during 
the evaluation of persistent prenatal hydrone-
phrosis [ 29 ]. Radionuclide cystography is an 
effective technique for evaluating the results of 

surgical repair of VUR. In addition, and because 
of the low radiation dose and high sensitivity, 
RNC is a useful method for the evaluation of sib-
lings for familial refl ux [ 7 – 12 ].

       Methods 

 There are two principal nuclear medicine meth-
ods to diagnose VUR: direct RNC and indirect 
radionuclide cystography (IRC). The direct 
method, which is by far the most common 
approach, requires bladder catheterization to 
introduce the radionuclide into the bladder in a 
retrograde fashion. Indirect radionuclide cystog-
raphy does not require catheterization. Studies 
comparing RNC with IRC have suggested that 
RNC is more sensitive than IRC [ 30 – 32 ]. 
However, RNC is an invasive technique, so IRC 
may still have a role in the diagnosis of VUR in 
cooperative patients and in those who refuse 
catheterization [ 33 ]. Indirect radionuclide cys-
tography requires that the patient refrain from 
voiding until the time of examination. Increased 
urinary output caused by recent administration of 
a diuretic (e.g., furosemide) or an intravenous 
contrast agent for urography or overhydration 
can interfere with the detection of VUR. 
Therefore, cystography should be performed 
fi rst, or one should wait 1 day after administra-
tion of these agents.  

    Patient Preparation 

 The same patient preparation applies for both 
direct RNC and IRC. A complete explanation of 
the procedure should be given to the patient and 
parents. When done with patience and 
 understanding, such a conversation can reduce 
anxiety before the examination. In addition, we 
fi nd it helpful to hand out or mail a brochure with 
information and instructions for the RNC [ 21 , 
 34 ]. We do not use sedation for RNC in the vast 
majority of the patients. The patient is instructed 
to void in the bathroom before the examination if 
possible and then to lie supine on the examina-
tion table for the study (see below).  

   Table 13.1    Indications for radionuclide cystography   

 Initial diagnosis of vesicoureteric refl ux (VUR) 
 Follow-up of previously diagnosed VUR to assess for 
spontaneous resolution 
 Assessment of antirefl ux surgery 
 Diagnosis of familial VUR 
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    Direct Radionuclide Cystography 

 Radionuclide cystography can detect small vol-
umes of refl ux, as little as 0.2 mL at 2 cm from 
the projected edge of the bladder [ 22 ]. RNC is 
indeed a stress test of the ureterovesical junction, 
with the bladder being fi lled in a retrograde fash-
ion with a fl uid at a higher rate than is natural. 
The radiation exposure to the patient with RNC is 
low, with a gonadal absorbed radiation dose of 
less than 0.03 mGy (3 mrad). Radionuclide cys-
tography is highly sensitive, and the operator has 
greater control of the procedure than with IRC. 
Patients of all ages can be examined. As part of 
the procedure, a urine sample under aseptic con-
ditions is obtained for culture. 

    Radiopharmaceutical 
 Technetium-99m ( 99m Tc) as pertechnetate is used. 
The usual administered dose is 1 mCi (37 MBq). 
Alternative radiopharmaceuticals include  99m Tc-
labeled sulfur colloid and  99m Tc-DTPA. 
Technetium-99m as pertechnetate should not be 
used in patients who have undergone bladder 
augmentation with gastric or intestinal mucosa. 
In these patients,  99m Tc-pertechnetate may be 
absorbed into the circulation and interfere with 
detection of mild vesicoureteral refl ux [ 35 ].  

    Equipment and Recording 
 The examination table is covered with plastic- 
lined absorbent paper to contain any spilled tracer 
and to reduce contamination of the table. A 
gamma scintillation camera system equipped 
with a high-resolution collimator is used. In our 
practice, the RNC is recorded as a series of 10-s 
frames in a 128 × 128 matrix format for the dura-
tion of the fi lling and voiding phases of the study. 
Postvoid images are obtained if the patient is not 
able to empty the bladder while on the imaging 
table.  

    Catheterization 
 Sterile urethral catheterization trays prepared 
for each study contain the following items: three 
small containers, cotton, and a sterile towel with 
a central opening. Other materials needed include 
antiseptic solution (PROVON Antimicrobial 

Lotion Soap, GOJO Industries, Inc., Akron, 
OH), sterile water, lidocaine anesthetic jelly, and 
a 10-mL syringe with a blunt, tapered adapter 
(“fi stula tip”). Catheters of two sizes are used: 
a 2.6-mm-diameter catheter (French 8) for most 
patients and a 1.5-mm- diameter catheter (French 
5) for infants. 

 The success of the examination depends to a 
great extent on careful catheterization technique. 
If necessary, a parent or aide assists in immobiliz-
ing the patient, who lies supine and is encouraged 
to relax. The so-called frog position is useful in 
catheterizing females. The periurethral area in 
females and the glans penis in males is carefully 
cleansed with antiseptic solution and sterile water 
warmed to body temperature before use. The 
catheter is lubricated with the anesthetic jelly to 
facilitate a smooth insertion. Using a bright spot-
light, the female urethral orifi ce must be clearly 
identifi ed before attempting catheterization. The 
catheter should be introduced easily in one 
motion, without hesitation. Any additional con-
tact with the area surrounding the urethral orifi ce 
should be avoided because it causes discomfort. 
This point cannot be emphasized enough, because 
a child who has had a bad fi rst experience with 
this procedure is not likely to cooperate in the 
future. 

 In boys, the urethra is anesthetized. The penis 
is held with one hand, while lidocaine jelly 
(5–10 mL) is slowly injected into the urethra 
using the blunt adapter. Slow and deep breathing 
helps to relax the sphincter and allows anesthesia 
of the entire urethra. Slightly squeezing the ante-
rior portion of the penis for a minute or so pre-
vents the lidocaine from draining out. The 
catheter is then gently and continuously intro-
duced into the bladder. Encourage the patient to 
breathe deeply and attempt to void, which may 
relax the sphincter. If the sphincter remains 
closed, the catheter should be kept under continu-
ous and mild pressure against it. In most cases, 
the catheter eventually glides through the 
sphincter. 

 Do not try to overcome a closed or spastic 
sphincter by repeated back-and-forth motions of 
the catheter as it may result in urethral injury. In 
the rare instance when it is necessary to repeat 
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the urethral anesthesia, a second attempt at cath-
eterization is almost always successful. 

 Once the catheter has been advanced beyond 
the sphincter, most children cooperate. The resid-
ual bladder volume is then measured. The cathe-
ter is fi xed with adhesive surgical tape to the 
inner thigh in girls and to the dorsal shaft of the 
penis in boys. Leaving the catheter in place until 
the end of the study allows for a repeat examina-
tion in case of failure, as well as for additional 
fi lling of the bladder if needed. In most cases, 
however, the catheter is removed gently before 
the patient voids. Some investigators have sug-
gested direct RNC by direct percutaneous admin-
istration rather than bladder catheterization [ 36 ]. 
We have not employed this approach.  

    Filling and Voiding 
 The child is encouraged to lie quietly on the 
table. A calm environment and dim room lighting 
during the procedure often have a quieting effect. 
Many patients (and parents) fi nd that watching a 
small ceiling-mounted TV while the study is in 
progress greatly helps reduce anxiety and makes 
the time pass more quickly. 

 The tracer is administered directly into the 
patient’s bladder via the catheter (For computer-
ized radionuclide cystography (CRVC), the 
radiopharmaceutical is mixed with the saline in 
the bottle and infused into the bladder [see sec-
tion “ Computerized Radionuclide Cystography ”, 

following]). A bag of 500 mL of normal saline (or 
irrigating solution) is suspended 70–90 cm above 
the bladder and connected to the catheter 
(Fig.  13.9 ). Gravity allows the saline solution to 
drain freely into the bladder. In our practice, we 
examine most patients in the supine position to 
more easily control the examination. However, 
the RNC can be performed in the sitting or semi-
recumbent position if so desired.

   While the bladder is fi lling, the operator 
monitors the entire examination on the computer 
monitor. The end of the fi lling phase is usually 
indicated by a bladder volume appropriate for 
the patient’s age (see below) or a reduction or 
 cessation of the infusate’s rate of fl ow. When the 
bladder is fi lled to its capacity, voiding is usu-
ally initiated without delay. Careful and complete 
collection of the voided fl uid is necessary for 
quantitation (see “ Computerized Radionuclide 
Cystography ” section below). We use a plastic 
urinal for both girls and boys. In girls its lower 
border is gently pressed against the perineum and 
inner thighs. If patients cannot void in the supine 
position, they are asked to try voiding in the sit-
ting position. 

 The technologist or physician conducting the 
study should record the following: residual blad-
der volume, the fact that a urine sample was 
obtained under aseptic conditions for culture, any 
problems during the catheterization or the proce-
dure, and voided volume. The data can be entered 

Computer

Camera

Saline
  Fig. 13.9    Method of direct 
radionuclide cystography       
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directly on the computer to be included within 
the diagnostic report.

      Functional Bladder Capacity 
 Knowledge of the expected functional bladder 
capacity is useful for evaluation of VUR in chil-
dren. However, a priori prediction of bladder 
capacity in children is diffi cult. Subjective crite-
ria of complete bladder fi lling produced by the 
patient (toes curling upward, jiggling leg 
 movements, complaints of urgency) should be 
noted, but their value may be unreliable. 

 Although bladder capacity generally increases 
with age and maturation, its variability at a given 
age or in a given patient may correspond to 100 % 
or more of the mean volume. Infl uences operat-
ing at the time of examination may cause the 
functional bladder capacity to be different from 
the actual capacity. Mechanical factors, such as 
rapid fi lling of the bladder, irritation from the 
catheter, or low temperature of the instilled fl uid, 
can induce high bladder tonus and thus lower 
bladder capacity. Apprehension may provoke the 
same response. Uninhibited bladder contractions 
related to irritability from severe infl ammation 
characteristically cause intermittent pain and 
urgency and tend to keep bladder capacity low. In 
most of the children with urinary tract infection 

(UTI) bladder capacity does not seem to be 
affected [ 21 ]. 

 Information about bladder capacity on pre-
vious studies, mean values, and observation of 
the infusion fl ow rate should aid the operator 
in fi lling the patient’s bladder to its approxi-
mate functional capacity. Several studies have 
addressed bladder capacity as a function of age 
in children, but published studies have included 
fewer than 250 observations [ 22 ,  37 – 40 ]. Those 
reports have indicated a linear relationship 
between age and functional bladder capacity. 
The following formula has been suggested: [ 37 ] 
bladder capacity (ounces) = age (years) plus 2. In 
addition, for children up to 1 year of age, a lin-
ear regression has been suggested: [ 38 ] capacity 
(mL) = [7.0 × weight (kg)] − 1.2. However, our 
experience using direct RNC suggests that this 
relationship is not linear [ 22 ]. 

 We have reviewed the functional bladder 
capacities for more than 4,000 RNC examina-
tions in children under 13 years of age. The rela-
tionship of functional bladder capacity and age 
seems to be nonlinear, and it can be described by 
a power model:  Y  =  β  0  X   β 1 , where  Y  is the esti-
mated bladder capacity,  β  o  is the volume (con-
stant),  X  is the age, and   β 1  is the slope power 
(Fig.  13.10 ) [ 41 ].

  Fig. 13.10    Functional 
 bladder capacity as a 
function of age in children 
less than 13 years of age       
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       Analysis of Radionuclide Cystography 
 In routine practice, analysis of RNC is visual. 
The RNC should be viewed whenever possible 
on cinematic display, and the interpreter should 
be able to vary the playback speed and the con-
trast of the dynamic image set. With most low- 
grade refl ux, the volume and amount of activity 
of refl uxed tracer is much smaller than the activ-
ity within the bladder, so refl ux could be missed 
if no contrast enhancement is used. No single 
approach covers all cases. Generally, it is useful 
to vary the upper threshold in the range between 
5 and 15 % of the maximum level of activity in 
the image. Evaluation of the RNC with a series of 
static images is generally effective; however, 
evaluation on cinematic display is strongly rec-
ommended to achieve a higher diagnostic yield. 
Even with patient motion, dynamic evaluation 
enables the operator to distinguish scatter from 
minimal refl ux better than on serial static images. 
Motion correction helps in the assessment of 
RNC where the patient has moved during the 
examination. 

 On occasion, time-activity curves from 
regions of interest over the renal, ureteral, and 
vesical regions may be utilized for quantitative 
evaluation of refl ux, bladder volumes, and void-
ing fl ow rates with RNC (See following discus-
sion of computerized voiding cystography). 
Meticulous attention to technique and complete 
avoidance of patient motion are mandatory for 
this approach [ 21 ].  

   Reporting Results 
 The RNC report should address at least the fol-
lowing information: voiding prior to the exami-
nation, residual bladder volume, the fact that a 
urine sample obtained under aseptic conditions 
was collected and sent to the laboratory for cul-
ture, problems with catheterization or the proce-
dure, volume infused in the bladder, volume 
voided, presence and severity of refl ux, and com-
parison with previous examinations (same, bet-
ter, or worse). Most of our patients see a urologist 
after completion of RNC study; in our practice, 
the RNC report and images are immediately 
transmitted to the referring urologist.  

   Vesicoureteric Refl ux in Radionuclide 
Cystography 
 An analysis of 135 consecutive radionuclide 
studies in our hospital revealed a 32 % incidence 
of VUR, usually RNC grades 1 or 2. Refl ux was 
present in 47 % of the nonsurgical patients and in 
11 % of the patients evaluated after surgery. It 
was unilateral in 60 % and bilateral in 40 %. 
Unilateral refl ux occurred in the right and left 
ureters with equal frequency. In the 59 refl uxing 
renal units, refl ux occurred during fi lling and 
voiding in 80 %, whereas refl ux present during 
voiding only was seen in 17 % of the ureters. 
These fi ndings underscore the importance of 
examining the patient during voiding as well as 
during fi lling. The remaining 3 % of ureters 
refl uxed during bladder fi lling only. Almost 80 % 
of those patients with refl ux during fi lling and 
voiding refl uxed 2–34 mL (average 7 mL) [ 21 ].  

   Patterns of Refl ux 
 The ability to continuously monitor during RNC 
permits observation of several dynamic patterns 
of refl ux. Continuously increasing refl ux charac-
teristically occurs during the early or mid-fi lling 
phase, supposedly through a patulous ureteral 
orifi ce that allows the bladder and ureter(s) to 
behave as a single chamber. This is the most 
severe refl ux. Occurrence of refl ux in this condi-
tion appears to be independent of intravesical 
pressure, which is usually low during the begin-
ning of bladder fi lling [ 42 ]. 

 Most commonly, VUR does not start until a 
certain bladder volume has been reached and 
then either continues to increase until the end of 
the fi lling phase or shows intermittent increases 
and decreases in volume. In some patients, how-
ever, there may be only one or few transient epi-
sodes of refl ux during the fi lling or voiding phase 
(Figs.  13.11 ,  13.12  and  13.13 ). Some children 
who are unwilling or unable to void during the 
cystogram are asked to urinate in the bathroom, 
and a postvoid image is obtained. In some cases, 
the postvoid image shows the only evidence of 
VUR. Therefore, a postvoid image must be con-
sidered a routine part of the examination. In cer-
tain cases of bilateral refl ux, one ureter can be 
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  Fig. 13.11    Intermittent mild bilateral vesicoureteric 
refl ux. Early (low bladder volume) left vesicoureteric 
refl ux (VUR) subsides rapidly. As the RNC progresses 
toward the end of fi lling, there is mild bilateral VUR. 

An image obtained following the completion voiding 
reveals complete drainage of both ureteropelvicaliceal 
systems and the bladder       

  Fig. 13.12    Mild intermittent left vesicoureteric refl ux. Left VUR is visualized briefl y during the mid-fi lling phase; it 
then disappears completely and returns during the voiding phase ( arrows )       
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seen to begin refl uxing at a certain bladder vol-
ume, with refl ux beginning in the contralateral 
ureter at a greater bladder volume.

     If refl ux has occurred during the fi lling phase, 
it may or may not increase in volume during the 
voiding phase, and in certain instances, it may 
decrease or disappear altogether during voiding. 
Refl uxed fl uid may continuously drain into the 
bladder immediately after completion of voiding, 
despite the fact that at this time intravesical pres-
sure frequently reaches its maximum. Refl ux, 
therefore, may have little to do with intravesical 
pressure and be more related to the degree of 
bladder  fi lling and contraction.  

   Bladder Emptying and Voiding 
Flow Rate 
 The urine fl ow rate can be easily calculated with 
RNC [ 43 ,  44 ]. We calculated the voiding fl ow 
rates in 75 patients [ 21 ]. The average rate in 26 
normal children was 10.2 mL/s [range 2.0–
21.0 mL/s ± 4.5 standard deviation (SD)]. In 49 
abnormal patients (refl ux with or without infec-
tion or previous surgery), the voiding fl ow rates 
averaged 10.5 mL/s (range 1.4–31.0 mL/s ± 5.7 
SD). In all 75 patients, the average voiding fl ow 
rate was 10.4 mL/s (range 1.4–31.0 mL/s ± 5.3 

SD). The average voiding fl ow rate seemed to 
relate to the initial bladder volume and thus to 
age. The greater the initial bladder volume, the 
higher was the voiding fl ow rate. The presence of 
an indwelling catheter did not seem to reduce the 
voiding fl ow rate signifi cantly. In patients with an 
indwelling catheter, it averaged 10.7 mL/s (range 
2.0–31.0 mL/s), whereas in those without a cath-
eter the average fl ow rate was 9.8 mL/s (range 
1.4–25.0 mL/s). The  voiding time was 10–116 s 
(average 35 s). With the exception of a few 
extreme values, the voiding time in normal 
patients is comparable to that in patients with 
refl ux. 

 Children typically do not use abdominal 
straining during voiding [ 45 ]. When they do, the 
urinary fl ow either increases or decreases, prob-
ably refl ecting whether the external sphincter is 
contracted along with the abdominal muscles 
[ 46 ]. Thus urging the child to strain in order to 
void may be counterproductive.  

   Residual Bladder Volume 
 Residual volumes measured by catheterization 
and RNC may or may not be the same, and in 
many instances, there is gross discrepancy between 
these two measurements for any number of 

  Fig. 13.13    Mild left vesicoureteric refl ux. Refl ux is seen only during voiding       
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reasons (Fig.  13.14 ). For example, the patient may 
not adequately empty the bladder because of some 
underlying abnormality such as aberrant micturi-
tion, as in some cases of refl ux or dysuria [ 47 ]. The 
bladder may not be properly drained because the 
tip of the catheter abuts the bladder wall, or the 
patient may simply be unwilling or unable to void 
because of the unnatural situation [ 48 ].

   We have observed more complete emptying of 
the bladder in patients whose bladders were fi lled 
to a maximum or optimal volume during cystog-
raphy. Apparently, high tonicity of the bladder 
wall induced adequate contraction and more 
complete emptying. A large residual volume in 
children at the beginning or end of the study does 
not necessarily mean that the patient has a signifi -
cant abnormality. On the other hand, demonstra-
tion of an empty bladder is useful.  

   Urine Culture 
 We reviewed the results of urine culture in 113 
consecutive children referred for radionuclide 

cystography. Urinary infection with  Escherichia 
coli  or  Streptococcus faecalis  was found in 11 % 
despite their history of continuous antibiotic 
treatment and careful follow-up by their physi-
cians. Patients on antibiotic treatment and those 
who had undergone surgery showed a nearly 
equal incidence of urinary infection. Our experi-
ence agrees with that of other workers, suggest-
ing that refl ux and infection are independent of 
one another [ 49 – 53 ].  

   Dosimetry 
 For children undergoing RNC between ages 1 and 
10, the absorbed radiation dose estimates for the 
bladder wall are 0.18–0.27 mGy and for ovaries 
10–20 mGy. The testicular dose is less than the 
dose to the ovaries. The dose to the kidneys is esti-
mated to be 0.02–0.04 mrad/mL of refl ux per 
minute of residence in the collecting system. The 
estimated dose to the ureter in refl ux is 13 mGy/
min (1.3 mrad/min) [ 21 ,  54 – 56 ]. The dose to the 
ovaries is 100–200 times less with RNC than with 
conventional VCUG and 20–40 times less than 
pulsed fl uoroscopy [ 21 ,  57 ,  58 ]. For these dose 
calculations, the residence time for the activity in 
the bladder is determined from the duration of the 
study in patients of various age groups and the 
empty bladder mass is estimated by extrapolation 
from data in adults, using growth curves [ 59 ].   

    Indirect Radionuclide Cystography 

 The principal advantages of IRC are that it can 
demonstrate refl ux under physiologic conditions. 
It uses radiopharmaceuticals that, after intrave-
nous injection, are rapidly eliminated in the urine 
and not retained in the renal parenchyma. 
Vesicoureteric refl ux can be detected during 
voiding only. This technique has the advantage 
that it permits evaluation of renal function and 
urine drainage as well as detection of VUR. 
Indirect radionuclide cystography is less trau-
matic for the patient than RNC, physically and 
emotionally. It does not require catheterization 
and allows the bladder to be fi lled and emptied 
physiologically (Fig.  13.15 ). The minimal risk of 
induced infection is eliminated with IRC. 

  Fig. 13.14    Residual bladder volumes measured in the 
same patients by catheterization and by radionuclide cys-
tography in 30 normal children       
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However, IRC cannot detect VUR that occurs 
during the fi lling period only.

   The patient can void in the usual position, so the 
competence of the vesicoureteral mechanism is 
tested under normal voiding pressures [ 33 ]. A rela-
tive disadvantage of IRC is that it requires com-
plete patient cooperation. Clearly, IRC is not meant 
for newborns, infants, and those patients who can-
not or will not cooperate. Another disadvantage of 
IRC is that it requires that the imaging room be 
available when the patient is ready to void. 

   Radiopharmaceuticals 
 The radiopharmaceuticals  99m Tc-mercaptoacetyl-
triglycine ( 99m Tc-MAG3) or  99m Tc-diethylenetri-
amine pentaacetic acid ( 99m Tc-DTPA) are suitable 
agents for IRC. Technetium-99m-MAG3 is a bet-
ter choice, as it has a higher extraction fraction 
with less soft-tissue background. The intravenous 
administered dose should be the same used as for 
dynamic renal scintigraphy.  

   Recording 
 Indirect radionuclide cystography should be pre-
ceded by a conventional dynamic renal scan in 

order to evaluate renal function and assess com-
plete drainage of tracer from the kidneys. Ideally, 
no signifi cant amount of tracer should be present 
in the renal regions prior to the start of the IRC, 
as VUR may be diffi cult to detect in the presence 
of residual tracer in the pelvicaliceal system. For 
the voiding phase, the patient is positioned in the 
sitting position with the gamma camera centered 
over the region of the bladder and kidneys. The 
patient voids into a urinal, a bedpan, or a spe-
cially made commode. Precautions to reduce 
contamination of the equipment and the room 
must be taken. Recording is begun when the 
patient is ready to void and continues until the 
end of voiding. Additional images may have to 
be obtained following voiding. The IRC is 
recorded using the same camera and computer 
acquisition parameters described under RNC (see 
above).  

   Analysis 
 Analysis of IRC is identical to that described 
above for RNC. The physician should review the 
IRC in a dynamic mode, varying the display rate 
and the image contrast.   

  Fig. 13.15    Indirect radionuclide cystography ( 99m Tc-
MAG 3 ).  Left panel : The bladder is fi lled with radiotracer. 
As the patient voids, there is left vesicoureteric refl ux ( R ) 
and secondary bladder ( B ) fi lling.  Right panel : The 

 time-activity curve from a region of interest over the left 
kidney reveals a sharp increase coinciding with the refl ux 
seen on the images (Courtesy of Dr. Isky Gordon, London, 
England)       
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      Computerized Radionuclide 
Cystography 

 Computerized radionuclide voiding cystography 
(CRVC) is a refi nement of RNC. It is a quantitative 
method and enables simultaneous measurement of 
bladder volumes and pressures. When using 
CRVC, the following parameters are obtained:
    1.    Volume of the bladder at the fi rst occurrence 

of refl ux and at the time of maximum refl ux 
during fi lling and/or voiding   

   2.    Maximum bladder volume (end of fi lling)   
   3.    Volumes of refl ux (initial, maximum, residual)   
   4.    Residual bladder volume   
   5.    Average voiding fl ow rate   
   6.    Bladder pressures     

   Intravesical Pressure 
 With CRVC, it is possible to simultaneously 
record the radionuclide cystogram and the intra-
vesical pressures. Using a double-lumen catheter, 
one channel is used for infusion and the other is 
connected to a pressure transducer. We use a 
3-mm-diameter double-lumen catheter (French 
9). The pressure transducer output is connected 
through an analog-to-digital converter to the com-
puter. Time-activity and time-pressure curves can 
then be displayed simultaneously [ 21 ,  60 ,  61 ]. 

 In a study in our institution aimed at establish-
ing normal and abnormal ranges of intravesical 
pressure, measurements during RNC were 
obtained for 40 patients. There were 16 normal 
children, 15 with refl ux, and nine who had previ-
ous surgery. In the normal children maximum 
intravesical pressures during fi lling were 
15–80 cm H 2 O (average 42 cm H 2 O) and during 
voiding or postvoiding 24–136 cm H 2 O (average 
78 cm H 2 O). There was no signifi cant difference 
between the normal children, patients with refl ux, 
and those who had prior reimplants. In all these 
groups, the initial voiding pressure was always 
slightly higher than the maximum fi lling pres-
sure. Intravesical pressures decreased with 
increasing bladder volume. During fi lling of the 
bladder, the intravesical pressure showed a con-
tinuous increase until full bladder capacity was 
reached. Toward the end of voiding, a pressure 
peak that occurred after contraction characterized 

the pressure curve. In most instances, the highest 
recorded intravesical pressure was reached dur-
ing this moment after contraction. 

 There is no clear evidence that intravesical 
pressure causes VUR [ 62 ]. A relationship 
between intravesical pressure and cortical renal 
damage in the absence of infection remains 
widely debated [ 63 ], although in patients with 
VUR there are alterations in renal blood fl ow 
during voiding [ 64 ]. Renal damage from pyelotu-
bular backfl ow has also been considered [ 65 ]. It 
has been clearly demonstrated in children under 
6 years of age, but mainly in infants, that massive 
refl ux in the presence of urinary tract infection 
leads to renal damage [ 49 ,  62 ,  66 – 69 ]. 

 Studies in rabbits reveal that renal blood fl ow 
decreases with acute increase of pressures in the 
pelvicaliceal system. This is reversible [ 70 ]. 
Intrarenal refl ux seems to play an important role in 
the etiology of renal damage [ 71 ]. Because intra-
vesical pressure is higher in younger than older chil-
dren, it follows that intravesical pressure decreases 
with increasing bladder capacity. With renal dam-
age occurring mainly in younger children, perhaps 
there is some relationship between intravesical 
pressure and refl ux nephropathy. In the absence of a 
barrier at the ureterovesical junction, the upper uri-
nary system and the bladder act as a single chamber. 
Studies in our laboratory seem to indicate that intra-
vesical pressure is probably least important in terms 
of etiology, management, and prognosis of refl ux 
provided that distal obstruction or neurogenic dys-
function is not present. Most of our patients exhib-
ited refl ux during fi lling at a relatively large bladder 
volume. The increasing bladder volume during the 
cystogram probably infl uences the anatomy and 
competence of the ureterovesical junction more 
than the increase in pressure. 

 In the growing child, maturation of the ure-
terovesical junction probably implies not only 
lengthening of the intravesical ureter but also 
strengthening of the specifi c musculature related 
to the ureterovesical junction. Therefore decreas-
ing occurrence of refl ux with age is to be expected 
[ 72 – 74 ]. Controversy still exists about matura-
tion of the ureterovesical junction [ 53 ,  75 ]. Refl ux 
only during voiding may be related to the chang-
ing anatomic condition of the ureterovesical 
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junction during bladder contraction. The intra-
vesical pressure at the initiation of voiding is not 
signifi cantly higher than at the end of fi lling. 
Refl ux that occurs at low bladder volume is more 
damaging [ 76 ].  

   Analysis 
 With CRVC, the sequential images of the cysto-
gram are displayed on the computer monitor and 
evaluated visually (see above). If refl ux is pres-
ent, regions of interest (ROIs) are drawn over the 
kidneys and bladder. In addition, another region 
near the bladder is selected to correct for back-
ground scatter. 

 It is important to determine if patient motion 
occurred during the study because it invalidates 
any attempts at quantitation. Motion correction 
should be applied. Time-activity curves are cal-
culated for each ROI. 

 To obtain and estimate the volumes of refl ux, 
bladder capacity, and residual capacity, a relation 
between activity and volume is obtained. 
Assuming that attenuation of the gamma rays is 
constant, that the radioisotope is well mixed with 
the solution of saline, and that a negligible 
amount of urine is produced by the kidneys dur-
ing the study, the counts recorded are propor-
tional to the volume(s):

   V RC=    ( 13.1 )    

where  V  is volume,  R  is a constant, and  C  is 
counts. Note that 0 counts represents zero vol-
ume. The constant  R  is calculated by relating the 
voided volume to the drop in total vesical counts 
during the voiding phase of the study. At the 
beginning of the voiding phase, the volume is  V  0  
and the counts are  C  0 . At the end of the voiding 
phase, the volume is  V  e  and the counts  C  e . 
Substituting these values into Eq.  13.1  yields:

   V RC0 0=    ( 13.2 )    

   V RCe e=    ( 13.3 )    

  Subtracting Eq.  13.3  from Eq.  13.2  yields:

 R
V V

C C

V

C
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−
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0

e

e

Changein volume

Change in counts
  

   
 ( 13.4 ) 

   

  Once the ratios are calculated, it is easy to obtain 
any volume of interest for any particular time of the 
study (e.g., maximum volume of refl ux). One sim-
ply has to multiply the ratio  R  by the number of 
counts over a particular region at a given frame. 
After the counts in each region are converted to 
volumes, it is possible to calculate rates of fl ow. To 
obtain the average voiding fl ow rate, the count loss 
during voiding must be divided by the time of void-
ing and multiplied by the constant  R .

  Average flow rate = =R
V

AT

D
   ( 13.5 )    
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Glomerular filtration rate (GFR) provides a 
 quantitative measure of renal function and can  
be used as an indicator of renal dysfunction.  
The clinical indications for the radionuclide 
determination of GFR in pediatrics are broad [1].  

A quantitative direct determination of GFR can 
be helpful in the evaluation and management of 
renal disease. Radionuclide GFR determination 
may be especially useful when GFR estimation 
based on creatinine may be unreliable or in the 
setting of systemic disease, such as diabetes mel-
litus or recovering hemolytic uremic syndrome. 
Radionuclide GFR can be used to monitor the 
renal effects of nephrotoxic drugs and for indi-
vidual dose adjustment of chemotherapy in 
patients with potentially impaired renal function. 
A radionuclide GFR determination also can be 
used to confirm the suitability of a potential renal 
transplant donor.

All methods of determining GFR rely on esti-
mating the plasma clearance or renal excretion of 
a substance that is excreted by the mechanism of 
glomerular filtration. In many clinical cases, 
endogenous serum creatinine level, or at most 
creatinine clearance, can provide reasonable esti-
mates of GFR. A variety of mathematical meth-
ods have been proposed to estimate GFR based 
on serum creatinine, body size, and patient char-
acteristics such as age, gender, and race [2]. 
Plasma creatinine levels are not sensitive to small 
changes in glomerular function [1] and changes 
in serum creatinine levels may lag deterioration 
in renal function. These methods assume that cre-
atinine is cleared almost entirely by glomerular 
filtration, but up to 5 % of creatinine clearance is 
through other mechanisms of renal clearance. 
This fraction of non-glomerular clearance can 
increase to as high as 50 % in the setting of renal 
failure. Therefore, GFR estimations based on 
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serum creatinine and creatinine clearance can be 
much less reliable in patients with renal impair-
ment [3, 4]. These estimates also may be inaccu-
rate in patients with low creatinine levels, such as 
those who are fasting, have low muscle mass, or 
are in a catabolic metabolic state related to criti-
cal illness or a genetic disorder of metabolism. 
With all methods that use serum creatinine to 
estimate GFR, precision can be poor, and vari-
ability may be as high as 40 %, especially in chil-
dren [5, 6]. Thus, these methods of estimating 
GFR are not satisfactory when an accurate deter-
mination of GFR is needed.

Although there is no perfect substrate for 
determining GFR, the gold standard for many 
decades has been inulin. Inulin is a small (aver-
age molecular weight ~5,000) non-charged poly-
meric molecule that is cleared rapidly from the 
circulation by filtration through the renal glom-
eruli. As inulin has a high rate of renal extraction, 
a continuous intravenous infusion of inulin is 
required for determination of GFR. Therefore, 
this approach may not be feasible for clinical 
studies. Methods more practical for routine clini-
cal applications have been developed using radio-
pharmaceuticals. These techniques require only a 
single intravenous administration of radiophar-
maceutical, which can be assayed easily and 
accurately in blood or urine.

 Methods

Radionuclide determination of GFR can be per-
formed using one of four different general meth-
ods. One method is to administer the 
radiopharmaceutical with a continuous intrave-
nous infusion and then determine renal excretion 
of radiopharmaceutical with blood and urine 
assays performed at steady state. The more com-
mon method is to administer the radiopharma-
ceutical as a single intravenous injection. Then, 
either a single blood sample or multiple blood 
samples are used to calculate plasma clearance 
of the radiopharmaceutical. An alternative 
method uses an image-based approach to esti-
mate the renal clearance of a radiopharmaceuti-
cal administered with a single intravenous 
injection.

 Radiopharmaceuticals

Many different radiopharmaceuticals have been 
used for the radionuclide determination of GFR. 
Radiopharmaceuticals less than 60 kilodaltons 
in size are ultrafiltrated by glomeruli in propor-
tion to the GFR and the free (nonprotein-bound) 
fraction in the plasma [7]. Therefore, any radio-
labeled agent that has minimal protein binding 
and is excreted solely by glomerular filtration 
could be used to determine GFR. That is, the 
agent should not undergo renal tubular secretion 
or reabsorption, should not be excreted through 
a nonrenal route, and must not be metabolized 
before excretion [1]. In practice, one of three 
radiopharmaceuticals, 51Cr-EDTA, 125I iothala-
mate, or 99mTc- DTPA, is commonly used, and, in 
general, all will give similar results [4]. However, 
with each radiopharmaceutical, there is some 
systematic variance in GFR determination com-
pared to the true GFR. This may be due to clear-
ance by non- glomerular mechanisms, binding to 
plasma proteins, or the rate of renal extraction 
from plasma. The choice of radiopharmaceuti-
cal typically depends on commercial availabil-
ity and local convention. In Europe, 51Cr-EDTA 
has been the usual agent of choice [4]. In North 
America, some institutions continue to use 
125I-iothalamate, but in most pediatric hospitals, 
the current choice of agent is 99mTc-DTPA, due to 
its commercial availability, relatively short half-
life, and lower radiation dose compared to other 
radiopharmaceuticals.

 99mTc-DTPA

Diethylenetriamine pentaacetic acid (DTPA) can 
be labeled with a number of radioisotopes, but 
most commonly is labeled with 99mTc (physical 
half-life 6 h, primary gamma emission 140 keV), 
because of its ready availability in most radiophar-
macies and nuclear medicine departments. 
Technetium-99m-DTPA is cleared essentially only 
by glomerular filtration. Renal clearance of 99mTc-
DTPA appears to be slightly slower than inulin, 
probably due to a small amount of protein binding 
in the circulation. However, this may be less of an 
issue with current commercial preparations of 
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99mTc-DTPA [8]. There is no binding of 99mTc-
DTPA to red blood cells [9]. Technetium-99m-
DTPA can be used with both in vitro assay and in 
vivo imaging techniques for determining GFR. For 
in vitro assay methods of determining GFR, the 
usual pediatric dose of 99mTc-DTPA is 1.85 MBq/
kg (0.05 mCi/kg) with a minimum dose of 
11.1 MBq (0.3 mCi) and a maximum dose of 
111 MBq (3 mCi).

 51Cr-EDTA

Ethylenediaminetetraacetic acid (EDTA) labeled 
with 51Cr (physical half-life of 27.8 days) can 
been used for in vitro determination of GFR. 
Chromium-51 decays by electron capture with 
emission of 5 keV x-rays, Auger electrons, and a 
low abundance (9 %) of a high- energy (323 keV) 
gamma emission. There is minimal protein bind-
ing of 51Cr-EDTA, but a number of factors make it 
less attractive than 99mTc-DTPA. Some studies 
[10] have demonstrated that there is a small 
amount of nonrenal plasma clearance of 
51Cr-EDTA. With 51Cr as the radiolabel, both the 
radiation dose will be greater and the counting 
time will be longer than with 99mTc-DTPA [9]. 
One potential advantage of 51Cr-EDTA is that, due 
to the longer half-life of 51Cr, samples do not need 
to be assayed on the same day as the study is per-
formed. However, with clinical expectations of 
rapid results turnaround, this characteristic of 
51Cr-EDTA seems of little practical benefit.

 125I-Iothalamate

Iothalamate can be radioiodinated, usually with 
125I to produce 125I-iothalamate (Glofil®), which 
is a commercially available radiopharmaceutical. 
Iodine-125 has a physical half-life of 60.14 days 
and decays by electron capture with emission of 
a low-abundance (7 %), low-energy (35.5 keV) 
gamma emission and high abundance of low-
energy x-rays. The use of 125I complicates radio-
active counting due to the low count rate and the 
low-energy gamma emission, so that each plasma 
sample may require a long period of counting to 
obtain adequate reproducibility. The long physi-

cal half-life of 125I also means that samples may 
need to be stored for long periods to allow decay 
onsite before disposal. Before administration of 
125I-iothalamate, patients must receive iodine sup-
plementation to limit thyroid uptake of unincor-
porated 125I (approximately 1 % free iodine). As 
indicated in the package insert, 125I-iothalamate 
should not be administered by central line. 
Commercial preparations of 125I-iothalamate can 
contain 0.9 % benzyl alcohol, which limits its use 
in infants.

Either a continuous intravenous infusion 
[11] or the single intravenous injection method 
[12] can be used to determine GFR with 
125I-iothalamate. The recommended adult dose 
is 0.74–3.7 mBq (0.02–0.1 mCi) for the con-
tinuous infusion method and 0.37–1.11 MBq 
(0.01–0.03 mCi) for the single injection method. 
Some studies have suggested that a substantial 
fraction of 125I-iothalamate can be excreted by 
tubular secretion and not glomerular filtration 
[13]. Therefore, 125I-iothalamate may overes-
timate GFR, particularly in patients with renal 
dysfunction.

 Radionuclide GFR Methods

 Continuous Infusion

The most accurate determination of GFR can 
be obtained with continuous infusion of a phar-
maceutical and intermittent sampling of both 
blood, to determine plasma clearance, and 
urine, to determine renal excretion of the phar-
maceutical. This method typically has been 
used with nonradioactive tracers, but also can 
be used with radiolabeled tracers. For example, 
this method is necessary when using inulin, 
which has served as the gold standard method 
for GFR determination. Inulin has a rapid rate 
of clearance, which means that a single bolus 
administration of inulin will be filtered before 
it can reach equilibrium throughout the plasma 
volume. Therefore, when used to determine 
GFR, inulin must be administered by constant 
intravenous infusion until a steady-state plasma 
inulin level has been reached. Then, blood and 
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urine samples are collected to determine GFR. 
A similar approach has been used to determine 
GFR with nonradioactive iothalamate. Some 
professional guidelines [4] recommend that 
this method be used when GFR is being deter-
mined for physiological research or clinical 
investigation. However, the continuous infusion 
method is not feasible for clinical use, and 
methods that utilize a single injection of radio-
pharmaceutical usually are adequate for clinical 
applications [4].

 Single Administration with Serial 
Blood Sampling

An alternative to the continuous infusion method 
is the administration of the radiopharmaceuti-
cal as a single intravenous injection followed 
by one of several methods of sampling: single 
blood sample, multiple blood samples, or image-
based analysis. Plasma clearance of each of the 
GFR radiopharmaceuticals is sufficiently slow 
that each is assumed to reach compartmental 
equilibrium before blood samples are obtained. 
This clearance can be described with a two- 
compartment exponential curve, with a fast 
component of about 20 min and a slow compo-
nent of several hours. Often the fast component 
(which is the component typically characterized 
in a dynamic renogram) is ignored so that the 
number of blood samples can be decreased [14], 
although this approach will slightly overesti-
mate the GFR value [4]. The slow component 
of clearance can be analyzed with one to four 
blood samples over several hours, with increas-
ing accuracy as the number of blood samples is 
increased. The range of sampling times depends 
somewhat on the expected rate of clearance of 
the tracer. If the samples are taken over a short 
period of time or all of the samples are drawn too 
early or too late, they will not adequately char-
acterize the clearance time (Fig. 14.1). Utilizing 
several samples drawn over a period of hours 
makes it more likely that at least two of the sam-
ples will define the clearance. In addition, if one 
of the samples is compromised, the adequacy of 
the method still may be maintained. For most 
clinical needs, this method of radionuclide GFR 

determination provides the best balance between 
feasibility, robustness, and accuracy.

 Single Administration with a Single 
Blood Sample

The single blood sample method assumes that a 
single blood sample drawn at an appropriate 
time, typically 2 h after tracer administration, 
can describe the plasma clearance of tracer. 
However, the sampling time must match the 
expected clearance time of the tracer. Cristensen 
and Groth [15] were among the first to develop 
a single-sample method. The inaccuracy asso-
ciated with the single- sample method may be 
higher than with multiple samples [4], particu-
larly in children, who may need different equa-
tions to express variations in body size. 
However, some investigators have demon-
strated reasonable accuracy even in children 
[16, 17]. One additional concern with the  
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Fig. 14.1 Determination of glomerular filtration rate 
after a single administration of 99mTc-DTPA. Blood sam-
ples were obtained at 2, 3, and 4 h after tracer administra-
tion in two patients. In a 2-year-old patient (○), there is 
rapid clearance of tracer, with a calculated GFR of 39 ml/
min (131 ml/min/1.73 m2), within the reference range 
(67–231 ml/min/1.73 m2) for a patient of this age. In a 
patient with chronic kidney disease (□), there is slow 
clearance of tracer from the blood, and the calculated 
GFR is only 11 ml/min (28 ml/min/1.73 m2)
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single-sample method is that quality control is 
more difficult with only one blood sample [18].

 In Vivo Image-Based Determination 
of GFR

Most methods of radionuclide GFR determination 
require blood samples to be obtained by veni-
puncture or through an indwelling intravenous 
catheter. This requirement led to the development 
of noninvasive imaging-based methods for deter-
mining GFR. After administration of radiophar-
maceutical, a gamma camera is used to acquire 
dynamic images of the kidneys. Renal clearance 
of the tracer is determined by region-of- interest 
analysis of the acquired dynamic images.

Different approaches have been used to ana-
lyze the renal images. Some require calibration 
with a single blood sample, so that they are not 
entirely noninvasive [19]. The most commonly 
used approach depends entirely on image analysis 
to estimate GFR [20]. One advantage of this 
approach is that differential GFR can be estimated 
based on differential renal uptake of tracer within 
the first few minutes of imaging [21]. However, 
camera-based methods have some technical limi-
tations. Assumptions must be made for renal 
depth, and therefore results may vary depending 
on body habitus, which may be particularly prob-
lematic in children. Also, the need for background 
correction remains unresolved [4]. Most compar-
ative studies have demonstrated that camera-
based methods provide GFR estimates that 
generally correlate with other methods, but are 
not as precise or as reproducible as the methods 
utilizing serial blood samples [4, 22–25].

 Serial Blood Sampling Method: 
Procedure
The serial blood sampling method published by 
Rodman et al. [26] provides an easily imple-
mented, accurate, and reproducible procedure for 
determining GFR by measuring clearance of a 
dose of 99mTc-DTPA administered by a single 
intravenous injection. In our pediatric nuclear 
medicine department, we use this method with 
three blood samples obtained at 2, 3, and 4 h 
(Fig. 14.1). An accurate result depends on  

adequate patient preparation, well-trained staff, 
and very careful attention to technique.

Before the study, all current medications 
should be recorded, as many of them may have 
an effect on renal blood flow or glomerular filtra-
tion rate. Medications may not be a contraindica-
tion to GFR determination, but the results must 
be interpreted and reported in the context of med-
ication use. For example, angiotensin-converting 
enzyme inhibitors, such as captopril, will dilate 
the efferent glomerular capillary, which can 
decrease GFR. Chronic diuretic use can decrease 
intravascular volume. Any substantial decrease 
in renal blood flow can decrease glomerular fil-
tration and lead to an inaccurately decreased 
determination of GFR. Ideally, patients should 
discontinue diuretics for a few days before the 
study, but this usually is not clinically possible. 
Similarly, patients should be well hydrated, and 
hydration status should be noted, particularly in 
ill children. Patients should be allowed ad lib 
access to fluids or receive maintenance intrave-
nous fluids until all blood samples have been 
obtained. A GFR determination should not be 
performed in children who are fasting or restrict-
ing oral intake in preparation for other medical 
procedures. If necessary, and clinically allowed, 
a volume-depleted patient may have volume 
repletion with oral or intravenous administration 
of fluids (e.g., 10 ml/kg). Patients also should be 
encouraged to avoid vigorous exercise on the day 
of the study.

Accurate height and weight must be obtained 
before the study. We prefer to perform these mea-
surements in our department to minimize error 
and to maintain clear accountability for the 
results. An estimated or previously recorded 
height should not be used, except in unusual cir-
cumstances, such as when the clinical status pre-
vents measurement of height. As a high-protein 
diet will increase GFR, some clinical guidelines 
[18] recommend instructing the patient to limit 
protein intake before the study, in order to 
improve reproducibility of serial studies. 
However, in clinical practice, excess protein 
intake does not appear to be a major consider-
ation, but protein deficiency related to underlying 
illness or nephrotic syndrome may have an effect 
on GFR. Serial plasma sample methods may not 
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be accurate in patients with substantial third 
spacing, e.g., ascites, and it may be appropriate to 
consider a method that uses urinary assay to 
determine renal clearance of tracer in these indi-
viduals [18].

There should be no opportunity for cross- 
contamination between the site of radiopharma-
ceutical administration and the site where blood 
samples are drawn. The smallest amount of con-
tamination of one or more blood samples will pro-
duce a spurious result for the GFR determination. 
Therefore, the best practice is to use different sites 
for radiopharmaceutical administration and blood 
draws. These should never be at the same site and, 
if at all possible, should be in different extremi-
ties. Many patients find it easier to have an 
indwelling intravenous catheter placed for blood 
draws. A central venous line can be used for either 
radiopharmaceutical administration or blood 
draws. When a central line has more than one 
lumen, we successfully have used separate lumens 
for administration and blood draws, but this 
requires clear and careful communication, so that 
the appropriate lumens are used by all caregivers 
involved in the procedure. Central lines should be 
accessed only by appropriately trained and cre-
dentialed healthcare professionals.

For administration of radiopharmaceuticals, 
the injection technique is critical. An indwelling 
or central catheter should be thoroughly flushed 
multiple times with an adequate volume of flush 
solution to ensure that the entire administered 
dose enters the circulation. Similarly, extravascu-
lar infiltration of tracer must be avoided. Ideally, 
the injection site is imaged to confirm that there 
is no substantial infiltration of the administered 
dose. Extravasation with subcutaneous infiltra-
tion of radiopharmaceutical at the time of intra-
venous injection both decreases the dose 
administered into the circulation with the injec-
tion and produces a reservoir of tracer that will 
enter the circulation in an unpredictable manner. 
Either of these can result in a spurious GFR 
determination. A planar image of the injection 
site is an effective method of confirming that 
there was no infiltration. Infiltration is unusual, 
but if infiltration is detected, then region-of- 
interest analysis of whole-body imaging can be 

used to determine the fraction of the dose at the 
infiltration site. In practice, the GFR determina-
tion remains clinically valid if less than 5 % of 
the administered dose has infiltrated. In the rare 
circumstance that greater than 5 % of the dose 
infiltrates, then the GFR procedure must be dis-
continued and rescheduled. In our department, 
we limit the incidence of infiltration by injecting 
only through an indwelling catheter or central 
line, and not using a “butterfly” or a straight nee-
dle for the radiopharmaceutical injection.

Blood samples should be obtained as close as 
possible to the scheduled times (2, 3, and 4 h), 
but it is most important that the times be precisely 
recorded, even if the samples are not obtained at 
the scheduled times. The time between samples 
is not crucial, as long as the exact times are 
recorded. In our department, all times are deter-
mined with small portable timers, with one timer 
kept with the same patient during the entire 4-h 
procedure. This avoids any error related to differ-
ences in the time recorded by clocks in different 
rooms or different departments. Additional blood 
samples may increase accuracy, although this has 
not been fully established. Obtaining one of the 
blood samples up to 5 h after radiopharmaceuti-
cal administration does not seem to adversely 
affect the GFR determination. Some guidelines 
[1] have suggested that blood samples may be 
obtained later (5–24 h) in patients with severely 
impaired renal function.

When using an indwelling catheter, the line 
should be flushed with saline, and then approxi-
mately 2 ml of blood withdrawn and discarded 
before the sample is drawn. For central lines, 
similar procedures should be used, as appropriate 
for the line, to ensure that the blood sample is not 
contaminated by residual blood or flush solution. 
Blood samples are drawn into tubes (typically 
“red top”) that do not contain an anticoagulant or 
a serum separator device. The blood is allowed to 
clot at room temperature, centrifuged at 
3,500 rpm for 5 min, and then aliquoted in dupli-
cate for assay in a well counter. Aliquots typi-
cally are measured with an automatic pipette, and 
careful pipetting technique must be used. Some 
published procedures [24, 27] have recom-
mended ultrafiltration of blood samples to limit 
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protein-bound tracer, but careful evaluation in 
our department has shown that this step is not 
necessary, unless the patient has a known hyper-
viscosity/hyperproteinemia syndrome.

 Serial Blood Sampling Method: 
Analysis
The calculations necessary to determine GFR can 
be performed with a spreadsheet application on a 
personal computer or may be programmed into 
the radiopharmaceutical management or image 
acquisition computers available in a nuclear 
medicine department. In the serial-sampling 
approach, blood samples are obtained at several 
sampling times over several hours. The exponen-
tial curve fitting method assumes one compart-
ment and requires at least two blood samples, 
typically drawn between 2 and 4 h after intrave-
nous injection of radiopharmaceutical.

Prior to administration, a dose calibrator is 
used to determine the activity (MBq) of the 
administered dose and of a second sample that is 
used to make a standard. The standard is made by 
using a set, known level of dilution of the assayed 
sample. Typically, the assay standard is made by 
diluting a known amount of activity (9–10 MBq, 
0.24–0.27 mCi assayed in the dose calibrator) in 
250 ml water in a volumetric flask. Dilution is 
necessary so that the specific activity of the stan-
dard solution is similar to that of the blood sam-
ples, which allows the standard samples to be 
counted in the well counter. This provides a com-
parison between the efficiencies of the dose cali-
brator and the well counter and provides a 
conversion factor for the administered dose, 
which can be counted only in the dose 
calibrator.

After all samples have been collected, the 
samples and the standard are counted in a well 
counter. The well counter should be windowed 
with the appropriate energy peak (typically 
140 keV for 99mTc) and window. All samples and 
standards are counted at the same time so that a 
single correction for radioactive decay of 99mTc 
can be applied. The counting efficiency of the 
well counter is estimated from the count rate of 
the standard since both the activity concentration 
and volume of the standard are known.

Counting Efficiency = Counts (cpm)/Volume 
(ml)/Standard Activity (kBq/ml)

For the blood samples, a one-component 
exponential rate of clearance is assumed, and 
thus a least squares fit is applied to estimate the 
biological half-life and, thereby, characterize the 
clearance rate. The sample counts, decay cor-
rected to the time of administration, are fit to the 
following equation:

 SC = −eB t A( / )1
 

where t is the time after administration. A and B 
are the fitting parameters for the exponential fit. 
The ratio of B/A is the clearance coefficient in 
units of reciprocal time (min−1) (analogous to the 
radioactive decay coefficient, λ), and it represents 
the fraction of the tracer cleared per unit time. 
The clearance curve is extrapolated back to the 
time of injection and corrected by the counting 
efficiency to estimate the distribution volume 
(DV) in ml. The gross clearance is thus estimated 
by scaling the fractional clearance coefficient 
(B/A) by the distribution volume.

Gross Clearance (ml/min) = (B/A) * DV = 
(0.693/ T1/2) * (DV)

This value may be scaled by the body surface 
area or to a standardized adult value for body sur-
face area.

 Serial Blood Sampling Technique: 
Quality Control
An important component of the radionuclide 
GFR determination is using quality control pro-
cedures to maintain the accuracy and validity of 
the procedure. As with other nuclear medicine 
procedures, confirming the performance of 
equipment, such as the well counter and dose 
calibrator, is a necessary component of a quality 
control program. However, quality control proce-
dures should cover many other aspects of an in 
vitro procedure and can be performed with every 
radionuclide GFR determination [1].

During the analysis procedure, all samples 
should be assayed in duplicate, and there should 
be minimum variation between duplicate sam-
ples. Visual confirmation of the curve fit to the 
data points is useful as another quality control. 
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The GFR results should be compared to prior 
GFR determinations for the same patient. A large 
change in GFR raises concern for a technical 
error, unless the clinical situation provides an 
explanation. Lastly, the samples and standards 
periodically should be counted on a separate well 
counter and cross compared to assure the integ-
rity of the process.

 Correcting GFR for Body Size

For many clinical purposes, and especially in chil-
dren, it can be useful to express the GFR corrected 
for estimated body surface area (BSA) as ml/min/
m2 or by a standard adult body surface area (ml/
min/1.73 m2). Body surface area can be estimated 
by the formula of DuBois and DuBois [28]:

BSA (m2) = 0.007184 x height (cm)0.725  
     x weight (kg)0.425

An alternative method for estimating body 
surface area is the formula of Haycock [29], 
which has been validated in adults and children.

BSA (m2) = 0.24265 x height (cm)0.3964  
       x weight (kg)0.5378

This is a routine approach for standardizing 
results for patient size. For example, in pediat-
rics, the dose of many chemotherapy agents and 
other medications may be adjusted for the GFR 
corrected for body surface area (ml/min/m2). 
Guidelines for intravenous administration of 
gadolinium- based contrast agents for MRI are 
based on GFR for a typical adult body size (ml/
min/1.73 m2).

Corrections for body size may not accurately 
reflect renal function in some groups of indi-
viduals. Children less than 1 year of age have 
relative renal immaturity, so that true renal 
function, even corrected for body size, is less 
than in older children. In addition, formulae for 
estimating body surface area may not apply to 
all patients. These methods may not be appro-
priate for calculating body surface area in 
infants and young children or in older children 
with a severely distorted body habitus, such as 
severe obesity or developmental delay. In some 
circumstances, it may be more important to 
report serial values for GFR over time, and 
standardization by body size may be less impor-
tant [30], although as children grow or change 
in body habitus, the accuracy of BSA estima-
tion also may change. Therefore, it is important 
that the absolute GFR, as well as the values 
normalized by body size, be reported with each 
GFR determination [30].

 Normal Range for GFR

Normal GFR values have been determined for chil-
dren of different ages (Table 14.1) [31]. Absolute 
GFR increases with increasing age and renal size. 
In children younger than age 3, lower GFR values 
also reflect renal immaturity. When corrected for 
body size, peak GFR typically is observed at 
approximately age 5 years. Although it can be 
helpful to know the expected range for GFR in a 
child, it may be most important to note any decre-
ment in GFR over time. More difficult is identify-
ing an absence of the expected increase in absolute 

Table 14.1 Pediatric reference ranges for glomerular filtration rate determined by a single injection of 99mTc-DTPA

Age (years) N GFR (ml/min) GFR/BSA (ml/min/m2)
GFR/1.73 m2  
(ml/min/1.73 m2)

GFR/1.73 m2  
(ml/min/1.73 m2)

mean ± 2SD mean ± 2SD mean ± 2SD Reference range

<1 18 28 ± 26 79 ± 58 137 ± 100 37–237
1–2.5 27 43 ± 28 86 ± 48 149 ± 82 67–231
2.5–5 29 72 ± 40 111 ± 58 192 ± 100 92–292
5–10 31 89 ± 60 95 ± 50 165 ± 86 79–251
10–15 38 125 ± 81 85 ± 44 147 ± 74 73–220
15–25 37 155 ± 72 84 ± 34 146 ± 60 86–206
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GFR. Correcting for body size and having age-
appropriate normal GFR values can be helpful for 
evaluating the results of a radionuclide GFR.
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        Skeletal scintigraphy    provides a functional image 
of bone. It is a highly sensitive method that 
depicts early changes in bone fl ow and turnover. 
Because of this high sensitivity, skeletal scintig-
raphy allows early diagnosis of disease often 
days or weeks before disease can be visualized 
on anatomic imaging. Therefore, skeletal scintig-
raphy assists in establishing early treatment and 
hopefully achieving better patient outcomes. 
However, as with other nuclear medicine imag-
ing procedures, this high sensitivity is generally 
accompanied by a low level of specifi city. 
Information about early changes in blood fl ow 
and bone turnover cannot be obtained, or not eas-
ily obtained, by other imaging methods. Although 
the spatial resolution of bone scintigraphy is rela-
tively low compared to anatomic imaging, one 
can say that its functional resolution is very high. 

 Skeletal development and remodeling are 
integral parts of the physiology of bone. As the 
patient grows and develops, bone undergoes con-
stant remodeling. Immature bone (woven bone) is 

replaced by mature lamellar bone. A skeletal scin-
tigram can be considered not just as a static image 
but also as a “snapshot” of an ongoing dynamic 
process. As such, the bone scan can be thought of 
as a “slow dynamic” study. Approximately 10 % 
of the entire adult skeleton is replaced every year. 
Remodeling is, in great part, a functional adapta-
tion of bone to the forces or stresses of daily life. 
When interpreting pediatric skeletal scintigraphy, it 
is important to keep in mind the characteristic pat-
terns of pediatric skeletal growth and development 
and learn to recognize these patterns so they can 
be distinguished from actual lesions. The distribu-
tion of bone-seeking radiopharmaceuticals varies 
with age and with the activity of growth centers. It 
is necessary for growth centers to be ossifying in 
order for bone- seeking radiopharmaceuticals to be 
taken up in these regions. Otherwise, the center will 
appear devoid of activity. Ossifi cation of growth 
centers occurs at different ages until all close by 
approximately 25 years of age. During the fi rst 
year of life until 5 years of age, secondary ossifi -
cation centers appear in the epiphysis. From 5 to 
14 years of age, ossifi cation rapidly spreads from 
the ossifi cation centers, and various bones become 
ossifi ed. The upper limbs and the scapula become 
ossifi ed by 17–20 years. The bones of the lower 
limbs and the os coxae completely ossify by ages 
18–23. By ages 23–25, the sternum, clavicles, and 
vertebrae become completely ossifi ed. There may 
or may not be direct correlation between the radio-
graphic and scintigraphic appearance of growth 
centers. Examples of absent-to-reduced tracer 
uptake in growth centers include the femoral head, 
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the patella, the tarsal navicular, and the ischiopubic 
synchondrosis. During ossifi cation, the ischiopu-
bic synchondrosis can show focal increased tracer 
uptake which can be unilateral or bilateral, and this 
appearance should not be confused with a lesion 
(Figs.  15.1  and  15.2 ).

    Whether a lesion is detected on conventional 
anatomic imaging depends on the degree of bone 
loss or deposition and on the stage of development 
of the lesion. For example, when excessive force is 
applied to a bone, or a lesion affects the bone, the 
bone reacts by forming new and stronger bone. In 
this early phase, anatomic imaging may not detect 
the abnormality unless signifi cant bone loss has 

developed. Initially, the region of bone exposed to 
such force shows increased regional blood fl ow, 
which is part of the process of bone remodeling. 
During the process of bone remodeling, the bone is 
rather weak and vulnerable to further injury. Focal 
or diffuse increased blood fl ow can be seen on 
radionuclide angiography and on immediate 
(tissue) images as well as on skeletal images as 
regions of increased tracer concentration. Bone 
remodeling accompanied by increased tracer 

a b c

  Fig. 15.1    ( a – c    ) Absent tracer uptake in non-ossifi ed centers.  S  shoulder,  W  wrist,  E  elbow,  F  femoral head,  K  knee, 
 P  pubis,  M  mid-foot       

  Fig. 15.2    Bilateral open ischiopubic synchondrosis 
( arrows )       

   Table 15.1    Indications for skeletal scintigraphy in children   

 Osteomyelitis 
 Chronic recurrent multifocal osteomyelitis (CRMO) 
 Sports injuries 
 Back pain 
 Avulsion fractures 
 The limping child. Toddler’s injuries 
 Localization of the source of pain 
 Non-accidental trauma 
 Avascular necrosis of bone 
 Benign tumors (osteoid osteoma) 
 Bone infarction 
 Cysts 
 Fibrous dysplasia 
 Bone island 
 Hemangioma 
 Langerhans cell histiocytosis 
 Hyperostosis oncologic disorders (osteosarcoma, 
Ewing’s sarcoma, rhabdomyosarcoma) 
 Radiation injury 
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uptake can go on for a period of time and depends 
on the progress stage of the lesion. Increased tracer 
uptake can persist, can become less noticeable, or 
can even disappear, and the bone scan may appear 
normal. For example, a bone scan may, at the end, 
appear normal in the presence of a well-established 
bone lesion. As an example, in an old spondylo-
lytic lesion where the bone has become “quies-
cent” (doesn’t show increased blood fl ow or high 
bone turnover), the bone scan may not demonstrate 
a focal abnormality, while anatomic imaging will 
likely show the fracture. Pediatric indications for 
skeletal scintigraphy that include benign and onco-
logic disorders are listed in Table  15.1 . In the 
assessment of children with lower extremity or 
back pain, consider the benefi t of large area imag-
ing easily available with  99m Tc-MDP scintigraphy 

or  18 F-NaF PET in the diagnosis and localization of 
pain of skeletal origin. This concept is applicable 
anywhere in the body. Children (and sometime 
adults) may have trouble identifying the source of 
pain. Pain may be referred to region distant from 
the site of a bone lesion. Some patients have con-
ventional imaging focusing on a small area, which 
is clinically thought to be the source of pain. This 
approach may miss a skeletal source of pain. 
Therefore, one should keep in mind the benefi t of 
skeletal scintigraphy evaluating a large area that 
goes beyond the reported symptom. A useful 
approach would be as follows: once an abnormal-
ity is identifi ed on scintigraphy, anatomic imaging 
can be focused to the area of interest and help pro-
vide a higher level of diagnostic specifi city 
(Fig.  15.3 ).

  Fig. 15.3    An 11-year-old male with low back pain for 
 several months. Relieved by Advil. X-ray suggested scolio-
sis. New plain x-rays suggested sclerosis of pedicle of L5. 

Bone SPECT showed intense and focal increased tracer 
uptake at T12. Finding suggested osteoid osteoma. A repeat 
CT showed fi ndings compatible to an osteoid osteoma at T12         

Planar SPECT MIP

SPECT Slices
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       Radiopharmaceuticals 

    Technetium-99m-MDP 

 Technetium-99m-MDP is the most commonly 
used radiopharmaceutical for skeletal scintigra-
phy. It is easily prepared in the nuclear medicine 
department from a kit, or it can be obtained 
already prepared and calibrated from commercial 
radiopharmacies. Following intravenous injection 
of  99m Tc-MDP, skeletal distribution and uptake of 
this agent depend on regional blood fl ow and 
bone turnover. On skeletal scintigraphy, regions 
of reduced-to- absent blood fl ow will be seen as 
regions of reduced-to-absent tracer uptake (e.g., 
in a tense hip effusion or in the femoral head after 
a femoral neck fracture) (Figs.  15.4  and  15.5 ).

    Hip effusion can occur without compromising 
perfusion of the femoral head (Fig.  15.6 ). Disuse 
of an extremity, for example, after a fall, can 

cause relatively decreased tracer uptake in the 
extremity not bearing weight even for a few days. 
Conversely, the contralateral extremity that bears 
weight will show relatively increased tracer 
uptake owing to the relatively increased blood 
fl ow to such extremity (Fig.  15.7 ).

    In bone infarction such as in sickle cell dis-
ease, blood fl ow to the area involved is signifi -
cantly reduced or absent. In this case, tracer 
delivery and bone uptake will be reduced to 
absent (Fig.  15.8 ).

   Elegant autoradiography studies by Tilden 
et al. revealed that  99m Tc-phosphates localize in 
lines between osteoid lining marrow cavities 
and the more peripheral bone (Fig.  15.9 ) [ 1 ]. 
After intravenous injection, blood activity lev-
els fall to 4–10 % of the administered dose by 
2 h and down to 3–5 % in 3 h. Less than 2 % of 
the activity is in the blood by 24 h after admin-
istration. Approximately 30 % of the activity is 

CT

Fig. 15.3 (continued)

Hip effusion After drainage

  Fig. 15.4    Vascular tamponade. 
Pinhole  99m Tc-MDP images of 
the right hip from an 
11-month-old with a tense hip 
effusion producing vascular 
tamponade of the femoral head. 
There is absent tracer uptake in 
the femoral head ( left image ). 
A follow-up image after the 
patient’s effusion was drained 
reveals return of fl ow to the 
femoral head as evidenced by 
tracer uptake in it ( right image )       
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June October

  Fig. 15.5    Avascular femoral head and reperfusion after 
treatment. A 12-year-old girl with a left femoral neck 
fracture. Metallic pins ( left ) were inserted under an open 
reduction internal fi xation (ORIF), and the initial  99m Tc-
MDP pinhole image ( center ) obtained soon after the 

 surgery shows lack of vascularity in the femoral head as 
well as the defects corresponding to the metallic pins. 
A similar image obtained 4 months after surgery ( right ) 
reveals reperfusion of the left femoral head       

  Fig. 15.6    Left hip effusion. The radionuclide angiogram 
reveals that left hip effusion is seen as absent tracer con-
centration in the region of the right hip ( top ).  The tissue 
image ( left lower image ) shows decreased tracer con-

centration in the region of the left hip ( arrow ). The skele-
tal phase image ( right lower image ) shows that the left 
femoral head perfusion is preserved       
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protein bound during the fi rst hour, 45 % at 3 h 
and 100 % at 24 h. Approximately 40 % of the 
administered activity is found in the urine in one 
hour to 60 % and 70 % at 4 and 24 h after injec-
tion, respectively [ 2 ,  3 ]. Usual administered doses 
are 0.2 mCi (7.4 MBq)/kg of body weight with a 
minimum total dose of 0.5 mCi (18.5 MBq) [ 4 ].

   Technetium-99m-phosphates are also known 
to accumulate in soft tissue lesions prone to isch-
emia and/or microcalcifi cation such as in neuro-
blastoma, stroke, metastatic osteosarcoma, 
myocardial infarction, functional asplenia, muscle 

trauma, myositis ossifi cans, necrotizing enteroco-
litis, and hyperparathyroidism (Fig.  15.10 ).

      Fluorine-18 Sodium Fluoride 

 Fluorine-18 sodium fl uoride was recognized as 
an excellent skeletal imaging agent several 
decades ago [ 5 ]. Two principal factors are respon-
sible for the increasing use of  18 F-NaF skeletal 
PET. One is due to the improved distribution of 
 18 F-labeled radiotracers that had been paved by 
the wide use of FDG. Therefore, commercially 
available  18 F-NaF is widely available at the pres-
ent time. The other important factor is the devel-
opment and wide installed base of modern PET 
and PET/CT scanners [ 6 – 8 ]. 

 After intravenous administration,  18 F-NaF is 
rapidly cleared from the plasma by a biexponential 
mode. The fi rst phase has a half-time of 0.4 h, and 
the second phase has a half-time of 2.6 h. 
Essentially all the  18 F-NaF that is delivered to bone 
by the blood is retained in the bone. One hour after 
 administration of  18 F-NaF, only about 10 % of the 
injected dose remains in blood. Fluorine-18 
sodium fl uoride diffuses through capillaries into 
extracellular fl uid space in bone, where it becomes 
bound by chemisorption at the surface of bone 
crystals, preferentially at sites of newly mineraliz-
ing bone. Deposition of  18 F in bone appears to be 
primarily a function of blood fl ow to, and the effi -
ciency of the bone extracting  18 F-NaF. Fluorine-18 
sodium fl uoride does not appear to be permanently 
bound to serum proteins. In patients with normal 
renal function, 20 % or more of the fl uorine ion is 
cleared from the body in the urine within the fi rst 
2 h after intravenous administration. A usual pedi-
atric administered dose is 0.06 mCi (2.2 MBq)/kg 
to a maximum of 4 mCi (148 MBq). The usual 
minimum administered amount of this tracer is 0.5 
mCi (18.5 MBq). Our experience with  18 F-NaF 
skeletal imaging goes back to the early 1970s, 
when for a period of time we used  18 F-NaF as a 
routine procedure. We obtained  18 F- NaF  scintigra-
phy using a whole-body rectilinear scanner in 
patients of all ages (Fig.  15.11 ).

   During the transition from  18 F-NaF to  99m Tc- 
phosphates  in 1974, we compared  18 F-NaF and 
pyrophosphate in children with neuroblastoma, 

  Fig. 15.7    An 8-year-old female with right leg pain for a 
week after a fall with twisting of her right leg. MRI 
revealed no hip pathology. The patient was using crutches 
and did not put weight on her right leg. There is diffusely 
decreased uptake throughout the right lower extremity 
due to reduced overall fl ow with disuse. Conversely, the 
left leg that was supporting the patient’s weight reveals 
relatively increased tracer uptake       
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  Fig. 15.8    Bone infarct. 
Images from a 5-year-old 
male with sickle cell 
disease. The tissue phase 
images show relatively 
reduced tracer accumulation 
in the region of the left hip 
( top image ,  arrows ). The 
skeletal phase images reveal 
decreased-to-absent tracer 
uptake in the left iliac bone 
( lower images )       

  Fig. 15.9    Autoradiography 
of  99m Tc-pyrophosphate 
from a human femur 
showing localization of 
silver granules just beneath 
osteoid       
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and the resulting patterns of distribution were sim-
ilar [ 9 ]. Soon after technetium-labeled phosphates 
were introduced and made widely available, the 
use of  18 F-NaF decreased dramatically. The spatial 
resolution available with whole-body rectilinear 
scanners was rather poor compared with images 
obtained with modern PET systems (Fig.  15.12 ).

   In addition to the agents mentioned above, 
other agents have been used for radionuclide 
skeletal imaging. These include  99m Tc-sulfur 
colloid for bone marrow imaging,  18 F-FDG 
for tumors and infection/infl ammation,  99m Tc-
HMPAO - labeled  white blood cells for infection, 
and  201 Tl-chloride for tumor imaging.   

a b c

  Fig. 15.10    Uptake of  99m Tc-phosphates in soft tissues. ( a    ) Stroke. ( b ) MDP in spleen ( arrow ) of patient with sickle cell 
disease. ( c ) Necrotizing enterocolitis in a newborn, intestine ( arrow )       

6m 1y 2y 5y 7y 14y 20y

  Fig. 15.11     18 F-NaF whole-body scans in patients of all ages obtained with a whole-body rectilinear scanner       

 

 

S.T. Treves



373

    Imaging with  99m Tc-MDP 

 Patient Preparation: The patient should be 
encouraged to drink plenty of fl uids before scan-
ning. No other preparation is needed, except to 
let the patient and caregivers know how long the 
entire procedure will take so that appropriate 

scheduling arrangements can be made. In the 
hands of well-trained and experienced 
 technologists, patients do not need to be sedated 
for  99m Tc- MDP  scintigraphy. Small patients may 
need sedation for SPECT. If possible, patients 
should be asked to void before imaging. 
Examination of the pelvic region may be limited 

a

b

d

e

c

coronal Sagittal Transaxial MIP

Posterior

  Fig. 15.12    Normal skeletal  18 F-NaF PET in patients aged 
5 years ( a ), 11 years ( b ), 15 years ( c ), 19 years ( d ), and 
30 years ( e ). Pattern of  18 F-NaF uptake in skeleton is simi-
lar to pattern seen with more familiar  99m Tc-labeled 

diphosphonate bone scans and illustrates changes that 
occur with maturation of skeleton (Reproduced with per-
mission by Grant et al.)       
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if the bladder is full of tracer. In some cases, 
 bladder catheterization may be necessary in order 
to evaluate this region better.  

    Planar Imaging 

 Planar imaging may include one, two, or three 
phases (the “three-phase bone scan”): (a) radio-
nuclide angiography, (b) immediate tissue phase 
images, and (c) skeletal images. The nuclear 
medicine physician may choose all three phases 
or would be satisfi ed by the skeletal phase only, 

and this will be determined by the patient condi-
tion and the diagnostic task at hand. Figure  15.13  
shows a three-phase bone scan in a patient with 
osteomyelitis.

   The three-phase approach is used when the 
clinical indication suggests infection, infl amma-
tion, or an aneurismal bone cyst. In cases of soft 
tissue infl ammation without osteomyelitis, this 
can be revealed by radionuclide angiography and 
immediate phase images, but not on skeletal 
images if the bone itself has not been affected by 
increased blood fl ow,    etc. The more time that 
elapses between tracer administration, the greater 

Radionuclide angiogram

Tissue phase

  Fig. 15.13    A three-phase  99m Tc-MDP bone scan in a teen-
ager with osteomyelitis of the right proximal tibia. Increased 
blood fl ow to the area is seen on the radionuclide angiogram 

and increased localization in the right proximal tibia on the 
tissue phase image. The skeletal phase image also shows 
increased tracer uptake in the right proximal tibia       

 

S.T. Treves



375

the bone-to-background ratio. In some instances, 
images at approximately 24 h following tracer 
administration can be obtained and can be useful 
to further enhance the lesion-to-background dif-
ference (“the four- phase bone scan”) [ 10 ]. 

    Radionuclide Angiography 

 Radionuclide angiography is obtained immedi-
ately after the intravenous injection of the tracer 
as a dynamic study using a high-resolution colli-
mator. Usual framing rates are from 1 frame per 
second to 1 frame per 0.5 s or on list mode with 
post-acquisition reframing. As the photon fl ux is 
relatively low given the amount of administered 
tracer, viewing is usually on summed 1.0 min 
images. Cinematic display is helpful for interpre-
tation in some cases, and it should be used liber-
ally. Images are usually acquired on a 128 × 128 
format. 

 In patients with soft tissue infl amma-
tion without bone involvement, the radionu-
clide angiogram will show a focal region of 
increased tracer delivery corresponding to the 
region of infl ammation (cellulitis). This may or 
may not be accompanied by bone involvement 
(Fig.  15.14 ).

   The fi eld of view for the angiogram is chosen 
based on the site of patient symptoms or the 

expected location of a lesion. However, if there is 
referred pain, the angiogram may miss the lesion. 
If this is suspected, it is useful to obtain tissue 
phase images of adjacent areas around the initial 
region of interest.  

    Immediate Tissue Phase Images 

 These images (also called “blood pool” images) 
are useful to assist in the detection of soft tis-
sue lesions such as infl ammation, infection, 
and soft tissue tumors. This information com-
plements the radionuclide angiography and 
skeletal phase images allowing the differentia-
tion of soft tissue only (cellulitis) versus a 
combination of soft tissue and skeletal abnor-
mality (certain tumors). In some cases, it is 
useful to obtain a tissue phase image of the 
whole body. Since these images take a few 
minutes to obtain, tracer is already seen in the 
soft tissues and in bone, so the images are not 
purely refl ecting the blood pool.  

    Skeletal Phase Images 

 Following the intravenous injection of  99m  Tc- 
MDP, skeletal phase images are usually obtained 
at 2, 3, or 4 h later. Techniques for planar skeletal 

a b c d

  Fig. 15.14    Soft tissue infl ammation, cellulitis. ( a ) 
Radionuclide angiogram shows increased blood fl ow to 
the region of the left knee. ( b ) Immediate tissue image 
shows a mild accumulation of tracer in the same region. 

( c ) Skeletal phase image shows very mild increased 
uptake in the left distal femur and left proximal tibia.
( d ) Pinhole images do not reveal abnormal focal uptake in 
the bones of the left knee       
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phase imaging include multispot imaging, whole-
body imaging, and pinhole magnifi cation. 

    Multispot Imaging 
 Multispot imaging does not require patient seda-
tion and can be relatively easily obtained with 
gentle immobilization in the hands of experi-
enced technologists. Each image is obtained for 
approximately 500,000 counts on a 128 × 128 or 
256 × 256 matrix format. Imaging symmetric 
parts of the body should be obtained based on the 
same imaging time so that right-left comparisons 
are easier to achieve. Multispot images are usu-
ally of higher spatial resolution than whole-body 
images (Fig.  15.15 ).

       Whole-Body Imaging 
 These images give an overall view of tracer 
biodistribution throughout the body, which 
can be useful in the detection of focal lesions 
or help in elucidating certain systemic condi-
tions. Some children, however, cannot or will 

not stay still for the duration of the whole-body 
scan (20–30 min) and may need to either be 
sedated or, alternatively, have the study done 
with multispot imaging. With the application 
of enhanced planar processing, it is possible 
to cut the  whole-body scanning in half so that 
it is possible to obtain whole- body scans in 
some children without the need for sedation. 
Alternatively, with a normal scanning time, this 
method allows the administration of 50 % less 
radiopharmaceutical dose, thus reducing patient 
radiation exposure by half [ 11 ].  

    Pinhole Magnifi cation Scintigraphy 
 Pinhole magnifi cation is very useful for imaging 
small bones in children. The pinhole collimator 
provides images of very high resolution by 
spreading every point of the object over a larger 
area of the detector crystal. So, although the 
intrinsic spatial resolution of the gamma camera 
is not affected per se, the system’s resolution is 
greatly improved so that objects in the 1–2 mm 
range can be imaged (see Chap.   27    ).

  Pinhole magnifi cation scintigraphy is useful 
in the evaluation of the hip (Figs.  15.4 ,  15.5 , 
and  15.16 ), in the evaluation of small bones of 
the hands (Fig.  15.17 ) and feet, as well as in 
the characterization of osteoid osteoma 
(Figs.  15.18  and  15.19 ). The smaller the pin-
hole, the greater the system’s spatial resolu-
tion. This is at the cost of sensitivity. The closer 
the pinhole collimator to the object, the higher 
the spatial resolution and the higher the sensi-
tivity (Fig.  15.16 ).

      In osteoid osteoma, the characteristic appear-
ance on pinhole magnifi cation is a focal and very 
intense region of tracer uptake corresponding to 
the area of the nidus. This is typically surrounded 
by an area of mild and diffuse tracer uptake. 
Planar imaging can detect the focal increased 
uptake, but the pinhole image shows a more char-
acteristic diagnostic pattern. 

 Pinhole magnifi cation scintigraphy can effec-
tively assist before and during the surgical exci-
sion of osteoid osteomas anywhere in the body 
and especially in the central skeleton to ensure 
complete removal of the lesion. For this purpose, 
we use a mobile solid-state camera equipped 

  Fig. 15.15    A 2.5-year-old boy fell from bed 2 weeks ago 
and had normal x-rays of the ankle. The patient was 
treated with high-top sneakers. Patient did not improve. 
Skeletal scintigraphy reveals a curvi linear pattern of 
increased tracer uptake along the left tibia suggesting a 
spiral fracture. One week after the bone scan, follow-up 
radiographs confi rmed a spiral fracture of the left tibia       
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with a pinhole collimator, which is brought into 
the operating theatre. There, the camera is cov-
ered with sterile sheets, and the surgeon and the 
nuclear medicine physician collaborate using a 
series of images during the operation until there 

is assurance that no residual tissue corresponding 
to the osteoid osteoma is left behind. With this 
approach, the number of recurrent osteoid osteo-
mas in our setting is virtually nonexistent 
(Fig.  15.19 ) [ 12 – 14 ]. 

  Fig. 15.16    Pinhole images of the hip showing the effects of different collimator apertures and different distances from 
the object       

Apertures

Distances

2.0 mm 4.0 mm
Pinhole apertures

6.0 mm

12 cm 6 cm On contact with skin

  Fig. 15.17    A 10-year-old male with 2 months of pain 
and swelling in the region of the fourth left metacarpal 
phalangeal joint. The x-rays, CBC, and ESR were nor-
mal. The clinical question was osteomyelitis versus soft 

tissue process. The pinhole image ( right ) shows focally 
increased tracer uptake in the distal metacarpal bone 
adjacent to the joint       

Parallel hole
collimator

Pinhole
collimator
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  Fig. 15.18    Osteoid osteoma of the left proximal femur. 
Typical appearance where the radionuclide angiogram 
and the tissue phase image do not show an  abnormality ( a ). 
The skeletal phase reveals focally increased tracer uptake 

in the region of the lesion ( b ). The pinhole image ( c ) 
shows the typical appearance of an osteoid osteoma: 
intense focal tracer uptake surrounded by a “cloud” of less 
intense and diffusely increased tracer uptake       

a

b

c
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 The physical characteristics of the pinhole and 
pinhole magnifi cation are discussed in greater 
detail in the chapter on Instrumentation and 
Image Processing. The closer the collimator is to 
the object, the greater the magnifi cation and spa-
tial resolution achieved.    

    SPECT 

 SPECT should be considered an integral tool in 
the routine evaluation of pediatric skeletal disor-
ders including the investigation of the cause of 
back pain, fractures, osteoid osteoma, and tumors 
(Fig.  15.20 ). SPECT provides a three- dimensional 
image for improved localization and much higher 
contrast than planar imaging. SPECT has proven 

invaluable in the detection of skeletal abnormali-
ties in young children and adolescents with back 
pain. SPECT is defi nitely superior to planar 
imaging for this diagnostic task, as planar imag-
ing can frequently miss lesions that can be more 
readily detected on SPECT. Therefore, SPECT 
should be considered indispensable in the clinical 
setting of back pain. Most patients referred to our 
practice with back pain are young athletes. 
SPECT can detect early stress changes in the 
affected bones such as posterior elements, the 
spinous processes, and the pelvis (Fig.  15.21 ).

    In addition to the role of SPECT in teenage 
athletes, we have seen stress changes in children 
younger than 10 years of age. In children of this 
age group complaining of back pain, skeletal 
SPECT reveals a high incidence of abnormal 

  Fig. 15.19    Osteoid osteoma of the spine. The whole-
body  99m Tc-MDP bone scan shows an intense and well-
localized region of increased uptake ( left panel ). Pinhole 

images obtained in the operating room show the osteoid 
osteoma as well as its absence after surgical resection 
( right panel )       

Pinhole images in the operating room

Pre-resection Post-resection
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scintigraphic fi ndings similar to those patterns 
seen in the older patients. In an early study, we 
found that in 50 patients younger than 10 years of 
age, approximately 20 % of the SPECT showed 
focal SPECT abnormalities in the spine 
(Fig.  15.22 ) [ 15 ].

   Traditionally, pediatric SPECT is recon-
structed with fi ltered back projection (FBP). 
Compared with newer reconstruction techniques, 
the spatial resolution and image quality with 
FBP are relatively low. Using advanced image 
processing such as  ordered subset expectation 

  Fig. 15.20    Osteoid osteoma of the right femoral neck.  99m Tc-MDP SPECT fused to a CT helps with the anatomic 
localization of the lesion       

  Fig. 15.21    A 17-year-old male experienced recent recur-
rence of back pain after high jumping, and running.  
Planar imaging ( bottom a–c)  does not reveal focal abnor-

mality while the SPECT ( top ) clearly reveals focal 
increased tracer uptake at the level of left posterior ele-
ment at L4 ( arrows )       

a b c
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maximization iterative reconstruction with iso-
tropic 3D resolution recovery  (OSEM-3D) can 
signifi cantly improve SPECT image resolution. 
At the same time, this method allows for a reduc-
tion of radiopharmaceutical administered dose 
and therefore patient radiation dose (Fig.  15.23 ). 

In addition, OSEM-3D allows for signifi cant 
shorter image acquisition times, thus improving 
patient comfort and reducing patient motion as 
well. Depending on the patient’s clinical need, it 
is possible to achieve a combination of gains in 
terms of improved resolution as well as in dose 

  Fig. 15.22    SPECT with 
 99m Tc-MDP. A 6-year-old male 
with mild levoscoliosis of the 
thoracolumbar spine and back 
pain. Radiographs at the times 
of the SPECT were unremark-
able. SPECT shows focal 
intense tracer uptake in the 
posterior elements of the right 
L5. Later x-rays demonstrated 
grade I anterolisthesis of L5 
on S1       

MIP

C

S

T

  Fig. 15.23    Technetium-99m-
MDP SPECT in neuroblastoma. 
OSEM-3D. Multiple-intensity 
projections (MIP) of a 
 99m Tc-MDP SPECT from an 
11-month-old boy with a right 
suprarenal mass later found to 
represent a neuroblastoma. On 
the left of the image is a 
conventional FBP reconstruc-
tion. The right image from the 
same acquisition was processed 
with OSEM-3D showing 
improvement in image quality       

FBP OSEM 3D
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  Fig. 15.24       Normal spine SPECT study reconstructed 
three different ways: ( a ) two-detector FBP at full tracer 
dose; ( b ) two-detector FBP reconstructed with OSEM-3D, 
also at the full tracer dose showing resolution improve-
ment; and ( c ) one-detector FBP which corresponds to half 
the counts reconstructed with OSEM-3D. Observe that 

there is no signifi cant difference between full dose and 
half dose with OSEM-3D.  Top row : volume rendered 
images.  Second row : transaxial images.  Third row : sagit-
tal images. Bottom row: coronal images (From Stansfi eld 
et al. [ 17 ], with permission)       

a b c

reduction and scanning speed [ 16 – 18 ]. We have 
evaluated the use of OSEM-3D (Flash 3D, 
Siemens Medical Solutions) in patients undergo-
ing  99m Tc-MDP SPECT of the spine and found 

the results with OSEM-3D quite impressive 
compared to conventional SPECT reconstruc-
tion using fi ltered back projection (FBP) 
(Fig.  15.24 ).
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        Fluorine-18 Sodium Fluoride PET 

 Characteristics of skeletal  18 F-NaF PET include 
the ability to obtain the images 0.5–1.0 h after the 
tracer administration, rather than the 15–30 min 
with  99m Tc-MDP. Results can be available rapidly 
to be communicated to the referring physician. 
Patient schedule is more convenient, as the total 
time commitment for the patient is much less 
than with  99m Tc-MDP SPECT. Also, the spatial 
resolution of PET is relatively high. However, 
total scanning time may be the same or, depend-
ing on the PET scanner and the volume imaged, 
longer than with SPECT. Tracer availability with 
 18 F- NaF  is rather limited, while MDP is readily 
available at any time. With PET it is not easy to 
obtain a three-phase study as with single-photon 
studies. An equivalent to pinhole magnifi cation is 
not available with  18 F-NaF PET. Also, one should 
consider advanced image processing of  99m Tc- 
MDP  SPECT such as OSEM-3D as a viable 
alternative (Fig.  15.25 ).

   For  18 F-NaF PET, no patient preparation is 
required. However, if possible, the patient should 
be well hydrated before the injection in order to 
promote urinary elimination of the tracer for imag-
ing. The patient is injected with  18 F-NaF intrave-
nously. It is possible to obtain adequate skeletal 

PET following oral administration of  18 F-NaF. 
However, the time for imaging for the oral route 
should be approximately one hour after adminis-
tration to allow for a slower oral absorption com-
pared to the intravenous route. Also, it is important 
to note that some of the tracer may remain in the 
GI tract at the time of imaging. Oral administra-
tion should be considered in children that do not 
have easy intravenous access or when the region to 
be imaged is outside the abdomen. Imaging can 
begin at 15–30 min following intravenous tracer 
injection. If possible, the patient is instructed to 
void just before imaging. In some patients, it is 
necessary to use sedation for PET imaging. Our 
studies are acquired in 3D mode. The fi eld of 
imaging depends on the clinical indication. For 
back pain, we image the lower thoracic, lumbar, 
and pelvic region, but this can be extended as 
needed according to the patient’s symptoms. In 
oncology patients, imaging is from head to toes. 
For the assessment of non-accidental trauma, 
imaging is also from head to toes. Assessment of 
the pelvic region can be compromised if the blad-
der is full of tracer. In these cases, the patient 
should be asked to void if possible and a repeat 
image should be obtained. In certain cases, it may 
be necessary to place a bladder catheter to clear 
the bladder of activity before reimaging. 

  Fig. 15.25    Comparison of 
 99m Tc-MDP SPECT recon-
structed with OSEM-3D with 
resolution recovery ( left ) with 
 18 F- NaF  PET ( right ) in two 
age-matched patients. The 
images appear very similar in 
terms of quality and spatial 
resolution       

99mTc-MDP SPECT
OSEM - 3D

18F-NaF PET
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 The skeletal PET scan is viewed as rotating 
MIP images and by evaluating slices in three 
dimensions. If the scanner has no CT, in some 
cases, it is useful to fuse the PET image with a 
preexisting CT to aid in lesion localization. In our 
experience, this is not frequently needed. Of 
course, if a PET/CT instrument is used, anatomic 
localization of lesions is readily available in all 
cases. As in the case of skeletal imaging with 
 99m Tc-MDP, most lesions will reveal increased 
tracer uptake regionally or locally, depending on 
the diagnosis. Certain lesions such as vascular 
tamponade, aseptic necrosis, and infarcts may 
appear devoid of activity. 

 PET images show relatively high resolution 
compared to conventional SPECT reconstructed 
with fi ltered back projection (FBP). However, as 
mentioned earlier, recent application of iterative 
reconstruction with 3D resolution recovery has 
proven to improve skeletal SPECT at spatial res-
olutions closer to that of PET and with lower 
radiation exposure to the patient.     
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        Sports injuries are commonly encountered in 
pediatric patients. It is estimated that over four 
million sports or recreational injuries occur in 
children and young adults each year in the United 
States [ 1 ]. These include elbow, shoulder, and hip 
disorders, back pain, and concussions, among 
others. In fact, it has been suggested that children 
are more susceptible to injury than adults due to 
their decreased coordination, open physes, and 
growing cartilage [ 2 ]. Recent results in the litera-
ture report that elbow pain is seen in 50–70 % of 
adolescent baseball players yearly, possibly due 
to skeletal immaturity and poor pitching mechan-
ics [ 3 ,  4 ]. Further, children are often involved in 
several athletic activities as well as repetitive 
types of activity. It has been suggested that 
fatigue or stress-related injuries may be more 

common in 6–18-year-old children than acute 
injuries [ 5 ]. Proper technique, core strengthen-
ing, neuromuscular conditioning, and appropri-
ate time for rest can be helpful protective 
measures [ 6 ]. For example, warm-up and sport- 
specifi c agility exercises are being developed to 
decrease the incidence of knee injuries, particu-
larly in young female athletes [ 7 ,  8 ]. It has been 
recommended that at least 2 h of recovery occur 
between moderate to vigorous intensity training 
sessions and that the importance of rest be 
emphasized [ 5 ]. Although these are important 
preventative measures aimed at decreasing the 
risk of sports-related injury in pediatric patients, 
early and accurate diagnosis of injury is key to 
ensure appropriate therapy. Imaging with nuclear 
medicine techniques plays a central role in the 
diagnosis of sports-related injury in this patient 
population. 

 There is a wide spectrum of sports-related 
injuries in pediatric patients, and as a result, there 
are several anatomic and nuclear medicine-based 
imaging modalities that can be used for diagno-
sis. In our experience, the most common reason 
for referral to the division of nuclear medicine is 
to evaluate suspected skeletal injury with skeletal 
scintigraphy or positron emission tomography 
(PET). The remainder of this chapter will discuss 
technetium-99m-labeled methylene diphospho-
nate ( 99m Tc-MDP) skeletal scintigraphy and 
Fluorine-18 sodium fl uoride ( 18 F-NaF) PET in 
pediatric athletes. 
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    Patient Preparation, 
Imaging Techniques, 
and Radiopharmaceuticals 

 There is no standard patient preparation required 
for  99m Tc-MDP skeletal scintigraphy or  18 F-NaF 
PET. Unless contraindicated, children should be 
hydrated prior to the study, should void prior to 
imaging, and should drink plenty of fl uid for at 
least 24 h after radiopharmaceutical administra-
tion. For  99m Tc-MDP skeletal scintigraphy, the 
North American consensus guidelines recom-
mend 9.3 MBq/kg  99m Tc-MDP (minimum, 
37 MBq) or 250 μCi/kg (minimum, 1 mCi) be 
administered intravenously immediately prior to 
image acquisition [ 9 ]. For a three-phase  99 m Tc- 
MDP skeletal scintigraphy study, angiographic 
(fl ow phase) images are acquired over the region 
of interest for 2 min at a frame rate of 2 s per 
frame following the radiopharmaceutical admin-
istration. Once these images have been obtained, 
tissue phase images are acquired for an additional 
2 min. Skeletal phase images are obtained 3–4 h 
after radiotracer injection. Pinhole or converging 
collimators can be used to obtain magnifi cation 
and are suggested for imaging small parts such as 
the hips or wrists. For  18  F-NaF PET, the North 
American consensus guidelines recommend 
2.22 MBq/kg  18 F-NaF (minimum, 18.5 MBq) or 
60 μCi/kg (minimum, 500 μCi) be administered 
intravenously [ 9 ]. Images are typically acquired 
approximately 30 min after radiopharmaceutical 
injection. For further protocol details please refer 
to Chap.   15     and to the Society of Nuclear 
Medicine and Molecular Imaging [ 10 ].  

    Clinical Applications 

 Pediatric athletes with sports injury often have 
radiographs at the time of initial evaluation. 
These are easily accessible and inexpensive and 
can provide rapid feedback to the physician. 
Depending on the clinical presentation and radio-
graphic fi ndings, additional imaging may be 
warranted. 

 Technetium-99m  MDP skeletal scintigraphy 
has several advantages for the evaluation of pedi-

atric athletes with suspected osseous injury. 
Technetium-99m-MDP skeletal scintigraphy is 
sensitive for the detection of osseous injury and 
can demonstrate acute injury prior to the devel-
opment of radiographic abnormalities [ 11 ,  12 ]. 
Although the optimal time for imaging has not 
been determined, the majority of fractures are 
identifi ed within 72 h of symptom onset in pedi-
atric patients. Further,  99m Tc-MDP skeletal scin-
tigraphy can provide whole-body images, even in 
very young patients, without the need for seda-
tion. A small amount of ionizing radiation is 
needed to generate the images; however, this is 
less than would be needed for whole-body com-
puted tomography (CT) [ 13 ]. Since pediatric ath-
letes can have multifocal injuries including 
clinically occult abnormalities,  99m Tc-MDP skel-
etal scintigraphy is often helpful to assess for 
additional sites of injury (Fig.  16.1 ). The main 
disadvantage of  99m Tc-MDP skeletal scintigraphy 
is its low specifi city [ 14 ]. This can be improved 
by correlating scintigraphic abnormalities with 
clinical fi ndings, use of pinhole images for mag-
nifi cation, and/or the addition of single photon 
emission computed tomography (SPECT) to 
increase abnormality localization. Furthermore, 
the advent of hybrid imaging including SPECT/
CT has improved study resolution and accuracy.

   Fluorine-18-NaF PET is an alternative to 
 99m Tc-MDP scintigraphy for skeletal imaging in 
pediatric athletes with suspected skeletal injury 
(Fig.  16.2 ). Fluorine-18-NaF is a sensitive bone-
seeking PET tracer that can be used to produce 
images with improved spatial resolution and 
accuracy compared with  99m Tc-MDP skeletal 
scintigraphy. Multiplanar images are automati-
cally generated and provide accurate localization 
of abnormalities. Further,  18 F-NaF PET requires 
less time than  99m Tc-MDP skeletal scintigraphy 
[ 15 ,  16 ]. In the past,  18  F -  NaF PET has been diffi cult 
to obtain because of limited access to equipment 
and expense. However, in the current era of 
expanding access to PET technology and the ten-
uous availability of  99m Tc, there has been a grow-
ing interest in  18 F-NaF PET.

   Based on the clinical indication and availabil-
ity of equipment, either a  99m Tc-MDP skeletal 
scintigraphy study or  18 F-NaF PET is acquired. 
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Anterior Posterior

  Fig. 16.1    A 14-year-old female 
soccer and lacrosse player with 
lower back pain: whole-body 
skeletal scintigraphy shows focal 
radiotracer uptake consistent with 
right L5 pars stress ( red arrow ), 
linear uptake in both tibiae 
consistent with stress changes ( red 
arrowheads ), and uptake in the 
right distal radius ( red arrow-
head ), likely at an additional site 
of stress (From Zukotynski et al. 
[ 30 ], with permission)       

Maximum Intensity
Projection (MIP)

Transverse Sagittal Coronal

a b

  Fig. 16.2     18 F-NaF skeletal PET in children with sports 
injuries: ( a ) an 11-year-old female soccer player with 
back pain and bilateral L5 pars interarticularis stress; ( b ) 

a 17-year-old runner with multifocal osseous stress/frac-
tures of both lower extremities (From Zukotynski et al. 
[ 30 ], with permission)       
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Typical indications for multiphase  99m Tc-MDP 
skeletal scintigraphy in pediatric athletes include 
complex regional pain syndrome or a suspected 
osteoid osteoma, among others. Skeletal phase 
images may be suffi cient in certain cases of trau-
matic injury or for follow-up of a known abnor-
mality. SPECT is often performed in addition to 
planar imaging in pediatric patients with back 
pain in order to increase the sensitivity of  99m Tc- 
MDP  skeletal scintigraphy and allow localization 
of abnormalities. To date, the literature compar-
ing the effectiveness of  18 F-NaF PET with  99m Tc- 
MDP  scintigraphy in pediatric athletes is limited. 
However,  18 F-NaF PET is becoming increasingly 
important in the evaluation of sports injury and is 
preferred when high spatial resolution and accu-
racy is needed, often in cases of pediatric athletes 
with back pain or traumatic injury. 

 The main advantage of  99m Tc-MDP skeletal 
scintigraphy and  18 F-NaF PET compared with 
CT is the ability to obtain whole-body images 
with low radiation exposure. Technetium-99m-
MDP skeletal scintigraphy and  18 F-NaF PET are 
recommended for pediatric athletes who are sus-
pected to have widespread or multifocal injuries. 
Since CT provides excellent characterization of 
osseous structure and anatomy, targeted CT can 
be helpful to evaluate the site of abnormality 
once this has been identifi ed. The main advan-
tage of  99m Tc- MDP  skeletal scintigraphy and 18 F-
NaF PET compared with magnetic resonance 
imaging (MRI) is the ability to obtain whole-
body images, even in very young children, with-
out the need for sedation. Since MRI provides 
excellent soft tissue and marrow characterization, 
MRI can be helpful to evaluate the site of abnor-
mality. Ultimately, the choice of imaging modal-
ity depends on the clinical indication. In the era 
of multimodality and hybrid imaging, this ques-
tion can be a diffi cult one to answer and depends 
closely on the clinical fi ndings. 

 Interpretation of pediatric  99m Tc-MDP skeletal 
scintigraphy and  18 F-NaF PET is challenging 
because of differences in uptake related to the 
skeletal immaturity. There is absent uptake in 
non-ossifi ed structures and high uptake in the 
physes and apophyses. Thus, knowledge of the 
ossifi cation pattern in children and young adults 

is needed. The following sections illustrate spe-
cifi c pathology encountered in pediatric athletes 
on  99m Tc-MDP skeletal scintigraphy and  18 F-NaF 
PET. Although we will focus our attention on 
 99m Tc-MDP skeletal scintigraphy since this is 
more commonly used in routine clinical practice, 
the radiotracer uptake and distribution as well as 
the spectrum of abnormalities is similar on 
 18  F-NaF PET. 

    Hybrid Imaging 

 Hybrid imaging including the co-registration of 
CT with SPECT and  18 F-NaF PET/CT is becom-
ing increasingly ubiquitous. Preliminary assess-
ments suggest the addition of anatomic imaging 
leads to improved diagnostic accuracy compared 
with functional imaging alone [ 17 ]. Although, 
the fi nancial and radiation exposure cost of 
hybrid imaging remains to be fully evaluated, this 
powerful new tool will likely play a central role 
in our approach to imaging pediatric athletes over 
the next few years.  

    Osseous Stress, Deformity, 
and Fractures of the Upper 
and Lower Extremities 

 One of the most common reasons for sports- 
related injury in pediatric athletes is stress related 
to overtraining or overuse [ 6 ]. This typically 
affects the lower extremities (Fig.  16.3 ) as a 
result of an increase in activity or repetitive exer-
tion without suffi cient rest [ 18 ]. Radiographs are 
often the fi rst imaging study obtained. Although 
inexpensive and accessible, stress fractures and 
osteochondral injuries can be radiographically 
occult at clinical presentation [ 11 ,  19 ]. Either 
MRI or  99m Tc-MDP skeletal scintigraphy can be 
used to detect acute fractures. There are mixed 
results in the literature concerning the utility of 
MRI and  99m Tc-MDP skeletal scintigraphy for 
evaluating stress fractures in athletes. Several 
reports suggest equivalence of MRI and  99m Tc- 
MDP  skeletal scintigraphy for early detection of 
stress fractures and sports injury [ 20 – 22 ]. 
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Although MRI can identify specifi c anatomic 
information such as in pathology of the knee and 
ankle joints,  99m Tc-MDP skeletal scintigraphy 
has high sensitivity and can provide whole-body 
images. Recently, Dobrindt et al. reported that 
 99m Tc- MDP  skeletal scintigraphy was slightly 
more sensitive and had a higher negative predic-
tive value compared with MRI in 28 athletes, 
while MRI was slightly more specifi c for the 
diagnosis of stress injury [ 23 ]. CT can be helpful 
for detailed characterization of osseous abnor-
malities, when clinically warranted.

   Technetium-99m-MDP skeletal scintigraphy 
shows increased perfusion from infl ammation 

and increased uptake at sites of bone turnover due 
to stress. Blood pool images can be helpful to 
demonstrate soft tissue injury and tendonitis [ 24 ]. 
Examples of soft tissue causes of ankle pain that 
are associated with radiotracer uptake include, 
among others, retrocalcaneal bursitis, apophysitis 
of the calcaneum, and calcaneal stress fracture 
[ 24 ]. The Achilles tendon and tibialis posterior 
tendon are two of the more commonly injured 
tendons, often in gymnasts and ballet dancers. 
Osseous stress at muscle insertion sites is also 
common. Avulsion fractures are seen in pediatric 
athletes, often as a result of violent contraction of 
a large muscle attached to bone. In pediatric 

a
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  Fig. 16.3    A 16-year-old male runner with bilateral leg and 
foot pain referred for further evaluation with skeletal scin-
tigraphy. Images of the feet in anterior ( a ), posterior ( b ), 
and plantar ( c ) projections and lower extremities in right 
medial ( d ), left medial ( e ), left lateral ( f ), right lateral ( g ), 
anterior ( h ,  j ), and posterior ( i ,  k ) projections show multiple 
sites of increased radiotracer uptake consistent with osse-
ous stress and fractures. For example, intense elongated 

radiotracer uptake throughout the right second metatarsal 
bone ( red arrow ) and intense focal radiotracer uptake in the 
region of the left navicular bone ( blue arrow ) are concern-
ing for stress fractures. Mild focal radiotracer uptake in the 
region of the sesamoid bones of the left foot ( yellow arrow ) 
and at the base of the left fi rst metatarsal is likely due to 
bone stress. Mild diffusely increased radiotracer uptake in 
both tibiae is also likely due to stress ( green arrows )       
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athletes, stress involving the growth plate is par-
ticularly important since the physis is the weakest 
portion of the immature skeleton and injury to the 
germinal zone can lead to growth arrest. Stress in 
an apophysis can result in asymmetric radiotracer 
uptake, increased at the site of stress. Attention 
should be paid to the medial epicondyle (little 
leaguer’s elbow), olecranon, coracoid, acromion, 
vertebrae, and pelvis, since these are among the 
most commonly affected apophyses. Ultimately, 
osseous stress can result in fracture and 
fragmentation. 

 Fractures are typically identifi ed as sites of 
focal intense radiotracer uptake on  99m Tc-MDP 
skeletal scintigraphy (Fig.  16.4 ). For example, in 
the metatarsal bones, uptake due to stress frac-
tures can be either fusiform and vertically ori-
ented along the metatarsal shaft (Fig.  16.3 ) or 
well defi ned, focal (Fig.  16.5 ), and/or linear and 
transversely oriented to the metatarsal shaft [ 11 ]. 
Tibial stress fractures are identifi ed by focal or 
fusiform uptake involving the tibial cortex and 
extending transverse to the tibial shaft (Fig.  16.6 ). 
The posterior upper third of the tibial shaft is 

most commonly affected. By comparison, shin 
splints demonstrate increased uptake extending 
along the posterior tibial surface without signifi -
cant associated focal or fusiform uptake 
(Fig.  16.7 ). Lateral blood pool imaging can pro-
vide additional insight into vascular abnormali-
ties in athletes with suspected stress fractures of 
the tibia [ 25 ].

      Healed fractures do not demonstrate abnormal 
radiotracer uptake unless associated with persis-
tent osseous stress, although abnormalities may 
persist for up to 1 year. Fracture complications 
such as vascular compromise, osteomyelitis, 
hardware failure, or nonunion can demonstrate 
abnormal radiotracer uptake for many years.  

    Back Pain 

 Back pain in pediatric athletes is often associated 
with stress in the region of the pars interarticu-
laris commonly at the level of the L5 vertebral 
body [ 26 ,  27 ]. If untreated, this stress can lead to 
spondylolysis, a non-displaced fracture of the 

  Fig. 16.4    A 3-year-old 
male with right limp 
following a fall from his 
parents’ bed. Anterior ( left ) 
and posterior ( right ) images 
of both feet show increased 
bone turnover in the lateral 
aspect of the right mid-foot 
( red arrow ) concerning for a 
cuboid bone fracture       
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pars interarticularis, and spondylolisthesis, slip-
page of one vertebral body upon another. 

 On imaging, there is a spectrum of abnormali-
ties associated with stress, spondylolysis, and 
spondylolisthesis. Spine radiographs have limited 
sensitivity in detecting bone stress, although they 
can show spondylolysis, spondylolisthesis, and 
chronic abnormalities of the pars interarticularis. 
Further, when radiographic abnormalities are 
detected, these may not be symptomatic. 
Technetium-99m-MDP skeletal scintigraphy 
detects stress in the region of the pars interarticu-
laris because stress leads to bone turnover and 
increased uptake. Results in the literature suggest 

that uptake in the region of the pars interarticu-
laris on  99m Tc-MDP skeletal scintigraphy is asso-
ciated with pain [ 28 ]. SPECT is often performed 
in addition to planar skeletal scintigraphy in pedi-
atric athletes with back pain because SPECT 
increases contrast and sensitivity (Fig.  16.8 ). 
SPECT also improves anatomic localization of 
skeletal lesions and provides an opportunity for 
better correlation with anatomic imaging without 
exposing the patient to additional radiation. 
Abnormalities on  99m Tc-MDP skeletal scintigra-
phy may be the earliest fi nding in athletes with 
back pain. CT shows detailed bone morphology 
and, although less sensitive than  99m Tc-MDP 

a b

c d

  Fig. 16.5    A 23-year-old female who is a nationally com-
peting Irish step-dancer presented with left foot pain for 
further evaluation. Anterior ( a ), posterior ( b ), lateral ( c ), 
and medial ( d ) images of both feet show focal intense 

radiotracer uptake at the base of the second metatarsal 
( orange arrow ) concerning for a stress fracture. Elsewhere 
in the foot mild multifocal increased radiotracer uptake is 
likely due to skeletal stress       
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skeletal scintigraphy for the detection of stress, 
provides more specifi c abnormality characteriza-
tion. CT fi ndings may suggest the probability of 
bone healing. However, CT of the spine has higher 

radiation exposure than whole-body  99m Tc- MDP  
skeletal scintigraphy. MRI does not require expo-
sure to ionizing radiation and is excellent in iden-
tifying soft tissue and marrow pathology including 

a b

c d

  Fig. 16.6    A 3-year-old girl with limp and pain after 
falling from monkey bars. Intense focal radiotracer 
uptake in the posterior proximal diaphysis of the right 

tibia on  anterior ( a ), posterior ( b ), medial ( c ), and lateral 
( d ) images ( orange arrow ) likely represents a stress 
fracture       
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bone edema. However, MRI is not as sensitive as 
skeletal scintigraphy with SPECT for pars interar-
ticularis stress and does not delineate osseous 
detail to the same extent as CT.

   In the current era of multimodality imaging, 
both anatomic imaging and functional imaging 
play an important role in the assessment of 
 athletes with back pain. The most appropriate 
imaging to perform in cases of suspected pars 
interarticularis injury remains controversial. 
Radiographs are often the initial study per-
formed. Technetium-99m-MDP skeletal scintig-
raphy with SPECT is frequently the next study 
done in pediatric athletes with back pain from 
suspected injury of the pars interarticularis. 
Following this, CT through the area of abnor-
mality can characterize the osseous lesion. 
Alternatively, MRI can be used to identify the 
cause of back pain [ 29 ].  

    Complex Regional Pain Syndrome 

 Complex regional pain syndrome otherwise 
known as refl ex sympathetic dystrophy or algo-
dystrophy is characterized by pain, swelling, skin 
changes, and limited range of motion. Symptoms 
typically develop following a traumatic injury 

and treatment consists of supportive care and/or 
the use of sympatholytic agents. 

 Multiphase  99m Tc-MDP skeletal scintigraphy 
can suggest a diagnosis of complex regional pain 
syndrome. In adults, imaging fi ndings typically 
include increased perfusion to the effected 
extremity on angiographic images and increased 
periarticular activity in the effected extremity on 
skeletal phase images. In children, imaging fi nd-
ings typically include decreased perfusion to the 
effected extremity on angiographic images and 
decreased periarticular activity in the effected 
extremity on skeletal images (Fig.  16.9 ).

       Other Causes of Pain in Pediatric 
Athletes 

 There are several non-traumatic causes of pain in 
pediatric athletes such as arthropathy, infl amma-
tion, infection, and neoplastic disease that can be 
accentuated by participation in sports. For exam-
ple, an osteoid osteoma is a benign osseous lesion 
that can be a cause for pain in pediatric athletes. 
Associated with a vascular nidus, an osteoid oste-
oma typically has signifi cant adjacent reactive 
sclerosis. Commonly found in the lower extremi-
ties and spine,  99m Tc-MDP skeletal scintigraphy 

a b

  Fig. 16.7    An 18-year-old male runner with bilateral leg 
pain. Anterior images of both lower extremities ( a ,  b ) 
show diffuse moderately intense increased radiotracer 

uptake throughout both tibiae ( orange arrows ) consistent 
with bilateral tibial stress syndrome. No abnormal focal 
uptake is identifi ed in either tibia to suggest a fracture       
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Transverse Sagittal Coronal

Anterior Posterior
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  Fig. 16.8    A 15-year-old female fi gure skater with back 
pain; added value of SPECT in the detection of pars inter-
articularis stress: ( a ) SPECT demonstrates right pars 

interarticularis stress in vertebra L4 ( red arrow ), while no 
abnormality is detected on ( b ) planar skeletal scintigraphy 
(From Zukotynski et al. [ 30 ], with permission)       
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is highly sensitive for the diagnosis. Images show 
increased uptake on angiographic, tissue phase, 
and skeletal phase images in the area of the 
 osteoid osteoma. Pinhole images can aid in lesion 
detection and SPECT can improve localization. 
Intraoperative skeletal scintigraphy with pinhole 
collimation is useful to ensure complete surgical 
resection. Another cause of osseous pain in pedi-
atric athletes is malignancy. For further details, 
please refer to Chap.   22    . 

 Anatomic imaging,  99m Tc-MDP skeletal scin-
tigraphy, and  18 F-NaF PET provide complemen-
tary information in the evaluation of traumatic 
injury in pediatric athletes with malignancy. In 
particular, hybrid imaging combining  99m Tc-
MDP skeletal scintigraphy and CT is becoming 
an increasingly popular tool allowing anatomic 
localization of scintigraphic abnormalities.   

    Conclusion 

 Pediatric athletes with sports-related injury 
are often referred to the division of nuclear 
medicine for evaluation with  99m Tc-MDP 

skeletal scintigraphy and  18 F-NaF PET. These 
imaging modalities may detect abnormalities 
prior to anatomic imaging and provide a 
practical tool for whole-body imaging with-
out the need for sedation. However, study 
interpretation in children can be challenging 
and familiarity with imaging technique and 
interpretation can improve diagnosis. This 
chapter has reviewed imaging technique and 
fi ndings commonly encountered in pediatric 
athletes with suspected skeletal injury.     
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        Child abuse continues to be a serious social prob-
lem. Based on data from the National Child 
Abuse and Neglect Data System, in the year 2011 
there were an estimated 3.4 million referrals 
made to the Child Protective Agencies for sus-
pected child abuse and neglect, involving 6.2 
million children [ 1 ]. 

 Of the children evaluated, there were 
676,569 victims (9.1 victims per 1,000 children 
in the population). Children younger than 1 
year had the highest victimization rate (21.2 
per 1,000). Boys accounted for 48.6 % and girls 
51.1 % of cases. More than 75 % of the victims 
suffered neglect, while 15 % suffered physical 
abuse and less than 10 % suffered sexual abuse. 
In the year 2011 there were a total of 1,545 
fatalities reported (2.1 deaths per 100,000 chil-
dren), with 81 % of these children being 
younger than 4 years. Boys had a higher fatality 
rate than girls (2.47 per 100,000 for boys and 
1.77 for girls). 

 The high prevalence of child abuse mandates 
that health-care providers be attentive to the 
problem and maintain a high index of suspicion 
when presented with injuries that may be second-
ary to child abuse. Prompt referrals to Child 
Protective Agencies can allow institution of 
appropriate preventive measurement that can 
potentially avoid further injuries and deaths. 
Knowledge of suspicious patterns of skeletal 
fracture and institution of early intervention in 
cases of infl icted injury is essential. 

 When presented with a case of possible child 
abuse, the fi rst steps are to obtain a detailed his-
tory of the events leading to the injury and to con-
duct a thorough physical examination. There are 
several factors that may heighten the suspicion 
for abuse: if there are inconsistencies in the 
events that lead to the injury, if the injury is not 
consistent with the mechanism presented, or if 
the injury is not consistent with the child’s devel-
opmental age [ 2 – 5 ]. 

 Bone fractures are common in cases of 
child abuse and are second in incidence only 
to soft tissues injuries. Skeletal injuries are 
present in approximately 55 % of children that 
are physically abused [ 6 ]. Occasionally a frac-
ture is the first sign that child abuse is present 
so early detection is important. Fractures seen 
in child abuse are often clinically occult, so it 
is important to recognize the characteristic 
patterns of fractures that are suspicious for 
abuse when presented with abnormal radio-
logical findings [ 5 ]. 
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    Fracture Patterns in Child Abuse 

 Bone fractures are a common fi nding in normal 
active children [ 7 ]. The ability to differentiate 
between fractures secondary to an accident and 
fractures due to child abuse requires knowledge 
about the types of fractures most commonly seen 
in child abuse and the ability to recognize  specifi c 
patterns of fractures that suggest the possibility 
of abuse. Although any bone in the skeleton can 
be involved with a fracture in cases of child 
abuse, certain bones are more commonly involved 
than others. In a study performed by Kemp et al. 
in 2008, it was found that rib fractures were the 
most common fractures found in cases of child 
abuse and were seen in 71 % of cases [ 8 ]. Long 
bone fractures were less frequent than rib frac-
tures but were also common, with humeral frac-
tures in 48 % of cases and femoral fractures in 
28 %. The incidence of skull fractures was 30 %, 
most commonly a linear skull fracture [ 8 ,  9 ]. A 
study by Worlock et al. found that the presence of 
multiple fractures was more likely to result from 
child abuse than from accidental injuries, espe-
cially in children younger than 18 months of age 
[ 9 ]. In this study, fractures of the ribs were also 
commonly detected in abused children and their 
presence was strongly associated with child 
abuse when major accidental trauma was ruled 
out [ 9 ]. 

 Certain types of fractures, because of the 
mechanism of injury needed to produce them, are 
considered especially suspicious for child abuse, 
while other fractures are commonly seen in acci-
dental injuries and do not by themselves neces-
sarily raise the suspicion for child abuse 
(Table  17.1 ) [ 10 ].

   One type of fracture that is highly specifi c for 
child abuse and that requires special  consideration 
is the classic metaphyseal lesion or corner frac-
ture [ 11 – 15 ]. These occur when the child is 
shaken violently, leading to a series of microfrac-
tures across the spongiosa of the bone metaphy-
sis. Classic metaphyseal lesions (CML) occur 
most commonly in younger infants, often less 
than 2 years old. The presence of these fractures 
heightens the suspicion for child abuse dramati-
cally. The presence of even a single classic 

metaphyseal lesion raises the possibility of child 
abuse and requires a thorough evaluation for the 
presence of other fractures.  

    Radiological Evaluation of Fractures 

    Skeletal Survey 

 Guidelines of both the American Academy of 
Pediatrics and the American College of Radiology 
indicate that the imaging method of choice for 
the evaluation of fractures of children younger 
than 2 years at the time of presentation is the 
radiographic skeletal survey [ 16 ,  17 ]. 

 The radiographic survey includes X-rays of the 
entire body, especially important in young infants 
since localization of fractures based on clinical 
symptoms or signs is diffi cult. In older children a 
more focused radiological approach based on 
signs and symptoms may be acceptable. 

 The standard skeletal survey includes radio-
graphs of the arms, forearms, hands, thighs, 
lower legs, feet, axial skeleton, thorax (including 
the thoracic spine and ribs), abdomen, lumbosa-
cral spine and pelvis, cervical spine, and skull. 

 When the skeletal survey demonstrates frac-
tures, it can be used to date the age of those frac-
tures based on the presence of periosteal new 

   Table 17.1    Specifi city for child abuse of different types 
of fractures   

 Specifi city of fractures for child abuse 

 High specifi city 
 Moderate 
specifi city  Low specifi city 

 Classic 
metaphyseal 
lesion 

 Multiple 
fractures 

 Subperiosteal new 
bone formation 

 Rib fractures  Fractures of 
different ages 

 Clavicular 
fractures 

 Scapular 
fractures 

 Epiphyseal 
separation 

 Long bone shaft 
fractures 

 Spinous process 
fractures 

 Vertebral body 
fracture 

 Linear skull 
fractures 

 Sternal fractures  Digital 
fractures 
 Complex skull 
fractures 

  From Kleinman [ 10 ], with permission  
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bone formation, callus formation, or blurring of 
the fracture line [ 18 ].    A repeat skeletal survey 
performed 2–3 weeks after the initial evaluation 
can be performed either if the initial survey is 
negative or if increased sensitivity for the detec-
tion of fractures is not initially identifi ed. On the 
follow-up survey, callus formation that was not 
initially detectable may be visible. Although the 
use of follow-up imaging after several weeks 
can provide more sensitive detection of frac-
tures, it may present a signifi cant logistical 
problem because decisions about whether or not 
to place the child in foster care must be made at 
the time of initial investigation and therefore 
must be based upon initial information. Needing 
to wait several weeks for better diagnostic infor-
mation can present a serious challenge to child 
welfare. 

 It has been shown that at least 8.5 % of chil-
dren who undergo a second follow-up skeletal 
survey have forensically important fi ndings that 
increase certainty of the diagnosis of child abuse, 
even if the initial survey was negative [ 19 ]. The 
majority of these fi ndings are healing rib frac-
tures (75 % of the time) that were not detected in 
the initial survey [ 19 ]. Even a limited follow-up 
skeletal survey that excludes images of the pel-
vis, lateral spine, hands, and skull is able to detect 
additional fractures [ 20 ]. 

 One of the major drawbacks of the skeletal 
survey is that plain radiographs show low sensi-
tivity for the detection of rib fractures, the most 
common fractures present in cases of child 
abuse. In a study comparing the detection rate of 
radiography and chest CT, it was found that 
radiographs detected only 60 % of the rib frac-
tures shown by CT [ 21 ]. A study that evaluated 
the detection of fractures by skeletal surveys and 
bone scintigraphy showed that neither diagnostic 
modality detects as many fractures as the two 
combined [ 22 ]. 

 Thus, although the radiographic skeletal sur-
vey is considered the fi rst-line evaluation for 
fractures in suspected child abuse, its inability to 
detect all fractures shown by other modalities 
presents substantial logistical challenges. If 
results of the skeletal survey alone are used, the 
care provider could be at risk of making an 

incorrect decision about whether to allow the 
child to return home or be placed in foster care.  

    Bone Scintigraphy 

 Bone imaging and skeletal survey are believed to 
be complementary studies in the evaluation of 
non-accidental injury and could both be per-
formed in cases of suspected child abuse [ 23 ,  24 ] 
(Fig.  17.1 ). In addition to detection of skeletal 
fractures, bone scintigraphy has the ability in 
some cases to identify soft tissue changes that 
lead to the detection of injuries other than bone 
fractures [ 25 ].

   In current practice, the role of bone scintigra-
phy in the evaluation of child abuse is variable 
from institution to institution. Historically, bone 
scintigraphy has been performed in selected 
cases as a second-line evaluation following skel-
etal survey, serving in a complementary role. 
Some authors have suggested that bone scintig-
raphy could be used as an alternative to skeletal 
survey in the primary evaluation for fractures, 
while other authors have recommended scintig-
raphy only as a complementary examination 
[ 23 ,  26 ,  27 ]. 

 A study performed by Wood et al. found a 
great variability among the hospitals in the per-
formance of screening for occult fractures as 
defi ned by receipt of skeletal survey or radionu-
clide bone scan. In this group of patients, screen-
ing for occult fractures was performed in 83 % of 
children <2 years old [ 28 ]. 

 Bone scintigraphy has traditionally been per-
formed with  99m Tc-MDP, obtaining planar ante-
rior and posterior images of the whole body, 
without sedation (Fig.  17.1 ). Although this has 
been shown to be a useful technique in many 
instances, it has poor sensitivity for some com-
mon fractures, including skull fractures and clas-
sic metaphyseal lesions. More recently,  18 F-NaF 
PET bone imaging has been performed using 
 18 F-sodium fl uoride ( 18 F-NaF). This radiophar-
maceutical is commercially available in areas 
where  18 F-FDG is offered. The  18 F-NaF PET 
technique has several advantages over the tradi-
tional single-photon scintigraphic approach using 
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diphosphonates. Fluorine-18-NaF imaging 
results in a higher concentration of the radiophar-
maceutical in bone (approximately 2 times higher 
than  99m Tc- MDP ). The clearance of NaF from 
soft tissue is also faster than  99m Tc-MDP, result-
ing in better overall image contrast with the  18 F-
NaF PET technique. The higher spatial resolution 
of PET imaging devices, intrinsic tomographic 
acquisition, and ability to use attenuation correc-
tion all contribute to the superior imaging quality 
of  18 F-NaF images in comparison to standard 
 99m Tc-MDP imaging and suggest that it might be 
possible to increase the detectability of fractures 
using the  18 F-NaF PET technique. 

 A direct one-to-one comparison between 
 99m Tc-MDP and  18 F-NaF PET in the same patient 
in children would be diffi cult due to the double 
radiation exposure to the patient. In the setting of 
trauma related to child abuse,  18 F-NaF PET has 
been shown to be useful in the detection of skel-
etal fractures and, in particular, to be highly sen-
sitive for the detection of fractures that may be 
diffi cult to identify radiographically [ 29 ,  30 ] 
(Fig.  17.2 ).

   A study performed by Mandelstam in 2003 
compared the effectiveness of skeletal survey and 
bone scintigraphy performed with  99m Tc- MDP  in 
the detection of bone fractures in 30 patients that 
were suspected victims of child abuse. In the 124 
fractures identifi ed, 64 fractures were detected on 
bone scan and 77 on skeletal survey. Rib frac-
tures represented 48 % of the total fractures. 
Excluding rib fractures, 33 % of fractures were 
seen on both imaging modalities, 44 % were seen 
on skeletal survey only, and 25 % were seen on 
bone scans alone. In the same study the metaphy-
seal lesions typical of child abuse were present in 
20 cases on the skeletal survey but were detected 
only in 35 % of these cases on bone scan. 
Standard scintigraphy with  99m Tc-MDP is there-
fore not sensitive for detection of this important 
type of fracture. 

 A study performed by Drubach et al. in 2010 
evaluated the sensitivity of  18 F-NaF PET for 
detection of fractures in infants being evaluated 
for child abuse. In this study  18 F-NaF PET had 
higher sensitivity than skeletal survey for detec-
tion of fractures in general (85 % for  18 F-NaF 

  Fig. 17.1    Lateral oblique images of  99m Tc-MDP in a 2-month-old boy showing multiple rib fractures ( arrows )       
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a b

  Fig. 17.2    ( a ) X-ray of a 15-month-old being evaluated 
for child abuse shows a questionable periosteal new bone 
formation in the distal left ulna ( arrow ). These fi ndings 
were not certain on radiography. ( b ) The patient under-

went an  18 F-NaF PET. MIP images show increased uptake 
in the distal ulna confi rming the diagnosis of fracture 
( arrow )       

PET compared to 72 % for skeletal survey). This 
difference was even more striking when looking 
at rib fracture detection (92 % for  18 F-NaF PET 
compared to 68 % for skeletal survey). Fluorine-
18-NaF PET was also more sensitive than skele-
tal survey in the detection of posterior 
costovertebral rib fractures, an important fracture 
in the diagnosis of child abuse (Fig.  17.3 ). 
Although  18 F-NaF PET was less sensitive than 
skeletal survey in the detection of CML ( 18 F-NaF 
PET detected 67 % of the lesions seen on skeletal 
survey), the detection rate was higher than the 
historically reported detection rate using  99m Tc-
MDP imaging.

   Nuclear bone imaging therefore has advantages 
over skeletal survey in that it is more sensitive in 
the detection of rib fractures, especially posterior 
rib fractures. Since these are the most common 
fractures found in child abuse, it would be impor-
tant that a sensitive technique be used in the evalu-
ation. The early identifi cation of additional 
fractures can change the outcome of child 
placement. 

 In addition to rib fractures, nuclear bone 
imaging is very sensitive in the detection of 
fractures in the shoulder, scapula and sternum, 
and pelvis areas that are very diffi cult to image 
with radiography. The identifi cation of these 
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fractures heightens the suspicion for child abuse 
(Fig.  17.4 ).

   One of the drawbacks of scintigraphy is that 
there are no guidelines for the determination of 
the age of fractures. Another drawback is that 
bone scintigraphy is not very sensitive in the 
detection of skull fractures; therefore, radiogra-
phy is needed in these circumstances.  

    Whole-Body MRI 

 The ability to evaluate young children without 
the use of ionizing radiation has prompted inter-
est in whole-body MRI imaging for the evalua-
tion of child abuse. In comparison to standard 
radiographic skeletal survey, MRI has low sensi-
tivity (40 %) for detection of fractures in general. 

a b

  Fig. 17.4    ( a ) Fluorine-18-NaF PET MIP image of the pel-
vis in a 3-month-old boy showing increased uptake in the 
left iliac crest representing a fracture. ( b ) Corresponding 

image of the pelvis of the initial skeletal survey was falsely 
negative for fracture       

a b c

  Fig. 17.3    ( a ) Fluorine-18-NaF PET coronal    image of a 
3-month-old girl shows multiple areas of increased uptake 
representing fractures in the posterior ribs ( arrows and 
arrowheads ). ( b ) Fluorine-18-NaF PET coronal image of a 
3-month-old girl shows multiple areas of increased uptake 

representing fractures in the posterior ribs ( arrows ). ( c ) 
Fluorine-18-NaF PET coronal image of a 3-month-old boy 
shows multiple areas of increased uptake in the posterior and 
lateral ribs representing fractures       
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MRI detected only 57 % of rib fractures and had 
very low sensitivity for detection of CML (31 %). 
Whole-body MRI is therefore not recommended 
in the evaluation of patients suspected of child 
abuse [ 31 ].  

    Rib Fractures 

 As previously described, rib fractures are the 
most common fractures found in cases of child 
abuse. They can be unilateral or bilateral, single 
or multiple. These fractures may have occurred in 
a single episode of trauma or may have occurred 
at different times. Fractures that occurred at dif-
ferent points in time indicate repeated episodes 
of trauma, heightening the suspicion for child 
abuse. Dating rib fractures is an important part of 
the evaluation of these children that is currently 
performed with radiography. 

 In the absence of a confi rmed signifi cant trau-
matic etiology, rib fractures have a high probabil-
ity (71 %) of being caused by abuse [ 8 ]. 

 In children younger than 3 years of age, it has 
been found that the positive predictive value of a 
rib fracture as an indicator of child abuse is 95 %. 
The positive predictive value increased to 100 % 
once historical and clinical circumstance 
excluded all other causes for rib fractures [ 32 ]. 

 In a study published in the year 2000, the 
authors reviewed the skeletal surveys and bone 
scintigraphy of 18 infants under 2 years of age 
and found that bone scintigraphy revealed eight 
rib fractures undetected by skeletal survey in 4 
patients. In three of these patients, the rib frac-
tures were an isolated fi nding. Three of the 
infants with infl icted rib injuries were discharged 
home. In one such infant a signifi cant reinjury 
occurred [ 33 ]. Nuclear bone imaging, preferably 
with  18 F-NaF PET, is the most sensitive method 
for detection of rib fractures [ 29 ].  

    Metaphyseal Fractures 

 Classic metaphyseal lesions are a series of 
microfractures across the metaphysis due to the 

shearing forces applied, usually a twisting 
motion of the extremity or violent shaking of the 
child [ 10 ]. They usually occur in young chil-
dren, less than 2 years of age. The fracture line 
of the CML courses through the primary spon-
giosa of the metaphysis, and the metaphyseal 
fragment tends to be thicker peripherally than 
centrally. The presence of CML of the long bone 
is highly specifi c for physical abuse [ 10 ]. In 
infants younger than 1 year, these fractures are 
usually found in the distal femur, the proximal 
tibia, the distal tibia, or the proximal humerus. 
Depending on the direction of the X-ray beam 
projection, these fractures may appear as a cor-
ner fracture or as a bucket-handle fracture. 
There are no clinical signs or symptoms associ-
ated with these types of fractures so a high index 
of suspicion and careful radiological evaluation 
is necessary. 

 Nuclear bone imaging has lower sensitivity for 
detection of these fractures. Imaging with  18  F- 
NaF PET was shown to have a higher sensitivity 
for detection of these fractures in comparison to 
the standard bone scan with  99m Tc-MDP [ 29 ]. 
Because these are a type of fractures highly spe-
cifi c for child abuse, the technique with higher 
sensitivity for detection should be performed in 
children younger than 2 years, that is, the skeletal 
survey.  

    Long Bone Fractures 

 Accidental long bone fractures are not uncom-
mon in ambulatory young children, especially in 
toddlers. In contrast, if a long bone fracture 
occurs in a nonambulatory child or infant, child 
abuse is present between 60 and 80 % of the 
times. 

 A study that reviewed 80 femoral fractures in 
children under 4 years of age revealed that 8.5 % 
were due to violent trauma, 12.5 % were 
 “pathologic” fractures, 30 % were related to child 
abuse, and 49 % resulted from normal trauma to 
normal children. In the same study child abuse as 
a cause of femoral fracture was more common 
in children under 1 year of age, in fi rst-born 
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children, in patient with preexisting brain dam-
age, and in cases of bilateral fractures [ 34 ]. With 
the exception of distal femur metaphyseal frac-
tures, the fracture confi guration was not pathog-
nomonic of abuse [ 34 ]. In another study it was 
found that almost one-half of the femoral frac-
tures sustained in children younger than 1 year 
were secondary to child abuse [ 35 ].  

    Spinal Fractures 

 Spinal fractures have been described as being 
very uncommon in cases of child abuse, with a 
maximum incidence of 3 % of all fractures found 
by skeletal survey. Compression fractures are the 
most common type of fracture found [ 36 ]. Nuclear 
bone imaging is able to detect spinal compression 
fractures and spinous process fractures otherwise 
not visible on radiography; therefore, the true 
incidence of spinal fractures is likely higher than 
has been historically thought [ 29 ] (Fig.  17.5 ).

       Skull Fractures 

 Skull fractures are frequently seen in abused chil-
dren, with linear, nondepressed skull fractures 

most commonly seen. Bone scintigraphy per-
formed with either  99m Tc-MDP or  18 F-NaF PET 
has lower sensitivity than radiography for detec-
tion of skull fractures. Radiographic evaluation 
with skeletal survey is needed to evaluate for this 
fracture.   

    Conclusion 

 Obtaining a skeletal survey at the time of pre-
sentation remains the standard of care of 
radiological evaluation for child abuse in chil-
dren younger than 2 years. Because of the 
legal implication inherent in the evaluation of 
children for child abuse and the important 
decisions that must be made about allowing 
the child to return home or to have the child 
placed in foster care it is important to have all 
possible information at the time of the initial 
evaluation to be able to make the best possible 
informed decision. The addition of a nuclear 
bone imaging provides greater sensitivity for 
detection of fractures in areas where the skel-
etal survey is known to have limited sensitiv-
ity. A diagnostic approach that combines the 
use of both techniques is therefore optimal. 
Nuclear bone imaging is in addition an impor-
tant tool for evaluation of questionable frac-
tures detected on skeletal survey. The 

  Fig. 17.5    Fluorine-18-NaF 
PET coronal ( left ) and 
sagittal ( right ) view of the 
spine of a 10-month-old boy 
showing increased uptake in 
several vertebral bodies 
( arrows ) representing 
compression fractures (From 
Drubach et al. [ 29 ], with 
permission)       
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confi rmation or negation of additional frac-
tures with nuclear bone imaging may have an 
implication as to the child’s placement in fos-
ter care. In children older than 2 years, where 
the presence of CML is not prevalent, nuclear 
bone imaging alone may suffi ce for evaluation 
of fractures.     
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        Abnormalities in mandibular growth can result 
in signifi cant facial deformity and asymmetry. 
Mandibular asymmetry may be congenital or 
acquired and often has functional, esthetic, and 
social consequences [ 1 – 3 ]. In general, asymme-
try of the mandible may be classifi ed as over-
growth or undergrowth conditions. Unilateral 
condylar hyperplasia is the most common over-
growth asymmetry. Overgrowth can also occur 
in response to trauma (e.g., condylar fracture 
in children), tumors in the condylar region, or 
fi brous dysplasia. Undergrowth of one side may 
be the result of trauma, radiation, infl ammatory 
joint disease, idiopathic condylar resorption, 
or congenital malformation such as hemifacial 
microsomia. 

 Important diagnostic considerations for the 
clinician are (1) to determine which is the normal 
versus the abnormal side and (2) to determine if 
the asymmetric growth pattern is progressive 
(active) or stable (quiescent). Treatment of the 
deformity depends on the etiopathogenesis of the 
condition and varies based on growth activity. 

 Unilateral condylar hyperplasia (UCH) as 
with other growth abnormalities can be classifi ed 
as active or quiescent [ 1 ,  4 – 6 ]. During the active 
growth phase in UCH, the deformity becomes 
progressively worse with increasing vertical elon-
gation of the mandibular ramus (vertical pattern) 
or increasing convexity of the mandibular ramus 
and body with deviation of the chin toward the 
unaffected side (rotational pattern). Progression 
or worsening of the deformity is the hallmark of 
active condylar hyperplasia. Undergrowth (e.g., 
hemifacial microsomia) is considered progres-
sive when there is remaining somatic growth of 
the non-affected side [ 7 ]. Determining the meta-
bolic and physiologic status of an asymmetric 
mandible is a challenging problem, and uptake 
of bone-seeking radiopharmaceuticals can be uti-
lized to help identify the abnormal side and to 
evaluate activity or inactivity of the condition. 

 The severity of the deformity and activity of 
the disease dictate the treatment. Serial clinical 
examinations with standardized photographs, 
although subjective in nature, remain the gold 
standard for assessment of the progression of 
facial asymmetries. Plain x-rays (i.e., lateral and 
anteroposterior (AP) cephalograms and pan-
oramic radiographs) allow for measurements of 
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bone height and position; however, multiple time 
points over a period of years are needed to deter-
mine disease activity [ 8 ]. These modalities mea-
sure the effects of overgrowth or undergrowth 
but do not provide any physiologic information. 

 Skeletal scintigraphy using  99m Tc-labeled 
methylene diphosphonate ( 99m Tc-MDP) is an 
effective method for evaluating the metabolic 
state of the mandibular condyle to determine the 
normal versus abnormal side and the degree of 
bone activity (i.e., growth or breakdown) at a 
particular point in time [ 9 – 12 ]. Bone scanning 
for assessment of abnormal growth centers of the 
mandible has evolved from planar scintigraphy 
[ 12 ] to single-photon emission computed tomog-
raphy (SPECT) [ 13 ] and hybrids of SPECT with 
multi-detector computed tomography (SPECT/
CT) [ 14 ]. 

    Study Acquisition, Reconstruction 
and Analysis 

 As is typical for all bone scanning using  99m Tc-
MDP, 7.4 Mbq/kg (18.5 MBq minimum, 
518 Mbq maximum) is typically administered 
intravenously, and imaging is performed 3–4 h 
post-injection. The reader is referred to Chapter 
15 for more details regarding bone scanning. 

 Uptake values within the mandibular condyle 
may require external and internal standardization 
to correct for differences in image timing, recon-
struction, and pharmacokinetics of tracer in each 
patient. The external standard consists of a cul-
ture fl ask containing a known amount of  99m Tc 
between 370 and 555 kBq and is placed above the 
patient’s head to be included in the fi eld of view. 
A calibration factor is determined by dividing the 
activity in the fl ask by the total counts measured 
over the standard. Internal standards correct for 
variations in the concentration of tracer at the 
time of imaging due to differences in the volumes 
of distribution, metabolism, and renal clearance. 

 For planar images, a γ-camera is used with a 
low-energy, high-resolution or ultrahigh resolu-
tion collimator. The patients head is positioned in 
front of the γ-camera with the neck hyperex-
tended to separate the mandibular ramus and the 

cervical spine. Images of the fourth lumbar verte-
bra (L4) are also obtained for use as an internal 
standard since it can be dependably localized and 
has symmetric uptake of radiotracer [ 16 ]. 

 Regions of interest (ROIs) are traced over the 
mandibular condyle, ramus, and body bilaterally 
and L4 as described above (Fig.  18.1 ). The ratio 
of uptake (RU) of  99m Tc-MDP is calculated as 
follows: 

 RU = (counts in ROI of mandible – back-
ground counts) / (counts in L4 – background 
counts) 

 SPECT images are obtained using a dual-
detector γ-camera with a low-energy, high-reso-
lution or ultrahigh- resolution collimator in a 
128 × 128 matrix for 120 views per detector for 
360° with 15 s/view. For SPECT, an external 
standard containing 370-740 kBq of  99m Tc can be 
included in the fi eld of view. The acquired data 
are typically reconstructed with fi ltered back pro-
jection. An iterative reconstruction algorithm 
such as ordered subset expectation maximization 
(OSEM) may also be used, but it may be neces-
sary to develop a different set of normal range 
values to compensate for the enhanced contrast. 

 For SPECT, ROIs can also be traced over 
the mandibular condyle, ramus, and body bilater-
ally and the culture fl ask. The clivus can be used 
as an internal standard for SPECT as it is typically 
included within the fi eld of view, and predictably 
ceases growth when the sphenooccipital synchon-
drosis fuses [ 16 ]. After cessation of growth, it is 
thought to be one of the least metabolically active 
bones as it has no articulations and bears no 
weight. Multiple slices on SPECT allow for volu-
metric 3-dimensional (3D) ROI (Fig.  18.2 ).

   The maximum pixel counts within each ROI are 
recorded. Condyle counts are corrected with each 
standard as follows:

Internal standard : condyle uptake = (condyle 
counts) / (clivus counts)

External standard : condyle uptake = (condyle 
counts) x (standard activity in mCi) / standard 
counts

  The right to left ratio of condylar, body, and 
ramus activity is used to compare the two sides.  

Z.S. Peacock et al.
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    Clinical Applications 

    Unilateral Condylar Hyperplasia 

 Unilateral condylar hyperplasia (UCH) is the 
most common growth abnormality of the tem-
poromandibular joint after birth. Clinically, it can 
result in facial asymmetry with deviation of the 
chin to one side, occlusal disturbances, and tem-
poromandibular joint dysfunction. UCH results 
in disproportionate mandibular growth due to 
hyperactivity within the mandibular condyle. It 
can occur during normal growth when one con-
dyle grows out of proportion to the contralat-
eral condyle, it can also occur after cessation of 
somatic growth. Both cases result in shifting of 
the mandible in a direction down and away from 
the affected side. Although, the etiology remains 
uncertain, purported causes include trauma, hor-
monal inbalances, arthrosis, and hypervascularity 
[ 3 ,  17 – 19 ]. 

 Skeletal scintigraphy allows comparison of 
the metabolic activity within each condyle and 
relative to external and internal standards. An 
enlarged but quiescent condyle is generally left 
intact provided there are no functional abnor-
malities such as decreased motion. The man-
dibular asymmetry is treated by conventional 
orthognathic reconstructive surgery to align the 
mandible (and maxilla if necessary) and to cor-
rect the occlusion. This spares the patient an 
open-joint operation which can have long-term 
consequences such as limited mouth opening 
and joint pain. Conversely, treatment of active 
or progressive condylar hyperplasia consists of a 
high partial condylectomy to arrest growth. The 
growth-arresting procedure can be done in con-
junction with orthognathic surgery to correct the 
asymmetry. If standard osteotomies are done dur-
ing a period of active overgrowth within the con-
dyle, further deformity will occur and the patient 
may need additional operations. 

Ratio of uptake Right Left

Condyle (red)

Ramus (green)

7.7

2.7 2.6

5.2

Body (blue) 3.0 2.8

  Fig. 18.1    Planar scintigram revealed right to left ratio of 
uptake (RU) of 1.48. Clinical correlation with the indi-
cated increased uptake led to a diagnosis of active right 

unilateral condylar hyperplasia. The scintigram on the top 
right shows the L4 ( red ) and additional reference ( green )       

 

18 The Role of Skeletal Scintigraphy in the Diagnosis and Management of Mandibular Asymmetry



410

1

1

3 2

Transverse

a

b

Sagittal

  Fig. 18.2    SPECT 
Quantitation. ( a ) Circular 
regions of interest (ROI) 
(1.13 cm 2 ) are placed over the 
mandibular condyles ( red  and 
 yellow ) and the clivus ( blue ) 
as seen on the axial view. The 
slice containing the  maximum 
pixel value is chosen. 3D 
ROIs consist of the 2D ROI 
as well as similar ROIs 
applied to the slices above 
and below the slice with the 
maximum pixel value, and 
the counts from the 3 slices 
combined are averaged. 
The outline of the external 
standard containing known 
counts ( red ) is seen above the 
sagittal view (From Fahey 
et al. [ 40 ], with permission). 
( b ) SPECT study of an 18 
year old with hyperplasia of 
the left condyle. The study is 
strikingly abnormal 
(right-to-left ratio of 0.333 is 
substantially outside the 
normal range). When using 
either the external standard or 
the clivus as an internal 
standard, the right condyle is 
normal whereas the left 
condyle has abnormally high 
uptake       
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    Planar Scintigraphy 
 The planar method of scintigraphy allows quanti-
fi cation of condylar activity by assessing regions 
of interest (ROI) about the condyle, ramus, and 
body of the mandible. Activity within the con-
dyle is quantifi ed as a ratio of condyle uptake and 
is normalized by comparison to the fourth lumbar 
vertebrate and correlated with age (Fig.  18.2 ) [ 15 , 
 20 ]. Normative data was developed by assessing 
condylar activity during growth [ 11 ]. Subsequent 
studies compared patients with mandibular 
asymmetries to known age-adjusted standards 
[ 15 ]. L4 is used as an internal standard since it 
has a constant low-level uptake after cessation 
of somatic growth. Correlation of the technique 
with clinical data has shown reliability, but limi-
tations exist. First, uptake in L4 may be abnormal 
in patients with arthritis or other lumbar disease. 
Second, planar images result in superimposition 
of the cervical spine and the ROI of the contralat-
eral condyle providing a potential source of inac-
curacy. Planar imaging requires careful patient 
positioning and collimation to avoid overlapping 
areas of interest. The development of the SPECT 
technique has improved on the weakness of the 
planar technique and is currently the most com-
mon method used.

       SPECT Imaging 
 SPECT studies have largely replaced planar 
scintigraphy in assessing mandibular asymme-
try and growth. SPECT represents a more sensi-
tive technique without the limitations of patient 
positioning and superimposition with the planar 
technique. It provides 3D  representations of the 
radiopharmaceutical distribution within the cra-
niofacial skeleton. Areas of increased uptake such 
as hyperplastic  mandibular condyles are easily 
identifi ed and assessed in three dimensions. 

 Quantitative SPECT studies for assessment of 
radiopharmaceutical uptake were fi rst applied to 
bone scintigraphy in the late 1980s [ 21 – 24 ]. 
Subsequent assessment studies compared SPECT 
with planar images for condylar activity [ 13 ,  25 –
 29 ]. Pogrel et al., in 1995, demonstrated that the 
SPECT scan is statistically correlated with the 
planar image condyle/L4 scintigram [ 13 ]. In the 
study, the clivus was introduced as a new internal 

standard. With its positioning at the skull base at 
the same axial level of the mandibular condyles, 
all three structures can be seen on one slice [ 22 , 
 30 ]. The clivus has also been shown to have less 
variation in activity than L4 [ 13 ]. Hodder et al., in 
1999, compared one mandibular condyle to the 
other by calculating an uptake ratio and postu-
lated that it was a more accurate and sensitive 
way to detect unilateral condylar abnormalities 
than comparison with an internal standard such 
as L4 or the clivus [ 25 ]. They also confi rmed that 
a relative percentage uptake of 55 % in the 
affected condyle as previously shown for planar 
imaging [ 13 ] also applied to SPECT imaging. 
Saridin et al. then showed SPECT scanning to be 
the preferred method of assessment over planar 
scintigraphy [ 31 ]. Using clinical outcomes, the 
group subsequently showed that condyle to con-
dyle ratios may be superior to comparisons with 
an internal osseous standard [ 32 ].   

    Clinical Case Examples 

 N.C is a 23-year-old woman who presented with 
progressive facial asymmetry that began around 
the age of 10. Her lower face was obviously 
asymmetric (Fig.  18.3a ,  b ) with the right man-
dible ramus being signifi cantly longer than the 
left. She had slight deviation of the chin to the 
right side, but the asymmetric discrepancy was 
most notable in the vertical plane (Fig.  18.3c ). 
Intraorally, she had an open bite on the right side 
with a mandibular occlusal cant downward on 
the right (Fig.  18.3d ). A panoramic radiograph 
revealed an enlarged right condylar head and 
elongated right condylar neck (Fig.  18.3e – g ). 
The differential diagnosis included unilateral 
condylar hyperplasia, left condylar hypoplasia, 
and generalized mandibular asymmetry. The 
clinical presentation was most consistent with 
right unilateral condylar hyperplasia, vertical 
pattern. Given the long-standing nature of the 
asymmetry, it was thought to be likely quiescent. 
However, Planar and SPECT scans were 
obtained which showed markedly increased 
uptake in the right condyle versus the left 
(Fig.  18.4 ). The ratio of the right and left  condyle 
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  Fig. 18.3    ( a ) Frontal repose, ( b ) smiling, and 
( c )  submental views of the patient with progressive facial 
asymmetry. The chin point is seen deviated to the left and 
the mandible is fl atter on the right. ( d ) The mandibular 
occlusal plane is tilted down on the right with a right lat-

eral open bite. ( e ) Panoramic radiograph demonstrates 
elongation of the right mandibular condyle-ramus unit. 
( f ) AP and ( g ) lateral cephalograms demonstrate the 
asymmetry with tilting of the mandible down on the right 
and double inferior border on the lateral view         

a

c d

e

b
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to L4 was 4.0 and 2.75, respectively. The ratio of 
the bilateral ramus and body to L4 uptake was 
1.25 and 1.5, respectively. A diagnosis of active 
right condylar hyperplasia was made. The 
patient was treated with a “growth-arresting” 
procedure consisting of an endoscopic high con-
dylectomy to stop the active abnormal condylar 
growth (Fig.  18.5a ). Also, a left mandibular sag-
ittal split osteotomy was performed to allow 
rotation of the occlusal plane to match the max-
illa. An ostectomy of the right inferior border 
was performed to correct the vertical discrep-
ancy. Postoperative radiographs showed 
improvement in symmetry (Fig.  18.5b – d ). Three 
years after the correction, her skeleton and 
occlusion remained symmetric (Fig.  18.5e ,  f ).

     R.C., a 16-year-old girl, developed a mal-
occlusion and mandibular asymmetry after 
completing orthodontia 3 years prior to pre-
sentation. Examination revealed the chin 
point deviated to the right with class III skel-
etal malocclusion (Fig.  18.6a – c ). Her man-
dibular midline was 6 mm to the right of 
the maxillary midline and midsagittal plane 
(Fig.  18.6d ). Radiographic exam showed a 
longer condyle-ramus unit on the left than the 
right (Fig.  18.6e – g ). The differential diagno-
ses included active and quiescent left unilateral 
condylar hyperplasia, right condylar hypopla-
sia, and late asymmetric mandibular growth. 
A SPECT scan was obtained which showed a 
ratio of uptake in the left to right condyle of 

f g

Fig. 18.3 (continued)
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Ratio of uptake

Left lateral Right lateral

RightLeft

Condyle (red)

Ramus (blue)

2.75

1.25 1.25

4

1.5 1.5Body (green)

a

b

  Fig. 18.4    ( a ) Planar scan using L4 as internal reference 
point (green in left bottom left picture) showed RU of 4 
 indicating active right unilateral condylar hyperplasia. 

The RU in the bilateral ramus and body were equal. ( b ) 
SPECT scan on same patient demonstrates abnormally 
high uptake in the right condyle       
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  Fig. 18.5    Intraoperative and postoperative views of the 
patient from Fig.  18.3 . ( a ) Intraoperative view of the 
 elongated right mandibular condylar head marked for 
high condylectomy. The patient also underwent a left sag-
ittal split osteotomy and right inferior border ostectomy. 

The correction and restoration of symmetry is seen on the 
postoperative ( b ) panoramic radiograph, ( c ) AP, and ( d ) 
lateral cephalogram. ( e ,  f ) The position remained stable at 
latest follow-up, 3 years after correction         

a

c d

b

0.96 (Fig.  18.7 ). The ratio of uptake of both 
condyles was slightly greater than the  clivus 
and external standard indicating some sym-
metric active growth in both condylar regions 
consistent with her remaining somatic growth 
potential (growth is usually complete 3 years 
after menses begins; she had started menses 

2 years earlier). Her diagnosis was quiescent 
unilateral condylar hyperplasia, rotational pat-
tern. No operation was necessary on the inac-
tive condyle or the maxilla, which remained 
symmetric in this case. She was corrected with 
a bilateral sagittal split osteotomy and genio-
plasty to rotate the mandible and chin back 
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Fig. 18.5 (continued)

to the midsagittal plane. Postoperative radio-
graphs showed correction of the asymmetry 
(Fig.  18.8a – c ). Two-year follow-up revealed 
symmetry of her mandible (Fig.  18.8d ,  e ).

         Assessment of Surgical Therapy 

 Skeletal scintigraphy also has a role in the assess-
ment of treatment for active abnormal condylar 
growth in mandibular asymmetry. When clinical 
exam reveals mandibular asymmetry, and it is 
confi rmed to be active by a SPECT scan, a high 
condylectomy is performed. This serves as a 
“growth-arresting” procedure and the abnormal 
growth center is excised. Postoperative SPECT 
scanning can confi rm the lack of continued 
abnormal growth activity. It essentially can estab-
lish the effectiveness of the surgical excision of 

the abnormal mandibular condyle when indicated 
clinically.  

    Assessment of Growth 

 An assessment of craniofacial growth is critical 
in treatment planning for any patient requiring 
surgical or orthodontic intervention [ 7 ]. Persistent 
somatic growth postoperatively can result in 
skeletal changes requiring reoperation. Serial 
clinical examination is commonly employed, but 
the psychosocial effect of craniofacial deformi-
ties on the patient may require the surgeon to 
operate as soon as possible. This may not allow 
enough time to confi rm the end of growth via 
serial examination [ 33 ]. Contributing to the chal-
lenge is the growth pattern of the mandible: It 
grows at a high rate during adolescence [ 34 ,  35 ], 

Z.S. Peacock et al.
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  Fig. 18.6    ( a ) Frontal repose, ( b ) smiling, ( c ) submental 
and ( d ) intraoral views demonstrate lower facial asymme-
try with chin point and mandibular occlusion deviated to 
the right. Her mandibular dental midline is 6 mm to the 

right of the maxillary midline. ( e ) Panoramic, ( f ) AP, and 
( g ) lateral radiographs show elongation of the left 
 condyle-ramus unit and shifted to the right         

a
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  Fig. 18.7    SPECT scan showed right ( red ) to left ( blue ) 
RU of 0.96 indicating quiescent left condylar hyperplasia, 
rotational pattern. Compared to the external and internal 

(clivus,  green ) standards revealed slightly increased 
uptake consistent with remaining somatic growth of each 
condyle that was symmetric       

f g

Fig. 18.6 (continued)
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  Fig. 18.8    Postoperative ( a ) panoramic radiograph, 
( b ) AP, and ( c ) lateral cephalograms confi rm correction 
of the asymmetry with leveling of the occlusal plane. 

( d ,  e ) Two years follow-up demonstrated stability of the 
correction of the quiescent condylar hyperplasia without 
need for condylectomy         

a

b c

is the last facial bone to complete growth [ 36 , 
 37 ], and grows in a pattern that does not correlate 
with other bones in the axial and appendicular 
skeleton [ 38 ]. In addition, high individual vari-
ability in amount and timing of mandibular 
growth makes predicting growth potential based 
on age or pubertal status unreliable [ 39 ]. 

 Many methods to assess craniofacial growth 
have been reported in the surgical and orth-
odontic literature. The gold standard remains 
serial clinical observation, which is subjective, 

takes many years to obtain necessary informa-
tion, and is diffi cult to standardize [ 40 ]. Several 
imaging techniques to approximate axial skeletal 
growth have been used to supplement clinical 
 examination including radiographic assessment 
of the hand and wrist, cervical vertebrate, or serial 
cephalometric analysis [ 41 – 43 ]. Radiographic 
examinations are quantitative and objective, but 
limitations persist due to the overall lack of cor-
relation of mandibular and axial growth and the 
time required for serial cephalograms. 
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Fig. 18.8 (continued)

 Skeletal scintigraphy with  99m Tc-MDP and 
normalized data could potentially allow for a sin-
gle time-point growth analysis. This would enable 
the clinician to effi ciently determine the growth 
status of the patient and decrease the delay in 
operative treatment. In addition, ensuring growth 
cessation can decrease the need for reoperation 
due to postoperative growth [ 40 ]. Normative 
data was obtained using  99m Tc-MDP planar 
 scintigraphy utilizing the 4th lumbar vertebra as 
an internal standard for 90 patients with normal 
craniofacial growth [ 11 ,  20 ]. Based on a linear 
regression model, approximate age- matched nor-
mal RU ranges were proposed (Fig.  18.9a ,  b ). In 
subsequent studies it was found that  99m Tc-MDP 
SPECT using the clivus as an internal standard 
was more sensitive than planar scintigraphy [ 27 ]. 

In a study by Pripatnanont et al., who collected 
data from 29 subjects (5 normal, 26 with mandib-
ular asymmetry), the authors found quantitative 
differences between patients with normal active 
growth when  compared to those with asymmetric 
abnormal growth and skeletally mature patients 
[ 28 ]. Fahey et al. sought out to fi nd quantitative 
normal values in a group of 32 normal subjects (22 
females and 10 males) between the age of 8 and 
25, who underwent SPECT scans for  unrelated 
reasons. They used two-dimensional maximal 
counts and both an internal (clivus) and an exter-
nal (beaker of known quantity of radiotracer) 
standard [ 40 ]. There was a signifi cant correlation 
with nonstandardized and externally standard-
ized data with age and no signifi cant age cor-
relation when using the internal standard. They 
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found that using the external standard allowed 
for increased sensitivity and a clear distinction 
between subjects who would be expected to be 
actively growing (under 17 years old) and those 
that were not. Future research aimed at standard-
izing the SPECT algorithm and how ROI’s are 
analyzed and reported (2D versus 3D, maximum 
counts versus average counts) may improve the 
ability to compare individual SPECT data and 
increase the utility of SPECT for assessing nor-
mal growth.

       Symmetric Abnormalities 

 Unilateral mandibular condylar abnormali-
ties allow comparison to internal and external 
standards as well as the contralateral condyle. 
Bilaterally symmetric mandibular growth 
 abnormalities provide additional challenge using 
SPECT. These abnormalities include progres-
sive mandibular prognathism (symmetric condy-
lar hyperplasia), idiopathic condylar resorption, 
and condylosis resulting from juvenile rheu-
matoid arthritis or other arthritides. Traditional 
SPECT assessment utilizing the R/L ratio would 
not enable the clinician to determine the activ-
ity of the disease [ 40 ]. Condylar growth is 98 % 
 complete by the age of 15 and 18 in females 
and males, respectively. The average horizontal 
growth rate has been shown to be 1.6–2.2 mm 

per year [ 5 ]. Symmetric growth at a faster rate or 
longer duration has been proposed to represent 
bilateral condylar hyperplasia [ 5 ,  44 ]. Similarly, 
diagnosis of active or inactive symmetric con-
dylar hyperplasia has relied upon serial clini-
cal and cephalometric examination. Mandibular 
scintigraphy has yet to be established as an aid 
to  diagnosis in symmetric overgrowth. This is 
postulated to be due to the relatively slow growth 
of the condyles compared to unilateral condylar 
hyperplasia preventing detection. Also, symmet-
ric overgrowth often occurs during concurrent 
axial growth limiting comparisons to internal 
standards [ 5 ]. Future studies using SPECT with 
internal and external standardization normalized 
for age may increase the utility of SPECT in diag-
nosis and subsequent treatment of these patients. 

 Idiopathic condylar resorption (ICR) is a 
poorly understood condition affecting primarily 
females between the ages of 15 and 35 years [ 45 ]. 
It most often occurs bilaterally and typically pro-
gresses to the sigmoid notch of the mandible 
eliminating the entire condyle. This usually 
results in quiescence [ 46 ,  47 ]. Patients develop a 
progressive anterior open bite, disappearing chin, 
decreased mandibular range of motion, and often 
temporomandibular joint pain and crepitus 
[ 47 – 49 ]. Although the cause has not been eluci-
dated, onset of disease has been associated with 
trauma, steroid use, autoimmune conditions, 
orthognathic surgery, and orthodontics [ 47 ]. 
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  Fig. 18.9    ( a ) The standard curve of bone-seeking radioisotope uptake by age for normal subjects and ( b ) normal 
uptake ratios based on the standard curve (From Cisneros and Kaban [ 15 ], with permission)       
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  Fig. 18.10    ( a ) Frontal repose and ( b ) lateral views 
 demonstrate poorly defi ned chin point and severely 
 convex profi le. ( c ) Panoramic radiograph and ( d ) lateral 

cephalogram show the shortened mandibular condyles 
bilaterally and the severe mandibular retrognathism         

a b

c

 Serial clinical and radiographic analysis 
including cephalograms and dental models are 
used to determine the disease activity. SPECT 
studies have recently been used to aid in 
 determining the presence of active resorption 
[ 47 ,  50 ]. As with other growth abnormalities, 
the treatment options for ICR depend on the 
presence of active disease. Active resorption 
can be treated with (1) resection of the abnormal 
condyles (condylectomy) and reconstruction 

with a costochondral graft or (2) observation 
until quiescence is confi rmed for at least 2 years 
and then treatment by orthognathic surgery if a 
functional joint remains [ 50 ]. The two-year 
period serves to reduce the possibility of reacti-
vation of ICR and relapse of the surgical correc-
tion [ 47 ]. Current studies are investigating the 
use of SPECT to facilitate confi rmation of activ-
ity or quiescence in ICR to reduce overall treat-
ment time.  
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d

Fig. 18.10 (continued)

    Clinical Case Example 

 MB is a 23-year-old woman with a complaint 
of a “disappearing chin.” She had noted loss 
of her chin projection and pain in her  bilateral 
 temporomandibular joints. Clinical exam 
revealed a severely convex profi le and retruded 
mandible (Fig.  18.10a ,  b ). A panoramic radio-
graph and lateral cephalogram revealed shortened 
mandibular condyles bilaterally and clockwise 
rotation of the mandible (Fig.  18.10c – d ). A nega-
tive autoimmune workup ruled out infl ammatory 
arthropathy, and a diagnosis of idiopathic condy-
lar resorption was made. A planar bone scan was 

obtained which revealed increased uptake in both 
mandibular condyles. The right side had higher 
uptake than the left which corroborated with the 
presence of more resorption on the right and chin 
deviation to the right (Fig.  18.11 ). The patient 
underwent endoscopic condylectomy bilater-
ally as well as Le Fort I osteotomy to correct the 
occlusal plane. The condyles were reconstructed 
using costochondral rib grafts as demonstrated 
by postoperative panoramic and lateral cephalo-
metric radiographs (Fig.  18.12a ,  b ). Two years 
postoperatively, the improvement in her profi le 
remained (Fig.  18.12c ).
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  Fig. 18.11    Planar scan showing increased uptake in the mandibular condyles bilaterally when compared to the internal 
standard L4 ( blue ) in bottom left picture indicating active condylar resorption bilaterally       

a

  Fig. 18.12    Postoperative 
( a ) panoramic radiograph 
after bilateral condylectomy 
and costochondral grafts 
placed to reconstruct the 
mandibular condyles. 
( b ,  c ) Lateral  cephalogram 
and photograph showing 
improvement in the sagittal 
projection of the mandible 
and improvement in facial 
profi le       
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cb

Fig. 18.12 (continued)

          Conclusion 

 Skeletal scintigraphy is a useful tool for physi-
ologic assessment of mandibular growth abnor-
malities especially that of condylar over- or 
undergrowth. The timing and type of operative 
correction is aided by the use of scintigraphy.     
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        Neuroblastoma, ganglioneuroblastoma, and gan-
glioneuroma are tumors derived from primitive 
neural crest cells of the sympathetic nervous sys-
tem. Neuroblastoma and ganglioneuroblastoma 
are usually grouped together for clinical purposes 
as both contain undifferentiated neuroblasts with 
malignant or potentially malignant behavior. 
In contrast, ganglioneuroma is a benign tumor 
containing only mature ganglion cells and other 
mature tissues [ 1 ]. 

 Neuroblastoma is the most common extracra-
nial solid tumor of childhood, comprising 
approximately 8 % of pediatric cancers. Median 
age at diagnosis is 15 months, with the vast 
majority of patients presenting during infancy or 
early childhood [ 2 ]. 

 Neuroblastoma can arise anywhere along 
the sympathetic chain. Primary tumors most 
commonly occur in the adrenal gland (35 %), 
retroperitoneum (30–35 %), or posterior medias-
tinum (20 %) with pelvic and cervical primary 
sites less frequently seen (<5 %), respectively. 
Neuroblastoma rarely can present with metastatic 
disease without an identifi able primary tumor [ 1 ]. 

 Metastatic disease is seen in more than half of 
neuroblastoma patients at diagnosis. Bone mar-
row and cortical bone are the most frequent meta-
static sites, with lymph node and hepatic 
metastases also commonly seen. Lung and cen-
tral nervous system metastases are rare and asso-
ciated with very poor outcomes [ 3 ]. 

 Neuroblastoma is staged using the 
International Neuroblastoma Staging System 
(INSS) which was developed in 1988 and 
revised in 1993 as summarized in Table  19.1  [ 4 ]. 
Presurgical staging of localized disease cannot be 
performed using the INSS, as staging is based on 
the extent of tumor resection and surgical assess-
ment of lymph node involvement.

   In 2009, the International Neuroblastoma Risk 
Group Staging System (INRGSS) was described, 
allowing presurgical staging of localized tumors 
as summarized in Table  19.2  [ 5 ]. The INRGSS 
uses imaging-defi ned risk factors to help predict 
surgical risk and surgical outcome [ 5 – 7 ]. The 
INRGSS also raises the age cutoff for the special 
stage used in infants with distant metastatic 
involvement limited to liver, skin, and/or bone 
marrow. This change refl ects recent literature 
which suggests that a cutoff of 18 months more 
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accurately predicts outcome [ 8 – 12 ]. The INRGSS 
is meant to be used in conjunction with, but not 
replace, the INSS [ 5 ,  6 ].

   The prognosis of neuroblastoma is widely 
variable. Some neuroblastomas spontaneously 
regress or mature without therapy, while oth-
ers progress to widespread and fatal disease in 
spite of intensive multimodality therapy [ 8 ,  13 , 
 14 ]. Neuroblastoma patients are divided into risk 
groups to guide therapy and predict outcomes. 
Risk groups are based on stage, age, and biologic 
tumor factors (such as histology, DNA ploidy, 
and MYCN amplifi cation) [ 8 ,  13 ,  15 ]. 

 Low-risk disease is treated with surgery or 
supportive care alone with survival rates of 
greater than 95 % [ 15 – 21 ]. Intermediate-risk dis-
ease is treated with surgery and chemotherapy 
with survival rates of greater than 90 % [ 15 ,  16 , 
 22 – 24 ]. In contrast, high-risk disease is treated 
with intensive multimodality therapy (including 
high-dose chemotherapy, radiation therapy, and 
stem cell transplantation) with long-term sur-
vival rates of approximately 30–40 % [ 15 ,  16 , 
 25 ,  26 ]. 

 Multiple clinical and imaging tests are used in 
neuroblastoma, both at diagnosis and during fol-
low- up, to ensure accurate disease assessment. 
Clinical testing includes bone marrow biopsy and 
urine catecholamine levels. Imaging evaluation 
includes both anatomic and functional imaging 
modalities [ 27 ,  28 ]. 

 CT and MRI are the anatomic imaging modal-
ities recommended for neuroblastoma. They are 
used to evaluate the primary tumor and involved 
lymph nodes, including 3D measurements and 
assessment of imaging-defi ned risk factors [ 4 – 6 , 
 29 – 34 ]. MRI is the preferred anatomic imaging 
modality for tumors which extend into the spinal 
canal [ 33 – 35 ]. 

 Iodine-123-MIBG is the recommended fi rst-
line functional imaging agent for neuroblastoma, 
allowing visualization of the primary tumor and 
metastatic sites. Technetium-99m-MDP bone 
scans and/or  18 F-FDG PET scans are recom-
mended for evaluation of MIBG-negative patients 
[ 4 – 6 ]. 

 Multiple novel PET radiopharmaceuti-
cals have been investigated for use in neuro-
blastoma, including  11 C-hydroxyephedrine 
( 11 C- HED),  11 C-epinephrine,  18 F-fl uorodopamine 
(F-18 DA),  18 F-dihydroxyphenylalanine 
( 18 F-DOPA),  18 F-fl uorothymidine ( 18 F-FLT), 

   Table 19.1    Summary of the International Neuroblastoma 
Staging System (INSS)   

 Stage  Description 

 1  Localized tumor with complete gross excision. 
Negative ipsilateral lymph nodes (unless 
adherent to and removed with the tumor) 

 2A  Localized tumor with incomplete gross 
excision. Negative nonadherent ipsilateral 
lymph nodes 

 2B  Localized tumor with or without complete 
gross excision. Positive nonadherent ipsilateral 
lymph nodes 

 3  Unresectable tumor infi ltrating across the 
midline with or without positive regional 
lymph nodes, localized unilateral tumor with 
positive contralateral lymph nodes, or midline 
tumor with bilateral extension by infi ltration or 
lymph node involvement 

 4  Any primary tumor with distant metastatic 
disease (except stage 4s) 

 4s  Localized primary tumor (as defi ned by stage 
1, 2A, or 2B) with distant metastatic disease 
limited to the skin, liver, and/or bone marrow 
in patients less than 12 months of age 

  From Brodeur et al. [ 4 ]. Reprinted with permission. 
Copyright 1993 American Society of Clinical Oncology. 
All rights reserved  

   Table 19.2    Summary of the International Neuroblastoma 
Risk Group Staging System (INRGSS)   

 Stage  Description 

 L1  Localized tumor without image-defi ned risk 
factors a  and confi ned to one body 
compartment b  

 L2  Locoregional tumor with one or more 
image-defi ned risk factors a  

 M  Distant metastatic disease (except stage MS) 
 MS  Distant metastatic disease confi ned to skin, 

liver, and/or bone marrow in patients less than 
18 months of age 

  From Monclair et al. [ 5 ]. Reprinted with permission. 
Copyright 2009 American Society of Clinical Oncology. 
All rights reserved 
  a Imaging defi ned risk factors include, but are not limited 
to, encasement of major vascular structures and invasion 
of adjacent organs 
  b Body compartments include the neck, chest, abdomen, 
and pelvis. Contiguous disease involvement of more than 
one body compartment (e.g., upper abdominal tumor with 
positive ipsilateral inferior mediastinal lymph nodes) 
would make a patient stage L2  
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 68 Ga-DOTA-Tyr3-octreotide ( 68 Ga-DOTATOC), 
  18 F-fl uoro-3- iodobenzylguanidine (FIBG), and 
P- 18 F-fl uorobenzylguanidine (PFBG) [ 36 – 50 ]. 
However, regulatory issues and the PET chem-
istry expertise needed for synthesis limit avail-
ability of these novel radiopharmaceuticals, 
making it unlikely that they will have a major 
role in neuroblastoma imaging in the near future. 
The remainder of this chapter will discuss 
 123 I-MIBG,  99m Tc-MDP, and  18 F-FDG imaging of 
neuroblastoma. 

    Metaiodobenzylguanidine (MIBG) 
Scintigraphy 

 MIBG is related to norepinephrine, entering neu-
ral crest cells via the type I catecholamine reup-
take system with concentration in the cell 
cytoplasm. MIBG is highly specifi c for neuroen-
docrine tumors, such as neuroblastoma and pheo-
chromocytoma [ 51 – 55 ]. 

 Iodine-131-MIBG was initially used for 
neuroblastoma imaging [ 56 ,  57 ], as  123 I-MIBG 
was not FDA approved in the USA until 2008. 
However,  123 I-MIBG is now commercially 
available and preferred for diagnostic imaging 
as it gives superior image quality at a lower 
patient radiation dose [ 58 ]. Administered doses 
of  131 I-MIBG are limited by its relatively long 
physical half-life (8 days), high-energy photon 
(364 keV), and beta particle emission. In con-
trast,  123 I-MIBG has a shorter physical half-life 
(13 h) and an ideal photon energy for gamma 
camera and SPECT imaging (159 keV), with-
out beta particle emission. 

    Patient Preparation 

 Thyroid uptake of free iodide should be blocked 
by administration of saturated solution of potas-
sium iodide (SSKI). The dosage and timing of 
SSKI administration vary with local practice. 
Although a single SSKI dose at the time of MIBG 
injection has been shown to adequately block 
thyroid uptake [ 59 ], many sites will administer 
SSKI doses for 2–3 days starting on the day 
before  123 I-MIBG administration [ 60 – 62 ]. 

 Numerous medications interfere with MIBG 
uptake, with potential to affect the results of 
MIBG imaging. Some of these medications (such 
as phenylephrine, tricyclic antidepressants, and 
labetalol) are used in children. Medications 
should therefore be reviewed when scheduling 
MIBG imaging. Any interfering medications 
should be discussed with the referring physician 
with discontinuation for an appropriate time 
frame when possible [ 60 ].  

    Imaging Technique 

 The North American Consensus Guidelines rec-
ommend an  123 I-MIBG administered activity of 
0.14 mCi/kg (5.2 MBq/kg) with a minimum dose 
of 1 mCi (37 MBq) and a maximum dose of 10 mCi 
(370 MBq); alternatively the European Association 
of Nuclear Medicine dosage card may be used for 
patients weighing more than 10 kg [ 63 ]. 

 Planar and SPECT (and/or SPECT/CT) imag-
ing typically is performed 24 h after  123 I-MIBG 
injection. Planar imaging includes anterior and 
posterior whole-body images, which can be per-
formed as overlapping spot images or as a whole- 
body acquisition. Whole-body planar images are 
frequently supplemented with lateral views of the 
skull. Additional planar images can be performed 
at 48 h if needed to clarify uptake abnormalities 
or allow clearance of bowel activity [ 60 – 62 ]. 

 SPECT generally includes the abdomen or the 
primary tumor site if it lies outside of the abdo-
men. SPECT often improves diagnostic accuracy 
and certainty of lesion detection, especially for 
small lesions or lesions near sites of physiologic 
uptake. SPECT also improves anatomic localiza-
tion and facilitates correlation with CT and MRI 
[ 64 – 66 ]. SPECT images can be co-registered and 
fused to separately acquired CT and MRI studies 
if patient positioning is similar. 

 Integrated SPECT/CT (with imaging per-
formed on the same gantry) has more recently 
become an important diagnostic tool in oncology 
patients. In comparison to SPECT alone, SPECT/
CT further improves MIBG uptake localization 
and certainty of lesion detection [ 67 – 70 ]. 

 Medium-energy collimators are preferred over 
low-energy high-resolution collimators for both 
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planar and SPECT acquisition. Approximately 
3 % of photons emitted by  123 I-MIBG have ener-
gies above 400 keV. Medium-energy collimators 
signifi cantly reduce septal penetration from these 
high-energy photons, improving image quality 
(Fig.  19.1 ) [ 71 ]. Sedation is required for children 
who are unable to remain still during planar and 
SPECT imaging. Toilet-trained patients should 
be encouraged to void prior to imaging.

       Clinical Applications 

 Iodine-123-MIBG imaging is recommended to 
evaluate neuroblastoma at diagnosis and to moni-
tor MIBG-avid disease during and after therapy 
(Figs.  19.2  and  19.3 ) [ 4 – 6 ,  62 ]. Iodine-123-
MIBG imaging also is necessary to determine 
eligibility for  131 I-MIBG therapy, as documenta-
tion of MIBG-avid disease is needed prior to 
treatment. The International Neuroblastoma Risk 
Group Task Force recently developed guidelines 
for the evaluation of disease extent by  123 I-MIBG 
scans [ 62 ].

    Iodine-123-MIBG has a sensitivity of 
88–93 % and a specificity of 83–92 % in neu-

roblastoma [ 64 ]. More than 90 % of neuroblas-
tomas will demonstrate MIBG uptake, allowing 
visualization of both the primary tumor and 
metastatic sites. At diagnosis,  123 I-MIBG imag-
ing is a sensitive whole-body method to evalu-
ate both soft tissue and cortical bone/bone 
marrow disease. It is therefore an essential tool 
for initial staging [ 62 ]. 

 During therapy,  123 I-MIBG imaging is useful 
for assessing disease response. At the primary 
tumor site, MIBG imaging differentiates residual 
active tumor from post-therapy changes which 
may be seen on CT or MR [ 62 ]. MIBG imaging 
depicts response of cortical bone metastases to 
therapy, while bone scan and CT may give false- 
positive results due to continued bone healing in 
the absence of tumor [ 27 ,  72 ]. MIBG imaging 
also depicts response of bone marrow metastases 
to therapy, while interpretation of MRI and  18 F-
FDG PET scans may be complicated by post-
therapy bone marrow changes [ 73 – 76 ]. 

 During surveillance,  123 I-MIBG has been 
shown to be highly sensitive for relapsed bone 
metastases, with a detection rate of 94 % 
( compared to 43 % for  18 F-FDG PET) [ 62 ,  77 ]. 
Iodine-123-MIBG imaging also has been shown 

a b

  Fig. 19.1    Lateral planar  123 I-MIBG images of the skull 
obtained with ( a ) medium-energy and ( b ) low-energy 
high- resolution collimators. Use of medium-energy 

 collimation gives higher image quality. Differences in 
image quality occur at all body masses but become more 
apparent as patient size increases       
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to be a sensitive method to evaluate for unsus-
pected disease relapse, with a detection rate of 
82 % (compared to 36 % for bone scan and 
34 % for bone marrow biopsy) [ 78 ]. 

 The results of  123 I-MIBG imaging can have 
prognostic implications. At diagnosis, the extent 
of MIBG-avid disease may predict response to 
chemotherapy in children over 1 year of age 
who have metastatic disease [ 79 ]. After initial 
chemotherapy, persistence of  123 I-MIBG uptake 
in cortical bone and bone marrow may be asso-
ciated with poor prognosis [ 80 – 82 ]. During sur-
veillance, high-risk patients with unsuspected 
relapses detected by  123 I-MIBG may have lon-
ger survival times than high-risk patients with 
symptomatic relapses [ 78 ]. 

 Semiquantitative scoring systems have been 
described for MIBG imaging of neuroblastoma, 
with scores correlating with response and sur-
vival in some but not all studies [ 79 ,  83 – 89 ]. 
Although not yet widely used in clinical practice, 
scoring systems have been used in research trials 
to improve interobserver agreement and preci-
sion of reporting. Scoring systems divide the 
skeleton into 6–12 compartments, with each 
compartment scored for disease extent. The 
 individual compartment scores are added 
together to give a cumulative score. The 
Children’s Oncology Group (COG) and the New 
Approaches to Neuroblastoma Therapy (NANT) 
consortium use the Curie scoring system 
(Fig.  19.4 ) [ 62 ,  83 ].

a b c d

  Fig. 19.2    Serial anterior planar  123 I-MIBG images 
obtained in a stage 4 patient. ( a ) At diagnosis, uptake is 
seen in the midline upper abdominal primary tumor and 
extensive metastases throughout the appendicular and axial 

skeleton, including the skull. ( b ) At 6 weeks and ( c ) at 6 
months, persistent uptake is seen in both the primary tumor 
and diffuse skeletal metastases. ( d ) At 12 months, some 
improvement is seen in skeletal metastatic disease       
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       Potential Pitfalls 

    False-Positive Studies 
 Physiologic MIBG uptake is normally seen in 
the salivary glands, olfactory mucosa, myocar-
dium, liver, and bowel. Physiologic adrenal 
gland activity also may be demonstrated, espe-
cially after contralateral adrenalectomy. Urinary 
excretion of  123 I-MIBG results in physiologic 
accumulation in the kidneys and bladder. Low-
level uptake also may be seen in the lungs on 
24-h images [ 90 ,  91 ]. More focal lung uptake 
has been described in areas of atelectasis and 
pneumonia, but this is rarely seen [ 92 ,  93 ]. 
Physiologic uptake of  123 I-MIBG in brown adi-
pose tissue is, most often seen in the neck and 
supraclavicular regions [ 94 ,  95 ]. 

a b c d

  Fig. 19.3    Serial anterior planar  123 I-MIBG images 
obtained in a stage 4 patient. ( a ) At diagnosis, uptake is 
seen in the right upper quadrant primary tumor ( black 
arrow ) and scattered skeletal metastases. ( b ) At 1 month, 
no abnormal skeletal uptake is seen with only minimal 

residual uptake at the primary tumor site ( black arrow-
head ), better demonstrated on SPECT imaging (not 
shown). ( c ) At 6 months,  123 I-MIBG images have normal-
ized. ( d ) At 18 months, an unsuspected recurrence is seen 
in the left temporal bone ( blue arrows )       
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  Fig. 19.4    The Curie scoring system divides the skeleton 
into nine compartments with a tenth compartment used 
for soft tissue disease. Each compartment is scored for 
disease extent, where  0  no disease sites,  1  one disease site, 
 2  more than one disease site (<50 % involvement), and  3  
diffuse disease (>50 % involvement). Compartment 
scores are added together to give a cumulative score       
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 Misinterpretation of physiologic foci of 
uptake can result in false-positive MIBG  studies 
[ 64 ,  96 ,  97 ]. Alternatively, areas of physiologic 
uptake can obscure small areas of tumor uptake 
[ 28 ]. SPECT and SPECT/CT can improve diag-
nostic accuracy in areas where physiologic 
uptake and tumor are both common, espe-
cially the retroperitoneum and upper abdomen 
(Fig.  19.5 ) [ 64 – 70 ].

   The right and left hepatic lobes normally 
demonstrate signifi cant differences in uptake, 
with relatively higher uptake in the left hepatic 
lobe [ 98 ]. Physiologic  123 I-MIBG uptake in the 
liver is often heterogeneous, especially on 
SPECT images. Liver uptake must therefore be 
interpreted with caution to avoid false-positive 
studies [ 66 ]. Hepatic metastases can be demon-
strated with  123 I-MIBG, although small metasta-
ses may be diffi cult to visualize. Correlation 

with CT or MRI is often helpful when hepatic 
metastases are suspected (Fig.  19.6 ).

   Iodine-123 MIBG uptake in mature ganglio-
neuromas or other neuroendocrine tumors can be 
falsely interpreted as uptake in neuroblastoma 
[ 64 ,  96 ].  

    False-Negative Studies 
 Less than 10 % of neuroblastomas demonstrate 
no MIBG uptake, resulting in false-negative stud-
ies. Some neuroblastomas will be MIBG- negative 
at diagnosis, while others become MIBG-
negative during therapy. Patients can have both 
MIBG-avid and non-avid disease sites at the 
same time [ 99 – 101 ]. 

 False-negative MIBG studies are also seen 
in patients with minimal residual disease after 
therapy [ 64 ]. Iodine-123-MIBG can fail to detect 
subtle bone marrow involvement, usually when 

a

b

c

  Fig. 19.5    Iodine-123-MIBG SPECT/CT images in 
three  different patients with focal uptake in the left 
 retroperitoneum. ( a ) Physiologic uptake in the  normal 
left adrenal gland. ( b ) Physiologic accumuation in the 
left renal pelvis refl ects urinary excretion of tracer. 

( c ) Abnormal uptake in a residual left retroperitoneal soft 
tissue mass in the region of the renal vessels represents 
neuroblastoma; the left kidney is noted to be atrophic with 
compensatory hypertrophy of the right kidney       
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involvement is less than 10 %. Bone marrow 
biopsy is therefore a standard part of neuroblas-
toma evaluation [ 28 ,  77 ,  82 ,  97 ,  102 ]. Interestingly, 
to be  classifi ed as a stage 4S or MS, infants must 
have less than 10 % bone marrow involvement 
with bone marrow which is  123 I-MIBG negative 
[ 4 ,  5 ]. 

 The sensitivity of disease detection with MIBG 
increases with increasing administered activities. 
This is seen when  123 I-MIBG pre- therapy diag-
nostic scans are compared with immediate post-
therapy  131 I-MIBG scans, which often demonstrate 
more disease sites [ 62 ,  70 ,  103 ,  104 ].    

     99m Tc-Methylene Diphosphonate 
( 99m Tc-MDP) Bone Scan 

 Technetium-99m-MDP is taken up primarily 
in the mineral phase of bone, with relatively 
increased uptake at sites of bone formation and 
increased blood fl ow. Uptake abnormalities are 
 demonstrated at sites of trauma, infection/infl am-
mation, and benign or malignant bony lesions. 
Technetium-99m-MDP is therefore less specifi c 
for neuroblastoma than  123 I-MIBG, which uti-
lizes the type I catecholamine reuptake system 
for uptake into neural crest cells. 

    Imaging Technique 

 The North American Consensus Guidelines 
 recommend a  99m Tc-MDP administered activity 
of 0.25 mCi/kg (9.3 MBq/kg) with a minimum 
dose of 1 mCi (37 MBq); alternatively, the 
European Association of Nuclear Medicine dos-
age card may be used [ 63 ]. 

 Planar imaging is typically performed 2–4 h 
after  99m Tc-MDP injection. Planar imaging 
includes anterior and posterior whole-body images, 
which can be performed as overlapping spot 
images or as a whole-body acquisition. Whole-
body planar images are frequently supplemented 
with lateral views of the skull, oblique views of the 
torso, or lateral views of the extremities if needed 
to clarify uptake abnormalities. Sedation is 
required for children who are unable to remain still 
during planar imaging. Toilet- trained patients 
should be encouraged to void prior to imaging.  

    Clinical Applications 

 In patients with neuroblastoma,  99m Tc-MDP bone 
scans traditionally have been used to assess for 
cortical bone metastases. Bone scans also can 
demonstrate uptake in the primary tumor, partic-

a

b

  Fig. 19.6    Iodine-123-MIBG SPECT/CT images in two 
different patients. ( a ) Relatively increased uptake is seen 
within the left hepatic lobe, a common normal fi nding. 

( b ) Focal increased uptake is seen at the hepatic dome, 
 corresponding to a hypodense liver metastasis       
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ularly in areas of calcifi cation. In contrast to 
MIBG scans, bone scans do not demonstrate 
bone marrow metastases unless they are large 
enough to affect adjacent cortical bone. 

 A bone scan often is performed at diagnosis, 
as studies have shown discrepancies between 
MIBG and bone scans that can affect staging [ 81 , 
 105 ,  106 ]. However, neuroblastoma patients usu-
ally are followed with MIBG scans alone, as 
bone scans provide little or no additional infor-
mation during follow-up of patients with MIBG- 
avid disease [ 102 ,  107 ,  108 ]. Bone scans are 
recommended for assessment of patients with 
MIBG-negative tumors [ 4 – 6 ].  

    Potential Pitfalls 

 Physiologic  99m Tc-MDP bone uptake can compli-
cate detection of metastatic disease. Intense 
physiologic uptake at the growth plates can be 
problematic, making metaphyseal metastases dif-
fi cult to visualize. Neuroblastoma often symmet-
rically involves the long bones, so abnormalities 
appear similar on side-to-side comparison 
(Fig.  19.7 ). False-positive bone scans can be seen 
after trauma. During and after therapy, persistent 
uptake at sites of prior metastases can also be 
seen in the absence of tumor [ 27 ,  72 ].

         18 F-Fluorodeoxyglucose (FDG) PET 
and PET/CT 

 FDG is a glucose analog that is concentrated in 
metabolically active sites, including most tumors 
and areas of infection/infl ammation. Fluorine-
18-FDG is therefore less specifi c for neuroblas-
toma than  123 I-MIBG, which utilizes the type I 
catecholamine reuptake system for uptake into 
neural crest cells. 

    Patient Preparation 

 Appropriate patient preparation is important before 
 18 F-FDG PET or PET/CT (see Chap.   3    ). Patients 
should be warmed for 30–60 min prior to  18 F-FDG 

administration to limit uptake in brown adipose 
tissue, with premedication also used at some cen-
ters [ 109 – 113 ]. Patients should fast for 4 h prior 
to  18 F-FDG injection. Any glucose-containing 
intravenous fl uids should be discontinued 4 h prior 
to  18 F-FDG administration [ 114 ]. After adminis-
tration, patients should limit physical activity to 
avoid  muscular uptake of  18 F-FDG [ 114 ].  

    Imaging Technique 

 The North American Consensus Guidelines rec-
ommend an  18 F-FDG administered activity of 
0.10–0.14 mCi/kg (3.7–5.2 MBq/kg) with a mini-
mum dose of 1.0 mCi (37 MBq); alternatively, 
the European Association of Nuclear Medicine 
dosage card may be used [ 63 ]. Appropriate pedi-
atric CT settings should be utilized to minimize 
radiation dose. PET or PET/CT is performed 
approximately 1 h after  18 F-FDG injection. The 
lower extremities and skull should routinely be 
included in the scan, as disease involvement com-
monly occurs in these areas. Sedation is required 
for children who are unable to remain still during 
PET and PET/CT imaging. Toilet-trained patients 
should be encouraged to void prior to imaging.  

    Clinical Applications 

 The majority of neuroblastomas concentrate  18 F-
FDG both before and after therapy, with uptake 
seen in both soft tissue and skeletal disease sites 
[ 28 ,  97 ,  115 ]. Findings on  18 F-FDG scans have 
been shown to correlate with disease status with 
serial scans accurately depicting treatment effects 
and disease evolution [ 28 ]. 

 However, when compared to  123 I-MIBG,  18 F-
FDG is often inferior for neuroblastoma evalua-
tion. Fluorine-18-FDG can show lower tumor to 
non-tumor uptake ratios, especially after therapy 
[ 115 ]. Fluorine-18-FDG PET is less sensitive for 
neuroblastoma detection, especially in high-risk 
or relapsed disease. The inferiority of  18 F-FDG 
PET often is due to poorer depiction of cortical 
bone/bone marrow metastases, especially during 
therapy [ 76 ,  77 ,  116 ]. 

19 Neuroblastoma: Functional Imaging

http://dx.doi.org/10.1007/978-1-4614-9551-2_3


438

 Fluorine-18-FDG PET is most useful for 
imaging neuroblastomas that fail to or weakly 
accumulate  123 I-MIBG [ 76 ,  97 ,  115 ,  116 ] and is 
recommended as an option for evaluation of 
MIBG-negative tumors (Fig.  19.8 ) [ 5 ,  6 ]. Use of 
 18 F-FDG PET should be considered when CT/

MR or clinical fi ndings suggest more disease 
than demonstrated by  123 I-MIBG scans [ 97 ,  116 –
 118 ]. A study of patients with MIBG-negative 
tumors or discrepancies between their  123 I-MIBG 
scans and CT/MRI or clinical fi ndings showed 
that  18 F-FDG PET was more sensitive (78 % 

a b c

  Fig. 19.7    Stage 4 patient imaged at diagnosis. ( a ) Iodine-
123-MIBG anterior planar image shows diffuse  metastatic 
disease throughout the axial and appendicular skeleton, 
including the skull. ( b ) Technetium-99m-MDP anterior 
 planar image shows multiple bony metastases in the skull, 
pelvis, and long bones; however, extent of involvement in 
the spine and long bones is somewhat diffi cult to judge 

given the physiologic uptake in bone and diffuse symmet-
ric disease involvement. ( c ) Fluorine-18-FDG PET MIP 
shows diffuse metastatic disease throughout the axial and 
appendicular skeleton; extent of skull involvement is dif-
fi cult to visualize due to adjacent brain activity, although 
the larger skull lesions can be visualized on tomographic 
images (see Fig.  19.10 )       
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versus 50 %) and specifi c (92 % versus 75 %) 
than  123 I-MIBG in this  population, although 
review of both  123 I-MIBG scan and  18 F-FDG PET 
together gave the highest sensitivity (85 %) [ 97 ].

   Fluorine-18-FDG PET and  123 I-MIBG scans 
can be complimentary, with each study some-
times demonstrating disease sites not identifi ed 
with the other [ 28 ,  76 ,  97 ,  115 ]. Concurrent 
 123 I-MIBG scans and  18 F-FDG  PET or PET/CT 
may therefore be useful to evaluate the full extent 

of disease involvement, especially at therapeutic 
decision points [ 76 ]. 

 The intrinsic tomographic nature and higher 
spatial resolution of  18 F-FDG PET and PET/CT 
improves disease localization and detection of 
small lesion [ 28 ,  77 ]. Fluorine-18-FDG PET can 
be useful especially for identifying disease sites 
in the chest, abdomen, and pelvis [ 76 ]. 

 A study including 10 patients with stage 1 and 
2 neuroblastoma suggested that  18 F-FDG PET 

a b

  Fig. 19.8    Stage 3 patient imaged at diagnosis ( a ). FDG 
anterior projection MIP image demonstrates marked 
uptake in the large abdominal primary tumor; mild  diffuse 
physiologic uptake in the bone marrow is also noted. 
( b ) Iodine-123-MIBG anterior planar image demon-

strates  minimal uptake in the large abdominal primary 
tumor, slightly above background (This fi gure/research 
was originally published in JNM. Sharp et al. [ 76 ] © by 
the Society of Nuclear Medicine and Molecular Imaging, 
Inc., with permission)       
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may be superior to  123 I-MIBG in this population. 
In this study, 6 patients had better depiction of 
their primary tumor and/or regional metastases 
with  18 F-FDG PET [ 76 ]. A study including 17 
soft tissue lesions suggested that  18 F-FDG PET 
may have higher sensitivity than  123 I-MIBG scans 
for soft tissue lesions. In this study, 6 lesions 
were seen only on   18 F-FDG PET [ 77 ]. However, 
larger studies are needed to confi rm these 
fi ndings. 

 A study reviewing neuroblastoma staging 
evaluations (including  18 F-FDG PET,  123 I-MIBG, 
 99m Tc-MDP bone scans, CT/MRI, urine catechol-
amines, and bone marrow biopsy) suggested that 
 18 F-FDG PET and bone marrow sampling may 
be suffi cient to monitor for progressive disease 
after tumor  resection, as long as there were no 
skull lesions [ 28 ]. However,   123 I-MIBG remains 
a standard part of neuroblastoma assessment 
with a later study from this institution stating that  

 123 I-MIBG is essential for valid estimation of 
relapse-free survival in  high-risk  neuroblastoma 
patients [ 78 ].  

    Potential Pitfalls 

 Fluorine-18-FDG is a less-specifi c imaging agent 
than  123 I-MIBG. Physiologic uptake and uptake at 
sites of infl ammation/infection can complicate 
image interpretation [ 28 ,  115 ]. Benign fi bro-
osseous lesions can also demonstrate variable  
 18 F-FDG uptake and mimic cortical bone metas-
tases [ 119 ,  120 ]. 

 Assessment of bone marrow involvement can 
be especially problematic. Physiologic  18 F-FDG 
uptake in bone marrow is seen in the absence of 
tumor [ 77 ,  115 ,  116 ]. Bone marrow metastases 
also sometimes produce  18 F-FDG uptake patterns 
that are indistinguishable from normal or physio-

a b

  Fig. 19.9    Serial  18 F-FDG anterior projection MIP and 
axial PET/CT images in a patient with stage 4 neuro-
blastoma. ( a ) At diagnosis,  18 F-FDG uptake is seen in 
the primary partially calcifi ed left retroperitoneal tumor, 
retroperitoneal lymphadenopathy, and multiple skeletal 
metastases (most notably involving the right glenoid, L1 
vertebral body, right sacrum, and right iliac bone). ( b ) 
After chemotherapy and G-CSF therapy, intense diffuse 

bone marrow uptake is seen, potentially obscuring or 
mimicking metastatic disease; the primary left retroperi-
toneal tumor has decreased in size and no longer demon-
strates FDG avidity (This fi gure/research was originally 
published in JNM. Sharp et al. [ 76 ] © by the Society of 
Nuclear Medicine and Molecular Imaging, Inc., with 
permission)       

 

S.E. Sharp et al.



441

logic bone marrow activity [ 76 ]. During or after 
granulocyte colony-stimulating factor (G-CSF) 
therapy, extensive  18 F-FDG uptake in bone marrow 
can obscure or mimic metastatic disease [ 76 ,  77 , 
 116 ] (Fig.  19.9 ). Like  123 I-MIBG,  18 F-FDG also 
can fail to detect minimal bone marrow disease 
[ 28 ,  77 ]. For example, cranial vault lesions can be 
diffi cult to identify near adjacent brain activity [ 28 , 
 77 ,  115 ,  116 ], although large skull lesions usually 
can be identifi ed (Figs.  19.7  and  19.10 ).    

     131 I-MIBG Therapy 

 Targeted therapy for neuroblastoma utilizing 
 131 I-MIBG is made possible by the radiosensitiv-
ity and MIBG avidity of most tumors. Clinical 
studies have evaluated the use of  131 I-MIBG in 
neuroblastoma therapy, both as a single agent and 
in combination with other agents including radia-
tion sensitizers and cytotoxic chemotherapy 
[ 121 ]. Initial studies focused on use in patients 
with refractory or recurrent neuroblastoma, with 
objective responses seen in a signifi cant minority 
of patients. More recent studies have investigated 
the use of  131 I-MIBG therapy in newly diagnosed 
high risk patients. In North America,  131 I-MIBG 

therapy currently is administered as an investiga-
tional agent at several sites in the United States 
and Canada. Myelosuppression is the main toxic-
ity of  131 I-MIBG therapy. The maximum adminis-
tered dose may depend upon the availability of 
autologous stem cells that can be used for bone 
marrow rescue.   

      References 

     1.    Lonergan GJ, Schwab CM, Suarez ES, et al. 
Neuroblastoma, ganglioneuroblastoma, and ganglioneu-
roma: radiologic-pathologic correlation. Radiographics. 
2002;22(4):911–34.  

    2.    Kaatsch P. Epidemiology of childhood cancer. Cancer 
Treat Rev. 2010;36(4):277–85.  

    3.    DuBois SG, Kalika Y, Lukens JN, et al. Metastatic 
sites in stage IV and IVS neuroblastoma correlate 
with age, tumor biology, and survival. J Pediatr 
Hematol Oncol. 1999;21(3):181–9.  

          4.    Brodeur GM, Pritchard J, Berthold F, et al. Revisions 
of the international criteria for neuroblastoma diagno-
sis, staging, and response to treatment. J Clin Oncol. 
1993;11(8):1466–77.  

         5.    Monclair T, Brodeur GM, Ambros PF, et al. The 
International Neuroblastoma Risk Group (INRG) 
staging system: an INRG task force report. J Clin 
Oncol. 2009;27(2):298–303.  

         6.    Brisse HJ, McCarville MB, Granata C, et al. 
Guidelines for imaging and staging of neuroblas-

  Fig. 19.10    Patient with stage 4 neuroblastoma also 
shown in Fig.  19.7 . Coronal  18 F-FDG PET/CT images 
show abnormal uptake within the large right frontal ( blue 

arrow ) and left skull base ( black arrow ) lesions. Other 
smaller skull lesions are not as well seen       

 

19 Neuroblastoma: Functional Imaging



442

tic tumors: consensus report from the International 
Neuroblastoma Risk Group Project. Radiology. 
2011;261(1):243–57.  

    7.    Gunther P, Holland-Cunz S, Schupp CJ, et al. 
Signifi cance of image-defi ned risk factors for surgical 
complications in patients with abdominal neuroblas-
toma. Eur J Pediatr Surg. 2011;21(5):314–7.  

      8.    Cohn SL, Pearson AD, London WB, et al. The 
International Neuroblastoma Risk Group (INRG) 
classifi cation system: an INRG Task Force report. 
J Clin Oncol. 2009;27(2):289–97.  

   9.    Moroz V, Machin D, Faldum A, et al. Changes over 
three decades in outcome and the prognostic infl uence 
of age-at-diagnosis in young patients with neuroblas-
toma: a report from the International Neuroblastoma 
Risk Group Project. Eur J Cancer. 2011;47(4):561–71.  

   10.    London WB, Castleberry RP, Matthay KK, et al. 
Evidence for an age cutoff greater than 365 days 
for neuroblastoma risk group stratifi cation in 
the Children’s Oncology Group. J Clin Oncol. 
2005;23(27):6459–65.  

   11.    George RE, London WB, Cohn SL, et al. Hyperdiploidy 
plus nonamplifi ed MYCN confers a favorable prog-
nosis in children 12 to 18 months old with dissemi-
nated neuroblastoma: a Pediatric Oncology Group 
study. J Clin Oncol. 2005;23(27):6466–73.  

    12.    Schmidt ML, Lal A, Seeger RC, et al. Favorable 
prognosis for patients 12 to 18 months of age with 
stage 4 nonamplifi ed MYCN neuroblastoma: a 
Children’s Cancer Group study. J Clin Oncol. 
2005;23(27):6474–80.  

     13.    Maris JM, Hogarty MD, Bagatell R, et al. 
Neuroblastoma. Lancet. 2007;369(9579):2106–20.  

    14.    Brodeur GM. Neuroblastoma: biological insights into 
a clinical enigma. Nat Rev Cancer. 2003;3(3):203–16.  

       15.    Park JR, Eggert A, Caron H. Neuroblastoma: biology, 
prognosis, and treatment. Hematol Oncol Clin North 
Am. 2010;24(1):65–86.  

     16.    Maris JM. Recent advances in neuroblastoma. N Engl 
J Med. 2010;362(23):2202–11.  

   17.    Strother DR, London WB, Schmidt ML, et al. 
Outcome after surgery alone or with restricted use of 
chemotherapy for patients with low-risk neuroblas-
toma: results of Children’s Oncology Group study 
P9641. J Clin Oncol. 2012;30(15):1842–8.  

   18.    Hero B, Simon T, Spitz R, et al. Localized infant neu-
roblastomas often show spontaneous regression: 
results of the prospective trials NB95-S and NB97. J 
Clin Oncol. 2008;26(9):1504–10.  

   19.    Simon T, Spitz R, Faldum A, et al. New defi nition 
of low-risk neuroblastoma using stage, age, and 
1p and MYCN status. J Pediatr Hematol Oncol. 
2004;26(12):791–6.  

   20.    Perez CA, Matthay KK, Atkinson JB, et al. Biologic 
variables in the outcome of stages I and II neuro-
blastoma treated with surgery as primary therapy: 
a Children’s Cancer Group study. J Clin Oncol. 
2000;18(1):18–26.  

    21.    Nickerson HJ, Matthay KK, Seeger RC, et al. 
Favorable biology and outcome of stage IV-S neu-
roblastoma with supportive care or minimal therapy: 

a Children’s Cancer Group study. J Clin Oncol. 
2000;18(3):477–86.  

    22.    Matthay KK, Perez C, Seeger RC, et al. Successful 
treatment of stage III neuroblastoma based on pro-
spective biologic staging: a Children’s Cancer Group 
study. J Clin Oncol. 1998;16(4):1256–64.  

   23.    Schmidt ML, Lukens JN, Seeger RC, et al. Biologic 
factors determine prognosis in infants with stage IV 
neuroblastoma: a prospective Children’s Cancer 
Group study. J Clin Oncol. 2000;18(6):1260–8.  

    24.    Baker DL, Schmidt ML, Cohn SL, et al. Outcome 
after reduced chemotherapy for intermediate-risk neu-
roblastoma. N Engl J Med. 2010;363(14):1313–23.  

    25.    Matthay KK, Villablanca JG, Seeger RC, et al. 
Treatment of high-risk neuroblastoma with intensive 
chemotherapy, radiotherapy, autologous bone  marrow 
transplantation, and 13-cis-retinoic acid. Children’s 
Cancer Group. N Engl J Med. 1999;341(16):1165–73.  

    26.    Matthay KK, Reynolds CP, Seeger RC, et al. 
Long- term results for children with high-risk neu-
roblastoma treated on a randomized trial of mye-
loablative therapy followed by 13-cis-retinoic acid: 
a Children’s Oncology Group study. J Clin Oncol. 
2009;27(7):1007–13.  

      27.    Kushner BH. Neuroblastoma: a disease requir-
ing a multitude of imaging studies. J Nucl Med. 
2004;45(7):1172–88.  

              28.    Kushner BH, Yeung HW, Larson SM, et al. Extending 
positron emission tomography scan utility to high-
risk neuroblastoma: fl uorine-18 fl uorodeoxyglu-
cose positron emission tomography as sole imaging 
modality in follow-up of patients. J Clin Oncol. 
2001;19(14):3397–405.  

    29.    Stark DD, Moss AA, Brasch RC, et al. Neuroblastoma: 
diagnostic imaging and staging. Radiology. 
1983;148(1):101–5.  

   30.    Stark DD, Brasch RC, Moss AA, et al. Recurrent neu-
roblastoma: the role of CT and alternate imaging tests. 
Radiology. 1983;148(1):107–12.  

   31.    Golding SJ, McElwain TJ, Husband JE. The role of 
computed tomography in the management of chil-
dren with advanced neuroblastoma. Br J Radiol. 
1984;57(680):661–6.  

   32.    Siegel MJ, Ishwaran H, Fletcher BD, et al. Staging 
of neuroblastoma at imaging: report of the 
Radiology Diagnostic Oncology Group. Radiology. 
2002;223(1):168–75.  

    33.    Hugosson C, Nyman R, Jorulf H, et al. Imaging of 
abdominal neuroblastoma in children. Acta Radiol. 
1999;40(5):534–42.  

    34.    Sofka CM, Semelka RC, Kelekis NL, et al. Magnetic 
resonance imaging of neuroblastoma using current 
techniques. Magn Reson Imaging. 1999;17(2):193–8.  

    35.    Slovis TL, Meza MP, Cushing B, et al. Thoracic neu-
roblastoma: what is the best imaging modality for 
evaluating extent of disease? Pediatr Radiol. 1997;
27(3):273–5.  

    36.    Ilias I, Shulkin B, Pacak K. New functional imaging 
modalities for chromaffi n tumors, neuroblastomas 
and ganglioneuromas. Trends Endocrinol Metab. 
2005;16(2):66–72.  

S.E. Sharp et al.



443

   37.    Rufi ni V, Calcagni ML, Baum RP. Imaging of neu-
roendocrine tumors. Semin Nucl Med. 2006;36(3):
228–47.  

   38.    Chen CC, Carrasquillo JA. Molecular imaging of 
adrenal neoplasms. J Surg Oncol. 2012;106(5):
532–42.  

   39.    Franzius C, Hermann K, Weckesser M, et al. Whole- 
body PET/CT with 11C-meta-hydroxyephedrine in 
tumors of the sympathetic nervous system: feasibility 
study and comparison with 123I-MIBG SPECT/CT. 
J Nucl Med. 2006;47(10):1635–42.  

   40.    Shulkin BL, Wieland DM, Baro ME, et al. PET 
hydroxyephedrine imaging of neuroblastoma. J Nucl 
Med. 1996;37(1):16–21.  

   41.   Shulkin BL, Wieland DM, Castle VP, et al. Carbon-11 
epinephrine PET imaging of neuroblastoma. J Nucl 
Med. 1999;40s:129 [abstract].  

   42.    Lopci E, Piccardo A, Nanni C, et al. 18F-DOPA 
PET/CT in neuroblastoma: comparison of con-
ventional imaging with CT/MR. Clin Nucl Med. 
2012;37(4):e73–8.  

   43.    Piccardo A, Lopci E, Conte M, et al. Comparison of 
18F-dopa PET/CT and 123I-MIBG scintigraphy in 
stage 3 and 4 neuroblastoma: a pilot study. Eur J Nucl 
Med Mol Imaging. 2012;39(1):57–71.  

   44.   Tzen K, Wang L, Lu M. Characterization of neuro-
blastic tumors using F-18 DOPA PET. J Nucl Med. 
2007;48s:117 [abstract].  

   45.    Valentiner U, Haane C, Peldschus K, et al. [18F]FDG 
and [18F]FLT PET-CT and MR imaging of human 
neuroblastoma in a SCID mouse xenograft model. 
Anticancer Res. 2008;28(5A):2561–8.  

   46.    Krieger-Hinck N, Gustke H, Valentiner U, et al. 
Visualisation of neuroblastoma growth in a Scid 
mouse model using [18F]FDG and [18F]FLT-PET. 
Anticancer Res. 2006;26(5A):3467–72.  

   47.    Kroiss A, Putzer D, Uprimny C, et al. Functional 
imaging in phaeochromocytoma and neuroblastoma 
with 68Ga-DOTA-Tyr3-octreotide positron emission 
tomography and 123I-metaiodobenzylguanidine. Eur 
J Nucl Med Mol Imaging. 2011;38(5):865–73.  

   48.    Vaidyanathan G, Zhao XG, Strickland DK, et al. 
No-carrier-added iodine-131-FIBG: evaluation of an 
MIBG analog. J Nucl Med. 1997;38(2):330–4.  

   49.    Vaidyanathan G, Affl eck DJ, Zalutsky MR. Validation 
of 4-[fl uorine-18]fl uoro-3- iodobenzylguanidine as a 
positron-emitting analog of MIBG. J Nucl Med. 
1995;36(4):644–50.  

    50.    Vaidyanathan G, Affl eck DJ, Zalutsky MR. (4-[18F]
fl uoro-3-iodobenzyl)guanidine, a potential MIBG 
analogue for positron emission tomography. J Med 
Chem. 1994;37(21):3655–62.  

    51.    Leung A, Shapiro B, Hattner R, et al. Specifi city of 
radioiodinated MIBG for neural crest tumors in child-
hood. J Nucl Med. 1997;38(9):1352–7.  

   52.    Sisson JC, Shulkin BL. Nuclear medicine imaging of 
pheochromocytoma and neuroblastoma. Q J Nucl 
Med. 1999;43(3):217–23.  

   53.    Shapiro B, Gross MD. Radiochemistry, biochemis-
try, and kinetics of 131I-metaiodobenzylguanidine 
(MIBG) and 123I-MIBG: clinical implications 

of the use of 123I-MIBG. Med Pediatr Oncol. 
1987;15(4):170–7.  

   54.    Smets LA, Loesberg C, Janssen M, et al. Active 
uptake and extravesicular storage of 
m- iodobenzylguanidine in human neuroblastoma 
SK-N-SH cells. Cancer Res. 1989;49(11):2941–4.  

    55.    Smets LA, Janssen M, Metwally E, et al. Extragranular 
storage of the neuron blocking agent meta-iodoben-
zylguanidine (MIBG) in human neuroblastoma cells. 
Biochem Pharmacol. 1990;39(12):1959–64.  

    56.    Treuner J, Feine U, Niethammer D, et al. 
Scintigraphic imaging of neuroblastoma with 
131I-iodobenzylguanidine. Lancet. 1984;1(8372):
333–4.  

    57.    Geatti O, Shapiro B, Sisson JC, et al. Iodine-131 
metaiodobenzylguanidine scintigraphy for the loca-
tion of neuroblastoma: preliminary experience in ten 
cases. J Nucl Med. 1985;26(7):736–42.  

    58.   Gelfand MJ. I-123-MIBG and I-131-MIBG imaging 
in children with neuroblastoma. J Nucl Med. 
1996;37s:35 [abstract].  

    59.    Wood DE, Gilday DL, Kellan J. Stable iodine 
requirements for thyroid gland blockage of iodin-
ated radiopharmaceuticals. J Can Assoc Radiol. 
1974;25(4):295–6.  

      60.    Bombardieri E, Giammarile F, Aktolun C, et al. 
131I/123I-metaiodobenzylguanidine (mIBG) scintig-
raphy: procedure guidelines for tumour imaging. Eur 
J Nucl Med Mol Imaging. 2010;37(12):2436–46.  

   61.    Olivier P, Colarinha P, Feltich J, et al. Guidelines for 
radioiodinated MIBG scintigraphy in children. Eur J 
Nucl Med Mol Imaging. 2003;30(5):B45–50.  

            62.    Matthay KK, Shulkin B, Ladenstein R, et al. 
Criteria for evaluation of disease extent by (123)
I-metaiodobenzylguanidine scans in neuroblas-
toma: a report for the International Neuroblastoma 
Risk Group (INRG) Task Force. Br J Cancer. 
2010;102(9):1319–26.  

      63.    Gelfand MJ, Parisi MT, Treves ST. Pediatric radio-
pharmaceutical administered doses: 2010 North 
American consensus guidelines. J Nucl Med. 
2011;52(2):318–22.  

         64.    Vik TA, Pfl uger T, Kadota R, et al. (123)I-mIBG scin-
tigraphy in patients with known or suspected neuro-
blastoma: results for a prospective multicenter trial. 
Pediatr Blood Cancer. 2009;52(7):784–90.  

   65.    Gelfand MJ, Elgazzar AH, Kriss VM, et al. Iodine-
123- MIBG SPECT versus planar imaging in children 
with neural crest tumors. J Nucl Med. 1994;35(11):
1753–7.  

     66.    Rufi ni V, Fisher GA, Shulkin BL, et al. Iodine-123- 
MIBG imaging of neuroblastoma: utility of SPECT 
and delayed imaging. J Nucl Med. 1996;37(9):1464–8.  

    67.    Rozovsky K, Koplewitz BZ, Krausz Y, et al. Added 
value of SPECT/CT for correlation of MIBG 
scintigraphy and diagnostic CT in neuroblas-
toma and pheochromocytoma. Am J Roentgenol. 
2008;190(4):1085–90.  

   68.   Bar-Sever Z, Steinmetz A, Ash S, et al. The role of 
MIBG SPECT/CT in children with neuroblastoma. 
J Nucl Med. 2008;49s:84 [abstract].  

19 Neuroblastoma: Functional Imaging



444

   69.   Sharp SE, Gelfand MJ. Utility of SPECT/CT imaging 
in neuroblastoma. J Nucl Med. 2009;50s:52 [abstract].  

      70.    Fukuoka M, Taki J, Mochizuki T, et al. Comparison of 
diagnostic value of I-123 MIBG and high-dose I-131 
MIBG scintigraphy including incremental value of 
SPECT/CT over planar image in patients with malig-
nant pheochromocytoma/paraganglioma and neuro-
blastoma. Clin Nucl Med. 2011;36(1):1–7.  

    71.    Snay ER, Treves ST, Fahey FH. Improved quality of 
pediatric 123I-MIBG images with medium-energy 
collimators. J Nucl Med Technol. 2011;39(2):100–4.  

     72.    Englaro DD, Gelfand MJ, Harris RE, et al. I-131 
MIBG imaging after bone marrow transplantation for 
neuroblastoma. Radiology. 1992;182(2):515–20.  

    73.    Tanabe M, Takahashi H, Ohnuma N, et al. Evaluation 
of bone marrow metastasis of neuroblastoma and 
changes after chemotherapy by MRI. Med Pediatr 
Oncol. 1993;21(1):54–9.  

   74.    Tanabe M, Ohnuma N, Iwai J, et al. Bone mar-
row metastasis of neuroblastoma analyzed by MRI 
and its infl uence on prognosis. Med Pediatr Oncol. 
1995;24(5):292–9.  

   75.    Lebtahi N, Gudinchet F, Nenadov-Beck M, et al. 
Evaluating bone marrow metastasis of neuroblastoma 
with iodine-123-MIBG scintigraphy and MRI. J Nucl 
Med. 1997;38(9):1389–92.  

              76.   Sharp SE, Shulkin BL, Gelfand MJ, et al. 123I-MIBG 
scintigraphy and 18F-FDG PET in neuroblastoma. 
J Nucl Med. 2009;50(8):1237–43.   http://jnm.snmjour-
nals.org/site/misc/permission.xhtml      

            77.    Taggart DR, Han MM, Quach A, et al. Comparison of 
iodine-123 metaiodobenzylguanidine (MIBG) scan 
and [18F]fl uorodeoxyglucose positron emission 
tomography to evaluate response after iodine-131 
MIBG therapy for relapsed neuroblastoma. J Clin 
Oncol. 2009;27(32):5343–9.  

      78.    Kushner BH, Kramer K, Modak S, et al. Sensitivity of 
surveillance studies for detecting asymptomatic and 
unsuspected relapse of high-risk neuroblastoma. 
J Clin Oncol. 2009;27(7):1041–6.  

     79.    Suc A, Lumbroso J, Rubie H, et al. Metastatic neuro-
blastoma in children older than one year: prognostic 
signifi cance of the initial metaiodobenzylguanidine 
scan and proposal for a scoring system. Cancer. 
1996;77(4):805–11.  

    80.    Ladenstein R, Philip T, Lasset C, et al. Multivariate 
analysis of risk factors in stage 4 neuroblastoma 
patients over the age of one year treated with mega-
therapy and stem-cell transplantation: a report from 
the European Bone Marrow Transplant Solid Tumor 
Registry. J Clin Oncol. 1998;16(3):953–65.  

    81.    Perel Y, Conway J, Kletzel M, et al. Clinical impact 
and prognostic value of metaiodobenzylguanidine 
imaging in children with metastatic neuroblastoma. 
J Pediatr Hematol Oncol. 1999;21(1):13–8.  

     82.    Schmidt M, Simon T, Hero B, et al. The prognostic 
impact of functional imaging with (123)I-mIBG in 
patients with stage 4 neuroblastoma >1 year of age on 
a high-risk treatment protocol: results of the German 
Neuroblastoma Trial NB97. Eur J Cancer. 2008;
44(11):1552–8.  

     83.    Ady N, Zucker JM, Asselain B, et al. A new 
123I-MIBG whole body scan scoring method – appli-
cation to the prediction of the response of metastases 
to induction chemotherapy in stage IV neuroblas-
toma. Eur J Cancer. 1995;31A(2):256–61.  

   84.    Frappaz D, Bonneu A, Chauvot P, et al. 
Metaiodobenzylguanidine assessment of metastatic 
neuroblastoma: observer dependency and chemosen-
sitivity evaluation. The SFOP Group. Med Pediatr 
Oncol. 2000;34(4):237–41.  

   85.    Hero B, Hunneman DH, Gahr M, et al. Evaluation of 
catecholamine metabolites, mIBG scan, and bone 
marrow cytology as response markers in stage 4 neu-
roblastoma. Med Pediatr Oncol. 2001;36(1):220–3.  

   86.    Matthay KK, Edeline V, Lumbroso J, et al. 
Correlation of early metastatic response by 
123I-metaiodobenzylguanidine scintigraphy with 
overall response and event-free survival in stage IV 
neuroblastoma. J Clin Oncol. 2003;21(13):2486–91.  

   87.    Katzenstein HM, Cohn SL, Shore RM, et al. Scintigraphic 
response by 123I-metaiodobenzylguanidine scan cor-
relates with event-free survival in high-risk neuroblas-
toma. J Clin Oncol. 2004;22(19):3909–15.  

   88.    Messina JA, Cheng SC, Franc BL, et al. Evaluation 
of semi-quantitative scoring system for metaiodo-
benzylguanidine (mIBG) scans in patients with 
relapsed neuroblastoma. Pediatr Blood Cancer. 
2006;47(7):865–74.  

    89.   Lewington V, Bar Sever Z, Lynch T, et al. Development 
of a new, semiquantitative I-123 mIBG reporting 
method in high risk neuroblastoma. Eur J Nucl Med 
Mol Imaging. 2009;36:334 [abstract].  

    90.    Paltiel HJ, Gelfand MJ, Elgazzar AH, et al. Neural 
crest tumors: I-123 MIBG imaging in children. 
Radiology. 1994;190(1):117–21.  

    91.    Bonnin F, Lumbroso J, Tenenbaum F, et al. Refi ning 
interpretation of MIBG scans in children. J Nucl Med. 
1994;35(5):803–10.  

    92.    Acharya J, Chang PT, Gerard P. Abnormal MIBG 
uptake in a neuroblastoma patient with right upper lobe 
atelectasis. Pediatr Radiol. 2012;42(10):1259–62.  

    93.    Schindler T, Yu C, Rossleigh M, et al. False-positive 
MIBG uptake in pneumonia in a patient with stage IV 
neuroblastoma. Clin Nucl Med. 2010;35(9):743–5.  

    94.    Okuyama C, Sakane N, Yoshida T, et al. (123)I- or 
(125)I-metaiodobenzylguanidine visualization of 
brown adipose tissue. J Nucl Med. 2002;43(9):
1234–40.  

    95.    Okuyama C, Ushijima Y, Kubota T, et al. 
123I-metaiodobenzylguanidine uptake in the nape of 
the neck of children: likely visualization of brown adi-
pose tissue. J Nucl Med. 2003;44(9):1421–5.  

     96.    Pfl uger T, Schmied C, Porn U, et al. Integrated imag-
ing using MRI and 123I metaiodobenzylguanidine 
scintigraphy to improve sensitivity and specifi city in 
the diagnosis of pediatric neuroblastoma. Am J 
Roentgenol. 2003;181(4):1115–24.  

          97.    Melzer HI, Coppenrath E, Schmid I, et al. 123I-MIBG 
scintigraphy/SPECT versus 18F-FDG PET in paedi-
atric neuroblastoma. Eur J Nucl Med Mol Imaging. 
2011;38(9):1648–58.  

S.E. Sharp et al.

http://jnm.snmjournals.org/site/misc/permission.xhtml
http://jnm.snmjournals.org/site/misc/permission.xhtml


445

    98.    Jacobsson H, Hellstrom PM, Kogner P, et al. 
Different concentrations of I-123 MIBG and In-111 
pentetreotide in the two main liver lobes in children: 
persisting regional functional differences after birth? 
Clin Nucl Med. 2007;32(1):24–8.  

    99.    Heyman S, Evans AE, D’Angio GJ. I-131 
metaiodobenzylguanidine: diagnostic use in neu-
roblastoma patients in relapse. Med Pediatr Oncol. 
1988;16(5):337–40.  

   100.    Schmiegelow K, Simes MA, Agertoft L, et al. 
Radio- iodobenzylguanidine scintigraphy of neu-
roblastoma: confl icting results, when compared 
with standard investigations. Med Pediatr Oncol. 
1989;17(2):127–30.  

    101.    Biasotti S, Garaventa A, Villavecchia GP, et al. 
False-negative metaiodobenzylguanidine scintigra-
phy at diagnosis of neuroblastoma. Med Pediatr 
Oncol. 2000;35(2):153–5.  

     102.    Kushner BH, Yeh SD, Kramer K, et al. Impact of 
metaiodobenzylguanidine scintigraphy on assess-
ing response of high-risk neuroblastoma to dose- 
intensive induction chemotherapy. J Clin Oncol. 
2003;21(6):1082–6.  

    103.    Hickeson MP, Charron M, Maris JM, et al. 
Biodistribution of post-therapeutic versus diagnostic 
(131)I-MIBG scans in children with neuroblastoma. 
Pediatr Blood Cancer. 2004;42(3):268–74.  

    104.    Parisi MT, Matthay KK, Huberty JP, et al. 
Neuroblastoma: dose-related sensitivity of MIBG 
scanning in detection. Radiology. 1992;184(2):463–7.  

    105.    Gordon I, Peters AM, Gutman A, et al. Skeletal 
assessment in neuroblastoma – the pitfalls of iodine-
123- MIBG scans. J Nucl Med. 1990;31(2):129–34.  

    106.    Turba E, Fagioli G, Mancini AF, et al. Evaluation of 
stage 4 neuroblastoma patients by means of MIBG 
and 99mTc-MDP scintigraphy. J Nucl Biol Med. 
1993;37(3):107–14.  

    107.    Shulkin BL, Shapiro B, Hutchinson RJ. Iodine-131- 
metaiodobenzylguanidine and bone scintigraphy for 
the detection of neuroblastoma. J Nucl Med. 1992;
33(10):1735–40.  

    108.    Hadj-Djilani NL, Lebtahi NE, Delaloye AB, et al. 
Diagnosis and follow-up of neuroblastoma by means 
of iodine-123 metaiodobenzylguanidine scintigra-
phy and bone scan, and the infl uence of histology. 
Eur J Nucl Med. 1995;22(4):322–9.  

    109.    Zukotynski KA, Fahey FH, Laffi n S, et al. Constant 
ambient temperature of 24 degrees C signifi cantly 
reduces FDG uptake by brown adipose tissue in chil-
dren scanned during the winter. Eur J Nucl Med Mol 
Imaging. 2009;36(4):602–6.  

   110.    Gelfand MJ, O’Hara SM, Curtwright LA, et al. 
Premedication to block [(18)F]FDG uptake in the 
brown adipose tissue of pediatric and adolescent 
patients. Pediatr Radiol. 2005;35(10):984–90.  

   111.    Parysow O, Mollerach AM, Jager V, et al. Low-dose 
oral propranolol could reduce brown adipose tissue 
F-18 FDG uptake in patients undergoing PET scans. 
Clin Nucl Med. 2007;32(5):351–7.  

   112.    Soderlund V, Larsson SA, Jacobsson H. Reduction 
of FDG uptake in brown adipose tissue in clinical 
patients by a single dose of propranolol. Eur J Nucl 
Med Mol Imaging. 2007;34(7):1018–22.  

    113.    Tatsumi M, Engles JM, Ishimori T, et al. Intense (18)
F-FDG uptake in brown fat can be reduced pharma-
cologically. J Nucl Med. 2004;45(7):1189–93.  

     114.    Delbeke D, Coleman RE, Guiberteau MJ, et al. 
Procedure guideline for tumor imaging with 18F- 
FDG PET/CT 1.0. J Nucl Med. 2006;47(5):885–95.  

          115.    Shulkin BL, Hutchinson RJ, Castle VP, et al. 
Neuroblastoma: positron emission tomography with 
2-[fl uorine-18]-fl uoro-2-deoxy-D-glucose com-
pared with metaiodobenzylguanidine scintigraphy. 
Radiology. 1996;199(3):743–50.  

         116.    Papathanasiou ND, Gaze MN, Sullivan K, et al. 18F- 
FDG PET/CT and 123I-metaiodobenzylguanidine 
imaging in high-risk neuroblastoma: diagnostic 
comparison and survival analysis. J Nucl Med. 
2011;52(4):519–25.  

   117.    Colavolpe C, Guedj E, Cammilleri S, et al. Utility of 
FDG-PET/CT in the follow-up of neuroblastoma 
which became MIBG-negative. Pediatr Blood 
Cancer. 2008;51(6):828–31.  

    118.   McDowell H, Losty P, Barnes N, et al. Utility of 
FDG-PET/CT in the follow-up of neuroblastoma 
which became MIBG-negative. Pediatr Blood 
Cancer. 2009;52(4):552 [letter].  

    119.    Goodin GS, Shulkin BL, Kaufman RA, et al. 
PET/CT characterization of fibroosseous defects 
in children: 18F-FDG uptake can mimic meta-
static disease. Am J Roentgenol. 2006;187(4):
1124–8.  

    120.    Shammas A, Lim R, Charron M. Pediatric FDG 
PET/CT: physiologic uptake, normal variants, and 
benign conditions. Radiographics. 2009;29(5):
1467–86.  

    121.   DuBois SG and Matthay KK.  131 I-Metaiodobenzyl-
guanidine therapy in children with advanced 
neuroblastoma. Q J Nucl Med Mol Imaging. 
2013;57:53–65.      

19 Neuroblastoma: Functional Imaging



447S.T. Treves (ed.), Pediatric Nuclear Medicine and Molecular Imaging,
DOI 10.1007/978-1-4614-9551-2_20, © Springer Science+Business Media New York 2014

Nuclear medicine has widely variable roles in 
evaluating endocrine and neuroendocrine disor-
ders. For example, thyroid imaging and therapy 
are a fundamental part of nuclear medicine prac-
tice (see Chap. 5). In pediatrics, nuclear medicine 
is indispensable in the management of neuroblas-
toma (see Chap. 19). Nuclear medicine studies 
also play a role in the evaluation and localiza-
tion of the diverse group of endocrine and neu-
roendocrine tumors that includes tumors of the 
parathyroid glands, tumors originating in neural 
crest-derived cells in the sympathetic nervous 
system, and neuroendocrine tumors arising from 
the pancreas, thyroid gland, and the respiratory 
and gastrointestinal tracts. Nuclear medicine 
evaluation of these tumors typically has relied 
on single-photon emitting radiopharmaceuticals. 
Parathyroid imaging most commonly is per-
formed with 99mTc-sestamibi, but [201Tl] thallium 
chloride has been used in the past. Imaging of other 
neuroendocrine tumors typically has used radio-
iodinated (123I, 131I) meta- iodobenzylguanidine 

(MIBG) and 111In-pentetreotide. There is a devel-
oping role for PET using 18F-FDG, as well as 
newer PET radiopharmaceuticals labeled with 
18F, 11C, and 68Ga.

 Parathyroid Imaging

The parathyroid glands, usually located adjacent 
to upper and lower poles of the thyroid gland, 
regulate blood levels of calcium and in doing so 
regulate the calcium economy of the body. 
Hyperparathyroidism is a state of parathyroid 
gland overactivity. Primary hyperparathyroidism 
is characterized by autonomous overproduction 
of parathyroid hormone (PTH), and PTH levels 
are inappropriately elevated despite a normal or 
elevated blood calcium level [1, 2]. Primary 
hyperparathyroidism may be caused by a parathy-
roid adenoma, multigland hyperplasia, or, rarely, 
parathyroid carcinoma. Secondary hyperparathy-
roidism reflects a physiological elevation of the 
blood PTH level in response to relative calcium 
deficiency and most commonly is associated with 
chronic renal failure. With prolonged secondary 
hyperparathyroidism, the parathyroid glands can 
undergo hyperplasia. Occasionally, with long-
standing secondary hyperparathyroidism, one of 
the parathyroid glands can undergo adenomatous 
changes and develop autonomous function, a con-
dition referred to as tertiary hyperparathyroidism. 
Important considerations in the appropriate man-
agement hyperparathyroidism include determin-
ing whether the hyperparathyroidism is primary 
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or secondary and whether there is a parathyroid 
adenoma or parathyroid hyperplasia. Parathyroid 
imaging can play an essential role in answering 
these questions, particularly if surgical parathy-
roidectomy is being considered.

 Method

There is no radiopharmaceutical that is specific for 
parathyroid tissue. Therefore, parathyroid scintig-
raphy depends upon nonspecific uptake and reten-
tion of a radiopharmaceutical in abnormal 
parathyroid tissue. Numerous approaches have 
been developed for parathyroid radionuclide imag-
ing, all of which attempt to distinguish an abnor-
mal parathyroid gland from nearby thyroid tissue 
[3]. Dual-isotope imaging uses two radiopharma-
ceuticals. One radiopharmaceutical has nonspe-
cific uptake in both parathyroid and thyroid tissues, 
and this is compared to the thyroid- specific uptake 
of the second  radiopharmaceutical. Dual-phase 
(washout) imaging relies on a single radiopharma-
ceutical, typically 99mTc- sestamibi, which has non-
specific parathyroid and thyroid uptake, but which 
demonstrates differential washout from thyroid 
tissue and retention in parathyroid adenomas [4]. 
In some cases, SPECT and, when available, 
SPECT/CT may be helpful for localization of a 
scintigraphic abnormality [5]. Other imaging 
methods, such as ultrasound, also are sensitive for 
identifying and localizing parathyroid adenomas 
[5–7]. The most accurate approach to parathyroid 
imaging may be the combination of scintigraphy 
and ultrasound [6–8]. However, with the increas-
ing availability of SPECT and SPECT/CT, para-
thyroid scintigraphy may be adequate for detection 
and anatomic localization of abnormal parathyroid 
glands [5, 9].

 Radiopharmaceuticals

 99mTc-Sestamibi
The most commonly used radiopharmaceutical 
for identification and localization of parathyroid 
adenomas is 99mTc-sestamibi. Technetium-99m 
(physical half-life 6 h, 140 keV gamma emis-

sion) is readily available in all nuclear medicine 
departments as a generator product (99Mo > 99mTc). 
Technetium-99m-sestamibi can be prepared eas-
ily from a kit or purchased as a unit dose from a 
commercial radiopharmacy. In children, a typical 
administered dose is 11 MBq/kg (0.3 mCi/kg) 
with a minimum dose of 37 MBq (1 mCi) and a 
maximum dose of 740 MBq (20 mCi). Abnormal 
parathyroid adenomas can be distinguished from 
normal thyroid using either dual-phase imaging 
with 99mTc-sestamibi or dual-isotope imaging 
with 99mTc-sestamibi and a thyroid-specific 
tracer. Cellular uptake of 99mTc-sestamibi paral-
lels blood flow, but as a lipophilic positive ion, it 
is taken up in mitochondria and retained in the 
cell [10, 11]. Normal parathyroid and thyroid tis-
sue also take up, but will not retain, 99mTc-sesta-
mibi, possibly reflecting a greater expression of 
P-glycoprotein (multidrug resistance-associated 
protein) in these normal tissues [12]. Uptake of 
99mTc-sestamibi may be inhibited by calcium 
channel blockers [13]. Technetium-99m-
tetrofosmin uptake is similar to 99mTc- sestamibi, 
but it does not demonstrate differential thyroid 
and parathyroid retention [14] and is not used for 
dual-phase imaging.

 [201Tl] Thallium Chloride
Thallium-201 (physical half-life 73.1 h) decays 
by electron capture with release of a spectrum of 
x-rays (68–83 keV), as well as lower-abundance 
gamma (135 and 167 keV) emission. It is a 
cyclotron- produced radioisotope, produced with 
the following reaction:

 
203 201 2013Tl Pb Tlp n,( ) >

 

Thallium-201 is a cationic analog of potas-
sium, and cellular uptake is mediated by the 
sodium-potassium-ATPase transmembrane 
pump located in both thyroid and parathyroid 
cells. With no intracellular mechanism for spe-
cific concentration of thallium, there is 201Tl 
washout from all tissues, making 201Tl less suited 
to dual-phase imaging. Thallium-201, as [201Tl] 
thallium chloride, was used for many years, but 
has been used less commonly since the introduc-
tion of 99mTc-sestamibi for parathyroid imaging 
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[15]. This decreased utilization may be due to 
both the higher radiation dose and the lower 
image quality provided by 201Tl [16]. The lower 
image quality reflects both soft tissue attenuation 
of the low-energy x-rays and the need to limit the 
administered dose of 201Tl due to the relatively 
high radiation dose. As a result, [201Tl] thallium 
chloride has lower sensitivity than 99mTc-sesta-
mibi for identification of abnormal parathyroid 
glands [16].

 Iodine-123 (123I)
Iodine-123 decays principally by electron cap-
ture and subsequent gamma emission with a 
physical half-life of 13.2 h. The most abundant 
gamma emission is 159 keV, but there are many 
other lower-abundance, higher-energy gamma 
emissions. Iodine-123 is a cyclotron product pro-
duced from a 124Xe target. Iodine-123 is produced 
by two different nuclear reactions with subse-
quent rapid decay to 123I. The primary nuclear 
reaction is

 
124 123 123 1232Xe Cs Xep n I,( ) > >

 

and the secondary nuclear reaction is

 
124 123 123Xe pn Xep, I( ) > .

 

In the thyroid gland, the sodium-iodide sym-
porter mediates iodine uptake (trapping) into fol-
licular cells, where it then is organified and 
incorporated into thyroglobulin, the peptide pre-
cursor of the thyroid hormones. Other tissues, 
such as salivary glands, also may trap iodine, but, 
as they cannot organify iodine, it soon washes out 
of these tissues. Parathyroid cells do not express 
the sodium-iodide symporter and do not trap 
iodine. Therefore, 123I does not localize the para-
thyroid glands but provides an imaging method 
to discriminate the thyroid gland and parathyroid 
tissue. The practice guidelines published by pro-
fessional societies recommend a range of radio-
pharmaceutical doses for thyroid scintigraphy 
[17–19]. At our institution, the administered 123I 
dose is 0.2 MBq/kg (0.006 mCi/kg) with a mini-
mum dose of 0.925 MBq (0.025 mCi) and maxi-
mum dose of 14.8 MBq (0.4 mCi).

 Technetium-99m Sodium 
Pertechnetate ([99mTc]NaTcO4)
Technetium-99m (physical half-life 6.0 h, 
140 keV gamma emission) is readily available in 
all nuclear medicine departments as a generator 
product (99Mo > 99mTc). It is inexpensive, pro-
vides short imaging times, and provides a low 
radiation dose. For these reasons, [99mTc] sodium 
pertechnetate sometimes is preferred for thyroid 
imaging [20]. An adequate administered dose of 
99mTc-pertechnetate is 1 MBq/kg (0.03 mCi/kg) 
with a minimum dose of 7.4 MBq (0.2 mCi) and 
maximum dose of 74 MBq (2 mCi). After intra-
venous administration of pertechnetate, the 
sodium-iodide symporter mediates rapid uptake 
of pertechnetate in thyroid cells, but not parathy-
roid cells. Unlike iodine, pertechnetate is not 
organified within thyroid cells, and it undergoes 
rapid washout, so that thyroid imaging must be 
performed soon after administration of [99mTc] 
sodium pertechnetate.

 Parathyroid Scintigraphy

Parathyroid scintigraphy can be performed as 
dual-phase imaging with a single radiopharma-
ceutical, usually 99mTc-sestamibi [4], or as a dual- 
isotope procedure that relies on one nonspecific 
agent, such as 99mTc-sestamibi, and another agent 
with thyroid-specific uptake [3]. For most dual- 
isotope scintigraphy, extra care is needed with 
image acquisition, processing, and registration. 
As dual-phase scintigraphy has excellent diag-
nostic performance and is less complex than 
dual-isotope imaging, it has become the more 
common method for parathyroid imaging [21].

Dual-phase parathyroid scintigraphy relies on 
99mTc-sestamibi retention in adenomas compared 
to 99mTc-sestamibi washout from normal thyroid 
and parathyroid tissue [3, 22]. Images are 
acquired at two time points (a) soon after tracer 
administration and (b) at a later time point (typi-
cally 1–2 h later). Comparison of the two sets of 
images should show washout of tracer from nor-
mal thyroid tissue and retention in parathyroid 
adenomas. A similar pattern of tracer retention 
can be seen in a thyroid adenoma or in a 
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 carcinoma. At each time point, a planar image of 
the neck and mediastinum is acquired with a 
high- resolution collimator. Ideally, images of the 
neck also are acquired with a pinhole collimator 
in the anterior projection. Most clinical guide-
lines [21, 23] recommend that early image acqui-
sition be started at 10–30 min and later image 
acquisition be started 1–2 h after tracer adminis-
tration. Although some authors have advocated 
that delayed image acquisition be started as early 
as 1 h after tracer administration to avoid miss-
ing a small number of parathyroid lesions that 
may demonstrate early washout [24], this is not 
routine practice.

Dual-isotope scintigraphy uses two radio-
pharmaceuticals [3, 21]. The first, usually either 
99mTc-sestamibi or [201Tl] thallium chloride, 
 demonstrates nonspecific uptake in both thyroid 
and parathyroid tissues. The second, usually 
either 123I or 99mTc-pertechnetate, has thyroid- 
specific uptake and is used to distinguish normal 
thyroid tissue from an adenoma. There are many 
different approaches to dual-isotope imaging, 
each using the combination of one thyroid- 
specific agent (123I or 99mTc-pertechnetate) and 
one nonspecific agent (99mTc-sestamibi, 99mTc-
tetrofosmin, or [201Tl] thallium chloride) [23, 
25]. In nearly all facilities, the nonspecific 
agent of choice is 99mTc-sestamibi, but 99mTc- 
tetrofosmin could be used for the dual-isotope 
method [14]. Because of higher cost and longer 
uptake time (2 h) for 123I, some centers prefer 
to use 99mTc-pertechnetate as the thyroid-spe-
cific agent. However, one potential advantage 
of 123I is that gamma camera windowing could 
be adjusted for simultaneous imaging of 123I 
and 99mTc-pertechnetate [26, 27]. Images from 
the two scintigraphic studies can be compared 
by side-by-side comparison, overlay of digital 
images, or digital subtraction of thyroid images 
from parathyroid images. If digital overlay or 
subtraction of separately acquired images is to 
be used, care must be taken to ensure that images 
are acquired with the same geometry and mag-
nification. With digital subtraction, image mis-
registration will cause artifacts that can obscure 
true findings.

A site of focal 99mTc-sestamibi uptake outside 
the contour of the thyroid gland is assumed to rep-
resent a parathyroid adenoma. With a dual- phase 
99mTc-sestamibi scan, uptake usually will be seen 
on both the initial and delayed images, but in 
10 % of positive cases, the focus of uptake may 
be seen on only the initial or the delayed images 
[28]. If a lesion is identified within the thyroid 
gland, uptake of either 123I or 99mTc-pertechnetate 
may identify a nodule as of thyroid origin, but nei-
ther dual-phase nor dual- isotope scintigraphy will 
clearly discriminate an intrathyroidal parathyroid 
adenoma (or rarely carcinoma) from a nonfunc-
tional thyroid nodule [29, 30]. Occasionally, even 
after completing a dual-phase study, it might be 
helpful to perform a thyroid scan to help differen-
tiate a thyroid nodule from a parathyroid adenoma 
[23]. A subcapsular or intrathyroidal parathyroid 
adenoma may produce a focal defect on the thy-
roid scan [31]. Intrathyroidal parathyroid ade-
nomas may account for 1 % of all parathyroid 
adenomas and typically are smaller than extrathy-
roidal glands [30]. Uptake of 99mTc-sestamibi can 
occur in a variety of thyroid lesions [30], such as 
benign thyroid follicular adenoma, Hürthle cell 
neoplasm, and thyroid cancer, as well as meta-
static disease to the thyroid or lymph nodes and 
reactive lymph nodes. Even if a lesion is charac-
terized as thyroid tissue, further evaluation may 
be needed, including ultrasound and possibly fine 
needle aspiration.

A pinhole collimator (aperture less than 3 mm) 
is preferable for parathyroid scintigraphy of the 
neck, as it provides magnification, higher lesion 
conspicuity, and improved accuracy for identi-
fying parathyroid pathology [9, 21, 23, 32, 33]. 
Typically, the collimator is positioned so that 
the thyroid region is contained within the central 
two-thirds of the pinhole field of view. An addi-
tional “bird’s-eye” view can be acquired with the 
pinhole collimator positioned 15–30 cm from the 
neck. In addition, a high-resolution parallel-hole 
collimator provides a wide field of view to image 
from the base of the tongue to the thorax. With 
either planar or pinhole collimator, images are 
acquired for 10 min or 100,000 counts. Anatomic 
correlation, either with transmission images to 
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outline body margins or with radioactive mark-
ers on anatomic landmarks, such as chin and 
 suprasternal notch, can be helpful.

SPECT can improve localization of ectopic 
parathyroid tissue in the neck or chest but may be 
no more sensitive for identifying parathyroid 
pathology than planar or pinhole imaging [3, 33]. 
There is no consensus on the timing of SPECT, 
but for a dual-phase study, many institutions per-
form SPECT at a time point between the early 
and delayed planar images [3, 33]. For a dual- 
isotope study, SPECT can be performed concur-
rent with or in place of planar imaging. When 
available, SPECT/CT may increase specificity of 
a SPECT study, but this may reflect, in part, the 
poor specificity of SPECT alone [27]. One group 
of investigators has reported that the combination 
of early SPECT/CT together with any 
 delayed- phase imaging method may be superior 
to other approaches using SPECT or planar imag-
ing [5]. However, other groups have shown that 
SPECT or SPECT/CT is less sensitive than pin-
hole imaging for identification of abnormal para-
thyroid glands in the neck [3, 33, 34]. This may 
reflect the loss of SPECT resolution that occurs 
with the increased distance from detector to tar-
get neck tissue when the shoulders must be 
included in the arc of the camera rotation.

SPECT/CT may be useful in some clinical cir-
cumstances. SPECT/CT may help in evaluating 
patients with persistent or recurrent hyperparathy-
roidism after surgery, when the normal anatomy 
of the neck has been surgically disrupted [34]. 
SPECT/CT may be helpful in the localization of 
ectopic hyperactive parathyroid glands, which 
may be located in the chest or in an ectopic loca-
tion in the neck. The search for a potentially ecto-
pic parathyroid gland is complicated by possible 
supernumerary parathyroid glands. Although the 
usual number of parathyroid glands is four, one in 
ten individuals has between five and seven para-
thyroid glands [35]. Finally, some investigators 
have reported that SPECT/CT has higher speci-
ficity than SPECT when performing dual-isotope 
parathyroid imaging [27]. With increasing avail-
ability of SPECT/CT, some general nuclear medi-
cine departments use this approach routinely for 

all parathyroid imaging. However, in children and 
young adults, there has been no clear demonstra-
tion that the additional information provided by 
routine SPECT/CT outweighs the increased radi-
ation exposure of this technique. One approach 
may be to reserve SPECT/CT for clinical situ-
ations where parathyroid imaging with planar 
imaging is difficult or confusing.

 Clinical Parathyroid

 Clinical Approach to 
Hyperparathyroidism

Many of the clinical signs and symptoms of pri-
mary hyperparathyroidism are those of hypercal-
cemia [36, 37]. Gastrointestinal symptoms of 
hypercalcemia include anorexia, constipation, 
and abdominal pain. Psychiatric symptoms can 
range from fatigue to severe depression or psy-
chosis. Nearly all patients with primary hyper-
parathyroidism have hypercalciuria and may 
develop polyuria or kidney stones. The classic 
bone findings of hyperparathyroidism included 
subperiosteal bone resorption and osteopenia. A 
rare complication of hyperparathyroidism is oste-
itis fibrosa cystica (brown tumor), which occurs 
most commonly in cases of prolonged or uncon-
trolled hyperparathyroidism [38]. In the current 
era, these classic signs and symptoms are uncom-
mon, and most patients with hyperparathyroid-
ism are diagnosed when they have few, if any, 
symptoms. However, “asymptomatic” hyper-
parathyroidism still may be associated with an 
increased risk of hypertension, kidney stones, 
nonspecific neurocognitive or psychiatric symp-
toms, and decreased cortical bone density [37].

Most cases of primary hyperparathyroidism 
are due to the sporadic development of a single 
parathyroid adenoma in one of the four parathy-
roid glands. Occasionally, more than one para-
thyroid gland will contain an adenoma. In adults, 
approximately 15 % of all cases of primary 
hyperparathyroidism are the result of hyperplasia 
of all the parathyroid glands. Parathyroid hyper-
plasia can be either sporadic or familial. Many 
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familial cases of parathyroid hyperplasia repre-
sent a defined endocrine syndrome, such as mul-
tiple endocrine hyperplasia I (MEN I) or MEN 
IIa [39]. In children, up to half of all cases of pri-
mary hyperparathyroidism may be associated 
with an identifiable genetic syndrome. Therefore, 
children with primary hyperparathyroidism are 
more likely than adults to have parathyroid 
hyperplasia, but most cases of pediatric hyper-
parathyroidism remain due to parathyroid adeno-
mas. Parathyroid carcinoma is a rare (1 %) cause 
of hyperparathyroidism [40].

In the evaluation of presumed hyperparathy-
roidism, the diagnosis of familial hypocalciuric 
hypercalcemia (FHH) should be excluded, usu-
ally by determining urinary calcium excretion. 
Further intervention, such as parathyroid scintig-
raphy or parathyroidectomy, is rarely necessary 
for this usually benign disorder [41]. However, 
other inherited disorders of calcium handling 
related to mutations in the calcium-sensing 
receptor may require further evaluation and, 
occasionally, surgery [42]. Medications that can 
alter calcium metabolism, such as lithium and 
thiazide diuretics, should be excluded as the 
cause of hypercalcemia or PTH stimulation [39]. 
Vitamin D deficiency is common in patients with 
hyperparathyroidism. Vitamin D deficiency can 
be a cause of secondary hyperparathyroidism and 
may worsen primary hyperparathyroidism [43].

The definitive treatment for primary hyper-
parathyroidism is surgical parathyroidectomy of 
all involved parathyroid glands. Complications 
of hyperparathyroidism can be corrected by suc-
cessful surgery. For example, in adolescents with 
primary hyperparathyroidism, parathyroidectomy 
is associated with a rapid increase in bone den-
sity [44]. The traditional surgical approach for 
parathyroidectomy included exploration of the 
neck with identification and evaluation of all four 
parathyroid glands and required little preoperative 
imaging. In cases of a single adenoma, an expe-
rienced surgeon could achieve surgical cure in 
over 95 % of patients [45]. One advantage of full 
exploration of the neck is identification and resec-
tion of a second adenoma in a small fraction of 
patients. In patients with parathyroid hyperplasia, 
all parathyroid glands are involved, but complete 
four-gland parathyroidectomy is complicated by 
hypoparathyroidism and hypocalcemia [46]. In 

these patients, most surgeons have attempted to 
remove at least three glands, and some may try 
to remove part of the fourth hyperplastic gland. 
Thus, the surgical success rate is lower in patients 
with parathyroid gland hyperplasia.

In the 1970s and 1980s, with the increased 
use of multichannel blood chemistry analyzers 
and the availability of a PTH radioimmunoassay, 
many cases of primary hyperparathyroidism were 
diagnosed in asymptomatic patients with mild 
hypercalcemia [36, 38]. The resulting uncertainty 
regarding the appropriate management of asymp-
tomatic hyperparathyroidism led to publication 
of a landmark consensus clinical guideline by 
the National Institutes of Health [47]. This most 
recently was updated in 2009 [43, 48]. These 
guidelines recommend that many asymptom-
atic adult patients not routinely undergo surgical 
parathyroidectomy. Definitive surgical therapy is 
recommended in patients with clearly identifiable 
symptoms, including kidney stones and severe 
osteoporosis, while patients with mild hypercal-
cemia and without symptoms may be managed 
expectantly. However, the intent of these guide-
lines has been to guide management of adults with 
hyperparathyroidism, and nearly all children with 
primary hyperparathyroidism should be treated 
with parathyroidectomy. Interestingly, with the 
more recent decrease in utilization of multi-test 
chemistry panels, fewer patients are now identi-
fied with asymptomatic hypercalcemia, and more 
patients with hyperparathyroidism are again pre-
senting with symptoms of hypercalcemia.

 Clinical Use of Parathyroid Imaging

As parathyroid imaging procedures, including 
parathyroid scintigraphy and ultrasound, have 
become more accepted, many surgeons now rely 
on preoperative imaging to guide the surgical 
approach. The use of preoperative imaging 
improves the likelihood of operative success and, 
by limiting the need for full neck dissection, 
decreases the risk of postoperative hypocalcemia 
[16]. For example, preoperative imaging may 
 permit minimally invasive resection of a single 
parathyroid adenoma without further exploration 
of the neck. Many surgeons will confirm opera-
tive success by measuring a serum PTH level after 
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resection of the presumed parathyroid adenoma. 
Successful resection has been defined as a 50 % 
drop in parathyroid hormone levels 10 min after 
resection of the adenoma [49]. This approach has 
the advantages of lower surgical morbidity and 
quicker recovery time but relies on the availability 
of reliable preoperative imaging [22].

The sensitivity of a 99mTc-sestamibi study 
ranges between 80 and 90 % for a single ade-
noma (Fig. 20.1), but the sensitivity is lower 
(40–60 %) in cases of multiple adenomas or 
hyperplasia [5–7, 9, 22, 50]. The sensitivity of a 
dual-phase 99mTc-sestamibi scan may be higher 
for  parathyroid adenomas in the lower neck, for 

Fig. 20.1 Parathyroid adenoma localized with dual-phase 
99mTc-sestamibi scintigraphy. Planar image of the upper 
torso and neck (a) and pinhole image of the neck (b) 
acquired soon after tracer administration show diffuse 
uptake in the thyroid gland. Two hours later, the planar 
image (c) and pinhole (d) images demonstrate tracer wash-
out from the thyroid gland with persistent 99mTc-sestamibi 

accumulation in a single focus near the left upper pole of the 
thyroid gland. Additional pinhole images in (e) left anterior 
oblique and (f) right anterior oblique projections confirm the 
location of the abnormal focal uptake. No abnormality could 
be identified on neck ultrasound. Surgical resection revealed 
a single parathyroid adenoma adjacent to the upper pole of 
the left lobe of the thyroid gland

a
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b
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larger adenomas, and in patients with higher 
PTH levels, but the pretest PTH level cannot 
determine which patients should undergo presur-
gical imaging [51]. In a substantial minority 
(reported between 6 and 16 %) of patients with 
primary hyperparathyroidism, a hyperfunction-
ing parathyroid gland may be located in an ecto-
pic location [52]. Most of these are a single 
adenoma, but a tenth may represent a second 
parathyroid adenoma. Ectopic parathyroid 
glands most commonly are found in the thymus, 
in the retroesophageal region, or within the thy-
roid gland. In patients who have not undergone 
prior surgery, the sensitivity of well-performed 
99mTc-sestamibi scintigraphy is not much less for 
an ectopic parathyroid adenoma than for one 
located in the neck. SPECT or SPECT/CT may 
be helpful in localizing ectopic parathyroid 
lesions.

With an experienced operator, ultrasound may 
have a sensitivity in the range of 70–90 % for a 
single parathyroid adenoma [5–7]. Like parathy-
roid scintigraphy, ultrasound is less sensitive for 
multiple adenomas or multigland parathyroid 
hyperplasia [53, 54]. The sensitivity of ultrasound 
for identifying an abnormal parathyroid may be 
decreased by the presence of thyroid nodules [7]. 
Compared to scintigraphy, ultrasound is less sen-
sitive for localizing ectopic adenomas [52] and 
may have less utility in cases of recurrent 
hyperparathyroidism.

For localization of a single parathyroid adenoma, 
the combined use of parathyroid scintigraphy and 
ultrasound has highest sensitivity (94–99 %) of any 
approach to parathyroid imaging, but even this 
combination is less effective for the identification of 
multigland hyperplasia. In a patient with clearly 
identified hyperparathyroidism, the lack of an iden-
tifiable adenoma on either scintigraphy or ultra-
sound increases the likelihood of the diagnosis of 
parathyroid hyperplasia [9]. One clinical approach 
endorsed by the European Society of Endocrine 
Surgeons [16] is to image first with dual-phase 
parathyroid scintigraphy and then to confirm the 
scintigraphic findings with high-frequency ultra-
sound [9, 16]. If the studies provide concordant 
results, then the patient may be candidate for mini-

mally invasive surgery [22]. If only one test, either 
scintigraphy or ultrasound, is positive, then unilat-
eral neck exploration guided by intraoperative PTH 
assays may be appropriate. In cases where scintig-
raphy and ultrasound are discordant or both are 
negative, then bilateral neck exploration may be the 
most appropriate surgical approach.

Parathyroid carcinoma is a rare (1 %) cause of 
hyperparathyroidism [40]. Parathyroid imaging 
cannot distinguish a benign adenoma from a car-
cinoma. In general, a parathyroid carcinoma will 
be larger and associated with higher serum cal-
cium levels than a benign adenoma (Fig. 20.2).

 Persistent or Recurrent 
Hyperparathyroidism

In some patients with hyperparathyroidism, a 
single surgery will not be curative. Patients with 
persistent or recurrent hyperparathyroidism may 
be the greatest diagnostic and management chal-
lenge of hyperparathyroidism. Persistent or 
recurrent hyperparathyroidism can be due to 
unrecognized hyperplasia or familial disease, an 
ectopic or supernumerary parathyroid gland, a 
second undetected adenoma, inadequate imag-
ing, or operative failure [22, 39]. Recurrent dis-
ease is less common than persistent disease but 
can occur in patients with familial hyperparathy-
roidism [39]. An ideal approach would be to 
 prevent the need for reoperation by having the 
initial evaluation performed by an integrated and 
experienced multidisciplinary team including an 
endocrinologist, endocrine surgeon, nuclear 
medicine physician, radiologist, and pathologist 
[22, 51]. When a patient has recurrent or persis-
tent hyperparathyroidism, then repeat surgery by 
an experienced surgeon is indicated. In most 
patients with recurrent or persistent hyperpara-
thyroidism, the abnormal parathyroid gland will 
be in the normal position or in an ectopic loca-
tion that is accessible through a standard neck 
incision [39]. The preoperative imaging approach 
still relies on 99mTc-sestamibi scintigraphy and 
ultrasound [7, 16, 21]. SPECT or SPECT/CT 
should be considered, particularly if not 
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 performed during the initial evaluation. Fine 
needle aspiration with PTH measurement may 
be useful to evaluate an inconclusive ultrasound 
finding. Although contrast-enhanced CT and 
MRI have low sensitivity for parathyroid adeno-
mas, either may be helpful to confirm inconclu-
sive imaging findings in the mediastinum of 
patients with persistent or recurrent hyperpara-
thyroidism [5, 6, 55]. One disadvantage to using 
CT for parathyroid gland localization is radia-
tion exposure to the thyroid gland, which may be 
of particular concern in children [39]. Very 
rarely, venous sampling for PTH may help to 
demonstrate laterality of an overactive gland in 
the neck or may demonstrate whether the abnor-
mal gland is in the neck or mediastinum [7, 16].

 Secondary and Tertiary 
Hyperparathyroidism

Secondary hyperparathyroidism refers to para-
thyroid hyperactivity in response to prolonged 
absolute or relative deficiency of calcium. The 
resulting elevation in PTH levels may be suc-
cessful in maintaining blood calcium levels in 
normal range but at the cost of inducing cal-
cium loss from bone and eventual osteomala-
cia. The most common cause of clinically 
apparent secondary hyperparathyroidism is 
chronic renal failure [34]. In the absence of 
normal renal function, 25-hydroxy-vitamin D is 
not activated to the active form, 1,25-dihy-
droxy-vitamin D. This results in decreased 

a b
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Fig. 20.2 Parathyroid carcinoma evaluated with dual-
phase 99mTc-sestamibi scintigraphy. Early-phase planar 
image of the upper torso (a) and pinhole image of the neck 
(b) both show intense uptake in a large mass in the right 
thyroid bed and moderate uptake in the left lobe of the 
thyroid gland. A planar image of the torso acquired at 
105 min (c) and pinhole image of the neck acquired at 

115 min (d) show persistent tracer uptake in the right-side 
mass and tracer washout from the left lobe of the thyroid 
gland. The differential for this mass includes parathyroid 
adenoma or carcinoma, benign or malignant thyroid nod-
ule, and metastatic lesion to the thyroid gland. Surgical 
exploration revealed a large parathyroid carcinoma on the 
surface of the right lobe of the thyroid gland
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intestinal absorption of calcium, relative cal-
cium deficiency, and stimulation of PTH secre-
tion. This secondary hyperparathyroidism can 
be an important cause of morbidity and mortal-
ity in patients with chronic renal failure, espe-
cially those on chronic dialysis [55]. Patients 
with vitamin D deficiency also can develop sec-
ondary hypoparathyroidism. Correction of the 
underlying medical or nutritional condition, if 
possible, should result in resolution of second-
ary hyperparathyroidism.

With long-standing secondary hyperpara-
thyroidism and prolonged parathyroid gland 
stimulation, secondary parathyroid gland 
hyperplasia may develop [3]. Even with cor-
rection of the underlying problem, such as 
renal transplant, these patients may have per-
sistent PTH hypersecretion. Occasionally, in 
an individual with chronic secondary hyper-
parathyroidism, usually from chronic renal 
failure, one or more parathyroid glands may 
undergo adenomatous changes and develop 
autonomous function and secretion of PTH, 
which is referred to as tertiary hyperparathy-
roidism. In these patients, correction of the 
underlying medical condition is unlikely to 
reverse the hyperparathyroidism, and parathy-
roid surgery may be required [56].

Parathyroid imaging has a limited role in 
the evaluation of secondary hyperparathyroid-
ism, unless parathyroidectomy is being con-
sidered. Then, parathyroid imaging may be 
useful in distinguishing secondary and tertiary 
hyperparathyroidism (Fig. 20.3). Preoperative 
imaging and localization can help identify 
an ectopic or supernumerary gland and thus 
decrease the likelihood of surgical failure 
and reduce the extent of surgical explora-
tion. Parathyroid scintigraphy may have lim-
ited sensitivity for hyperplastic parathyroid 
glands but should have higher sensitivity for 
an autonomous parathyroid gland causing ter-
tiary hyperparathyroidism [34]. Some investi-
gators have reported improved localization of 
secondary hyperparathyroidism with pinhole 
imaging [33] or dual-tracer subtraction scin-
tigraphy (Fig. 20.4) [3], but the relative utility 
of different methods of parathyroid scintig-

raphy is not clearly defined in this group of 
patients [34].

 Neuroendocrine Tumors: Imaging

Neuroendocrine tumors are uncommon, particu-
larly in children and young adults. These tumors 
arise from cells with an embryological origin in the 
neural crest and can be located nearly anywhere 
in the body. Neuroendocrine tumors encompass a 
heterogeneous group of tumors that secrete a wide 
variety of peptides and amines and thus present 
with a broad range of clinical features. With the 
exception of neuroblastoma, they typically come 
to clinical attention because of the physiologi-
cal effects of their secretory products, although 
some may be discovered as an incidental finding. 
Occasionally, tumor bulk or metastatic disease is 
the major cause of morbidity and mortality. Most 
neuroendocrine tumors probably have malignant 
potential with the possibility of metastases [57], 
but the frequency of malignancy varies among dif-
ferent cell types. At least nine different neuroen-
docrine cell types can undergo development into 
neuroendocrine tumors [58]. Sympathochromaffin 
tumors of the autonomic nervous system, includ-
ing pheochromocytoma and paraganglioma, can 
secrete catecholamines. Enterochromaffin tumors, 
such as carcinoid tumors, can secrete a wide vari-
ety of biologically active compounds, including 
serotonin, but only rarely produce the carcinoid 
syndrome. Classic gastro-entero-pancreatic (GEP) 
tumors (also called pancreato-gastrointestinal 
tumors) include secretory and nonsecretory tumors 
derived from cell types typically found in the pan-
creatic islet but may occur throughout the gastro-
intestinal tract. They are categorized based on cell 
type and secretory products, such as gastrinoma or 
insulinoma. In newborns, benign hyperplasia of 
pancreatic islet beta cells produces a state of con-
genital hyperinsulinism, which can result in severe 
and life-threatening hypoglycemia. More unusual 
neuroendocrine tumors include medullary thyroid 
cancer. Functional imaging of neuroendocrine 
tumors is used for diagnosis and initial staging, 
to assess for recurrence, and to assess response to 
therapy.
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 Methods

Nuclear medicine imaging of neuroendocrine 
tumors utilizes radiopharmaceuticals that 
 recognize cell-surface or intracellular targets. 
Radionuclide therapy utilizes radiopharmaceuti-
cals labeled with beta (or alpha) emitting radio-
isotopes (such as 131I) that recognize the same 
cellular targets that are used for imaging. Two of 
these agents supported by the most clinical expe-
rience are 123I-MIBG (targeting the norepineph-
rine transporter) and 111In-pentreotide (targeting 
somatostatin receptors). With increasing avail-
ability of PET, 18F-FDG has become more com-
monly used for neuroendocrine tumor imaging. 
The appropriate role for novel PET radiopharma-
ceuticals, such as 18F-DOPA, 18F-dopamine, and 

11C-labeled tracers, remains to be determined. 
Recently, 68Ga-labeled PET radiopharmaceuti-
cals have seen increasing use in adults and may 
become the agents of choice for imaging some 
neuroendocrine tumors in patients of all ages.

Frequently, more than one functional imaging 
test must be used to identify and localize a neuro-
endocrine tumor in any particular patient. The 
first choice of an imaging agent is determined by 
the clinical syndrome, an understanding of the 
biology of the likely tumor, and evolving imaging 
experience. Identifying the appropriate second- 
choice, and even third-choice, imaging study 
depends upon an informed nuclear medicine phy-
sician working in consultation with experienced 
referring clinicians, as ongoing clinical studies 
and the availability of new radiopharmaceuticals 

a
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Fig. 20.3 Tertiary hyperparathyroidism as a complica-
tion of chronic renal failure evaluated by dual-phase 
99mTc- sestamibi scintigraphy. Early-phase planar image of 
the neck and torso (a) and pinhole image of the neck (b) 
demonstrate diffuse uptake in the thyroid gland, with 
prominent tracer accumulation near the lower left pole of 

the thyroid gland. Late-phase (2 h) planar image of the 
torso (c) and pinhole image of the neck (d) show tracer 
washout from the thyroid with persistent focal uptake near 
the lower pole of the left lobe of the thyroid gland. 
Ultrasound identified an extrathyroidal cystic nodule, 
consistent with a parathyroid adenoma at this location
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Fig. 20.4 Combined dual-phase and dual-isotope para-
thyroid imaging to identify four-gland parathyroid 
hyperplasia as a complication of chronic renal failure. 
After administration of 99mTc-sestamibi, a planar image 
of the torso and neck (a) shows multiple sites of abnor-
mal uptake. A pinhole image of the neck (b) demon-
strates at least five sites of abnormal tracer accumulation. 
A bird’s-eye pinhole view with a marker in the supraster-
nal notch (c) demonstrates the location of abnormal 
uptake in the neck. Two hours later, a planar image of the 
torso and neck (c), pinhole image of the neck (d), and 
bird’s-eye pinhole view with suprasternal marker (e, f) 
all show multiple sites of increased uptake in the neck, 

with partial washout at two upper sites. Four hours later, 
a planar view of the torso and neck (g) and anterior pin-
hole view of the neck (h) show persistent uptake at four 
sites in the neck. Delayed images can be helpful in eval-
uating patients with slow washout from some sites of 
abnormal tracer uptake. One week later, an 123I thyroid 
scan (i) demonstrates intense uptake in both lobes of the 
thyroid gland. Demonstrating the location of the thyroid 
gland helps to confirm that, on the dual-phase scan, 
99mTc-sestamibi washed out of the thyroid gland and was 
retained in four non-thyroidal lesions. Surgical explora-
tion identified four enlarged hyperplastic parathyroid 
glands
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will likely change the standard approach to evalu-
ating many neuroendocrine tumors.

 Radiopharmaceuticals

 (123I or 131I)-Meta-iodobenzylguanidine 
(123I-MIBG or 131I-MIBG)
Meta-iodobenzylguanidine (MIBG) is a catechol-
amine analog that can be radiolabeled with either 
123I (physical half-life 13 h, primary gamma emis-
sion 159 keV) or 131I (physical half-life 8 days, pri-
mary gamma emission 360 keV, as well as beta 
emission). MIBG is a ligand of the norepinephrine 
transporter (NET), which typically is found on 
autonomic nerve endings. By facilitating reuptake 
of catecholamines, the NET clears and thus modu-
lates autonomic stimulation of effector tissues. As 
the NET also is expressed by most pheochromocy-
tomas and by many paragangliomas, these cells 
will concentrate radiolabeled MIBG, which can be 
used to localize and image these tumors. Iodine-
131-MIBG also is used for tumor-specific radio-
therapy of neuroendocrine tumors expressing the 
norepinephrine transporter.

Many early methods of MIBG radioiodination 
produced a radiopharmaceutical with relatively 
low specific activity. When administered by rapid 
intravenous injection, the high levels of unlabeled 
or “cold” 127I-MIBG could induce tachycardia and 
elevated blood pressure and cause adverse symp-
toms such as nausea, vomiting, and chest tightness. 
Therefore, radiolabeled MIBG typically has been 
administered by slow intravenous infusion over 
3–5 min. Many institutions monitor and document 
heart rate and blood pressure during administra-
tion of 131I-MIBG or 123I-MIBG. With the recent 
commercial availability of no-carrier 123I-MIBG 
(AdreView®, GE Healthcare), which contains 
minimal 127I-MIBG, these concerns seem to be 
lessened. After administration of MIBG, a small 
amount of free iodine may be excreted through the 
kidneys, but most radiolabeled MIBG is excreted 
through the liver and bowel. Tracer accumulation 
in the bowel may obscure visualization of intra-
abdominal pathology, especially on planar images.

Adequate patient preparation is necessary to 
ensure a technically adequate and clinically infor-
mative study. This includes blocking radioiodine 

uptake in the thyroid and screening the patient’s 
medication list for drugs that may interfere with the 
study. Thyroid uptake is a concern for two reasons. 
Accumulation of 131I can lead to thyroid dysfunc-
tion or ablation and increases the risk of thyroid 
cancer. Although current preparations are more 
likely to be labeled with 123I and will contain less 
free iodine than in the past, intense tracer accumula-
tion in the thyroid also may obscure nearby sites of 
 disease in the neck. Pretreatment with nonradioac-
tive iodine, as potassium iodine capsules or solu-
tion, is used to limit thyroid uptake of radioactive 
iodine. We routinely recommend SSKI at a dose of 
1 drop three times a day, but some guidelines sug-
gest much larger doses [59]. In preparation for an 
123I-MIBG study, thyroid blockade should be initi-
ated 1 day before and continued for 3 days after the 
administration of 123I-MIBG. Longer periods of 
blockage are needed with an 131I-MIBG diagnostic 
study (6 days) or 131I-MIBG therapy.

Numerous drugs have the potential to inter-
fere with MIBG scintigraphy by interfering with 
MIBG uptake or vesicular storage (Table 20.1), 
and extensive lists of interfering drugs are avail-
able for reference [59–62]. For some of these 
drugs, specific interference with MIBG scintig-
raphy has been demonstrated. However, most 
drugs have been included because of similarity 
to the drugs with demonstrated interference. 
Most current clinical guidelines recommend that 
potentially interfering drugs be discontinued for 
2–3 days before MIBG scintigraphy, but there 
are exceptions. For example, neuroleptic drugs 
administered in depot form may have an effect 
for up to 1 month. Ideally, any potentially inter-
fering drug will be discontinued before the study 
is performed, but this may not be possible with 
many drugs. For example, it may not be possible 
to discontinue neuropsychiatric drugs or to hold 
antihypertensive medications necessary to con-
trol the symptoms of catecholamine excess. Any 
decision to discontinue prescription medications 
in preparation for an MIBG scan must be made 
in consultation with the referring or treating cli-
nicians. In addition, patients and families should 
be advised to avoid over-the-counter cough and 
cold remedies.

Iodine-123-MIBG scintigraphy is performed 1 
day after tracer administration and usually 
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includes both whole-body planar imaging and 
SPECT or SPECT/CT. Although the primary 
emission of 123I is a 159 keV gamma emission, 
17 % of the gamma emission is greater than 
159 keV. A substantial portion of this high-energy 
gamma emission penetrates a low-energy colli-
mator, which will increase image noise and 
decrease image quality. Imaging 123I-labeled 

radiopharmaceuticals with a medium-energy col-
limator improves image quality with little sacri-
fice in sensitivity [63]. Because of the longer 
half-life of 131I, 131I-MIBG can be imaged up to 
many days after administration but usually is 
imaged after 1 day, as there is little improvement 
in image quality or accuracy with delayed imag-
ing. Iodine-131-MIBG is appropriately imaged 
using a high- energy collimator. However, many 
gamma cameras are unable to perform SPECT 
with the heavy high-energy collimator. Also, the 
radiation dose may be up to 20-fold greater with 
131I-MIBG than with 123I-MIBG. Because of this 
higher radiation dose, the inability to perform 
SPECT, and the poorer planar image quality, 
131I-MIBG now is used much less frequently than 
123I-MIBG for diagnostic imaging. Interpretation 
of MIBG scintigraphy requires familiarity of the 
normal patterns of physiological uptake of 
123I/131I-MIBG uptake (Fig. 20.5). This includes 
uptake in the liver and salivary glands and vari-
able uptake in the heart, lungs, and brown adipose 
tissue. Physiological tracer accumulation in bowel 
and the urinary collecting system can obscure 
sites of abnormal uptake. For nearly all MIBG 
studies, SPECT will increase sensitivity and may 
help localize a site of abnormal uptake. Hybrid 
imaging (SPECT/CT) or software co-registration 
with CT or MR images allows improved localiza-
tion and may improve specificity (Fig. 20.6).

 111In-Pentetreotide
Indium-111-pentetreotide is an 111In-labeled pep-
tide ligand that targets cell-surface somatostatin 
receptors [57, 64–66]. There are five well-char-
acterized somatostatin receptors (SST1–SST5), 
for which the 14-amino acid peptide somatosta-
tin is the native ligand and produces an inhibi-
tory effect on neuroendocrine cell function. 
Somatostatin has an extremely short biological 
half-life, but octreotide, an 8-amino acid soma-
tostatin analog, has a biological half-life of many 
hours and can be used as an effective therapeutic 
agent for many neuroendocrine tumors. Using 
DTPA as a chelator, octreotide can be labeled 
with 111In as [111In] indium chloride (InCl3) to 
produce 111In-DTPA-octreotide, also called 
111In-pentetreotide (OctreoScan®). Indium-111-

Table 20.1 Drugs that may interfere with MIBG 
scintigraphy

CNS and psychiatric drugs (many also used as 
antiemetics)
Phenothiazines
  (e.g., chlorpromazine, fluphenazine, thioridazine, 

prochlorperazine, promethazine)
Butyrophenones
  (e.g., haloperidol, droperidol)
Atypical antipsychotics
  (e.g., clozapine, olanzapine, risperidone, 

aripiprazole, loxapine)
Tricyclic antidepressants
 (e.g., amitriptyline, imipramine, doxepin)
Other antidepressants
 (e.g., trazodone, venlafaxine, maprotiline, mirtazapine)
Stimulants
  (e.g., dextroamphetamine, methylphenidate, 

phentermine, cocaine, methamphetamine)
Other CNS-acting drugs
 (e.g., tramadol)
Cardiovascular medications

Calcium channel blockers
  (e.g., diltiazem, nifedipine, amlodipine, verapamil, 

felodipine)
Combined alpha-/beta-blocker
 (e.g., labetalol)
Inotropes and vasoconstrictors
 (e.g., dopamine, dobutamine, norepinephrine)
Adrenergic blockers
 (e.g., guanethidine, bretylium, reserpine)
Other cardiovascular drugs
 (e.g., amiodarone)
Other sympathomimetics

Over-the-counter decongestants and cold remedies
  (e.g., phenylephrine, pseudoephedrine, 

oxymetazoline, naphazoline)
Beta-2 sympathomimetics (except metered-dose 
inhaler)
  (e.g., albuterol/salbutamol, terbutaline, 

metaproterenol)
Sympathomimetics for glaucoma
 (e.g., brimonidine, dipivefrine)

Data from Refs. [59–62]
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pentetreotide has the highest affinity for SST2 
receptors but also may bind to SST5, and possi-
bly SST3, receptors [67]. Indium-111 is a cyclo-
tron product produced by proton irradiation (p, 
2n reaction) of a 112Cd enriched target and decays 
(physical half-life 67 h or 2.8 days) with gamma 
emission of multiple energies, the most abundant 
with energies of 171 and 245 keV.

The recommended administered dose of 
111In-pentetreotide for children is 3 MBq/kg 
(0.08 mCi/kg) with a maximum dose of 200–220 
mBq (5.4–6 mCi) [65, 66]. Therapeutic octreotide 

acetate (Sandostatin®) typically is discontinued 
before administration of 111In-pentreotide. This 
should be done in collaboration with the treating 
clinician, as occasionally a patient may not be 
able to tolerate even short periods of withdrawal. 
The appropriate period of withdrawal depends on 
the octreotide formulation. One to three days of 
withdrawal have been recommended for the stan-
dard formulation of octreotide. For long-acting/
sustained-release formulations of octreotide (e.g., 
Sandostatin-LAR®), 3–6 weeks of withdrawal 
may be needed. Typically, for patients being 

a b

Fig. 20.5 Normal 123I-MIBG scans. (a) The normal distri-
bution of 123I-MIBG includes uptake in the salivary glands, 
myocardium, and liver. Myocardial uptake can be variable 
and may not be seen in some children. Physiological 
uptake also is seen in both adrenal glands. Excreted tracer 
is seen in the urinary tract and gastrointestinal tract. (b) In 

another patient, lateral views of the head are routinely per-
formed to better evaluate for involvement with MIBG-avid 
disease. Bilateral supraclavicular uptake reflects normal 
uptake at sites of brown adipose tissue. In the chest, subtle 
bilateral uptake throughout both lung fields represents nor-
mal physiological uptake in the lungs
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treated with a monthly dose of sustained-release 
formulation, the imaging study is performed about 
1 month after the last dose and just before the next 
scheduled dose of sustained-release octreotide.

Images routinely are acquired 1 day after 
administration of 111In-pentreotide. Most tracer is 
excreted through the kidneys, so patients should 
be encouraged to maintain fluid intake and to 
void before imaging. A small amount of tracer is 
excreted through the biliary system and typically 

may be present in the gut for up to 48 h after 
administration. As this can interfere with detec-
tion of abnormal uptake, patients with suspected 
intra-abdominal disease will need additional 
imaging of the abdomen and pelvis. This is per-
formed either at 4 h, before there is substantial 
bowel accumulation of tracer, or at 48 h, after 
clearance of tracer from the bowel. In our depart-
ment, we routinely acquire images of the abdo-
men 4 h after administration of 111In-pentetreotide. 

a b c d

Fig. 20.6 Normal 111In-pentreotide scans. Whole-body 
images 1 day after administration of 111In-pentreotide in 
the anterior (a) and posterior (b) projections show intense 
uptake in the spleen, gallbladder, and both kidneys; mod-
erate uptake in the liver; and mild uptake in the thyroid 
and pituitary glands. Accumulation of excreted tracer is 

seen in the bowel and urinary tract. In another patient, 
whole-body images in the anterior (c) and posterior (d) 
projections show a similar pattern of uptake with intense 
uptake in both kidneys and the spleen and mild uptake in 
the liver, breasts, and thyroid gland
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Administration of a mild laxative may help to 
clear tracer from the bowel. Most clinical guide-
lines [65, 66] suggest that bisacodyl or lactulose 
be given both in the evening before radiopharma-
ceutical administration and in the evening before 
imaging. Alternatively, in our department, we 
have found that bowel preparation using a poly-
ethylene glycol solution given only the evening 
after radiopharmaceutical administration avoids 
the risk of dehydration and is effective and well 
tolerated. Patient compliance can be improved by 
using a flavored clear liquid to dissolve the poly-
ethylene powder or by using commercially avail-
able sulfate-free, flavored solutions [68].

Patients with biochemical evidence of an insu-
linoma require special attention when performing 
somatostatin-receptor scintigraphy [66]. They 
may be less tolerant of the withdrawal of octreo-
tide (Sandostatin®) therapy, and the plan to delay 
administration of octreotide must be done in con-
sultation with the treating endocrinologist. On 
the other hand, there is a theoretical possibility 
that acute administration of 111In-pentetreotide 
will suppress glucagon secretion and result in 
hypoglycemia. Therefore, the 111In-pentetreotide 
package insert recommends that patients with 
suspected insulinoma receive an intravenous 
infusion of dextrose at the time of 
111In-pentetreotide administration. Finally, any 
bowel preparation and dietary restrictions should 
be planned with care and in collaboration with 
the treating endocrinologist.

Images are acquired using a medium-energy 
collimator with energy windows centered around 
both major 111In photopeaks (171 and 245 keV). 
Planar images are acquired of the whole body, 
including extremities if indicated. If the child can 
cooperate, a whole-body sweep can be performed, 
but additional planar images, including lateral 
views, of the head and neck are recommended to 
detect possible metastatic disease in cervical 
lymph nodes [66]. SPECT of the torso can improve 
scan sensitivity and can assist in localization of 
disease. SPECT/CT or software fusion of SPECT 
images with a prior CT or MR scan also may be 
helpful for disease localization [69, 70].

Interpretation of somatostatin-receptor 
 scintigraphy requires familiarity of the normal pat-

tern of physiological uptake of 111In-pentetreotide 
(Fig. 20.7). This includes intense uptake in the 
spleen, liver, gallbladder, and kidneys. Mild 
uptake may be seen in the breast and occasionally 
in the pituitary and thyroid glands. Physiological 
tracer accumulation in bowel and the urinary 
collecting system can obscure sites of abnormal 
uptake.

 18F-Fluoro-Deoxyglucose (FDG)
Fluorine-18-labeled PET agents have become 
alternatives to gamma-emitting radiopharmaceuti-
cals for imaging and detecting neuroendocrine 
tumors. Fluorine-18-fluoro-2-deoxyglucose (18F-
FDG) is a glucose analog labeled with 18F.
Fluorine-18-FDG is taken into cells through one 
of the transmembrane glucose transporters but 
does not enter the energy-producing metabolic 
pathways [71]. Insulin-mediated stimulation of 
expression of some glucose transporters (e.g., 
GLUT-4) will increase cellular uptake of 18F-FDG 
in insulin- sensitive tissues such as skeletal mus-
cle, liver, and myocardium [72]. Fluorine-18-FDG 
is phosphorylated by cellular hexokinases, but 
after monophosphorylation, FDG-6 phosphate 
cannot be phosphorylated and is trapped in the 
cell [73], which provides a mechanism for ampli-
fication of the 18F signal. Only a few tissues, such 
as the liver, express sufficient phosphorylase 
activity to dephosphorylate a substantial fraction 
of FDG-6 phosphate to FDG, which can then be 
cleared from the cell. The North American con-
sensus guidelines [74] recommend a pediatric 
dose of 3.7–5.2 MBq/kg (0.10–0.14 mCi/kg) for 
torso/whole-body imaging. The appropriate role 
of 18F- FDG, compared to 111In-pentreotide and 
123I-MIBG, is not yet resolved. Compared to these 
agents, 18F-FDG is a nonspecific indicator of 
tumor metabolism but in some circumstances also 
may demonstrate increased sensitivity. Another 
benefit of 18F-FDG may be the ability to quantita-
tively assess uptake and to follow uptake over 
time [75]. Fluorine-18-FDG is not well suited to 
imaging patients with a functional insulinoma, as 
the elevated insulin levels will stimulate FDG 
uptake into skeletal and myocardial muscle, which 
can obscure sites of disease and will decrease 
availability for tumor uptake [57].
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 Other 18F-Labeled PET Agents
Fluorine-18-fluoro-dihydrophenylalanine 
(18F-DOPA) is an F-18-labeled radiopharmaceu-
tical that may act as a radiolabeled analog of both 
an amino acid derivative and a catecholamine 
precursor. Cellular uptake of 18F-DOPA is medi-
ated by the large amino acid transporter (LAT), 
but once in the cell 18F-DOPA can function as an 
indicator of catecholamine synthesis [75, 76]. 
The use of 18F-DOPA for neuroendocrine imag-
ing has been reported extensively [75, 76], but its 
role has not been defined for the evaluation of 
most neuroendocrine tumors. 18F-DOPA also has 
proven useful for the evaluation of beta-cell 

hyperplasia in infants with congenital hypoglyce-
mia. One limitation to the wider use of 18F-DOPA 
has been the need for elemental (18F2) 18F for syn-
thesis and the poor yield of the standard 18F-DOPA 
synthesis reactions.

Fluorine-18-dopamine is less readily available 
than other 18F-labeled PET agents used for neuro-
endocrine imaging, but it may have a high level 
of accuracy for identifying primary sites of dis-
ease and metastases of neuroendocrine tumors. It 
is transported into cells by the dopamine trans-
porter (DAT) in the brain and by the norepineph-
rine transporter (NET) found in autonomic nerve 
endings and neuroendocrine tumors [76].

a b

c

Fig. 20.7 Pheochromocytoma imaged with an 123I-MIBG 
scan. (a) An 123I-MIBG whole-body scan in anterior and 
posterior projections shows intense focal uptake in the 
right upper quadrant and a smaller focus of increased 
uptake in the left upper quadrant. (b) A previously 
acquired MR showed a T2-hyperintense heterogenous 
adrenal mass with both cystic and solid components in the 

right adrenal gland. (c) Software co-registration of 
123I-MIBG SPECT and MR images confirms that the adre-
nal mass has abnormal 123I-MIBG avidity, which is most 
intense in the solid components of the mass. Physiological 
123I-MIBG uptake is seen in the normal left adrenal gland. 
Genetic testing identified no underlying genetic predispo-
sition for neuroendocrine tumors
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 68Ga-Labeled Radiopharmaceuticals
Gallium-68 (physical half-life 68 h) decays by 
positron emission and is available as the product 
of a 68Ge generator. Gallium-68 has seen increas-
ing use as a PET radiotracer, particularly for 
labeling somatostatin-receptor-binding peptides 
for neuroendocrine tumor imaging [75]. Using 
the chelator DOTA, 68Ga has been used to radio-
label several octreotide analogs, such as Tyr3-
octreotide (68Ga-DOTA-TOC) [67, 75, 77]. Many 
of these 68Ga-labeled compounds have been stud-
ied as investigational neuroendocrine tumor 
imaging agents.

 Neuroendocrine Tumors: Clinical

 Sympathochromaffin Tumors

Sympathochromaffin tumors arise in cells of the 
autonomic nervous system [78] and have the 
potential to secrete sympathetic amines, typically 
norepinephrine, epinephrine, and dopamine, 
which can produce adrenergic symptoms such as 
hypertension, tachycardia, and anxiety. The dif-
ferent sympathochromaffin tumors demonstrate a 
range of malignant potential and a range of cate-
cholamine secretion. Neuroblastoma is the most 
common extracranial solid malignant tumor of 
childhood (see Chap. 19). Neuroblastoma may 
secrete catecholamines at low levels that rarely 
are sufficient to cause adrenergic symptoms. 
Pheochromocytoma refers to sympathochromaf-
fin tumors in the medulla of the adrenal gland, 
and paraganglioma refers to a sympathochro-
maffin tumor that arises from the extra-adrenal 
autonomic nervous system. Typical locations for 
a paraganglioma are the sympathetic plexi of the 
heart, kidneys, or urinary bladder, the inferior 
mesenteric sympathetic ganglion (body of 
Zuckerkandl), and aortopulmonary sympathetic 
ganglion [79]. Generally, these tumors can 
secrete high levels of catecholamines to produce 
severe, and potentially life-threatening, 
 adrenergic symptoms, but they can be subclinical 
or asymptomatic. A paraganglioma arising from 
a parasympathetic ganglion in the head and neck 
(sometimes referred to as a glomus tumor) rarely 

secretes catecholamines. Well-differentiated 
sympathochromaffin tumors, such as ganglio-
neuroma, also rarely secrete catecholamines and 
usually present as a mass lesion or incidental 
finding, most commonly along the spine.

In the past, it was taught of pheochromocyto-
mas that 10 % were bilateral, 10 % were familial, 
and 10 % were malignant. However, these num-
bers do not accurately reflect the current under-
standing of pheochromocytoma, particularly 
when it occurs in children. Although most sym-
pathochromaffin tumors present as single tumors, 
pheochromocytomas can be bilateral, with 
involvement of both adrenal glands, and paragan-
gliomas may occur as multifocal disease. In chil-
dren, multifocal pheochromocytoma and 
paragangliomas occur in over one-third of cases 
[79]. Sympathochromaffin tumors often appear 
as sporadic tumors but also can occur as part of 
hereditary tumor syndromes. As specific genetic 
mutations are identified for more tumor syn-
dromes, an increasing number of sympathochro-
maffin tumors are recognized to be a manifestation 
of a hereditary syndrome. This particularly is true 
in children and teenagers, in whom approxi-
mately half of pheochromocytomas may be due 
to an identifiable mutation. In children less than 
10 years of age, up to 70 % of pheochromocyto-
mas may be hereditary [80].

In patients with hereditary syndromes, pheo-
chromocytoma is more likely to be bilateral, and 
paragangliomas are more likely to be multifocal 
[78]. In children, the hereditary syndromes most 
commonly associated with sympathochromaffin 
tumors are von Hippel-Lindau (VHL) syndrome 
and the multiple endocrine neoplasia (MEN) 2A 
and 2B syndromes. Familial paraganglioma 
(and pheochromocytoma) syndromes can be 
associated with mutations in genes encoding 
one of the subunits of succinate dehydrogenase 
(SDH), a mitochondrial enzyme. Mutations in 
three of these genes, SDHB, SDHC, and SDHD, 
have high penetrance in association with heredi-
tary sympathochromaffin tumors. With identifi-
cation of additional tumor susceptibility genes 
for sympathochromaffin tumors, the number of 
apparently sporadic tumors will continue to 
decrease [81, 82].
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Approximately 10 % of pheochromocytomas 
will have metastases and on this basis are consid-
ered to be malignant. For sympathochromaffin 
tumors, no histological feature reliably defines 
malignancy. Malignancy is identified by the pres-
ence of metastases at sites where sympathochro-
maffin tissue usually is not present, such as bone, 
liver, lungs, and lymph nodes. Malignancy is 
more common with paragangliomas and in sym-
pathochromaffin tumors with specific genetic 
markers, such as mutations in the succinyl dehy-
drogenase B (SDHB) gene [83].

Children with sympathochromaffin tumors 
(excluding neuroblastoma) usually present with 
signs and symptoms of catecholamine excess but 
less commonly may present with a tumor mass, 
as an incidental finding on an unrelated radio-
logical study or during screening of family mem-
bers with a suspected hereditary syndrome [78]. 
The diagnosis of secretory sympathochromaffin 
tumor is confirmed with biochemical testing for 
catecholamine and catecholamine metabolites in 
urine and blood. Chromogranin A is a circulating 
tumor marker that may correlate with tumor size 
and malignant potential and that is useful for 
long-term follow-up.

With few exceptions, imaging studies should 
not be performed before the clinical and biochem-
ical diagnosis of a sympathochromaffin tumor has 
been established. Usually, the first imaging test is 
either CT or MRI of the torso. On a non-contrast 
CT, an adrenal lesion with an attenuation value 
less than 10 HU excludes pheochromocytoma 
[80]. Otherwise, intravenous contrast will be 
needed to characterize the lesion. As the use of 
iodinated contrast has been associated with hyper-
adrenergic crisis in patients with pheochromocy-
toma, adequate alpha-adrenergic, and possibly 
beta-adrenergic, blockade is recommended before 
a contrast-enhanced CT scan. This may be less of 
a concern with nonionic contrast [80]. The classic 
MR appearance of sympathochromaffin tumors is 
T2 hyperintensity. However, this is not specific, as 
similar  hyperintensity can be seen with hemor-
rhage. On the other hand, larger sympathochro-
maffin tumors may appear inhomogeneous due to 
necrosis or hemorrhage.

The appropriate use of nuclear medicine 
studies has not been settled for patients with the 
biochemical diagnoses of pheochromocytoma 
and a solitary adrenal mass on cross-sectional 
imaging (Fig. 20.7). Some investigators have 
suggested that in adults with a solitary adrenal 
mass, an 123I-MIBG scan will be only confirma-
tory and is unlikely to alter the surgical 
approach [84, 85]. However, others have 
reported that an 123I-MIBG study can confirm 
catecholamine production in the identified 
tumor and may identify other sites of disease 
not found on cross-sectional imaging [78, 80]. 
This may be most important to identify or to 
exclude other sites of disease in patients with 
suspected multifocal disease, particularly those 
with a known hereditary syndrome or germ line 
mutation (Fig. 20.8) [86].

Iodine-123-MIBG typically has up to 95 % 
sensitivity and greater than 95 % specific-
ity for pheochromocytoma [80, 87] but only 
approximately 70 % sensitivity for paragan-
gliomas (Fig. 20.9). Iodine-131-MIBG demon-
strates slightly less sensitivity for both types 
of tumors, possibly due to the poorer imaging 
characteristics of 131I. The accuracy of MIBG 
imaging may depend, in part, on the experience 
of the interpreter. Both sensitivity and speci-
ficity may be improved by SPECT, SPECT/
CT, or software co-registration of SPECT with 
a diagnostic CT or MR study (Fig. 20.10). 
However, not all sympathochromaffin tumors 
will be detected with MIBG (Fig. 20.11). One 
common cause of a false- negative scan is inter-
ference by other drugs, if these drugs were not 
discontinued appropriately prior to administra-
tion of 123I-MIBG (Table 20.1).

If a patient with a biochemically confirmed 
sympathochromaffin tumor has a negative MIBG 
scan, then a second, or even third, functional imag-
ing test will be necessary to localize the tumor or 
metastases. In this circumstance, the usual sec-
ond agent has been 111In-pentreotide. However, 
with the availability of 18F-FDG and an increas-
ing number of other PET agents, the most appro-
priate approach for diagnostic localization of 
sympathochromaffin tumors has not been settled, 
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especially for children. Overall, 111In-pentreotide 
is less sensitive than 123I-MIBG for detection of 
sympathochromaffin tumors but may detect some 
MIBG-negative tumors. One exception is the 
higher sensitivity of 111In-pentreotide for imag-
ing head and neck paragangliomas [88]. In most 
institutions, the other alternative to 123I-MIBG is 
18F-FDG-PET. Fluorine-18-FDG is highly sen-
sitive, but not specific, for sympathochromaffin 
tumors. Fluorine-18-FDG may be more sensi-
tive than 123I-MIBG for detecting one subtype of 
sympathochromaffin tumor, those associated 
with mutations in the SDHB gene [89]. Some 
investigators have reported that other 18F-labeled 
PET radiopharmaceuticals, such as 18F-DOPA 
and 18F-dopamine (18F-DA), are highly sensitive 

for detecting sympathochromaffin tumors [89]. 
However, there have been few studies to con-
firm these findings or determine their widespread 
applicability.

 Enterochromaffin (Carcinoid) Tumors

Carcinoid (enterochromaffin) tumors can 
develop anywhere along the respiratory or gas-
trointestinal tracts. The most common presen-
tation is as a single pulmonary nodule, which 
may be identified during evaluation of a post-
obstructive pneumonia or may come to atten-
tion as an incidental finding on chest radiograph 
or CT (Fig. 20.12). In the gastrointestinal tract, 

a b

c

Fig. 20.8 Bilateral pheochromocytomas identified by 
123I-MIBG scan. (a) An 123I-MIBG whole-body scan in 
anterior and posterior projections shows intense focal 
uptake in both upper quadrants. (b) Correlative MRI dem-
onstrates bilateral adrenal masses with heterogenous T2 

hyperintensity. (c) Software co-registration of 123I-MIBG 
SPECT and MR images confirms bilateral MIBG-avid 
adrenal masses. After surgical resection of bilateral pheo-
chromocytomas, genetic testing confirmed the diagnosis 
of von Hippel-Lindau syndrome

20 Imaging Parathyroid and Neuroendocrine Tumors



468

a carcinoid tumor may be found obstructing 
the appendix at the time of appendectomy for 
acute appendicitis. Carcinoid tumors can 
secrete a wide range of vasoactive amines. The 
most common secretory product is serotonin, 
which can produce the classic carcinoid syn-
drome, with symptoms such as tachycardia, 
flushing, and bronchoconstriction. However, 
the carcinoid syndrome is extremely rare in 
children. Carcinoid tumors can be classified 
based on location (foregut, midgut, and hind-
gut) or histology. Typical carcinoids appear 
well differentiated, while atypical carcinoids 
are characterized by increased proliferation 
and nuclear atypia. Recently, there has been an 
attempt to provide a more detailed histological 

characterization of carcinoid tumors to grade 
tumors with proliferative index as a measure of 
malignant potential [90].

Imaging of carcinoid tumors depends on both 
anatomic and functional imaging. Nuclear medi-
cine imaging is focused depending upon the loca-
tion of the primary tumor. CT provides excellent 
anatomic imaging of bronchopulmonary carci-
noids but may detect only half of intra-abdominal 
carcinoid tumors. CT and MRI have higher 
 sensitivity for mesenteric or liver metastases 
[90]. In bronchopulmonary carcinoid tumors, 
FDG avidity may reflect malignant potential, 
with atypical carcinoids demonstrating higher 
uptake than typical carcinoid tumors (Fig. 20.13). 
In the abdomen, 18F-FDG PET is less useful, as 

a b

c

Fig. 20.9 Paravertebral paraganglioma localized with 
123I-MIBG scan. (a) An 123I-MIBG whole-body scan in 
anterior and posterior projections shows abnormal uptake 
in the right hemithorax. (b) MR of the chest also shows a 
heterogeneously enhancing T2 hyperintense right para-

vertebral mass. (c) Software co-registration of 123I-MIBG 
SPECT and MR images confirms that the paravertebral 
mass has abnormal 123I-MIBG avidity. The diagnosis of 
paraganglioma was made on surgical pathology
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carcinoid tumors may have variable uptake and 
small tumors may be obscured by physiological 
18F-FDG accumulation in the intestine and liver 
[91]. Both 111In-pentreotide and 123I-MIBG have 
high sensitivity (60–90 %) for carcinoid tumors, 
and the combined use of both agents may provide 
higher sensitivity. Typically, 111In-pentreotide is 
used as the first agent of choice as tumor uptake 
provides prognostic information about the poten-
tial tumor response to octreotide therapy [92]. 
Fluorine-18-DOPA and 68Ga-labeled PET agents 
have been used to evaluate carcinoid tumors, but 
these agents have not yet entered routine clinical 
use [92, 93].

 Gastro-Entero-Pancreatic (GEP) 
Tumors

As with other neuroendocrine tumors, the clini-
cal presentation of GEP tumors will reflect the 
specific peptides that are secreted by the tumor 
cells. In children and young adults, the most 
common of these tumors are insulinoma and 
gastrinoma. Occasionally, a GEP tumor will 
produce a syndrome of ectopic hormone produc-
tion. Nonsecretory GEP tumors will present first 
with a mass effect, for example, biliary or pan-
creatic duct obstruction, or as an incidental 
finding.

a b

c

Fig. 20.10 Iodine-123-MIBG SPECT and CT co-registra-
tion are useful to exclude recurrent tumor. (a) After resec-
tion of a large left suprarenal neuroblastoma, a 
postoperative restaging 123I-MIBG whole-body scan in 
anterior and posterior projections shows intense tracer 
accumulation in the left upper quadrant and a small focus 
of mild uptake in the right upper quadrant. (b) A contrast-
enhanced CT of the  abdomen shows a dilated left renal 

pelvis but no abnormal soft tissue masses to suggest resid-
ual or recurrent tumor. (c) Co-registration of 123I-MIBG 
SPECT and CT images demonstrates tracer accumulation 
in the left renal collecting system and confirms the absence 
of MIBG-avid tumor. 123I-MIBG SPECT/CT fusion images 
also confirmed physiological 123I-MIBG uptake in the right 
adrenal gland
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Insulinoma is one of the more common GEP 
tumors of childhood. Patients present with 
 episodic hypoglycemia, particularly after periods 
of relative fasting. For example, a child may pres-
ent with early-morning irritability, headaches, or 
hyperphagia due to hypoglycemia. Initial evalua-
tion may be directed at the behavioral and psy-
chosocial aspects of the disease, and recognition 
of hypoglycemia may be delayed. Some individ-
uals may develop symptoms of catecholamine 
excess, such as tachycardia and diaphoresis, in 
response to hypoglycemia. More severe or 
 prolonged hypoglycemia may cause confusion, 
lethargy, altered consciousness, or even seizures 
or coma. Documentation of hypoglycemia is 
required for diagnosis, which can be confirmed 
by demonstrating inappropriate insulin secretion 
despite hypoglycemia. Insulinomas typically are 
located in the pancreas and in 10 % of cases are 

multifocal. Insulinomas may occur as part of the 
multiple endocrine neoplasia (MEN) I syndrome, 
but most present as sporadic disease. Malignant 
insulinomas typically metastasize to local lymph 
nodes and the liver.

Gastrinomas secrete gastrin, which stimulates 
hypersecretion of gastric acid and causes the 
Zollinger-Ellison syndrome. The Zollinger- 
Ellison syndrome is characterized by gastritis, 
peptic ulcer disease, or esophagitis related to gas-
troesophageal reflux. Gastrinomas usually occur 
as sporadic tumors but also may be part of the 
MEN I syndrome. Gastrinomas frequently are 
multifocal and usually are located in the pancreas 
or duodenum but rarely may occur elsewhere in 
the gastrointestinal tract, liver, or lungs. Diagnosis 
of gastrinoma can be delayed when symptoms are 
treated initially with H2 blockers or proton pump 
inhibitors. This may explain why, by the time of 

a b

c

Fig. 20.12 Indium-131-pentreotide scan of an endobron-
chial carcinoid. (a) Whole-body 111In-pentreotide scan in the 
anterior projection shows a focus of abnormal moderate 
uptake near the right hilum. (b) Chest CT shows a 2 cm mass 

lesion obstructing the lower right bronchus. (c) Co-registration 
of 111In-pentreotide SPECT images and chest CT confirm that 
the abnormal pentetreotide avidity is in the endobronchial 
lesion, which was an endobronchial carcinoid
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diagnosis, gastrinomas may be larger and are more 
likely to be malignant than other  neuroendocrine 
tumors. When malignant, gastrinomas may dem-
onstrate local invasion and spread to local lymph 
nodes or distant metastases to the liver.

Other less common gastro-entero-pancreatic 
tumors occur very rarely in children and young 
adults. These include tumors that secrete vasoac-
tive intestinal peptide (VIPoma), glucagon (glu-
cagonoma), and somatostatin (somatostatinoma). 
Most of these tumors occur in the pancreas but 
can be found in the intestinal wall. In addition to 

type-specific hormone secretion, any of the  
neuroendocrine tumors may demonstrate ectopic 
hormone secretion. In children, ectopic hormone 
secretion by neuroendocrine tumors is unusual, 
but most common is ectopic secretion of ATCH, 
which will stimulate adrenal gland function to 
produce Cushing’s syndrome.

Prognosis and long-term survival of patients 
with neuroendocrine tumors depends on both the 
management of the syndrome of hormone excess 
and the characteristics and natural history of the 
tumor. In the past, morbidity and mortality 

a b

c

Fig. 20.13 18F-FDG PET of an endobronchial carcinoid. 
The patient shown in Fig. 20.12 also had an 18F-FDG-
PET. (a) The maximum intensity projection image shows 
mildly increased focal uptake near the right hilum. (b) 
Chest CT shows a 2 cm mass lesion obstructing the lower 

right bronchus. (c) Co-registration of PET and CT images 
confirms that the endobronchial lesion is FDG-avid. 
Therefore, in this patient, both 111In-pentreotide and 18F-
FDG were able to detect the carcinoid tumor
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occurred due to hormone excess, and long-term 
survival was most dependent on the control of the 
resulting symptoms. With the availability of drugs, 
such as octreotide, to suppress tumor function, the 
natural history of the tumor, such as likelihood of 
metastases, has become a more important deter-
minant of long-term survival. Complete surgical 
resection of a neuroendocrine tumor can produce 
a cure but depends upon accurate identification 
and localization of all sites of disease.

Localization of neuroendocrine tumors is used 
to identify all sites of disease, determine if surgi-
cal resection is possible, and assess response to 
therapy [94]. Demonstration of functional soma-
tostatin receptors also predicts the therapeutic 
response to somatostatin-receptor antagonists, 
such as octreotide (Sandostatin ®). Imaging stud-
ies should not be performed before the clinical 
diagnosis of neuroendocrine tumor has been 
confirmed. In the absence of a well-documented 
biochemical diagnosis, using imaging to explore 
for a suspected, but unconfirmed, neuroendocrine 
tumor risks incidental findings and misdiagnosis.

For a tumor that comes to attention as an inci-
dental finding on a CT or MRI, the site of the 
primary tumor and possibly metastases may be 
clearly defined. However, for the majority of neu-
roendocrine tumors that come to attention 
because of the symptoms produced by hormone 
secretion, the tumors may be smaller and more 
difficult to detect with conventional imaging. 
Wide ranges of sensitivities have been reported 
for the different methods of imaging used to 
image GEP tumors. CT, MRI, or angiography 
typically will detect less than half of all GEP 
tumors. A planar 111In-pentreotide scan has 
greater sensitivity (up to 70 %), but tumor size 
also affects the sensitivity of 111In-pentreotide 
scans, with lower sensitivity for tumors less than 
1 cm in size. Indium-111-pentreotide has higher 
specificity than other imaging methods. SPECT 
improves the accuracy of 111In-pentreotide imag-
ing. All imaging methods are reported to have 
greater sensitivity for liver metastases, but the 
relative performance of these different methods 
remains the same, with 111In-pentreotide scans 
having higher sensitivity than other imaging 

methods. For most GEP tumors, multimodality 
imaging, using either 111In-pentreotide SPECT/
CT or software fusion of 111In-pentreotide SPECT 
with either CT or MRI, may provide the most 
accurate approach for identifying both the pri-
mary site and the extent of disease.

When a GEP tumor is not detected by 
111In-pentreotide, the choice for second-
line imaging agent is not clear. Compared to 
111In-pentreotide, 123I-MIBG has much lower sen-
sitivity for GEP tumors and is less likely to detect 
primary or metastatic lesions [75, 95–97]. The 
utility of 18F-FDG PET may be limited by physi-
ological 18F-FDG uptake in the liver and an intes-
tine, which may obscure sites of disease [98]. 
However, FDG avidity may be greatest in poorly 
differentiated tumors, so that 18F-FDG PET may 
complement 111In-pentreotide and be most useful 
when an aggressive, poorly differentiated GEP 
tumor is not detected by 111In-pentreotide [75, 
97]. Although not yet available for routine clinical 
use, PET radiopharmaceuticals labeled with 68Ga 
such as 68Ga-DOTA-TOC and 68Ga-DOTATATE 
have high sensitivity for GEP tumors [75, 98].

 Medullary Thyroid Cancer

Medullary thyroid cancer develops from parafol-
licular C cells found in the thyroid gland. Most 
cases appear to be sporadic, but there is a strong 
relationship between medullary thyroid cancer 
and the multiple endocrine neoplasia syndromes. 
Nearly every individual with MEN-1 will 
develop medullary thyroid cancer. Definitive 
therapy of medullary thyroid cancer is surgical 
resection of the thyroid. The role of functional 
imaging in the evaluation of medullary thyroid 
cancer has not been well studied, particularly in 
children. FDG- PET and PET/CT have been used 
to localize recurrent disease but do not seem to 
have a role in the initial evaluation of disease 
[99]. The use of other PET agents, such as 
18F-DOPA and 68Ga-DOTATATE, has been 
reported, but the clinical role and utility of these 
agents have not been confirmed for medullary 
thyroid cancer.
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 Congenital Hyperinsulinism

Congenital hyperinsulinism (sometimes called 
nesidioblastosis or islet-cell hyperplasia) pres-
ents as recurrent or persistent hypoglycemia 
resulting from inappropriate pancreatic secretion 
of insulin. It typically presents as severe or life- 
threatening hypoglycemia in neonates or infants, 
but occasionally, the diagnosis is delayed until 
during the first year of life. Congenital hyperin-
sulinism reflects an underlying abnormality in the 
insulin-secreting beta cells of the pancreas. Many 
patients will respond to medical therapy, but oth-
ers will require pancreatic surgery, which can be 
guided by nuclear medicine imaging. Medical 
therapies include diazoxide, which acts through 
the KATP channel to inhibit insulin secretion. 
Some patients are responsive to octreotide, which 
acts through somatostatin receptors to suppress 
insulin secretion. Diazoxide or octreotide can be 
used successfully for long-term management in 
about half the children with congenital hyperin-
sulinism [100, 101]. With age and maturation, 
many patients have resolution of disease and can 
be weaned from pharmacological therapy.

In patients unresponsive to pharmacological 
therapy, blood glucose levels must be maintained 
with glucose infusions or with frequent or con-
tinuous feedings. These patients remain at high 
risk for recurrent hypoglycemia with a high risk 
of brain damage and may be candidates for pan-
creatic surgery. The histological pattern of beta- 
cell hyperplasia affects the surgical approach to 
therapy [101, 102]. Focal congenital hyperinsu-
linism involves only a small region of the pan-
creas, and local surgical resection or partial 
pancreatectomy can be curative. Diffuse congeni-
tal hyperinsulinism involves all beta cells in the 
pancreas, and subtotal pancreatectomy may be 
required in these patients. With a loss of nearly 
all the pancreas, these patients can be at risk for 
both persistent hyperinsulinism and insulin- 
dependent diabetes mellitus and ideally receive 
surgery and postoperative care from a multidisci-
plinary team experienced in the treatment of con-
genital hyperinsulinism [100]. Atypical 
congenital hyperinsulinism is less well defined 
than the other two categories but has been 

reported to have a diffuse pattern of involvement 
in a large region of the pancreas.

Conventional cross-sectional imaging, such as 
CT or MRI, typically is not helpful in the preop-
erative evaluation of congenital hyperinsulinism 
[100]. In the past, standard surgical practice 
included intraoperative biopsies to determine if 
beta-cell abnormalities were focal or diffuse. 
Most centers with extensive experience in the 
surgical treatment of congenital hyperinsulinism 
now use 18F-DOPA PET for routine preoperative 
evaluation, as it is highly accurate in differentiat-
ing focal and local disease. Although some stud-
ies using PET alone had suggested that 18F-DOPA 
PET cannot always localize the site of focal 
uptake [103], this concern has been resolved with 
the use of hybrid imaging, such as PET/CT [104]. 
However, the expected pattern of abnormal 
18F-DOPA uptake still is not well defined in the 
small group of patients with a possible atypical 
histological pattern of disease.
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        As a group, lymphomas are the third most common 
malignancy in children [ 1 ] and represent more than 
a quarter of all new malignancies in older teenagers 
[ 2 ]. Two-thirds are Hodgkin disease and the 
remainder includes a diverse group of lymphoid 
malignancies, the non- Hodgkin lymphomas. Most 
childhood non- Hodgkin lymphomas are aggres-
sive, and unlike in adults, indolent lymphomas are 
rare in children. Most lymphomas present as pain-
less lymph node enlargement that is apparent on 
physical examination or on conventional imaging 
studies, such as chest radiograph or CT [ 3 ]. At the 
time of diagnosis, more than two-thirds of patients 
with Hodgkin’s disease have a mediastinal mass 
apparent on chest radiograph [ 4 ]. 

 Most traditional staging schemes relied on 
anatomical imaging fi ndings, with gallium scans 

used as a complementary study in patients with 
Hodgkin’s disease. In the past decade,  18 F-FDG 
PET or PET/CT has become the standard imag-
ing procedure for pediatric and adult lymphomas. 
However, when access to PET/CT is limited due to 
regulatory policy or location, whole-body gallium 
scans may continue to have a role in imaging lym-
phomas. Accurate interpretation of  18 F-FDG PET/
CT requires familiarity with the patterns of FDG 
biodistribution (see    Chap   3     PET and PET/CT in 
Children and Young Adults), understanding of 
the normal biology of Hodgkin’s disease and the 
non-Hodgkin lymphomas, and awareness of other 
malignant and benign diseases whose  18 F-FDG-
PET appearance may resemble lymphoma. The 
appropriate utilization of  18 F-FDG-PET for evalu-
ating pediatric lymphomas is a rapidly evolving 
topic. Ongoing clinical studies should help to bet-
ter defi ne the appropriate use of  18 F-FDG PET and 
PET/CT for staging, assessing the response to ther-
apy, and follow-up surveillance of both Hodgkin’s 
disease and the non-Hodgkin lymphomas. 

    Methods 

 Flourine-18-FDG PET or PET/CT has become 
part of the standard imaging procedures used for 
both Hodgkin’s disease and non-Hodgkin lym-
phomas (see Chap   3    ). Gallium scans still are used 
to image patients with Hodgkin’s disease when 
PET/CT is not available. 
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     67 Ga-Gallium Scan 

    Radiopharmaceutical 
 Gallium-67 (physical half-life of 78.3 h) decays 
by electron capture to emit gamma emission of 
multiple energies, of which the most abundant 
are 93 keV, 184 keV, and 296 keV. Gallium-67 is 
a cyclotron product that is produced by the 
nuclear reaction  68 Zn (p, 2n)  67 Ga. Gallium-67 is 
administered intravenously as the citrate salt 
([ 67 Ga]-gallium citrate) at a typical adult dose of 
74–220 mBq (2–6 mCi), but up to 330 mBq 
(9 mCi) may be given in larger patients. In chil-
dren, the typical administered dose is 1.5–2.6 
mBq/kg (0.04–0.07 mCi/kg), with a minimum 
dose of 9–18 MBq (0.25–0.5 mCi) and maximum 
dose of 220 mBq (6 mCi) [ 5 ].  

    Gallium Scan 
 For oncological imaging, whole-body imaging 
typically is performed 48 h after the administra-
tion of [ 67 Ga] gallium citrate. A whole-body scan 
can be acquired as a whole-body sweep or with 
multiple planar images. A whole-body sweep is 
acquired for a total of 1.5–2 million counts, while 
regional planar images of the torso typically are 
acquired to obtain 250,000–1,000,000 million 
counts. SPECT of the torso frequently will assist 
in localizing sites of abnormal uptake. Gallium is 
excreted through both the genitourinary and gas-
trointestinal tracts, and fi ndings may be obscured 
by excreted   67 Ga accumulation in the gut. In this 
case, delayed images of the abdomen and pelvis 
acquired 72–96 h after tracer administration may 
assist image interpretation.   

     18 F-FDG PET and  18 F-FDG PET/CT 

    Radiopharmaceutical 
 Fluorine-18-fl uoro-2-deoxyglucose ( 18 F-FDG) is a 
glucose analogue labeled with  18 F. Fluorine-18-
FDG is taken into cells through one of the trans-
membrane glucose transporters, but does not enter 
the  energy-producing metabolic pathways [ 6 ]. 
Insulin-mediated stimulation of expression of some 
glucose transporters (GLUT-4) will increase cellu-
lar uptake of  18 F-FDG in insulin-sensitive tissues 
such as skeletal muscle, liver, and myocardium [ 7 ]. 

Fluorine-18-FDG is phosphorylated by cellular 
hexokinases, but after monophosphorylation, 
FDG-6 phosphate cannot be further phosphory-
lated and is trapped in the cell [ 8 ], which provides 
a mechanism for amplifi cation of the   18 F signal. 
The North American consensus guidelines [ 9 ] rec-
ommend a pediatric dose of 3.7–5.2 MBq/kg 
(0.10–90.14 mCi/kg) for torso/whole-body imag-
ing with a minimum dose of 37 MBq (1.0 mCi).  

     18 F-FDG PET and PET/CT 
 Fluorine-18-FDG-PET has greater sensitivity 
than gallium scan for identifying sites of lym-
phoma [ 4 ,  10 ], particularly in the abdomen where 
bowel excretion of  67 Ga may obscure sites of dis-
ease [ 11 ,  12 ]. However,  18 F-FDG PET can be lim-
ited by intense  18 F-FDG uptake in brown adipose 
tissue, which is not a concern with gallium scans 
[ 13 ]. Fluorine-18-FDG uptake in brown adipose 
tissue can obscure an adjacent site of residual dis-
ease. Although uptake in brown adipose tissue 
may be less prominent in patients with extensive 
disease [ 14 ], interference from brown adipose tis-
sue may be of most concern when looking for 
sites of minimal residual disease. Therefore, when 
imaging lymphoma, particular efforts should be 
made to prepare or pretreat patients to limit uptake 
in brown adipose tissue (see Chap   3    ) [ 15 ,  16 ]. 

 The combination of  18 F-FDG PET and CT 
provides optimal disease localization and 
improved specifi city for staging pediatric lym-
phoma, particularly Hodgkin’s disease [ 17 – 19 ]. 
Although the combination of PET and CT can be 
accomplished with software co-registration of 
PET and CT studies, most PET/CT studies are 
acquired on hybrid PET/CT scanners.    

    Clinical 

    Hodgkin’s Disease 

 In pediatric oncology, Hodgkin’s disease is more 
common in teenagers and young adults but also 
can occur in children less than 10 years of age 
[ 1 ]. Hodgkin’s disease can be categorized as 
either classic type (more common) or nonclas-
sic type (uncommon). Classic Hodgkin’s  disease 
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includes a number of subtypes, including the 
nodular sclerosis subtype, which accounts for 
over three- quarters of pediatric Hodgkin’s 
disease. Other classic subtypes include the 
 lymphocyte-rich, lymphocyte-depleted, and 
mixed cellularity subtypes [ 20 ]. Nodular lym-
phocyte-predominant Hodgkin’s disease is a 
nonclassic type of Hodgkin’s disease that is 
much less common than the classic subtypes [ 21 , 
 22 ]. Compared to other forms of Hodgkin’s dis-
ease, nodular lymphocyte- predominant disease 
is less likely to involve the mediastinum [ 22 ]. 
The histological classifi cation of Hodgkin’s dis-
ease can affect prognosis and may infl uence the 
choice of therapy, but usually does not change 
the approach to imaging. 

 Typical therapy for Hodgkin’s disease includes 
systemic chemotherapy and radiation therapy of 
involved regions. Most patients undergo remission 
with standard chemotherapy and involved- fi eld 
radiation therapy, but a small number of patients 
require more aggressive chemotherapy or bone 
marrow transplantation [ 23 ,  24 ]. With adequate 
therapy, pediatric Hodgkin’s disease has an excel-
lent prognosis, with overall survival of approxi-
mately 95 % [ 25 ]. With this high rate of survival 
has come an increased recognition of drug side 
effects and the late effects of therapy [ 2 ,  3 ,  26 ,  27 ], 
which has encouraged attempts to minimize ther-
apy, such as altering chemotherapy regimens or 
decreasing or eliminating radiation therapy [ 3 ]. As 
efforts are made to modify standard therapies and 
institute response-adapted therapy,  18 F-FDG PET 
or PET/CT will have a greater role in both staging 
and assessing the response to therapy [ 28 ]. 

 The Ann Arbor staging system with Cotswolds 
modifi cations [ 29 – 32 ] is the standard staging sys-
tem for Hodgkin’s disease. It classifi es Hodgkin’s 
disease into four major stages (I–IV) based on 
the number and location of lymph node regions 
and extranodal sites with disease involvement. 
Additional subcategories indicate the presence 
of contiguous spread of disease from an involved 
lymph node into a single site of contiguous extra-
nodal soft tissue (E), splenic involvement (S), 
and bulky disease (X) [ 31 ,  32 ] (Table  21.1 ). A 
single lymph node region may include lymph 
nodes from a number of anatomic lymph node 
groups as, for the most part, these lymph node 

regions refl ect traditional radiation therapy fi elds 
and have been agreed to by convention [ 31 ].

   Patients with Hodgkin’s disease also are 
staged on the basis of constitutional symptoms. 
Group A includes asymptomatic patients and 
group B includes patients with unexplained fever, 
weight loss, or night sweats. For most treatment 
plans and clinical trials, staging and clinical fea-
tures are used to stratify patients into low-, inter-
mediate-, and high-risk disease, but there are no 

   Table 21.1    Modifi ed Ann Arbor staging system for 
Hodgkin’s disease   

  Anatomic staging  
 Stage I  Involvement of a single lymphatic site (i.e., 

nodal region, Waldeyer’s ring, thymus, or 
spleen) (I) or 
localized involvement of a single 
extralymphatic organ or site in the absence 
of any lymph node involvement (IE) 

 Stage II  Involvement of two or more lymph node 
regions on the same side of the diaphragm (II), 
or localized involvement of a single 
extralymphatic organ or site in association with 
regional lymph node involvement with or 
without involvement of other lymph node 
regions on the same side of the diaphragm (IIE) 

 Stage III  Involvement of lymph node regions on both 
sides of the diaphragm (III), which also may 
be accompanied by extralymphatic extension 
in association with adjacent lymph node 
involvement (IIIE) or by involvement of the 
spleen (IIIS) or both (IIIE,S) 

 Stage IV  Diffuse or disseminated involvement of one 
or more extralymphatic organs, with or 
without associated lymph node involvement, 
or isolated extralymphatic organ involvement 
in the absence of adjacent regional lymph 
node involvement, but in conjunction with 
disease in distant sites(s). Stage IV includes 
an involvement of the liver or bone marrow, 
lungs (other than by direct extension from 
another site), or cerebrospinal fl uid 

  Designations applicable to any stage  
 A  No symptoms 
 B  Fever (temperature >38 °C), drenching night 

sweats, unexplained loss of >10 % of body 
weight within the preceding 6 months 

 E  Involvement of a single extranodal site that 
is adjacent to a known lymph node site 

 S  Splenic involvement 

  Used with permission of the American Joint Committee 
on Cancer, Chicago, Illinois. The original source for this 
material is the  AJCC Cancer Staging Manual , Seventh 
Edition (2010) published by Springer Science + Business 
Media LLC,   www.springer.com      
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standardized criteria for risk assignment [ 3 ,  33 ]. 
Fluorine-18-FDG PET and PET/CT have become 
an important part of imaging pediatric Hodgkin’s 
disease for staging and evaluating the response to 
therapy. The role of  18 F-FDG PET or PET/CT in 
follow-up imaging to assess for disease recur-
rence is less clear. 

    Staging 
 Most studies demonstrating a role for  18 F-FDG 
PET in staging Hodgkin’s disease have been per-
formed in adults, but  18 F-FDG PET also has a role 
in staging pediatric Hodgkin’s disease (Fig.  21.1 ) 
[ 34 ,  35 ]. A staging  18 F-FDG PET or PET/CT for 
pediatric Hodgkin’s disease may include either 
the whole body (head to toes) or only the torso 
(skull base to thighs). Some guidelines [ 36 ] rec-
ommend routine whole-body  18 F-FDG PET/CT 

for the initial staging of pediatric Hodgkin’s dis-
ease. However, a whole-body study rarely will 
identify additional sites of Hodgkin’s disease that 
will infl uence therapy [ 37 ]. If a whole-body  
18  F- FDG PET/CT is used for initial staging and 
identifi es no disease outside the fi eld of view of a 
torso scan, then subsequent follow-up  18 F-FDG 
PET/CT can be limited to the torso [ 37 ].

   Both  67 Ga-gallium scan and  18 F-FDG PET 
may identify pathology unrelated to Hodgkin’s 
disease. Gallium scan may identify infection and 
benign skeletal abnormalities, such as fractures 
and benign bone lesions. Compared to gallium 
scan,  18 F-FDG PET has a different range of non-
specifi city and may be more sensitive for infec-
tion, such as pneumonia, and unrelated neoplasms 
[ 11 ,  38 ]. Hodgkin’s disease typically extends to 
contiguous lymph node sites and rarely has a 

a b c

  Fig. 21.1    Using  18 F-FDG PET and PET/CT to stage 
Hodgkin’s disease. Fluorine-18-FDG PET has a role when 
using the modifi ed Ann Arbor criteria for staging pediatric 
Hodgkin’s disease. ( a ) Stage II: In a 16-year-old male with 
stage II nodular sclerosis classic Hodgkin’s disease, there 
is FDG-avid disease in the mediastinum and right supra-
clavicular lymph nodes. No FDG-avid disease is identifi ed 
below the diaphragm. ( b ) Stage III: In a 15-year-old male 
with stage III nodular sclerosis classic Hodgkin’s disease, 
there is FDG-avid disease in the mediastinum and lymph 
nodes of both supraclavicular regions, as well as in a single 

FDG-avid para-aortic retroperitoneal lymph node (con-
fi rmed with PET/CT). Diffusely increased uptake in the 
expected locations of bone marrow is a frequent fi nding in 
patients with Hodgkin’s disease and does not represent 
widespread disease involvement. ( c ) Stage III: In a 
13-year-old male with stage III lymphocyte- predominant 
Hodgkin’s disease, there is widespread FDG-avid disease 
in numerous lymph nodes above and below the diaphragm 
and focal involvement of the spleen. Typical of lympho-
cyte-predominant Hodgkin’s disease, there is limited 
involvement of mediastinal lymph nodes       
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single site of distant disease. An imaging abnor-
mality, on either gallium scan or  18 F-FDG PET, 
that does not conform to this pattern requires fur-
ther characterization to determine if it is another 
site of Hodgkin’s disease or represents an unre-
lated pathology [ 38 ]. 

  18 F-FDG PET is more accurate than conven-
tional imaging, including CT, in identifying sites 
of Hodgkin’s disease [ 39 ].  18  F- FDG PET/CT out-
performs diagnostic CT at identifying disease in 
small lymph nodes that do not meet CT criteria 

for disease, as well as fi nding disease in bone 
marrow, spleen, and liver [ 40 ]. However, in the 
unusual circumstance of lung involvement by 
Hodgkin’s disease, diagnostic CT has greater 
sensitivity than  18 F-FDG PET for identifying 
small pulmonary nodules [ 41 ]. Thus, the combi-
nation of torso  18 F-FDG PET/CT and a diagnostic 
chest CT may provide optimal disease localiza-
tion and improved specifi city for staging pediat-
ric Hodgkin’s disease (Figs.  21.1  and  21.2 ) 
[ 17 – 19 ].

a b

c

d

  Fig. 21.2      18  F- FDG PET/CT to evaluate advanced stage 
Hodgkin’s disease. ( a ) In a 17-year-old female with stage 
IV nodular sclerosis classic Hodgkin’s disease, the MIP of 
an FDG-PET shows widespread disease involvement in 
the chest that is further characterized with PET/CT. ( b ) 
Transaxial  18  F- FDG PET image shows extensive FDG-
avid disease in the mediastinum and in the right hemitho-

rax. ( c ) Transaxial CT image shows marked mediastinal 
lymphadenopathy and a large consolidative mass involv-
ing the right middle lobe (the small pneumothorax refl ects 
a recent thoracotomy for tissue sampling). ( d ) 
Co-registration of PET and CT images confi rms that the 
mediastinal lymph nodes and right lung mass both repre-
sent FDG-avid disease       
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   Visual assessment of  18 F-FDG uptake is 
appropriate for assessing a response to therapy. 
The use of standard uptake value (SUV) is not 
required [ 42 ]. In part, this refl ects that even with 
well-controlled conditions, SUV values may 
vary by up to 20–25 % [ 43 ]. Therefore, clinically 
meaningful changes in uptake should be apparent 
by visual inspection. Ideally, uptake is compared 
to a standard region or background.  18 F-FDG 
accumulation in the mediastinal blood pool can 
provide an appropriate background for compari-
son [ 42 ,  44 ]. 

 The appropriate use of  18 F-FDG PET/CT for 
evaluating bone marrow involvement with 
Hodgkin’s disease is in transition. Among 
patients of all ages, bone marrow involvement 
may be identifi ed in up to one-fourth of all cases, 
but the incidence of marrow disease is closer to 
5 % in pediatric Hodgkin’s disease [ 45 ]. Bone 
marrow biopsy, usually in the iliac crest, remains 
the standard staging study for identifying marrow 
involvement in patients with Hodgkin’s disease. 
However, bone marrow biopsy may be limited by 
sampling error due to the focal pattern of marrow 
involvement [ 45 ,  46 ]. Recent reports [ 45 ,  47 ] 
suggest that  18 F-FDG PET/CT may perform bet-
ter than biopsy for detecting bone marrow 
involvement. The pattern of abnormal  18 F-FDG 
uptake is an important characteristic, as abnormal 
focal FDG avidity likely represents disease, 
while diffusely increased FDG avidity is unlikely 
to be disease and much more likely to represent 
an infl ammatory response related to Hodgkin’s 
disease [ 48 ]. Although rare, cortical bone 
involvement can be detected by  18 F-FDG PET, 
and there is no role for bone scintigraphy in the 
staging of Hodgkin’s disease [ 49 ]. 

 The overall effect on patient outcome of using 
 18 F-FDG PET or PET/CT to stage pediatric 
Hodgkin’s disease remains unclear. Using  18  F-FDG 
PET for staging can improve outcome by helping 
to better defi ne sites of disease to be included in 
involved-fi eld radiation therapy [ 40 ]. Fluorine-
18-FDG PET fi ndings may alter radiation ther-
apy treatment planning in up to one-fi fth of 
patients [ 50 ,  51 ]. On the other hand, when  18 F-
FDG PET or PET/CT is used for staging, patients 
may be staged at a higher stage (upstaged) and 

receive more intensive therapy than if they had 
been staged with CT alone. As current therapies 
for pediatric Hodgkin’s disease are associated 
with a high likelihood of cure, upstaging could 
lead to more therapy with little additional 
improvement in outcome. Because of this, ongo-
ing studies are investigating the feasibility of 
using less intensive therapy in patients that are 
staged with  18  F-FDG PET/CT.  

    Response to Therapy 
 The response of Hodgkin’s disease to therapy can 
be assessed at the completion of planned therapy 
(restaging) or at an interim time point during 
therapy. Until recently, the response to therapy of 
pediatric Hodgkin’s disease was assessed simi-
larly to other solid tumors and used anatomic 
imaging measurements of disease lesions. 
However, these techniques can underestimate the 
response to therapy of Hodgkin’s disease. Even 
after cure, patients with Hodgkin’s disease may 
have measurable lymph node enlargement and 
residual soft tissue masses. Therefore, the 
International Harmonization Project was estab-
lished to develop response criteria that included 
both anatomic and metabolic measures in patients 
with lymphoma. The resulting guidelines [ 44 ,  52 , 
 53 ] provide one set of consensus criteria to assess 
end of therapy response to therapy. These criteria 
defi ne four levels of response: complete response 
(CR), partial response (PR), stable disease (SD), 
or progression/relapse (PD), in patients with 
Hodgkin’s disease or non-Hodgkin lymphoma. 
Other standardized criteria have been proposed 
for using  18 F-FDG PET/CT to assess the response 
to therapy at an interim time before completion 
of planned therapy [ 53 – 55 ]. However, all of these 
guidelines were designed for adult patients and 
have not been validated in pediatric patients. 

 Using the response to therapy to guide therapy 
is a rapidly evolving topic. A minority of patients 
will have residual FDG avidity after completion 
of therapy. This fi nding indicates a poorer prog-
nosis and is used to guide future therapy, but it is 
not clear that image-guided changes in therapy 
alter the prognosis in this group of patients. On 
the other hand, a patient with early resolution of 
FDG-avid disease may have a better prognosis 
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than most patients, but the appropriate changes in 
therapy in response to early resolution of FDG 
avidity remain under study.  

   Follow-up Surveillance 
 The role of  18 F-FDG PET or PET/CT in follow- up 
surveillance of patients treated for pediatric 
Hodgkin’s disease has not been resolved. Flourine-
18-FDG PET/CT frequently is used for long-term 
surveillance in adult Hodgkin’s disease patients 
and may have a role for follow-up of other pediat-
ric lymphomas. However, there has been no defi ni-
tive study demonstrating a role for  18 F-FDG PET 
or PET/CT in the long-term follow-up of patients 
treated for pediatric Hodgkin’s disease.   

    Non-Hodgkin Lymphoma 

 Non-Hodgkin lymphoma includes a wide variety 
of lymphoid tumors with a range of incidence and 
prognosis [ 2 ,  56 ] that account for approximately 
7 % of cancers in children [ 1 ]. In children, indo-
lent lymphoma is rare, and the most common 
forms of non-Hodgkin lymphoma are Burkitt’s 
lymphoma, diffuse large B-cell lymphoma, ana-
plastic large cell lymphoma, and lymphoblastic 
lymphoma. Primary mediastinal B-cell lymphoma 
previously was categorized as a diffuse large 
B-cell lymphoma but now is considered a separate 
category of non-Hodgkin lymphoma [ 57 ]. The 
prevalence of different lymphomas depends on 
age. In teenagers, diffuse large B-cell lymphoma 
is the most common non-Hodgkin lymphoma, 
while sporadic Burkitt’s lymphoma and lympho-
blastic lymphoma are extremely rare in older chil-
dren. In younger children, Burkitt’s lymphoma is 
the most common non-Hodgkin lymphoma [ 2 ]. A 
common presentation of Burkitt’s lymphoma is as 
a single lesion in the intestine, frequently accom-
panied by intussusception. Lymphoblastic lym-
phoma and primary mediastinal B-cell lymphoma 
nearly always present as a mediastinal mass. 
Lymphoblastic lymphoma typically is treated 
similarly to acute lymphoblastic leukemia [ 2 ]. 
Diffuse large B-cell lymphoma and anaplastic 
large cell lymphoma are more likely to present 
with widespread disease. 

 Even with current appropriate therapy, overall 
survival is lower in children with the non- 
Hodgkin lymphomas than with Hodgkin’s dis-
ease [ 1 ,  2 ]. Overall survival for pediatric patients 
with non-Hodgkin lymphomas is nearly 85 %, 
although outcome varies and depends on the his-
tology and extent of disease. Patients with local-
ized diffuse large B-cell lymphoma or localized 
Burkitt’s lymphoma may have an overall survival 
of greater than 95 % [ 2 ]. Widespread disease is 
more common with non-Hodgkin lymphoma 
than with Hodgkin’s disease. 

 The most commonly used clinical staging 
classifi cation system for pediatric non-Hodgkin 
lymphoma was fi rst reported by Murphy [ 58 ] and 
frequently is referred to as the St. Jude staging 
system. It uses the number and location of 
involved lymph nodes and location of any extra-
nodal disease to classify pediatric non-Hodgkin 
lymphomas into four staging groups [ 56 ,  58 ,  59 ]. 
In this staging system, stage I indicates disease in 
a single lymph node site or a single extranodal 
tumor but excludes primary disease in the medi-
astinum or abdomen. Stage II indicates two or 
more sites of disease (nodal or extranodal) on one 
side of the diaphragm, while stage III indicates 
disease on both sides of the diaphragm. Primary 
intrathoracic tumors, including disease involving 
the mediastinum, pleura, or thymus, and paraspi-
nal or epidural tumors are included in stage III. In 
the abdomen, localized resectable gastrointesti-
nal disease is staged as stage II, while stage III 
includes more extensive intra-abdominal primary 
disease. Stage IV indicates initial disease within 
the central nervous system or bone marrow. 

 Occasionally, non-Hodgkin lymphoma may 
present without apparent lymph node involve-
ment, but this is less common in children than in 
adults [ 60 ]. In children, the most common sub-
type of primary extranodal lymphoma is diffuse 
large B-cell lymphoma, but all other subtypes 
have been reported to present with primary extra-
nodal disease. The two most common sites of pri-
mary extranodal lymphoma in children are the 
skeleton and the central nervous system. 

 Primary lymphoma of bone can occur any-
where in the skeleton but usually occurs in bones 
containing active bone marrow, such as the femur 
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[ 61 ]. At presentation, primary lymphoma of the 
bone may be confused with nonmalignant osse-
ous conditions, including osteomyelitis and pri-
mary bone lesions, such as osteoid osteoma [ 62 , 
 63 ], and rarely will present with a pathological 
fracture [ 61 ]. Primary bone lymphoma typically 
has an excellent response to chemotherapy [ 64 ]. 

 Primary central nervous system lymphoma 
can occur in either the brain or the leptomeninges 
[ 65 ]. Primary central nervous system lymphoma 
typically has been thought of as a disease of 
immunodefi ciency, but most cases occur in 
immunocompetent children [ 66 ,  67 ]. Before a 
diagnosis is made, primary central nervous sys-
tem lymphoma may be confused with vascular 
disease, infection, or primary brain tumor. 
Histological diagnosis of a central nervous sys-
tem lymphoma may be made by tumor resection, 
tissue biopsy, or analysis of cerebrospinal fl uid. 

   Staging 
 Initial staging of non-Hodgkin lymphoma usu-
ally is performed with CT scan, although MRI 
may be used to assess suspected sites of disease 
in the skeleton or brain. Fluorine-18-FDG PET/CT 
may detect additional sites of disease, but may not 
identify additional sites of clinically important 
disease for staging most types of non-Hodgkin 
lymphoma (Fig.  21.3 ) [ 68 ]. This may, in part, 
refl ect the higher rate of widespread disease in 
patients with non-Hodgkin’s lymphoma. In a 
patient being treated with systemic chemother-
apy for widespread disease, fi nding additional 
sites of disease may have little impact on staging 
or planned therapy. As a result,  18 F-FDG PET/CT 
rarely has been used for initial staging of pediat-
ric non-Hodgkin’s lymphoma. One exception has 
been the use of  18  F- FDG PET/CT for staging 
Burkitt’s lymphoma (Fig.  21.4 ).

    Burkitt’s lymphoma frequently occurs as a 
single site of disease, and  18 F-FDG PET/CT can 
help guide initial therapy by confi rming that there 
are no other sites of disease. Burkitt’s lymphoma 
presenting as a single site of disease has a high 
cure rate with surgical resection followed by lim-
ited chemotherapy. The most typical locations for 
Burkitt’s lymphoma are the abdomen and the 
head and neck [ 35 ]. A common presentation of 

Burkitt’s lymphoma is as a single lesion in the 
intestine, frequently accompanied by intussus-
ception. This usually represents primary lymph 
node disease rather than primary involvement of 
the intestinal wall. Abdominal Burkitt’s lymphoma 

  Fig. 21.3     18  F- FDG PET/CT in pediatric patients with non-
Hodgkin lymphoma. ( a ) In a 15-year-old male with ana-
plastic large cell lymphoma, the MIP of an  18  F- FDG PET 
demonstrates the typical widespread involvement of dis-
ease. FDG-avid disease is identifi ed in cervical, mediastinal, 
hilar, retroperitoneal, and pelvic lymph nodes, and there is 
focal involvement of the spleen and bone marrow, including 
in the right humerus, spine, pelvis, and right femur. ( b ) In a 
13-year-old girl with primary mediastinal B-cell lymphoma, 
the MIP of an  18  F- FDG PET shows a large FDG-avid mass 
in the chest that is evaluated with  18  F- FDG PET/CT. ( c ) 
Transaxial  18  F- FDG PET image shows a thick rim of FDG-
avid disease in the mid- chest. ( d ) Transaxial CT shows a 
large anterior mediastinal mass with posterior displacement 
of mediastinal structures. ( e ) Co-registration of PET and CT 
images confi rms that the large anterior mediastinal mass 
represents FDG-avid disease         
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Fig. 21.3 (continued)

also may present with widespread lymph node 
involvement. In a patient discovered with a single 
site of abdominal Burkitt’s lymphoma,  18  F-FDG 
PET/CT can be used to confi rm that there are no 
other sites of disease.  

   Response to Therapy and Follow-Up 
 For pediatric patients with a non-Hodgkin lym-
phoma, there is limited information on the use of 
 18 F-FDG PET/CT either to assess a response to 
therapy or for follow-up surveillance. In adults 
with non-Hodgkin lymphoma, the  18  F-FDG PET 
response after two cycles of chemotherapy is cor-
related with outcome and is used to guide changes 
in therapy. However, in children,  18 F-FDG PET/
CT may have more value for restaging non-Hodg-
kin lymphoma at the completion of treatment. As 
with Hodgkin’s disease, FDG avidity may be a 

better indicator than CT for identifying sites of 
persistent non-Hodgkin lymphoma at the end of 
therapy [ 68 ,  69 ]. There is no clear role for  18 F-
FDG PET/CT in surveillance for recurrence of 
non-Hodgkin lymphoma. However, when 
 recurrent disease is detected, then  18 F-FDG PET/
CT can be useful for restaging in anticipation of 
therapy.   

    Posttransplantation and 
Immunodefi ciency-Related 
Lymphoproliferative Disorders 

 Children with acquired or inherited immune defi -
ciency may develop lymphoproliferative disease 
and are at increased risk for lymphoma [ 70 ]. 
Posttransplantation lymphoproliferative disorder 
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(PTLD) may be the most common posttransplant 
malignancy in children [ 71 ,  72 ]. The risk of 
developing PTLD is greatest during the fi rst year 
after transplantation [ 73 ]. PTLD occurs in up to 
one-quarter of children receiving a solid organ 
transplant [ 72 ], but the risk of PTLD depends on 
the type of organ transplant. The risk is highest in 
individuals with combined heart/lung or with 
bowel transplant and is lowest in recipients of a 
kidney transplant [ 74 ]. Other risk factors PTLD 
include an EBV-negative recipient (a common 
risk factor for children) and the intensity of 
immunosuppressive therapy [ 75 ]. Most PTLD is 
of B-cell origin and up to 90 % of cases are asso-
ciated with Epstein-Barr virus infection [ 72 ,  76 , 
 77 ]. PTLD can range from indolent lymphopro-
liferation to aggressive lymphoma and has been 
divided into four pathological categories: (1) 
reactive lymphoid proliferation; (2) polymorphic 
PTLD, characterized by heterogeneous popula-
tions of lymphocytes; (3) monomorphic PTLD, 
meeting histological criteria for non-Hodgkin’s 
lymphoma; and (4) Hodgkin-type PTLD. Of 
these, polymorphic PTLD is the most common 
form of PTLD in pediatric transplant recipients 
[ 72 ]. However, many cases may not fi t clearly 
into one of these categories [ 73 ,  75 ]. Although 
most high-grade PTLD is a non-Hodgkin lym-
phoma, approximately one-fourth of cases may 
be Hodgkin-type PTLD [ 75 ]. 

 First-line therapy for PTLD includes a reduc-
tion in immunosuppression. This increases the 
risk of transplant rejection, which can be more 
critical with heart, lung, and liver transplants and 
less critical with kidney transplants. Antiviral 
therapy may have a role, especially in patients 
with high EBV titers, but the appropriate man-
agement of antiviral therapy remains controver-
sial [ 75 ]. Patients with an inadequate response to 
these measures or with aggressive disease are 
treated with standard chemotherapy, similar to 
that used to treat non-Hodgkin lymphoma in 
immunocompetent patients. However, transplant 
patients may be at higher risk of chemotherapy- 
related infectious complications. Radiation ther-
apy and surgery are rarely used to treat PTLD, 
except in cases of limited or localized disease or 
when the primary site is the central nervous 
 system [ 78 ]. Immunotherapy has gained an 

a

  Fig. 21.4    Using  18  F- FDG PET/CT to evaluate Burkitt’s 
lymphoma. ( a ) In a 14-year-old boy presenting with a large 
mass in the right axilla, tissue biopsy revealed Burkitt’s 
lymphoma. The MIP of an  18  F- FDG PET demonstrates 
FDG-avid disease in the right axilla. Subcutaneous nod-
ules on the lower anterior abdominal wall and overlying 
the left buttock also show intense FDG avidity. Tissue 
biopsy of the anterior abdominal wall nodule demonstrated 
Burkitt’s lymphoma, indicating stage III disease. ( b ) In a 
9-year-old boy with an obstructing nasopharyngeal mass, 
tissue biopsy revealed Burkitt’s lymphoma. The MIP of an 
 18  F- FDG PET demonstrates abnormal   18  F- FDG uptake in 
the region of the nasopharynx without abnormal  18  F- FDG 
uptake elsewhere in the head and neck or torso. ( c ) A trans-
axial PET image shows intense uptake in the expected 
locations of the nasal cavity and upper pharynx. ( d ) A 
transaxial CT shows a soft tissue mass fi lling the posterior 
nasal cavity and nasopharynx without osseous invasion. ( e ) 
Co-registration of PET and CT images confi rms the intense 
FDG avidity of the soft tissue mass         
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increasingly important role in the treatment of 
PTLD. This includes the use of anti-CD20 anti-
body therapy for B-cell PTLD. Drugs such as 
rituximab may be as effective as, but associated 
with fewer complications than, standard chemo-
therapy [ 75 ]. There have been no published 
reports describing the use of radioimmunother-
apy for treatment of PTLD. 

 Lymphoproliferative disorders and lymphoma 
may be associated with other immunodefi ciency 
syndromes. With the improved survival provided 
by highly active antiretroviral therapy, children 
with human immunodefi ciency virus (HIV) are 
at increased risk of malignancy. This includes an 
increased risk for lymphomas, most commonly 
Burkitt’s lymphoma [ 79 ]. Treatment of HIV- 
associated lymphoma is similar to that used in 
noninfected children [ 80 ]. Patients with inher-
ited immunodefi ciency syndromes also are at 
risk for immunodefi ciency-related lymphoma. 
For example, immunodefi ciency-related lym-
phoma can occur in children with the autoim-
mune lymphoproliferative syndrome (ALPS) 
[ 81 ]. Immunodefi ciency-related lymphoma has 
been reported in children with a wide variety 
of rare inherited defects of the immune system, 
including combined variable immunodefi ciency, 
Wiskott-Aldrich syndrome, and chromosomal 
breakage syndromes such as ataxia telangiectasia 
and Nijmegen syndrome [ 70 ]. 

   Staging and Follow-up Imaging 
 Fluorine-18-FDG PET or PET/CT can have a 
role in the evaluation or management of patients 
with posttransplant or immunodefi ciency-related 
lymphoproliferative syndromes and lymphomas. 
The use of  18 F-FDG PET/CT for evaluating 
patients with these disorders typically is guided 
by its use for imaging lymphomas in immuno-
competent patients. Case reports and reports of 
small series of patients have demonstrated the 
utility in  18 F-FDG PET and PET/CT for staging 
and following patients with PTLD, although 
only a few of these published reports have 
included children [ 82 – 84 ]. In patients with 
PTLD,  18 F-FDG PET/CT can identify more sites 
of disease than other imaging modalities and can 

be particularly helpful for identifying sites of 
extranodal disease (Fig.  21.5 ) [ 84 ,  85 ]. Fluorine-
18-FDG PET/CT can be useful for evaluating 
the response to therapy and identifying recurrent 
disease [ 82 ,  83 ].

   Fluorine-18-FDG PET/CT can have a role in 
the management of patients with immunodefi ciency- 
related lymphoproliferation and lymphoma. In 
patients with ALPS, both benign lymphoprolifera-
tion and lymphoma are FDG avid, and tissue 
biopsy is necessary whenever there is a change in 
symptoms or appearance of lymphadenopathy 
[ 86 ]. Fluorine-18-FDG PET/CT cannot discrimi-
nate benign and malignant lymph node enlarge-
ment, but can guide tissue biopsy to ensure that 
FDG- avid lymph nodes are sampled [ 86 ].   

    Non-neoplastic Syndromes 
of Lymphadenopathy 

 FDG avidity is not specifi c to malignancy, and a 
wide variety of non-neoplastic syndromes of 
lymphadenopathy can have  18 F-FDG PET/CT 
fi ndings that may be confused with Hodgkin’s dis-
ease or non-Hodgkin lymphoma (Fig.  21.6 ) [ 87 ]. 
Enlarged lymph nodes are common in childhood 
[ 88 ,  89 ], and with identifi cation of new FDG-avid 
lymphadenopathy, tissue sampling may be needed 
to make a defi nite diagnosis.

   Infectious causes of benign lymphadenopathy 
may be mistaken for lymphoma [ 87 ]. For example, 
patients with EBV-related mononucleosis occa-
sionally may undergo evaluation for presumed 
lymphoma and can be found to have intensely 
FDG-avid lymphadenopathy and splenomegaly 
[ 90 ] (Fig.  21.6 ). Similarly, patients with acute 
CMV [ 91 ] or hepatitis B infection [ 92 ] have been 
reported to have FDG-avid lymphadenopathy. 
Patients with tuberculosis can develop enlarged, 
FDG-avid lymph nodes. Granulomas can form in 
lymph nodes of the chest, even in the absence of 
lung disease, and lymphadenopathy may be dis-
covered during evaluation of fever or respiratory 
symptoms [ 93 ]. In some circumstances,  18 F-FDG 
PET/CT may be used to assess the response 
to therapy of patients with tuberculosis [ 94 ]. 
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Lymphadenitis related to other infections, such as 
toxoplasmosis [ 95 ] or cat-scratch fever [ 96 ], has 
been reported to be FDG-avid. Dermatopathic 
lymphadenitis has been reported to be intensely 
FDG-avid [ 97 ] (Fig.  21.6 ). 

 Other unusual pediatric causes of FDG-avid 
lymphadenopathy can raise concern for lym-
phoma [ 87 ]. These include Rosai-Dorfman dis-
ease [ 98 ], Kikuchi syndrome (histiocytic 
necrotizing lymphadenitis) [ 99 ] (Fig.  21.6 ), and 
Castleman’s disease [ 100 ,  101 ]. FDG-avid 
lymphadenopathy has been reported in children 

with systemic lupus erythematosus [ 102 ] and 
juvenile arthritis [ 103 ]. For most forms of non-
neoplastic lymphadenopathy, there rarely is a 
role for  18 F-FDG PET or PET/CT in the manage-
ment of disease. However, in patients with 
lymphadenopathy in a site not amenable to easy 
tissue sampling, then  18 F-FDG PET/CT might be 
helpful to search for other, more accessible, sites 
of disease. This may permit a less invasive 
approach to tissue biopsy and might help avoid 
an invasive and higher-risk procedure for the 
diagnosis of a benign condition. 

a b c

  Fig. 21.5     18  F- FDG PET/CT evaluation of lymphoprolifera-
tive disorders in patients with immune defi ciency. ( a ) Three 
years after liver transplant for biliary atresia, an 8-year-old 
boy developed lymphadenopathy. Cervical lymph node 
biopsy demonstrated polyclonal posttransplant lymphopro-
liferative disorder. An MIP of an  18  F- FDG PET demonstrates 
FDG-avid disease involving cervical, supraclavicular, inter-
nal mammary, and cardiophrenic lymph nodes and focal 
FDG uptake in the right lower quadrant. ( b ) Co-registration 
of coronal  18  F- FDG PET and CT images confi rms FDG-avid 

lymphadenopathy and abnormal FDG avidity in the terminal 
ileum. ( c ) A 15-year-old male with a congenital immune 
defi ciency developed widespread adenopathy. Lymph node 
biopsy demonstrated lymphocyte-predominant Hodgkin’s 
disease and  18  F- FDG PET/CT was used for staging. A MIP 
of the PET shows widespread FDG-avid disease involving 
innumerable lymph nodes throughout the neck and torso, 
numerous pulmonary nodules, the liver, and multiple sites in 
bone marrow in the axial and appendicular skeleton, indicat-
ing stage IV Hodgkin’s disease       
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 Although uncommon, juvenile sarcoidosis in 
older children can resemble the adult form of the 
disease, with the most common sites of disease 
in the lungs and thoracic lymph nodes [ 104 , 
 105 ]. For evaluation of sarcoidosis,  18 F-FDG 
PET has better diagnostic accuracy than gallium 
scan [ 106 ]. Bilateral FDG-avid hilar adenopathy 
is the most typical pattern on  18 F-FDG PET, but 
other somewhat common sites of possible FDG-
avid disease include lymph nodes in the medias-
tinum and elsewhere in the body, lungs, 
myocardium, liver, and spleen. In adults, FDG 
avidity has been reported at sites of disease 
throughout the body [ 104 ,  109 ]. Fluorine-18-
FDG PET or PET/CT cannot  distinguish sar-
coidosis from lymphoma, but once the diagnosis 
of sarcoidosis is made,  18 F-FDG PET/CT can be 
used to determine the extent of disease, assess 

the response to therapy, and perform follow-up 
surveillance of disease [ 106 ]. 

 The possibility of non-neoplastic lymphade-
nopathy can be more problematic when it is iden-
tifi ed in a patient undergoing imaging for 
evaluation or follow-up surveillance of Hodgkin’s 
disease or non-Hodgkin lymphoma. In these 
patients, it can be hard to distinguish persistent or 
recurrent lymphoma from benign lymphadenopa-
thy. This task becomes even harder when there is 
an association between the malignant and benign 
processes. For example, patients with Hodgkin’s 
disease may develop FDG-avid lymphadenopathy 
due to progressive transformation of the germinal 
centers (PTGC) [ 107 ] or hemophagocytic lym-
phohistiocytosis [ 108 ]. Conversely, some benign 
syndromes of adenopathy, such as systemic lupus 
erythematosus and monocentric Castleman’s 

a b c

  Fig. 21.6     18  F- FDG PET in patients with non-neoplastic 
syndromes of lymphadenopathy. ( a ) A 16-year-old boy 
presented with fatigue, afebrile drenching night sweats, 
and increasing cervical lymphadenopathy. Initial viral 
titers were negative. A MIP of an  18  F- FDG PET demon-
strates intense uptake in the tonsils and in cervical and 
supraclavicular lymph nodes and diffusely increased 
uptake in the enlarged spleen. Lymph node biopsy and 
repeat viral titers were consistent with EBV mononucleo-
sis. ( b ) A 14-year-old female had a hip MRI for evaluation 
of pain and was found to have an incidental fi nding of 
extensive pelvic lymphadenopathy.  18  F- FDG PET/CT was 

performed to guide minimally invasive tissue sampling. 
The MIP of the PET shows FDG-avid extensive right iliac 
lymphadenopathy extending towards the inguinal region, 
with no other FDG-avid disease. Open biopsy of the 
inguinal lymph node demonstrated dermatopathic lymph-
adenopathy. ( c ) A 14-year-old female presented with per-
sistent cervical lymphadenopathy and weight loss. A MIP 
of an  18  F- FDG PET shows abnormal FDG avidity in cervi-
cal and supraclavicular lymph nodes on the left, with no 
other sites of abnormal   18  F- FDG uptake. Cervical lymph 
node biopsy demonstrated histiocytic necrotizing adenitis 
(Kikuchi syndrome)       
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 disease, as well as progressive transformation of 
the germinal centers (PTGC) [ 109 ], have been 
associated with an increased risk of lymphoma. 
Finally, FDG-avid non-neoplastic lymphadenopa-
thy may obscure sites of malignant disease and 
can limit the utility of  18 F-FDG PET/CT for evalu-
ation or surveillance of Hodgkin’s disease or non-
Hodgkin lymphoma.      
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        Musculoskeletal malignancies are among the 
more common solid tumors of childhood. These 
include osteogenic sarcoma, or osteosarcoma, 
the Ewing family of tumors, and rhabdomyo-
sarcoma. Other less common pediatric tumors, 
including non-rhabdomyosarcoma sarcomas, 
frequently involve the musculoskeletal system 
(see Chap.   23    ). Pediatric lymphomas occa-
sionally present with primary bone lymphoma 
(see Chap.   21    ). Successful treatment of primary 

musculoskeletal malignancies requires multi-
agent systemic chemotherapy and adequate local 
control. Local control may be either surgery or 
radiation therapy, except with osteosarcoma, 
which is relatively insensitive to radiation ther-
apy. Many treatment regimens utilize neoad-
juvant chemotherapy, which may decrease the 
extent and morbidity of  subsequent local control. 
For example,  neoadjuvant  chemotherapy may 
allow for limb-sparing surgery and decrease the 
need for  complete amputation [ 1 ]. Inadequate 
local control is associated with local disease 
recurrence and poor outcome. 

 Imaging studies are used for initial staging, 
assessing the response to therapy, and surveil-
lance for recurrent disease. In initial staging, 
identifi cation of distant metastases is a common 
need with all three tumor types. In addition to 
prognostic implications, identifi cation of dis-
tant disease can guide therapy. For example, in 
patients with osteosarcoma, distant metastases 
may delay local control surgery, while in patients 
with Ewing sarcoma, each site of distant disease 
must receive local control therapy. 

 The relative utility of different imaging meth-
ods for the evaluation of pediatric musculoskele-
tal tumors is unsettled and requires further study. 
This may, in part, refl ect the low prevalence of 
these tumors in children and the need to make 
extrapolations from studies involving patients 
of all ages. Some musculoskeletal lesions have 
distinctive imaging features on radiograph, com-
puted tomography (CT), or magnetic resonance 
imaging (MRI). In these cases a diagnosis may 
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be made on imaging fi ndings alone. However, 
for most tumors, additional evaluation, such as 
tumor biopsy, will be needed. 

 Many research groups have attempted to identify 
a role for  18 F-FDG PET in distinguishing benign 
from malignant tumors. Malignant tumors typi-
cally have greater FDG avidity than benign tumors. 
In both adults and children with musculoskeletal 
tumors, there is a strong correlation between tumor 
grade and FDG avidity [ 2 ,  3 ]. However, there is 
much overlap in FDG uptake between malignant and 
benign tumors, and FDG avidity cannot be used to 
reliably predict tumor characteristics. In particular, 
most attempts to use a specifi c SUV value as a “cut-
off” to predict malignancy have had little success. 

 For most musculoskeletal malignancies, 
whole-body imaging is essential to identify dis-
tant sites of disease. Whether the appropriate 
whole-body scan is a bone scan or  18 F-FDG PET 
appears to depend on the tumor type. In many 
cases, these studies may be complementary, and it 
can be appropriate to use both. The role of whole-
body MRI is evolving, and in some cases, it may 
be a useful addition for whole-body imaging. 

    Methods 

 Nuclear medicine studies used to evaluate muscu-
loskeletal tumors include bone scans and  18  F- FDG 
PET. Bone scans typically are performed using a 
bisphosphonate labeled with  99m Tc, such as  99m Tc-
methylene diphosphonate ( 99m  Tc- MDP) (see Chap. 
  15    ). With the wider availability of PET scanners, 
 18 F-sodium fl uoride ( 18 F-NaF) PET provides an 
alternative bone scanning technique [ 4 ]. Fluorine-
18-FDG PET and  18 F-FDG PET/CT have an 
increasing role in the evaluation of pediatric mus-
culoskeletal malignancies (see Chap.   3    ) [ 5 ,  6 ].  

    Osteosarcoma 

    Clinical 

 Osteosarcoma is the most common bone tumor of 
young adults and children, with 80 % of osteo-
sarcomas presenting between the ages of 5 and 
25 years [ 7 ]. Nearly all of these are primary 
tumors. There is a second peak of incidence 

in older adults, which is more likely to include 
secondary osteosarcoma. Primary osteosarcoma 
typically occurs in the metaphyses of the long 
bones of the extremities, with less than a third of 
all cases occurring at other sites. Secondary cases 
of osteosarcoma occur at the sites of  predisposing 
processes, such as Paget’s disease, fi brous dyspla-
sia, and multiple chondromas. Secondary osteo-
sarcoma also occurs at sites of prior radiation for 
treatment of other tumors. The most common 
association of radiation therapy and osteosar-
coma is with retinoblastoma, which may refl ect 
an increased risk of osteosarcoma unrelated to 
radiation therapy in patients with retinoblastoma. 
However, osteosarcoma also occurs within the 
fi eld of radiation therapy for other tumors, such as 
Ewing sarcoma. There are numerous pathological 
subtypes of osteosarcoma, based on histological 
characteristics and tumor location in the skeleton. 
In over half the cases of osteosarcoma, metastatic 
disease will be discovered at or soon after the time 
of diagnosis. The lungs are the most common 
location for metastases, while bone metastases 
occur in 10–20 % of cases. Lymph node metasta-
ses are unusual with osteosarcoma. 

 In patients with localized primary osteosar-
coma, the combination of effective multi-agent 
chemotherapy and adequate local control leads to 
65–70 % event-free survival [ 8 ]. The prognosis is 
not as good for patients with metastatic disease 
or secondary osteosarcoma [ 9 ]. Inadequate local 
control is associated with treatment failure and 
poor outcome [ 8 ,  10 ]. Osteosarcoma is resistant 
to radiation therapy [ 9 ], so the only effective local 
control is surgery. Frequently, limb- preserving 
surgery can provide adequate local control [ 11 ]. 
Identifi cation of lung metastases at the time of 
diagnosis makes 2-year survival unlikely, but 
surgical resection of metastases can improve 
survival by up to 50 % [ 12 ]. Treatment of recur-
rent disease prolongs survival, so identifying and 
localizing recurrent disease can be an important 
part of follow-up imaging.  

    Diagnosing and Staging 
of Osteosarcoma 

 For many decades, the standard initial evalua-
tion of osteosarcoma (Fig.  22.1 ) has included 
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  Fig. 22.1    Initial presentation and imaging evaluation of 
osteosarcoma in a 12-year-old girl with left leg pain. 
Lateral ( a ) and anterior-posterior ( b ) radiographs show an 
aggressive mixed sclerotic and lytic expansile lesion in 
the distal left femur with a marked periosteal reaction. ( c ) 
On MRI there is a heterogeneous mass involving the distal 
metaphysis of the left femur that extends to the physis and 

is surrounded by soft tissue edema. ( d ) After gadolinium 
contrast, there is peripheral enhancement of the tumor, 
suggesting central necrosis. ( e ) A whole-body  99m Tc-MDP 
bone scan shows intense uptake at the site of the known 
distal femur tumor without metastatic disease. A chest CT 
was obtained to exclude lung metastases       
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a whole- body bone scan using a  99m Tc-labeled 
agent such as  99m Tc-methylene diphosphonate 
( 99m  Tc- MDP). More recently, some institutions 
have used  18 F-NaF PET [ 4 ]. Bone scan is sensi-
tive and accurate for demonstrating the extent 
of local osteoblastic disease and for identifying 
metastatic bone disease (Fig.  22.2 ). Although 
 18   F-FDG PET can detect many osseous metasta-
ses [ 13 ], early studies demonstrated that planar 

bone scan with  99m Tc-MDP could detect more 
sites of skeletal metastases than  18 F-FDG PET 
[ 14 ]. A few studies suggested that the combina-
tion of bone scan and  18 F-FDG PET is more accu-
rate [ 15 ], but most multicenter studies suggest that 
bone scan is suffi cient for the initial evaluation 
for skeletal metastases in patients with osteosar-
coma. Some studies [ 16 ] have demonstrated the 
use of whole-body MRI for the initial evaluation 

a b c d

  Fig. 22.2    Osteosarcoma presenting with a pathological 
fracture and complicated by bone metastases. An 11-year-
old girl presented with a pathological fracture of the distal 
left femur and the diagnosis of osteosarcoma was made. 
 99m  Tc- MDP bone scans were used for staging and follow-
up. ( a ) Staging bone scan shows intense uptake at the site 
of the fracture in the distal left femur, but no osseous 
metastases are identifi ed. Note tracer accumulation in the 
bladder catheter and leg positioning related to immobili-
zation of the fracture. ( b ) Ten weeks after surgical fi xation 
of the fracture and administration of neoadjuvant chemo-
therapy, uptake is less intense, but there is increased bone 
turnover in the expansile lesion in the angulated distal left 

femur. ( c ) Follow-up bone scan 6 months after surgical 
resection of the tumor shows mildly increased cortical 
uptake around the intramedullary rods of the prosthesis in 
the proximal femur and proximal tibia. Prominent uptake 
in the patella is a typical fi nding after this reconstructive 
surgery. ( d ) A surveillance bone scan performed 6 months 
later shows widespread osseous metastatic disease involv-
ing the calvarium, inferior sternum, right scapula, multi-
ple ribs, numerous vertebrae and the sacrum, left 
acetabulum, and proximal left tibia. Focal uptake in the 
lesser trochanter of the right femur and proximal right 
tibia may be additional sites of metastatic disease or may 
represent stress changes related to an altered gait       
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of osteosarcoma, but the performance of whole-
body MRI has been no better than whole-body 
bone scan. Soft tissue metastases rarely occur in 
patients with osteosarcoma, and so there is little 
published information about identifying these 
sites of disease. However, osteoblastic soft tis-
sue metastases are likely to be seen on bone scan 
(Fig.  22.3 ).

     High-quality helical CT is the study of 
choice for identifying metastatic osteosarcoma 
in the lungs. Both  18 F-FDG PET and bone scan 
can detect lung metastases but have lower sen-
sitivity for smaller metastatic lesions. Early 
studies comparing  18 F-FDG PET and single 
detector CT suggested the two studies had simi-
lar accuracy for detecting lung metastases [ 2 , 
 17 ], but in later studies, spiral CT was shown 
to be much more sensitive than  18 F-FDG PET 
[ 18 ]. However,  18  F- FDG PET and helical CT 
have similar high levels of specifi city for lung 
metastases [ 18 ]. 

 Many research groups have studied the use 
of  18 F-FDG PET for the initial evaluation of 
osteosarcoma. FDG uptake (measured by SUV) 
is greater in osteosarcoma than in many other 
sarcomas [ 15 ] and may be related to tumor 
grade [ 2 ,  19 ]. Lower  18  F-FDG uptake is associ-
ated with improved survival [ 20 ], but predict-
ing histological tumor grade has been hindered 
by the heterogeneous pattern of FDG uptake 
typical of osteosarcoma. Therefore,  18 F-FDG 
PET is not used routinely for the initial evalu-
ation of pediatric and young adult patients with 
osteosarcoma.  

    Osteosarcoma Response to Therapy 

 Patients with osteosarcoma typically receive 
neoadjuvant chemotherapy before having 
local control surgery. A favorable histologi-
cal response to chemotherapy, demonstrated by 
greater than 90 % tumor necrosis, is associated 
with a much lower rate of local recurrence com-
pared to tumors with an unfavorable response to 
chemotherapy [ 17 ]. In addition to being a pre-
dictor of prognosis, the histological response to 
chemotherapy is used to guide both the surgical 
approach to local control [ 17 ] and the choice of 

subsequent chemotherapy [ 9 ]. Both bone scans 
and  18 F-FDG PET have been used for the pre-
operative evaluation of the  histological response 
to chemotherapy, as this could guide the surgi-
cal approach to local control. Fluorine-18-FDG 
PET performs better than bone scan for this pre-
operative assessment [ 21 ], probably because of 
the slower response of bone scan to changes in 
the tumor in response to therapy. With  18 F-FDG 
PET, SUV max  can be a good predictor of the his-
tological response to neoadjuvant chemotherapy 
[ 22 ,  23 ] but is less reliable at intermediate levels 
of FDG uptake [ 24 ]. Therefore,  18 F-FDG PET 
typically is not used to evaluate the response to 
chemotherapy before surgery.  

    Identifying Osteosarcoma Recurrence 

 The most appropriate imaging approach for 
identifying recurrence of osteosarcoma has 
not been determined. Because of the high rate 
of lung metastases, post-therapy imaging sur-
veillance includes chest CT. MRI frequently is 
used to evaluate the primary site, but MR can be 
nonspecifi c and cannot detect metastatic recur-
rent disease outside the fi eld of view of regional 
MRI [ 2 ], while both bone scan and  18 F-FDG PET 
provide an opportunity for whole-body imag-
ing [ 25 ]. Based on the sensitivity of bone scan 
for osseous metastatic disease and the likeli-
hood that large soft tissue and lung metastases 
also can be identifi ed by bone scan, a whole-
body bone scan usually is part of the follow-up 
imaging for osteosarcoma (Figs.  22.2  and  22.3 ). 
Evaluation for recurrent local disease can be 
particularly diffi cult when the primary site is at 
an amputation stump. MRI can be affected by 
artifacts caused by metallic implants, and some 
metallic prosthesis precludes the use of MRI for 
postoperative imaging. On bone scan, persistent 
uptake can occur for many years after surgery 
because of continued postsurgical bone remodel-
ing and from stress changes due to weight-bear-
ing (Fig.  22.4 ). Increased FDG uptake has been 
reported at an amputation stump for up to 18 
months after surgery [ 26 ], also probably related 
to weight-bearing with the prosthesis [ 27 ]. 
Therefore, all imaging studies can be nonspecifi c 
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and recurrent osteosarcoma should be diagnosed 
with caution. At the same time, recurrent disease 
can be obscured by nonspecifi c uptake. The most 
accurate approach for detecting local recurrence 
of osteosarcoma appears to be the complemen-
tary use of both local anatomic imaging, usually 
MRI, and whole-body functional imaging, usu-
ally bone scan.

        Ewing Sarcoma 

    Clinical 

 Ewing sarcoma is the second most frequent bone 
tumor in children and young adults [ 28 ] and 
can occur anywhere in the body (Figs.  22.5  and 
 22.6 ). The Ewing family of sarcomas includes a 

  Fig. 22.3    Osteosarcoma complicated by widespread 
metastases demonstrates that bone scan and chest CT are 
complementary for fi nding metastases. A 14-year-old 
girl was diagnosed with osteosarcoma of the left tibia. 
( a ) Initial  99m  Tc- MDP bone scan shows intense uptake in 
an expansile lesion of the proximal left tibia, but no 
metastases. ( b ) One year after chemotherapy and surgi-
cal resection with placement of a prosthesis, bone scan 
shows numerous sites of abnormal osseous and soft tis-
sue uptake in the torso that are concerning for metasta-
ses. In the legs, increased cortical bone uptake adjacent 
to intramedullary rods in the left femur and tibia is an 
expected fi nding, but abnormal focal uptake in the distal 

left tibia and at multiple sites of the right leg may repre-
sent metastases or stress changes. ( c ) A single transaxial 
image from a SPECT bone scan demonstrates numerous 
sites of abnormal uptake within the chest cavity and ribs. 
( d ) A single slice of a chest CT shows multiple pulmo-
nary and pleural-based nodules. The CT also showed 
numerous enlarged mediastinal, hilar, and supraclavicu-
lar lymph nodes, but no skeletal abnormalities. ( e ) 
Co-registration of SPECT and CT images confi rms 
abnormal uptake in pulmonary and pleural-based nod-
ules, but skeletal metastases localized by bone scan are 
not identifi ed on CT         
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histologically diverse group of tumors, includ-
ing tumors of bone, soft tissue, and nerves, 
including primitive neuroectodermal tumors 
(PNET). Metastatic disease is common with 
these tumors. Approximately one-fourth of 
patients will have metastases at the time of 
diagnosis, and metastatic relapse will occur in a 
third of patients that had nonmetastatic disease 
at the time of  diagnosis [ 29 ]. The most common 
sites for metastases are the lungs, bone, and 
bone marrow [ 30 ].

    Patients with localized Ewing sarcoma that 
are treated with the combination of appropriate 
multi-agent chemotherapy and adequate local 
control have a 60–70 % chance of event-free 
 survival [ 8 ]. Local control may be either radia-
tion therapy or surgery, but inadequate local con-
trol is associated with treatment failure and poor 
outcome [ 31 ]. Long-term survival is only 40 % 
for patients with lung metastases and less than 
20 % with bone or bone marrow metastases [ 4 , 
 29 ,  32 ,  33 ].  

a b  Fig. 22.4    Persistent bone turnover at 
the distal femur after above-the-knee 
amputation in a 16-year-old boy with 
osteosarcoma of the proximal left tibia. 
( a ) Staging  99m Tc-MDP bone scan 
shows intense uptake in the proximal 
tibia, including the proximal epiphysis 
adjacent to the knee joint space. ( b ) A 
follow-up bone scan obtained 5 years 
after an above-the-knee amputation 
shows persistent and stable uptake at 
the distal stump of the left femur. This 
is a stable pattern of increased bone 
turnover related to weight-bearing on a 
prosthesis and does not represent 
recurrent disease       
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  Fig. 22.5     18  F-FDG PET and MRI demonstrate the extent 
of a Ewing sarcoma in an 11-year-old boy with hip pain. 
( a ) The MIP of the  18  F-FDG PET shows an irregular pat-
tern of abnormal uptake in the lower pelvis and upward 
displacement of the bladder. ( b ) In the transaxial plane, 
abnormal  18  F-FDG uptake is seen in the midline of the 
lower pelvis and in the expected locations of the right 
ischium and pubic ramus. ( c ) MRI shows a large heteroge-

neously enhancing pelvic mass. Abnormal enhancement 
also is seen in the pubic rectus muscle, in a soft tissue 
mass between the ischium and pubic rectus muscle, and in 
the right ischium and pubic ramus. ( d ) Co-registration of 
PET and MR images demonstrates FDG- avid disease in 
the large pelvic mass, right ischium and pubic ramus, and 
the soft tissue mass adjacent to the pubic rectus muscle, 
but not in the pubic rectus muscle       

    Diagnosis and Staging Ewing 
Sarcomas 

 Ewing sarcoma tumors usually are fi rst identi-
fi ed during evaluation of presenting symptoms 
such as pain or mass. Initial evaluation usually 
includes radiography or MRI. Fluorine-18-FDG 
PET is no better than conventional imaging for 
evaluation of the primary site [ 15 ] and FDG avid-
ity does not predict prognosis [ 34 ]. MRI typically 
is used to assess the extent of local disease. As 
with most tumors, identifi cation of all sites of 
disease, including localization of metastases, is 

important for staging, but is particularly impor-
tant in patients with Ewing sarcoma, as all sites 
of disease will receive local control therapy [ 28 ]. 

 Whole-body imaging has a role for identify-
ing both osseous and non-osseous distant sites of 
disease. Evaluation can include bone scan and 
bone marrow aspiration. Bone scan may have 
lower sensitivity for some sites of disease, as 
Ewing sarcoma typically involves bone marrow 
and can be osteolytic [ 21 ]. Whole-body imaging 
typically relies on  18 F-FDG PET, although some 
efforts have been made to use whole-body MRI. 
However, as these imaging methods have low 
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sensitivity for small lung metastases [ 18 ], a high- 
quality chest CT remains necessary for identify-
ing lung metastases. For identifi cation of distant 
skeletal disease, both MRI and  18 F-FDG PET 
are more sensitive than bone scan [ 21 ,  28 ,  35 ] 
and  18 F-FDG PET is more sensitive than whole-
body MRI, particularly for detecting metastatic 
disease in the ribs [ 16 ], growth plates, and bone 
marrow [ 36 ]. However, most comparative stud-

ies compare  18 F-FDG PET to  99m Tc-MDP planar 
bone scans, which may not be as sensitive as 
 99m  Tc- MDP SPECT or  18 F-NaF PET [ 4 ]. Reports 
of bone lesions seen on  99m Tc-MDP bone scan 
that are not identifi ed by either MRI or  18 F-FDG 
PET [ 37 ,  38 ] indicate that the most appropriate 
approach for the initial imaging of Ewing sar-
coma may require both bone scan and  18 F-FDG 
PET (Fig.  22.6 ).  

  Fig. 22.6    Fluorine-18-FDG PET, bone scan, and con-
trast-enhanced CT for the evaluation of Ewing sarcoma of 
the chest in a 13-year-old girl with back pain. ( a ) The MIP 
of the  18 F-FDG PET demonstrates heterogeneous uptake in 
the upper left back, corresponding to the site of pain. No 
other sites of abnormal  18 F-FDG uptake are identifi ed. ( b ) 
In the transaxial plane, abnormal  18 F-FDG uptake is seen 
in the posterior left chest. ( c ) A diagnostic CT shows a het-
erogeneously enhancing paravertebral mass that involves 
the left third rib and extends into the chest cavity and the 
spinal canal. ( d ) Co-registration of PET and CT images 

confi rms that the chest wall mass is FDG-avid, consistent 
with Ewing sarcoma. ( e ) Whole-body  99m Tc-MDP bone 
scan in anterior and posterior projections shows two foci of 
increased uptake along the posterior left third rib. No other 
osseous lesions are identifi ed. ( f ) SPECT bone scan con-
fi rms focal uptake in the posterior left third rib. ( g ) CT 
shows a complex expansile and lytic lesion in the posterior 
left third rib that extends into the chest cavity and spinal 
canal. ( h ) Co-registration of SPECT and CT images dem-
onstrates increased bone turnover in cortical bone adjacent 
to the destructive soft tissue mass in the posterior third rib           
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    Response to Therapy of Ewing 
Sarcoma 

 For Ewing sarcoma, accurately assessing the 
response to therapy may require multimodal-
ity imaging. MRI alone may not detect minimal 
residual disease and may not always distinguish 
residual tumor from necrotic tissue. The addition 
of  18 F-FDG PET can identify sites of minimal dis-
ease and help better assess the metabolic response 
to therapy [ 21 ]. The European Organization for 
Research and Treatment of Cancer (EORTC) 
attempted to establish a standardized approach 
to assessing tumor response to therapy, but this 
approach has not been widely implemented [ 39 ]. 

Some studies [ 1 ,  33 ,  40 ] have suggested that  18 F-
FDG PET can predict the histological response to 
preoperative neoadjuvant chemotherapy. Hybrid 
 18 F-FDG PET/CT may improve the accuracy of 
 18 F-FDG PET, with fewer equivocal lesions and 
better localization of disease [ 41 ].  

    Imaging Recurrence of Ewing 
Sarcoma 

 In patients with Ewing sarcoma, recurrent local 
disease typically is identifi ed by MRI of known 
sites of disease. Chest CT remains most appropri-
ate for detecting recurrent lung disease [ 2 ,  18 ], but 
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Fig. 22.6 (continued)
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little has been published regarding the relative util-
ity of different imaging studies for detecting recur-
rent distant disease. Both bone scan and  18 F-FDG 
PET/CT may be helpful, but care must be taken 
to perform whole-body imaging to avoid missing 
disease in the skull or lower extremities [ 37 ,  38 ].   

    Rhabdomyosarcoma 

    Clinical 

 Rhabdomyosarcoma is the most common soft tis-
sue malignancy in children and young adults [ 42 ]. 
There are many different histological subtypes of 
rhabdomyosarcoma. More than 70 % of pediatric 
cases are the embryonal subtype and about 20 % 
are the alveolar subtype. In children with rhabdo-
myosarcoma, the most common primary site is 
in the head, skull, or neck (Fig.  22.7 ). The next 
most common primary site is the bladder or pros-
tate (Fig.  22.8 ). Rarely, rhabdomyosarcoma may 
present as disseminated disease with an unknown 
primary site [ 43 ]. Regional lymph nodes are the 
most common site of metastatic disease, which 
is associated with poorer overall survival [ 44 ]. 
Rhabdomyosarcoma therapy includes both multi-
agent chemotherapy and local control, which 
may be either surgery or radiation therapy [ 45 ]. 
Inadequate local control is associated with local 
treatment failure and poor outcome [ 46 ,  47 ].

        FDG PET of Rhabdomyosarcoma 

 Whole-body imaging with  18 F-FDG PET has 
two important roles in the initial evaluation and 
staging of rhabdomyosarcoma. Fluorine-18-
FDG PET can demonstrate regional adenopathy 
that is not  identifi ed on conventional imaging 
and thus provide earlier identifi cation of meta-
static lymph node disease [ 15 ,  40 ]. Fluorine-
18-FDG PET also can be helpful for excluding 
metabolically active disease at sites of ambigu-
ous fi ndings on conventional imaging [ 48 ,  49 ]. 
Fluorine-18-FDG PET may be limited in evalu-
ating lymph nodes in close proximity to an FDG- 
avid primary tumor or adjacent to other sites of 
FDG accumulation, such as the bladder [ 48 ]. 
Fluorine-18-FDG PET also can identify wide-
spread bone marrow involvement (Fig.  22.8 ) 
by rhabdomyosarcoma [ 49 ,  50 ]. Some patients 
with rhabdomyosarcoma (approximately 4 % 
of cases) present with widespread disseminated 
disease with an unknown primary. In these cases, 
the wide fi eld of view and high sensitivity of  18  F-
FDG PET/CT can help identify the primary site 
of disease. Identifying and localizing metastatic 
disease can guide decisions about the need and 
surgical approach for local control and also may 
prompt intensifi ed chemotherapy. Fluorine-18-
FDG PET/CT also can have a role in detecting 
local recurrence or distant metastatic rhabdo-
myosarcoma [ 37 ].      
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  Fig. 22.7     18 F-FDG PET and MRI of a sinonasal alveolar 
rhabdomyosarcoma in a 14-year-old boy. ( a ) The MIP of 
the  18 F-FDG PET shows a region of intense uptake at the 
base of the skull. No other sites of abnormal  18 F-FDG 
uptake are identifi ed. ( b ) In the transaxial plane, the 
abnormal  18 F-FDG uptake appears to be in the expected 
location of the nasal cavity and left sinuses. ( c ) An axial 

slice of a sinus MRI demonstrates a heterogeneously 
enhancing soft tissue mass in the nasal cavity and left 
maxillary sinus. The MRI also demonstrated tumor exten-
sion into the frontal and ethmoid sinuses and into the ante-
rior cranial fossa. ( d ) Co-registration of PET and MR 
images confi rms intense FDG avidity of this paramenin-
geal sinonasal alveolar rhabdomyosarcoma         
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        This chapter examines the role of nuclear medi-
cine in solid tumors in childhood and adolescence 
excluding the common malignancies that are dis-
cussed in other chapters. In this wide group of 
malignancies the main nuclear medicine proce-
dures found to be most useful are total body bone 
scintigraphy and  18 F-fl uorodeoxyglucose ( 18 F-
FDG) PET/CT imaging [ 1 – 3 ]. These investiga-
tions are used at initial staging, in assessment of 
response to therapy, and in detection of residual, 
recurrent, and metastatic malignant disease [ 2 – 4 ]. 

MRI and contrast CT are the recommended ana-
tomical imaging modalities for evaluation of pri-
mary tumors, and pulmonary CT is the 
recommended investigation for pulmonary metas-
tases [ 2 ,  5 ,  6 ]. Wilms’ tumor and many types of 
sarcomas usually fi rst metastasize to the lungs, but 
some of the sarcoma group will initially metasta-
size locally to regional lymph node basins [ 7 – 9 ]. 
In these latter malignancies, lymphoscintigraphy 
and sentinel lymph node biopsy also are recom-
mended [ 10 – 12 ]. There is good evidence that  18 F-
FDG PET imaging is superior to conventional 
imaging for the diagnosis of metastatic disease in 
many common pediatric and adolescent malignan-
cies [ 2 ,  4 ,  5 ,  13 ,  14 ]. Fluorine-18-FDG PET has 
been shown to accurately predict overall survival 
and progression- free survival in many tumors [ 8 , 
 13 ,  15 ]. As FDG uptake relates to the metabolic 
activity of tumor cells,  18 F-FDG PET used for stag-
ing, response to therapy, and detection of residual 
and recurrent and metastatic disease can be applied 
to the uncommon and rare forms of solid tumors as 
the level of metabolic activity generally relates to 
the aggressiveness of the particular tumor. 

    Tumors of Early Childhood 

    Wilms’ Tumor 

 Wilms’ tumor is a malignant embryonal tumor 
originating from kidney progenitor cells and 
makes up 95 % of renal cancer in children. It is the 
fourth most common childhood cancer. Ninety-
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fi ve percent of cases are unilateral and bilateral 
disease presents at an earlier age [ 16 ,  17 ]. Wilms’ 
tumor has been associated with genetic mutations, 
as well as other congenital syndromes of the uri-
nary tract, such as WAGR syndrome and Denys-
Drash syndrome. Familial germ line mutations are 
rare, occurring in less than 2 % of all Wilms’ 
tumor cases [ 18 ,  19 ]. Most Wilms’ tumors contain 
a mixture of blastemal, stromal, and epithelial cell 
components in varying proportions. Up to 10 % 
will demonstrate anaplasia, which is associated 
with a poorer prognosis [ 20 ]. Current treatment 
results in 90 % overall survival for children with 
WT. Treatment of WT is based on histopathology 
(favorable vs anaplastic histology) and the stage 
of the disease. Staging is based on surgical and 
imaging fi ndings. The primary goals of surgery 
are nephrectomy, resection of involved lymph 
nodes, and avoidance of tumor spillage. Adjuvant 
chemotherapy and radiation therapy depend on 
the extent of the disease [ 21 ,  22 ]. Imaging studies 
at initial staging include CT, MRI, or ultrasound 
to determine the size and location of the primary 
tumor, involvement of locoregional lymph nodes, 
and vascular invasion. Bone scan is used if there is 
suspicion of skeletal metastases; however, skeletal 
metastases in WT are rare. The use of  18 F-FDG 
PET has been described in WT, but its main appli-
cation has been in cases with recurrent or meta-
static disease. Misch et al. [ 23 ] concluded that 
PET did not provide additional information to the 
traditional workup for staging WT, preoperative 
response assessment, and clinical outcome. They 
found PET was advantageous in ruling out resid-
ual disease after completion of fi rst-line treatment 
and in pre-therapeutic staging of relapse patients. 
There was also a good correlation of SUVmax 
and histological differentiation. Begent et al. [ 24 ] 
showed that PET/CT fi ndings following initial 
chemotherapy correlated with histologically con-
fi rmed viable tumor, presence of lung metastases, 
and areas of anaplasia. More recently, Hossain 
et al. [ 21 ] showed avid FDG uptake in 27 chil-
dren, the majority with recurrent disease. PET 
was able to visualize bone, extra- abdominal 
lymph nodes, and chest wall and pancreatic 
metastases. Small pulmonary and hepatic metas-
tases were better delineated on CT and MRI. The 
authors suggested that  18 F-FDG PET would be 

useful in the initial diagnostic workup, evaluation 
for recurrent disease, and as a monitor of chemo-
therapy response [ 21 ] (Fig.  23.1 ).

       Non-Wilms’ Renal Tumors 

 Non-Wilms’ renal tumors in children are rare. 
They are a heterogeneous group of tumors that 
share many features on light microscopy, but 
molecular genetic profi ling allows a more accu-
rate diagnosis and classifi cation. They comprise 
approximately 10 % of pediatric renal cancers. 
These tumors include mesoblastic nephroma, 
renal cell carcinoma, clear-cell sarcoma of the 
kidney, malignant rhabdoid tumor of the kidney, 
and renal medullary carcinoma [ 25 ]. As with 
Wilms’ tumor, the initial imaging for staging is 
with ultrasound, CT, and/or MRI and bone scan 
to exclude bone metastases. 

 Mesoblastic nephroma accounts for 3–10 % 
of all childhood renal tumors, but in infants, is 
the most common and accounts for up to two-
thirds of renal tumors in the fi rst 3 months of life. 
Mesoblastic nephroma has a low propensity for 
metastasis. Nuclear medicine procedures do not 
usually have a role in MN. Renal cell carcinoma 
and clear cell sarcoma of the kidney are aggres-
sive malignant tumors and may metastasize early. 
Metastases can be to the bone, brain, liver, lymph 
nodes, and lungs. Imaging with nuclear medicine 
techniques is primarily bone scan for detection 
of skeletal metastases. Fluorine-18-FDG PET 
also may have a role in management of renal cell 
carcinomaa. Krajewski et al. reported utility for 
 18 F-FDG PET in the diagnosis of recurrence and 
distant metastases in renal cell carcinoma [ 26 ]. The 
use of  18 F-FDG PET in clear cell sarcoma of the 
kidney has not been reported. Malignant    rhabdoid 
tumors of the kidney are rare, and account for less 
than 2 % of renal malignancies in childhood. These 
tumors originally were thought to be an unfavor-
able histological subtype of WT, but now are con-
sidered a separate pathological entity [ 25 ,  27 ]. This 
very aggressive renal tumor can metastasize early 
with 80 % of patients having metastases involv-
ing the lungs, liver, and brain at diagnosis [ 28 ]. 
Concurrent malignant rhabdoid tumors of the brain 
may occur and are probably synchronous tumors 
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rather than metastases [ 28 ,  29 ]. Fluorine-18-FDG 
PET has been shown to be useful in the identifi -
cation of both recurrent metastatic renal rhabdoid 
tumors [ 30 ] and extrarenal rhabdoid tumors [ 31 ].  

    Hepatoblastoma and Hepatocellular 
Carcinoma 

 Hepatoblastoma is a rare but highly malignant 
embryonal liver tumor that occurs in infants and 
younger children. It arises from stem cells or early 
progenitor cells of epithelial components of the 
liver [ 32 ]. Hepatoblastoma is associated with an 
elevated serum alpha fetoprotein (AFP) in more 
than 90 % of patients. Surgical resection in con-
junction with chemotherapy is the primary ther-
apy, but tumors often cannot be fully resected. 
Imaging is predominantly US, CT, and MRI to 
assess the extent and vascular involvement of the 
primary tumor and to detect pulmonary metasta-
ses and lymph node status. Fluorine-18-FDG PET 

scans have been shown to be positive in 90 % of 
pediatric patients. Mody et al. reported that  18 F-
FDG PET imaging was in accord with CT/MRI 
results, AFP levels, and postoperative fi ndings 
[ 32 ,  33 ]. Fluorine-18-FDG PET may be useful in 
localizing sites of recurrence when conventional 
imaging has been unsuccessful. Philip et al. found 
if the AFP level is <1,000 U/ml, tumor size is 
likely to be less than 1 cc. Conventional imaging 
seldom detects these small sites of recurrence, 
particularly when the regional anatomy has been 
altered by previous surgery [ 34 ,  35 ]. Fluorine-18-
FDG PET/CT also may be useful in conjunction 
with CT and MRI for determining appropriate 
surgical resection margins (Fig.  23.2a ).

   Hepatocellular carcinoma is the fi fth most com-
mon cancer worldwide in adults and has a high 
mortality rate. Its global distribution is related to 
the prevalence of hepatitis virus infection and cir-
rhosis. Hepatocellular carcinoma is a very rare 
aggressive hepatic tumor in children and adoles-
cents. Serum AFP will be elevated in 50–60 % of 

a b c

  Fig. 23.1    Wilms’ tumor in a 20-month-old female who 
presented with a large right-sided abdominal mass. 
Fluorine-18-FDG PET/CT scan at initial staging ( a ,  b :  top  
axial;  lower  coronal) shows a large mass arising from the 
right kidney with central necrosis and multiple metastases 

in the liver and para-aortic nodes. After chemotherapy ( c ) 
there is a very good response with marked shrinkage of 
the primary tumor and metastatic deposits. The  18 F-FDG 
PET confi rmed complete response, and a surgery no via-
ble tumor was found       
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cases. The initial imaging of these hepatic tumors 
usually is by US combined with CT or MRI to 
assess the primary tumor, identify locoregional 
spread, visualize the vasculature, and to detect pul-
monary metastases. The use of  18 F-FDG PET has 
been reported in adults with hepatocellular carci-
noma. Between 50 and 70 % of hepatocellular car-
cinomas accumulate  18 F-FDG, but uptake is 
variable due to variable levels of glucose-6-phos-
phatase activity. Fluorine-18-FDG uptake also 
may correlate with the degree of differentiation of 
these tumors, with the poorly differentiated, more 
aggressive cancers accumulating FDG more 
avidly [ 36 ,  37 ]. Other PET agents, e.g., 
 18 F-fl uorodeoxygalactose,  11 C-acetate,  11 C or 

 18 F-F-choline, and  18 F-fl uorothymidine, also have 
been used to assess metabolism, lipogenesis, cel-
lular membrane metabolism, and proliferation, 
respectively, in these tumors [ 37 ]. Although the    
clinical role of PET is still uncertain it has been 
found to be useful in determining extrahepatic 
spread and recurrence of disease (Fig.  23.2b ) [ 36 , 
 38 ]. Fluorine-18-FDG PET also may have a role 
as a prognostic indictor. Higashi et al. found that 
post-therapeutic  18 F-FDG PET performed within 1 
month after nonoperative therapy can be a good 
predictor of overall survival in unresectable hepa-
tocellular carcinoma [ 39 ]. Surgical resection is the 
treatment of choice for hepatocellular carcinoma, 
but many tumors cannot be  completely resected. 

a

b

  Fig. 23.2    ( a ) Primary hepatoblastoma in a 5-year-old 
female with axial CT ( left ) and  18 F-FDG PET/CT scan 
( right  co- registered image) showing moderate increase in 
 18 F-FDG uptake (SUVmax 5.3) in viable tumor. There is 
no  18 F-FDG uptake in the left side of the mass, which is 
undergoing necrosis. The PET was considered helpful by 
the surgeon in defi ning the resection margin ( arrow ). ( b ) 
Recurrent hepatocellular hepatocarcinoma in a 9-year-old 
male who had resection of the primary tumor 12 months 

previously. Fluorine-18-FDG PET/CT performed 
because of rising AFP and an equivocal contrast CT and 
MRI for recurrence along the resection margin. The con-
trast CT ( left ) shows a possible mass or intestine near the 
resection margin. The  18 F-FDG PET/CT ( right ) shows 
avid  18 F-FDG uptake in the mass ( arrow ) on the left resec-
tion margin confi rming recurrence. This was confi rmed as 
hepatocellular carcinoma at surgery       
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Hepatocellular carcinoma has a poor response to 
conventional chemotherapy [ 40 ,  41 ]. Other thera-
peutic techniques include liver transplantation and 
ablative therapies, e.g., radiofrequency  ablation, 
ethanol injection, and radiopharmaceutical tech-
niques. These have variable success for cure but 
are often palliative [ 40 ]. Intra-arterial injection of 
 131 I-lipiodol has had variable success in these 
tumors. Other methods use  90 Y-labelled micro-
spheres, which requires pretreatment imaging with 
 99m Tc-MAA scintigraphy to exclude patients with 
pulmonary shunting. Other labelled conjugates 
with  188 Re and  90 Y and radiolabelled antibodies 
have also been used with initial promising results.  

    Retinoblastoma 

 Retinoblastoma is the most common intraocu-
lar tumor in children, with an incidence of one 
case per 15,000–20,000 live births. The mean 
age at presentation is 2 years for unilateral dis-
ease and 1 year for bilateral disease [ 42 ,  43 ]. 
There is a germline mutation of the RB-1 gene 
on chromosome 13q14 in all patients with bilat-
eral disease and 15 % of patients with unilateral 
disease [ 44 ]. Patients usually present with leu-
kocoria or a squint. Management of retinoblas-
toma depends on the stage and is highly curable 
if detected early and confi ned to the globe with 
no metastatic diseases. Diagnostic    imaging, 
mainly US and high-resolution MRI, is used to 
 determine the local extent and associated brain 
abnormalities, including intracranial extension, 
midline primitive neuroectodermal tumors (tri-
lateral  retinoblastoma), and brain malforma-
tions. Current  treatment protocols attempt to 
preserve the eye and may include external beam 
radiotherapy, chemotherapy, laser coagulation, 
cryotherapy, or radioactive plaque [ 45 ,  46 ]. 
Imaging plays an important role to determine the 
stage of disease. Retinoblastoma may spread by 
direct extension through the bulbar wall into the 
orbit or via the optic nerve and meningeal sheath 
or by hematogenous spread. US is used to exam-
ine the eye, and MRI is used to identify deeper 
lesions in the skull base and central nervous 
system [ 47 ]. If there are high-risk factors for 
local or distant spread, bone scan is indicated to 

exclude skeletal metastases; however, the rate of 
skeletal metastases is low (8–10 %) [ 45 ,  47 ,  48 ]. 
Fluorine-18-FDG PET use has been described 
in retinoblastoma. Radhakrishnan et al. reported 
25 children with advanced stage III retinoblas-
toma [ 49 ]. Twenty-four patients had tumors that 
were FDG-avid at diagnosis. Fluorine-18-FDG 
PET was repeated after 3 cycles of neoadjuvant 
chemotherapy, and the reduction of extraocu-
lar tumor SUVmax was a signifi cant predictor 
of both event-free survival and overall survival 
[ 49 ]. The role of  18 F-FDG PET in the manage-
ment of retinoblastoma remains unclear. It may 
be most useful in the assessment of the meta-
bolic response to cytoreductive chemotherapy 
prior to enucleation.   

    Germ Cell Tumors of Childhood 

 Germ cell tumors (GCT) are a diverse group of 
neoplasms that are derived from primordial germ 
cells, which migrate during embryogenesis from 
the yolk sac through the mesentery to the gonads. 
There are many different types of GCT due to 
variations from normal development (gonadal 
GCT) or aberrant migration (extragonadal GCT). 
Extragonadal GCT usually occurs in midline 
locations (mediastinal, retroperitoneal, sacrococ-
cygeal, genital, and cranial areas). The histology 
and genetic profi les of GCT are heterogeneous 
and vary depending on primary tumor site, gen-
der, and age of the patient [ 50 ,  51 ]. Histologically, 
GCT in infants and younger children has different 
biological characteristics than GCT in adolescents 
and adults. GCT represents 1–3 % of childhood 
tumors, and approximately 20 % are malignant 
[ 52 ]. There are several histological classifi cations; 
however, the National Cancer Institute categorizes 
them into three groups: (1) mature teratomas, (2) 
immature teratomas, and (3) malignant GCT [ 53 ]. 
Mature GCT typically is benign and is the most 
common GCT in childhood. Immature teratomas 
are graded according to the amount of immature 
neural tissue present. Malignant GCT contains 
malignant tissues arising from any of the 3 germ 
cell layers. In young children the histology is usu-
ally yolk sac tumor or dysgerminoma. In    adoles-
cent and young adults, the histology depends on 
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the anatomic site and includes seminoma or chorio-
carcinoma, dysgerminoma, yolk sac tumor, mixed 
GCT (ovarian and extragonadal), and germinoma. 
There are several distinguishing features between 
adult and childhood GCT. In children, extrago-
nadal sites are found in 50 % of cases, whereas 
in adults this is 10 %. AFP elevation is seen in 
the presence of yolk sac tumor and is an indicator 
of residual or recurrent disease [ 50 – 52 ]. Rarely, 
there is malignant transformation from a benign 
teratoma to aggressive malignant tumors such as 
adenocarcinoma [ 54 ]. In older children and ado-
lescents, mediastinal lesions predominate. These 
tumors typically present as a mass and secrete 
serum tumor markers. Elevated alpha fetoprotein 
(AFP), human chorionic gonadotropin (hCG), and 
lactate dehydrogenase levels may help in the diag-
nosis and are useful markers to evaluate therapy or 
detect recurrence. Surgery is the primary treatment, 
and with modern chemotherapy, there has been a 
signifi cant improvement in overall survival [ 50 ]. 
Anatomic imaging is used to identify the extent 
of the primary tumor and locoregional nodal and 
metastatic disease. If    pathology indicates malig-
nant disease, bone scan and  18 F-FDG PET/CT 
may be used to identify metastatic disease, deter-
mine the response to treatment, and detect recur-
rence. Bone metastases tend to be more common 
in patients with mediastinal lesions with yolk sac 
histology [ 55 ]. Spread to draining lymph nodes in 
the retroperitoneal area is often the fi rst manifesta-
tion of metastases. Hematogenous spread occurs 
to the lungs, and CT scans are required for diag-
nosis. Approximately 30 % of patients will have 
microscopic metastases that are not detectible with 
anatomical imaging such as CT, and functional 
imaging with  18 F-FDG PET may have a role [ 56 ]. 
If teratomas are excluded (due to low glycolytic 
rate and low  18 F-FDG uptake) many germ cell 
tumors will demonstrate abnormal utptake on  18 F-
FDG PET (Fig.  23.3a, b ). There is little data on 
the use of PET in pediatrics, and as the biological 
behavior of GCTs in children compared to adult 
disease may be different, the experience with  18 F-
FDG PET in adults may not apply. In adults, semi-
nomatous GCTs have higher  18 F-FDG uptake than 
non-seminomatous GCTs [ 57 ]. Fluorine-18-FDG 
PET as a primary staging tool for non-seminoma-

tous GCTs may be only slightly better than CT 
alone and may be most useful when the CT fi nd-
ings are equivocal [ 58 ]. Fluorine-18-FDG PET can 
detect viable tumor in mass lesions seen on CT, 
which can reduce false-positive fi ndings in stage II 
disease but does not improve staging in stage I dis-
ease [ 59 ]. PET also may have a high false-negative 
rate in identifying relapse after treatment and so 
may not have utility in this role [ 60 ]. However in 
seminoma,  18 F-FDG PET does appear to be useful 
to assess  viability in residual tumor masses post-
therapy. It was more accurate than other imaging 
modalities [ 60 ,  61 ] where it successfully identifi ed 
100 % of cases >3 cm in diameter and 95 % of 
those <3 cm. Detection of recurrent disease can be 
an important role of  18 F-FDG PET/CT in patients 
who have either masses (Fig.  23.4 ) or raised tumor 
markers with a normal CT scan [ 62 ]. However  18 F-
FDG PET has been reported to be disappointing 
when used to detect retroperitoneal lymph node 
involvement post-chemotherapy in patients with 
advanced GCT of the testis [ 63 ].

        Non-rhabdomyosarcoma 
Soft Tissue Sarcoma 

 Non-rhabdomyosarcoma soft tissue sarcomas in 
childhood and adolescents represent a subgroup 
of sarcomas that arise from primitive mesenchy-
mal tissues and include over 50 different tumors. 
The subgroups described in this section are based 
on a modifi cation of the histomorphologic clas-
sifi cation of Spunt et al. [ 64 ]. These tumors 
account for 4.5 % of all childhood malignancies 
and are overall slightly more common than rhab-
domyosarcoma [ 65 ,  66 ]. The most common non-
rhabdomcosarcoma sarcomas of childhood are 
synovial sarcoma, dermatofi brosarcoma protu-
berans, malignant peripheral nerve sheath tumors 
(MPNSTs), and a malignant subset now more 
commonly termed by histopathology as “unclas-
sifi ed/undifferentiated sarcoma”.    The majority 
of these tumors are sporadic, but some may 
have specifi c chromosomal rearrangements, 
e.g., t(X;18) (p11;q11) with SYT-SSX fusion; 
and MYCN overexpression in synovial sarcoma 
[ 64 ,  66 ]. For the majority MRI and/or CT will be 
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a

b

  Fig. 23.3    ( a ) Mediastinal yolk sac tumor. A 2-year-old 
male presented with a cough and increasing respiratory dis-
tress. CXR and CT scan showed a large mediastinal mass 
with areas of necrosis and a pleural effusion. Biopsy 
showed yolk sac tumor. The  18 F-FDG PET/CT scan was 
performed after 5 days of chemotherapy. There is increased 
metabolic activity peripherally in the viable tumor with 
minimal uptake in large areas of necrosis. No metastatic 

disease is detected. There was very high serum AFP. ( b ) 
Yolk sac tumor. An 11-month-old male with a presacral 
tumor shown to be a yolk sac tumor on biopsy. Past history 
of surgical resection of a sacrococcygeal teratoma at 3 days 
of age. Current MRI (sagittal T2FS) and  18 F-FDG PET co-
registered show a large mass in the pelvis, which is mildly 
hyper metabolic (SUVmax 2.9). There was no evidence of 
metastatic disease       

a b c

  Fig. 23.4    Recurrent    non-seminomatous germ cell tumor. 
A 10-year-old male with a past history of previous right 
orchidectomy for non-seminomatous germ cell tumor. 
Routine follow-up blood tests showed increasing hCG 
and AFP. ( a ) CT scan (axial slice) shows a low-density 
mass in right para-aortic region at the renal hila level. 
( b ) Fluorine-18-FDG PET/CT shows increased metabolic 

activity (SUVmax 4.5) in this mass and lymph nodes 
below the right kidney confi rming relapse. ( c ) After sal-
vage chemotherapy the follow-up  18 F-FDG PET/CT 
shows a persistent mass but no metabolic activity. Surgical 
resection of the abnormal nodes showed mature teratoma-
tous elements with no viable malignant GCT  elements, 
( arrows indicate the mass )       
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used to defi ne the primary tumor and CT of the 
lungs will be used to exclude pulmonary metasta-
ses. Reports of using  18 F-FDG PET are becoming 
more common as it is used for staging, assessing 
response to treatment, and detecting residual, 
recurrent, or metastatic disease. 

    Spindle Cell Tumors 

    Synovial Sarcomas 
 Synovial sarcomas are rare malignant tumors and 
represent a biologically diverse subset of soft tis-
sue sarcomas. They account for 6–10 % of all 
soft tissue sarcomas and are the most common 
(one-third) non-rhabdomyosarcoma sarcomas 
that occur in childhood and adolescence [ 67 , 
 68 ]. Most synovial sarcomas are intermediate- to 
high-grade tumors with an overall survival at 5 
and 10 years of 85 and 78 %, respectively [ 9 ]. 
Fluorine-18-FDG PET can have an important 
role in the management of synovial sarcoma 
(Fig.  23.5 ). Lisle et al. showed good correla-
tion of SUVmax with overall and progression- 
free survival. SUVmax of >4.35 was associated 
with decreased survival and a higher risk of local 
recurrence and metastatic disease [ 67 ].

       Dermatofi brosarcoma Protuberans (DP) 
 DP is an uncommon, low-grade, fi brohistiocytic 
tumor that occurs usually in young adulthood but 
can occur in childhood. Surgery is the main treat-
ment; however, some patients who have unresect-
able disease may develop recurrent or metastatic 
disease [ 9 ,  67 ]. Fluorine-18-FDG PET has been 
used to assess the response of this tumor to ima-
tinib therapy [ 69 ].  

    Infl ammatory Myofi broblastic Tumors 
 Infl ammatory myofi broblastic tumors (IMTs) are 
rare. They have been reported in multiple ana-
tomical locations, with the lung being the most 
common site [ 70 ]. IMTs have been seen after 
therapy for other malignancies, such as lym-
phoma [ 71 ]. These lesions are considered to be 
benign, but they may be locally invasive and 
rarely metastasize. IMTs demonstrate increased 
metabolic activity on  18 F-FDG PET. The histopa-
thology of IMTs can vary in the degree of cellu-

larity, but all are composed of myofi broblastic 
cells admixed with variable infl ammatory infi l-
trates. This may explain the high metabolic activ-
ity seen on  18 F-FDG PET [ 71 ].  

    Malignant Peripheral Nerve Sheath 
Tumors 
 Peripheral nerve sheath tumors (PNSTs) are 
benign or malignant tumors that arise from 
peripheral nerves. They include benign forms 
such as schwannoma and neurofi broma (NF) and 
malignant variants such as malignant peripheral 
nerve sheath tumor (MPNST). Several hereditary 
syndromes are associated with the development 
of PNSTs in particular neurofi bromatosis type 1 
(NF1). MPNST accounts for 3–6 % of all soft tis-
sue sarcomas. Favorable prognostic indicators 
are age <10 years, location in an extremity, tumor 
size <5 cm, the ability to deliver radiotherapy, a 
good response to chemotherapy, and complete 
resection of the primary tumor [ 72 ,  73 ]. The ini-
tial imaging is usually by MRI or CT. 
Differentiating benign tumors such as schwan-
noma and NF from MPNST is diffi cult, particu-
larly in NF1 as these patients often have multiple 
lesions (see section on patients with NF1 [ 105 ]). 
MPNSTs are highly aggressive with a 5-year 
survival- specifi c mortality of 75 %. They often 
require radical surgical resection, radiation ther-
apy, and chemotherapy. Fluorine-18-FDG PET 
has been shown to differentiate benign from 
malignant tumors with high specifi city and sensi-
tivity. In children and adolescents, surveillance of 
these tumors is usually by MRI. If there is an 
increase in size or symptoms, then  18 F-FDG PET 
is used to further characterize each lesion. When 
MPNST is diagnosed,  18 F-FDG PET is used for 
staging with assessment of locoregional involve-
ment and distant metastatic disease. Fluorine-18-
FDG PET also is used to in assess response to 
treatment and detect disease recurrence 
(Figs.  23.6  and  23.7 ).

        Others 
 This subgroup includes infantile fi brosarcoma, 
leiomyosarcoma, and angiosrcoma. These 
tumors are very rare in childhood. Fluorine-18-
FDG PET has been shown to be positive in 
these tumors, particularly in the leiomyosar-
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coma, which is a more malignant aggressive 
tumor [ 9 ,  74 ].   

    Small Round Cell Tumors 

    Desmoplastic Small Round Cell Tumors 
 Desmoplastic small round cell tumors are rare in 
children and mainly occur in adolescents and 
young male adults. The use of  18 F-FDG PET has 

been described and to show signifi cantly 
increased metabolic activity with SUVmax rang-
ing from 5.2 to 12.7. Fluorine-18-FDG PET may 
identify more lesions than standard radiological 
imaging and is useful in staging and assessing 
response to therapy [ 75 – 77 ].  

    Clear-Cell Sarcoma 
 Clear-cell sarcoma is a rare, malignant, soft tissue 
tumor that involves the extremities, particularly 

  Fig. 23.5    Synovial sarcoma. A 13-year-old male with a 
past history of Wilms’ tumor presented with an abdominal 
mass. Biopsy revealed high-grade synovial sarcoma. The 
co-registered  18 F-FDG PET/CT [ left side  CT ( top  axial, 

 bottom  coronal),  right side  PET/CT] shows a large highly 
metabolic abdominal and pelvic mass (SUVmax 8.2) with 
central necrosis. No metastases were detected       
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tendons and aponeuroses. The prognosis for this 
tumor is poor because of the high prevalance of 
lymph node metastases at diagnosis and a high 
frequency of recurrence and distant metastases. 
The use of sentinel lymph node biopsy (see 
Chap.   8    ) has been recommended to exclude 
regional lymph node involvement. Fluorine-18-
FDG PET has been used for staging and detection 
of recurrence and metastatic disease in this malig-
nancy [ 77 – 80 ].  

    Extraskeletal Myxoid Chondrosarcoma 
 Extraskeletal chondrosarcoma is a subset of the 
chondrosarcomas, but it most likely is a unique 
tumor entity. It is considered as low grade with a 
high rate of local recurrence. The use of  18 F-
FDG PET has been described, and usually there 

is high metabolic activity with high SUVmax 
values [ 81 ].  

    Malignant Rhabdoid Tumors (See 
Malignant Rhabdoid Tumor of the 
Kidney) 
 Extrarenal malignant rhabdoid tumor is a rare 
aggressive malignancy in childhood and has a 
poor prognosis. Accurate histopathologic diag-
nosis and staging of the malignancy has major 
implications for management [ 82 ]. Fluorine-18-
FDG PET/CT has been found to be useful in 
staging and detection of metastatic disease and 
recurrence [ 31 ]. There are case reports describing 
the use of  18 F-FDG PET to evaluate malignant 
rhabdoid tumors of the lungs and atypical tera-
toid rhabdoid tumor of the brain [ 31 ,  83 ].   

  Fig. 23.6    Malignant peripheral nerve sheath tumor. A 
12-year-old female presented with a painful right paraspi-
nal mass. MRI showed tumor extension into the spinal 
canal and involvement of the head of the 10th right rib. 
Fluorine-18-FDG PET/CT was performed and co-regis-
tered with MRI ( a :  top row  MRI ( left ) and co-registered 
image ( right )). The mass has moderately increased metab-
olism (SUVmax 4.2) with no metastatic disease. Biopsy 

showed MPNST. She underwent laminectomy with post-
surgery chemotherapy and radiotherapy. On a routine sur-
veillance  18 F-FDG PET/CT scan 14 months later, an 
abnormal focus (SUVmax 2.5) was seen in the 10th tho-
racic vertebral body ( b :  lower row  MRI ( left ) and co-reg-
istered image ( right ) suggestive of recurrence). The 
patient underwent surgical resection confi rming recurrent 
MPNST       

 

R. Howman-Giles et al.

http://dx.doi.org/10.1007/978-1-4614-9551-2_8


523

    Epithelioid Tumors 

    Epithelioid Sarcoma 
 Epithelioid sarcoma is a rare, high-grade soft tis-
sue sarcoma that most often develops in tissues 
under the skin of the hands, forearms, feet, or 
lower legs. They tend to occur in young adults, 
but have been reported in pediatric and adoles-
cent patients. They have a propensity for local 
recurrence, regional lymph node involvement, 
and distant metastases. Sentinel lymph node 
biopsy (see Chap.   8    ) has been recommended 

[ 80 ]. Fluorine-18-FDG PET has been shown to 
be positive in a child with metastatic epitheliod 
sarcoma [ 80 ,  84 ,  85 ].  

    Alveolar Soft Part Sarcoma 
 Alveolar soft part sarcoma is a very rare tumor 
that usually affects adolescents and young adults, 
but it has been described in infants and children. 
The use of  18 F-FDG PET has been reported to 
show high metabolic activity in the primary 
tumor and metastases and has been used to assess 
the response to sunitinib therapy [ 86 ].   

a b
  Fig. 23.7    Epithelioid 
variant MPNST. A 15-year-
old female who presented 
with fevers and shortness 
of breath and found to have 
a large left-sided pleural 
effusion. On drainage 
malignant cells were found. 
( a ) MIP image. Fluorine-18-
FDG PET/CT showed a soft 
tissue mass in the left 
hemithorax and multiple 
abnormal areas consistent 
with metastatic disease in the 
skeleton, bone marrow, and 
lymph nodes of the neck, 
chest, and abdomen. Biopsy 
of the left pleural mass 
showed epithelioid variant 
MPNST. ( b ) MIP Image. 
After salvage chemotherapy 
and radiotherapy, there was a 
good response with persistent 
low uptake in the left pleura 
and in lymph nodes in the 
lower left neck and lower left 
thigh. Mild increased marrow 
uptake is consistent with 
therapy-related marrow 
stimulation       
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    Myxoid Tumor 

 The myxoid tumors include lipoblastoma, myxoid 
liposarcoma, and low-grade fi bromyxoid sarcoma. 
The majority of these rare tumors are considered 
low grade; however, they may recur locally and if 
unresectable may eventually metastasize. There 
are case reports describing the use of  18 F-FDG 
PET in these tumors. The low-grade malignancies 
such as fi bromyxoid sarcoma may have mild to 
moderate  18 F-FDG uptake [ 81 ,  87 ] (Fig.  23.8 ).

       Unclassifi ed/Undifferentiated 
Sarcoma 

 Unclassifi ed/undifferentiated sarcoma is a malig-
nancy previously called “pleomorphic malig-
nant fi brous histiocytoma,” but the World Health 
Organization has changed the name to “undif-
ferentiated high-grade pleomorphic sarcoma not 

otherwise specifi ed.” The most common sites are 
the lower extremity and head and neck. Surgery is 
the primary treatment as chemotherapy and radio-
therapy appear to have little effect in improving 
outcome [ 9 ]. The use of  18 F-FDG PET has been 
described in these tumors [ 88 ]. Our experience 
at the Children’s Hospital, Sydney with the use 
of  18 F-FDG PET/CT in these tumors has shown 
high metabolic activity and accurate assessment of 
response to therapy and detection of metastatic dis-
ease. Follow-up PET may be used to detect recur-
rence or metastatic disease (Figs.  23.9  and  23.10 ).

         Gastrointestinal Stromal Tumors 

 Gastrointestinal stromal tumors (GIST) are the 
most common mesenchymal tumors of the gastro-
intestinal tract and typically occur in middle-aged 
and older patients with a median age of 60 years. 
GIST is 0.1–3.0 % of all cancers involving the 

a

b

  Fig. 23.8    Fibromyxoid sarcoma.    A 10-year-old female 
presented with a slowly enlarging mass on the side of her 
right pelvis. MRI ( left  axial ( a ), coronal ( b )) showed a 
heterogeneous mass with intermediate T1 intensity aris-
ing in the gluteus medius and having areas of central 
necrosis. There were prominent lymph nodes in the ingui-
nal and right pelvic wall suggesting possible metastatic 

node involvement. Fluorine-18-FDG PET/CT ( a : axial,  b : 
coronal co-registered MRI and PET) confi rms that the 
mass is metabolically active (SUVmax 5.1) with a “photo-
penic” central area consistent with necrosis. There is no 
abnormal lymph node uptake and no evidence of meta-
static spread. Histopathology after surgical resection 
showed fi bromyxoid sarcoma (low-grade)       
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gastrointestinal tract. GIST is rare in childhood 
and adolescents, and accounts for 0.5–2.7 % in 
patients <21 year old [ 89 ]. Approximately 90 % 
of adult GIST have a mutation of the KIT and 
PDGFR proto-oncogenes, whereas these muta-
tions are infrequent in pediatric cases (15 %). 

These proto-oncogenes allow successful treat-
ment with tyrosine kinase receptor inhibitors 
(TKI) such as imatinib and sunitinib. GIST is 
more common in pediatric females and more often 
have the epithelioid or mixed morphology com-
pared to the more common spindle morphology in 

a b

  Fig. 23.9    Undifferentiated high-grade large cell sar-
coma. An 11-year-old male presented with a mass in the 
right popliteal fossa. Biopsy showed undifferentiated 
sacrcoma. ( a ) MIP image. Staging with CT and  18 F-FDG 
PET/CT showed a localized mass ( arrow ) with no evi-
dence of metastases. A sentinel lymph node biopsy of a 
femoral lymph node was negative. The patient under-
went chemotherapy and showed an initial response on 
 18 F-FDG PET and CT. After the third cycle of chemo-
therapy, the patient developed a mass in the right femoral 

region. Biopsy showed metastatic disease. ( b ) MIP 
image. A repeat  18 F-FDG PET showed the primary tumor 
in the right popliteal fossa was smaller but remained 
metabolic. There    was metastatic disease in right inguinal 
and external iliac nodes; multiple bone marrow metasta-
ses in the right femur, left acetabulum, and 12th thoracic 
vertebra; and a liver metastasis. This indicated severe 
disease progression on therapy and the patient was 
placed on palliative care       
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adults. The most common localization of GIST in 
children and adolescents is the stomach (60 %), 
small intestine (30 %), large intestine (5 %), and 
esophagus (<1 %) [ 89 ,  90 ]. Multiple tumor nod-
ules are common, and recurrence of disease 
occurs in approximately 20 % of cases. In chil-
dren, GIST is usually sporadic but rarely may be 
associated with other tumor syndromes,  such as 
neurofi bromatosis Type 1 (NF1). GIST in NF1, 
and familial forms are most commonly multicen-
tric and found in the small intestine. Up to half 
will experience recurrence, metastases, or both. 
Imaging techniques depend on the presenting 
symptoms and signs. Abdominal and pelvic CT 
with intravenous and enteral contrast is the usual 
initial investigation. This helps identify abdomi-
nal masses and metastatic disease to the liver and 
lymph nodes. MRI can be very useful for identi-
fying masses in the liver and lymph nodes. The 

use of  18 F-FDG PET has been well described in 
adult patients and has been used for staging and 
assessment of response to TKR inhibitors. There 
is very little data on the appropriate imaging 
approach in pediatric patients, but several articles 
have reported FDG avidity in GIST (Fig.  23.11 ). 
Fluorine-18-FDG PET imaging has been success-
fully used to monitor the response to therapy. 
Surgery is the primary mode of treatment; how-
ever, even with complete resection, recurrence 
has been reported to occur in 40–90 % of cases in 
adults [ 89 – 91 ].

       Langerhans Cell Histiocytosis 

 Langerhans cell histiocytosis (LCH) is a rare dis-
order resulting from clonal proliferation of cells 
resembling the epidermal dendritic cells called 

  Fig. 23.10    Recurrent    pleomorphic spindle cell sarcoma. 
A 13-year-old male with past history of bilateral familial 
retinoblastoma treated by chemotherapy and radiotherapy 
developed a second malignant neoplasm diagnosed as a 
pleomorphic spindle cell sarcoma. Treatment was by che-
motherapy and surgery. Follow-up MRI showed mass in 

left lateral sphenoid region. PET/CT showed increased 
metabolic activity in the mass confi rming recurrence 
( arrows ). The mass failed to respond to salvage chemo-
therapy. Biopsy confi rmed same histology and patient was 
placed on palliative care       
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Langerhans cells [ 92 ]. These diseases all involve 
abnormal histiocytes but on electron microscopy 
cytoplasmic “Birbeck” granules are character-
istic of normal Langerhans cells found in the 
skin [ 93 ]. LCH now describes all of the patients 
previously diagnosed with histiocytosis X, 
eosinophilic granuloma, Letterer-Siwe disease, 
Hand-Schuller-Christian disease, and diffuse 
reticuloendotheliosis. LCH is a rare disease with 
2–10 cases per million  children <15 years and a 
median age at diagnosis of 30 months. LCH has 
a wide range of clinical presentations from single 
organ (single-system LCH) involvement such as 

the skin or bone to multifocal disease (multisys-
tem LCH) of the liver, lung, bone marrow, and 
central nervous system. More extensive organ 
involvement is associated with a poorer prog-
nosis [ 94 ]. Clinical presentation depends on the 
pattern of organ involvement and the course of 
the disease can vary from spontaneous regression 
to rapid progression and death. Any bone can be 
involved in LCH, although there is a predilection 
for fl at bones. The skull is the most commonly 
involved, followed by the pelvis, spine, mandible, 
and ribs [ 95 ] (Fig.  23.12 ). In patients with bone 
disease one third or more have involvement of the 

  Fig. 23.11    A 9-year-old female with pelvic masses. 
Fluorine-18-FDG PET/CT ( left  MIP;  right upper row  low 
dose CT; lower co- registered PET/CT axial views) con-
fi rmed 2 solid pelvic masses with variable FDG uptake 

SUVmax 8.3. Surgical resection confi rmed GIST (Case 
courtesy of Dr Barry Shulkin, St. Jude Children’s 
Research Hospital, Memphis, Tennessee, USA)       
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long bones, with the femur as the most common 
followed by the humerus and tibia. The diaphysis 
is most commonly involved (Fig.  23.12 ). In the 
spine the vertebral body is usually involved with 
the thoracic spine as the most common, then the 
lumbar and cervical vertebrae [ 95 ,  96 ]. Lymph 
node involvement with LCH is most common in 
the cervical chain. Mediastinal lymph node dis-
ease may mimic lymphoma. The pituitary may 
be affected, which may cause diabetes insipidus, 
growth failure, or delayed or precocious puberty. 
Multiorgan disease may involve the liver, result-

ing in cholestasis and sclerosing cholangitis [ 97 ]. 
Bone marrow involvement tends to occur in chil-
dren with diffuse disease in the liver, spleen, skin, 
and lymph nodes and results in low platelets and 
red blood cells [ 97 ,  98 ]. The central nervous sys-
tem may be involved with mass lesions. A rare 
degenerative syndrome with ataxia and dysar-
thria has been reported. Fluorine-18-FDG PET in 
these patients showed an abnormality in the cau-
date nucleus [ 99 ]. Initial staging includes a skel-
etal survey and  bone scan. These two modalities 
are complimentary, as up to one-fi fth of lesions 

a

b

  Fig. 23.12    Langerhans    cell histiocytosis. ( a ) A 7-year-
old male presented with a mass on the left side of his 
skull. Biopsy confi rmed LCH. Skull radiograph shows a 
typical geographic lytic lesion in the left frontal bone. On 
bone scintigraphy this is seen as a “doughnut” lesion with 
a peripheral rim of increased osteoblastic activity. The 
bone scan also showed other lesions in the left mandible, 
right scapula, and right second rib consistent with multi-
ple sites of disease. ( b ) A 7-month-old male presented 
with decreased movement and pain in the right femur. 

Radiograph ( left ) showed a diaphyseal lytic lesion with 
marked lamellar and periosteal reaction. Bone scan ( mid-
dle ) showed marked focal osteoblastic reaction corre-
sponding to the periosteal reaction and a central 
photopenic area in the mid right femur corresponding to 
the lytic lesion on the radiograph. No other lesions were 
detected. MRI (T1FS with gadolinium) shows an expans-
ile multicystic lesion in the mid diaphysis with loss of 
overlying cortex and extensive periosteal reaction ( right ). 
Biopsy confi rmed LCH       
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are not seen on bone scan, and up to one-third 
may not be seen on plain radiograph [ 100 – 102 ]. 
Dogan et al. recommend both total body skeletal 
survey and bone scan to fully evaluate the skel-
eton. Bone scan is more sensitive than skeletal 
survey in detecting lesions in the ribs, spine, and 
pelvis and less sensitive in identifying lesions in 
the skull [ 101 ,  102 ]. CT and MRI are indicated 
in many patients to investigate specifi c symptoms 
of organ involvement. CT confi rms the presence 
of bone lesions by cortical destruction and shows 
soft tissue involvement. MRI is very sensitive 
to showing bone marrow disease and soft tis-
sue masses. In patients with skull or vertebral 
lesions, MRI is important to determine if there 
is involvement of the dura or brain and to assess 
for possible soft tissue impingement of the spinal 
cord. The typical skeletal radiological fi nding in 
LCH is a lytic lesion in the skull. On bone scan, 
this produces the “doughnut” sign (Fig.  23.12a ) 
with a photopenic central region surrounded by a 
rim of increased uptake in the surrounding osse-
ous reaction. In patients with bony involvement, 
70 % will have a single lesion. Some lesions pro-
duce very little response in the surrounding bone 
and may be seen only as a photopenic “cold” 
lesion. These are more diffi cult to detect on bone 
scan, but SPECT/CT improves the detection of 
such lesions. In recent years  18 F-FDG PET has 
been reported to be useful for management and 
assessment of therapy. LCH lesions are usually 
FDG-avid as this refl ects the intralesional meta-
bolic activity (Fig.  23.13a, b ). Fluorine-18-FDG 
PET has been reported to be more sensitive than 
skeletal survey and bone scan. Phillips et al. 
reviewed 102  18 F-FDG PET scans in 44 pediatric 
patients with LCH. Fluorine-18-FDG PET was 
rated confi rmatory or superior to plain radiogra-
phy, bone scan, CT, and MRI in 236/256 (92 %) 
of lesions overall. When  18 F-FDG PET was com-
pared more specifi cally to other modalities, it 
was superior fi nding new or recurrent lesions and 
as an indicator of therapy response. Fluorine-18-
FDG PET was rated confi rmatory or superior for 
96 % of skull lesions, 86 % of vertebral lesions, 
93 % of pelvic lesions, 100 % of rib lesions, 97 % 
of limb and other bone lesions, and 86 % of other 
body sites, including the brain, liver, lung, lymph 

nodes, and soft tissue. Fluorine-18-FDG PET 
was most helpful in identifying additional lesions 
in the skull, limbs, pelvis, scapula and clavicle, 
lymph nodes, lung, and spleen. This is important 
for management, as therapy choices for LCH 
depend on whether the disease is a single lesion 
or multifocal and whether there is involvement 
of “high- risk” organs, i.e., the liver, lung, spleen, 
and bone marrow. Response assessment is essen-
tial, particularly in those at high risk of disease 
reactivation and progressive disease. Lack of 
early response irrespective of the risk factors 
indicates a poor prognosis. Jurban et al. reported 
that in patients with multiorgan involvement, the 
risk of reactivation, progression, or death was 
signifi cantly increased in those with poor initial 
response and progressive disease [ 94 ,  102 ,  103 ]. 
Therapeutic response is usually  monitored by 
morphologic change on radiographs, CT, and 
MRI and on normalization of lesions on bone 
scan.    These imaging modalities are limited and 
do not allow quantitative metabolic information 
on tumor viability and delayed morphologic 
change and have limited specifi city and sensitiv-
ity. Fluorine-18-FDG PET/CT has been used to 
monitor disease response to chemotherapy and 
clarify discrepancies between clinical examina-
tion and other imaging results (Fig.  23.13a, b ) 
[ 102 ,  103 ]. Therefore, nuclear medicine tech-
niques including  18 F-FDG PET/CT and bone 
scan have important and complimentary roles in 
the management of LCH.

        Neurofi bromatosis Type 1 

 Neurofi bromatosis type 1 (NF1) is a common 
autosomal dominant neurocutaneous syndrome 
affecting approximately 1/3,500 individuals. 
The manifestations of NF1 result from a muta-
tion in or deletion of the NF1 gene. The NF1 
gene (chromosome 17) codes for a protein neu-
rofi bromin, which acts as a tumor suppressor 
via the  ras  pathway. The diagnosis is based on 
the presence of 2 or more pathognomic features: 
café au lait spots, skinfold freckling, cutaneous 
or plexiform neurofi bromas, Lisch nodules, optic 
path gliomas, skeletal dysplasia, and a positive 
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family history. Signifi cant cognitive impairment 
and learning disabilities have been reported in 
up to 50–81 % of patients. NF1 is associated 
with an increased incidence of other tumors and 
malignancies. MRI is the main imaging modal-
ity to evaluate the central nervous system, plexi-
form neurofi bromas and optic gliomas as these 
occur at a high frequency in children and adults 
with NF1. The major complication of a plexi-
form neurofi broma is malignant transformation 
to malignant peripheral nerve sheath tumors 
(MPNSTs). These tumors are highly malignant 
and have a poor prognosis. MPNSTs account 
for 5–10 % of soft tissue sarcomas, and approxi-
mately half of all MPNSTs are diagnosed in 

NF1 patients. The lifetime risk for MPNST is 
8–13 %. The 5-year survival rates in MPNST 
range from 21 to 52 % and are poorer in NF1 
patients. The symptoms of an enlarging benign 
neurofi broma and a MPNST are often identical, 
with increasing pain, growth of the lesion, and/or 
neurological defi cits. Clinical and MRI surveil-
lance of plexiform neurofi bromas is unreliable 
in distinguishing benign from malignant tumors. 
Fluorine-18-FDG PET is accurate in detecting 
MPNST with a sensitivity ranging from 89 to 
100 %, specifi city 72–95 %, NPV 95–100 %, and 
PPV 50–71 %. Moharir et al. reviewed  18 F-FDG 
PET in children with NF1 and diagnosed malig-
nant transformation with sensitivity of 100 % 

a

A B

  Fig. 23.13    ( a ,  b ) Multifocal 
Langerhans cell histiocytosis. 
A 2 year old male presented 
unable to walk with pain in 
the right leg and hip. Bone 
scan showed marked 
osteoblastic reaction in the 
right iliac bone and right 3 rd  
rib (not shown). ( a ) Total 
body PET MIPS ( b ) 
Co-registered PET/CT 
images, ( A ) At diagnosis and 
( B ) Post chemotherapy. The 
PET/CT scans at diagnosis 
( aA, bA ) shows focal areas of 
increased uptake in the right 
iliac bone, third right rib and 
left petrous temporal bone 
(SUV max 6.5) with bone 
destruction on the CT 
component. Biopsy 
confi rmed LCH. The PET/
CT scans after chemotherapy 
( aB, bB ) shows persisting 
lytic lesions on the CT but 
no signifi cant metabolic 
activity on FDG PET with 
SUVmax 2.1         
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and specifi city of 86 %. However, there can 
be an overlap of SUVmax values. Ferner et al. 
evaluated 105 adult patients with NF1 and symp-
tomatic plexiform neurofi bromas with  18 F-FDG 
PET. Twenty-eight malignant lesions were iden-
tifi ed in 34 FDG-avid lesions. The SUVmax for 
all malignant lesions was >2.5. Six lesions were 
benign plexiform neurofi bromas, and 2 were 
atypical plexiform neurofi bromas. The mean 
SUVmax was 5.7 ± 2.6 in MPNST, and 1.5 ± 1.06 
in plexiform neurofi bromas. They recommended 
that symptomatic lesions with SUVmax 3.5 and 
above should be excised, lesions between 2.5 
and 3.5 be reviewed clinically, and those with 
SUVmax <2.5 considered benign. Brenner et al. 
showed a signifi cant differentiating ability for 
malignant transformation with SUVmax >3 and 
also correlated tumor SUV with long-term sur-
vival [ 104 ]. Warbey et al. improved the ability 
to differentiate benign from malignant lesions 
by performing imaging at 90 min and delayed 
imaging at 4 h post-FDG injection. They dem-
onstrated a correlation between SUVmax and 
tumor grade. The sensitivity for diagnosing NF1 
MPNST was 97 %, and specifi city was 87 % 
using SUVmax >3.5 as the cutoff for surgical 
excision [ 105 ]. Recently Tsai et al. published 
data in pediatric NF1 patients, which further 
evaluated SUVmax in differentiating benign 

and malignant lesions and more specifi cally cat-
egorized MPNST into low-, intermediate-, and 
high-grade tumors. They report on 20 patients 
(average age 14.9 year) with 27 lesions, who 
had pathological and imaging correlation. The 
mean SUVmax of plexiform neurofi broma and 
MPNST were 2.49 (SD 1.50) and 7.63 (SD 
2.96), respectively. When plexiform neurofi bro-
mas were separated into typical and atypical, 
there was no apparent difference in FDG-avidity. 
However, both subtypes showed a signifi cant dif-
ference from MPNST. The sensitivity and speci-
fi city was optimal at 100 and 94 %, respectively, 
for distinguishing between neurofi broma and 
MPNST with a cutoff of SUVmax of 4.00 [ 106 ]. 
Fluorine-18-FDG PET/CT also may indicate the 
most metabolic site for biopsy. Benz et al. rec-
ommend that patients with suspected MPNST 
should have  18 F-FDG PET/CT imaging prior to 
surgery or biopsy (Fig.  23.14a ). As many patients 
may require follow-up with PET, they recom-
mend  18 F-FDG PET studies every six months 
for 2 years and then annually if the clinical sta-
tus does not change [ 107 ]. Besides MPNSTs, 
patients with NF1 have an increased predispo-
sition for other malignancies, which include 
GIST, rhabdomyosarcoma, carcinoid tumors, 
pheochromocytoma, and intracranial neoplasms. 
The most common intracranial tumors are optic 

b
A

B

Fig. 23.13 (continued)
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nerve gliomas and brain stem gliomas. There is 
also increased risk of other tumors of the CNS 
including malignant astrocytomas, ependy-
momas, meningiomas, medulloblastomas, and 
MPNSTs arising from the cranial nerves. Optic 
nerve gliomas are histopathologically low-
grade pilocytic astrocytomas. Patients <6 years 

of age are at greatest risk, and one-eighth will 
have progressive disease warranting specifi c 
treatment. This is usually by chemotherapy 
rather than radiation therapy [ 108 ]. Progressive 
optic pathway gliomas can appear metaboli-
cally active on  18 F-FDG PET. Fluorine-18-
FDG may have a role in differentiating these 

a

b

  Fig. 23.14    ( a ) A 12-year-old female with NF1 showed an 
increasing mass in the thoracic paravertebral region T3–4 
on MRI. Coronal MRI (T2FS + GAD) on left shows an 
enhancing lesion in the right paravertebral region. 
Co-registered MRI and  18 F-FDG PET show increased 
uptake (SUVmax7.8) suggesting malignant transformation. 
Note brown fat uptake in supraclavicular fossae and inter-

costal spaces. ( b ) Fluorine-18-FDG PET/CT of the lower 
legs with the CT ( left ) shows a plexiform neurofi broma in 
the lateral right calf ( arrow ) with mild FDG uptake ( right ) 
SUVmax 2.2. At surgery the thoracic lesion was an 
MPNST, and the right calf lesion was benign plexiform 
neurofi broma       
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from those that are not likely to progress and/
or cause morbidity. Fluorine-18-FDG PET has 
been shown to demonstrate the response to 
chemotherapy [ 109 ] (Fig.  23.15 ). Brain stem 
gliomas typically are low-grade  gliomas and 
show an indolent clinical course compared to 
sporadic cases. Leonard et al. have shown that 
tumors outside the optic pathway, rapidly grow-
ing or arising in older children with NF1, may 
be more likely to be higher-grade lesions [ 110 ]. 
Fluorine-18-FDG PET is relatively accurate in 
predicting the tumor grade of CNS lesions except 
for pilocytic astrocytomas [ 109 ,  111 ]. MRI is the 
primary imaging technique. Areas of hyperin-
tense signal on T2 weighted cerebral MRI scans, 
known as T2 hyperintensities (T2H), are seen in 
up to 90 % of patients with NF1. These lesions 
occur in the cortical and subcortical grey mat-

ter, basal ganglia, and in the deep white matter. 
Studies have suggested that there may be an 
association between discrete T2H in the thalami 
and cognitive impairment in children with NF1 
[ 112 ,  113 ]. A signifi cant challenge in children 
with NF1 is differentiating T2H from gliomas, 
especially in the setting of lesions that do not 
show contrast enhancement or a signifi cant mass 
effect on MRI. T2H have reduced FDG uptake 
compared to nearby normal brain areas [ 114 ]. 
This is an important discriminating characteris-
tic enabling these to be differentiated from non-
optic pathway gliomas and to direct stereotactic 
biopsy. Application of PET agents  18 F-FDG and 
 18  F-ethyl- tyrosine (FET) for  intracranial neo-
plasms also has been useful in determining resid-
ual or recurrent malignancy and differentiating 
recurrent disease from radiation necrosis [ 115 , 

a

b

  Fig. 23.15    Optic nerve gliomas. A 3-year-old male with 
NF1 and bilateral ONGs showed progressive proptosis 
and visual deterioration on the right and was treated with 
chemotherapy (vincristine and carboplatin). ( a ) ( top row ) 
MRI (T1Flair + GAD), FDG PET, co-registered MRI, and 

PET. The right OPG is FDG avid SUVmax 5.6 and mini-
mal uptake in the left OPG. ( b ) ( lower row ) After chemo-
therapy, there is marked reduction in metabolic activity 
with the right OPG SUVmax <2. The patient’s visual acu-
ity improved and the proptosis stabilized       
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 116 ]. Fluorine-18-FET PET in adults appears to 
be more accurate than  18 F-FDG in the detection 
of brain tumors regardless of tumor grade [ 115 ], 
but to date no studies have been published evalu-
ating the performance of  18 F-FET PET in children 
with NF1. Our experience in pediatric patients at 
the Children’s Hospital at Westmead, Sydney, 
parallels the adult experience (Fig.  23.16 ). 
Overall, the experience with PET radiotracers 
for brain tumors in adults with NF1 appears to 
be applicable to children with NF1 [ 117 ]. With 
regard to neurocognitive defi cits, there is emerg-
ing evidence that children with NF1 have a dif-
ferent pattern of cerebral metabolism compared 
to children  without this condition. A few small 
studies have suggested reduced glucose utiliza-
tion in the thalamus and, less consistently, in 
various cortical regions [ 114 ,  118 ]. The signifi -
cance of these changes is uncertain [ 119 ].

         Epithelial Neoplasms and 
Malignant Melanoma 

 Carcinomas originate from epithelial tissues 
and are very rare in children and adolescents. 
All carcinomas combined account for less 
than 10 % of cancer in children. The majority 
of these are thyroid carcinoma, with nasopha-
ryngeal (4.5 %), adrenocortical (1.3 %), and 
other skin carcinomas (0.5 %) combined being 
a small proportion and unspecifi ed carcinomas 
27.3 %. Approximately 75 % of carcinomas in 
childhood and adolescence occur between 15 
and 19 years of age. Carcinomas commonly fi rst 
metastasize to locoregional lymph nodes, but 
also may metastasize more distantly. Imaging 
usually includes contrast CT and MRI of the pri-
mary tumors for evaluation of the extent of the 

a

b

  Fig. 23.16    A 3 year-old girl with NF1 presented with 
weight loss and lethargy. The sagittal ( a ) and coronal ( b ) 
MRI post-gadolinium T1 FLAIR sequences show a large 
hypothalamic tumor with contrast enhancement. The 
tumor deviates the brainstem and compresses the pituitary. 
Fused  18 F-FDG ( middle ) and  18 F-FET ( right ) PET images 

show intense uptake of both tracers in the tumor. Fluorine-
18-FET images demonstrate greater target to background 
uptake, as there is little FET uptake in the normal cerebral 
cortex. Biopsy of the tumor revealed a pilocytic astrocy-
toma (WHO grade 1)       
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primary tumor and determination of spread to 
locoregional lymph nodes. Bone scan and  18 F-
FDG PET/CT play important roles in identifying 
skeletal metastases and other regional and dis-
tant metastases. The International Classifi cation 
of Childhood Cancer (ICCC)  classifi es epithe-
lial neoplasms and skin malignancy into six 
broad groups [ 120 ,  121 ]: adrenocortical car-
cinoma, thyroid carcinoma, nasopharyngeal 
carcinoma, malignant melanoma, skin cancer 
other than melanoma, and other and unspecifi ed 
carcinomas. 

    Adrenocortical Carcinoma 

 Adrenocortical carcinoma is a rare malignancy 
with a poor prognosis in childhood. Patients may 
present with signs of virilization due to adrenal 
androgen secretion. Initial imaging is by CT 
scans and MRI for detection of the primary, 
locoregional disease and lung metastases. The 
initial treatment is adrenalectomy and adjuvant 
therapy with mitotane. Recurrence rates are high 
and imaging is required to detect early recur-
rence. Fluorine-18-FDG PET/CT has been 
reported for staging and for detection of recur-
rence and metastatic disease in adults and chil-
dren [ 122 – 124 ].  

    Nasopharyngeal Carcinoma 

 Pediatric nasopharyngeal carcinoma is a rare dis-
ease in childhood and one of the few malignan-
cies in childhood arising from epithelium. It 
accounts for <1 % of all childhood malignancies. 
It is distinguishable from the adult forms of dis-
ease due to a close association with Epstein- Barr 
virus (EBV). It usually has an undifferentiated 
histopathology with high incidence of locore-
gional nodal involvement. More than 80 % of 
children will have stage IV locoregional advanced 
disease at presentation. The early peak incidence 
in children and adolescents is 10–20 years of age 
with the adult peak at 40–60 years. The treatment 
guidelines have evolved from adult protocols, 
with current treatment usually including a combi-

nation of chemotherapy and radiotherapy [ 125 ]. 
Contrast-enhanced CT and MRI allow for assess-
ment of the extent of local tumor growth, base of 
skull involvement, and regional lymph node 
involvement. CT is required for detection of pul-
monary and liver metastases and bone scintigra-
phy for skeletal metastases. Fluorine-18-FDG 
PET/CT has been reported to be useful for con-
fi rming the extent of local disease, assessing 
regional nodal involvement, determining distant 
metastatic spread in adult patients [ 126 ]. Our 
institution routinely uses  18 F-FDG PET/CT at ini-
tial staging, for assessing response assessment, 
and for surveillance for recurrence of disease 
(Fig.  23.17 ).

       Melanoma 

 Melanoma is reported to be rare in children and 
uncommon in adolescents. However, there has 
been an increasing incidence of melanoma in 
children over the last two decades with 
increases of 3–7 % being reported. Management 
of pediatric melanoma follows the principles 
used for adult melanoma. Sentinel lymph node 
biopsy (see Chap.   8    ) is recommended in inter-
mediate-stage melanoma, as the status of the 
sentinel lymph nodee is the strongest indicator 
of survival in melanoma patients. If the senti-
nel node is positive, most centers will recom-
mend therapeutic lymphadenectomy. Sentinel 
lymph node mapping can show many different 
patterns of lymph drainage. The technique has 
to be meticulous, and there must be good com-
munication between the nuclear medicine phy-
sicians and surgeons involved [ 127 ]. Pediatric 
patients with melanoma generally present late 
and have a higher rate of positive sentinel 
lymph nodes than the adult population. The 
pediatric survival rate, however is higher than 
the adult rate [ 128 ]. If there is advanced mela-
noma with evidence of regional involvement or 
other distant metastatic spread, total body CT 
scans and  18 F-FDG PET/CT are recommended 
to accurately stage the disease. MRI of the 
brain may be indicated to exclude cerebral 
metastases [ 129 ].      
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        Despite dramatic advances in its prevention and 
treatment, infection remains a major cause of 
morbidity in children, accounting for approxi-
mately 30 % of childhood deaths worldwide 
[ 1 ]. The development of powerful antimicrobial 
agents has improved patient survival, but timely 
diagnosis is equally, if not more, important. In 
adults, most infections can be diagnosed with a 
thorough history, a complete physical examina-
tion, and appropriate laboratory tests. In the pedi-
atric population, unfortunately, this is a diffi cult 
task. Children do not, or will not, verbalize their 
feelings, and often the history is little more than 
secondhand information obtained from a parent. 
The physical examination of an ailing child can be 
diffi cult, if not impossible. Further complicating 
matters is the fact that conditions such as vascu-
litis and other infl ammatory diseases can mimic 
infection. Consequently, empiric treatment with 
antibiotics, which may be neither appropriate nor 
effective, often is instituted. Imaging procedures 
usually are reserved for those patients in whom 
symptoms or physical fi ndings point to a specifi c 
region of the body. Because of concerns about 
radiation exposure, pediatricians tend to utilize 
radionuclide imaging only as a last recourse after 

all other resources have been exhausted. The 
nuclear physician often is faced with the formi-
dable task of diagnosing and localizing infection 
and infl ammation late in the course of an illness 
when an expeditious and correct diagnosis is 
even more critical. 

    Tracers 

    Methylene Diphosphonate (MDP) 

 The uptake of  99m Tc-MDP depends on blood 
fl ow and the rate of new bone formation. When 
performed for osteomyelitis, a three-phase study 
usually is performed. Three-phase bone imag-
ing consists of a dynamic imaging sequence, the 
perfusion phase, followed immediately by static 
images of the region of interest, the blood pool 
or soft tissue phase. The third, or bone, phase 
is performed 2–4 h later. Images should be 
acquired on a large fi eld of view gamma cam-
era equipped with a low-energy, high-resolution 
parallel hole collimator and a 15–20 % window 
centered on 140 keV. The usual injected dose is 
9–11 MBq (0.20–0.30 mCi)/kg of  99m Tc-MDP 
[ 2 ]. In children, the normal distribution of this 
tracer, by 2 h after injection, includes the skele-
ton, urinary tract, and soft tissues. Intense, sym-
metric uptake in the physes of the long bones, 
which are centers of growth and hematopoietic 
production, is present. Intense uptake can be 
appreciated in the marrow- rich fl at facial bones 
as well [ 3 ].  

        C.  J.   Palestro ,  MD       
  Department of Radiology ,  Hofstra North Shore-LIJ 
School of Medicine ,   Hempstead ,  NY ,  USA    

  Division of Nuclear Medicine and Molecular 
Imaging, Department of Radiology ,  North Shore 
Long Island Jewish Health System , 
  New Hyde Park ,  NY ,  USA   
 e-mail: palestro@nshs.edu  

  24      Infection and Infl ammation 

           Christopher     J.     Palestro     

mailto:palestro@nshs.edu


542

    Gallium-67 

 For nearly 40 years, gallium-67 citrate ( 67 Ga) 
has been used for localizing foci of infection 
and infl ammation. In spite of its disadvantages, 
including an inherent nonspecifi city, the delay 
between injection and imaging, poor imaging 
characteristics, and a variable biodistribution 
that can confound image interpretation, gallium 
imaging remains useful, providing information 
that is complimentary to, and at times not avail-
able from, other tests. 

  67 Ga, a group III transition metal with a half- 
life of 78 h, emits a broad spectrum of gamma 
rays between 92 and 889 keV. Energies suitable 
for imaging include 92 keV (38 %), 184 keV 
(23 %), and 300 keV (16 %). By 24 h after injec-
tion, about 10–25 % of the administered dose is 
excreted via the kidneys. The large bowel is the 
principal excretory pathway beyond 24 h. At 72 h 

after injection, about 75 % of the  administered 
dose remains in the body, equally distributed 
among the soft tissues, bone/bone marrow, and 
liver [ 4 ]. The normal distribution, however, is 
variable. Nasopharyngeal and lacrimal gland 
activity can be quite prominent, even in the 
absence of disease. Breast uptake usually is faint 
and symmetric; intense uptake is associated with 
hyperprolactinemic conditions such as pregnancy, 
lactation, certain drugs, and hypothalamic lesions 
(Fig.  24.1 ) [ 5 – 8 ]. In patients who have undergone 
multiple transfusions, increased renal, bladder, 
and bone activity, together with decreased hepatic 
and colonic activity, can be observed, presumably 
due to iron receptor saturation by exogenous iron 
from the transfused cells [ 9 ]. The MRI contrast 
agent gadolinium can cause a similar alteration in 
the biodistribution of gallium [ 10 ].

   Several factors govern gallium uptake in 
infl ammation and it is not necessary that they all 

a b

  Fig. 24.1    ( a ) Normal anterior ( left ) and posterior ( right ) 
72-h images from a gallium scan performed on a 10-year-
old patient. Note the uniformly intense activity in the ends 
of the long bones that correspond to active growth plates. 

( b ) Compare the mild, bilateral breast uptake of gallium in 
an asymptomatic 15-year-old female patient ( left ) with the 
intense breast uptake in a 17-year-old patient ( right ), who 
had given birth recently       
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be present for such uptake to occur. Following 
intravenous injection, more than 90 % of circulat-
ing gallium is in the plasma, nearly all transferrin 
bound. Increased blood fl ow and increased vas-
cular membrane permeability result in increased 
delivery to, and accumulation of, the transferrin-
bound gallium at infl ammatory foci. Gallium also 
binds to lactoferrin, which is present in high con-
centrations in sites of infl ammation. Direct uptake 
by certain bacteria, including  Staphylococcus 
aureus , has been observed in vitro, and this too 
may account for gallium uptake in infection. 
Siderophores, which are small molecular weight 
chelates produced by bacteria for iron binding 
and transport, are gallium-avid. It has been pos-
tulated that the siderophore-gallium complex is 
transported into the bacterium, where it remains 
until phagocytosed by macrophages. Some gal-
lium may be transported bound to leukocytes. 
It is important to note, however, that even in the 
absence of circulating leukocytes, gallium accu-
mulates in infl ammation and infection [ 4 ]. 

 Imaging usually is performed 18–72 h after 
injection of 1.5–2.6 MBq (0.04–0.07 mCi)/kg 
 67 Ga-citrate [ 11 ]. A gamma camera capable of 
imaging multiple energy peaks and equipped 
with a medium-energy collimator must be used. 
Gallium is excreted via the large bowel and 
colonic activity can make image interpretation 
diffi cult. The use of SPECT, SPECT/CT, and/or 
delayed imaging facilitates image interpretation. 
Bowel preparation with laxatives prior to imag-
ing sometimes is used, but is of questionable 
value [ 4 ,  12 ].  

    Labeled Leukocytes 

 In vitro labeling of leukocytes most often is 
performed using the lipophilic compounds 
 111 In-oxyquinolone and  99m Tc-exametazime. 
The usual dose of  111 In-labeled leukocytes is 
0.15–0.25 MBq (0.004–0.007 mCi)/kg; the usual 
dose of  99m Tc-exametazime-labeled leukocytes is 
3.7–7.4 MBq (0.1–0.2 mCi)/kg [ 13 ,  14 ]. A limit-
ing factor to the use of labeled leukocyte imaging 
in children is the amount of blood that must be 
withdrawn in order to obtain a suffi ciently large 

quantity of leukocytes to label and subsequently 
image. In adults and older children, 40–60 mL of 
whole blood can be withdrawn without fear of 
precipitating a hemodynamic crisis. This is not 
the case in younger children and infants, how-
ever, and unfortunately there are no data avail-
able on the smallest quantity of blood that can 
be withdrawn to satisfactorily perform the test. 
For safety reasons, not more than 5 % of a child’s 
total blood volume, or about 3.5 mL/kg, should 
be withdrawn. Using this guideline, we have suc-
cessfully imaged infants as young as 6 weeks old, 
after labeling leukocytes separated from as few 
as 7 mL of blood. 

 The success of labeled leukocyte imaging 
depends on intact chemotaxis, the number and 
types of cells labeled, and the cellular response to 
a particular infl ammatory process. The conven-
tional labeling process does not normally affect 
leukocyte chemotaxis. A circulating white cell 
count of at least 2–3 × 10 6 /mL probably is needed 
to obtain satisfactory images. In most clinical 
settings, the majority of leukocytes labeled are 
neutrophils, and hence the procedure is most sen-
sitive for identifying neutrophil-mediated infl am-
matory processes, such as bacterial infections. 
The procedure is less sensitive for detecting ill-
nesses, such as sarcoidosis and tuberculosis, in 
which the predominant cellular response is not 
neutrophilic [ 12 ,  15 ]. 

 Regardless of whether leukocytes are labeled 
with  111 In or  99m Tc, intense diffuse, bilateral pul-
monary activity normally is observed on images 
obtained shortly after injection. This activity 
decreases over time, reaching background lev-
els by about 4 h after injection (Fig.  24.2 ). This 
phenomenon likely is due to several factors. 
Neutrophils spend more time in contact with the 
pulmonary endothelium than they do in the sys-
temic vascular bed. One reason for this is that the 
mean pressure across the pulmonary circulation 
is lower than that in the systemic circulation. Cell 
size is another factor. In order to pass through the 
pulmonary capillaries, which are about 5.5 μm 
in diameter, neutrophils, which are about 8 μm 
in diameter, must undergo cytoskeletal deforma-
tion. During the labeling procedure, neutrophils 
are activated. Activated cells are more rigid and 
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less easily deformed and consequently pass more 
slowly through the pulmonary vessels. Activated 
leukocytes adhere to the pulmonary capillaries 
for a longer time than do non-activated cells. 
Finally, there is evidence that the in vitro label-
ing procedure itself causes prolonged pulmonary 
transit of leukocytes, perhaps as a result of cell 
trauma during the labeling process [ 15 – 18 ].

   By 24 h after injection, the usual imaging time 
for  111 In-labeled leukocytes, the normal distri-
bution of activity is limited to the liver, spleen, 
and bone marrow (Fig.  24.3 ). Images should be 
acquired on a large fi eld of view gamma camera 
equipped with a medium-energy parallel hole col-
limator. Energy discrimination is accomplished 

by using 15 % windows centered on the 174-keV 
and 247-keV photopeaks of  111 In [ 12 ,  15 ].

   The normal biodistribution of  99m Tc-
labeled leukocytes is more variable than that of 
 111 In-labeled leukocytes. In addition to the reticu-
loendothelial system, activity normally is present 
in the urinary tract, large bowel (within 4 h after 
injection), blood pool, and occasionally gall blad-
der. The time interval between injection of  99m Tc-
labeled leukocytes and imaging varies with the 
indication; imaging usually is performed within 
a few hours after injection. A high- resolution, 
low-energy parallel hole collimator is used with 
a 15 % window centered on the 140- keV photo-
peak of  99m Tc [ 12 ,  15 ,  19 ]. 

5 min 1 h

4 h 24 h

  Fig. 24.2    Labeled leukocyte images are characterized by 
intense pulmonary activity soon after injection. The inten-
sity of this activity rapidly decreases, approaching back-

ground within about 4 h after injection. This phenomenon 
is independent of the radiolabel used       
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 There are advantages and disadvantages 
to both  111 In- and  99m Tc-labeled leukocytes. 
Advantages of the  111 In label are the stability of 
the label and a virtually constant normal distribu-
tion of activity limited to the liver, spleen, and 
bone marrow. The 67-h physical half-life of  111 In 
allows for delayed imaging, which is valuable 
for musculoskeletal infection. There is another 
advantage to the use of  111 In-labeled leukocytes in 
musculoskeletal infection. Many of these patients 
require bone or marrow scintigraphy, which can 
be performed while the patient’s cells are being 

labeled, or as part of a simultaneous dual isotope 
acquisition, or immediately after completion of 
the  111 In-labeled leukocyte study [ 15 ]. 

 Disadvantages of the  111 In label include a low 
photon fl ux, less than ideal photon energies, and 
the fact that a 24-h interval between injection and 
imaging is generally required [ 15 ]. 

 Advantages of the  99m Tc label include a photon 
energy that is optimal for imaging using state-of- 
the-art instrumentation, a high photon fl ux, and 
the ability to detect abnormalities within a few 
hours after injection. Disadvantages include 

  Fig. 24.3    Normal anterior 
( left ) and posterior ( right ) 
24-h whole-body images 
from an  111 In-labeled 
leukocyte study performed on 
a 9-year-old child. Activity is 
limited to the liver, spleen, 
and bone marrow. The 
distribution of hematopoieti-
cally active bone marrow 
varies with the age, with 
decreasing appendicular 
activity, as the child grows 
older. Regardless of the 
radiolabel used, splenic 
uptake normally is more 
intense than hepatic uptake       
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 urinary tract activity, which appears shortly after 
injection, and bowel activity, which appears by 
4 h after injection. The instability of the label 
and the short half-life of  99m Tc are disadvan-
tages when delayed 24-h imaging is needed. This 
occurs in those infections that tend to be indo-
lent in nature and for which several hours may 
be necessary for accumulation of a suffi cient 
quantity of labeled leukocytes to be successfully 
imaged. When  99m Tc-labeled leukocytes are used, 
an interval of least 48 h is required between the 
white cell and bone or marrow scans [ 15 ]. 

 Technetium-99m-labeled leukocytes are best 
suited to imaging acute infl ammatory condi-
tions, such as infl ammatory bowel disease, while 
 111 In-labeled leukocytes are preferred for more indo-
lent conditions such as musculoskeletal infection. 

 To maximize the value of labeled leukocyte 
imaging, pitfalls of the technique must be rec-
ognized. Although pulmonary uptake of labeled 
leukocytes is a normal physiologic event during 
the fi rst few hours after injection, by 24 h such 
uptake is abnormal. Focal pulmonary uptake that 
is segmental or lobar in appearance usually is 
associated with bacterial pneumonia (Fig.  24.4 ). 
In addition to pneumonia, segmental/lobar pul-
monary uptake of labeled leukocytes can be 
seen in patients with cystic fi brosis. This uptake 
usually is intense, multifocal, and bilateral, and 
is due to accumulation of labeled leukocytes in 
pooled secretions in bronchiectatic regions of the 

lungs. In patients with cystic fi brosis, the pres-
ence of pulmonary activity on labeled leukocyte 
images cannot be equated automatically with 
infection (Fig.  24.5 ) [ 21 ].

    Focal pulmonary uptake that is not segmental 
or lobar also may be due to technical problems 
during labeling or reinfusion and usually is not 
associated with infection [ 17 ,  20 ]. 

 Diffuse pulmonary uptake on images obtained 
more than 4 h after reinjection of labeled cells 
is associated with a variety of pathologic condi-
tions, including opportunistic infection, radiation 
pneumonitis, pulmonary drug toxicity, and adult 
respiratory distress syndrome. This pattern is 
almost never seen in bacterial pneumonia, how-
ever [ 17 ,  22 – 25 ]. 

 Diffuse pulmonary uptake of labeled leu-
kocytes also can be observed in septic patients 
whose chest x-rays are normal and who have no 
clinical evidence of respiratory tract infl amma-
tion or infection. It is believed that the circulating 
neutrophils are activated by cytokines, which are 
released peripherally in response to an infection. 
These activated neutrophils pool in the pulmo-
nary circulation because it is more diffi cult for 
them to undergo the cytoskeletal deformation 
required to maneuver through the pulmonary 
circulation. The cytokines presumably also acti-
vate pulmonary vascular endothelial cells, caus-
ing increased adherence of leukocytes to the cell 
walls (Fig.  24.6 ) [ 17 ,  25 – 28 ].

  Fig. 24.4    Bilateral, multifocal areas of pulmonary activity are present on the  111 In-labeled leukocyte image of a patient 
with pneumonia ( left ). Bilateral infi ltrates are present on the chest x-ray performed the same day ( right )       

 

C.J. Palestro



547

   Indium-111-labeled leukocytes do not accu-
mulate in normal bowel and such activity is abnor-
mal. In hospitalized patients, a frequent cause of 
this activity is antibiotic-associated, or pseudo-
membranous, colitis. Other etiologies include 
infl ammatory bowel disease, ischemic colitis, and 
gastrointestinal bleeding (Fig.  24.7 ) [ 12 ,  15 ].

   Labeled leukocytes do not accumulate in 
normally healing surgical wounds, and the pres-
ence of such activity indicates infection. There 
are, however, certain exceptions. Granulating 
wounds, or wounds that heal by secondary inten-
tion, can appear as areas of intense activity on 
leukocyte images even in the absence of infec-
tion. Examples include “ostomies” (tracheosto-
mies, ileostomies, feeding gastrostomies, etc.) 
and skin grafts (Fig.  24.8 ) [ 29 ].

   Focal uptake, especially when superfi cial, 
requires careful clinical correlation. Vascular 
access lines, dialysis catheters, and even lumbar 
punctures all can yield false-positive results in 
the absence of appropriate clinical history [ 29 ]. 

 Despite its value, there are signifi cant limi-
tations to the in vitro-labeled leukocyte proce-
dure, and considerable effort has been devoted 
to developing in vivo methods of labeling leu-
kocytes, including peptides and antigranulocyte 

antibodies/antibody fragments. In the United 
States at the present time none of these agents are 
available, even on an investigational basis.  

     18 F-Fluorodeoxyglucose 

 Fluorine-18-Fluorodeoxyglucose ( 18 F-FDG) is 
readily available, exquisitely sensitive, and rela-
tively inexpensive. Imaging is completed rapidly 
and the high-resolution tomographic PET images 
are superior to those provided by single-photon 
emitting tracers. It is not surprising that the 
potential of  18 F-FDG for detecting infection and 
infl ammation has attracted considerable interest. 

 FDG, a glucose analogue, is transported into 
cells via glucose transporters. Intracellular radio-
labeled  18 F-FDG is phosphorylated by hexoki-
nase enzyme to  18 F-2′-FDG-6 phosphate, which 
does not pass easily through the cell membrane. 
Compared with glucose, this fl uorinated deoxyglu-
cose is not metabolized. Increased  18 F-FDG uptake 
in infl ammation is related, at least in part, to an 
increased number of glucose transporters. In addi-
tion, in infl ammation, the affi nity of glucose trans-
porters for deoxyglucose presumably is increased 
by various cytokines and growth factors [ 30 – 36 ]. 

  Fig. 24.5    There is intense, multifocal, bilateral pulmo-
nary uptake of  111 In-labeled leukocytes ( left ) in a 15-year-
old patient with cystic fi brosis. Chest radiograph ( right ), 
which demonstrates diffuse fi brotic changes with large 
bronchiectatic cavities and air space infi ltrates, was 

unchanged from prior studies, and the patient’s respira-
tory status was stable. In the patient with cystic fi brosis, 
pulmonary uptake of labeled leukocytes cannot be equated 
automatically with infection (From Love et al. [ 17 ], by 
permission of  RadioGraphics )       

 

24 Infection and Infl ammation



548

 The normal distribution of  18 F-FDG includes 
brain, myocardium, and genitourinary tract. 
Bone marrow, gastric, and bowel activities are 
 variable. Thymic uptake, especially in children, 
can be prominent. Liver and spleen uptake gen-
erally are low grade and diffuse, although in 
infection, splenic uptake may be intense. The 
spleen is an integral part of the body’s immune 
system. Increased splenic activity in infection 
likely refl ects increased glucose utilization by 
this organ, and it is important to recognize that 
this increased activity cannot automatically be 

attributed to infection or tumor of the organ itself 
[ 30 ]. The usual pediatric dose is 3.7–5.2 MBq 
(0.10–0.14 mCi)/kg [ 37 ].   

    Indications 

    Opportunistic Infection 

 Nuclear medicine plays an important role in 
the detection of infections unique to the immu-
nocompromised patient, and for most of them, 

  Fig. 24.6    Anterior ( left ) 
and posterior ( right ) 24-h 
whole-body images from an 
 111 In-labeled leukocyte study 
performed on a 9-year-old 
patient with septicemia, but 
with no respiratory tract 
signs or symptoms. Note the 
diffuse bilateral pulmonary 
uptake of labeled leukocytes, 
which has been observed in 
septic patients and is 
apparently of no clinical 
signifi cance       
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gallium imaging is the radionuclide  procedure 
of choice. Many opportunistic infections affect 
the lungs, and a normal gallium scan of the 
chest excludes infection with a high degree of 
certainty, especially in the setting of a nega-
tive chest radiograph. In the HIV (+) patient, 

lymph node uptake of gallium most often is due 
to  mycobacterial disease or lymphoma. Focal, 
or localized, pulmonary parenchymal gallium 
uptake usually is associated with bacterial pneu-
monia. Diffuse pulmonary gallium uptake is 
indicative of  Pneumocystis jirovecii  pneumonia, 
especially when the uptake is intense (Fig.  24.9 ). 
In addition to its value as a diagnostic test, gal-
lium can be used for monitoring response to 
therapy [ 4 ,  12 ,  38 ].

   Fluorine-18-FDG PET also is useful in this 
population, especially in the central nervous sys-
tem, where it accurately distinguishes lymphoma 
from toxoplasmosis [ 30 ,  39 ,  40 ]. 

 Labeled leukocyte scintigraphy is not sensi-
tive for detecting opportunistic infections pre-
sumably because most opportunistic infections 
do not incite a neutrophilic response [ 12 ,  15 , 
 22 ,  38 ].  

    Fever of Unknown Origin 

 While there is some disagreement about its 
precise defi nition, for most clinical situations, 
a persistent fever for at least 8 days in a child 
in whom a thorough history, complete physical 
examination, and laboratory data fail to reveal a 
cause is considered a fever of unknown origin or 
“FUO.” The three most common causes of FUO 
in children in the United States are infections, 
connective tissue diseases, and neoplasm. In up 

  Fig. 24.7    Activity within the large bowel on  111 In-labeled 
leukocyte images always is abnormal. In patients receiv-
ing antibiotics, this uptake often is indicative of antibiotic- 
associated colitis       

  Fig. 24.8    There is a 
superfi cial focus ( arrows ) of 
labeled leukocyte activity in 
the left upper abdomen of a 
patient with a feeding 
gastrostomy. This uptake, 
which can be intense at times, 
normally is present around 
“ostomy” sites and does not 
indicate infection       
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to 20 % of cases, however, a defi nitive diagnosis 
never is established. The most frequently diag-
nosed systemic infections in children with FUO 
include tuberculosis, brucellosis, tularemia, sal-
monellosis, and various viruses. Focal infections 
include urinary tract infection, osteomyelitis, and 
abdominal/pelvic abscesses. The connective tis-
sue disorders most commonly presenting as FUO 
are juvenile rheumatoid arthritis, systemic lupus 
erythematosus, and vasculitis. Leukemia and 
lymphoma are the malignancies most often pre-
senting as FUO [ 41 ]. 

 The results of conventional radionuclide stud-
ies in the evaluation of children with FUO for 
the most part have been disappointing. Buonomo 
et al. [ 42 ] found that although gallium imaging 
was positive in three of fi ve children with focal 

signs and symptoms, the test was positive in only 
one of 25 children with only systemic signs or 
symptoms. These investigators concluded that 
the test is of little use in children with FUO who 
present only with systemic signs or symptoms. 

 Haentjens et al. [ 43 ] reviewed the results of 
labeled leukocyte imaging in 15 children and 
reported that false-negative results were found in 
fi ve: pericarditis, osteomyelitis, hepatic abscess 
[ 2 ], and lung abscess. Williamson et al. [ 44 ] 
found that labeled leukocyte imaging was sensi-
tive (94 %), but not specifi c (57 %). Steele et al. 
[ 45 ] found that imaging procedures, including 
radionuclide tests, rarely identifi ed an unsus-
pected diagnosis. 

 Fluorine-18-FDG is an intriguing and excit-
ing alternative to the conventional radionuclide 

  Fig. 24.9    There is intense, 
diffuse bilateral pulmonary 
uptake of  67 Ga in a 20-year-
old patient who had recently 
completed treatment for 
non-Hodgkin’s lymphoma. 
Although diffuse lung uptake 
of gallium is not specifi c, the 
more intense the uptake, the 
more likely the patient is to 
have  Pneumocystis jirovecii  
pneumonia       
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approach to the patient with FUO. Fluorine-18- 
FDG, though not specifi c, is exquisitely sensitive, 
making it ideally suited to the evaluation of an 
entity with diverse etiologies. The short half-life 
of  18 F, moreover, does not delay the performance 
of any additional radionuclide studies that might 
be contemplated. Several studies support the use 
of  18 F-FDG PET in adults with FUO [ 46 – 49 ]. 
Available data suggest that this test also may be 
useful in children with FUO (Fig.  24.10 ). Jasper 
et al. [ 50 ] retrospectively reviewed the results of 
44  18 F-FDG PET or PET/CT scans performed 
on children with FUO. Scans were classifi ed as 
helpful or not helpful. Scans were considered 
“helpful” if they revealed a focus which subse-
quently could be evaluated by further investiga-
tions leading to a fi nal diagnosis. Scans showing 
no abnormal focus also were considered helpful 
by directing the differential diagnosis towards 

autoimmune diseases and avoiding unnecessary 
additional  investigations. Nineteen of the 44 
scans were helpful by allowing targeted evalu-
ation in nine cases and by eliminating the need 
for further evaluation in ten cases. The authors 
concluded that even though the test was help-
ful in only 43 % of the cases, similar to what 
has been reported in adults with FUO,  18 F-FDG 
imaging is useful in children with FUO, because 
traumatic investigations are avoided and the time 
to diagnosis may be shortened, allowing prompt 
institution of appropriate therapy.

   The management of pediatric patients with 
terminal chronic liver failure can be complicated 
by FUO during the pretransplantation period. 
Extrahepatic infections may render the patient 
unsuitable for transplantation, whereas hepatic 
infections may necessitate organ resection for a 
cure. Accurate localization of the source of infec-
tion is necessary for appropriate management of 
children on the waiting list for liver transplanta-
tion. Sturm at al. [ 51 ] performed  18 F-FDG PET on 
11 children with biliary cirrhosis who presented 
with FUO while waiting for a liver transplant. 
Standard imaging techniques failed to reveal evi-
dence of infection in any of the children. Focal 
intrahepatic FDG hypermetabolism was pres-
ent in fi ve children. Based on the  18 F-FDG PET 
results, these patients underwent transplantation 
after continuous antibiotic treatment with ongo-
ing, recurrent episodes of fever. Imaging results 
correlated with bacterial cultures of the excised 
liver and/or anatomic or histologic signs of 
infection. There was no abnormal intrahepatic 
 18 F-FDG accumulation in six children, and no 
hepatic infections were found. Transplantation 
in these patients was performed only after they 
became afebrile. These investigators concluded 
that  18 F-FDG PET may help guide decisions on 
therapy and transplantation suitability in children 
with biliary cirrhosis and FUO who are on the 
waiting list for liver transplantation. 

 Vasculitis, another cause of FUO in children, 
is a heterogeneous group of disorders character-
ized by a leukocytic infi ltration of the vessel wall 
with reactive destruction of mural structures and 
surrounding tissues leading to infarction. The 
overall incidence of vasculitis in children is about 

  Fig. 24.10    Fluorine-18-FDG PET imaging performed 
on a 14-year- old boy with a history of 3 weeks of intermit-
tent fevers, and a “widened mediastinum” on chest x-ray 
revealed hypermetabolic foci in the mediastinum. Lymph 
node biopsy was negative for tumor, but cultures grew out 
 Mycobacterium tuberculosis        
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50 cases per 100,000 children per year. The most 
common method of classifying vasculitis is based 
on the caliber of the vessels involved: large vessel 
(Takayasu arteritis), medium vessel (childhood 
polyarteritis nodosa, cutaneous polyarteritis, 
Kawasaki disease), small vessel (granulomatous, 
non-granulomatous), and others (Behcet disease, 
vasculitis secondary to infection, drugs, malig-
nancy, vasculitis associated with connective tis-
sue disease, isolated CNS vasculitis, and Cogan 
syndrome) [ 52 ,  53 ]. 

 With the exception of Kawasaki disease, the 
reference standard for diagnosis of vasculitis 
is histopathological demonstration of vascular 
injury on tissue biopsy. The discovery of specifi c 
autoantibodies characterized by immunofl uores-
cence patterns, cytoplasmic ANCA (cANCA) and 
perinuclear ANCA (pANCA), and subsequently 
by the relevant target antigens, proteinase 3 (PR3-
ANCA) and myeloperoxidase (MPO-ANCA), has 
been a major advance in the diagnosis of small-
vessel vasculitis, especially for microscopic poly-
angiitis and Wegener’s granulomatosis [ 52 ,  54 ]. 

 Imaging studies are being increasingly used 
in the assessment of large-vessel vasculitis. 
Magnetic resonance angiography and computed 
tomographic angiography provide good resolu-
tion of large- and medium-sized vessels and have 
become the standard for evaluation of Takayasu 
arteritis and monitoring of established disease, 
although the standard for evaluation of smaller 
vessels remains the conventional angiogram. 
Among conventional radionuclide studies, gal-
lium and labeled leukocyte imaging have met 
with only limited success and are not used widely 
for this indication [ 55 ]. 

 Although pediatric data are scarce, there are 
an increasing number of studies in the literature 
that report the usefulness of  18 F-FDG PET in 
large-vessel arteritis in adults, especially in indi-
viduals with nonspecifi c presentations. The sen-
sitivity and specifi city of the test for diagnosis of 
large-vessel vasculitis in untreated patients with 
elevated infl ammatory markers range from 77 to 
92 % and 89 to 100 %, respectively. Fluorine-18- 
FDG PET also appears to be useful for monitor-
ing response to therapy in large-vessel vasculitis 
[ 56 – 59 ]. 

 The test is less useful for identifying 
 individuals likely to relapse and for assessing dis-
ease activity in complicated large-vessel vasculi-
tis [ 59 ,  60 ]. Although  18 F-FDG PET can detect 
the extent and activity of large-vessel vasculitis 
in untreated patients, data suggest that it is not 
reliable for diagnosis in patients on steroid treat-
ment [ 61 ]. 

 In contrast to its utility in large-vessel vascu-
litis,  18 F-FDG PET is less useful in medium- and 
small- vessel infl ammation [ 58 ]. Data on the role 
of  18 F-FDG PET in other small- and medium-ves-
sel vasculitis such as Churg-Strauss syndrome, 
Wegener’s granulomatosis, and polyarteritis 
nodosa suggest that these entities are detected 
only when there is large-vessel involvement or 
there is damage to adjacent tissues [ 56 ,  57 ,  61 ]. 

 In summary,  18 F-FDG is useful for diagnos-
ing large-vessel vasculitis and for monitoring 
response to therapy. It is less useful for predict-
ing relapse and for diagnosing and assessing 
disease activity in patients on immunosuppres-
sive therapy. Fluorine-18-FDG is not useful for 
evaluation of medium- and small-vessel vascu-
litis, probably because of the inherent limits of 
resolution of the technique [ 55 ].  

    Infl ammatory Bowel Disease 

 Infl ammatory bowel disease (IBD) is a group of 
idiopathic, chronic disorders, of uncertain etiol-
ogy, that include Crohn disease and ulcerative 
colitis. The natural course of these disorders is 
one of unpredictable exacerbations and remis-
sions. Although it can begin as early as the fi rst 
year of life, IBD usually develops during ado-
lescence and young adulthood and, in devel-
oped countries, is the major cause of chronic 
intestinal infl ammation in children beyond the 
fi rst few years of life [ 62 ]. Signs and symptoms 
of IBD in children often are nonspecifi c and the 
diagnosis is entertained in many children who 
ultimately are found to have other maladies. 
Defi nitive diagnosis is made with a combination 
of barium contrast radiography, upper gastroin-
testinal endoscopy, and colonoscopy with biopsy. 
Barium contrast radiography is associated with 

C.J. Palestro



553

signifi cant levels of ionizing radiation. Pediatric 
endoscopy requires special expertise and facili-
ties, and sedation or general anesthesia may be 
necessary. Bowel evacuation regimens are a pre-
requisite for successful colonoscopy [ 63 ]. All 
of these tests are invasive, time consuming, and 
unpleasant for the patient. Thus, while radiologi-
cal studies and endoscopy are important for mak-
ing the diagnosis of IBD, they are not appropriate 
screening tests, nor are they well suited for rou-
tine follow-up. 

 Though not a substitute for conventional diag-
nostic methods in pediatric IBD, labeled leuko-
cyte imaging is useful in a variety of situations. 
Several investigators have reported that the test 
is very sensitive for detecting IBD, with a high 
negative predictive value [ 63 – 71 ]. Because a 
negative study excludes, with a high degree of 
certainty, IBD as the cause of the patient’s symp-
toms, labeled leukocyte imaging can be used 
as a screening test to determine which children 
need to undergo more invasive investigation 
(Fig.  24.11 ). In the patient thought to have ulcer-
ative or indeterminate colitis, the presence of skip 
areas of activity in the colon or the presence of 
small bowel activity supports the diagnosis of 
Crohn disease (Fig.  24.12 ). The radionuclide 
study also is helpful in patients who refuse 
endoscopy or contrast radiography and in those 
individuals in whom these studies cannot be sat-
isfactorily performed because of narrowing of 

the bowel lumen. The ability of the radionuclide 
study to differentiate active infl ammation, which 
may respond to medical therapy, from scarring, 
which may require surgery, can have a signifi cant 
impact on patient management [ 65 ].

    Radionuclide imaging can be used to moni-
tor patient response to therapy. Persistent bowel 
activity after a conventional course of therapy 
suggests that more intensive medical therapy, 
or even surgery, is in order. Similarly, decreas-
ing bowel uptake on serial studies confi rms 
that the patient is responding to the therapeutic 
regimen, while persistent or recurrent uptake is 
indicative of residual disease or relapse. In the 
asymptomatic patient with elevated laboratory 
markers of infl ammation, an abnormal labeled 
leukocyte study confi rms the presence of active 
disease and appropriate therapy can be instituted 
promptly. In the patient with a history of IBD and 
recurrent symptoms, but with a normal physical 
examination and normal laboratory tests, a nega-
tive labeled leukocyte study effectively excludes 
active IBD as the cause of the symptoms [ 65 ,  66 ]. 

 Although early studies were performed with 
 111 In-labeled leukocytes, it is now agreed that 
 99m Tc-labeled leukocytes should be used for the 
evaluation of IBD. Imaging at multiple time 
points maximizes the sensitivity of the test. 
In one series in which imaging was performed 
within 1 h and again within 3 h after injection, 
12 % of patients with disease were detected only 

a b

  Fig. 24.11    ( a ) Normal 
 99m Tc-labeled leukocyte 
image. Labeled leukocyte 
imaging is very sensitive for 
detecting IBD. Consequently, 
in the symptomatic individ-
ual, a negative scan excludes 
IBD, with a high degree of 
certainty, as the cause of the 
patient’s symptoms. ( b ) 
There is intense labeled 
leukocyte activity throughout 
the colon in a patient with 
ulcerative colitis (Courtesy of 
Dr. Martin Charron)       
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on the later images. SPECT also increases the 
sensitivity of the test [ 67 ]. The caudal, or pelvic 
outlet, view facilitates detection of rectal disease 
that otherwise might be masked by urinary blad-
der activity. Physiologic bowel activity, probably 
due to hepatobiliary excretion of  99m Tc-labeled 
hydrophilic complexes, appears on delayed 
images in up to 20 % of children and must be 
differentiated from activity secondary to infl am-
mation. Physiologic activity appears in the distal 
small bowel no less than 3 h after injection, is dif-
fuse and mild in intensity, and migrates into the 
cecum by 4 h. There must be no accumulation in 
other bowel segments [ 67 ]. 

 There are some limitations to labeled leuko-
cyte imaging. It cannot be the only imaging test 
used for IBD. It cannot defi ne anatomic changes 
such as strictures, which are best delineated 
with endoscopy and contrast radiography. The 
test is less sensitive for upper, than for lower, 

 gastrointestinal tract disease [ 72 ,  73 ]. The sensi-
tivity of the test also may be affected adversely by 
concomitant corticosteroid administration [ 65 ]. 
Nevertheless, labeled leukocyte imaging is use-
ful as an initial screening test to identify patients 
who need further investigation, for monitoring 
response to treatment, for detecting recurrent dis-
ease in patients who have completed treatment, 
and for determining the presence of active dis-
ease in patients whose physical presentation and 
laboratory test results are discordant. 

 Although labeled leukocyte imaging remains 
the nuclear medicine test of choice for IBD, there 
are data that indicate that  18 F-FDG PET may 
be a useful alternative (Fig.  24.13 ). Bicik et al. 
[ 74 ] reported that, in seven patients with IBD, 
 18 F-FDG uptake was high both in areas of mac-
roscopic disease and in areas of biopsy-proven 
infl ammation in the absence of active disease. 
Skehan et al. [ 75 ] compared  18 F-FDG PET to 
colonoscopy or small bowel series or both in 25 
children with suspected IBD. Disease activity 
was recorded in fi ve bowel segments. Fluorine-
18-FDG PET was 71 % sensitive and 86 % 
specifi c in this investigation. Complete colonos-
copy with ileal intubation was successful in only 
about one third of the patients and the authors 
concluded that, in children with suspected IBD, 
 18 F-FDG imaging could be a useful adjunct when 
conventional studies are not feasible.

   Lemberg et al. [ 76 ] studied 65 children, 
including 55 with IBD (17 with ulcerative coli-
tis, 38 with Crohn disease) and ten with abdomi-
nal pain who served as controls. In patients with 
ulcerative colitis, the sensitivity of  18 F-FDG, 
compared to colonoscopy, was 81 %. In the chil-
dren with Crohn disease,  18 F-FDG PET identifi ed 
infl ammation in at least one bowel segment in 
90 % of the patients; the specifi city was 50 %. 
Correlation of colonoscopy and  18 F-FDG PET 
results in the children with Crohn disease was 
limited because complete colonoscopy with ileal 
intubation could not be performed in many of the 
patients. There was no signifi cant  18 F-FDG activ-
ity in any of the bowel segments of the controls. 

 Loffl er et al. [ 77 ] retrospectively evaluated 
the diagnostic potential of  18 F-FDG PET per-
formed on 23 children, 2–16 years old, with 
 suspected IBD. Imaging results were compared 

  Fig. 24.12    In addition to mild pancolonic activity, abnor-
mal labeled leukocyte activity also is present in the distal 
jejunum/proximal ileum and distal ileum. The presence of 
small bowel activity in the patient with colitis supports the 
diagnosis of Crohn disease (Courtesy of Dr. Martin 
Charron)       
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to endoscopic, histologic, and abdominal ultra-
sound fi ndings. Eight bowel segments were 
evaluated in each patient. Sensitivity, specifi c-
ity, and accuracy were calculated on a segment-
based analysis, using histology as the standard 
of reference. Fluorine-18-FDG had sensitivity, 
specifi city, and accuracy of 98, 68 and 83 % 
versus 90, 75 and 82 % for endoscopy and 56, 
92 and 75 % for ultrasound. In the small intes-
tine, sensitivity, specifi city, and accuracy of  18 F-
FDG were 100, 86 and 90 %, respectively. These 
investigators concluded that  18 F-FDG PET is an 
excellent, noninvasive diagnostic tool for IBD 
and, because it is not traumatic, it is especially 
attractive for use in children. 

 Dabritz et al. [ 78 ] analyzed  18 F-FDG imaging 
in 45 children with IBD. Twenty-four studies were 
performed as PET studies, the remaining 21 as 
PET/CT studies. Imaging results were compared 
to conventional diagnostic procedures (endos-
copy, histology, and ultrasound) using a segment- 
based analysis. Overall, 253 gastrointestinal tract 
segments were explored by endoscopy/histology 
and  18 F-FDG PET/CT. Twenty-fi ve additional 
small bowel segments were assessed by abdomi-
nal ultrasound and an additional 152 segments 

not reached during endoscopy were evaluated by 
 18 F-FDG. Fluorine-18-FDG revealed a segment-
based sensitivity, specifi city, positive predictive 
value, negative predictive value, and accuracy 
for the detection of IBD of 82, 97, 96, 88 and 
91 %, respectively. The patient-based sensitiv-
ity and specifi city were 97 and 100 %, respec-
tively. Co-registration of CT did not improve the 
results. The authors concluded that  18 F-FDG PET 
is a reliable tool for detecting infl amed gut seg-
ments in children with IBD with high sensitivity 
and specifi city. Performing the study as PET/CT 
had no additional benefi t. 

 Based on currently available data,  18 F-FDG 
PET can be used to identify areas of active 
infl ammation in patients with IBD. Its role for 
monitoring response to therapy, however, has yet 
to be established. Similarly there are few data 
available about the ability of  18 F-FDG to differ-
entiate fi brostenotic strictures from strictures sec-
ondary to active infl ammation. 

 Patients with IBD are predisposed to develop 
irritable bowel syndrome, a condition whose pre-
sentation cam mimic that of IBD. The ability to 
differentiate between these two entities would 
have considerable clinical utility; at the present 

  Fig. 24.13    Infl ammatory 
bowel disease. There is 
intense FDG accumulation 
in the colon as well as small 
bowel in a 16-year-old child 
with Crohn disease 
(Courtesy of Dr. Helen 
Nadel)       
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time, however, there are no data on the ability of 
 18 F-FDG to distinguish between them [ 79 ].   

    Musculoskeletal Infection 

    Osteomyelitis 

 Infection of the bone, or osteomyelitis, usually is 
bacterial in origin, occurs most frequently in chil-
dren younger than 5 years of age, and most often 
is hematogenous in origin [ 80 – 82 ]. Osteomyelitis 
has a predilection for the highly vascular metaph-
yses of the long bones. Sluggish blood fl ow in the 
distal metaphyseal vessels makes them prone to 
necrosis and facilitates the deposition of blood- 
borne bacteria [ 83 ]. The distal femora and the 
proximal tibiae and humeri are the most com-
monly involved bones [ 80 ].  Staphylococcus 
aureus  is the most frequently encountered organ-
ism in pediatric osteomyelitis, except in neonates, 
where group A  beta - hemolytic streptococcus  is 
the usual culprit [ 84 ]. Because the clinical mani-
festations may be subtle and may mimic other 
medical conditions, the diagnosis of osteomyelitis 
cannot be established solely on clinical grounds, 
especially in very young children and during the 
early stages of the disease, when appropriate 
treatment is more likely to eradicate the infection 
and prevent complications such as osteonecrosis 
and growth disturbance related to damage to the 
physes [ 85 ]. Consequently, imaging tests play an 
important role in the diagnosis of this entity. 

 In unviolated bone, focal hyperperfusion, 
focal hyperemia, and focally increased bony 
uptake on delayed images are the classic appear-
ance of osteomyelitis on the three-phase bone 
scan (Fig.  24.14 ) [ 86 ]. There has been some con-
troversy over the years about the value of bone 
scintigraphy in children, especially in neonates. 
Ash et al. [ 87 ] reported a sensitivity of only about 
32 % for bone scintigraphy in neonatal osteo-
myelitis, a marked contrast to the sensitivity of 
100 % in slightly older infants. These investiga-
tors concluded that neonatal osteomyelitis is a 
different disease from that in older infants and 
children. Berkowitz et al. [ 88 ] reported similar 
fi ndings in neonates. Sullivan et al. [ 89 ] reported 
that the appearance of childhood osteomyelitis 
on radionuclide bone imaging is very variable 
and that a normal bone image does not exclude 
osteomyelitis. Subsequently, Bressler et al. [ 90 ] 
retrospectively reviewed the results of three- 
phase bone scintigraphy in neonates and found 
that all 15 sites of infection were identifi ed on 
bone scintigraphy, although 2 (13 %) of the 15 
sites were photopenic.

   The variable appearance of childhood 
 osteomyelitis may be related to the evolution of 
the disease itself. In children, especially neonates, 
subperiosteal edema, effusion, or vasospasm can 
cause occlusion of small vessels, reducing blood 
fl ow to the infected area. Early in the course of 
the disease, therefore, hyperperfusion and hyper-
emia may be absent, and on delayed images, the 
abnormality may appear as decreased, rather than 

  Fig. 24.14    There is focal hyperperfusion, focal hyperemia, and focally increased bony uptake on a three-phase bone 
scan performed on a 10-year-old child with distal left tibial osteomyelitis       
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increased, bony activity (Fig.  24.15 ) [ 91 ]. As blood 
fl ow is restored, bony uptake of the tracer gradu-
ally increases until it exceeds that in normal bone. 
At some point during the scintigraphic evolution 
of osteomyelitis, the intensity of tracer uptake in 
the infected bone will be indistinguishable from 
that in adjacent, normal bone and therefore will 
not be detected. The focus of infection typically 
is located in the metaphysis, and the importance 
of meticulous technique, to facilitate the discrimi-
nation of normally increased activity in the physis 
from abnormally increased uptake in the juxta-
posed metaphysis, cannot be overemphasized [ 92 ].

   Because prompt diagnosis of osteomyeli-
tis in the child is critical, three-phase bone 
 scintigraphy, even with its shortcomings, usually 
is the fi rst radionuclide test performed. As osteo-
myelitis may be multifocal in children, the ability 
to image the whole body is an added benefi t of 
this test. 

 For those studies that are normal or inconclu-
sive or in children with underlying bony abnor-
malities, gallium and labeled leukocyte imaging 
provide additional information. The use of com-
bined bone/gallium scintigraphy in the diagnosis 
of the so-called complicating osteomyelitis was 
fi rst described more than 30 years ago [ 93 ,  94 ]. 
The uptake mechanisms of gallium and bone- 
seeking tracers are different, and each study, 
therefore, provides information about different 
aspects of a particular disease process. Over the 
years standardized criteria for interpreting bone/

gallium images have evolved [ 4 ,  92 ,  95 ]. The 
study is:
    Positive  for osteomyelitis when the distribution 

of the two tracers is spatially incongruent,  or  
when the distribution is spatially congruent, 
 and  the relative intensity of uptake of gallium 
exceeds that of the diphosphonate (Fig.  24.16a )

      Negative  for osteomyelitis when the gallium 
images are normal, regardless of the bone scan 
fi ndings,  or  when the distribution of the two 
tracers is spatially congruent,  and  the relative 
intensity of uptake of gallium is less than that 
of the diphosphonate (Fig.  24.16b )  

   Equivocal  for osteomyelitis when the distribution 
of the two radiotracers is congruent, both spa-
tially  and  in terms of intensity (Fig.  24.16c )    
 Although combined bone/gallium imaging is 

accurate when the study is positive or negative, 
the study frequently is equivocal and the overall 
accuracy ranges between about 60 and 80 % [ 4 , 
 92 ,  95 ]. The less than ideal imaging characteris-
tics of gallium and the need for two isotopes with 
multiple imaging sessions over several days are 
additional disadvantages. Bone/gallium imaging 
should be reserved for suspected spinal osteo-
myelitis and for those situations in which labeled 
leukocyte imaging cannot be performed. 

 Labeled leukocytes usually do not accumu-
late at sites of increased bone mineral turnover 
in the absence of infection and would seem to 
be ideally suited for diagnosing complicated 
 osteomyelitis. The results reported have been 

  Fig. 24.15    The bone scan 
( left ) performed on a 
3-year-old girl with right hip 
pain demonstrates absent 
activity in the right femoral 
head ( arrow ), while the 
labeled leukocyte study 
( right ) performed 24 h later 
demonstrates intense activity 
in the right femoral head and 
hip joint. Septic arthritis and 
osteomyelitis were found at 
surgery (From Palestro [ 92 ], 
with permission)       
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  Fig. 24.16    ( a ) There is 
increased activity in the 
mid-thoracic, lower thoracic, 
and upper lumbar spine on 
both the bone ( left ) and 
gallium ( right ) images. 
Although the spatial 
distribution of abnormal 
activity is congruent on both 
images, the intensity of the 
abnormal activity on the 
gallium image is greater than 
that on the bone image, and 
the combined study is 
positive for osteomyelitis. 
The combined study also is 
positive for osteomyelitis 
when the spatial distribution 
of the two tracers is different 
(not shown). ( b ) Increased 
activity is present in the distal 
left tibia on both the bone 
( left ) and gallium ( right ) 
images. The intensity of 
activity on the gallium image 
is considerably less than that 
on the bone image, and the 
combined study is negative 
for osteomyelitis. The 
combined study also is 
negative for osteomyelitis 
when the gallium scan is 
normal, regardless of the 
fi ndings on the bone scan (not 
shown). ( c ) Abnormal activity 
in a mid-thoracic vertebra is 
congruent, both spatially and 
in terms of intensity, on the 
bone and gallium images, and 
the combined study is 
equivocal for infection       

very variable, however. The primary diffi culty 
in the interpretation of labeled leukocyte images 
is an inability to distinguish labeled leukocyte 
uptake in infection from uptake in bone mar-
row [ 92 ,  96 ]. The normal distribution of labeled 
leukocytes includes the liver, the spleen, and the 

bone marrow, which, in adults, is limited to the 
axial and proximal appendicular skeleton. Any 
focus outside the normal distribution of labeled 
leukocytes is, therefore, indicative of infection. 
This “normal” distribution of  hematopoietically 
active marrow, however, is quite variable. 
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Systemic diseases such as sickle-cell and 
Gaucher disease produce generalized altera-
tions in marrow distribution, while fractures and 
orthopedic hardware can cause localized altera-
tions. In children, furthermore, the normal dis-
tribution varies with age. Consequently, it may 
not be possible to determine if an area of activity 
on a labeled leukocyte image refl ects infection or 
marrow [ 92 ,  95 ,  96 ]. Performing complementary 
bone marrow imaging overcomes this problem. 
Leukocytes and sulfur colloid both accumulate 
in the bone marrow; leukocytes also accumu-
late in infection, but sulfur colloid does not. The 

combined study is positive for infection when 
there is uptake on the labeled leukocyte image 
without corresponding uptake on the sulfur col-
loid bone marrow image. Any other pattern is 
negative for infection (Fig.  24.17 ) [ 92 ,  96 ].

   Combined leukocyte/marrow imaging can be 
performed in various ways. The protocols that 
follow are offered as general suggestions, albeit 
ones that, in our experience over several years, 
have yielded very satisfactory results. Patients 
should be injected with 4.0–5.3 MBq (0.10–
0.15 mCi)/kg of freshly prepared  99m Tc-sulfur 
 colloid [ 13 ]. Using preparations more than 2 h 

a

b

  Fig. 24.17    ( a ) There is 
irregularly increased 
 111 In-labeled leukocyte 
activity around the knees 
of a 10-year-old patient, with 
sickle-cell disease and 
lower extremity pain ( left ). 
A photopenic defect in the 
proximal left tibia ( arrow ) is 
seen on the marrow image 
( right ) and the combined 
study is consistent with 
osteomyelitis of the proximal 
left tibia. ( b ) Labeled 
leukocyte ( left ) and sulfur 
colloid ( right ) images of the 
pelvis and lower extremities 
performed on a 3-year-old 
girl with aplastic anemia and 
left thigh pain. On the labeled 
leukocyte image, several foci 
of activity can be appreciated 
in the mid-right femur, 
proximal right tibia, and 
proximal and mid-left femur. 
On the basis of the leukocyte 
image alone, it would be 
diffi cult to exclude osteomy-
elitis. The distribution of 
activity on the sulfur colloid 
image is virtually the same, 
however, and therefore the 
activity present on the 
leukocyte image is due to 
marrow, not infection       
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old may result in persistent blood pool and uri-
nary bladder activity, both of which degrade 
image quality. The interval between injection and 
imaging should be at least 30 min. Ten-minute 
images of the region of interest are acquired 
on a large fi eld of view gamma camera using 
a 128 × 128 matrix. If marrow imaging is per-
formed prior to injection of the  111 In-labeled leu-
kocytes, a low-energy, high-resolution parallel 
hole collimator and a 15 % window centered on 
140 keV should be used. If imaging is performed 
after injection of labeled cells, a 10 % window 
centered on 140 keV should be used. If simulta-
neous dual isotope imaging is to be performed, a 
medium-energy parallel hole collimator is used, 
with a 10 % window centered on 140 keV, a 5 % 
window centered on 174 keV, and a 10 % win-
dow centered on 247 keV [ 12 ]. 

 The overall accuracy of combined leukocyte/
marrow imaging is approximately 90 %, which 
is superior to the 60–80 % accuracy of  bone/gal-
lium imaging [ 95 – 97 ]. Labeled leukocyte imag-

ing is preferred to gallium imaging for diagnosing 
the so-called complicating osteomyelitis [ 95 ,  96 ]. 
The one exception, in adults, is the spine, where 
the results of labeled leukocyte imaging have 
been disappointing, and gallium or FDG imaging 
is preferred [ 12 ,  92 ,  95 ,  98 ]. Although the accu-
racy of labeled leukocyte imaging in pediatric 
spinal osteomyelitis is unknown, based on results 
in the adult population, we use FDG (preferably) 
or gallium imaging for this indication in children. 

 Several investigations have confi rmed the 
value of SPECT/CT in the diagnostic workup of 
musculoskeletal infection. Bar-Shalom et al. [ 99 ] 
reviewed SPECT/CT in 32 patients suspected 
of having musculoskeletal infection, includ-
ing 21 who underwent gallium imaging and 11 
who underwent labeled leukocyte imaging. They 
found that SPECT/CT was helpful in about half 
the patients, primarily by providing precise ana-
tomic localization and delineation of the extent 
of the infection (Fig.  24.18 ). Horger et al. [ 100 ] 
compared three-phase bone imaging with SPECT 

a

b

  Fig. 24.18    ( a ) Soft tissue 
infection of the left lower leg. 
There is a focus of intensely 
increased activity on the 
anterior ( left ) and posterior 
( right )  111 In-labeled leukocyte 
images of a patient with a 
nonhealing ulcer of the lateral 
aspect of the left lower leg. It 
is not possible to determine, 
from these images, whether 
or not the infection extends 
into the bone. ( b ) On the 
coronal ( left ), sagittal 
( center ), and axial ( right ) 
SPECT/CT images, the 
abnormal uptake clearly is 
confi ned to the soft tissues. 
The tibia and fi bula are 
spared. SPECT/CT is 
especially useful for 
localizing labeled leukocyte 
accumulation in the lower 
extremities, where there are 
few or no anatomic 
landmarks       

 

C.J. Palestro



561

versus SPECT/CT in 31 patients, including nine 
with osteomyelitis. Although the sensitivities of 
the three-phase bone and SPECT/CT both were 
78 %, SPECT/CT was signifi cantly more specifi c 
than bone scintigraphy alone (86 % versus 50 %, 
 p  < 0.05). The CT component improved speci-
fi city by excluding active bone infection and by 
identifying causes besides infection that were 
responsible for increased tracer accumulation.

   Filippi et al. [ 101 ] compared  99m Tc-labeled leu-
kocyte SPECT and SPECT/CT in 28 patients with 
suspected musculoskeletal infection. Accuracy 
improved from 64 % for SPECT to 100% for 
SPECT/CT. The CT component of the test 
improved localization of labeled leukocyte activ-
ity, making it possible to exclude osteomyelitis in 
seven patients and to provide more precise delin-
eation of the extent of infection in three patients. 

 Radionuclide imaging is used to evaluate 
infections in the skull and facial bones. The anat-
omy of these structures, however, is complex, 
making tracer localization diffi cult. Bruni et al. 
[ 102 ] reported that labeled leukocyte SPECT/CT 
was useful for discriminating between soft tissue 
and bone involvement and confi rming the pres-
ence of osteomyelitis by providing accurate ana-
tomic localization and precise delineation of the 
extent of infection. Moschilla et al. [ 103 ] found 
that, in focal infections involving the skull and 
skull base, the addition of CT overcomes the poor 
resolution and variable distribution associated 
with gallium. They concluded that SPECT/CT 
obviates the need to routinely perform bone scin-
tigraphy before gallium imaging and improves 
both diagnostic confi dence and test accuracy. 

 Fluorine-18-FDG PET potentially offers 
several advantages over conventional nuclear 
medicine techniques in the evaluation of muscu-
loskeletal infection. PET intrinsically is a high-
resolution tomographic technique that enables 
precise localization, especially when performed 
as PET/CT, of abnormalities. The small  18 F-FDG 
molecule enters poorly perfused regions quickly; 
the procedure is completed in 1–2 h and has a 
relatively low radiation dose. Semiquantitative 
analysis, readily available with PET, but less 
feasible with conventional gamma camera imag-
ing, potentially could be useful for differentiat-
ing infectious from noninfectious conditions and 

for monitoring response to therapy. Normal bone 
marrow has a low glucose metabolism, which 
may facilitate the distinction of infl ammatory 
cellular infi ltrates from hematopoietic marrow. 
Degenerative bone changes usually show only 
faintly increased  18 F-FDG uptake. Fluorine-18-
FDG uptake normalizes relatively rapidly, usu-
ally within 3–4 months, following trauma or 
surgery. Fluorine-18-FDG PET is less expensive 
than the combinations of leukocyte/bone and leu-
kocyte/marrow imaging [ 104 ]. 

 In acute and subacute bone infection, sensitiv-
ities of more than 95 % and specifi cities ranging 
from 75 to 99 % have been reported for  18 F-
FDG PET. The test also is useful for diagnosing 
chronic and low-grade infection because  18 F-FDG 
is taken up by activated macrophages, which are 
the predominant cell type present in the chronic 
phase of infection. High sensitivity and specifi c-
ity for  18 F-FDG PET in the assessment of chronic 
osteomyelitis in the peripheral and axial skeleton 
also have been reported [ 104 – 107 ]. 

 Fluorine-18-FDG has been reported to 
be both sensitive and specifi c for diagnosing 
implant-associated infections in trauma patients. 
Fluorine-18-FDG uptake in uninfected fractures 
and fracture nonunion is signifi cantly lower than 
in infection and does not appear to be affected 
by the metallic implants used for fracture fi xation 
[ 104 ,  105 ,  107 – 109 ]. 

 Fluorine-18-FDG PET has been particularly 
useful for detecting osteomyelitis in the axial skel-
eton, an area where labeled leukocyte imaging is 
of limited value. It is especially useful for differ-
entiating degenerative from infectious end-plate 
abnormalities, a distinction that is not always eas-
ily made with MRI [ 110 ]. In contrast to its utility 
in the spine,  18 F-FDG is not useful for diagnosing 
prosthetic joint infection. In a recent meta-analysis 
the sensitivity and specifi city of  18 F-FDG PET 
for diagnosing prosthetic joint infection were 82 
and 87 %, respectively, considerably lower than 
what has been reported by numerous investiga-
tors, over nearly 30 years, for labeled leukocyte/
marrow imaging. Consequently, there appears to 
be little, if any role for this test in the evaluation of 
prosthetic joint infection [ 111 ,  112 ]. The data on 
 18 F-FDG imaging in the evaluation of diabetic foot 
infections are limited and  contradictory, and at 
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the present time, it cannot be recommended as an 
alternative to labeled leukocyte imaging for diag-
nosing pedal osteomyelitis in diabetics [ 113 ,  114 ]. 

 There are few published data on the use of 
 18 F-FDG in pediatric osteomyelitis (Fig.  24.19 ). 
Warmann et al. [ 115 ] performed  18 F-FDG PET/
CT scans on six children, 4–13 years old, who 
after completing treatment for osteomyelitis 
were asymptomatic and had normal serum infec-
tion parameters but MRI fi ndings suspicious 
for residual and/or additional abnormalities. In 
three of the six patients, there was no abnormal 

 18 F-FDG uptake, and in the other three  18 F-FDG 
uptake was less than what the authors anticipated 
would be indicative of osteomyelitis. On follow-
up ranging from 4 months to more than 5 years, 
all six patients remained free of disease. In this 
investigation  18 F-FDG PET/CT was superior to 
MRI for differentiating infection from repara-
tive processes in the skeleton, and the authors 
concluded that it is reasonable to terminate antibi-
otic therapy in children with osteomyelitis when 
laboratory parameters and clinical presentation 
are normal and when the  18 F-FDG PET/CT is 

  Fig. 24.19    Osteomyelitis of 
the right femur. Because of 
leukopenia, a 12-year-old 
patient with  Staphylococcus 
aureus  bacteremia and right 
knee pain was referred for an 
 18 F-FDG PET scan instead of 
a labeled leukocyte study. 
There is focal hypermetabo-
lism ( arrows ) in the lateral 
condyle of right distal femur 
(SUV max:2.5) on the coronal 
and sagittal images       
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not  suspicious for active infection. Unfortunately 
baseline  18 F-FDG PET/CT imaging was not per-
formed and none of the patients in the investiga-
tion had persistent infection, making it diffi cult to 
assess the true merit of the test.

       Subperiosteal Abscess 

 The subperiosteal abscess results from extension 
of infection from the bony cortex into the sub-
periosteal space with subsequent elevation of the 
periosteum itself. On three-phase bone scintigra-
phy, the subperiosteal abscess presents as an area 
of hyperperfusion and hyperemia on early images 
with focal bony photopenia on the delayed bone 
images. Recognition of this entity is important 
because, even in the absence of other fi ndings, 
it strongly suggests underlying osteomyelitis; 
moreover, it is best treated by surgery rather than 
antibiotics alone [ 116 ].  

    Septic Arthritis 

 Arthritis, or infl ammation of a joint, may be infec-
tious or noninfectious in origin and no radionu-
clide study currently available can differentiate one 
from the other. The classic presentation of acute 
arthritis on three-phase bone scintigraphy consists 
of hyperperfusion and hyperemia of a joint, on 
early images, with increased activity limited to the 
articular surfaces of the involved bones on delayed 
images. This presentation can be seen in both sep-
tic and aseptic arthritis. Furthermore, osteomyelitis 
and acute arthritis are not mutually exclusive, and 
bone scan fi ndings consistent with septic arthritis 
can potentially mask underlying osteomyelitis. 
Neither gallium nor labeled leukocyte imaging is 
useful for separating infectious from noninfectious 
arthritis. In the case of leukocyte imaging, positive 
images have been reported in rheumatoid arthritis, 
acute gouty arthritis, and pseudogout (Fig.  24.20 ) 
[ 117 – 120 ]. Fluorine-18-FDG, like  67 Ga and labeled 
leukocytes, accumulates in joints affected by rheu-
matoid arthritis [ 121 ]. Consequently, its role in the 
evaluation of the septic joint, at least as a diagnostic 
tool, likely will be limited.

       Chronic Recurrent Multifocal 
Osteomyelitis 

 Chronic recurrent multifocal osteomyelitis 
(CRMO) is a rare systemic infl ammatory disor-
der that usually affects children between 5 and 
15 years old and is twice as common in girls 
as in boys [ 122 ,  123 ]. Unlike hematogenous 
osteomyelitis, the onset of CRMO is insidious. 
While there is pain and swelling in the affected 
area, fever is present only in approximately 
one-third of patients. Most have an elevated 
erythrocyte sedimentation rate with normal 
white count and differential [ 124 ]. Any part 
of the skeleton may be affected, although the 
metaphyses of long bones are the most common 
sites. The medial ends of the clavicles, facial 
bones, spine, pelvis, and upper extremities also 
are frequently involved [ 83 ]. Although CRMO 
and infectious osteomyelitis share the common 
histopathological feature of chronic infl amma-
tion, cultures of the bone lesions in CRMO are 
sterile. The disease is characterized by inter-
mittent bouts of exacerbations and remissions, 
over 5–8 years, which then gradually resolve 
over time. Most cases are erroneously diag-
nosed as septic osteomyelitis initially, but no 
microorganisms are identifi ed [ 84 ]. The diagno-
sis, based on clinical, imaging, and pathologic 
fi ndings, usually is established during recurrent 
episodes. Treatment is symptomatic; steroids 
and nonsteroidal anti- infl ammatory drugs may 
offer some relief [ 83 ]. For refractory cases, sur-
gical decortication has been performed. Up to 
7 % of patients may suffer long-term sequelae 
including premature closure of the epiphysis, 
bone deformities, kyphosis, and thoracic outlet 
syndrome [ 124 ]. 

 Active lesions are positive on all three phases 
of the bone scan, while quiescent lesions may 
be indistinguishable from adjacent normal bone. 
Scintigraphy facilitates early detection of the 
global distribution of the lesions and identi-
fi es lesions, which, together with radiographic 
 correlation, may be recognized as characteris-
tic of CRMO. Radionuclide bone imaging also 
identifi es sites suitable for biopsy (Fig.  24.21 ) 
[ 122 ,  123 ].
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b

  Fig. 24.20    ( a ) Three-phase bone scan performed on a 
9-year-old child with septic arthritis of the left knee. This 
pattern also can be seen in aseptic arthritis. Increased 
tracer uptake involving the articular surfaces of the 
involved bones, moreover, can mask an underlying osteo-

myelitis. ( b ) The labeled leukocyte study of a 10-year-old 
child demonstrates increased activity in the left knee joint. 
This uptake pattern can be seen in both septic and aseptic 
infl ammatory arthritis       
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  Fig. 24.21    Anterior and 
posterior whole-body images 
from a bone scan performed 
on an 11-year-old girl with 
CRMO. Note the focal areas 
of increased activity in the 
right sacroiliac region and in 
the distal left tibia       
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        Conclusions 

 There are a myriad of radionuclide proce-
dures from which to choose when evaluating 
the child suspected of harboring infection or 
infl ammation. The practicing nuclear physi-
cian must, therefore, be cognizant of the trac-
ers available, as well as the indications for 
which they are most useful, if the value of 
radionuclide imaging for diagnosing infec-
tion and infl ammation in children is to be 
maximized.     
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        Molecular imaging technologies allow an in vivo 
detection, characterization, and quantifi cation of 
cellular and molecular abnormalities that form 
the basis of disease. By contrast, traditional diag-
nostic imaging techniques detect morphologic- 
structural abnormalities that represent end effects 
of these biological alterations. The ability to 
image cellular and molecular alterations of target 
tissues in vivo, in patients, potentially allows for 
disease detection at an earlier stage of develop-
ment, more specifi c characterization of the natu-
ral evolution of the underlying pathologic process 
(e.g., benign to malignant, low to high aggres-
siveness), and enable better tailored, individu-
alized therapy approaches. While translational 
molecular imaging approaches are increasingly 
integrated into the clinical care of adult patients, 

clinical molecular imaging applications in pediat-
ric patients are still limited due to safety consider-
ations and regulatory and administrative hurdles. 
However, many diseases in children have specifi c 
molecular fi ngerprints that make them well-suited 
candidates for targeted imaging approaches. The 
clinical need for more specifi c information along 
with the continued success of molecular imaging 
techniques in adult patients will ultimately pen-
etrate into pediatric imaging applications. New, 
child-adapted molecular imaging approaches are 
expected to improve our knowledge of the biology 
of pediatric disease and support the development 
of tailored diagnostic and therapeutic approaches. 
This chapter will provide an overview over cur-
rent and emerging molecular imaging techniques 
for pediatric patients. We will elaborate upon 
specifi c considerations for child-adapted imaging 
tests and discuss emerging clinical applications. 
Future developments aim to integrate the advan-
tages of several different molecular imaging tools 
towards the development of more comprehen-
sive, quantitative readouts that can direct early 
decision making, guide individualized clinical 
care procedures, and ultimately, accelerate and 
improve positive treatment outcomes. 

    Molecular Imaging Targets 

 Molecular imaging provides a dynamic and effec-
tive means of in vivo detection of cellular and 
molecular targets through real-time evaluation of 
spatiotemporal interactions with a designated 
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imaging marker, generation of a topical map, and 
extraction of quantitative estimates of local target 
concentrations that are linked to the presence, 
aggressiveness, prognosis, and/or therapy 
response of the pathology of interest. The fi rst 
step for molecular imaging approaches is to iden-
tify a clinically signifi cant molecular target that 
adequately represents the process being studied. 
Examples of suitable molecular imaging targets 
of pediatric cancers include (i) extracellular pro-
teins which have been secreted by cells of interest, 
such as matrix metalloproteinases (MMPs) in reti-
noblastoma [ 1 ]; (ii) cell membrane bound targets, 
such as Gd2, somatostatin, and CXCR4 chemo-
kine receptors in neuroblastoma [ 2 ]; (iii) intracel-
lular proteins, such as Yin Yang 1 (YY1) proteins 
in the cytoplasm of aggressive phenotypes of 
osteosarcoma cells [ 3 ]; (iv) specifi c mRNA pro-
fi les in rhabdomyosarcomas and neuroblastomas 
[ 4 ]; and (v) specifi c DNA alterations such as the 
MYC oncogene [ 5 ]. The next step is to select a 
clinically applicable molecular imaging probe 
that binds to the target molecule with a high 
degree of specifi city. Desirable features of a 
molecular imaging marker is one that is biocom-
patible, possesses a tolerable toxicity profi le, 
exudes a strong imaging signal, is quantifi able, 
maintains stability in vivo, has low background 
signal with selective target enhancement, should 
not dilute with cell divisions nor transfer to other 
cells, enable a reasonable time window for detec-
tion, and is fi nally completely eliminated from the 
body. Examples of such probes are provided in the 
clinical applications section below. Importantly, 
the selected probe has to be detectable with a clin-
ically applicable imaging technology that pro-
vides adequate sensitivity and spatiotemporal 
resolution for its in vivo localization and quantifi -
cation. Besides these biological considerations, 
practical aspects such as feasibility in the pediat-
ric population, availability and cost will largely 
affect successful clinical translations of promising 
pediatric molecular imaging approaches.  

    Molecular Imaging Techniques 

 The rapid increase in knowledge of cellular and 
molecular targets for molecular imaging is 
accompanied by the development of novel, more 

specifi c and quantitative imaging technologies 
that facilitate disease detection, characterization, 
treatment monitoring, and posttreatment evalua-
tion for disease recurrence [ 6 – 8 ]. Molecular 
imaging instrumentation encompasses numerous 
tools that enable visualization and quantifi cation 
of particular cellular and molecular targets and 
pathways. Molecular imaging techniques require 
2-dimensional or 3-dimensional imaging capa-
bilities, high sensitivity, and quantitative infor-
mation. Clinically applicable technological 
platforms include ultrasound, optical imaging, 
computed tomography (CT), magnetic resonance 
(MR) imaging, single-photon emission tomogra-
phy (SPECT), and positron emission tomogra-
phy (PET). It is important to understand the 
capabilities and limitations of these respective 
imaging tools, as they are being combined and 
integrated in hybrid imaging techniques, which 
are developing rapidly within the clinical realm 
(Fig.  25.1 ).

      Ultrasound 

 Ultrasound is the screening modality of choice 
for a large variety of diseases in children. 
Advantages are the ease of use and wide avail-
ability, low cost, portability, no need for sedation, 
and lack of radiation exposure, thereby allowing 
quick and repetitive, noninvasive exams of the 
abdomen/pelvis, the neck, the heart, mediasti-
num and pleural space, the musculoskeletal sys-
tem, and, in young children, the brain. Ultrasound 
is the only imaging technique that allows simul-
taneous integration with a clinical examination, 
e.g., correlation of ultrasound evaluations of the 
appendix with Mc Burney’s sign. Ultrasound 
also allows for dynamic evaluations, e.g., of the 
stability of dysplastic hip joints in adduction- 
abduction or the motility of a thickened pylorus. 
Doppler ultrasound can add noninvasive infor-
mation about vascular anatomy as well as the 
direction, velocity, and coherence of blood fl ow 
and organ perfusion. Limitations include primar-
ily anatomical information, limited penetration 
depth in large/big patients, and dependence of 
image quality on well-trained personnel. 
Although much sought by the pediatric radiology 
community, there are few molecular imaging 
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applications available for ultrasound of children 
to date. Microbubble contrast agents, which are 
in the process of being introduced to the clinic, 
may provide a powerful platform to increase the 
specifi city of ultrasound exams in children [ 9 ]. 
The use of microbubbles has been explored for 
improved detection of cancers and infl ammations 
[ 10 ,  11 ], improved evaluation of brain ischemia 
[ 9 ,  12 ], echocardiography [ 13 ], and ultrasound- 
guided voiding cystourethrograms [ 14 ], among 
others [ 9 ,  10 ]. Targeted microbubbles may pro-
vide opportunities for more specifi c evaluations 
of tumors and infl ammations [ 9 – 11 ,  15 ], although 
applications tailored to questions relevant for 
pediatric patients have not been described yet. 
Since the majority of μm-sized microbubbles 
stay in the intravascular space and do not extrava-
sate, targets of molecular microbubble agents 
have to be present on the intraluminal vessel 

 surface. Recognizing emerging cross-connec-
tions between imaging modalities, it is important 
to note that microbubbles can be also utilized as 
MR contrast agents [ 16 ], thereby opening oppor-
tunities for multiplexing on MR or PET/MR 
scans, e.g., via a combination of microbubble- 
mediated vascular imaging, Gd-chelate-mediated 
tissue enhancement, and FDG-mediated assess-
ment of tissue metabolic activity. An integration 
of ultrasound probes and PET detectors is a rela-
tively unexplored area, which could be of value 
for sedation-free tumor staging of small children 
and guided biopsies. A bimodal PET-US endo-
scopic probe combining in a miniaturized system 
a fully digital, 200 ps time resolution time-of- 
fl ight PET detector head (TOF-PET) coupled to a 
commercial ultrasound (US) assisted biopsy 
endoscope is currently being explored for tar-
geted biopsies of pancreatic cancers in adults 
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  Fig. 25.1    Developments of hybrid molecular imaging 
technologies, as indicated by connections between the 
displayed cartoons and their respective strengths. Another 
evolving new imaging technology of specifi c interest for 

pediatric applications is photoacoustic imaging, which 
integrates both optical imaging and ultrasound technolo-
gies and which is currently entering clinical applications       
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(  http://www-fl c.desy.de/pet/projects/endotofpe-
tus/index.php    ) and, if successful, could be simi-
larly applied in children.  

    Optical Imaging 

 Optical imaging (OI) is based on the detection 
of light from various sources (fl uorescence, bio-
luminescence, absorption, or refl ectance). OI is 
very attractive for pediatric imaging applications 
because of its rapid (<1 min) and radiation- free 
image data acquisition. In addition, OI is inexpen-
sive, noninvasive, and has molecular sensitivity, 
which is close to that of conventional radionuclide 
imaging techniques and several orders of magni-
tude greater than MRI [ 8 ,  17 ]. Limitations of OI 
include the lack of penetration depth, limited ana-
tomical resolution, and  complicated algorithms 
for data quantifi cation. Biocompatible fl uorescent 

probes and labels with emission wavelengths in 
the near-infrared (NIR) spectra (700–1,000 nm) 
are an important tool for optical imaging, and 
at least one fl uorescent label, indocyanine green 
(ICG), is FDA-approved [ 18 ,  19 ]. Examples of 
clinical OI applications include the detection of 
infl amed joints of arthritic hands [ 19 ] (Fig.  25.2 ), 
detection of breast lesions [ 20 ], intraopera-
tive detection of peritoneal metastases [ 21 ], and 
intraoperative brain tumor delineation combined 
with functional brain mapping [ 22 ]. Recent tech-
nical developments in instrumentation include 
dual- axes endoscopes fi tted with a fl uorescence 
confocal microendoscope for gastroscopic or 
colonoscopic lesion detection [ 23 ] and handheld 
probe-based optical imagers for intraoperative 
tumor delineation [ 24 ]. There are also a variety 
of hybrid imaging approaches, such as fusion of 
optical with x-ray data [ 25 ], ultrasound [ 26 ], MRI 
[ 27 ], and SPECT/PET [ 8 ,  28 ]. Multifunctional 

  Fig. 25.2    Optical image (maximum intensity projection) 
of both hands of a 6-year-old girl with pain in the carpal 
area and fi nger joints of both hands and clinical signs of 
juvenile idiopathic arthritis. Optical images after intrave-
nous injection of indocyanine green (ICG) show focal 
hyperperfusion in the radiocarpal joint, the carpal joints, 
the proximal carpophalangeal joint D5, and the metacar-
pophalangeal joints D2–4 of the right hand, as well as 
focal hyperperfusion of the radiocarpal joint and metacar-

pophalangeal joint D1–4 of the left hand, indicating active 
synovitis. Of note, this example shows a physiologic 
imaging application with the nonspecifi c blood pool agent 
ICG. Further applications of this novel, noninvasive and 
radiation-free imaging technology await introduction of 
more specifi c cellular and molecular fl uorescent markers 
(Courtesy of Michel Eisenblätter, MD and Christoph 
Bremer, M.D., Department of Radiology, St. Franziskus 
Hospital, Münster, Germany)       
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contrast agents are  developed for these hybrid 
technologies, which allow cross- validation of 
biomarker distribution [ 29 ] or biomarker activa-
tion [ 8 ]. For example, PET data could be used to 
track and quantify the concentration of a tumor-
specifi c biomarker, whereas concomitant fl uores-
cence labels could indicate enzymatic activation 
of a specifi c multifunctional probe [ 8 ].

       Photoacoustic Imaging 

 Photoacoustic imaging is an emerging new imag-
ing modality of specifi c interest for the pediatric 
imaging community because of its radiation-free, 
quick, and noninvasive nature [ 8 ]. The technique 
is based on delivery of non-ionizing, pulsed laser 
light into a tissue of interest. The incoming light is 
absorbed and converted into heat, leading to ther-
moelastic expansion of the target tissue and emis-
sion of ultrasound waves, which can be detected 
with an ultrasound transducer (“light in – ultra-
sound out”). The change in temperature (heat) in 
the target tissue(s) is extremely small and non-
perturbing. A potentially important application for 
the pediatric population is photoacoustic measure-
ment of tissue hemoglobin (Hb) concentrations 
and oxygen saturations based on differential 
absorption of light by oxygenated and deoxygen-
ated Hb. This application could be utilized for 
noninvasive monitoring of brain and visceral organ 
oxygenation states in premature infants. In order 
to distinguish pathologies from normal organs, 
specifi c photoacoustic imaging agents may need 
to be administered [ 8 ]. Administration of molecu-
lar imaging agents that are targeted and are able to 
absorb light is potentially a powerful way to pro-
vide signifi cant growth of this emerging modality. 
Furthermore, photoacoustics may also be useful as 
a modality when combined with ultrasound so that 
the information can be superimposed on a com-
bined image. Advantages compared to optical 
imaging include deeper tissue penetration (up to 
5 cm) and increased spatial resolution. Advantages 
compared to ultrasound include less image noise, 
ability to detect tissue oxygenation without any 
exogenous molecular imaging agents, and higher 
sensitivity for the detection of targeted probes 
(pictogram compared to microgram for US).  

    Computed Tomography (CT) 

 Computed tomography has limited utility for 
molecular imaging applications as a “stand- alone” 
technology because of its low sensitivity and low 
soft tissue contrast. However, CT is a well-estab-
lished technology for providing “background” ana-
tomical information for SPECT and PET/CT 
techniques. In the realm of pediatric imaging, the 
radiation exposure associated with CT is of high 
concern, and CT imaging tests are only performed 
if other modalities such as ultrasound or MR can-
not be accommodated [ 30 ]. Therefore, the intro-
duction and evaluation of alternative hybrid 
imaging techniques, such as PET/MR, should be 
carefully considered for the evaluation of children.  

    Single-Photon Emission Computed 
Tomography (SPECT) 

 SPECT imaging is well established for evalu-
ation of a wide variety of pathologies in pedi-
atric patients. SPECT imaging agents emit 
non- coincident gamma rays, as opposed to the 
coincident gamma rays associated with posi-
tron emitters for PET imaging. SPECT has the 
unique advantage, that it allows to detect sin-
gle-photon radionuclides (e.g.,  99m Tc,  111 In,  123 I, 
 201 Tl,  133 Xe), which emit gamma rays at differ-
ent energy levels, thereby potentially allowing 
simultaneous detection of multiple biochemical 
targets (multiplexing). Some examples of clini-
cal SPECT imaging agents that target molecular 
processes include  123 I-metaiodobenzylguanidine 
(MIBG), a functional analogue of norepineph-
rine taken up by amine transporters on the 
cell surface of neuroblastomas,  111 In-DPTA-
octreotide (DTPA = diethylenetriamine pen-
taacetate) for imaging the somatostatin 
receptor in neuroendocrine tumors [ 31 ],  99m Tc 
TRODAT-1 ([2[[2-[[[3-(4-chlorophenyl)-
8-methyl -8-  azabicyclo[3 ,2 ,1] -oc t -2-y l ]
methyl](2mercaptoethyl)amino]ethyl] amino] 
ethanethiolato(3-)-N2,N2’,S2,S2]oxo-[1R-exo- 
exo)])-[ 99m Tc]-technetium) for dopamine trans-
porter imaging [ 32 ,  33 ],  99m Tc-annexin V for 
imaging apoptosis [ 34 ], and xenon  133 Xe gas inha-
lation for the evaluation of pulmonary function 
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and regional cerebral blood fl ow (rCBF) assess-
ment [ 35 ]. More recent technical developments 
include handheld gamma cameras for intraopera-
tive detection of small tumors [ 36 ]. Limitations 
of SPECT include a lower sensitivity when com-
pared to PET and lack of data quantifi cation due 
to the need to estimate attenuation. However, the 
ongoing development of multi- detector CT cou-
pled with SPECT in newer SPECT/CT devices 
[ 6 ,  8 ,  37 ] promises to signifi cantly improve the 
quantitative precision of SPECT relative to PET 
in the future, with a resultant greater focus on 
the radiopharmaceutical, rather than the imaging 
device itself, in specifi c clinical applications.  

    Positron Emission Tomography (PET) 
and PET/CT 

 PET and PET/CT imaging have been established as 
a clinical tool for pediatric molecular imaging appli-
cations for many years. Advantages, which led to its 
clinical success, include its high sensitivity (detect-
ing picomolar concentrations) and a high target-to-
background contrast. Fluorine-18-2-fl uoro- 2-deoxy 
glucose (FDG) PET and PET/CT are being used for 
detection of a large variety of diseases, including 
pediatric malignancies, infl ammatory disorders, 
and CNS disorders, particularly epilepsy and infan-
tile spasms [ 8 ,  38 ] (Table  25.1 ). Additional appli-

   Table 25.1    PET/CT applications for staging and restaging of pediatric malignant tumors: conclusions from clinical 
studies   

 Pathology 
 PET/CT applications for staging and restaging of pediatric malignant tumors: conclusions from 
clinical studies 

 Lymphoma   18 F-FDG PET/CT is more accurate than conventional imaging in detecting malignant lesions 
in childhood lymphoma and in predicting poor response to treatment [ 39 – 41 ] 
  18 F-FDG PET/CT provides substantial complementary value to bone marrow biopsy in the 
initial diagnosis of pediatric lymphoma [ 42 ] 
  18 F-FDG PET is more sensitive than bone scans for detection of osseous metastases [ 43 ] 
 High doses of corticosteroids during induction of chemotherapy altered  18 F-FDG uptake 
patterns in children with lymphoblastic lymphoma [ 44 ] 
  18 F-FDG PET/CT signifi cantly infl uences radiation treatment target defi nition and fi eld design 
in patients with Hodgkin’s lymphoma [ 45 ] 
 Limited WB  18 F-FDG PET/CT is appropriate for restaging under/after therapy when initial 
disease is confi ned to a limited WB FOV [ 46 ] 

 Sarcomas  Bone sarcomas:  18 F-FDG PET/CT is more accurate than conventional imaging in staging 
childhood primary bone tumors, excluding lung lesions [ 47 ,  48 ] 
 Bone sarcomas: No added information from 99mTc-MDP bone scans compared to  18 F-FDG 
PET/CT [ 49 ] 
 Bone sarcomas: Degree of tumor  18 F-FDG uptake allows for monitoring of therapeutic 
responses [ 49 ] 
  18 F-FDG PET/CT useful in predicting therapy responses after only one course of neoadjuvant 
chemotherapy [ 50 ] 
 Rhabdomyosarcomas:  18 F-FDG PET/CT valuable for initial staging (especially detection of 
lymph node and bone metastases) and prediction of outcomes [ 51 ,  52 ] 

 Wilms’ tumor  Active Wilms’ tumor is  18 F-FDG avid.  18 F-FDG PET/CT useful for defi ning tumor extent. 
Small pulmonary metastases better visualized with CT [ 53 ,  54 ] 
 After chemotherapy, higher SUV was seen in histologically high-risk disease [ 53 ] 

 Head and neck 
cancer 

  18 F-FDG PET/CT more accurate than conventional imaging for tumor staging, recommended 
as fi rst imaging modality [ 55 ] 

 Nasopharyngeal 
carcinoma 

  18 F-FDG PET/CT may underestimate tumor extent and regional lymphadenopathy compared 
with MRI at the time of diagnosis.  18 F-FDG PET/CT is sensitive and specifi c for follow-up 
and enables earlier determination of disease remission [ 56 ] 

 Neuroblastoma  68Ga-DOTATATE can be used to image children with neuroblastoma and identify those 
suitable for molecular radiotherapy with 177Lu-DOTATATE [ 57 ] 
  18 F-DOPA PET/CT more accurate than CT/MR and MIBG in advanced-stage neuroblastoma 
[ 58 ,  59 ] 

 Neurofi bromatosis I   18 F-FDG PET/CT useful for detecting malignant transformation in peripheral nerve sheath 
tumors [ 60 ] 
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cations in children using other radiotracers include 
 18 F-NaF for imaging of various traumatic causes of 
back pain [ 61 ], bone metastases [ 62 ], or non-acci-
dental trauma [ 63 ] as well as  124 I-MIBG PET [ 64 ] 
and  18 F-DOPA PET/CT [ 58 ,  59 ] for staging of neu-
roblastoma, possibly replacing  123 I-MIBG SPECT. 
A main limitation with regard to molecular imag-
ing applications is the inability for multiplexing 
(detection of more than one molecular target in one 
imaging session). PET radioisotopes emit positrons 
that lead to two gamma photons of the same energy 
(511 keV), thereby omitting parallel tracking of two 
different tracers. New PET/MR approaches may in 
part solve this issue and allow for simultaneous 
tracking of PET tracers and MR probes (Gd- and 
Fe-based labels).

   The radiation exposure of PET/CT exams is of 
concern for the pediatric imaging community, and 
various “low dose” approaches are currently being 
pursued [ 65 – 69 ], such as eliminating duplicate 
diagnostic CT scans, performing low dose diagnos-
tic contrast-enhanced CT scans as part of the PET/
CT scan, using the diagnostic CT for attenuation 
correction of PET data (thereby eliminating a dupli-
cate attenuation correction scan), lowering the dose 
of the applied radiotracer, and replacing the diag-
nostic CT by MR, as discussed in the next section.  

    Magnetic Resonance (MR) Imaging 
and PET/MR 

 MR imaging has the distinct advantage that it is 
not associated with any radiation exposure and 
that it provides a very high soft tissue contrast, 
thereby being the preferred imaging modality for 
staging and restaging of many primary tumors in 
children, including tumors of the CNS, abdomen, 
pelvis, and musculoskeletal system [ 70 ,  71 ]. MR 
imaging provides unique opportunities to inter-
rogate specifi c physiologic processes noninva-
sively and repetitively without any radiation 
exposure. Examples include visualization and 
quantifi cation of proton diffusion for tumor 
detection and characterization [ 70 ,  72 – 75 ], blood 
and tissue oxygenation for functional imaging 
applications [ 76 ,  77 ], and drug or metabolite con-
centrations in tumors or normal organs [ 78 – 80 ]. 

 Hyperpolarized MR spectroscopic imaging is 
an exciting, relatively new area of molecular MR 

imaging, currently entering clinical applications in 
adult patients. For clinical applications,  13 C-labeled 
molecules are polarized into an antiparallel orien-
tation, far beyond their thermal equilibrium, using 
a “dynamic nuclear polarization” (DNP) system 
outside of the MR magnet. The hyperpolarization 
of the probe decays rapidly, leaving a time window 
of a few minutes for transport of the probe to the 
patient, intravenous injection, and in vivo spectro-
scopic imaging of  13 C-containing metabolites in a 
clinical high fi eld (≥3 T) MR scanner [ 8 ,  81 ]. Any 
delay in this process prevents acquisition of hyper-
polarized MRI data, which is a major challenge for 
pediatric applications. Nevertheless, if completed 
successfully, hyperpolarized MRI enables rapid 
acquisition and dynamic mapping of fast biologi-
cal processes in vivo. Specifi c applications include 
the use of [1- 13 C]pyruvate    hyperpolarized MRI for 
visualization of glycolytic processes during de 
novo tumor formation and therapy-induced regres-
sion [ 82 ] and the evaluation of the metabolism of 
[1- 13 C]pyruvate to CO(2) relative to lactate as an 
indicator of preserved mitochondrial function in 
cardiac diseases [ 83 ]. Of note  13 C-hyperpolarized 
molecules are typically endogenous and have no 
known biological risks. However, they are injected 
at high concentrations, and possible side effects 
will need to be evaluated, particularly with regard 
to applications in children. 

 Another, immediately clinically applicable 
molecular MR imaging approach is the generation 
of whole body diffusion-weighted MR scans [ 73 , 
 74 ], which provide a similar tumor-to- background 
contrast and improved anatomical resolution com-
pared to  18 F-FDG PET    scans (Fig.  25.3 ). These 
radiation-free whole body diffusion- weighted MR 
scans deserve close attention, since accumulat-
ing evidence suggests equivalent sensitivity for 
tumor detection compared to  18 F-FDG PET. The 
diffusion-weighted scans also provide a sensi-
tive assessment of tumor response to therapy, 
which can be quantifi ed based on the “apparent 
diffusion coeffi cient,” a quantitative measure of 
the magnitude of water molecule diffusion (or 
Brownian motion) in target tissues [ 84 ] (Fig.  25.4 , 
Table  25.2 ). Besides some technical challenges, 
which are currently being addressed, “biologi-
cal” limitations of diffusion-weighted MR scans 
include a restricted diffusion in a variety of  normal 
organs, such as the spleen, normal red marrow, 

25 Pediatric Molecular Imaging
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a b c

DWIBS Inverted DWIBS Fused DWIBS/SPGR

  Fig. 25.3    Axial diffusion-weighed MR scan of the lower 
neck of a patient with malignant lymphoma: ( a ) original 
and ( b ) inverted diffusion-weighted MR scan ( DWIBS  
diffusion-weighted imaging with background subtraction) 
shows three lymph nodes with restricted proton diffusion 

in the right lower neck ( arrows ). ( c ) The diffusion-
weighted scans can be color- encoded and superimposed 
on a contrast-enhanced T1-weighted MR scan ( SPGR  
spoiled gradient recalled echo sequence)       

T1-SE STIR pre and Post USPIO

  Fig. 25.4    Sagittal MR images of the spine of a patient 
with malignant lymphoma and multifocal bone marrow 
infi ltration, status post chemotherapy and GCSF treat-
ment. The reconverted, highly cellular hematopoietic 
marrow demonstrates low signal on plain T1-weighted 
MR images and high signal on STIR images, masking 
T1-hypointense and T2-hyperintense focal bone marrow 

lesions. Following intravenous injection of iron oxide 
nanoparticles, postcontrast STIR images demonstrate a 
decreased signal of the normal bone marrow due to iron 
oxide uptake by macrophages with persistent hyperin-
tense signal of focal bone marrow lesions, thereby increas-
ing the lesion-to-background contrast    (From Daldrup-Link 
et al. [ 85 ] and Metz et al. [ 86 ])       
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salivary glands, bowel mucosa, some normal 
lymph nodes, and ovaries/testes, which limits 
tumor detection at these sites [ 84 ]. However, new 
MR imaging approaches, which suppress the false 
positive signal in these organs, are currently being 
developed and explored [ 84 ]. Thus, whole body 
diffusion-weighted MRI scans may replace  18 F-
FDG PET scans for certain tumor staging indi-
cations in the near future, thereby necessitating 
more specifi c tracers for PET. Other new techno-
logical advances include intraoperative MR scan-
ners, which allow image guided resection of CNS 
tumors [ 113 ], simultaneous fMRI and EEG scans 
for co-localization of epileptogenic foci [ 77 ], MR 
scanners integrated with high frequency focused 
ultrasound for targeted tumor ablations [ 114 ,  115 ], 
and integrated PET/MRI systems [ 116 – 118 ]. PET/
MRI combines the high anatomical resolution and 
high soft tissue contrast of MRI with the high 
sensitivity of PET, thereby overcoming the lim-
ited sensitivity of traditional MRI contrast agents 
(10 −3 –10 −5  mol/L), overcoming the limited soft tis-
sue contrast of PET or PET/CT scans, and provid-
ing signifi cantly less radiation exposure compared 
to PET/CT. PET/MRI opens new opportunities 
to sequentially or simultaneously evaluate a large 
variety of physiologic processes (Table  25.3 ), 
which can be utilized to validate new biomarkers, 
to combine tracer quantifi cation with functional 
assessment (e.g., tissue concentration and acti-
vation of an activatable tracer), or to investigate 
successive physiologic processes (e.g., receptor 
density and therapeutic drug uptake/activation). 
Combining whole body diffusion scans for tumor 
detection with “traditional” MRI scans for ana-
tomical localization and tumor-specifi c PET trac-
ers for functional assessment (e.g.,  124 I-MIBG) 
could bring “one-stop- shop” local and whole body 
staging approaches to reality.

           Clinical Molecular Imaging 
Applications with Future 
Perspectives 

 Disease detection, characterization, intervention, 
and monitoring are essential components for man-
agement and outcome of nearly every pediatric 

patient. Especially in the fi eld of oncology, patients 
often undergo a multitude of diagnostic tests, 
which are collected and synthetized by the inter-
preting physician. Current and future trends aim 
towards integrated imaging approaches, described 
above, and coordinating them with workfl ows for 
other diagnostic tests, e.g., collection of blood 
samples after placement of a venous access for an 
imaging exam, collection of urine samples directly 
before a voiding cystourethrogram, or obtaining 
EEG and ECG data while the patient is waiting for 
an imaging test or even during an imaging scan. 
The ultimate goal is to provide a comprehensive 
evaluation and diagnosis with a single visit and 
diagnostic workup, which is not only convenient 
for the patient but also saves direct and indirect 
health-care costs by streamlining procedures, min-
imizing hospitalizations, and minimizing lost 
school or work time of children and their parents. 

 On the clinical side, genomics and molecular 
biomarkers are increasingly integrated in routine 
diagnostic workups of blood and tissue samples 
from patients with cancer or other complex mul-
tisystem disorders, in an effort to provide a more 
detailed understanding of the underlying disease 
process and to develop individualized therapy 
approaches. Examples include the determination 
of expression of the MYC oncogene for the diag-
nosis of neuroblastoma and medulloblastoma or 
the evaluation of α-fetoprotein and/or β-human 
chorionic gonadotropin (HCG) levels in germ 
cell tumors. The integration of this information 
with imaging data would further enhance our 
ability to align clinical care procedures towards 
individualized therapeutic and/or surgical 
interventions. 

 Molecular imaging biomarkers dynamically 
assess and quantify gene and protein function 
and resultant changes in tissue metabolism in 
vivo by interacting chemically with specifi c tar-
get cells or target molecules, and thereby, provid-
ing a specifi c imaging signal as a result of this 
interaction [ 8 ]. Thus, molecular imaging bio-
markers provide more specifi c information about 
pathologic processes compared to traditional 
imaging approaches that rely on passive tissue 
accumulation and tracer density alone. In addi-
tion, molecular imaging biomarkers provide 
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quantitative data, which can be utilized for early 
disease detection, prediction of overall disease 
aggressiveness, prediction and monitoring of 
therapy response, and to support the regulatory 
approval processes of novel diagnostic or thera-
peutic drugs [ 75 ]. A variety of molecular imag-
ing biomarkers have been already evaluated in 
clinical trials while others are still emerging. 
They are generally categorized as diagnostic bio-
markers, prognostic biomarkers, predictive bio-
markers, as well as biomarkers of therapy 
response and biomarkers of disease recurrence. 
The NIH supports an online list of molecular 
imaging biomarkers for SPECT, PET, and MRI 
(MICAD, Molecular Imaging and Contrast Agent 
Database,   http://micad.nih.gov    ), and the NIH 
biomarkers consortium supports systematic eval-
uations of new imaging biomarkers (  http://www.
biomarkersconsortium.org/projects_submit.php    ). 
The following sections will focus on imaging 
biomarkers for the diagnosis of solid malignant 
tumors in children, the most common clinical 
application. The development of imaging bio-
markers for other indications, such as a variety of 
CNS disorders, MSK pathologies, autoimmune 
disorders, and infl ammations, is also being 
actively pursued [ 7 ,  9 ]. 

    Diagnostic Imaging Biomarkers 

 Diagnostic imaging biomarkers provide informa-
tion about the presence or absence of disease. 
Some authors distinguish biomarkers for disease 
detection and biomarkers for disease staging. In 
the context of clinical imaging applications, these 
two aspects are almost always closely connected. 
Thus, we consider both, detection and staging, 
under this category. 

 A fi rst application of diagnostic imaging 
biomarkers is screening for the presence of dis-
ease. Currently, we have limited preselections 
for imaging tests (e.g., nonselective screening of 
all patients with cancer susceptibility syndromes 
and all patients after tumor surgery) and apply 
low-cost technologies (e.g., ultrasound, x-rays) 
to screen a large patient population regard-
ing the presence or absence of disease, being 

aware that these technologies have limited sen-
sitivities and specifi cities. Future developments 
aim to improve prescreening procedures for 
patients at risk of developing a specifi c disease 
(e.g., p53 mutations, Li-Fraumeni syndrome, 
hemihypertrophy- related syndromes, neurofi bro-
matosis 1), who could then be stratifi ed to more 
advanced and better tailored imaging technolo-
gies [ 75 ]. For example, in patients with neuro-
fi bromatosis 1, who carry mutations of the  NF1  
tumor suppressor gene leading to the develop-
ment of both benign and malignant tumors, an 
increased metabolic activity of clinically symp-
tomatic neurofi bromas on  18 F-FDG PET/CT 
has shown a sensitivity of 89 % and a specifi c-
ity of 95 % to indicate a malignant transforma-
tion to malignant peripheral nerve sheath tumors 
[ 135 ]. Oncogene expression can be detected with 
advanced imaging approaches, such as hyperpo-
larized  13 C-pyruvate MRI spectroscopy [ 82 ], via 
detection of an increased aerobic glycolysis and 
diminished oxidative phosphorylation (Warburg 
effect), which occurs before morphologic or 
other physiologic changes are apparent on con-
ventional imaging tests. Of note, patients with 
cancer susceptibility syndromes include young 
patients who need anesthesia to undergo classical 
cross-sectional imaging studies. Advances in the 
development of quick, real-time molecular imag-
ing tests, such as optical or ultrasound, would be 
highly benefi cial for these children. 

 Once a tumor has been identifi ed based on 
clinical examination, elevated tumor markers and/
or ultrasound, an integrated imaging test is 
needed, which provides comprehensive staging of 
the primary tumor and potential metastases in one 
single session. PET/CT and PET/MR approaches 
may come close to this goal. Fluorine-18-FDG 
PET/CT has been established for staging and 
restaging of a number of malignant tumors in 
pediatric patients, including lymphoma [ 39 ,  42 , 
 136 ], bone sarcomas [ 49 ,  137 ], rhabdomyosarco-
mas [ 49 ,  137 ], head and neck cancers [ 55 ], and 
Wilms’ tumor [ 53 ]. Several studies demonstrated 
improved sensitivities and specifi cities of  18  F- 
FDG PET/CT compared to all collective standard 
staging procedures, specifi cally for patients with 
lymphomas, malignant sarcomas (bone and soft 
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tissue), and head and neck cancers [ 47 ,  51 ,  52 ,  55 , 
 59 ,  137 ,  138 ]. While  18 F-FDG PET/CT applica-
tions for neuroblastoma staging remain contro-
versial,  18 F-DOPA and  124 I-MIBG PET/CT have 
recently shown higher overall accuracy than 
 123 I-MIBG scintigraphy [ 59 ,  139 ]. 

 Several recent studies have shown equivalent 
sensitivities and excellent agreement between  18 F-
FDG PET/CT and whole body MRI for tumor 
detection in children [ 140 – 143 ] (Fig.  25.3 ). These 
studies were performed in small populations of 
pediatric patients and primarily focused on malig-
nant lymphomas and sarcomas. Further direct 
comparisons between  18 F-FDG PET/CT and 
whole body diffusion MRI are critically needed 
to understand opportunities and limitations of this 
novel radiation-free staging technique. The com-
bination of these two imaging technologies might 
eventually provide higher sensitivities and speci-
fi cities than either technique alone. 

 A major challenge for both  18 F-FDG PET/CT 
and MRI is the detection of bone marrow metas-
tases in highly cellular and metabolically active 
normal marrow in young children and/or after 
GCSF treatment. Solutions include  18 F-sodium 
fl uoride (NaF)-PET/CT scans [ 144 ] and iron 
oxide nanoparticle-enhanced MRI scans [ 85 ,  86 , 
 131 ]. Intravenously injected iron oxide nanopar-
ticles are phagocytosed by macrophages in the 
reticuloendothelial system, i.e., liver, spleen, and 
bone marrow. In the early phase after contrast 
media administration, up to 1 h postinjection, 
there is no signifi cant tumor uptake, leading to 
improved contrast between bone marrow and 
metastases [ 85 ,  86 ,  131 ] (Fig.  25.4 ). Delayed 
images provide more specifi c information about 
the tumor due to differential iron oxide uptake in 
different tumor types, benign versus malignant 
tumors, and tumors of different tumor grade 
[ 120 ,  132 ]. In the future, these approaches could 
be potentially combined for more specifi c evalu-
ations of bone lesions with PET/MR.  

    Prognostic Imaging Biomarkers 

 Prognostic imaging biomarkers provide informa-
tion about the natural history of a given disease 

prior to therapy. Prognostic biomarkers aim to 
identify patients with less aggressive tumors and 
a high likelihood of cure, treating them less 
aggressively, while those with more aggressive 
tumors and low likelihood of cure are stratifi ed 
towards more aggressive therapeutic plans. 
Classically, therapy stratifi cations are mostly 
based on anatomical criteria, such as disease 
bulk, location, and distribution (local vs. sys-
temic tumor spread). In the future, therapy 
 decisions will be augmented by more detailed 
information about tumor genomics, proteomics, 
and related metabolic alterations [ 8 ,  75 ]. While 
histopathologic assessments have kept up with 
this development, related imaging approaches are 
largely behind in this arena. 

 Tumor size and volume, as determined by CT 
or MR, have been linked to overall survival for 
malignant lymphomas and sarcomas [ 39 ,  40 , 
 145 ] and to distant metastases for bone sarcomas 
[ 146 ]. The metabolic activity of solid pediatric 
cancers, quantifi ed by the standardized uptake 
value (SUV), can provide important additional 
information. The SUV represents the ratio of the 
radioactivity in a target tissue and the background 
radioactivity, assuming an even distribution of 
the injected radioactivity in the whole body. The 
SUV is measured as the tissue radioactivity con-
centration (e.g., in MBq/kg) at the time of image 
acquisition (corrected for physical decay of the 
radioisotope) divided by the injected activity per 
body weight (MBq/kg) at the time of injection. 
Instead of body weight, the SUV can be also nor-
malized to body mass, lean body mass (SUL), or 
body surface area [ 147 ]. For evaluations of pedi-
atric cancers with  18 F-FDG PET/CT, SUVs are 
usually calculated based on pixels representing 
the highest radioactivity in the tumor (SUVmax). 
The SUV value is affected by image noise, image 
resolution, user biased selection of measured 
area, and lesion size (SUV decreases for smaller 
lesions due to partial volume effects) [ 147 ]. 
Several authors reported a relation between pre- 
therapeutic primary tumor SUV and outcome in 
pediatric patients. Baum et al. reported a shorter 
overall survival of pediatric patients with pri-
mary rhabdomyosarcomas with a ratio of tumor 
SUVmax to liver SUVmax >4.6 compared to 
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 primary tumors with a lower ratio [ 51 ]. Gupta 
et al. reported higher baseline primary tumor 
SUV values in metastatic Ewing sarcoma (mean 
SUVmax = 11.31) compared to localized Ewing 
sarcoma (mean SUVmax = 6.84) [ 148 ]. And 
Begent et al. reported higher primary tumor 
SUVmax values (>5) in histologically high-risk 
Wilms’ tumors compared to low-risk tumors 
(SUVmax <5) [ 53 ]. An interesting recent study in 
adult patients with breast cancer has shown that 
high SUVmax of local lymph nodes on pretreat-
ment  18 F-FDG PET/CT correlated with disease 
recurrence [ 149 ]. While the general concept is 
known from histopathologic evaluations of local 
lymph nodes, the corresponding imaging concept 
would have to be evaluated for pediatric 
cancers. 

 Markers of tumor angiogenesis represent 
another important target for prognostic evalua-
tions: for example, overexpression of VEGF 
indicated a poor prognosis in a wide variety of 
cancer types in both adult and pediatric patients 
[ 7 ,  146 ,  150 ]. In adult patients, the VEGF iso-
form VEGF 165  has been labeled with  123 I and used 
for imaging pancreatic carcinomas [ 7 ,  150 ]. 
However, the high radiation dose delivered to the 
thyroid via the  123 I radiotracer limits correspond-
ing applications in children. Bevacizumab, a 
humanized FDA-approved anti-VEGF antibody, 
has been labeled with  111 In and applied for imag-
ing of liver metastases in adult patients with 
colorectal cancer [ 7 ]. Bevacizumab is currently 
also applied in pediatric patients with malignant 
brain tumors and osteosarcomas [ 7 ,  151 ]. 
However, to the best of our knowledge, targeted 
imaging approaches in pediatric patients have not 
been pursued.  

    Predictive Biomarkers 

 Predictive imaging biomarkers provide informa-
tion about the relative effi cacy of a specifi c treat-
ment BEFORE    start of therapy. The aim is to 
identify those pathologies that will likely benefi t 
from a specifi c therapy. Thus, patients could be 
stratifi ed early to therapies with a high likelihood 
of inducing response while sparing them from 

toxic side effects to drugs that may not be effec-
tive against a given pathology. Examples include 
pretherapy  124 I-NaI PET studies to estimate tumor 
accumulation and radiation dose of  131 I-NaI treat-
ment to thyroid cancers or pretherapy  124 I-MIBG 
PET studies to estimate tumor accumulation and 
radiation dose of neuroblastomas and pheochro-
mocytomas prior to  131 I-MIBG treatment 
[ 152 ,  153 ]. Iodine-124-imaging (instead of 
 131 I-imaging) is needed because therapeutic  131 I 
emits photons with a peak of 364 keV, which can-
not be effi ciently collected by most gamma cam-
eras [ 139 ]. 

 Many other targeted therapies (e.g., monoclo-
nal antibodies, transcription inhibitors, kinase 
inhibitors) are in need of specifi c predictive 
imaging biomarkers. Establishing noninvasive 
imaging approaches for predicting the effi cacy of 
these targeted therapeutics in vivo will be essen-
tial for drug development and clinical applica-
tions. While small numbers of patients and high 
cure rates make the development of targeted 
diagnostic or therapeutic drugs for malignant 
germ cell tumors unlikely, these tumors have a 
signature production of α-fetoprotein and/or 
β-human chorionic gonadotropin (HCG) that 
could be in principle amenable to targeted imag-
ing or therapy. Of note, treatment with monoclo-
nal antibodies, such as rituximab, can lead to 
false-negative histopathologic assessments of 
residual disease, if they rely on the same tumor 
cell surface target. Thus, alternative antibodies 
are recommended for histopathologic evaluation 
of posttreatment samples (e.g., CD79a as a pan-
B- cell antibody instead of CD20). The same con-
cept would apply to mAb-based imaging 
approaches.  

    Biomarkers of Therapy Response 

 Biomarkers of therapy response can be also 
applied to monitor treatment effects DURING 
and AFTER therapy. Classical imaging crite-
ria to determine treatment effects are based on 
morphologic observations, such as changes in 
tumor size (RECIST = Response Evaluation 
Criteria In Solid Tumors, WHO = World Health 
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Organization size criteria and COG = Children’s 
Oncology Group criteria) [ 147 ]. More recently, 
physiologic criteria have been introduced for 
some tumors in adult patients based on a decline 
in  18 F-FDG tumor metabolism after two cycles 
of chemotherapy (PERCIST criteria = Positron 
Emission Tomography Response Criteria In 
Solid Tumors) [ 147 ]. In PERCIST, response to 
therapy is expressed as percentage change in SUL 
peak between the pre- and posttreatment scans. 
A complete metabolic response is defi ned as 
visual disappearance of all metabolically active 
tumor. A partial response is considered more than 
a 30 % decline in SUL peak, and progressive dis-
ease is classifi ed as more than a 30 % increase 
in SUL peak or new lesions, if confi rmed [ 147 ]. 
Accordingly, several studies in pediatric patients 
with malignant lymphomas and bone sarcomas 
have shown that a decline in tumor glucose con-
sumption, as measured on posttreatment  18 F-
FDG PET scans, correlates with chemotherapy 
response [ 39 ,  40 ,  145 ] (Fig.  25.5 ). Changes in 
tumor  18 F-FDG metabolism occurred before 

changes in tumor size were apparent. In patients 
with osteosarcoma, chemotherapy response could 
be predicted reliably on interim PET/CT scans 
and correlated well with tumor necrosis on histo-
pathology [ 154 ]. Conversely, in pediatric patients 
with stage III or IV non-lymphoblastic NHL, 
only response at posttreatment PET/CT, but not 
interim PET/CT, could predict progression- free 
or overall survival [ 40 ]. Thus, the prognostic 
value of PERCIST criteria awaits systematic, 
tumor-specifi c validations in pediatric patients.

   There appears to be a strong relationship 
between tumor cell number and glucose metabo-
lism [ 147 ]. Consequently, diffusion-weighted 
MR scans demonstrate increasing proton diffu-
sion in response to therapy (quantifi ed as increas-
ing ADC values, Fig.  25.6 ), which correlate 
to decreasing tumor  18 F-FDG uptake in some 
cancers [ 155 ,  156 ]. However, response assess-
ment via ADC values is complex and not yet 
standardized for pediatric solid tumors, which 
are often inhomogeneous. Further studies are 
needed to systematically defi ne and validate 

(i)

(ii)

(i)

(ii)

(iii) (iii)

PET/CT 02/10/12 PET/CT 04/26/12a b

  Fig. 25.5    Axial  18 F-FDG PET scan through the lower 
neck ( i ), corresponding integrated PET/CT ( ii ) and whole 
body minimum intensity projection ( iii ) of a 14-year-old 
girl with stage III A Hodgkin’s lymphoma. ( a ) 
Pretreatment scans demonstrate bulky disease of the right 
neck, additional extensive lymphadenopathy of the left 

neck, bilateral supraclavicular areas and axillaries, as well 
as additional hypermetabolic lymph nodes at the splenic 
hilum and the left paraspinal retroperitoneum ( arrows ). 
( b ) Follow-up scan after two cycles of chemotherapy 
demonstrates complete remission       
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 standardized acquisition parameters and related 
ADC measurements of pediatric cancers, to 
evaluate the reproducibility of treatment-induced 
ADC changes, to determine specifi c thresholds 
of ADC changes that indicate tumor response, 
and to correlate results with changes in  18 F-FDG 
metabolism. If diffusion-weighted scans can pro-
vide equivalent information regarding therapy 
response as compared to  18 F-FDG, this may open 
new opportunities to introduce other, more spe-
cifi c PET tracers (e.g.,  124 I-MIBG), particularly 
for PET/MR approaches.

   Fluorine-18-FDG PET imaging has been also 
explored as a potential biomarker of response to 
inhibition of insulin-like growth factor receptors 
(IGF-R) [ 157 ]. Insulin-like growth factors, IGF-1 
and IGF-2, are small polypeptides involved in reg-
ulating cell proliferation, survival, differentiation, 
and transformation. IGF activities are mediated 
through binding and activation of IGF-1 or IGF-2 
receptors (IGF-1R or IGF-2R). Overexpression of 
IGF-1R and IGF-2R has been reported in multiple 
types of cancer, including bone sarcomas (IGF-1R) 
and rhabdomyosarcomas (IGF-2R) (Fig.  25.7 ). In 
preclinical studies of IGF-1R/insulin receptor 
inhibitors, drug exposure impeded  18 F-FDG uptake 
in cells expressing IGF-1R, but not in cells that 
lack IGF-1R expression [ 157 ,  158 ]. This effect 

also correlated with direct measures of IGF-1R 
pathway inhibition.

   Fluorine-18-deoxy-fl uorothymidine (FLT), a 
thymidine analog, represents a marker of tumor 
cell proliferation, which can be used to monitor 
treatment response to chemotherapy and radiother-
apy [ 159 ]. More specifi cally, FLT is linked to the 
expression and activity of cytosolic thymidine 
kinase-1 (TK-1), which is the fi rst enzyme in the 
exogenous (salvage) pathway of DNA synthesis 
activated during the S-phase of the cell cycle [ 159 ]. 
In various tumors of adult patients,  18  F- FLT PET    
could accurately quantify therapy-induced changes 
in tumor growth rates [ 159 ]. However, data about 
applications in typical tumors of pediatric popula-
tions are scarce. In pediatric patients with primary 
brain tumors,  18 F-FLT PET was useful in primary 
staging and response assessment [ 126 ]. Conversely, 
in patients with metastatic germ cell tumors, 
Pfannenberg et al. could not fi nd a signifi cant cor-
relation between  18 F-FLT tumor uptake and 
response to cisplatin-based chemotherapy [ 160 ]. 

 Other approaches include measurements of 
therapy-induced tumor apoptosis. Apoptosis can 
occur via extrinsic, receptor-mediated or intrinsic, 
mitochondrial pathways. Both lead eventually to 
activation of caspases, which cleave specifi c intra-
cellular proteins and cause formation of apoptotic 

Pre chemotherapy
Tumor ADC value = 1.0

Post chemotherapy
Tumor ADC value = 1.6

a b

  Fig. 25.6    ADC map of a hepatoblastoma before ( a ) and 
after ( b ) chemotherapy. ADC maps are calculated based 
on diffusion-weighted MR images and depict the rate of 
water diffusion for each image voxel as grey values (low 
signal = low ADC value = restricted diffusion; high sig-

nal = high ADC value = unrestricted diffusion). Tumor 
response to chemotherapy in this case is apparent by an 
increasing tumor signal and increasing ADC value on the 
posttreatment scan compared to the pretreatment scan       
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bodies, which are disposed by macrophages [ 7 ]. 
Clinically applicable radiotracers that can detect 
tumor apoptosis include  99 m Tc- annexin A5, which 
binds to phosphatidylserine residues on apoptotic 
tumor cells [ 7 ]. High  99 m Tc- annexin A5 tumor 
uptake has been correlated with therapy response 
in a number of malignant cancers in adults, but 
not pediatric cancers.    In order to develop imaging 
approaches with higher anatomical resolution, 
corresponding  18 F-annexin A5- and annexin 
A5-labeled magnetofl uorescent nanoparticles 
have been developed for PET and MRI, respec-
tively, and were tested in animal models [ 7 ]. 

 Multidrug resistance of cancers to chemother-
apy is characterized by increased expression of the 
p-glycoprotein, which acts as an ATP- dependent 
drug-effl ux pump. P-glycoprotein overexpression 
has been described in high-risk and advanced-

stage neuroblastomas, malignant sarcomas, and 
hepatoblastomas, among others [ 161 – 164 ], and 
represents an important target for molecular imag-
ing applications. P-glycoprotein overexpression 
has been measured with various PET tracers, 
including [ 11 C]verapamil [ 165 ] and [ 11 C]colchi-
cine [ 166 ]. The pediatric oncology community 
awaits suitable applications for pediatric cancers.  

    Biomarkers of Disease Recurrence 

 The gold standard of therapeutic effi cacy, and 
the effi cacy of related imaging tests, is disease-
free survival. Several studies have demonstrated 
that neither  18 F-FDG PET/CT nor MR can distin-
guish between minimal residual tumor versus no 
tumor [ 167 ]. Data suggest that the disappearance 

CT

MR PET/MR

PET/CT

a

c d

b

  Fig. 25.7    Axial  18 F-FDG PET/CT and sequential  18 F-
FDG PET/MR scans through the pelvis of a patient with a 
rhabdomyosarcoma: ( a ) The unenhanced CT scan shows 
a mass in the pelvis ( yellow arrow ). ( b ) Overlay of an  18 F-
FDG PET scan improves delineation of the urinary blad-
der ( blue arrows ) and two hypermetabolic tumor nodules 
( red arrows ). ( c ) T2-w MR    scan provides further improved 
 anatomical information, delineating a T2-hyperintense 

cystic, multiseptated tumor component ( yellow arrow ) 
between the bladder ( blue arrows ) and rectum ( green 
arrow ). ( d ) Fusion of the  18  F- FDG PET with the MR scan 
provides improved delineation of the hypermetabolic 
tumor nodules ( red arrows ), particularly the small nodule 
to the right of the mass. Note slight mismatch of urinary 
bladder shape due to sequential data acquisition       
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of molecular clones of tumors (e.g., lymphomas) 
may lag behind the disappearance of morphologic 
evidence of disease [ 167 ]. The diagnosis of recur-
rent pediatric tumors with molecular imaging 
approaches remains a wide open area of investi-
gation. It will likely require a combination of pre-
screening molecular genetic analyses and serum 
biomarkers, followed by molecular imaging of 
selected patients at risk for tumor recurrence. This 
approach may be facilitated by specifi c serum 
biomarkers of pediatric malignancies, which are 
either secreted by the tumor or generated by the 
host in response to the tumor and which can be 
utilized for both assessment of tumor therapy 
response and tumor recurrence [ 168 ]. Examples 
include alpha fetoprotein (AFP) serum levels in 
the majority of patients with hepatoblastomas as 
well as some patients with hepatocellular carci-
noma (HCC) and non-seminomatous germ cell 
tumors (GCT); human chorionic gonadotropin 
(HCG) in patients with non-seminomatous GCT 
and a variety of other pediatric cancers; lactate 
dehydrogenase (LDH) in patients with GCT, 
neuroblastoma, lymphoma, and melanoma; and 
catecholamines, vanillinmandelic acid (VMA), 
and norepinephrine in 24 h urine of patients with 
neuroblastoma and pheochromocytoma [ 168 ]. An 
important additional aspect for tumor surveillance 
in pediatric patients is the potential risk for the 
development of secondary tumors later in life, 
which may require an integration of diagnostic 
biomarkers and biomarkers of disease recurrence. 
Imaging approaches for the detection of residual 
disease, recurrent disease, and secondary tumor 
development will have to be refi ned to integrate 
genetic testing and serum biomarkers into modern 
diagnostic workups. 

 Future developments will focus on further 
reducing radiation exposures, reducing unneces-
sary scans, and improving the yield from imag-
ing tests [ 127 ,  169 ,  170 ]. Imaging today is like 
a traditional rotary phone that can fulfi l only one 
function at a time. In the future, we will develop 
smarter approaches to integrate multiple diagnos-
tic tests (potentially beyond imaging) into one 
single diagnostic test, which will consolidate ana-
tomical, physiologic, and histopathologic infor-
mation. The close interaction of basic science 

innovations and clinical advances along with the 
development of novel, cutting-edge imaging tech-
nologies will provide a unique platform to trans-
form the fi eld of pediatric radiology towards safer, 
more effi cient, and more accurate diagnoses.      
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        Magnetic resonance imaging (MRI) and positron 
emission tomography (PET) are diagnostic 
 imaging modalities that allow visualization of 
morphological as well as functional features of 
different diseases in childhood. Both modalities 
are often used separately or even in competition. 
Some of the most important indications for both 
PET and MRI lie in the fi eld of pediatric oncol-
ogy. The most important malignant diseases in 
children are leukemia, brain tumors, lymphoma, 
Wilms’ tumor, neuroblastoma, and soft tissue and 
bone sarcomas. Apart from leukemia, correct 
assessment of tumor expansion with modern 
imaging techniques, mainly consisting of ultraso-
nography, MRI (Fig.  26.1 ), and PET, is essential 
for cancer staging, for the choice of the best ther-
apeutic approach, and for restaging after therapy 
or in recurrence [ 1 ,  2 ].

      Basic Principles of Multimodality 
Imaging 

 Multimodality image fusion of functional and 
anatomical data can be performed by acquisition 
on dedicated hybrid imaging systems or by 

 retrospective software co-registration of separate 
scans. Three basic components are required for 
PET/MR software registration: First is the 
 acquisition of high-quality PET and MRI images 
and subsequent data storage. Second, there must 
be simple and prompt access to the correspond-
ing images or image data sets. Adequate multi-
modal imaging requires a clinic-wide computer 
network, a digital archive of radiological and 
nuclear medical studies, multimodal image view-
ing workstations, and appropriate software for 
image correlation and fusion [ 3 ,  4 ]. Third and 
probably most important is the competence of the 
physician in evaluating nuclear medical and 
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  26      Combined PET/MRI in Childhood 
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  Fig. 26.1    A 4-year-old boy with bilateral Wilms’ tumor 
and nephroblastomatosis. Transversal fat-suppressed 
T1-weighted image after contrast enhancement reveals 
bilateral nephroblastoma ( arrows ) and a right-sided 
nephroblastomatosis lesion ( arrowheads ). Exact detec-
tion of bilateral nephroblastoma and nephroblastomatosis 
lesions is essential for further surgical planning       
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radiological data sets. Because each individual 
modality can yield false-negative fi ndings, a 
careful and time-consuming separate analysis of 
each individual modality prior to multimodal 
processing is essential. In combined multimodal 
image evaluation, there is a tendency to depend 
primarily on the fi ndings of PET, which usually 
identifi es pathological processes more rapidly. In 
doing so, one runs the risk of missing diagnoses 
that would be seen at MRI because of reliance on 
false- negative PET scans. Therefore, a mainly 
PET- guided analysis of MRI should be avoided.  

    Image Fusion 

 For images that were not acquired on a dedicated 
PET/MR hybrid system, the retrospective image 
fusion can be done using different approaches 
and algorithms, which, in general, are divided 
into feature- and volume (voxel)-based tech-
niques. The image transformation can be static 
(displacement and rotation in all three spatial 
axes) or nonlinear (e.g., additional stretching or 
compression in order to compensate for spatial 
distortions such as those introduced by respira-
tory movements) [ 5 ]. 

 The classical example of a feature-based 
method is the “surface matching” or Pelizzari 
algorithm, which uses organ surfaces as a prop-
erty [ 6 ]. The disadvantages of this technique are 
the requirement for a potentially quite extensive 
segmentation of the organ surface in the different 
modalities and the fact that image registration is 
based only on the extracted portions of the image 
(surface pixels). Simply stated, volume-based 
techniques analyze similarities of pixel distribu-
tion in the two imaging modalities [ 5 ]. The repre-
sentative of this algorithm group enjoying the 
widest current application is the “mutual infor-
mation” algorithm in which two-dimensional 
grayscale histograms of the individual modalities 
and a combined histogram are analyzed and com-
pared in various image transformations [ 7 ,  8 ]. 
Nonlinear approaches such as thin-plate spline 
(TPS) interpolation or hierarchical (pyramid) 
volume subdivision can be added to compensate 
for respiratory-induced soft tissue deformations 
in thorax and abdomen [ 9 – 11 ]. Advantages of 

the volume-based techniques include the fully 
automatic application, their robustness compared 
to a different “fi eld of view,” and the higher 
degree of precision in image registration [ 5 ]. 

 A meta-analysis by Hutton and Braun quanti-
fi ed the exactness of software-based cerebral 
image registration at less than 3 mm [ 4 ]. For 
extracerebral applications, the PET and CT regis-
tration of pulmonary focal lesions showed a com-
parable exactness (average position of center of 
the lesion) of 6.2 mm for separate modalities [ 12 ] 
and of 7.6 mm for combined PET/CT scanners 
[ 13 ]. Furth    et al. compared conventional imaging 
modalities (CIM, including thoracic CT and 
neck/abdomen/pelvis MRI) alone, PET alone, 
and side-by-side and voxel-based fusion of PET 
and CIM by using a normalized mutual informa-
tion algorithm. In terms of disease staging and 
therapy assignment, voxel-based image fusion 
performed best with no false estimations com-
pared to three underestimations for side-by-side 
images and 22 over- and underestimations for 
PET and CIM alone [ 14 ].  

    Image Presentation 

 The evaluation of multimodal imaging data con-
sists of three stages. The fi rst stage corresponds 
to the separate analysis of the multimodal data in 
nuclear medicine and diagnostic radiology with 
subsequent comparison of the reported fi ndings. 
In case of discrepancies, a separate reevaluation 
of the imaging data is performed with compari-
son of the other imaging modality. This is the 
currently most widely used method, and it has the 
advantage of minimum requirements in terms of 
hardware and software, together with restricted 
logistic, temporal, and personnel requirements. 
A disadvantage is the lack of an exact anatomical- 
functional comparison of both methods. This dis-
advantage can be decisive in the recognition and 
delineation of physiological changes. The second 
stage consists of simultaneous interpretation of 
the multimodal data sets at the same site. 
Although this method enhances the capacity for 
morphological correlation, because of the associ-
ated signifi cant increase in personnel, fi nancial, 
and time requirements, it is advisable to progress 
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directly to the third stage. In the third stage, 
 analysis of spatially synchronized image data is 
performed simultaneously at a single workstation 
(Fig.  26.2 ). Either synchronized data is acquired 
on a dedicated PET/MR device or synchroniza-
tion is performed interactively and partially or 
fully automatic with help of a fusion algorithm 
[ 15 ]. These conditions provide for optimum spa-
tial correlation of fi ndings. Also useful is a com-
mon cursor that points to the corresponding 
location in both modalities, which are displayed 
side by side [ 5 ]. This exact synchronization of 
data sets with appropriate software provides the 
additional capacity for image fusion with super-
imposition of both sets of imaging data in one 
image (Fig.  26.3 ). In addition, a three- dimensional 
reconstruction of the fused imaging data can be 
used for therapy planning (Fig.  26.4 ). When 
using a fused image, it is important to note that 
original information from the two individual 
imaging modalities may be partially lost, mean-
ing that the original images of each modality 
should also be simultaneously displayed [ 5 ] 
(Fig.  26.2 ).

     Following image analysis comes the presenta-
tion of multimodal images to clinical colleagues, 
for whom the display of the fused imaging 
data sets moves to the foreground. Here, image 
fusion and three-dimensional reconstruction 
often  represent decisive building blocks to 
 understand the pathology and to facilitate further 
therapeutic  planning (Fig.  26.4 ).  

    PET and MRI in Pediatric Oncology 

    Neuroblastoma 

 Neuroblastoma is the most common extracra-
nial solid malignancy in pediatric patients 
(about 8 % of pediatric malignancies) and 
remains, despite treatment intensifi cation, 
responsible for approximately 15 % of cancer 
deaths in children  [ 16 – 19 ]. It is an embryonic 
tumor arising from the neural crest cells, which 
give rise to the adrenal medulla and the sympa-
thetic nervous system [ 20 ]. The tumor is most 
frequently situated in the adrenal gland or 

  Fig. 26.2    Multimodality display on a Hermes worksta-
tion (Nuclear Diagnostics AB, Haegersten, Sweden) dem-
onstrating a large left-sided paravertebral neuroblastoma 
in  18 F-FDG PET ( left image ) and T2-weighted MRI ( right 
image ). By synchronizing images, even small bone 

 marrow metastases (crosshair) can exactly be correlated 
with a common cursor. By confi rming the lesion in the 
fusion image ( middle image ), diagnostic accuracy as com-
pared to single modalities alone can be increased       
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elsewhere along the  sympathetic nervous sys-
tem chain [ 16 ]. At diagnosis, roughly 50 % of 
patients have distant hematogenous metastases 
[ 21 ]. There is strong evidence that  initial stag-
ing of neuroblastoma remains decisive with 
respect to risk stratifi cation in order to choose 
the most appropriate treatment option [ 18 ,  22 ]. 
Imaging of neuroblastoma consists of sonogra-
phy, CT, MRI, and radionuclide examinations 

such as scintigraphic bone scanning, metaiodo-
benzylguanidine (MIBG) scintigraphy, PET 
with different tracers (fl uorodeoxyglucose,  18 F-
FDG; fl uorodopa,  18 F-DOPA; somatostatin 
receptor agonists), as well as hybrid imaging 
(PET/CT, PET/MRI, and SPECT/CT) [ 23 – 34 ]. 

    PET in Pediatric Neuroblastoma 
 Scintigraphy with  123 I- or  131 I-labeled MIBG has 
become a well-established method in the diagno-
sis and staging of neuroblastoma [ 35 ]. However, 
there are some limitations of this modality: lim-
ited spatial resolution, limited sensitivity for the 
detection of small lesions. Some of these limita-
tions can potentially with PET due to its higher 
spatial resolution and the possibility of a whole-
body tomography versus SPECT. 

 The use of  18 F-FDG PET in the evaluation of 
pediatric neuroblastoma is increasing, although 
its role remains less clear. Questions remain 
regarding when and in which patients  18 F-FDG 
PET is most useful. By comparing 113 paired 
 123 I-MIBG and  18 F-FDG PET scans, Sharp et al. 
concluded that  18 F-FDG should always be con-
sidered when  123 I-MIBG reveals less disease than 
suggested by clinical symptoms or conventional 
imaging modalities [ 26 ] (Fig.  26.5 ).

  Fig. 26.4    3D reconstruction of a registered image data 
set. Cortical surface was rendered from MRI and  red dots  
represent subdural EEG electrodes that were imaged 
with CT. The functional epileptogenic focus ( orange ) 
was defi ned by interictal  18 F-FDG PET and ictal ECD 
SPECT       

a

c

b

  Fig. 26.3    Histologically proven non-affected cystic 
ovary in a patient with a recurrent yolk sack tumor. 
T1-weighted, fat-suppressed MR sequence after applica-
tion of Gd-DTPA ( a ) depicts a physiological-appearing 
cystic ovary ( arrow ). Corresponding PET ( b ) revealed a 
false-positive fi nding with an increased glucose uptake 
( arrow ) suspect of a recurrent disease. Multimodality dis-
play of registered images ( c ) shows exact spatial correla-
tion between the cystic ovary in MRI and increased 
glucose uptake in PET       
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  Fig. 26.5    A 7-year-old girl with a histologically proven 
recurrent neuroblastoma in the region of the left adrenal 
gland. Iodine-123-MIBG-SPECT does not show any 
pathological uptake in the left adrenal region ( a  – cross-
hair) leading to a false- negative result. Fluorine-18-FDG 

PET clearly demonstrates an increased glucose metabo-
lism in the respective region ( b  – crosshair) suspect for 
recurrent disease. Image fusion between  18 F-FDG PET 
and MRI shows increased  18 F-FDG uptake within a con-
trast-enhancing soft tissue mass ( c  –  arrow )       
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   As  18 F-FDG is a marker for the viability of 
malignomas in general, more specifi c PET trac-
ers have been developed for imaging the sympa-
thetic nervous system like  11 C-hydroxyephedrine 
(HED) [ 36 ,  37 ]. This agent has been used to map 
the sympathetic innervation of the heart, and it 
has been shown that HED is highly concentrated 
in deposits of pheochromocytoma [ 38 – 40 ]. 
Franzius et al. showed that  11 C-HED PET/CT 
is feasible in tumors of the sympathetic nervous 
system [ 41 ]. However, tumor-to-background con-
trast of  11  C- HED in lesions can be higher, equal, 
or lower compared with  123 I-MIBG [ 41 ] and the 
relatively high physiological liver uptake of  11 C-
HED may impair the detection of small liver 
metastases. Some of these shortcomings may be 
avoided by using PET/CT with  18 F-labeled trac-
ers (half-life, 110 min), such as 6- 18 F-fl uoro-3,4-
dihydroxy-2- phenylalanine ( 18 F-DOPA), which 
has been introduced for imaging a variety of neu-
roendocrine tumors [ 42 – 44 ]. Piccardo et al. com-
pared the diagnostic value of  18 F-DOPA PET/
CT with  123 I-MIBG on primary investigation and 
follow- up of neuroblastoma patients in a pro-
spective pilot study. By using both a scan-based 
and lesion- based analyses higher sensitivities 
and comparable specifi cities of  18 F-DOPA versus 
 123 I-MIBG scintigraphy were seen [ 45 ]. 

 Somatostatin receptor subtype 2 is expressed 
on the surface of some neuroblastomas [ 46 – 48 ]. 
Somatostatin analogues have been tested in small-
scale studies for imaging and peptide- receptor 
radionuclide therapy (PRRT) of neuroblastomas. 
Gains    et al. found abnormal  68 Ga-DOTATATE 
uptake in 6 out of 8 children with relapsed or 
refractory high-risk neuroblastoma [ 49 ]. All 6 
patients received  177 Lu-DOTATATE treatment in 
2–3 cycles. One patient showed progressive dis-
ease and 5 patients showed stable disease accord-
ing to RECIST. Thus, besides  18 F-FDG, a variety 
of PET agents have been tested for neuroblas-
toma imaging and treatment; however, system-
atic evaluation of detection and response rates in 
larger-scale studies have yet to be performed.  

    MRI in Pediatric Neuroblastoma 
 MRI has several advantages in the diagnosis of 
neuroblastoma: high sensitivity in detecting bone 
marrow abnormalities [ 50 ], lack of ionizing 

 radiation, high intrinsic soft tissue contrast 
 resolution [ 24 ], depiction of internal structure 
[ 51 ], and exact defi nition of intraspinal tumor 
extension (Fig.  26.6 ) or diaphragmatic involve-
ment of thoracic tumors [ 23 ,  52 ]. Furthermore 
MRI is the best modality to evaluate intracranial 
involvement or the extent of a possible vessel 
encasement [ 20 ,  23 ,  53 – 55 ]. All these factors are 
decisive, especially in primary diagnosis and for 
operative or biopsy planning [ 56 ].

   Primary tumors usually appear heterogeneous 
and iso- to hyperintense compared to the liver with 
variable contrast enhancement on T1-weighted 
images [ 57 ]. T2 hyperintense cystic or necrotic 
areas may be seen within the tumor [ 57 ]. 

 Metastatic disease shows a variety of different 
patterns [ 57 ]. Bone marrow metastases usually 
appear as low-intensity lesions on T1-weighted 
and as high-intensity area on T2-weighted images 
[ 57 ]. Liver involvement may be diffuse espe-
cially in stage 4S patients [ 57 ]. However, focal 
liver lesions with reduced contrast enhancement 
can be seen. CNS metastases are usually from 
tumor infi ltration of the dura and neural crest 
(leptomeninges) [ 58 ]. Dural metastasis can be 
diffuse or nodular and tend to favor the external 
surface of the dura without involvement of the 
brain parenchyma [ 59 ].   

    Soft Tissue Sarcoma 

 Sarcomas are heterogeneous in terms of tumor 
biology, malignancy, and therapeutic options. 
Primary bone sarcomas occur in children up to 
the age of 19 years with an incidence of 8.9 per 
1,000,000 according to SEER cancer incidence 
rates (2001–2004) [ 60 ]. They are divided into 
two larger groups: osteosarcomas and Ewing sar-
comas. Soft tissue sarcomas in children originate 
from mesenchyme in the soft tissues and occur 
with an incidence of 12.0 per 1,000,000 [ 60 ]. The 
most common subtypes in children and adoles-
cents are rhabdomyosarcoma, extraosseous 
Ewing sarcoma and peripheral neuroectodermal 
tumor, synovial sarcoma, neurofi brosarcoma, 
fi brosarcoma, and leiomyosarcoma. 

 Distant metastases are most often seen in 
lungs and bone marrow. The local tumor extent 

T. Pfl uger and W.P. Mueller



603

and the presence of satellite lesions or distant 
metastases as determined by PET or MRI infl u-
ence the treatment strategy. 

    PET in Pediatric Sarcomas 
 PET is competing with bone scans and CT for 
diagnostic value in detecting osseous tumor 
lesions. In retrospective and prospective studies, 
 18 F-FDG PET has shown greater sensitivity, 
specifi city, and accuracy than bone scintigraphy 
in the detection of skeletal metastases from 
Ewing tumors [ 61 – 64 ]. For the detection of skel-
etal metastases from osteosarcoma,  18 F-FDG 

PET has not been shown to be superior to bone 
scans [ 61 ,  63 ,  65 ]. In a study with mixed series of 
bone and soft tissue sarcomas, PET had compa-
rable sensitivity to CT in the detection of primary 
lesions and non-pulmonary metastases but a 
higher specifi city. CT was superior for detecting 
pulmonary metastases [ 66 ,  67 ]. 

 In primary bone sarcomas, multiple studies 
have shown that response to neoadjuvant 
 chemotherapy can be evaluated using  18 F-FDG 
PET. It was demonstrated for both osteosarcomas 
and Ewing sarcomas that a decrease of  18 F-FDG 
uptake and a small posttherapeutic/pretherapeu-

a

c

b

  Fig. 26.6    A    2-month-old suckling with a stage IV neuro-
blastoma. Clinical and ultrasound fi ndings did not demon-
strate a primary tumor. Coronal T2-weighted MRI ( a ) 
clearly depicts a right paravertebral contrast-enhancing 
primary tumor ( arrows ). Transversal T1-weighted MRI of 

the abdomen ( b ) demonstrates diffuse liver metastases. 
Transversal T1-weighted MRI ( c ) shows the tumoral 
growth through intervertebral foramen ( arrow ) which is 
decisive for further therapy planning       
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tic SUV ratio showed a close correlation to the 
amount of tumor necrosis induced by chemother-
apy [ 68 – 70 ]. The intensity of initial  18 F-FDG 
uptake of the primary tumor is further associated 
with a reduced overall and disease-free survival 
[ 71 ,  72 ]. 

 There are only a few studies that investigated 
the diagnostic value of PET in staging of soft 
tissue sarcoma. In a retrospective analysis of 46 
 18 F-FDG PET examinations in 25 young 
patients,  18 F-FDG PET demonstrated a sensitiv-
ity of 86 %, a specifi city of 80 %, and a positive 
predictive value of 89 % [ 73 ]. The authors con-
cluded that  18 F-FDG PET may be useful for the 
management of patients with soft tissue sar-
coma [ 73 ].  

    MRI in Pediatric Sarcomas 
 MRI – compared to PET or bone scans – is the 
modality of choice for defi nition of local tumor 
extent and identifi cation of skip lesions. By defi n-
ing the relationship to surrounding soft tissue or 
neurovascular structures, surgical management is 
determined and possible target structures for  needle 
biopsy are identifi ed. MRI evaluation is essential to 
evaluate exact bony involvement in order to poten-
tially preserve epiphyseal plate and joint function 
during surgical treatment [ 74 ] (Fig.  26.7 ).

   Tumor appearance on MRI may be variable; 
however, typical patterns have been described: 
Osseous and soft tissue sarcomas usually have a 
low signal intensity on T1-weighted images, a 
high signal intensity on T2-weighted images, and 

a

b

c d

  Fig. 26.7    A 13-year-old boy with an osteosarcoma of 
the right distal femur. 3D reconstructed  18 F-FDG PET 
( a ) shows high glucose metabolism in the metaphysics 
and epiphysis of the right femur. Bone marrow exten-
sion can be seen up to the middle part of the femur. 
However, MRI ( b – d ) is indispensable for delineation of 
soft tissue involvement and bone marrow extension. 

Sagittal T2-weighted image ( b ) depicts exact soft tissue 
infi ltration and epiphyseal involvement, decisive factors 
for operative planning. Fat-saturated T1-weighted 
images after contrast enhancement ( c ,  d ) demonstrate 
tumoral bone marrow extension far up to the proximal 
femur       
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a heterogeneous enhancement after administration 
of gadolinium contrast agent [ 75 ,  76 ] (Fig.  26.8 ).

   MRI features allow for better discrimina-
tion between benign and malignant lesions. For 
lesions with bone involvement, dense, wavy, 
and thick periosteal reactions indicate a slow- 
growing benign lesion, whereas rapid, malignant 
infi ltration results in onion-skinned or lamellated 
periosteal patterns [ 75 ]. MRI characteristics of 
soft tissue sarcomas include heterogeneous T1/
T2 signal and neurovascular encasement. 

 Changes in tumor volume and extent of necro-
sis are valuable information for response assess-
ment [ 76 ]. Furthermore, MRI morphology in 
combination with functional  18 F-FDG PET was 
able to predict response to chemotherapy in 
osteosarcoma with high predictive values for 
good and poor responders [ 35 ].   

    Lymphoma 

 Malignant lymphoma and Hodgkin and non-
Hodgkins disease are the most common forms of 
hematological malignancy in the developed world 
and comprise    about 5.3 % of all cancers in the 

United States [ 77 ]. A number of various classifi -
cation systems exist for lymphoma. The WHO 
classifi cation, published in 2001 and updated 
2008, is the latest system [ 78 ]. This classifi cation 
attempts to divide lymphoma by phenotypic, 
molecular, or cytogenetic characteristics into three 
large groups (B cell, T cell, natural killer cell ori-
gin) with over 70 different subgroups. Once diag-
nosis has been established, evaluation of disease 
extent is important for appropriate treatment plan-
ning and determining prognosis. Staging of lym-
phoma is based on the Ann Arbor classifi cation 
that classifi es by the number of involved regions, 
the type of involvement (nodal or extranodal), and 
the distribution of the involved sites. In hemato-
logical malignancies, extensive disease involve-
ment is not uncommon. Therefore, imaging 
modalities such as PET or MRI that can encom-
pass the whole body are of great importance. 

   PET in Pediatric Lymphoma 
 Metabolic imaging is crucial in distinguishing 
 disseminated disease from localized manifesta-
tions that might be treated by irradiation 
(Fig.  26.9 ). Fluorine-18-FDG PET alone is more 
sensitive than CT or MRI for detection of small 

a b c

  Fig. 26.8    Rhabdomyosarcoma of the lower abdomen in 
a 6-year-old boy. Fluorine-18-FDG PET demonstrates a 
large area with increased glucose uptake correlating to the 
primary tumor and a central photopenic defect ( arrow-
heads ) ( a ). This photopenic defect correlates well to cen-

tral necrosis visible in the T1-weighted, contrast-enhanced 
MR sequence ( arrowheads ) ( b ). For operative planning, 
T2-weighted STIR sequence is necessary for the delinea-
tion of tumor borders and the course of vessels ( c )       

 

26 Combined PET/MRI in Childhood



606

tumor foci such as lymph nodes <1.5 cm [ 79 ]. 
Fluorine-18-FDG PET further improves detec-
tion of occult splenic disease. By combining 
both functional imaging with  18 F-FDG, anatom-
ical CT information, and adequate attenuation 
correction in PET/CT, even more precise lym-
phoma staging can be achieved [ 80 ].

   One main advantage of metabolic imag-
ing lies in response monitoring and prog-

nosis  stratifi cation. Fluorine-18-FDG PET 
baseline and follow-up exams are strongly 
recommended for diffuse large B-cell lym-
phoma (DLBCL) and Hodgkin’s disease. In 
both lymphoma entities, a negative interim 
 18 F-FDG PET has been linked to either event-
free or progression- free overall survival 
[ 81 – 84 ]. PET has therefore been integrated into 
the revised IWG (International Working Group) 

a

d

b c

  Fig. 26.9    A 7-year-old boy with back pain and a large 
prevertebral non-Hodgkin lymphoma. 3D reconstructed 
 18  F- FDG PET ( a ) gives an excellent overview of the lym-
phoma extension in the upper mediastinum and bone mar-
row involvement of the right scapula, right proximal 
humerus, and right proximal femur. On the other hand, 

MRI is indispensable for delineating tumor growth 
through intervertebral foramina ( b  – T2-weighted image 
in sagittal orientation), intraspinal involvement ( c  – 
T1-weighted image after contrast enhancement in sagittal 
orientation), and vessel involvement ( d  – T2-weighted 
image in axial orientation)       
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criteria at completion of fi rst-line therapy and 
mid-therapy (interim) exam as powerful prog-
nostic tool [ 81 – 83 ]. An ongoing EuroNet study 
( EuroNet-PHL- C1) will further show whether 
radiotherapy can be omitted in Hodgkin lym-
phoma patients that obtained a good early PET 
response after two cycles of chemotherapy 
without compromising the cure rate [ 85 ]. Early 
response monitoring by  18 F-FDG PET may be 
useful to minimize late toxicity of chemotherapy 
or radiotherapy in good responders and to iden-
tify nonresponders early in order to improve their 
prognosis by treatment modifi cations.  

   MRI in Pediatric Lymphoma 
 As whole-body MRI becomes more and more 
available, it is being evaluated for staging and 
treatment follow-up of pediatric lymphoma. 
Whole-body MRI using short tau inversion recov-
ery (STIR) images proved to be more sensitive in 
bone marrow involvement than CT or bone scans 
at primary staging [ 86 ]. However, PET/CT 
remains the most accurate modality in lymph 
node staging [ 87 ,  88 ]. Recent techniques such as 
whole-body diffusion-weighted imaging detect 
lymphoma foci by restricted intralesional water 
motion and were shown to be useful for monitor-
ing treatment response of bone marrow disease 
[ 89 ]. Intracerebral involvement can be seen by 
typical intra-axial single or multiple homoge-
neous contrast-enhancing lesions with marked 
surrounding edema and restricted diffusion [ 90 ]. 
Fluorine-18-FDG PET, however, is weak in 
detecting central nervous system disease. 

 MRI further enables frequent follow-up exam-
inations without additional radiation exposure. 
MRI, therefore, helps to prevent long-term con-
sequences of increased radiation burden in 
patients with an excellent prognosis compared to 
other pediatric malignancies.   

    Histiocytosis 

 Langerhans cell histiocytosis (LCH) refers to a 
group of disorders involving clonal proliferation 
of activated dendritic cells and macrophages. 
LCH usually affects children between the age of 
1 and 15 years and is traditionally divided by 
number of lesions and lesion distribution into 

three groups: (1) unifocal eosinophilic granu-
loma, which is predominantly osseous or pulmo-
nary; (2) multifocal Hand-Schüller-Christian 
disease with exophthalmus, lytic bone lesions 
(mostly in the base of the skull), and diabetes 
insipidus; and (3) multifocal multisystem 
Letterer-Siwe disease, which typically includes 
the abdominal viscera [ 91 ]. The main organs 
involved are bone, lung, skin, and lymph nodes; 
however, during the course of the disease, any 
organ system may be affected. Prognosis is deter-
mined by the involvement of risk organs and 
response to treatment which makes cross- 
sectional whole-body imaging the fi rst choice for 
primary staging and posttherapy follow-up 
[ 92 ,  93 ]. PET/CT and MRI have been proven to 
reliably identify multifocal disease [ 94 ]. 

   PET in Pediatric Histiocytosis 
 Fluorine-18-FDG PET is well established in eval-
uating pediatric Langerhans cell histiocytosis. In 
previous studies, PET showed a high sensitivity 
and specifi city for LCH lesions and proved to be 
superior to bone scans and conventional radiogra-
phy for overall lesion detection [ 95 – 97 ]. PET fur-
ther allows for excellent lesion follow-up after 
chemotherapy and provides information on 
response earlier than plain fi lm or CT [ 96 – 98 ]. 

 Fluorine-18-FDG PET can be used to detect 
intracranial lesions or bone lesions of the skull; 
however, close proximity to brain uptake may lead 
to false- negative scan results (Fig.  26.10 ). 
Follow-up examinations have been described to be 
useful for monitoring CNS disease activity [ 99 ].

      MRI in Pediatric Histiocytosis 
 MRI has become an integral part of LCH staging 
[ 100 ]. Bone lytic lesions are isointense to mus-
cle on T1-weighted images and show enhance-
ment after the addition of gadolinium contrast 
(Fig.  26.11 ). Hyperintense signal in histiocyte 
lesions, the surrounding bone marrow, periost, 
or soft tissue can be detected as a correlate of 
edema on T2-weighted images [ 101 ] 
(Fig.  26.11 ). MRI investigations detect bone 
marrow involvement or soft tissue mass in 
Langerhans cell histiocytosis with high sensitiv-
ity [ 102 ]. Fast whole-body inversion recovery 
imaging may be used to screen the entire body 
for bone involvement [ 103 ].
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   Previous reports underline the value of MRI 
for detecting skeletal as well as intracerebral 
involvement [ 102 ,  104 ,  105 ]. Image acquisition 
with a high spatial resolution further enables 
biopsy planning in complex anatomical sites. 

 Abnormalities on cranial MRI images can 
often be seen in intracerebral involvement of 
Langerhans disease. MRI changes include asym-
metric T2 hyperintense lesions of the cerebellar 
medulla or the brainstem and less often hyperin-
tense patterns of the cerebral white matter or the 
basal ganglia. Intracerebral LCH lesions are 
often hypointense on T1-weighted images and 
may show contrast enhancement. Furthermore 
infundibular enlargement as well as dural-based 
extraparenchymal masses may be seen [ 105 ].    

    Combined PET/MRI in Clinical 
Practice 

 In combined imaging, morphological informa-
tion from MRI is complemented and extended 
by the functional information supplied by  18 F-

FDG PET about glucose metabolism of the 
respective lesions. An important advantage of 
 18 F-FDG PET, especially in staging of malignant 
disease, is the capacity for examining the entire 
body or whole-body regions, while MRI is usu-
ally able to image only fractions of the same area 
during a single session (Fig.  26.9 ). Most publi-
cations of clinical applications and usefulness of 
multimodal diagnostic imaging concern onco-
logical imaging or multimodal diagnosis of epi-
lepsy [ 13 ,  106 – 115 ]. 

 In oncological diagnostics the evaluation of 
glucose metabolism in the tumor by  18 F-FDG 
PET provides information on its viability. For 
this reason, PET in many cases has a higher 
specifi city, sometimes even a higher sensitivity, 
than morphological imaging modalities (MRI 
and CT) [ 116 – 120 ]. Furthermore, a review of 
the literature shows  18 F-FDG PET imaging to 
be suitable for the majority of pediatric malig-
nancies [ 1 ,  69 ,  71 ,  121 – 127 ]. Advances in 
these two anatomical and functional diagnostic 
imaging technologies have signifi cantly infl u-
enced the staging and treatment approaches for 

a b

  Fig. 26.10    Eosinophilic granuloma of the right frontal 
skull base in a 19-year-old boy on separate PET and MRI 
scans. A contrast-enhancing lesion of the right frontal 
skull base is seen on T1-weighted MRI images ( arrow ) 
( a ). Corresponding PET images show normal uptake 

 patterns ( b ). Cranial lesions may be missed on FDG PET 
as their metabolic activity often cannot be distinguished 
from physiological brain uptake. Active LCH was con-
fi rmed by biopsy       
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pediatric tumors [ 123 ,  128 ]. The methods pro-
vide complementary information and have 
become essential in  modern cancer therapy. 
Thus, anatomical and functional noninvasive 
technologies should be viewed as complemen-
tary rather than competitive. To identify a change 
in function without knowing accurately where it 
is localized or, equivalently, to know there is an 
anatomical change without understanding the 
nature of the underlying cause compromises 
the clinical effi cacy of both anatomical and 
functional imaging techniques [ 123 ,  128 ,  129 ]. 
The combination of whole-body PET and state-
of- the-art MRI offers accurate registration of 
metabolic and molecular aspects of a disease 
with exact correlation to anatomical fi ndings, 
improving the diagnostic value of PET and MRI 
in identifying and characterizing malignancies 
and in tumor staging. PET can be used to detect 
areas of malignancies, tumor growth, therapeu-

tic response, and recurrence. Malignancies with 
low or normal  metabolic activity may clearly 
show positive or suspicious fi ndings on MRI 
[ 130 ]. 

 In a study on PET/MRI for staging and restag-
ing in pediatric oncology, we compared the diag-
nostic value of single modalities with combined 
and registered PET/MRI analysis on 813 lesions 
from 132 pediatric patients [ 131 ]. In this com-
parative study, sensitivity and specifi city in 
detecting viable tumor was signifi cantly 
increased with combined analysis [ 132 ]. The 
main reasons for false-positive PET fi ndings 
when looking at suspected solitary tumor lesions 
in children were infl ammatory or reactive 
changes in lymph nodes without tumor infi ltra-
tion (Fig.  26.12 ), normal bone marrow after che-
motherapy, and physiological  18 F-FDG uptake of 
the muscle (Fig.  26.13 ), the intestine, the ovary 
(Fig.  26.3 ), the urinary tract, and brown adipose 

a

b

c

d

  Fig. 26.11    Simultaneous MRI/PET acquisition of the 
pelvis in an 11-year-old boy with pain in the left hip. A 
contrast- enhancing lesion with surrounding bone marrow 
edema is seen on axial T1-weighted fat-saturated ( a ) and 
coronal T2-weighted ( b ) MRI images in the left iliac crest. 

Corresponding axial and coronal FDG PET images ( c  and 
 d ) confi rm a hypermetabolic lesion. CT-guided biopsy of 
the lesion was performed and LCH histology was 
confi rmed       
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a

c

d

b

  Fig. 26.12    A 9-month-old girl with stage IV neuroblas-
toma after chemotherapy. T1-weighted MRI shows a 
contrast- enhancing right-sided prevertebral lesion ( arrow ) 
( a ). Fused MRI/PET ( b ) and PET ( c ) images demonstrate 

increased  18 F-FDG uptake of the lesion (crosshair). 
Iodine-123-MIBG scintigraphy ( d ) shows no increased 
uptake (crosshair). Biopsy confi rms posttherapeutic reac-
tive changes without evidence for tumor recurrence       
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a

c d

b

  Fig. 26.13    A 5½-year-old girl with rhabdomyosarcoma 
– false positive on  18 F-FDG PET. At primary diagnosis, 
 18  F- FDG PET ( a – b ) shows an increased uptake in the 
 submandibular region. A lymph node metastasis of 
the rhabdomyosarcoma was suspected. On the MRI 

( c : T2-weighted sequence,  d : image fusion), no morpho-
logical changes are seen in this location. Therefore, the 
uptake corresponds to physiological muscle activity. The 
retromandibular primary tumor with its growth through 
the skull base is seen on the  18 F-FDG PET ( a )       
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tissue. False-negative fi ndings in  18 F-FDG PET 
primarily occurred in bone metastases and 
tumor-affected lymph nodes due to low glucose 
metabolism or small size. One reason is the lim-
ited spatial resolution of PET leading to false-
negative fi ndings in very small lesions [ 133 ]. 
Another source for false-negative PET fi ndings 
was a high physiological FDG uptake adjacent to 
the tumor lesion (Figs.  26.10  and  26.14 ). Under 
chemotherapy, active bone metastases may tem-
porarily become PET  negative (Table  26.1 ) 
[ 134 ]. In MRI, the main reasons for false-posi-
tive fi ndings were enlarged lymph nodes and 
bone marrow edema without tumor involvement. 
On the other hand, small bone and lymph node 
metastases may account for false- negative fi nd-
ings (Fig.  26.15 ). Tumor lesions adjacent to nor-
mal bowel structures quite often cannot be 
distinguished from the bowel and consequently 
cannot be detected with MRI (Fig.  26.16 ). In the 
diagnosis of lymph nodes, a diameter of more 
than 1 cm is the leading parameter for the diag-
nosis of a metastasis. Therefore, lymph node 
metastases below this size and reactive lymph 
node enlargement are misinterpreted. Lesion 
size is not a reliable parameter for metastatic 
involvement [ 135 ]. After successful tumor ther-
apy, bone marrow edema often persists for a long 

time in MRI and may be responsible for false-
positive fi ndings (Fig.  26.17 ). In summary, MRI 
is highly sensitive, but not very specifi c 
(Table  26.1 ) [ 133 ,  134 ,  136 ,  137 ]. In our study, 
 18 F-FDG PET alone showed superior specifi city 
for disease follow-up when compared to MRI. 
We therefore suggested PET as method of choice 
for restaging when no further biopsy or surgery 
is intended. On the other hand, MRI is indis-
pensable for primary staging and biopsy/surgery 
planning (Fig.  26.7 ) [ 131 ].

a b c

  Fig. 26.14    A 1½-year-old boy with rhabdomyosarcoma 
of the urine bladder. False negative on  18 F-FDG PET. The 
lesion in the bladder is not visible on the  18 F-FDG PET ( a ) 
due to radiotracer accumulation in the urine bladder. Fat- 

suppressed T1-weighted MRI after contrast application 
( b ) shows an intravesical tumor. On the registered image 
( c ), the disconcordant location of the bladder is due to dif-
ferent fi lling at time of examination       

    Table 26.1    Possible sources for false-positive and false- 
negative fi ndings in MRI and  18 F-FDG PET   

 False positive 
– PET 

 Brown adipose tissue; physiological 
uptake in the muscles, bowel, ureter, 
and ovary; infl ammatory changes (i.e., 
in lymph nodes); normal bone marrow 
after chemotherapy 

 False positive 
– MRI 

 Posttherapeutic changes (i.e., 
persisting bone marrow edema in 
treated metastases), enlarged lymph 
nodes without tumor affection 

 False negative 
– PET 

 Metastases with a small size and/or 
low glucose metabolism, tumor lesions 
under chemotherapy, lesion close to 
brain/muscle uptake 

 False negative 
– MRI 

 Small lymph node and bone 
metastases, lesions in the 
neighborhood of the bowel 
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a b1 b2 c

  Fig. 26.15    A 4-year-old boy at primary diagnosis of a 
left-sided neuroblastoma with a false-negative fi nding on 
MRI. On the MRI (T2-weighted STIR sequence) suspect 
bone/bone marrow lesions were found in vertebral bodies 
L3 and L5. L1 ( arrows ) does not show pathological 

changes ( a ), whereas on the  18 F-FDG PET ( b1 ,  b2 ) and on 
the  123 I-MIBG scintigraphy ( c ), a suspicious lesion was 
found in L1. In addition, the primary tumor mass is dem-
onstrated by all three imaging modalities       

a b c

  Fig. 26.16    Recurrent tumor of a rhabdomyosarcoma lat-
eral and superior to the urine bladder ( arrows ) in a 6-year-
old boy. This recurrent lesion cannot be distinguished 
from the adjacent bowel neither in T2-weighted MRI ( a ) 
nor in the T1-weighted sequence after application of 
Gd-DTPA ( b ), thereby leading to a false-negative fi nding. 

FDG PET clearly depicts an increased glucose metabo-
lism in the corresponding region resulting in true-positive 
fi nding ( c ). Furthermore, postoperative metal artifacts in 
the right proximal femoral bone can be seen in MRI ( a , 
 b ). In addition, PET and MRI show a metastasis of the left 
proximal femoral bone       

a b c

  Fig. 26.17    A 9½-year-old boy with Hodgkin lymphoma: 
false-positive on the MRI. At follow-up, MRI ( a : 
T2-weighted STIR;  b : T1-weighted sequence after con-
trast application) shows residual bone marrow edema in 

the right iliac bone after chemotherapy ( arrow ). Fluorine-
18-FDG PET ( c ) and follow-up examinations confi rmed 
disease remission       

 

 

 

26 Combined PET/MRI in Childhood



614

         When combining  18 F-FDG PET and MRI in 
pediatric oncology, PET as a whole-body imag-
ing tool plays a major role in assessing MRI- 
positive lesions. The most important benefi t of 
MRI is to distinguish PET-positive tumor lesions 
from physiologically increased glucose uptake. 
Combination of PET and MRI integrates the 
respective diagnostic values of both modalities in 
identifying and characterizing tumor tissue and 
therefore improves overall sensitivity and speci-
fi city [ 130 ,  131 ,  138 ,  139 ]. 

 FDG PET is also used in the workup of infl am-
matory disease, though far less frequently than 
for oncological indications. It is the method of 
choice in the search for a focus of infl ammation 
in a patient with fever of unknown origin and/or 
unclear sepsis [ 140 – 144 ]. Lesions detected with 
PET can be further delineated with MRI, which 
may also be useful for further therapy planning. 

 Furthermore,  18 F-FDG is very useful in the 
presurgical focus localization in the workup of 
epilepsy. An exact integration of the fi ndings of 
morphological, electrophysiological, and nuclear 
medical examinations is of great importance in the 
planning of surgical procedures for the treatment 
of epilepsy and for determination of the borders 
of resection, again underscoring the role of inte-
grative diagnostics [ 145 ,  146 ]. In these patients, 
functional diagnostic methods include EEG and 
nuclear medical methods for visualizing cere-
bral metabolism and perfusion. Frequently, ictal 
 99m Tc-ethylcysteinate dimer ( 99m Tc-ECD) SPECT 
is combined with interictal  18 F-FDG PET, which 
permits more exact identifi cation of the seizure 
focus with typical hypometabolism seen on PET 
[ 147 – 150 ]. Beside conventional EEG leads, sub-
dural electrodes may be implanted prior to the 
actual surgical procedure for direct measurement 
of the EEG signal from the cortical surface. These 
subdural electrodes can also be used for cortical 
stimulation. This permits delineation of func-
tionally important areas that must be protected 
during a  resective procedure. Knowledge of the 
exact position of the individual electrode points is 
important for demarcation of the resection bound-
aries. Because only CT can visualize these elec-
trode points with suffi cient accuracy, integration 
of CT information into the combined PET/MRI 

analysis is also necessary [ 146 ]. Demarcation of 
resection boundaries, therefore, requires integra-
tion of all four described modalities: MRI for 
brain morphology, CT to establish the position of 
the subdural EEG electrodes, PET for visualiza-
tion of brain metabolism, and SPECT for visual-
ization of hyperperfusion. This is best achieved 
with three-dimensional image fusion, which per-
mits exact spatial integration (Fig.  26.4 ). Here, 
registration of images is possible within 1.5 mm, 
which is adequate for clinical application [ 151 ]. 
This method has also been shown to be superior 
to localization of electrodes using a conventional 
radiograph [ 146 ]. The resulting reconstructed 
three-dimensional data set provides the neuro-
surgeon with the information needed for exact 
preoperative planning, including functional infor-
mation on the focus of the seizure and important 
(especially speech-related) brain areas, which 
must be protected during resection. 

 In conclusion, it is important to emphasize 
that MRI and PET are not competing modalities. 
Instead, these two methods in combination can 
produce a synergy between function and mor-
phology. For planning of biopsies and resective 
surgery, the knowledge of function (i.e., tumor 
viability) provided by PET and of the exact mor-
phology of the tumor provided by MRI is often 
crucial. In patients with cerebral lesions, the 
whole spectrum of digital image fusion with 
direct superimposition of several modalities with 
subsequent three-dimensional reconstruction 
should be applied. This provides the surgeon with 
the necessary tools for exact planning of approach 
and resection boundaries.  

    First Experience with Simultaneous 
PET/MRI 

 First integrated whole-body PET/MRI scanners 
have been introduced into research and clinical 
practice recently. Technical aspects of these hybrid 
scanners are discussed in Chap.   27    . Image acqui-
sition can be done within a reasonable time inter-
val and algorithms for an adequate attenuation 
correction are being established [ 152 ]. First clini-
cal experience in 32 adult patients with various 

T. Pfl uger and W.P. Mueller

http://dx.doi.org/10.1007/978-1-4614-9551-2_27


615

oncological diseases has been collected [ 153 ]. 
Only two out of 80 lesions have been missed on 
PET/MR compared to PET/CT because of a lower 
lesion to liver SUV contrast [ 153 ]. However, nei-
ther the number of detected lesions nor the num-
ber of patients rated positive for suspected lesions 
has been signifi cantly different for both modalities 
[ 153 ]. Examination times were comparable to 
PET/CT (15–25 min) and quantitative SUV mea-
surements revealed a high correlation [ 153 ]. First 
clinical experience with pediatric patients indi-
cates that true simultaneous PET/MRI acquisition 
has the potential to combine advantages of PET 
and MRI for pediatric oncology without addi-
tional radiation exposure of CT (Figs.  26.11  and 
 26.18 ). Especially in pediatric imaging, one PET/
MR examination instead of two separate image 
acquisitions will hopefully improve patient com-
fort and reduce the number of sedations and asso-
ciated complications in the future.
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 Challenges in Pediatric Imaging

The value of nuclear medicine in children has 
been well established for practically all organ 
systems. In addition to the uses of nuclear medi-
cine typically utilized in adults, there are a num-
ber of applications, specific to pediatrics, that are 
of great value as outlined in this monograph. 
Radionuclide therapy can also be very effective 
in children for a variety of diseases. The imple-
mentation of these therapies is covered in detail 

in other chapters in this book and will not be 
addressed here. But the application of diagnostic 
nuclear medicine in children presents unique 
challenges that need to be addressed in order to 
provide high-quality clinical information to our 
referring physicians. These may involve the 
acquisition of image data, the instrumentation to 
be used, or how best to process the data.

Many nuclear medicine protocols require a 
dynamic acquisition in order to analyze the tem-
poral aspects of the uptake and clearance of the 
radiopharmaceutical, and thus the acquisition 
may take tens of minutes. Even static imaging 
can often take several minutes to acquire a suffi-
cient number of counts for an interpretable 
image. Obviously, the time it takes to acquire a 
nuclear medicine study that provides adequate 
clinical information in children can be problem-
atic, particularly in small children who may not 
be able to remain sufficiently still for duration of 
the study. For these reasons, standard approaches 
of immobilization may be inadequate, and the 
patient may need to be sedated or even anesthe-
tized in order to perform the study. In the realm 
of dynamic imaging, it may also be necessary to 
understand the differences between the physiol-
ogy of children and adults since there is the 
potential that the study should be acquired differ-
ently than the standard defined for the adult pop-
ulation. A complicating factor may be the 
difficulty in developing standards for the pediat-
ric population. For static imaging, the study 
should be performed in a manner that provides 
the clinic with adequate information in the least 
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amount of time. Approaches that provide higher 
sensitivity or more efficient use of the acquired 
data can lead to a reduction in the duration of 
static nuclear medicine protocol. However, such 
modifications need to be balanced with the desire 
to keep the administered activity, and thus the 
radiation dose, to pediatric patients low in order 
to be prudent from a radiation safety point of 
view. The acquisition of the study also needs to 
be performed in such a way as to maintain spatial 
resolution as high as possible for optimal visual-
ization of the organs of our smallest of patients.

The appropriate choice and use of instrumen-
tation is essential for the proper practice of 
 pediatric nuclear medicine. Using the right 
instrumentation that is maintained using a proper 
quality control program will be more likely to 
lead to an excellent study. This includes the 
appropriate choice of collimator for the specific 
diagnostic task at hand. In the pediatric setting, 
the need to acquire a high-resolution study as 
quickly as possible may demand a different col-
limator choice than what might be used for adults. 
Also, advances in instrumentation may have an 
impact when applied to children. Having a basic 
understanding of these advances allows one to 
take best advantage of them in the context of 
pediatric imaging.

The processing of nuclear medicine data may 
also vary for children. Variations in both anatomy 
and physiology as a function of patient age may 
require the study to be processed differently. In 
addition, the clinical questions being asked by a 
type of study may be different for children requir-
ing a different approach to data processing. 
Lastly, advances in both image processing and 
tomographic reconstruction can lead to 
 improvements in image quality and the efficient 
use of count information that may allow either 
shorter acquisition times or less administered 
activity to the patient or a combination of the two.

This chapter discusses physical aspects of the 
acquisition nuclear medicine studies, the equip-
ment used, and the image processing that is 
applied to these studies in the context of pediatric 
nuclear medicine. Particular note will be made 
when the anatomy, physiology, or logistical con-
siderations associated with imaging children may 

potentially lead to a modification to the approach 
typically used in adults.

 Planar Imaging

Planar approaches to radionuclide imaging 
remain the most commonly performed nuclear 
medicine procedures in children, even with the 
advances in tomographic approaches such as 
SPECT and PET. Many essential clinical evalua-
tions still rely on planar imaging including appli-
cations in the fields of gastroenterology, 
orthopedics, endocrinology, urology, and oncol-
ogy. These studies may involve static or dynamic 
data acquisition as in the cases of a 123I-MIBG 
scan for neuroblastoma or a 99mTc-MAG3 renal 
scan, respectively. Many of these procedures 
involve infants and neonates, our most vulnera-
ble and challenging patients to image. Thus, spe-
cial care should be taken with pediatric planar 
imaging to obtain high-quality clinical data as 
efficiently as possible. As discussed above, this 
includes particular consideration regarding data 
acquisition and instrumentation including colli-
mation and data processing.

 Acquisition

The acquisition of pediatric planar data must be 
given particular attention. In the first place, all 
planar protocols should be reviewed to assure 
that they are most appropriate given the state of 
the practice. For example, in 99mTc-MAG3 renal 
imaging, a perfusion phase with rapid framing 
may have been utilized in the past but may not be 
the current approach. In addition, as will be dis-
cussed, the instrumentation and data processing 
methods may have improved substantially since 
the time the protocol was developed. Therefore, 
acquisition protocols should be thoroughly 
reviewed and, if appropriate, modified in order to 
reflect the optimal approach for children in each 
study.

The imaging method may need to be adjusted 
for children, even in applications that are well 
established in the adult population. For small 
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children, adjustments may need to be made to 
allow for greater access to the patient. It may be 
necessary to provide extra space for ancillary, 
support apparatus. In other cases, the need for 
immobilization of the patient may require rear-
ranging the gamma camera and other equipment. 
However, keeping the gamma camera as close to 
the patient as possible provides the images of 
highest spatial resolution which must be kept in 
mind even when making these adjustments for 
the sake of the patient.

 Instrumentation

Both the use and choice of nuclear imaging 
instrumentation may vary when used in children. 
The need for high spatial resolution and effi-
ciency must be balanced by the need to have 
quick and easy access to the patient mobilization. 
A standard, dual-detector gamma camera pro-
vides flexibility with respect to being able to per-
form planar imaging, whole-body scanning, and 
SPECT and can be used for pediatric imaging in 
a majority of cases. However, clinics that do a 
substantial amount of pediatric imaging may also 
consider that one of their system be a single- 
detector gamma camera. For example, perform-
ing a radionuclide cystogram in children 
suspected of urinary reflux can be difficult when 
using a dual-detector camera since the top head 
can restrict access to the patient.

There may be instances where intraoperative 
imaging may be desired and thus a mobile or 
handheld gamma camera may be appropriate. An 
example may be the surgical removal of osteoid 
osteomas. In advance of the surgery, 99mTc-MDP 
would be administered to the patient, and the 
patient and the mobile camera are brought to the 
operating room. The portion of the patient where 
the lesion is present is imaged to provide guid-
ance to surgeon for its removal. Once the lesion 
is removed, the patient is imaged again to assure 
that it has been removed in its entirety. The cam-
era needs to have the appropriate spatial resolu-
tion and sensitivity to properly localize the lesion 
and to assure its removal. In general, this requires 
either a high-resolution or an ultrahigh-resolution 

collimator. It is also necessary to be able to 
manipulate the unit around the operating room in 
order to image the pertinent region of the patient. 
Although mobile gamma cameras were once 
very popular in nuclear medicine clinics, few 
manufacturers continue to offer them. However, 
handheld cameras have been developed that can 
serve the same purpose. Again, this requires a 
system with high spatial resolution.

 Collimation

The choice of collimation can be quite critical in 
pediatric nuclear medicine imaging and should 
be determined on a task-specific basis. In gen-
eral, one must balance the need for excellent spa-
tial resolution with need to complete the study in 
a time-efficient manner, and this may vary from 
protocol to protocol. For example, spatial resolu-
tion may be of most importance in the localiza-
tion of abnormalities on a pediatric bone or renal 
scan, but sensitivity may be of primary concern 
when utilizing hepatobiliary imaging to diagnose 
biliary atresia. In addition, the use of collimators 
that provide magnification can be of significant 
value in special clinical cases.

 Choice of Parallel-Hole Collimator
When acquiring a new gamma camera, the 
nuclear medicine practitioner is presented with a 
number of options with regard to parallel-hole 
collimators. When comparing low-energy colli-
mators, the choice revolves around the aforemen-
tioned balance between spatial resolution and 
sensitivity.

In other cases, these choices are determined 
by the energy of the emissions from the radio-
pharmaceuticals used in the clinic since higher 
photon energies require thicker septa between 
collimator holes than for lower photon energies 
in order to minimize septal penetration. However, 
one must consider all photons emitted by the 
radiopharmaceutical and not just the primary 
photons utilized for imaging.

The low-energy collimators typically avail-
able to the nuclear medicine clinic are character-
ized as high sensitivity, general purpose, high 
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resolution, and ultrahigh resolution. It must be 
noted that the definition of these is not standard-
ized across manufacturers, and thus one must 
consider the particular characteristics of the 
 collimators associated with the camera of choice 
when making these comparisons. The specifica-
tions for these collimators from one  manufacturer 
are presented in Table 27.1. The high-sensitivity 
collimator can be useful in pediatric imaging for 
applications that do not require specific localiza-
tion of small features. For example, the evalua-
tion of differential lung function from a perfusion 
lung scan can be well performed with such colli-
mators. In these cases, the 5-fold gain in sensitiv-
ity can allow the imaging time to be substantially 

reduced. The utility of the general- purpose colli-
mator in pediatric nuclear medicine is limited. In 
most cases where spatial resolution is not of pri-
mary importance, the high- sensitivity collimator 
is adequate.

However, one can still consider the appropri-
ate collimator choice when spatial resolution is 
necessary, high or ultrahigh resolution. 
Figure 27.1 plots the system spatial resolution of 
these two collimators as a function of distance 
from the collimator face. As with all collimators, 
the spatial resolution of these degrades as the 
object is removed from the collimator. However, 
in cases where the collimator can be maintained 
close to the object of interest, as with certain 

Table 27.1 Parallel-hole collimator parameters

LEHS LEHR LEUHR ME HE

Low-energy 
high-sensitivity

Low-energy 
high-resolution

Low-energy 
ultrahigh-resolution Medium energy High energy

Hole length (mm) 24 24 36 40 50
Hole diameter (mm) 2.5 1.1 1.1 2.9 3.4
Septal thickness (mm) 0.36 0.15 0.15 1.1 2
Sensitivity (cpm/μCi) 1,000 200 100 310 135
Collimator resolution 
@10 cm (mm)

14.6 6.4 4.6 10.8 12.6

9.0

8.0

7.0

6.0

5.0

F
W

H
M

 (
m

m
)

4.0

3.0

0 2 4 6 8
Distance (cm)

System spatial resolution

LEHR

LEUHR

10 12 14 16

Fig. 27.1 System spatial 
resolution at a distance. The 
two graphs are for the 
low-energy high-resolution 
(LEHR) and low-energy 
ultrahigh-resolution (LEUHR) 
parallel-hole collimators. The 
design parameters as well as 
the sensitivities for these two 
collimators are listed in 
Table 27.1. The system spatial 
resolution is characterized by 
the full width at half maximum 
(FWHM) of the line spread 
function. All the system 
resolution is similar for the two 
collimators at distances less 
than 5 cm; the difference 
increases at distances greater 
than 10 cm
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cases of planar imaging with children, the spatial 
resolution may not differ significantly. At a dis-
tance of 5 cm from the collimator face, the sys-
tem spatial resolution is 4.8 and 5.3 mm for the 
ultrahigh- and high-resolution collimators, 
respectively. One might consider such a 
 difference as minimal, particularly given the 
2-fold difference in sensitivity between the two 
collimators. Therefore, one may consider the 
higher- sensitivity collimator when one can keep 
the object of interest within 5 cm or so to the col-
limator face. However, as the distance from the 
object is further removed from the collimator, the 
difference between the two collimators is more 
pronounced and thus the choice will depend on 
the diagnostic task at hand.

Iodine-123-labeled radiopharmaceuticals are 
often used in pediatric nuclear medicine such as 
123I for thyroid imaging and 123I-MIBG for imag-
ing children with suspected neuroblastoma. The 
primary emitted photon from 123I has 159 keV, 
and so a low-energy collimator is often used 
with this radionuclide. However, 4 % of the pho-
tons emitted by 123I have energies in the range 
400 and 1,000 keV. Since the septal thickness 
usually utilized in low-energy collimators has 
limited effectiveness in stopping these high-
energy photons, it is estimated that 40 % of the 
events detected in a 123I study have resulted from 
the septal penetration of these high-energy pho-
tons. For these reasons, it may be more appropri-
ate to utilize a medium-energy rather than a 
low-energy collimator when imaging 123I since 
the thicker septa substantially reduces the septal 
penetration of the high-energy photons [1]. 
Figure 27.2 shows both phantom and patient 
images comparing the image quality using both 
medium-energy and low- energy collimators. In 
both cases, one can note the large number of 
the detected photons outside the phantom 
and patient boundary resulting from septal 
penetration.

 Magnification Collimation
In many cases in pediatric nuclear medicine, one 
would prefer to have a higher-resolution image of 
a smaller anatomical region. In patients under 
1 year of age with possible pyelonephritis, it may 

be necessary to acquire a high-resolution image 
of the renal cortex using 99mTc-DMSA in order to 
evaluate the extent of renal scarring. In another 
example, one might want to discern which bone 
in the foot has enhanced 99mTc-MDP uptake. The 
use of magnification collimation in instances like 
these can often provide the spatial resolution nec-
essary to make the correct clinical interpretation. 
However, the distinction must be made between 
optical and digital magnification. In optical mag-
nification, the acquired image is actually made 
larger through focusing and collimation. With 
respect to nuclear medicine, it is very difficult to 
focus gamma rays and thus collimation is the 
method used. Since a magnified image is pro-
jected onto the sodium iodide scintillation detec-
tor, the contribution on the intrinsic spatial 
resolution to the system spatial resolution is 
reduced by a factor equal to the magnification 
which leads to an overall improvement in the sys-
tem spatial resolution. In digital magnification, 
the image is made larger post-acquisition without 
any real improvement in image quality. The 
image is merely made larger through the use of 
computational zoom. Although the digitally 
magnified image may be more visually pleasing, 
perhaps because it now takes up an appropriate 
amount of the computer display or is of a similar 
size as a companion, correlative image of the 
patient, it does not demonstrate improved image 
quality as can be the case with optically magni-
fied images. Two types of collimation can pro-
vide optically magnified images, the pinhole and 
converging collimators; both of which will be 
discussed in this section.

The pinhole collimator (Fig. 27.3) is the sim-
plest form of collimation used in nuclear medi-
cine imaging. It consists of a single aperture or 
“pinhole” located at a distance from the detection 
material which allows the device to operate in a 
manner similar to a simple box-style photo-
graphic camera. Photons emitted from the object 
must pass through the pinhole in order to reach 
the detector. Thus the directionality of the 
detected photon is defined by the extension of the 
line connecting the loci of detection and the pin-
hole. The resultant image is reversed, and if the 
object-to-pinhole distance (b) is shorter than the 
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a

c d

b

Fig. 27.2 Iodine-123 imaging with the medium energy 
(ME) and ultrahigh-resolution (LEUHR) collimators. The 
top images are planar image of 123I in the Data Spectrum 
cylindrical phantom using (a) the LEUHR and (b) the ME 
collimators. The bottom images are whole-body scans of 
a 4-year-old patient with 123I MIBG for neuroblastoma 

using (c) the LEUHR and (d) the ME collimators. 
Although the primary gamma energy for 123I is 159 keV 
which would be considered low energy, 4 % of the emitted 
photons have energies over 400 keV. The use of the ME 
collimator significantly reduces the septal penetration 
leading to a substantial improvement in image quality
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detector-to-pinhole distance (a), the object is 
magnified. The degree of magnification (M) is 
determined by the ratio of these distances:

 M = a / b  

Thus the closer the object is to the pinhole, the 
greater the degree of magnification. The collima-
tor spatial resolution (Rp) is given by

 
Rp= d / a a+b( )  

where d is the effective, pinhole aperture size. 
This equation indicates that the pinhole collima-
tor resolution improves with smaller pinhole 
aperture size (note a smaller value of Rp is 
“higher resolution”). Typical aperture sizes are 
4–6 mm in diameter although 1- or 2-mm aper-
tures are sometimes used with very small chil-
dren. The system spatial resolution (Gs) depends 
on both the collimator and intrinsic spatial reso-
lution of the camera. However, as the image is 
magnified, the contribution of the intrinsic reso-
lution is reduced by the magnification factor as 
shown below:

 
Gs Rp Ri2 2

= + / M( )
 

This leads to an overall improvement in sys-
tem spatial resolution as compared to similar 
 collimator resolution values for parallel-hole col-
limation which does not provide magnification. 
Clinical examples that show the clear improve-
ment in system spatial resolution from pinhole 
collimation as compared to parallel-hole collima-
tor or parallel-hole collimation with digital zoom 
are provided in Chap. 15. In general, pinhole col-
limation provides the best system spatial resolu-
tion available in nuclear medicine imaging.

The pinhole collimator sensitivity is given by

 
Gp 1 16 cos

2 3= / d / b( ) q
 

where θ is the angle that defines how far off the 
central axis the source is located. Note that, 
unlike spatial resolution, collimator sensitivity 
degrades with smaller aperture size, and thus the 
use of very small apertures can require exceed-
ingly long imaging times. The above equation 
indicates that sensitivity of a pinhole collimator 
drops off as the square of the object-to-aperture 
distance and is also reduced for locations off the 
central axis. This latter aspect is shown in 
Fig. 27.4 where the signal on the edge of the 
image is less intense than in the center.

As mentioned, the pinhole collimator provides 
magnification and the highest spatial resolution 
possible with the gamma camera. For these rea-
sons, it can be very useful for imaging small 
organs such as the thyroid as well as for imaging 
very small patients or even small parts of larger 
patients. However, the pinhole collimator can 
introduce significant distortions into the imaging 
processes. Note that the magnification factor is a 
function of the object-to-aperture distance, and 
thus, for thicker organs, different portions of the 
object will be magnified by different amounts. In 
addition, the sensitivity also varies not only with 
object-to-aperture distance but also across the 
field of view.

In addition to the pinhole collimator, the con-
verging collimator can also be used to provide 
optical magnification with enhanced image qual-
ity. The converging collimator consists of many 
holes all focused to a point some distance 
(approximately 50 cm) from the collimator face. 

Crystal

a

b
e

Fig. 27.3 Pinhole collimator. The relevant dimensions of 
the pinhole are the effective diameter, d, the crystal to pin-
hole distance, a, and the pinhole to object distance, b
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One advantage of the converging collimator is 
that its sensitivity increases with distance from 
the collimator face as one approaches the focal 
spot. Thereby, the converging collimator can pro-
vide higher spatial resolution without the subse-
quent loss of sensitivity relative to a parallel-hole 
collimator. On the other hand, the enhanced spa-
tial resolution is not as striking as with the pinhole 
collimator. However, the use of converging colli-
mators can provide notable clinical value when 
imaging children as demonstrated in Chap. 15.

 Data Analysis and Image Processing
In many cases, planar nuclear medicine studies 
require quantitative data processing as part of the 
procedure irrespective of whether the study was 
acquired statically or dynamically. Such data pro-
cessing often requires the definition of regions of 
interest (ROIs). For example, ROIs may need to 
be defined about each lung of a nuclear lung per-
fusion study using 99mTc-MAA in order to deter-
mine differential pulmonary function or about 
each kidney in a renogram using 99mTc-MAG3 to 
evaluate renal function. In these cases where data 
analysis is necessary, the quality of the quantita-
tion in addition to image quality may determine 
the magnitude of the administered radiopharma-
ceutical dose that is required. For dynamic stud-
ies, the frame duration (i.e., number of seconds 
per frame) must also be considered. Therefore, 
these quantitative protocols should be reviewed 
periodically to assure that the quantitation is nec-
essary and to determine whether any modifica-

tion to the process should be considered given the 
current diagnostic requirements of the test. If, for 
example, one decides that either quantitation is 
no longer necessary or that the framing duration 
can be increased (e.g., from 30 to 60 s per frame), 
then one may be able to consider reducing the 
administered activity and, in turn, the radiation 
absorbed dose to the patient.

For a number of years, various approaches to 
image processing have been considered to either 
improve contrast or reduce quantum noise in pla-
nar nuclear medicine image [2]. In most cases, 
such approaches did not lead to substantial 
improvements in image quality. However, the 
recent advancement of adaptive filtering has been 
shown to enhance subjective image quality [3]. In 
these approaches, the size and nature of the filter-
ing kernel is spatially modified depending on the 
local image content. Thus, areas of uniform activ-
ity are smoothed substantially whereas areas of 
varying spatial content such as those containing 
edges and fine detail much less smoothing is 
applied. In this way, the apparent noise level can be 
substantially reduced while preserving the sharp-
ness of the image. In some cases, the processed 
image may be added to the original image to main-
tain familiar appearance of the clinical image. 
These approaches have been applied to both static 
and dynamic planar nuclear medicine images in a 
manner that can lead to significant image quality 
improvement without negatively affecting the 
accuracy of quantitative data analysis. Such image 
quality improvements can allow for substantial 

2 mm

6 mm Pinhole2 mm Pinhole

2.5 mm 2.0 mm

3.5 mm3.0 mm

Fig. 27.4 Effect of off-axis imaging with pinhole colli-
mator. Both images utilized a pinhole collimator, 2-mm 
on left and 6-mm aperture on right. Note the improved 

resolution and clarity using the 2-mm aperture compared 
to the 6-mm. Also note the higher sensitivity in the central 
part of the field of view
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reduction in the administered activity with subse-
quent reduction in the radiation absorbed dose to 
the patient as discussed in Chap. 31.

In Fig. 27.5, noise reduction through adaptive 
filtering has been applied to dynamic 99mTc-
MAG3 renal study. MAG3 studies acquired with 
the amount of administered activity defined at the 
time by our clinical protocol were used as the 
base study referred to as the 100 % dose studies. 
Different amounts of administered activity were 
simulated from the base studies using binomial 
subsampling. The studies were then judged sub-

jectively by a panel of experts in clinical nuclear 
medicine regarding their image quality and their 
adequacy for making clinical interpretation [4]. 
In the center column of Fig. 27.5, the deteriora-
tion in image quality with additional noise is evi-
dent. However, it was found that the administered 
dose could be reduced by 50 % without adversely 
affecting image quality. With the application of 
noise reduction through adaptive filtering, the 
 administered activity could be reduced even fur-
ther to 30 % of the full dose while maintaining 
adequate image quality. In addition, quantitative 

50 % Subsampled Study

30 % Subsampled StudyOriginal Study (100  % counts)

10 % Subsampled Study

50 % Subsampled Study + NR

30 % Subsampled Study + NR

10 % Subsampled Study + NR

Fig. 27.5 Renal scan using 99mTc-MAG3 with and with-
out noise reduction. The image on the left is the full dose 
study for comparison. The images in the middle column 
simulate using 50, 30 and 10 % of the full dose to perform 

the study. The images in the right column are the same three 
images, after the application of adaptive filtering noise 
reduction
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ROI analysis was applied to the dynamic studies 
for the full dose, reduced dose, and reduced dose 
with noise reduction. It was found that the dose 
could be reduced to 10 % of the full dose without 
adversely affecting the quality of the quantitative 
analysis of these studies. A similar study was 
performed with scintigraphic hepatobiliary stud-
ies in infants for the diagnosis of biliary atresia 
[5]. All of the subjects in this study were under 
1 year of age and thus they all received the mini-
mum dose as defined by the North American 
Guidelines of 18.5 MBq [6]. Using binomial sub-
sampling, studies were simulated where the 
patients received 50 and 25 % of the minimum 
dose prescribed by the guidelines. In addition, 
the dose was reduced according to the patients’ 
body mass irrespective of the size of the patient. 
It was found that the minimum dose could be 
reduced to at least 25 % of its current value if 
noise reduction is utilized and in many cases 
much less than that. As advanced image process-
ing techniques are further developed, these 
approaches can be applied to a wide variety of 
planar nuclear medicine studies with positive 
results leading to further opportunities for dose 
reduction in pediatric nuclear medicine.

 SPECT

Single-photon emission computed tomography, 
or SPECT, was initially investigated in the 1960s 
prior to the development of computed  tomography 
(CT) with the rotating gamma camera being 
developed in the late 1970s [7–9]. By the end of 
the 1980s, SPECT had become an essential clini-
cal imaging modality, and practically all gamma 
cameras sold provided full SPECT capability. 
Almost immediately, SPECT was applied to chil-
dren with positive effect, making what had been 
difficult diagnoses more straightforward through 
improved image contrast and localization of the 
deposited radiopharmaceutical. As with planar 
imaging, the application of SPECT to children 
requires specific considerations involving all 
aspects of the process including acquisition, 
reconstruction, and data processing. In addition, 
SPECT instrumentation must be reconsidered 
regarding the selection of the camera and colli-

mators most suited for pediatric imaging. Also, 
newly developed high-sensitivity SPECT instru-
mentation for other uses such as cardiology may 
have applications in imaging children. Hybrid 
SPECT/CT applied to pediatrics will also be 
discussed.

 Acquisition

The large majority of SPECT devices used in the 
clinic consist of rotating gamma cameras. Thus, 
this section will pertain to this technology unless 
otherwise specified. SPECT data acquisition is 
comprised of the collection of planar images at a 
set of specified viewing angles about the patient. 
These are referred to as projection images. In 
order to obtain these projection images, the cam-
era rotates about the patient (Fig. 27.6). At all 
viewing angle, the camera face is parallel to the 
axis of rotation. Each detected event is typically 
assumed to have originated along the “line of ori-
gin.” In general, more than 100 projection images 
are acquired about the patient in evenly spaced 
angular increments. In order to acquire a suffi-
cient number of counts in a SPECT study, each 
projection is acquired for approximately 20 s, 
and, thus, the entire study takes between 15 and 
30 min during which time the patient must remain 
stationary. This may make it difficult to perform 
SPECT in very small children without the use of 
sedation or anesthesia. If SPECT is acquired on 
the sedated or anesthetized patient, access to the 
patient may also be more challenging.

As discussed in the section on planar imaging, 
the highest spatial resolution is obtained when the 
patient is as close to the collimator as possible. 
Therefore, care must be taken in placing the 
patient within the scanner and setting up the 
acquisition. If the SPECT study is acquired with a 
circular orbit where the camera face is always a 
set distance from the axis of rotation, the camera 
may be quite far from the patient in certain pro-
jections, particularly in the anterior and posterior 
viewing angles. Therefore, noncircular, body 
contour orbiting capability is provided where the 
camera is moved radially as it rotates about the 
patient such that the camera is maintained within 
a few cm of the patient in each viewing angle. 
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Maintaining the highest spatial resolution  possible 
is always important but is particularly essential 
when imaging children. Therefore, body contour 
orbits are always recommended and special care 
must be spent on patient placement. The use of a 
thinner, pediatric imaging table for small children 
may also improve the ability to keep the rotating 
gamma camera close to the patient.

Most SPECT studies are acquired with dual- 
detector systems to improve the sensitivity of the 
system by a factor of 2. For most acquisitions, 
the two detector heads are located opposite each 
other so that two conjugate views of the patient 
are acquired simultaneously and the camera only 
rotates over 180°. This configuration is appropri-
ate for many SPECT protocols including studies 
of the head, abdomen, and lumbar spine. 
However, in cardiac studies, the heart is located 
in the left anterior thorax, and thus acquiring 
data in the right posterior projections is of lim-
ited use. In these projections, the camera is at a 
substantial distance from the heart, and thus the 
spatial resolution is considerably reduced in 
these projections. Therefore, cardiac SPECT is 
typically acquired only from the right anterior to 
the left posterior projection views. If such stud-
ies are acquired with dual-detector SPECT sys-
tems, the two detectors are typically reconfigured 

to be at 90° to each other and the scanner is only 
rotated over 90°.

 Instrumentation

Dual-detector rotating SPECT systems are rec-
ommended for use in children since they provide 
the high sensitivity necessary for outstanding 
image quality in these challenge patients. The 
choice of parallel collimation with pediatric 
SPECT requires some discussion. The use of 
very high-resolution collimators makes intuitive 
sense particularly when applied to small children, 
but one could also consider that a general- purpose 
collimator can acquire many more counts, per-
haps more than a factor of 2, in the same imaging 
time. However, it has been shown that the use of 
higher spatial resolution collimators provides 
image quality relative to higher-sensitivity colli-
mators even with substantially fewer counts [10]. 
In addition, higher spatial resolution collimators 
often have longer collimator holes that provide 
higher spatial resolution at greater depths within 
the patient which is of particular importance in 
SPECT since even a peripheral object within the 
patient is at some distance from the collimator, 
perhaps as much as 15–20 cm, at least in some 

Axis of
rotation

Axis of
rotation

Axis of
rotation

Line of origin

Fig. 27.6 SPECT acquisition 
using the rotating gamma 
camera. The gamma camera 
rotates about the patient keeping 
the camera face parallel to the 
axis of rotation. More than 100 
projection images are acquired 
at even angular intervals over a 
360° arc about the patient. A 
photon detected at a particular 
location is assumed to have 
come from the line of origin that 
intersects that point and is 
perpendicular to the crystal 
detector face
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projections. As discussed previously, the spatial 
resolution of the ultrahigh- and high-resolution 
collimators is not very different within 5 cm of 
the collimator face, and in this region, the higher 
sensitivity of the HR may be more important. 
However, in SPECT, objects of interest are at 
some distance from the collimator, and at these 
distances, the difference in resolution is more 
striking, and thus the UHR may be more 
appropriate.

In the past 10 years, there have been a number 
of dedicated, high-sensitivity SPECT systems 
developed specifically for cardiac imaging [11]. 
In general, these devices are comprised of multi-
ple scanning detector modules or the use of mul-
tiple pinhole collimators, all aimed at the heart. 
Initially, these devices were designed to provide 
faster throughput as they could provide compara-
ble image quality to a conventional dual- detector 
SPECT system in a fraction of the imaging time. 
However, more recently there have been investi-
gations to show that these devices can be used 
with less administered activity,  leading to a reduc-
tion in patient radiation dose. Although these 
technologies were designed specifically for car-
diac imaging, it may be reasonable to apply this 
same technology to pediatric imaging keeping in 
mind that these two, very different clinical situa-
tions may have varying imaging requirements 
with respect to resolution and sensitivity.

The use of focused collimation for SPECT has 
been considered practically from the time that 
SPECT was introduced to the clinic in the 1980s. 
For example, fan-beam or cone-beam collimation 
may provide sensitivity gains of about 1.5–3 times 
higher than parallel collimation with comparable 
resolution. Focused collimation leads to a field-
of-view reduction, and thus, the technology has 
typically been applied to the imaging of smaller 
organs such as the brain or the heart. However, 
focused collimation may also be applicable to the 
imaging of small children. The issue has been the 
technical complication associated with these col-
limators. The collimators need to be calibrated 
and used at set imaging parameters. However, the 
introduction of sophisticated robotics associated 
with newer SPECT gantries can simplify the use 
of this technology by automatically driving the 

gantry appropriately and keeping the organ of 
interest within the sweet spot of the field of view. 
This newer approach has been applied to nuclear 
cardiology but could potentially also be applied to 
pediatric imaging. It may be possible, for exam-
ple, to apply this technology to patients under 
1 year of age scheduled to have a 99mTc-DMSA 
renal scan, thereby allowing the application and 
advantages of SPECT to even smaller patients.

 Reconstruction

The acquired SPECT data is represented by a 
series of projection images taken at evenly spaced 
angles about the patient. In a typical 360° acqui-
sition, 120 projection images are acquired every 
3° about the patient. These data are then pro-
cessed to generate a series of transaxial slices 
providing a 3D representation of the patient. The 
manner by which these projection data are pro-
cessed into transaxial slices is referred to as 
reconstruction with similar methods being 
applied to other tomographic modalities such as 
PET and CT. In addition, absorption of emitted 
photons from deep within the patient is less likely 
to be detected than those emitted from the periph-
ery of the patient due to self-absorption. Thus 
attenuation correction must be performed on 
SPECT studies to compensate for this effect, 
leading to data that more accurately reflects the in 
vivo distribution of the radiopharmaceutical.

The traditional approach to the reconstruction 
of tomographic data since the earliest days of 
SPECT has been filtered backprojection. In fil-
tered backprojection, a detected event is assumed 
to have originated along the line of origin 
(Fig. 27.6). With parallel-hole collimation, the 
line of origin is perpendicular to the collimator 
face and intersects the locus of detection. Thus, 
the data from that location is backprojected 
through the object with no consideration for 
where along the line of origin the photon may 
have been emitted. In truth, the photon may have 
been emitted from a location slightly removed 
from the line of origin due to scatter or the lim-
ited spatial resolution associated with parallel-
hole collimation. By backprojecting all of the 
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detected data in every projection, being mindful 
that the angle of backprojection depends on the 
angle at which each projection image was 
acquired, leads to a rather crude representation of 
the 3D object. In order to compensate for the 
uneven sampling of the data at different spatial 
frequencies, a filter that increases linearly with 
the spatial frequency known as the ramp filter 
must be applied to the backprojection process to 
make the resultant, reconstructed data interpreta-
ble. A second filter (e.g., Butterworth, Hamming, 
Hanning, or Shepp-Logan filter) is generally 
applied to de- emphasize the noise that results 
from the reconstruction process while accentuat-
ing the frequencies that best represent the object 
of interest. Since backprojection and filtering are 
linear processes, the order in which they are 
applied does not matter, in general, and thus dif-
ferent algorithms may apply the filtering at dif-
ferent stages in the process, i.e., before, during, 
or after the backprojection of the data. Filtered 
backprojection, as this approach is called, is fast, 
simple to implement, and robust.

For over a decade, iterative approaches to 
tomographic reconstruction have been developed 
[12]. In fact, iterative reconstruction is the most 
common approach used with PET data. Its appli-
cation in SPECT and CT has only been consid-
ered in the last few years; however, it is expected 
to have considerable impact in these modalities in 
the near future. Iterative reconstruction starts with 
an initial naïve guess of the object. This guess 
could be a uniform image, a filtered backprojec-
tion, or some other reasonable first guess. An 
assumed model of the object is then applied to 
generate a set of projections that are consistent 
with current realization of the object. This 
assumed model could be very simple (e.g., similar 
to that used in simple backprojection) or very 
sophisticated, incorporating many of the aspects 
known about the image acquisition process 
including the presence of Poisson noise, Compton 
scatter, photon attenuation, or the variation of sys-
tem resolution with distance from the collimator. 
In fact, one of the advantages of iterative recon-
struction is this ability to incorporate such aspects 
directly into the reconstruction process poten-
tially leading to a more accurate reconstruction.

The simulated projections are then compared 
to the real, acquired projections and any differ-
ence between the sets is typically characterized 
by the ratio of the 2 values at each sampling 
point. This divergence data is backprojected and 
added to the initial guess to obtain a second 
guess. The process is then repeated with the pro-
jection of the modeled data, the comparison to 
the acquired projections, backprojection of the 
divergence, and addition to the current guess. 
This process is iterated or repeated until an 
acceptable result is obtained. A statistical crite-
rion can be set to determine when the projected 
modeled data adequately represents the real pro-
jection data when convergence has occurred. The 
approach most commonly used for iterative 
reconstruction is the maximum likelihood expec-
tation maximization (MLEM) algorithm which 
maximizes the statistical definition likelihood 
generating the data set most likely to have 
resulted from the set of real projection data.

The MLEM algorithm may require as many as 
30–100 iterations to converge to an acceptable 
answer which can take a considerable amount of 
time. An alternative algorithm that is substan-
tially faster is the ordered subset expectation 
maximization (OSEM) algorithm. With OSEM, 
the projection data is divided up into a number of 
subsets of evenly spaced projections, and a new 
estimation of the object is generated after the 
 processing of each subset rather than the entire 
set. Thus, for the example of N subsets, the esti-
mation will be updated N times before all of the 
projections have been processed a single time. In 
general, the image quality using OSEM with N 
subsets and Xo iterations leads to similar image 
quality as the MLEM algorithm with the number 
(Xm) equal to the product the numbers of subsets 
and iterations of the OSEM algorithm 
(Xm = N × Xo) but is obtained N times faster. For 
example, the image quality from OSEM with 3 
iterations and 10 subsets is similar to that of the 
MLEM with 30 (3 × 10) iterations but will be 
reconstructed in 1/10 of the time.

As mentioned above, one of the advantages of 
iterative reconstruction is the ability to specify cer-
tain aspects of the reconstruction process poten-
tially leading to a more accurate reconstruction. 
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For example, knowledge of the variation of system 
spatial resolution with distance from a specific 
choice of collimator can be entered into the projec-
tion model leading to a sharpening of the recon-
structed image, often referred to as resolution 
recovery. For resolution recovery to be effective, 
specific knowledge of the collimators being used 
and their performance characteristics is necessary. 
If applied across as well as within transverse 
planes, the process is referred to as 3D resolution 
recovery. In some cases, the resultant increase in 
image quality can allow for a reduction of image 
counts while maintaining acceptable image qual-
ity. This reduction in image counts may lead to 
either a reduction in administered activity and sub-
sequent reduction in radiation dose to the patient or 
a reduction in imaging time which may be essen-
tial in order to complete a SPECT study in small 
children in a reasonable time with minimal use of 
sedation or anesthesia to limit patient motion.

We have investigated the potential for reduc-
ing the number of counts in pediatric bone and 
renal SPECT using OSEM iterative reconstruc-
tion with 3D resolution recovery [13, 14]. In 

these studies, the SPECT data for a number of 
pediatric patients were acquired with a dual- 
detector using a full 360° reconstructing with 
either both detectors or a single detector yielded 
data sets with full or half counts, respectively. 
This was done for both filtered backprojection 
and OSEM with resolution recovery. Observers 
with significant nuclear medicine experience 
blinded to the number of counts and the method 
of reconstruction reviewed the images and sub-
jectively graded as to the image quality from a 
clinical interpretation point of view. For both 
bone SPECT with 99mTc-MDP and renal SPECT 
with 99mTc-DMSA, the data with half counts 
reconstructed with OSEM with 3D resolution 
recovery was deemed to have improved image 
quality relative to the data with full counts recon-
structed with filtered backprojection (Fig. 27.7).

 Hybrid SPECT/CT Imaging

At first, SPECT/CT incorporated a low-cost, 
low-power CT design that was utilized primarily 

a

c d

b
Fig. 27.7 Use of iterative 
reconstruction. The top 
images are two reconstruc-
tions of the same bone 
SPECT study using 99mTc 
MDP with (a) filtered back 
projection and full counts and 
(b) OSEM with resolution 
recovery with half of the 
counts. The bottom images 
are two reconstructions of the 
same renal SPECT study 
using 99mTc DMSA with (c) 
filtered back projection and 
full counts and (d) OSEM 
with resolution recovery with 
half of the counts
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to provide a transmission scan for attenuation 
correction. It provided a crude version of a CT 
scan that, in some cases, could also be used for 
anatomical correlation. However, following the 
clinical success of PET/CT, state-of-the-art CT 
units were incorporated into SPECT/CT. 
Currently, all major gamma camera manufactur-
ers provide a high-quality SPECT/CT option 
although some still offer lower cost options with 
moderate CT image quality. These lower cost 
options may involve the incorporation of flat 
panel detectors with a cone-beam CT acquisition 
approach. In practically all cases, the SPECT 
component of the device is located in front with 
the CT component posterior to it. Besides main-
taining appropriate quality control programs for 
both SPECT and CT, it is essential to maintain 
close registration between the two modalities. 
Different manufacturers have implemented spe-
cific procedures for this calibration.

For the CT component, appropriate procedures 
for pediatric patients should be applied to keep 
the radiation dose to the patient as low as possi-
ble. In addition, SPECT/CT is applied in a limited 
region of the body and is often applied in a tar-
geted fashion and only when necessary after the 
initial SPECT study has been acquired. For exam-
ple, SPECT/CT may be applied in the lumbar 
spine region for studies for back pain in young 
athletes. This targeted approach will also tend to 
keep the radiation dose lower for SPECT/ CT.

The availability of SPECT/CT for most pedi-
atric applications is still limited and potential for 
SPECT/MR is still years away. Thus, the applica-
tion of software approaches to image registration 
continues to be very relevant. The registration of 
123I-MIBG and MR in a child with neuroblastoma 
or the correlation of 99mTc-MDP bone SPECT 
with CT can be very helpful. In addition, intra- 
modality image registration as with ictal and 
interictal brain SPECT can be essential to make 
proper diagnosis. In these cases, the reconstructed 
data of the two modalities are loaded onto the 
same workstation. The widespread use of 
hospital- wide PACS and the DICOM image for-
mat standard has made this much simpler than it 
was even just a few years ago. One of the studies, 
often the one with higher resolution, is consid-

ered the “reference” image set and the other may 
be referred to as the “source” image set. The 
image registration algorithm has two basic 
 components: one that applies a particular 
goodness-of- fit statistical criterion and the other 
is a search engine that looks through a defined set 
of possible configurations for the one that opti-
mizes the statistical criterion. The statistical defi-
nition of mutual information is often used for the 
goodness-of- fit criterion. The search engine then 
seeks to find the best rotation, translation, and 
possibly scale combination such that the source 
image set is of the same size, location, and orien-
tation as the reference set. The ratio of the pixel 
sizes stored in the file header of the two studies is 
often assumed to be the proper scale factor. The 
source set is then resampled along the same 
transverse planes with the same size and in the 
same  location and orientation as the reference 
set. The multimodality reviewing tool will typi-
cally allow viewing of a merging of the two 
image sets with a blending slide that allows one 
to view either the reference set only, the resam-
pled source set only, or any combination of the 
two. Even with the proliferation of hybrid imag-
ing hardware, the ability to apply software-based 
image registration continues to be a very valuable 
clinical tool in pediatric nuclear medicine.

 PET/CT

Following expanded reimbursement for onco-
logic PET and the introduction of PET/CT in the 
first part of the twenty-first century, the clinical 
application of PET expanded greatly. The num-
ber of clinical PET procedures in the USA 
increased by more than a factor of 5 between the 
years 2000 and 2010. The use of PET in children 
also increased dramatically during that period 
with the enhanced access to both PET instru-
mentation and radiopharmaceuticals such as 
18F-labeled fluorodeoxyglucose (FDG), leading 
to greater experience with the technology and a 
better definition of how it should be applied in 
children.

Besides the considerable increase in the appli-
cation of PET, the other significant development 
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was the introduction and clinical acceptance of 
hybrid PET/CT. The combination of the func-
tional/molecular data provided by PET with the 
high-quality anatomical imaging provided by CT 
has led a synergy yielding enhanced clinical 
information relative to the two modalities per-
formed separately. This was particularly true for 
oncologic imaging where the emerging utility of 
PET was combined with the established value of 
CT. As a result, no PET-only devices have been 
marketed since 2006, only PET/CT. This section 
will review the acquisition, instrumentation, and 
reconstruction of PET/CT data, particularly in 
the context of pediatric imaging. In addition, the 
emerging technology of PET-MR will be dis-
cussed with respect to the potential for its use in 
children.

 Acquisition

The acquisition of PET data is fundamentally dif-
ferent than planar nuclear imaging or SPECT. 
When a positron emitter such as 18F decays, it 

emits a positron. The positron has the same mass 
as an electron, and its charge has the same mag-
nitude as an electron but with positive rather than 
negative polarity. The emitted positron will travel 
some distance before it loses most of its kinetic 
energy at which point it will combine with an 
electron, its antiparticle (Fig. 27.8). After a very 
short time, the positron-electron pair annihilates 
with their mass being transformed into energy in 
the form of two photons emitted in opposite 
directions. The energy of each photon is 511 keV, 
the energy equivalent of the rest mass of either 
the electron or the positron according to the 
Einstein equation (E = mc2). If the positron- 
electron pair is at rest when they annihilate, the 
two photons will be emitted at exactly 180° to 
each other, and if both photons are detected at the 
same time or in coincidence, it is assumed that 
they originated from the same annihilation event 
which occurred at a location somewhere along 
the line that connects the two detectors, referred 
to as the line of response (LOR). This approach to 
localizing a positron detection is referred to as 
annihilation coincidence detection. From a 

4. Positronium annihilates:
two anti-parallel 511 keV
photons produced

3. Positron combines
with electron to form
positronium

1. Unstable
parent nucleus

2. Proton decays to
neutron in nuleus -

positron and
neutrino emitted

Fig. 27.8 Positron emission. (1) An unstable atom of a 
positron emitter (e.g., 18F) is associated with a radiophar-
maceutical such as 18F FDG. (2) Upon de-excitation, a 
positron (e+) and a neutrino (ν) are emitted. (3) After trav-
eling some distance, the positron joins with an electron 
(e−) to form positronium. (4) After a very short while, the 

positronium (or positron-electron pair) annihilates with 
all of their mass being converted into two 511 keV pho-
tons emitted back to back. If the two photons are detected, 
the event is assumed to have occurred on the line connect-
ing the two detections, referred to as the line of response 
(LOR)
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 physics point of view, the major advantage of 
PET over conventional nuclear imaging or 
SPECT is the ability to determine the directional-
ity of detected events without the use of absorp-
tive collimation. As a result, the sensitivity of 
PET can be a factor of 100 or more higher than 
that associated with SPECT.

The spatial resolution of PET is often better 
relative to SPECT although this need not be the 
case. To first order, the spatial resolution of PET is 
related to the size of the radiation detectors. Thus 
for a PET scanner with 5-mm detectors, the spa-
tial resolution would be slightly higher than that 
considering the reconstruction process. However, 
there are two fundamental limitations to the spa-
tial resolution of PET related to the positron range 
and the non-colinearity of the two annihilation 
photons. Even if the annihilation coincidence 
detection works perfectly, the locus being esti-
mated would be that of the annihilation event 
whereas it is the point from where the positron 
was emitted that is of most interest since it best 
represents where the positron-emitting molecule 
was located. Depending on the initial kinetic 
energy of the positron, the distance from the point 
of emission to that of the annihilation, known as 
the positron range, may be several mm, perhaps as 
much as a cm, in soft tissue. In addition, if the 
positron-electron pair is not quite at rest at the 
time of annihilation, the two photons are not emit-
ted at exactly 180° to each other, and thus, the 
LOR may not indicate the locus of annihilation 
exactly. In a whole-body PET system, these two 
fundamental factors limit the spatial resolution to 
about 3 mm regardless of how well the scanner is 
engineered including the size of the detectors. 
There are no such limitations in SPECT where it 
would be possible to make the collimator holes so 
small that one could acquire sub-mm SPECT. 
However, the sensitivity would be so low that one 
would either need to administer an inordinate 
amount of radioactivity to the patient or acquire 
for an unreasonable amount of time. Thus with 
current scanners, the spatial resolution parameters 
are about 6 mm for PET and 8–12 mm for SPECT.

In earlier versions of PET scanners, the PET 
acquisition data could be acquired in either 
 two- dimensional (2D) or three-dimensional (3D) 

modes. In 2D mode, the acceptable LORs were 
limited to parallel transaxial planes by using 
absorptive, interplane septa. These septa did not 
act to resolve the data but instead were used to 
reduce interplane scatter (scatter fraction of less 
than 15 %) and random coincidences from out-
of- plane radioactivity. In 3D mode, the septa 
were removed leading to an increase in sensitiv-
ity by about a factor of 4–5 but with an increase 
in the scatter fraction to greater than 35 % 
depending on the size of the patient and the dis-
tribution of the radioactivity. With the use of 
more sophisticated algorithms to compensate for 
scatter and faster scintillating material such as 
lutetium oxyorthosilicate (LSO) for PET detec-
tion, all new scanners acquire only in 3D mode.

Another advantage of the incorporation of faster 
scintillators into state-of-the-art scanners is the 
potential for acquiring the data in time-of- flight 
(TOF) mode. As described above, with annihila-
tion coincidence detection, one can determine the 
LOR but not where along this line the event 
occurred. It is the combination of numerous LORs 
during the reconstruction process that eventually 
leads to the formation of a 3D representation of the 
PET radiopharmaceutical distribution. However, 
with faster detectors, one can determine the time 
difference between the detection of the two pho-
tons and, from this, make an estimate of where 
along the LOR the event occurred. Currently avail-
able scintillating materials have a temporal resolu-
tion of about 0.5–0.6 ns which corresponds to the 
ability to place the event to within about 7 cm along 
the LOR. Although this would not seem an accu-
rate enough estimation to be practical, it provides 
the reconstruction algorithm with some additional 
localization information which can lead to a nota-
ble increase in the reconstructed signal-to- noise 
and subsequent improvement in image quality as 
well as quantitative accuracy, particularly in larger 
patients. Although the ability to localize an event to 
within 7 cm or so may be of limited value in smaller 
pediatric patients, the improvement in reconstruc-
tion algorithms and the development of faster scin-
tillators may allow the extension of this technology 
to children.

CT data acquisition in the context of PET/CT 
includes many of the considerations of modern 
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helical, multi-detector CT. The CT component is 
comprised of a third-generation CT system where 
the x-ray tube continually rotates about the 
patient irradiating a fixed ring of x-ray sensitivity 
detectors. At the same time, the patient bed tra-
verses through the gantry providing data acquisi-
tion over the selected volume of the patient. The 
x-ray rotation speed is quite fast, 0.3–1.0 s per 
rotation. The x-ray detection matrix consists of as 
few as 8 and as many as 64 rows of detectors of 
varying sizes extending 0.5–14 mm in the z-direc-
tion (into the scanner). The distance traversed by 
the imaging bed divided by the extent of the 
detector matrix is referred to as the pitch and can 
range from 0.5:1 to 1.5:1. Larger pitch values 
(e.g., 1.5:1) indicate faster bed speeds and shorter 
scan times for the same volume.

The x-ray tube voltage (in kVp) determines 
the energy of the electrons impinging the tube 
anode and, thereby, the maximum energy of the 
resultant x-ray spectrum. For example, a tube 
voltage of 120 kVp leads to a continuous spec-
trum of x-ray energies with a maximum of 
120 keV. In addition, higher tube voltages yields 
more emitted x-rays and thus higher radiation 
dose to the patient as well. The tube current (in 
mA) defines the number of electrons traversing 
the x-ray tube and, thereby, the number of x-rays 
emitted per second. The number of emitted x-rays 
is directly proportional to both the tube current 
and the scan duration (in seconds), and thus the 
product of these two values is often reported as 
mAs. In helical CT, the tube current multiplied 
by the rotation speed divided by the pitch is often 
referred to as the effective mAs. For example, an 
acquisition utilizing a tube current of 210 mA 
with a rotation speed of 0.5 s per rotation and a 
pitch of 1.5:1 would be said to have an effective 
mAs of

 mAs 210 0.5 1.5 70 mAseff = / =×  

The radiation dose to the patient can be altered 
by modifying the kVp, the effective mAs, or the 
portion of the patient that is scanned.

The CT acquisition parameters, particularly 
kVp and mAs, should be scaled for smaller 
patients. For example, if the same kVp and mAs 

are used in a small child as in large adult, the 
child would receive a radiation dose that was two 
to five times higher than the adult [15]. As a 
result, there are a number of schemes for reduc-
ing the dose from the CT component of PET/CT 
in children. Alessio et al. presented a scheme that 
scaled the mAs according to the Broselow-Luten 
color scale used in the emergency room to scale 
the administration of pharmaceuticals to children 
[16]. Using this scheme, they were able to reduce 
the radiation dose to smaller children by at least a 
factor of 2.

 Instrumentation

All currently marketed, whole-body PET sys-
tems are hybrid PET/CT scanners. In general, 
these devices combine high-quality CT with 
state-of-the-art PET capability. In addition, the 
PET component acquires in 3D mode only. 
However, there are a number of other, optional 
features, on both the PET and CT sides, that one 
should consider when deciding on the best scan-
ner for pediatric applications. In making this 
choice, one needs to consider the size and age of 
the patients to be scanned as well as the clinical 
applications to be utilized. Will the unit be used 
for neurology and cardiology as well as oncol-
ogy? Will the unit be used for small children with 
epilepsy? Will high-speed cardiac CT imaging be 
necessary? Will the majority of the pediatric 
cases be 10–20-year-olds with lymphoma? Will 
the unit be used as a backup CT scanner when 
PET cases are not scheduled? The answers to any 
of these and other questions will affect the selec-
tion of the most appropriate scanner for a particu-
lar clinic planning PET/CT imaging of children.

For pediatric imaging, one hopes to be able to 
acquire the highest-quality image data possible in 
the shortest amount of time. Due to the patient’s 
small size, one would like the highest spatial res-
olution possible. On the other hand, fast acquisi-
tion minimizes the potential patient motion while 
hopefully limiting the need for sedation or anes-
thesia during the image acquisition. Thus, there is 
the need for high spatial resolution and sensitiv-
ity. Fortunately, in PET, there is less of a tradeoff 

F.H. Fahey et al.



639

between spatial resolution and sensitivity than 
there is SPECT or conventional nuclear medicine 
imaging. The spatial resolution is practically 
defined by the size of the detector elements. For a 
detector ring of a particular diameter, having 
smaller detectors typically means there are more 
of them which may lead to higher cost, but does 
not indicate lower sensitivity. One aspect of the 
scanner that can have significant impact on 
the sensitivity is the extent of the field of view in 
the z (or axial)-direction. The sensitivity for a 
PET scanner operating in 3D mode varies in the 
z-direction as a triangular (or, in some cases, a 
trapezoidal) function. Extending the z-direction 
field of view affects not only the base of the tri-
angle but also the height, and thus extending the 
field of view by 30 % may increase the sensitivity 
by more than 40 %. As a result, for pediatric 
imaging, one may want to consider a scanner 
with the smallest detector elements available and 
the longest field of view.

As discussed above, time-of-flight PET 
improves image quality most significantly in 
larger patients, and thus its impact in smaller 
patients may be limited. However, it has been 
shown that TOF leads to some image quality 
improvement even in normal-sized adult 
patients. Therefore, having this capability may 
be reasonable if most of your patients are 
medium size teenagers or if the scanner is to be 
used for a mixed adult/children patient 
population.

Besides the conventional whole-body PET/CT 
scanners, there has also been the development of 
special PET devices for either imaging a particu-
lar portion of the body or for application in pre-
clinical studies. The potential exists for applying 
the lessons learned from these developments to 
the imaging of very small children under special 
circumstances. The initial widespread applica-
tion of FDG PET was in brain imaging, and as a 
result, dedicated units were developed for imag-
ing the head with high resolution. In addition, the 
application of PET in experimental, small ani-
mals has grown substantially over the past 
10 years. By using smaller detectors and reduc-
ing the diameter of the detector ring, one can sig-
nificantly improve both the spatial resolution and 

sensitivity of the scanner. It is possible to extend 
this technology to a scanner than could be used 
under special circumstances such as within the 
neonatal intensive care unit. High-quality image 
data could be acquired on these very challenging 
patients in an acceptable imaging time. One limi-
tation would be that these units would most likely 
be PET-only devices without the potential for 
hybrid imaging. However, software image regis-
tration could be applied between the PET and a 
separately acquired MR study, for example. 
Another emerging technology that could poten-
tially be applied to pediatric imaging is the use of 
opposing flat panel detectors currently being 
investigated for dedicated PET devices for mam-
mography often referred to as positron emission 
mammography or PEM. Expanding the size of 
these detectors may allow PET to be applied in 
infants or neonates. Keeping abreast of these 
advances in PET imaging may allow the applica-
tion of this wonderful technology in even the 
smallest of children.

The CT component has a number of features 
that may be of considerable interest in pediatric 
imaging. In particular, there have been several 
features introduced in recent years in the context 
of CT dose reduction. One such dose reduction 
feature is tube current (mA) modulation which 
may be marketed under different trade names by 
the various manufacturers. In essence, the mA is 
varied during the acquisition of the helical CT 
study depending on the attenuating properties of 
the tissue within the field of view. The criteria 
used to determine an appropriate mA level may 
involve the exit exposure level or a statistical 
noise index in the acquired data. Within a single 
plane, the mA necessary to reach the selected cri-
terion will be lower in the anterior/posterior 
direction where the patient is much thinner than 
in the lateral direction. Across planes, less mA 
would be necessary over the thorax than over the 
abdomen. Applying mA modulation both within 
and across planes can lead to as much as a 
30–40 % reduction in radiation dose to the 
patient.

Shielding applied directly to the patient has 
been used to reduce the radiation dose to the 
breasts of young women. For example, the use of 
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bismuth shields has been shown to reduce the 
breast dose by as much as 30 % [17]. However, 
these must be used appropriately. Applying the 
shields directly to the patient’s skin has been 
shown to cause artifacts in some cases, and thus, 
a foam spacer is often used to slightly offset the 
shields. In addition, the mA modulation map is 
often determined during the CT “scout” scan, and 
in these cases, the shields should be applied after 
the acquisition of the scout scan and prior to the 
CT acquisition.

 Reconstruction

Iterative reconstruction has been the standard for 
PET for more than 10 years, leading to improved 
image quality, fewer artifacts, and a reduction in 
image noise. These improvements in image qual-
ity in conjunction with other technical advance-
ments have allowed PET to be acquired with less 
administered activity in much shorter acquisition 
times. In the late 1990s, it was not uncommon to 
administer in excess of 740 MBq to the patient 
and image for up to 7 min per bed position. 
According to the North American pediatric dose 
guidelines [6], a 70-kg large teenage would 
receive 370 MBq and in many cases can be 
imaged in less than 3 min. Just as in SPECT, 
modeling the variation of spatial resolution 
across the field of view and incorporating this 
into the reconstruction algorithm can lead to fur-
ther improvements in image quality. In the case 
of PET, this modeling most likely takes into 
account such issues as the depth-of-interaction 
effect which leads to a loss of spatial resolution at 
the periphery of the field of view. Further image 
quality improvements provided by the recon-
struction algorithm has the potential for even fur-
ther dose reduction.

Traditionally, CT data has been reconstructed 
using filtered back projection. Even though iter-
ative approaches for the reconstruction of PET 
data were introduced into the clinic more than 
10 years, the large size of CT data (typically, 
100 s of slices using a 512 × 512 matrix as com-
pared to 40 slices of 128 × 128 matrix for PET) 
delayed investigations of these algorithms in 

this arena. Such larger data sets led to long 
reconstruction times, and thus interactive recon-
struction was not considered practical for clini-
cal CT. As a result, filtered back projection 
remains the most commonly used CT recon-
struction technique. More recently, more effi-
cient algorithms, faster computers, and public 
concerns regarding radiation dose from CT have 
led to renewed interest in iterative approaches to 
CT reconstruction. Studies have shown that 
noise reduction by at least a factor of 2 is pos-
sible with the use of CT iterative reconstruction 
[18]. Post-processing iterative filtering tech-
niques have also been investigated which may 
also afford some level of noise reduction with-
out the loss of image quality. However, these 
post-processing approaches have only demon-
strated modest noise reduction as compared to 
true iterative reconstruction approaches. This 
remains an emerging field, and it is expected 
that iterative reconstruction will become a stan-
dard approach to CT reconstruction in the near 
future leading to the opportunity for significant 
radiation dose reduction.

 PET-MR

Simultaneous PET-MR is a novel and promising 
imaging modality that is generating substantial 
interest in the medical community while present-
ing many scientific challenges and opportunities. 
Unlike sequentially acquired whole-body PET/
CT scans, the simultaneous acquisition of MR 
and PET data can be used to incorporate MR 
information (e.g., anatomical priors, motion, 
contrast enhancement, diffusion- weighted imag-
ing, soft tissue characterization) with PET with-
out the radiation dose associated with CT. In 
addition to halving the radiation dose associated 
with a PET/CT, simultaneous PET-MR offers 
another key advantage in the pediatric popula-
tion: it obviates the need for separate (or longer) 
sedation/general anesthesia session that would be 
required for separately acquired PET and MR 
studies. We detail below some of the challenges 
and potentials of simultaneous PET-MR in the 
pediatric population.
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 PET-MR Instrumentation
Although proposed several years ago, the integra-
tion of PET and MR has remained, until recently, 
challenging due to the interference between the 
PET and MR components and due to the lack of 
space inside the MR bore. In order to overcome 
the effect of strong static magnetic field, gradient, 
and radiofrequency (RF) signals on the PET 
detectors, conventional photomultiplier tubes are 
replaced with avalanche  photodiodes (APD), 
which are insensitive to strong magnetic fields 
and have good compactness. APDs measure the 
intensity of an optical signal and take advantage 
of the internal gain provided by ionization. The 
feasibility of using APDs for PET in a high mag-
netic field was first studied in 1998, and the first 
preclinical PET-MR scanner using LSO and APD 
detectors was reported in 2006.

One major disadvantage of presently available 
APDs is that they have two to three orders of 
magnitude lower gain than conventional PMTs 
and thus require sophisticated preamplifiers. 
APDs also suffer from limited timing resolution 
and cannot be used for time-of-flight (TOF) PET. 
In addition to modifications to PET instrumenta-
tion components, the advent of PET-MR has also 
required changes to some MR components to 
maintain PET image quality. For example, PET- 
compatible MR coils are configured to minimize 
attenuation of annihilation photons. An example 
is shown in Fig. 27.9. Sequential PET-MR sys-
tems have also been developed and are commer-
cially available. Unlike the simultaneous 
PET-MR system, a sequential system does not 
require a major redesign of the PET system, as it 
is placed in line, adjacent to the MR system. This 
design does not allow simultaneous PET and MR 
acquisition; it allows for acquisition of 
 co- registered PET and MR images acquired 
sequentially.

 MR-Based Attenuation Correction
Accurate attenuation correction is critical to the 
introduction of PET-MR scanning of the abdo-
men. The full extent of the problem is seldom 
acknowledged, but experience has shown that 
even with PET/CT, it is difficult to obtain a valid 
attenuation correction in the face of  subject 

 movement. There are several active groups, 
exploring creative solution to the whole-body 
MR-based PET attenuation correction prob-
lems. One approach is to use atlas registration 
[19]. In order to obtain the attenuation map for 
an acquired MR image, a reference CT image 
can, in principle, be registered to the MR image 
using deformable inter-modality registration. 
Alternatively, a reference MR image, previ-
ously registered to a reference CT image, can be 
first registered to the MR image using deform-
able intra-modality registration followed by the 
same transformation of the reference CT image. 
Another approach, which may have potential 
for clinical use, is to segment an MR image 
into different tissue types and then assign the 
corresponding attenuation coefficients to them. 
This approach has been applied to both brain 
and whole-body imaging [20, 21]. Attenuation 
correction for MR coils can be achieved by co- 
registering a reference CT image of the coil to 
the MR image.

 MR-Based Motion Correction
Contemporary whole-body PET cameras have an 
intrinsic spatial resolution of 3–4 mm. But as a 
practical matter, spatial resolution in pediatric 
body imaging is actually in the range of 6–10 mm, 
due to patient motion both voluntary and involun-
tary. Mechanical immobilization of pediatric 
patient helps, but voluntary movements on the 
scale of 1–5 mm still frequently occur. In body 
imaging, involuntary motion is substantial, with 
diaphragmatic excursion on the order of ~4 cm. 
Thus, the effects of respiration and organ motion 
are important sources of image degradation. This 
makes patient movement the most important 
cause of image degradation in PET body imag-
ing. For example, hepatic lesions in the dome of 
the liver are easy to miss, due to respiratory 
motion. Even when detected, such lesions have 
an apparent standard uptake value (SUV) well 
below its true value. Simultaneous PET-MR 
offers an elegant solution to the motion problem. 
The motion field is used directly in the PET 
reconstruction, allowing nonrigid motion blur-
ring to be completely removed without loss of 
SNR [22, 23].
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 Summary

There have been a number of advances in nuclear 
medicine imaging in the past decade, particularly 
with regard to SPECT, PET, hybrid imaging, image 
processing, and tomographic reconstruction. Many 
of these advances can be applied to improve the 
quality of nuclear medicine imaging in children. 
Often this has led to imaging with higher sensitiv-
ity or image quality improvements with fewer 
counts allowing for the extension of advanced tech-

nologies to smaller children or the reduction of 
radiation dose to the patient while still providing 
high-quality clinical results. The application of 
nuclear medicine to children takes special care 
with respect to the approach to image acquisition, 
the choice of instrumentation including collima-
tion, and the application of new processing and 
reconstruction techniques. A clear understanding 
of how these choices can enhance or hinder the 
quality of the nuclear medicine study is essential in 
these precious and challenging patients.

T1 MRI FDG PET PET-MRI Fusion

ADC MRIDWI MRI

CT FDG PET PET-CT Fusion

Fig. 27.9 PET-MR clinical example. Top row shows T1 
MR and FDG PET of thorax acquired simultaneously 
using a hybrid PET-MR device. Middle row shows 

 processed functional MR images. Bottom row shows PET 
study acquired in same patient
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The discoveries of radioactivity and ionizing 
radiation in the late nineteenth century created an 
unprecedented revolution in the medical sci-
ences. The ability to noninvasively image inter-
nal structures of the body and the ability to treat 
diseases with radiation sources changed medi-
cine forever, and the changes and improvements 
continue to this day. Soon after the discovery of 
the marvelous powers of radiation, we became 
aware of the possible deleterious effects on the 
human body of excessive radiation exposures. 
Effects on the eyes and skin were observed soon 
after protracted exposures, and in a short time, 
elevated leukemia rates were seen among radiol-
ogists [1]. Ionizing radiation is similar to 
 electricity – its myriad of uses in our lives make 
it impossible to imagine a world without it, and 
when properly used it provides enormous bene-
fits. Misuse, however, can result in injury or even 
death. As the majority of pediatric nuclear medi-
cine studies are for diagnostic purposes, the lev-
els of activity are low, and the risk of short-term 
(“nonstochastic”) effects is not of concern. The 
focus is on the proper management of risks and 
benefits and avoidance of misadministrations. In 
therapeutic applications, the goal is to ensure 

effective treatment of disease while managing 
negative effects on normal  tissues, often the 
active marrow. Chapter 31 deals specifically with 
dose reduction and optimization; this chapter will 
discuss methods and models for calculation of 
radiation dose for radiopharmaceuticals. 
Radiation dose from computed tomography (CT) 
will be briefly discussed as well, as positron 
emission tomography (PET) and single photon 
emission computed tomography (SPECT) stud-
ies are very commonly performed with a CT 
component, and the total radiation dose to the 
subject will be from both the nuclear medicine 
and CT components.

 Dose Calculations

Radiation doses from internal emitters cannot 
be measured. Activity entering the body (in this 
case injected radiopharmaceuticals specially 
tailored to be taken up by particular organ sys-
tems) is widely distributed throughout the cir-
culatory system and then deposits in particular 
organs, depending on the nature of the pharma-
ceutical (e.g., bone agents deposit in the skele-
ton and activity not taken up by bone is excreted 
fairly quickly in the urine). A few radiopharma-
ceuticals are administered orally or by inhala-
tion, to image elements of the gastrointestinal 
(GI) or pulmonary regions. Due to both radio-
active decay and biological removal, the activ-
ity in the organs of uptake decreases over time. 
At a given point in time, the dose rate to a 
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source organ with activity AS can be calculated 
as [2]:
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where D
•

T  = absorbed dose rate in target organ 
T (Gy/s or rad/h)

AS = activity in a source organ (MBq or μCi)
ni =  number of radiations with energy Ei 

 emitted per nuclear transition
Ei = energy per radiation (MeV)
ϕ(T ← S) = fraction of energy emitted in a 

source that is absorbed in the target
mT = mass of target region (kg or g)
k = some proportionality constant (Gy-kg/

MBq-s-MeV or rad-g/μCi-h-MeV)
The radionuclide decays according to expo-

nential processes:

 
A t = A e t
S 0

p( ) −l

 
(28.2)

where A0 is the initial activity in the organ and λp = the 
radiological disappearance constant = 0.693/Tp; Tp is 
the radionuclide half-life. Radiopharmaceuticals are 
removed from the body or certain organs also by 
exponential removal, in most cases. The rate of 
clearance of a nonradioactive substance that follows 
this rule can be shown as:

 
X t = X e t( ) 0
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(28.3)

where X(t) = the amount of the nonradioactive 
substance at time t

X0 = the initial amount of substance X
λb =  the biological disappearance constant = 

0.693/Tb

Tb = the biological halftime for removal
The biological halftime for removal is the 

same in concept as the radioactive (or physical) 
half-life; i.e., it is the time in which half of the 
material present at a given time is removed, but 
by biological clearance mechanisms, not radioac-
tive decay. The two removal processes act in par-
allel, so the disappearance constants for the two 
processes can be added to give an “effective 
 disappearance constant”:
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where λe = effective disappearance constant
λp = radioactive (physical) decay constant
λb = biological disappearance constant
The “effective halftime” (Te) is defined just as 

the other two halftimes, as 0.693/λe; Te is the time 
for half of the activity to be removed from the 
body or organ, by both physical decay and bio-
logical removal. Mathematically, the effective 
halftime is equal to the product of the two half-
times over their sum:
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To calculate the total dose over some time 
(usually from the time of administration to infin-
ity) the time-activity curve for an organ must be 
integrated. The integral is often represented by 
the symbol Ã (Fig. 28.1).

Common units for activity are Bq or MBq, 
and time may be given in seconds or hours, so Ã, 
the integral of the curve, will have units of, for 
example, Bq-s. One Bq-s is numerically equal to 
one nuclear transformation (or “disintegration”). 
For materials that cleared from the body or an 
organ by exponential processes, Ã may be calcu-
lated as:

Ã

Time

A
ct

iv
ity

Fig. 28.1 A generalized time-activity curve for a radio-
pharmaceutical taken up in an organ. Ã is the area under 
the curve (“cumulated activity”)
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where A0 is the initial activity in the organ, as above. 
The total dose over all time can then be given as:
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To complete the calculation, dose contribu-
tions from all source organs must be summed:
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This looks like a complex math problem, but it 
can be considerably simplified. Everything in the 
equation except for Ã can be combined into a 
term called the “dose factor” (DF) [2]. This factor 
contains all of the physics parameters needed for 
a calculation, and large compilations of these 
DFs are made available in Internet resources and 
software tools by the RAdiation Dose Assessment 
Resource (RADAR) Task Group of the Society  
of Nuclear Medicine and Molecular Imaging 
(SNMMI). Pharmaceutical kinetics are specific 
to each compound and must be determined via 
biokinetic studies using animals (preclinical) or 
human subjects (clinical). When the kinetics of 
each source organ (S) are determined, they may 
be combined with the appropriate DF values to 
calculate the dose to all target organs (T):
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There are no shortcuts to obtaining good data 
to determine the important organs of uptake and 
their kinetics. When a new radiopharmaceutical 
is developed, data must be obtained at several 
times after administration to observe the kinetics 
in the source organs (often there is more than one 
phase of clearance, a fast early phase with a short 

Te, and one or more slower phases of clearance, 
each with their own Te). For each phase, one 
needs a minimum of two data points to character-
ize the kinetic equation for that phase [3]; then 
the time integrals for all phases are added to 
obtain the total Ã. But once all of the data are 
obtained, they may be entered into the OLINDA/
EXM personal computer software [4], which 
looks up the DF values and performs all of the 
repetitive calculations to provide dose values for 
all target organs.

 Specialized Kinetic Models

For a few organs, typical biokinetic models 
employing simple exponential functions, as 
described above, are replaced with specialized 
models that define the unique behavior of these 
organs. Specifically, the urinary bladder and GI 
tract, involved in the elimination of radiophar-
maceuticals from the body, are given special 
treatment. Activity eliminated from the body 
via the kidney-urine pathway is generally 
described by one or more exponential terms; 
however, the urinary bladder fills and empties at 
fairly regular intervals and thus has a compli-
cated time-activity curve that cannot generally 
be characterized by fitting to a simple function. 
If the voiding intervals can be assumed to be 
regular, Cloutier et al. showed how a single 
equation could be used to estimate the number 
of disintegrations occurring in the bladder, 
based on the fractions of total body activity and 
biological halftimes with which they are 
removed [5]. This model is used in the OLINDA/
EXM software [4], in a way that the user has to 
only enter this information and choose a bladder 
voiding interval. Bladder voiding is never com-
pletely regular, but a reasonable average inter-
val of about 3.5 h may be assumed as a standard 
number, and experimentation can be done easily 
with the software to see how the bladder dose 
(and dose to other nearby organs) may change 
with more frequent assumed voiding intervals. 
For the GI tract, activity may be assumed to 
move through various defined compartments 
(stomach, intestines, and colon) with standard 
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rates. Activity excreted in the biliary pathway 
may enter the small intestine, while orally 
administered radiopharmaceuticals enter the 
stomach. The standard four-compartment model 
used for years in the OLINDA/EXM code has 
been recently updated to reflect more complex-
ity (and thus realism) [6]. Explicit models are 
now given for adults and children, as well as for 
different types of materials (i.e., caloric and 
noncaloric liquids and solids). In these models, 
users need to cite a fraction of administered 
activity assumed to follow this pathway and 
choose the point of entry into the model (stom-
ach or small intestine).

 Effective Dose

Absorbed doses are calculated in Gy (or rad, 
1 Gy = 100 rad). Equivalent doses (Sv or rem) 
are calculated easily as the absorbed dose multi-
plied by the appropriate radiation weighting 
factor (wR). Radiation weighting factors are 
unity (1.0) for photons and electrons, so 
absorbed doses in Gy are numerically equal to 
equivalent doses in Sv. For alpha particles, how-
ever, the currently value of wR recommended by 
the International Commission on Radiological 
Protection (ICRP) is 20, so 1 mGy = 20 mSv [7]. 
Doses to individual organs are calculated for 
radiopharmaceuticals, to see which organs get 
the highest doses. Then an overall evaluation of 
the dose to all organs may be calculated with a 
quantity also defined by the ICRP, called effec-
tive dose. Certain organs or organ systems have 
been assigned dimensionless “tissue weighting 
factors,” wT, which are assumed to relate to their 
differing radiosensitivity for expressing sto-
chastic effects (i.e., fatal cancers or genetic 
defects). The numerical values of these tissue 
weighting factors have been recommended three 
times by the ICRP, as new information about 
expressed radiation effects in human popula-
tions (most notably the survivors of the Japanese 
bombings) has become available (Table 28.1). 
Multiplying each organ’s equivalent dose by its 
assigned weighting factor gives a “weighted 
dose equivalent.” The sum of weighted dose 

equivalents for a given dose scenario gives the 
effective dose:

 
E = H wT T

T
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(28.10)

For example, calculation of the effective dose 
using the tissue weighting factors from ICRP 103 
[7] and given individual organ equivalent doses 
(note that all weighting factors are not used and 
thus do not sum to 1.0) are shown in Table 28.2.

The effective dose is meant to represent the 
equivalent dose that, if received uniformly by the 
whole body, would result in the same total risk as 
that actually incurred by a given actual nonuni-
form irradiation. It is not the equivalent dose that 
one might calculate for the “whole body,” using 
dose conversion factors for the total body, which 
average the energy absorbed in all organs over the 
mass of the total body; therefore this is not a very 
useful quantity in nuclear medicine applications. 
The design of radiopharmaceuticals causes them 
to be specifically concentrated in particular organs 
and to have fairly low uptake in most other tis-
sues. For example, consider a case in which 35 % 
of 131I is taken up in the thyroid, and assume the 
other 65 % is uniformly distributed in all other tis-
sues. Assuming an effective halftime in the thy-
roid of 5 days, the cumulated activity is 1.443 × 
0.35 × 5 days × 24 h/day × 3,600 s/h = 2.18 × 105 

Table 28.1 Weighting factors recommended by the 
ICRPfor calculation of “effective dose”

Organ ICRP 30 [8] ICRP 60 [9] ICRP 103 [7]

Gonads 0.25 0.20 0.08
Red marrow 0.12 0.12 0.12
Colon 0.12 0.12
Lungs 0.12 0.12 0.12
Stomach 0.12 0.12
Bladder 0.05 0.04
Breasts 0.15 0.05 0.12
Liver 0.05 0.04
Esophagus 0.05 0.04
Thyroid 0.03 0.05 0.04
Skin 0.01 0.01
Bone surfaces 0.03 0.01 0.01
Brain 0.01
Salivary glands 0.01
Remainder 0.30 0.05 0.12
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s (Bq-s per Bq administered). The DF for thy-
roid ← thyroid for 131I is 1.59 × 10−3 mGy/MBq-s, 
so the thyroid will get 3.47 × 102 mGy/MBq 
administered. Administration of 3.7 MBq would 
result in 1.3 × 103 mGy or 1.3 Gy to the thyroid. 
The other 65 %, uniformly distributed in the rest 
of the body will receive about 0.054 mGy. If we 
take all of the energy deposited in the thyroid and 
divide it by the mass of the tissues of the whole 
body, we get a “whole body dose” from this com-
ponent of about 0.37 mGy. Adding it to the 
0.054 mGy these tissues received from the 65 %, 
we get a “whole body dose” of 0.42 mGy, which 
is a factor of almost seven times what tissues 
other than thyroid actually received and is not 
meaningful, as it has no relation to the actual 
doses received by any real tissue in the body. The 
thyroid received about 1.3 Gy, and “other tissues” 
received about 0.054 mGy. If the body is more or 
less uniformly irradiated (e.g., from external irra-
diation fields, or for the few radionuclides that are 
uniformly distributed throughout the body, such 
as 3H2O or 137Cs), all tissues and the body as a 
whole receive about the same level of dose, and 
“whole body dose” may be a useful number. This 
is almost never the case in nuclear medicine, so 
reporting of “whole body dose” is not useful and 
may be misleading, as shown above. We should 
consider the actual dose received by the organs 
receiving the highest doses and the effective dose 
for an overall dose number to express the total 
exposure. It is essential to note, however, that 
effective dose should (1) never be calculated for 

therapeutic applications of radiopharmaceuticals 
and (2) never be assumed to apply to any indi-
vidual subject – it is intended to assess doses to 
populations, not individuals.

 Anthropomorphic Models 
(Phantoms)

To obtain values of ϕ(T ← S) for photons, we 
need models of the body and its organs. We nor-
mally assume that all electron and alpha energy is 
absorbed where it is emitted (with a few special 
exceptions), so ϕ(S ← S) = 1 and ϕ(T ← S) for all 
other values of T is set to zero. For photons, how-
ever, all values of ϕ(T ← S) will be between 0 and 
1 for all sources and targets and are not easy to 
calculate. For several decades the stylized body 
models (Fig. 28.2, left) were used with Monte 
Carlo transport codes to calculate and tabulate 
values of ϕ(T ← S) for photons starting in all 
major organs of the body and the whole body. 
Now, the RADAR Task Group has defined a 
series of reference adult, pediatric, and pregnant 
female body models based on a surface rendering 
technique called Nonuniform Rational B-Splines 
(NURBS) that provide a much more realistic 
description of the body and its organs [10]. The 
numerical values of most absorbed fractions did 
not change dramatically, so overall dose esti-
mates did not change profoundly, but the models 
are clearly superior in quality and realism.

 Standardized Radiopharmaceutical 
Dose Estimates

When new radiopharmaceuticals are developed, 
new data must be developed to determine the 
radiation dosimetry of the agents, as part of the 
overall safety and efficacy evaluations required 
by the US Food and Drug Administration (FDA) 
[11]. Preclinical data obtained in some animal 
species may be extrapolated by various methods 
to obtain human dose estimates, and then data is 
gathered in human volunteers or patients to 
obtain clinical estimates of human radiation dose 
[11]. Doses are calculated using the standardized 

Table 28.2 Calculation of the effective dose using the 
tissue weighting factors from ICRP 103and given indi-
vidual organ equivalent doses

Organ Weighting Equivalent Weighted dose

Factor Dose (mSv) Equivalent 
(mSv)

Liver 0.04 0.50 0.020
Ovaries 0.08 0.25 0.020
Red 
marrow

0.12 0.40 0.048

Bone 
surfaces

0.01 0.55 0.0055

Thyroid 0.04 0.10 0.0040

Total (effective dose) 0.0975

28 Radiation Exposures
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anthropomorphic phantoms described in the pre-
vious section; the standard models defined for 
many years are for reference adults (male ~70 kg, 
female ~57 kg) and children of age 15 years, 
10 years, 5 years, 1 year, and newborn. In many 
cases, there may be more than one study in which 
the kinetics were established. A radiopharmaceu-
tical developer will typically engage several 
nuclear medicine centers in a multicenter clinical 
trial to develop the data needed for an FDA sub-
mission. These data may or may not ultimately be 
publicly released in open literature publications. 
Often, however, independent researchers may as 
well undertake studies in their own centers and 
publish the results independently. The Medical 
Internal Radiation Dose (MIRD) Committee of 
the SNMMI has published about 20 reports 
attempting to define standardized kinetics for 
individual radiopharmaceuticals [11]. The most 
definitive work, however, has been done by the 
ICRP Task Group on Radiopharmaceutical 
Dosimetry, which has published standardized 
dose estimates for hundreds of radiopharmaceuti-
cals in a series of publications since 1988 [12–
14]. They scan the published literature, including 
MIRD reports, if available, and in some cases 
unpublished data that they may have access to. 
They attempt to resolve possible conflicts in dif-
ferent reported values and present a standardized 

model that represents the best available under-
standing of the biokinetics of the compounds. 
They show the model for the data as initial frac-
tions of uptake in important source organs, asso-
ciated biological halftimes, and then develop 
tables of  standardized organ dose estimates and 
effective doses for the reference adult and pediat-
ric models. For example, the standard model for 
99mTc-macroaggregated albumin (MAA) was 
given as shown in Table 28.3 [13].

In this model, activity injected is assumed to 
pass first through the lungs, which exhibit a bi- 
exponential clearance curve, 85 % with a 6 h Tb 
and 15 % with a 3-day Tb. Then, 25 % of the activ-
ity is taken up by liver, which also exhibits a bi-
exponential uptake and retention curve, the uptake 

Snyder-Fisher reference 
adult phantom

a b RADAR  references NURBS-based
adult male model

Fig. 28.2 (a) Snyder-Fisher 
reference adult phantom  
and (b) RADAR reference 
NURBS-based adult male 
model

Table 28.3 Standard model for 99mTc-macroaggregated 
albumin (MAA)

Source organ FS T a ÃS/A0

Total body 
(excluding 
bladder contents)

1.0 7.61 h

Lungs 1.0 6 h 0.85 4.89 h
3 days 0.15

Liver 0.25 6 h −1.0 1.04 h
5 days 1.0

Kidneys 1.0 1.07 min
Bladder contents 1.0 13.0 min

M. Stabin
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phase has a Tb of 6 h (the negating coefficient 
indicates that it is the uptake phase) and an elimi-
nation Tb of 5 days. The other 75 % is eliminated 
from the body with an assumed standard 0.25-day 
Tb; the kidneys and bladder content kinetics are 
determined from a special kinetic model 
(described above). Finally, the values of ÃS/A0 are 
given in units of time; really these are cumulated 
activity values per unit of administered activity 
(e.g., Bq-h/Bq administered). These values were 
referred to for many years as “residence time,” but 
this caused considerable confusion for many, as 
“residence time” also means average time for a 
tracer in a system, and these normalized cumu-
lated activity values do not reflect this. The MIRD 
Committee has adopted the term “time-integrated 
activity coefficient” to describe this term [15]; the 

RADAR Task Group refers to “normalized 
 number of disintegrations” in source organs [2]. 
Standardized dose estimate tables in the ICRP 
publications are typically shown as in Table 28.4.

The RADAR web site (www.doseinfo-radar.
com) has diverse and abundant data on standard-
ized dose methods, models, and results. One page 
contains standardized dose estimates for the most 
important radiopharmaceuticals, usually based on 
the ICRP models, but sometimes using other 
sources of information if the ICRP models are not 
the most up to date. For adults, typical amounts of 
administered activity were chosen, and doses based 
on the best standard model are given for the first, 
second, and third highest-dose organs, gonads, and 
marrow and effective doses. For pediatric subjects, 
just effective doses are given (Table 28.5).

Table 28.4 Absorbed doses for 99mTc-labelled MAA, as shown in ICRP Publication 80

Organ

Absorbed does per unit activity administered (mGy/MBq)

Adult 15 years 10 years 5 years 1 year

Adrenals 6.8E–03 8.8E–03 1.3E–02 1.9E–02 3.1E–02
Bladder 8.7E–03 1.1E–02 1.4E–02 1.6E–02 3.0E–02
Bone surfaces 5.1E–03 6.4E–03 9.1E–03 1.4E–02 2.6E–02
Brain 9.2E–04 1.2E–03 2.0E–03 3.2E–02 5.5E–03
Breast 5.0E–03 5.6E–03 9.9E–03 1.4E–02 2.1E–02
Gall bladder 5.6E–03 7.0E–03 1.0E–02 1.6E–02 2.4E–02
GI–tract
 Stomach 3.7E–03 5.2E–03 8.0E–03 1.2E–02 2.0E–02
 SI 2.0E–03 2.6E–03 4.3E–03 6.8E–03 1.2E–02
 Colon 1.9E–03 2.6E–03 4.3E–03 6.9E–03 1.2E–02
 (ULI 2.2E–03 2.9E–03 5.0E–03 8.3E–03 1.4E–02)
 (LLI 1.6E–03 2.1E–03 3.3E–03 5.0E–03 9.5E–03)
Heart 9.6E–03 1.3E–02 1.8E–02 2.5E–02 3.8E–02
Kidneys 3.7E–03 4.8E–03 7.2E–03 1.1E–02 1.8E–02
Liver 1.6E–02 2.1E–02 3.0E–02 4.2E–02 7.4E–02
Lungs 6.6E–02 9.7E–02 1.3E–01 2.0E–01 3.9E–01
Muscles 2.8E–03 3.7E–03 5.2E–03 7.7E–03 1.4E–02
Oesophagus 6.1E–03 7.7E–03 1.1E–02 1.5E–02 2.2E–02
Ovaries 1.8E–03 2.3E–03 3.5E–03 5.4E–03 1.0E–02
Pancreas 5.6E–03 7.5E–03 1.1E–02 1.7E–02 2.9E–02
Red marrow 3.2E–03 3.8E–03 5.3E–03 7.2E–03 1.2E–02
Skin 1.5E–03 1.7E–03 2.7E–03 4.3E–03 7.8E–03
Spleen 4.1E–03 5.5E–03 8.3E–03 1.3E–02 2.2E–02
Testes 1.1E–03 1.4E–03 2.2E–03 3.3E–03 6.2E–03
Thymus 6.1E–03 7.7E–03 1.1E–02 1.5E–02 2.2E–02
Thyroids 2.5E–03 3.3E–03 5.7E–03 9.0E–03 1.6E–02
Uterus 2.2E–03 2.8E–03 4.2E–03 6.0E–03 1.1E–02
Remaining organs 2.8E–03 3.6E–03 5.0E–03 7.4E–03 1.3E–02
Effective dose (mSv/MBq) 1.1E–02 1.6E–02 2.3E–02 3.4E–02 6.3E–02

28 Radiation Exposures
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 The Pregnant Patient

Pregnancy is of course less frequently encoun-
tered in pediatric populations than in the general 
adult population of nuclear medicine patients, but 
it may occur. Special anthropomorphic models 
for the pregnant woman in early pregnancy and at 
3, 6, and 9 months’ gestation were developed by 
Stabin et al. in 1995 [16], in the style of the 
Cristy/Eckerman phantom series, and were 
updated with realistic, image-based models by 
Xu et al. [17]. Table 28.6 gives standardized dose 
estimates for many radiopharmaceuticals calcu-
lated by Russell et al. [18] with the Stabin et al. 
phantom series.

 Other Sources of Exposure

This book focuses on nuclear medicine examina-
tions involving pediatric subjects: however, the 
care of individual subjects may involve exposure 
to other forms of ionizing radiation, including 
plain film x-ray imaging and computed tomogra-
phy (CT). Assessment of radiation safety, risk, 
and dose reduction will be the subjects of other 
chapters in this book. A brief discussion of radia-
tion doses from these other ionizing modalities 
was thought to be reasonable to put the entire 
radiation exposure of a pediatric subject in per-
spective. The effective dose values in Table 28.6 
are given per unit administered activity of any 
given radiopharmaceutical. Often, administra-
tions of radiopharmaceuticals to children are 
given on a per unit body weight basis, with some 
minimum amount of activity needed for a scan of 
reasonable quality. Treves et al. [19] surveyed a 
number of pediatric hospitals in North America 
and tried to characterize typical levels of admin-
istered activity for many pediatric examinations 
and the range of values that people may give. The 
ranges were surprising at times, but the median 
and mean values were helpful in understanding 
what reasonable levels of activity might be. For 
example, for 18F-FDG they found minimum and 
maximum values of activity/mass to be 5.2–
7.4 MBq/kg, with minimum and maximum activ-
ity values ranging from 18 to 74 and 370 to 
555 MBq, respectively. So for a 10-year- old, for 

example, the lowest activity given might be 
around 40 MBq and the highest around 400 MBq, 
resulting in estimated effective doses of 
0.037 mSv/MBq × 40 MBq = 1.5–0.037 mSv/
MBq × 400 MBq = 15 mSv. Calculating effective 
doses from CT examinations is more compli-
cated, as often only part of the body is imaged. 
The principal dose quantity in CT dose calcula-
tions is the computed tomography dose index 
(CTDI), given as:

 
CTDI=

NT
D z z

1
d( )

∞

∞

∫
−  

Here N is the number of tomographic sections 
imaged in a single axial scan, T is the width of the 
tomographic section along the axis of rotation 
imaged by one data channel, and D(z) is the radi-
ation dose profile along the axis of rotation (z). 
The CTDI may be converted into a “dose-length 
product” (DLP), and the American Association 
of Physicists in Medicine (AAPM) has provided 
factors that allow conversion of DLP values to 
effective dose [20]. Effective dose values quoted 
for typical CT exams vary from 1 to 2 mSv for 
head exams to around ~5 mSv for many exams of 
the body. The so-called “scout” CTs used prior to 
patient imaging are of very low dose and do not 
contribute substantially to a patient’s overall dose 
history. However, if several PET, CT, and/or 
PET/CT scans are done on the same subject, 
doses can add up to levels that call for consider-
ation of lowering radiopharmaceutical activity 
levels and CT examination settings. It is always 
prudent to keep radiation exposures as low as  
possible, for example, using lower mAs settings 
for smaller and thinner patients and limiting 
radiopharmaceutical dosages as possible [21]; 
this is discussed in Chap. 31 . On the other hand, 
one of the worst things for the patient is to admin-
ister too little radiation, so that no diagnostic 
benefit was received and the study has to be 
repeated. It is important to always remember that 
the direct benefits to the patient population sig-
nificantly outweigh any theoretical cancer risks 
[22]. Understanding and communication of all 
risks and benefits of any medical procedure 
involving ionizing radiation is an essential part of 
the patient care process.
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Table 28.6 Absorbed dose estimates to the embryo/fetus per unit activity of radiopharmaceutical administered to the 
mother (shading indicates maternal and fetal self-dose contributions)

Radiopharmaceutical

Early 3 months 6 months 9 months

mGy/MBq mGy/MBq mGy/MBq mGy/MBq
57Co vitamin B-1, normal flushing 1.0 × 100 6.8 × 10−1 8.4 × 10−1 8.8 × 10−1

57Co vitamin B-12, normal – no flushing 1.5 × 100 1.0 × 100 1.2 × 100 1.3 × 100

57Co vitamin B-12, PA – flushing 2.1 × 10−1 1.7 × 10−1 1.7 × 10−1 1.5 × 10−1

57Co vitamin B-12, PA – no flushing 2.8 × 10−1 2.1 × 10−1 2.2 × 10−1 2.0 × 10−1

58Co vitamin B-12, normal flushing 2.5 × 100 1.9 × 100 2.1 × 100 2.1 × 100

58Co vitamin B-12, normal – no flushing 3.7 × 100 2.8 × 100 3.1 × 100 3.1 × 100

58Co vitamin B-12, PA – flushing 8.3 × 10−1 7.4 × 10−1 6.4 × 10−1 4.8 × 10−1

58Co vitamin B-12, PA – no flushing 9.8 × 10−1 8.5 × 10−1 7.6 × 10−1 6.0 × 10−1

60Co vitamin B-12, normal flushing 3.7 × 101 2.8 × 101 3.1 × 101 3.2 × 101

60Co vitamin B-12, normal – no flushing 5.5 × 101 4.2 × 101 4.7 × 101 4.7 × 101

60Co vitamin B-12, PA – flushing 5.9 × 100 4.7 × 100 4.8 × 100 4.5 × 100

60Co vitamin B-12, PA – no flushing 8.3 × 100 6.5 × 100 6.8 × 100 6.5 × 100

18 F FDG 2.2 × 10−2 2.2 × 10−2 1.7 × 10−2 1.7 × 10−2

18 F sodium fluoride 2.2 × 10−2 1.7 × 10−2 7.5 × 10−3 6.8 × 10−3

67Ga citrate 9.3 × 10−2 2.0 × 10−1 1.8 × 10−1 1.3 × 10−1

123I hippuran 3.1 × 10−2 2.4 × 10−2 8.4 × 10−3 7.9 × 10−3

123I IMP 1.9 × 10−2 1.1 × 10−2 7.1 × 10−3 5.9 × 10−3

123I MIBG 1.8 × 10−2 1.2 × 10−2 6.8 × 10−3 6.2 × 10−3

123I sodium iodide 2.0 × 10−2 1.4 × 10−2 1.1 × 10−2 9.8 × 10−3

124I sodium iodide 1.4 × 10−1 1.0 × 10−1 5.9 × 10−2 4.6 × 10−2

125I HSA 2.5 × 10−1 7.8 × 10−2 3.8 × 10−2 2.6 × 10−2

125I IMP 3.2 × 10−2 1.3 × 10−2 4.8 × 10−3 3.6 × 10−3

125I MIBG 2.6 × 10−2 1.1 × 10−2 4.1 × 10−3 3.4 × 10−3

125I sodium iodide 1.8 × 10−2 9.5 × 10−3 3.5 × 10−3 2.3 × 10−3

126I sodium iodide 7.8 × 10−2 5.1 × 10−2 3.2 × 10−2 2.6 × 10−2

130I sodium iodide 1.8 × 10−1 1.3 × 10−1 7.6 × 10−2 5.7 × 10−2

131I hippuran 6.4 × 10−2 5.0 × 10−2 1.9 × 10−2 1.8 × 10−2

131I HSA 5.2 × 10−1 1.8 × 10−1 1.6 × 10−1 1.3 × 10−1

131I MAA 6.7 × 10−2 4.2 × 10−2 4.0 × 10−2 4.2 × 10−2

131I MIBG 1.1 × 10−1 5.4 × 10−2 3.8 × 10−2 3.5 × 10−2

131I sodium iodide 7.2 × 10−2 6.8 × 10−2 2.3 × 10−1 2.7 × 10−1

131I rose bengal 2.2 × 10−1 2.2 × 10−1 1.6 × 10−1 9.0 × 10−2

111In DTPA 6.5 × 10−2 4.8 × 10−2 2.0 × 10−2 1.8 × 10−2

111In pentetreotide 8.2 × 10−2 6.0 × 10−2 3.5 × 10−2 3.1 × 10−2

111In platelets 1.7 × 10−1 1.1 × 10−1 9.9 × 10−2 8.9 × 10−2

111In red blood cells 2.2 × 10−1 1.3 × 10−1 1.1 × 10−1 8.6 × 10−2

111In white blood cells 1.3 × 10−1 9.6 × 10−2 9.6 × 10−2 9.4 × 10−2

99mTc albumin microspheres 4.1 × 10−3 3.0 × 10−3 2.5 × 10−3 2.1 × 10−3

99mTc disofenin 1.7 × 10−2 1.5 × 10−2 1.2 × 10−2 6.7 × 10−3

99mTc DMSA 5.1 × 10−3 4.7 × 10−3 4.0 × 10−3 3.4 × 10−3

99mTc DTPA 1.2 × 10−2 8.7 × 10−3 4.1 × 10−3 4.7 × 10−3

99mTc DTPA aerosol 5.8 × 10−3 4.3 × 10−3 2.3 × 10−3 3.0 × 10−3

99mTc glucoheptonate 1.2 × 10−2 1.1 × 10−2 5.3 × 10−3 4.6 × 10−3

99mTc HDP 5.2 × 10−3 5.4 × 10−3 3.0 × 10−3 2.5 × 10−3

99mTc HEDP 7.2 × 10−3 5.2 × 10−3 2.7 × 10−3 2.4 × 10−3

99mTc HMPAO 8.7 × 10−3 6.7 × 10−3 4.8 × 10−3 3.6 × 10−3

(continued)
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        The practice of pediatric nuclear medicine 
requires attention to detail with regard to radia-
tion protection of the health professionals 
involved in acquiring the studies, the patients, 
and their families. Since performance of the 
studies may entail a more hands-on approach, 
particularly in very small children, those 
involved in acquiring the studies often need to 
be closer to the patient than would be the case in 
adult nuclear medicine. For example, a bone 
scan in a smaller child may require two technol-
ogists where one helps with the immobilization 
of the patient while the other acquires the study. 
In this instance, not only are two technologists 
involved with a single patient, but one may need 
to hold the radioactive patient in order to acquire 
the required view to make the clinical decision. 
In addition, if sedation or anesthesia is neces-
sary to complete the study, other health profes-
sionals such as nurses and anesthesiologists may 

need to be in the imaging room with the radioac-
tive patient. Lastly, there may be some studies 
such as ictal brain SPECT where the patient is 
injected remotely from the nuclear medicine 
clinic, which may present unique radiation pro-
tection considerations. 

 In addition, pediatric patients and their fami-
lies require special consideration. According to 
the BEIR VII Phase 2 Report, children particu-
larly young girls may be at higher risk than adults 
for adverse health effects from the exposure of 
ionizing radiation [ 1 ]. For these reasons, the 
nuclear medicine practitioner must utilize proto-
cols that keep the administered activity (and 
thereby the radiation dose) to the patient as low 
as possible while maintaining the high quality of 
the clinical information. These considerations are 
discussed in detail in Chap.   31     regarding dose 
optimization in pediatric nuclear medicine. One 
must also consider the radiation protection of the 
patient’s family including the parents but also 
importantly other siblings that may be exposed to 
the radioactive patient. This is particularly true 
for patients receiving radionuclide therapy. 

 This chapter will review radiation protection 
practice in a hospital setting, particularly with 
respect to pediatric nuclear medicine. This will 
include considerations of intrumentation, opera-
tions and training. As will be discussed, many of 
these will be very similar if not identical to that 
considered in a facility with mostly adult patients. 
However, the pediatric patient often presents 
unique challenges and these will be the focus of 
this chapter. 
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    Radiation Safety Roles 
and Responsibilities 

 The effective implementation of a nuclear 
 medicine radiation protection program is an 
interdisciplinary endeavor involving the attention 
of radiation safety staff as well as practically all 
nuclear medicine practitioners including physi-
cians, technologists, and physicists. In addition, 
other ancillary health professionals working with 
pediatric nuclear medicine patients including 
nurses, anesthesiologists, and child life profes-
sionals need to play an active role in radiation 
protection of themselves and their patients. 

 In the USA, radiopharmaceuticals are adminis-
tered to patients under the direction of a physician 
who has been identifi ed and recognized by the 
proper authorities as an “authorized user.” The 
requirements necessary for a physician vary 
depending on nuclear medicine procedures to be 
performed. For example, if the clinic administers 
radionuclide therapy as well as perform diagnos-
tic studies, there will be more stringent criteria 
placed on the physician. The authorized user is 
responsible for the appropriateness as well as for 
the proper performance of an indicated study. 
Prior to all nuclear medicine studies, the autho-
rized user should conduct a review to assure that 
the study is indicated and, if so, whether the pro-
cedure should be modifi ed for the particular 
patient. This latter part of the review is particu-
larly important for pediatric patients that may pro-
vide unique challenges. If approved, the authorized 
user is ultimately responsible for all aspects of the 
performance of the procedure from the selection 
of the proper instrumentation, the administration 
of the radiopharmaceutical, the acquisition of the 
study, the analysis of the data and its interpreta-
tion, and dissemination of the results. 

 The radiation safety program is managed by 
the radiation safety offi cer (RSO) responsible for 
all aspects of the administration of the program. 
In particular, the RSO assures that a radiation 
protection program is maintained that is safe and 
compliant with all proper authorities. This 
includes the proper implementation and practice 
of all safety procedures, many of which will be 
described in this chapter. In larger programs the 

RSO may be a full-time position held by a health 
physicist or other properly credentialed radiation 
safety professional. However, in small outpatient 
clinics, the RSO may very well be a properly 
trained physician who also acts as the clinic’s 
authorized user. Routine audits and proper 
recording of safety procedures are essential in 
order to track the successful and challenging 
aspects of the program. As previously mentioned, 
a successful radiation protection program 
requires cooperation of a diverse group of health 
professions. The RSO is often the individual that 
provides this coordination. 

 Depending on the size of the clinic or the insti-
tution within which the clinic resides, the institu-
tion may have either a limited or broad scope 
radioactive material license. A limited scope 
license is appropriate for small clinics, and, in 
this case, the entire radionuclide handling and 
safety program is specifi ed within the submitted 
license. Larger programs can apply for a broad 
scope radioactive material license which pro-
vides the institution with more fl exibility in its 
radiation safety management. In the context of a 
broad scope license, the institution assigns a 
Radiation Safety Committee (RSC) that sets pol-
icy and provides oversight for the institution’s 
radiation safety program. 

 The clinic’s technical staff is on the front line 
with regard to radiation safety implementation 
from accepting the delivery of the radiopharma-
ceuticals, the preparation of the dose and its 
administration, and the performance of the study. 
This can be particularly challenging when imag-
ing children where it may be necessary to modify 
the standard protocol in order to complete the 
study. Close communication between the tech-
nologist, the physician, and the RSO can mini-
mize radiation safety complications resulting 
from such modifi cations. In addition to good 
radiation safety practice, the technologist must 
maintain records to help track these practices in 
order to identify program aspects that are chal-
lenging. In instances where certain aspects of the 
current radiation safety program present signifi -
cant considerations in the context of pediatric 
nuclear medicine, close communication between 
the authorized user, the technical staff, and the 
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RSO, in most cases, can lead to a sound 
 operational solution that maintains high-quality 
clinical work that is safe and compliant.  

    Radiation Safety Management 
Commitment and Structure 

 The Nuclear Regulatory Commission (NRC) is 
the main regulatory body in the US that promul-
gates rules and guidance documents regarding the 
use of radioactive materials including the practice 
of nuclear medicine. The most pertinent of these 
regulations are published in the US Title 10 of the 
Code of Federal Regulations Parts 20 and 35 (10 
CFR 20 and 10 CFR 35), respectively [ 2 ,  3 ]. In 
some states the regulatory responsibility has been 
delegated to the state by the NRC provided that 
the rules, guidance, and licensing process of that 
Agreement State are consistent with the require-
ments of the NRC but they may not be identical to 
the NRC. In all cases the licensee should refer to 
the regulatory requirements of the agency under 
which that facility operates. 

 Over the years, the NRC has published a num-
ber of guidance documents that are necessary 
reading for those establishing a nuclear medicine 
radiation protection program. Since Hospital 
Health Physics was published in 1993, the NRC 
has updated Regulatory Guide 10.8 with a more 
recent version, NUREG-1556, Volume 9, 
 Program-Specifi c Guidance About Medical 
Licensees , which provides extensive licensing 
guidance for medical facilities [ 4 ]. Broad scope 
medical licensees should also refer to 
NUREG- 1556, Volume 11,  Program-Specifi c 
Guidance About Licenses of Broad Scope  [ 5 ]. 

 The regulatory licensing agencies often expect 
and may require applicants to use and follow the 
licensing guidance in Volume 9, which is very 
extensive. A valuable supplemental guidance 
document is  A Guide for Diagnostic Nuclear 
Medicine  by Jeffrey Siegel, Ph.D., and published 
by the Society of Nuclear Medicine [ 6 ]. This 
document focuses on diagnostic nuclear medi-
cine applications and discusses some alternative 
calculations and industry viewpoints that may be 
useful. 

    Licensing 

 In reviewing radioactive material licenses, all 
regulators will refer to the contents as a means to 
ensure that licensees understand and comply with 
the applicable regulations. However, it is not a 
means of ensuring an effective radiation safety 
program for all licensees. A specifi c program 
may be considered compliant when following the 
pragmatic language discussed in the license 
application, but the key is that license applica-
tions that include overly prescriptive and specifi c 
program details and commitments do not guaran-
tee functional compliance. In many cases, it can 
be to the detriment of a licensee to specify in too 
much detail how one will achieve compliance 
rather than a broader and more general statement 
of approach committed to the assurance of safety 
and compliance. In either case the bottom line is 
the need for the licensee to achieve compliance, 
and crafting license commitment language in 
broad terms can provide the fl exibility necessary 
for establishing and managing a safe and compli-
ant program. This is particularly true in the prac-
tice of pediatric nuclear medicine where such 
fl exibility may be the difference between success 
and failure in the implementation of a particular 
procedure. 

 It is important to recognize that statements 
made in the license application will become com-
mitments to which one must adhere. Typically 
the last condition on a medical license reads as 
follows:

   “Except as specifi cally provided otherwise in this 
license, the licensee shall conduct its program in 
accordance with the statements, representations, 
and procedures contained in the documents, 
including any enclosures, listed below. The 
Nuclear Regulatory Commission’s regulations 
shall govern unless the statements, representations, 
and procedures in the licensee’s application and 
correspondence are more restrictive than the 
regulations.”    

 The most common items of noncompliance 
cited by regulators result from statements made 
in the license application that are not followed 
exactly as stated, and therefore, overly detailed 
commitments should be avoided. An estab-
lished radiation protection program can always 
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evoke more controls and requirements than 
what is stated in a license, but it can never per-
form less.  

    General Guidelines 

 NUREG-1556 Volume 9 provides detailed 
instructions for fi ling a license application. One 
thing to keep in mind is that the clinic or institu-
tion must be able to effectively implement and 
operate under the provisions in the license appli-
cation. It is important to know when to accept the 
guidance from NUREG-1556 Vol. 9 and when it 
might be benefi cial to deviate from it. When pre-
paring a license application, one should provide 
the least amount of specifi city necessary while 
giving the information being requested. In addi-
tion, information should not be included that is 
not required. As an example, it is not required that 
an applicant provides the institution’s radiation 
safety manual as part of the license application. 
Submission of such an internal program docu-
ment may lead to the institution’s commitment to 
follow every aspect and procedures described. In 
addition, any change or modifi cations made to 
this document would require the submission and 
subsequent approval of a license amendment. 
Submitting a license application with such speci-
fi city may reduce the fl exibility necessary to 
effectively practice pediatric nuclear medicine. 

 During the license application process, the 
documentations and statements provided should 
refl ect the institution’s commitment to following 
the regulations. The regulations provide adequate 
measures for safety in the use of radioactive 
material. Overly committing to information con-
tained in Volume 9 can result in an unnecessary 
burden on an operational radiation safety pro-
gram without producing tangible benefi ts other 
than showing compliance with a license applica-
tion commitment. 

 In deciding whether to subscribe to the lan-
guage contained in NUREG-1556 Volume 9, 
there is a tendency to offer a commitment to fol-
low the “model procedures” it contains. From 
Section 1.2 of Volume 9: 

 “Use of the word “should” implies “may” and 
is not intended to mean “must” or “shall;” the 
procedures provided in this guidance are intended 
to serve only as examples.” 

 The decision to accept a model procedure 
should only be done with the use the term 
“should” and not “must” or “shall.”  

    Radiation Safety Committee 

 The RSC consists of a chair, the RSO, as well as 
representatives of each type of authorized user 
and the nursing service. A representative of the 
institution’s administration also serves on the 
committee. In addition, the institution can assign 
any other individuals to the committee it deems 
appropriate. The RSO and the RSC work very 
closely together as the RSO implements safety 
procedures and audits based on policies estab-
lished by the RSC. The size of and breath of an 
institution’s request to possess and use radioac-
tive material will dictate the need for the estab-
lishment of a RSC. The licensee should be 
careful to not overstate the details of how its 
committee will operate. Some specifi c items to 
consider:
•    If specifi c names are included, a license will 

need to be amended if someone leaves or is 
replaced. Instead of stating “The committee 
consists of Drs. Smith, Jones and Brown,” an 
alternatively statement would be “The com-
mittee currently consists of Drs. John, James, 
and Johnson.” This demonstrates the estab-
lishment of a committee and leaves the deter-
mination of its appropriate constituency to 
regulatory review. The use of words like “cur-
rently” implies that there may be changes in 
the future. This approach can be used in many 
licensing areas, e.g., waste management and 
dosimetry providers.  

•   Establish a meeting quorum that is below your 
“normal” attendance. If members are absent, 
the required meeting can still be held without 
concern from violating a license condition 
mandating a meeting take place at a specifi ed 
interval.  

F.H. Fahey and W.A. Lorenzen



663

•   Do not establish a specifi c meeting frequency 
that could result in a violation of a license 
 condition. One method to avoid this is to 
 provide application language that commits to 
meeting and states an expectation on fre-
quency: “The Radiation Safety Committee 
(RSC) will meet periodically to review the 
Radiation Safety Program. Typically, the RSC 
will meet quarterly.”     

    Radiation Safety Offi cer 

 The RSO is the only position that is identifi ed by 
name on all licenses issued. The position will typ-
ically be held by someone who has demonstrated 
the fulfi llment of the qualifi cation specifi ed in 10 
CFR Part 35 through both education and experi-
ence requirements for that position. The RSO is 
typically the person who manages the radiation 
safety program and oversees the conduct of the 
required compliance-related activities mandated 
by regulation and the license conditions. A critical 
element in the success of the radiation safety pro-
gram is through the support and performance of 
the RSO. Inherent to this is the direct reporting of 
this position to upper management and its ability 
to identify and correct programmatic defi ciencies 
effectively. The RSO position can be hampered 
through either lack of adequate resources or man-
agement obfuscation that may lead to citations of 
regulatory noncompliance. The RSO should have 
clear lines of authority and be responsible for all 
aspects of the program. In many hospital pro-
grams, the RSO is established by identifying who 
has the qualifi cation necessary to satisfy regula-
tory requirements, and the location within the 
organization where this person resides is often 
overlooked and not adequately considered.  

    Authorized Users 

 An authorized user (AU) is a position identifi ed 
by training and experience to the administration 
of radioactive material under a radioactive 
 material license. The AU designation requires 

the submission of training, experience, and 
 attestation for the specifi c area in which he or 
she is looking to practice. In many cases, a phy-
sician certifi ed by a national board in the prac-
tice of nuclear medicine and radiology will be 
recognized in meeting these requirements. 
Depending on the license category, the submis-
sion of an applicant’s documents and request to 
serve as an AU will be either to the institution’s 
RSC or directly to the regulatory agency. In 
either case the demonstration of the require-
ments is identical with details found in 10 CFR 
Part 35.  

    Training 

 Training for personnel who work with or around 
radioactive material is a regulatory requirement 
and can be found in Title 10 of the Code of 
Federal Regulations Part 19 [ 7 ]. Training is not a 
onetime event but an ongoing process. Training 
in the regulatory context is often demonstrated 
through a syllabus, a classroom, a proof of atten-
dance, and possibly a test. It is essential to deter-
mine who should be trained and with what 
frequency. The regulations defi ne the educational 
content that must be covered. 10 CFR 19.12 
requires instructions for “All individuals who in 
the course of employment are likely to receive in 
a year an occupational dose in excess of 100 
mrem (1 mSv)…” It should be noted that some 
have questioned the extent of this list of workers 
because of 10 CFR 19.12(b) which also states 
that “In determining those individuals subject to 
the requirements of paragraph (a) of this section, 
licensees must take into consideration assigned 
activities during normal and abnormal situations 
involving exposure to radiation from radioactive 
material which can reasonably be expected to 
occur during the life of a licensed facility. The 
extent of these instructions must be commensu-
rate with potential radiological health protection 
problems present in the work place.” The opera-
tional program through the RSO and RSC (when 
one exists) should identify the personnel that are 
subject to the training requirements which should 
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depend on the employee’s duty, the location 
of work assignments, and a facilities’ operating 
history. In most cases the determinations result in 
the exposure being far less than 1 mSv. A training 
program can always include as many employees 
needed to ensure a satisfactory level of comfort 
and awareness within a program. However, it 
would not be suggested that that level of training 
be required as part of a licensing process and thus 
be mandatory.  

    Occupational Dose 

 An essential aspect of any radiation safety pro-
gram is the assessment of the radiation dose that 
employees receive. This provides assurance that 
none of the employees have received a radiation 
dose above the maximum permissible levels 
specifi ed by appropriate regulatory authorities. 
The maximum permissible dose levels as speci-
fi ed by 10 CFR 20 are listed in Table  29.1 . In 
addition, it is important to identify abnormal or 
exceptional personnel exposures, even if such are 
clearly less than regulatory levels, that might 
indicate areas of clinical practice that need to be 
reconsidered. Fundamental components of dosi-
metric estimation of employees are a monitoring 
program consisting of the use of personnel 
dosimeters and the estimation of internal 
dosimetry.

   The regulations (10 CFR 20.1502) clearly 
state that it is necessary to ensure, at a minimum, 
the monitoring of employees in adherence to 
these regulations. The determination of who is 
likely to get exposures at or above these levels is 
the licensees’ responsibility and subject to review 

by the governing regulatory authority. The inclu-
sion of others into the monitoring program may 
have advantages or reasons beyond meeting the 
regulatory requirements, but these will have 
impact on the overall cost and operations of the 
radiation safety program that need to be 
considered. 

    External 
 With respect to the regulations, it is reasonable 
to consider whole-body and extremity monitor-
ing. There has been recent concern regarding 
radiation dose to the lens of the eye of employees 
given that the threshold for this deterministic 
effect may be somewhat lower than previously 
thought [ 8 ,  9 ]. However, within nuclear medicine 
radiation dose to the lens of the eye should not be 
considerably different than that to the whole 
body, and thus the whole-body dosimeter is most 
likely adequate for both. 

 For those who manually handle radiopharma-
ceuticals they can receive signifi cantly higher 
radiation dose to the fi ngers than to the whole 
body, and thus the extremity dose must be moni-
tored. In a pediatric nuclear medicine clinic, 
practically all radiopharmaceutical doses may 
have to be adjusted for patient size requiring 
manipulation, and thus extremity monitoring of 
the technical staff is most appropriate. It is impor-
tant to evaluate where on the body dosimetry 
should be worn as well as what type and how 
many should be worn. There has been recent 
investigation where nuclear medicine technolo-
gists have worn multiple small dosimeters on dif-
ferent locations on multiple fi ngers on both hands 
[ 10 ]. These studies indicate that the radiation 
dose to different locations on different fi ngers 

    Table 29.1    Maximum permissible exposure levels, quarterly guidelines, and examples of ALARA I and ALARA II 
action levels   

 Maximum permissible 
annual exposure levels a  

 Quarterly 
guidelines b  

 ALARA I 
action levels c  

 ALARA II 
action levels c  

 Whole body (total effective dose equivalent)  50  12.5  1.25  3.75 
 Extremity  500  125  12.5  37.5 

  All exposure values are in mSv 
  a According to US 10CFR 20 
  b Determined by dividing the maximum permissible annual exposure levels by 4 
  c Examples of ALARA I and ALARA II action levels were set at 10 and 30 % of the quarterly guideline values, 
respectively  
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can vary greatly. It is not surprising that the high-
est dose is from the tips of the index fi ngers of 
both hands. However, the study also indicated 
that a single ring monitor on the dominant hand 
provides a reasonable, conservative dose estimate 
to both hands. That being said, there may be spe-
cial situations where the use of multiple fi nger 
dosimeters may be considered. For example, 
when a clinic introduces a new procedure such as 
an approach to radionuclide therapy, it may be 
very instructive to utilize multiple dosimeters 
early on in order to gain a better understanding of 
the radiation dose associate with the technology. 

 Typically the issuance of dosimetry for moni-
toring exposure is managed through a third party. 
It is advantageous to only commit to the use of a 
dosimetry provider that meets the requirements 
of 10 CFR §20.1501(c) and not provide unneces-
sary details regarding function or service. This 
statement provides the regulator the generic 
information needed to ensure the requirements of 
the regulation are met. Most personnel dosime-
ters are analyzed periodically, perhaps monthly 
or quarterly. For example, once a month the 
dosimeters are collected from all monitored 
employees and sent to the vendor who provided 
them for analysis, and a subsequent report is gen-
erated within several weeks. In practically all 
cases, this approach works very well. 

 Within pediatric nuclear medicine, it is rare 
that one needs to monitor personnel dosimetry 
within a different time course than monthly or 
quarterly. However, there may be some occasions 
where it would be helpful to better understand the 
radiation dose contributions of certain parts of 
the procedure. This may be particularly true for 
new procedures or those that are suspected to 
deliver a reasonable dose to the employee. In 
these cases, it may be helpful to use dosimeters 
that can be read in real time. For example, one 
may want to know what aspect of PET/CT per-
formed in children leads to the highest dose to the 
technologist. And so, a real-time dosimeter is 
issued to the technologists performing these stud-
ies, and they are instructed to maintain a “dose 
log” where they record the dose during the differ-
ent stages of the procedure, i.e., dose preparation, 
dose administration, patient preparation, data 

acquisition, and procedure completion. If such 
data are recorded for a number of similar proce-
dures, the radiation safety program can develop a 
dose profi le of the procedure. In this example, the 
fact that the majority of the radiation dose the 
technologist receives is during the dose prepara-
tion and administration may allow for modifi ca-
tions of the procedure that help to reduce the 
radiation dose to the technologist. 

 Another application of real-time dose moni-
toring may be when questions arise regarding the 
radiation dose to ancillary health professionals 
who may not be routinely monitored but are nev-
ertheless concerned about their radiation dose. 
Allowing such individuals to wear real-time 
dosimeters and recording the dose for several 
procedures may provide the employee with a bet-
ter comprehension of the radiation dose to which 
they are exposed. This may also be helpful with 
parents and other family members who want to 
stay close to their children during their proce-
dures but are concerned about the radiation dose 
they may personally receive. In most cases, stay-
ing with their children will expose the parents to 
only a few μSv at most, but specifi c knowledge 
regarding the exposure may be well appreciated.  

    Internal 
 Historically, internal monitoring was only a regu-
latory requirement for those individuals handling 
therapeutic doses of  131 I sodium iodide (NaI). As 
the volatility and stability of these radiophar-
maceuticals are now better controlled, the like-
lihood of an intake has decreased dramatically. 
Therefore, the specifi c thyroid bioassay require-
ment was deleted from the last regulatory modi-
fi cation of 10 CFR 35. However, the perception 
that this requirement exists is still prevalent in 
the nuclear medicine community. 

 The regulatory requirement for internal moni-
toring mirrors the requirement for external moni-
toring: those individuals likely to exceed 10 % of 
the annual limit on intake (ALI). The  probability 
of this occurring at a medical facility is unlikely. 
The license commitment should refl ect this fact. 
A licensee can monitor anyone they choose but 
that should be a program decision not a license 
commitment.   
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    Dose Limits for Family Members 

 Sometimes the regulations can be problematic 
for a particular institution and asking for a vari-
ance during the licensing process is needed. For 
example, limiting the time a parent can spend 
with their child who has undergone a nuclear 
medicine therapeutic procedure because of the 
public dose rule (10 CFR 20.1301) may be 
unnecessary. Nevertheless, the rule exists and a 
variance should be sought. The NRC has granted 
an exemption up to 20 mSv under certain circum-
stances involving children, while at least one 
Agreement State has allowed the occupational 
dose limit of 50 mSv. An example of the request 
would be:

   “Adults providing care to minors undergoing treat-
ment with byproduct material during confi nement 
may receive up to 20 mSv in a year. The following 
conditions will apply:

•    The exemption will apply only to adult family 
members providing care to minors undergoing 
treatment with byproduct material during peri-
ods of hospital confi nement.  

•   Training to adult family caregivers shall be pro-
vided commensurate with the risks and instruc-
tions normally provided to workers in 
accordance with 10 CFR Part 19. Training shall 
include instructions in maintaining exposures 
as low as reasonably achievable.  

•   Adult family caregivers shall be monitored for 
radiation exposure and a program of controls 
using standard radiation protection practices to 
minimize time, maximize distance, and use of 
shielding in maintaining exposures as low as 
reasonably achievable shall be implemented.  

•   The exemption shall not apply to pregnant 
adult family caregivers.”       

 Because of the possibility of an “overexpo-
sure” involving a family member visiting a 
patient, the NRC has been sensitized to this issue 
and has instituted some policies for expedited 
license amendments to accommodate such 
requests. It may be more prudent to have an 
amendment in place before it is needed.  

    Surveys and Monitoring 

 For medical licensees, surveys and monitoring 
became a licensing issue with the revision of 10 

CFR 35 in 2002. Previously, the regulations were 
very detailed and prescriptive on this topic leav-
ing little room for license fl exibility. However, 
much of the prescriptive requirements have been 
removed. Nevertheless, facilities usually con-
tinue to survey in the same manner as before: 
daily surveys in areas of preparation and admin-
istration, weekly wipes in these same areas, and 
weekly surveys in areas of waste storage. There 
are at least two issues with making this older 
regulatory model a part of the current program: 
Weekly wipes are ineffective when most radio-
pharmaceuticals used in the clinic have half-lives 
of 6 h or less, and weekly surveys in your waste 
area may be insuffi cient. Although perhaps more 
sensitive than meter surveys, weekly wipes 
blindly taken in a department are unlikely to 
yield contamination results that wouldn’t have 
been picked up by careful meter surveys. 
However, weekly wipe surveys may be useful in 
dose preparatory areas where meter backgrounds 
may be too high to yield useful results. Likewise, 
waste areas should be surveyed when new waste 
is added to the area or waste is moved around to 
ensure dose limits in an unrestricted area are not 
exceeded. Dose levels in a medical facility waste 
area typically do not increase on a weekly basis.  

    Effl uents 

 Medical facilities rarely release even minute quan-
tities of airborne radioactive material unless they 
have a medical cyclotron for producing PET radio-
pharmaceuticals onsite. The management of a 
cyclotron facility is beyond the scope of this chap-
ter. As previously mentioned, due to historical vola-
tility issues,  131 I-NaI is the most probable source for 
released airborne radioactive material. Monitoring 
the hood stack from a nuclear medicine department 
may have been necessary and routine practice 
when volatility was a greater concern. However, 
since this is no longer the case, committing to an 
effl uent sampling program would be an unjusti-
fi ed burden to the radiation protection program. As 
allowed by the NRC Regulatory Guide 4.20, calcu-
lation using the Environmental Protection Agency 
(EPA) computer code, COMPLY, is a better means 
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of demonstrating compliance with applicable effl u-
ent regulations.  

    Waste 

 Because most isotopes used in a medical facility 
that routinely generate radioactive waste are 
short lived, the storage and decay of this waste 
makes disposal fairly easy. 10 CFR 35.92 was 
revised to eliminate the need for storing waste for 
ten half-lives and allows for the fi nal survey as 
the determining factor in decayed waste. 
Although you may continue to store your waste 
for ten half-lives before performing the fi nal sur-
vey, compliance with 10 CFR 35.92 should be 
the license commitment. If your facility has a 
nonclinical component, you should request to 
store all your waste in accordance with 10 CFR 
35.92. It is unreasonable to store and dispose of 
 131 I generated in a clinic in a different manner 
than if the  131 I came from a research laboratory. 

 When acquiring and managing longer-lived 
radioactive sources with half-lives of months or 
years for quality control measurements or cali-
brations, it is prudent to ensure that the vendor 
from whom the purchase is made agrees to accept 
the return of the source when it is no longer 
needed. This will eliminate the costly disposal of 
these sources.  

    10 CFR 35.1000 Procedures 

 The NRC has offered some guidance on new 
modality treatments (e.g., SIR-Spheres and 
GliaSite). One topic of discussion is which 
 physician group should be the authorized user. 
Although such procedures are not routinely 
 performed in children currently, it is reasonable 
to review this information in the event a pediatric 
application is developed in the future. While 
some of the products have been registered as 
devices and therefore indicate radiation oncology 
as the preferred choice, some of the physical 
characteristics of the products may be more simi-
lar to a radiopharmaceutical, and therefore, the 
consideration may lean toward nuclear medicine. 

Collaborative working relationships would elimi-
nate most of the problems. 

 It is important to remember that there is no one 
right way to pursue an emerging technology. By 
its very nature, there is no documented track 
record on which to base a fi nal decision. If local 
regulations favor a particular physician group as 
the de facto authorized user group and your par-
ticular situation differs from the de facto group, 
you should request a variance if you are a specifi c 
licensee or if a Broad Scope licensee have your 
Radiation Safety Committee approve your desired 
group. It will be important to document the train-
ing and experience of the physician or physician 
group as well as your rationale for deviating from 
the traditionally “approved” group.   

    Radiation Protection Principles 

 The establishment of a radiation safety program 
is centered on the core understanding of basic 
radiation safety principles. This will typically 
involve the creation of a radiation safety manual 
that describes specifi c aspects of radiation safety 
that govern the licensee’s control and manage-
ment of radiation and radioactive material. The 
purpose of a radiation safety manual is typically 
twofold: It satisfi es regulatory requirements 
regarding the licensee’s program in radiation 
safety and it also serves as the reference docu-
ment by which all levels of the organization can 
learn and understand the specifi c aspects of the 
institution’s radiation safety program. Although 
the details of each institution’s radiation safety 
manual are unique to its specifi c needs and uses 
of radioactive material, they do commonly 
address the application of some basic radiation 
protection principles used in managing the safe 
use of radioactive material. These principles will 
be discussed in this section in the context of 
 pediatric nuclear medicine. 

    Time, Distance, and Shielding 

 These three fundamentals of radiation safety are 
part of every radiation safety program. From the 
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receipt of radioactive material through its dis-
posal as waste, the application of one or more of 
these basics of guiding radiation safety will be 
employed in the overall management and control 
of radiation exposure to staff, patients, families, 
and the general public. 

    Time 
 The time spent by individuals near radioactive 
sources should be minimized. However, the 
patients are themselves a source of radiation; 
thus, special care needs to be taken to minimize 
exposure while performing the clinical task at 
hand without making the patient feel as if they 
are being left alone. This is particularly important 
in the pediatric setting. Therefore, the nuclear 
medicine staff need to learn to work quickly, effi -
ciently, and accurately. Repeating one’s work 
may be annoying to the staff, patient, and physi-
cian, but it also increases the amount of exposure 
time and thereby the radiation dose to staff. It is 
important to perform procedures correctly the 
fi rst time. When it is practical, the staff should 
rehearse new or infrequently performed tasks 
before working with the radioactivity.  

    Distance 
 Although the duties of the nuclear medicine staff 
require proximity to radioactive sources, they 
should maximize the distance from these sources 
as much as possible. When required to handle 
radioactive materials, staff should use forceps, 
tongs, vial racks, or any other suitable instru-
ments to increase the distance between them-
selves and the source of radioactivity. Radioactive 
materials should be stored in more remote areas 
of the laboratory away from high traffi c or 
areas where duties typically not associated with 
radioactive materials are performed. Most 
 pediatric nuclear medicine procedures require 
the  technologist and other support staff to be 
close to the radioactive patient. The staff should 
seek to maximize that distance if possible while 
still attending to the needs of the patient. An 
additional step or two away from the patient will 
dramatically reduce one’s exposure. Putting dis-
tance between the source of radioactivity and the 
technologist is extremely effective because, 
according to the inverse square law, exposure 

decreases as the square of the distance. Thus, 
doubling the distance from a source decreases 
the exposure by a factor of 4, and tripling the 
distance decreases the exposure by a factor of 9. 
This is also true for parents who accompany 
their child during a nuclear medicine imaging 
procedure. Parents should be instructed to stay 
as far from their child as they feel comfortable. 
If they can stay 2 m away, that is 4 times better 
than 1 m.  

    Shielding 
 Shielding is one of the most effective methods 
for minimizing radiation exposure to patients and 
staff. Regulations require that all syringes be 
shielded during kit preparation and patient 
administration. Likewise, all vials containing 
radioactive material must also be appropriately 
shielded. All  99 Mo/ 99m Tc generators are required 
to be shielded beyond the device’s inherent 
shielding. That is, the inherent shielding of gen-
erators may satisfy the Department of 
Transportation safety requirements but is not 
adequate for laboratory use. Almost all radio-
pharmaceuticals are required to be kept behind 
lead shielding during storage and patient dose 
preparation. 

 It is important that the appropriate shielding 
material be selected for the radioactive material 
being used. Most shielding devices are made of 
lead, leaded glass, tungsten, or some combination 
of such high-Z (Z is the number of protons per 
atom) materials. However, this type of shielding 
is not appropriate for all circumstances. When 
using beta emitters such as  32 P and  89 Sr, it is nec-
essary to use Lucite or other appropriate low-Z 
material as a shield to minimize the production of 
bremsstrahlung radiation (low-energy x-rays). If 
dense shielding materials are used with beta emit-
ters, the staff may actually receive measurable 
photon radiation exposure due to the bremsstrah-
lung radiation. 

 When using shielding for gamma radiation, 
one must also consider the energy of the radioac-
tive emissions. For example, the amount of lead 
shielding needed to attenuate the 140-keV pho-
ton of  99m Tc may not be suffi cient for  131 I (364- 
keV gamma rays) or positron emitters such as  18 F 
(511-keV photons). Although it is not in the 
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day-to- day duties of the nuclear medicine staff to 
calculate appropriate shielding, it can be very 
useful to understand the rationale behind these 
calculations. Each commonly used radioisotope 
in nuclear medicine has a half-value layer (HVL) 
associated with different shielding materials indi-
cating the thickness of the particular material that 
would be required to attenuate the number of 
photons from a radioactive source by half. The 
half-value layer can be derived by dividing the 
number 0.693 by the linear attenuation coeffi -
cient, μ. Both for the HVL and μ are unique for 
the specifi c material and the photon energy, and 
either can be used to determine the thickness of 
shielding needed to attenuate the photons to the 
desired level.   

    ALARA 

 A fundamental concept of occupational radiation 
protection is the notion of ALARA or “as low as 
reasonably achievable.” The spirit of ALARA is 
that merely being within the regulatory  guidelines 
is not suffi cient for a radiation safety program. 
One must operate the program is such a manner 
that employees and the public are exposed to the 
least amount of radiation possible while still 
maintaining a reasonable approach to the opera-
tions of the facility. For example, it is not accept-
able for a facility that uses ionizing radiation for 
all employees to receive 90 % of the maximum 
permissible whole-body radiation exposure if 
one could limit the exposure to less than 10 %. 
An analysis of the operations should be per-
formed that leads to an optimization of the bene-
fi ts of procedures relative to the radiation risk to 
personnel and the public that may result as a 
 consequence. However, such dose reduction 
should always be considered in the context of the 
benefi t of the particular operation. In the nuclear 
medicine clinic, this might mean that procedures 
are evaluated and implemented in a manner that 
will keep the exposure to the technical staff “as 
low as reasonably achievable.” In reviewing the 
personnel monitoring records for the laboratory, 
not only should those close to regulatory limits 
be noted but also any exposures that seem to be 
exceptional for a particular employee. 

 As a consequence of the ALARA philosophy, 
facilities using ionizing radiation including 
nuclear medicine clinics must establish action 
levels below the regulatory limits of personnel 
exposure. The personnel monitoring records are 
reviewed regularly (e.g., quarterly). Individuals 
exceeding these action levels are notifi ed and, in 
some cases, interviewed to determine if there was 
a certain circumstance that led to these higher 
exposure levels and whether operations should 
be modifi ed. It is common practice to divide the 
annual maximum permissible doses by four to 
establish quarterly guidelines and then to reduce 
these further. Two levels are typically set referred 
to as ALARA I, often set at 10 % of the quarterly 
guideline, and ALARA II, set at 40 %. Table  29.1  
lists the annual whole-body and extremity limits 
set by 10 CFR 20 with quarterly guidelines (1/4 
of the regulatory limit) as well as examples of 
ALARA I (10 %) and ALARA II (30 %) action 
levels. If an employee exceeds a quarterly 
ALARA I level, a notifi cation may be sent to the 
individual, perhaps with a reminder of good radi-
ation safety practice. If the ALARA II level is 
exceeded, the situation should be reviewed by the 
RSO to identify any circumstances that may have 
led to the higher exposures and whether any fur-
ther action is warranted.  

    Other Principles of Protection 

 Activities that would enhance the likelihood of 
internal radiation exposure are not allowed in 
areas where radioactivity is handled including 
eating, drinking, chewing gum, or applying cos-
metics or lip balms. Regulators have assessed 
noncompliance by observing empty and 
 discarded food containers, cups, chewed gum, 
food remnants, or other items to indicate that 
these activities are occurring in areas where they 
are not allowed. The use and storage of radioac-
tive gases and volatile radioactive materials can 
also lead to internal exposure because they can be 
inhaled or absorbed through mucous membranes 
or the skin. Xenon gas should be used with closed 
breathing systems in negative pressure rooms. 
However, many experienced technologists will 
affi rm that these precautions may not serve their 
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protective function unless the patient is coopera-
tive. Hence, perhaps the most effective way to 
minimize one’s exposure to xenon gas is to make 
sure the patient is familiarized with the procedure 
and clearly understands the technologist’s expec-
tations particularly in pediatric patients. 

 Radioiodine poses a special problem because 
it is a volatile material that tends to become easily 
airborne. Complicating matters is that radioio-
dine is easily absorbed through the skin or 
mucous membranes and ultimately taken up by 
the thyroid gland. To minimize risk from acci-
dental breakage or spillage, packages or contain-
ers of radioiodine should be opened under a fume 
(exhaust) hood. Similarly, radioiodine should be 
stored behind shielding within a fume hood. 
When handling radioiodine, gloves are required, 
but technologists should also consider wearing 
disposable protective sleeves. Any physician or 
technologist administering radioiodine therapy or 
handling open vials of liquid radioiodine should 
undergo thyroid survey following the therapy to 
check for internal radioiodine contamination. 

 Radioiodine therapy constitutes a number of 
potential risks to many individuals including staff, 
family members, and other members of the pub-
lic. According to the ALARA concept, the staff 
needs to minimize the exposure by the patient to 
themselves and other persons incidentally exposed 
to the patient. Because radioiodine- treated patients 
will return home either right after the therapy or 
after a short hospitalization, physicians and the 
radiation safety staff must educate patients and 
their families regarding ways to minimize inci-
dental radiation exposure [ 11 ,  12 ]. Radioiodine 
therapy with  131 I presents a dual challenge because 
it is a beta emitter that also emits a 364-keV 
gamma ray. The beta particle contributes to inter-
nal exposure if ingested or inhaled, and the ener-
getic 364-keV gamma emission is capable of 
radiation exposure at a distance. The patient and 
family need to be aware that radioiodine can be 
passed through sweat, saliva, urine, and stool. The 
patient’s eating utensils should be disposable or 
washed and kept separately from those used by 
others. Close contact with other individuals should 
be minimized for several days post therapy. The 
patient should sleep alone; kissing, holding, and 

intimacy should be discouraged until approved by 
the nuclear medicine physician. Breastfeeding 
should be discontinued, and contact with other 
children should be minimized. Patients must dili-
gently wash their hands, and care must be taken to 
fl ush the toilet after each use. In addition, with 
young children undergoing nuclear medicine ther-
apeutic procedures with  131 I, care must be taken to 
ensure caregivers have an appropriate method for 
the disposal of diapers and other potentially radio-
active material once they return home. It is pru-
dent to consult with the RSO regarding other 
potential home/life conditions that may expose 
others to the radiation from the child. 

 Nuclear medicine technologists and other 
occupationally exposed workers fi nd themselves 
constantly exposed to low levels of radioactivity. 
The overall effects of this exposure are still 
uncertain as discussed in Chap.   31    . However, 
unless future research proves otherwise, the tech-
nologist should assume that all radiation expo-
sure, no matter how small, has potential 
deleterious effects. With this in mind, staff should 
diligently apply what they know regarding time, 
distance, shielding, and the ALARA principle to 
minimize radiation exposure to themselves, fel-
low workers, patients and their families, as well 
as other incidentally encountered individuals.  

    Pregnancy 

 Pregnant staff should take special precautions as 
developing cells are more radiosensitive than 
mature, developed cells. In order to protect the 
developing embryo/fetus, lower exposure limits 
have been adopted. Female employees who work 
with radiation that become pregnant can choose 
to offi cially declare their pregnancy to the RSO. 
Currently, the exposure limit for the embryo/
fetus for the entire pregnancy is 5 mSv for women 
who have offi cially declared their pregnancy. 
Guidance on this matter can be found in the NRC 
Regulatory Guide 8.13  Instructions Concerning 
Prenatal Radiation Exposure  [ 13 ]. 

 Individual institutions may take different pre-
cautions for the pregnant worker. However, when 
it is possible, the pregnant worker should be 
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excused from those procedures that yield the 
most exposure. Some of these might include 
patient administration of higher-dose procedures 
and radiopharmacy tasks. Pregnant staff should 
also take extra precautions against airborne 
radiopharmaceuticals. In addition, they should 
wear two monitoring badges: The usual location 
to estimate the workers’ typical exposure, and the 
second badge should be worn near the waist to 
determine the potential exposure to the develop-
ing fetus. This approach provides a more accu-
rate estimate of the fetal exposure. 

 The institution should also take precautions to 
avoid performing nuclear medicine procedures 
on pregnant patients. All female patients of child-
bearing age should be asked whether they are 
pregnant prior to the administration of the radio-
pharmaceutical. A nuclear medicine clinic that 
images children should have a policy as to what 
is meant by “childbearing age.” Such a policy 
may include female patients older than 12 years 
of age or after their fi rst menstrual period. With 
teenage girls, the technologist may want to ask 
this question in a discrete manner. 

 The clinic may decide that there are certain 
procedures for which pregnancy should be con-
fi rmed or denied medically. These may be proce-
dures with the potential for a reasonable dose to 
be received by the embryo. In these cases, a preg-
nancy test can be ordered and the procedure 
delayed until after the results are known. 

 If the patient knows that she is pregnant or 
may possibly be, the referring physician should 
be consulted and decision should be made 
whether the procedure should still be performed 
or whether it should be cancelled or postponed. 
There may be instances where it is determined 
that the procedure is necessary for the health of 
the patient, and in these cases, informed consent 
should be obtained.   

    Instrumentation 

 In addition to the equipment necessary for the 
clinical operation, a nuclear medicine laboratory 
will also need some equipment specifi c for radia-
tion safety. Also, the dose calibrator, well coun-

ter, and thyroid probe may be used for both 
clinical and safety purposes. The dose calibrator 
is a pressurized gas-fi lled ionization chamber 
that is used to assay the activity to be adminis-
tered to the patient. The device, which is typi-
cally fi lled with argon at ten times atmospheric 
pressure, can accurately measure amounts of 
activity from 0.7 MBq up to 37 GBq. A dose log 
must be maintained of the date, time, and amount 
of radioactivity administered to each patient as 
well as the individual who performed the admin-
istration, and the dose calibrator is essential for 
the quality of this record. A standard quality con-
trol program of the dose calibrator that includes 
evaluation of the chamber’s constancy, linearity, 
accuracy, and geometric variations must be 
 maintained to ensure the integrity of the 
measurements. 

 The sodium iodide well counter can be used 
for the counting of radioactive biological sam-
ples such as for the evaluation of glomerular 
fi ltration rate (GFR), but it can also evaluate 
wipe assays of removable activity for protec-
tion purposes. Unlike the dose calibrator, the 
well counter is based on a solid sodium iodide 
crystal and thereby is used for measuring less 
than 20 kBq of activity. In the context of radia-
tion safety in nuclear medicine, the well coun-
ter can measure activities as low as 10 Bq and 
thus is useful for measuring very small amounts 
of radioactivity, signifi cantly less than regula-
tory limits for both accepting packages shipped 
from the radiopharmacy (0.04 kBq) and sealed 
sources used for calibration (0.2 kBq). The 
quality control for the well counter includes 
energy calibration, the chi square test, as well 
as determination of the  effi ciency and the mini-
mum detectable activity (MDA). 

 Two different types of survey meters are uti-
lized in the nuclear medicine clinic, a Geiger- 
Mueller (G-M) meter and an ionization (or “ion”) 
chamber. The G-M meter is used for surveying 
items and areas for the presence of contamina-
tion. Thus, they are used for surveying packages 
received from the radiopharmacy as well as areas 
in the clinic where radioactivity has been handled 
at the end of each working day. The G-M meter 
can also be used to survey any areas where one 
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suspects there might be contamination. Lastly, 
the G-M meter is used to survey radioactive trash 
prior to its disposal. It should be noted that the 
G-M meter only detects events with no specifi c 
information regarding the energy deposited, and, 
thus, it is not the device of choice for estimating 
exposure or air kerma levels from which radia-
tion dose can be inferred. 

 The ion chamber is based on the collection of 
ionization in a gas (often air) and thus makes 
measurements directly related to the radiation 
quantity  exposure  (in roentgens, R) and air kerma 
(in gray, Gy). These measurements at some loca-
tion can be used to directly infer the radiation 
dose that would be received by an individual at 
that location. This can be very useful for measur-
ing the air kerma rate at a set distance from a 
patient who has received  131 I therapy to assure 
that it is safe to allow the patient to leave the hos-
pital without exposing family members and other 
members of the general public to unacceptable 
levels of radiation as discussed in other sections 
of this chapter.  

    Patient and Family Safety 

 As discussed in Chap.   31    , children are consid-
ered to be at a higher, potential risk from radia-
tion than adults. At the same time, the practice of 
nuclear medicine in children can be of great clini-
cal value but can also be quite challenging as dis-
cussed extensively in this book. Therefore, 
careful attention to detail in pediatric nuclear 
medicine is very important. Being able to per-
form the procedure correctly and in a timely 
 fashion often can be the difference between 
 success and failure. With very small or otherwise 
 challenging patients, there may be only one 
opportunity to get the procedure done right. 

 Chapter   28     describes radiation dosimetry in 
the context of pediatric nuclear medicine. As dis-
cussed, the primary determining factor for the 
radiation dose is the administered activity to the 
patient and can be considered the primary dose 
index for nuclear medicine. The radiation dose 
received by any of the patients’ organs is directly 
related to the administered activity. Nuclear 

medicine clinics that perform procedures in chil-
dren only on occasion may have questions regard-
ing the proper administered activity for different 
size patients. As described in Chap.   31    , several 
organizations have developed guidelines in this 
regard. In particular, the Image Gently program 
in conjunction with the Society of Nuclear 
Medicine and Molecular Imaging (SNMMI), the 
Society of Pediatric Radiology, and the American 
College of Radiology issued the North American 
Guidelines for Administered Doses in 
Adolescents and Children [ 14 ]. The European 
Association of Nuclear Medicine (EANM) has 
also published what is referred to as the EANM 
Pediatric Dose Card to also provide guidance in 
this regard [ 15 ]. More recently, the SNMMI and 
the EANM have worked to bring these two sets of 
guidelines into harmonization. In addition, 
advances in instrumentation, image processing, 
and reconstruction can provide an opportunity for 
dose reduction as described in Chaps.   27     and   31    . 

 It is natural for the parents of young children 
undergoing nuclear medicine procedures to want 
to understand the benefi ts and potential risks 
associated with the procedure. In addition, teen-
agers may have their own questions as they may 
have discussed radiation and its effects in school. 
Therefore, the nuclear medicine professional 
should be well prepared to discuss these issues 
with the parents or to put them in contact with an 
expert in radiation protection who can best 
answer their questions and concerns [ 16 ]. Much 
of the background information for this discussion 
is covered in Chaps.   28     and   30     along with the list-
ing of many excellent references. 

 A discussion with patients and their families 
may include the following: During the procedure, 
the patient will be administered a small amount 
of radioactivity that emits radiation similar to 
that given off by x-ray machines, and this expo-
sure may carry a very small potential risk that the 
patient may contract cancer sometime in their 
remaining life. The amount of radiation that the 
patient will receive is similar to that from other 
radiologic exams such as CT scans or that 
received from background radiation in 1–2 years. 
If asked, one can provide a radiation effective 
dose estimate to folks receiving similar 
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procedures, but one should be clear that their 
individual radiation dose may vary signifi cantly 
from these estimates.     
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The practitioner of pediatric nuclear medicine 
should have some knowledge of radiation effects 
and the potential hazards that may result from low-
level radiation exposures. There are several rea-
sons such information is essential. First, specialists 
should ensure that the exposure of patients to radi-
ation from diagnostic or therapeutic  procedures is 
not excessive. Although all current radiopharma-
ceuticals deliver radiation doses within a readily 
acceptable range, such was not the case 40 years 
ago when the radionuclides employed were gener-
ally longer-lived and  emitted significant particu-
late radiation, e.g., iodine-131 (131I) and 
strontium-87m (87mSr). As a result, before 1970 at 
Boston Children’s Hospital, radionuclides were 
administered only to patients with advanced neo-
plastic diseases. Today, as new agents are intro-
duced, it is imperative to understand the details of 
their distribution and the resulting radiation doses 
delivered to various organs. Moreover, for those 
who participate in clinical trials with new radiola-
beled agents, an estimation of the absorbed radia-
tion dose is required by institutional review boards, 

as is some assessment of the potential hazard (see 
also Chap. 28).

Second, patients and particularly the parents 
of young patients are frequently concerned about 
the radiation risks associated with nuclear 
 medical procedures. It is important to convey 
these potential risks clearly, placing them in the 
context of radiologic and other risks as well as 
the benefits to be gained.

Third, nuclear medical specialists are often 
asked their advice about the potential harm that 
may result from nuclear accidents such as those 
at Three Mile Island, Chernobyl, and Fukushima. 
It serves the practitioner well to respond to such 
requests in an authoritative and intelligible 
fashion.

The increased use of medical imaging proce-
dures in general, but especially in children, has 
sensitized the pediatric community to the con-
comitant increase in radiation exposure, particu-
larly from CT examinations but from nuclear 
imaging studies, as well [1]. In response, a 
nationwide program aimed at reducing medical 
radiation exposure in children, Image Gently, has 
been established (www.imagegently.org).

This chapter presents some of the radiobio-
logic consequences of irradiation as well as con-
clusions from several epidemiologic studies of 
radiation exposure. How the radiation protection 
community thinks about low-dose and low-dose- 
rate exposure is considered. A final section dis-
cusses how to explain potential risks to others.
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 Effects of Radiation Exposure

 Radiobiologic Consequences

We are now aware that damage to the genome is 
the basis for most radiation action on cells; this is 
the case particularly for late effects—cancer pro-
duction in somatic cells and mutagenesis in germ 
cells—although all of the mechanistic details 
have not been worked out. At the molecular level, 
ionizing radiation causes base damage, single- 
strand breaks and double-strand breaks (DSBs) 
in DNA, as well as cross-linking between DNA 
strands and between DNA and nuclear proteins. 
Of particular significance are DSBs, which are 
susceptible to misrepair. They are induced with 
radiation doses as small as 1 mGy, and their fre-
quency arises linearly with dose [2]. Molecular 
damage leads to point mutations, partial and 
complete gene deletions, disrepair, transloca-
tions, and other genetic changes. These changes, 
in turn, result in inheritable disorders in germ 
cells and, through the interplay of oncogenes, 
tumor suppressor genes, and clonal selection, in 
cellular transformation and carcinogenesis in 
somatic cells.

Of relevance to nuclear medicine is the obser-
vation, in cell cultures, that fractionation of radi-
ation dose or reducing the dose rate decreases the 
frequency of carcinogenic transformations. Thus 
a given dose from beta particles or gamma pho-
tons, such as that produced by extended radioac-
tive decay, results in a lower transformation 
frequency than the same dose delivered acutely 
by x-ray or electron generators [3].

Chromosomal aberrations are the most obvi-
ous of the cytogenetic changes produced by irra-
diation. Of these changes, chromosome and 
chromatid breaks and structural rearrangements 
are the most common. When two breaks are pro-
duced in a cell and the ends joined other than in 
their original sequence, stable and unstable struc-
tural anomalies occur. As two electron tracks are 
generally needed to produce these aberrations, 
the dose–response relation, taking into account 
the occasional single track that produces two 
breaks, is a linear–quadratic one [4].

Exposure of rodents and other animals to 
increasing doses of radiation leads to an 
increased incidence of cancers and inheritable 

genetic abnormalities. In the case of cancers, the 
 incidence rises with dose to reach a maximum at 
about 3–5 cGy. Decreasing the dose rate or 
 fractionating the dose reduces the incidence of 
 animal cancers—with its obvious relevance to 
internally deposited radionuclides [5].

The main source of genetic information about 
the effects of radiation on the germ cells of mam-
mals comes from experiments with mice. 
Increasing rates of mutation are found with 
increasing doses. Again, a reduction in dose rate 
has a significant effect on mutational frequency. 
In the male mouse, radiation sensitivity is reduced 
by a factor of three when the dose rate goes from 
1,000 to 10 mGy/min, whereas in the female 
mouse low-dose rates produce few if any muta-
tions. From these experiments, the doubling dose 
(i.e., that quantity of radiation required to double 
the mutation rate to twice its spontaneous value) 
is estimated to be approximately 1 Gy. As no 
direct information on the production of radiation- 
induced, inheritable human disorders is avail-
able, risk estimates are based on mouse 
experiments. The children of persons exposed 
acutely to radiation in Hiroshima and Nagasaki 
have been carefully examined, and no evidence 
for genetic change above the baseline has been 
found. Hence, it has been assumed that humans 
are no more sensitive to inheritable mutations 
than mice, and, in the case of chronic irradiation, 
may be considerably less so [6].

 Epidemiologic Studies

In a number of instances, exposure to ionizing 
radiation has produced cancer in humans. Early 
radiologists, who performed fluoroscopic exami-
nations with bare hands and high-dose sources, 
developed skin cancers. Radium-dial painters, 
who pointed brushes with their tongues, devel-
oped sarcomas of the bone. Patients receiving 
thorium by injection to make the liver opaque to 
x-rays developed liver tumors. These observa-
tions alerted the medical community to the prop-
osition that high-dose exposure could produce 
human cancer at some later time.

More recent studies have been concerned 
with quantifying the dose–response relation-
ship in populations exposed to various doses of 
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radiation in the range of 0.1–3 Sv. These popu-
lations include survivors of the atomic bomb 
detonations in Japan, patients treated by x-rays 
for ankylosing spondylitis, patients with tuber-
culosis and thoracoplasties who were followed 
for long periods with multiple fluoroscopies, 
patients treated with radiation for mastitis, and 
children who underwent irradiation of the scalp 
and thymus with concomitant irradiation of the 
thyroid. In addition, children who ingested 131I 
following the Chernobyl disaster have been fol-
lowed. All of these studies have shown an 
increase in cancer incidence with increasing 
doses of radiation for a number of organs 
including the bone marrow, breast, thyroid 
gland, lung, stomach, colon, and ovary. 

Although among these studies there are some 
variations in the dose–response relationship, 
several generalities have emerged [4]:
 1. The response of bone marrow differs signifi-

cantly from that of solid organs. Leukemias 
appear earlier after exposure than do other 
cancers; they reach a peak incidence within 
5–10 years and decline slowly thereafter 
(Fig. 30.1). Childhood forms, such as acute 
lymphocytic leukemia, differ from adult 
forms, such as acute and chronic myelogenous 
leukemia. The dose–response curve for leuke-
mia appears to be linear–quadratic in shape 
with a possible threshold [7]. For solid tumors 
there is a latent period of at least 10 years, and 
the dose–response curves appear to be approx-
imated by straight lines (Fig. 30.2) [8]. Not all 
tissues are equally sensitive to radiation 
 carcinogenesis. In the Hiroshima–Nagasaki 
life- span study, breast and bladder were more 
so and rectum, pancreas, and uterus less.

 2. Children are more susceptible than adults [9]. 
Moreover, there seems to be an increase in 
childhood cancers, particularly leukemia, of 
the same magnitude in children exposed in 
utero. The incidence of additional cancer 
cases increases with age in parallel with the 
increase in cancer of solid organs seen in an 
unexposed population.

 3. Exposure of the thyroid gland to exter-
nal radiation results in an increased inci-
dence of thyroid nodules and thyroid cancer, 
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as would be expected. Childhood thyroid 
 cancer has increased early and markedly in 
areas subject to radioiodine fallout from the 
Chernobyl nuclear accident [10]. The marked 
sensitivity and rapid onset may be due to 
the relative iodine deficiency in these areas. 
Notwithstanding, this observation suggests 
that caution should be used in treating chil-
dren and young adolescents before the age of 
15 with 131I. The oncogenic pathway RET–
RAS–BRAF–MAPK may be involved in the 
pathogenesis of these juvenile papillary thy-
roid cancers. Rearrangement of the RET/PTC 
gene following the induction of DSBs seems 
particularly to be implicated [11].
Moderate to high doses of radiation in utero 

also produce developmental defects and func-
tional losses in certain organs. Unlike carcino-
genesis, these responses have a clear threshold 
above the levels provided by most nuclear medi-
cal procedures. For this reason they are not 
described here but can be found in a number of 
sources [12]. As for inheritable diseases follow-
ing radiation of gametes, so far none have been 
observed in humans at low doses and are, there-
fore, not considered to be of significance [13].

 Low-Dose and Low-Dose-Rate 
Exposure

Most nuclear medical exposures and most 
 nonoccupational accidental radiation exposures 
are at equivalent doses from 5 to 25 mSv (see 
Chaps. 28 and 31). Ideally, estimates of the risk 
would be derived from definitive epidemiologic 
studies performed in this dose range. Although 
there are many such studies, none is conclusive. 
Several populations have been examined: atomic 
bomb survivors, persons exposed to nuclear 
sources such as fallout from weapon tests, those 
exposed as workers in nuclear facilities, medi-
cally  irradiated populations, and persons who 
have lived in high-background areas. Some stud-
ies have shown increases in cancer incidence 
with low doses, and others have not; a few have 
 indicated a decrease in cancer incidence with 
doses slightly above background levels. All have 

suffered from small sample size, inadequate 
 controls, incomplete dosimetry, or a range of 
confounding factors. As the statistical restraints 
on studies of small populations are so much 
greater than those on large ones, it is easy to see 
why these investigations shed little light on the 
question of a threshold for radiation effects and 
provide an uncertain estimate of radiation risks at 
low doses [14].

In addition, there is experimental evidence 
that low doses of radiation do produce paradoxi-
cal biologic effects, but whether these are detri-
mental or protective is a matter of contention. 
Chronic, low-dose exposure (1 mSv per week 
for mice; 0.8 mSv per day for rats) increases the 
life span of rodents, an effect that has been 
ascribed to enhanced immune responsiveness. 
Similarly, a decreased incidence of thymic lym-
phoma has been found in mice as a result of 
chronic, fractionated low-dose total-body x-irra-
diation [15]. Furthermore, exposure of some 
cells and organisms to low-dose radiation pro-
duces an adaptive response to higher doses of 
radiation; that is, certain biologic changes occur 
with less frequency at higher levels of radiation 
exposure than are found in previously unex-
posed cells [16]. These changes include survival, 
chromosome aberrations, and gene mutations. 
The increased radiation resistance has been 
ascribed to radical scavenging, stimulated DNA 
repair mechanisms, or the production of protec-
tive stress proteins.

On the other hand, there is now evidence that 
irradiated cells may produce biologic effects in 
their unirradiated neighbors, a response called the 
bystander effect. This phenomenon seems to rely 
on a transmissible factor(s). It has been shown in 
an in vitro cell system that the adaptive response 
may cancel out the bystander effect, which would 
make it difficult to predict the importance of the 
latter at low-dose exposures [17].

National and international bodies, taking a 
prudent approach, have adopted the stance that 
all radiation exposure is potentially harmful, with 
even the lowest doses producing some damage at 
the molecular and cellular levels [4]. Thus, con-
siderable effort has been expended in estimating 
the risks at low doses and low-dose rate by 
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extrapolation from moderate- and high-dose 
 epidemiologic data. The principal arguments 
have focused on the correct form for the dose–
response curve. The curve for leukemia, which 
appears to be of the linear–quadratic form, agrees 
with the shape of responses across a wide variety 
of biologic end points. In the case of solid organs, 
extrapolation has proved more difficult; the data 
fit a linear relationship but there is considerable 
uncertainty at low doses (Fig. 30.2). On the other 
hand, a linear–quadratic response can appear lin-
ear at high and moderate doses. To take into 
account this possibility and the fact that progres-
sively lowering the dose rate incrementally 
reduces the slope of the dose–response curve in 
experimental systems, a dose and dose-rate effec-
tiveness factor has been introduced to approxi-
mate the limiting slopes at low-dose rate. The 
value of this factor has been estimated to be 1.5–
10, but most agencies have used a value of 
approximately 2 to be on the conservative side. 
From all these adjustments, the carcinogenic risk 
from 10-mSv exposure is estimated at ~5 in 
10,000 for adults and about l in 1,000 for children 
(Fig. 30.3).

Despite the uncertainty of estimates at low 
doses, national and international agencies advise 
that the most prudent estimate of risk is based on 
extrapolation from the linear non-threshold 
 relationship. Thus, it is incumbent on practitio-
ners to minimize these risks without compromis-

ing clinical care. Three general approaches can 
be employed. First, minimize the dose from 
imaging procedures that use ionizing radiation 
without compromising image fidelity; second, 
replace procedures based on ionizing radiation 
(e.g., CT and nuclear studies) with those that are 
not (e.g., MRI and ultrasound) when appropriate; 
third, order CT and nuclear images only when 
indicated by clinical decision rules and appropri-
ateness criteria. When such guidelines have been 
followed, significant reduction in radiation 
 exposure has been observed. The “Image Gently” 
campaign championed by the Alliance for 
Radiation Safety in Pediatric Imaging has taken 
the lead in promoting these, and much useful 
information for patients, families, and medical 
practitioners can be found on their website 
(see www.imagegently.org).

 Explaining the Risks to Others

 Effective Dose

To estimate the radiation risk from any diagnostic 
procedure or accidental exposure, it is necessary 
to relate a dose quantity to a risk quantity. For 
nuclear medical procedures in which, by design, 
the dose to different organs varies, it is useful to 
combine the doses into a single metric that can be 
used for comparative purposes. This is best done 
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by employing the effective dose (E), the dose to 
each organ for a given procedure multiplied by a 
weighting factor and then summed:

 E = H W ,T TS  

where HT is the dose to organ T and WT is the 
weighting factor for organ T. The weighting fac-
tor is proportional to the radiation sensitivity of 
each organ as determined from epidemiologic 
studies of carcinogenesis and, in the case of the 
gonads, from experimental studies of inheritable 
disorders. Thus the effective dose is a risk surro-
gate that is corrected for the heterogeneity of 
absorbed organ doses obtained in most nuclear 
medical procedures or from accidental exposure 
to radionuclides. Some representative effective 
doses from nuclear medical procedures are given 
in Chap. 28.

It should be appreciated that the effective dose 
has been calculated for healthy adults and does not 
take into account either the age or the life expec-
tancy of sick children. It should be used only to 
compare the radiation risk of one procedure with 
another and as a basis for comparison with other 
hazards. Nonetheless, it is possible to estimate 
the radiation risk from common nuclear medical 
procedures; for example, that for 99mTc-disodium 
[N-[N-N-(mercaptoacetyl)glycyl]-glycinato(2-) 
-N,N′,N″,S]oxotechnetate(2-) (99mTc-MAG3) 
(Table 30.1) has been assessed using the results 
from Fig. 30.3 and Chap. 31.

 Institutional Review Boards

The institutional review process that is required 
before new or experimental procedures are 

 introduced is greatly facilitated by having a 
 uniform radiation risk standard with which the 
new procedures may be compared. Of course, 
review boards are also interested in the relative 
benefit and effectiveness of the new procedure in 
relation to its hazard; introduction of the proce-
dure to the clinic, after all, is based on efficacy. In 
pediatric nuclear medicine, these questions are 
especially important as many new procedures 
and agents are first tested in adult patients and 
then extended to children on a trial basis. We 
have found that a good comparison is with equiv-
alent doses from well-established radiologic and 
nuclear medical procedures. (Keep in mind that 
the background equivalent dose, excepting radon 
exposure, is about 1 mSv per year.) Some repre-
sentative equivalent doses are chest radiograph, 
0.1 mSv; i.v. urogram, 3 mSv; and abdominal CT, 
8 mSv.

 Patients and Their Families

When providing information to patients who are 
to undergo a diagnostic nuclear medical proce-
dure or to those inadvertently exposed to radia-
tion releases, as well as to their families, the goal 
should be to reduce anxiety by conveying a real-
istic and comprehensible estimate of the pro-
jected harm. This is not always an easy task. As 
described above, the long-term consequences of 
radiation exposure are frightening in their poten-
tial prospect: cancers and genetic defects. 
Moreover, the perception of risk is often contex-
tual with the fear of radiation exposure from a 
nuclear accident being greater than that from 
medical and natural sources [18].

There are several ways to facilitate the discus-
sion of these matters with patients. First, the time 
course for the late effects of radiation can be 
described with the help of a diagram such as that 
shown in Fig. 30.1. The risk of leukemia starts 
after a latent period of 2 years, peaks at 6–7 years, 
and is generally exhausted after 25 years. The 
risk of a solid tumor begins after 10 years and 
may peak after 40 years. The lifetime attributable 
risk of a 10-mSv exposure in children is shown in 
Table 30.2 and Fig. 30.3. One way of expressing 

Table 30.1 Assessment of radiation risk from 99mTc-MAG3

Administered 
activity (MBq)

Effective 
dose (mSv)

Risk (%)

Female Male

Newborn 4.4 1.41 0.04 0.02
5-year-old 55.5 0.78 0.04 0.02
10-year-old 104.0 1.56 0.04 0.01
Adult 370.0 4.44 0.04 0.02

Note that although the risk per unit of exposure increases 
with decreasing age, the scaling of administered activity 
with body surface area evens out the relative risk
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this risk is to compare it with the ordinary risk of 
dying of cancer—a probability of approximately 
20 %. The incremental risks are small and are 
outweighed by the benefits.

A similar approach can be taken for inheritable 
genetic risks. It is important to convey that the 
uncertainty is greater in this instance because esti-
mates are based on animal data, although we are 
fairly certain that humans are less sensitive than 
mice. In humans the probability of an offspring 
having a genetic abnormality, which includes 
genetic and chromosomal diseases as well as con-
stitutional diseases and anomalies, is about 6 %. 
Following a radiation exposure of 10 mSv, it is 
projected that there is an additional probability 
of 0.0004 %, so the total probability becomes 
6.0004 %, hardly a significant  increment [6].

Another approach is to compare these risks to 
other hazards of everyday living. With an average 
fatal accident rate of 6 per 10,000 per year, over a 
50-year period, this risk is approximately 3 %, or 
the equivalent of an exposure to 600 mSv or 120 
average nuclear medical procedures. Fatal acci-
dents also provide a useful spectrum of risks 
(Table 30.3). The analogy, however, can be faulted 
as these accidents are generally immediately fatal 
in comparison with the long-term consequences 
of radiation exposure. In contrast, the frightening 
aspects of radiation risk are the uncertainty of out-
come and relatively long period of latency.

No conversations with patients and families 
concerning the risks of exposure from imaging 
studies should omit their benefits. This should 
include the reasons for the study, be it for diag-
nostic accuracy, for its impact on decisions as to 
treatment and hospitalization, to measure thera-
peutic response, etc. The discussion should make 
it clear that the decision to employ a nuclear or 

CT study is based on a benefit that exceeds any 
perceived risk. Although most patients and par-
ents generally assume such logic, it is reassuring 
for them to hear that those caring for the health of 
children do so as well.

 Conclusion

Practitioners of pediatric nuclear medicine 
should have a firm understanding of the risks 
of radiation, particularly at low doses and low-
dose rates. We have an obligation to look at 
the absorbed doses from standard procedures 
with these risks in mind and to convey the 
risks of new ones to institutional review boards 
in a fashion that compares them with the risks 
of other medical tests. We must be able to 
present these risks to patients and their fami-
lies in a manner that allows them to appreciate 
the hazards and benefits in a realistic way and 
in relation to the risks of other activities.
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        Diagnostic nuclear medicine studies provide 
invaluable information in the diagnosis and 
 follow- up of many disorders in children. These 
studies are physiologic, highly sensitive, and min-
imally invasive. It is generally agreed that when 
performed appropriately, nuclear medicine stud-
ies carry low radiation exposures and pose no 
demonstrable risk to patients. To date, there have 
not been documented risks to the patient with 
such low doses of radiation from nuclear medi-
cine studies. 

 During the past few years, there has been an 
increased level of interest and concern over the 

potential health risks to children from diagnostic 
imaging studies that utilize ionizing radiation. 
Reported risks from CT in children include the 
development of cancers and, in the case of CT 
radiation exposures to the head in early life, an 
effect on cognitive function. These concerns have 
been a source of extensive coverage both in the 
scientifi c literature and in the public press. These 
 communications are too many to cite in this 
chapter. Even with such a wealth of published 
 literature, controversy still exists regarding what 
the real or potential risks are from low radiation 
exposures in diagnostic imaging in children. This 
topic is likely to remain a source of ongoing dis-
cussion and further research for some time to 
come [ 1 ,  2 ]. 

 Although radiation doses in pediatric nuclear 
medicine are low, it is considered prudent and 
good practice to perform these studies using the 
lowest amounts of radioactivity that preserves 
the procedure’s diagnostic value. When consider-
ing nuclear medicine imaging in children, it is 
important to balance the real benefi t to the patient 
and referring physicians with the potential risk of 
low radiation exposure. The Society of Nuclear 
Medicine and Molecular Imaging (SNMMI) and 
the Society of Nuclear Medicine Technologist 
Section (SNMTS) have published a joint state-
ment (June, 2012) in this regard that states: “The 
SNMMI and SNMTS believe that the right test 
with the right dose should be given to the right 
patient at the right time. When nuclear medicine 
and molecular imaging procedures are performed 
correctly on appropriate clinical indications in 
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patients, the real benefi ts of the procedure signifi -
cantly outweigh any potential risks. The proce-
dure that provides the most useful clinical 
information is the one that should be performed.” 
Please see Chap.   30     [ 3 – 9 ]. 

 The benefi ts of nuclear medicine to the care 
of pediatric patients are described in several 
chapters in this book. Radiation exposures from 
pediatric nuclear medicine procedures and 
 potential risks from radiation exposures in 
nuclear medicine are discussed in Chaps.   28     
and   30    , respectively. This chapter focuses on 
ways and means to achieve reduction in radia-
tion  exposures in these patients without 
adversely affecting the diagnostic quality of the 
studies. 

 Factors that can lead to reduction in radiation 
exposure in children undergoing nuclear 
 medicine studies include the following:
    1.    Lowering radiopharmaceutical administered 

doses   
   2.    Appropriateness of clinical indications and 

utilization   
   3.    Optimization of imaging protocols   
   4.    Application of advanced imaging processing 

and display   
   5.    New and advanced instrumentation   
   6.    Education and communication     

    Radiopharmaceutical Administered 
Activities 

 The most infl uential factor in controlling radia-
tion exposure in nuclear medicine is the amount 
of radiopharmaceutical activity administered to 
the patient. While pediatric applications of 
nuclear medicine have been used extensively for 
many decades, radiopharmaceutical administered 
activities in children traditionally have not been 
standardized until very recently [ 6 ,  7 ]. 

 Historically, pediatric administered radiophar-
maceutical doses have been determined by a 
combination of factors including practitioners’ 
experience and preference, available instrumen-
tation, patient size, desired image quality, photon 
fl ux examination time, and the patient’s ability to 
cooperate. Over the years, individual institutions 
have developed their own approach towards 

determining pediatric doses in their practices. As 
a consequence, pediatric radiopharmaceutical 
administered doses have varied over a rather 
broad range with the consequent wide variation 
of patients’ radiation exposures. High doses 
(which may not result in improved diagnostic 
sensitivity or accuracy) or low doses (which do 
not permit adequate examination) should be con-
sidered unnecessary radiation exposures and 
should therefore be avoided whenever possible. 

 Contributing to this large variability of radio-
pharmaceutical administered doses in children 
has been the fact that with very few exceptions, 
most radiopharmaceutical package inserts have 
not provided guidance on pediatric doses. Instead 
most contain what has been known as the “orphan 
clause” that states something like this: “Pediatric 
Use: Safety and effectiveness in children have 
not been established . ” 

 Lack of information on pediatric administered 
doses and absorbed doses, the desire of some 
physicians or technologists to obtain a study in 
the shortest possible time, combined with inex-
perience in handling pediatric patients are all fac-
tors that can contribute to radiopharmaceutical 
overdose in children [ 3 ]. 

 Dose estimations for pediatric patients based 
on adult dose corrected for body weight, body 
surface area or other expressions of size have 
been considered adequate general guides for 
children over 1 year of age. However, premature 
infants and newborns require special consider-
ation, and the concept of minimum total dose 
should be considered.  Minimum total dose  may 
be defi ned as the minimum dose of a radiophar-
maceutical below which the study will be 
deemed inadequate regardless of the patient’s 
body size [ 4 ]. 

 In 2008, we conducted a survey of pediatric 
radiopharmaceutical dose protocols among 13 
premier children’s hospitals in North America. 
These institutions have modern imaging systems 
and their staffs have an excellent understanding 
of the pediatric patient. However, even under 
those circumstances, our review indicated that 
the administered dose ranges varied rather 
widely. The information gathered in this survey 
showed that the values for  maximum activity  and 
activity calculated as a function of  body weight  
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varied by an average factor of 3 and as much as 
10. Importantly, radiopharmaceutical doses given 
to the  smallest children  (minimum administered 
dose) varied by an average factor of 10 and as 
much as 20 in some procedures. These fi ndings 
suggest that a refi ned approach to determine 
 optimal radiopharmaceutical doses in newborns 
and infants is needed. Our survey did not include 
institutions that were not exclusively dedicated to 
children, so one would speculate that the actual 
variation in administered doses might be even 
greater across adult institutions that also image 
children. Publication of the results of this survey 
elicited considerable interest among imaging 
specialists including pediatric nuclear medicine 
practitioners. 

 The 2010 North American Guidelines for 
Administered Radiopharmaceutical Doses list 
recommended doses based on maximum doses, 
doses by body weight, and also minimum doses 
for a number of agents. These guidelines are 
approved by the Society of Nuclear Medicine 
and Molecular Imaging (SNMMI), the Society 
for Pediatric Radiology (SPR), and the American 
College of Radiology (ACR) and are endorsed by 
the Image Gently Campaign (IG). The guidelines 
were distributed widely on the IG and SNMMI 
websites and in the form of pamphlets with the 
dose guidelines that were distributed within pro-
fessional journals and also mailed to nuclear 
medicine departments in North America. This 
group continues to meet to update these guide-
lines [ 5 – 7 ]. 

 The European Association of Nuclear 
Medicine (EANM) has also developed a pediat-
ric dose card. Using this lookup table, adminis-
tered dose can be determined based on which 
radiopharmaceutical is being used and on patient 
weight [ 10 ].  

    Appropriateness of Clinical 
Indications, Utilization Criteria, 
Sequencing of Studies 

    One way to reduce radiation exposures in pediat-
ric nuclear medicine is to ensure that the requested 
procedure is the most appropriate approach to the 
specifi c diagnostic question and that the adminis-

tered dose is appropriate to the specifi c clinical 
task. Therefore, it is important to review each 
request and obtain suffi cient clinical information 
in each case before proceeding with a study. 
When multiple imaging studies are contemplated 
for one patient, it is helpful to determine in what 
order these tests should be obtained to assure that 
one can achieve the desired diagnosis in the most 
effi cient way and with the lowest patient radia-
tion exposure possible. From the vantage point of 
nuclear medicine, we offer some examples on 
how to reduce exposures based on certain diag-
nostic objectives. 

 Consider the case of radiographic voiding cys-
tourethrography (VCUG) and radionuclide cys-
tography (RNC). One way to reduce radiation 
exposure to patients is to obtain an RNC instead 
of a VCUG for the initial detection of vesicoure-
teral refl ux and also for follow-ups. Depending 
on the equipment and the technique, RNC gives 
20–100 times lower dose than VCUG, it continu-
ously monitors fi lling and voiding, and it high 
contrast and a high sensitivity for the detection 
and assessment of vesicoureteral refl ux. Although 
the spatial resolution of RNC is inferior to 
VCUG, RNC is more sensitive, and in many 
instances, even with the relatively poor spatial 
resolution, it can serve to answer whether refl ux 
is present or not (Fig.  31.1 ).

   During the investigation of recurrent urinary 
tract infections, some practices indicate a cysto-
gram fi rst to determine if the patient has vesico-
ureteral refl ux or not. In this approach, if the 
patient doesn’t have refl ux, the evaluation for 
renal parenchymal damage is not usually pur-
sued. This is known as the “bottom-up” approach. 
However, it is important to consider that renal 
damage from pyelonephritis can exist without 
detectable vesicoureteral refl ux. Other practices 
employ a so-called “top-down” approach. This 
approach begins with the initial assessment of 
renal cortical damage with  99m Tc-DMSA scintig-
raphy. This approach reduces the need for an ini-
tial VCUG or RNC. In this setting, refl ux studies 
are reserved for patients in whom the DMSA 
scan reveals renal damage. Reducing the number 
of necessary voiding studies in patients who are 
asymptomatic can reduce patients’ gonadal dose 
(Fig.  31.2 ).

31 Dose Optimization in Pediatric Nuclear Medicine
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      Pulmonary Aspiration 
and the Salivagram 

 In the diagnosis of pulmonary aspiration, the 
early use of the salivagram in some cases may be 
preferable to barium swallow studies. The saliva-
gram is highly physiologic, noninvasive, and 
very sensitive and delivers a very low radiation 
exposure to the patient. Obviously, this test does 
not give detailed anatomic information compared 
to a barium swallow (such as the evaluation of the 
swallowing dynamics), but in some patients the 
information derived by the salivagram may pro-
vide suffi cient information to help in the manage-
ment of the patient (Fig.  31.3 ).

       Evaluating the Skeletal Origin 
of Back and Extremity Pain 

 Localization of a skeletal cause of back or extrem-
ity pain in young children can be  challenging. 
Patient or parent reports of the  location of pain 
may be unreliable including the presence of 
referred pain. Frequently, these patients initially 

  Fig. 31.2     99m Tc-DMSA renal scan in an 8-month-old boy 
with recurrent fever. There is a focal reduction of tracer 
uptake in the left upper pole, presumably due to pyelone-
phritis in the patient without vesicoureteral refl ux       

  Fig. 31.3    Bilateral aspiration demonstrated by a saliva-
gram in a 4-month-old boy with recurrent pulmonary 
infections.  T  trachea,  S  stomach,  L and R  left and right 
main bronchi       

  Fig. 31.1    Selected images of a radionuclide cystogram (RNC) from a 6-month-old girl showing severe bilateral refl ux       
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undergo plain radiography or even CT to the 
region suspected of being the origin of pain. It is 
possible that an X-ray or even a CT may focus on 
the wrong region of the body, missing the true 
region of interest. In this setting, one advantage of 
skeletal scintigraphy to be considered is that a 
large area of the body can be evaluated in one 
imaging session. In one example, the child’s 
mother reported that the young child had devel-
oped ankle pain following a fall. Radiographs of 
the area were normal and the orthopedic surgeon 
prescribed “high-top” sneakers in an attempt to 
provide support to the patient’s ankle. As the 
patient didn’t improve, the surgeon indicated a 
bone scan. The scan revealed a spiral fracture of 
the tibia that was later confi rmed by a plain radio-
graph. The patient’s symptoms improved after 
placement of a cast. In retrospect, the diagnosis of 
tibial injury could have been obtained with a bone 
scan that would have directed the therapy quickly 
and more precisely (see Fig.   15.15     in Chap.   15    ).

  In another example, a young male with persistent 
lower back pain was relieved by analgesics. Over 
several weeks, the patient had two sets of X-rays of 
the lumbosacral spine. One of these examinations 
suggested mild scoliosis. As the patient’s symptoms 
persisted, a CT of the lower lumbar spine was 
obtained which was normal. The referring physician 
indicated a bone scan. This study revealed an 
intense, focal area of very high uptake at the level of 
T12 in the region of the posterior elements. 
Scintigraphically, this appearance suggested an 
osteoid osteoma. A repeat CT including the region 
of T12 revealed a characteristic fi nding of an osteoid 
osteoma (see Fig.   15.3     in Chap.   15    ).

  These two cases exemplify the usefulness of 
large area imaging provided by skeletal scintigra-
phy in the evaluation of children with back pain 
or extremity pain. Once a lesion is detected by 
scintigraphy, focused imaging with an X-ray or 
CT can help add specifi city to the fi nding.   

    Optimization of Imaging Protocols: 
Acquisition and Display 

 Standard imaging protocols can be modifi ed, 
adapted, or optimized in ways such that the diag-
nostic information is maintained, but at a lower 

radiation exposure to the patient. For example, 
one way to reduce pediatric administered doses is 
to consider the type of study (dynamic or static, 
etc.) and the diagnostic goal or task. For example 
in some centers, it is routine to acquire a dynamic 
renal study with  99m Tc-MAG3 in two framing 
rates: the fi rst 60 s of the study for 1–2 frames/s 
for a radionuclide angiogram followed by a 
“slower” framing rate of 0.25–0.30/s for approxi-
mately 20–30 min. However, in most patients the 
study is viewed and evaluated in sequential 0.5–
1.0 min frames. Since the information gathered 
by the radionuclide angiogram very rarely adds 
to the diagnosis, the MAG3 study can be obtained 
with a lower dose than that needed to obtain 
radionuclide angiogram. This concept can also be 
applied to other procedures such as hepatobiliary 
scintigraphy.  

    Application of Advanced Image 
Processing 

 Using advanced image processing in both planar 
scintigraphy and SPECT, it is possible to achieve 
signifi cant reductions in radiopharmaceutical 
administered doses and therefore radiation expo-
sures without loss of diagnostic information. The 
use of enhanced planar processing (EPP) helps to 
either reduce the radiopharmaceutical dose or 
reduce imaging time [ 11 ]. 

 In planar imaging spatially adaptive fi ltering 
can be useful in static and dynamic studies. Such 
an approach can provide similar image quality 
with fewer acquired counts. In static imaging, 
adaptive fi ltering can either allow a reduction in 
the amount of activity administered to the patient 
given the same acquisition time or alternatively 
while using the standard administered activity 
reduce the imaging time. For example a whole 
body bone scan that would normally take approx-
imately 20–30 min to acquire could be completed 
in 10–15 min which may alleviate the need for 
sedation in small patients. Alternatively, reduc-
tion of both image acquisition time and of admin-
istered activity could be achieved by reducing 
both factors proportionately. Reduction of imag-
ing time can increase patient comfort and reduce 
immobilization time. In the case of dynamic 
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studies, while EPP cannot reduce the imaging 
time (as acquisition time is governed by the 
radiopharmaceutical kinetics), it allows for a 
reduction of administered activity. These 
approaches aim to reduce the random noise in the 
image without degrading the spatial resolution by 
varying the degree of fi ltration depending on the 
image content of the local region of the image 
(Figs.  31.4  and  31.5 ).

    We have applied this method on previously 
acquired  99m Tc-MAG3 renal studies as well as in 
hepatobiliary studies and have demonstrated that 
images of diagnostic quality can be achieved 
with a 50–60 % reduction in radiopharmaceutical 
administered activity (Figs.  31.6  and  31.7 ).

    Application of advanced image processing in 
SPECT can achieve both improvements in image 
quality with signifi cant reduction of administered 
activity. As an example, ordered subset expecta-

tion maximization (OSEM) with 3D resolution 
recovery can achieve these goals. These recon-
struction algorithms can make SPECT more 
 feasible in small patients. Since SPECT was fi rst 
introduced in the clinic, fi ltered back projection 
(FBP) has been the standard method of image 
reconstruction. In the past few years, iterative 
reconstruction approaches have been introduced 
in SPECT. Unlike FBP, these approaches can 
incorporate both the noise properties of the pro-
jection data and other physical parameters such 
as how the collimator resolution varies with dis-
tance leading to a more accurate reconstruction. 
Iterative reconstruction techniques have been 
shown to provide at least similar but most often 
improved image quality with signifi cantly less 
counts needed to achieve the diagnostic task. 
Therefore, high-quality studies can be obtained 
with either much lower radiation exposure to the 

  Fig. 31.4    Use of enhanced planar processing (EPP) to 
reduce imaging time while preserving diagnostic informa-
tion. Technetium-99m-MDP planar whole body scintigra-
phy in a 3 year-old boy that received 3.7 mCi [136.9 MBq] 
of  99m Tc-MDP. Left panel: The total imaging time was 

14 minutes. Right panel: with EPP, the total imaging time 
was only 3.5 minutes. Alternatively, the patient could 
receive 25% of the original amount of tracer and be imaged 
for 14 minutes       

Unprocessed EPP

Anterior Posterior Anterior Posterior
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  Fig. 31.5    Iodine-123 MIBG whole body scan from a 
7-year-old male with neuroblastoma.  Left panel : 100 % of 
the administered dose scanned at 8 cm/min for 20 min. 

 Right panel : Same dose acquired for 10 min at 16 cm/min 
using EPP. Scanning time was reduced in half. Alternatively, 
dose can be reduced in half with a 20-min acquisition       

123I-MIBG

20 min
8 cm/min

10 min
16 cm/min

  Fig. 31.6    Technetium-99m-MAG3 study from an 
8-month-old boy, 2-min image.  Left : 2-min image with 
the full counts.  First row : Same image subsampled to 50, 
30, and 10 %, respectively.  Second row : Same images 

after application of enhanced planar processing ( EPP ) 
shows that the dose of MAG3 can be reduced to 30 % of 
the standard dose  without loss of diagnostic value       

99mTc-MAG3
2 min image

50 %

100 %
Counts

50 % + EPP 30 % + EPP 10 % + EPP

30 % 10 %
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patient or shorter imaging times, or a combina-
tion of both. In other words, it is possible that 
ordered subset expectation maximization 
(OSEM) with 3D resolution recovery methods 
will allow for a signifi cant reduction of the time 
necessary to acquire SPECT, making it possible 
to acquire a high-quality SPECT of an infant in 
only a few minutes. We have used ordered subset 
expectation maximization with 3D resolution 
recovery (OSEM-3D) in renal ( 99m Tc-DMSA) 
and skeletal ( 99m Tc-MDP) SPECT. 

 Application of OSEM-3D on SPECT data in 
both cases showed that administered doses of the 
radiopharmaceuticals can be reduced to at least 
50 % with a signifi cant improvement in image 
resolution. With this approach it is possible to 
reduce administered doses using the same acqui-
sition times or reduce imaging time by 50 % or 
so, or a combination of these two advantages can 
be applied (e.g., reduce the administered dose by 
25 % and the imaging time also by 25 %) 
(Figs.  31.8 ,  31.9 ,  31.10 , and  31.11 ) [ 12 – 16 ].

          Instrumentation 

    Instrumentation, Adaptation, 
Collimator Use, Detectors 
(See also Chap.   27    ) 

 Recent advances in nuclear medicine instrumen-
tation have the potential to contribute towards a 
reduction of radiopharmaceutical administered 
doses while maintaining diagnostic image qual-
ity. With conventional gamma cameras, clearly, 
utilizing dual detector systems instead of single 
detector systems can help reduce the adminis-
tered dose with the same image acquisition time. 
3D PET enables the acquisition of a larger num-
ber of photons while enabling more rapid imag-
ing times than with 2D PET. Most, if not all 
modern PET systems have improved imaging in 
3D with greater acquisition sensitivity compared 
to the 2D approach. Even with the increased sus-
ceptibility to scatter and random coincidences 
with 3D acquisition, this may not be an important 

  Fig. 31.7    Hepatobiliary scintigraphy and dose reduc-
tion. Selected image from a 60-min study from an infant 
with conjugated bilirubinemia. Using enhanced planar 
processing ( EPP ), the dose can be reduced by 75 % of the 

recommended minimum dose from the North American 
Guidelines of 0.5 mCi. The effective dose is reduced from 
0.185 to 0.046 rem (1.85–0.46 mSv) without loss of diag-
nostic information       

18.5 MBq (0.5 mCi) 9.25 MBq (0.25 mCi) 4.6 MBq (0.125 mCi)

Baseline 50 % 50 %
+ EPP

75 % 75 %
+ EPP

  Fig. 31.8    Technetium-99m-
DMSA SPECT.  Left panel : 
Recon struction using fi ltered 
back projection ( FBP ) with 
100 % counts.  Right panel : 
Same study with half the counts 
reconstructed with OSEM 3D, 
showing improved spatial reso-
lution at half the dose       

Full counts
FBP

Half counts
OSEM 3D
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factor in imaging children. Thus, less  administered 
activity can be given to patients without adverse 
effect on clinical imaging. 

 Most studies in pediatric nuclear medicine are 
obtained using conventional gamma cameras. 
During the past few years, new systems have 

been designed specifi cally to optimize myocar-
dial perfusion SPECT. Several designs have 
become available with special geometry opti-
mized to image the heart, and some are equipped 
with newer detectors such as CdZn, CZT which 
provide improved energy resolution, improved 
geometry and spatial resolution, faster acquisi-
tion times, and improved processing. They can 
complete studies in as short a time as one-fourth 
of the time of conventional gamma camera sys-
tems. These systems allow imaging at a lower 
administered radiopharmaceutical dose. These 
systems could potentially be adapted for imaging 
children with the obvious advantages of higher 
sensitivity and resolution (see Chap.   27     – Physical 
Aspects of Pediatric Nuclear Medicine Imaging). 

 Although changing collimators is time con-
suming, it is possible to optimize and even reduce 
the radiopharmaceutical administered dose 
needed in relation to the patient size and the clini-
cal task. Here there are opportunities for dose 
reduction. Obviously, the size of pediatric 
patients varies greatly. In babies with a rather 
small body cross section, it is possible to effec-
tively use a collimator with shorter holes 
 (high- sensitivity collimator) than in a patient 
with a relatively large cross section. Therefore, 
radiopharmaceutical administered doses can be 
adapted to the diagnostic task considering the 
sensitivity and resolution of the collimator so that 
the desired diagnostic information can be 

  Fig. 31.9    Technetium-99m-
MDP bone SPECT from an 
18-month-old boy with 
Langerhans cell histiocytosis. 
 Left panel : SPECT with the 
standard dose reconstructed 
using fi ltered back projection 
( FBP ).  Right panel : Same study 
reconstructed with half the 
counts of the original recon-
structed with OSEM 3D. The 
spatial resolution with the 
OSEM 3D method, even at half 
the counts, is clearly superior to 
the FBP image       

Full counts
FBP

Half counts
OSEM 3D

  Fig. 31.10    Iodine-123 MIBG SPECT. A 12-year-old male 
with relapsed neuroblastoma.  Left panel : MIP of the full 
MIBG dose reconstructed with fi ltered back projection 
( FBP ).  Right panel : Same study with half the counts recon-
structed with OSEM 3D with resolution recovery. Image 
quality is improved with OSEM 3D even with half the counts       

FBP full counts OSEM-3D half counts
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obtained. An ultrahigh-resolution collimator has 
a sensitivity of 100 counts per minute per micro-
curie, while a high-resolution collimator is twice 
as sensitive at 200 counts per minute per micro-
curie. A high-sensitivity collimator has a sensi-
tivity of 1,000 counts per minute per microcurie. 
The spatial resolutions expressed as full width at 
half maximum (FWHM) are 6, 7.4, and 15.6 mm 
at 10 cm, respectively. The spatial resolution var-
ies with distance from the collimator and thus 
may not be as divergent at 5 cm. If the patient is 
very small, such as a baby undergoing a hepato-
biliary scan, it may be possible to use a high- 
resolution collimator if the objective of the study 
is simply to identify if tracer migrates to the 
bowel. Using a high-resolution collimator can 
reduce the dose by half compared to an ultrahigh- 
resolution collimator. Even more dose reduction 
can be achieved using a high-sensitivity collima-
tor. However, if the patient to be imaged is larger, 
such as a teenager or a young adult, it may be 
better to use a high-resolution collimator to 
achieve better resolution at a greater depth. 

 With the wider availability of PET/CT and 
SPECT/CT or hybrid imaging, the radiation dose 
from CT needs to be considered as an important 
factor contributing to patient radiation exposure. 
With the increased concern about radiation expo-
sures from CT, several manufacturers of hybrid 
equipment have developed improvements leading 
to a reduction of CT dose in these systems. This 

is a work in progress. At the time of this writing, 
there has been no uniform agreement about the 
most appropriate approach to address this. It is 
generally agreed, however, that in many cases 
where hybrid imaging is performed, the need to 
utilize full-dose diagnostic CT or not must be 
considered. It is possible to obtain appropriate 
attenuation correction with CT at doses much 
lower than diagnostic levels. Depending on the 
specifi c case, one can develop three approaches: 
(1) If attenuation correction is all that is needed, a 
very low-dose CT can be suffi cient. This may be 
enough in most cases for anatomic localization of 
PET lesions. (2) If precise anatomic localization 
is needed, then a CT with a low dose, but suffi -
cient to provide the desired anatomical informa-
tion, can be used. (3) If the patient needs both the 
PET and the CT in one imaging session, this can 
be done using diagnostic levels of CT that can be 
used both for attenuation correction and for CT 
diagnosis. One may consider that a “menu” can 
be developed for each individual case so the 
appropriate protocol could be used depending on 
the specifi c diagnostic task.  

    Reduction of CT Exposure 

 Another example on how to reduce radiation 
exposure is the avoidance of redundant or unnec-
essary CT studies. For example, if a patient with 

  Fig. 31.11    A 7-month-old boy with the heterotaxy 
 syndrome. Spleen SPECT with heat denatured  99m Tc-
labeled red blood cells.  Left panel : the spleen is imaged 

with fi ltered back projection using the full counts.  Right 
panel : using OSEM 3D with only half the counts, the 
image is of obvious higher spatial resolution       

Full counts Half counts
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Hodgkin’s disease is referred for an FDG PET/
CT who had a diagnostic CT a few days earlier, it 
is not necessary to obtain another high-resolution 
CT. If the quality of the externally obtained CT is 
adequate, this CT can be fused electronically 
with the PET. The PET/CT can then be obtained 
with very low CT exposure only for the purpose 
of attenuation correction if needed, therefore 
avoiding an additional diagnostic CT exposure to 
the patient. Certain strict oncology protocols rely 
primarily on tumor size as an indication of the 
effectiveness of therapy, and these have required 
multiple CT examinations over the course of ther-
apy. On the other hand, reduction in the uptake of 
certain radiotracers such as FDG in tumors has 
been shown to refl ect early effectiveness of ther-
apy even though tumor size may not have shown 
a concomitant decrease in size on CT. This is fre-
quently seen in patients with lymphoma. 
Therefore, there is the potential to reduce the 
number of CT examinations needed to follow the 
effect of therapy on these patients with a more 
timely use of FDG PET as a biomarker. With this 
approach, the overall radiation exposure to these 
patients can be signifi cantly reduced. In some 
cases, it would be desirable to obtain a low-dose 
CT as part of the PET/CT acquisition and, as 
needed, obtain a diagnostic CT of the area(s) of 
interest based on a PET fi nding that may need 
clarifi cation with fi ne anatomical detail (PET- 
guided CT) [ 17 – 21 ].   

    Education and Communication 

 Perception about radiation varies quite widely 
among the public and physicians, scientists, and 
other members of care teams. The word “nuclear” 
in nuclear medicine has traditionally elicited con-
cern. Therefore, it is essential that members of 
the nuclear medicine team be able to communi-
cate effectively with referring physicians, 
patients, parents, and other members of the 
patient’s care team about nuclear medicine and 
radiation exposures within the context of the 
examination at hand. It is no longer suffi cient to 
indicate that nuclear medicine procedures are 
safe. In addition, it is useful to prepare procedure- 

specifi c brochures or pamphlets that can also be 
posted on the Internet to provide information to 
patients and families that are scheduled to 
undergo nuclear medicine examinations. These 
informational tools should contain explanations 
about the procedures as well as radiation expo-
sures in the context of the clinical question being 
asked. Also, patients and families should be 
assured that every precaution has been taken to 
ensure that the appropriate test which is most 
likely to provide the information desired at the 
lowest possible radiation exposure is being 
selected. 

 As new information about advances in pediat-
ric nuclear medicine, radiation exposures, and 
potential risks become available, it is important 
that such information is shared and communicated 
among professionals, patients, and the public. 

 The Image Gently Campaign (IGC), devel-
oped by the Alliance for Radiation Safety in 
Pediatric Imaging, is a very useful source of infor-
mation. The IGC counts as members the Society 
for Pediatric Radiology (SPR), the American 
College of Radiology (ACR), the American 
Association of Physicists in Medicine (AAPM), 
the Society of Nuclear Medicine and Molecular 
Imaging (SNMMI), and the SNM Technologist 
Section. The Image Gently Campaign encour-
aged and supported the formation of a pediatric 
nuclear medicine group to work on radiopharma-
ceutical administered doses with the objective to 
achieve expert consensus, improve communica-
tions, and develop new guidelines. This group 
that consists of pediatric nuclear medicine 
physicians, technologists, and physicists con-
ducted several expert consensus workshops at 
the annual meetings of the SNMMI and the 
SPR from 2008 through 2013. The IGC seeks 
to increase awareness about lowering radiation 
exposures from imaging studies and to provide 
information to patients and caregivers. The fi rst 
initiative produced by this group was a patient 
and parent information brochure about pediat-
ric nuclear medicine’s value and explanation of 
radiation exposures with these procedures. The 
nuclear medicine group of the IGC produced the 
“2010 North American Guidelines for Pediatric 
Radiopharmaceutical Administered Doses” 
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which were published in 2011 [ 6 ,  7 ,  22 – 27 ]. 
More recently the North American Group and the 
European Association of Nuclear Medicine and 
Molecular Imaging have developed updated joint 
guidelines that incorporate consensus between 
the two expert groups. These new guidelines 
are called Harmonization Guidelines and will 
be published shortly in the European Journal of 
Nuclear Medicine and in the Journal of Nuclear 
Medicine and Molecular Imaging.     
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  A 
  Abscess(es) 

 abdominal and pelvic , 550  
 bone , 563  
 brain , 48  
 liver , 251–253, 550  
 lung , 550  
 renal and perirenal , 310  
 spleen , 257  

   Accessory spleen , 255, 256  
   Achalasia, esophageal , 22  
   Acute tubular necrosis (ATN) on renal scan , 292, 321  
   Adrenocortical carcinoma , 539  
   AFP (alpha fetoprotein) , 589  
   Airway 

 obstruction evaluated on lung scintigraphy , 137–138  
 protection during sedation/anesthesia , 27, 29  
 visualization on gastric refl ux scintigraphy , 223–224  
 visualization on radionuclide salivagram , 225–227  

   Alagille syndrome (arteriohepatic dysplasia) , 244  
   ALARA (As Low as Reasonable Achievable) , 

654, 664, 669  
   Alpha-1 antitrypsin defi ciency , 251  
   Alpha fetoprotein , 589  
   Alternating hemiplegia , 63–64  
   Alveolar soft part sarcoma , 523  
   American Academy of Pediatrics (AAP) , 21, 22  
   American Association of Clinical Endocrinologists , 122  
   American Association of Physicists in Medicine , 

654, 693  
   American College of Endocrinology , 122  
   American College of Radiology , 672, 685, 693  
   American Neurogastroenterology and 

Motility Society , 217  
   American Society of Anesthesiologists (ASA) , 21–25  
   American Society of Clinical Oncology , 430  
   American Society for Pediatric Gastroenterology and 

Nutrition , 210  
   American Thyroid Association , 122  
   Ammonia ( 13 NH 3 ) , 164, 165  
   Analgesics, non-opioid , 26  
   Anesthesia in infants and children.    See also  Sedation in 

infants and children 
 anesthesia service, establishing , 23–24  
 catheterization of the bladder during anesthesia , 30  
 challenges in nuclear medicine , 28–30  

 guidelines for anesthesia , 23  
 indications and contra-indications , 21  
 post-anesthesia care , 23  
 propofol , 25, 27  
 risks of , 25  
 standards for , 22–23  

   Ann Arbor staging system for Hodgkin’s disease , 481  
   Anomalous origin of the left coronary artery (ALCAPA) , 

152, 154  
   Apophysitis, visualization on bone scan , 389–390  
   Arterial Switch operation 

 myocardial imaging , 151–153  
 procedure , 151–152  

   Arteriohepatic dysplasia.    See  Alagille syndrome 
   Arthritis 

 lymphedema, differential diagnosis of , 200  
 mandibular condyle , 421  
 optical imaging, detection by , 574  
 rheumatoid , 421  

 fever of unknown origin, as a cause of , 550  
 lymphadenopathy on  18 F-FDG PET, 

as a cause of , 491  
 septic , 561, 563, 564  
 spinal , 411  

   As Low as Reasonable Achievable (ALARA) , 
654, 664, 669  

   Aspiration, tracheobronchial 
 clinical features , 223, 228  
 detection of , 225–228  
 gastroesophageal refl ux scintigraphy, evaluation by , 

223–225  
 radionuclide salivagram, evaluation by , 225–227  

   Asplenia 
 asplenia/polysplenia , 236, 248, 251  
 bone scan, splenic uptake on , 370  
 congenital anomalies of the spleen , 248, 251  
 non-visualization of the spleen , 256–257  
 splenic scintigraphy, diagnosis with , 236, 251  

   Ataxia telangiectasia , 490  
   Attention defi cient/hyperactivity disorder 

(ADHD) , 64  
   Authorized user , 663  
   Autoimmune lymphoproliferative syndrome 

(ALPS) , 490  
   Avascular necrosis, bone , 366, 369  
   Avulsion injuries , 366, 389  

                       Index 
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    B 
  Back and spine 

 F-18 Bone PET , 434  
 pain , 390–393  
 skeletal scintigraphy of , 391–394  
 pars interarticularis stress , 390–393  
 spondylolisthesis , 391  
 spondylolysis , 390–393  

   BAT.    See  Brown adipose tissue (BAT) 
   Bicisate  99m Tc.    See   99m Tc-bicisate ( 99m Tc-ECD) 
   Biliary 

 atresia , 236, 240–244  
 leak , 246, 249  
 obstruction , 244–245, 250  

   Biomarkers in imaging , 583–589  
   Bladder 

 capacity, functional , 344, 345  
 catheterization   ( see  Catheterization, bladder) 

   Bone.    See also  Bone scan 
 development of , 365  
 infarction , 366, 368, 371  
 physiology of , 365  
 remodeling , 366  

   Bone marrow 
 disease in 

 Hodgkin’s disease , 482–484, 486  
 Langerhan’s cell histiocytosis , 526–529, 607–608  
 metastases , 503, 504, 584, 599, 603  
 neuroblastoma , 429, 430, 432–433, 435–437, 

440, 602, 607  
 osteomyelitis , 556–563  

 dosimetry of , 647, 649, 650, 676  
 imaging 

  18 F-FDG PET , 43, 44, 440, 485, 491, 505, 507, 
509, 548, 554, 561, 584, 599  

  18 F-FDG-PET after G-CSF , 440  
 gallium scan , 542  
 MR , 388, 393, 577–578, 602, 612, 613  
  99m Tc-sulfur colloid imaging , 238, 251, 372, 

559–560  
 white blood cell imaging , 544–546  

 radiation sensitivity of , 677  
 suppression 

 by antithyroid drugs , 114  
 by radiation , 120, 677  

 transplantation , 430, 481  
   Bone scan, clinical 

 apophysitis , 390  
 back pain , 390–394  
 child abuse , 399–404  
 complex regional pain syndrome (CRPS) , 393  
 immature skeleton , 366  
 indications in children , 366  
 mandible, growth asymmetry , 407–425  
 pars interarticularis , 390–393  
 soft tissue accumulation of radiopharmaceutical , 

369–370, 372, 382  
 spondylolysis , 367, 390–393  
 sports injuries , 387–395  
 stress and stress fracture , 388–393  

   Bone scan, procedures 
  18 F-sodium fl uoride PET procedure , 381–384  
 intra-operative , 380  
 perfusion, effects of increased , 368  
 pinhole magnifi cation imaging , 376–379  
 SPECT , 379–383  
 three-phase , 374–376  
 whole-body imaging , 376  

   Bone scintigraphy.    See  Bone scan 
   Brain death imaging , 72–73  
   Brain development, normal , 49–50  
   Brain imaging , 34, 35, 39, 48, 49, 64, 79, 639  
   Brain tumors 

 clinical features and management , 66  
 imaging , 66–72, 78–79  

   Bronchiolitis obliterans , 137  
   Brown adipose tissue (BAT) 

  18 F-FDG uptake in , 7, 37, 38, 40, 437, 460–461, 
480, 532  

  123 I-MIBG uptake in , 434  
   Budd-Chiari syndrome , 252–253  
   Burkitt’s lymphoma , 485–487  

    C 
  Carbon-11 labeled PET radiopharmaceuticals , 34, 71  
   Carcinoid (enterochromaffi n) tumors 

 clinical features , 456, 467–469  
  18 F-FDG PET , 469, 472  
  111 In-octreotide scan , 467, 471  

   Cardiac.    See  Heart 
   Cardiomyopathy , 156–157  
   Cardiovascular imaging 

 central venous line , 178  
 ejection fraction , 174–176  
 gated blood pool , 167–170  
 left-to-right shunts , 169–172, 180–181  
 myocardial perfusion, clinical applications , 148–161  
 myocardial perfusion, methods , 161–164  
 myocardial PET , 164–166  
 right-to-left shunts , 176–178  
 shunts , 169–172, 176–178, 180–181  
 venography , 178  
 ventricular function , 167–170  

   Caroli disease , 246  
   Castleman’s disease , 491–493  
   Catheter, bladder 

 bone scan, use during , 374, 382, 500  
 Meckel scan, use during , 270  
 PET and PET/CT, use during , 40  
 radionuclide cystography, use during, 342– , 345, 350  
 renogram, use during , 285  
 sedation, use during , 30  

   Catheter, central venous 
 emboli from , 139, 140, 142  
 radiopharmaceutical administration through , 160  

   Catheter, esophageal , 204, 205  
   Catheter, indwelling intravenous 

 for brain SPECT for epilepsy , 55  
 for fi rst pass radionuclide angiocardiography , 171  
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 for glomerular fi ltration rate determination , 359, 360  
 for red blood cell administration , 168  
 for stress test for myocardial perfusion , 162, 163  

   Catheter, umbilical , 312, 313  
   Catheterization, cardiac , 104, 134, 135, 147, 160, 167, 

170, 179  
   Catheterization, ureteral , 327  
   Cat scratch fever , 491  
   Centers for Medicare and Medicaid Services (CMS) , 23  
   Central venous line imaging , 178  
   Cerebral blood fl ow , 48, 73–78  
   Cerebral radionuclide angiography , 72, 76–78, 81  
   Cerebrospinal fl uid (CSF) 

 physiology , 81–82  
 pathology , 85–86  
 imaging 

 CSF fl ow , 83–86  
 CSF leak , 85–86  
 shunts , 86–90  

 radionuclide cisternogram , 83–84  
   Cerebrovascular disease in childhood 

 bone scan, radiopharmaceutical uptake in regions of 
stroke , 372  

 imaging , 48  
 moyamoya disease , 48, 61–63  
 other cerebrovascular diseases of childhood , 63–64  

   Chloral hydrate , 25–26  
   Cholecystitis , 244–245  
   Choledochal cyst , 236, 245–248  
   Child abuse 

 bone scan for evaluation of , 366, 399–402  
 child protective agencies , 397  
 clinical features , 397–398  
  18 F-NaF PET bone scan for evaluation of , 399, 

402–404  
 fracture patterns , 398  
 fractures, evaluation of , 398–405  
 MRI, whole body , 404  
 skeletal survey for evaluation of , 398–399  

   Child life specialist , 284  
   Chondrosarcoma, extraskeletal myxoid , 522  
   Choreoathetosis , 65  
   Chronic recurrent multifocal osteomyelitis (CRMO) , 

366, 563, 565  
   Churg-Strauss syndrome , 552  
   Chylous ascites, imaging with lymphoscintigraphy , 

191, 194  
   Cirrhosis , 251  
   Cisternogram, radionuclide , 83–84  
   Clear cell sarcoma 

 extremity , 520  
 kidney , 514  

    11 C-methionine , 70, 79  
    11 C-methyl thymidine, effective dose , 652  
   Collimators, principles 

 image quality in SPECT , 635–632  
 magnifi cation , 625–628  
 parallel hole , 623–625  
 pinhole , 378–379, 625–628  
 resolution recovery , 634, 688, 690–691  

   Complex regional pain syndrome, bone scan of , 395  
   Computed tomography for molecular imaging , 575  
   Computed tomography dose index (CTDI) , 654  
   Condylar hyperplasia 

 bone scan evaluation of , 423  
 clinical features , 411–416, 423–425  

   Congenital 
 diaphragmatic hernia , 134, 137–139  
 heart disease , 147, 151–160, 248–251  

 cerebrovascular disease, risk of , 61  
 lung scan, evaluation by , 131, 134–135  
 pulmonary embolism, risk of , 139–140  

 heterotaxy , 236, 238, 248–251  
 hydrocephalus , 82  
 hyperinsulinism , 456, 474  
 hypothyroidism , 106–108  
 liver anomalies , 248–252  
 lobar emphysema , 137, 138  
 renal anomalies 

 duplicated (duplex) kidney , 284, 291, 299, 
316–318  

  18 F-FDG PET, imaging by , 284  
 horseshoe kidney , 314  
 renal scintigraphy, evaluation by , 318  

 spinal anomalies as risk for increased intracranial 
pressure , 82  

 splenic anomalies , 236, 238, 248, 250–251  
   Consultation, nuclear medicine , 3  
   Co-registration, image 

 brain imaging , 51–53  
 description , 13–15, 41  
 PET/CT , 598  
 PET/MR , 598  

   Coronary artery(ies) 
 anomalous left coronary artery (ALCAPA) , 152, 154  
 transplant vasculopathy , 153  

   Cortical transit time (renal) , 292–294  
    57 Co vitamin-12 

 effective dose, fetal , 654  
 effective dose, maternal , 654  

    51 Cr-ethylenediaminetetraaceteic acid ( 51 Cr-EDTA) , 357  
   CRMO (chronic recurrent multifocal osteomyelitis) , 

563, 565  
   CT dose index (CTDI) , 654  
    11 C-thymidine, effective dose , 652  
    64 Cu-ASTM , 72  
   Cystic fi brosis , 137, 160, 547  
   Cystography.    See  Radionuclide cystography 

    D 
  Deconvolution analysis of 

 cardiac shunt , 172, 181  
 renal function , 324–326  

   Department, pediatric nuclear medicine , 6–8  
   Dermatofi brosis protuberans , 520  
   Desmoplastic small round blue cell tumors , 521  
   Developmental disorders, brain imaging of , 65–66  
   Dexmedetomidine , 26  
   Diaphragmatic hernia, congenital , 137  
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   Direct radionuclide cystography , 345  
   Disofenin  99m Tc.    See   99m Tc-disofenin 
   Diuretic renography.    See  Renogram 
   Dose factor (radiation) , 647  
   Dose optimization 

 advanced image processing , 687–690  
 applications of , 685–690  
 communication , 693–694  
 CT radiation dose , 692  
 dynamic imaging, optimization , 687  
 education , 694  
 enhanced planar processing , 689, 690  
  18 F-FDG PET , 691  
 instrumentation , 690–692  
 nuclear medicine , 690–691  
 radiopharmaceutical administered activities , 

684–685  
   Dosimetry, internal.    See also  Radiation dose 

 calculations for , 645–647  
 effective dose , 648–649  
 kinetic models for , 647–648  
 Medical Internal Radiation Dose (MIRD) 

committee , 650  
 occupational , 664, 665  
 organ weighting factors , 649  
 phantoms, anthropomorphic , 649  
 RADAR task group , 651  

   DTPA  111 In.    See   111 In-diethylenetriamine pentaacetic acid 
( 111 In-DTPA) 

   DTPA  99m Tc.    See   99m Tc-diethylenetriamine pentaacetic 
acid ( 99m Tc-DTPA) 

   Dynamic nuclear polarization, in MRI , 577  
   Dynamic renal scintigraphy.    See  Renogram 

    E 
  ECD  99m Tc.    See   99m Tc-bicisate ( 99m Tc-ECD) 
   ECMO.    See  Extracorporeal membrane oxygenation 
   EDTA.    See  Ethylenediaminetetraacetic acid 
   Ectopic 

 gastric mucosa , 267–274  
 gastrointestinal varices as a cause of bleeding , 266  
 hormone production , 469, 472  
 kidney , 34, 284, 291, 297, 316–317, 340  
 parathyroid gland , 451, 454, 456  
 spleen , 236, 238, 248, 250–251  
 thyroid , 102, 106–109, 113  

   Education and training of radiation workers , 663–664  
   Education of patient and family , 3–5, 18–19, 284, 666, 

672–673, 679–681, 698  
   Effective dose.    See also  Radiation dose; Radiation 

protection 
 anthropomorphic models for estimating , 649  
 calculating , 648–651  
 computed tomography , 654  
 fetal, from radiopharmaceuticals (table) , 655–656  
  123 I compared to 131I , 101, 102  
 International Commission for Radiological Protection 

(ICRP) , 651  
 organ weighting factors , 648  

 patients and families , 679–681  
 pregnancy , 654  
 radiopharmaceuticals (tables) , 652–653, 655–656  

   Effective renal plasma fl ow , 328–329  
   Electroencephalography (EEG) , 8, 51, 60, 63, 64, 80, 

581, 600, 614  
   Ejection fraction 

 cardiac ventricle , 149, 159, 161, 167–170, 
174–176  

 gallbladder , 237  
   Enhanced planar processing , 687, 688  
   Enterochromaffi n tumors.    See  Carcinoid tumors 
   Eosinophilic granuloma.    See  Langerhans cell 

histiocytosis 
   Epilepsy, childhood 

 clinical features , 49–50  
 electroencephalography evaluation of , 51  
 imaging of , 51–55  
 infantile spasms , 51  
 PET of , 51, 53–55  
 radiopharmaceuticals , 51  
 SPECT of , 51–52  

   Epithelial neoplasms , 534–535  
   Epithelioid sarcomas , 523  
   Epstein-Barr virus 

 lymphadenopathy, FDG-avid , 490, 492  
 nasopharyngeal carcinoma , 535  
 post-transplant lymphoproliferative disorder 

(PTLD) , 488  
   Esophageal transit 

 clinical features , 218  
 evaluation , 218–219  
 scintigraphic study , 219–222  

   Esophagus 
 achalasia , 22  
 atresia , 222  
 Barrett’s esophagus , 268, 274  
 dysmotility , 218, 220, 221  
 esophageal transit 

 clinical features , 218  
 evaluation , 218–219  
 scintigraphy , 219–222  

 esophagitis 
  18 F-FDG PET visualization , 472  
 gastrinoma associated , 471  
 gastrointestinal stromal tumor location , 528  

  18 F-FDG PET visualization of , 44  
 fundoplication surgery , 211  
 gastric emptying study   ( see  Gastric emptying study) 
 gastro-esophageal refl ux   ( see  Gastro-esophageal 

refl ux) 
 interposition surgery, esophageal , 274  
 manometry, esophageal , 219  
 milk study   ( see  under Gastro-esophageal refl ux) 
 radiation dosimetry , 648, 651  
 salivagram   ( see  Radionuclide salivagram) 
 thyroid scan interference by , 102, 134  
 transit   ( see  Esophageal transit) 
 trauma of , 274  
 varices, as a cause of bleeding , 266  
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   Ethylenediaminetetraacetic acid (EDTA) , 357  
   European Association of Nuclear Medicine (EANM) 

 pediatric dosage card for radiopharmaceuticals , 17, 
431, 672, 685  

   European Organization for Research and Treatment of 
Cancer (EORTC) , 506  

   European Society of Endocrine Surgeons , 454  
   Ewing sarcoma 

 bone scan of , 366, 503, 506  
 clinical features , 497, 502–503  
 diagnosis and staging of , 504–506  
  18 F-FDG PET and PET/CT , 504–507  
 recurrence, evaluation of , 506–507  
 response to therapy, evaluation of , 506  

   Examination room design , 8–9  
   Extracorporeal membrane oxygenation (ECMO) 

 brain imaging to assess complications of , 65  
   Extravasation, radiopharmaceutical , 285  

    F 
  Familial hypocalcuric hypercalcemia (FHH) , 452  
    18 F-DOPA.    See   18 F-fl uoro-dihyrophenylalanine 
    18 F-FDG.    See   18 F-fl uoro-deoxyglucose ( 18 F-FDG) 
    18 F-FDG PET and PET/CT, clinical uses , 33  

 brain , 35, 48  
 ateriovenous malformation , 64  
 attention defi cit hyperactivity disorder , 64  
 development, changes in uptake with , 50  
 epilepsy , 53–55, 58–60, 600  
 infantile spasms , 61  
 tumors , 66–82  

 carcinoid tumor , 472  
 Ewing’s sarcoma , 15, 504–507  
 fever of unknown origin , 551–552  
 germ cell tumors , 517  
 hepatoblastoma , 515–517  
 hepatocellular carcinoma , 515–517  
 infection and infl ammation , 15, 35, 36, 44, 60, 

69, 78, 436, 437, 484, 547–548, 576, 
609, 612, 614  

 fever of unknown origin , 551–552  
 infl ammatory bowel disease , 554–556  
 mechanisms , 150, 547–548  
 osteomyelitis , 560–563  
 septic arthritis , 562  
 vascular , 150, 151  

 infl ammatory bowel disease , 554–556  
 Langerhans cell histiocytosis , 526–529, 607  
 lymphadenopathy, non-malignant , 490–493  
 lymphomas , 479–490, 576, 586, 605–607  
 melanoma , 534–535  
 molecular imaging , 582–585  
 musculoskeletal tumors , 497–498, 576, 603–604, 

611–612  
 myocardial metabolism , 153, 166–168  
 nasopharyngeal carcinoma , 535–536, 576  
 neuropsychiatric disorders , 65–66  
 neuroblastoma , 430–433, 437–441, 576, 

599–602, 610  

 neuroendocrine tumors , 463–467, 469–470, 472, 473  
 neurofi bromatosis , 529–534, 576, 583  
 normal patterns of,  18 F-FDG uptake , 34, 35, 

42–44, 50  
 osteomyelitis , 560–563  
 osteosarcoma , 500–501  
 patient preparation , 35–38, 437  
 rhabdomyosarcoma , 506–509, 576  
 sarcoidosis , 492  
 sarcomas, non-rhabdomyosarcoma , 518–526  
 septic arthritis , 562  
 solid-tumors of childhood , 513–536  
 thymus , 34, 44, 481, 548  
 thyroid , 123, 125  
 thyroid, incidental fi ndings in , 117, 124–125  
 thyroid, medullary thyroid cancer , 473  
 vasculitis , 552  
 Wilms’ tumor , 515, 576  

    18 F-FDG PET and PET/CT, procedural 
 acquisition, PET , 38–40, 636–638  
 acquisition, CT , 41–42, 693  
 bladder catheter , 40  
 blood glucose effect on , 36  
 bone marrow imaging , 43, 44, 440, 554  

 G-CSF effect on , 440  
 brown adipose tissue,  18 F-FDG uptake in , 7, 37–38  
 diabetes mellitus,  18 F-FDG PET in patients 

with , 37  
 image co-registration , 41  
 image reconstruction , 640  
 instrumentation , 638–640  
 mechanisms of uptake and detection , 463, 480, 636  
 muscle,  18 F-FDG uptake in , 36, 38–39  
 normal patterns of,  18 F-FDG uptake , 34, 35, 42–44, 

50, 612  
 patient preparation , 35–38  
 sedation, planning for , 40  

    18 F-fl uoride.  See  18 F-sodium fl uoride ( 18 F-NaF) 
    18 F-fl uoro-deoxyglucose ( 18 F-FDG)    See also   18 F-FDG 

PET and PET/CT 
 effective dose , 652  
 effective dose, fetal , 655  
 mechanisms , 34  
 normal patterns of,  18 F-FDG uptake , 34, 35, 

42–44, 50  
 PET radiopharmaceutical , 34, 78–79  

    18 F-fl uoro-dihyrophenylalanine ( 18 F-DOPA) , 456, 464, 
600, 602  

 PET radiopharmaceutical , 34, 70–72  
 brain imaging , 34  
 neuroblastoma imaging , 576  
 neuroendocrine tumor imaging , 457, 463, 464, 467, 

469, 474  
    18 F-fl uoro-dopamine 

 PET radiopharmaceutical , 34  
 neuroendocrine tumor imaging , 464, 467, 469  

    18 F-fl uoroethyotyrosine ( 18 F-FET) , 71  
    18 F-fl uoro-L-thyimidine ( 18 F-FLT) , 587  

 PET radiopharmaceutical , 34, 70–71  
    18 F-fl urpiridaz , 164  
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    18 F-FMISO , 72  
    18 F-sodium fl uoride ( 18 F-NaF) 

 bone imaging , 33–34, 367, 370–373, 383–384, 577  
 effective dose, fetal , 655  
 PET radiopharmaceutical , 33, 370  
 child abuse, imaging of , 399–401, 403–404  
 techniques , 577  

   Fever of Unknown Origin (FUO) , 549–552  
   Fibrous dysplasia on bone scan , 366  
   First-pass radionuclide angiocardiography , 174–176  
   Focal nodular hyperplasia (FNH) in the liver , 252  
   Fontan procedure , 160  
   Fractures 

 bone, scintigraphy,, evaluation, by , 399–402  
 child, abuse , 398  
 metaphyseal, fracture, , 403, 404  
 F-18, PET,, evaluation, by , 398–404  

   FUO, Fever of Unknown Origin , 549–552  

    G 
  Gadapentetic acid (Gd-DTPA) , 600, 613  
    67 Ga-gallium citrate 

 radiopharmaceutical , 480, 482, 542–543  
 splenic abscess , 257  
 scan , 480, 542–543, 550  
 effective dose , 652  
 effective dose, fetal , 655  
 Hodgkin’s disease , 482–483  
 infection imaging , 542–543, 549, 550, 557–560, 563  
 sarcoidosis, compared to,  18 F-FDG PET , 492  

    68 Ga-gallium 
 neuroblastoma imaging with,  68 Ga-labeled 

agents , 576  
 neuroendocrine imaging with,  68 Ga-labeled agents , 

457, 465, 469  
 PET radiopharmaceutical label , 34, 72, 465  

   Gastric emptying.    See also  Gastroesophageal refl ux 
 physiology and clinical management , 211–212  
 diagnostic evaluation of , 212–213  
 effective dose , 208  
 gastric emptying scintigraphy , 213–218  
 gastric emptying study, solid , 216–218  
 gastric emptying study, liquid , 214–216  
 milk scan , 206–210  

   Gastrinoma , 471  
   Gastro-entero-pancreatic (GEP) tumors 

 clinical features , 471  
 ectopic hormone production by , 472  
  18 F-FDG-PET, imaging , 473  
  111 In-octreotide, imaging , 473  
 PET, imaging , 470  

   Gastro-esophageal junction on,  18 F-FDG PET , 44  
   Gastro-esophageal refl ux 

 anesthesia evaluation in patients with , 21, 22  
 aspiration caused by , 223–225, 228  
 clinical features and pathophysiology , 203–204, 

210–211  
 diagnostic studies , 204–210  
 milk scan , 208–210, 214  

 scintigraphy , 208–210, 214  
 sedation in patients with , 24  
 treatment , 210–211  

   Gastrointestinal bleeding 
 causes, sorted by age , 266  
 clinical features and management265-266 
 capsule endoscopy , 267  
 Meckel diverticulum , 267  
  99m Tc-labeled red blood cell scintigraphy , 274–278  
  99m Tc-labeled sulfur colloid scintigraphy , 278–279  
  99m Tc-pertechnetate scintigraphy (Meckel scan) , 272  

   Gastrointestinal Stromal Tumors (GIST) , 524–526  
   Gated blood pool scintigraphy , 167–170  
   Gaucher’s disease, as a risk factor for 

osteomyelitis , 563  
   Germ cell tumors of childhood , 517–518  
   Gold-195m ( 195m Au) for radionuclide 

angiocardiography , 181  
   Granulocyte colony stimulating factor (G-CSF) 

 bone marrow appearance on,  18 F-FDG PET , 440  
   Geiger-Mueller (G-M) counter , 671–672  
   Germ cell tumors , 517–518  
   Glomerular Filtration Rate (GFR), Radionuclide 

determination of 
 body size, correcting GFR for , 355, 362  
 creatinine clearance, compared to , 355–356  
 methods 

 constant-infusion method , 326, 356–358  
 in vivo imaging method , 326–327, 359  
 serial blood sampling procedure and analysis , 

359–362  
 single administration methods , 326, 356, 

358–359  
 normal reference ranges , 362–363  
 procedure with serial blood sampling , 359–362  
 quality control , 361–362  
 radiopharmaceuticals , 356–357  

   Glycogen storage disease , 250–251  
   Graves’ disease.    See also  Hyperthyroidism 

 clinical evaluation , 108–111  
 radioiodine ( 131 I) therapy , 114–117  
 radioiodine uptake , 109–111  
 scintigraphy of , 109–111  
 treatment , 114–117  

    H 
  Hand-Schuller-Christian disease.    See  Langerhans 

cell histiocytosis 
   Heart 

 chest pain , 158  
 cardiomyopathy , 156–157  
 congenital heart disease , 134–135, 147, 151–160, 

248–251  
 right ventricular hypertrophy , 157–160  
 transplantation , 152–156  
 trauma of , 158  
 valvular regurgitation , 170  

   Hemangioma 
 bone scan appearance , 366  
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   Hemiplegia, alternating , 63–64  
   Hepatitis 

 neonatal , 240–244  
 lymphadenopathy associated with,  18 F-FDG-PET 

appearance of , 490  
   Hepatoblastoma , 249, 516  
   Hepatobiliary scintigraphy 

 patient preparation for , 235  
 pharmacological interventions , 235–236  
 procedure , 235–237  

   Hepatocellular carcinoma , 515–517  
   Heterotaxy , 236, 238, 248–251  
   HIDA.    See  Hepatobiliary scintigraphy;  99m Tc-disofenin; 

 99m Tc-mebrofenin  
  Hippuran,  125 I.    See   125 I-hippuran 
   Histiocytic necrotizing lymphadenitis (Kikuchi 

syndrome) , 491, 492  
   Histiocytosis.    See  Langerhans cell histiocytosis 
   Hodgkin’s disease 

 Ann Arbor staging system, modifi ed , 481–482  
 bone marrow involvement by , 484  
 clinical features , 479–481  
 epidemiology , 479  
  18 F-FDG PET , 479, 480, 482–485, 576  
 gallium scan , 480, 482–485  
 gallium scan compared to,  18 F-FDG PET , 479, 480  
 imaging, indications for 

 response to therapy, assessment of , 484–485  
 staging , 482–484  
 surveillance , 485  

 immunodefi ciency-related , 488, 491  
 progressive transformation of germinal centers 

(PTGC) , 492–493  
 staging system, modifi ed Ann Arbor , 481–482  

   Human immunodefi ciency virus (HIV) , 490  
   Human serum albumin,  99m Tc.    See   99m Tc-human serum 

albumin 
   Hybrid imaging.    See also under  Positron emission 

tomography (PET); Single photon emission 
computed 

 tomography (SPECT) , 41–42  
   Hydrocephalus , 82, 84–85, 87  
   Hydronephrosis 

 clinical features and management , 302–306, 310  
 incidental fi nding on,  18 F-FDG PET , 44  
 renal cortical SPECT, evaluation with , 297, 318  
 renogram, evaluation with , 284, 286–287, 290–293, 

302–306  
 vesicouereteral refl ux associated with , 205  
 neonatal , 303, 304  
 prenatal , 303–305  

   Hypercalcemia , 451–452  
   Hyperinsulinism, congenital , 456, 474  
   Hyperparathyroidism 

 clinical features , 447–448, 451–456  
 ectopic parathyroid adenoma , 454–455  
 familial hypocalcuric hypercalcemia (FHH) , 452  
 genetic syndromes associated with , 452  
 imaging, dual isotope method , 448–451  
 imaging, dual phase method , 448–451  

 multiple endocrine neoplasia (MEN) , 452  
 parathyroid adenoma , 447–448, 451, 453, 454  
 parathyroid carcinoma , 452, 454, 455  
 parathyroid hyperplasia , 447–448, 451, 458  
 recurrent , 454–455  
 secondary , 447, 455–456  
 SPECT and SPECT/CT , 451  
 tertiary , 447, 455–457  
 ultrasonography , 448, 450, 452, 454, 455  

   Hyperplasia 
 liver, focal nodular , 252  
 mandibular condyle , 407–421  
 pancreatic beta cells , 456, 464, 474  
 parathyroid glands , 447, 451–454, 456, 458  
 thyroid, benign nodular , 112  

   Hypertension 
 cardiac effects of , 157–160  
 hyperparathyroidism associated with , 451  
 renal mechanisms of , 311–314  
 renovascular , 311–318  
 renal artery stenosis , 311–318  

   Hyperthyroidism 
 clinical features and evaluation of , 108–113  
 Graves’ disease , 109–111, 114–117  
 nodule, autonomous (hot) , 109, 112–113, 117  
 radioiodine ( 131 I) therapy , 114–117  
 ectopic , 113  
 factitious , 113  
 thyroiditis , 110–113  
 treatment, medical , 114  
 treatment, radioiodine ( 131 I) , 114–117  
 treatment, surgical , 114  

   Hypertrophy 
 right ventricular hypertrophy , 157–160  

   Hypothermia 
 brain imaging in , 65  

   Hypothyroidism, congenital 
 clinical features and evaluation , 106–108  
 iodine-123 scintigraphy , 106–108  
  99m Tc-pertechnetate scintigraphy , 274  

   Hypoxia, brain imaging of , 65    

  I 
   123 I-sodium iodide 

 effective dose , 652  
 effective dose, fetal , 655  
 radiopharmaceutical , 100–101  
 thyroid scintigraphy , 101–102, 106–108, 110–113, 

117–118  
 thyroid uptake determination , 102–104  
 whole body scan , 104–105, 121–123  
 thyroid localization for parathyroid imaging , 449–451  

    123 I-meta-iodobenzylguanidine (MIBG) 
 collimator choice for imaging , 625–626  
 comparing,  123 I-MIBG and,  131 I-MIBG , 460  
 carcinoid tumors, imaging , 469  
 drug interactions , 431, 459–460  
 effective dose, fetal , 655  
 myocardial, neuronal, imaging , 431, 463  
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  123 I-meta-iodobenzylguanidine (MIBG) ( cont .) 
 neuroblastoma, compared to,  18 F-FDG PET , 437–440  
 neuroblastoma, imaging , 431–436  
 paraganglioma, imaging , 459, 467–468  
 pheochromocytoma, imaging , 459, 466, 467  
 preparation, patient , 459  
 radiopharmaceutical, as a , 457–463  
 SPECT , 459  
 thyroid effects of , 431, 459  

    124 I-sodium iodide 
 PET , 34, 72, 101, 577, 585  
 effective dose, fetal , 655  

    124 I-meta-iodobenzylguanidine (MIBG) 
 PET , 577, 581, 582, 584, 585, 587  

    125 I-hippuran 
 effective dose, fetal , 655  

    125 I-human serum albumin (HSA) 
 effective dose, fetal , 655  

    125 I-iothalamate , 357  
    125 I-orthoiodohippurate , 284, 286, 325  
    125 I-sodium iodide 

 effective dose, fetal , 655  
    131 I-meta-iodobenzylguanidine ( 131 I-MIBG) for 

scintigraphy.    See  
 123 I-meta-iodobenzylguanidine 

    131 I-meta-iodobenzylguanidine (MIBG) for therapy , 441  
    131 I sodium iodine , 100–101  

 effective dose , 656  
 effective dose, fetal , 655  
 scintigraphy , 105, 120–125  
 therapy with , 114–118, 120–121  

    131 I-rose Bengal 
 scintigraphy , 236  
 effective dose, fetal , 655  

   ICRP (International Commission for Radiological 
Protection) , 651  

   Ictal SPECT injection system , 56–60  
   Idiopathic condylar resorption , 421  
   Image fusion.    See  Co-registration, image 
   Image Gently campaign , 89, 675, 685, 693  
   Image acquisition , 8–13  
   Image, hybrid.    See  Hybrid imaging 
    111 In-diethylenetriamine pentaacetic acid ( 111 In-DTPA)  

  See also   99 Tc-diethylenetriamine pentaacetic 
acid ( 99 Tc-DTPA). 

 CSF imaging , 83  
 effective dose , 652  
 effective dose, fetal , 655  

    111 In-labelled platelets.    See   111 In-platelets 
    111 In-labeled white blood cells.    See   111 In-white 

blood cells 
    111 In-octreotide.    See   111 In-pentreotide 
    111 In-oxyquinolone.    See   111 In-white blood cells 
    111 In-pentreotide (OctreoScan®) 

 carcinoid (enterochromaffi n) tumors, imaging , 
469, 471  

 effective dose , 652  
 effective dose, fetal , 655  
  18 F-FDG PET, compared to , 463  
 gastroenteropancreatic tumors, imaging , 473  

 mechanisms , 460–461  
 patient preparation , 463  
 pheochromocytoma, imaging , 466–467  
 procedure , 460–463  
 SPECT , 463  

    111 In-platelets 
 effective dose , 652  
 effective dose, fetal , 655  

    111 In-white blood cells 
 effective dose , 652  
 effective dose, fetal , 655  
 fever of unknown origin (FUO) , 549–552  
 infl ammatory bowel disease , 554  
 osteomyelitis , 557–562  
 scintigraphy , 543–547  
  99m Tc-white blood cells, compared to , 544–547  

   Indium-111.    See   111 In 
   Infantile spasms , 51  
   Infarction 

 bone , 366  
   Infection and infl ammation 

 abscess   ( see  Abscess(es)) 
 arthritis   ( see  Arthritis) 
 bladder , 344  
 bone , 372, 374, 395, 436, 556–564  
 bone marrow in Hodgkin’s disease , 484  
 cellulitis , 375  
 chronic recurrent multifocal osteomyelitis(CRMO) , 

563, 565  
 brain , 69–71, 78  
  18 F-FDG PET , 15, 35, 36, 44, 60, 69, 78, 151, 166, 

167, 436, 437, 484, 547–548, 576, 609, 
612, 614  

  18 F-FLT PET , 71  
 fever of unknown origin (FUO) , 549–552  
 gallium scan , 542–543  
 gastrointestinal bleeding , 267, 273, 277    ( see also  

Gastrointestinal bleeding) 
 infl ammatory bowel disease , 266, 547, 552–556  
 intestinal obstruction , 267  
 lung , 546, 551  
 lymphedema , 198  
 mandibular condyle , 407, 423  
 molecular imaging , 583  
 Myocardial , 147, 148  
 opportunistic infections , 548–549  
 osteomyelitis , 556–563  
 thyroiditis , 112, 116, 117  
 post-radiation , 116, 117  
 renal , 297, 310  
 soft-tissue on bone scan , 375, 389  
 ultrasound detection , 573  
 urinary , 322  
 vascular , 148–151, 165–167  
 white blood cells, labeled , 543–547  

   Infl ammatory bowel disease (IBD) , 266, 547, 552–556  
   Infl ammatory myofi broblastic tumors , 520  
   Insulin-like growth factor receptors , 587  
   International Commission for Radiological Protection 

(ICRP) , 651  
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   Image fusion.    See  Co-registration 
   Image processing.    See  Processing, image 
   Immunodefi ciency 

 combined variable , 490  
 human immunodefi ciency virus (HIV) , 490, 549  
 lymphoproliferative disorders , 487–490  

   Indirect radionuclide cystography , 348–349  
   Infantile hemangioma, evaluation with 

lymphoscintigraphy , 200  
   Infantile spasms , 61  
   Infl ammatory bowel disease , 552–554  
   Infl ammatory myofi broblastic tumors , 520  
   Indium-111.    See   111 In 
   Insulinoma , 463, 469, 471  
   International Neuroblastoma Risk Group Staging 

System(INRGSS) , 429–430  
   International Neuroblastoma Staging System (INSS) , 

429, 430  
   Inulin, to assess renal function , 325  
   Iodine 

 organifi cation in thyroid , 99–100  
 symporter , 99–100  
 sources of , 104  
 thyroid uptake decreased , 113  

   Iodine radioisotopes and radiopharmaceuticals.    See   123 I; 
 124 I;  125 I;  131 I 

   Iridium-191m ( 191m Ir) for radionuclide 
angiocardiography , 181–182  

   Islet cell hyperplasia.    See  congenital hyperinsulinism 

    J 
  Joint Commission , 21, 22  

    K 
  Kawasaki disease , 148–150, 158, 160, 167, 244, 552  
   Ketamine , 26–27  
   Ketorolac , 27–28  
   Kidneys.    See also  Renogram 

 acute renal failure , 320  
 acute tubular necrosis (ATN) , 292, 321  
 congenital anomalies , 284, 314, 316  
 cortical renal scintigraphy   ( see  Renal cortical 

scintigraphy) 
 diuretic renogram   ( see  Renogram) 
 duplicated , 284, 292, 297, 316–317  
 dynamic renal scintigraphy   ( see  Renogram) 
 ectopic , 293, 298, 314, 316  
 end-stage kidney disease, pediatric , 283  
 fetal lobation , 11, 298  
 glomerular fi ltration rate , 302, 325–327, 355–363  
 horseshoe kidney, imaging , 284, 314, 316  
 hydronephrosis   ( see  Hydronephrosis) 
 hypertension   ( see  Hypertension) 
 immaturity, renal , 268, 292, 302  
 incidental fi ndings on non-renal studies , 44  
 infarction , 311, 321  
 infection   ( see  Urinary tract infection) 

 multicystic dysplastic kidney (MCDK) , 287, 
298, 318  

 polycystic kidney disease , 284, 318  
 prenatal disease , 283  
 pyelonephritis   ( see  urinary tract infection) 
 radionuclide cystogram   ( see  Radionuclide 

cystography) 
 renal artery stenosis , 313–316, 320  
 renal plasma fl ow, effective , 326, 327  
 renal vein thrombosis , 310–311, 321  
 scarring , 292, 297, 306–309, 313  
 solitary kidney , 314  
 SPECT , 298–299  
 transplantation   ( see  Transplantation, renal) 
 trauma , 320  
 tumors 

 clear cell sarcoma , 514–515  
 imaging , 320  
 mesoblastic nephroma , 514  
 renal cell carcinoma , 514  
 rhabdoid, malignant , 514  
 Wilms’ tumor , 513–514  

 vesicoureteral refl ux , 335–351  
   Kikuchi syndrome , 491, 492  
    81m Kr-glucose, esophageal transit , 222  

    L 
  Labeled leukocytes.    See   99m Tc-white blood cells, 

 111 In-white blood cells 
   Langerhans cell histiocytosis (LCH) , 366, 526–529, 

607–608  
   Letterer-Siwe disease.    See  Langerhans 

cell histiocytosis 
   Leukocytes, labeled.    See   99m Tc-white blood cells; 

 111 In-white blood cells; White cell scan 
   License, radioactive material , 661–662  
   Limp, evaluation in a child, 366, 390. 392 
   Lipidema, evaluation with lymphoscintigraphy , 200  
   Liver 

 biliary atresia , 240–244  
 biliary leak , 246, 249  
 biliary obstruction , 244–245  
 Caroli’s disease , 246  
 cholecystitis , 244–245  
 choledochal cyst , 245–247  
 congenital anomalies , 248–250  
 diffuse disease , 250–253  
 focal disease , 250–253  
 hepatitis, neonatal , 240–244  
 metastases , 251–252  
 neonatal jaundice , 240–244  
 space-occupying lesions , 251  
 size , 257–258  
 transplantation , 257, 259  
 trauma , 253–255  

   Liver-Spleen scan 
 method , 238, 257–260  

    177 Lu-labeled somatostatin analogs for treatment of 
neuroendocrine tumors , 576, 602  
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   Lung scans 
 airway obstruction on ventilation scan , 137  
 cardiac shunt, right-to-left , 135–137  
 congenital heart disease , 134–135  
 CT angiography , 142  
 intra-pulmonary shunt , 137  
 parenchymal lung disease , 137  
 perfusion lung scintigraphy , 131–133  
 pulmonary atresia , 136  
 pulmonary embolism, clinical , 139–140  
 pulmonary embolism, imaging , 140–141  
 pulmonary emboli, non-thrombotic , 142  
 pulmonary shunting , 135–137  
 radiation safety of  133 Xe , 669–670  
 sequestration , 143  
 ventilation lung scintigraphy , 133–134, 137–138, 575  
 ventilation/perfusion (V/Q) scan , 137–143  

   Lymphedema , 189, 197–200  
   Lymphadenitis 

 dermatopathic , 491–493  
 infectious , 491  

   Lymphadenopathy, non-neoplastic , 490–493  
   Lymphoma, Hodgkin’s.    See  Hodgkin’s disease 
   Lymphomas, non-Hodgkin 

 Burkitt’s lymphoma , 485, 490  
 clinical , 479–481, 485  
 bone marrow involvement , 484  
 bone, primary lymphoma of , 485–487  
 central nervous system, primary lymphoma of , 486  
 epidemiology , 479, 485  
  18 F-FDG PET , 479, 480, 486–487, 576, 605–607  
 gallium scan , 480  
 gallium scan compared to  18 F-FDG PET , 479, 480  
 imaging for 

 follow-up , 487  
 response to therapy , 487  
 staging , 486–487  

 lymphoblastic lymphoma , 485  
 PET/MR , 607  
 staging system, St. Jude , 485  

   Lymphoproliferative disorders 
 Imaging for staging and follow-up , 490  
 Immunodefi ciency , 487–490  
 post-transplant (PTLD) , 487–490  

   Lymphoscintigraphy 
 chylous ascites, evaluation of , 191, 194  
 lymphedema, clinical , 197–200  
 radionuclide lymphoscintigraphy , 189–200  
 sentinel lymph node localization , 191–197, 200  
  99m Tc-labeled sulfur colloid , 189–190  
  99m Tc-tilmanocept , 190  

    M 
  Macroaggregated albumin (MAA),  99m Tc.    See   99m Tc-

macroaggregated albumin ( 99m Tc-MAA) 
   Magnetic resonance imaging (MRI) 

 brain imaging 
 brain tumors , 66–67, 71, 74  
 epilepsy , 13, 51  

 Ewing’s sarcoma , 504–509  
 Langerhans cell histiocytosis, imaging , 607–610  
 lymphoma, imaging , 607  
 metallic prosthesis , 499  
 molecular imaging , 577–581  
 neuroblastoma, imaging , 14, 70, 430, 432, 435, 602  
 neuroendocrine tumors , 467, 470  
 osteosarcoma, imaging , 499–502  
 PET/MRI , 567–615, 642  
 rhabdomyosarcoma, imaging , 605  
 sarcomas, imaging , 604–605  
 skeletal , 388–390, 393, 402  
 solid tumors , 513–536  
 urography , 287–288  

   Magnfi cation pinhole collimation , 625–628  
   Malignant melanoma , 534–536  
   Malignant peripheral nerve sheath tumor , 520, 522  
   Malignant rhabdoid tumors , 514, 522  
   Mandible, growth asymmetry 

 bone scan, Procedure , 408–409  
 clinical , 407–408  
 growth assessment , 416–421  
 idiopathic condylar resorption , 421–425  
 post-surgical assessment , 416  
 unilateral condylar hyperplasia , 409–421  

   MDP.    See   99m Tc-methylene diphosphonate 
   Mebrofenin,  99m Tc.    See   99m Tc-mebrofenin 
   Meckel diverticulum , 266  

 clinical features , 267  
 Meckel scan , 267–274  

   Medical Internal Radiation Dose (MIRD) committee , 
650, 651  

   Medullary thyroid cancer , 456, 473  
   Melanoma, malignant 

 clinical , 534–535  
 18F-FDG PET , 535  
 sentinel lymph node localization , 189, 196, 200  

   MEN.    See  Multiple endocrine neoplasia 
   Mesoblastic nephroma , 514  
   Metabolism 

 myocardial, imaging with  18 F-FDG , 166  
   Meta-iodobenzylguanine (MIBG).    See  

 123 I/ 124 I/ 131 I-meta-iodobenzylguanidine 
   Methimazole , 104, 114  
   Methionine,  11 C.    See   11 C-methione 
   Methylene diphosphonate.    See   99m Tc-methylene 

diphosphonate 
   MIBG.    See   123 I/ 124 I/ 131 I-meta-iodobenzylguanidine 
   MIBI,  99m Tc.    See   99m Tc-sestamibi 
   Midazolam , 26  
   Milk scan , 206–210.     See also  Gastro-esophageal refl ux 

scintigraphy 
   MIRD (Medical Internal Radiation Dose) committee , 

650, 651  
   Molecular imaging 

 biomarkers , 583–589  
 clinical applications , 581–589  
 computed Tomography , 575  
 magnetic resonance imaging , 577–581  
 optical Imaging , 574–575  
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 PET/MR , 581–589  
 photoacoustic Imaging , 575  
 positron emission tomography , 576–577  
 principles , 571–573  
 SPECT , 575–576  
 ultrasound , 572–574  

   Mononucleosis , 490, 492  
   Morphine for anesthesia and sedation , 28  
   Moyamoya disease , 61–63  
   MRI urography , 287–288  
   Mucocutaneous lymph node syndrome.    See  Kawasaki 

disease 
   Multicystic dysplastic kidney (MCDK) , 318  
   Multiple endocrine neoplasia I (MENI) , 451–452, 

471, 473  
   Multiple endocrine neoplasia II (MEN II) , 465  
   Murphy (St. Jude) staging system for non-Hodgkin 

lymphoma , 485  
   Musculoskeletal tumors, pediatric , 497–509     See also 

Specifi c tumor  
   Mustard procedure , 158, 159  
   Myocardial metabolism imaging with  18 F-FDG PET , 

166–167  
   Myocardial Perfusion imaging 

 anomalous coronary artery , 152, 154  
 approaches to , 161  
 cardiac transplantation , 152–153  
 cardiomyopathy , 156–157  
 chest pain , 158  
 chest trauma , 158  
 congenital heart disease , 147  
 Kawasaki disease , 148–150  
 PET , 164–166  
 pulmonary atresia , 160–161  
 right ventricle , 156–160  
 SPECT techniques , 161–163  
 transplant vasculopathy , 152–153  

   Myxoid tumor , 524  

    N 
   13 N-ammonia ( 13 NH 3 ) , 164, 165  
   Nanoparticles,  99m Tc, aerosolized.    See   99m Tc-

nanoparticles (Technigas®) 
   Narcotics for anesthesia and sedation , 28  
   Nasopharyngeal carcinoma , 535–536, 576  
   Near-infrared spectra , 574  
   Necrotizing enterocolitis 

 bone scan, soft tissue uptake , 370, 372  
   Neonatal 

 hepatitis , 240–244  
 kidneys, persistent fetal lobation of , 307  
 renal immaturity , 302  

   Neuroblastoma 
 bone scan, staging , 436–437  
 bone scan, tumor uptake , 371, 383  
  11 C-hydroxyephedrine ( 11 C-HED) , 602  
 clinical , 429–431  
 Curie scoring , 434  
  18 F-DOPA PET , 576, 602  

  18 F-FDG PET and PET/CT , 437–441  
  18 F-FDG PET compared to  123 I-MIBG , 437–440, 600  
  68 Ga-labeled PET radiopharmaceuticals, imaging 

with , 576, 602  
 International Neuroblastoma Risk Group Staging 

System(INRGSS) , 429–430  
 International Neuroblastoma Staging System (INSS) , 

429, 430  
  123 I/ 131 I meta-iodobenzylguanidine (MIBG) , 431  
  123 I-MIBG compared to  18 F-FDG PET , 437–440, 600  
  123 I-MIBG scintigraphy, clinical applications , 

431–436  
  123 I-MIBG scintigraphy, procedure and technique , 

431–432  
  131I -MIBG therapy , 441  
 PET/MR , 602  
 PET radiopharmaceuticals , 430–431, 437–441, 576, 

600–602  
 staging , 429–430, 434  

   Neuroendocrine tumors 
 carcinoid tumors , 456, 472  
 categories of tumor types , 456  
 congenital hyperinsulinism , 474  
 enterochromaffi n tumors , 456  
 gastrinoma , 471  
 gastro-entero-pancreatic tumors , 456, 469, 471–473  
  123 I-MIBG , 459–461, 464, 466–469  
  111 In-pentreotide (OctreoScan) , 460–463, 471  
 insulinoma , 469, 471  
 medullary thyroid cancer , 473  
 nesidioblastosis   ( see  congenital hyperinsulinism) 
 octreotide (Sandostatin ®) therapy , 463  
 paraganglioma , 456, 465–467, 470  
 PET imaging 

  18 F-FDG-PET , 463, 472, 473  
  18 F radiopharmaceuticals , 464, 474  
  68 Ga radiopharmaceuticals , 465  

 pheochromocytoma , 456, 465–467  
 sympathochromaffi n tumors , 456, 465–467  

   Neurofi bromatosis Type 1 (NF1) , 520, 529–534, 
576, 583  

   Neuropsychiatric disorders, brain imaging , 65–66  
   Nijmegen syndrome , 490  
   Nissen fundoplication procedure , 211, 221  
   Nitrogen-13.    See also   13 N 

 as a label for PET radiopharmaceuticals , 34  
   Non-Hodgkin lymphoma.    See  Lymphoma 
   Non-rhabodmyosarcoma sarcomas.    See  Sarcomas. 
   North American guidelines for pediatric 

radiopharmaceutical administered doses , 17, 
685, 693–694  

   North American Society of Pediatric Gastroenterology, 
Hepatology, and Nutrition , 266  

   Nuclear Regulatory Commission (NRC) , 661  

    O 
  OctreoScan ® .    See   111 In-pentreotide 
   Opportunistic infections , 548–550  
   Optical imaging , 574–575  
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   Ordered subset expectation maximization (OSEM) , 301, 
381–382, 688, 690  

   Organifi cation, of iodine in the thyroid , 99–100  
   Osteoid osteoma , 366, 378–380  
   Osteomyelitis 

 bone scan, as an indication for , 366  
 bone scan to evaluate , 557–558  
 clinical features , 556–557  
  18 F-FDG PET and PET/CT , 560–563  
  67 Ga-gallium scan , 557–558  
 sickle-cell disease , 559  
 subperiosteal abscess , 563  
  99m Tc-labeled sulfur colloid to image bone marrow , 

559–560  
 white blood cell scan , 557–561  

   Osteosarcoma 
 bone scan , 366, 371, 499–500, 502  
 clinical features , 498  
  18 F-FDG PET and PET/CT , 501, 502, 576  
 imaging to assess 

 diagnosis and staging , 498–501  
 response to therapy , 501  
 recurrence , 501–502  

    15 O-water 
 effective dose , 652  
 myocardial blood fl ow , 164  

   Oxygen-15 , 164.     See   15 O 

    P 
  Pancreatic neuroendocrine tumors.    See  Neuroendocrine 

tumors 
   Para-aminohippurate (PAH) , 286, 326, 327  
   Paraganglioma.    See  Neuroendocrine tumors 
   Parathyroid glands.    See  Hyperparathyroidism 
   Pars interarticularis, stress on bone scan , 367, 390–393  
   Pectus excavatum , 137–138  
   Pediatric nuclear medicine, general , 1–15  
   Pentobarbital , 24–25  
   Pentreotide,  111 In.    See   111 In-pentreotide 
   PERCIST criteria , 586  
   Perfusion scan 

 bone, on three-phase scan , 374, 556  
 brain , 51–53, 80  
 kidney , 289, 320–322  
 lung , 131–133, 140–141  
 myocardium , 148–166  

   Peripheral nerve sheath tumors (PNST’s) , 520  
   Pertechnetate,  99m Tc.    See   99m Tc-pertechnetate 
   PET.    See  Positron Emission Tomography 
   Phenobarbital , 235, 244  
   Pheochromocytoma.    See  Neuroendocrine tumors 
   Photoacoustic imaging , 575  
   Pinhole collimator , 102, 110–113, 118, 625–628  
   Platelets,  111 In.    See   111 In-platelets 
   PNET (primitive neuroectodermal tumor) , 503  
   Polyarteritis nodosa , 552  
   Polycystic kidney disease , 284, 318  
   Polysplenia 

 congenital abnormalities , 248, 250  
 heated red blood cell procedure , 250  

 heterotaxia syndromes , 250  
 splenic scintigraphy , 251  

   Positron emission tomography (PET).    See also   18 F-FDG 
PET;  18 F-sodium fl uoride;  18 F-DOPA; 
 68 Ga-gallium 

 image processing and reconstruction , 640  
 molecular imaging , 576–577  
 myocardial metabolism, imaging with  18 F-FDG , 

166–167  
 myocardial perfusion , 147, 148, 150–151, 153, 156, 

157, 164–166  
 PET and PET/CT , 33–38, 41–45  
 PET/MRI, 167, 581–589, 597–615, 640—641 
 principles , 635–640  

   Positron Emission Tomography Response Criteria in 
Solid Tumors.    See  PERCIST criteria 

   Post-transplant lymphoproliferative disorder (PTLD) 
 clinical , 488–490  
 pathological categories , 488  
 staging , 490  

   Pregnancy 
 dosimetry , 654  
 gallium scan, breast uptake , 542  
 myocardial perfusion imaging , 163, 165  
 pulmonary embolism risk , 140  
 radiation exposure , 542, 654  
 radiation protection , 40, 670–671  
 radioiodine therapy , 114, 116–117, 120  
 testing in patients , 3, 40, 117, 163, 165  
 thyroid disease and , 114  

   Preparation, patient 
 bone scan , 18, 373–374, 383, 386  
 esophageal transit , 219  
  18 F-FDG PET , 35–38  
 gallium sacn , 543  
 gastric emptying study , 214, 217  
 glomerular fi ltration rate , 359  
 hepatobiliary scintigraphy , 235  
  123 I-MIBG scintigraphy , 431–432, 459–461  
  123 I whole body scan , 105, 120  
 lung scan , 131  
 lymphoscintigraphy , 190, 198  
 myocardial metabolism PET , 166  
 myocardial perfusion imaging , 163  
 myocardial perfusion PET , 165–166  
 nuclear medicine , 3–4, 10, 16, 693–694  
 radioiodine therapy , 119–120  
 radionuclide cystography , 342  
 renal cortical scan , 295  
 renogram , 285  

   Primitive neuroectodermal tumor (PNET) , 503  
   Processing, image 

 deconvolution analysis of 
 cardiac shunt , 172–174, 179–181  
 renal function , 324–325  

 denoising software , 285–286  
 dose reduction, as a method of , 628–630, 634–635  
 ejection fraction , 169–170, 174–176  
 enhanced planar , 285–286, 376, 379, 628–630  
 esophageal transit , 220–222  
 gated cardiac studies , 168–170  
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 PET , 640  
 PET/MR , 577, 640–641  
 planar scintigraphy , 628  
 renograms , 288, 323–325  
 scintigraphy , 628  
 shunts, cardiac , 172–174, 179–181  
 SPECT , 163, 381, 382, 632–634  
 SPECT/CT , 634–635  
 subtraction, digital 

 brain SPECT , 51, 55–57, 60, 72  
 parathyroid scintigraphy , 450, 456  

   Progressive transformation of germinal centers 
(PTGC) , 492  

   Propofol , 27  
   Propylthiouracil (PTU) , 104, 114  
   Prune-belly syndrome , 318  
   PTLD.    See  Post-transplant lymphoproliferative disorder 
   PTU.    See  Propylthiouracil 
   Pulmonary.    See  Lungs 
   Pulmonary atresia , 160–161  
   Pulmonary embolism 

 clinical features , 139–140  
 emboli, non-thrombotic , 142–143  
 imaging , 140–141  

   Pyelonephritis.    See  Urinary tract infection 

    R 
  RADAR task group , 651  
   Radiation dose.    See also  Dosimetry, internal; 

Radiation protection 
 calculations , 645–651  
 CT dose index (CTDI) , 654  
 effective dose   ( see  Effective dose) 
 external , 664–665  
 family members , 666, 672–673, 680–681  
 internal , 665  
 occupational limit , 664–665  

   Radiation, effects on 
 bone , 366  
 kidney , 320  

   Radiation exposure 
 epidemiology , 676–678  
 fetal , 654–656, 678  
 radiobiology , 676  
 radiopharmaceuticals , 684–685  
 risks   ( see  Radiation risk) 

   Radiation protection.    See also  Radiation dose; 
Dosimetry, internal 

 ALARA , 669  
 dose calculations , 645–647  
 effl uent, airborne , 666  
 general principles , 667–670  
 inhalation of radioactive substances , 665, 669–670  
 instrumentation , 671–672  
 monitoring , 666  
 nuclear medicine, in , 659  
 occupational exposure , 664–665, 667–671  
 patient and family , 666, 672–673  
 pregnancy , 17, 654, 670–671  
 surveys , 666  

 training , 663–664  
 waste management , 667  

   Radiation risk 
 communicating about , 19, 679–681, 693–694  
 fetal , 654–656, 678  
 pediatric nuclear medicine , 17, 19, 672, 680, 

683–684  
 principles , 645, 675–679, 681  

   Radiation Safety Committee , 662–663  
   Radiation Safety Program, general description , 

660–661  
   Radiation Safety Offi cer , 660, 663  
   Radioiodine.    See   123 I,  124 I,  125 I,  131 I 
   Radioiodine ( 131 I) therapy of thyroid disease 

 hyperthyroidism , 114–117  
 thyroid cancer , 119–121  

   Radionuclide angiocardiography , 170–171, 174–176, 
179–181  

   Radionuclide angiography 
 bone , 375  
 cardiac , 160, 170–178  
 cerebral , 72, 81  
 renal , 286  

   Radionuclide cisternogram , 83–84  
   Radionuclide cystography 

 computerized voiding , 350–351  
 direct , 342  
 indications , 341  
 indirect , 348–349  

   Radionuclide GFR determination.    See  Glomerular 
Filtration Rate 

   Radionuclide lymphoscintigraphy , 189–200  
   Radionuclide salivagram , 225–227  
   Radionuclide therapy 

 general , 17  
  131 I-MIBG , 444, 459  
  131 I therapy of thyroid disease , 114–117, 119–121  
 neuroendocrine tumors , 602  
 radiation safety , 660, 665, 670, 672  
 radioimmunotherapy, not used for PTLD , 490  

   Radionuclide venography , 178–179  
   Radiopharmaceuticals 

 administered doses, calculating and adjustment , 2, 3, 
6–8, 15–17  

 administration , 15–17  
 compared to other imaging agents , 1–2  

   Radiopharmacy 
 equipment , 7  
 U.S. Pharmacopeia (USP) , 7  

    82 Rb-rubidium chloride 
 effective dose , 652  
 myocardial perfusion PET , 164, 165  

   Red blood cells,  99m Tc-labeled.    See   99m Tc-red 
blood cells 

   Refl ux 
 gastroesophageal   ( see  Gastroesopohageal refl ux) 
 vesicoureteral   ( see  Vesicoureteral refl ux) 

   Renal.    See  Kidneys 
   Renal artery stenosis , 311–318  
   Renal cell carcinoma , 514  
   Renal plasma fl ow , 327  

Index



708

   Renal cortical scintigraphy 
 duplicated kidney , 284, 297–298, 314, 317  
 ectopic , 34, 284, 299, 314, 317, 340  
 fetal lobation , 11, 298  
 horseshoe kidney, imaging , 284, 316  
 image processing with OSEM , 299  
 multicystic dysplastic kidney (MCDK) , 287, 

298, 318  
 pinhole magnifi cation imaging , 2987–298  
 procedure , 295–297  
 solitary kidney , 314  
 SPECT , 298–300  
 trauma , 318–319  

   Renogram.    See also  Kidneys 
 acute renal failure , 320  
 acute tubular necrosis (ATN) , 292, 321  
 congenital anomalies , 283–284, 304, 314, 316, 317  
 display, computer , 288  
 diuretic renography 

 interpretation , 294–295, 304–306  
 procedure , 288  

 duplicated kidney , 284, 290, 291, 314  
 dynamic renal scan 

 differential renal function , 290–291  
 interpretation, 288–294. 304–306 
 parenchymal phase , 289–292  
 procedure , 286  

 ectopic kidney , 34, 284, 292, 314, 340  
 horseshoe kidney, imaging , 284, 314, 316  
 hydronephrosis   ( see  Hydronephrosis) 
 quantitative analysis , 323–326  
 radionuclide angiography 

 interpretation , 288  
 procedure , 286  

 renal artery stenosis , 311–317, 320  
 solitary kidney , 314, 316  
 transplantation   ( see  Transplantation, renal) 
 trauma , 318–319  

   Reticuloendothelial system, imaging , 238  
   Reticuloendotheliosis, diffuse.    See  Langerhans cell 

histiocytosis 
   Retinoblastoma , 517  
   Rhabdoid tumor of the kidney , 522  
   Rhabdomyosarcoma 

 bone scan , 366  
 clinical features , 507–509  
  18 F-FDG PET and PET/CT , 507–509, 576  
 sentinel lymph node localization , 189, 200  

   Right ventricular hypertrophy , 157–160  
   Rituximab , 490, 585  
   Rosai-Dorfman disease , 491  
   Rubidium-82.    See   82 Rb 

    S 
  Salivagram, radionuclide , 225–227  
   Sarcoidosis, demonstrated on 

  18 F-FDG-PET , 492  
  67 Ga-gallium scan, compared to  18 F-FDG PET , 492  
 labeled WBC scan , 543  

   Sarcomas 
 Alveolar soft part , 523  
 clear cell sarcoma, kidney , 519  
 epithelioid , 522–523  
 Ewing’s sarcoma   ( see  Ewing’s sarcoma) 
 non-rhabdomyosarcoma , 189, 200, 519–521  
 osteosarcoma   ( see  Osteosarcoma) 
 rhabdomyosarcoma   ( see  Rhabdomyosarcoma) 
 sentinel lymph node localization , 189, 200  
 small round cell tumors , 521–522  
 spindle cell tumors , 520–521  
 synovial , 189, 200, 520  
 unclassifi ed/undifferentiated sarcoma , 524–525  

   Scintigraphy, principles and techniques 
 collimators 

 parallel hole , 623–625  
 pinhole , 625–628  

 dynamic , 628–639  
 instrumentation, choice of , 623  
 intra-operative , 623  
 magnifi cation , 625–628  
 planar imaging , 622–625  
 processing, image , 628–630  
 resolution , 624–625  

   Scoliosis, spinal 
 BONE, SCAN , 137, 138  
 effect on lung function and lung scans , 138  

   Sedation in infants and children 
 ASA classes , 24, 25  
 ASA physical status classifi cation , 25  
 contra-indications , 22  
 depths of Sedation , 21–22  
 guidelines of sedation practice , 22, 23  
 JCAHO defi nitions , 22  
 patient selection , 24  
 precautions , 3  
 red fl ags for , 24  
 risks , 25  
 safety , 24  
 sedation service, developing a , 23–24  

   Seizures.    See also  Epilepsy, childhood 
 post-surgical, imaging , 72  

   Senning procedure , 158  
   Sentinel lymph node localization , 191–197, 200  
   Sepsis 

  18 F-FDG PET, evaluation by , 614  
 liver, effect on , 244  
 spleen, effect on , 253–255  
 white blood cell scan scan , 548  

   Sequestration, pulmonary , 142  
   Sestamibi,  99m Tc.    See   99m Tc-sestamibi 
   Shunt 

 cardiac, not specifi c , 10, 131  
 cardiac, pulmonary-to-systemic (right-to-left) , 132, 

134–137, 176–178  
 cardiac, systemic-to-pulmonary (left-to-right) , 

170–174, 179–181  
 cerebrospinal fl uid , 81, 86–90  
 Glenn cavopulmonary anastomosis , 134, 

137, 178  
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 hepato-pulmonary, assessment prior to treatment of 
liver lesions , 516  

 intra-pulmonary , 137, 140  
 intra-pulmonary, associated with liver disease , 137  
 systemic-to-portal , 252  
 ventriculoperitoneal , 89  

   Sickle cell disease, complications 
 bone , 370, 373, 559  
 cerebrovascular , 61  
 spleen , 256–257, 372  

   Sincalide , 235–236  
   Single photon emission computed tomography (SPECT) 

 bone , 379–383  
 brain , 47–81  
 brain tumors , 66–72, 81  
 cardiac neuronal , 162  
 epilepsy, ictal and interictal SPECT in , 51–61, 80–81  
 gallium scan , 480  
 gastric , 217–218  
 image reconstruction and processing , 632–634  
 liver , 238  
 lungs , 142  
 molecular imaging, as , 575–576  
 myocardial perfusion , 147, 161–163  
 resolution recovery processing , 634  
 SPECT/CT, image processing , 634–635  
 spleen , 237, 238, 253–254  

   Skeletal scintigraphy.    See  Bone scan 
   Small round cell tumors , 521–522  
   Society of Nuclear Medicine and Molecular Imaging 

  18 F-fl uoride PET bone scan , 390  
 gastric emptying standardized meal , 217  
 A guide for diagnostic nuclear medicine , 661  
 Image Gently campaign , 672, 694  
 North American guidelines for administered 

radiopharmaceutical doses , 685  
 Radiation Dose Assessment Resource (RADAR) 

Task Group , 647  
 radiopharmaceutical doses for pediatrics , 17, 122  
 “right test…right dose…right patient” 683 
 thyroid cancer clinical guidelines , 122  

   Society for Pediatric Radiology , 672, 685, 694  
   Spindle cell tumors , 520–521, 526  
   Spleen 

 abscess , 257  
 accessory , 255, 256  
 asplenia, functional , 256–257  
 asplenia/polysplenia , 236, 248, 251  
 bone scan, uptake on , 370, 372  
 congenital anomalies of the spleen , 248, 251  
 scintigraphy , 237–238, 251, 256–257  
 size , 260  
 splenosis , 236, 255  
 torsion , 256  
 trauma , 253–256  
 wandering , 256  

   Spondylolysis , 367, 390–393  
   Sports-related injuries 

 back pain , 390–394  
 bone scan , 386, 390–393  

 clinical musculoskeletal , 386  
 complex regional pain syndrome (CRPS) , 393  
 indications for bone scan , 386–388  
 osseous stress and stress fracture , 388–393  
 other causes of pain in pediatric athletes , 393–394  
 pars interarticularis , 390–393  
 spondylolysis , 367, 390–393  

   St. Jude (Murphy) staging system for non-Hodgkin 
lymphoma , 485  

   Stress fracture(s) , 388–393  
   Stress osseous, without fracture , 388–393  
   Stress protocols for myocardial perfusion imaging 
   Succimer.    See   99m Tc-dimercaptosuccinic acid 

( 99m Tc-DMSA) 
   Succinate dehydrogenase genes , 465–466  
   Sucralfate.  99m Tc.    See   99m Tc-sucralfate 
   Sulfur colloid,  99m Tc.    See   99m Tc-sulfur colloid 
   Swyer-James syndrome , 137  
   Sympathochromaffi n tumors.    See also  

Pheochromocytoma; Paraganglioma 
 clinical features , 456, 465–467  

   Synchondrosis, on bone scan , 366  
   Synovial cell sarcoma 

 clinical features and management , 520  
 sentinel lymph node localization , 189, 200  

   Systemic lupus erythematosus , 491  

    T 
  Takayasu disease , 148–151, 167, 552  
   Tantalum-178 ( 178 Ta) for radionuclide angiocardiography , 

181–182  
    94m Tc, as a label for PET radiopharmaceuticals , 72  
    99m Tc-bicisate ( 99m Tc-ECD) 

 brain SPECT , 48, 51–60, 80  
 effective dose , 562  

    99m Tc-diethylenetriamine pentaacetic acid ( 99m Tc-DTPA).  
  See also   111 In-diethylenetriamine pentaacetic 
acid ( 111 In-DTPA). 

 aerosolized for lung ventilation scan , 133  
 brain perfusion , 79, 83  
 effective dose , 562  
 effective dose, fetal , 659  
 GFR determination , 356–357  
 lung ventilation scan , 139  
 renogram , 284, 285, 323  

    99m Tc-dimercaptosuccinic acid ( 99m Tc-DMSA) 
 effective dose , 652  
 effective dose, fetal , 655  

    99m Tc-disofenin 
 effective dose , 652  
 effective dose, fetal , 655  
 scintigraphy , 236  

    99m Tc-DMSA.    See   99m Tc-dimercaptosuccinic acid 
    99m Tc-DTPA.    See   99m Tc-diethylenetriamine pentaacetic 

acid 
    99m Tc-ECD.    See   99m Tc-bicisate 
    99m Tc-exametazime.    See   99m Tc-

hexamethylpropyleneamineoxime 
( 99m Tc-HMPAO);  99m Tc-white blood cells 
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    99m Tc-glucoheptonate , 284–286  
    99m Tc-hexamethylpropyleneamineoxime 

( 99m Tc-HMPAO).    See also   99m Tc-white 
blood cells 

 brain SPECT , 48, 51–60, 80  
 effective dose , 562  
 effective dose, fetal , 655  

    99m Tc-human serum albumin 
 effective dose, fetal , 655  

    99m Tc-labeled particles, for ventilation imaging , 133–134  
    99m Tc-labeled sulfur colloid.    See   99m Tc-sulfur colloid 
    99m Tc-labeled white blood cells.    See   99m Tc-white 

blood cells 
    99m Tc-macroaggregated albumin ( 99m Tc-MAA) 

 effective dose, age-based , 651, 653  
 effective dose, fetal , 659  
 lung perfusion , 131–133  
 organ absorbed doses , 655  

    99m Tc-MAG3.    See  mercaptoacetyltriglycine 
( 99m Tc-MAG3) 

    99m Tc-MDP.    See   99m Tc-methylene diphosphonate 
( 99m Tc-MDP) 

    99m Tc-mebrofenin.    See also   99m Tc-disofenin 
    99m Tc-mercaptoacetyltriglycine ( 99m Tc-MAG3) , 

284, 285  
 effective dose , 562  
 effective dose, fetal , 655  

    99m Tc-medronate.    See   99m Tc-methylene diphosphonate 
( 99m Tc-MDP) 

    99m Tc-mertiatide.    See   99m Tc-mercaptoacetyltriglycine 
( 99m Tc-MAG3) 

    99m Tc-methylene diphosphonate ( 99m Tc-MDP) , 367–370, 
373–384  

 effective dose , 562  
 effective dose , 565  

    99m Tc-MIBI.    See   99m Tc-sestamibi 
    99m Tc-nanoparticles ( 99m Tc-Technigas®) , 133  
    99m Tc-pentetate.    See   99m Tc-diethylenetriamine pentaacetic 

acid ( 99m Tc-DTPA) 
    99m Tc-pertechnetate , 79  

 effective dose , 562  
 effective dose, fetal , 565  
 Meckel scan , 267–274  
 parathyroid imaging , 449–451  
 venography , 178–179  

    99m Tc-pyrophosphate 
 effective dose , 562  
 effective dose, fetal , 565  

    99m Tc-red blood cells 
 denatured , 237–238  
 effective dose , 562  
 effective dose, fetal , 565  
 gastrointestinal bleeding , 274–278  
 gated blood pool scintigraphy , 167–170  
 heat-treated , 237–238  
 in vitro labeling ( 99m Tc) , 167–168, 275  
 labeled ( 111 In) , 276  
 splenic imaging , 237–238  

    99m Tc-sestamibi 
 brain SPECT , 48, 81  
 effective dose , 562  
 myocardial perfusion , 156–158, 161–163  
 parathyroid imaging , 448–451  

    99m Tc-sodium pertechnetate.    See   99m Tc-pertechnetate 
    99m Tc-sucralfate , 222–223  
    99m Tc-sulfur colloid 

 aerosolized for lung ventilation , 133  
 bone marrow imaging , 238, 251, 372, 559–560  
 effective dose , 562  
 effective dose, fetal , 565  
 esophageal transit , 219, 221  
 gastric emptying , 214  
 gastrointestinal bleeding , 278–279  
 liver-spleen scan , 238  
 lung ventilation , 133  
 radionuclide cystography , 342  
 reticulothelial system imaging , 238  
 salivagram , 225  

    99m Tc-teboroxime 
 effective dose, fetal , 565  

    99m Tc-tetrofosmin 
 effective dose , 562  
 effective dose, fetal , 565  
 myocardial perfusion imaging161-162 
 parathyroid imaging, dual isotope method , 450  

    99m Tc-tilmanocept , 190  
    99m Tc-white blood cells.    See also   111 In-white blood cells 

 effective dose, fetal , 565  
 fever of unknown origin (FUO) , 549–552  
 infl ammatory bowel disease , 554  
  111 In-white blood cells, compared to , 544–547  
 osteomyelitis , 557–562  
 scintigraphy , 543–547  
  99m Tc-exametazine labeling , 547  

   Teboroxime,  99m Tc.    See   99m Tc-teboroxime 
   Technigas ®.     See   99m Tc-nanoparticles 
   Tetralogy of Fallot , 158, 160  
   Tetrofosmin,  99m Tc.    See   99m Tc-tetrofosmin 
   Thallium chloride.    See   201 Tl-thallium chloride 
   Therapy, nuclear medicine 

 general , 17  
  131 I therapy of thyroid disease , 114–117, 119–121  
  131 I-MIBG , 440, 459  
 neuroendocrine tumors , 602  
 radiation safety , 660, 665, 670, 672  
 radioimmunotherapy, not used for PTLD , 490  

   Thymus 
  18 F-FDG PET , 34, 44, 481, 548  
 irradiation, cancer risk of , 677  
 lymphoma, associated with , 481, 485  
 parathyroid, ectopic , 458  
 radioiodine uptake in , 105, 121  

   Thyroid.    See also  Hyperthyroidism; Thyroid cancer; 
Thyroid nodule; Thyroid storm; Thyroiditis 

 ectopic thyroid , 106–108, 113  
 factors affecting thyroid studies , 103–104  
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 radioiodine uptake , 99–100, 102–103, 113, 115  
 scintigraphy , 101–102  

   Thyroid cancer 
 clinical , 118–119, 121–124  
  18 F-FDG PET and PET/CT, staging , 123, 125  
  18 F-FDG PET and PET/CT, incidental fi nding on , 

117, 124–125  
 medullary , 456, 473  
 non-iodine avid , 122–124  
 tadioiodine therapy , 119–121  
 therapy and management , 119–121  
 Thyroglobulin Elevation, Non-iodine-avid Syndrome 

(TENIS) , 122–124  
 whole body scan , 104–105, 121–123  

   Thyroid nodule 
 autonomous (hot) , 117  
 cold , 117–118  
 hyperthryoidism, caused by , 110–112  
 imaging , 117  
 warm , 117  

   Thyroid storm , 117  
   Thyroiditis, acute , 113  
   Thyroiditis, subacute 

 Hashitoxicosis , 113  
 hyperthryoidism, causing , 109–113  
 imaging , 110, 112–113  
 post-partum , 112  

   Thryoiditis, chronic 
 Hashimoto’s thyroiditis , 112–113  

   Thyrotoxicosis.    See also  Hyperthyroidism 
 factitious thyrotoxicosis , 113  

   Tilmanocept,  99m Tc.    See   99m Tc-tilmanocept 
    201 Tl-thallium chloride 

 brain tumor imaging , 48, 81  
 effective dose , 562  
 effective dose, fetal , 565  
 myocardial perfusion , 162  
 parathyroid imaging , 448–450  

   Toxoplasmosis , 491  
   Transplantation 

 post-transplantation lymphoproliferative disorder , 
487–491  

 splenic autotransplantation , 255  
   Transplantion, bone marrow 

 lymphoma, as treatment of , 481  
 neuroblastoma, as treatment of , 430  

   Transplantation, heart 
 myocardial perfusion imaging , 148, 152–157  
 neuronal SPECT with  123 I-MIBG , 162  
 radionuclide angiography , 160, 167  

   Transplantation, kidney 
 acute tubular necrosis , 321  
 complications, post-operative , 320–323  
 cortical scintigraphy , 295–296  
 donor evaluation , 320, 355  
 gastrointestinal complication , 221  
 glomerular fi ltration rate in donors , 355  
 hyperparathyroidism , 456  

 leak, post-operative , 320  
 renogram , 285, 286, 293, 321–323  
 rejection , 321–322  

   Transplantation, liver 
 fever before transplant, evaluation of , 551–552  
 hepatobiliary scintigraphy , 236, 257–259  
 hepatoblastoma, as treatment for , 516  

   Transposition of the great arteries , 151–152, 158, 160  
   Trauma 

 bone scan, uptake at sites of trauma , 370  
 cerebrospinal fl uid leak caused by , 85  
 chest, evaluated by myocardial perfusion , 148, 158  
 fat emboli related to , 142  
  18 F-FDG PET , 561  
 hydrocephalus related to , 82, 86  
 kidney , 283, 284, 292, 311, 318–319  
 liver , 236, 246, 251, 253  
 lymphatic , 198  
 mandibular condyle , 407, 409, 421  
 muscle , 370  
 non-accidental (child abuse) , 366, 383, 397–405  
 red blood cell, during radiolabeling , 544  
 regional pain syndrome as a sequel , 393, 395  
 skeletal , 366, 383, 388, 395, 397–405, 436, 437, 577  
 spleen , 253–255, 257  

   Truncus arteriosus , 158, 160  
   Tumor.    See specifi c tumors  
   Tuberculosis , 490  

 imaging , 490, 543, 550, 551  
 lymphadenopathy, FDG-avid , 490  
 Meckel’s diverticulum containing , 267  
 radiation exposure of fl uoroscopy , 677  

   Tuberous sclerosis, brain imaging in , 61, 62  

    U 
  Ultrasound 

 molecular imaging , 572–574  
 parathyroid imaging , 448–452  

   Ureteropelvic junction obstruction , 302–306  
   Ureterovesicular junction , 335  
   Urinary tract infection 

 clinical , 306  
 renal cortical scintigraphy , 307–309  
 ultrasonography , 310  
 urography, intravenous , 310  
 vesicoureteral refl ux, associated with , 335, 344, 

348, 350  
   Urography, MR , 287–288  
   Ursodeoxycholic acid (UDCA) , 235  
   U.S. Pharmacopeia (USP), section 767 of , 7  

    V 
  Vasculitis , 551–552  
   Venography, radionuclide , 178  
   Venous thromboembolism , 142  
   Ventilation scan.    See under  Lung scan 
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   Ventricle, cardiac 
 function, imaging , 160, 167–170, 174–176  
 right ventricular hypertrophy , 158–160  

   Vesicoureteral refl ux (VUR) 
 diagnosis , 336–337  
 grading , 337–338  
 infection, urinary tract association , 335  
 mechansism , 335  
 patterns , 345–347  
 radionuclide cystography (RNC)    See  Radionuclide 

cystography 
 sibling risk , 336  
 spontaneous cessation , 340  
 treatment , 340–341  
 variability , 338–340  

   Von Hippel-Lindau (VHL) syndrome , 465  

    W 
  White cell scan , 543–547.     See also   99m Tc-white blood 

cells;  111 In-white blood cells 
   Wilms’ tumor , 513–514, 576  
   Wiskott-Aldrich syndrome , 490  

    X 
   133 Xe-xenon 

 brain imaging , 48, 51  
 cerebral blood fl ow , 48, 78, 576  
 effective dose, fetal , 655  
 lung ventilation , 133, 137–138, 575  
 lung ventilation/perfusion scans , 140–141, 143  
 radiation safety , 8, 669–670         
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