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Positron emission tomography (PET) has been at the forefront of func-
tional and molecular imaging for a number of years. The future of diag-
nostic imaging depends upon the ability to change from imaging
anatomy to examining the processes at work in the body. The fact that
there are now monographs examining particular aspects of PET, such
as this book on the examination of children, speaks to the newly won
maturity of PET. The authors are to be congratulated for the timely
appearance of this volume.

In recent years, PET has transformed the contributions of nuclear
medicine to the diagnosis, staging, and follow-up of patients with
cancer. Children with cancer deserve the very best and most compas-
sionate care that society can provide. Ultimately the greatest compas-
sion we can offer as physicians is to provide the best possible care.
Those charged with creating public policy in the context of diagnostic
medicine must make common cause with physicians and other scien-
tists to ensure that that best possible care is realized at the bedside. All
of the evidence suggests that PET is central to such optimal cancer care.

In addition to the distinguished cast of physicians and researchers
who contributed to this book, I welcome the contributions from tech-
nologists who are a key part of the interaction between the diagnostic
process and the sick or potentially sick child. Good care is contingent
upon putting parents and child at ease, and the technologist has a lead
role in this.

Scientists, working alongside physicians and physician-scientists,
have done much to ensure that PET continues to evolve in at least 
two directions. One direction is the technical development of imag-
ing devices, particularly in the form of hybrid detector systems to
image both biochemistry and morphology simultaneously; combined
positron emission and x-ray computed tomography (PET-CT) is an
example of this. In another direction, new radio-labeled molecular
probes are emerging that will take PET beyond the mapping of regional
glucose metabolism. PET will continue to evolve in ways we can now
see but dimly. The inherent power of PET is represented for me by the
fact that it has been the first technology in diagnostic imaging to serve
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not only in the diagnosis of individual patients but also to address the
wider issue of our understanding of disease mechanisms and the local-
ization of biochemical events in the living body.

Pediatric PET Imaging clearly represents the importance of PET. The
reader will be enriched with useful clinical information for daily prac-
tice and alerted to recent developments so as to be in a position to anti-
cipate and benefit from evolution in a field that is in a constant process
of change.

It has been said that developments in molecular biology and
genomics will cause medicine to change more in the next few decades
than it has over the past several centuries. I have no doubt that PET
will have an important role to play at the “bedside” in realizing the
benefits of our growing understanding of the molecular basis of disease
and its treatment. I am sure my colleagues will join me in welcoming
Pediatric PET Imaging as a timely synthesis of our current knowledge
in pediatric PET, coming as it does at the cusp of so much progress in
diagnostic methods and in our ability to image disease.

Brian Lentle, MD
Emeritus Professor of Radiology

University of British Columbia
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Foreword II

While the importance of PET in the understanding of physiologic and
pathological conditions in adults has been well described, this is the
first book to be published concerning the importance of PET imaging
in pediatric patients.

The use of PET in medicine is a relatively recent development. In
1968 Kuhl and Edwards at the University of Pennsylvania introduced
the concept of emission tomography and built a device to measure the
regional distribution of single gamma emitters. In 1975 Ter-Pogossian
and colleagues at Washington University described the first instrument
designed to image positron emitting radioligands. Interest in using
short-lived positron emitters for the study of biologic functions in
humans was greatly enhanced by the development of the 14C-
deoxyglucose method for measuring region cerebral glucose metabo-
lism (rCMRgl) autoradiographically in animals by Sokoloff and
colleagues at the National Institute of Mental Health and Reivich at the
University of Pennsylvania in 1977. It was clear that adapting this
method to studies in humans offered great potential, and in late 1973
Reivich, Kuhl, and Alavi discussed the possibility of labeling deoxy-
glucose with a gamma-emitting radionuclide for measuring rCMRgl in
humans. We contacted Alfred Wolf at Brookhaven National Laboratory,
and at a joint meeting in December 1973 Wolf suggested using 18F to
label the glucose analogue fluorodeoxyglucose (FDG) because of its rel-
atively long half-life and its low positron energy. By 1975, 18F-FDG was
successfully synthesized by Ido in Wolf’s laboratory in sufficient quan-
tity to be shipped to the University of Pennsylvania for human studies.
In preparation for these studies, the Mark IV scanner at the University
of Pennsylvania was equipped with high-energy collimators to image
the 511Kev gamma rays emitted by 18F-FDG. In August of 1976, the 
first study of rCMRgl in humans was performed at the University of
Pennsylvania. The development of the 18F-FDG method for the mea-
surement of regional cerebral glucose metabolism in humans, together
with the method for the measurement of regional cerebral blood flow
using 15O labeled water pioneered by Herscovitch, Raichle and co-
investigators in 1983 gave birth to functional imaging of the human
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brain. Since then, hundreds of tracers labeled with positron-emitting
radionuclides have been developed to measure various physiologic
and biochemical processes in the human body. In recognition of the
stimulus provided to this field, FDG was nominated as the “molecule
of the century” by Henry Wagner in 1996 at the meeting of the Society
of Nuclear Medicine. FDG continues to be the most widely used PET
tracer.

Pediatric PET Imaging amply documents the great importance that
these developments have had in the field of pediatrics. The application
of PET methodology to pediatric patients has expanded our under-
standing of disorders ranging from attention deficit hyperactivity dis-
order, learning disorders, and neuropsychiatric disorders to epilepsy,
central nervous system tumors, cardiac disorders, and infectious
processes, among others. This book is extremely informative for health
care professionals caring for children with these conditions including
nuclear medicine technologists performing the PET scan, researchers
preparing a proposal utilizing PET in the pediatric population, nuclear
medicine physicians interpreting the PET scan, and clinicians treating
the patients.

Martin Reivich, MD
Emeritus Professor

University of Pennsylvania
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Preface

Positron emission tomography (PET), a powerful research tool 20 years
ago, has recently gained widespread application in oncology and is
now a procedure clinically available on each continent. Despite the fact
only a few PET centers are dedicated to children, data from Children’s
Oncology Group indicate that virtually all children in North America
have easy access to a PET center. As the table of contents of this book
indicates, clinical and research applications of PET for children with
cancer represent only a fraction of the current pediatric uses for PET
technology. Small animal PET scanners are now available commercially
as there has been tremendous interest in applying PET technology to
in vivo imaging of animal models.

PET can dynamically image trace amounts of radiopharmaceuticals
in vivo. By applying appropriate tracer kinetic models, tracer concen-
trations can be determined quantitatively. In addition to superior
spatial resolution and quantitative potential, PET also offers much
greater sensitivity (i.e., number of y-rays detected per unit injected
dose) than single photon emission computed tomography (SPECT).
Furthermore, the biologic ubiquity of the elements that are positron
emitters gives PET unprecedented power to image the distribution and
kinetics of natural and analog biologic tracers. Because of the exquis-
ite sensitivity of detection systems to y-ray emission, these biologic
probes can be introduced in trace amounts (nano- or even picomolar
concentrations) that do not disturb the biologic process under investi-
gation. By combining a tracer that is selective for a specific biochemi-
cal pathway, an accurate tracer kinetic model, and a dynamic sequence
of quantitative images from the PET scanner, it is possible to estimate
the absolute rates of biologic processes in that pathway. Examples 
of such processes that have been successfully measured with PET
include regional cerebral and myocardial blood flow, rates of glucose
utilization, rates of protein synthesis, cerebral and myocardial oxygen
consumption, synthesis of neurotransmitters, enzyme assays, and
receptor assays. In summary, some of the distinctive advantages of PET
are its exquisite sensitivity, the flexible chemistry, and the better
imaging characteristics of PET isotopes. Thus PET provides access to
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biological processes that is well beyond the scope of current MR 
technology. 

Although FDG has been successfully and widely employed in oncol-
ogy, it has not demonstrated significant uptake in some tumors in
adults. Some other positron emitter tracers seem to be more promising.
Among the many radiopharmaceuticals that show great potential is the
serotonin precursor 5-hydroxytryptophan (5-HTP) labeled with 11C,
which shows increased uptake in carcinoids. Another radiopharma-
ceutical in development for PET is 11C L-DOPA, which seems to be
useful in visualizing endocrine pancreatic tumors such as Hyper-
insulinism (Chapter 26).

PET is now widely used in children in most health care institutions
in North America, Europe, and Asia. When an imaging modality is
used routinely in children, it usually implies that it has reached a
certain maturity, that the modality in question has achieved wide-
spread recognition in the clinical field by peers. Yet there are no PET
books available to pediatricians that offer a comprehensive review of
diseases and/or issues specific to children. Often those diseases are not
reviewed in sufficient details in “adult textbooks,” and issues specific
to children not discussed at all (e.g., sedation, dosage). The goal of this
text is to fill those gaps. We did a comprehensive review of all clinical
and research applications of PET in children and gathered a distin-
guished cast of authorities from the Americas, Europe, and Australia
to summarize their experience with PET and to perform exhaustive
reviews of the literature in their areas of interest. Although this book
focuses on practical applications, it includes detailed reviews of current
and future research applications.

Pediatric PET Imaging offers a comprehensive review of practical
issues specific to the pediatric population such as sedation, radiophar-
maceutical dosage, approach to imaging children, and “tips” for tech-
nologists. For those interested in the research applications of PET, the
book also offers practical reviews of regulations, IRB requirements,
ethical issues, and biological effects of low level radiation exposure.

The scope of the pathologies reviewed in this work is much wider
than what is seen in the typical “adult textbook.” The physiopathology
and the imaging findings of the most common cancers afflicting 
children are scrutinized. Many chapters of this book review non-
oncological applications such as neurological and psychiatric diseases,
some unique to children, some affecting both children and adults. Some
chapters are thorough reviews of inflammation, or variants of it (FUO,
IBD, and infection). New applications that appear to have the poten-
tial to offer great clinical usefulness, such as imaging of hyperinsulin-
ism, are included. Because the biodistribution of FDG and the “normal
variants” are different in children, two imaging atlases are included to
allow readers to become familiar with those idiosyncrasies.

The book also reviews principles of operations and instrumentation
challenges specific to children. A chapter is dedicated to coincidence
imaging, as some of us do not have access to dedicated PET imaging.
(One could also foresee similar imaging findings with coincidence
imaging and Tc99 –glucose scanning, which may become a viable alter-
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native to PET imaging in some precise clinical applications.) Finally,
there are also expert reviews of multimodality imaging such as
PET/CT and PET/MR.

Pediatric PET Imaging addresses typical concerns about imaging chil-
dren and will be useful to the nuclear medicine physician who sees an
occasional pediatric patient in his/her clinical practice. This book may
also become a bedside reference for nuclear physicians and radiologists
who practice only pediatric imaging. The book is also designed to be
useful to all pediatricians, especially oncologists and radiation thera-
pists, clinicians, or researchers looking to learn how the many recent
imaging innovations in PET can influence their own areas of interests.
Finally, this book offers a comprehensive review of research issues
valuable to scientists.

PET will offer many new solutions to current and future problems
of medicine. As a scientific community, we need to ensure that the
current or proposed uses of PET are evaluated with the greatest accu-
racy, rigor, and appropriateness within the inherent limits of our
current economic infrastructure. One of our many ethical challenges is
to choose which pathology should first be scrutinized.

As PET technology continues to mature, we are seeing the beginning
of a powerful merger among biology, pharmacology, and imaging, and
with it the true birth of in vivo biologic imaging. Because of the flexi-
ble chemistry inherent to positron emitting isotopes, PET is vested with
tremendous potential to evaluate the physiopathology of pediatric 
diseases.

Martin Charron, MD, FRCP(C)
Toronto, Canada
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The Nuclear Imaging Technologist

and the Pediatric Patient
Maria Green

For the nuclear imaging technologist, success in obtaining a high-
quality imaging study in children is both challenging and rewarding.
Imaging children for general nuclear medicine (NM) procedures
requires versatile strategies that can be applied successfully to positron
emission tomography (PET) imaging. This chapter discusses from the
technologist’s perspective the strategies for general NM imaging, 
the special considerations and requirements for PET imaging, and the
appropriate use of sedation in the pediatric patient.

The role of the technologist is multifaceted when the focus is on
imaging a pediatric patient. It is important to recognize that the tech-
nologist is working not only with a child who is anxious, frightened,
or stressed, but also with parents or other family members who are
anxious, frightened, or stressed. With careful planning, good commu-
nication, and some ingenuity, however, the technologist can create the
right environment for a successful encounter. The goal should be to
provide a quiet and friendly atmosphere with caring staff members
who are calm and have a sympathetic approach and confidence in
working with children. To achieve this end, it must be recognized that
dealing with a child takes twice as long as dealing with an adult, and
that patience is the key factor.

Technologists working in a pediatric center have the advantage of
working in a culture that understands the unique needs of children and
their families. Established techniques used on a regular basis ensure
that high-quality images are obtained and that both the patients and
parents leave satisfied (1).

The following should be kept in mind when dealing with the pedi-
atric patient: the importance of communication appropriate for the
child’s stage of development; the need for flexible scheduling; the
appropriate injection techniques; and the imaging environment,
including the use of immobilization devices or safety restraints, dis-
traction techniques, and the possibility of sedation when absolutely
necessary.
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Communication and Stages of Development

Imaging children of various ages is labor intensive and quite chal-
lenging, given the unpredictable nature of a child’s behavior. A good
pediatric imaging technologist should know what to expect from chil-
dren at different ages, yet keep in mind that some children may be at
different stages of maturity, psychosocial development, and cognitive
capacity. There are many guides available that outline the various
stages of child development (2). After assessing the patient by speak-
ing with the parent and child, the technologist can effectively adjust
techniques as required for the situation. Open and honest communi-
cation with parents is essential to gain cooperation and establish a good
technologist–parent relationship. This can only benefit the child, who
is greatly influenced by the parents’ positive or negative attitude.

If at all possible, give the parents information beforehand about the
procedure. Information sheets sent prior to the appointment or a phone
call with preparation instructions will inform parents about what to
expect. At the time of the appointment, the technologist should explain
all the steps of the procedure in simple terms without using technical
jargon. If the child is under the age of 8 years, the explanation should
be given to the parents first. During the explanation, the technologist’s
full attention should be directed to the parents and he or she should
not be multitasking at the same time. Tasks such as changing linen on
the imaging table or manipulating a syringe can distract the parents’
attention from the explanation. Explanations should include a reassur-
ance about the safety of the procedure and radiation exposure, the need
for the injection, timing of the images, how the imaging is done, the
need for immobilization, the use of safety restraints, and other consid-
erations necessary for the procedure such as bladder catheterization or
sedation. It is also good practice to inquire about and record any med-
ication that the child is currently taking and any known allergies.
Because parents know their children best, ask them about previous
experience with injections, intravenous (IV) placements, or catheteri-
zations. Knowing how the child reacted previously or knowledge
about unsuccessful IV sites can help the technologist decide on the best
course of action.

It is important to repeat information to parents to ensure compre-
hension and to allow ample opportunity for questions. Parents over-
whelmed by the hospital environment and their own personal
circumstances may miss key points of the explanation. The technolo-
gist must be cognizant of the fact that parents have varying levels of
understanding and some have a limited history of hospital experience.
Technologists must also recognize that parents can be under a great
deal of stress. Not only are they coping with an ill child, worrying about
the procedure and the implications of the results, but also they may
have had to take time off from work, arrange for the care of other chil-
dren, and deal with transportation to and from the hospital or medical
center.

Although infants and babies cannot understand verbal commands,
they can and do react negatively to loud voices and rough handling. A
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soothing tone of voice and gentle treatment with warm hands help
keep a baby from undue distress. Explanations in simple terms can be
given to children starting at about the age of 3 years. Smiling to the
child and using friendly facial expressions can make the child feel more
at ease, as can having the child sit on a parent’s lap to feel more secure
in strange surroundings. The technologist should speak directly to the
child and, if at all possible, should bend or crouch to the same level so
as not to be towering above him or her. Because the child may not fully
understand what is being said or may not be paying attention, the tech-
nologist can emphasize the explanation by either nodding or shaking
his or her head. Younger children have short attention spans, so expla-
nations should be brief and at the child’s level of understanding. The
technologist’s approach should be nonthreatening to minimize fear and
apprehension (2).

Children are more aware of what is going on than is generally
acknowledged or appreciated, so try to be sensitive to their perception
of what is happening around them. If the child appears to be fright-
ened, ask what is frightening. It can be something totally different from
what is assumed. For example, a child might be crying from a hidden
discomfort or from misunderstanding a word used in the explana-
tion. Reassure the child that you do not want to frighten him or her. Be
truthful to gain a child’s trust; however, be selective about the 
timing of the truth. Informing a child too far in advance of an injec-
tion can result in a buildup of anxiety that can be difficult to overcome
when the time for the injection finally arrives. Try to explain how the
child will feel or what to expect during the injection or the procedure,
but do not dwell on the unpleasant aspects. Instead, try to have 
the child focus on getting the injection or the procedure done quickly,
emphasizing that with his or her help the task can be completed 
sooner.

The technologist must be confident enough in dealing with a child
to be in charge of all facets of the procedure. However, when the oppor-
tunity arises, the technologist may permit the child control of certain
aspects by allowing the child to make some choices. The technologist
can say that an injection, which is not a choice, is necessary for the test;
however, if the child has several equally good injection sites, allow the
child to choose one. Other examples of choices that a child can make
include selecting whether to sit on a chair or on a parent’s lap, or
whether to image the knees or the back first on a bone scan if the order
of the spot views is not important. After an injection, ask the child if
he or she would like a bandage, as a technologist cannot assume that
a child will want or accept having a bandage put on. Sometimes the
appearance of a bandage will signify that it is “all done,” and the 
child will be relieved that the injection is over; however, the child might
be upset at having a bandage put on because it can be painful to
remove.

Crying is a very important means of communication for children.
Therefore, a technologist who is working with a child must be prepared
to encounter this reaction and must take control of the situation. For
babies, crying is the only means of communicating that something is
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wrong and will usually stop after the cause has been remedied. A baby
can be comforted after an injection, fed when hungry, or covered with
a blanket when cold. Children with limited verbal skills or life experi-
ences will cry not only from pain but also from fear and anxiety. They
must not be made to feel that they are behaving badly because of their
crying. This is a normal reaction to a stressful situation and should not
be confused with bad behavior. Parents sometimes feel the need to
control this reaction and may want to discipline the child, which only
adds more stress to the already-distraught child. A prepared technolo-
gist can circumvent this situation beforehand by explaining that certain
aspects of the procedure, such as an injection or a catheterization, will
be unpleasant or uncomfortable. The technologist can continue to say
that crying is an expected and normal reaction from the child and that
it can be tolerated.

Communication with school-age children is easier than with younger
children, and the technologist can expect to have more of a dialogue
with these children. As children get older, they are increasingly proud
of their independence. Quite often, they are compliant with the tech-
nologist’s requests as long as they understand what is going on and
they feel that the technologist has been honest with them. Children
aged 12 to 15 appreciate being treated as an adult. However, with this
age group in particular, the technologist may be dealing with opposite
extremes of emotional maturity.

Regardless of the patient’s age, the technologist should keep in mind
that instructions and information may be misunderstood or missed
with the first explanation. Taking the time to repeat key points and
giving the opportunity for the parents or patient to ask questions can
be very beneficial to everyone involved.

Flexible Scheduling

Time is critical when dealing with the pediatric patient. Scheduling of
procedures must allow for extra time and flexibility at every step in the
process. As previously discussed, explanations to the parents and then
to the child can be very time-consuming. Taking the time to find the
optimum injection site is also very important, as a failed injection can
make subsequent attempts much more difficult. The technologist must
be prepared to accept that a patient injection can be as fast as 5 minutes
or take as long as 30 minutes. And, finally, ample time must be allowed
for the imaging procedure itself. Imaging young children for general
NM procedures can often be done successfully and without sedation
as long as the technologist has both the time and the patience to devote
to the procedure. However, the technologist must image a child as
quickly as possible to take advantage of a child’s cooperation. If too
much time is taken in setting up or positioning, a window of oppor-
tunity may be lost if the child becomes restless or bored. Keeping all
of these factors in mind, one can easily appreciate that it takes about
twice as long to complete a procedure on a pediatric patient as on an
adult.
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Injection Techniques

A successful injection is paramount when performing a procedure 
on the pediatric patient. A failed attempt can reduce the choices of
viable injection sites and further distress the child. A partially deliv-
ered dose not only causes local discomfort but also reduces the count
rate for imaging, increases the imaging time, and compromises image
quality. “Hot” injection sites quite often end up in the field of view, as
these are difficult to move out of the way when imaging small children
or babies.

To ensure a successful injection, having an IV line established on the
inpatient’s hospital ward prior to the procedure is the most efficient
step. The technologist will only need to reassure the child there will be
no pain with the radiopharmaceutical administration into the IV site.
However, this is not an option for the ambulatory outpatient, and the
technologist will be required to perform a butterfly needle injection or
to establish an IV line. A butterfly needle affords better maneuverabil-
ity and flexibility than a straight needle because the tabs or “wings”
can help direct the needle into a small superficial vein more easily.
Some NM procedures, such as a Meckel’s scan, diuretic washout study,
or PET scan, require that an IV line is established; others require only
injection by a butterfly needle.

The best method of injection with a butterfly needle is to have it
attached to one port of a three-way stopcock with a 10-cc syringe of
saline attached to the second port, the radiopharmaceutical dose
attached to the third port, and everything secured to a small injection
tray to hold it all firmly in place (Fig. 1.1). Once the butterfly needle is
flushed through with saline, the needle can be inserted into the vein
and patency verified by saline injection into the vein. After venous
patency has been established, the radiopharmaceutical dose is deliv-
ered through the butterfly needle by opening the port to the dose
syringe and depressing the plunger. Once the dose has been delivered,
the stopcock is turned to open the port of the saline syringe, and saline
is flushed through the butterfly needle again. The technologist can con-
tinue to flush out the dose syringe with saline to ensure that the patient
has received the entire amount of radiopharmaceutical. Throughout
the injection, the technologist must hold the patient securely near the
injection site with one hand while using the other hand to quickly and
efficiently deliver the radiopharmaceutical with the butterfly-stopcock
system. An assistant, such as another technologist or other health care
professional, is often required to help immobilize the hand, arm, or foot
that is being injected and to ensure that other limbs will not interfere.
Although parents may wish to help restrain the child for the injection,
this is not an optimum choice as they may either hold too hard or not
securely enough to be effective. Everyone involved must be prepared
for the child’s abrupt reaction to the injection, especially from a “calm”
child who may not fully realize what is about to happen. Never under-
estimate the strength of a baby or small child when a sudden surge of adren-
aline occurs during the stress of an injection. Table 1.1 lists key points for
successfully injecting the pediatric patient.
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Figure 1.1. Injection tray is equipped with (1) a three-way stopcock, (2) a 10-
cc syringe of normal saline, (3) a butterfly needle, and (4) a shielded radio-
pharmaceutical dose syringe.

Table 1.1. Pediatric injection techniques: key points
1. For babies and small children good injection sites to consider are the

back of the hand or the foot because these areas are easy to immobilize
and the veins are more superficial (Figs. 1.2 and 1.3).

2. Use of a topical anesthetic may be of benefit to the child. However, if a
young child has had a previously traumatic injection or IV experience,
the child is already conditioned to expect another traumatic event and
will react accordingly even though he or she may not be experiencing
pain.

3. A paralyzed limb has impaired circulation, which may cause stasis of
blood. 

4. Dehydration may cause difficult venous access.
5. Keep in mind that for babies and small children, the tourniquet should

be tight enough to restrict blood flow but not to interfere with arterial
flow. While the technologist is assessing an area for veins, the
tourniquet may need to be removed for a few seconds to allow the
return of blood flow and then reapplied.

6. To help dilate blood vessels in a cold limb, apply a warm cloth.
7. Tap or rub the area to assist in detection of veins.
8. If an IV line is to be established, avoid using the hand of the baby’s

sucking thumb. The baby may want to suck a thumb to calm down
after the IV insertion, and if it is not available he or she will take
longer to settle.

9. If an IV line is to be established on a baby who has equally good sites
in the hands and feet, consider using the feet to allow unrestricted
movement of the hand and fingers.
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Figure 1.2. The fingers and wrist are held securely in a flexed position. This
technique also extends and immobilizes the vein.

Figure 1.3. The foot provides another alternative for venous access.



Some patients have an indwelling central venous access line or port,
and injection into this device may be allowed depending on the pro-
cedure ordered. Using sterile technique, the injection should be per-
formed only by qualified personnel, and special attention must be paid
to flushing the device well with saline. Failure to do so can result in
radiopharmaceutical retention, resulting in a “hot spot” artifact in the
chest. If the patient has symptoms or pathology in the chest, a periph-
eral site for injection should be used instead.

The Imaging Environment

Producing the optimum environment for imaging a child requires a
combination of several elements. Creating a comfortable child-friendly
atmosphere, allowing a fussy baby or child to settle down, and using
various methods of distraction will help the technologist to obtain
high-quality images.

A child-friendly room decorated with pictures on the walls (and on
the ceiling above the gamma camera, if possible) helps to make the
young child feel a bit more at ease and can also serve as a distraction
from boredom. Removal of nonessential “scary”-looking equipment
from the imaging room also reduces a child’s fear in strange sur-
roundings. Approaching the child in a gentle, nonthreatening manner
without wearing a white lab coat can help to reduce fear in a child who
associates unpleasant memories with strangers in white coats.

Although having toys available for a baby or young child to play
with may seem like a child-friendly gesture, it is not recommended
unless appropriate means are available for thorough cleaning of the
toys for infection control; children of this age range readily put toys
into their mouths. Instead the technologist can allow children to bring
their own favorite toy or a blanket along for the scan. These items lend
familiarity and comfort to strange surroundings. Placing the child’s toy
on the imaging table and showing the child what the scan involves may
help to reduce fear and apprehension before the child gets on the table.
Allowing the child to touch the camera face can also demonstrate that
the camera will not hurt him or her.

For general imaging of babies and young children, selection of a
single-head gamma camera, if available, is best. By positioning the
camera head face up, underneath and touching the imaging table, the
child can lie supine for posterior images. Not only does this allow 
the technologist better access to the child for immobilization and super-
vision, but also it eliminates the fear that a child will naturally have
with the camera above him or her. This also allows the child better
access to distractions such as watching a videotape. Anterior imaging
can also be performed with the camera beneath the table and the child
prone. However, the technologist must be meticulous with positioning,
as the child might naturally want to lift his or her shoulders or keep
turning his or her head. If this technique is used, the technologist must
be prepared to hold any moving body parts for the duration of the 
acquisition.

10 Chapter 1 The Nuclear Imaging Technologist and the Pediatric Patient



When acquiring anterior images with the child supine and the
camera above the child, care must be taken to prevent the child from
bumping his or her head on the camera. The camera should be brought
down as slowly and as closely as possible without touching the child
because this action will certainly terrify a young child. A single-head
camera also provides more flexibility by allowing the technologist to
rotate or angle the camera head for the desired view if the child is unco-
operative or cannot comply with the position.

It is important to continue with good communication throughout 
the imaging phase of the procedure. If the child is old enough to under-
stand, it is best for the technologist either to explain in simple terms or
show what is going to happen. The technologist can let the child know
what is expected from him or her, such as “Lie down on your tummy”
or “Keep still like a statue.” Warn the child about any noises and bed
or camera motion that might occur so as not to startle him or her. Let
the child know when you need to touch or hold him or her. If clothing
must be removed or a diaper is to be changed, the child will feel more
at ease with a parent performing that function. During a diaper change,
care should be taken to wash the area thoroughly to remove any evi-
dence of urine contamination.

Allowing a parent to hold the child in the required position for an
image might be comforting for the child; however, an untrained parent
may not do an adequate job, and the view may need to be repeated.
Repeating images only prolongs the procedure and increases the risk
of losing the child’s cooperation. Speed is of the essence when dealing with
the pediatric patient. Because children do not like to be restricted, it is
prudent for the technologist to release the restraint as soon as the
imaging is complete (3). The technologist should try to position the
child as quickly and as accurately as possible, because the child’s
behavior can be very unpredictable when restlessness or boredom sets
in. When performing spot views for a whole-body scan, the technolo-
gist can allow the younger child to move in between the views to ward
off restlessness. Saving the more difficult views (such as the anterior
images with camera above the child) for the end can be a good strat-
egy. By this time the child may have either become accepting of the
procedure and surroundings or have fallen asleep.

A dual-head gamma camera for whole-body imaging of children 6
years and older can be quite successful. Some exceptional 3- to 5-year-
olds can also tolerate whole-body imaging or simultaneous anterior
and posterior spot views. Using a videotape or DVD player with age-
appropriate movies for a distraction is a definite asset to promote com-
pliance. For single photon emission computed tomography (SPECT)
procedures, children under the age of 5 years usually need to be
sedated due to the length of the acquisition and their inability to remain
motionless. However, having good motion correction software avail-
able for SPECT reconstruction can help the technologist salvage an
acquisition with a slight amount of motion.

Trying to induce natural sleep when imaging a baby or young child
will yield much better results than having to restrain a wiggly child.
Instructing the parents to wake their child a bit earlier on the morning
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of the procedure or having the child miss a usual nap time might work
to the technologist’s advantage. For the baby who does not have to be
fasting, being fed before the scan can also help to induce sleep. By
dimming the lights in the imaging room and providing a quiet envi-
ronment, the child might relax enough to fall asleep. However, this
strategy can backfire if the child becomes overtired.

Child safety is of paramount concern on the imaging table, and the
use of safety straps is strongly recommended (Fig. 1.4). The technolo-
gist must always explain to the parent and child the need for the safety
strap before putting it on. A child should never be left unattended while
lying on an imaging table, and a busy technologist can enlist the help
of a parent to stay beside the child when the technologist must leave
the room. At the completion of the scan, it is prudent for the technol-
ogist to keep the child on the imaging table until the study has been
checked. It is sometimes very difficult to have children return to the
imaging table for more images once they have been allowed off (3).

Another challenge for the technologist is to ask a toilet-trained child
to void. Children may see this as a choice that they can make, and unco-
operative children can seize the opportunity to control the circum-
stances by refusing to void. Instead of asking, the technologist should
tell the child that he or she must void before the test can begin, using
words that are suitable to the child’s level of understanding. The
parents can advise the technologist which phrases or words are used
at home for the younger, newly toilet-trained child, such as “go potty”
or “pee.” If the child does not feel the urge to void, encourage him or
her to try anyway. It is best not to pressure the child, as this can soon
become a power struggle among the child, parent, and technologist.
Depending on the procedure, if the child cannot or will not void, the
technologist must decide whether to continue with the scan and try to
eliminate the bladder activity with lead shielding or with software
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Figure 1.4. A safety strap, along with direct adult supervision, should always
be used when a child is lying on the imaging table.



removal or wait until the child can comply by voiding. As a last resort,
and with the referring clinician’s consent, catheterize the bladder.

Because telling a baby or non–toilet-trained child to void is not an
option, the technologist must be prepared to wait for the infant to void
spontaneously; or, if the procedure requires it, catheterize the bladder.
Having the child listen to the sound of running water from a tap or
pouring warm water over the child’s perineum may have limited
success in stimulating bladder emptying. If these alternatives are not
possible, techniques such as software removal of bladder activity or
imaging with a lead shield overlying the bladder can be helpful.

To help build a good technologist–patient relationship, words of
encouragement and praise can be given. If the child’s efforts to hold
still for the images or cooperate for the injection are recognized, the
child will feel more involved and have greater self-esteem. Tokens of
appreciation such as stickers given to the child at the end of the 
procedure are usually well received and sometime distract the child
from any unhappy memories. Giving candies is strongly discouraged.
However, if this type of reward is considered, the technologist must
discreetly check with a parent first.

PET Imaging and the Pediatric Patient

Improvements in PET and PET/computed tomography (CT) technol-
ogy that have resulted in increased image quality and decreased acqui-
sition time have made PET imaging possible for routine pediatric
applications. By utilizing the strategies and techniques used for general
NM procedures, as previously discussed, PET imaging can be success-
fully tolerated by children.

This section focuses primarily on PET and PET/CT imaging 
using fluorine-18 fluorodeoxyglucose (FDG) for whole-body oncology
studies. Special attention is given to patient preparation, including
fasting and glucose levels, FDG administration, FDG uptake phase, 
and other technical considerations specific to PET and PET/CT
imaging.

Patient Preparation

Communication continues to be one of the most essential steps for
patient preparation. As discussed earlier, information about the proce-
dure should be given to the parents beforehand, either by information
sheets sent prior to the appointment or by a phone call with prepara-
tion instructions. Parents can be confused by the very complex nature
of FDG-PET or PET/CT imaging, and ample time must be allotted 
to explain the study and to allow the parents an opportunity to ask
questions.

For children undergoing a PET or PET/CT scan, this may not be their
first experience in a nuclear medicine or CT department. They may
have been examined previously as part of the initial diagnostic
workup. If this is the case, a good technologist–patient/parent rela-
tionship may already have been established.

M. Green 13



If no anesthetic will be used and there is sufficient time, the tech-
nologist should show the child the scanning room to describe how the
scan will be performed. Key points to cover include the steps involved
in the procedure, the need for an IV line and possible bladder catheter-
ization, estimated time for each sequence, and the expectation of
keeping the child inactive during the FDG uptake phase. To ensure 
that the fasting instructions have been followed, the technologist
should take careful note about when the child last had something by
mouth, including candies, gum, or any glucose-containing liquids or
medications such as cough syrup; also take note of what the child
ingested. All of the above should be discussed prior to the FDG injec-
tion in order to reduce the technologist’s exposure to the high-energy
photons of 18F.

Because FDG is excreted by the kidneys, urine retention in the
bladder can cause many difficulties with reconstruction and image
interpretation. To eliminate these problems, bladder catheterization
may be necessary. However, the timing of the bladder catheterization
can be problematic. Ideally, the catheter should be inserted after an IV
line has been established. Not only will this allow the child time to calm
down prior to FDG administration, it also will further reduce the tech-
nologist’s radiation exposure and avoid the possibility of urine conta-
mination on the patient. If sedation is required for the scan, the child
should be catheterized beforehand, because sedation does not elimi-
nate the pain response and the child could become agitated (4,5). If
general anesthesia is to be used, the child will not feel any pain and
may be catheterized just prior to imaging after the induction of anes-
thetic. However, when catheterizing the child, one must work carefully
and efficiently to avoid urine contamination and to keep radiation
exposure of the catheterizing personnel to a minimum.

To reduce urinary retention in the upper tracts, administration of a
diuretic may be considered if clinically appropriate (6).

Fasting and Glucose Levels

The same mechanism that makes FDG a desirable radiopharmaceuti-
cal to image glucose metabolism in tumors creates many challenges for
the technologist and parents with respect to fasting and activity restric-
tions. Fasting is crucial prior to FDG injection so as to reduce glucose
utilization and lower circulating insulin, thereby optimizing the target
to background ratio (7). Whenever a baby or young child is kept
fasting, predictably stress levels increase for parents, because a hungry
child is also an unhappy child. The length of time fasting can vary from
4 hours for infants (8) to 6 to 8 hours for the older child (6). Most oral
medications, if glucose-free, can be taken with water during the fasting
period. Thirty minutes after injection, infants can be fed or a thirsty
child can have some water (8); however, if sedation or general anes-
thesia is to be used, the child must remain fasting. If oral contrast is
required, it can be given in a glucose-free liquid at the appropriate time
prior to the CT (7). Administration of oral contrast prior to PET acqui-
sition does not significantly complicate image interpretation (4).
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Following fasting, some imaging centers assume stabilized blood
glucose levels, whereas other centers take an actual measurement using
a glucometer or obtain a serum glucose level from the laboratory to
ensure the level is £150mg/dL prior to FDG injection. For the diabetic
child, management of blood glucose levels may require consultation
with a diabetic-control specialist (6,7).

If the child is receiving intravenous fluids containing dextrose or
total parenteral nutrition (TPN), the dextrose in the solutions will
compete with the FDG uptake. So as not to compromise the PET study,
administration of these fluids should be suspended for 6 hours prior
to FDG injection (7).

Fluorodeoxyglucose Administration

The recommendation for pediatric use is 5 to 10MBq/kg or 0.15 to 
0.30mCi/kg with a minimum dose of 37MBq or 1mCi (5). There
appears to be no contraindication for FDG administration (9).

Although a successful injection is paramount in performing a general
NM imaging procedure, it is more so for PET imaging. A “hot” injec-
tion site in the field of view can cause an artifact on reconstruction, and
dose extravasation can result in lymph node uptake. Both situations
may hinder the interpretation of the scan. A failed injection also
increases the cost of performing the study, because the price of FDG is
very expensive and the child may need to be rescheduled to another
day. Rescheduling the child’s PET scan not only delays provision of
diagnostic results to the referring clinician but also increases parental
stress and anxiety because the child will have to undergo the pre-
paration and injection all over again. It has been reported that FDG
injection into indwelling central venous lines/ports followed by 
thorough flushing with saline is acceptable (4,6). However, unless there
is absolutely no other alternative, it is highly recommended to 
establish an IV line in a peripheral site instead. This action prevents
possible radiopharmaceutical retention in the central line/port 
and interference on the scan. Furthermore, if the child requires 
intravenous contrast for a CT, a peripheral IV line may be neces-
sary, as many centers do not use a power injector into a central 
line/port.

To ensure a successful injection, having an IV line established on the
inpatient’s hospital ward prior to the procedure is the most efficient
step. The technologist will need only to check for venous patency and
can reassure the child that there will be no pain with the radiophar-
maceutical administration into the IV site. However, for the ambula-
tory outpatient, the technologist will need to establish an IV line and
allow time for the child to calm down. Having the patient in a calm
and relaxed state will minimize muscle uptake caused by excessive
movement or muscle tension, both of which are likely to occur when a
child has a needle injection. A butterfly needle is not recommended for
FDG injections, as using a secure IV line will allow quick and success-
ful delivery of the FDG, which will also reduce the technologist’s radi-
ation exposure.
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Fluorodeoxyglucose Uptake Phase

Another challenging aspect of performing PET imaging in a child is the
restriction of physical activity to minimize the uptake of FDG by the
muscles. Physical activities such as muscle stress, tension, movement,
or even talking increase muscle uptake, and trying to restrict these
activities for a child can be difficult. To facilitate this goal, a quiet, dim
room should be used for the child to rest, either in a lounge chair or on
a comfortable stretcher, for at least 20 to 30 minutes, with imaging 
commencing about 60 minutes after injection (6). The room should 
be equipped with appropriate support equipment including a sink,
oxygen, suction, and a restroom facility close by (7). The parents must
understand the importance of inactivity during this phase and help to
ensure minimal stimulation. The child can rest comfortably watching
a quiet videotape or DVD movie, listening to soft music, or having a
parent read to him or her. To reduce the radiation exposure to the
parents, it is recommended that only one (nonpregnant) parent remain
with the child for the duration of the uptake phase. Using a monitor-
ing camera in the uptake room is a practical way for the technologist
to supervise the child’s status remotely. This serves two purposes, as
the technologist will not have to disturb the quiet environment to check
on the child and he or she will avoid additional radiation exposure.

Other means of reducing muscle uptake of FDG in certain situations
include the use of muscle relaxants (6), which can also help calm an
anxious or claustrophobic child, and sedation or general anesthesia.
However, the length of time that a child would need sedation or
general anesthesia for both the uptake and scan phases would be con-
siderable. If resources are limited, the logistics for this course of action
can be difficult, as monitoring by qualified personnel is required for
both phases.

During the uptake phase, the child should be kept warm in order
reduce the uptake of FDG in brown fat that can interfere with image
interpretation (7). This can be accomplished by keeping the ambient
temperature of the uptake room warm or by wrapping the child in
heated blankets.

PET and PET/Computed Tomography Imaging

When the FDG uptake phase is over, the child must void just before
entering the scanning room. This will eliminate the bladder activity
from the images and ensure the child’s bladder comfort for the 
duration of the lengthy scan. If the child has been catheterized, the 
technologist must position the drainage tube to keep the bladder 
continuously drained and to avoid overlapping the tube with the body.

Once in the room, the technologist can reassure the child that there
will be no loud noises during the scan and continue with reassurances
that although the scanner will never touch the child, for safety pur-
poses a safety strap or restraint will be used. To reduce the risk of
motion due to discomfort, the technologist can be creative and use
various cushions, straps, and tape to keep the child in position for the
study (8). To help ward off boredom, the child can listen to a music or
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storybook audiotape. If the head is not being imaged, watching a
videotape or DVD can also be an option.

For whole-body imaging, the child is positioned with arms down,
using the safety strap wrapped around the arms and torso to secure
them in place. The technologist must pay special attention to having
the child lying flat and not rotated so that the body will appear sym-
metrical in the reconstructed images. For patient safety and comfort,
the technologist must make sure that any intravenous or catheter lines,
oxygen tubing, straps, sheets, and monitoring equipment are safely
arranged to allow free motion into and out of the scanner. Situating the
child with his or her head out of the scanner as much as possible helps
to reduce fear or claustrophobia. For the noncatheterized child, the
pelvis should be imaged first to minimize the effects of the bladder
filling; therefore, the imaging sequence can start with the pelvis and
legs and move to the torso and head (5,6).

Attenuation correction for PET images is essential and can be
obtained either by transmission imaging in a conventional PET scanner
or by utilizing CT in a PET/CT scanner. For conventional PET, 
transmission images are obtained using a rotating rod source. The
transmission scan (3 minutes per bed position) is acquired before 
the emission scan (4 to 7 minutes per bed position) (4,10). Therefore, 
a 60-cm, two-level (bed position) emission-transmission scan can be
obtained in approximately 20 minutes. The number of bed positions
and total acquisition time required for the study vary according to 
the size of the child, and the imaging procedure may take up to an 
hour.

With PET/CT technology, attenuation correction is obtained using
spiral CT, which can be acquired in less than a minute. The patient is
imaged from top to bottom. At completion, the child is ready to start
the emission scan at the level of the pelvis in order to avoid the bladder
activity. With an emission scan imaging typically lasting 5 minutes per
bed position, a 60-cm, two-level study can be acquired in about 11
minutes (4).

Throughout the entire PET/CT procedure, the technologist, along
with other personnel (such as a radiologist, nurse, or anesthesiologist
if required), stay in the adjacent control room where the patient can be
viewed through leaded glass; with an additional camera monitoring
system, a closer view of the child can be obtained. This system is espe-
cially useful when a child is monitored while under sedation or anes-
thesia. Words of encouragement and support can be given to the child
through a microphone during the scan. As the scan nears completion,
informing the child that only a few minutes are left can help to main-
tain cooperation.

Following the PET scan, a diagnostic CT may also be ordered. The
child may need to move his or her arms to an upright position if a CT
is performed with the PET/CT scanner. However, for some complex
CT protocols, the study may need to be done using a devoted CT
scanner with CT technologists (4).

At the end of the emission-transmission or CT-transmission scans,
the technologist reviews the acquired images to check for patient
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motion and completeness of the study. If all is in order, the child can
leave the scanning room. If sedation or a general anesthesia has been
used, the child will go to a recovery room until he or she can return to
the hospital ward if an inpatient, or be discharged to go home if an out-
patient. If sedation has not been given, the technologist or a nurse can
take the child to a treatment room to remove the IV line and catheter
(if used). Taking the child to another room for the removals serves
many purposes. After leaving the scanning room, the child will finally
feel that the procedure is done, and once the scanning room is vacant,
preparation for the next patient can begin. Removal of an IV line or
catheter can be time-consuming, and there is no need to occupy the
scanning room for that purpose. Also, removing the catheter in another
location other than the scanning room precludes the possibility of urine
contamination on the imaging table. As previously mentioned, the
technologist should ask the child first if he or she would like a bandage
after the IV line is removed.

Again, words of encouragement and praise given for recognition of
the child’s cooperation will elevate his or her self-esteem and help to
develop a good technologist–patient relationship. Stickers given as
tokens of appreciation at the end of the procedure are usually 
well received and can divert the child from unpleasant memories.
Because oncology patients return frequently for PET studies as part of
their treatment, the technologist must realize that actions taken today
may influence how the child and parents will react on the next appoint-
ment. In this sense technologists should consider themselves “good-
will ambassadors” and try to make the child’s experience as positive
as possible.

Sedation: The Technologist’s Perspective

Sedation in the pediatric patient should never be used routinely but
should be considered on an individual basis only. Most general nuclear
medicine procedures can be performed without sedation and yield
excellent results using the previously mentioned strategies. Many sit-
uations can be managed successfully by the technologist without seda-
tion, as shown in Table 1.2. However, children of ages 8 months to 4
years require total immobilization by sedation for procedures such as
bone scans, SPECT, and PET (11). Once it has been decided that seda-
tion will be used, the technologist must involve other professionals in
the administration, continuous monitoring, and recovery following the
procedure. Guidelines and methods vary according to different depart-
ments and institutions, and the technologist must confirm that the
required sedation preparation instructions have been followed before
the child is injected for the scan. If a contraindication for sedation or
discrepancy with preparation has been discovered, the sedation 
and scan should be postponed to another day. The technologist 
must communicate concisely with all involved individuals throughout
the procedure to minimize any confusion and ensure a successful
study.
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Conclusion

Many unique and challenging issues must be considered when a
nuclear imaging technologist is involved with a pediatric patient.
Working with children requires patience, an active imagination,
honesty, and flexibility. By adopting the techniques and strategies dis-
cussed in this chapter, the technologist can be confident that a high-
quality study has been obtained and satisfied that the child and parent
have had a successful and smooth encounter in the nuclear medicine
department.
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Table 1.2. Alternatives to sedation
Situation Alternative

Child crying from having • This is a normal and expected reaction 
an injection from a child. A topical anesthetic can be

applied;  however, this will not eliminate a
conditioned response to fear.

• Once the injection or IV line has been
established, reassure the child that all the
“hurting” is finished.

• Quickly distract the child’s attention to
more pleasant thoughts, such as going
home, talking about a pet, or watching a
videotape or DVD.

Child’s restlessness • Use distractions mentioned above.
during a lengthy scan • If possible, allow the child to move or

stretch between different images.
• Have the child count down to the end of

the acquisition, e.g., five, four, three, two,
one—all done!

• Try to induce natural sleep. If the child has
been sleep deprived and cried a lot during
the injection, he or she will be tired. Make
the child comfortable, keep the area as
quiet as possible, and dim the lights.

• If fasting is not required, feeding the child
prior to imaging can also induce natural
sleep.

A parent’s fear of the • Provide excellent communication about 
procedure what the procedure involves and the

expected reaction from the child.
• Reassure the parent that a successful scan 

is possible without using sedation. 

A parent’s preconceived • Often a child will react differently to a 
notion that the child is not stranger’s request and comply with the 
capable of cooperating scan.

• In some extreme situations, the
technologist might ask the parent to leave
the room. Once the parent is out of sight,
the child may comply with the
technologist because the child is no longer
trying to control the parent.
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2
Sedation of the Pediatric Patient

Robin Kaye

Imaging pediatric patients provides many interesting challenges, not
the least of which is keeping them motionless for the studies. Almost
any imaging study is degraded, to a greater or lesser degree, by patient
motion, and this can be particularly true for nuclear medicine studies
where spatial resolution is an issue. Unfortunately, even the most coop-
erative child often cannot hold still for an imaging study of any length.
This means that adequate sedation is one of the most important factors
in performing high-quality imaging studies in children. This chapter
discusses some of the basic concepts in pediatric sedation and suggests
an approach to providing safe and effective sedation of children who
are referred for PET scanning.

Background

In 1992 the American Academy of Pediatrics (AAP) revised its 
Guidelines for Monitoring and Management of Pediatric Patients During and
After Sedation for Diagnostic and Therapeutic Procedures (1) and defined
the goals of safe pediatric sedation. Other organizations, such as the
American Society of Anesthesia (ASA) and the American College of
Radiology (ACR), have also written such standards. In 2002 the 
ASA revised its practice guidelines for sedation and anesthesia by
nonanesthesiologists (2), and in 2005 the ACR revised its guidelines 
for sedation of pediatric patients (3). The Joint Commission on 
Accreditation of Healthcare Organizations has adopted the concepts
provided by the AAP guidelines, which has become a template 
for institutional policies and procedures for pediatric sedation in hos-
pitals throughout the United States (4). The primary goal for sedation
in the pediatric patient, as defined in these guidelines, is to guard 
the patient’s safety and wellness in order to avoid sedation 
accidents.

In addition to patient safety, successful sedation of pediatric patients
also has the goals of minimizing physical discomfort or pain, control-
ling behavior, minimizing negative psychological responses, and
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returning the patient to a state in which safe discharge is possible. All
clinicians and support staff involved in the sedation of pediatric
patients should understand and follow these guidelines. Further, it is
highly advisable that, in order to ensure safe sedation of the pediatric
patient undergoing imaging, a unified approach should be used in the
radiology department and indeed throughout the entire institution
(2,5–9) to help avoid errors that could potentially lead to sedation 
accidents.

To ensure that each of these goals is accomplished, several steps must
be taken. First, the patient’s present and past medical and surgical
history must be thoroughly evaluated to find any possible problems
that could affect sedation (Table 2.1).

Second, the patient should be fasting from solids (including formula
or milk), breast milk, and clear liquids for an adequate period of time.
Neonates and infants under 6 months of age should be NPO (nothing
by mouth) for 2 hours for clear liquids, for 3 hours for breast milk, and
for 4 hours for solids. Patients from 6 to 36 months of age should be
NPO for 2 hours for clear liquids, for 3 hours for breast milk, and for
6 hours for solids. Patients over 36 months of age should be NPO for
2 hours for clear liquids and for 6 to 8 hours (at the physician’s dis-
cretion) for solids. This regimen is recommended to decrease the risk
of aspiration during sedation (Table 2.2). The only exception to these
guidelines should be for those patients who require an oral medication,
such as an antiseizure drug. These drugs are given prior to the proce-
dure with small sips of water or other clear liquid at least 2 hours prior
to the procedure.

Third, the sedation should be planned ahead of time, ideally based
on a sedation protocol that includes a drug formulary that is compre-
hensive and appropriate for children of all ages and conditions. The
appropriate sedative agents should be selected and doses calculated on
a milligram per kilogram (mg/kg) basis, with a full understanding of
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Table 2.1. Risk factors for sedation
Respiratory Pneumonia, chronic lung disease, asthma tracheo- or

bronchomalacia, sleep apnea, mediastinal mass
Cardiovascular Cyanotic heart disease, congestive heart failure (CHF),

hypotension, cardiomyopathy
Neurologic Seizures, central respiratory depression
Gastrointestinal Gastroesophageal reflux disease (GERD), hepatic

dysfunction/failure
Genitourinary Renal dysfunction/failure, dehydration, electrolyte

disturbances
Systemic/other Sepsis, allergies, medications, low hemoglobin
Syndromic Macroglossia, micrognathia, chest wall deformity,

craniofacial deformity scoliosis



their pharmacokinetics and pharmacodynamics. The selected agents
should be titrated to effect, and sufficient time should be allowed to
elapse between doses to achieve peak drug effect before administration
of additional drugs. The doses of any pertinent reversal drugs should
also be calculated ahead of time, although it is not necessary to have
them drawn up for the procedure.

Fourth, if sedations are going to be performed, it is imperative 
to have high-quality monitoring equipment appropriate for all ages
and sizes of children and an adequately trained group of sedation
nurses with the knowledge and skills to properly monitor the patient
during drug administration and during the procedure. Patients should
also be monitored postprocedure to ensure that they are fully recov-
ered from the effects of sedation before being released from medical
supervision.

Fifth, there must be readily available resuscitation carts with med-
ications and a full range of functioning age- and size-appropriate
equipment, such as laryngoscopes, endotracheal tubes, oral airways,
bags, and masks, to manage emergencies. One further precaution is 
the need for staff members to recognize their own limitations in expe-
rience and expertise; in those instances when the experience and exper-
tise of the available staff are not sufficient, it is prudent to reschedule
the examination for sedation by an anesthesiologist or other sedation
specialist (Table 2.3).
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Table 2.2. Risk factors for pulmonary aspiration of gastric contents
History of recent oral intake

Extreme obesity

Pregnancy

Patients with abnormal airway anatomy

Neurologic disorder
Neurologic dysfunction
Head trauma
Deceased level of consciousness

Gastrointestinal disorders
Bowel motility dysfunction
Esophageal dysfunction
Gastroesophageal reflux
Gastrointestinal obstruction
Prior esophageal surgery

Previous administration of pharmacologic agents
Drugs that decrease gastric motility
Drugs that produce loss of consciousness or depressed level of 

consciousness
Drugs that produce loss of or reduce protective airway reflexes



Levels of Sedation

Sedation is on a continuum from consciousness to unconsciousness and
is a dynamic process. In children, in particular, progression along this
continuum can be imperceptible and rapid, and may not depend so
much on actual drugs and dosages but rather on individual responses.
Because the level of sedation prescribes the intensity of monitoring, 
the team performing the sedation must be prepared to assess the true
level of sedation and be prepared to increase the level of monitoring
accordingly. There are three commonly described levels of sedation:
conscious sedation, deep sedation, and general anesthesia. The 
differences between each of these levels should be well understood
(Table 2.4).

Conscious sedation is defined as a medically controlled state of
depressed consciousness in which protective reflexes are maintained,
including the ability to maintain a patent airway and the ability of the
patient to respond appropriately to verbal or physical stimuli. A true
state of conscious sedation can be very difficult to attain in children. In
our experience, most children require a deep level of sedation during
procedures. Observation and monitoring of the pediatric patient who
is medicated for conscious sedation includes continuous pulse oxime-
try, heart rate, intermittent respiratory rate, and blood pressure moni-
toring by a trained observer who frequently evaluates the patient but
who may also participate in the procedure.
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Table 2.3. Circumstances that may require the assistance of an anes-
thesiologist or other specialist in sedation
Patient factors

ASA class III or higher
History of severe emotional or psychiatric illness
History of major allergy or anaphylactic reaction
Morbid obesity
Sleep apnea
Pregnancy
Chemotherapy-induced cardiomyopathy
Anatomic airway abnormalities
Life-threatening underlying medical/surgical conditions
History of difficult sedations
Patients with a full stomach
Patients with significant cardiac, pulmonary, renal, or central nervous
system (CNS) dysfunction

Procedural factors
Prolonged sedation
Complex procedure
New procedure
Emergency procedure
Procedure and patient suitable for regional block
Procedure carried out in unusual position or geographic location

Miscellaneous factors
Skilled personnel not available
Inadequate facility or equipment



As compared to conscious sedation, deep sedation is a medically
controlled state of depressed consciousness or unconsciousness in
which the patient is not easily aroused and does not respond pur-
posefully to verbal or physical stimuli and in which the patient may or
may not maintain protective reflexes, including keeping a patent
airway. In general, sedation protocols commonly used in radiology
departments only very infrequently result in airway compromise.
Monitoring for patients under deep sedation is significantly more
intense than for those who are under only conscious sedation, as would
be expected. The patient must have a working intravenous (IV) line;
pulse oximetry and heart rate are continuously monitored; and vital
signs (blood pressure, heart rate, and respiratory rate) are recorded
every 5 minutes by an independent practitioner whose sole responsi-
bility is to observe the patient’s vital signs, airway patency, and ade-
quacy of ventilation. Resuscitation equipment and medications must
be readily available.

General anesthesia is a medically controlled state of unconsciousness
in which protective reflexes are lost, the airway cannot be inde-
pendently maintained, and the patient cannot respond to verbal 
or physical stimuli. Only specially trained physicians, or nurse 
anesthetists under their direct supervision, can provide general 
anesthesia.

The choice of whether to use sedation or general anesthesia is 
influenced by many factors: the physician’s experience and expertise
with sedation techniques and drugs, the ASA status of the patient, the
availability of nurses trained in sedation techniques and patient 
monitoring, the institutional policy regarding sedation, and the length,
complexity, and risk of the procedure to be performed. The risk of 
sedation-related complications increases directly or even exponentially
with increasing ASA status (10). In general, patients with ASA I or II
status are well suited for IV sedation by a radiology sedation team. Chil-
dren with ASA class III status should be carefully evaluated and their
condition and attendant risk factors carefully understood by the radiol-
ogy sedation team before attempting IV sedation. ASA class IV status
patients are most suitably cared for by an anesthesiologist or intensivist.
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Table 2.4. Levels of sedation
Conscious sedation Deep sedation General anesthesia

Deep consciousness Deep Unconsciousness
consciousness/
unconsciousness

Protective reflexes Protective reflexes may or Loss of protective 
maintained may not be maintained reflexes

Patent airway +/- Ability to maintain Inability to 
maintained patent airway independently
independently independently maintain patent airway

Appropriate Inability to respond to Inability to respond at 
responses to verbal verbal or physical stimuli all to verbal or 
or physical stimuli appropriately physical stimuli



In addition, when there is a history of failed sedation, or when extreme
patient cooperation is required, general anesthesia should be used.

Approach to Sedation

In our opinion any radiology department doing five or more cases per
day that require medication to facilitate quality imaging should con-
sider developing a sedation program. Performing that volume of cases
using general anesthesia would be extremely challenging because, in
our experience, most cases take at least 1.5 hours to complete.

Sedation by a radiology sedation team is preferred whenever possi-
ble because it allows easier, faster, and more flexible case planning and
preparation and is less costly than general anesthesia. When sedation
is chosen, formal protocols for preprocedural, intraprocedural, and
postprocedural monitoring of the patient are imperative.

Although it is beyond the scope of this chapter to review all of the
possible drugs that may be used, alone and in combination, to sedate
children, I would like to describe the approach to sedation used by my
department. We have used this method successfully and safely for
many years, and although it is not the only approach that can be used,
it is a time-tested one that can easily be adapted to use in a variety of
settings. We use three main classes of agents for pediatric sedation: anx-
iolytics, barbiturate sedatives, and opioid analgesics. It is not impor-
tant to know about all of the drugs available in each category. What is
important is to choose a few of the drugs from each category and be
familiar with their dosing, pharmacokinetics, and pharmacodynamics
(e.g., time to peak effect, duration of action, and route of elimination),
side effects, interactions with other sedative agents, and reversal agents
(if any are available). Having a small, stable formulary that is familiar
and predictable enhances the safety and effectiveness of the sedation
program.

To successfully sedate children for the purposes of imaging or inter-
ventional procedures, the sedation team must carefully create a safe
environment. In our opinion, safe and effective sedation facilitated by
a team approach requires the presence of experienced pediatric radiol-
ogy nurses, and in our practice we work very closely with these nurses.
The radiology nurse is not only involved in obtaining pertinent infor-
mation about medical history and physical examination, confirming
preprocedure laboratory results, and acting as a liaison with the physi-
cians and nurses caring for the patient in the hospital, clinic, or outside
facility, but also dispenses sedation medications and monitors and
records the patient’s condition during and after sedation. It is these
nurses who provide the backbone and consistency for an excellent
sedation program. It is our preference to select nurses who have expe-
rience in an intensive care unit, pediatric transport, emergency room,
or other area that cares for acutely ill children. However, nurses
without this experience may also work well on a sedation team if 
they are trained and mentored to recognize and assess children who
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are at risk for problems and complications and take action when 
necessary.

Our approach to sedation is similar for diagnostic imaging or inter-
ventional procedures. As a rule we use single drugs, or two or more
drugs in combination, that have the fastest time to action, the fewest
untoward effects, and the shortest half-life, so that the return to base-
line is as fast as possible. This approach enables us to discharge the
patient to home or to the inpatient unit in the shortest time. Also, if
untoward effects occur, they are as brief as possible.

We divide patients into two groups based on age: patients 1 year of
age or less and patients who are older than 1 year. In children who are
1 year of age or less, the primary sedative is chloral hydrate. This drug
may be given either by mouth or per rectum as a suppository. We rarely
use the drug per rectum because of its variable absorption and less reli-
able onset of action.

In children 3 months of age or younger we usually begin with a dose
of 50mg/kg and in those older than 3 months of age we start with a
dose of 75mg/kg (or 1g maximum single dose). In either group, the
maximum total dose is 100mg/kg or 1g. The most common adverse
effects of chloral hydrate are respiratory depression and occasionally
hypotension. Chloral hydrate has no reversal agent and has a relatively
long and somewhat unpredictable time to action, approximately 20 to
30 minutes, which is an obvious drawback. If the patient is not asleep
in 20 to 30 minutes after the initial dose, one may want to consider
giving a second dose of chloral hydrate or giving a second drug.
Usually the determining factor in clinical practice is whether the
patient has a functioning IV in place. Those children without IVs often
receive a second dose of chloral hydrate, usually 25 to 50mg/kg (again
with a maximum total dose of 100mg/kg or 1g). Those patients who
have a working IV may benefit from the addition of either Versed
(0.05–0.1mg/kg) or fentanyl citrate (1mg/kg) to augment the sedation.
In some cases in this age group, especially for short studies, a combi-
nation of Versed and fentanyl alone, given intravenously in the doses
mentioned above, can also be used very successfully.

Children older than 1 year are most commonly sedated with a com-
bination of intravenous drugs. Because anxiety is very frequently a part
of the child’s response to being in the hospital and to imaging studies,
we almost always start with a dose of Versed, a benzodiazepine used
frequently for anxiolysis, in doses of 0.1mg/kg (or 3mg maximum
single dose). This drug has the added benefits of creating antegrade
amnesia in most patients and of producing mild sedative effects.

We have found that when the patient’s anxiety level is reduced 
by the use of Versed, the sedation is smoother and the total dose of
sedation medication is often less, thereby reducing recovery time, and
the overall experience for the patient (and the parents) is much less
traumatic.

We administer the Versed 1 to 5 minutes before giving our primary
sedative agent. The most common adverse effects of Versed are dose-
related respiratory depression and occasionally paradoxical agitation.
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Versed can be reversed by flumazenil in doses of 0.01mg/kg to a
maximum of 0.2 mg, but the patient needs to be carefully observed for
re-sedation.

Our primary sedative agent is pentobarbital sodium (Nembutal). We
use 3mg/kg (or 100mg maximum single dose) with a fast IV push as
our initial dose. Although pentobarbital is an excellent and safe seda-
tive, it has the undesirable property of creating hyperesthesia, and it
has a long half-life leading to a relatively long time to return to pre-
sedation baseline. The most common adverse effects of pentobarbital
are respiratory depression and occasionally emergence delirium. Pen-
tobarbital has no reversal agent. To reduce the hyperesthesia effect and
potentially reduce the total dose of pentobarbital needed, fentanyl
citrate, a short-acting narcotic, can be added in doses of 1mg/kg (or 
50 mg maximum single dose) within minutes of giving pentobarbital.
The most common adverse effects of fentanyl are respiratory depres-
sion and transient hypotension. Fentanyl can be reversed by naloxone
in 0.01mg/kg for children and 0.4 to 2mg for adults, repeated as nec-
essary, but the patient needs to be carefully observed for re-sedation.
With this combination of three drugs, the vast majority of children will
be sedated adequately to perform the diagnostic imaging study that is
planned. If, after these drugs are initially administered the child is still
moving, more drug or the addition of another drug is needed. The drug
selected depends on the clinical state of the child. If the child is awake
(eyes open, talking) a repeat dose of pentobarbital at 2 to 3mg/kg is
given.

If the patient is responding to noise, touch, or other stimuli without
awakening, an additional dose of 0.1mg/kg of Versed and/or 1mg/kg
of fentanyl citrate is given. Depending on the patient’s status and the
clinical situation, if the patient has been given two full rounds of drugs
and is not adequately sedated, then there should be careful considera-
tion given as to whether to administer a third round of drugs or to
abandon the procedure and call a failed sedation. The maximum total
doses that we use in most diagnostic settings are 7mg/kg (or 300mg)
for pentobarbital, 3mg/kg (or 150 mg) for fentanyl, and 0.3mg/kg (or
5mg) for Versed.

It should be remembered that the respiratory depressant effects of all
three of the drugs used in this regimen are potentiated by one another
and are additive. This requires rigorous monitoring of the patient and
immediate treatment of any evidence of respiratory depression as soon
as it is recognized. It is also important to remember that to maximize
safety, fentanyl should always be diluted and injected slowly or added
to the fluid in the drip chamber of the IV infusion set and dripped in
slowly, over about 1 minute, to avoid severe respiratory depression,
apnea, or the feared complication of “wooden chest syndrome.” This
syndrome of chest wall rigidity is a phenomenon during which the
patient’s chest wall muscles become spastic, making ventilation
extremely difficult. Although the exact mechanism of these muscle con-
tractions has yet to be identified, many authors have described success
in reversing chest wall rigidity with either naloxone (Narcan) or muscle
relaxants such as succinylcholine, with rapid resolution.
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3
The Biologic Effects of 
Low-Level Radiation
Martin Charron

Few topics engender more vigorous debate than the biologic effects 
of low-level radiation and selection of a mathematical model to pre-
dict the incidence of cancer. A recent review on radiation risk stated 
(1):

The A-bomb survivors represent the best source of data for risk estimates of
radiation-induced cancer.

It is clear that children are ten times more sensitive than adults to the induc-
tion of cancer.

There are no assumptions, and no extrapolation indicated.

This chapter provides data that suggest that exactly the opposite of
the above three statements applies; that is, I present a large amount of
data indicating the linear no-threshold theory is erroneous. To that
effect, this chapter discusses a review article (2) that scrutinized numer-
ous scientific studies that arrived at drastically different conclusions. I
present the information in four sections: the available experimental
data, studies looking at the biologic effects of background radiation,
the experimental evidence obtained from medical exposure to radia-
tion, and in vitro studies.

First, let’s look at the experimental data available on radiation 
risk. The only study that suggested a higher risk of cancer with low
levels of radiation is the retrospective study by Ron and Modan (3) 
of 11,000 children treated for tinea capitis. The incidence of thyroid
cancer was higher, especially in children less than 5 years old. Be-
cause the study was retrospective, the dose range was estimated to be
4.5 to 50 rem. But there are limitations of retrospective studies, as well
as significant inaccuracies encountered in estimating radiation expo-
sure. Also, a large proportion of the children received a dose (calcu-
lated to be) greater than 10Rem. Therefore, it seems very inappropriate
to draw any conclusion from this study, which was of dubious quality
at best.

All the other studies, of much higher quality, done on the same topic
have led to the opposite conclusions. A study of 14,624 infants less than
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16 months of age treated for hemangioma did not reveal a higher inci-
dence of cancer (4). Similarly, a Finland study of 1 million children,
after the Chernobyl accident, did not reveal a higher incidence of cancer
(5). Hjalmars et al. (6) reported no change in cancer incidence in a study
of 1.6 million children in Sweden. The study by Rallison et al. (7),
looking at the radiation fallout in Utah, reported similar results. Finally,
a study of 35,074 patients who received diagnostic doses of iodine
radioisotope 131I did not find a higher incidence of cancer (8). Based on
those studies of millions of children, it seems appropriate to conclude
that low-level radiation does not increase the incidence of cancer, even
in children.

We now review the conclusions stemming from studies about 
the biologic effects of background radiation. A Chinese study of 
73,000 persons, comparing radiation doses of 96mrem/yr versus 
231mrem/yr, found no difference in the incidence of cancer. Similarly,
the study by Amsel et al. (9) comparing the incidence of cancer in 
a population of 825,000 patients living at an altitude of 1000 feet to 
the incidence in a population of 350,000 persons living at 3000 feet 
did not find a difference in the incidence of cancer between the two
populations. One study comparing four groups living at different 
altitudes actually disclosed a negative dose-risk correlation (10). In 
the United States, a study looking at the radiation exposure of 1730
counties also found a negative dose-risk correlation (11). One more
study of indoor radon exposure did not find any positive correlation
(12).

As for the experimental evidence from medical exposure to radia-
tion, a study by Saenger et al. (13) evaluated 33,888 Graves’ disease
patients treated with either surgery or with 131I. The data revealed fewer
complications in patient treated with 131I. A study in 10,552 patients (8)
and another study of 46,000 diagnostic doses of 131I (14) did not dis-
close any higher incidence of cancer.

Looking at occupational exposure, data collected in approximately
200,000 persons (15–17) did not reveal an increase in cancer, notwith-
standing that in one of those studies the mortality rate from cancer 
was lower in patients who were radiated! Also, the International 
Association for Research on Cancer study of 95,673 monitored 
radiation workers in the United States, the United Kingdom, and 
Canada found 3830 deaths for all cancers except leukemia but no
deaths exceeding what was expected (18). No support for the linear no-
threshold theory can be found here either. Finally, several studies 
have reported that workers who inhaled plutonium have lower lung
cancer mortality rates than those not thus exposed (19–21). Con-
trary to impressions generated by the media, no record exists of 
cancer deaths resulting from human exposure to plutonium. Probably
the most significant data on low-level radiation exposure in humans is
still in the research stage, but preliminary results are interesting 
(22). In Taipei and other areas of Taiwan, 1700 apartment units were
built using steel contaminated with cobalt 60, exposing 10,000 occu-
pants for 16 years to an average, according to preliminary estimates, 
of 4.8 rem in the first year and 33 rem in total (23). From national 
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Taiwan statistics, 173 cancers and 4.5 leukemias would be expected
from natural sources, and according to the linear no-threshold theory,
there should have been 30 additional leukemias. However, a total 
of only five cancers and one leukemia have occurred among this group
(23).

There are no statistically sound, well-designed studies that have 
validated the applicability of the linear no-threshold model at low
doses (2). On the contrary, there is a suggestion that low-level expo-
sure may be beneficial. This has been dubbed hormesis, and there are
myriad of studies that suggest the beneficial effects of radiation. A
study in human lymphocytes showed a protective effect of exposure
from low-dose 3H to subsequent exposure to 150 rem of x-rays (24). 
Shadley and Dai (25) found that preexposure of human lympho-
cytes to 5 rem reduces the number of DNA aberrations induced by 
400 rem. Sanderson and Morely (26) found a decrease in mutagenesis. 
Kelsey et al. (27) found fewer mutations from 300 rem if human 
lymphocytes are preexposed to 1 rem of radiation. Shadley and 
Wolff (28) found a decrease in the number of DNA breaks if cells are
irradiated with less than 20 rem. Fritz-Niggli and Schaeppi-Buechi (29) 
found lower embryonic mortality when Drosophila melanogaster eggs
are exposed to 200 rem. Finally, ingenious experimental techniques
have been developed for observing the effects of a single alpha 
particle hitting a single cell. Miller et al. (30) found that the probability
for transformation to malignancy from N particle hits on a cell is 
much greater than N times the probability for transformation to 
malignancy from a single hit. This is a direct violation of the linear 
no-threshold theory, indicating that the estimated effects based on 
extrapolating the risk from high exposure, represented by N hits, 
greatly exaggerate the risk from low-level exposure as represented by
a single hit.

The aforementioned data indicate that the linear nonthreshold model
is unable to predict the biologic effects of low-level radiation, and con-
sequently grossly overestimates the incidence of those effects. We shall
demonstrate that this viewpoint that has exaggerated the risk from
low-level exposure unduly poses a burden that is detrimental to the
general welfare.

After a review of studies on natural, occupational, and medical expo-
sure to radiation, health risk from low-level dose could not be detected
above the “noise” of adverse events of everyday life (2). No available
data confirm the hypothesis that children are more radiosensitive than
adults (2). The evidence is consistent with the statement from the
Health Physics Society that the health risk from the exposure to up to
10 rem is “either too small to be observed or nonexistent” (31). A sen-
timent has recently developed in the community of radiation health
scientists to regard the risk estimates in the low-dose region that are
based on the linear no-threshold theory as being grossly exaggerated
or completely negligible (22). The data regarding leukemia among
atomic bomb survivors (32) strongly suggest a threshold greater than
20 centisievert (cSv) (22). The evidence presented in that review leads
to the conclusion that the linear nonthreshold theory fails badly in the
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low-dose region because it grossly overestimates the risk from low-
level radiation (22).

A controversial analysis and interpretation by Pierce et al. (32) of
some of the A bomb survivor data from Japan suggested that a linear
model is valid at exposures as low as 50 millisievert (mSv) and that this
is the lowest dose linked to a statistically significant radiogenic risk. In
other independent analyses of the same data, a curvilinear dose-
response also provided a satisfactory fit to the Japanese data (33). 
Heindenreich et al. (34), using the same data and applying different
analytical methods, did not find any evidence for increased tumor rates
below 200mSv. Finally, if error bars are ignored (22), the points suggest
a linear relationship with the intercept at a near-zero dose. The data
themselves give no statistically significant indication of increased inci-
dence of cancer for doses of less than 25cSv. In fact, considering only
the three lowest dose points, the slope of the dose-response curve has
a 20% probability of being negative (risk decreases with increasing
dose) (22).

The data largely comes from observation at relatively high doses and
dose rate and do not suffice to define the shape of the dose-response
curve in the millisievert dose range; however, it is noteworthy that “the
dose-response curve for the overall frequency of solid cancers in the
atomic-bomb survivors is not inconsistent with a linear function” (35).
It is important to note that the rate of cancer in most populations
exposed to low-level radiation has not been found to be detectably
increased, and that in most cases the rate has appeared to decrease (35).
The same report asserts that low-dose epidemiologic studies are of
limited value in assessing dose-response relationship and have pro-
duced results with sufficiently wide confidence limits to be consistent
with an increased effect, a decreased effect, or no effect. For some types
of tumors there is actually a decrease in cancer frequency with expo-
sure to radiation (35).

Finally, let us consider a legal interpretation in this country of the
current scientific data. Recently, a U.S. federal court dismissed all 2100
lawsuits against GPU Nuclear Corporation that claimed radiation
injury from the 1979 Three Mile Island accident because of lack of evi-
dence that anyone had received doses greater than 100mGy (36). The
court determined that there is consensus within the scientific commu-
nity that “at doses below 10 rems [100mGy], the casual link between
radiation exposure and cancer induction is entirely speculative.” The
Health Physics Society recommends against quantitative risk assess-
ment of radiogenic health effects below an individual dose of 50mGy
in 1 year (36).

The former vice chancellor of Oxford University (37) stated that 
risk perception is intricate, as it involves fear and dread. However, 
an oversimplified algorithm is likely to prevent useful empirical 
application of radiation for the health benefit of children. In addi-
tion to the large number of studies we have reviewed, numerous 
scientific groups believe the linear no threshold model grossly over-
estimates the incidence of biologic effects, if any, of low-level radiation
(38–49).
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4
Dosage of Radiopharmaceuticals

and Internal Dosimetry
Xiaowei Zhu

Dosage of Radiopharmaceuticals

Radiopharmaceuticals are widely used for diagnostic imaging and
radiation therapy. Although radiation therapy uses damage to living
tissue to the advantage of the patient, this damage, however, is a lim-
itation for the diagnostic application. Radiation dosages for specific
indications are optimized based on thorough studies performed on
animals and through clinical trials on human subjects prior to approval
for clinical applications. Proper dosages are derived through careful
study of pharmacokinetics, the physical characteristics of the radionu-
clide, metabolism of the subject, and the pharmacodynamics of the
radiopharmaceutical in animal and human subjects. The chemical- and
radiotoxicities and adverse reactions are well understood before an
optimal and safe dosage is recommended. Doses are typically scaled
by weight, or total body surface area, and reduced for children. The
recommended dosage for a specific indication and route of adminis-
tration are stated by the drug manufacturers in the package insert, and
are readily available online.

Internal Radiation Dosimetry

To assess the effects of radiation on a living organ, it is important to
understand and quantify radiation energy deposited and absorbed by
that organ. This deposition/absorption of energy is called radiation
absorbed dose. Internal radiation dosimetry involves the studying of
energy absorbed by the organs from an internally deposited radionu-
clide. It includes the study of physical characteristics of radionuclides,
pharmacokinetics and biokinetics of the radiopharmaceutical, as well
as establishing assumptions and models for calculating absorbed radi-
ation energy.

Radiation Absorbed Dose

Radiation absorbed dose is defined as the quantity of radiation 
energy absorbed by a unit mass of absorber material (e.g., bone
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marrow, body tissue, etc.). The SI unit for radiation absorbed dose is
the gray (Gy).

1Gy = 1 joule energy absorbed/kg of absorber medium

However, the traditional unit rad, is used more commonly in the United
States.

1 rad = 100 erg energy absorbed/g of absorber medium

1 rad = 0.01Gy

Radiation absorbed dose is proportional to several key estimated com-
ponents. These components include (1) the amount of radioactivity in
the source organ, (2) the residence time of radioactivity in the source
organ, (3) the type and amount of radiation energy emitted by the
radioactivity in the source organ, and (4) the fraction of the emitting
energy from the source that is absorbed by the target organ. The frac-
tion is dependent on the geometric and anatomic relationship of the
source to target organs.

To calculate the radiation absorbed dose, we need to quantify each
component discussed above. Quantifying each component that con-
tributes to the radiation absorbed dose can be difficult due to the
complex nature of metabolic systems and to differences in patient
anatomy. Therefore, the calculation of radiation absorbed dose is really
an estimate of quantity based on standard anatomic and kinetic models
and reasonable assumptions.

Absorbed Dose

Cumulated Radioactivity Ã
The radiation dose delivered from a source organ to a target organ is
dependent on the amount of radioactivity in the source organ and the
length of time the radioactivity resides in the source organ. Due to the
continuous uptake and elimination of the radiopharmaceutical admin-
istered to the living system, and physical decay of the radionuclide, the
radioactivity in each organ is a function of time. Mathematically, the
cumulated radioactivity, Ã, can be expressed as

(1)

where A(t) is the radioactivity in source organ at the time of t (Fig. 4.1).
Ã accounts for the radioactivity in the organ, and how long it resided
in source organ (component 1 and 2 discussed above). The units for Ã
are mCi-hr.

A(t) is different from organ to organ, and varies in individual living
systems. However, it can be estimated from studying the phar-
macokinetics of the radiopharmaceutical of the source organ. A time-
radioactivity curve can be established for each source organ by
following the uptake and excretion of the radionuclide in the organ.
A(t) is a function of the physical and biologic decay of the radiophar-

   
Ã A t dt= ( )

•

Ú0
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maceutical. A simplified mathematical model of instantaneous and
exponential elimination of the radiopharmaceutical in the source organ
can be described as

A(t) = A0e-let (2)

and

le = lp + lb (3)

where le is the effective decay constant, and lp and lb are the physical
and biologic decay constants, respectively.

If the half-life is known, the decay constant can be calculated as

(4)

Therefore, equation 1 becomes

(5)

where Te is the effective half-life.

Equilibrium Absorbed Dose Constant, D
The amount of radiation energy emitted per unit of accumulated
radioactivity in the source organ can be calculated if the type, energy,
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and frequency of each emission of the radionuclide are known. If we
designate Ei as the energy of the ith emission, ni is the frequency of that
emission. The amount of radiation energy emitted per unit of accu-
mulated radioactivity can then be described as

Di = 2.13niEi (6)

where Ei is in MeV and Di is in (g-rad/mCi-hr). Di is defined as equilib-
rium absorbed dose constant of the ith emitter. The energy emitted from
the ith emission of the radionuclide in the source organ is a product of
the equilibrium absorbed dose constant, Di, and accumulated radioac-
tivity, Ã. If a radionuclide deposited in the source organ has more than
one emission, the equilibrium absorbed dose constant should be cal-
culated for each emission and summated.

Total Energy Absorbed by Target Organ, D
Due to the distance and attenuation between the source organ and
target oranges, only a fraction of the energy emitted by the source organ
is absorbed by the target organ. This fraction factor needs to be 
quantified so that the total absorbed dose by the target organ can be
estimated.

Absorbed Fraction f
The absorbed fraction depends on the geometric relationship of the
source and target organ, the emission energy of the radionuclide, and
the composition of the source organs, the target organ, and those
organs in between. Mathematically, the absorbed fraction of the ith

emission of the radionuclide can be expressed as fi(tk ¨ sj). The energy
absorbed by the target organ, tk, from the ith emission of the radionu-
clide in source organ, sj, is equal to Ãjfi(tk ¨ sj)Di. So the total energy
absorbed by target organ, tk, from all emissions in the source organ, 
sj, is

(7)

Because the absorbed dose is defined as energy absorbed in unit mass,
the dose delivered from the source organ, sj, to the target organ, tk, is

(8)

where Ãj is the cumulated activity in source organ, sj, and mk is the mass
of the target organ, tk. The total dose to the target organ can be obtained
by summing the doses from all the source organ of the body:

The calculation of absorbed fraction, f, for each penetrating emis-
sion, for example, photons, is very complicated, as it is highly depen-
dent on the energy of the radiation emission, the geometry between the
target and source organs, and the characteristics of the tissue and
organ. The range of f is between 0 and 1 from the source organ to target
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organ (target organ can be the source organ itself) for photons 
with emitting energy >10keV. When the target organ is the same as the
source organ, and electron or photon energy is <10keV, f = 1. If the
target organ is a different organ, then f = 0. This assumes that the source
organ will attenuate and absorb within itself the entire radiation 
energy when the radiation emission is a low-energy photon or a non-
penetrating particle, such as an electron.

Specific Absorbed Dose Fraction, F
A rearrangement of equation 8, gives us

(9)

The term , is defined as the specific absorbed fraction,

Fi(tk ¨ sj). This is the fraction of the ith radiation emitter that is given
off by the radionuclide in the source organ, sj, and absorbed, per unit
mass, by target organ tk. Equation 9 can then be written as

(10)

The specific absorbed fraction has been calculated using mathematical
phantom models based on different age groups with complex mathe-
matical simulations for source-target pairs. The results are a set of com-
prehensive tables of specific absorbed fractions for each reference age
group. Table 4.1 is an example that was formulated by Oak Ridge
National Lab (1). This example involves a 500keV photon, the specific
absorbed fraction from the kidney (source organ) to what could be con-
sidered the average liver of a 10-year-old (2.35E-2/kg or 2.35E-5/g).

A simplified quantity, dose per cumulated activity, or S value, has been
calculated for the source-target organs for many radionuclides of inter-
est. The S value of the source-target organs, pair j and k, is defined  

as
.

This is calculated in the conventional

units of rad/mCi-hr. Medical Internal Radiation Dose (MIRD) com-
mittee pamphlet No. 11 tabulated many of the most commonly used
radionuclides for the standard adult phantom (2). Now Equation 10
can be rewritten as

D(tk ¨ sj)(rad) = ÃjS(tk ¨ sj). (11)

The total dose D(tk) to target organ k is then described as

(12)

If the accumulated radioactivity in each source organ is known, one
can calculate the total dose to the target organ by using the S-value
table and summing up the dose delivered to the target organ from each
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source organ. In absence of the S-value tables for other age groups, the
S value can be calculated using tabulated F and D values, as discussed
earlier.

Pediatric Dose Estimate

For pediatric patients, radiopharmaceutical dosages are based on 
a pediatric dosing schedule. There are many different dosing sche-
dules. The most common ones are those using body weight or body
surface areas as guides to scale the dose. Pediatric dose schedules 
consider many factors to scale down the dosage from that 
of adult to child, including organ doses, effective dose, and image
quality.

However, absorbed radiation dose and effective dose to pediatric
patients are not as simple as the dosing schedule. They are not just
simple linear scaled-down doses of those for adult patients. As we dis-
cussed before, radiation doses to patients depend on geometric and
anatomic relationships of source to target organs. Differences in pedi-
atric organ size, density, and composition significantly change the geo-
metric and anatomic relationships that were established for adult
patient (or phantom). Differences of biokinetics, due to age-related dif-
ferences in uptakes (e.g., thyroid uptake of iodine), and excretion (e.g.,
bladder voiding interval), must be considered when estimate radiation
doses for pediatric patients.

Mathematical phantoms for age groups considering the geometric
and anatomic variables have been well developed. They are typically
for infants, and 1-, 5-, 10-, and 15-year-olds. Specific absorbed fraction
has been calculated and tabulated (e.g., Table 4.1) for each age-specific
phantom group. Combined with dose schedule, age-adjusted uptake
and excretion parameters, pediatric radiation doses can then be 
estimated according to Equation 10.

Practical Approach to Internal Dose Estimate

The estimation of internal dose from a radionuclide in a human is
rather a complicated process. Studies of biokinetic models of a partic-
ular radiopharmaceutical normally begin through investigations of the
model in animals. Modeling data are collected starting with the initial
amount of the radiopharmaceutical of interest that is injected into 
the animal. The percentage of the radionuclide that is taken up by 
the source organ is determined through imaging. Other pertinent data
are collected through assays of blood and urine. These data points 
are then carefully plotted or fitted to an established mathematical
model that describes the biokinetics of the radionuclides in each source
organ. Complex regulatory requirements regarding human research
subjects dictate that dose estimates in human subjects should con-
ducted after successful animal studies. Many radiopharmaceuticals are
not directly studied for pediatric applications because of complicated
social and ethical issues related to conducting radiation research in 
children.



A wealth of information concerning internal dosimetry for the most
commonly used radionuclides in nuclear medicine has been estab-
lished and published, including dosimetry data for radionuclides used
in positron emission tomography (PET) scanning (3–6). Pediatric dose
estimates have also been calculated for different age groups based on
adult biokinetics of radiopharmaceuticals and anatomic phantom
models. Researchers have observed the differences between pediatric
biokinetic models and those of an adult, especially in regard to infants,
and so improvements in dosimetry data for pediatric patients continue.
The Annals of International Commission on Radiological Protection
(ICRP) Publication 53 provides biokinetic models and lists radiation
doses to patients from the most commonly used radiopharmaceuticals
in nuclear medicine (7). ICRP Publication 80 recalculated 19 of the most
frequently used radiopharmaceuticals from ICRP 53 and added 10
more new radiopharmaceuticals (8). Tables 4.2 to 4.4 are absorbed-dose
tables of several radiopharmaceuticals used for PET imaging, adapted
from ICRP 80.

44 Chapter 4 Dosage of Radiopharmaceuticals and Internal Dosimetry

Table 4.2. Absorbed dose of 18F-FDG (2-fluoro-2-deoxy-D-glucose)
Absorbed dose per unit activity administered 

18F 109.77 min (mGy/MBq)

Organ Adult 15 years 10 years 5 years 1 year

Adrenals 1.2E - 02 1.5E - 02 2.4E - 02 3.8E - 02 7.2E - 02
Bladder 1.6E - 01 2.1E - 01 2.8E - 01 3.2E - 01 5.9E - 01
Bone surfaces 1.1E - 02 1.4E - 02 2.2E - 02 3.5E - 02 6.6E - 02
Brain 2.8E - 02 2.8E - 02 3.0E - 02 3.4E - 02 4.8E - 02
Breast 8.6E - 03 1.1E - 02 1.8E - 02 2.9E - 02 5.6E - 02
Gall bladder 1.2E - 02 1.5E - 02 2.3E - 02 3.5E - 02 6.6E - 02
GI-tract

Stomach 1.1E - 02 1.4E - 02 2.2E - 02 3.6E - 02 6.8E - 02
SI 1.3E - 02 1.7E - 02 2.7E - 02 4.1E - 02 7.7E - 02
Colon 1.3E - 02 1.7E - 02 2.7E - 02 4.0E - 02 7.4E - 02
(ULI 1.2E - 02 1.6E - 02 2.5E - 02 3.9E - 02 7.2E - 02)
(LLI 1.5E - 02 1.9E - 02 2.9E - 02 4.2E - 02 7.6E - 02)

Heart 6.2E - 02 8.1E - 02 1.2E - 01 2.0E - 01 3.5E - 01
Kidneys 2.1E - 02 2.5E - 02 3.6E - 02 5.4E - 02 9.6E - 02
Liver 1.1E - 02 1.4E - 02 2.2E - 02 3.7E - 02 7.0E - 02
Lungs 1.0E - 02 1.4E - 02 2.1E - 02 3.4E - 02 6.5E - 02
Muscles 1.1E - 02 1.4E - 02 2.1E - 02 3.4E - 02 6.5E - 02
Oesophagus 1.1E - 02 1.5E - 02 2.2E - 02 3.5E - 02 6.8E - 02
Ovaries 1.5E - 02 2.0E - 02 3.0E - 02 4.4E - 02 8.2E - 02
Pancreas 1.2E - 02 1.6E - 02 2.5E - 02 4.0E - 02 7.6E - 02
Red marrow 1.1E - 02 1.4E - 02 2.2E - 02 3.2E - 02 6.1E - 02
Skin 8.0E - 03 1.0E - 02 1.6E - 02 2.7E - 02 5.2E - 02
Spleen 1.1E - 02 1.4E - 02 2.2E - 02 3.6E - 02 6.9E - 02
Testes 1.2E - 02 1.6E - 02 2.6E - 02 3.8E - 02 7.3E - 02
Thymus 1.1E - 02 1.5E - 02 2.2E - 02 3.5E - 02 6.8E - 02
Thyroid 1.0E - 02 1.3E - 02 2.1E - 02 3.5E - 02 6.8E - 02
Uterus 2.1E - 02 2.6E - 02 3.9E - 02 5.5E - 02 1.0E - 01
Remaining organs 1.1E - 02 1.4E - 02 2.2E - 02 3.4E - 02 6.3E - 02
Effective dose 1.9E - 02 2.5E - 02 3.6E - 02 5.0E - 02 9.5E - 02

(mSv/MBq)
Source: ICRP Publication 80 Radiation Dose to Patients from Radiopharmaceutical.
Annals of ICRP 1998;28(3):10–49, with permission from the ICRP.
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Table 4.3. Absorbed dose [methyl-11C]thymidine
Absorbed dose per unit activity administered

11C 20.38 min (mGy/MBq)

Organ Adult 15 years 10 years 5 years 1 year

Adrenals 2.9E - 03 3.7E - 03 5.8E - 03 9.3E - 03 1.7E - 02
Bladder 2.3E - 03 2.7E - 03 4.3E - 03 7.1E - 03 1.3E - 02
Bone surfaces 2.4E - 03 3.0E - 03 4.7E - 03 7.6E - 03 1.5E - 02
Brain 1.9E - 03 2.4E - 03 4.0E - 03 6.7E - 03 1.3E - 02
Breast 1.8E - 03 2.3E - 03 3.6E - 03 5.9E - 03 1.1E - 02
Gall bladder 2.8E - 03 3.4E - 03 5.2E - 03 7.9E - 03 1.5E - 02
GI-tract

Stomach 2.4E - 03 2.9E - 03 4.6E - 03 7.3E - 03 1.4E - 02
SI 2.4E - 03 3.1E - 03 4.9E - 03 7.8E - 03 1.5E - 02
Colon 2.4E - 03 2.9E - 03 4.7E - 03 7.4E - 03 1.4E - 02
(ULI 2.4E - 03 3.0E - 03 4.8E - 03 7.7E - 03 1.4E - 02)
(LLI 2.3E - 03 2.7E - 03 4.5E - 03 7.1E - 03 1.3E - 02)

Heart 3.4E - 03 4.3E - 03 6.8E - 03 1.1E - 02 2.0E - 02
Kidneys 1.1E - 02 1.3E - 02 1.9E - 02 2.8E - 02 5.1E - 02
Liver 5.2E - 03 6.8E - 03 1.0E - 02 1.6E - 02 2.9E - 02
Lungs 3.0E - 03 3.9E - 03 6.2E - 03 9.9E - 02 1.9E - 02
Muscles 2.1E - 03 2.6E - 03 4.1E - 03 6.6E - 03 1.3E - 02
Oesophagus 2.2E - 03 2.8E - 03 4.3E - 03 6.9E - 03 1.3E - 02
Ovaries 2.4E - 03 3.0E - 03 4.8E - 03 7.6E - 03 1.4E - 02
Pancreas 2.7E - 03 3.4E - 03 5.3E - 03 8.3E - 03 1.6E - 02
Red marrow 2.5E - 03 3.1E - 03 4.8E - 03 7.6E - 03 1.4E - 02
Skin 1.7E - 03 2.1E - 03 3.4E - 03 5.6E - 03 1.1E - 02
Spleen 3.0E - 03 3.7E - 03 5.9E - 03 9.6E - 03 1.8E - 02
Testes 2.0E - 03 2.5E - 03 3.9E - 03 6.2E - 03 1.2E - 02
Thymus 2.2E - 03 2.8E - 03 4.3E - 03 6.9E - 03 1.3E - 02
Thyroid 2.3E - 03 2.9E - 03 4.7E - 03 7.8E - 03 1.5E - 02
Uterus 2.4E - 03 3.0E - 03 4.8E - 03 7.6E - 03 1.4E - 02
Remaining organs 2.1E - 03 2.6E - 03 4.2E - 03 6.8E - 03 1.3E - 02
Effective dose 2.7E - 03 3.4E - 03 5.3E - 03 8.4E - 03 1.6E - 02

(mSv/MBq)
Source: ICRP Publication 80 Radiation Dose to Patients from Radiopharmaceutical.
Annals of ICRP 1998;28(3):10–49, with permission from the ICRP.

Table 4.4. Absorbed dose 15O-abeled water
Absorbed dose per unit activity administered

15O 2.04 min (mGy/MBq)

Organ Adult 15 years 10 years 5 years 1 year

Adrenals 1.4E - 03 2.2E - 03 3.1E - 03 4.3E - 03 6.6E - 03
Bladder 2.6E - 04 3.1E - 04 5.0E - 04 8.4E - 04 1.5E - 03
Bone surfaces 6.2E - 04 8.0E - 04 1.3E - 03 2.3E - 03 5.5E - 03
Brain 1.3E - 03 1.3E - 03 1.4E - 03 1.6E - 03 2.2E - 03
Breast 2.8E - 04 3.5E - 04 6.0E - 04 9.9E - 04 2.0E - 03
Gall bladder 4.5E - 04 5.5E - 04 8.6E - 04 1.4E - 03 2.7E - 03
GI-tract

Stomach 7.8E - 04 2.2E - 03 3.1E - 03 5.3E - 03 1.2E - 02
SI 1.3E - 03 1.7E - 03 3.0E - 03 5.0E - 03 9.9E - 03
Colon 1.0E - 03 2.1E - 03 3.7E - 03 6.2E - 03 1.2E - 02
(ULI 1.0E - 03 2.1E - 03 3.7E - 03 6.2E - 03 1.2E - 02)
(LLI 1.1E - 03 2.1E - 03 3.7E - 03 6.2E - 03 1.2E - 02)

Heart 1.9E - 03 2.4E - 03 3.8E - 03 6.0E - 03 1.1E - 02
Kidneys 1.7E - 03 2.1E - 03 3.0E - 03 4.5E - 03 8.1E - 03
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Table 4.4. Absorbed dose 15O-abeled water (Continued)
Absorbed dose per unit activity administered

15O 2.04 min (mGy/MBq)

Organ Adult 15 years 10 years 5 years 1 year

Liver 1.6E - 03 2.1E - 03 3.2E - 03 4.8E - 03 9.3E - 03
Lungs 1.6E - 03 2.4E - 03 3.4E - 03 5.2E - 03 1.0E - 02
Muscles 2.9E - 04 3.7E - 04 6.1E - 04 1.0E - 03 2.0E - 03
Oesophagus 3.3E - 04 4.2E - 04 6.7E - 04 1.1E - 03 2.1E - 03
Ovaries 8.5E - 04 1.1E - 03 1.8E - 03 2.8E - 03 5.8E - 03
Pancreas 1.4E - 03 2.0E - 03 4.2E - 03 5.4E - 03 1.2E - 02
Red marrow 8.5E - 04 9.7E - 04 1.6E - 03 3.0E - 03 6.1E - 03
Skin 2.5E - 04 3.1E - 04 5.2E - 04 8.8E - 04 1.8E - 03
Spleen 1.6E - 03 2.3E - 03 3.7E - 03 5.8E - 03 1.1E - 02
Testes 7.4E - 04 9.3E - 04 1.5E - 03 2.6E - 03 5.1E - 03
Thymus 3.3E - 04 4.2E - 04 6.7E - 04 1.1E - 03 2.1E - 03
Thyroid 1.5E - 03 2.5E - 03 3.8E - 03 8.5E - 03 1.6E - 02
Uterus 3.5E - 04 4.4E - 04 7.2E - 04 1.2E - 03 2.3E - 03
Remaining organs 4.0E - 04 5.6E - 04 9.4E - 04 1.7E - 03 2.9E - 03
Effective dose 9.3E - 04 1.4E - 03 2.3E - 03 3.8E - 03 7.7E - 03

(mSv/MBq)
Source: ICRP Publication 80 Radiation Dose to Patients from Radiopharmaceutical.
Annals of ICRP 1998;28(3):10–49, with permission from the ICRP.



5
Pediatric PET Research Regulations

Geoffrey Levine

Good intentions are necessary, but not sufficient, to conduct pediatric
positron emission tomography (PET) research. This chapter provides
direction to guide the process of conducting PET research in children.

Code of Federal Regulations (CFR)

When the executive rule-making voice of the government speaks, it
does so officially through the Code of Federal Regulations (1). These
are not the laws, per se, but rather the nitty gritty rules necessary to
carry out the laws that are made by Congress. For example, Congress
may pass a law to provide for a safe drug supply; the executive branch
(e.g., the Food and Drug Administration, FDA) carries out the intent of
the law and writes the rules (e.g., “Intravenous products shall be sterile
and pyrogen-free”).

Reading 21 CFR (Title 21 of the CFR, where the FDA rules are
located) is about as exciting as reading the telephone book or the Inter-
nal Revenue Service regulations for preparing tax returns (until you
come to that one paragraph that appears to justify your objective), but
it is necessary. The judicial system interprets the regulations and may
enforce compliance. Each agency of the executive branch of the gov-
ernment or each specific purpose for a set of regulations has a partic-
ular location. Title 10, for example, is where one finds radiation safety
and safe use of radiopharmaceutical use in humans. Table 5.1 provides
an example of several other locations within the CFR that may be of
interest to the reader (3). In addition to the CFR, the various agencies
issue letters, guidelines, interpretations, descriptions of courses, com-
ments, request for comments, etc., in an effort to communicate with the
public and research investigators, among others. And, like cement, the
rules become more solidified with time. Occasionally, the book is
opened for a rewrite, providing a glimpse into the “mind” of the gov-
ernment. One such opportunity appeared on November 16, 2004, in an
open meeting at the FDA headquarters in which an update of the
Radioactive Drug Research Committee (RDRC) regulations was being
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Table 5.1. Some additional examples of codified federal policy
07 CFR Part 1C Department of Agriculture
10 CFR Part 35 Human Use of Radiopharmaceuticals
10 CFR Part 745 Department of Energy
15 CFR Part 27 Department of Commerce
16 CFR Part 1028 Consumer Product Safety Commission
21 CFR Part 361.1 Radiopharmaceutical Use in Humans
40 CFR Part 26 Environmental Protection Agency
45 CFR Part 46 Public Welfare, Protection of Human Subjects
45 CFR Part 690 National Science Foundation
Note: There are source documents, regulations, amendments to regulations, Web sites,
parts, subparts, preliminary documents for review, rewrites, updates, clarifications, and
numerous other forms of communication.
Source: Data from ref. 2.

considered (4). The regulations will be examined shortly, particularly
as they relate to PET research in children. Table 5.2 provides a resource
list to facilitate communication (4,5,14).

Pathways Allowed by the Federal Regulatory System

There are three major routes to conduct research that are allowed by
the federal regulatory system: (1) an investigational new drug (IND)
application, (2) a physician-sponsored IND, and (3) the RDRC mecha-
nism (6–8,15–21).

The full IND approach is the one taken by drug manufacturers who
intend to obtain FDA approval to market a pharmaceutical to the
general public, usually for commercial purposes. The manufacturer
conducts physical, chemical, and biologic studies in vitro and then in
animals prior to studies in humans (clinical trials, phases I, II, III
described below), followed by postmarketing studies (phase IV),
post–new drug approval. The pharmaceutical house has sufficient
talent, expertise, and staff in its regulatory and medical departments to
know how to proceed on its own.

A second pathway is the physician-sponsored IND, which usually
involves studies with more than 30 subjects, can be conducted at one
or multiple sites, and can involve agents that are new entities, new
routes of administration, new dosage forms for existing or new drugs,
new populations (including children) or disease states, new indica-
tions, etc. The physician or other qualified investigator (with a physi-
cian as co-investigator) is usually medical center or hospital based and
will be required to fill out FDA forms 1571, 1572, and 1573 among pos-
sibly others. This process of how to compile, assemble, complete and
submit the physician-sponsored IND has been reviewed broadly and
in detail elsewhere (15).

A third pathway is the RDRC approach. Using this mechanism, the
FDA delegates authority to a local committee to approve research
studies (usually up to 30 patients, although the number can be higher
under certain circumstances, for example, if FDA form 2915 is com-
pleted). The composition of the membership of that committee has
FDA prior approval. Authority is given by this committee to investi-
gators to conduct only phase I and phase II clinical trials, meeting very



strict and specific criteria (see below). Under no circumstances are the
results from such studies to be used to make clinical decisions for any
of the participants in the study until the study is completed and the
data are analyzed. In theory, the findings are investigational and
remain unproven at this point. It is possible that approved clinical
methods used to validate the research finding may be clinically helpful
or of benefit to a study participant. For example, the findings from a
computed tomography (CT) scan used to study the metabolism and
distribution of a new diagnostic radiopharmaceutical such as a radio-
labeled monoclonal antibody that was designed to locate a tumor, may
find their way to the patient’s or subject’s medical record, but not infor-
mation provided by the radiolabeled monoclonal antibody. This RDRC
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Table 5.2. Selected reference sites and sources relative to pediatric
PET research
Food and Drug Administration (December, 2004)

Main telephone number 1-888-INFO-FDA
E-mail http://www.FDA.gov

Drug information telephone number 1-301-827-4570
Pediatric Drug Development (PDD) 1-301-594-PEDS (7337)

E-mail Pdit@cder.FDA.gov
Division of Drug Imaging and DMIRPD, RDRC Drug Program

Radiopharmaceutical Drug 
Products (DMIRPD)

E-mail http://www.FDA.gov/cder/
regulatory/RDRC/default.htm.

Radioactive Drug Research Program
Address Food and Drug Administration

Center for Drug Evaluation and 
Research

Division of Medical Imaging 
and Radiopharmaceutical 
Drug Products HFD-160

Parklawn Building, Room 
18R-45 5600 Fishers Lane

Rockville, MD 20852
Attention: RDRC Team

Director George Mills, MD
Senior manager Capt. Richard Fejka, USPHS, 

RPh, BCNP

Clinical trials
Government http://www.Clinicaltrials.gov
United Healthcare Foundation http://www.Unitedhealth-

carefoundation.org/emb.html

Books
Kowalsky RJ, Falen SW. Radiopharmaceuticals in Nuclear Pharmacy, 2nd

ed. Available from the American Pharmaceutical and Nuclear Medicine
Association, Washington, D.C. http://www.pharmacist.com/store/cfm

Clinical evidence by the evidence-based update on more than 1000 medical
conditions including clinical trials. British Medical Journal. Free of
charge to healthcare professionals.
http://www.unitedhealthcarefoundation.org/Emb.html

Legislative Information Gateway to the Congressional Record and
Congressional Committee Information. http://thomas.loc.gov

Source: Data from refs. 4–13.



approach to conduct PET research in children is the one on which we
concentrate in this chapter (6–8,16–18,21).

The Clinical Trial Process

The clinical trial is a biomedical or behavioral research study of human
subjects that is designed to answer specific questions about biomedical
or behavioral interventions (drugs, treatments, devices, or new ways
of using known drugs, treatments, or devices). Clinical trials are used
to determine whether new biomedical or behavioral interventions are
safe, efficacious, and effective (17,18). Trials of an experimental drug,
device, treatment, or intervention may proceed through four distinct
phases. Sometimes more than one phase can be conducted at the same
time. The actual number of subjects studied in each phase may depend
in part on the incidence or prevalence of the disease state or condition
being investigated.

Phase I

This phase entails testing in a small group of people (e.g., 20 to 80 sub-
jects) to determine efficacy and evaluate safety (e.g., determine a safe
dosage range) and identify side effects. A typical phase I trial of a new
drug agent frequently involves relatively high risk to a small number
of participants. The investigator and occasionally others have the only
relevant knowledge regarding the treatment because these are the first
human uses. The study investigator may be required to perform con-
tinuous monitoring on participant safety with frequent reporting to
institute and center staff with oversight responsibility.

Phase II

This phase entails a study of a larger group of people (several hundred)
to determine the efficacy and further evaluate safety. A typical phase II
study follows phase I studies, and there is more information regarding
risks, benefits, and monitoring procedures. However, more participants
are involved, and the disease process confounds the toxicity and out-
comes. An institute or center may require monitoring similar to that of
a phase I trial or may supplement that level of monitoring with indi-
viduals with expertise relevant to the study who might assist in inter-
preting the data to ensure patient safety (17,18).

Phase III

This phase entails a study to determine the efficacy in large groups of
people (from several hundred to several thousand) by comparing the
intervention to other standard or experimental interventions, to
monitor adverse effects, and to collect information to allow safe use.
The definition includes pharmacologic, nonpharmacologic, and behav-
ioral interventions given for disease prevention, prophylaxis, diagno-
sis, or therapy. Community-based trials and other population-based
trials are also included. A phase III trial frequently compares a new
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treatment to a standard treatment or to no treatment, and treatment
allocation may be randomly assigned and the data masked. These
studies frequently involve a large number of participants followed 
for longer periods of treatment exposure. Although short-term risk is
usually slight, one must consider the long-term effects of a study agent
or achievement of significant safety or efficacy differences between 
the control and the study groups for the masked study. An institute 
or center may require a data safety monitoring board (DSMB) to
perform monitoring functions. This DSMB would be composed of
experts relevant to the study and would regularly assess the trial 
and offer recommendations to the institute or center concerning its 
continuation.

Phase IV

This phase entails studies done after the intervention has been mar-
keted. These studies are designed to monitor the effectiveness of the
approved intervention in the general population and to collect infor-
mation about any adverse effects associated with widespread use. The
controversy that appeared in the lay media in December 2004 as well
as in medical publications (22) concerning adverse events associated
with Vioxx and Celebrex is an example of a postmarketing discovery
following new drug approval.

Radioactive Drug Research Committee Update 
Meeting and Transition

After more than a quarter of a century, it became obvious that techno-
logic progress and events had surpassed the intent of the original 1975
FDA, RDRC regulations (6–8,16). During the current transition period
(June 2005) and until the updated RDRC regulations are finalized, the
1997 FDA Modernization Act (FDAMA) provides a mechanism for the
uninterrupted production of PET radiopharmaceutical by specifying
that they should meet United States Pharmacopoeia (USP) monograph
standards (23,24). An example of a PET radiopharmaceutical coming
through that process was 18F-fluorodeoxyglucose (FDG) injection,
which received a new drug approval in less than 6 months after sub-
mission on August 5, 2004 (25).

RDRC Update Issues

Six issues or areas of concern, proposed by the FDA/RDRC, were
placed on the agenda for discussion (4,5):

1. Pharmacologic issues
2. Radiation dose limits for adult subjects
3. Assurance of safety for pediatric subjects
4. Quality and purity
5. Exclusion of pregnant women
6. RDRC membership
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As this chapter is being written, participants at the open meeting and
other interested parties and organizations are submitting written com-
ments for the record and for consideration regarding the updated reg-
ulations. Who could have predicted in 1975 how to best conduct
research or manufacture pharmaceuticals (including radiopharmaceu-
ticals), given the advent of monoclonal antibodies, cloning, stem cells,
gene therapy, biologic response modifiers, and the growth of PET and
other imaging modalities?

Vulnerable Populations
There are four populations addressed specifically in Title 45 part 46 of
the Code of Federal Regulations, which deals with public welfare pro-
tection of human subjects (2,19–21):

Subpart A: Human subjects, research subjects, and volunteers as con-
trols or normals

Subpart B: Additional protections for pregnant women, human fetuses,
and neonates

Subpart C: Additional protections pertaining to biomedical and behav-
ioral research in prisoners

Subpart D: Additional protections for children as subjects in research
(21).

Assurance of Safety for Pediatric Subjects
Currently 21 CFR 361.1 (that FDA section of the code that deals with
radiopharmaceutical research in humans) allows the study of radioac-
tive drugs in subjects less than 18 years of age without an IND appli-
cation, if the following conditions are met:

1. The study presents a unique opportunity to gain information not
currently available, requires the use of research subjects less than 18
years of age, is without significant risk, and is supported with
review by qualified consultants to the RDRC.

2. The radiation dose does not exceed 10% of the adult radiation dose
as specified in 21 CFR 361.1 (b)(i) and, as with adult subjects, the fol-
lowing additional requirements are met:

3. The study is approved by an institutional review board (IRB) that
conforms to the requirements of 21 CFR part 56.

4. Informed consent of the subject’s legal representative is obtained in
accordance with 21 CFR part 50.

5. The study is approved by the RDRC, which assures all other require-
ments of 21 CFR 361.1 are met (5,16).

Alternatively, when a study is conducted under an IND (as com-
pared to a RDRC) in accordance with part 312 (21 CFR part 312), the
sponsor must submit to the FDA the study protocol, protocol changes
and information amendments, pharmacology/toxicology and chem-
istry information, and information regarding prior human experience
with the same or similar drugs (see 21 CFR 312.22, 312.33, 312.30 and
312.31). Additionally, 21 CFR 32 requires that sponsors (of the IND)
promptly review all information relevant to the safety of the drug
obtained or otherwise received by the sponsor by any source, foreign
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or domestic. This includes information derived from any clinical or epi-
demiologic experience, reports in the scientific literature and unpub-
lished scientific papers, as well as reports from foreign regulatory
authorities. 21 CFR part 32 also requires that sponsors submit IND
safety reports to the FDA (4,5).

Pediatric Concerns Considered for Update
Does 21 CFR 361.1 provide adequate safeguards for pediatric subjects
during the course of a research project intended to obtain basic infor-
mation about a radioactive drug, or should these studies be conducted
only under an IND?

If we assume that 21 CFR 361.1 provides adequate safeguards for
pediatric studies during such studies, given our present knowledge
about radiation and its effects, can we conclude that the current dose
limits would be appropriate to ensure no significant risk for pediatric
participants? Should there be different dose limits for different pedi-
atric groups (5)? At present, it is estimated that only about half of 
the RDRCs in conjunction with their IRBs consider approval of radioac-
tive drug research in children. The operative phrase appears to be
minimal risk.

Protections for Children Involved as Subjects of PET Research
There are three basic areas of concern in using children as PET research
subjects: (1) conformity with IRB requirements, (2) radiation dosime-
try of not more than 10% of the adult dose and in conformity with
ALARA (as low as reasonably achievable) considerations, and (3)
special considerations relevant to vulnerable populations (2,5,16,21).
Under certain circumstances, the secretary of the Department of Health
and Human Services (HHS) may waive some or all of the requirements
of these regulations for research of this type (2,21).

Some Additional Protections Addressed in 45 CFR 
Part 46, Subpart D

To whom do the requirements to carry out the regulations apply?
To whom do the requirements apply as subjects, and who may give

assent and grant permission for the children?
What are the IRB responsibilities related to children?
What protections are appropriate for research not involving greater

than minimal risk?
What protections are appropriate for research involving greater than

minimal risk but presenting the prospect of direct benefit to the indi-
vidual subjects?

What protections should be required for research involving greater
than minimal risk and no prospect of direct benefit to individual sub-
jects but likely to yield generalizable knowledge about the disorder
or condition?

What protections should be required for research not otherwise
approvable that presents an opportunity to understand, prevent, or
alleviate a serious problem affecting the health or welfare of children?

What is the requirement for permission by parents or guardians and
for assent by children?
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What protections should be required and who grants permission for
children who are wards of the State? (21).

RDRC Specific Responsibilities Abstracted 
from the CFR

This section is taken directly from the minutes of the University of 
Pittsburgh Medical Center (UPMC) RDRC and Human Use Subcommit-
tee (HUSC), Radiation Safety Committee, Dennis Swanson, M.S., Chair-
man (26).

In taking this action, the RDRC considered and assured that each of
the following criteria were met:

1. The research study is intended to obtain basic information regard-
ing the metabolism (including kinetics, distribution, and localization)
of a radioactively labeled drug or regarding human physiology, patho-
physiology or biochemistry. The research study is not intended for
immediate therapeutic, diagnostic, or similar purposes or to determine
the safety and effectiveness of the drug in humans for such purposes.

2. The research study involves the use of a radioactive drug(s), which
will be prepared in accordance with a RDRC-approved drug master file
or HUSC/RDRC Form 1002. The drug master file of HUSC/RDRC
Form 1002 documents:

a. that the amount of active ingredient or combination of 
active ingredient shall not cause any clinically detectable phar-
macologic effect in humans as known based on pharmacologic
dose calculations derived from data available published or
other valid human studies;

b. absorbed dose calculations based on the MIRD formalism and
biologic distribution data available from the published litera-
ture or from other valid studies;

c. that an acceptable method will be used to radioassay the drug
prior to its use;

d. that adequate and appropriate instrumentation will be utilized
for the detection and measurement of the specific radionuclide;

e. that the radioactive drug meets appropriate chemical, phar-
maceutical, and radionuclidic standards of identity, strength,
quality, and purity as determined by suitable testing proce-
dures;

f. that, for parenteral use, the radioactive drug is prepared in a
sterile and pyrogen free form; and

g. that the package and labeling of the radioactive drug is in com-
pliance with the requirements of 21 CFR 361.1 and NRC (if
applicable) and Commonwealth of Pennsylvania regulations
regarding radioactive drugs.

3. For this specific research protocol:
a. Scientific knowledge and benefit is likely to result from this

study;
— The proposed research is based on sound rationale derived

from the published literature or other valid studies.
— The proposed research is of sound design.
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b. The radiation dose is sufficient and no greater than necessary
to obtain valid data.
— In consideration of available radioactive drugs, the radioac-

tive drug used in the study has the combination of half-life,
type of radiation, radiation energy, metabolism, and chem-
ical properties that results in the lowest radiation dosime-
try as needed to obtain the necessary information.

— For adult subjects: the projected radiation dose to the 
whole body effective dose equivalent (EDE), active blood-
forming organs, lens of eye, and gonads does not exceed 3
rem (single study) or 5 rem (annual and total dose), and 
the projected radiation dose to any other organ does not
exceed 5 rem (single study) or 15 rem (annual and total
dose).

— For subjects under the age of 18 (if applicable), the projected
radiation dose does not exceed 10% of the adult limits.

— The projected radiation dose commitments address
expected radionuclidic contaminants and x-ray and other
radiation-emitting procedures performed as part of the
research study.

c. The projected number of subjects is sufficient and no greater
than necessary for the purpose of the study as supported by a
statistical or other valid justification;

d. The proposed population is appropriate to the purpose of the
study; and
— The involvement of subjects less than 18 years of age, if

applicable, is justified as (1) presenting a unique opportu-
nity to gain information not currently available; and (2)
necessitating the use of such subjects. The scientific review
of research involving subjects less than 18 years of age is
supported by qualified pediatric consultants to the RDRC.

— Pregnancy testing, to confirm absence of pregnancy prior to
administration of the radioactive drug(s), is performed on
female subjects of childbearing potential.

e. The investigators are qualified by training and experience to
conduct the proposed research study.
— The research study involves, as a listed co-investigator, a

physician “authorized user” recognized by the Radiation
Safety Committee, University of Pittsburgh, as qualified to
oversee the preparation, handling and use of the radioac-
tive drug (26).

Illustrative Examples that Have Come to 
the UPMC-RDRC Requiring Directed Change,
Correction, or Reconsideration

1. Not including the gallium-68 rod transmission scan to calibrate
the PET scanner as part of the radiation dosimetry.

2. Submitting a phase III clinical trial to the RDRC.
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3. Submitting an appropriate research protocol and informed
consent for a study using 18F-FDG to the IRB, but not the RDRC.

4. Inappropriate expression of radiation dose and risk to the patient
in the informed consent. The UPMC has adopted a uniform radiation
risk statement model which it recommends be used in both the consent
and protocol, although other statements are also acceptable, for
example, “Participation in this research study involves exposure to
radiation from the two PET transmission scans, the one 12mCi (a unit
of radioactivity dosage) injection of [15-O] water, one 15-mCi dose of
[11-C]WAY, and one 10-mCi injection of [11-C]raclopride. The amount
of radiation exposure you will receive from these procedures is
equivalent to a whole-body radiation dose of 0.47rem (a unit of
radiation exposure). This is less than 10% of the annual whole-body
radiation exposure (5 rem) permitted to radiation workers by federal
regulations. There is no minimum level of radiation exposure that is
recognized as being totally free of the risk of causing genetic defects
(cell abnormalities) or cancer. However, the risk associated with the
amount of radiation exposure that you will receive from this study is
considered to be low and similar to other everyday risks” (26).

5. While using magnetic resonance imaging (MRI) for co-registration
with PET, performing the PET scan before MRI. A certain number of
MRI subjects will be eliminated or withdrawn due to claustrophobia.
If this is the case, then they have been exposed to the radiation dose
unnecessarily.

6. A patient has a pregnancy test at a screening session 1 month prior
to a research PET scan. The pregnancy test is due to the research nature
of the PET scan. The pregnancy test should be conducted as close as pos-
sible to the time that the PET scan is scheduled; within 48 hours of PET.

7. A patient has a pacemaker and is going to have an MRI prior to
a PET study. If there is a question of metal or metal fragment being
attracted by the magnets, then an x-ray may be required. The x-ray is
required as part of the research and thus should be included as part of
the dosimetry table and consent.

8. A new drug that has been tested in thousands of mice to treat
memory loss is to be trace radiolabeled and administered to humans
as part of a multicenter trial of 50 patients at each site. Because the drug
has never been given to a human (lack of a pharmacologic effect cannot
be substantiated), and is a multicenter study with over 30 patients, it
is best conducted under an IND. Even for a radiopharmaceutical, the
mass of the administered radiolabeled compound currently must be
quantified.

9. A physician wants to test a brachytherapy unit on his patients
who have a tumor different from the one for which the FDA gave initial
approval. There are 10 patients and he is comparing two types of seeds
in two different cell types. This should not be submitted to the RDRC,
but should be reviewed by the Human Use Subcommittee. The holder
of the IND is a manufacturer of a radiation device.

10. A study comes before the RDRC that is so complicated that the
members of the committee don’t believe it can be carried out without
losing data. The project is sent back for reconsideration because if the
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data cannot be analyzed in a meaningful way, then subjects will have
been exposed unnecessarily.
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6
Issues in the Institutional Review

Board Review of PET Scan Protocols
Robert M. Nelson

The lack of reliable information on the use of medications for children
has been addressed in the United States through two legislative initia-
tives: the Best Pharmaceuticals for Children Act (BPCA) of 2002 (1) and
the Pediatric Research Equity Act (PREA) of 2003 (2). These two ini-
tiatives have stimulated pediatric pharmaceutical research, resulting in
valuable information to guide the appropriate use of many medications
(3). In addition, the National Institutes of Health now requires (as of
1998) that children be included in research unless there are scientific
and ethical reasons not to include them (4). The resulting increase in
pediatric research has led to concerns that the regulations governing
pediatric research provide insufficient protection. This chapter refers to
only the Food and Drug Administration (FDA) regulations governing
research with children (21 CFR 50 and 56), as the use of radiopharma-
ceuticals in PET scanning is regulated by the FDA. Comparable regu-
lations are found in 45 CFR 46, subparts A and D.

The FDA did not adopt additional safeguards for children in research
(referred to as subpart D) until April 2001 (5). In passing the BPCA, the
U.S. Congress also commissioned the Institute of Medicine (IOM) to
review the adequacy of subpart D; their report was issued in March
2004. The IOM found that there are problems in the application of
subpart D due to insufficient guidance and thus variable interpretation
of key concepts (6).

The additional safeguards for children in research found in subpart
D can be viewed as a further specification of the general requirement
that the “risks to subjects are reasonable in relation to anticipated ben-
efits, if any, to subjects, and the importance of the knowledge that may
be expected to result” (21 CFR 56.111.a.2). Absent the prospect of direct
benefit, the research risks to which children may be exposed must be
restricted to either minimal risk (21 CFR 50.51) or a minor increase over
minimal risk (21 CFR 50.53), depending on whether the children have
the disorder or condition under investigation (5). If there is a prospect
of direct benefit from the research intervention, the research risk must
be justified by the anticipated benefit to the enrolled children (rather
than by any knowledge that may result) (21 CFR 50.52) (5,7). Thus, to
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determine whether a research protocol involving children may
proceed, an institutional review board (IRB) must assess (1) the level
of risk, and (2) the prospect of direct benefit to the child presented by
each research intervention or procedure (7).

This chapter examines the use of positron emission tomography
(PET) scanning in research involving children from the perspective of
the additional safeguards found in subpart D. The risks of the two
major components of PET scanning (i.e., administration of the radio-
pharmaceutical tracer and procedural sedation) are discussed within
this regulatory framework governing pediatric research. In the course
of the analysis, key concepts from the pediatric research regulations
that will be discussed include the component analysis of risk, minimal
risk, minor increase over minimal risk, and disorder or condition (6).
Finally, the relationship between subpart D(5) and other FDA regula-
tions concerning the investigational use of radiopharmaceuticals (21
CFR 312 and 21 CFR 361.1) is discussed.

Component Analysis of Risk

The risks (i.e., potential harms) and benefits of each intervention or pro-
cedure included in a research protocol must be assessed independently.
The potential benefits from one procedure should not be used to offset
or justify the risks of another (IOM recommendation 4.6) (6). The appli-
cation of this principle is fairly straightforward when the performance
of one procedure does not depend on or require the performance of the
other procedure. However, when the two procedures are dependent on
each other, the analysis is more complex. In the case of a PET scan, the
key procedural components for the purpose of risk analysis are the
administration of the radioactive tracer and the necessary procedural
sedation. Other risks such as the physical environment (e.g., an
enclosed space and the possibility of claustrophobia) are less than those
associated with computed tomography (CT) or magnetic resonance
imaging (MRI) scans, as the child can be accompanied (and reassured)
by a parent during the entire procedure. All of the other necessary pro-
cedures (e.g., venipuncture, placement of a peripheral intravenous
catheter) are appropriately considered minimal risk given the limited
duration (i.e., less than 2 hours) of a PET scan. Thus, the following dis-
cussion is limited to the risks of the radiotracer administration and pro-
cedural sedation.

Procedural sedation is usually required for the successful completion
of the PET scan, given the need to reduce motion artifact. Thus, for the
purpose of IRB analysis, the administration of the radiotracer, and the
risk or benefit of radiation exposure, is the key component of the PET
scan. If the PET scan, and thus the radiotracer administration, offers
the prospect of direct benefit to the child undergoing the procedure,
the radiation risks to which the child may be exposed can be greater
than minimal risk assuming that the balance of potential harms and
anticipated benefits is justified and comparable to any available alter-
natives (21 CFR 50.52) (5). As such, the risks of any procedural seda-
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tion necessary to complete the PET scan become part of this balancing
of risks and benefits. However, if the PET scan does not offer the
prospect of direct benefit to the child undergoing the procedure, the
risks of the radiation exposure and any necessary procedural sedation
must be no more than a minor increase over minimal risk for children
with a disorder or condition (21 CFR 50.53) or no more than minimal
risk for children without a disorder or condition (21 CFR 50.51) (5). In
effect, the level of appropriate (and allowable) risk exposure associated
with the procedural sedation depends on whether or not the results of
the PET scan offer the child a prospect of direct benefit. A common
mistake is to determine that the risk of a procedure that does not offer
any prospect of direct benefit is no more than a minor increase over
minimal risk but to fail to appreciate that the risks of any associated
procedures must also be similarly restricted.

Administration of Radioactive Tracers

The risks of administering a radiopharmaceutical tracer can be divided
into two aspects: (1) the risk from the compound to which the radioac-
tive tracer is attached, and (2) the risk from the level of radiation expo-
sure associated with the tracer. The risk from the compound itself is
independent of the radiation risk and are discussed below (see
Research Under an Investigational New Drug Application). The dis-
cussion here focuses on the general risks of radiation, and not on how
one would determine the actual effective dose (ED) of radiation expo-
sure to any given organ from individual radiopharmaceuticals. The sci-
entific determination of the level of radiation exposure for any given
radiopharmaceutical depends on such factors as the targeted receptor,
blood flow to the area of interest, isotope and carrier compound half-
life, mechanisms of metabolism and excretion, and so forth (8–10).

The Risks of Radiation Exposure

The data derived from atomic bomb survivors in Japan are the best
available on the effects of ionizing radiation on a large human popu-
lation (11). These data support the view that “the risk of solid cancers
appears to be a linear function of dose” (12), perhaps down to a dose
of about 5 rad (i.e., 5 rem) (12,13). Some argue that there is direct evi-
dence of risk at low-level radiation exposure in the range of 600mrem
to 10 rem (13,14). Others place the lower limit of the range at which
low-level ionizing radiation increases the risk of some cancers at 1 rem
for acute exposure and 5 rem for protracted exposure (15). However,
the risk of cancer is probably overestimated using these data, as “cancer
rates may vary . . . due to other risk factors correlated with the expo-
sure under investigation” (13).

The predominant model for describing the risks of low-level radia-
tion (i.e., less than 10 rem) is the linear no-threshold (LNT) model. This
theoretical model is based on two assumptions: “(a) any radiation dose
can produce adverse effects such as cancer or genetic damage; [and]
(b) the severity of adverse effects is directly proportional to the 
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radiation dose received” (16). In support of this model, the dose-
response relationship between low-level radiation and “the biological
alterations that are precursors to cancer, such as mutations and chro-
mosome aberrations,” appears to be linear (17). Although the LNT
model is the customary approach, “existing data do not exclude the
possibility that there may be thresholds for such effects in the low-dose
domain” (17).

The dose-response relationship between low-level radiation expo-
sure and the risk of developing cancer cannot be precisely defined by
extrapolating from observations at moderate-to-high doses (15,17). As
a result, there is considerable debate about whether low-level radiation
(i.e., less than 10 rem) increases the risk of developing cancer, with the
data concerning the risk of low-level radiation exposure subject to wide
interpretation (19,20). In addition, some data support the view that
low-level radiation exposure may be protective (12,16,18–20). This pos-
sibility of “adaptive responses” (i.e., hormesis) further complicates the
“assessment of the dose-response relationships for the genetic and car-
cinogenic effects of low-level irradiation” (17).

Critics argue that the LNT theory “grossly overestimates the risk
from low-level radiation”. In addition, no “statistically sound well-
designed studies” (20) support the use of the LNT model at low-level
radiation doses (16,20). The confidence limits from epidemiologic
studies of the dose-response relationship of low-level radiation expo-
sure are sufficiently wide “to be consistent with an increased effect, a
decreased effect, or no effect” (20). Overall, “the health risk from low-
level doses could not be detected above the ‘noise’ of adverse events
of everyday life” (16). Proponents of the LNT theory, however, 
point out that the failure to find an increase in cancer, and the obser-
vation of a reduction in some instances, among populations exposed
to low-level radiation does not contradict the LNT theory given the
small increase that would be expected and the methodologic limita-
tions of the studies. These limits are such that “it may never be possi-
ble to prove or disprove the validity of the LNT hypothesis” (17).
However, there are no data that “suggest a threshold dose below which
radiation exposure does not cause cancer” (21) nor “reliable data
proving that radiation doses as used in diagnostic x-rays do induce
cancer” (11).

In summary, there are three general views of the risk of low-level
radiation exposure: (1) the relationship between potential harm and
effective radiation dose is linear, with no level of radiation exposure
being nonharmful (i.e., LNT model); (2) there is a threshold level of
radiation below which there is no harm, with a linear relationship
between potential harm and effective radiation dose above this thresh-
old (i.e., threshold model); and (3) there is a threshold level of radia-
tion below which there is benefit from enhanced cellular repair (i.e.,
hormesis model), with a linear relationship above this threshold. Below
1 rem effective radiation dose, there are no data that will discriminate
among these three models. Between 1 and 5 rem effective radiation
dose, the data are controversial, with the LNT model being the more
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favored approach. Above 5 to 10 rem, the linear relationship between
potential harms and ED is generally accepted (with some difference of
opinion on the lower limit of the range of this linear relationship).

Characterizing the Risks of Radiation

What level of radiation exposure should be considered “minimal risk”
in light of the above data? Minimal risk is defined as follows: “The
probability and magnitude of harm or discomfort anticipated in the
research are not greater in and of themselves than those ordinarily
encountered in daily life or during the performance of routine 
physical or psychological examinations or tests” (21 CFR 56.102i).
Given the variability in the interpretation of minimal risk (22), the IOM
recommended that minimal risk be interpreted “in relation to the
normal experiences of average, healthy, normal children” (recom-
mendation 4.1) (6). Children may be exposed to ionizing radiation
during diagnostic radiologic studies; however, no such studies are per-
formed as part of routine physical examinations of healthy children.
Absent a disorder or condition, such as an injury, the interpretive 
standard of a healthy child appears to exclude diagnostic radiation
exposure. However, children are exposed to background radiation
from natural sources that ranges from 300 to 450mrem per year
depending on the altitude at which they live (19). Children are also
exposed to additional radiation during such normal activities as air
travel. Given the absence of data suggesting an increase in cancer at
altitude, a one-time exposure to ionizing radiation that falls in the
range of yearly environmental exposure would appear to qualify as
minimal risk.

The IOM also recommended that the risks of research could be con-
sidered minimal if they were equivalent to the risks “that average,
healthy, normal children may encounter in their daily lives or experi-
ence in routine physical or psychological examinations or tests” (rec-
ommendation 4.1) (6). Studies of radiation exposure from “background
radiation, radon in homes, medical procedures, and occupational radi-
ation in large population samples” have not demonstrated any addi-
tional health risks “above the ‘noise’ of adverse events of everyday life”
(16). This conclusion is supported by the observation that “exposure to
1 rem [only] adds about 100 more genetic mutations” to the “average
of 240,000 genetic mutations [that] occur spontaneously every day in
the human body” (16). Although younger children are thought to be
more susceptible to radiation-induced cancer (23), two reviews con-
cluded that there are no data demonstrating higher risk to children of
exposure to low-level radiation (14,16). What is the threshold level of
radiation exposure which, if one remains below, could be considered
minimal risk?

Proponents of the LNT interpretation of low-level radiation risk
express concern that adopting the view of a radiation threshold below
which the risk is zero may undermine efforts to minimize radiation
exposure (12,19). Others argue that the LNT model imposes an undue
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regulatory burden that “is detrimental to the welfare of our society”
(20). The minimal-risk standard does not require that the risks of the
research be zero but rather that the risks be no different from those 
that are experienced by healthy children in the course of everyday life.
One possible choice for the level of radiation exposure that presents no
more than minimal risk can be taken from the 1996 Health Physics
Society statement that the health risks from exposure up to 10 rem 
is “either too small to be observed or nonexistent” (24). A more con-
servative approach, taking into account more recently published data
(12), would reduce the radiation level at which there is unobservable,
and thus minimal, risk to 1 rem exposure (25). This approach is con-
sistent with published research studies involving the exposure of
healthy children to ionizing radiation that have been approved by an
IRB (16).

Allowable Research Risk for Children with Conditions

Subpart D allows researchers to expose children with a disorder or 
condition to more than minimal risk, provided (among other condi-
tions) that “the risk represents a minor increase over minimal risk” and 
“the intervention or procedure is likely to yield generalizable 
knowledge . . . that is of vital importance for the understanding or ame-
lioration of the subjects’ disorder or condition” (5). The IOM report rec-
ommends that a “minor increase over minimal risk” be interpreted “to
mean a slight increase in the potential for harms or discomfort beyond
minimal risk” (recommendation 4.2, emphasis added) (6). Based on the
above discussion of the risks of radiation exposure, one could consider
low-level radiation exposure falling between 1 and 5 rem as presenting
only a minor increase over minimal risk. Even so, exposure to this level
of radiation during research that does not offer the prospect of direct
benefit is only justified if (a) the child has a disorder or condition, and
(b) the research is likely to yield knowledge that is of “vital im-
portance” for understanding or ameliorating the child’s disorder or
condition.

There are no guidelines on how to interpret the phrase “vital impor-
tance.” At a minimum, the enrollment of children should be necessary
(i.e., vital) to answer the research question (26). In addition, the require-
ment of having a disorder or condition should not be interpreted so
broadly as to encompass all children. The IOM report recommends that
“the term condition should be interpreted as referring to a specific (or
a set of specific) physical, psychological, neurodevelopmental, or social
characteristic(s) that an established body of scientific evidence or clinical
knowledge has shown to negatively affect children’s health and well-being
or to increase their risk of developing a health problem in the future”
(recommendation 4.3, emphasis added) (6). A normal stage of child
development could be considered a condition provided that evidence
exists that our lack of understanding of this condition may negatively
affect children’s health and well-being, perhaps through the use of an
inappropriate medication dose. However, the inclusion of healthy chil-
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dren as a control group (i.e., those lacking the disorder or condition
being studied) would not meet this standard. The exposure of children
with a disorder or condition to greater research risk than other children
has been the subject of criticism (27). The ethical justification of such
exposure is not that children with a disorder or condition are otherwise
exposed to greater risk. Rather, the exposure to greater risk (although
limited to a slight increase over minimal risk) is justified by the 
necessity of such exposure to achieve vitally important scientific
knowledge (26). Although exposing children without a disorder or con-
dition to a minor increase over minimal risk in research would require
review by a federal panel (7), the scientific necessity of such exposure
is one of the “sound ethical principles” required for approval (21 CFR
50.54) (5).

Prospect of Direct Benefit

Children enrolled in research may be exposed to more than a minor
increase over minimal risk provided that the intervention or procedure
offers the prospect of direct benefit, “the risk is justified by the antici-
pated benefit” to the enrolled children, and “the relation of the antici-
pated benefit to the risk is at least as favorable to the subjects as that
presented by available alternative approaches” (21 CFR 50.52) (5). For
example, PET scanning may be a useful diagnostic test for localization
of lesions such as tumors or collections of abnormal pancreatic islet
cells when structural studies alone (i.e., CT or MRI scans) may not be
sufficient (28). The risks of radiation from radiotracer administration
would then be balanced by the benefits of a more appropriate clinical
or surgical intervention and be comparable to the alternatives such as
selective angiography or transhepatic portal venous sampling (in the
case of insulin-secreting pancreatic islet cell tumors) (29). Absent direct
benefit, or a justified balance of potential harms and benefits, the risks
of the radiation exposure would need to be limited to no more 
than a minor increase over minimal risk. Although a restriction of radi-
ation exposure to less than 5 rem likely would not prove limiting to
research using PET scanning (30), the approach to procedural sedation
would vary depending on the category of IRB approval (as discussed
below).

Adequate Provisions for Parental Permission

Subpart D also requires that “adequate provisions are made for solic-
iting the assent of children and the permission of their parents or
guardians.” The child’s assent can be waived only if the child is not
capable of assent (e.g., too young or cognitively delayed) or the
research offers a prospect of direct benefit that is not available outside
of the research (21 CFR 50.55) (5). Setting aside the question of child
assent, communicating the risks of low-level radiation exposure to
parents is particularly challenging given the controversy over the inter-
pretation of the data. At EDs below 1 rem (and some would argue
below 5 rem), a consent document could state the following: “There is
no evidence that radiation doses in the range that you will experience
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in this research cause any harm above that caused by the background
radiation you experience every day.” For higher doses where the
assumption of the linearity of risk has greater merit, risks can be com-
municated in either numerical terms or in days of life lost. For example,
in numerical terms: “Participation in this research study will increase
your chances of getting cancer (dying) by 2/1000” (for a 5-rem ED
exposure). Alternatively, this same risk can be expressed as 11 days of
life lost over the next 15 years. The variation in background radiation
over the course of 70 years is 7 rem (i.e., ±100mrem per year), suggest-
ing that this estimated difference of 11 days may be undetectable when
compared to the effects of natural background radiation over the
course of a lifetime (31). Thus, at the doses that may be considered to
present minimal risk (<1 rem) or a minor increase over minimal risk 
(<5 rem), the consent document should reflect that the evidence to date
shows no increase in the risks of radiation exposure when compared
to natural background radiation.

Procedural Sedation for PET Scans

A child must remain still for the duration of a PET scan, which can
range from 15 to 30 minutes or more. Thus children (especially young
children) will need to receive some sedation to ensure that motion arti-
fact does not undercut the quality of the PET scan. Depending on the
type of scan and radiopharmaceutical used, the tracer may need to be
administered prior to the sedation. The risks of procedural sedation
thus need to be considered when evaluating the appropriateness of the
PET scan.

The level of appropriate risk exposure during procedural sedation
depends on whether the PET scan offers the prospect of direct benefit.
If the PET scan offers the prospect of direct benefit, the procedural seda-
tion may present more than minimal risk and should be performed in
such a way that the PET scan is completed successfully. The risks of
the procedural sedation should be minimized while a sufficient level
of sedation is achieved to ensure a successful scan. If the PET scan does
not offer the prospect of direct benefit, the risks of the procedural seda-
tion must be restricted to only a minor increase over minimal risk. Chil-
dren who are at increased risk from sedation (such as those with a
difficult airway) should be excluded. The drugs used should have a
wide therapeutic window between the dose necessary to achieve the
needed level of sedation (i.e., without the loss of protective airway
reflexes) and the risk of upper airway compromise and respiratory
depression. Absent direct benefit, the end point of procedural sedation
is to restrict risk even if the scan must be canceled due to an inadequate
level of sedation. Finally, the provision of procedural sedation does not
meet the criteria of minimal risk, thus restricting the performance of a
nonbeneficial PET scan in children lacking a disorder or condition to
those capable of remaining still without sedation for the necessary
scanning time.
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Investigational Use of Radiopharmaceuticals

The investigational use of a radiopharmaceutical may proceed under
one of three FDA regulations: (1) the limited use of a radiopharma-
ceutical for basic research under the local jurisdiction of an authorized
Radioactive Drug Review Research Committee (RDRC) (21 CFR 361.1),
(2) the investigational use of a radiopharmaceutical that is exempt from
the requirements for an investigational new drug (IND) application (21
CFR 312.2), or (3) the investigational use of a radiopharmaceutical
under an IND application (21 CFR 312). In all three cases, the research
use of the radiopharmaceutical must be reviewed by an IRB. In the first
case under 21 CFR 361.1, the FDA has authorized the local RDRC to
approve the “research only” use of a radioactive drug under specified
conditions that classify the drug as “generally recognized as safe and
effective.” Otherwise the radioactive drug is considered to be an inves-
tigational new drug.

Local RDRC Review and Approval

A local RDRC may approve the use of a radioactive drug in a basic
research protocol if (1) the administered compound (absent the radioac-
tive material) is “safe and effective,” and (2) the radiation dose is below
specified levels. The drug may be “generally recognized as safe and
effective” only when the “amount of . . . active ingredients to be admin-
istered shall be known not to cause any clinically detectable pharma-
cological effect in human beings . . . based on data available from
published literature or from other valid human studies.” Alternatively,
“the total amount of active ingredients including the radionuclide shall
be known not to exceed the dose limitations” under an IND applica-
tion or the approved drug labeling (21 CFR 361.1). In effect, an RDRC
cannot approve the use of a radioactive drug (even in trace amounts)
without the knowledge gained from previous testing in humans under
an IND application. The second condition is that the radiation dose fall
below specified limits. For adults, the radiation dose must remain
below 3 rem for a single dose or 5 rem for an annual and total dose to
the “whole body, active blood-forming organs, lens of the eye, and
gonads,” and 5 rem for a single dose and 15 rem for an annual and total
dose to “other organs.” For research involving children less than 18
years of age, the radiation dose should not exceed 10% of these levels,
e.g., 300mrem and 500mrem for a single dose to the “whole body,
active blood-forming organs, lens of the eye, and gonads” and “other
organs,” respectively (21 CFR 361.1). The RDRC is not authorized to
approve the use of radiation doses above these levels, but must refer
the protocol to the FDA.

The radiation limits for local RDRC approval bear no relationship to
the levels of radiation exposure that an IRB may approve under subpart
D as either minimal risk or a minor increase over minimal risk. An IRB
may approve, for example, a PET scan with an effective dose of 
560mrem in a 5-year-old child (30) under 21 CFR 50.53 (i.e., a minor
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increase over minimal risk given the procedural sedation necessary for
preventing motion artifact), even though an RDRC would refer the
research protocol to the FDA. Some investigators have argued for an
increase in the upper limit on radiation exposure to be an effective dose
of 2 rem for a single dose and 5 rem for an annual and total research-
related dose for children with cancer and other chronic life-threatening
diseases (32). However, these levels of radiation exposure may be
approved by an IRB under 21 CFR 50.52 (absent direct benefit) or 21
CFR 50.53 (with direct benefit), provided that the radiopharmaceutical
is considered under the IND regulations. Thus the regulatory hurdle
per se is not the radiation limits of RDRC approval, but the require-
ment for an IND application (or exemption) under 21 CFR 312.

There are some additional criteria for RDRC approval under 21 CFR
361.1, including the following: (1) the amount and type of radioactive
material that is administered should be the smallest amount necessary
to perform the study; (2) the radiation exposure should be justified by
the quality and importance of the resulting information; and (3) the
study meets other requirements regarding qualifications of the inves-
tigator, proper licensure for handling radioactive materials, selection
and consent of research subjects, quality and purity of radioactive
drugs used, research protocol design, reporting of adverse reactions,
and approval by an appropriate IRB. All of these additional require-
ments are consistent with the general criteria for IRB approval of
research found in 21 CFR 56.111. In addition, for a research protocol
involving children to be approved by an RDRC, the study must present
“a unique opportunity to gain information not currently available,”
involve no “significant risk,” and require the use of children to answer
the scientific question. These additional RDRC protections for research
involving children are also consistent with the safeguards of subpart
D, provided that “no significant risk” is interpreted to mean no more
than a minor increase over minimal risk. Finally, the RDRC is required
to submit an annual report of all locally approved protocols to the FDA.
When a protocol involves children (i.e., subjects less than 18 years of
age), this report needs to be submitted immediately upon approval (21
CFR 361.1).

Research Under an Investigational New Drug Application

The investigational use of a radioactive drug falls under the IND reg-
ulations (21 CFR 312) if it does not meet the criteria for local RDRC
approval as “generally recognized as safe and effective.” A clinical
investigation involving a drug product that is “lawfully marketed in
the United States” is exempt from the requirement for an IND appli-
cation if (among other requirements) (1) the study is not intended to
support a new indication, any other significant change in drug label-
ing, or product advertising; and (2) the study “does not involve a route
of administration or dosage level or use in a patient population or other
factor that significantly increases the risks (or decreases the accept-
ability of the risks) associated with the use of the drug product” (21
CFR 312.2). As of January 2005, the only PET tracer that has been
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approved by the FDA is fluorine-18 fluorodeoxyglucose (18F-FDG)
injection (33). The only approved pediatric indication is for localization
of seizure foci in epilepsy. The recommended dose of 2.6 mCi would
result in an estimated absorbed radiation dose to the urinary bladder
(as the organ with the highest exposure across all age groups) of 
11.2 rem in a newborn (3.4kg), 4.4 rem in a 1-year-old (9.8kg), 2.4 rem
in a 5-year-old (19kg), 1.6 rem in a 10-year-old (32kg), and 1.0 rem in a
15-year-old (57kg) (33). It is conceivable that an IRB could determine
that the investigational use of 18F-FDG within these dosage guidelines
would not require an IND application (assuming all of the conditions
of 21 CFR 312.2 are met), even for other pediatric indications. However,
an IND would be required for all other PET drugs.

The requirement for an IND application as part of pediatric PET drug
development creates both a regulatory and financial burden. It is
unlikely that 21 CFR 312 and 21 CFR 361.1 will be revised to alter the
limits on local RDRC approval or the requirements for an IND for PET
drug development. However, there may be some flexibility available
to the FDA in determining the necessary preclinical database for allow-
ing the initial human testing of PET drugs. For example, the European
Agency for the Evaluation of Medicinal Products (EMEA) issued in
2003 a position paper on the nonclinical safety studies necessary to
support clinical trials with a single microdose of a PET drug (34). A
“microdose” is defined as less than 1% of the dose of the test substance
that is expected to yield a pharmacologic effect up to a maximum dose
of 100mg. The EMEA proposal would simplify the preclinical safety
studies necessary to justify the first human use to an extended single-
dose toxicity study in one nonhuman species and genotoxicity studies
(34). As yet the FDA has not issued guidance that would establish 
an exploratory IND process for PET radiopharmaceuticals under 21
CFR 312.

Conclusion

The empirical data on the effects of low-level radiation exposure
support the view that an ED of less than 1 rem is minimal risk and an
ED of between 1 and 5 rem is a minor increase over minimal risk. If the
PET scan is being performed for research purposes only and offers no
direct benefit to the child subject, the radiation ED should be limited
to below 1 rem (for healthy children) and to below 5 rem (for children
with the disorder or condition under study). If the PET scan offers the
prospect of direct benefit, the level (and risks) of radiation exposure
that may be justified is balanced against the benefits of the information
for the child subject (as would be the case for any radiation exposure
during the provision of clinical care).

An IRB must consider the risks of different approaches to procedural
sedation and of the stable isotope compound carrying the radioactive
tracer, before making a decision about the overall acceptability of the
research under subpart D. Absent the prospect of direct benefit from
the PET scan, the risks of procedural sedation and the stable isotope
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compound need to be limited to a minor increase over minimal risk for
children with a disorder or condition for the research to be approvable
under 21 CFR 50.53 (5). The need for any procedural sedation disqual-
ifies the research from being considered minimal risk (21 CFR 50.51)
(5). Some stable isotope compounds would present no more than
minimal risk, such as naturally existing metabolic compounds and
compounds administered with microdosing techniques (34). If the PET
scan offers the prospect of direct benefit, the risks of procedural seda-
tion and the stable isotope carrier compound need to be considered in
the overall balancing of the risks and potential benefits of the research
(21 CFR 50.52) (5).
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7
Ethics of PET Research in Children*
Suzanne Munson, Neir Eshel, and Monique Ernst

Positron emission tomography (PET) technology offers clinical
researchers the opportunity to gain unprecedented understanding of
the neurobiologic correlates of pediatric illness. In contrast to other
forms of functional neuroimaging, PET provides direct information on
neurochemical activity, such as neurotransmitter function in the human
brain (1). Such data may prove invaluable to the understanding of brain
maturation and the development of novel pharmacologic treatments
for children. However, because PET is a radionuclear medicine tech-
nique and children are classified as a vulnerable population requiring
special safeguards, PET utilization in pediatric research is controver-
sial. The involvement of healthy children in PET research is an espe-
cially contentious issue, and to date fewer than a dozen such studies
have been conducted in the United States.

This chapter examines the ethics of pediatric PET imaging in the
context of a hypothetical research study, as it is formulated and sub-
mitted to the institutional review board (IRB) for approval. First, issues
that must be considered by the principal investigator (e.g., scientific
significance and risk/benefit ratio) are addressed. Guidelines for min-
imizing risk to pediatric participants are reviewed. Next, the role of the
IRB in determining the study’s risk level and in protecting the children
involved in medical research is outlined. Also discussed are the impli-
cations of recent case law concerning nontherapeutic research that
poses greater than minimal risk, as well as IRB member liability.

The Role of the Principal Investigator

In our hypothetical study, we wish to investigate the neurobiology 
of attention-deficit/hyperactivity disorder (ADHD), a prevalent pedi-
atric psychiatric disorder, with poorly understood neurobiochemical
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etiology (2,3). We propose a methodology that involves PET with 
intravenous administration of raclopride, a radioligand used to
measure the concentration of dopamine (D2) receptors in the brain.
Proposed subjects for the first stage of the study are boys of ages 9 to
17 years (see discussion of inclusion criteria that follows). Two groups 
will be studied: individuals with ADHD and individuals with no 
psychiatric history. Before submitting the study to the IRB for review,
it is essential (1) to establish scientific significance and evaluate scien-
tific yield of the proposed methodology, and (2) to delineate the
risk/benefit ratio to the participants involved. Potential ethical con-
cerns should be addressed in the context of these two facets of the 
proposal.

Scientific Significance, Scientific Yield, 
and Ethical Considerations

Why is the proposed study scientifically significant? First, ADHD is a
disorder that primarily affects children; it is the most prevalent psy-
chiatric condition in the pediatric population (4). Recent statistics esti-
mate a 3% to 10% prevalence rate of pediatric ADHD in the United
States, and as many as 30% of children with the disorder either do not
respond to or cannot tolerate the side effects of conventional (stimu-
lant) treatment (5). Second, although ADHD has been found to be asso-
ciated with altered dopamine function (6–8), the neurobiochemical
mechanisms underlying such alternations are unclear. Therefore, this
study is necessary to answer key questions regarding the postsynaptic
functional integrity of the dopamine system in children with ADHD.
Data obtained may aid in the design of more effective pharmacologic
treatments for children suffering from the disorder.

Ethical concerns must be weighed against the scientific relevance and
salience of the proposed study (9). Furthermore, the principal investi-
gator should demonstrate that the study has been designed to maxi-
mize scientific yield and minimize risk to participants involved. Thus,
it should be established that (1) PET is the only methodology that can
be used to answer the scientific question, (2) the scientific question can
be answered only in children, and (3) healthy controls are necessary for
the interpretation of the findings.

Why PET?

When reviewing the study, IRB members may question why PET is pro-
posed when less invasive functional neuroimaging tools are available.
Functional neuroimaging methods, for example, PET, single photon
emission computed tomography (SPECT), functional magnetic reso-
nance imaging (fMRI), magnetic resonance spectroscopy (MRS), and
magnetoencephalography (MEG), differ in the nature of the recorded
signal (e.g., radioactive counts for PET and SPECT, electromagnetic
energy for fMRI and MEG), physiologic variables (e.g., cerebral blood
flow for PET, SPECT, and fMRI; glucose metabolism and receptor
density for PET and SPECT), temporal and spatial resolution, cost, and
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associated risks (10). Positron emission tomography is the only tech-
nique that allows direct assessment of neurotransmitter function and
thus can help to answer proposed scientific questions. It enables inves-
tigators to assess regional dopamine function and to parse out its dif-
ferent elements (e.g., presynaptic vs. postsynaptic). However, PET is
associated with unique medical risks (delineated below) that raise
ethical issues for its use in pediatric populations, especially when
healthy children are involved.

Why Children?

Why must the proposed study involve children? A seemingly simple
way to avoid ethical conflict would be to study adults with ADHD.
However, findings from prior neuroimaging studies suggest that the
developing brain is structurally and functionally distinct from the adult
brain. In a review of 25 magnetic resonance imaging (MRI) studies of
the developing brain, Durston et al. (11) cite age-associated volumetric
changes in several brain structures. Although the basal ganglia
decrease in volume with age, the amygdala and hippocampus increase
in volume. Giedd et al. (12) found that these developmental changes
in brain morphometry also vary according to gender. Amygdala
volume increases significantly in males, and hippocampal volume in
females. In addition, PET studies have revealed functional differences
between the developing and mature brain. Chugani (13) reported that
pediatric rates of cerebral glucose metabolism differ from those of
adults, and that metabolism rates vary significantly throughout child-
hood. After birth, glucose metabolism rates rise steadily until age 4,
when they are twice that of adults. Between the ages of 4 and 10, metab-
olism rates remain high, and then gradually decline to reach adult
values by age 16 to 18. Additionally, Chugani found that metabolic
rates in the developing brain differ by brain region. In newborns,
glucose metabolism rates are highest in sensorimotor cortex, thalamus,
brainstem, and cerebellar vermis, but as the infant grows, metabolic
rates increase in occipital lobe, temporal lobe, and eventually frontal
cortex.

Considering these structural and functional differences, the neu-
ropathology associated with neurologic and psychiatric illnesses may
also differ in the developing and mature brain. For example, studies of
children and adults with ADHD reveal neurobiochemical differences
between the two groups. Blood or cerebrospinal concentrations of the
dopaminergic metabolite homovanillic acid (HVA) have been found to
be abnormal in children with ADHD (14,15) but not in adults with
ADHD (16,17). Cerebral glucose metabolism levels have been found to
be abnormally low in adults with ADHD (18) but unaltered in adoles-
cents with ADHD (19,20). Most significant are PET-based findings that
children with ADHD exhibit different abnormalities in dopaminergic
function than adults with ADHD (6,7). Such age-associated neurobio-
chemical changes may explain why certain psychiatric medications are
effective in adults but not in children (e.g., tricyclic antidepressants for
major depressive disorder) (21). Furthermore, they suggest that the
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proposed scientific question cannot be answered based on inferences
from adult data.

Another consideration is the age of the children. The younger the
children who are subjects in a study, the more stringent are the safe-
guards. This is particularly important with regard to the capacity of
children to assent to participate in a study. In our study, 9 years of age
was selected as the inferior age limit because, by age 9, healthy chil-
dren are believed to possess the cognitive maturity necessary to under-
stand the research process and evaluate the risks involved in
participation (22). However, there is much debate on this topic, with
some arguing that the age of assent should be as high as 14 (23).

Why Healthy Controls?

Although there is some debate over whether it is better to enroll healthy
or affected children in nonbeneficial research (24), PET studies of chil-
dren with ADHD are generally more likely to receive IRB approval
than studies of healthy children, who are less likely to benefit from par-
ticipation (1). In previous pediatric PET studies, researchers have uti-
lized several methods to mitigate ethical objections to the inclusion of
healthy controls (25). The first is to scan healthy siblings of children
affected by the condition under investigation. Siblings may indirectly
benefit from increased knowledge of ADHD, a disorder with probable
genetic etiology that may be inherited by their own children (26).
However, the use of siblings as healthy controls can reduce the scien-
tific yield if the siblings carry a common genetic vulnerability that
influences brain function, even if behavioral symptomatology is not
expressed. A second method, applied by Chugani et al. (27), is to study
unaffected brain regions of children with transient neurologic dis-
orders, such as epilepsy. This method is also suboptimal, because neu-
rologic disorders may induce changes in cerebral function that increase
variability and lead to results difficult to interpret. A third method, uti-
lized by both Bentourkia et al. (28) and Chugani et al. (29), is to retro-
spectively select control children who had been scanned as part of a
diagnostic evaluation, but whose results had been negative, indicating
an absence of neurologic abnormalities. This method is also problem-
atic because the medical or behavioral problems that prompted a diag-
nostic PET scan undermine these subjects’ status as truly “healthy”
controls. A fourth method is to study only children with ADHD and
correlate PET results with symptom severity (30). However, this
method reduces the investigators’ ability to elucidate the neural mech-
anisms of the disorder because no comparisons can be made to the
healthy brain. Thus, although these alternative methods may be more
ethically feasible, the use of nonrelated, nonsymptomatic children as
healthy controls remains the gold standard for optimizing scientific
yield.

Once scientific significance is established, and issues related to sci-
entific yield are addressed, the principal investigator must demonstrate
that the study has a favorable risk/benefit ratio (i.e., the risks to the
subjects involved are lower than or at least proportionate to the bene-
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fits to the subject and society) (9,31). In addition, the investigator
should demonstrate that the study design minimizes risks and maxi-
mizes benefits to participants involved.

Optimizing the Risk/Benefit Ratio

Risks

Risks for participants in pediatric PET protocols include (1) physical
side effects associated with the venous line; (2) stress related to 
the procedure (e.g., possible claustrophobic reaction, difficulty lying 
still, anxiety provoked by medical environment); and (3) radiation
exposure.

Risks related to the insertion of the venous line include transient
redness, swelling, or bruising. A topical anesthetic such as eutectic
mixture of local anesthetics (EMLA) cream can be used to numb the
site of needle puncture, which tends to reduce discomfort and anxiety.
Adequate preparation can significantly reduce stress related to the pro-
cedure. Before the scan, children should visit the room where the 
procedure will take place and ideally spend time in a PET simulator.
Simulation can help to desensitize the subject to the medical environ-
ment. Furthermore, it can allow the research team to determine if the
subject will have a claustrophobic reaction once inside the scanner.
Optimal simulation should replicate any environmental elements (e.g.,
background noise, lights) that may be anxiety provoking for children
during the actual scan. Children, especially those with ADHD, often
have difficulty remaining still during a PET scan. Placing the child’s
head on an inflatable pillow and allowing him to watch a video can
alleviate this problem.

The most ethically concerning of these risks is exposure to radiation
because of its association with genetic mutation and carcinogenesis.
Three common misconceptions regarding this association may bias the
evaluation of pediatric PET studies: (1) any radiation dose can produce
cancer or genetic damage, (2) the severity of adverse effects is directly
proportional to the radiation dose received, and (3) children are more
radiosensitive than adults (32). Ernst et al. (32) conducted a compre-
hensive review of studies of low-level radiation exposure from various
sources (background, occupational, and medical) to assess the health
hazards of radiation exposure in the context of brain imaging research.
Findings indicated that the incidence of cancer in individuals exposed
to low-level radiation, defined as 10 to 20 rem (roentgen equivalents in
man, the conventional unit for dose equivalent), cannot be detected
above the incidence rate of cancer in the general population. Although
the majority of the studies available for review did not include chil-
dren, there were no definitive findings of higher risks associated with
younger age (younger than 5 years old) following exposure to low-level
radiation.

One possible exception is data from an Israeli longitudinal study con-
ducted by Ron et al. (33), who tracked the incidence of thyroid tumors
following childhood exposure to radiation. A total of 11,000 subjects
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who had been treated with scalp irradiation for tinea capitis as chil-
dren and 16,000 controls were followed between 1950 and 1972. Age at
treatment ranged from 1 to 15 years, with a mean of 7.1 years. The
authors concluded that an estimated thyroid dose of 9 cGy (9 rem) was
linked to a fourfold [95% confidence interval (CI) = 2.3–7.9] increase of
malignant thyroid tumors and a twofold (95% CI = 1.3–3.0) increase of
benign thyroid tumors. In addition, younger age at exposure was
found to be associated with higher risk, particularly in children
younger than 5 years. In a more recent study, Juven and Sadetzki (34)
examined the medical records of 4900 of Ron et al.’s subjects and also
noted a possible association between childhood exposure to ionizing
radiation and benign pituitary adenoma. An important limitation of
both studies is the lack of a true measure of radiation exposure; radia-
tion doses administered during treatment were estimated based on
post-hoc measurements of representative exposures assumed to be
analogous to the original exposures. In addition, although the mean
radiation dosage was estimated to be 9.3 rem, dosage ranged from 4.5
to 50.0 rem. Thus, a proportion of the subjects were exposed to radia-
tion dosages that significantly exceeded the low-level threshold. There-
fore, it is problematic to draw generalized conclusions regarding
exposure to low-level radiation based on the findings of these two
studies.

Billen (35) examined the relationship between exposure to radiation
and spontaneous DNA damage, and found that the biologic impact of
low-level radiation at the cellular level is proportionally low in com-
parison to the frequency of daily spontaneous genetic mutations. Each
day, an average of 240,000 genetic mutations spontaneously occur in
the human body. Radiation exposure of a single rem adds approxi-
mately 100 mutations to this number.

In addition, research has provided evidence in support of hormesis,
a theory that exposure to low-dose radiation may be beneficial. Studies
conducted by Sanderson and Morley (36) and Kelsey et al. (37) demon-
strated that previous low-level radiation can have a protective effect
during subsequent high-dose radiation exposure by stimulating chro-
mosomal repair mechanisms.

Despite these findings, many scientific questions remain to be
answered before definitive conclusions can be made regarding the
effects of low-dose radiation exposure during a PET scan. As relevant
research evolves, the Food and Drug Administration (FDA) has devel-
oped vigilant guidelines to protect children, who may be more vul-
nerable to radiation exposure on account of smaller size and ongoing
tissue growth. Currently, the FDA restricts the use of radioactive drugs
in research involving minors to 0.3 rem in a single dose (or 0.5 rem
cumulative annual dose) to the whole body, active blood-forming
organs, lens of the eye, and gonads (32,38,39). This dose is one tenth of
that mandated for adults. Furthermore, 0.5 rem is at least 20 times lower
than the low-level exposure in the studies reviewed by Ernst et al. (32)
(i.e., 10–20 rem). As of 1998, the highest research radiation dose used in
imaging studies of healthy children 12 and older was 0.06 rem to the
whole body (32,38,39).
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As an additional safeguard, when large medical institutions conduct
human research studies that involve exposure to non–medically indi-
cated ionizing radiation, a local radiation safety committee (RSC) or
radioactive drug research committee (RDRC) reviews the study prior
to or concurrently with the IRB review. Members of these committees
provide the principal investigator and IRB with an estimated percent-
age risk (in terms of increased likelihood for the development of fatal
cancer) associated with participation in studies such as the one pro-
posed here. If the maximum permitted pediatric radiation dosage is
administered (0.3 rem in a single dose, or 0.5 rem cumulative annual
dose), this increase in percentage risk is approximately 0.000025.

When designing pediatric PET protocols, the principal investigator
should take all possible steps to minimize radiation exposure to the
subjects involved. In a PET study of adolescent girls with ADHD, Ernst
et al. (19) implemented several methodologic adjustments to reduce the
amount of tracer injected: they lengthened the scan acquisition time,
thus recovering image resolution lost due to the lower injected dose;
and they allowed subjects to void during the study, thus removing the
tracer from the bladder, which is the organ with the highest level of
exposure during [18F] fluorodeoxyglucose PET scans. When possible,
researchers should also utilize new developments in PET technology,
such as the emergence of highly sensitive three-dimensional (3D)
cameras that permit the use of lower doses of radioactive tracer.

Another important consideration for the investigator is to use a
design that minimizes the number of subjects exposed to risks. In the
proposed study, only male subjects are included in the first phase of
the trial. This decision was made in light of evidence of neurobiologic
differences between males and females (12) and the fact that ADHD is
predominately a male disorder (40). Enrolling only males effectively
reduces the number of subjects exposed to radiation, while maintain-
ing scientific validity.

Benefits

What are the potential benefits for participants in the proposed study?
King (41) defines three possible types of research benefits: (1) direct
(benefit arising from receiving the intervention being studied), (2) col-
lateral or indirect (arising from being a subject), and (3) aspirational
(benefit to society or future patients arising from the results of the
study). According to these definitions, only collateral and aspirational
benefits are available to subjects in the proposed study because it is
nontherapeutic. For children with ADHD, collateral benefits may
include a free psychiatric evaluation, physical exam, and an opportu-
nity to learn more about their disorder. Healthy controls may also
benefit from free evaluations and examinations, as well as a sense of
altruism gained from volunteering to help other children (38). Fur-
thermore, participation in a research protocol can be a valuable learn-
ing experience. Not only will subjects gain exposure to a hospital
setting, but they can also learn about how scientific research is con-
ducted. Research teams may augment this learning experience by
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engaging the child in the research process (e.g., explaining to a curious
child how neuroimaging “works” or providing the child with an image
of his or her brain and a certificate of appreciation).

The proposed study also has potential scientific benefits at large, as
ADHD affects thousands of children in the United States and is asso-
ciated with academic impairments, social dysfunction, poor self-
esteem, and increased likelihood for substance abuse (5). Studies such
as the one proposed are essential for elucidating the neurobiologic cor-
relates of the disorder. Findings will likely assist in the development of
safe and effective treatment. Furthermore, because the proposed study
includes healthy controls, PET data collected can provide critical
insight into dopaminergic function during normal development. Such
information is critical to the understanding of plasticity of the matur-
ing brain and may help to identify critical periods of neural vulnera-
bility as well as potential compensation and opportunity for treatment.

After delineating these potential benefits and contrasting them to
potential risks, the principal investigator concludes that the risk/
benefit ratio for the study is favorable and submits the protocol to the
IRB for approval.

The Role of the Institutional Review Board

The IRB is charged with two main functions, which are often conflict-
ing. Although its primary goal is to protect individual participants in
medical research, it is also expected to facilitate research that is critical
to the evolution of medical care. The board’s members are guided by
Title 45, Part 46 of the Code of Federal Regulations (CFR) (42), which
outlines ethical and legal obligations of persons and institutions con-
ducting or supporting research involving humans. The CFR mandates
that each institution conducting federally funded research adhere to
the principles for the protection of human subjects set forth in the
Belmont Report (43). These principles include (1) beneficence, which
requires that researchers maximize benefits and minimize harm; this
principle also entails that all approved protocols have a favorable
risk/benefit ratio; (2) respect for persons, which recognizes the auton-
omy of individuals, while requiring protection for people with dimin-
ished autonomy (such as children); this principle is implemented via
informed consent and assent; and (3) justice, which requires equitable
selection and recruitment, as well as fair treatment of research subjects.

Beneficence and Risk Classification

The first objective of the IRB is to classify the risk level of the proposed
study (e.g., minimal risk, minor increase over minimal risk, or 
more than a minor increase over minimal risk). Subpart D of the CFR
(“Additional DHHS Protections for Children Involved as Subjects of
Research”) prohibits IRBs from approving pediatric research that poses
more than a minor increase over minimal risk and does not offer the
prospect of direct benefit to participants. The level of risk, as well as
whether there is prospect of direct benefit to participants, determines
the provisions necessary for the study to be approved and conducted,
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as outlined in Figure 7.1. In subsection 46.102 (i), the CFR suggests the
following definition for minimal risk:

Minimal risk means that the probability and magnitude of harm or discomfort
anticipated in the research are not greater in and of themselves than those ordi-
narily encountered in daily life or during the performance of routine physical
or psychological examinations or tests.

Given that the study’s risk classification determines its approval, this
definition is a paramount guideline for IRB deliberations. However, the
definition contains several ambiguities.

First, risks “ordinarily encountered in daily life” can vary signifi-
cantly among children, depending on their age, socioeconomic class,
and physical environment. In terms of the proposed study, it can be
argued that children who routinely fly on airplanes or frequently
receive medical x-rays “ordinarily” encounter risks of radiation expo-
sure. In fact, a cross-country flight and a chest x-ray each contribute
approximately 0.003rem (44). Does this mean that these children
should be permitted to participate in the PET study, whereas children
who do not “ordinarily” encounter risks of radiation exposure should
be excluded? Furthermore, “examinations or tests” that are routine for
a child with a medical disorder such as ADHD may not be routine for
a healthy child. This disparity raises the question of whether the
study’s risk classification should differ for patients and healthy con-
trols. A child with ADHD who is accustomed to a clinical setting may
tolerate certain procedures (e.g., psychiatric interviews) better than a
healthy child. On the other hand, ADHD could render a child more
vulnerable to research-associated risks (e.g., psychological stress from
an inability to lie still in the scanner). Although there is some agree-
ment that the minimal risk standard should be based on risks in the
lives of the general population, the lack of a more specific definition
produces unnecessary complications. Furthermore, IRB deliberations
may be hindered by the fact that the CFR does not provide definitions
for the terms minor increase over minimal risk and direct benefit.

Considering the ambiguous nature of CFR guidelines, it is not sur-
prising that risk categorization varies greatly among IRBs. Shah et al.
(45) presented a series of hypothetical research vignettes to 188 ran-
domly selected chairpersons of IRBs in the United States and asked
them to categorize the risks and benefits involved for a healthy 11-year-
old participant. Data collected demonstrated marked variability in the
risk determinations. For example, when asked to designate the risk cat-
egory of MRI (without sedation), 48% of IRB chairpersons surveyed
selected minimal risk, 35% selected minor increase over minimal risk,
and 9% selected more than a minor increase over minimal risk. 
Disparities were also noted in the categorization of direct benefits of
participation. Only 60% of the chairpersons surveyed considered
added psychological counseling to be a direct benefit of participation
in a study. Furthermore, 10% considered participant payment to be a
direct benefit, even though the IRB guidebook explicitly states that it
should not be (46). McWilliams et al. (47) and Rogers et al. (48) demon-
strate how variations in the categorization of risks and benefits can
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complicate the review of multicenter protocols, which must be
approved by the IRBs of each institution involved.

Variability in IRB review standards can be detrimental in two ways:
either children may be subjected to undue risk, or potentially benefi-
cial research may not be approved on account of inappropriate risk cat-
egorization. To prevent such consequences, more specific definitions
for the terms minimal risk, minor increase over minimal risk, and direct
benefit should be provided within the CFR. For example, Nicholson (49)
provides a list of ordinary daily risks to which research risks can be
compared to determine minimal risk (39). Furthermore, considering the
fact that some IRB members lack clinical experience, neutral medical
experts should be called upon to educate the committee when unfa-
miliar procedures (such as PET scanning) are proposed to ensure that
risk categorization is not biased by misconception.

According to CFR 46.404, if the IRB categorizes the proposed study
as minimal risk, it may be conducted as long as proper consent and
assent is obtained. However, based on IRB classifications of compara-
ble studies (45), our proposed study will likely be deemed greater than
minimal risk, with no prospect of direct benefit to healthy subjects
involved. If the study is categorized as a minor increase over minimal
risk, CFR 46.606 (the subject condition requirement) should be consid-
ered by the IRB. This section permits research that is “likely to yield
generalizable knowledge about the subject’s disorder or condition.”
Thus, this section clearly sanctions the approval of the proposed study
if children with ADHD are the only subjects included. How can this
section be interpreted for the study of healthy controls? One could
argue that the terms disorder and condition are ambiguous. For example,
the IRB at the Children’s Hospital in Los Angeles approved a computed
tomography study of bone development in which 50 healthy girls were
briefly exposed to 0.10 rem of radiation (50). Findings yielded increased
knowledge on differences in bone density in developing African-
American and Caucasian females. Can race be considered a “condi-
tion” in accordance with CFR guidelines? If so, what about childhood
or adolescence? If the term is interpreted broadly, one could argue that
in addition to elucidating the neuropathology of ADHD, including
healthy control children will likely yield generalizable knowledge
about the neurobiology of development, or the “condition” of imma-
turity itself.

Alternatively, if the proposed study is categorized as greater than
minor increase over minimal risk, CFR 46.407 may be applicable.
According to this section, the IRB may submit an unapprovable
research study for higher review if it is believed to “present an oppor-
tunity to understand, prevent, or alleviate a serious problem affecting
the health or welfare of children.” Approval may be granted by the sec-
retary of the Department of Health and Human Services (DHHS) after
public review and consultation with an expert panel. In the 18 years
following the 1983 adoption of 45 CFR 46, only two unapproved pedi-
atric research studies were considered under section 46.407. However,
in 2001 alone, the secretary of DHHS received 26 requests for higher
review (51). Research proposals previously reviewed under CFR 46.407
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are listed on the Web site of the Office for Human Research 
Protection (OHRP) (http://www.hhs.gov/ohrp/children/index.html#
researchproposals). One protocol on this list, “HIV Replication and
Thymopoiesis in Adolescents,” is comparable to the proposed PET
study because it involves healthy adolescents (ages 13 to 24) and radi-
ation exposure (during a computed tomography scan and intravenous
infusion of deuterium-labeled glucose solution). The OHRP recom-
mended that the DHHS approve this study but stipulated that the risks
involved must be clearly defined in the consent documentation (i.e., by
including the specific amount of radiation to which each subject will
be exposed and a statement that a CT scan is associated with more radi-
ation exposure than a chest x-ray). The marked increase in pediatric
protocols submitted under CFR 46.407 is likely a reflection of recent
legal and ethical scrutiny of clinical research studies.

Issues Related to Informed Consent and Assent

After issues related to beneficence have been addressed, the IRB should
ensure that the proposed study upholds the second principle set forth
in the Belmont Report (43): respect for persons. Thus, the IRB must crit-
ically evaluate the proposed consent and assent process. According 
to federal guidelines, children under 18 must assent to participation 
in clinical research. In addition, their parents (or legal guardians) 
must sign consent forms for their child to participate (52). For the
consent/assent process to be valid, participants must possess compe-
tence, knowledge, and a desire to participate in the study not influ-
enced by undue coercion (38).

Competence implies that the participant has the cognitive ability to
arrive at a rational decision to participate in the study. In a review of
literature assessing assent by minors, Leikin (22) concludes that by age
9, healthy children have sufficient cognitive capacity to make a valid
decision as to whether to participate in a research study. In accordance
with these findings, the minimum age for subjects in the proposed
study is 9 years. However, there is ongoing debate on this topic, with
some investigators proposing a more stringent age cutoff for assent
(23), and IRBs varying widely in their requirements (53). Until the
federal regulations explicitly include a minimum age, it is likely that
this debate will continue. Regardless, it is critical that the investigator
use age-appropriate language when providing an explanation of the
purpose of the study and the procedures involved. Psychiatric disor-
ders, often associated with characteristics such as paranoia, apathy, and
impaired insight, may hinder a child’s cognitive processing and ability
to provide informed assent. Considering comorbidity of pediatric
ADHD and psychiatric disorders such as anxiety, depression, and
oppositional defiant disorder (54), subjects should receive a complete
psychiatric interview before the PET scan. Furthermore, if the presence
of a psychiatric disorder (other than ADHD) is suspected during the
consent process, the principal investigator should carefully question
the child to ensure that his or her motivation to participate in the study
is psychologically sound.
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Knowledge entails that the participant has been fully informed of the
protocol methodology as well as all possible risks and benefits involved
in participation. In its 2001 report on improving informed consent for
research radiation studies, the NIH Radiation Safety Committee 
provided model language to clearly inform subjects of potential radia-
tion-related risks (55). The template includes disclosure of the effective
radiation dose to be administered before the PET scan and a com-
parative estimation of typical radiation exposure from natural back-
ground sources. Furthermore, it recommends disclosure of the
estimated amount of risk associated with the research-related radiation
exposure in terms of increased possibility of fatal cancer. The NIH 
Radiation Safety Committee provided the following sample clause as
a guideline for informing research participants of the risks of low-dose
radiation exposure comparable to that which would occur during a
PET scan:

One possible effect that could occur at these [radiation] doses is a slight increase
in the risk of cancer. Please be aware that the natural chance of a person getting
a fatal cancer during his/her lifetime is about 25 percent. The increase in your
chance of getting a fatal cancer, as a result of the radiation exposure received
from this study, is [insert percent increase calculated by Radiation Safety Com-
mittee]. Therefore, your total risk of fatal cancer may increase from 25 percent
to (25 + calculated increased risk). This change in risk is small and cannot be
measured directly. Compared with other everyday risks, such as flying in an
airplane or driving a car, this increase is considered slight.

The IRB should ensure that consent documents for the proposed study
adhere to these recommended guidelines to guarantee that participants
are fully informed with regard to potential risks.

It is the responsibility of the investigator to ensure that the child’s
decision to participate in the study is completely voluntarily and not
unduly influenced by financial need, parental pressure, or psycholog-
ical coercion. The compensation of minor participants in medical
research studies is a controversial topic frequently debated by IRBs.
Major ethical questions include whether to compensate the parent or
the child, whether to consider the economic status of the family when
determining compensation, and whether the compensation should be
correlated with risk involved (38). If compensation is provided for the
child, its perceived value may differ based on the child’s age, cognitive
abilities, and socioeconomic status. Regardless, financial motivation
should never preclude the child from carefully considering the risks
involved in participating in a PET study. If there is any concern that
compensation may be an undue influence, a neutral observer should
monitor the consent/assent process to counterbalance investigator
bias. Also, after parental consent is obtained, investigators should meet
with the child alone to discuss his or her motivation for participation
and ensure that there is no undue parental coercion before assent is
elicited. There is some debate over whether researchers should meet
with the child before the parent rather than after, but both processes
are reasonable and should be left up to the individual investigator to
decide.
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Furthermore, it is critical that the child understands that he or she
can withdraw from the study at any time without providing a reason
and without loss of any previously attained benefits or financial com-
pensation. Throughout the course of the study, the research team
should strive to facilitate feelings of autonomy in the child participant.
This can be accomplished by asking children how they feel about the
prospect of a PET scan, having them fill out feedback forms, and having
them make simple procedural decisions (e.g., which seat they want to
sit in, which snack they would like to eat after completing the scan).
Such simple steps increase the likelihood that the child will share con-
cerns and questions with the research team, thus remaining a willing
participant in the PET study.

Justice

The third ethical principle set forth in the Belmont Report is justice,
which compels the IRB to monitor the selection of research subjects at
two levels: the individual and the social (43). To uphold individual
justice, the IRB should ensure that subjects for the proposed study are
not preferentially selected or excluded on the basis of race, ethnicity, or
socioeconomic class. For example, the proposed study includes only
boys, which may be considered unjust if the principal investigator had
not provided a scientific rationale, or stated intentions to include girls
in subsequent phases of the study. According to the Belmont report,
social justice “requires that a distinction be drawn between classes of
subjects (e.g., adults and children) that ought, and ought not, to par-
ticipate in any particular kind of research, based on the ability of
members of that class to bear burdens.” In the past, children have been
excluded from research studies because they are considered less able
to bear the burden of potential risks involved than adult subjects.
However, excluding children from medical research precludes them
from its benefits and could potentially cause them harm. For example,
if research studies are not conducted to elucidate the neurobiochemi-
cal etiology of ADHD in children, it will be difficult to develop novel
treatments for the disorder. Furthermore, attempts to extrapolate data
from adult studies may lead to the development of treatments that are
unsafe or ineffective for the pediatric population (9). Such conse-
quences seem to be in conflict with the concept of “fairness in distrib-
ution” of the benefits of research, an ideal also included in the Belmont
Report’s definition of justice.

In 1998, two policy initiatives were introduced to ensure that chil-
dren are not unnecessarily excluded from the benefits of research (56).
First, the NIH mandated that children be included in all human
research conducted or supported by their institution unless there 
are sound scientific and ethical reasons to exclude them (57). Second,
in response to the fact that 70% of all medications do not include 
sufficient data for use in children (45,58), the FDA developed the Best
Pharmaceuticals for Children Act, which provided patent extension
incentives to drug companies that tested their products in children 
(52). Although such initiatives promote the approval of the proposed
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study, they should not preclude a careful consideration of the risks
involved.

Recent Case Law and Implications

There is currently no known case law involving PET imaging in 
children. However, in the past 5 years, three highly publicized legal
cases have raised controversial questions regarding human research
studies involving greater than minimal risks and whether individual
IRB members can be held legally liable for approving such studies if
injury occurs. Challenges to the integrity of clinical research made
during these three cases are especially likely to influence IRB review 
of ethically controversial pediatric research studies, such as the one 
proposed here.

The first case involved a lead abatement research study conducted
by the Kennedy-Krieger Institute (KKI) (59). Between 1993 and 1995,
researchers monitored dust lead levels in three groups of homes in a
low-income Baltimore neighborhood, each treated with a different lead
abatement method. Blood lead levels of children living in the homes
were periodically sampled, and parents were reimbursed $15. In 2000,
two families involved in the study filed suit against KKI, claiming that
they had not been fully informed of the risks involved in the study and
were not advised when their children’s blood lead levels rose (60). In
response, the Maryland Court of Appeals issued the following opinion:

It is not in the best interest of any healthy child to be intentionally put in a non-
therapeutic situation where his or her health may be impaired, in order to test
methods that may ultimately benefit all children (61).

Thus, the court ruled that a parent or guardian cannot consent to a
child’s participation in nontherapeutic research in which there is any
risk of injury or damage to the child’s health (i.e., minor increase over
minimal risk) (60). In addition, the court criticized the “IRB’s attempt
to manufacture a therapeutic value” for the KKI study (61). Two
months later, the court clarified its ruling, seeming to conform again to
federal regulations (62). And in 2002 the Maryland legislature essen-
tially nullified the court’s objections, allowing all research that is con-
sistent with the federal regulations, which includes studies involving
a minor increase over minimal risk (63). Nevertheless, the case insti-
gated public and legal challenges to the integrity of pediatric research
and the role of the IRB.

In 2001 Robertson v. McGee (64) set legal precedent by including 12
members of the University of Oklahoma IRB as defendants. The case
involved a cancer vaccine trial that was suspended after an audit cited
inadequate protections for human subjects. The OHRP was called to
investigate, and concluded that the IRB had failed to “ensure that addi-
tional safeguards were included in the study” to protect subjects, many
of whom were terminally ill. Based on these allegations, negligence
counts were filed against the IRB members in the legal suit that 
followed (65).
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In the aftermath of these cases, IRB members are likely to be increas-
ingly cautious when reviewing studies such as the one proposed.
Positron emission tomography imaging may be classified in a higher
risk category, and the inclusion of healthy controls is unlikely to be
approved. Furthermore, the IRB may be more likely to submit the study
(under CFR 46.407) to the DHHS for higher review to avoid legal lia-
bility issues. And although there are no known examples of successful
lawsuits against bioethicists or IRB members, the possibility of such a
lawsuit may make individuals hesitant to provide advisory services to
IRBs or serve on the committee. These circumstances threaten both the
future of clinical studies and the welfare of research participants.

Conclusion

Pediatric PET research presents novel opportunity for scientific dis-
covery, as well as unprecedented ethical issues warranting careful eval-
uation. Several conclusions can be drawn from the hypothetical PET
study presented in this review: First, we have established the unique
utility of PET to study neurobiochemical function, such as the mecha-
nisms of dopamine modulation in children with ADHD. Second,
because developmental differences mitigate any extrapolation from
adult data, PET studies such as the one proposed here must be con-
ducted in children. Third, including healthy children is the only way
to maximize scientific yield and learn about normal neurobiologic
development. Fourth, pediatric PET studies are associated with con-
siderable potential risks, as well as significant collateral and aspira-
tional benefits to participants. The principal investigator should take
all possible procedural steps, including those outlined in this review,
to optimize this risk/benefit ratio. It is hoped that these four conclu-
sions may serve as a guideline in the design of future PET studies.

This chapter also yields several suggestions regarding the IRB eval-
uation of pediatric PET research. First, it is essential that board
members be accurately informed of the risks associated with pediatric
PET, especially in terms of radiation exposure. Second, the definition
of minimal risk should be clarified and definitions should be provided
for the terms minor increase over minimal risk and direct benefit within the
CFR so that IRB deliberations are not clouded by ambiguity or mis-
conception. Third, the IRB should ensure that risks associated with PET
are fully disclosed in the consent documentation, as outlined by the
NIH Radiation Safety Committee. Fourth, in accordance with the prin-
ciple of justice, children are entitled to benefit from advances in scien-
tific research, such as those that may be gained by conducting the
proposed study. Therefore, it is critical that recent case law not bias 
the IRB’s evaluation of the risks and benefits of pediatric PET studies.
The IRBs are charged with the vital responsibility of protecting indi-
vidual children while allowing research needed to improve overall
pediatric medical care. It is hoped that the recommendations outlined
in this chapter will aid in the ethical considerations needed to fulfill
this responsibility.
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8
Physics and Instrumentation in PET
Roberto Accorsi, Suleman Surti, and Joel S. Karp

The radioactive decay of many radioisotopes generates penetrating
photons capable of escaping outside the matter in which the isotopes
are located. From this radiation it is possible to image the spatial dis-
tribution of such isotopes inside an object. However, by itself the detec-
tion of a single photon outside the body of a patient carries minimal
information on the location of its origin, unless some device capable of
connecting the detection with the emission location is used. These
devices are the optics of the imaging instrument and they identify, in
combination with a position sensitive radiation detector, a line in space
(the line of response, LOR) along which the photon must have 
originated (Fig. 8.1A,B). The LOR data are manipulated in reconstruc-
tion software to produce three-dimensional (3D) images of the activity
distribution. When imaging humans, it is necessary to use photons
capable of escaping undeflected from a few centimeters of tissue. The
energy of these photons is such that their path cannot be bent by reflec-
tion (mirrors), refraction (lenses), or diffraction as in visible light optics.
Nuclear scintigraphy and single photon emission computed tomo-
graphy (SPECT) instrumentation resort to absorptive collimation, in
which photons are selectively passed or absorbed depending on their
emission location and angle of incidence on the optics. The drawback
of this approach is that the wide majority of photons are lost before
image reconstruction. For example, typical parallel-hole collimators
[low energy—technetium-99m (99mTc; 140keV); general purpose] pass
on the order of 1 in 10,000 (10-4) photons, but sensitivity is even lower
for high-resolution and high-energy collimators, which need lower
acceptance angles and thicker septa, respectively. Although sensitivity
can be recouped by trading off resolution (as with high-sensitivity col-
limators) or field-of-view (as with converging collimators), it is the
concept of absorptive collimation itself that implies an inefficient use
of emitted photons.

For isotopes decaying by positron emission, an alternative approach
is possible. Because two back-to-back photons are emitted, if both
photons are detected, the LOR is immediately identified with no need
of discarding any photons incident on the detector (Fig. 8.1C). Greatly
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increased sensitivity to incoming photons is one advantage of positron
emission tomography (PET) over SPECT. Another is that most biolog-
ically significant elements (e.g., C, N, and O) have positron but no
single photon emitting isotopes with practical half-lives. Radioisotope
marking of biologically significant molecules is therefore usually more
natural with PET rather than SPECT isotopes.

When compared to other techniques such as ultrasound, magnetic
resonance imaging (MRI), and computed tomography (CT), PET is
characterized, as is SPECT, by relatively poor spatial resolution but
excellent sensitivity because the signal is generated by a number of
atoms on the order of picomoles. Because the biodistribution of the
radiotracer, rather than anatomic structures, is imaged in nuclear
imaging, PET is most appropriate when functional information is
sought.

Dedicated PET scanners have evolved in a number of different con-
figurations over the years. Today, the most common design presents
several rings of small scintillator crystals coupled to photomultiplier
tubes (PMTs). In whole-body scanners, the ring diameter is about 80 to
90cm. Together, all rings form a cylinder with a height limited by cost
considerations to about 15 to 25cm. These dimensions may be sensibly
different in scanners designed for other, often specialized, purposes,
such as brain, breast, and small animal imaging. Brain and animal scan-
ners need a small transverse field of view and can be designed with a
smaller radius to improve solid angle coverage, and thus increase 
sensitivity. If coincident events connecting many different rings are
accepted, the scanner is said to operate in 3D mode. If only events orig-
inating in the plane of each ring (and, typically, a few adjacent rings)
are collected, the scanner is said to operate in two-dimensional (2D)
mode instead. In many 2D systems, septa are used to separate the rings
and are retractable to allow both modes of operation on the same
scanner.
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Figure 8.1. Pictorial representation of the identification of lines of response in
nuclear imaging. A: Single photon imaging. With no collimation optics present
it is impossible to establish the path of incoming photons. B: Single photon
imaging. The presence of a collimator gives information on the path of incom-
ing photons. In this case the detected photon must have come from the ante-
rior part, rather than the posterior part, of the brain. Photons not parallel to the
bores of the collimator are absorbed and thus lost. C: Positron emission tomog-
raphy. When radioactive decay results in the emission of two colinear photons,
it is possible to determine the path of the photons without a collimator. In prin-
ciple, no incoming photons are lost.



The literature is rich with thorough presentations of PET (1,2). This
chapter presents an essential summary of PET physics, instrumenta-
tion, and operation principles, with observations on the relevance of
the concepts presented in pediatric applications. First, the physics at
the basis of PET is discussed. Aspects influencing the performance 
of detection instrumentation are emphasized. The discussion of PET
instrumentation starts from the parameters and the trade-offs involved
in the choice of the scintillating material. Next, the different schemes
that can be used to arrange the scintillating material in the scanner are
presented. These schemes mainly concern how the light into which
high-energy photons are converted in the scintillator is conveyed to the
electronics. The data correction procedures necessary to achieve quan-
titatively accurate images are described next. Finally, the parameters
used in the assessment of scanner performance and a brief overview of
the choices available for image reconstruction are presented. Some 
considerations specific to the pediatric applications of PET close this
chapter.

Radioactive Decay and Positron Emission

Radioactive decay of unstable isotopes usually occurs through three
modalities: a, b, and g. In its turn, b decay is subdivided in three dif-
ferent types: b+, b-, and electron capture (EC). b+ decay follows the
scheme

(1)

where X and Y indicate the chemical species of the mother and daugh-
ter nuclei, respectively, Z is the atomic number (number of protons,
which also identifies the chemical species) of the nucleus X, A its mass
number (number of protons plus neutrons, which identifies the isotope
within the species), e+ is a positron, and n a neutrino. The decay is gov-
erned by quantum mechanical laws (3) that select at random the kinetic
energy E of the positron emerging from the decaying nucleus in the
range from almost zero to a maximum possible value Emax, which
depends on the isotope AX. Table 8.1 shows values of Emax for sample
PET isotopes.

As the radiotracer decays, the rate at which positrons are emitted
declines over time. The activity A of the sample is defined as the
average number of decays per unit over a short time interval. It varies
with time according to the relationship

A(t) = A(t = 0)e-lt (2)

where t is time and l is the decay constant governing the rate of decay.
It is the probability of decay of the isotope per unit time and is a phys-
ical constant for every isotope. l is also connected to the half-life of the
isotope, t1/2, which is defined as the time it takes for the activity to
halve, through the relationship

   Z
A

Z-1
A +Y eX Æ + + n
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(3)

as it can be worked out from Equation 2. The half-lives of isotopes of
interest in nuclear medicine range from seconds to years. In SPECT, the
most widely used isotope, 99mTc, has a half-life of about 6 hours. For
PET, the half-life of fluorine 18 (18F) is approximately 2 hours. This is
about ideal because this is enough time to allow for isotope produc-
tion, radiopharmaceutical synthesis, dose delivery, and imaging time
while minimizing the dose burden to the patient, which also depends
on t1/2. The decay constant l is related to the number N of nuclei
present in the sample and the activity by the relationship

A = lN. (4)

It should be noted that Equation 2 governs the rate of decay of nuclei,
which is not always the same as the rate of emission of positrons. In
fact, different modes of decay may be available to a nucleus. For
example, iodine 124 (124I) undergoes b+ decay only in 23% of the cases;
in the remaining 77% the decay mode is EC, which does not produce
any positrons. In such cases, it is important to account for this branch-
ing ratio when estimating the rate of positron emission from the decay
rate of the nuclei. If the problem is to predict the decay over time of a
certain type of activity measured at some other point in time, Equation
2 can be applied without worrying about the branching ratio, which is
already accounted for in the measurement.

Interaction with Matter

Positron Annihilation

After decay, the positron leaves the site of emission and slows down
in the surrounding material. As the positron is a relatively light,
charged particle, it undergoes large-angle scattering interactions with
other charged particles, which result in a tortuous path. The distance

  
t

l1 2
2

=
ln
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Table 8.1. Decay data for some positron emitters
Branching 

Half- ratio of b+ Emax

Isotope life decay (MeV) Production
11C 20.4min >0.99 0.960 Cyclotron
13N 9.97min >0.99 1.198 Cyclotron
15O 122.2s >0.999 1.732 Cyclotron
18F 110min 0.97 0.633 Cyclotron
22Na 2.6y 0.90 0.545 Reactor
64Cu 12.7h 0.17 1.673 Cyclotron
68Ga 67.6m 0.89 2.921 Daughter of 68Ge
82Rb 1.27m 0.95 3.379 Daughter of 82Sr
124I 4.17d 0.23 1.535 Cyclotron
Source: Data from Chang J. Table of Nuclides, KAERI (Korea Atomic Energy Research
Institute). Available at http://atom.kaeri.re.kr/ton/.



traveled from the nucleus, that is, the range of the particle, depends on
the energy E with which the photon is emitted, the density of the sur-
rounding material, as well as on the trajectory followed. The range is
longer for positrons emitted with higher E. Maximum and average
values of the range are found in the literature. For 18F, carbon 11 (11C),
nitrogen 13 (13N), and oxygen 15 (15O) the average range is 0.6, 1.1, 1.5,
and 2.5mm, respectively.

During slowdown or once it has come to rest, the positron may
combine with a surrounding electron and annihilate, that is, undergo
a reaction in which positron and electron disappear and their total
energy is converted into two or more photons. Fortunately, the great
majority of annihilations results in the simultaneous emission of two
(almost) back-to-back photons, each with an energy of 511keV (4). The
distance that each of the two annihilation photons must cover to reach
the scanner depends on where the annihilation took place, so that the
two photons can reach the scanner at slightly different times. However,
this relative delay cannot be larger than a few nanoseconds (billionths
of a second). The basic idea of PET is to attribute an event to an 
LOR every time that two photons are detected in approximate time
coincidence.

Because the positron travels some distance from the nucleus before
annihilation, annihilation photons are not generated at the site of the
emitting nucleus, as happens for single photon emitters. Consequently,
the nucleus can be located only approximately, the approximation
worsening for increasing positron range. A second physical factor that
intrinsically limits the spatial resolution of PET scanners is that anni-
hilation photons are not emitted exactly along the same line (i.e., at a
relative 180 degrees) in the laboratory frame of reference (5). This
means that the annihilation site in general does not lie exactly on the
line connecting the detection locations of the two photons (Fig. 8.2).
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Figure 8.2. The small (~0.5-degree) deviation from 180 degrees in the emission
of annihilation photons due to the residual momentum of the e- - e+ pair causes
the corresponding line of response to be slightly misplaced (by the distance d)
from the annihilation site. This error is small, but it does limit the ultimate res-
olution of PET scanners. Compton scattering results in misplacement of events
for the same basic reason, that is, because an angular deviation q is introduced.
In this case, misplacement is much more severe because q is usually much
greater than 0.5 degrees.



The ensuing positioning uncertainty d is proportional to the diameter
of the scanner (6) and reaches about 2mm for a diameter of 90cm. With
current technology, this is one of the main factors limiting the resolu-
tion of whole-body PET scanners.

Gamma Attenuation, Scattering, and Random Coincidences

Annihilation photons may undergo interaction with surrounding
materials before detection. Photons in the energy range relevant to PET
interact with matter through two principal mechanisms: photoelectric
absorption and Compton scattering. In photoelectric absorption, a
photon is absorbed in an interaction with an atom in the surrounding
material.

Effectively, the final result of a photoelectric event is that the photon
disappears. Because in PET both annihilation photons need to be
detected to form a valid event, photoelectric absorption of either
photon outside the detector is sufficient to lose the annihilation event
for image formation. Depending on the location and direction of the
annihilation, the likelihood of attenuation changes, with higher losses
for emission points lying deep within the patient. Therefore, attenua-
tion must be compensated to obtain realistic images and quantitative
data. Attenuation correction strategies for PET are described below and
are based on the observation that, unlike in SPECT, in a collected event
the total photon path crosses the object from side to side (Fig. 8.3). If a
point source located anywhere along this line emits N0 photons per unit
time along the line, the rate at which events are recorded is

C = N0 e-mrD (5)

where m is the mass attenuation coefficient of the material, which is
known from its atomic composition and the energy of the photons, and
r is its density. The key point is that the factor e-mrD can be obtained by
direct measurement. In fact, if an external source of known activity A0

is placed at one end of a given LOR, the count rate A measured at the
other end of the LOR is given by

A = A0 e-mrD. (6)

Therefore, the factor e-mrD can be obtained experimentally from the ratio
A/A0 and then used to divide the coincident count rate C to recover
the activity N0. Note that this applies for sources anywhere along the
LOR, that is, at any depth in the object.
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Figure 8.3. Attenuation correction in PET. The count rate recorded at detector 2 is C when exposed to
annihilation photons in coincidence with detector 1 and A when exposed to the source of intensity A0.
The line connecting detector 2 to the source is separate from that connecting it to detector 1 only for
illustration purposes.



For 511-keV photons in biologic materials, Compton scattering is
much more likely to occur than photoelectric absorption. In Compton
scattering, the photon loses some energy and its path is deviated by an
angle q (Fig. 8.2). The scattering angle is again selected in a random
process governed by quantum mechanical laws (e.g., ref. 7). The energy
of the scattered photon is related to q by the Compton equation:

(7)
where Eg is the energy of the incident photon, me is the rest mass of the
electron, and c is the speed of light. The product mec2 is a physical con-
stant and its value is 511keV. The Compton equation shows that
photons emerge from scattering with an energy that depends on the
scattering angle. For example, for q = 0, or forward scattering, which is
the limiting case in which the photon is not scattered at all, E¢g = 511
keV; for q = p, which is the case of backscattering, that is, when the
photon turns back, E¢g = 170keV. Unlike attenuation, scattering does not
necessarily remove events from image reconstruction. Rather, it usually
causes the incorrect association of a significant fraction of events to
LORs, through the same basic mechanism of Figure 8.2, but in a much
more dramatic way because of the much larger angular deviation
involved. It is not at all uncommon that scatter events are assigned to
LORs not even passing through the object, which does not happen for
true events (i.e., unscattered events coming from the same annihilation)
except for the much smaller effect of non-colinearity. Scatter events, in
principle, could be rejected by measuring the energy of incoming
photons and then accepting only those arriving with the correct energy,
that is, 511keV. As discussed below, existing equipment allows only an
approximate measurement of the energy of photons, so that it is nec-
essary to accept events with a measured energy of less than 511keV to
avoid discarding too many true events. Therefore, in practice, only
photons whose measured energy is above a certain threshold (set at
less than 511keV) are accepted. This threshold is selected by setting the
low-level discriminator (LLD) of the scanner. Because the Compton
equation shows that E¢g decreases as q increases, increasing the LLD
means confining q closer to zero. From Figure 8.2, it is possible to see
that this minimizes the error introduced. Whereas a high LLD setting
does minimize the impact of scattering events, it has also other impli-
cations, as we shall see, and it cannot, alone, completely solve the
problem of scatter contamination of the data; other methods, described
below, are needed for full scatter compensation. The scattered photon
can undergo further scattering, still governed by the same equations.
Such events, as well as those in which both annihilation photons are
scattered once, are referred to as multiple scattering.

Another type of spurious event, besides scattering events, can also
enter the image. If more than one nucleus decays at approximately the
same time, and for both events one of the two photons is lost, it is still
possible that the two survivors are detected in coincidence. In this case
a LOR is mistakenly associated to the unrelated photons (Fig. 8.4). This
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type of event is called a random coincidence. The likelihood of random
coincidences depends on the level and spatial distribution of activity
and the temporal width of the coincidence window, as well as the
geometry of the object. To appreciate this, it is helpful to consider that
after the detection of a first photon above the LLD, the scanner waits
up to a time t for the photon emitted simultaneously to arrive. The time
interval 2t is called the time coincidence window. If the rate at which
the first event is recoded is N events per unit time, then the rate at
which random coincidences occur in the scanner is tN2. Time coinci-
dence windows are usually set between 6 and 12ns (billionths of a
second, i.e., 10-9 s), depending on the scintillator.

PET Instrumentation

It is desirable to detect photons with high spatial, energy, and time res-
olution, with high sensitivity and count rate capabilities, all at reason-
able cost. Different classes of detectors of high-energy photons have
long been under development; no single class, however, offers the best
performance in all respects. For example, solid-state detectors offer the
best energy resolution, but their sensitivity is usually low, especially
when their cost and availability over a large area are considered.

Commercial clinical PET cameras are based on scintillation detectors.
In these systems, the photon interacts with a scintillating material,
which converts the photon energy into visible or near-visible light.
These low-energy photons are then conveyed to PMTs for conversion
into an electrical signal. The front end of the PMT is the photocathode,
which is a thin element of material capable of absorbing light photons
and emitting electrons (called photoelectrons, because they are released
by incident light) in proportion to the number of absorbed photons.
Electrons are then multiplied by a cascade of electrodes (dynodes) to
generate a measurable current and voltage, which is the output of the
PMT. In summary, the role of the PMT is to convert the light emitted
in the scintillator into an electric signal that is directly proportional to
the intensity of the light signal. A much more compact alternative to
PMTs are photodiodes. These are semiconductor devices capable of
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Figure 8.4. Pictorial representation of (A) a true coincidence, (B) a scatter event, and (C) a random coin-
cidence. In B and C, the dashed line represents the line of response to which the event is assigned. It
coincides with the path of the photons (solid line) only in case A.



playing the same role. To date, their use has been hampered by their
cost and instability with respect to fluctuations of temperature and
applied voltage, and, often, the consequent need for cooling.

The electric signal generated by the PMT is then sent through pulse
processing electronics that collect and process signals from the entire
scanner. The part of this processing most typical of PET is the identi-
fication of events in time coincidence and their location on the detec-
tor for assignment to a LOR. Scanner designs differ mainly in the 
choice of the scintillator and the way light is conveyed (coupled) 
to PMTs.

Scintillating Material

Scintillators commonly considered for PET are listed in Table 8.2 along
with some properties that characterize their performance. An ideal
scintillator would have high sensitivity, that is, it would detect all
incoming photons and record their energy and location of interaction
accurately. Moreover, the timing properties of scintillators are also
important because with fast scintillators a narrow time coincidence
window can be used, which reduces the rate at which random coinci-
dences are acquired as well as dead time effects (see below).

High sensitivity can be obtained with large volumes of scintillators.
However, it is also important to be able to stop photons in a small
volume to obtain precise positioning and thus high-resolution images.
The thickness of a material necessary to absorb photons is regulated by
the product m* = mr (e.g., see Equation 5). Materials with a high value
of m* can stop photons within a relatively small distance and are 
preferred.

As already mentioned, an accurate energy measurement is impor-
tant to differentiate scattering from true coincidence events. Figure 8.5
is a pictorial representation of the response of a real detector. This 
figure shows the number of incoming photons as a function of their
measured energy. The peaks centered on 511keV are due to 511-keV
photons; because not all of these photons are exactly at 511keV, it is
evident that a real detector does not always measure energy accurately.
This is due to a number of factors. An accurate measurement requires
that, first, all the energy of the photon be deposited in the detector;
second, that all deposited energy be transformed into light and con-
verted into current with minimal fluctuations and losses; and, third,
that all the current be collected and analyzed by pulse processing 
electronics.
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Table 8.2. Properties of some scintillators used in PET
NaI(Tl) BGO LSO GSO BaF2 LaBr3

Attenuation coefficient m* 0.34 0.95 0.87 0.7 0.45 0.47
(cm-1)

Effective Z 50.6 74.2 65.5 58.6 52.2 46.9
Light output (photons/keV) 38 8 25 13 10 60
Light decay constant (ns) 230 300 40 60 0.6 25
BaF2: Barium Fluoride; BGO: Bismuth Germanate; GSO: Gadolinium Oxyorthosilicate;
LaBr3: Lanthanum Bromide; LSO: Lutetium Oxyorthosilicate; NaI(Tl): Sodium Iodide.



For the incoming photon to deposit all its energy, it is important that
the photon-crystal interaction be a photoelectric rather than a Compton
event. Because the likelihood of Compton scattering is proportional to
the atomic number Z of the medium, whereas the likelihood of a pho-
toelectric event is proportional to Z5, scintillators with a high Z (or
effective Z for compounds) are preferable to maximize the fraction of
events with full energy deposition.

It is not possible to entirely avoid statistical fluctuations, which are
also an inherent part of the detection mechanism. In fact, the number
of light photons n produced by a high-energy (gamma) photon is deter-
mined in a random process. For this reason, photons having the same
energy produce a varying n. Other statistical processes are involved in
the conversion of photons to photoelectrons and in the multiplication
of electrons inside the PMT. Because the energy of the event is mea-
sured by collecting over time (integrating) the PMT current, the final
effect is an imperfect energy measurement, distributed approximately
along a gaussian curve, which results in the peaks in Figure 8.5. A
statistical analysis of the process shows that energy resolution, which
gets worse as the gaussian becomes wider, depends mainly on the light
yield of the scintillator. Table 8.2 shows the light output of different
scintillators. A high light output minimizes relative fluctuations in the
current and is associated with good energy resolution. Figure 8.5 also
shows the case of two scintillators: one with good and one with poor
energy resolution. From inspection of the peaks in the figure, good
energy resolution allows a more precise measurement of the energy.

Photons that undergo Compton scattering in the patient (and thus
have an energy of less than 511keV) and deposit their full energy in
the detector give the contribution shown to the left of the peaks in
Figure 8.5. The measured energy of these photons is also blurred by the
statistical fluctuations just described. From Figure 8.5 it is clear that
scatter and true events cannot be completely separated on the basis of
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Figure 8.5. Energy spectrum for scintillators with good (solid line) and poor energy resolution (En.
Res.) (dash). On the left true and scattering events are shown separated but in reality these events are
indistinguishable to the detector; only the sum of the two curves is available (right). For a scintillator
with good energy resolution it is possible to set the low-level discriminator (LLD) at a higher level to
reject scatter with minimal loss of true events.



their measured energy. However, blurring is less pronounced when
energy resolution is good, which allows a relatively better separation
of true from scatter events. This observation determines the choice of
the LLD of the scanner. From a scatter rejection point of view, the LLD
should be as high as possible. However, when the LLD is increased,
eventually true events are also discarded. Optimizing the LLD setting,
then, involves optimizing a trade-off between maximum sensitivity to
true events and minimum sensitivity to scatter events. The advantage
of good energy resolution is that it is possible to operate with a higher
LLD setting, and thus reject comparatively more scatter, before a sig-
nificant number of true events is lost. For the same number of true
events relatively fewer scatter events are collected, which means that
image processing in scanners based on a scintillator with good energy
resolution can start from better estimates of the true distribution of the
radiotracer.

It is important to recognize that other factors also affect energy res-
olution, such as size of the scintillator, homogeneity of the light output,
how the scintillators are coupled to the PMTs, and the successive pulse
processing. For example, to maximize energy resolution, a long time
should be allowed to collect all the PMT current (integration time).
However, this is at odds with the necessity of being able to process sep-
arately the next incoming event as soon as possible, that is, to achieve
high count rate capabilities, which demand that integration times be
kept as short as possible. Because the integration time is mainly driven
by the time interval over which light is emitted, the rate at which scin-
tillators emit light is also an important performance parameter. Table
8.2 lists decay times for different scintillators. In this case, a small value
indicates a fast scintillator and thus is a desirable property. Energy res-
olution, then, is related to light output, but it cannot be directly inferred
from it.

The data in Table 8.2 summarize all the physical parameters impor-
tant for the evaluation of different scintillators. For example, NaI(T1):
sodium iodide [NaI(T1)] has higher light output (and better energy res-
olution) than bismuth germanate (BGO) and lutetium oxyorthosilicate
(LSO), for which sensitivity is much better, with LSO being also sig-
nificantly faster. BGO has a much higher attenuation coefficient than
NaI(Tl), and thus higher sensitivity, but the reduced light output affects
negatively its energy resolution. LSO has almost the same attenuation
coefficient of BGO, and is much faster than both BGO and NaI. GSO is
almost as fast as LSO and in the past has offered better energy resolu-
tion at the price of reduced sensitivity. Recent improvements in LSO
crystal production have led to energy resolution similar to GSO. Slight
variations to the composition of LSO have recently been tested [e.g.,
lutetium (yttrium) oxyorthosilicate [L(Y)SO], mixed lutetium silicates
(MLSs), and lutetium pyrosilicates (LPSs)]. Most of these crystals have
properties similar to LSO. It is possible that scanners based on such
scintillators will be developed commercially in the near future. Com-
mercial PET scanners based on NaI(Tl), BGO, LSO, and GSO have been
deployed on the field. Scanners utilizing barium fluoride (BaF2) and
lanthanum bromide (LaBr3) are of particular interest in PET instru-

102 Chapter 8 Physics and Instrumentation in PET



PMT Array

Scintillator

A
PMT Array

Light-guide

Scintillator Array 

B

:
:
:

:
:
:

PMTs

D

Sc
in

ti
ll

at
o r

Block 

PMTs

C

Block 

Sc
in

til
la

to
r

Figure 8.6. Different PET designs. A: Continuous crystal, Anger logic posi-
tioning. B: Pixelated crystal, Anger logic positioning. C: Block detectors (two
shown). D: Block detectors (quadrant sharing). In designs C and D, light is
allowed to spread within each block.

mentation research because their fast decay times open the possibility
of time-of-flight (ToF) PET. This technique is characterized by low
image noise, which compensates for the disadvantage of the relatively
low sensitivity of these materials. BaF2 was among the first scintillators
considered for ToF PET; more recently, interest has been focusing on
LaBr3 because its timing performance is competitive with BaF2 (8) and
its superior light output and energy resolution are expected to result
in improved spatial resolution and rejection of scatter events.

Light Coupling and Spatial Assignment of Events

The discussion has so far focused on the efficiency of the detection of one
of the two annihilation photons and on the accuracy of the measurement
of its energy. Different techniques are used to identify the position at
which incoming photons are detected. Apossible approach is to consider
them as different compromises between two extreme designs.

In the first design, a large, continuous crystal is used and the position
of the event is read as in a conventional Anger (gamma) camera. In this
design, the light following an interaction is shared by several PMTs
facing the crystal (Fig. 8.6A) (9,10). The position of the event is calcu-
lated by a weighted average of the coordinates of the center of each
PMT, where the weights are determined by the light intensity seen by
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each PMT. This positioning strategy is often called Anger logic, after the
name of its developer. For this scheme to work, light needs to spread 
to several PMTs to allow an accurate calculation of the position. The
energy of the event is calculated from the sum of the signals from all
PMTs. The same statistical fluctuations that limit energy resolution,
then, affect the spatial localization of the event and thus spatial resolu-
tion. For this reason, Anger logic designs perform best with scintillators
with a high light output. The typical intrinsic resolution of an Anger
camera is about 3mm in SPECT applications but is worse (~5mm) for
PET applications, due to the thicker crystals (25.4mm NaI vs. 9.3mm
NaI) used to achieve reasonable sensitivity at the energy of the more
penetrating 511-keV photons. The major disadvantage of this design is
that, following each event, light invades a significant portion of the
large crystal and its detection involves several PMTs. Consequently, a
large area of the detector is not available for recording other events. This
leads to high dead time and decreased maximum count rates.

In the second design, the scintillator is cut in an array of very small
crystals (pixels), each of which is connected to a single light detector
(one-to-one coupling). The advantage of a pixelated design is that the
intrinsic spatial resolution of the detector is about half the size of the
pixels, which can be cut to a cross section of a few millimeters. A second
advantage is that, because pixels are entirely independent, count rate
capabilities are much improved. Whereas the continuous crystal design
has been implemented in a commercial clinical scanner, one-to-one cou-
pling has been implemented only in small animal and brain research
scanners. Its drawbacks are significantly increased cost and complex-
ity because of the large number of small light detectors needed, as well
as compromised energy resolution, especially as crystals are made
smaller. Hence its application to systems that use fewer pixels and light
detectors.

Most commercial clinical scanners follow neither of these designs but
rather different degrees of compromise between the two extremes. A
first architecture, conceptually relatively close to the continuous-crystal
design, connects small, independent crystals to a light guide, which is
then read out by PMTs in an Anger logic configuration (11) (Fig. 8.6B).
The design of the crystals and the light guide carefully limits the
number of PMTs involved in the detection of a photon; because scin-
tillation light is not allowed to invade the whole crystal, fewer PMTs
are involved and the count rate capability is improved. In the block
detector architecture (12), groups of crystals (typically an 8 ¥ 8 cluster)
are connected to a 2 ¥ 2 array of PMTs (Fig. 8.6C). The light generated
in each crystal is allowed to spread in a controlled manner within the
block (this is why crystals are formed by cutting slots of different
depths in a block of scintillator) to only four PMTs, which, by use of
Anger logic over this very limited area, can identify the crystal in which
detection occurs. In yet another design, PMTs assigned to a block are
replaced by larger PMTs straddling quadrants of adjacent blocks (quad-
rant sharing block geometry) (13).

An important parameter for comparison is the encoding ratio, which
is the average number of crystals per PMT. For a given number of crys-
tals of a given size (i.e., for comparable field of view and resolution),
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independently of the scintillator used, the encoding ratio is inversely
proportional to the number of PMTs used. If large PMTs are used, fewer
are needed to cover all crystals and the encoding ratio is large. This
reduces cost; however, large PMTs also result in reduced count rate
capability, because each PMT must serve a large area. Large PMTs are
typically used with the continuous light guide and the continuous or
pixelated crystal geometry discussed above, which have the advantage
of uniform light collection over large areas. This uniformity benefits the
energy resolution of the scanner. The best energy resolution is obtained
in conjunction with scintillators with high light output. At the other
end of the spectrum, scintillators with a low light output are best used
with smaller PMTs in a block detector geometry. This has the advan-
tage of more independent modules, which benefits the count rate, but
energy resolution is sacrificed with cost and system complexity, which
increase because of the larger number of PMTs needed.

Depth of Interaction

To locate accurately the annihilation photons, the scintillator in an ideal
scanner would be infinitely dense and thin. To achieve workable sen-
sitivity, real scanners must use scintillators with thickness on the order
of 20 to 30mm, which are not negligible values. Reconstruction algo-
rithms, however, assume that photon detection takes place at the
crystal surface. Figure 8.7 illustrates how this results in a degradation
of spatial resolution far from the center of the scanner. The degrada-
tion increases with the thickness of the crystals as well as with the dis-
tance from the center of the scanner, where it vanishes. At 10cm from
the center, it is typically a few tenths of a millimeter. Depth of interac-
tion, thus, is not likely to play a major role in general and especially in
pediatric PET for younger patients, who are imaged only at the center
of the scanner. Several schemes have been proposed to mitigate the
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Figure 8.7. Pictorial representation of event misplacement due to depth of
interaction. Due to penetration, photons can be detected well inside the crys-
tals, but, because no information on the depth of interaction is available, recon-
struction algorithms assume that detection takes place at the inside surface of
the crystal. At the center of the scanner this has no consequences; however,
depending on the radial position r and the length of the crystals, depth of inter-
action can result in the assignment of the event to an incorrect line of response
(LOR) (i.e., to the dashed rather than the solid line).



problem [e.g. (14,15)], but to date none has yet been implemented in a
commercial system.

Data Acquisition, Correction, and Image Reconstruction

When coincident photons are detected, the event is assigned to the LOR
corresponding to the two detection locations and stored. The number
of events detected in each LOR is the basic output of the scanner. These
raw data are the starting point of image reconstruction. The scanner
also acquires other data for the various corrections necessary, for
example, for random events, scattering, and attenuation.

Detected events whose energy is above the energy threshold (the
LLD) are often called single events. If a second single event is detected
inside the time coincidence window, a prompt coincidence is obtained.
This is not necessarily a true event because photons may have under-
gone scattering or may have originated from different nuclei
(“random” event). Ideally, only true events should be used for recon-
struction, but all three kinds are inevitably present in the acquired data,
in varying proportions depending on the activity present in the field
of view of the scanner, its distribution, and that of the scattering mate-
rial, along with acquisition parameters such as the time coincidence
window and the LLD setting, and the geometry of the scanner, which
can be designed for 2D or fully 3D imaging.

The simplest PET scanner is composed of a single ring of detectors
and thus is capable of acquiring data only in a single transverse plane,
that of the ring. Extension to 3D imaging can follow different avenues.
The most straightforward is to stack rings of detectors axially and, at
the same time, to use tungsten septa to narrow the angle of acceptance
of each ring to admit only events originating in the plane of that ring
and of a few adjacent rings. In this design, rings operate independently
(2D geometry). An alternative is to allow all rings to see the entire
object, in which case a fully 3D geometry is realized.

Purely transverse data are sufficient for reconstruction of a 3D
volume by stacking 2D transverse images, each generated indepen-
dently from a 2D reconstruction of 2D data. The advantage of 3D geom-
etry is its higher sensitivity. The elimination of the septa, however,
increases the sensitivity to true as well as to random and scatter coin-
cidences, for which the increase can be higher than for true events.
Three-dimensional geometry affects scanners based on different scin-
tillators to different degrees. In general, it places a premium on scin-
tillators with good energy resolution (which can use a higher LLD and
therefore are relatively less sensitive to scatter events) and fast timing
(which are relatively less sensitive to random events and can better
handle the increased count rate). It is mainly because of scatter that, in
practice, in spite of the development of specific correction methods, 3D
scanners based on crystals with relatively low energy resolution have
not yet achieved performance consistently superior to 2D scanners,
with effects measurable in terms of contrast recovery and detectability
(16). This fact increases the emphasis on the scatter and random coin-
cidence compensation methods described below.
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As compared to SPECT, PET data lend themselves to correction for
physical effects such as attenuation and scatter rather naturally, paving
the way for quantitative imaging, that is, for the evaluation of the activ-
ity per unit volume present in the object. To reach this goal, consider-
able effort has been spent in the development of accurate correction
methods.

Normalization

Reconstruction algorithms usually rely on the assumption of an ideal
scanner, that is, one for which all parts of the detector ring are uni-
formly sensitive to incoming photons. In real scanners, a number of
factors deviate from this assumption. Normalization is a procedure 
that corrects the raw data to restore the conditions of an ideal scanner 
with uniform sensitivity prior to reconstruction. Normalization tech-
niques can be based on the acquisition of data on the scanner, on 
mathematical models, or on a combination of these two methods
(17–21). Regardless of the technique used, normalization data do not
need to be acquired for every study. However, because some factors,
especially the calibration of the electronics, may drift over time, nor-
malization should be part of quality control procedures and carried out
periodically.

Attenuation Correction

As previously discussed, accurate attenuation correction can be
achieved from knowledge of the attenuation exponentials e-mrD for
every LOR (22–24). In the simplest methods, these are determined from
the emission image by assuming that all regions containing activity
have uniform attenuation. Attenuation exponentials are then deter-
mined automatically for each LOR by calculating the length of its inter-
section with these regions. These approaches work well for rather
homogeneous parts of the body, such as in brain scans, and have the
advantage of introducing no noise into image reconstruction. However,
they rely on the assumption of uniform attenuation and so they are
much less accurate for irregular distributions of the scatter medium, as
in the chest, where the lungs present an attenuation coefficient signif-
icantly different from adjacent regions. In these situations, attenuation
is better measured with a transmission scan, in which the patient is
exposed to an external source of photons. In dedicated PET scanners,
line sources of either germanium 68/gallium 68 (68Ge/68Ga) (511keV)
or cesium 137 (137Cs) (662keV) (25–27) have been used. In PET-CT scan-
ners, it is possible to take advantage of the superior resolution and
accuracy of CT data for attenuation correction. However, care must be
taken in rescaling the attenuation data from the energy of the mea-
surement (about 60keV) to 511keV and in considering the effects of
contrast agents, if used. Another potential concern is the incorrect
spatial alignment (registration) of the data, which are now effectively
acquired on two different scanners, and the consistency of PET with
CT data, in which the effects of the patient’s breathing may be differ-
ent due to the much shorter duration of the scan.
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The effect of attenuation correction is usually obvious in PET images:
corrected studies restore activity in the inner parts of the body to its
correct, higher level. Because photons are attenuated more when more
material is present, the magnitude of the correction is directly related
to the size of the patient.

Random Events Subtraction

Different correction methods for random events are available. Some
involve processing of the acquired data, but the most accurate
approach requires that additional data with a delayed timing window
also be acquired. A delayed timing window is one accepting events
coming within a time t after a time (the delay) much larger than t has
elapsed since the detection of the first event. These are the so-called
delayed coincidences. In true and scatter events, the two photons iden-
tifying the LOR originate from the same nuclear decay and thus arrive
at the scanner separated by a time shorter than t. Therefore, these
events are excluded from the delayed coincidences. On the other hand,
random coincidences involve the decay of two different, unrelated
nuclei, which happen to produce annihilation photons at the same time
by chance. The method of the delayed coincidences assumes that this
chance is the same as the chance of producing the photons with a time
difference equal to the delay. In summary, delayed coincidences contain
only random events that, although not the very same that are part of
the image, are still an excellent estimate that can be subsequently sub-
tracted from the data collected with no delay, that is, the actual scan.
Whereas subtraction of noisy data from noisy data increases image
noise, averaging techniques [also known as variance reduction tech-
niques (28,29)] have been developed to minimize this problem.

The number of collected random events is proportional to the time
coincidence window t and the square of the singles count rate. Thus,
their impact is less relevant in scanners based on a fast scintillator (for
which t can be set to a small value) and when low activity is present
in the field of view. Because this is usually the case in pediatric PET,
especially for younger patients, it is expected that the magnitude of the
correction for random events will be smaller than for adults.

Scatter Correction

Accurate scattering correction is vital for accurate quantification, espe-
cially in fully 3D scanners, where the open geometry increases sensi-
tivity to scatter events more than to true events.

In theory, because the energy of each incoming photon is available
after its detection, scatter could be rejected by simply discarding all
detected photons whose energy is not the 511keV expected for an
unscattered photon. In practice, because detectors do not have perfect
energy resolution, scattered photons may appear as true events and
vice versa. As previously discussed, a careful choice of the LLD mini-
mizes the number of scatter events collected without unduly sacrific-
ing sensitivity to true events. However, some scatter events are still
accepted, and for a complete correction additional data processing is
necessary.
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Different approaches to the problem have been proposed and have
evolved over the years (30–37). Most take advantage of the fact that the
scatter distribution is very smooth, that is, even though it can be
markedly asymmetric, it varies slowly across the field of view, and it
is not very sensitive to sudden variations in the object. Recently, the
steady increase in affordable computational capacity has made practi-
cal techniques that estimate the spatial distribution of scatter directly
from physical principles. These are single scatter simulation (SSS) and
Monte Carlo (MC) algorithms (38–40). The calculation starts from the
estimate of the distribution of the activity provided by the uncorrected
image and the estimate of the scattering medium provided by the atten-
uation scan. Application of physical laws such as Equation 7 generates
an estimate of the scatter distribution, which is then subtracted from
the uncorrected image to generate a more accurate estimate of the activ-
ity distribution. This estimate is still incorrect because it is still based
on the uncorrected image. However, the procedure can be repeated to
improve accuracy, until further repetitions do not produce significant
corrections. Such techniques have the advantage of being patient-
specific and equally applicable to uniform (e.g., brain) and nonuniform
(e.g., chest) regions. Single scatter simulation explicitly estimates only
single scatter and incorporates the effects of multiple scatter only indi-
rectly; MC techniques can be applied to model accurately both single
and multiple scatter (41–43), which can be as much as single scatter in
large patients. However, at present, MC methods still need more com-
putational resources than routinely available and in most cases do not
seem to provide significant advantages over SSS. Therefore, most 
clinical systems use different implementations of SSS, which has
proven to provide very good estimates, except perhaps for the very
heaviest patients, and superior performance than previous correction
techniques (40).

Because the effect of scatter is to add a rather smooth, featureless
background, the effects of scatter on the image are not as evident as
those of attenuation. Nevertheless, scatter correction can have a quite
dramatic impact on the extraction of quantitative data, especially from
cold regions, that scatter tends to “fill in.” In this case scatter correc-
tion algorithms should restore the correct, lower intensity. As for 
attenuation, the relative impact of scatter on image quality is directly
related to the size of the patient, large patients being more affected. 
For this reason, the magnitude of the scatter correction is less relevant
for smaller and lighter patients. Furthermore, in this population 
the large majority of scatter is single scatter, for an accurate estimate 
of which relatively simple methods such SSS are already routinely
available.

Dead Time and Decay Correction

Dead time is the amount of time during data acquisition in which the
scanner is not available for processing new incoming events because it
is busy processing previous ones. Data are usually acquired over a
given length of time (real time); in the presence of dead time the
scanner will be available only for a fraction of the real time (called the
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live time), and, accordingly, the recorded number of events is smaller
than that which would be recorded in the absence of dead time. Cor-
rection for dead time involves multiplying the acquired data by a factor
that will restore this number.

Dead time increases with the count rate in the scanner. In general,
correction is necessary when data acquired at different count rates need
to be compared in some way. This is the case in whole-body studies,
where images are formed by juxtaposing images of adjacent sections
of the body, each containing a different activity (and thus affected by
different dead time); in dynamic studies, because decay and redistrib-
ution of the radiotracer cause the count rate to change; and in the 
evaluation of quantitative measures, such as standard uptake values
(SUVs), in which the number of counts is important in an absolute, not
only in a relative, sense.

At low count rates, events arrive sparsely in time and it is unlikely
that an event will be lost because others have just been detected, so the
dead time correction is small and may not be necessary. This is the case
in many pediatric studies, in which the injected dose is typically low.
However, dead time correction does not present any particular dis-
advantages and is usually always enabled.

It is often also necessary to correct the data for the radioactive decay
of the isotope. This is obtained by keeping record of the time t elapsed
between some reference time (e.g., injection) and each study, and then
by multiplying the acquired data by the decay factor elt. This multipli-
cation restores the activity of each data set to that which would have
been recorded at the reference time, thus making the data comparable
to those acquired at a different time.

Figure 8.8 compares the same coronal slice of the clinical study in
Figure 8.9B before and after correction for attenuation, scatter, and
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Figure 8.8. Reconstructed fluorodeoxyglucose (FDG)-PET image before (left)
and after (right) correction for attenuation and scattering. Both include correc-
tion for random events, which is performed online during data acquisition.
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Figure 8.9. Sample whole body FDG clinical scans. A: 6-year-old girl (18kg); B: 13-year-old girl
(52.3kg); and C: 19-year-old man (72.7kg). Shown are representative transverse, sagittal and coronal
slices.

random events. Other than the obvious artifact in slices containing the bladder, which is due
to the attempt at reconstructing inconsistent data, relevant features are that before correction
contrast in the lungs vs. surrounding tissue is inverted; that the sides of the body appear to
have increased uptake; that the liver has not uniform uptake; and that the contrast at the site
of the lesion (in the uterus) is also different from that in the corrected image.



Image Reconstruction Algorithms

A complete discussion of image reconstruction algorithms is clearly
outside the scope of this overview. Only a brief summary of the most
common methods used in PET imaging, with qualitative, general com-
ments, is provided. For a more detailed overview, the interested reader
is referred to the overviews offered elsewhere (44,45).

The problem of image reconstruction is to calculate the distribution
of activity inside an object from the raw data. In PET, these are usually
generated in the form of counts for each LOR. Most algorithms first
rearrange the data in sinograms, which represent the projection of the
object along a parallel, evenly spaced beam in all directions. In the 2D
case, image reconstruction is similar to the reconstruction of SPECT
data from a parallel-hole collimator. In every single view of the 
projection data, depth information has been lost, but mathematical
analysis shows that if projections are taken from angles covering con-
tinuously at least 180 degrees, it is still possible to reconstruct exactly
the object, slice by slice, by combining data from all directions. The
image of a 3D volume is then obtained by stacking all the 2D slices. In
3D geometry, data from LORs connecting different scanner rings (i.e.,
for oblique tilt angles) are also acquired. The problem of fully 3D recon-
struction is that these LORs cross several transverse slices; thus, it is
not immediately possible to process them separately in the same way
as each transverse slice.

Two different classes of algorithms are used in both 2D and 3D PET
image reconstruction: analytic and iterative methods. An example of
an analytic algorithm is filtered back projection (FBP), which in its 2D
version is analogous to the algorithm used in other imaging modali-
ties. Modifications of the algorithm (e.g., 3D reprojection) were intro-
duced to handle 3D data. A common solution is the use, before
reconstruction, of a rebinning algorithm to reorganize oblique into
transverse data, which are then processed with 2D algorithms. The sim-
plest approach is single-slice rebinning (SSRB) (46), which assumes that
oblique data can be projected directly onto regular transverse slices, but
more advanced techniques that rely on less drastic approximations,
such as FOurier REbinning (FORE) (47), reduce the loss of axial reso-
lution introduced by rebinning. The main advantage of analytic algo-
rithms, in both 2D and 3D reconstruction, is their speed; their main
drawback is that statistical noise in the data is not modeled.

Iterative algorithms handle explicitly data noise and also offer the
opportunity to model more precisely the geometry of even complex
scanners as well as other effects such as attenuation and scatter;
however, more precise models imply much longer reconstruction
times, which is the main limitation of the technique even in basic appli-
cations. Iterative algorithms start from a guess of the image and then
use a computer model of the scanner and physics to predict the pro-
jection data that such guess would have generated. Comparison to the
data actually acquired provides a correction factor, which is applied to
the first guess to obtain a second. Iterations are continued until a 
satisfying image is reached. Further iteration is usually not worth the
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additional time and may be even harmful because excessive iteration
eventually results in undesired effects such as divergence and noise
amplification. Iterative algorithms differ in how updates are calculated.
The most widely used method is the maximum likelihood expectation
maximization (MLEM) algorithm (48,49), which estimates the object 
for which the probability of acquiring the data that were actually
acquired is maximum. Execution can be accelerated by different vari-
ants of the algorithm, the most popular of which is ordered subset
expectation maximization (OSEM) (50). Other algorithms, such as row
action maximum likelihood algorithm (RAMLA) (51–53), achieve
stable performance through the use of a well-chosen relaxation 
parameter that forces a gradual and consistent convergence toward a
solution for the consistent portion of the data. Current clinical scanners
implement both 2D and 3D versions of iterative algorithms. A popular
solution is to use a 2D iterative algorithm, typically OSEM, in place 
of an analytic method after FORE. A more advanced solution is to
incorporate in the iterative algorithm (e.g., RAMLA), a model of the 
3D geometry. In this sense, this approach provides “fully 3D” 
reconstruction.

Overall, iterative algorithms are credited with better imaging 
performance than analytic algorithms. Their performance is par-
ticularly advantageous in whole-body studies and in low-count 
situations. However, especially in situations in which computational
time is a limiting factor, analytic algorithms still provide a useful 
alternative.

Time-of-Flight Scanners

Lines of response are identified from the location of interaction of the
two annihilation photons with the detector. Time-of-flight scanners are
also capable of detecting the difference in the time of arrival of the two
photons, from which it is possible to calculate the location of the anni-
hilation along the LOR. In principle, this would completely locate the
event in 3D, and thus altogether eliminate the need for reconstruction.
Unfortunately, this is only a theoretical possibility. In fact, to locate the
event along the LOR within, say, 5mm, it would be necessary to detect
a time difference of about 30ps (30 millionths of a millionth of a
second). In practice, with scintillators currently available, it is possible
to identify time differences about an order of magnitude larger (i.e.,
about 300ps), which corresponds to several centimeters—hardly
enough to eliminate the need for image reconstruction. However, time
information is still helpful. In fact, reconstruction of conventional PET
data starts from the sum of events originating on the whole LOR.
Therefore, noise propagation is more pronounced when LORs intersect
a wide object, as, for example, in large patients. In ToF PET, this sum
can be divided in the contributions due to different sections of the LOR,
which provides relative containment of the propagation of statistical
noise. Accordingly, all other factors being equal, the main advantage of
ToF PET is in reduced image noise and the advantage is more signifi-
cant for large patients. With current technology, thus, it is doubtful that
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ToF PET will offer advantages in pediatric PET due to the small size of
the patients.

System Performance

This section discusses very briefly some parameters of interest in the
evaluation of the performance of PET scanners.

Resolution

The resolution of PET scanners can be obtained by measuring the size
of the reconstructed image of a point source much smaller than the res-
olution of the scanner. From this definition, it is evident that a small
numerical value is desirable. Modern whole-body clinical scanners
have a resolution of 4 to 6mm in the center of the field of view (FoV).
Much better values, down to about 1mm resolution, have been
achieved in research scanners specifically designed for small-animal
imaging (54,55). However, in clinical studies, images are typically
reconstructed to reduce noise, which worsens resolution to about 
10mm.

Count Rate

The count rate is the rate at which events are acquired. In PET scan-
ners a distinction is made between the rate at which photons are
detected individually (singles rate) and the rate at which coincident
events are acquired. Clearly, the two are related. In a typical scanner,
the singles rate is a factor of about one thousand higher than the coin-
cident count rate. Whereas it is an important performance parameter,
the count rate includes all types of event. Because only true events are
useful for image reconstruction, some other figure of merit should be
used in the determination of the optimal dose.

Noise Equivalent Count Rate

The performance of a PET scanner is usually characterized with a figure
of merit that, unlike the count rate, can also account for the presence
of scatter and random coincidences along with true events. This is the
noise equivalent count rate (NECR) (56). If T is the rate of collection of
true events and R and S are, respectively, the collection rates of random
and scatter events, then

(8)

which assumes random correction with smoothing. The NECR has
been shown to be proportional to the square of the signal-to-noise ratio
in which signal is given by the true events and noise is the combined
statistical fluctuation due to noise from all types of event.

The NECR is often plotted vs. the activity in the field of view of the
scanner or its concentration in a standard phantom. These are the
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NECR curves, an example of which is given in Figure 8.10. The NECR
usually presents a maximum. The maximum is determined mainly by
the rapid increase of the random count rate, also shown in Figure 8.10.
Other factors being equal, desirable properties are high values of the
NECR occurring at activity levels of interest in clinical practice. The
activity corresponding to the maximum NECR provides an indication
of the optimal operation point of the scanner. The optimal dose,
however, is also determined by other factors not accounted for in the
NECR curve, such as the accuracy of corrections for scatter and random
events and radiation safety limits. In particular, note that once a sig-
nificant fraction of the peak NECR is reached, further increase in the
activity results only in progressively minor improvements in the
NECR, so that the additional dose burden to the patient may not be
entirely justified. For these reasons, injection doses are typically lower
than the activity corresponding to the peak NECR.

These considerations show that NECR curves contain a simple,
although not complete, summary of scanner performance. For this
reason, NECR curves should be considered cautiously. For example,
when the task is lesion detection, a better figure of merit is lesion
detectability as assessed in human observer studies. Though it is 
possible to measure the sensitivity and specificity for the detection of
lesions in PET images, these studies require data that are difficult and
time-consuming to acquire, and the method of acquiring the data has
not yet been standardized. For these reasons, they are not yet part of
the standard protocols for the evaluation of the performance of clini-
cal scanners.
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Figure 8.10. Sample noise equivalent count rate (NECR) curve of a whole-body
clinical scanner (Allegro, Philips Medical Systems). The NECR is plotted vs.
the activity concentration present in a 20 ¥ 70cm (diameter ¥ height) phantom.
Total (true + scatter + random) coincident count rate and random coincidences
are also shown separately in this example. The typical dose at our institution
is 5.18kBq/cm3 (0.14mCi/mL).



Overview and Performance of Today’s Clinical Scanners

Early PET scanners were designed as 2D systems. As solutions for the
challenges of 3D imaging were developed (i.e., count rate as well as
scatter and randoms correction), scanners with both 2D and 3D capa-
bility were introduced. Today, most scanners on the market operate
only in 3D. This trend is also connected to the substitution of slow scin-
tillators (mainly BGO and NaI) with significantly faster materials, such
as GSO, LSO, and, more recently, LYSO, whose properties are very
similar to LSO. Commercial scanners are still based on different light
coupling designs, chiefly the block and the pixelated Anger detector
configurations. Resolution is directly connected to the size of the crys-
tals used, which is usually in the lower end of the range from 4 to 8
mm. Typical axial FOVs range from 15 to 18cm. Most scanners cur-
rently sold today are sold as PET/CT units.

The fluorodeoxyglucose (FDG) scans in Figure 8.9 were acquired on
one (Allegro, Philips Medical Systems Cleveland, Ohio) of the whole-
body scanners currently installed at the PET center of the University of
Pennsylvania. Figure 8.9A shows a 6-year-old girl (18kg) with a history
of neuroblastoma. The image shows no definite evidence of active 
neoplastic process. The FDG uptake is diffusely increased in the bone
marrow due to the administration of colony-stimulating factors, with
the exception of the midthoracic to the upper lumbar spine, where
uptake is decreased, likely due to radiation therapy. Figure 8.9B shows
a 13-year-old girl (52.3kg) evaluated for possible lymphoma. The image
shows two small foci of increased FDG activity in the superolateral
aspect of the uterus bilaterally of uncertain etiology. Figure 8.9C shows
a 19-year-old man (72.7kg) with a history of Hodgkin’s disease and a
right kidney transplant. Increased uptake in the neck is likely a normal
variant of muscle uptake due to contraction. Also, the transplanted
kidney is visualized. The rest of the FDG distribution is normal. The
absence of focal areas of abnormal FDG uptake suggests the absence of
active neoplastic disease. Unattenuated 511-keV photon pairs from the
center of the body vary from 20% of all events for the first patient to a
little less than 10% in the heaviest. The fraction of scatter events
increases with the weight of the patient from about 25% to about 35%
for these three patients.

Physics Considerations in Small-Patient Imaging

The diseases to which PET has been applied for diagnosis and evalu-
ation in adults are infrequent in pediatrics. Nevertheless, in certain
applications, pediatric PET is taking up a more important role, specif-
ically in brain imaging (epilepsy) as well as in whole-body imaging
(bone tumors, lymphoma, neuroblastoma) (57). To date, no special
scanners have been expressly designed for pediatric imaging; only
adult scanners are used.

The pediatric population covers the range of patient sizes from new-
borns to young adults. Though the same considerations that apply to
adults apply to children, imaging of small patients offers advantages
and poses challenges for the optimal use of the instrumentation. The
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most obvious advantage is that in a small patient attenuation and
scatter are relatively low. Also, the 3D mode should be particularly
competitive for quantitative accuracy because the magnitude of the
scatter compensation necessary is relatively lower. Sensitivity is par-
ticularly important to keep dose and scan time at a minimum, which
may be particularly desirable in this population. On the other hand,
energy resolution may be less of a concern because of the reduced need
for scatter rejection. Finally, fast timing may not be necessary because
of the low activity. Therefore, scanners based on high-sensitivity scin-
tillators may be attractive in pediatrics in spite of their energy and
timing resolution.

As for the overall geometry of the scanner, a smaller transverse field
of view may be sufficient, especially for newborns and infants. Dedi-
cated brain and small animal scanners were developed to take advan-
tage of similar opportunities. It makes sense, then, to accommodate a
patient sufficiently small in a brain scanner, which is designed to
provide better resolution and higher sensitivity over a smaller and
longer field of view than a whole-body scanner. This solution may be
practical only for very few patients, likely not enough to justify the
acquisition of a special purpose scanner at most institutions.

Conclusion

In pediatric PET imaging, the same scanners designed for adult
imaging are used successfully. In general, PET image quality depends
on the weight of the patient for a given scan time. In lighter patients,
attenuation and scatter are minimized, which results in improved
image quality. This is often the case in pediatric imaging, especially for
younger patients. Alternatively, the improvement in image quality can
be traded off for reduced scan time at constant image quality. The main
challenge, in particular for the smallest patients, comes from the need
for improved resolution and sensitivity, especially when lower tracer
concentrations are used to minimize the dose burden to a young 
population. These needs can be answered with a scanner design with
prolonged axial and reduced transverse field of view (and patient port).
The result would then be a design similar to the adult brain scanners
present at some research institutions. Operation in 3D mode seems par-
ticularly appealing again because of the low scatter and random frac-
tions expected in pediatric studies. For the same reason, especially if
low levels of activity are preferred for radiation exposure considera-
tions, scintillators with high stopping power may be very competitive
compared to less efficient or faster materials, even at the cost of rela-
tively poor energy resolution and timing properties.
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9
How to Image a Child by

PET–Computed Tomography
Sue C. Kaste and M. Beth McCarville

Positron emission tomography (PET)–computed tomography (CT),
which merges functional and anatomic imaging, is likely to herald a
new generation of imaging modalities. Despite increasing interest and
expertise in PET-CT, incorporation of such new technology into any
department can be a challenge. Each department has its individual
needs, personality, strengths, and weaknesses. The organization and
integration of such imaging equipment must reflect these individual
institutional and departmental characteristics, plus available support-
ing resources and the characteristics of patient cohorts.

The applicability of PET/PET-CT is well demonstrated in the adult
population, particularly for oncologic and seizure imaging. It has only
recently been applied in pediatrics, and therefore experience in the
logistics and techniques for imaging children and adolescents are
limited. Similarly, the diagnostic sensitivity and specificity of
PET/PET-CT and its effect on patient management and outcomes are
still largely uncharacterized.

This chapter addresses several issues raised by pediatric application
of PET-CT. It is written primarily from the vantage point of a dedicated
tertiary-care pediatric institution. However, it also addresses issues that
can be expected to arise when children are scanned in a predominantly
adult department. This chapter does not address all concerns, but
rather lays a foundation for the implementation of this exciting new
technique in the practice of pediatric imaging.

Pre-Scanning Considerations

Interaction with Patient and Family

Efficient and successful completion of the examination requires the
cooperation of the patient and family, proper patient preparation, and
relief of patient and family anxiety. An inviting, comfortable, child-
friendly environment should greet the patient and family upon arrival
to minimize their anxiety. At the time of scheduling, the patient and
family should be advised of the pre-scan fasting requirements, adjust-
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ment of potential hypoglycemic medications, the need for quiet rest
during the equilibrium phase, the expected length of the examination,
and the sharing of results with the appropriate family members.

Pre-scan education should be directed at both the parents and the
patient. The amount of information that children can understand and
their ability to participate in procedures are typically underestimated
(1–4). However, children are not small adults, and interactions with
them should be age-appropriate (1–4). The family should be instructed
in radiation safety, with emphasis on maintaining maximum distance
from the patient during the uptake phase. We typically permit one
family member to remain with a young child during the uptake phase.
However, pregnant family members and siblings should not be present
after fluorine-18 fluorodeoxyglucose (18F-FDG) has been administered.
If a single adult arrives with the young patient and siblings, care for
the siblings may be a matter of urgency. Therefore, the family should
be advised to arrange for child care before the appointment, or provi-
sions for such care should be proactively arranged by the institution or
department.

The same principles of radiation safety must be extended to ancil-
lary personnel, who should also be monitored for radiation exposure.
This precaution applies particularly to those in prolonged close prox-
imity to the patient, such as sedation nurses and anesthesiologists. A
rotation schedule like that used for nuclear medicine technologists may
be needed in some departments. Such provisions depend on the
number of PET-CT cases per day, staff availability, and departmental
and institutional resources. In some cases, movable clear shields may
be used to enhance the protection of personnel and family members
from radiation.

Scheduling and Logistics

Coordination of Related Services
Numerous institutional departments and services must coordinate
their efforts in order to successfully care for the pediatric patient and
obtain the optimal PET-CT imaging. Figure 9.1 shows many of the
resource components that must be organized. The key to successful
completion of the study is communication and coordination of the
many services involved. The role of each component is briefly
addressed below.

The PET/PET-CT study begins with a request for the examination
by the health care provider. The request should include the age of the
patient, details about why the examination is needed, pertinent
medical history (e.g., allergies, current medications, history of diabetes,
surgery), need for sedation/general anesthesia, and whether an inter-
preter is needed.

Upon receipt of the request, the scheduler must identify potential
scheduling conflicts (e.g., other imaging studies, clinic appointments,
sedation requirements, laboratory tests). The range of services needed
and their availability for the individual patient must be identified.
Upon verification of the PET/PET-CT appointment, the patient or
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family is given the appointment time, preexamination preparation
instructions, and contact information should the patient or family have
questions.

Behind-the-scenes preparation includes the scheduling of a sedation
team member or anesthetist, an interpreter if needed, reservation of the
uptake room and PET/PET-CT scanner, identification of needed
nuclear medicine or CT technologists, and scheduling of a recovery
area in the event that sedation or anesthesia is used.

When the PET/PET-CT study is scheduled, order details entered into
the scheduling system appear on the work schedules of the diagnostic
imaging or nuclear medicine department, depending on the institution.
This item on the schedule prompts the nuclear medicine technologist
to interact with the nuclear pharmacy to ensure that the 18F-FDG dose
will be available at the appropriate time. The designated radiologist or
nuclear medicine physician responsible for the study reviews the order
details and prescribes the patient positioning, anatomic areas to be
assessed, and possible use of contrast material.

If the information obtained from the PET/PET-CT study is to be used
for radiation therapy treatment planning, direct interaction with the
designated radiation oncologist and radiation therapy technologist is
needed to facilitate PET/PET-CT data acquisition. This interaction is
particularly important when PET/PET-CT images are to be electroni-
cally merged with information stored in computer programs used to
design the radiation therapy treatment plan.

The primary health care provider and the institutional pharmacy
should be notified of a PET/PET-CT study on an inpatient to allow
adjustment of diabetic medications, intravenous fluids, and total par-
enteral nutrition.

In an institution such as ours that has central scheduling and elec-
tronic order entry, coordination of some of the resources can be built
into the order set for the PET/PET-CT. Similarly, patient preparation

S.C. Kaste and M.B. McCarville 123

CT Technologists

Nuclear PhysicianNuclear Technologists

Anesthesia

Scheduling

Radiologist

Ordering Health Care Provider
Radiation Oncologist

Pharmacy

Radiation Oncology Technologist

Parents/Family

Nuclear Pharmacy

Sedation Nurse (s)

Interpreter

Patient
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instructions can be automatically printed at the time of scheduling and
given to the patient or appropriate family member. These instructions
can be linked to the electronic medical record for the reference of house
staff and nursing personnel.

In the absence of electronic scheduling, the needed services are
usually coordinated by the scheduler, who phones each department to
request that the needed services be available at the agreed-upon
appointment time. One central person should be responsible for relay-
ing the appointment information to the patient or accompanying
family member.

Additional scheduling considerations may be necessary when 
pediatric patients undergo PET/PET-CT imaging in a predominantly
adult department. Scheduling adjustments might include specified
days of the week for pediatric imaging, a special waiting area 
with child-appropriate activities, pediatric-oriented informational
brochures, and child life personnel who interact with patients and
family members. To further minimize patient and family anxiety, 
consideration should also be given to placement of the intravenous
access by pediatric specialists before the patient reports to the imaging
department.

Diagnostic CT Imaging Performed Simultaneously with PET/PET-CT
Contemporary PET-CT units merge state-of-the-art CT and PET ele-
ments, allowing routine diagnostic CT imaging and PET scans to be
performed independently of each other. In our institution, PET-CTs
take priority over routine diagnostic CTs on the PET-CT unit. However,
any unscheduled table time on the PET-CT unit may be used for routine
CTs, biopsies, radiation therapy planning, etc. Such prioritization
varies among institutions and depends on the number of CT scanners,
the number of PET-CT scanners, and the number and types of 
cases. Similarly, scheduling of imaging for clinical management, as
opposed to studies driven by research protocols, reflects the caseload
of the institution.

The level of demand for PET-CT studies shortly after installation of
our equipment allowed the use of the PET-CT unit for both a PET-CT
and a diagnostic CT on the same patient, when so ordered. The orders
were designed so that the CT could be ordered within the PET-CT
order; it was not necessary to schedule them separately. The two
studies could be completed within a single 60-minute appointment
time. This scheduling method made efficient use of the imaging table,
shortened patient visits, minimized patient inconvenience, and averted
any need for multiple administration of sedation or anesthesia. The
imaging department member responsible for the PET-CT would pre-
scribe the studies in such a way as to minimize radiation exposure to
the patient and optimize the information obtained. Low-dose CT para-
meters are typically used for the attenuation-correction CT, and stan-
dard CT imaging parameters are used for the diagnostic study.
However, a diagnostic-quality CT scan using a higher milliampere-
second (mAs) setting than routinely used for the attenuation-correction
CT can be used for used for PET-CT and eliminates the need to perform
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two separate CT scans. If needed, display field of view (DFOV) can ret-
rospectively be changed. An additional 10 to 15 minutes of postpro-
cessing time on the system console is needed to convert the image data
into an acceptable diagnostic CT. This method would typically include
the oral administration of contrast material before the attenuation-
correction CT is performed. Intravenous contrast material would 
be administered during the attenuation-correction CT. Like others, we
have found that the intravenous nonionic contrast and low-density oral
contrast media used with diagnostic CT are compatible with PET-CT
(4–10).

Patients and parents can be confused by the need to maintain glucose
restriction when diagnostic CTs are coordinated with PET-CT. We find
that both intravenous (IV) and oral contrast agents used for diagnostic
CTs can be used in pediatric PET-CT without compromising the PET-
CT study. In fact, as others have reported (4,5), IV and oral contrast can
improve interpretation of the PET-CT, particularly in studies of small
children with limited retroperitoneal fat and in differentiation of
vessels from lymph nodes and tumors that lack 18F-FDG avidity in the
mediastinum and neck. However, oral contrast agents must be taken
with sugar-free beverages. We provide a choice of flavored sugar-free
mixes to our patients. In a department such as ours, where CT and PET-
CT technologists are shared and the examinations are performed in
adjacent suites, sugar-free beverage mixes for oral contrast agent could
be offered to all patients undergoing CT, whether or not PET-CT is also
scheduled. Such an approach might minimize patient confusion but
places the burden of dispensing the beverages on the technologists and
the department. The logistics of such a practice depend on the depart-
ment and the institution.

Arm position also becomes an issue when the two types of 
studies are combined; this consideration is discussed below (see Patient
Positioning).

With increasing demand for PET-CT studies, we will likely begin 
performing on the PET-CT unit only those diagnostic CT studies that
require sedation or anesthesia. All others will be scheduled on the 
standard diagnostic CT unit. The diagnostic CT is most often 
performed as a completely separate study after completion of the
PET/PET-CT. This method optimizes use of the PET/PET-CT scanner
for its specialized purpose, allows the patient to rest between studies,
and allows more flexibility in the administration of oral and 
intravenous contrast.

Patient Preparation

Forcing of sugar-free beverages or intravenous fluids before adminis-
tration of 18F-FDG can help to clear background avidity and improve
image interpretation. Oral administration of fluids must be coordinated
with the need for sedation or anesthesia (discussed below).

To minimize competition between physiologic glucose and 18F-FDG,
patients are typically instructed to fast overnight for early morning
studies and for a minimum of 4 hours before studies performed later
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in the day. Departments may request an NPO (nothing by mouth)
period of 4 to 8 hours before 18F-FDG administration (4,11–16). The dif-
ference largely reflects patient age and the need for sedation or general
anesthesia.

Adherence to an NPO instruction can be particularly challenging in
pediatrics. Despite the best efforts of parents and health care providers,
pediatric patients seem to have an endless hidden repository of sugar-
laden treats. Although a single gummy worm may not adversely affect
FDG uptake in an adolescent, a bag of jelly beans can potentially block
FDG uptake in a 6-year-old, thus prompting cancellation of the study
and the possible waste of the FDG dose.

When studies are performed on inpatients, similar coordination and
education should be implemented with the nursing staff, pharmacy,
sedation team, and primary care service. There is a real possibility that
an inpatient may arrive in the nuclear medicine suite while receiving
intravenous fluids, not uncommonly with added dextrose [e.g., dex-
trose 5% in water (D5W) with 50g added dextrose, total parenteral
nutrition, etc.]. For this reason, the need for fasting and avoidance of
glucose-laden solutions must be communicated to the primary health
care service, nursing staff, and pharmacy. Further, management of
serum glucose levels in diabetics may be more complicated than adher-
ence to NPO restrictions. Modification of patient diet or medication
should be coordinated by the responsible service or individual in col-
laboration with nuclear medicine, the patient, technologists, and other
ancillary personnel.

Medications and liquids that might not readily be appreciated as con-
taining sugars include diphenhydramine (Benadryl) liquid and cough
medicines flavored with sugar syrups. Direct questioning of the patient
or accompanying adult about the use of such medications is thus 
necessary.

Serum glucose should be assayed before the radioisotope is injected.
Typically, a serum glucose concentration below 200mg/dL is ade-
quately low to allow FDG uptake into metabolically active tissues.
Some departments prefer to maintain a glucometer in the nuclear med-
icine suite and incorporate a serum glucose check into the pre-scan
preparation. In other institutions, serum glucose is determined in the
main laboratory and expeditiously reported to nuclear medicine before
FDG injection.

Uptake Phase

During the uptake phase (after 18F-FDG injection and prior to imaging),
the patient should rest quietly in a warm, nonthreatening environment
designed to allay anxiety (Fig. 9.2). A nonpregnant parent, guardian, or
health care provider may sit with young children but must adhere to
radiation protection guidelines. If the patient is to undergo imaging of
the axial and appendicular body, then quiet resting activity may be
allowed. Such activity includes watching an age-appropriate video, lis-
tening to a story, or listening to music. It can be quite a challenge to
keep a toddler or young child at quiet rest for up to an hour after injec-
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tion; even such seemingly negligible activity as chewing gum, talking,
or playing video games may complicate FDG interpretation.

If the patient is to undergo PET/PET-CT imaging of the brain, then
any stimulation of the central nervous system should be kept to a bare
minimum. The room should be darkened, quiet, and soothing. If pos-
sible, eye shields should be used to prevent visual stimulation, which
can prompt occipital activity. Similarly, videos, music, and talking are
avoided.

Uptake of 18F-FDG by thermogenic “brown fat” can complicate
image interpretation. The uptake of 18F-FDG by brown fat has been
attributed to the ambient outdoor temperature (17–19). It is seen more
often in females than males and occurs more often in children and
young adults than in older patients (17–19). Rats exposed to a cold
room for several hours prior to imaging showed stimulation of 18F-FDG
uptake (19). The effect of brief exposure to cool or cold temperatures
in humans has not been verified. However, this finding in rats suggests
that a warm equilibrium room or possibly the use of an extra blanket
or heavier clothing may minimize the 18F-FDG avidity of brown fat.
Such uptake can potentially complicate imaging interpretation, partic-
ularly when PET is performed without correlative CT imaging
(11,12,17–21).

For patients who are extremely restless or anxious, quiet rest may be
facilitated by the use of anxiolytic drugs during the equilibrium phase.
We do not typically administer such agents. However, if a patient is

S.C. Kaste and M.B. McCarville 127

Figure 9.2. The PET/PET-CT uptake room should be fully furnished, com-
fortable, and nonthreatening for the patient and accompanying adult. Note the
wall-mounted television. A ceiling-mounted video camera by which the patient
is constantly monitored is located in the corner opposite the television.



noted to be particularly restless during the equilibrium phase or scan-
ning at our institution, or if children have a prior history of anxiety
during studies at other institutions, anxiolytics are considered for
future studies.

Patient monitoring begins with the registration of the patient in the
imaging department and continues from the time of injection until
completion of post-scan recovery. At our institution, the patient is
injected with 18F-FDG in the uptake room. This room is constantly mon-
itored by a video camera, which allows real-time viewing of the patient
and the room from the PET/CT scanning console area directly across
the hall.

Scanning of the Patient

Timing of Imaging

Positron emission tomography imaging should be timed in coordina-
tion with the chemotherapy cycles to prevent their affecting the results
of studies. Imaging done for staging purposes should be performed
before induction chemotherapy or other therapeutic intervention.

The timing of follow-up imaging may be more variable. However,
we have found that the optimal time to assess the response to therapy
is probably just before the next course of therapy. This strategy mini-
mizes any potential “flare” response from chemotherapy, granulocyte
colony-stimulating factor, radiation therapy, or even radiofrequency
ablation. A flare response typically occurs within 2 days of chemother-
apy or radiation therapy. Similarly, postoperative changes are most
apparent during the first several weeks after surgery. Therefore, we
prefer to wait at least 2 to 3 weeks after surgery before performing
follow-up imaging.

Standardization of technique is important to allow the comparison
of studies, particularly when response is to be quantified by imaging.
As many patients with cancer undergo serial imaging for assessment
of treatment response, a log of prior imaging parameters or inclusion
of these parameters in the dictated report is helpful to ensure consis-
tent imaging. These include radiopharmaceutical dose, equilibration
time, two- or three-dimensional image acquisition, patient height and
weight, and patient positioning.

One potentially overlooked aspect of standardization is synchrony
of the PET-CT clock with the clock used to determine dose assay times.
The “hot lab” clock is typically used to calculate the dose of 18F-FDG
at the time of injection, and the clock in PET-CT is used to determine
the time that scanning is initiated. Dose quantification for the study at
the time of scanning will be inaccurate if these two clocks are not 
synchronized.

Immobilization of the Patient

Patient immobilization is paramount in obtaining well-registered
PET/CT studies with minimal motion artifact. Difficulty in maintain-

128 Chapter 9 How to Image a Child by PET–Computed Tomography



ing immobilization is dependent on several factors: child age, medical
condition, pain level, physical positioning of the patient on the scan-
ning table, and length of time to complete the study (which is partly
dependent on patient size).

There are several standard immobilization techniques that may be
used with PET/CT. Swaddling may be considered for very young or
small infants and children, particularly for short studies. This tech-
nique may be particularly effective if the scanning time can be coordi-
nated with the patient’s usual nap time. Immobilization is optimized
by ensuring that the patient is comfortable and warm and that any
potential pain has been controlled.

More sophisticated immobilization techniques include special cush-
ions similar to those used in radiation oncology: the child is placed on
a cushion that is filled with tiny plastic balls and is fitted to the contour
of the patient by vacuum extraction. For more cooperative children,
patient positioning may be maintained by using sandbags, rolled
towels, or pillows held in place by strategically placed strips of tape or
Velcro straps.

Certainly immobilization is optimized when the patient is sedated
under general anesthesia. In such cases, the anesthesiologist is in
control of the patient and positioning must adhere to the needs of the
anesthesiologist in the interest of patient safety.

Sedation and General Anesthesia

As with other lengthy pediatric procedures, sedation or general anes-
thesia may be necessary to complete the PET-CT examination. This is
particularly true when imaging very young children who cannot coop-
erate, those who are mentally impaired, and for the few who demon-
strate claustrophobia (11). For some patients, adequate pain control
may be all that is needed to complete the study. Our practice is to
employ sedation or anesthesia only for the imaging phase of the exam-
ination. Rarely, sedation may be needed during the equilibrium phase
as well, but such a practice considerably extends the sedation/anes-
thesia time.

We calculated that 11.3% (16/142) of patients who underwent PET-
CT at our institution during the months of September through Novem-
ber 2004 received sedation or anesthesia. We performed eight studies
in children aged 0 to 4 years, 28 studies in 5- to 10-year-old children,
74 studies in 11- to 18-year-olds, and 32 studies in patients older than
18 years. Of these, 10 patients aged 22 months to 7 years received intra-
venous sedation. General anesthesia was administered to five patients
aged 23 months to 20 years. One additional patient received intra-
venous medication for pain control.

The preferred method of sedation/anesthesia varies by institution,
department, resources, and patient demographics; detailed discussion
is beyond the scope of this chapter. However, it should always be
administered according to the published guidelines of the American
Academy of Pediatrics and the American Society of Anesthesiologists
(22,23). At our institution, sedation/anesthesia falls under the auspices
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of the Department of Anesthesia. Under the direction of anesthesiolo-
gists or sedation physicians, nurse anesthetists and members of the
nursing sedation team assess the patient prior to sedation and admin-
ister the sedation, or in the case of nurse anesthetists, general anesthe-
sia. They monitor the patient throughout the examination until full
recovery.

Other potential mechanisms for patient care and administration of
sedation/anesthesia include management by a sedation pediatrician
dedicated solely to this task or by the attending pediatrician, radiolo-
gist, intensivist, or emergency room physician. Regardless of the mech-
anism for managing the patient under sedation/anesthesia, qualified
personnel whose only responsibility is the care and safety of the patient
must be in attendance throughout the study.

The need for sedation/anesthesia affects study scheduling, the need
for supportive staff and resources, and the use and timing of oral con-
trast administration. We have strict NPO requirements designed
according to the practice guidelines of the American Academy of Pedi-
atrics and the American Society of Anesthesiologists (22,23) that pro-
hibit oral contrast ingestion less than 2 hours prior to sedation. These
patients may require separate appointments for PET/PET-CT and a
diagnostic CT for which opacification of the gastrointestinal tract is
needed. We make every effort to minimize the number of potential
sedations, contrast administrations, and appointments for the patient
while optimizing the use of imaging and staffing resources. However,
patient imaging must be managed on a case-by-case basis as discussed
above.

Patient Positioning

The standard position for PET imaging is the position of comfort with
the patient supine and arms at the sides or over the head if the patient
can tolerate the position. If the primary site of interest is in the head or
neck, then the arms should be placed alongside the torso. However,
this position causes significant streak artifacts on the CT images, often
limiting the utility of the images. This is particularly problematic when
a diagnostic CT and PET-CT are combined in a single study. If the arms
are positioned over the patient’s head, then additional imaging stations
are required to fully image the upper extremities in total body
PET/PET-CT studies. This position is also difficult for patients to main-
tain during the prolonged PET imaging phase of the study. In such
cases, positioning pads or cushions may be helpful. A possible alter-
native is to lay the patient’s arms across the abdomen; however, this
position is more difficult to accurately reproduce on subsequent
studies. Arm positioning is a particular issue when the primary
disease—or metastatic site—is in the upper extremity.

The positioning of the patient is also dictated by the need for seda-
tion/anesthesia, which requires that the airway and the ability to
monitor vital signs be given priority. As with any procedure, the phys-
ical condition of the patient plays a significant part in positioning. This
can be particularly challenging in young or lightly sedated children.
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The patience and creativity of the technologists or parents in working
with the patient are often the key to successful imaging.

One aspect of positioning that might not be readily apparent is the
alignment of the patient positioning for the PET/PET-CT study with
the position used for radiation therapy. This positional coordination
allows improved merging of image data with the treatment planning
data. It may be necessary to scan patients in the prone position or on
the positioning cushions as done for administration of therapeutic radi-
ation. Therefore, the imaging team should interact with the radiation
oncology team.

Scanning Sequence

Whether a whole-body study (vertex to toes) or a targeted study (e.g.,
head, torso, pelvis) is performed should be decided by the information
needed to care for the patient. In many cases, a PET/PET-CT study is
used for tumor staging. In such cases, detection of distant metastatic
disease is important for selecting the appropriate treatment strategy. 
In other cases, determination of the response of a primary brain tumor
or the presence of residual disease in a site of previous surgery 
or radiofrequency ablation may entail a study limited to the area of
interest.

Tracer activity in a full bladder can cause significant reconstruction
artifacts and may obscure important pathology. To prevent problems
caused by the bladder filling between the time scanning is initiated and
the time the pelvis is imaged, we image the pelvis first and then scan
cephalad through the head in the first set of acquisitions. The rest of
the body (pelvis through legs) is scanned in the second set of acquisi-
tions. Between the two sets of acquisitions, the patient is able to void
if necessary. Although this method of scanning reduces artifact caused
by a distended, radioisotope-filled bladder, it adds 25 to 30 minutes to
the appointment.

An alternative method is to use bladder catheterization with gravity
drainage. The bladder catheter should be placed prior to imaging but
after the child has been sedated/anesthetized to minimize trauma to
the patient. If the catheter is placed at a later time during the proce-
dure, the remaining sedation may be inadequate to maintain the child’s
comfort. A bladder catheter may be needed for children who are to
receive sedation/anesthesia, as such medications predispose the
patient to bladder activity (11). To avoid catheter artifact, a drainage
catheter should be long enough to position the drainage bag outside of
the imaging field.

Technologists’ Roles

State mandates regulating the licensing and handling of radiopharma-
ceuticals vary to a certain degree and should be consulted during 
planning for PET and PET-CT. The roles of the CT technologist and 
the nuclear medicine technologist must be addressed by each institu-
tion. The interest and skills of the available technologists, staffing 
limitations, and physical location of the equipment, together with 
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compliance with regulatory mandates, help to define technologists’
roles. In some institutions, staffing and familiarity with the operation
of a CT scanner may dictate that the CT technologist perform the actual
scanning procedure after radiopharmaceutical injection by the nuclear
medicine technologist. In other institutions, the nuclear medicine tech-
nologists learn CT scanning techniques and are responsible for com-
pletion of the entire study.

There are currently no formalized specialty registries for certification
of PET-CT technologists. However, the American Society of Radiologic
Technologists (ASRT) and the Society of Nuclear Medicine Technolo-
gist Section (SNMTS) are collaboratively designing a supplementary
training curriculum that will address the needs of practicing technolo-
gists who wish to obtain competency in this new modality. The best
source of information on local regulatory mandates and legislation is
the Radiation Safety Office under which the PET/PET-CT facility 
operates and under which the technologists practice. Additional useful
Web sites include those of the Nuclear Regulatory Commission
(http://www.nrc.gov), the American Society of Radiologic Tech-
nologists (http://asrt.org), the Society of Nuclear Medicine
(http://snm.org), the American Registry of Radiologic Technologists
(http://www.arrt.org), and the Nuclear Medicine Technology Certifi-
cation Board (http://www.nmtcb.org).

When we began PET-CT imaging, the nuclear medicine technologists
accompanied the patient to the uptake room, injected the radiophar-
maceutical, and transferred monitoring of the patient and completion
of the study to the CT technologists. After the appropriate equilibrium
time, the patient would be instructed to void and transported across
the hall to the PET-CT scan room by the CT technologist, who would
complete the patient scanning and image processing. If a diagnostic CT
was also ordered, it would be completed during the same appointment
time. After scanning was complete, the patient was dismissed by the
CT technologists or observed by the sedation/anesthesia team until
recovery.

Currently, our nuclear medicine technologists are responsible for all
phases of the PET-CT examination. If a diagnostic CT has also been
ordered, then one of the CT technologists performs that study sepa-
rately. A diagnostic CT is currently ordered with PET/PET-CTs in
approximately 80% of cases in our institution. This number varies by
institution. Transfer of technologist responsibility and transfer of
patients between scanners is facilitated in our department by design of
the CT imaging suite. The dedicated CT scanner and the PET-CT
scanner occupy adjacent rooms with a shared console area.

Conclusion

Positron emission tomography–computed tomography is an exciting
imaging modality that merges functional and anatomic information
and that is expected to refine assessment of disease and response to
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therapy. Though in its infancy, particularly for imaging children and
adolescents, it shows great promise in the detection and monitoring of
disease. Special logistical procedures should be implemented for the
care, safety, and monitoring of pediatric patients. This chapter serves
as a starting point for planning and implementing PET-CT imaging in
pediatrics.
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10
Coincidence Imaging

Girish Bal, Stefaan Vandenberghe, and Martin Charron

The concept of using gamma cameras to detect the 511keV g rays,
arising from the annihilation of a positron, was first implemented by
H.O. Anger in the late 1950s (1–4). These cameras were capable of
acquiring planar images of low-energy single photons as well as
acquiring tomographic images of 511-keV photons in the coincidence
mode. In the absence of a collimator, the resolution and sensitivity of
the images obtained using the coincidence mode was far superior to
that obtained using a collimated single photon emission computed
tomography (SPECT) system. However, due to the limited count rate
capability, slow computational speed, and lack of algorithms to process
the acquired coincidence data, coincidence imaging was not widely
used for clinical applications. Further, the limited availability of the 
fast decaying positron emitting tracers, coupled with limited reim-
bursement from the insurance companies, temporarily halted the
development of gamma camera–based positron emission tomography
(GCPET) systems (5,6).

In the mid-1990s, significant improvements were made to overcome
the count rate limitations of the sodium iodide [NaI(Tl)]-based gamma
cameras (7–11). These improvements coupled with the establishment of
regional distribution centers for fluorine-18 fluorodeoxyglucose (FDG)
resulted in renewed interest in GCPET as a cost-effective alternative to
dedicated positron emission tomography (PET) systems. Furthermore,
the relatively long half-life of FDG, compared to other positron tracers,
enabled longer acquisition times so as to obtain statistically significant
counts for a faithful reconstruction. The convenience of performing
both single photon and positron imaging on the same scanner made
GCPET an attractive option, in terms of cost-effectiveness, for many
nuclear medicine departments around the world.

Single Photon Emission Computed Tomography
Imaging of 511-keV Photons

Apart from the fact that GCPET can be used to image the biodistribu-
tion of positron tracers in coincidence mode, they can also be used to
image the 511-keV photons as single photons using an ultra-high
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energy collimator. In this imaging protocol, the annihilation photons
are detected as single photons that successfully pass through the colli-
mator holes. To compromise between the ability to detect a sufficient
number of 511-keV photons and at the same time achieve reasonable
spatial resolution, collimators with thick lead septa and long bores
were designed. For example, an ultra-high energy parallel-hole colli-
mator consisting of hexagonal holes with a diameter of 5.08mm (flat
side to flat side), septal thickness of 3.43mm, and bore length of 77mm
was designed for FDG-SPECT imaging using a three-head gamma
camera (12) (Fig. 10.1). This system had a spatial resolution of about 11
to 15mm full width half maximal (FWHM) for a point source placed
at a distance of 10cm from the collimator and a sensitivity of about two
counts per second per microcurie (mCi) per detector.

In spite of the thick septa, some septal penetration is inevitable,
resulting in a loss of resolution as well as an increase in the background
activity in the projection data. This background tends to degrade the
contrast of the reconstructed image, thereby degrading the detectabil-
ity of lesions smaller than 2 to 3 cm (13,14). Hence, 511-keV SPECT is
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not widely used for the detection of tumors in patients. On the other
hand, for cardiologic applications, several clinical studies have shown
that FDG SPECT is capable of providing diagnostic information similar
to that obtained using a dedicated PET system (13,15–24). The gantry
with an ultra-high energy collimator (weighing about 150kg each) is
rotated around the patient so as to obtain complete tomographic infor-
mation. For cardiac imaging, using a dual-head GCPET system, the two
detectors can be placed either 90 degrees (18) or 180 degrees apart (19).
For the 90-degree geometry, the detector is rotated from 45 degrees
right anterior oblique to 45 degrees left posterior oblique, so as to
measure projections closer to the heart walls. The projection data is
saved in a 64 ¥ 64 matrix with a pixel size of about 7mm. The large
pixel size, large hole diameter, and increased septal penetration result
in reconstructed cardiac images with limited spatial resolution. To
recover the lost resolution and contrast, an iterative reconstruction
algorithm that models the depth-dependent geometric point spread
function is used (25). Reconstructed images obtained using the resolu-
tion recovery algorithm were found to give improved qualitative and
quantitative images for both phantom as well as patient studies. The
resolution recovery algorithm plays a critical role, especially in
dynamic FDG-SPECT studies (26) where the poor resolution of the
reconstructed images can significantly affect the bias in the kinetic rate
parameters.

Coincidence Detection Using GCPET

A SPECT camera requires wide range of hardware and software mod-
ifications to facilitate the detection of high-energy coincidence photons
(Fig. 10.1). Some of these modifications and their effects on image
acquisition and image quality are described in detail in the next few
sections of this chapter. The most significant of these changes were
increasing the crystal thickness and modifying the electronics so as to
identify the coincidence photons from the large number of high-energy
photons detected by the system.

Crystal Properties

Traditional gamma cameras used in SPECT, were built of NaI(Tl) crys-
tals with a thickness of 9.5mm. The thickness of these crystals was suf-
ficient for low-energy photons as they had a photo-peak detection
efficiency of 100% for 70-keV photons (201-Tl) and detection efficiency
of 84% for 140-keV photons [technetium-99m (99mTc)]. However, for
511-keV photons, the photo-peak detection efficiency of a 9.5-mm
NaI(Tl) crystal is reduced to just 13%. To make matters worse, in the
coincidence-imaging mode both 511-keV photons need to be detected
simultaneously. Thus the combined photo-peak detection efficiency of
the 511-keV coincidence events is 13% ¥ 13% = 1.69%. To overcome this
problem of reduced detection efficiency, the use of thicker crystals was
proposed (3,27), thereby increasing the probability of photon interac-
tions in the crystal.
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Table 10.1 shows the detection efficiency of NaI crystals of varying
thicknesses. Increasing the thickness to 19.1mm results in a corre-
sponding increase in detection efficiency to 24% for 511-keV photons.
Hence, in the coincidence mode the combined efficiency of the two 511-
keV photons is 24% ¥ 24% = 5.76%. This increase in efficiency in the
coincidence mode corresponds to a total improvement of 3.3 times
compared to a 9.5-mm crystal. Figure 10.2 shows the maximum true
coincidence count rates, measured using an unattenuated point source,
for various crystal thickness and dead times (28).

Recently, manufacturers have tried using NaI(Tl) crystals that are 
2.5cm thick. Increasing the crystal thickness tends to degrade the
spatial resolution of the SPECT images. To overcome this problem,
orthogonal grooves (1.3 cm deep) are cut into the crystal surface facing
the photomultiplier tube (PMT), thereby reducing the light spread in
the crystal (29). These grooves contain the light within each block,
thereby providing improved resolution for SPECT as well as for coin-
cidence imaging. Further, for SPECT imaging it was observed that the
low-energy high-resolution (LEHR) collimator plays a dominating role
in determining the overall resolution of the system. For a 99mTc point
source placed at a distance of 10cm from the LEHR collimator, the dif-
ference in resolution between a 9.5-mm and 19.1-mm-thick crystal was
found to be just 0.2mm (30).

In spite of the improved gain observed by increasing the crystal
thickness, NaI(Tl) crystals have a very poor stopping power compared
to crystals such as BGO, LSO, and GSO. On the other hand, the energy
resolution and relative light output of the NaI crystals are far better
than those of the other crystals, thereby enabling better scatter correc-
tion using multiple energy windows (Table 10.2) (31). To improve the
detection efficiency of both low- and high-energy photons, new detec-
tors consisting of different crystals sandwiched together were pro-
posed. Such detectors are usually made up of a combination of NaI and
LSO crystals (32) or by combining YSO and LSO crystals (33,34). In
these detectors, NaI/YSO were used for the detection of low-energy
single photons, whereas LSO was used to detect the high-energy anni-
hilation radiation. The events originating from the two crystals are sep-
arated using a pulse shape discriminator, as the scintillation light decay
time is different for the two crystals [14 nanoseconds (ns) for LSO and
17ns for YSO].
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Table 10.1. Photo-peak detection efficiency versus crystal thickness
in gamma camera–based positron emission tomography (GCPET)

18F
Crystal 201Tl 99mTc 67Ga 511 keV
thickness (mm) 70keV (%) 140keV (%) 300keV (%) (%)

9.5 100 84 33 13
12.7 100 91 41 17
15.9 100 95 48 21
19.1 100 98 54 24
Source: Data from Patton and Turkington (6), with permission of the Society of Nuclear
Medicine.



Acquisition Geometry

Two- and three-head gamma cameras are widely used for GCPET
imaging. As these scanners are incapable of acquiring complete data
from the 3D image space, using just one gantry position, they are
rotated around the patient at an angular rate based on the tracer used
and the tracer kinetics of the physiologic process under investigation.
For example, some GCPET systems can acquire dynamic 360-degree
data in just 5 seconds for the fast sampling of the three-dimensional
(3D) distribution of FDG during a dynamic cardiac study (26). The lim-
iting factor for the rotation speed is determined based on the number
of coincidence photons detected per location of the gantry head, which
in turn depends on the tracer used, attenuation, and system sensitiv-
ity. For the two-head configuration, the two detectors are placed 180
degrees apart and rotated around the patient for 180 degrees so as to
obtain complete data (35,36). However, for the three-head GCPET
systems, the three heads can be placed at a wide range of mutual angles
(37). As will be explained later, the relative locations of the heads were
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Table 10.2. Properties of different scintillation crystals
Energy

Attenuation Relative resolution at
Density coefficient light output Decay 511keV

Crystal (g/cm3) (cm-1) (%) time (ns) (%)

NaI (Tl) 3.7 0.34 100 230 8
BGO 7.1 0.95 15 300 12
LSO 7.4 0.87 50–80* 40 10
GSO 6.7 0.70 20–40* 60 9
*Light output is dependent on cerium concentration and read-out device (PMT or APD).
Source: Tarantola et al. (31).



found to affect the sensitivity of the system (38–40). The measured pro-
jection data are then corrected using rotational weights along with other
compensations before reconstruction (41).

Coincidence Electronics

To measure the three-dimensional distribution of positron-emitting
tracers in the body, the GCPET system is operated in the coincidence
mode, either in the absence of a collimator or using a coarse scatter
reducing collimator (5,42,43). Absence of the collimator tends to
increase the acceptance angle of the incident photons, thereby signifi-
cantly increasing the number of photons detected by the system. In
PET, the location of the positron decay is determined by the coincidence
circuitry. The two 511-keV photons arising from a positron annihilation
are emitted 180-degrees (±0.5 degrees) apart. By detecting both events
in coincidence, the line that passes through the annihilation location
(also called line of response, LOR) can be easily determined. This
approach is also called electronic collimation, as a photon interaction on
one detector is not used in the reconstruction without a corresponding
coincidence event detected on the second detector. For coincidence, the
two photons should be detected within a timing window of 15ns after
the detection of the first event (Fig. 10.1B) (8).

The timing window is selected such that it is large enough to take
into account (1) the time of flight of the two photons, (2) the scintilla-
tion time, and (3) the time taken by the electronics to register an event.
For a detected coincidence event, the energy of the incident photons,
the gantry angle, and the coordinate where the event was detected on
each detector is recorded. Events that are detected within the specified
timing window are called true coincidences (Fig. 10.2). The rate of true
coincidences of a point source placed in air is given by, Rt = Ae 2dW,
where A is the total activity in the source, e is detection efficiency, and
dW is the smallest solid angle subtended by the point source with each
detector (5). The detection efficiency term e is squared as the annihila-
tion photons have to be detected by both detectors in order to be
recorded as a true coincidence event.

Due to the finite width of the detectors, attenuation of the photon,
scatter within the patient, and poor detection efficiency of the NaI(Tl)
crystal, it is possible that one of the annihilation photons is detected
whereas the other photon is not detected at all. Such single photon
interactions are called single events and the count rate of single interac-
tion is given by Rs = 2AedW (5). Single photons tend to decrease the sen-
sitivity of the system due to the dead time associated with the detection
of each event. For every coincidence photon that is detected, about 100
or more singles are detected by the GCPET system (6). If two of these
single events from different decays are detected on both detectors well
within the timing window, then they are considered as a coincidence
event (Fig. 10.3). Such coincidence photons are called random coinci-
dences as they provide erroneous positional information regarding the
location of the annihilation event. The number of random coincidence
events detected is proportional to the coincidence timing window and
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the number of singles detected by each head. Thus the random rate
increases proportional to the square of the activity compared to true
coincidences that are proportional to the activity. The ratio of detected
random coincidence to true coincidence is given by Rr/Rt = 8AedW (5).
Hence, to reduce randoms, it is desirable to keep the timing window
as short as possible (31).

Another contamination that affects the contrast and resolution of the
reconstructed image is scatter (Fig. 10.3). If one of the annihilation
photons undergoes Compton scatter in the patient and is detected
within the timing window, then an incorrect location is recorded for
that particular annihilation event. The energy lost by the scattered
photon is proportional to the scatter angle. For large scatter angles, the
energy loss is significant; hence such coincidence events can easily be
eliminated by increasing the lower threshold of the energy window.
However, for small scatter angles, the energy lost is not significant 
and hence cannot be discriminated against (44). Combining the above-
mentioned effects, the total coincidence count rate for a GCPET is given
by Rtotal = Rt + Rr + Rs, where Rs is the contribution from the scattered
photon.

Count Rate Capabilities

True coincidences account for just 1% of the total counts detected by a
GCPET system. The relatively low coincidence fraction is caused by the
attenuation in the patient, low detection efficiency of the crystals,
limited solid angle of the accepted photons, and detection of scatter as
well as random photons emitted from the patient (10). A tremendous
improvement in the count rate capabilities was required to achieve sig-
nificant improvements in the detection of the coincidence photons.
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Patton and Turkington (6) plotted the relative coincidence count rate
as a function of concentration for a cylindrical phantom that is 20cm
long and 22cm in diameter (Fig. 10.4) (45). A delayed timing window
was used for the correction of the random coincidence events. From
this example, it was observed that the true coincidence peaked at 
0.35mCi/mL for 2D and at 0.07mCi/mL for the 3D configurations. The
decrease in trues after certain concentration was due to the corre-
sponding increase in the singles that were being detected. This led to
an increase in the dead time of the system as well as an increased detec-
tion of random events in the coincidence timing window. Thus, to
detect lesions with good contrast, activity corresponding to about 7 ¥
105 counts per second in 2D mode (6) and about 20 ¥ 105 counts per
second in 3D mode (46) should be injected in the patient. In this sce-
nario, the true coincidence will be about 7 ¥ 103 counts per second in
2D mode and about 20 ¥ 103 counts per second in the 3D mode (47).
On the other hand, dedicated PET systems are capable of acquiring 3
to 6 ¥ 105 true coincidences per second. Hence, to obtain reconstructed
images with similar noise properties as a dedicated PET system, 
the acquisition time of the GCPET system will have to be increased 
correspondingly.

To detect the high count rates of about 20 ¥ 105 events per second,
some of the following hardware modifications were implemented in
the traditional gamma camera. As will be explained in the next few sec-
tions, these modifications were (1) pulse clipping technique, (2) local
centroid calculation, (3) use of graded absorbers, and (4) use of coarse
slat collimators.

Pulse Clipping Technique
The decay time of light in a NaI(Tl) crystal for an absorbed 140-keV
gamma ray is about 230ns. A typical gamma camera integrates the light
output for about 900ns to get a good spatial as well as energy resolu-
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tion of the absorbed low-energy photon. When a 511-keV photon is
absorbed, it takes just 75ns to emit the same amount of light as emitted
by a 140-keV photon with an integration time of 900ns. Due to this fast
rise time for 511-keV photons, the integration time window of the
GCPET system can be clipped to 200ns (4). The remaining scintillation
energy of the absorbed 511-keV photon is estimated by using a pulse-
tail extrapolation technique (10). However, this extrapolation can cause
a small degradation in the energy resolution of the GCPET system.
Once an event is detected, an additional time interval of 80ns is used
to reset the system. Hence, the crystal is ready to detect the next event
after a total dead time of 280ns compared to 900ns used by a dedicated
SPECT system (10,36). As shown in Figure 10.2, decreasing the dead
time was found to drastically improve the count rate capability of the
system.

Local Centroid Calculation
In a dedicated PET system, the detector is made up of about 12,000 to
19,000 individual crystals (31). These crystals are grouped together into
blocks of 6 ¥ 6 or 8 ¥ 8 and coupled to a set of four PMTs. The total
light from the PMTs is used to determine the energy of the incident
photon; the relative light in the tubes is used to determine the spatial
location where the photon hits the crystal. On the other hand, in
GCPET, a single crystal is used and the relative location of the incident
photon is determined by using Anger position logic. At high count
rates, multiple photons could be simultaneously incident on the crystal
at different spatial locations. In this case, the PMTs with the highest
signal are identified and the positions of the multiple events are deter-
mined separately by considering the six local PMTs that are in the
immediate vicinity of the PMT with the maximum count (48,49). Thus,
events that are spatially separate but incident on the crystal simulta-
neously can be detected. Further, to reduce the pulse pileup and to
properly position the detected events, the scintillation crystal is elec-
tronically subdivided into multiple regions, such that each region is
connected to a separate set of electronics (50). These modifications dra-
matically enhanced the count rate capability of the GCPET systems,
enabling them to handle very high count rates with very limited loss
in energy as well as spatial resolution.

Gantry Shielding and Graded Absorbers
The lead shielding surrounding the detector head of a gamma camera
needs to be significantly increased so as to attenuate the stray 511-keV
photons emitted from the volume outside the coincidence FOV. How-
ever, this increased lead shielding tends to increase the weight of the
detector head significantly as the FWTM thickness of lead for 511-keV
photons is about 13.5mm while that of 140-keV photons is just 0.9mm.
Hence, this additional weight should be taken into consideration
during the design of the rotating gantry for the GCPET system.

To reduce the detection of low-energy scattered photons, thin metal
sheets were placed around the patient to act as a graded absorber (4,51).
The sheets were made of thin layers of lead, tin, and copper (about 
1mm each) with the material of lowest atomic number placed toward
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the NaI crystal. The sheet made of a lower atomic number helps to
absorb the characteristic x-rays produced from the Compton interac-
tions of the 511 gamma rays in lead. If this setup is implemented cor-
rectly, then a significant reduction in the scatter component is observed
in the measured data.

Apart from improving the count rate, another advantage of the setup
explained above is that the Compton interactions in the crystal can now
be used for image reconstruction, using the dual-energy window algo-
rithm explained later. Further, the graded absorbers will be effective 
in imaging PET tracers such as rubidium 81 (81Rb), bromine 76 (76Br),
iodine 124 (124I), and indium 111 (111In) that emit a wide range of gamma
rays along with a positron (52). However, in a clinical environment, it
is impractical to attach the graded absorbers permanently to the gantry,
as the GCPET system is used for both SPECT imaging of low-energy
single photons as well as for coincidence imaging of high-energy
photons.

Slat Collimation
To improve the number of true coincidences while minimizing the
detection of singles and scattered photons from the patient, parallel slat
collimators were often used. The lead slats were oriented perpendicu-
lar to the axis of rotation so as to limit the detection of the photons orig-
inating outside the field of view FOV (53–55). These slats, when
arranged perpendicular to the crystal, are analogous to the interslice
septa often used in dedicated PET scanners. Such parallel slat collima-
tors help to create a pseudo-2D geometry in which a larger number of
annihilation events from the corresponding trans-axial plane are
detected, compared to those detected from the neighboring planes. The
effects of the height, septal thickness, and septal penetration of these
slats on the image quality were studied in detail (53,56), and an approx-
imate slat height of 64mm, lead thickness of about 3mm, and septal
separation of about 13mm were observed to be good for high count
rate studies.

To overcome the 2D nature of the parallel slat collimators, new
designs based on axially converging slat collimators have been evalu-
ated (43,56,57). These collimators provide significant improvement in
the true coincidence events detected from the center of the FOV and at
the same time provide more effective shielding of the scattered photons
originating outside the region of interest. Another approach to increase
true events is to use a traditional LEHR collimator instead of a paral-
lel slat collimator for coincidence imaging (58).

Spatial Resolution

Collimators play an important role in determining the spatial resolu-
tion of a SPECT system. However, in coincidence imaging, the absence
of the collimator helps to drastically improve the spatial resolution of
the system. In this case, the spatial resolution of the system is deter-
mined by (1) positron range corresponding to the path traveled by the
positron before annihilation (up to 3mm), (2) noncolinearity of emis-
sion angle (180 ± 0.5 degrees) caused due to the nonzero momentum
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of the positron and electron during annihilation, and (3) the intrinsic
response function of the system (5,59). The intrinsic response function
of the system in turn depends on a wide range of parameters. One of
the main contributors to the intrinsic response function is crystal thick-
ness. Increasing the thickness of the crystal tends to degrade the spatial
resolution due to the light spread in the crystal. For a 2.5-cm-thick
crystal, the intrinsic resolution is about 10mm FWHM for 140-keV
photons and about 7.7mm FWHM for 511-keV photons (4). Thus the
resolution of the coincidence photons in the image space between the
two detectors A and B is given by (about 5.4mm
FWHM). Similarly, the spatial resolution in the image space for the 1-
cm and 1.6-cm-thick crystals can be calculated using the values given
in Table 10.3.

On the other hand, reducing the thickness of the crystal reduces 
the sensitivity of the system. As will be explained later, in such sy-
stems with poor sensitivity, coincidence events from the photo-
peak–Compton window are also accepted as true coincidences.
However, these coincidence events are contaminated with scattered
photons from the patient. As shown in Figure 10.3, these coincidence
events tend to assign a wrong line of response during reconstruction,
thereby increasing the background activity and reducing the contrast
as well as the resolution of the reconstructed image. For a 1.6-cm
crystal, inclusion of the photons from the Compton window was found
to degrade the resolution by an additional 0.5mm (30).

Another major factor that degrades resolution is incidence angle of
the coincidence photons. Large incidence angles tend to degrade the
spatial resolution due to the uncertainty in determining the entry point.
The problem of incident angle is more pronounced in GCPET com-
pared to dedicated PET systems due to the longer axial FOV. One
approach to limit the incidence angle is the use of axial-slat collimators
that tend to limit the acceptance angle of the incident photons in the
axial direction. Another approach is to place the two detectors as far
apart as possible. Though this approach reduces the incident angle, 
it could magnify the noncolinearity effect of the annihilation event 
(180 ± 0.5 degrees).

The spatial resolution of the GCPET system for a point source in air
is about 8.5mm in 2D mode, with an acceptance angle of 2 degrees and
about 10mm with an acceptance angle of 16 degrees. Further, due to

R R RI A B= +0 5.
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Table 10.3. Effect of using dual-window technique on spatial 
resolution and sensitivity
Crystal interaction Spatial resolution (mm) Relative sensitivity

Photo-peak–photo-peak 4.5 1
Photo-peak–photo-peak 5.0 3

plus photo-peak–Compton
Photo-peak–photo-peak 5.2 4

plus photo-peak–Compton
plus Compton-Compton

Source: Patton and Turkington (6), with permission of the Society of Nuclear Medicine.



the flat surface of the crystal, less deterioration in the spatial resolution
is observed as the point source is moved away from the axis of rota-
tion in a given transaxial slice. For a physical phantom experiment
using a dual-head clinical scanner with 1.6-cm-thick crystal, 54 ¥ 40cm
surface area, 8-degree acceptance angle, and 73cm separation, the
smallest detectable spheres were 8, 12, and 16mm for a sphere to back-
ground ratio of 10 :1, 5 :1, and 3 :1, respectively (60).

Apart from degrading the intrinsic resolution, oblique rays can cause
serious degradations in the spatial resolution of the reconstructed
image, depending on the rebinning algorithm used. As will be
explained later, algorithms such as single-slice rebinning (SSRB) tend
to place oblique coincidence photons, emitted from a point further
away from the axis of rotation, in the wrong transaxial plane. Hence,
to improve resolution, more accurate rebinning algorithms such as
Fourier rebinning (FORE) (61) should be used for the oblique photons.

Some of the other factors that affect the intrinsic resolution of the
system to a lesser extent are (1) local centroid approach, (2) pulse clip-
ping, (3) geometric calibration of the system (62), and (4) relative posi-
tion of the detector heads in a three-head system (40).

Dual-Energy Window Technique

Most SPECT systems were designed to image gamma rays below 
400keV. Hence, to image 511-keV photons, it was necessary to expand
the energy range of the pulse height analyzers so as to effectively detect
both low- and high-energy photons simultaneously. Similarly, unifor-
mity and linearity corrections were also extended into the high-energy
range to enable faithful detection of incident photons over a wide
energy range.

As shown in Table 10.2, NaI(Tl) crystals have a lower attenuation
coefficient for 511-keV photons compared to other crystals used in ded-
icated PET systems. This resulted in poor overall sensitivity of the
GCPET system. To increase the sensitivity, a 30% energy window cen-
tered at 511keV was used. It was found that, apart from increasing the
sensitivity, the wide energy window also helped to reduce the nonuni-
formities arising from any drift in photo peak during an acquisition
(28). However, only 23% of all detected coincidence events fall in 
the peak-to-peak energy window of both detectors. On the other 
hand, about 20% of the 511-keV photons incident on the crystal
undergo one or two Compton interactions in the crystal. Schematic 
representation of this effect is shown in Figure 10.5, where some of the
511-keV photons, incident on the crystal, undergo either photoelec-
tric/Compton interaction, depositing all the energy in the crystal, or
only Compton interaction and escape from the crystal. These escaped
photons deposit less energy compared to those that are completely
absorbed by the crystal.

Unlike the photons that undergo Compton scatter in the patient
body, the photons that undergo Compton interaction in the crystal still
possess the correct spatial information for the location of the annihila-
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tion event. Hence, to increase the sensitivity of the system, a dual-
energy window technique (4,10) was used. In this technique, coinci-
dence events that are detected in the photo-peak energy window in the
first detector and in the Compton energy window in the second detec-
tor are also accepted as a true coincidence (Fig. 10.6). This approach was
found to increase the sensitivity of the system by three times at the cost
of a small resolution loss of about 0.5mm (6). The spatial resolution and
relative sensitivity of a 22-cm-diameter and 20-cm-long phantom
images using a 15.9-mm NaI (Tl) crystal is shown in Table 10.4. Note
that the loss in resolution is relatively small compared to the large
increase in sensitivity for the same acquisition time.

If we assume the low-energy scatter photons are successfully elimi-
nated by the graded absorber and slat collimators explained above,
then the Compton interactions of the 511-keV photons in the crystal
will lie around 310keV in the energy spectrum (28). Figure 10.6 shows
the typical energy spectrum of a FDG scan on each detector. Depend-
ing on the total number of counts detected and the relative number of
scattered photons present, the Compton scatter window can be selected
anywhere from 100 to 350keV. In a clinical environment, the dual-
energy window was found to be favorable for GCPET systems with
thin crystals used along with graded absorbers and slat collimators.
However, for thick crystals (2.5cm), the dual-energy window technique
was found to decrease the contrast and resolution of the reconstructed
image for certain clinical applications (63,64). This reduction in contrast
is significant, especially if the coincidence photons detected in the
Compton energy window of both detectors are used in the reconstruc-
tion. Hence, this technique should be tested for each specific applica-
tion, though overall the technique was found to give improved images
for most GCPET applications (65).
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Figure 10.5. Schematic representation of the different photon interactions in
the crystal for 511-keV photons. Some photons undergo both photoelectric as
well as Compton interactions, depositing all the energy in the crystal, whereas
others undergo only Compton interaction, depositing only part of their total
energy in the crystal.



Geometric Sensitivity

The geometric sensitivity of a voxel in the image space is the detection
probability of the isotropic photons emitted from that voxel in a com-
plete study. Hence, the geometric sensitivity of a voxel includes effects
such as total solid angle subtended by the voxel with a detector overall
detector positions and detector efficiency of the crystal due to the inci-
dent angle of the accepted photon. Because the solid angle of incidence
of the accepted photon varies with the relative location of the voxel in
the image space, the overall sensitivity profile in the FOV is nonuni-
form and spatially varying. Some of the major parameters that affect
the shape of the sensitivity profile are (1) number of heads used, (2)
head configuration, (3) angular spacing in a 360-degree acquisition, (4)
radius of rotation, (5) coincidence acceptance angle used, and (6) detec-
tor crystal dimensions (40,66–68).
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Figure 10.6. Typical energy spectrum of an FDG scan, from a patient. In the
dual-energy window technique, counts from both the photo-peak energy
window as well as the Compton scatter window (100–350keV) were used in
the reconstruction. The reduced counts in the lower energy range are due to
the effective attenuation of the low-energy photons by the graded absorber and
slat collimators. Photons below 100keV were not detected for this study.
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Table 10.4. General features of various GCPET systems
Camera ADAC Marconi SMV GE Siemens

Camera design feature
Crystal thickness 5/8 3/4 1/2 or 5/8 5/8 5/8

(inches)
Number of heads 2 2 or 3 2 2 2
Detector spacing (cm) 60–81 25–71 71 20–54 40–72
FOV axial (cm) 38 39 54 40 39
FOV transaxial (cm) 51 53 40 51 53

Features of head electronics
High count rate mode Yes Yes Yes Yes Yes
Pulse clipping Yes Yes No Yes No
Cut off time for pulse 320 225 N/A 225 N/A

clipping (ns)
Local centroiding Yes Yes No No No
Coincidence window 15 10 15 <15 12

(ns)

Collimation options
Open frames Yes Yes Yes Yes No
Axial collimation No Yes Yes Yes Yes
Recommended Open Axial Axial Axial Axial

frames collimation collimation collimation collimation

Energy window options
Photo-peak window (%) 30 30 45 20 20
Compton window Yes No No Yes Yes

recommended
Energy values of events Yes Yes No Yes No

stored
Energy window No Yes No Yes No

selection at processing

Reconstruction options
Maximum polar half 16 12 20 8 7.5

angle (degrees)
Rebinning FORE/ SSRB FORE/ SSRB MSRB/

SSRB SSRB SSRB
2D reconstruction OSEM/ OSEM/ OSEM/ OSEM/ OSEM/

FBP FBP FBP FBP FBP
Full 3D reconstruction No No Yes Yes Yes
Attenuation correction Yes Yes WIP Yes No
Scatter correction Yes No WIP WIP Yes
Decay correction Yes Yes Yes Yes Yes
Random correction Yes No Yes WIP Yes
Sensitivity correction Yes Yes Yes Yes Yes
Transmission source for 137Cs 133Ba 153Gd X-ray CT N/A

attenuation correction moving moving multiple scan
point point stationary
sources sources point

sources
Source: Fleming and Hillel (28), with permission of the Institute of Physics and Engineers in Medicine.



The nonuniform sensitivity of the GCPET system can drastically
affect lesion detectability in clinical studies and hence needs to be either
measured accurately or modeled so that it can be compensated during
reconstruction (66,69). Measuring the spatially varying geometric sen-
sitivity for every clinical radius of rotation and for every head config-
uration (especially for three-head) is impractical, and hence an accurate
simulated model of the geometric sensitivity is preferred. For a fixed
gantry location, the sensitivity is calculated by integrating the detector
efficiency over the solid angle formed by the voxel and the intersection
of the first detector with the projection of the second detector on the
plane of the first detector (Fig. 10.7) (67). The geometric sensitivity for
that voxel is then calculated by adding the corresponding values
obtained over all gantry angles. For a dual-head configuration placed
180 degrees apart, the projection of one detector plane onto the other
is a rectangle, whereas for any other gantry angle the projection takes
the shape of a trapezium as shown in Figure 10.7 (68,70,71).

The sensitivity profile of a two-head GCPET system placed 180
degrees apart is shown in Figure 10.8A. In this case, the acquisition
model is 2D with the axially acceptance angle of the incident photons
limited to just 9 degrees. Slat collimators were used to reduce the detec-
tion of scattered photons and events with larger incident angles. The
gantry was rotated around the FOV to obtain a complete data set.

The sensitivity profile was observed to drop linearly as one moves
away from the axis of rotation. To increase the acceptance solid angle
per gantry location and thereby increase the geometric sensitivity, the
use of additional detector heads was proposed (37,38). In such cases,
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Repeat for all gantry angle
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Detector 1

Figure 10.7. Geometry illustration of the solid angle subtended by a point in
the image space with respect to the two detectors. The second detector is pro-
jected through the point on to the first detector to analytically measure the
accepted solid angle for that point in the image space.



the shape of the sensitivity profile was found to be relatively uniform
and varied depending on the mutual angle among the three heads
during the image acquisition (40,47,66). For example, Figure 10.8B
shows the transaxial sensitivity profile for a U-shaped three-head con-
figuration, where the detector heads were placed at 0, 90, and 180
degrees. In this case, the geometric sensitivity of the voxel for a par-
ticular gantry location is measured by adding the sensitivity obtained
by considering any two heads at a time. The sensitivity at the center 
of FOV for the U-shaped and dual-head configurations was found to
overlap perfectly (47). However, as one moves away from the axis of
rotation, the profile through the U-shaped configuration was found to
be more uniform compared to the dual-head case.

Another triple-head configuration that is often used for brain
imaging is equilateral triangle configuration where the three heads
were placed 120 degrees apart. The sensitivity profile of this configu-
ration was found to show less variation for a small radius of rotation.

G. Bal et al. 151

1.0

0.8

0.6

0.4

0.2

0.0

z 
(v

al
ue

)

0 10 20 30 40 50
x (pixels)

Horizontal Cut

1.0

0.8

0.6

0.4

0.2

0.0

z 
(v

al
ue

)

0 10 20 30 40 50
x (pixels)

Horizontal Cut

0.3

0.2

0.1

0.0

z 
(v

al
ue

)

0 10 20 30 40 50
x (pixels)

Horizontal Cut

50

40

30

20

10

0

y 
(p

ix
el

s)
y 

(p
ix

el
s)

0 10 20 30 40 50
x (pixels)

Full Image

50

40

30

20

10

0
0 10 20 30 40 50

x (pixels)

Full Image

50

40

30

20

10

0
0 10 20 30 40 50

x (pixels)

Full Image
50

40

30

20

10

0

z (value)

50

40

30

20

10

0

y 
(p

ix
el

s)

y 
(p

ix
el

s)

y 
(p

ix
el

s)

y 
(p

ix
el

s)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
z (value)

Vertical Cut

50

40

30

20

10

0
0.0 0.1 0.2 0.3

z (value)

Vertical Cut

Vertical Cut

A

C

B

20
0 10

30
5040

300

200

200

100

100

50
0

20
10

304050

20
0 10

30
5040

300

200

200

100

100

50
0

20
10 0

304050

20
0 10

30
5040

300

200

200

100
100
50

0

20
10 0

304050

Figure 10.8. Sensitivity profile of different GCPET systems with a 50-cm square crystal and a radius
of rotation of 40cm. A: The sensitivity of a two-head configuration placed 1800 apart. B: Three-head
triangular configuration where the heads are placed 1200 apart. C: Three-head U-shaped configuration
where the second and third heads are placed at 900 and 1800 with respect to the first head.



However, on increasing the radius of rotation, the sensitivity at the axis
of rotation was found to decrease drastically and eventually reach zero
(Fig. 10.8C).

Attenuation Correction

Attenuation compensation plays a very important role in GCPET
imaging. The image degradation effects of attenuation are far more
severe in GCPET compared to routine SPECT, as both photons should
successfully pass through the patient in order to be detected. That
means, in spite of the lower attenuation coefficient of the 511-keV
photons (about 0.095cm-1 for soft tissue, 0.12 to 0.14cm-1 for bone, and
0.03 to 0.04cm-1 for lungs) compared to 140-keV photons (about 
0.15cm-1 for soft tissue, 0.28cm-1 for bone, and 0.043cm-1 for lungs) the
total length traveled by the single photon in the attenuating medium
is less than that traveled by the 511-keV coincidence photons. Thus for
GCPET, the effect of attenuation is independent of the relative depth
at which the annihilation took place in the body and more dependent
on the total attenuation in the LOR.

Noncompensation for attenuation in GCPET results in poor quan-
tification, regional nonuniformities, distorted reconstruction of organs
with high activity, and inability to detect lesions located near organs
with high uptake (72). The nonuniformity in the image is caused as
photons from low attenuated regions, such as from the lungs or the
periphery of the patient, have a higher probability of being detected
compared to photons from regions located deep within the body. For
example, the reconstructed images in Figure 10.9 show a high uptake
in the lungs and peripheral regions for the uncorrected case. Such arti-
facts were found to disappear with proper attenuation compensation
giving a faithful representation of the tracer distribution (73).
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Uncorrected Attenuation Corrected

Figure 10.9. Transaxial (top row) and coronal (bottom row) slices through the uncorrected emission
image, attenuation map, and attenuation-corrected emission image of a male patient (weight 73.9kg,
height 175.3 cm). The lungs and periphery of the patient look bright in the uncorrected emission images,
and it is difficult to differentiate between the different organs. On the other hand, the attenuation cor-
rected image is closer to the true representation of the tracer distribution in the patient. [Source: Laymon
et al. (73), with permission of the Society of Nuclear Medicine.]



For attenuation correction, obtaining an accurate representation of
the attenuation map is crucial. Initial attenuation correction algorithms
used attenuation maps consisting of crude body contours and uniform
attenuation coefficients during image reconstruction (74). These algo-
rithms were fast to implement and gave reasonable images for brain
imaging. However, for cardiac imaging, such algorithms were found to
cause artifacts and distortions in the reconstructed image. To overcome
this problem, transmission scans were obtained using a transmission
source that emits single photons with a different energy from that 
sof the coincidence photons. Due to the excellent energy resolution of
NaI(Tl) crystal, the transmission and emission scans can be performed
either simultaneously or sequentially. Some of the widely used
radioisotopes for transmission scans are cesium 137 (137Cs) (662-keV
photons and 30-year half-life) (72,75,76), gadolinium 153 (153Gd)
(photons varying from 41 to 103keV, 242 days half-life) and barium 133
(133Ba) (mostly 356-keV photons, 10 year half-life) (77,78). The trans-
mission scans were obtained by either moving the point sources lin-
early with every gantry angle (79) or using multiple line sources (73,80)
attached to any one of the detector heads. The gantry was then rotated
around the patient to obtain complete data set.

A sufficient number of counts needs to be acquired so as to 
obtain good attenuation maps with very few statistical variations. To
reduce down-scatter, some manufacturers recommended performing
the attenuation scans after injecting the patient but before acquiring 
the emission image. This step gives time for tracer uptake and at the
same time helps to reduce motion artifacts and patient misregistration
during image reconstruction. In such imaging protocols, the tran-
smission source is shielded in a tungsten case during the emission 
scan.

Another approach to obtain a high-quality attenuation map is to
attach an extended x-ray computed tomography (CT) scanner to the
GCPET system (30,81). The added advantage of the CT scanner is the
availability of anatomic information that can be fused with the positron
image for better region localization. Even though high-resolution
images can be obtained using the CT scanner (~1mm), the scans are
reconstructed into 128 ¥ 128 slices so as to match the array size of the
attenuation map with that of the GCPET system. Depending on the size
of the coincidence imaging detector, the transmission scan is obtained
using a helical orbit by translating the patient bed through the FOV of
the CT scanner. The x-ray tube is operated around 140kVp and 2.5mA
to reduce the radiation dose to the patient from the photoelectric
absorption of low-energy photons (30,72).

The transmission scans are acquired as either a fan-beam or a cone-
beam projection and reconstructed to obtain the attenuation map. The
values of the attenuation maps are then corrected so that they corre-
spond to the attenuation coefficient of the 511-keV photons. A blank
transmission scan is also acquired without the patient in the FOV.
Finally the attenuation coefficients of the patient and blank scans are
reprojected for the imaging geometry used in GCPET acquisition.
Dividing the reprojected blank image with a reprojected transmission
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image gives the attenuation correction factors that are used in the
scaling of the emission projections during reconstruction.

Image Reconstruction

The process of image reconstruction transforms the information from
the projection space to the image space. The algorithms used to solve
this inverse problem can be broadly divided into (1) analytical or (2)
iterative reconstruction algorithms. In this section, we discuss the
process of rebinning the coincidence events into planar projections
along with a few analytic as well as iterative reconstruction algorithms
that are widely used in GCPET imaging (82).

Data Rebinning

As in a dedicated PET system, the measured data in a GCPET system
can be either rebinned directly into sinograms or saved in a list-mode
format. If the projection data are acquired using axial slat collimators
arranged perpendicular to the axis of rotation, then the acquired data
are treated as 2D with limited interaction between transaxial planes.
On the other hand, if the projection data are acquired without using a
slat collimator, then the projection data is fully 3D with the LOR not
being restricted to any particular transaxial plane. In this case the axial
acceptance angle can be as large as 30 degrees and hence the recon-
struction of this fully 3D data is computationally time-consuming and
memory intensive.

Different rebinning algorithms have been developed to sort the 3D
data into a stack of ordinary 2D data sets. In these rebinned data sets,
the detected coincidence events are organized as a set of 2D sinograms.
These rebinned data can then be considered equivalent to the data
obtained by the scanner in the 2D mode. However, due to the increased
counts measured in the 3D mode, the rebinned 2D data tend to be less
noisy. To get faithfully reconstructed images, rebinning algorithm
needs to be (1) fast, (2) accurate (i.e., based on an exact analytical inver-
sion formula), and (3) stable with respect to noise (61). Three of the
widely used rebinning algorithms for GCPET systems are single-slice
rebinning (SSRB), multislice rebinning (MSRB), and Fourier rebinning
(FORE).

Single Slice Rebinning
As shown in Figure 10.10A, SSRB is the simplest rebinning algorithm
where the oblique LOR is rebinned to a slice lying axially midway
between the two detectors in coincidence (83). In this algorithm, the
angle made by the oblique LOR and the transaxial plane is totally
ignored. Hence, this method is accurate for rebinning photons emitted
from the axis of rotation. However, as one moves away from the axis
of rotation, the rebinning algorithm places the coincidence events in
the wrong transaxial slice, resulting in distortions in the reconstructed
image. Figure 10.11A,B shows the reconstructed image of various point
sources placed transaxially at various distance from the axis of rota-
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A B C

Figure 10.10. Schematic representation of (A) single-slice rebinning (SSRB), (B) multislice rebinning
(MSRB), and (C) Fourier rebinning (FORE) algorithms.

radial or tangential axial resolution
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Figure 10.11. Reconstructed images of a phantom consisting of 12-point
sources placed 5mm apart in the axial and transaxial direction. The recon-
structed images were obtained using (A,B) SSRB combined with FBP, (C,D)
FORE combined with FBP, and (E,F) list-mode reconstruction.



tion. For the reconstructed image obtained using SSRB and filtered
backprojection (FBP), the resolution recovery for the point source
located further from the axis of rotation is degraded drastically. To limit
this degradation of resolution, the acceptance angle (angle between
LOR and the transaxial plane) of the detected photons is limited
depending on the clinical application. In dedicated PET systems, this
acceptance angle is limited to ±10 degrees. However in GCPET, due to
the wider axial size of the crystals (about 40cm compared to 25cm for
dedicated PET) the acceptance angle can be as high as ±30 degrees (84).
Increasing the acceptance angle results in a gain in sensitivity, whereas
reducing the acceptance angle gives images with better resolution espe-
cially for voxels further away from the axis of rotation. This trade-off
of sensitivity versus resolution dependence on acceptance angle was
investigated in detail by D’Asseler et al. (40).

Multislice Rebinning
To overcome the limitations of SSRB, it was proposed that the oblique
LOR contributes to the sinograms of all the transaxial slices it traverses
equally (85) (Fig. 10.10B). This algorithm, like SSRB, is fast and can be
performed online during data acquisition. Though this method is a
better approximation than SSRB, it results in a 1D blurring in the axial
direction. This axial blurring is rectified using a 1D filter but results in
degraded noise properties compared to SSRB.

Fourier Rebinning
Another algorithm very often used in GCPET is Fourier rebinning (61).
This algorithm is based on the frequency distance relationship and 
is much more accurate than SSRB and MSRB. Figure 10.11C,D shows
the reconstructed image obtained using FORE and FBP (86). The reso-
lution recovery of the FORE algorithm for point sources placed at a dis-
tance from the center is far better than those obtained using SSRB.
Though FORE is a bit slow compared to SSRB, it is still an order of
magnitude faster than 3D reprojection algorithm (3DRP) (87) and can
faithfully reconstruct images with acceptance angles of up to 35 degrees
(88).

Imaging Geometry

The objective of GCPET imaging is to visualize the 3D distribution of
the radiopharmaceutical administered to the patient. As shown in
Figure 10.12, f(x, y, z) is the unknown 3D distribution of the radio-
pharmaceutical, whereas pq,f(u, v) is the 2D parallel ray projection mea-
sured along the polar angle q and azimuthal angle f. The coordinates
u and v are in the image plane and are parallel to the unit vectors a
and b. The vectors a, b, and q are orthogonal to each other, and the
vector a lies in the x-y plane, whereas the projected image plane (on
the crystal) is orthogonal to the vector q. Hence, the vector q defines
the direction of the parallel line integrals passing through the function
f(x), and detected at the crystal. The unit vector q makes a polar angle
q with the positive z-axis and an azimuthal angle f with the positive
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x-axis. For convenience, let’s denote the cartesian coordinate system in
the image space as x = (x, y, z) and in the projection space as t = (t, u,
v). From Figure 10.12 and by definition, q = (sinqcosf,sinqsinf,cosq), a
= (-sinf,cosq,0), and b = (-cosqcosf,-cosqsinf,sinq). The coordinate
conversions from the image space to the projection space and vice versa
are obtained by x = tq + ua + vb where t = x.q, u = x.a, and v = x.b.

The unknown 3D tracer distribution f(x) is assumed to be continu-
ous and exists only within the boundary of the patient. In other words,
the function f(x) = 0 outside the patient. The detector on which the 2D
projections are measured is assumed to be large enough that the pro-
jections from the 3D image f(x) is not truncated in any of the views. The
2D projections measured at the polar angle q and at the azimuthal angle
f are given by

(1)

The values of q and f can be varied such that we get a set of detec-
tor locations at which the 2D projections are measured. This set of pro-
jections is referred to as the imaging geometry of the system denoted by

P u v f t u v dtu x v xq f a b q a b, . .
,= = -•

•( ) = + +( )Ú
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Figure 10.12. The unknown three-dimensional (3D) distribution is denoted as
f(x), whereas pq,f(u, v) is the two-dimensional (2D) projection measured at polar
angle q and azimuthal angle f. The cartesian coordinate system x = (x, y, z) is
used to represent the image space, whereas t = (t, u, v) is used to represent the
projection space. The unit vector q, a, and b are orthogonal to the (t, u, v) coor-
dinates and the unit vector a lies in the x-y plane. The projection plane is
orthogonal to the unit vector q. Hence, q denotes the direction of the line inte-
grals that pass through the 3D image f(x) and are measured to give the 2D pro-
jections pq,f(u, v).



W. An easy way to graphically represent the imaging geometry is to
denote each projection pq,f(u, v) as a dot on a unit sphere, correspond-
ing to the spherical angles q and f. This unit sphere is also called
Orlov’s sphere (89). Plotting the imaging geometry on the Orlov sphere
helps to determine whether the necessary and sufficient conditions 
are satisfied, to faithfully reconstruct f(x). The imaging geometry W can
be considered to be complete, and a faithful reconstruction can be
obtained by inverting Equation 1, provided the imaging geometry W
intersects every great circle on the Orlov sphere.

Let us now illustrate some of the 3D imaging geometries used in PET,
as well as in GCPET, on the Orlov sphere. The simplest 3D imaging
geometry is the one obtained by using a parallel slat collimator and
rotating the GCPET system around the longitudinal axis of the patient
for 360 degrees. The data are acquired in the 2D mode, and the pro-
jection data is rebinned as a set of 2D parallel projections. If we assume
the longitudinal axis of the patient as the z-axis on the Orlov sphere,
then this geometry corresponds to an equatorial circle perpendicular
to the z-axis on Orlov’s sphere. The center of this equatorial circle coin-
cides with the center on the sphere as shown in Figure 10.13A. This
equatorial circle is also called a great circle and the geometry is mathe-
matically denoted as W2p = {q; q = p/2, f Œ [0, 2p)}.

A popular PET geometry is the equatorial band on the Orlov sphere
that can be obtained by either rotating an uncollimated 2D planar
GCPET detector around the longitudinal axis of the patient or using a
stationary truncated spherical/cylindrical PET detector. For the GCPET
system the data are acquired in the fully 3D mode with the oblique rays
considered as parallel ray projections. As shown in Figure 10.13B, the
parallel projections are obtained for the polar angle q ranging from p/2
- y to p/2 + y and for the azimuthal angle f varying from 0 to 2p.
Mathematically this geometry is represented as WB(y,0,2p) = {q; q = [p/2 -
y, p/2 + y), f Œ [0, 2p)}.
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A B C

Figure 10.13. A: A 2D parallel projection on the Orlov sphere is represented as a dot corresponding to
the vector direction of the measured projection. B: The imaging geometry obtained using a GCPET
system in the 2D mode for a 360-degree rotation of the gantry around the patient. C: The imaging geom-
etry on the Orlov sphere for a 3D acquisition using a GCPET system. In this case the imaging geome-
try takes the shape of an equatorial band.



The shape of the imaging geometry helps to graphically establish
whether the unknown image f(x) is sampled completely as well as 
to determine the shape of the point-spread function (PSF) h(x) used in
the backprojection filtering (BPF) algorithm. In the next section, we
describe the BPF algorithm used for 3D image reconstruction.

Analytical Reconstruction Algorithm

Backprojection Filtering
The 3D backprojected image b(x) is obtained by simply smearing back
the values in the 2D projection data pq,f(u, v) along the vector direction
-q. The above step is repeated for all projections measured along the
imaging geometry W to give the backprojected image

where x is a point in the 3D image space. The dot products x.a and x.b
help to determine the u and v locations in the projection space, which
contributes to the point x. This step is repeated for all locations x in the
image space to get the 3D backprojected image. However, the simple
backprojection step results in a backprojected image b(x) that is equal
to the original image f(x) convolved with a 3D PSF h(x) given by

This PSF depends on the imaging geometry and can be expressed as

Hence, to get the function f(x) back, we need to deconvolve the PSF
from the backprojected image, a step also known as BPF. The decon-
volution is implemented as a division in the Fourier domain to give

f(x) = F-1
3D{F(v)} = F-1

3D{B(v)/H(v)},

where and likewise for B(v) and

H(v). The capital letters are used to denote the functions in the Fourier
domain, whereas in the cartesian coordinate system v = (vx, vy, vz) is
used. The 3D BPF filter function G(v) can be denoted as

The multiplication of the BPF G(v) with the Fourier transform of the
backprojected image B(v) compensates for the variations in the sam-
pling density due to the imaging geometry given by
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f(x) = F-1
3D{F(v)} = F-1

3D{B(v)/H(v)} = F-1
3D{B(v)}G(v)} ... for all H(v) π 0 (2)

In the above equation, if H(v) = 0 for any v, then the imaging geom-
etry does not satisfy Orlov’s condition. Such imaging geometries can
lead to limited angle artifacts in the reconstructed image (90).

The 3D Fourier transform of the PSF gives us the 3D transfer func-
tion H(v) in the Fourier domain. A 3D illustration of this transfer func-
tion tells us the sampling density of all frequencies in the Fourier
domain. As mentioned by Schorr and Townsend (91), determining the
3D transfer function from the PSF is a complicated and lengthy process
and is largely dependent on the imaging geometry used. Thus, for a
given imaging geometry, finding the 3D closed-form solution for H(v)
is nontrivial and has been solved only for few imaging geometries.
Some of the previous work done in determining H(v) were (1) by
Tanaka (92) for the 4p geometry; (2) by Pelc (93), Colsher (94), Ra et al.
(95), and Defrise et al. (96) for the equatorial band; (3) by Schorr and
Townsend (91) for the planar stationary PET detector; (4) by Pelc (97),
Knutsson et al. (98), Harauz and vanHeel (99), Defrise et al. (100), and
Wessell (101) for the ectomography case; and (5) by Bal et al. (102) for
a circular arc on the Orlov’s sphere. Once the 3D transfer function is
determined, then finding its inverse to obtain the BPF G(v) is trivial.

One of the advantages of the imaging geometry dependent closed-
form expression for H(v) and G(v) is the elimination of tedious geom-
etry-dependent numerical integration in equation (2). Thus, the
implementation of the 3D BPF algorithm, used to determine the func-
tion f(x), is simplified and accurate results can be obtained. Apart from
BPF, another analytical reconstruction algorithm widely used to invert
Equation A is filtered backprojection (FBP), which is preferred over BPF
as (1) the filtering and the reconstruction process can be done simulta-
neously as the data are being acquired, (2) less computer memory is
required to store the filter, and (3) the support of the BPF algorithm is
not compact. In the next section, we explain some of the basic princi-
ples of FBP.

Filtered Backprojection (FBP)
The relationship shown in Equation 1 can also be written in the Fourier
domain using the central section theorem (CST) (103) as

Pq,f(vu, vv) = F(vua + vvb).

This means the 2D Fourier transform of the projection pq,f(u, v) is the
same as a planar slice through the 3D Fourier transform of the
unknown function f(x) (Fig. 10.14). This 2D plane is perpendicular to
the unit vector q and passes through the origin of the 3D function F(v).
In other words, each projection pq,f(u, v) contains some information cor-
responding to certain frequencies of the 3D function (103,104). Hence,
a set of projections that satisfies Orlov’s condition is needed to sample
all the 3D frequencies of the function F(v).

In the above example, four variables are required to define the pro-
jection data pq,f(u, v) obtained from a 3D image, whereas only two vari-
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ables are sufficient to define the measured projections from a 2D object.
For the 3D case, if the imaging geometry does not satisfy Orlov’s con-
dition, then the reconstructed image will contain limited angle artifacts.
On the other hand, if the imaging geometry oversamples certain fre-
quencies and satisfies Orlov’s condition, then an infinite number of
valid filters can be determined. In this chapter, we determine the
“optimal” factorizable filter that can be obtained, assuming all projec-
tions have the same noise level. This optimal 2D FBP filter is deter-
mined by taking central sections through the inverse of the transfer
function H(v).

In FBP, the 2D projection data pq,f(u, v) is first convolved with a 2D
filter gq,f(u, v) and then backprojected onto a 3D matrix. The 2D filter
for each projection depends on the direction of the measured projec-
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tion q and the imaging geometry W of the system. Hence, a set of 2D
FBP filters corresponding to the angle at which the projection data was
measured is determined. The 2D filters are then convolved with the
corresponding projections, to obtain the set of filtered projections. The
convolution operation in the spatial domain can be replaced by a mul-
tiplication operation in the Fourier domain. In the Fourier domain, the
2D filter Qq,f(vu, vv) is obtained by taking the central section through the
3D filter G(v) along a plane normal to q given by

Qq,f(vu, vv) = G(vua + vvb).

The inverse Fourier transform of the function obtained by multiply-
ing the 2D filter with the 2D Fourier transform of the projection image,
gives us the filtered projection in that direction represented as

p*q,f(u, v) = F-1
2D{Pq,f(vu, vv) ¥ Qq,f(vu, vv)}.

Hence, in this method, the 2D filter “precorrects” the measured pro-
jections, for the blurring caused by the imaging geometry–dependent
PSF. The filtered projections are then backprojected along the imaging
geometry, to give the 3D reconstructed image

A fully 3D reprojection algorithm (87) based on the above 
principle of filtered backprojection was developed for GCPET and
widely used for image reconstruction (60). Some of the advantages of
using analytical reconstruction algorithms are (1) increased accuracy,
(2) ease of implementation, and (3) reduced computational effort result-
ing in the reconstruction of the 3D volume in a very short period of
time.

Iterative Reconstruction Algorithm

The speed and simplicity of analytical reconstruction have made it the
method of choice for clinical applications. However, using analytic
methods it is difficult to model and compensate for the numerous
image degradation factors such as scatter, spatially variant sensitivity,
and asymmetric point-spread function. Iterative algorithms, on the
other hand, can compensate for these degradation factors better than
analytic algorithms. Yet iterative algorithms were not liberally used in
the past due to limitations in computing power. Now with the increas-
ing computing capabilities of modern-day computers, the development
and use of iterative algorithms is becoming increasingly popular for
image reconstruction.

Maximum Likelihood Expectation Maximization Algorithm
In GCPET, iterative reconstruction algorithms based on statistical prop-
erties such as maximum likelihood expectation maximization (MLEM)
(105,106), OSEM (107,108), conjugate gradient (109), and COSEM (70)
are widely used. Statistical methods try to statistically find the most

f x P u v d du x v x
( ) = ( )= =ÚÚ q f a b q q f, . ,

* , sin .
W
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probable value of the image vector F for the measured projection P. For
example, the MLEM algorithm was designed to maximize the poste-
rior probability of the reconstructed image for a given projection data
with Poisson statistics, whereas the iterative expectation maximization
(EM) procedure of the MLEM algorithm maximizes the log likelihood
function with respect to F. Thus the log likelihood function increases
with each iteration, and hence the EM algorithm always converges to
a more likely solution. Mathematically, the MLEM algorithm is 
written as

where f i
new and f i

old are vectors representing the current (updated) 
and previous estimates of the image. The summation over j and l is the
backprojection of all the bins for all projection angles, whereas 
the summation over k is the projection of the previous image estimate.
The element aji corresponds to the probability that a photon emitted by
the ith pixel will be detected at the jth bin (i.e., aji is an element of 
the transfer or projection matrix A while its transpose AT is a backpro-
jection matrix). The algorithm converges, that is, f i

new = f i
old when

. If the initial estimate and the transfer matrix are non-

negative, then the final image is nonnegative. Further, because it is easy
to model the image degradation factors in the transfer matrix, the
images obtained using MLEM can be potentially better than those
obtained using analytical algorithms such as FBP.

Thus, the MLEM algorithm is capable of reconstructing images 
with a decent degree of quantitative accuracy and hence preferable 
for clinical applications. However, the MLEM algorithm is extremely
slow and requires many iterations to reconstruct the original image. 
To solve this problem, a variation of MLEM called OSEM is routinely
used for clinical applications. OSEM is very similar to MLEM, 
except that the projection data are ordered into subsets and the 
image is updated after going through every projection in a subset,
given by

where Sn is the nth subset of the projection data. During reconstruction,
the image is updated after using all the projection bins in a subset, that
is, the image estimate is updated multiple times in an iteration depend-
ing on the number of subsets used. These multiple updates in turn
accelerate the convergence speed of the OSEM algorithm by a factor
proportional to the number of subsets used (107). A detailed study com-
paring OSEM and FBP reconstruction for dual-head coincidence
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imaging was performed by Gutman et al. (110). They observed that
though the OSEM reconstructed images showed better visual quality,
the overall detectability of lung nodules using the two methods was
similar for a large set of patient studies.

Summarizing the above discussions, the five main steps of an itera-
tive algorithm are (1) start with an initial estimate of the image to be
reconstructed, (2) simulate a measurement using the image estimate
mentioned in step 1, (3) compare the original measurement and the
simulated measurement, (4) update the image estimate based on the
above comparison in step 3, and (5) repeat steps 2, 3, and 4 until 
the image converges, or for some predetermined number of iterations
or until some stopping criterion is reached.

List-Mode Reconstruction
The measured data obtained using GCPET system can be either
rebinned or stored as list-mode data. In list-mode format each coinci-
dence event is stored sequentially and each stored event contains the
detection position on both detectors as well as the energy information
of the two photons. In routine GCPET scans, the acquired number of
coincidence events is typically about 20 ¥ 103 counts per second.
Because GCPET systems have a larger axial aperture compared to ded-
icated PET, rebinning the sparse data into large set of 2D projections
over a large number of azimuthal and polar angles results in a huge
number of mostly empty bins. In such cases, it is advantageous to save
the data in a list-mode format (70,71,111). To reconstruct these data, by
avoiding rebinning the data during reconstruction, a maximum likeli-
hood expectation maximization (MLEM)–based list mode reconstruc-
tion approach has been developed (70,111–114). The MLEM list-mode
algorithm is given by

where f i
(t) is the expected number of photons emitted from source voxel

i per unit time and t is the iteration number. A total acquisition time is
denoted by T, the total number of measured LORs is equal to N, and
the number of voxels is equal to M; p(Aj/l) is the probability that a
detected event from voxel l leads to a measurement in LOR j,

whereas the term is the forward projector that 

calculates the value that will be measured at LOR j with a distribution
f i

(t) and sensitivity si. Various modifications of the above MLEM based 
list-mode algorithm have been proposed and used clinically
(70,111,114).

As shown in Figure 10.15, small improvements in the resolution and
contrast were observed for the list-mode reconstructed images com-
pared to FBP and MLEM reconstructed images of single-slice rebinned
data. The patient data was obtained using axial collimation with a
maximum acceptance angle of 9 degrees (114).
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Commercial GCPET Systems

Table 10.5 lists features provided by various GCPET manufacturers
over the years (28). Though this list is not exhaustive and is constantly
being updated by the manufacturers, it serves as a good starting point
to understand the various hardware and software modifications that
went into the design of GCPET systems.
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Table 10.5. Photo-peak detection efficiency versus crystal thickness
in GCPET

18F
Crystal 201Tl 99mTc 67Ga 511 keV
thickness (mm) 70keV (%) 140keV (%) 300keV (%) (%)

9.5 100 84 33 13
12.7 100 91 41 17
15.9 100 95 48 21
19.1 100 98 54 24
Source: Data from Patton and Turkington (6), with permission of the Society of Nuclear
Medicine.

Figure 10.15. A: Resolution of the reconstructed image along the radial, transaxial, and axial direction,
for 3D list-mode, SSRB + FBP and SSRB + MLEM reconstruction. B: Different coronal slices through a
patient data after 20 iterations of SSRB + MLEM and 20 iteration of list-mode reconstruction.
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11
Brain Tumors

Michael J. Fisher and Peter C. Phillips

Brain tumors are the second most common malignancy of childhood,
accounting for approximately 20% of all childhood cancers. The esti-
mated incidence ranges from 2.4 to 4.1 cases per 100,000 children per
year. Although nearly 60% of patients are now cured, brain tumors are
still the principal cause of pediatric cancer mortality. Pediatric brain
tumors are classified by histology. Medulloblastoma is the most
common malignant brain tumor, and low-grade astrocytoma is the
most common benign tumor.

The diagnosis and evaluation of brain tumors is directed by com-
puted tomography (CT) and magnetic resonance imaging (MRI), which
are excellent for anatomic imaging. Modern MRI, in particular, is able
to identify structure with high resolution and is the standard for dis-
tinguishing abnormal tissue from normal brain. Unfortunately, these
modalities are limited in their ability to differentiate benign from
malignant tumors, neoplasia from inflammatory or vascular processes,
postoperative changes or edema from residual tumor, and relapsed
disease from radiation injury.

In contrast to CT and MRI, positron emission tomography (PET) 
provides functional information on a range of cellular and biologic
processes including glucose metabolism, protein synthesis, DNA syn-
thesis, membrane biosynthesis, cerebral blood flow, and hypoxia. In
addition, radioligands have been developed that permit in vivo
imaging of specific receptors. Positron emission tomography is useful
to detect and grade tumors, delineate tumor margins, predict progno-
sis, and distinguish tumors from nonneoplastic processes (Fig. 11.1). It
has also been used for treatment planning, guiding stereotactic biopsy,
evaluating response to therapy, and for distinguishing relapse from
radionecrosis. Functional PET imaging has the potential to be com-
bined with anatomic MRI to further enhance the evaluation of these
processes.

Positron emission tomography is commonly used for the evaluation
of brain tumors in adults. The most common tracers are 18F-fluo-
rodeoxyglucose (FDG) and 11C-methionine (MET). Although many of
the adult trials include the occasional pediatric patient, there is a dearth
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of literature focusing on the use of PET for pediatric brain tumors. Early
studies suggest that the metabolism of histologically comparable brain
tumors is similar in children and adults. This chapter will therefore
identify and emphasize the existing pediatric studies and use the
known similarities between adult and pediatric brain tumors to expand
the discussion. The focus is on FDG and MET, as they are the tracers
most studied in brain tumors.

Tumor Detection

FDG-PET

FDG is the most common tracer used for PET imaging of brain tumors.
It was introduced in 1976, and one of the earliest reports of its use was
in the evaluation of cerebral gliomas in 1982 (1). FDG-PET imaging is
based on the similarity between FDG and glucose. FDG is phosphory-
lated upon entering the cell; however, unlike glucose, it cannot be
metabolized further and therefore accumulates. Even in the presence
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of oxygen, tumors rely on anaerobic glycolysis for energy. To support
the energy requirement for growth, malignant cells upregulate their
glucose transporters. Hence tumor FDG accumulation, like glucose, is
proportional to the metabolic rate of the cell. Normal brain, however,
is also dependent on glucose for its energy needs. Therefore, there is a
high background of FDG signal, with uptake in the gray matter about
2.5 times that of the white matter (2).

There are various methods to analyze FDG uptake in tumors. The
most quantitative methods require multiple image acquisition as well
as arterial blood sampling in order to calculate the metabolic rate of
glucose. This is time-consuming and invasive and therefore is of par-
ticular concern in studies of children. In addition, the calculation of 
the glucose metabolic rate from FDG uptake requires the use of the
“lumped constant (LC),” which accounts for the differences between
FDG and glucose in transport and phosphorylation. This value is based
on normal brain and is assumed to be comparable with tumor;
however, there is evidence that it is different for neoplastic tissue and
may vary with histologic subtype (3). Given these concerns, most
studies have used simple qualitative (visual scales) or semiquantitative
(calculating ratios of uptake in the region of interest compared with a
normal structure) approaches. Other semiquantitative approaches
include calculation of the standard uptake value (SUV), which is used
more often in PET imaging of the body. Numerous studies have shown
that the evaluation of brain tumors with visual grading systems is at
least as accurate as semiquantitative analysis (ratios of tumor to gray
matter, white matter, or whole brain signal) (4,5) and SUV measure-
ments (6). These approaches obviate the need for dynamic scanning
and blood sampling, but the analysis of the “normal” comparative
tissue can be confounding. Selection of the normal tissue can be diffi-
cult, particularly when the tumor is midline in location, and the uptake
into normal brain may change with time and treatment, thus altering
the tumor-to-normal ratio (7). Of most concern is the lack of standard-
ization of analysis methods between studies, which makes comparison
of results extremely difficult.

Since Di Chiro et al.’s (1) first report of a correlation between FDG
uptake and histologic grade of glioma, numerous studies have reported
the use of FDG to evaluate gliomas in adults but have also included
other primary brain tumors such as ganglioglioma, dysembryoplastic
neuroepithelial tumor (DNET), germ cell tumors, primitive neuro-
ectodermal tumor (PNET), meningioma, and lymphoma. Other case
reports describe the utility of FDG in the evaluation of brainstem
tumors (8) and Langerhans cell histiocytosis involving the central
nervous system (CNS) (9). FDG-PET has also been used to differenti-
ate CNS lymphoma from nonmalignant processes in patients with
AIDS. Both lymphoma and toxoplasmosis, a common opportunistic
infection in AIDS, are contrast-enhancing by anatomic imaging, but
they have very different FDG signals. Rosenfeld et al. (10) initially
showed that CNS lymphomas had high FDG uptake. In addition,
uptake declined with steroid treatment in a patient imaged before and
3 weeks after initiating therapy. Additional studies in patients with
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AIDS confirm the high FDG accumulation in CNS lymphomas (11–15).
Additionally, FDG-PET was able to distinguish between hypermeta-
bolic lymphoma and hypometabolic toxoplasmosis lesions (11–15). In
one review of 33 patients with biopsy-proven lymphoma or toxoplas-
mosis, all 16 lymphoma patients had high FDG uptake and all toxo-
plasmosis lesions were hypometabolic (16). Sensitivity is therefore
high; however, the specificity of a hypermetabolic lesion is unclear. One
study reported two patients with progressive multifocal leukoen-
cephalopathy that had FDG signals indistinguishable from lymphoma
(13).

FDG-PET has also been investigated for the identification of CNS
metastases from non-CNS primary tumors (Fig. 11.2). Marom et al. (17)

178 Chapter 11 Brain Tumors

A

B

T ANT

RIGHT LEFT

POS 547–551 555–559 563–567

Figure 11.2. Young patient with a primary paraganglioma and evidence of multiple dural metastases
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evaluated FDG-PET for staging in 100 patients with newly diagnosed
lung cancer and found nine patients with metastases detected by PET
that were not apparent with conventional imaging. In contrast, in
another study, FDG-PET identified only 68% (21 of 31) of CNS lesions
in 19 patients (18). Of the 10 lesions that were missed, four had frankly
decreased FDG uptake, but six may have been missed because of their
small size and isointensity relative to adjacent gray matter. Soft tissue
metastases usually have high glucose metabolism. Given the typical
location of brain metastases at the cortical gray-white junction because
of hematogenous seeding, it is not surprising that there would be dif-
ficultly in distinguishing them from adjacent cortex on FDG-PET.
Larcos and Maisey (19) explored the value of routine CNS PET for
detecting metastases in 273 patients with non-CNS primary tumors and
detected cerebral pathology in only 2% and unsuspected metastases in
only 0.7%. In addition, a blinded retrospective review evaluating FDG-
PET for screening of cerebral metastases in 40 patients identified only
75% of the patients with metastases and detected only 61% of the
lesions seen by MRI (20). In three patients, metastases were detected
by PET that were not seen by MRI, but all three patients 
had other FDG-positive lesions; thus PET correctly identified them as
having metastatic disease. In sum, few clinically relevant lesions were
detected, and therefore Rohren et al. (20) no longer recommend routine
FDG-PET imaging of the brain in patients undergoing staging with
whole-body PET. Instead, they recommend anatomic imaging when
indicated.

Many of the studies of FDG-PET for brain tumors include pediatric
cases together with adult cases (6,8,20–27). Comparatively few studies
focus exclusively on the evaluation of pediatric brain tumors (Table
11.1). Examples of tumors examined include DNET (28–30), gangli-
oglioma (29,30), oligodendroglioma and oligoastrocytoma (28,29), 
low-grade astrocytoma (28,30–33), high-grade astrocytoma (30,31,34),
brainstem tumors (30,31,33,35), cerebellar medulloblastoma and supra-
tentorial PNET (30,32,33), ependymoma (30,31,33), germ cell tumors
(30,31), choroids plexus papilloma (30), craniopharyngioma (30), and
pituitary adenoma (30).

Hoffman et al. (33) evaluated 17 children with posterior fossa tumors.
They found the highest FDG uptake in the medulloblastomas and the
lowest in the brainstem gliomas. Holthoff et al. (32) studied 15 children
and found that the mean glucose metabolic rate was twice as high in
medulloblastoma as in supratentorial PNET or low-grade glioma
(although the latter two groups had only a few patients).

Work done at the Children’s Hospital of Philadelphia described 24
patients with neurofibromatosis type 1 (NF1) with low-grade astrocy-
tomas of the optic pathway, thalamus, or brainstem and showed that
clinical outcome correlated with FDG activity (36).

Bruggers et al. (35) demonstrated that FDG-PET was useful in the
management of a child with intrinsic pontine glioma. Patients with this
tumor often have transient clinical and MRI worsening after radio-
therapy that is believed to be due to swelling and not tumor progres-
sion. In addition, this group of patients often has clinical worsening
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before MRI evidence appears. It is important, therefore, to be able to
distinguish the toxicity of therapy from true tumor progression in order
to make appropriate treatment decisions. In this report, the patient had
worsening of symptoms in the absence of significant MRI progression
8 months after radiotherapy. The PET scan at that time showed
increased FDG uptake compared with a prior PET scan 3 months
earlier. Subsequent MRI (4 weeks later) showed progression, and an
autopsy 3 weeks thereafter confirmed tumor progression. Although
this report is anecdotal, the authors concluded that changes in PET
signal may precede changes on MRI scan.

FDG metabolism can be affected by several factors unrelated to the
brain tumor itself. Patients with brain tumors are often treated with
corticosteroids, the impact of which on FDG uptake has been explored.
Most studies have not shown an influence of steroid treatment on FDG
uptake into brain tumors (37–39); however, steroids can decrease the
uptake into normal cortex, thus affecting the tumor-to-background dif-
ferences (37). In contrast, in the setting of high blood glucose (a
common side effect of corticosteroid treatment), FDG uptake in brain
tumors is decreased, but not to the same degree as the concurrent
decrease in uptake into normal cortex (40). In addition, seizures can
occur in the setting of a cortical brain tumor. A seizure during the time
of the PET scan can markedly increase the FDG uptake and result in a
false-positive scan (2), whereas PET scans performed within 24 hours
after a seizure may be difficult to interpret because of “falsely” low
FDG uptake.

Qualitatively, most low-grade tumors have FDG uptake less than or
equal to that of normal white matter, whereas high-grade lesions 
have uptake greater than or equal to that of gray matter. Therefore,
high-grade tumors within or adjacent to normal gray matter may be
difficult to detect because of the low lesion-to-background contrast.
There is a similar problem with low-grade lesions within or bordering
normal white matter that has similar FDG signal. Co-registration of
PET images with CT or MRI may improve evaluation of FDG uptake
by helping to delineate the margins of the lesion. Borgwardt et al. 
(30) found that the diagnostic value of FDG-PET was improved by
digital co-registration of PET and MRI in 28 of 31 pediatric cases. In
particular, it improved the localization of tumor in 23 cases and the
delineation of tumor margins in eight cases. In contrast, visual
PET/MRI co-registration increased the diagnostic value in only three
of seven cases.

Other methods to improve tumor delineation include extending the
interval between FDG injection and scanning. Spence et al. (41) imaged
19 patients with supratentorial gliomas both early (0 to 90 minutes) and
late (180 to 500 minutes) after injection. Compared with early imaging,
delayed imaging improved the delineation of tumor relative to gray
matter in 12 of the 19 patients. This was true for both high-grade
gliomas (nine of 11) and progressing low-grade gliomas (three of five).
It is hypothesized that degradation of FDG-6-phosphate may occur
more efficiently in normal brain than in tumor tissue, accounting for
this result. For the three low-grade gliomas that were subsequently



shown to be stable, tumor delineation was not improved by delayed
imaging.

Amino Acid PET

Because the uptake of amino acids into normal brain tissue is relatively
low and appears to be less influenced by inflammation, amino acid PET
imaging may have some advantages over FDG-PET in providing good
contrast between tumor tissue and background (42). The higher pro-
liferative rate of malignant cells requires an increase in protein syn-
thesis with a consequent increased cellular need for amino acids. This
results in an increased transport of amino acids into malignant cells,
which is often more pronounced than the actual increase in protein syn-
thesis (2,42). MET is the most common radiolabeled amino acid used
in the imaging of brain tumors. Its uptake appears to reflect cell mem-
brane transport more than protein synthesis (43), and its uptake in
tumor is 1.2 to 3.5 times higher than in normal brain (2). There is no
effect of corticosteroid treatment on MET uptake into normal brain (44)
or low-grade glioma (45). MET uptake into glioblastoma is moderately
decreased with steroids, but uptake persists at a level higher than low-
grade gliomas (45).

Mosskin et al. (46) evaluated the uptake of MET in patients with
supratentorial gliomas. In 22 of 32 cases, they found that increased
MET uptake corresponded to areas of tumor on stereotactic biopsy. Five
cases had tumor cells outside of the area of increased MET uptake, and
five cases had MET uptake in areas without histologic evidence of
tumor. Overall, in 24 cases, MET-PET was more accurate than contrast-
enhanced CT in determining tumor margins. Other studies agree that
tumor extent is often better determined by MET-PET than by CT or
MRI (47,48); however, these studies were performed in the CT or early
MRI era. Current MRI techniques represent the most sensitive means
of identifying abnormal brain lesions that may be tumor, and PET may
be more useful to discriminate neoplastic from nonneoplastic lesions.

In a study of 85 gliomas, De Witte et al. (49) found elevated MET
uptake in 98%. Ogawa et al. (48) found a similar high MET uptake rate
(97%) in high-grade gliomas, but MET uptake was only elevated in 61%
of low-grade gliomas. Herholz et al. (45) studied 196 consecutive
patients with suspected low-grade glioma. The authors used a MET
uptake (lesion-to-contralateral normal brain) threshold of 1.47, and
MET-PET distinguished tumor from nonneoplastic lesion with a sensi-
tivity of 76% and specificity of 87%. When lesions that turned out to be
malignant were excluded, sensitivity for differentiating low-grade
from nonneoplastic lesions fell to 67%. Chung et al. (50) revealed a sen-
sitivity of 89% for detecting brain tumors (31 of 35) with MET and a
specificity of 100% (all 10 nonneoplastic lesions had no MET uptake).
Of note, cerebrovascular lesions, such as infarction and hemorrhage,
can also exhibit high MET uptake, felt to be secondary to a disrupted
blood–brain barrier (51). Other 11C-radiolabeled amino acids, such as
[11C]-tyrosine (TYR) are also useful in detecting primary brain tumors
with a sensitivity of 91% and specificity of 67% (52).
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Compared with FDG, MET is more sensitive for detecting tumor and
delineating tumor margins. Ogawa et al. (53) evaluated 10 patients
with glioma or meningioma and found MET to be superior to FDG in
delineating the extent of tumor. Pirotte et al. (54) demonstrated abnor-
mal MET uptake in 23 tumors, 11 of which had no FDG uptake or
uptake equal to background. Sasaki et al. (55) found MET more useful
than FDG in detecting tumor extent and in distinguishing benign from
malignant astrocytomas. In a study of 54 patients with glioma, 95%
were clearly visualized with MET, whereas only 51% were hyperme-
tabolic with FDG (24). For low-grade gliomas, MET identified over
90%, but FDG identified only 21%. Chung et al. (50) showed that 22 of
24 gliomas had greater extent and degree of uptake with MET than
FDG. MET-PET was also better than FDG in detecting low-grade astro-
cytoma and oligodendroglioma (56).

Pediatric studies have also shown the utility of MET for imaging
primary brain tumors. O’Tuama et al. (57) reported that MET was
useful to delineate tumor extent in 13 children. Plowman et al. (31)
imaged 10 “pediatric” patients (only seven were less than 18 years old)
with both FDG and MET and described PET’s utility in localizing
viable tumor for radiosurgery, distinguishing recurrent tumor from
radiation injury, and differentiating persistent tumor from posttreat-
ment changes when evaluating residual enhancement on MRI after
surgery or radiotherapy. In a larger study of 27 children with primary
brain tumors, MET-PET had a sensitivity of 96% for the detection of
tumor, which was higher than that of FDG (58).

Both FDG and MET are valuable for detecting tumor and differentiat-
ing it from nonneoplastic tissue. FDG is most useful in evaluating more
malignant lesions, such as high-grade glioma and lymphoma, which
have particularly elevated glucose metabolism. Because of the minimal
background MET uptake into normal brain, MET appears to have an
advantage over FDG, particularly in detecting low-grade tumors.

Tumor Grading

FDG-PET

Most studies regarding PET grading of primary brain tumors have
focused on gliomas and show a correlation between FDG uptake and
histologic grade of glioma. Di Chiro and colleagues (1,59) showed that
all high-grade gliomas had regions of high FDG uptake and that the
mean glucose metabolic rate in high-grade gliomas was almost twice
that of low-grade gliomas (7.4 versus 4.0). In addition, they reported
that FDG uptake was better than contrast-enhancement on CT in pre-
dicting tumor grade (60). Delbeke et al. (61) evaluated FDG uptake in
32 high-grade and 26 low-grade brain tumors, most of which were
gliomas. They defined an “optimal cut-off level” that distinguished
between high-grade and low-grade tumors. Ratios of tumor-to-gray
matter greater than 0.6 or tumor-to-white matter greater than 1.5 pre-
dicted high-grade pathology with a sensitivity of 94% and specificity
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of 77%. As gliomas are often histologically heterogeneous, Goldman et
al. (62) examined 161 stereotactic PET-guided biopsy specimens from
20 patients with gliomas to see whether glucose metabolism correlated
with degree of anaplasia. Glucose uptake was significantly higher in
anaplastic than non-anaplastic specimens. Histologic signs of anapla-
sia were present in approximately 75% of samples with high FDG
uptake but in only 10% of samples with low FDG uptake.

More recently, Padma et al. (63) evaluated FDG uptake in a large
sample of patients with glioma scanned at various times during treat-
ment. They found 166 patients had low uptake and 165 had high
uptake. Among those with low FDG uptake, 86% were low-grade and
14% were high-grade gliomas. Of the 23 patients with high-grade
glioma but low FDG uptake, all had their first PET scan after therapy,
and low uptake may have been related to an effect of treatment. In 
contrast, 93% of the patients with high FDG uptake had high-grade
gliomas, whereas only 7% had low-grade pathology. Of the latter, all
11 patients had increasing anaplasia on repeat biopsy and a rapidly
declining clinical course.

One problem with the use FDG-PET to assess glioma grade is that
FDG uptake may be influenced by volume averaging with adjacent
tissue. For example, the apparent FDG signal of a high-grade glioma
may appear artificially lower when the signal is averaged with adja-
cent white matter, surrounding edema, or an associated necrotic area
(all regions that are inherently low in FDG uptake).

Although degree of FDG uptake is correlated with histologic grade
of glioma in most cases, juvenile pilocytic astrocytomas are an excep-
tion. This is of particular importance in pediatrics, in which pilocytic
astrocytomas comprise a large percentage of the brain tumor incidence.
These grade I gliomas, although benign in behavior, have repeatedly
been shown to have high FDG uptake, similar to that of anaplastic
astrocytoma (24,33,64,65). This may be due to their very vascular nature
(64) or perhaps an increased expression of glucose transporters in this
tumor type (65,66). Other benign tumors that have shown high FDG
uptake include choroid plexus papillomas (30,33).

FDG uptake correlated with World Health Organization (WHO) his-
tologic grade (67) in a study of 38 children with primary brain tumors
(30). Borgwardt et al. (30), using a measure of glucose metabolism
called the “mean index” (based on FDG uptake in a region of interest
of tumor, white matter, and gray matter), found a mean index of 4.27
in four grade IV tumors, 2.47 in four grade III tumors, 1.34 in 10 grade
II tumors, and -0.31 in eight of 12 grade I tumors. Four grade I tumors
(three pilocytic astrocytomas and one choroid plexus papilloma), with
a mean index of 3.26, were excluded because of the known lack of asso-
ciation of FDG uptake and histologic grade in these tumors. Eight other
patients had tumors in locations that were difficult or dangerous to
biopsy (mostly brainstem) and were expected to be benign based on
their appearance and subsequent clinical course. These tumors had a
mean index of 1.04, consistent with low-grade histology. It is difficult
to know how to interpret these results given the large number (greater
than 10) of different histologies represented in this study. Although
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there is a known correlation between grade and prognosis for gliomas,
the comparability of grading systems between different histologic sub-
groups of brain tumors has yet to be established. At a minimum, this
report suggests a clear difference in FDG uptake between benign and
malignant brain tumors.

Amino Acid PET

MET has been evaluated for grading gliomas. Derlon et al. (68) found
a statistically significant relationship between MET uptake and tumor
grade in 22 patients with glioma. The tumor-to-contralateral normal
brain ratio was 1.04 for grade II, 1.68 for grade III, and 2.33 for grade
IV lesions. The difference between grade II and the higher grade lesions
was significant. In a larger study, De Witte et al. (49) found that 
MET uptake correlated with tumor grade in 85 patients with glioma
(pilocytic astrocytomas were excluded). In addition, a tumor-to-
contralateral normal brain threshold greater than 1.8 was more
common for high-grade gliomas, but this dividing line did not uni-
versally distinguish between high- and low-grade lesions. Other
studies have shown a correlation between MET uptake and markers of
tumor proliferation in gliomas [proliferating cell nuclear antigen (69)
and Ki-76 staining (50)].

In a study of 23 patients, Sasaki et al. (55) found MET to be superior
to FDG in distinguishing low-grade from high-grade gliomas.
Although the difference in MET uptake between grade II gliomas and
higher-grade lesions was statistically significant, this was not the case
for FDG. In contrast, Kaschten et al. (24) found a significant difference
in FDG uptake between grade II and grade III or IV lesions, but the 
difference in MET uptake between grade II and III lesions did not 
reach significance. Ribom et al. (70) found a significant increase in MET
uptake in 10 untreated low-grade gliomas from baseline to the time of
progression. Of note, the tumor “hot spot” to normal cortex ratio at
progression was 4.40 for patients who had developed anaplasia and
2.27 for those whose histology was unchanged.

MET may also be useful for grading oligodendrogliomas. In 47
patients, MET uptake was significantly higher in anaplastic than low-
grade oligodendrogliomas (71). However, the amount of overlap was
such that a threshold between anaplastic and low-grade lesions could
not be identified. Although there was also a significant difference in
FDG uptake between grades, this was not of the same magnitude as
seen for MET. Similarly, in pediatric patients with various primary
brain tumors, MET accumulation was higher in high-grade than low-
grade tumors, but no clear cut-off distinguished between them (58).

With the exception of juvenile pilocytic astrocytomas, the correlation
between FDG uptake and glioma grade has been repeatedly demon-
strated. FDG signal thresholds can be defined that distinguish high-
and low-grade tumors, but the overlap of signals does not allow com-
plete segregation of the groups. In addition, the various methods of
analysis used in different studies make between-study comparisons
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difficult and thus limit the generalizability of the conclusions. In sum,
FDG-PET may be helpful in differentiating high- from low-grade
tumors, but it is not a substitute for biopsy. MET-PET has been less
extensively studied and its use for tumor grading is less clear.

Prognosis

FDG-PET

Since the earliest studies of FDG metabolism in brain tumors, it has
been explored as a marker of prognosis. In a study of 45 patients with
high-grade glioma, FDG uptake correlated with survival (72). Patients
with high tumor glucose metabolism had a mean survival of 5 months,
whereas patients with lower metabolism survived an average of 19
months. Alavi et al. (73) found that median survival of patients with
hypometabolic, primary brain tumors was 33 months but only 7
months in hypermetabolic tumors. For the subgroup of patients with
high-grade glioma, 1-year survival was 78% for patients with hypo-
metabolic tumors and 29% for those with high glucose metabolism.
Other studies of FDG-PET in gliomas, and in particular malignant
gliomas, support the prognostic value of glucose metabolism (74). In
addition, Schifter et al. (75) suggest that serial studies may improve the
prognostic usefulness of FDG for primary brain tumors.

Given the correlation between FDG uptake and tumor grade, it is
important to control for this variable when assessing the relationship
between glucose metabolism and prognosis. In a study of 31 supra-
tentorial high- and low-grade gliomas, Pardo et al. (76) reported 
that FDG uptake was at least as significant as histologic grade for 
progression-free and overall survival. However, this is based on 
univariate analysis. Padma et al. (63) suggest that FDG-PET may be
better than pathology for predicting prognosis. In a study of 331
patients with benign or malignant gliomas, degree of FDG uptake was
associated with survival. Although there was no difference in survival
between those with tumors that had low FDG uptake and those that
had no FDG uptake, there was a significant difference in survival
between those with high uptake and those with low or no uptake.
Specifically, patients with low-uptake tumors had a median survival of
28 months compared with only 11 months for high-uptake tumors. In
addition, 94% of patients with low-uptake tumors survived greater
than 1 year and 19% survived greater than 5 years. One- and 5-year
survival for patients with high-uptake tumors was 29% and 0%, respec-
tively. The 23 high-grade glioma patients with low uptake had a
median survival of 20 months, and the 11 low-grade glioma patients
with high FDG uptake had a median survival of 5 months. Of note,
however, the authors also showed that FDG uptake correlated with
tumor grade, and no clear attempt was made to distinguish PET signal
as an independent variable for prognosis.

Spence et al. (77) evaluated the relationship between glucose metab-
olism and prognosis using multivariate analysis in a study of 30
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patients with supratentorial high-grade glioma. They found that both
tumor histology and pretreatment glucose metabolism independently
correlated with survival. In a larger study of 91 patients with malig-
nant astrocytoma, those with tumor FDG uptake greater than that in
the contralateral gray matter had worse prognosis than those with
uptake less than that in the gray matter (78). When considered sepa-
rately, glucose metabolism was predictive for glioblastoma but not
anaplastic astrocytoma. As the investigators used a three-point visual
scale in their evaluation, it is possible that more precise measurements
of glucose uptake might have improved the delineation of survival
groups. In multivariate analysis, although FDG-PET was useful in 
predicting the outcome for glioblastoma, histologic grading was 
superior.

Predicting prognosis and, in particular, clinical behavior is extremely
important for low-grade gliomas. Anatomic imaging with CT or MRI
does not define the aggressiveness of the lesion or the likelihood of 
secondary malignant transformation, and therefore does not help in
directing whether a lesion can be safely observed or warrants imme-
diate treatment. Several studies have suggested that FDG-PET may be
useful for predicting both malignant transformation and prognosis in
low-grade gliomas. In a study of 12 low-grade glioma patients with
malignant transformation, each tumor had an area of FDG uptake
similar to that seen in high-grade gliomas (79). In addition, in three
patients who underwent PET scans prior to malignant degeneration,
there was an increase in FDG metabolism that coincided with malig-
nant change. Similar results were seen by De Witte et al. (23) in their
study of 28 patients with low-grade gliomas. They found that tumors
with higher FDG uptake were more likely to progress and result in
mortality that those without high uptake. Six of the nine patients with
areas of high FDG uptake died and two others had tumor recurrence.
In contrast, all 19 patients with low FDG tumor uptake were alive, and
only one had evidence of subsequent malignant transformation.
Similar applications of FDG-PET do not apply to juvenile pilocytic
astrocytomas, which, as previously noted, may have focally high FDG
uptake despite excellent prognosis (64,65).

The utility of FDG-PET for tumor prognosis has been studied in
other clinical scenarios and tumors. Di Chiro et al. (80) found signifi-
cantly higher FDG metabolism in meningiomas that progressed or
recurred than in those that did not. Barker et al. (21) evaluated FDG
uptake in 55 high-grade gliomas at the time of suspected recurrence
because of enlarging areas of enhancement on MRI. There was a sig-
nificant difference in survival between patients with high and those
with low FDG uptake (10 versus 20 months). This difference might be
even more profound because most patients believed to have recurrence
based on PET were offered further therapy, whereas those assessed as
radiation injury were more likely to be observed or treated with
steroids alone. By contrast, in a study of malignant tumors suspected
of recurrence after treatment, Janus et al. (81) found that decreased FDG
uptake was associated with longer survival, whereas increased FDG
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uptake was not predictive. Studies of patients with recurrent metasta-
tic brain lesions after stereotactic irradiation have also found a signifi-
cant prolongation of survival in those with low FDG uptake compared
with those with high FDG uptake (82,83).

Very few reports have been published exploring the utility of FDG-
PET to predict prognosis in children with primary brain tumors.
Hoffman et al.’s (33) study of 17 children with primary brain tumors
demonstrated no clear correlation between FDG uptake and survival.
In particular, two patients with brainstem gliomas and low FDG uptake
had shorter survival than two patients with higher FDG uptake. By
contrast, FDG was an independent predictor of event-free survival in
21 children with newly diagnosed primary brain tumors (58). However,
this study evaluated multiple different tumor types, and the small
sample size limited the authors to univariate analysis.

In 24 pediatric patients with NF1 and low-grade astrocytomas of the
optic pathway, thalamus, or brainstem, FDG uptake correlated with
both the need for treatment and clinical outcome (36). Patients were
divided into groups based on whether they required tumor therapy at
some point and whether their tumors progressed or remained stable.
Of patients in the no-treatment group, 93% (13 of 14) had no increase
in FDG uptake, consistent with benign tumors, whereas 70% (seven of
10) in the treatment group had increased uptake consistent with more
malignant pathology. When considering clinical outcome, 94% (16 of
17) of patients with stable disease had no increase in FDG uptake, but
all seven patients with progressive disease had increased uptake.
Overall, 96% (23 of 24) of patients had clinical outcomes that correlated
with FDG activity.

Amino Acid PET

MET-PET has also been explored for predicting the prognosis of
primary brain tumors. In a study of 54 low- and high-grade gliomas, a
tumor-to-mean cortical MET uptake threshold of 2.1 divided patients
into groups with median survival longer than 5 years (<2.1) or less than
8 months (≥2.1) (24). In comparison with FDG, the authors found 
MET to be slightly superior for predicting outcome. De Witte et al. (49)
evaluated MET-PET in WHO grade II to IV gliomas. A tumor-to-
contralateral normal brain uptake ratio greater than 2.2 was associated
with poor outcome in grade II tumors. Grade III tumors had a thresh-
old of 2.8 that distinguished the outcome. For grade IV tumors, there
was no correlation between degree of uptake and survival (all had ele-
vated uptake).

In studies of low-grade gliomas (all grade II), MET uptake correlates
with clinical outcome. In 12 patients with low-grade gliomas, MET
uptake distinguished patients with stable disease from those with
tumor progression or death from disease (44). In addition, an SUV
threshold of 3.5 differentiated aggressive from stable lesions. In a larger
study of 89 patients with grade II glioma, MET uptake was inversely
associated with survival for both astrocytomas and oligoden-
drogliomas (84).

188 Chapter 11 Brain Tumors



Only one study has attempted to evaluate MET as a predictor of sur-
vival in pediatric patients (58). In 23 children with newly diagnosed
brain tumors, increased MET uptake was associated with increased 
likelihood of tumor progression. Furthermore, patients who died of
tumor progression had significantly higher MET uptake than those 
who survived. As noted above, this was a mixed tumor population,
and multivariate analysis was not performed.

Although some studies show a correlation between FDG uptake in
brain tumors and prognosis, it is unclear as of yet whether glucose
metabolism is independent of tumor grade as a risk factor. However,
although FDG-PET may not offer added value for prognosis when
comparing different tumor types or grades, it does appear useful for
predicting prognosis in tumors with homogeneous histology and
grade. Studies of MET-PET are too few to draw conclusions about its
utility for assessing prognosis at this time.

Guidance for Biopsy

Brain tumors, particularly gliomas, are typically heterogeneous. There
is often a variation in histologic grade within the tumor. For example,
in 1000 samples from 50 supratentorial gliomas, 62% of tumors con-
tained both high- and low-grade regions (85). Tumor behavior,
response to therapy, and survival are determined by the most malig-
nant portion of a tumor. Because of the inherent risk of sampling error,
stereotactic biopsy may miss the tumor altogether or miss the most
malignant portion, resulting in understaging of the tumor. This has
obvious implications for selection of appropriate therapy and for sub-
sequent survival of the patient. Efforts have been made to maximize
diagnostic yield by performing multiple trajectories and using CT or
MRI guidance. Usually, biopsy is directed toward contrast-enhancing
areas. However, biopsies in malignant gliomas have revealed tumor
cells as far as 3cm from the area of enhancement (86). In addition, the
most contrast-enhancing portion of the tumor does not always repre-
sent the most malignant area. Because MRI guidance has not been
shown to reliably direct biopsy, many investigators have explored 
PET-directed stereotactic biopsies.

FDG-PET

Given the usefulness of FDG for detecting tumor and the correlation
of FDG uptake with histologic grade, FDG may improve the diagnos-
tic yield of stereotactic biopsy by targeting the areas of highest FDG
uptake in an attempt to sample the likely most malignant area. Hanson
et al. (87) manually combined anatomic imaging with visual analysis
of FDG-PET images to determine the best site for stereotactic biopsy in
three patients. In two of the patients, CT- or MR-guided biopsy was
insufficient, but targeting to the region of high FDG uptake yielded
diagnostic tissue.
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Combing visual PET analysis with anatomic imaging is not suffi-
ciently precise to direct stereotactic biopsy. Co-registration of stereo-
tactically obtained CT images with nonstereotactically obtained PET
scans can improve precision. However, obtaining both sets of images
in stereotactic format by using a relocatable head frame is ideal (88).
This is accomplished by fixing the head frame for both PET and CT so
that the patient’s head is similarly positioned for both. Using this pro-
cedure, Pirotte et al. (89) performed 78 biopsy trajectories in 38 patients.
All trajectories into areas of increased FDG uptake were diagnostic,
whereas six trajectories directed solely by CT were uninformative. A
follow-up study from the same group used combined PET/CT to direct
90 stereotactic biopsy trajectories in 43 patients with suspected brain
tumors (25). Thirty-six patients had an area of increased FDG uptake
that guided at least one trajectory. If the area of FDG abnormality was
smaller than the CT lesion, a biopsy was also done from a CT region
that was FDG negative, and vice versa. Fifty-five trajectories were
based on PET and 35 directed by CT. Only six of the 90 trajectories 
were nondiagnostic, and all were CT guided. Four of these trajectories
were targeted to the contrast-enhancing area on CT. In all these
patients, a diagnosis was subsequently made on a PET-guided biopsy.
Eleven patients had a PET-guided trajectory in an area that appeared
normal on CT; nine yielded tumor tissue. The biopsy in the other two
patients yielded normal brain; in both cases the region was felt to be
“displaced subcortical gray matter adjacent to the tumor.” In patients
with contrast-enhancing lesions on CT, there was a statistically signi-
ficant difference in the diagnostic yield between FDG-PET- and con-
trast-enhanced CT-guided trajectories. In a subsequent review of
PET-guided stereotactic biopsies in over 150 patients, Levivier et al. (90)
suggested that PET is more accurate than CT for the selection of biopsy
sites that will maximize the likelihood of obtaining tissue representa-
tive of the tumor grade. It also may allow a decrease in the number of
trajectories needed and thereby a decrease in the risks, without
adversely affecting the diagnostic yield.

Stereotactic PET/MRI-directed biopsies have also been performed.
Massager et al. (8) performed PET and MRI in stereotactic conditions
in 30 patients with a brainstem mass, and PET/MRI-directed biopsies
resulted in improvement in targeting precision and in diagnostic yield.
Most PET scans were performed with FDG. Early in the study, if there
was a discrepancy between the PET scan and the MRI, two trajectories
were done. When similar conditions arose later in the study (after the
accumulation of data supporting PET-guidance), targeting was guided
by PET imaging alone. A total of 37 trajectories were performed. Diag-
nosis was obtained in all patients and confirmed by the subsequent
clinical course. Eighteen patients had a single PET-directed biopsy and
the diagnostic yield was 100%. Seven patients had two different target
areas due to discordance between PET and MRI; in four of these
patients, PET guidance was better than MRI guidance in finding the
area of highest tumor grade. Targeting in this way was very safe. There
was no biopsy-related mortality and minimal morbidity (two patients
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had a worsening of their preoperative neurologic deficits, that resolved
with time).

Amino Acid PET

MET may be better than FDG for directing stereotactic biopsies. The
minimal uptake of MET into normal brain cells results in excellent
tumor-to-background contrast, thus maximizing the likelihood of iden-
tifying an area of abnormal signal to direct biopsy. The increased sen-
sitivity of MET for detecting low-grade tumors provides an advantage
over FDG for guiding biopsy trajectories to regions of tumor as
opposed to nonneoplastic tissue. In addition, the relatively fast kinet-
ics and shorter half-life (20 minutes) of MET allows brief scanning
times and therefore make it easier to perform multiple stereotactic
studies as well as multitracer evaluations in the same day.

Co-registration of MET-PET and MR images helped guide stereotac-
tic biopsy in a patient with a grade II oligodendroglioma (91). Biopsy
from a contrast-enhancing area with low MET uptake yielded necrotic
tissue, whereas tissue from a nonenhancing, hypermetabolic MET
region was tumor. Pirotte et al. (54) compared MET with FDG for
guiding stereotactic biopsies in 23 patients with brain tumors. There
was an area of elevated MET uptake in all 23 brain tumors. Biopsy was
directed by FDG in the 12 tumors with elevated FDG uptake. The other
tumors had either no FDG uptake (mostly low-grade astrocytomas or
oligodendrogliomas) or uptake that was indistinguishable from the
adjacent gray matter and therefore required MET guidance for biopsy.
All MET-guided trajectories yielded diagnostic tissue.

In a follow-up study, Pirotte and colleagues (27) performed stereo-
tactic PET with MET and FDG and combined those images with stereo-
tactically obtained CT or MR images in 45 patients with lesions located
within or adjacent to the cortical and subcortical gray matter. All
studies were performed on the same day. FDG was used to direct
stereotactic biopsy if the signal was high enough to distinguish it from
the background gray matter; otherwise, MET was used. Thirty-nine
patients had tumors, and target selection was directed by FDG in 18
and by MET in the other 21. The six nonneoplastic lesions had no FDG
or MET uptake and were biopsied under CT or MRI guidance. All 39
tumors had an area of abnormal MET uptake. All 73 trajectories in
MET-positive areas yielded tumor tissue, and all 24 trajectories in areas
of no MET uptake yielded nontumorous tissue. Fourteen patients had
both FDG- and MET-guided biopsies; tissue from both trajectories
yielded the same diagnosis. Overall, MET was superior to FDG in dif-
ferentiating tumor from surrounding brain and was the only usable
tracer for targeting in 21 of 39 tumors.

Pirotte et al. (92) have also used combined PET/MRI in the planning
of stereotactic biopsies in nine children with infiltrative, ill-defined
brain lesions. FDG was used in four, MET in two, and both tracers in
three cases. Biopsy trajectories were directed to regions of high tracer
uptake. For lesions located in functional areas of brain, fewer trajecto-
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ries were needed without compromising the diagnostic yield. All
lesions were accurately diagnosed using PET-guided biopsies.

The integration of PET into the planning of stereotactic trajectories
clearly improves the diagnostic yield of biopsies compared with guid-
ance based on anatomic imaging alone. MET appears better than FDG
for identifying targets, although its shorter half-life limits its use to
institutions with their own cyclotron. The use of multitracer PET may
further improve the accuracy of stereotactic biopsy. In addition, the
improved yield may allow a decrease in the number of trajectories
required and consequently decrease the risk involved.

Treatment Response

One promising use for PET is in the evaluation of tumor response to
treatment. It can be difficult at times to determine whether a given
course of therapy has been effective. Low-grade tumors often do not
decrease in size after therapy. However, if the tumor has responded to
treatment with death of tumor cells, one would expect its level of
glucose metabolism or protein synthesis to decline following therapy.
Similarly, declining PET signal 3 months into a planned 12 months of
therapy may indicate that the therapy is working and validate that it
should be continued.

FDG-PET

Several investigators have explored the use of FDG metabolism in pre-
dicting tumor response to treatment. It is expected that tumors that
respond to treatment will have a decrease in FDG uptake (Fig. 11.3).
Surprisingly, several studies have found the opposite: an increase in
glucose metabolism after therapy correlated with longer survival.
Maruyama et al. (93) evaluated two patients with primary brain tumors
and six patients with metastatic brain tumors treated with stereotactic
radiosurgery. FDG-PET scans were performed before and 4 hours after
treatment. Eighteen of the 19 treated tumors had a significant increase
in FDG uptake (mean 29.7%) after treatment compared with eight non-
irradiated tumors. For the 17 metastatic lesions, the increase in FDG
uptake correlated with a subsequent decrease in tumor size. The other
tumor that had an increase in FDG-PET with treatment did not signif-
icantly decrease in size, but its follow-up period was short. Of note,
one patient had a second follow-up PET scan performed 2 weeks after
treatment; FDG uptake had decreased to below baseline values at that
time. Spence et al. (77) found similar results in 14 patients with malig-
nant gliomas imaged with both 1-[11C]glucose and FDG within 2 weeks
before and within 2 weeks after external beam radiotherapy (although
the exact timing for each patient is not noted). Increase in glucose
metabolism after treatment correlated with prolonged survival,
whereas a decrease in metabolism correlated with poorer survival.
Changes in glucose metabolism with chemotherapy have also been
explored (94). Ten patients with recurrent glioblastoma multiforme
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were imaged with FDG-PET before and 24 hours after a first dose of
carmustine. An increase in FDG uptake correlated with longer survival.
No changes in FDG uptake were seen in normal brain tissue.

Theories to explain this seemingly paradoxical relationship between
increase in glucose metabolism and survival have been reviewed by
Spence et al. (95). One possibility is that the stress associated with cel-
lular injury leads to an increase in glucose transport and thus an
increase in FDG uptake. Studies show that cellular stress causes an
increase in glucose transport that is associated with an increase in the
amount of glucose transporters on the cell surface (96,97). Several in
vitro and small-animal studies show an increase in FDG or deoxyglu-
cose uptake shortly after treatment with chemotherapy or radiation
(98–102), and this increase is associated with an increase in glucose
transport (101,102). However, if the increase in FDG uptake is due to
cellular stress alone, then even patients who do not respond to therapy
might be expected to show an initial increase in FDG uptake, and this
is not usually seen (77,94).

A B

Figure 11.3. Six weeks status post radiation of a primary brain tumor, MR images (A,B) show a focal
and diffuse signal abnormality. Lack of FDG uptake on PET (C) suggests that the tumor may no longer
be viable. (Courtesy of Dr. P. Bhargava.)
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Another possible explanation for the increase in FDG uptake shortly
after therapy is infiltration of the injured tumor with inflammatory
cells, which have high glucose metabolism. In vivo studies have shown
FDG uptake concentrated in the infiltrating macrophages and fibrob-
lasts following radiation (103,104). In addition, high FDG uptake has
been seen in the resection cavity walls following injection of 131I-labeled
antitenascin monoclonal antibody into the cavity (105). Subsequent his-
tologic evaluation revealed infiltration of inflammatory cells into this
region. Other possible mechanisms include increased energy needs for
radiation injury repair (106) or apoptosis (107,108) or “uncrowding,” in
which the death of tumor cells with treatment allows an increase in
glucose metabolism in the surviving cells (95).

Other studies suggest that this increase in glucose metabolism imme-
diately after therapy is transient. Rozental et al. (109) evaluated FDG
uptake before, 1 day, and 7 days following stereotactic radiotherapy in
two patients with malignant gliomas and two patients with metastases.
They found a transient increase in glucose metabolism (25% to 42%) 1
day after therapy that was not present at 7 days. In a phase II study of
temozolomide for recurrent malignant glioma, Brock et al. (110) per-
formed FDG-PET before and 14 days after treatment. A decrease in
glucose metabolism of greater than 25% was associated with a response
at 8 weeks. This association held true for focal regions of initial high
FDG uptake but not for whole tumor uptake. Decreases in FDG uptake
following treatment were also found in a study of brain tumors treated
with radiation and scanned before and 1 week after completion of
therapy (111).

Reports in children also show a decrease in glucose metabolism fol-
lowing therapy. In a child with multifocal glioblastoma multiforme,
FDG uptake declined following therapy and was associated with the
period of clinical improvement (34). Similarly, in seven patients with
medulloblastoma/PNET who underwent follow-up FDG-PET scans at
least 7 days after treatment, there was a trend toward longer duration
of clinical improvement with larger decreases in tumor FDG uptake
(32).

In sum, it appears that assessing tumor response by FDG-PET 
immediately after treatment is difficult and confounded by other vari-
ables. It is likely that change in glucose metabolism 2 weeks or so 
after therapy may be a more reliable indicator of response.

Amino Acid PET

There have been very few reports of the use of amino acid tracers to
assess tumor response. Bustany et al. (112) showed that brain tumor
MET incorporation decreased following radiotherapy in two patients.
Derlon et al. (68) found a decrease in MET uptake after radiotherapy
in all three glioblastoma multiforme patients studied, but not in a 
grade II glioma. Of six gliomas studied with MET before and 2 months
following radiotherapy, three had a decrease in MET uptake (113). 
All three had evidence of clinical improvement, and two had a 
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decrease in tumor size on CT. The other three patients had a rise in
MET metabolism and either progression or no change in tumor size on
CT. Other reports suggest no association between change in MET
uptake and survival in eight patients treated with carmustine 
(BCNU) (95).

Studies of MET-PET in low-grade gliomas show a dose-dependent
decrease in MET uptake in five patients 1 year after treatment with
brachytherapy (114). Interestingly, FDG uptake did not change during
that time interval. In another study of low-grade astrocytoma, many 
of the patients had decreasing MET uptake by serial PET scan after
radiotherapy (44). As with many of the previous studies, there was 
no clear attempt to correlate change in PET signal over time with 
survival. It is interesting that three patients had higher MET uptake 
3 months after treatment compared with baseline, but only one had
persistent elevation at 6 months. This patient eventually progressed.
Ribom et al. (70) evaluated 11 patients with low-grade glioma with
MET-PET before radiotherapy and at the time of progression (1.2 to
10.7 years later). They found no significant change in MET uptake from
baseline. They suggest that an initial decline in MET uptake might have
been found if they had done follow-up imaging closer to the end of
treatment.

MET-PET also has promise in the evaluation of response to radio-
therapy in CNS lymphoma (115). Ten patients were imaged before and
after radiation. The area of high MET signal declined following treat-
ment.

TYR has been used to monitor the response to external beam radia-
tion in 10 patients with supratentorial gliomas (three high-grade and
seven low-grade) (116). At 1 to 4 months after treatment, seven patients
had a decrease in tumor volume by TYR-PET. Protein synthesis rate
was unchanged, however. No outcome data correlating the change in
TYR volume with response or survival were available.

At present, no definitive conclusions can be drawn about the utility of
PET in assessing brain tumor response to treatment. Studies are limited
by the lack of outcome data as well as the wide variability in the timing
of follow-up PET scans after therapy. Early imaging with FDG may
yield paradoxical results, but this may be a reflection of changes in
glucose metabolism in the surrounding tissue. An immediate post-
therapy increase in MET signal may be less likely, as MET is not as
affected by inflammation. Prospective studies evaluating both tracers
should have both early and late assessment time points and should
attempt to correlate changes in PET signal with survival.

Recurrence Versus Radiation Necrosis

Radiation necrosis typically refers to the late injury seen months to years
after therapy. On anatomic imaging, there is usually hyperintensity on
T2-weighted MRI as well as contrast enhancement on both CT and MRI.
Lesions are often expansile and exert mass effect on the surrounding
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tissue. Given that recurrent tumor often has a similar appearance, it is
typically difficult to distinguish between the two. Functional imaging
with PET improves the differentiation of the two, as radionecrosis typ-
ically is hypometabolic in comparison to tumor (Fig. 11.4).

FDG-PET

FDG-PET has been studied extensively for differentiating recurrent
tumor from radiation necrosis. Whereas tumor is expected to have 
high FDG uptake, areas of radionecrosis should have low FDG uptake.
One of the earliest reports of FDG-PET in the evaluation of brain
tumors was of five patients with clinical and CT findings suggestive of
tumor recurrence after radiation (117). The three patients with hyper-
metabolic lesions were found to have recurrent tumor by biopsy or at
autopsy, whereas the two patients with hypometabolic lesions had
radiation necrosis. Doyle et al. (118) reported nine patients for whom
there was concern about recurrent high-grade glioma. The authors had
100% accuracy in distinguishing between recurrence and radionecro-
sis. Seven patients had histologic confirmation of results; the other 
two had hypometabolic lesions and a clinical course consistent with
radionecrosis.

In a larger study of 95 patients with glioma or brain metastases, both
the sensitivity and specificity of FDG-PET to distinguish radionecrosis
from recurrent tumor was 100% (119). Diagnosis was confirmed by his-
tology. Similar results have been found in the evaluation of lesions after
gamma knife radiosurgery (100% sensitivity and specificity) (82) and
after brachytherapy (81% sensitivity, 88% specificity) (120). Overall,
studies have reported a sensitivity that ranges from 81% to 100% and
specificity of 40% to 100% (121). Although FDG-PET improves the 
diagnostic accuracy of distinguishing tumor recurrence from radio-
necrosis, the sensitivity for detecting recurrence can be increased by 
co-registering the images with MRI (122).
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Figure 11.4. FDG-PET study of an 11-
year old boy with an astrocytoma status
post right frontal lobectomy and radio-
therapy. High signal on FDG-PET is
consistent with tumor recurrence in the
deep left hemispheric white matter.
(Courtesy of Dr. N. Bohnen.)



Several studies describe the impact of FDG-PET in the management
of patients with suspected tumor recurrence after radiotherapy. In a
study of 50 patients with suspected tumor recurrence after therapy, 30
did not undergo surgical confirmation. In the latter group, FDG-PET
contributed to the treatment decisions in 80% of patients (81). In
another report of 65 patients with glioma evaluated with FDG-PET to
distinguish tumor recurrence from radiation necrosis, PET contributed
to the management in 90% of cases (123).

One issue in many of the prior studies is selection bias; patients with
negative FDG-PET scans are less likely to have a tissue diagnosis.
Therefore, false-negative results might be missed. For example, in one
study of 84 patients with suspected recurrent gliomas, only 31 had their
lesions confirmed by biopsy. Of 11 hypometabolic lesions, only five
were radiation necrosis by histology. The other six were recurrent
tumor. In addition, four of 20 (20%) patients with hypermetabolic
lesions were found to have radiation necrosis at biopsy (124). Reasons
for false-negative scans include tumors with low histologic grade (and
therefore low inherent FDG uptake), small volume of residual tumor
(resulting in poor visualization after volume averaging with sur-
rounding tissue), and tumor located within or adjacent to normal brain
with similar glucose metabolism. False-positive scans can occur with
inflammatory lesions and are often present acutely after radiation
injury (see discussion in Treatment Response, above). In addition, 
some biopsy specimens from hypometabolic lesions assessed as true
negatives have had viable tumor cells believed to be incapable of 
proliferation (95,119,120).

Amino Acid PET

Few studies have evaluated the use of MET-PET to differentiate 
recurrent tumor from radiation necrosis. Ogawa et al. (125) imaged 
15 patients with both FDG and MET. All patients with radiation 
necrosis had lesions that were hypometabolic with FDG-PET. How-
ever, one patient had a lesion with low FDG uptake that was recur-
rent tumor. MET uptake was elevated in this lesion. The authors 
conclude that the combination of FDG and MET-PET improved the
diagnostic accuracy. Sonoda et al. (126) used MET-PET to evaluate 
five patients with recurrent glioma and seven patients with radiation
necrosis. MET uptake was elevated in all patients with tumor 
recurrence but in only one with radiation necrosis. Overall, the 
diagnostic accuracy of MET-PET was 92%. Co-registration of MET-PET
with MRI can improve the differentiation of radionecrosis from 
recurrent tumor (91). In a patient with suspected recurrence 4 years
after radiation, MET uptake within the region of contrast enhance-
ment was low. However, there was another area of higher MET uptake
that was not contrast enhancing. Stereotactic biopsies revealed that 
the contrast-enhancing area with low MET uptake was necrosis,
whereas the nonenhancing region with high MET uptake was recur-
rent tumor.
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Tsuyuguchi and colleagues have used MET-PET to differentiate
tumor from radiation injury after stereotactic radiosurgery for brain
metastases (127) and high-grade glioma (128). In 21 patients treated for
brain metastases, only 11 underwent a surgical procedure to confirm
the diagnosis; nine had recurrent tumor and two had radiation necro-
sis. The lesions in the other 10 patients were defined as radiation necro-
sis based on clinical follow-up. By visual analysis, two cases in each
group would have been falsely classified. Semiquantitative analysis
improved the diagnostic accuracy. Mean tumor-to-normal brain MET
uptake was higher in the recurrent tumor group (1.62) than the radia-
tion necrosis group (1.15). With a cutoff of 1.42, the sensitivity for
detecting recurrent tumor was 77.8% and the specificity was 100%
(127). Similar evaluation in 11 patients treated for high-grade glioma
revealed a mean tumor-to-normal brain ratio of 1.87 for the relapsed
tumors and 1.31 in the necrosis group. Sensitivity, specificity, and diag-
nostic accuracy were 100%, 60%, and 82%, respectively (128).

There are no studies of PET in children that specifically address its
clinical utility in the evaluation of tumor recurrence versus radionecro-
sis. One case series, however, did include several children with lesions
of concern on MRI scan noted sometime after the completion of radio-
therapy in which FDG and MET-PET were used in the subsequent man-
agement of the patient (31).

Numerous studies demonstrate the value of FDG-PET for differen-
tiating tumor recurrence from radiation injury. Although false nega-
tives and false positives are clearly reported, in general there is
excellent sensitivity and specificity. Furthermore, early studies with
MET-PET appear promising. In sum, PET is an important modality 
in the evaluation of patients with suspicious MRI lesions after 
radiotherapy.

Treatment Planning

Positron emission tomography is helpful to define tumor margins 
and to identify concerning (perhaps more malignant) tumor regions.
Standard external beam radiotherapy and even hyperfractionation 
to higher doses does not prevent all recurrences within the radiation
field. PET may be useful during radiation treatment planning to define
the optimal target volume and to direct higher doses to the region of
tumor with the highest tracer uptake.

Nuutinen et al. (44) evaluated the feasibility of MET to define radio-
therapy treatment volume in 11 patients with astrocytoma. In eight
patients, the planning target volume (PTV) was larger and in one
patient smaller based on CT or MRI alone. On average, the PTV was
19% smaller when planned with MET-PET assistance. In particular,
MET-PET improved treatment planning for three patients whose tumor
margins on MRI were inconclusive. For two patients with MET-
negative tumors, MET-PET was of no use in treatment planning. In
another patient, there was obvious tumor infiltration by MRI that
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would have been missed with MET-PET, and therefore part of the
tumor would have been underdosed.

Several groups have explored PET for defining an area for radiation
dose escalation. Tralins et al. (129) used FDG-PET to delineate a target
boost area in 38 patients with glioblastoma multiforme. Initial PTV was
determined by the T2-weighted MR signal abnormality plus a standard
margin, and the initial treatment dose was 59.4Gy. Positron emission
tomography was performed when the patient was at a dose of 45 to
50.4Gy, and the area of abnormal FDG uptake plus a 0.5-cm margin
was boosted with an additional 20Gy. Patients without abnormal 
FDG uptake received the standard 59.4Gy. Twenty-seven patients 
were evaluable (eight had not reached their first follow-up exam and
three were excluded for other reasons) and had a median actuarial 
time to progression of 43 weeks and survival of 70 weeks. Comparison
was made between the FDG-based and theoretical gadolinium
enhancement-based target boost volumes. Mean target volume based
on FDG was significantly smaller than gadolinium enhancement-based
volume. In addition, FDG uptake occasionally extended beyond the
region of enhancement. Of note, 83% (10 of 12) of the patients who
underwent an FDG-PET–based radiation boost and subsequently
recurred had their first site of progression within the area of initial
abnormal FDG uptake.

Solberg et al. (130) studied the feasibility of using FDG for treatment
boosting in intensity modulated radiotherapy (IMRT). Treatment plan-
ning for a patient with a recurrent brain metastasis was performed
using an integrated PET-CT scanner. A standard treatment plan was
devised, and then an additional 20% was prescribed to the region of
high FDG uptake. Evaluation of the dose distributions and dose-
volume histograms show excellent coverage of the boost volume
despite its irregular shape.

Levivier et al. (90) reviewed their experience using combined PET
and MRI guidance in treating 34 brain tumors with gamma knife 
radiosurgery. The PET tracer selected depended on the tumor type. 
FDG was used mostly for metastases and primary malignant brain
tumors, whereas MET was used primarily for benign brain tumors. The
volume of increased PET signal was co-registered with the MR image.
Final treatment volume was defined by MRI but modified with infor-
mation from the PET scan. When the area of PET uptake extended
beyond the MR margins of the tumor, it was included in the final
volume (unless it was in an “unsafe” region of the brain). If the area of
PET uptake was smaller and within the MR volume, then the highest
spot of the delivered dose was directed to that area. Positron emission
tomography contributed to the treatment plan in 31 cases (91%) and
dictated an adjustment to the target volume in 25 cases (74%). No
outcome data were available.

Positron emission tomography may also be useful for surgical 
planning. Miwa et al. (131) co-registered MR and MET-PET images in
10 patients with newly diagnosed glioblastoma multiforme. In all
patients, the gadolinium-enhanced area was smaller than the area of
increased MET uptake. On average, only 58.6% of the MET area was
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within the enhancing area, whereas 99.8% was within 3cm outside of
the enhancing region. In addition, during follow-up after treatment, a
new enhancing area developed in three patients in a region that was ini-
tially unenhancing but MET positive. This implies that there were
tumor cells beyond the region of gadolinium enhancement. In all cases,
the MET area was smaller than the T2 hyperintense area, but it extended
partially beyond the T2 hyperintense area in nine patients. Hence, the
T2 hyperintense area likely contains tumor cells, and tumor may even
extend beyond this area. The authors concluded that surgical resection
of the gadolinium-enhancing area is insufficient and that MET uptake
should be considered in surgical and radiotherapy planning.

Levivier and colleagues (90) have used PET (FDG or MET) to help
direct tumor resection in 43 patients. PET and MRI were obtained
stereotactically, imported and correlated with the neuronavigation
software, and displayed in the eyepiece of the microscope during the
surgery. The goal was to remove the entire area of abnormal tracer
uptake. All tumors were maximally resected with no complications
related to the technique. Because PET helps to delineate the extent of
a tumor, this neurosurgical planning technique may improve the prog-
nosis of these patients.

One of the major limitations to achieving a complete tumor resection
is tumor location adjacent to eloquent areas of brain. Traditional tech-
niques to delineate these important brain areas are not ideal (29). Wada
testing for language localization is invasive, may cause complications,
and may be unreliable in sedated children. Intraoperative electrical
stimulation or cortical somatosensory evoked potentials require coop-
eration, may be unreliable, and cannot reach the medial part of the
hemispheres. In addition, a craniotomy is required for placement of
depth electrodes. Positron emission tomography with radiolabeled
water ([15O]H2O) measures tissue perfusion, which is presumably
increased in regions of brain that are activated. Functional imaging
with [15O]H2O may help to noninvasively localize important regions of
cortex and improve the surgical planning to avoid these regions.

Duncan et al. (29) measured the activation of cortical regions with
[15O]H2O PET during motor, visual, articulation, and receptive lan-
guage tasks in 15 children (aged 2 to 16 years) with seizures (7 had
tumors). Thirteen patients also underwent FDG or MET-PET to help
localize the seizure focus. Magnetic resonance and PET images were
co-registered and directed the surgical approach. This approach helped
to establish the location of eloquent cortical regions in relation to the
seizure focus, determined the optimal surgical approach, and facili-
tated maximal resection while minimizing surgical morbidity. In addi-
tion, it helped to define the optimal timing for surgery, by providing a
means to recognize when cortical reorganization is complete. (Often
after cortical damage in young children, important brain functions 
will “relocate” to adjacent areas of cortex or even the contralateral
hemisphere.)

The same group published a follow-up study using similar methods
in five children (aged 3 to 13 years) with tumors adjacent to eloquent
brain regions (28). In four of the patients, functional mapping altered
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the surgical approach to allow avoidance of speech/language or motor
areas. Despite tumor location near functionally sensitive brain regions,
aggressive resection was achieved without significant neurologic
sequelae.

The use of PET for planning the treatment of brain tumors is one of the
most exciting applications of this imaging modality. FDG and/or MET-
PET can be used to help define the optimal target volume for radio-
therapy as well as to identify regions for dose escalation. In addition,
these tracers may improve tumor resection by helping to define tumor
extent. Unfortunately, information on whether these approaches will
impact patient outcome is presently lacking. Functional imaging with
[15O]H2O is a noninvasive method to localize eloquent regions of cortex.
Preliminary studies show that multitracer PET with [15O]H2O and FDG
or MET assists in defining the optimal surgical approach to facilitate
maximal tumor resection with minimal morbidity.

Other Agents

Although FDG and MET are the most widely used tracers, numerous
other agents have been explored for PET imaging of brain tumors.
These include tracers that evaluate other biologic processes including
DNA synthesis, membrane biosynthesis, and hypoxia.

Amino Acid Agents with Longer Half-Life

One of the limitations of 11C-labeled amino acids such as MET and TYR
is that their short half-life (20 minutes) limits their use to institutions
with in-house cyclotrons. Labeling tracers with 18F (half-life 110
minutes) enables availability to more centers. Several forms of 18F-
labeled tyrosine have been synthesized, including L-2-[18F]fluo-
rotyrosine (FTyr), L-3-[18F]fluoro-a-methyltyrosine (FMT), and
2-[18F]fluoroethyl-l-tyrosine (FET). Preclinical studies show similar
transport characteristics and tumor detection with FTyr and FET com-
pared with MET (132). A study of FTyr in 15 brain tumors showed good
tumor delineation and uptake that was associated with tumor grade
(133). FMT is also useful for tumor detection, with uptake ratios that
were significantly higher than with FDG (134).

More recent studies have focused on FET. Preclinical studies report
that, unlike FDG uptake, FET uptake is low in inflammatory and non-
neoplastic cells (135,136). This may improve tumor delineation, partic-
ularly after surgery and radiotherapy when distinguishing between
inflammatory changes and residual tumor can be difficult.

The first clinical study of FET imaged 11 patients with gliomas (all
but one malignant) and five patients with intracranial metastases from
non-CNS primaries with both FET and MET (137). Fifteen of the
patients had received prior surgery and/or radiotherapy, and nine
were being evaluated for tumor recurrence/residual versus radiation
injury or postoperative changes. Based on MET imaging, 13 of the
lesions were assessed as tumors and the other three were considered
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to be posttreatment changes. All 13 tumors had increased FET uptake,
whereas the three lesions that represented posttreatment changes had
FET uptake that was significantly lower. There was close correlation
between FET and MET in signal intensity and tumor extension. MET
uptake was slightly higher than FET uptake in tumor, white matter, and
gray matter, but the tumor-to-normal brain structure ratios were not
significantly different.

Pauleit et al. (138) imaged 20 suspected primary or recurrent brain
tumors with FET-PET before surgery; FET identified 14 of 16 tumors
(all gliomas) for a sensitivity of 88%. Two other patients had increased
FET uptake, including a patient with astrogliosis and one with a cav-
ernoma (which was not confirmed by biopsy). Compared with 3-
[123I]iodo-a-methyl-l-tyrosine (IMT), an alternative tyrosine analogue
used for single photon emission computed tomography (SPECT)
imaging, FET was more sensitive and allowed for better differentiation
of tumor from normal brain.

In addition, FET-PET has been evaluated for the grading of tumors.
Weckesser et al. (139) imaged 44 suspected primary brain tumors at
four 10-minute intervals following FET injection. Eleven of the lesions
were in children. A diagnosis was subsequently available in 35 patients.
The FET uptake was greater than normal cortex in 35 of the 44 lesions,
including all 22 gliomas, three lymphomas, four other primary brain
tumors, three nonneoplastic lesions, and three unbiopsied lesions. The
lesions without FET uptake included one DNET, one mature teratoma,
one inflammatory lesion, and six unbiopsied lesions. There was a sig-
nificant difference in the ratio of FET uptake in tumor-to-contralateral
normal brain between low-grade (2.0) and high-grade lesions (3.2)
when imaged at 10 minutes but not 40 minutes after injection. This 
difference was significant between low-grade (2.0) and high-grade
gliomas (3.1) as well. Of note, the uptake kinetics of FET appeared 
different in low-grade and high-grade lesions; FET uptake increased 
in low-grade and decreased in high-grade lesions from the 10- to 40-
minute postinjection scan. This implies that early imaging may provide
the best contrast for grading.

Messing-Junger et al. (140) co-registered FET-PET and MR images
and incorporated them into a neuronavigation system to direct stereo-
tactic biopsies in two children with bithalamic gliomas. Stereotactic
biopsy, initially planned with MRI and MR spectroscopy, was redi-
rected based on FET-PET in both cases. In one patient, the biopsy target
was changed from the right thalamus to a region of FET uptake in the
left thalamus. In the other patient, biopsy was redirected from a thala-
mic target with tumor-to-cortex FET uptake ratio of 1.7 to a hot spot
(ratio of 3.8) in the left cerebellopontine angle. Whether the change in
targets resulted in a change in diagnosis is unknown. In a follow-up
report, the same investigators used FET to direct biopsies in 50 patients
with suspected gliomas (86). Biopsies were taken from an area of
increased FET uptake in FET-positive lesions. Biopsies yielded 34
gliomas and 16 nonneoplastic lesions. Of the four gliomas that did not
have elevated FET, only one was high grade. Only two nonneoplastic
lesions had elevated FET uptake. The sensitivity and specificity of FET
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for detecting tumor were both 88%. Mean tumor-to-normal brain FET
uptake ratios were significantly higher for tumors (2.4) than nonneo-
plastic lesions (1.2). There was a trend toward higher FET uptake with
increasing tumor grade, but there was substantial overlap.

Both FET and FMT are nonnatural amino acids that are not found in
biologic systems. Radiolabeled, naturally occurring amino acids (like
MET) are susceptible to degradation, giving rise to radiolabeled
metabolites, which makes kinetic analysis of uptake complex. Many
nonnatural amino acids are not metabolized and therefore may be
advantageous for use in imaging brain tumors. Another radiolabeled
nonnatural amino acid is 1-aminocyclobutane-1-[11C]carboxylic acid
(ACBC). In a comparative study with FDG, ACBC-PET identified all 19
recurrent gliomas, whereas FDG detected only 13 of 19 (141); ACBC
uptake into normal brain was very low. Tumor-to-normal gray matter
ACBC uptake was almost 10 times higher than FDG ratios. The better
contrast between tumor and normal brain improves the ability to detect
low-grade lesions. However, the investigators were unable to distin-
guish low-grade from high-grade lesions, and uptake did not correlate
with grade or survival.

3,4-dihydroxy-6-[18F]fluoro-l-phenylalanine (FDOPA) has also 
been explored for imaging brain tumors. It is chemically similar to 
L-phenylalanine, which shares amino acid transport systems with 
L-methionine. Prior studies have shown that MET uptake into brain is
reduced by 50%, on average, after loading with l-phenylalanine (142).
Becherer et al. (143) studied the feasibility of using FDOPA for imag-
ing brain tumors. They performed FDOPA-PET in 20 patients with 
suspected brain lesions and MET-PET (on a separate occasion) in 19.
All 19 of the brain tumors (seven low-grade gliomas, 11 high-grade
gliomas, one metastatic tumor) had elevated uptake of FDOPA. For the
18 tumors in which MET was also performed, tumor-to-contralateral
uptake ratios were similar and correlated between the tracers. There
was one false-positive lesion (a focal demyelinating lesion) with both
tracers. Five patients were imaged both 20 and 70 minutes after FDOPA
injection. There was an increase in uptake of FDOPA into the basal
ganglia from 20 to 70 minutes, resulting in less obvious tumor signal
at that time. The authors concluded that FDOPA may be an alternative
to MET for brain tumor imaging.

DNA Synthesis Agents

Tracers that measure DNA synthesis by definition should be markers
of cellular proliferation and, thus, likely to be taken up into dividing
tumor cells. Because normal brain cells are not dividing, excellent con-
trast between tumor and background normal brain should be expected.
As it is the only nucleotide that is in DNA but not RNA, thymidine
analogs have been the most widely studied. 2-[11C]thymidine (TdR)
and FDG were used to image 20 supratentorial brain tumors (144); TdR
did better than FDG in detecting tumor. Increased tumor-to-cortex 
TdR uptake was found in 11 of 14 (79%) previously untreated tumors
and in five of six (83%) recurrent tumors. TdR uptake was not 
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correlated with tumor grade. De Reuck et al. (145) used methyl-
[11C]thymidine to evaluate 20 patients with brain lesions on CT or MRI.
Methyl-[11C]thymidine uptake was increased in eight of 10 tumors.
There was no increased uptake in the 10 nontumoral lesions. Eary et
al. (146) compared TdR and FDG-PET in 13 patients with primary or
recurrent malignant brain tumors. Using qualitative visual analysis,
uptake of TdR and FDG was similar in seven cases. In two patients,
tumor recurrence was more obvious with TdR than with FDG-PET.
Two tumors with high FDG but low TdR uptake had slower progres-
sion than three tumors with elevation of both tracers. Another study of
20 patients with brain tumors showed that TdR uptake increased with
tumor grade (147). Although evaluation of TdR for treatment response
has not been published for brain tumors, preliminary studies in non-
CNS tumors suggest that it may be promising (148).

One problem with the use of TdR is its rapid metabolism yielding
the labeled metabolite [11C]CO2. Imaging with both TdR and [11C]CO2

facilitates an assessment of the confounding influence of this metabo-
lite on the interpretation of TdR imaging. Analysis that incorporates
kinetic modeling using [11C]CO2 may further enhance the ability of TdR
to delineate tumor (146,147,149). Alternatively, labeling thymidine in
such a way as to limit its degradation and prolong the half-life of the
label may improve its utility in evaluating brain tumors. 18F-labeled
tracers have a half-life of 110 minutes, whereas the half-life of 11C is
only 20 minutes. [18F]3¢-deoxy-3¢-fluorothymidine (FLT) has been
studied and compared with FDG in 26 patients (eight children) with
brain lesions (18 were tumors).22 Its uptake was elevated (greater than
background) in all 12 patients with high-grade tumors, but FDG uptake
was increased (greater than or equal to normal gray matter) in only six.
Of note, however, visual grading systems were not identical. Uptake
into low-grade tumors was variable for both tracers. The sensitivity of
FLT for diagnosing brain tumors was 83% (15 of 18), and the specificity
was 62%. All three false-negative FLT scans were low-grade astrocy-
tomas. Using tumor-to-normal brain SUV ratios, there was a significant
difference in FLT uptake between high- and low-grade tumors but not
between low-grade tumors and nontumorous lesions. There was a sig-
nificant correlation between FLT uptake and the degree of cellular pro-
liferation, as measured by Ki-67 staining, in nine patients with glioma.
Overall, FLT appears promising for delineating as well as grading brain
tumors.

Labeling with iodine 124 (124I) extends the tracer half-life even further
(4.2 days) and has been used to label deoxyuridine. The long half-life
allows for a “wash-out” period. Because radioactivity is retained in the
tumor but over 70% of radiolabeled metabolites are excreted in the
urine at 24 hours, “late” imaging improves the contrast between tumor
and background (150,151). [124I]Iododeoxyuridine (IUdR) has been
used to image 20 patients with gliomas or meningiomas (151). All
tumors had persistent labeling at 24 hours. Tumor-to-normal brain
uptake ratio correlated with increasing glioma grade [grade II (2.4),
grade III (3.1), grade IV (4.5)]. Uptake in meningioma was similar to
low-grade glioma. The authors (151) hypothesized that image contrast
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would be improved even further by delaying imaging beyond 24 hours
after tracer injection.

Membrane Biosynthesis Agents

In addition to increasing DNA and protein synthesis, tumors must syn-
thesize membrane phospholipids in order to expand. Tracers explored
for imaging of membrane biosynthesis include 1-[11C]acetate,
[11C]choline, and [18F]fluorocholine. Reports of 1-[11C]acetate show its
potential for imaging gliomas and meningiomas, with an accuracy
exceeding 90%. Uptake into normal gray matter is low (95,152).

Using MR spectroscopy, choline has been shown to be elevated in
malignant brain tumors. In addition, its uptake into normal cortex is
low, which allows excellent contrast for tumor detection (153).
[11C]choline uptake into brain tumors has been reported to be elevated
(154,155). Uptake into both rat glioma cells and human tumors is higher
than uptake into normal brain (155). In 22 patients with suspected brain
tumors, Ohtani et al. (26) found increased uptake of [11C]choline in all
nine high-grade gliomas and the one pilocytic astrocytoma studied.
Uptake into nonpilocytic low-grade gliomas was low. There was a sig-
nificant difference in tumor-to-white matter uptake ratio between high-
grade and low-grade gliomas (excluding the pilocytic astrocytoma).
Several other tumors had elevated [11C]choline signal, including menin-
gioma, schwannoma, craniopharyngioma, and lymphoma. [11C]choline
uptake into nonneoplastic lesions was low and not significantly differ-
ent from low-grade gliomas. In contrast, Utriainen et al. (156) found no
difference in [11C]choline uptake between high-grade and low-grade
gliomas.

Two 18F-labeled choline tracers have been synthesized: [18F]fluo-
romethylcholine (FCH) and [18F]fluoroethylcholine (FEC). In a com-
parison of the two, FEC uptake into prostate cancer cells in vitro was
20% that of FCH uptake (153). In addition, the phosphorylation of FEC
by choline kinase is approximately 30% lower than FCH. Case reports
of FCH-PET for brain tumors reveal marked uptake in an anaplastic
astrocytoma and a glioblastoma multiforme, but poor uptake in a
demyelinating lesion (153,157). Good signal was achieved when
imaging 5 minutes after injection, with tumor-to-normal brain uptake
ratios close to 10 (153). FEC-PET was used in 12 patients with untreated
gliomas and compared favorably with [11C]choline (158). There was 
no difference in tumor signal when imaging was performed at 5 
versus 20 minutes after tracer injection; however, uptake of FEC
decreased in normal brain over that time, resulting in better contrast
between tumor and normal brain at 20 minutes. Histology was con-
firmed by stereotactic biopsy targeted to the region of highest PET
signal. FEC uptake (tumor-to-normal gray matter ratio) correlated with
increasing tumor grade, albeit in a small sample size: grade II (0 to 4.8),
grade III (12, only one case), grade IV (13.2 to 21.1). Compared with
other tracers, tumor-to-normal brain ratios for glioblastoma multi-
forme are much higher using FEC than FDG (24,61), MET (24,49,68), or
FET (137,139).
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Hypoxia Agents

Most glioblastomas have regions of tumor necrosis that are hypoxic.
Tissue hypoxia reduces the effectiveness of radiotherapy and poten-
tially chemotherapy. Newer treatment strategies specifically target
hypoxic tumor regions either by modifying oxygen delivery or by
inducing the expression of cytotoxic compounds under hypoxic con-
ditions. There are no structural imaging methods to evaluate tumor
hypoxia. Several investigators, therefore, have explored PET tracers
that bind to molecules in hypoxic cells, such as [18F]fluoromisonidazole
(FMISO), in order to image these tumor regions. The degree of 
FMISO uptake into cells is increased under hypoxic conditions
(159,160). In a rat intracerebral glioma model, FMISO uptake into
malignant glioma exceeded that of normal brain (161). Valk et al. (162)
found FMISO uptake in three patients with malignant glioma with
signals that were greater than normal cortex. Other reports of the clin-
ical use of FMISO for imaging brain tumors have been reviewed by
Spence et al. (163).

Future Studies

PET for Receptor Imaging

Ligands for receptors may be radiolabeled and used for PET imaging
of brain tumors. Receptor imaging has been used before in the evalu-
ation of pituitary adenomas. For example, [11C]-l-deprenyl demon-
strates specific binding to monoamine oxidase B and demonstrates
high uptake in pituitary adenomas (164). Pituitary adenomas can also
be imaged with [18F]fluoro-ethyl-spiperone, which binds to dopamine
receptors (165). Brain tumors have been imaged using tracers that bind
to benzodiazepine receptors, which are elevated in some brain tumors
(3). Positron emission tomography with [11C]PK 1195, a benzodiazepine
receptor ligand, demonstrates increased signal in gliomas relative to
normal gray matter (166,167).

Using ligands directed toward receptors that are specifically
increased in certain tumor types may improve the accuracy of PET
imaging. The epidermal growth factor receptor (EGFR) is frequently
mutated and overexpressed in malignant gliomas and has been impli-
cated in their prognosis. 4-(3-Bromoanilino)-6,7-dimethoxyquinazoline
(PD153035) is a selective EGFR tyrosine kinase inhibitor. It has been
labeled with 11C and evaluated using PET in vivo in rats (168). Tracer
was rapidly cleared from the blood with subsequent uptake in several
body organs including brain. High uptake was evident in SH-SY5Y
cells (a neuroblastoma cell line that expresses EGFR) implanted sub-
cutaneously into rats. The level of uptake was approximately 15 times
that of the surrounding normal tissue. Using PET with similar tracers
in patients with malignant gliomas may be useful for documenting
tumor receptor expression, selecting which patients should get therapy
with drugs targeting the EGFR, and monitoring the response to such
therapy.
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PET Imaging of Angiogenesis

Angiogenesis is the formation of new blood vessels from preexisting
ones. Brain tumors, particularly gliomas, are dependent on angiogen-
esis for growth beyond a small size. Microvessel density has been
shown to be associated with both glioma grade and prognosis. Multi-
ple angiogenic factors have been identified, and numerous antiangio-
genic drugs have been evaluated in preclinical and clinical trials (169).
Positron emission tomography is being explored as a noninvasive way
to image angiogenesis.

The integrin avb3 is a receptor expressed on activated endothelial
cells and plays an important role in cell adhesion, cell migration, and
angiogenesis. Because expression is low on quiescent endothelial cells,
imaging of avb3 would be specific for angiogenic vessels. The tripep-
tide sequence arginine-glycine-aspartic acid (RGD) is recognized by
avb3 integrins. Labeling of a glycosylated form of an RGD-containing
peptide with 18F ([18F]galacto-RGD) has been explored. Imaging of mice
with micro-PET allowed detection of avb3-positive tumors with high
tumor-to-normal tissue uptake (170). A follow-up study revealed a cor-
relation between [18F]galacto-RGD uptake by PET and avb3 expression
by subsequent Western blot analysis in subcutaneous murine models
(171). Imaging of nine patients with non-CNS tumors showed tracer
uptake in the majority of patients. Immunohistochemical analysis of
tumor tissue after surgery showed expression of avb3 on tumor vessels
and association of tracer uptake with the density of avb3-positive
vessels.

An alternative tracer, N-4-[18F]fluorobenzoyl-RGD ([18F]FB-RGD),
was taken up specifically into subcutaneous and orthotopic mouse
glioma models with high tumor uptake and almost no uptake into
normal brain (172). Unfortunately, tracer washout from tumor was
rapid, and there was significant accumulation in the gallbladder and
intestines because of hepatobiliary excretion. The same investigators
introduced a polyethylene glycol formulation of the tracer ([18F]FB-
PEG-RGD) (173). This tracer had rapid clearance from blood with 
predominately renal excretion. In both subcutaneous and orthotopic
mouse models, uptake into gliomas was high with very low back-
ground activity, which resulted in good contrast. There was a correla-
tion between PET uptake and autoradiography, demonstrating that
[18F]FB-PEG-RGD localizes to integrin-positive tumor.

Because disease stabilization rather than tumor regression is
expected from antiangiogenic agents, traditional response monitoring
by anatomic imaging is insufficient. Positron emission tomography
may provide an alternative for assessing response in clinical trials of
these agents. avb3 integrin is just one of many angiogenic targets that
can be selected for monitoring with PET.

PET Imaging for Assessment of Gene Therapy Protocols

Noninvasive assessment of gene expression would be useful for the
evaluation of gene therapy strategies. Tjuvajev and colleagues (174)
have explored the possibility of PET imaging for assessing the expres-
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sion of herpes simplex virus-1 thymidine kinase (HSV1-TK) after retro-
viral transduction of RG2 glioma cells. Initial experiments showed 5-
iodo-2¢-fluoro-2¢deoxy-1-beta-d-arabinofuranosyluracil (FIAU) to be a
satisfactory marker substrate for measuring HSV1-TK expression (174);
FIAU accumulation in transduced RG2 clones was associated with the
level of HSV1-TK messenger RNA (mRNA) expression and the sensi-
tivity of the clone to ganciclovir. Autoradiography showed that FIAU
uptake was high in the TK-positive brain tumors but low in non-
transduced RG2 tumors in rats. Single photon emission computed
tomography showed high uptake of [131I]FIAU into subcutaneous RG2
tumors and W256 mammary carcinomas that were transfected with
HSV1-TK but not in nontransduced tumors (175). Tumors were pro-
duced by injecting HSV1-TK transduced and nontransduced clones into
the flanks of rats. Uptake of FIAU was localized to areas of high HSV-
TK protein expression using autoradiography. Once again, the degree
of FIAU accumulation corresponded to the in vitro ganciclovir sensi-
tivity of the clone used for transfection. A follow-up study using PET
and [124I]FIAU showed high uptake of [124I]FIAU into subcutaneous RG2
and W256 tumors that had been transduced in vitro with HSV1-TK, and
uptake was correlated with HSV1-TK expression (176). In addition, high
[124I]FIAU uptake was also seen in W256 tumors that had been trans-
duced in vivo with HSV1-TK by direct intratumoral injection of vector
into already established subcutaneous tumors. In sum, gene expression
can be imaged noninvasively with PET and thus may be useful to
monitor gene therapy trials in humans with brain tumors.

PET Imaging of Apoptosis

Early in apoptosis, phosphatidylserine can be found on the outer cell
membrane. Annexin V binds to phosphatidylserine on the surface of
apoptotic cells. Labeling of annexin V with 18F may allow imaging of
apoptosis. After induction of myocardial ischemia in rats, [18F]annexin
V accumulated in the infarcted area, where the apoptotic cells are (177).
Treating rats with cycloheximide results in apoptosis in the liver.
[18F]Annexin V uptake in the liver of rats pretreated with cyclohex-
imide was three to nine times that of controls (178). Subsequent analy-
sis of the liver with terminal deoxynucleotide end-labeling (TUNEL)
assays showed significant apoptosis; this correlated with [18F]annexin
V uptake. Toretsky et al. (179) showed an 88% increase in [18F]annexin
V binding to cancer cells treated with etoposide compared to untreated
cells. It is anticipated that [18F]annexin V or other markers of apopto-
sis may be used in the early assessment of response of cancer patients
to therapy.

PET for Evaluation of Drug Kinetics

The pharmacokinetics of cancer drugs may be evaluated in vivo by
radiolabeling the drug and imaging it with PET. By labeling temo-
zolomide with 11C, Saleem et al. (180) were able to evaluate its plasma
and tissue pharmacokinetics in vivo in six patients with glioma.
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[11C]temozolomide was identified in the plasma and [11C]CO2 was the
only radiolabeled metabolite identified. Because the duration of the
PET scan (90 minutes) was less than the half-life of temozolomide, the
pharmacokinetic parameters that could be calculated were based on
the distribution and initial elimination of the drug. Both drug clearance
and exposure (area under the curve, AUC) between 0 and 90 minutes
were calculated. Although there was drug uptake into both tumor and
normal brain tissue, the total tumor exposure was higher compared
with normal gray and white matter. In addition, by labeling the drug
at two different loci, the investigators were able to explore in vivo the
mechanism by which temozolomide undergoes ring opening to form
monomethyl triazenoimidazole carboxamide (MTIC) and subse-
quently the alkylating agent methyldiazonium ion.

Conclusion

Functional imaging with PET complements anatomic imaging in the
evaluation of brain tumors. FDG has been shown to play a role in
tumor detection, grading, and prognosis, and in the evaluation of
malignant transformation. It is also useful for directing stereotactic
biopsies and in differentiating tumor recurrence from radiation necro-
sis. MET is valuable for tumor localization and detection, particularly
of low-grade tumors. It provides an advantage over FDG for directing
stereotactic biopsy, and early studies are encouraging for detecting
tumor recurrence. Co-registration of FDG- or MET-PET images with
MRI is clearly advantageous for brain tumor evaluation. Combined
PET studies using more than one tracer improve the accuracy of stereo-
tactic biopsy (FDG and MET) and are valuable in planning tumor resec-
tions so as to minimize morbidity (FDG or MET with [15O]H2O).
Although studies targeting brain tumors in children are sparse, the
available evidence suggests a similar utility of PET in this age group.
Other tracers are promising (e.g., FET, TdR, FEC), but their routine clin-
ical use for brain tumors requires further examination. As our under-
standing of the molecular processes of cells improves, more specific
tracers are being designed, and newer, more directed uses for PET scan-
ning will be developed.
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12
Lymphoma
Christopher J. Palestro, Josephine N. Rini, and Maria B. Tomas

In patients with lymphoma, prognosis and treatment are related to the
stage of disease at diagnosis, and accurate staging, therefore, is essen-
tial for proper management. The staging procedures currently used
include history and physical examination; computed tomography (CT)
of the chest, abdomen, and pelvis; bone marrow biopsy; and, occa-
sionally, staging laparotomy. Radionuclide studies, including gallium
scintigraphy, bone scintigraphy, and more recently, positron emission
tomography (PET) with fluorine-18 fluorodeoxyglucose (18F-FDG) have
been used as adjuncts for staging, follow-up, and prognosis in children
with Hodgkin’s disease and non-Hodgkin’s lymphoma.

Hodgkin’s Disease

Hodgkin’s disease (HD) accounts for 13% of malignant lymphomas
and less than 1% of all malignancies (1). Although it is a relatively
uncommon malignancy, HD accounts for 19% of all malignancies
occurring in adolescents 15 to 19 years of age (2). Furthermore, it is
among the few potentially curable malignancies with an overall 5-year
survival rate of 85% (3).

The current international staging classification of HD, the Cotswold
Classification, which is a modification of the earlier Ann Arbor Classi-
fication, defines the extent of nodal involvement, extranodal disease,
and systemic symptoms (4,5). Stage I is defined as involvement of a
single lymph node region or lymphoid structure. Stage II is defined as
involvement of two or more lymph node regions on the same side of
the diaphragm. Stage III is defined as involvement of lymph node
regions or structures on both sides of the diaphragm. Stage IV is
defined as extranodal involvement, such as bone or lung disease. Each
stage is also classified by the presence or absence of symptoms. “A”
indicates that the patient is asymptomatic; “B” indicates that the patient
has weight loss, fevers, chills, and/or sweats.

Depending on the stage of disease at diagnosis, HD is treated with
radiation therapy and/or chemotherapy. Because HD is not treated
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with surgery, and because it is impractical and unethical to biopsy all
suspected sites of disease, stage is determined clinically in the major-
ity of patients. Currently recommended staging procedures include
history and physical examination; CT of the chest, abdomen, and
pelvis; bone marrow biopsy; and, rarely, staging laparotomy (4).

Non-Hodgkin’s Lymphoma

Non-Hodgkin’s lymphoma (NHL), like HD, is a malignant neoplasm
of the lymphopoietic system. This once relatively rare, but rapidly
lethal, disease has increased in frequency over the past decade, and is
currently the fifth most common malignancy in the United States,
accounting for 4% of all cancers and 7% of cancers in children and ado-
lescents (6).

As with HD, the prognosis and treatment of NHL are highly depen-
dent on the histopathologic subtype and stage of disease at diagnosis.
In contrast to HD, however, NHL is a heterogeneous group of patho-
logic entities; numerous schemes for classification have been formu-
lated over time, specifically to guide clinicians in instituting therapy
and predicting outcome. The most widely utilized classification scheme
for pediatric NHL is the Revised European-American Lymphoma
(REAL) classification, which emphasizes the immunophenotype of the
tumor, that is, B cell or T cell (7). This classification has been further
refined by the World Health Organization (WHO) classification of lym-
phoproliferative diseases (8). Approximately 90% of NHL is of B-cell
origin and 10% is of T-cell origin. The vast majority of childhood NHLs
are clinically aggressive, high-grade tumors. There are four major sub-
types of pediatric NHL. Small noncleaved cell (SNCC) (Burkitt’s and
Burkitt’s-like) accounts for about 40% of these tumors, 30% are lym-
phoblastic, 20% are B-large cell, and 10% are anaplastic large cell. In
contrast to adults, extranodal disease is common in children with NHL.
The most common sites of extranodal disease are the abdomen (31%),
head and neck (29%), and thorax (26%) (9).

The initial staging of NHL is accomplished with a careful history,
detailed physical examination, laboratory tests, imaging, and bone
marrow biopsy. The staging strategy often used is the St. Jude Chil-
dren’s Research Hospital staging system, which distinguishes patients
with limited disease (stages I and II) from those with extensive disease
(stages III and IV). Stage I disease is defined as a single tumor or nodal
area outside of the abdomen and mediastinum. Stage II disease is
defined as a single tumor with regional node involvement, two or more
tumors or nodal areas on one side of the diaphragm, or a primary gas-
trointestinal tract tumor (resected) with or without regional node
involvement. Stage III disease consists of tumors or lymph node areas
on both sides of the diaphragm, or any primary intrathoracic or exten-
sive intraabdominal disease, or any paraspinal or epidural disease.
Stage IV disease includes central nervous system and bone marrow
involvement, with or without other sites of disease. Bone marrow
involvement is defined as at least 5% malignant cells in an otherwise
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normal bone marrow with normal peripheral blood counts and 
smears (9).

18F-FDG-PET in Lymphoma

Nuclear medicine, in particular gallium-67 (67Ga) imaging, has long
played an important part in the diagnosis, staging, and restaging of HD
and NHL in children with lymphoma. 18F-FDG-PET, which was
approved by Medicare in July 1999, is gradually replacing gallium
imaging for these indications (10,11). It has several advantages over
gallium, including same-day imaging, improved spatial resolution, and
a higher target-to-background ratio. The primary role of PET in
patients with lymphoma, as it has been for gallium imaging, is to
monitor response during therapy, to detect residual disease or relapse
after treatment, and to provide prognostic information (12). Although
CT is the primary imaging modality for initial staging of lymphoma,
gallium and PET also play a role at the time of initial staging. Specifi-
cally, baseline studies documenting gallium or FDG-avid disease are
necessary in order for posttherapy studies to be meaningful. The
current Children’s Oncology Group (COG) research treatment proto-
cols for children and adolescents with newly diagnosed intermediate-
risk Hodgkin’s disease and advanced-stage anaplastic large-cell
non-Hodgkin’s lymphoma require PET or gallium imaging prior to ini-
tiation of therapy, followed by repeat imaging to assess treatment
response after two cycles of chemotherapy for patients with HD, and
at the end of induction chemotherapy for patients with NHL. Biopsy
of PET-positive nonosseous lesions at the end of induction chemother-
apy is required for patients with NHL. If the test is negative after induc-
tion chemotherapy, follow-up is recommended at the end of therapy,
at relapse, and at 6 and 12 months following completion of therapy.

Because radionuclide studies provide whole-body screening, they
have the potential to identify stage IV disease in a single examination
(13,14). Hoh et al. (15) found that a whole-body PET-based staging
algorithm may be an accurate and cost-effective method for staging
lymphoma.

Physiologic Variants in Uptake of 18F-FDG

Interpretation of PET scans performed for pediatric patients undergo-
ing evaluation for lymphoma may be complicated by variable physio-
logic uptake of 18F-FDG by the thymus gland, brown adipose tissue,
skeletal muscle, and bone marrow. Recognition of normal variations in
the biodistribution of 18F-FDG is important in order to avoid misinter-
preting normal findings as disease, as well as to avoid overlooking
disease.

Thymus Uptake of FDG

The thymus gland, situated in the anterior mediastinum, is the primary
site where T-cell lymphocytes differentiate and become functionally
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competent. The thymus gland weighs approximately 22g at birth and
attains its peak weight of about 35g at puberty, after which time it
decreases in size. Up to age 20, more than 80% of the gland is com-
posed of lymphoid tissue. This tissue gradually is replaced by fatty
infiltration, over time, and beyond the age of 40 only about 5% of the
gland is morphologically lymphoid (16). During the first decade of life,
the gland is usually quadrilateral in shape with convex lateral borders
and a homogeneous appearance on CT. After age 10, the gland assumes
a more triangular or arrowhead appearance. The normal thymus grad-
ually decreases in size after puberty, becoming increasingly heteroge-
neous in appearance on CT because of progressive fatty infiltration
(17,18).

Benign uptake of FDG may be seen in morphologically normal
thymus glands as well as in thymic hyperplasia. Thymic uptake of FDG
also occurs with malignancy, including lymphomatous infiltration,
primary thymic neoplasms, and metastatic disease (19). Differentiating
benign thymic uptake of 18F-FDG from malignant infiltration is 
based on the intensity and configuration of tracer activity in combina-
tion with the morphologic appearance of the gland on CT (Figs. 12.1
and 12.2). Benign thymic uptake is situated in the retrosternal region
and appears as an area of increased FDG activity, corresponding to 
the bilobed configuration of the thymus gland. The intensity of 
benign thymic uptake is variable. Although it tends to be mild and less
than that which is seen with disease, the intensity of uptake may
overlap with that of disease. For example, a maximum standard uptake
value (SUV) of 3.8 was reported for physiologic thymic uptake occur-
ring in a child following chemotherapy for osteosarcoma (20). Ferdi-
nand et al. (19) suggest that although further research and experience
are needed before identifying an upper SUV limit for physiologic
thymic uptake, a maximum SUV above 4.0 may be cause to reconsider
attributing anterior mediastinal uptake of 18F-FDG to physiologic
thymic uptake.

The incidence of benign thymic uptake is higher in younger patients
with larger glands, although it may be seen well beyond puberty. One
study reported that 32 of 94 patients, ranging in age from 18 to 29 years,
exhibited physiologic thymic uptake of FDG (21). Benign thymic
uptake of FDG is seen in children and young adults both before and
after chemotherapy (22). This is in contrast to 67Ga, which usually accu-
mulates only in the thymus gland after chemotherapy and is indicative
of thymic hyperplasia. In our experience with pediatric lymphoma
patients, when thymic uptake of 18F-FDG is seen following chemother-
apy, it is identified within 2 to 12 months of chemotherapy and may
persist for up to 18 months.

Brown Adipose Tissue and Skeletal Muscle Uptake of FDG

Nonpathologic, curvilinear cervical, and supraclavicular uptake of
FDG, first described in 1996, originally was attributed to skeletal
muscle, due to its fusiform configuration and because it usually
resolved on repeat imaging after pretreatment with a muscle relaxant

C.J. Palestro et al. 223



(diazepam) (23). With the introduction of inline hybrid PET-CT in 2001,
it became apparent that bilateral curvilinear 18F-FDG activity, with or
without focal nodularity, extending from the neck to the supraclavicu-
lar regions and sometimes to the axillae, corresponded to adipose
tissue in 2% to 4% of patients, and cervical musculature in 1% to 6% of
patients studied (24–26). Benign, physiologic uptake of 18F-FDG in per-
inephric fat, mediastinal fat, and unspecified tissue in the thoracic par-
avertebral region was also identified using inline hybrid PET-CT but
in fewer patients and only in those patients who also demonstrated
uptake in neck fat (26).

The intensity of physiologic 18F-FDG uptake in adipose tissue and
cervical/supraclavicular musculature is very variable with maximum
standard uptake values (SUVmax) ranging from 1.9 to 20 and the average
SUVmax approximately 5 or greater, which is within the commonly
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Figure 12.1. A chest x-ray (not shown) performed on a 13–year-old boy with a history of cough demon-
strated a prominent mediastinum. The patient underwent positron emission tomography (PET) and
computed tomography (CT) imaging with a presumptive diagnosis of lymphoma. There is mildly
increased FDG uptake in the mediastinum on the PET image (A). An axial image (B) confirms the ante-
rior location of this activity, which corresponds to a prominent but otherwise normal, thymus gland
on CT (C). The child’s cough resolved, and no additional workup was performed.
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Figure 12.2. A: A PET image of a 16–year-old boy with stage IV T-cell lymphoblastic lymphoma shows
numerous fluorodeoxyglucose (FDG)-avid lesions including a very large, hypermetabolic focus in the
mediastinum. An axial image (B) shows the retrosternal location of this abnormality, which corresponds
to lymphomatous infiltration of the thymus identified on the CT scan (C). Compare both the extent and
intensity of thymic FDG uptake in this patient with lymphomatous involvement of the gland to that
in the normal thymus gland in Figure 12.1.

accepted pathologic range (26). Adipose tissue uptake in the neck is
seen predominantly in females, whereas uptake in normal musculature
is more often seen in males. Of the 26 pediatric patients (<17 years old),
four (15%) had fat uptake in the neck, in contrast to 16 of 837 (1.9%)
adult patients who showed this pattern. Furthermore, normal muscle
uptake was observed only in adult patients.

Fluorodeoxyglucose uptake by adipose tissue is attributed specifi-
cally to uptake by brown adipose tissue (BAT), which is capable of 
thermogenesis and is rich in mitochondria, sympathetic nerves, and
adrenergic receptors. It is normally present in the neck, and near large
vessels in the chest, axillae, perinephric regions, intercostal spaces
along the spine, and in the paraaortic regions. It is more promi-
nent in younger patients and in women, and it generates heat in
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response to cold exposure because it expresses a protein that causes
uncoupling of oxidative phosphorylation in the mitochondria. This
leads to the production of heat, rather than adenosine triphosphate
(ATP). Thermogenesis by BAT requires increased glucose utilization
(27).

Sympathetic stimulation results in increased BAT utilization of
glucose. Benzodiazepines may reduce BAT uptake of FDG because they
decrease anxiety, which leads to a decrease in sympathetic activity (Fig.
12.3). It also is possible that benzodiazepines have a direct action on
the metabolism of BAT, as benzodiazepine receptors have been identi-
fied in BAT of rats (28,29). A recent report described resolution of ben-
zodiazepine-resistant BAT uptake of FDG in response to temperature
control, in two adolescent patients with a history of Hodgkin’s lym-
phoma (30). In addition, a rodent study showed that propranolol and
reserpine diminish BAT uptake of FDG (31).

Diffuse Bone Marrow Uptake of FDG

Diffuse bone marrow uptake of 18F-FDG, regardless of intensity, usually
reflects hypercellular bone marrow and not lymphomatous involve-
ment. Nunez et al. (32) recently reviewed bone marrow and splenic
uptake of FDG in 29 patients with HD, who had no evidence of marrow
or splenic disease. These investigators found that there was a direct 
correlation between the intensity of marrow uptake and an increasing
white cell count and an inverse correlation with hemoglobin and, 
to a lesser extent, with the platelet count; that is, the lower the hemo-
globin or platelet count, the greater the marrow uptake of FDG. In all
cases the marrow uptake was diffuse. The bone marrow is a metabol-
ically active organ, and the increased FDG uptake reported by these
investigators likely reflects increased metabolism and hence increased
glucose consumption, by the bone marrow in response to hematologic
stress. Thus the presence of diffusely increased bone marrow uptake at
the time of diagnosis in patients with lymphoma should not be 
interpreted as evidence of marrow involvement with the disease (Fig.
12.4).

Treatment also affects bone marrow uptake of FDG, and treatment-
induced metabolic changes in the bone marrow can be seen on PET
studies during and after treatment for a variety of tumors. These
changes do not appear to be due to chemotherapy; rather they are 
produced by hematopoietic cytokines, which alter the normal pat-
tern of glucose metabolism in this organ (33). Granulocyte colony-
stimulating factors (G-CSFs) and granulocyte–macrophage colony-
stimulating factors (GM-CSFs) stimulate and support the proliferation
of hematopoietic stem cells and mobilize stem cells into the peripheral
blood. The increased proliferative activity is accompanied by increased
blood flow to the bone marrow along with upregulation of glucose
transport and metabolism (34). The effect of these agents on bone
marrow uptake of FDG is both rapid and dramatic. In a series of 18
patients with melanoma and normal bone marrow, Yao et al. (34)
reported that in patients receiving GM-CSF, the average glucose 
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Figure 12.3. A 9-year-old boy with newly diag-
nosed stage I B-cell non-Hodgkin’s lymphoma
(NHL). A: The initial PET scan was performed
on an exceptionally cold winter day. Despite
benzodiazepine (diazepam) pretreatment, there
was extensive, intense FDG accumulation in the
upper and lower cervical, supraclavicular, and
pectoral regions bilaterally, as well as along the
paravertebral regions of the thoracic spine. B:
The PET scan was repeated 7 days later, using
both diazepam and room temperature control.
There is complete resolution of the activity seen
in A. Faint anterior mediastinal activity repre-
sents thymic uptake of FDG. (No antineoplastic
treatment was administered between the two
studies.) Temperature control is useful in cases
of benzodiazepine resistant BAT uptake of FDG.

Figure 12.4. A PET image of a 14–year-old girl with stage
IIIA nodular sclerosing Hodgkin’s disease (HD) shows
disease in the neck, mediastinum, and abdomen. There is
homogeneous, prominent marrow activity. Bone marrow
biopsy was negative for disease. The bone marrow is a meta-
bolically active organ, and diffusely increased FDG uptake
reflects increased metabolism, and hence increased glucose
consumption, in response to hematologic stress. This pattern
should not be interpreted as indicative of diffuse marrow
disease.



metabolic rate on the third day of treatment was 97% above baseline,
and on the 10th day of treatment was an average of 170% above base-
line. Three days after completion of GM-CSF therapy, the glucose meta-
bolic rate of the marrow had decreased to 60% above baseline but
remained elevated significantly above baseline for more than 3 weeks
after cessation of treatment. In contrast, the magnitude of change was
more modest in patients receiving macrophage-CSF (M-CSF), perhaps
because granulocytes and their precursors comprise about 60% of the
marrow versus only about 2% to 5% for monocytes/macrophages.
Thus, diffusely increased marrow activity soon after CSF therapy
should be recognized as a manifestation of hypermetabolic bone
marrow, rather than diffuse metastatic disease.

Granulocyte colony-stimulating factor exerts similar effects on
splenic uptake of FDG. Sugawara et al. (35) reported substantially
increased FDG uptake by the spleen during and after G-CSF treatment
in patients with locally advanced breast carcinoma. This increase was
less frequent and less marked, however, than the changes in the bone
marrow of the same patients (Fig. 12.5).
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Figure 12.5. A 17-year-old boy with stage IIA nodular sclerosing Hodgkin’s disease. A: Pretreatment
PET demonstrates FDG uptake in the left neck and mediastinum. B: On the follow-up PET, performed
after two cycles of chemotherapy, the neck and mediastinal abnormalities have resolved. There is homo-
geneously increased FDG activity in the bone marrow and spleen. Increased marrow and splenic activ-
ity, which is often observed after treatment in patients with lymphoma, is due to the effects of
colony-stimulating factors on the hematopoietic system.



With the proliferation of cytokine use in patients with malignancies
and with the increasing use of FDG-PET in oncology, hypermetabolic
bone marrow is likely to be observed with increasing frequency and
should not be confused with diffuse bone marrow disease. This phys-
iologically increased bone marrow activity, unfortunately, results in
increased background activity, which can potentially mask foci of
disease. Thus, whenever possible, a sufficient amount of time between
treatment and imaging should elapse to facilitate the differentiation of
hypermetabolic from diseased marrow.

Initial Staging

Studies comparing imaging modalities in patients with lymphoma
have common methodologic problems because biopsy is performed in
only a small number of lymph nodes and thus histologic confirmation
of results is limited. Typically, once the diagnosis is made, additional
sites are biopsied only when the results of biopsy influence staging or
treatment. These limitations notwithstanding, it has been shown that
PET is a useful adjunct in the initial staging of lymphoma.

Nodal Staging

Newman et al. (36) compared PET and CT in thoracoabdominal 
lymphoma. They reported that PET identified a total of 54 sites of
disease in the 16 patients studied, including all 49 sites identified 
by CT and five additional sites not identified on CT. In 60 patients 
with untreated lymphoma, Moog et al. (10) reported that both PET and
CT were abnormal in 160 of the 740 sites evaluated. Seven of 25 
additional sites detected only on PET were confirmed to be disease.
There were two false-positive sites and 16 unresolved sites. Of six 
sites detected only on CT, three were false positives and three 
were unresolved. In this series, PET was more sensitive and specific
than CT. Jerusalem et al. (37) compared PET and conventional 
nodal staging results in 60 patients. In this series PET identified addi-
tional nodal disease sites in 15 patients, including 10 with high-grade
lymphoma. Conventional staging methods, CT, and physical examina-
tion detected PET-negative sites in 11 patients, seven of whom had 
low-grade lymphoma. These investigators concluded that PET is 
complementary to, and not a substitute for, conventional staging
methods.

Recently, Rini et al. (38) compared PET and gallium imaging in chil-
dren and young adults, 5 to 23 years old, with newly diagnosed,
untreated HD. The PET studies were performed using a coincidence
detection system with measured attenuation correction. Gallium
imaging included planar whole-body imaging and single photon 
emission computed tomography (SPECT) from the top of the ears 
to the mid-thighs. There were 118 sites of nodal disease in this 
population, 105 (89%) of which were supradiaphragmatic. Positron
emission tomography was slightly more sensitive overall (89%) than
gallium (86%). Both tests were equally sensitive (89%) for supradi-
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aphragmatic nodal disease. Not surprisingly, PET was more sensitive
(77%, 10/13) than gallium (54%, 7/13) for infradiaphragmatic disease
(Fig. 12.6).

Extranodal Staging

Moog et al. (39) compared PET and CT for detecting extranodal disease
in 81 patients. The studies detected 42 extranodal sites; PET identified
19 sites that were not identified on CT. Fourteen of the sites were sub-
sequently confirmed to be lymphoma: bone marrow (nine), spleen
(three), other (two). There were seven extranodal lesions seen only on
CT, only one of which proved to be diseased. There were five false-pos-
itive lesions, and one was not resolved. Jerusalem et al. (37) found a
high rate of agreement between PET and CT in the liver, spleen, and
digestive tract. In 30 patients with Hodgkin’s disease, Rini et al. (38)
found that PET detected 15 (75%) of 20 extranodal sites of disease,
whereas gallium detected only seven (35%). Although the sensitivity
of both tests was similar for lung and bone disease, PET was signifi-
cantly more sensitive than gallium for detecting splenic disease (Fig.
12.6).
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Figure 12.6. A 16-year-old girl with stage IVB nodular sclerosing HD and laparoscopically confirmed
splenic disease. PET (A) shows extensive supraclavicular and mediastinal disease that also is well seen
on gallium (B). Splenic disease is clearly seen on PET but not on gallium.



Based on available data, PET is superior to bone scintigraphy for
detecting lymphomatous involvement of the bone. Moog et al. (40)
studied 56 patients with both PET and bone scintigraphy. Skeletal
involvement was detected by both methods in 12 patients. Positron
emission tomography identified disease in an additional three patients
with negative bone scans. Bone scintigraphy, in contrast, failed to detect
any patients with osseous involvement who were not identified with
PET (Fig. 12.7).

The results of PET for detecting lymphomatous involvement of the
marrow have been variable. In one series, PET correctly identified only
13 of 21 (62% sensitivity) patients with biopsy-proven marrow involve-
ment. Three patients with positive PET studies had negative biopsies
(37). In another investigation, PET results agreed with marrow biopsy
results in 39 of 50 (78%) patients. There were eight false-positive and
three false- negative PET studies (41). In yet another series, PET and
marrow biopsies were concordant in 64 (82%) of 78 patients, concor-
dant and positive in seven patients, and concordant and negative in 57
patients. The two tests were discordant in 14 (18%) patients. Among
the discordant results, PET was false negative in four patients and true
positive in eight patients. In two patients, the discordant results were
unresolved. Among the eight patients with true-positive PET/false-
negative marrow biopsies, the abnormalities on the radionuclide study
were focal and remote from the biopsy site (42). Thus, at the present
time, PET is complementary to, but not a substitute for, marrow biopsy.
Biopsy is probably more sensitive for diffuse marrow disease, whereas
the radionuclide test is useful for identifying focal disease remote from
the biopsy site.

Lymphomatous involvement of the spleen is characterized by one or
more tumor nodules, often less than 1cm in diameter. Although
marked splenomegaly almost always indicates tumor involvement,
lymphomatous spleens frequently are normal in size, and modestly
enlarged spleens often do not contain tumor (43). Computed tomogra-
phy, which traditionally has been used to evaluate the spleen, is asso-
ciated with large numbers of false-positive and false-negative results,
with reported accuracies ranging from 37% to 91% (44,45). Aygun et al.
(46) reported that in 17 patients with HD who underwent staging
laparotomy, the sensitivity and specificity of the CT-derived splenic
index, for detecting splenic disease, were 50% and 66%, respectively.
The positive and negative predictive values of the test were 57% and
60%, respectively. Indeed, for patients with lymphoma, in whom
therapy would be altered if splenic disease were encountered, surgical
evaluation of the spleen may be required. Because of the morbidity and
potential complications associated with surgery, a noninvasive tech-
nique capable of reliably assessing the spleen in these patients would
be of considerable value.

Recent studies have shown that PET accurately characterizes the
spleen in patients undergoing initial staging of lymphoma. For patients
with newly diagnosed, untreated HD or NHL, the presence of diffuse
or focal splenic uptake of FDG more intense than hepatic uptake sug-
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Figure 12.7. A 16-year-old boy with stage IV T-cell lymphoblastic lymphoma
(same patient illustrated in Fig. 12.2). A: In addition to the FDG-avid soft tissue
lesions on the PET scan, there are numerous bony lesions in the humeri, mid-
lumbar spine and the pelvis. B: On the bone scan, however, only the proximal
left humeral lesion is identified.



gests lymphomatous involvement (47,48). Application of these criteria
to PET studies performed in children and adults with recently diag-
nosed HD or NHL yielded overall accuracies of 97% and 100% (47,48).
Positron emission tomography was more accurate than CT (100%
versus 57%) using a positive CT-derived splenic index or splenic hypo-
densities as the criterion for a positive CT scan (48). Positron emission
tomography also was more accurate than gallium (97% versus 78%),
with the criterion for a positive gallium study being splenic uptake of
gallium at least as intense as hepatic uptake (47). In a series of 30 chil-
dren and young adults with newly diagnosed HD, Rini et al. (38)
reported that PET was significantly more accurate than gallium (93%
versus 67%) for detecting splenic disease. Among four patients who
underwent surgical staging (two with splenic disease and two
without), the accuracy of PET was 100%. Gallium was negative in all
four patients including both with splenic disease, for an accuracy of
50%. The CT-derived splenic index was correct in only one patient (25%
accuracy). Computed tomography was false negative in one patient
with disease and false positive in two patients without disease (Figs.
12.8 and 12.9).
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Figure 12.8. A 16-year-old girl with stage IVB
nodular sclerosing HD and laparoscopically con-
firmed splenic disease (same patient illustrated in
Fig. 12.6). A: On the PET image, the intense
splenic uptake of FDG exceeds that of the liver.
B: On the gallium scan, splenic uptake is less
intense than hepatic uptake, that is, normal. C:
On the CT scan, the spleen is normal in size with
homogeneous parenchyma. The splenic index
was 780 mL (normal for age £ 820 mL). [Source:
Rini et al. (47), with permission of Clinical Nuclear
Medicine.]
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Figure 12.9. A 17-year-old boy with stage IIA
nodular sclerosing HD. PET (A) and gallium (B)
studies are negative for splenic disease. On the
CT scan (C), the spleen is enlarged. The splenic
index was 1250 mL (normal £ 840 mL). [Source:
Rini et al. (47), with permission of Clinical Nuclear
Medicine.]

With the development of increasingly sophisticated noninvasive
diagnostic techniques, the need for surgical staging of lymphoma has
decreased steadily. The use of PET to evaluate the spleen in patients
undergoing initial staging of lymphoma may further reduce the need
for surgical staging.

Monitoring the Response to Therapy

Response to Treatment after Completion of Therapy

Evaluation of the treatment response is an important part of the man-
agement of lymphoma. Accurate identification of residual viable tumor
following completion of therapy facilitates the initiation of salvage
therapy earlier in the course of the disease, rather than waiting for 
clinical evidence of disease relapse. Incomplete resolution of a lym-
phomatous mass after treatment is a significant problem in the patient
with lymphoma. Although residual abnormalities occur in more than
60% of patients with lymphoma, viable tumor is present in less than
20% of these masses (49). There are no reliable CT or magnetic reso-
nance imaging (MRI) criteria for differentiating residual disease from



fibrosis or necrosis. Gallium imaging has for many years been the stan-
dard imaging test for posttreatment evaluation of patients with lym-
phoma. There are data that suggest that PET may be superior to
gallium for the posttreatment assessment of patients with lymphoma.
The positive and negative predictive values of the test range between
70% and 100% and 83% and 100%, respectively. Cremerius et al. (50),
in a study of 27 patients, found that PET correctly identified all 15
patients with residual disease or relapse, and 11 of 12 patients who
remained disease-free; PET was significantly more accurate than CT in
this population (Fig. 12.10).

Spaepen et al. (51) evaluated 93 patients with NHL after treatment.
Nine patients with negative PET scans received additional therapy
based on abnormal CT results. Fifty-eight patients with negative PET
scans remained in complete remission during a median follow-up
period of 21 months. Twenty-six patients had persistently abnormal
PET scans at the end of treatment and all of them relapsed. It is impor-
tant to note that in 14 (54%) of these 26 patients only PET demonstrated
evidence of disease.

Jerusalem et al. (52) compared FDG-PET and CT in the posttreatment
evaluation of patients with lymphoma. Residual masses were present
on CT in 24 (44%) of 54 patients. All six patients in whom both PET
and CT were abnormal relapsed, whereas only five of 19 patients with
abnormal CT and normal PET scans relapsed. Three of 29 patients in
whom CT and PET were both normal relapsed. The positive predictive
values for relapse of PET and CT were 100% and 42%, respectively.
These investigators also found that a positive PET scan after treatment
was associated with poor survival. The 1-year progression-free survival
of patients with positive PET studies after treatment was 0%, whereas
the 1-year progression-free survival of patients with negative PET
studies after treatment was 86%.

Guay et al. (53) reviewed the prognostic value of posttreatment PET
in 48 patients with HD. These investigators found that the sensitivity
and specificity of PET to predict relapse in the population studied were
79% and 97%, respectively, and the positive and negative predictive
values of the test both were 92%. The 92% diagnostic accuracy of PET
was significantly higher than the 56% diagnostic accuracy of CT.

Depas et al. (54) evaluated 16 children with lymphoma after com-
pletion of treatment. The PET studies were true negative in 15 patients
and false positive in one patient (94% specificity). In contrast, conven-
tional methods were false positive in seven patients (56% specificity).

Zinzani et al. (55) reviewed the results of 44 patients with abdomi-
nal lymphoma at the end of treatment. In this investigation, none of
the seven patients with negative PET and negative CT scans relapsed.
Twenty-four patients had abnormal CT scans and normal PET scans;
only one relapsed. All 13 patients in whom both PET and CT scans were
abnormal relapsed.

The results of these investigations illustrate the importance of includ-
ing PET studies in the evaluation of patients following treatment of
lymphoma. These data also suggest that it may be possible, on the basis
of the combined results of PET and CT, to stratify patients into risk
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Figure 12.10. A 14-year-old boy with stage IIIB nodular sclerosing HD. A:
Extensive mediastinal lymphadenopathy is present on the pretreatment CT
scan. B: There is residual lymphadenopathy on the posttreatment CT scan, and
it is not possible to differentiate persistent disease from fibrosis. C: There is
extensive metabolically active disease on the pretreatment PET scan. D: There
is complete resolution of the mediastinal activity on the posttreatment PET
scan, however, confirming that the residual adenopathy present on the post-
treatment CT scan did not contain viable tumor.



groups for relapse. Patients in whom both studies are abnormal would
be at highest risk, whereas those in whom both studies were negative
would be at lowest risk for relapse.

Neither PET nor any other currently available imaging technique can
exclude the possibility of subsequent relapse, because of an inherent
inability to detect microscopic foci of disease. Although the ability of
PET to detect residual disease is now well documented, the benefits of
additional therapies given on the basis of the PET findings remain to
be determined. Finally, the effectiveness of FDG-PET to detect residual
disease in the various subgroups of HD and NHL must also be deter-
mined.

Predicting Response During Therapy

Early recognition of ineffective treatment would allow prompt initia-
tion of a potentially more effective therapeutic regimen. Initial studies
indicate that, in patients with lymphoma, PET can distinguish respon-
ders from nonresponders early in the course of treatment (Fig. 12.11).
Jerusalem et al. (56) evaluated patients after a median three courses of
chemotherapy and found that all patients who had negative PET scans
went into complete remission, whereas only one of five patients with
persistent abnormal activity on PET scans went into complete remis-
sion. Hoekstra et al. (57) reported that PET scans were normal after two
cycles of chemotherapy in patients who eventually achieved complete
remission. Treatment failures, in contrast, were associated with high
uptake on the PET scans, and a variable outcome was associated with
low-level uptake. Although Romer et al. (58) observed markedly
decreased tumor uptake as early as 7 days after commencement of
chemotherapy, these investigators found that uptake at 42 days, just
before the third cycle of chemotherapy, was a better predictor of long-
term outcome than FDG uptake at 7 days. Kostakoglu et al. (59)
reported that PET has a high prognostic value for evaluation of
response after one cycle of therapy in aggressive NHL and HD. Ninety
percent of patients with abnormal PET studies after one cycle of treat-
ment had relapse of their disease, with a median progression-free sur-
vival of 5 months. Eighty-five patients with negative FDG-PET studies
after one cycle remained in complete remission for at least 18 months.
All but one patient who had abnormal PET scans after one cycle and
after completion of therapy relapsed. Finally, in this investigation the
relapse rate for patients with negative PET scans after completion of
treatment was 35%, whereas in patients with negative PET scans after
one cycle, the relapse rate was 15%.

Depas et al. (54) performed PET scans on 19 children at various times
during treatment; PET was negative in all 19 patients. Three patients
had an incomplete response to treatment, and PET failed to identify
any of them.

In summary, in patients with lymphoma, PET is predictive of
response to therapy after, as well as during, treatment. A negative PET
result early in the course of treatment suggests that these patients could
probably complete a full course of their first-line treatment. Patients
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Figure 12.11. Serial PET scans per-
formed on a 17–year-old girl with
stage IV diffuse B-cell, large-cell
NHL. A: Extensive disease in the
right supraclavicular region, medi-
astinum, abdomen, pelvis, and
proximal left femur was present on
the baseline study. B: On the repeat
study following induction chemo-
therapy, there was residual disease
in the chest pelvis, and left femur.
The finding on PET of an incomplete
response to treatment suggests that
more aggressive treatment is needed
and is indicative of a poor progno-
sis. Based on the PET results,
therapy was changed in this patient.
C: A subsequent PET scan, unfortu-
nately, demonstrated progression of
disease to which the patient eventu-
ally succumbed.



with positive PET results during treatment have a less favorable prog-
nosis and could be switched to more aggressive therapy, including
stem cell transplantation, sooner, with the hope of achieving a more
favorable outcome.

Routine Follow-Up in Asymptomatic Patients

Few data are available on the role of PET in the routine follow-up of
asymptomatic patients after treatment. Depas et al. (54) reviewed the
results of 59 PET scans performed in 19 children with lymphoma who
were in long-term remission. Fifty-six of the 59 studies were true neg-
ative, and three were false positive: atrial uptake, asymmetric thymic
uptake, and axillary adenitis. In contrast there were 20 false-positive
results using conventional methods.

In a series of 36 patients with HD, patients were imaged at 4- to 6-
month intervals for up to 3 years after completion of therapy (60).
Patients who demonstrated abnormal FDG accumulation underwent
repeat PET imaging 4 to 6 weeks later. One patient had residual disease
and four patients relapsed. All five were detected with PET prior to
their detection with clinical examination, laboratory tests, or CT. Six
patients had false-positive PET scans, but the confirmatory PET scan
was always negative. These investigators concluded that PET could
help identify patients needing salvage chemotherapy prior to the
appearance of clinically overt disease.

Conclusion

Fluorodeoxyglucose-PET is a powerful new tool in the management of
children with lymphoma. It is complementary to conventional imaging
studies in the staging of the disease, and it is extremely useful for mon-
itoring response to therapy. Although more investigation is needed,
this technique at the end of therapy can, together with CT, potentially
stratify patients into risk groups for relapse. Equally exciting is the
potential ability of FDG-PET to identify nonresponders early in the
course of their treatment, facilitating a change in their management
sooner rather than later, with the anticipation of improved survival.
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13
Neuroblastoma

Barry L. Shulkin

Neuroblastoma is the most common extracranial solid tumor of child-
hood. It comprises 8% to 10% of all childhood neoplasms. Neuroblas-
toma is derived from primordial neural crest cells that normally
differentiate into the sympathetic nervous system. The prevalence is
about 1 case per 7000 newborns. There are about 600 new cases in the
United States per year, and over 90% occur in children less than 6 years
old. The median age is 22 months. Most primary tumors occur within
the abdomen, especially the adrenal gland, although they may arise
from any site along the course of the sympathetic nervous system.
Other common sites are paraspinal ganglia of the posterior medi-
astinum and abdomen. About 60% of patients have widely metastatic
osseous disease at presentation.

Related to their origin from precursor cells of the sympathetic
nervous system, most of these tumors are associated with high 
urinary levels of catecholamine metabolites, such as vanillylman-
delic acid formed from norepinephrine, homovanillic acid formed 
from dopamine, or dopamine. Occasionally the tumor may cause
hypertension (1).

The prognosis of patients with neuroblastoma depends on the
histopathologic system developed by Shimada et al. (2). This incorpo-
rates the patient’s age, the presence or absence of Schwann cell stroma,
the degree of differentiation, and the mitosis-karyorrhexis index
(number of mitoses and ruptured cell nuclei).

Staging is based on the International Neuroblastoma Staging System
(INSS) (3). In general, stage 1 is a localized tumor without regional
lymph node involvement, stage 2 is a unilateral tumor with either
incomplete gross resection or ipsilateral nodal involvement, stage 3 is
tumor that crosses the midline or has contralateral nodal involvement,
and stage 4 is tumor disseminated to distant nodes, bone, bone marrow,
liver, etc. Stage 4s is a special category of infants less than 1 year of age
with a localized primary tumor and dissemination only to liver, skin,
or bone marrow.
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Meta-Iodobenzylguanidine (mIBG)

Any discussion of functional imaging of neuroblastoma is incomplete
without reference to meta-iodobenzylguanidine (mIBG). This is the
conventional agent for functional imaging of neuroblastoma. This
agent was originally applied to the localization of pheochromocytoma.
Sisson and colleagues (4) demonstrated its utility in the management
of patients with pheochromocytoma. Its use in neuroblastoma followed
shortly (5,6). This agent requires the presence of a functional type 1 cat-
echolamine uptake system. Within the sympathetic nervous system,
type 1 catecholamine uptake transports the neurotransmitter norepi-
nephrine from the synaptic cleft back into the presynaptic nerve 
terminal. This serves to terminate neurotransmission until norepi-
nephrine is once again released into the synaptic cleft. Functional
imaging with mIBG takes advantage of the adrenergic origin of neu-
roblastoma. mIBG is taken up by and concentrated within most neu-
roblastomas both in vivo and in vitro. mIBG exists within both the
cytoplasm and specialized norepinephrine storage granules. Most of
the agents we will discuss also depend on type 1 catecholamine uptake
for transport into neuroblastoma cells. mIBG can be labeled with the
various isotopes of iodine. Iodine-131 (131I) mIBG was the first agent
developed by Wieland and colleagues (7). Its use in the imaging of
pheochromocytoma was reported by Sisson. mIBG was soon labeled
with 123I. For many years, only 131I mIBG was available commercially
in the United States although 123I mIBG was available in Europe.
However, many pediatric centers in the United States used 123I mIBG,
which was synthesized on site for local use only. Now 123I mIBG is avail-
able widely within the United States, and it is expected that it will soon
be approved by the Food and Drug Administration (FDA) for use in
children.

High-quality images can be obtained using 131I mIBG with careful
attention to detail (8). Serial images are usually obtained 24, 48, and
sometimes 72 hours after injection of 0.5 to 1mCi reduced by child
weight or body surface area. Images of the entire body are recom-
mended at 20 minutes per bed position using a high-energy collima-
tor. The dose of 131I mIBG is limited due to the relatively long half-life
of the 131I label (8 days), the presence of the beta particle that adds to
the radiation dose but does not contribute to imaging, and the high-
energy photon. Higher doses of 123I mIBG can be given for the same
radiation exposure, resulting in much higher quality images (Fig. 13.1).
About 10 times as many counts are obtained using 123I mIBG as with
131I mIBG. 123I mIBG has advantages of shorter half-life (13 hours), ideal
energy of the photon imaged (159keV), and lack of beta particle. The
sensitivity of mIBG in the detection of neuroblastoma is about 90% and
specificity nearly 100%.

Meta-iodobenzylguanidine has also been labeled with 124I, which
decays by both electron capture (75%) and positron emission (25%).
The electron capture mode of decay results in multiple high-energy
single photons that add to the radiation burden and increase the back-
ground of the PET image due to scatter and detection of random coin-
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cidence events. The half-life of 124124 is 4.2 days. This allows imaging
over several days, but the long half-life and electron capture method
of decay limit the dose that can be given. Ott and colleagues (9) have
described its use for planning treatment with 131I-mIBG in a 43-year-
old man with neuroblastoma, and a 62-year-old with pheochromocy-
toma. The injected doses were only about 0.5mCi and 1.0mCi of
124I-mIBG, and images of 18 to 24 minutes duration were obtained at
24 and 48 hours. Uptake in both the tumors and surrounding tissues
was shown. From calculations of the distribution of 124I-mIBG, the
authors calculated that 300mCi of 131I-mIBG, the dose given to the
patient with neuroblastoma, was subtherapeutic.

Since the introduction of mIBG, there has been much research involv-
ing the catecholamine reuptake transporter. The amino acid sequence
of the receptor was described in 1991 (10). The gene for the protein is
located on chromosome 16. The protein structure consists of 617 amino
acids with 12 membrane-spanning domains. There is considerable
homology among the norepinephrine, dopamine, and serotonin trans-
porters. It is sodium and chloride dependent and appears to involve
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Figure 13.1. 123I–meta-iodobenzylguanidine (mIBG) images of a 16–month-old girl who presented with
a pathologic fracture of the right femur. Top row: anterior images; bottom row: posterior images; left
panel: head, neck, chest; middle panel: chest, abdomen, pelvis; right panel: lower extremities. Abnor-
mal areas of uptake of mIBG, representing deposits of neuroblastoma, are seen in both humeral heads,
wrists, femoral heads, knees, and ankles. The primary tumor is seen in the left upper abdomen, rep-
resenting a large left adrenal neuroblastoma. Tumor involvement of the right distal femur was respon-
sible for the pathologic fracture.



sequential binding of sodium, chloride, and catecholamine. Type 1
uptake is blocked by a number of agents, including cocaine, tricyclic
antidepressants, phenylpropanolamine, pseudoephedrine, and labe-
tolol (11). Administration of these agents is unlikely in children with
the exception of pseudoephedrine and labetolol. Pseudoephedrine is a
sympathomimetic amine found in many over-the-counter cough and
cold preparations. Labetolol is a b-adrenergic antagonist that appears
unique among these agents in its interference with type 1 uptake. Inter-
ference with uptake is recognized by the lack of normal salivary gland
and cardiac uptake of tracer, and by prominent muscle deposition.
Although we have seen some uptake in neuroblastomas, the extent of
disease may be underestimated in the presence of interfering sub-
stances. Although not tested, we expect that these agents, via interfer-
ence with type 1 uptake, would also interfere with the uptake of other
tracers (described below) that enter the neuroblastoma cell via type 1
uptake.

Fluorodeoxyglucose

In contrast to mIBG, fluorodeoxyglucose (FDG) is concentrated by a
different mechanism—the glucose transporter. Fluorodeoxyglucose is
an analog of the naturally occurring sugar glucose. Because most
tumors preferentially use glucose for energy, FDG is concentrated
within most tumors. Many tumors found in adults, such as lung cancer,
head and neck tumors, melanoma, breast cancer, esophageal cancer,
and colorectal cancer, are usually well depicted by FDG–positron 
emission tomography (PET), and FDG-PET has become well estab-
lished as an important tool for the management of patients with these
diseases.

Our initial experience with neuroblastoma occurred over 10 years
ago (12). We studied 17 patients (20 scans) with neuroblastoma using
FDG. Comparison was made with mIBG scintigraphy. At that time,
FDG-PET imaging was much more challenging than it is today. Scan-
ning required choosing the area of interest prior to injection and per-
forming transmission attenuation correction scans before injection.
Patients needed to lie still for the next 50 minutes or so while uptake
occurred. At that point, tumor to nontumor concentration was usually
adequate for tumor imaging. Non–attenuation-corrected views of
various sections of the body might next be obtained as a screening
measure. Images were constructed with filtered backprojection. In 16
of 17 patients, tumor uptake of FDG was readily identified.

In patients studied prior to initiation of therapy, uptake of FDG was
usually quite intense. In each of seven patients, the primary tumor was
readily visualized. Standard uptake values (SUVs) ranged from 2.0 to
4.0 (mean 2.8 ± 0.7). For depiction of the primary tumor, FDG was better
than mIBG in two, mIBG was better than FDG in three, and the scans
were equal in two. Six of seven patients had diffuse bone marrow
uptake of FDG and mIBG, and bone marrow involvement was con-
firmed by bone marrow biopsy. Overall, FDG compared quite favor-
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ably with mIBG. In two of these patients, FDG scans were considered
superior to mIBG scans, in three patients mIBG scans were considered
superior to FDG, and in two patients the scans were equivalent.

Ten patients (13 scans) were studied during or following therapy
when residual or recurrent disease was suspected clinically. Fluo-
rodeoxyglucose uptake was found in tumor sites of nine of 10 patients.
However, mIBG scans were rated as superior to FDG-PET scans in
eight of 11 scans, FDG-PET superior to mIBG in two, and FDG and
mIBG equivalent in one. One patient had a neuroblastoma that did 
not concentrate mIBG. In this patient, FDG clearly defined sites of
tumor in the bones and abdomen (Fig. 13.2). We concluded that the
majority of neuroblastomas are metabolically active and can be
detected using FDG-PET (Fig. 13.3, see color insert). For the most part,
mIBG imaging was superior to FDG-PET for evaluating patients with
neuroblastoma. Evaluation of patients with neuroblastoma using FDG-
PET is most beneficial in tumors that either fail to concentrate or only
weakly accumulate mIBG.

Kushner et al. (13) have utilized FDG-PET scans as a means of 
monitoring treatment effects and disease status. Fifty-one patients 
who underwent 92 FDG-PET scans were reported. In patients who
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Figure 13.2. A: Fluorodeoxyglucose (FDG) projection images (anterior left,
posterior right) of a 19-year-old with esthesioneuroblastoma that did not accu-
mulate mIBG. The images cover 40cm in the z-axis from the shoulders to the
mid-abdomen. Abnormal uptake in seen in the right shoulder, a right lower
rib, and a midline focus at the edge of the images inferior to the kidneys. B:
Bone scan (posterior image) shows abnormal uptake in the right shoulder and
a right lower rib corresponding with the osseous uptake of FDG.



underwent multiple staging evaluations using FDG-PET, scans docu-
mented complete and partial remissions, stable disease, and progres-
sive disease. In patients with soft tissue lesions, SUVs ranged from 1.8
to 8.4, median 5.3. In four newly diagnosed patients, FDG and 131I-
mIBG scans showed similar results in three. In a single patient, FDG-
PET showed more extensive disease. The authors found that serial
FDG-PET scans accurately depict treatment effects and disease evolu-
tion. Scan findings correlated well with disease status determined by
conventional imaging studies and urinary catecholamine metabolite
excretion. Both FDG-PET and mIBG depict widespread bone metas-
tases, but FDG-PET may be better than mIBG for the detection of
hepatic involvement.

Kushner et al. (13) speculate that FDG-PET might provide clinically
useful information about the proliferative activity of a lesion that could
influence treatment decisions. For example, a considerable decrease in
activity during therapy could indicate a good response that justifies
continuation of the current regimen. However, residual uptake in a
neoplasm may be due to tumor inflammation rather than neoplasm.
We believe it is unlikely that FDG-PET will replace mIBG scanning in
the management of patients with neuroblastoma.

In patients with neuroblastoma, there are foci of FDG uptake that 
are not due to neuroblastoma. These include bowel, urinary tract,
thymus, and bone marrow. Pathologic sites of uptake not due to neu-
roblastoma were skin, pleura, and lungs due to radiotherapy. Trauma
and inflammation are additional causes of abnormal uptake that we
have encountered.

248 Chapter 13 Neuroblastoma

A CB D

Figure 13.3. Positron emission tomography–computed tomography (PET-CT) coronal images of a 
4-year-old girl with refractory neuroblastoma following bone marrow transplantation. A: CT scan. B:
FDG-PET scan with attenuation correction. C: Fusion image of CT scan and FDG-PET scan with atten-
uation correction. D: FDG-PET scan without attenuation correction. Abnormal uptake of FDG in the
abdomen is seen to the right of the midline medial to the liver, representing residual neuroblastoma.
(See color insert.)



Other Catecholamine or Catecholamine-Like Tracers

Several other positron-emitting tracers have been or may be applied to
the study of neuroblastoma. Positron-emitting tracers have several
potential advantages over conventional tracers. Positron emission
tomography offers improved resolution compared to single photon
emission computed tomography (SPECT): the ability to accurately
quantify uptake, the use of multiple short-acting tracers to character-
ize a tumor in a single setting, and the likelihood of completing the
study within a couple of hours following injection.

Carbon-11 hydroxyephedrine (HED) was developed for imaging the
sympathetic nervous system, in particular cardiac sympathetic inner-
vation. It is synthesized by direct N-methylation of metaraminol. The
aromatic component of HED is less lipophilic than that of mIBG.
Hydroxyephedrine bears closer structural similarity to norepinephrine,
but unlike norepinephrine, HED is not metabolized. After finding that
HED was highly concentrated into deposits of pheochromocytoma, we
examined its uptake in neuroblastoma and compared it with mIBG
(14). In each of seven patients studied, there was uptake of HED into
sites of neuroblastoma identified by mIBG scanning (Fig. 13.4). The
uptake was quite rapid. By 2 minutes, 80% of the mean maximal uptake
had occurred. In most patients, retention of HED was also quite high.
Raffel and Wieland (15) have shown that in cardiac cells, the retention
of HED is dependent on active transport of tracer into the cell. Once in
the cell, HED is present in both catecholamine storage vesicles and free
within the cytoplasm. Hydroxyephedrine passively exits the cell and
is rapidly taken up again through the catecholamine reuptake system.
Although the concentration of HED appears fixed, this equilibrium is
a result of a dynamic system of egress and entrance.

With HED, hepatic and renal activity is prominent early (Fig. 13.5).
As a result, tumor-to-liver ratios increase during the duration of the
study as the liver activity declines and the tumor concentration remains
relatively fixed. There is excellent clearance of mIBG from the soft
tissues in the first 24 hours, and very high quality images can be
acquired using 123I-mIBG and SPECT. Because of the limited availabil-
ity of 11C-HED and the need for a cyclotron and PET chemistry exper-
tise for its synthesis, it is unlikely that this agent will have a major role
in the evaluation of patients with neuroblastoma.

11C-epinephrine has also been studied in both pheochromocytoma
and neuroblastoma (16,17). Epinephrine is a catecholamine product of
the adrenal medulla, synthesized by methylation of norepinephrine. In
vivo, epinephrine has many physiologic effects. These include cardiac
stimulation, bronchodilation, and vasodilation. Like norepinephrine,
one of the processes through which the effects of epinephrine are reg-
ulated is reuptake into the presynaptic neuron via the catecholamine
reuptake system.

11C-epinephrine was developed to investigate the sympathetic inner-
vation of the heart. We showed that it was concentrated by pheochro-
mocytomas and thus undertook to evaluate it as a potential imaging
agent for neuroblastoma. In the presynaptic neuron of the sympathetic

B.L. Shulkin 249



250 Chapter 13 Neuroblastoma

HED PET 10 min

MIBG SPECT 2 hours MIBG SPECT 24 hours

HED PET 60 min

A

B C

D E

Figure 13.4. A: T2-weighted transverse magnetic resonance imaging of the lower chest and upper
abdomen. A mass with high signal intensity is seen in the posterior right lung field. B: The first hydrox-
yephedrine (HED) PET scan at the same level was acquired 10 minutes postinjection, and it shows there
is intense uptake within the right posterior lung mass. C: The second HED-PET image was acquired
60 minutes postadministration, and it shows that good uptake remains within the mass, demonstrat-
ing the high retention of HED. D: The first mIBG-SPECT scan was acquired 2 hours postinjection, and
it shows no definite uptake within the mass. E: The second mIBG-SPECT examination was acquired at
24 hours, and it shows clear accumulation of mIBG within the tumor, confirming its adrenergic nature.
The tumor was removed surgically and shown to be a neuroblastoma. [Source: Shulkin et al. (14), with
permission.]

HED PET MIBG SPECT

Figure 13.5. A 9-year-old boy with refractory neuroblastoma. Left: A HED-PET
scan of the mid-abdomen 30 minutes postinjection. There is accumulation of
HED to the left of the liver as well as excretion of HED through the right kidney.
Right: An mIBG-SPECT scan at 24 hours shows excellent uptake within the
neuroblastoma. There is little remaining liver and kidney activity, and thus the
tumor appears quite prominent. [Source: Shulkin et al. (14), with permission.]



nervous system, after transport intracellularly, norepinephrine and epi-
nephrine are stored in granules that protect catecholamines from intra-
cellular degradation by the enzyme monoamine oxidase. Because
neuroblastomas have relatively few catecholamine storage granules
compared to pheochromocytomas, it was not clear that 11C-epinephrine
would be retained intact in the neuroblastoma cell in sufficient quan-
tity and over sufficient time to generate a detectable signal.

We have studied over 20 patients with neuroblastoma using PET and
11C-epinephrine (Figs. 13.6 and 13.7). Between one half and two thirds
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Figure 13.6. Anterior projection image of 11C-
epinephrine PET scan of a 29-year-old woman with
widespread neuroblastoma. Abnormal uptake is
seen in both shoulders, in a very large abdominal
mass with decreased uptake in the center, repre-
senting necrosis, and in the pelvic bones and femurs
bilaterally. The PET scan identified the same areas
of disease as the mIBG scan (not shown).

Figure 13.7. 11C-epinephrine PET images of a 4-year-old girl with ganglioneu-
roblastoma. Left: transverse image; middle: sagittal image; right: coronal
image. The arrows point to two areas of abnormal uptake within the abdomen,
which were also identified on mIBG and CT scanning.



showed uptake of 11C-epinephrine within the tumor(s); mIBG uptake
was present in each of the tumors studied. Positron emission tomog-
raphy studies were performed dynamically immediately following
injection. The first-pass extraction for those tumors that did show
uptake was very high, as these neuroblastomas were distinguishable
from background activity within 2 minutes following injection. The
retention of 11C-epinephrine was also quite good, foci of neuroblastoma
generally appearing more intense as background activity declines. It is
unclear why only some neuroblastomas that concentrate mIBG con-
centrate 11C-epinephrine. Smets and colleagues have shown that mIBG
in neuroblastomas is less dependent on granular storage than mIBG in
pheochromocytomas and that a substantial portion of mIBG exists
freely within the cytoplasm of neuroblastoma cells (18). It is possible
that 11C-epinephrine is retained only in those tumors with substantial
quantities of storage granules to protect catecholamines, whereas in
those tumors that are not visualized with 11C-epinephrine, there are too
few storage granules to protect the tracer from intracellular degrada-
tion and thus the prompt loss of signal.

Other agents may soon be applied to the functional imaging of neu-
roblastoma. 4-[18F]-fluoro-3-iodobenzylguanidine (FIBG) has been syn-
thesized and shown in vitro to bind to human neuroblastoma cells (19).
Additionally, high uptake was noted in the mouse heart and adrenal
glands. This agent might be a good positron-emitting analog of mIBG.
P-[18F]fluorobenzylguanidine (PFBG) has been shown to image
myocardial sympathetic innervation and neuroendocrine tissues. It
was administered to two dogs with pheochromocytomas (20). Rapid
uptake was found with blood pool clearance within 10 minutes. There
was also high uptake within the myocardium. The SUVs were greater
than 25 by 10 minutes. Although not yet used in human pheochromo-
cytomas or neuroblastomas, these agents should accumulate in these
neuroendocrine tumors that possess active type 1 catecholamine trans-
port mechanisms.

6-[18F]-Fluorodopamine (18F-DA) has been successfully used to local-
ize sites of pheochromocytoma in patients with metastatic pheochro-
mocytoma (21). The rationale for its use is that dopamine is a better
substrate for norepinephrine transport mechanism than is norepi-
nephrine. 18F-DA was studied in 16 patients at the National Institutes
of Health, where 1.0mCi of 18F-DA was administered intravenously
and imaging was begun immediately. Fifteen of 16 patients had abnor-
mal 18F-DA scans, whereas only nine of 16 had abnormal 131I-mIBG
scans; 38 foci of uptake were found by both agents, 90 by 18F-DA alone,
and 10 by 131I-mIBG alone. In each of the seven patients with negative
131I-mIBG studies, 18F-DA scans demonstrated one to four lesions, and
most of these were documented by computed tomography or magnetic
resonance imaging studies. It is also likely that this agent will be con-
centrated in neuroblastomas that possess active type 1 catecholamine
transport systems.

18F-dihydroxyphenylalanine (DOPA) has also been shown to be con-
centrated in pheochromocytomas (22). Its uptake is said to represent
the capability of neuroendocrine tumors to concentrate decarboxylate
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and store amino acids and their biogenic amines. In vitro studies (by
Shulkin, unpublished) suggest that type 1 catecholamine uptake is
involved as well. Because neuroblastomas often excrete dopamine
metabolites, it is likely that 18F-DOPA would also be concentrated
within neuroblastomas.

Tracers of the Future

We have studied a variety of tracers in vitro to assess their potential for
imaging of neuroblastoma in vivo (23). These include amino acids,
nucleosides, and a variety of others. Many of the compounds showed
uptake greater than that of mIBG. The compounds with the highest
uptake were the essential amino acids threonine and methionine.
Although it is promising in vitro, experiments in vivo using animal
tumor models or human patients will be needed to assess the clinical
utility of these agents. It is certainly possible that liver, renal, or bone
marrow activity will be excessively high to distinguish tumor from
background. Other promising agents are radiolabeled thymidine or its
analog, fluorothymidine, to assess cellular proliferation. This agent
could be especially useful in determining the response of tumors to
antineoplastic therapy.

Conclusion

Neuroblastoma has been studied using multiple positron-emitting
tracers. Because of its derivation from tissues related to the sympathetic
nervous system, neuroblastomas are commonly evaluated using func-
tional imaging with the conventional nuclear medicine tracer radiola-
beled mIBG, which is concentrated by the uptake one mechanism.
Tracers that reflect activity of the norepinephrine transport mechanism
of tissues of the sympathetic nervous system labeled with positron-
emitting radionuclides have also been utilized. These include 11C-
hydroxyephedrine and 11C-epinephrine. Other related tracers, such as
18F-fluorodopamine, are expected to also show uptake in neuro-
blastomas. Because of the malignant nature of neuroblastoma and the
tendencies for malignancies to preferentially utilize glucose for metab-
olism, neuroblastomas have also been imaged using the positron-
emitting glucose analog, 18F-FDG. We expect that tracers that reflect
other physiologic and pathophysiologic mechanisms, including amino
acid uptake and cellular proliferation, will soon be studied for their
ability to reveal additional information about this often-fatal malig-
nancy of childhood.
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14
Wilms’ Tumor
Sue C. Kaste and Jeffrey S. Dome

The clinical applications of fluorine-18 fluorodeoxyglucose–positron
emission tomography (18F-FDG-PET) imaging in adults have grown
rapidly. However, only recently has this technology and the merged
technology of PET and computed tomography (PET-CT) been extended
to children and adolescents. Thus, information about the indications
and utility of PET-CT in pediatric oncology is limited. This chapter dis-
cusses the initial experience with PET and PET-CT imaging of patients
with Wilms’ tumor.

Epidemiology of Wilms’ Tumor

Wilms’ tumor is the most common malignant pediatric renal tumor and
accounts for 6% of all cases of childhood cancer in the United States each
year. Approximately eight cases are identified annually per million chil-
dren under the age of 15 years; the annual number of new cases in the
United States is estimated to be 500 (1). The frequency of Wilms’ tumor is
slightly higher in blacks than in whites but is considerably lower in
Asians than in whites. In the United States, the incidence of Wilms’ tumor
(either unilateral or bilateral) is slightly less in boys than in girls (2).

The association between Wilms’ tumor and genetic malformation
syndromes is well known, although these syndromes are present in
only a small number of patients with Wilms’ tumor. The syndromes
most commonly associated with Wilms’ tumor are WAGR (Wilms’
tumor, aniridia, genitourinary malformation, mental retardation) syn-
drome, Denys-Drash syndrome (pseudohermaphroditism, glomeru-
lopathy, renal failure, and Wilms’ tumor), and Beckwith-Wiedemann
syndrome (macroglossia, omphalocele, visceromegaly, hemihypertro-
phy, Wilms’ tumor, and other cancers) (3).

Pathology

Classical Wilms’ tumor contains blastemal, epithelial, and stromal cells,
although many tumors do not contain all three types of cells (4). About
7% of tumors contain anaplasia, which is defined by cells with enlarged
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nuclei, hyperchromasia, and irregular mitotic figures (5). When pre-
sent, anaplasia usually occurs diffusely throughout a tumor but also
may be focal (6). Patients whose tumors contain focal anaplasia have
better outcomes than those whose tumors contain diffuse anaplasia (7).
Tumors that are not anaplastic at all are associated with the best prog-
nosis and are thus designated as having “favorable histology.” Less
common renal tumors of childhood include clear cell sarcoma of the
kidney, malignant rhabdoid tumor, congenital mesoblastic nephroma,
and renal cell carcinoma.

Nephrogenic rests are precursors of Wilms’ tumor; these are 
clusters of embryonal nephroblastic cells that persist abnormally into
childhood (8). Nephrogenic rests are found in about 40% of patients
with unilateral Wilms’ tumor and in nearly all patients with bilateral
Wilms’ tumor (8). Nephrogenic rests are classified as nascent/dormant,
maturing/sclerosing, or hyperplastic. Hyperplastic nephrogenic rests
can be quite large and are often difficult to distinguish from Wilms’
tumor (8).

Prognostic Factors

The most powerful prognostic factors for patients with Wilms’ tumor
are tumor histology and stage. Anaplastic histology predicts a
markedly higher risk of recurrence than does favorable histology. Like-
wise, advanced tumor stage is associated with increased risk of recur-
rence. Other adverse prognostic factors include older patient age (9,10),
blastemal-predominant histology after chemotherapy (11), loss of het-
erozygosity on chromosome arms 1p and 16q (12,13), gain of chromo-
some arm 1q (14), and a high level of telomerase expression (15,16).
Ongoing biology studies are likely to identify additional molecular
prognostic factors.

Treatment

The treatment of Wilms’ tumor involves surgery, chemotherapy, and,
in some cases, radiation therapy. The longstanding approach used by
the National Wilms’ Tumor Study Group (NWTSG) has been a nephrec-
tomy at the time of diagnosis, with subsequent chemotherapy and radi-
ation therapy (17). The approach used by the International Society of
Pediatric Oncology (SIOP) has been to administer several weeks of
chemotherapy before nephrectomy (18). Each approach has distinct
advantages, and the outcomes are similar. Table 14.1 lists the outcomes
of patients treated on the most recently reported NWTSG studies.
Given the excellent overall survival rates of patients with Wilms’
tumor, a priority of recent clinical trials has been to limit therapy, 
and its associated toxicity, in patients who are at low risk of disease
recurrence.
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Potential Applications of PET/PET-CT Imaging to
Wilms’ Tumor

Functional imaging studies such as PET or PET-CT may increase the
accuracy of tumor staging, distinguish between benign and malignant
lesions, and assess the early response to treatment in patients with 
measurable tumors. Although experience with 18F-FDG-PET/PET-CT
imaging in Wilms’ tumor is limited, preliminary reports (20) and our
experience suggest that Wilms’ tumors are often 18F-FDG–avid.

Tumor Staging 

Diagnostic imaging studies play a key role in the staging of primary
Wilms’ tumor. Imaging studies delineate the local extent of the tumor
and detect the presence of metastatic disease (Fig. 14.1). The most
common sites of metastasis are the lungs, regional lymph nodes, and
liver. Approximately 10% of patients have lung metastases at diagno-
sis (21), and 47% have pulmonary metastases at the time of relapse (22).

Chest radiography and chest CT are routinely used to detect pul-
monary metastatic disease (23,24). Chest radiographs are limited by
resolution and sensitivity; CT imaging is complicated by inter- and
intraobserver discordance in interpreting the presence and significance
of pulmonary nodules (25). A common dilemma faced by clinicians is
the management of patients with small pulmonary nodules. The
NWTSG reported that 17% of lung nodules in patients with newly
diagnosed Wilms’ tumor were found on biopsy to be benign (26).
Therefore, the management of such lesions is particularly problematic
unless biopsy is performed. Although several studies have shown an
increased risk of pulmonary relapse in patients with CT-identified pul-
monary nodules, intensified chemotherapy and pulmonary irradiation
are not without toxic effects (25–27). As with other pediatric malig-
nancies, pulmonary metastases of Wilms’ tumor can differentiate into
benign mature tumor cells, further complicating the interpretation of
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Table 14.1. Outcomes of patients treated on the National Wilms’
Tumor Study Group (NWTSG) studies NWTS-3 and -4 (Data from 
7, 19)
Tumor histology 4-Year relapse-free 4-Year overall 
and stage survival (%) survival (%)

Favorable histology
Stage I 89.0 95.6

II 87.4 91.1
III 82.0 90.9
IV 79.0 80.9
V (bilateral) – 81.7

Diffuse anaplasia
Stage I 93.8 93.3

II 71.6 70.1
III 58.7 56.3
IV 16.7 16.7



follow-up imaging examinations on the basis of anatomic appearance
(27–29).

18F-FDG has the potential ability to differentiate metabolically hyper-
active nodules from quiescent and metabolically hypoactive nodules
(30,31). Because both malignant and inflammatory diseases can involve
glucose hypermetabolism, 18F-FDG-PET/PET-CT is unlikely to differ-
entiate benign from malignant nodules with absolute specificity.
However, with refinement of PET techniques, including quantitative
techniques and delayed imaging, characteristics that differentiate
benign from malignant lesions may be discerned. Even with the cur-
rently available techniques, hypermetabolic pulmonary lesions would
be more likely to be malignant and therefore could be preferentially
biopsied.

Accurate staging of recurrent Wilms’ tumor facilitates the design 
of multidisciplinary regimens to treat all sites of disease. 18F-FDG-
PET/PET-CT provides sensitive detection of metabolically active sites
of disease, some of which are undetected by other imaging modalities
(Fig. 14.2). A patient treated for recurrent anaplastic Wilms’ tumor at
St. Jude Children’s Research Hospital, Memphis, TN, had persistent
pulmonary nodules in the right middle lobe after chemotherapy. Sur-
gical removal of the affected area of the lung was considered, and a
PET-CT scan was performed to detect other possible sites of disease.
The PET-CT scan revealed FDG avidity in the right pulmonary hilum
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Figure 14.1. Fluorine-18 fluorodeoxyglucose–positron emission tomography (18F-FDG-PET)–computed
tomography (CT) images of a 10-year-old girl with recurrent Wilms’ tumor. PET-CT imaging was 
performed to determine the extent of disease. Note numerous sites of 18F-FDG avidity. (Courtesy of 
Dr. Barry Shulkin.)



and upper right chest, suggesting that the tumor was widespread and
that complete resection would be impossible (Fig. 14.3).

Bilateral Wilms’ Tumor

The treatment of bilateral Wilms’ tumor is challenging. The goal of
treatment is to eradicate tumor cells while preserving as much renal
parenchyma as possible. Patients typically receive preoperative
chemotherapy, thereby reducing tumor burden and facilitating surgery.
Approximately 40% of tumors are reduced more than 50% in size by
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Figure 14.2. Intensely 18F-FDG-avid lesions in the left proximal femur and
ischium of this patient (also shown in Fig. 14.1) were not evident on the cor-
responding CT images captured with bone windows. (Courtesy of Dr. Barry
Shulkin.)
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chemotherapy (32). Failure to respond can signify that the tumor cells
are anaplastic or otherwise resistant to treatment, requiring augmenta-
tion of therapy and perhaps nephrectomy. However, tumors with
extensive rhabdomyomatous differentiation or necrosis may also fail to
respond, and augmentation of chemotherapy is not indicated for these
cases. Positron emission tomography scanning has been reported to
differentiate viable germ cell tumor from mature teratoma and tissue
necrosis (33), and therefore it may also help in distinguishing between
proliferating and nonproliferating bilateral Wilms’ tumor.

A theoretical obstacle to the use of PET scanning to image bilateral
Wilms’ tumor is the possibility that clearance of 18F-FDG through 
the genitourinary tract could mask an intrarenal tumor. However,
active tumors can be visualized within the renal parenchyma due to

Figure 14.3. A patient treated for recurrent anaplastic Wilms’ tumor underwent PET-CT imaging to
detect other possible sites of disease before undergoing a possible right middle lobectomy for pul-
monary nodules that persisted after chemotherapy. 18F-FDG avidity in the right pulmonary hilum and
upper right chest indicated widespread metastatic disease that precluded complete resection.



higher uptake by tumor than by normal kidney (20,34). Shulkin and
colleagues (20) reported two patients with bilateral Wilms’ tumor who
underwent PET scans to guide clinical management. One patient with
bilateral multifocal Wilms’ tumor had an initial response to therapy
during the first 2 months of treatment, but then had stable disease. A
PET scan showed persistent 18F-FDG avidity in one of the right-kidney
tumors, which was confirmed by biopsy to be Wilms’ tumor. Interest-
ingly, the left kidney, which was not FDG-avid, also contained Wilms’
tumor with areas of nephroblastomatosis. It would be informative to
know whether the difference in FDG avidity reflected residual Wilms’
tumor in the right kidney that was less differentiated and proliferative
than that in the left kidney.

The second patient underwent bilateral open biopsy of bilateral renal
masses that showed favorable-histology Wilms’ tumor in the right
kidney and anaplastic Wilms’ tumor in the left kidney. She underwent
18F-FDG imaging after the left renal mass failed to decrease in size to
the same extent as the right renal mass in response to chemotherapy.
The PET scan revealed 18F-FDG avidity in the rim of the left renal mass
but no uptake in the right renal mass. Bilateral partial nephrectomy
revealed residual viable tumor in the left kidney but necrotic tumor
without viable elements on the right side, correlating well with the PET
findings (20). A systematic study of PET scans in patients with bilateral
Wilms’ tumor is warranted to assess whether the level of 18F-FDG activ-
ity correlates with histologic response to therapy.

Differentiating Between Nephrogenic Rests and Wilms’ Tumor

The difficulty of distinguishing nephrogenic rests and nephroblastom-
atosis from Wilms’ tumor can create a diagnostic dilemma. Although
the two entities—and the spectrum between them—have some distinct
features, their imaging characteristics can be similar. Typically, nephro-
genic rests and nephroblastomatosis are multifocal or diffuse bilateral
lesions located in the subcapsular portion of the kidneys. They may be
classified by their location as intralobar and perilobar, with perilobar
nephrogenic rests being more common. On ultrasonography (US) and
CT, nephrogenic rests appear as homogeneous, hypodense, poorly
enhancing peripheral nodules. As with Wilms’ tumor, they are hypo-
intense on T1- and hyperintense on T2-weighted sequences (35). A
Wilms’ tumor is a hypervascular intrarenal mass that is usually large
and may be associated with vascular invasion. Unlike nephrogenic
rests, Wilms’ tumor is usually an inhomogeneous echogenic solid mass
on ultrasound and CT (particularly contrast-enhanced CT) studies. On
magnetic resonance imaging (MRI), Wilms’ tumor is hypointense on
T1- and hyperintense on T2-weighted sequences (35) and enhances
inhomogeneously when intravenous contrast medium is used (36–38).
Contrast-enhanced MRI improves the imaging distinction of Wilms’
tumor from nephrogenic rests, achieving an overall sensitivity of 57%
for detection of the lesion and an overall accuracy of 65%. Although
better than those of excretory urography and ultrasound, these values
are far from ideal. Further, small nephrogenic rests less than 4mm in
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size and those intermixed with Wilms’ tumor may be overlooked by
MRI (36). Rohrschneider et al. (39) found that the homogeneity of
nephrogenic rests is the imaging feature that best differentiates them
from Wilms’ tumor. The authors also reported US to be less sensitive
than CT or MRI in detecting small nephrogenic rests.

18F-FDG-PET/PET-CT imaging has the potential to distinguish
between benign nephrogenic rests and nephroblastomatosis and to
identify their potential evolution into Wilms’ tumor. Shulkin et al. (20)
described a case in which FDG uptake was observed in active sites of
Wilms’ tumor but absent in benign nephrogenic rests. It is likely that
FDG avidity varies according to the subtype of nephrogenic rest 
(sclerotic vs. hyperplastic). Lesions smaller than 4 or 5mm might still
be overlooked because of the limitations of PET/PET-CT resolution,
unless they are very hypermetabolic. It would be worthwhile to
prospectively compare 18F-FDG avidity with histology in patients with
bilateral or multifocal kidney lesions.

Differentiation of Residual Tumor from Other Entities

Residual imaging abnormalities observed after treatment of unre-
sectable or metastatic Wilms’ tumor may not indicate viable tumor. It
can be difficult to distinguish active or recurrent disease from nonma-
lignant abnormalities such as postoperative changes, scarring, or
abscess formation. Although 18F-FDG avidity is not a specific indicator
of malignancy, increased avidity can identify a site of potential residual
or recurrent disease and direct biopsy to the area (20). Figure 14.4 illus-
trates this application. It shows the PET-CT scan of a patient with stage
IV Wilms’ tumor with favorable histology who presented with very
extensive lung disease. After several months of treatment with 
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Figure 14.4. A young boy who had experienced multiple recurrences of Wilms’ tumor had extensive
pulmonary scarring caused by multiple thoracotomies for excision of metastatic tumor. Biopsy of the
right upper-lobe mass, directed by 18F-FDG-avidity, demonstrated Wilms’ tumor with rhabdomyoma-
tous differentiation, containing predominant stromal cells and a few glandular elements. Interestingly,
the mass was FDG-avid, although it was not actively proliferating. This observation raises the ques-
tion of whether tumors with rhabdomyomatous differentiation may be FDG-avid.



different chemotherapy agents, the patient had progressive pulmonary
disease and received lung radiation and more chemotherapy. Therapy
was stopped after several more months, although CT of the chest con-
tinued to show multiple lesions, some of which were consistent with
scar tissue on biopsy. Six months after the completion of therapy, CT
scan showed an increase in the size of a right upper lobe nodule. A PET-
CT scan was done to evaluate sites of potentially viable tumor within
the markedly abnormal-appearing lungs. 18F-FDG uptake was observed
in the growing right lung nodule and the right pulmonary hilum (Fig.
14.4) but not in other abnormal areas. Computed tomography–guided
biopsy of the 18F-FDG-avid nodule revealed a cellular metastatic Wilms’
tumor consisting mostly of mature fibrous stroma.

Conclusion

Although its application in staging Wilms’ tumor and monitoring
response to treatment is not yet extensive, 18F-FDG-PET/PET-CT shows
promise for identifying metastatic disease, differentiating benign
nephrogenic rests and nephroblastomatosis from Wilms’ tumor, direct-
ing biopsy sites, and contributing to surgical planning. However, large
prospective studies are needed to determine the impact of this modal-
ity on staging, assessment of treatment response, and ultimate patient
outcome.
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15
Primary Bone Tumors

Robert Howman-Giles, Rodney J. Hicks, Geoffrey McCowage, and David K. Chung

Musculoskeletal sarcomas represent a heterogeneous group of malig-
nancies involving bone and soft tissue with a highly variable natural
history and a correspondingly diverse range of potential therapeutic
strategies. The choice of treatment is largely driven by prognostic
factors but is also dependent on local expertise, resources, and philoso-
phies and the particular clinical circumstances of individual patients.
Important considerations include the type, grade, extent, and location
of the tumor. Curative treatment approaches in osteogenic sarcoma
combine surgery and chemotherapy. In Ewing sarcoma, chemotherapy
is used, and local control is achieved by surgery, radiotherapy, or a
combination of both (1–3).

This chapter focuses on primary bone tumors in the pediatric popu-
lation with an emphasis on the two most common forms: osteogenic
sarcoma (OS) and Ewing sarcoma (ES). An initial general clinical
summary provides the setting for understanding the role of diagnostic
imaging in their assessment and management. The current contribu-
tion of positron emission tomography (PET) is summarized with an
outline of likely future developments that promise to expand its range
of applications.

Epidemiology

Primary bone tumors make up 5% to 6% of childhood malignancy, and
the overwhelming majority of cases consist of either OS or ES (4–7).
Other conditions more common in the pediatric than the adult popu-
lation are Langerhans cell histiocytosis and primary bone lymphoma;
however, collectively these account for a small percentage of primary
malignant bone tumors. A smaller number of patients have other diag-
noses such as malignant fibrous histiocytoma, angiosarcoma, and
chondrosarcoma, but these conditions are very rare in the pediatric age
group. The age distribution of patients with bone tumors is different
from most other forms of childhood cancer. Childhood leukemia and
solid tumors such as neuroblastoma, Wilms’ tumor, and soft tissue 
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sarcomas have their peak incidence during the first decade. In contrast,
both OS and ES are more common in the second and third decades, a
period in life also associated with accelerated normal bone growth.

Osteogenic sarcoma is a rare cancer arising from bone matrix and
affecting children and adolescents. There is no sex or race predilection;
in the United States the incidence is estimated to be 2 to 3 per million
people. Most cases of OS (approximately 80%) occur between the ages
of 5 and 25 years. Primary OS characteristically occurs in the meta-
physeal regions of the long bones of the extremities, most frequently
the distal femur, proximal tibia, and proximal humerus. Approximately
55% arise near the knee, but any bone can be affected including the flat
bones and axial skeleton (4,6). Osteogenic sarcoma is usually a primary
bone malignancy, but secondary forms may arise from Paget’s disease,
fibrous dysplasia, and multiple chondromas. These secondary forms
are generally confined to older individuals and are not relevant to the
pediatric population. There is also an association with previous radia-
tion therapy, with the majority of cases in this group appearing within
7 to 15 years after the therapy. Again, this is usually beyond the pedi-
atric period. There is, however, an association with bilateral retinoblas-
toma that is relevant to pediatric patients. Outcome is usually poor in
all these secondary forms of OS (6).

Ewing sarcoma is a rare tumor arising from mesenchymal origin. It
is the second most common malignant bone tumor after OS. It most
commonly occurs in the second decade, with a peak age range from 4
to 15 years. The frequency in the United States ranges from 0.3 per
million for children <3 years to 4.6 per million in patients aged from 15
to 19 years. Males are affected more frequently than females with a ratio
of 1.5 :1. Ewing sarcoma is most common in the white population and
is rare in black and Chinese children. It most frequently involves the
pelvis (25%), femur, tibia and fibula, spine, ribs, and humerus. Any
bone may be involved (5,7).

Presentation

The most common presenting symptom for primary bone tumors is a
painful swelling arising in bone. Pain is often initially attributed to
trauma or physical exercise; symptoms may be present for several
weeks or even months before diagnosis. The pain may be intermittent
and severe, usually with a palpable mass, which is rapidly growing
and often tender. There may be referred pain to the limbs if the primary
is in the axial skeleton or pelvis. There may also be pain related to nerve
root or cord compression if there is spinal involvement. Occasionally
the patient may present with a pathologic fracture. The presentation
may be similar to acute or chronic osteomyelitis with systemic symp-
toms of fever, malaise, weight loss, and leukocytosis. The majority of
patients do not have clinical evidence of metastatic disease, but most
are thought to have microscopic metastases, undetectable by conven-
tional imaging techniques, at the time of presentation. Approximately
15% to 20% of patients have clinically evident metastatic disease at
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diagnosis. The lungs are the most common site of metastases, followed
by bone and bone marrow (4,5).

Although imaging studies may be highly suggestive of the diagno-
sis of primary bone tumors, they cannot reliably differentiate among
the various types of malignant bone tumor and occasionally cannot dif-
ferentiate between malignant and benign conditions. Histopathologic
confirmation, therefore, is required. Other differential diagnoses based
on radiologic appearances can include infection (particularly destruc-
tive osteomyelitis), which may be very difficult to differentiate from
malignancy, particularly in some areas such as the sacroiliac joint and
vertebrae, and other bone malignancies including bone metastases and
primary lymphoma of bone (4–8).

The treatments for OS and ES have much in common, in particular
the routine use of neoadjuvant chemotherapy and the role of surgery.
Radiotherapy has an important role in ES, particularly if the primary
tumor cannot be surgically resected. There are, however, important dif-
ferences in the approach to management of these two tumors. Knowl-
edge of tumor histology, grade, and the presence or absence of
metastases are the main prerequisites for allowing appropriate treat-
ment selection. The other major factor that influences treatment and
prognosis is the tumor response to therapy (9–11).

As these tumors are very heterogeneous in nature, the sites for biopsy
are critical for accurate histologic staging. Biopsy of a small site of a
tumor may not represent the overall character of the tumor and has the
potential to miss high-grade areas (12). The implications of this are
errors in diagnosis and grading that could influence the type of treat-
ment given (13–15). Nondiagnostic biopsies may also occur, necessitat-
ing repeat biopsy. This may increase the risk of biopsy track seeding and
may complicate the subsequent surgical technique. Open biopsy yields
larger tissue samples for analysis and is generally preferable to core-
needle biopsy. However, in experienced units, core biopsy can be a reli-
able technique and can expedite diagnosis because operating room time
is not required. When planning biopsy, the nature of planned subse-
quent definitive surgery needs to be considered so that the biopsy site
and tract can be included in the final resection. Resection at diagnosis is
rarely performed, as delayed resection after neoadjuvant chemotherapy
is now routine initial management of primary bone tumors (8).

Metastatic spread is mainly hematogenous initially to the lungs and
later skeleton and bone marrow, although spread via the lymphatic
system may occur. If local recurrence occurs, it is often difficult to diag-
nose as there is disturbance of the normal anatomic structures due to
previous surgery or radiotherapy and imaging can be difficult to inter-
pret due to artifacts from limb prostheses (8,13).

Histopathology

The diagnosis of malignancy involving bone requires histopathol-
ogic confirmation. Histopathology of OS reveals malignant sarcoma-
tous tissue composed of pleomorphic spindle cells admixed with an
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extracellular matrix composed primarily of osteoid and bone. 
Such osteoid is an absolute requirement for the diagnosis of OS to be
made, although occasionally osteoid is present only in small amounts,
making the diagnosis difficult. Conversely, in the presence of patho-
logic fracture, immature osteoid can mimic OS. A number of his-
tologic subtypes of OS exist, each with characteristic pathologic 
features. The most common subgroup is conventional OS, which is
further divided into osteoblastic, chondroblastic, or fibroblastic 
variants, depending on the dominant pattern of differentiation of
tumor cells. Other subgroups are telangiectatic, small cell, multifocal,
periosteal, and parosteal OS. Most of these subtypes have similar clin-
ical behavior, and management is similar except for the parosteal
variant, which is more common in older patients, is typically of low
histopathologic grade, and is associated with a more indolent clinical
course (4,6).

Ewing sarcoma, peripheral neuroepithelioma, and primitive neu-
roectodermal tumor (PNET) belong to the Ewing family of tumors.
Ewing sarcoma derives from a primitive neuroectodermal cell with
variable differentiation. It is a poorly differentiated small, round, blue
cell tumor where PNET shows discernible differentiation. All these
tumors show some neural differentiation and have neural features,
including expression of neuron specific enolase and S-100 protein. Both
show a characteristic chromosomal translocation t(11; 22) or a variation
within the tumor cell (5,7).

Diagnostic Imaging of Primary Bone Tumors

Anatomic imaging techniques including radiography, ultrasound,
computed tomography (CT), and magnetic resonance imaging (MRI)
currently play a dominant role in the evaluation of suspected and
known sarcomas of both soft tissue and bone. Nuclear medicine tech-
niques such as bone scintigraphy, thallium-201 (201TI), and gallium-67
(67GA) imaging have all been used in the assessment of primary bone
tumors. However, PET is becoming the most important modality for
assessing biologic characteristics of the tumor, for primary staging, and
for determining response to treatment (13,16–18).

The diagnosis of primary bone tumor is usually made on a plain radi-
ograph but may be suspected based on clinical examination findings.
Osteogenic sarcoma is usually seen as an expansile, destructive lesion
but may be sclerotic, lytic, or a combination of both. There is usually a
significant degree of new bone formation. Often bone spicules are
present running perpendicularly to the surface or arranged radially as a
“sunburst” pattern. This is typical of the most common osteoblastic form
of OS. There is usually a poorly defined zone of transition to normal bone
that may be associated with a soft tissue mass. Lifting of the bone’s
normal periosteum by tumor may lead to the formation of Codman’s tri-
angle (6,19). The local extent, intramedullary spread, and relationship to
soft tissue structures, particularly the neurovascular bundle, is best
detected by cross-sectional imaging, in particular, by MRI.
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In ES conventional radiology shows an aggressive destructive tumor
with a permeated or moth-eaten appearance—a predominantly lytic
lesion with poorly defined margins. The lesion is usually diaphyseal or
metaphyseal with a soft tissue mass. There may be saucerization of the
bone and a lamellated periosteal reaction with an onionskin pattern.
There may be a spiculated pattern of new bone formation, which can
be confused with the more common OS. Sclerotic lesions occur in
approximately 25% of cases. There may be invasion of cortical bone, or
the cancer may traverse the Haversian system and cause a large soft
tissue mass in the absence of significant bone destruction. Based on the
variable patterns observed radiologically, the differential diagnosis can
include infection, OS, chondrosarcoma, fibrosarcoma, soft tissue
sarcoma, and Langerhans cell histiocytosis. Lymphoma and leukemia
may also mimic ES radiologically (7,19).

Magnetic resonance imaging and CT scanning allow definition of
intralesional structural characteristics and of the relationship between
tumor boundaries and adjacent normal tissues, including bone and
neurovascular structures. For this purpose, MRI is now the major diag-
nostic tool (19,20). Regional anatomic information is important to deter-
mine the need for and approach to biopsy and to guide subsequent
locoregional therapies, including radiotherapy and surgery. Tissue het-
erogeneity can make problematic the selection of the most appropriate
biopsy site and the interpretation of anatomic imaging results follow-
ing therapy. This is an important potential limitation because the
behavior of sarcomas, their prognosis, and determination of the most
appropriate management are influenced by the highest histologic grade
of tumor that is present (12,21,22). Furthermore, for staging purposes,
sensitive and specific whole-body screening capability is required.

Metastatic spread usually occurs first to the lungs and then to the
skeleton. Computed tomography scan of the thorax is the main
imaging modality for detection of pulmonary metastases, and the
radionuclide bone scan is currently the primary investigation to detect
skeletal metastases (4,5). Combined PET/CT imaging, however, is
becoming the preferred modality for the detection of metastatic spread
because of its ability to detect both soft tissue and bone sites of disease
(Fig. 15.1), whereas the contemporaneous CT maintains good sensitiv-
ity for small lung metastases.

Treatment

The overall plan of management for localized primary bone tumor gen-
erally involves administration of preoperative neoadjuvant chemother-
apy, delayed tumor resection and/or radiotherapy, and then further
chemotherapy (8). The choice of postoperative chemotherapy is often
dependent on the degree of tumor necrosis documented in the resec-
tion specimen on comprehensive histopathologic examination (11,13).
Neoadjuvant chemotherapy is routinely used for several reasons:

• Chemotherapy treats micrometastatic disease, which is believed to
be present but undetectable in many cases.
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Figure 15.1. Pelvic Ewing sarcoma with bone metastases. A: A 13-year-old boy
presented with a painful right hip. Magnetic resonance imaging (MRI) [short
time inversion recovery (STIR) sequence coronal views] shows a primary pelvic
tumor in the right iliac wing with a large soft tissue mass. B: Technetium-99m
(99mTc) methylene diphosphonate (MDP) total bone scan shows a right pelvic
primary tumor with marked osteoblastic reaction and metastatic sites in left
mid-femur and sacrum. No other sites were detected. C: Fluorine-18 fluo-
rodeoxyglucose (18F-FDG) scan shows primary tumor and multiple metastases
in the bone and marrow, particularly in the spine and pelvis. The patient ini-
tially responded to chemotherapy and radiotherapy to the primary tumor.
Follow-up positron emission tomography (PET) showed good response with
only a mild uptake of FDG in the primary site. The patient subsequently
relapsed with metastases in the bone on PET (not shown).



• Resolution of soft tissue masses using chemotherapy may facilitate
subsequent surgery.

• The period of some weeks between diagnosis and surgery allows for
the ordering of customized orthopedic components such as pros-
theses or bone allografts that will be used at the time of surgical
resection and limb reconstruction.

• Valuable information is obtained regarding the sensitivity of the
tumor to the neoadjuvant chemotherapy agents. Patients with
tumors that have a good histopathologic response to these drugs are
given similar therapy postoperatively, whereas alternate agents and
external beam radiotherapy may be considered if the tumor response
has been poor.

After neoadjuvant chemotherapy but prior to surgery, imaging
studies are repeated to evaluate tumor response and to exclude the
development of new metastatic disease that might make aggressive
surgery inappropriate. In particular, detection of metastases signifi-
cantly reduces the chance of disease-free survival and usually argues
against aggressive surgery on the primary unless the number of
metastatic sites is small and also amenable to surgical resection.

Surgery in OS generally takes the form of a limb salvage procedure
(4,23,24). The data show that the overall survival rate with such pro-
cedures approximates that obtained using amputation, but the func-
tional outcome is superior. There is a higher risk of local recurrence
(13,25,26), so effective multidrug chemotherapy is mandatory to
prevent it. Similarly, in ES where historically radiotherapy was used
for local control and surgery was used primarily for expendable bones,
limb salvage surgery following chemotherapy is now the treatment of
choice if the tumor can be completely removed and the function after
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surgery is predicted to be reasonable. The preference for surgery when
possible in ES is largely due to the late effects of radiotherapy, espe-
cially second malignancy. In both cancers, radical tumor resection is
performed if possible, followed by some form of reconstructive proce-
dure using a prosthetic component, bone autograft or allograft, or more
complex procedures, for example, rotation arthroplasty.

Histopathologic response is particularly important in primary bone
tumors because lower “cell kill” is associated with an inferior progno-
sis (25). Alternate chemotherapy agents may be applied in such set-
tings. Where there has been a good histologic response, similar agents
are used postoperatively as were used at diagnosis, for a total treat-
ment duration of 5 to 12 months (8).

Following completion of chemotherapy, most patients undergo some
form of periodic screening for detection of recurrence and metastatic
disease. Protocols vary but usually include chest x-ray, chest CT, imaging
of the primary site with MRI or CT, and radionuclide bone scan. Fluo-
rodeoxyglucose (FDG)-PET is having increasing application in this area.

Recurrent disease following therapy is a grave development, and
only a small minority of such patients survive their disease. Restaging
by imaging may be vital in facilitating timely diagnosis of recurrence
and thereby improving the poor prognosis of such patients. Positron
emission tomography has a major role in restaging. Therapeutic
options for recurrent sarcoma include surgery, further chemotherapy,
and palliative radiation therapy. Patients who develop isolated pul-
monary metastases may be candidates for thoracotomy and metasta-
sectomy; occasionally multiple such procedures can provide prolonged
disease control. Recurrence at the primary site may require amputa-
tion. Further chemotherapy options may be limited because recurrence
implies that there is drug resistance to the original agents. Such patients
are candidates for experimental drug trials using novel agents.

Prognosis

The best predictor of outcome for patients with primary bone tumors
without evidence of metastatic disease is the histologic response to
induction chemotherapy (Figs. 15.2 and 15.3). This assessment is
usually made at the time of surgery after neoadjuvant chemotherapy
(4,5,25). A method to noninvasively assess treatment response would
be very useful, as nonresponding tumors may require alternative or
additional chemotherapy prior to their definitive surgery. Patients with
OS that is localized at diagnosis have a relatively good prognosis:
approximately 55% to 75% of such patients can be expected to be cured
permanently. Patients with metastatic disease have an event-free sur-
vival below 20% (4). For ES, the European Intergroup Cooperative
Ewing’s Sarcoma Study (EICESS) reported the 3-year event-free sur-
vival rate was 66% in patients with localized tumors, 43% in those with
lung metastases at initial diagnosis, and 29% in those with other metas-
tases. A large tumor volume and a tumor primarily localized to the
pelvic area were also negative prognostic factors (5).
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Positron Emission Tomography

Positron emission tomography (PET) is an exciting technology for
cancer evaluation, combining relatively high spatial resolution with
high lesion contrast and the ability to assay biologic processes through-
out the body. The commonest PET tracer used is fluorine-18 fluo-
rodeoxyglucose (FDG). New hybrid PET-CT devices provide further
enhancement of the potential of this modality by allowing accurate co-
registration of functional and anatomic information, improving the
localizing ability of PET (27).

The improved management and outcomes for primary bone tumors
relate to improved diagnostic methods and to more reliable staging 
of the disease, which allows more appropriate treatment with both
neoadjuvant chemotherapy and more patient-specific surgical proce-
dures. Positron emission tomography is having increasing application
as an additional modality to conventional imaging for more accurate
tumor staging and restaging. This relates to primary tumor localization
and extent, including soft tissue local disease, intramedullary exten-
sion, and detection of metastatic disease. It is also becoming the pre-
ferred modality to determine tumor response to neoadjuvant therapy.
Therefore, PET has a major impact on the selection of appropriate
chemotherapy regimens, surgical procedures, and prognosis (13,17,18).

Positron emission tomography imaging entails not only improved
sensitivity for detecting malignant lesions but also quantitative proce-
dures to be applied in the evaluation of primary bone tumors. The usual
methods for quantitation are standard uptake value (SUV), tumor-to-
background ratios (T/BG), graphical analysis, and nonlinear regression
analysis based on a three-compartment model (13). These methods can
generally be applied in the evaluation of primary bone tumors. In some
cases, lack of significant blood pool–containing structures in the
imaging field of view limits image-based evaluation of the arterial input
function of radiotracer and may require arterial blood sampling. For
practical reasons, most clinical studies have utilized SUV calculation
rather than compartmental modeling or other quantitative approaches.

Initial Imaging of Primary Tumor

Tumor Grading

Many publications indicate that as the degree of FDG uptake is a
measure of metabolic activity, it is indicative of tumor grade, that is,
aggressiveness. The early studies using PET in musculoskeletal tumors
in primarily adult populations showed increased uptake of FDG. The
highest uptake of FDG was found in high-grade tumors, both soft
tissue sarcomas and OS, when compared to low-grade or benign
tumors (28–30). Subsequent publications have confirmed this finding.
There is a significant correlation of histologic grading or tumor aggres-
siveness with FDG uptake measured by T/BG ratio, SUV, or kinetic
modeling techniques (Table 15.1). Eary et al. (12) reported that 
tumor FDG uptake expressed as maximum SUV (SUVmax) has a high
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Figure 15.2. A good response to treatment. A: Ewing sarcoma. Images obtained on a combined
PET–computed tomography (CT) of a large Ewing sarcoma of the pelvis with an extensive soft tissue
mass at baseline (above) and after three cycles of chemotherapy (below). CT demonstrated negligible
change, but a significant reduction in metabolic signal was apparent in both the osseous and soft tissue
components, indicating a favorable response to treatment. The maximum intensity projection (MIP)
images demonstrate relatively increased bone marrow activity following treatment. This is a common
finding following chemotherapy and is thought to represent activated bone marrow. The changes are
more pronounced with the use of growth factor (e.g., granulocyte colony-stimulating factor, G-CSF)
support, but in children they can be very prominent even without this growth factor. B: Osteogenic
sarcoma. Sequential coronal planes at baseline (above) and following completion of chemotherapy
(below) demonstrate normal physiologic uptake of radiotracer in the epiphyseal growth plates of the
right knee. A slightly heterogenous lesion with high FDG avidity is present on the baseline study in
distal left femur that clearly crosses the growth plate to involve the epiphysis. On the posttreatment
scan there is only low-grade peripheral uptake and no residual FDG uptake epi-centered on the initial
sites of tumoral involvement. This was classified as a complete metabolic response and had >98% necro-
sis on the excision pathology specimen. C: From the same case displayed in B, MIP images demon-
strate the change in biodistribution of FDG at baseline (left) and after chemotherapy (right).
Normalizing the images to liver, which generally has the highest basal utilization of glucose of normal
soft tissues under fasting conditions, demonstrates a marked reduction in uptake in the primary tumor
but a marked increase in bone marrow activity. The posttreatment scan (performed during winter) also
demonstrated significant uptake in cervical, axillary, paravertebral, and peridiaphragmatic brown fat.
Despite the lack of significant CT response, the transaxial reference images (below) demonstrate a very
significant reduction in tumoral FDG uptake. In the posttreatment setting, it is common to have a very
homogeneous rim of low-grade uptake around the periphery of the initial tumoral site. This correlates
with the development of an inflammatory pseudocapsule. We do not interpret this as residual tumor
and classified this as a complete metabolic response. Partial metabolic responses are usually charac-
terized by residual FDG that is epi-centered within areas of previous tumoral uptake rather than being
peripheral to them.
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correlation with tumor grade in a series of 42 patients with soft tissue
and bone sarcoma. Specific types of bone tumor were not detailed. The
same group reported that the median SUVmax was significantly differ-
ent for each histologic grade of tumor when divided into high-, inter-
mediate-, and low-grade tumors. Looking at other markers of tumor
aggressiveness, such as increased tumor cellularity, mitosis, and level
of Ki-67 (proliferation of a specific nuclear antigen detected by immu-
nohistochemical staining which correlates with growth fraction of
tumors) proliferative index, there was also a significant correlation
found with SUVmax. These researchers and others have also found mod-
erate correlation with tissue levels of the cell growth regulation product
p53 (31,32). These parameters have been correlated with a poorer
outcome for higher tumor grades, shorter survival, and development
of distant metastatic disease.
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Figure 15.3. A poor response to treatment. Osteogenic sarcoma of the proxi-
mal left humerus in a 14-year-old girl. Top row shows pretherapy MRI (T1 post-
gadolinium) and 18F-FDG study. The MRI shows marked destruction of the
proximal humerus with tumor crossing the growth plate, central bone necro-
sis, and extensive soft tissue tumor mass. The PET study shows marked het-
erogeneous distribution of FDG in the proximal humerus with focal increased
metabolism seen peripherally and central necrosis. This scan indicates more
specific biopsy sites in the most metabolic areas. This patient was a poor
responder to neoadjuvant therapy (bottom row), with the MRI showing sig-
nificant enhancement and the PET study persisting increased uptake. The post-
surgical resection specimen showed <5% necrosis confirming poor response.
Subsequently, this patient developed pulmonary metastases.
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Schulte et al. (33) used T/BG ratios in their series of 202 patients,
including 44 patients with OS and 14 with ES. Among the bone sarco-
mas, OS had a tendency to higher T/BG ratios than did ES. Glucose
metabolism was greater for high-grade malignant lesions than for low-
grade tumors. Using a T/BG ratio of >3.0 for malignancy, the sensitiv-
ity was 93%, specificity 66.7%, and accuracy 81.7%. Other authors have
used cutoff values of SUV to help differentiate between malignant and
benign bone lesions. Feldman et al. (34) reported using a SUVmax cutoff
of 2.0 for differentiating malignant from benign osseous and
nonosseous lesions. They reported a sensitivity of 91.7%, specificity of
100%, and accuracy of 91.7%. All aggressive lesions had a SUVmax of
>2.0. The differentiation was significant statistically. Dimitrakopoulou-
Strauss et al. (35) reported dynamic quantitative FDG-PET in 9 OS 
and 8 ES patients in a group of 83 patients. Malignant tumors 
showed enhanced uptake, but there was visually an overlap with some
benign lesions. The mean SUV was 3.7 (range 0.4–12.3) for malignant
tumors compared to 1.1 (range 0.4–3.5) for benign lesions. Two grade
I OS, one grade I ES, and a neuroectodermal tumor did not show
enhanced FDG uptake. The authors used other parameters that also
showed higher values in malignant tumors compared to benign
lesions, but there was some overlap. They reported a sensitivity of 76%,
specificity of 97%, and accuracy of 88%. Aoki et al. (36) in 52 patients
showed a significant difference in the mean SUV between benign and
malignant bone conditions. Although OS had high SUV, there were
several other conditions, in particular giant cell tumors, fibrous dys-
plasia, sarcoidosis, and Langerhans cell histiocytosis, that also had high
values. A cutoff level for differentiating OS could not be applied. Other
benign or nonmalignant conditions that may have high FDG uptake
and high SUV values are infective or inflammatory conditions such as
osteomyelitis. Watanabe et al. (37) could not differentiate between
osteomyelitis and malignant bone tumors. Also of note in their group
of patients was that skeletal metastases tended to have higher SUV
values than primary OS.

Only one publication reported no correlation between metabolic rate
of glucose metabolism and biologic aggressiveness of bone tumors.
Kole et al. (38) described 19 malignant and seven benign tumors. All
lesions were clearly visualized by FDG-PET except for an infarct in a
humerus. When SUV and Patlak derived metabolic rates were used to
try to differentiate between benign and malignant tumors, there was a
wide overlap between patients. The authors also commented that
patients with low metabolic rates had a poor response to chemother-
apy, and one patient with high rate responded well. They also observed
that malignant fibrous histiocytoma and lymphoma had high rates
compared to OS.

Indication of Prognosis

The prognostic value of PET may be even more important than its
ability to define histopathologic grade. Eary et al. (31) analyzed SUVmax

for the ability to predict patient survival and disease-free survival. In
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a retrospective analysis of 209 patients with sarcoma (52 primary bone
tumors) who had FDG-PET, a multivariate Cox regression analysis was
applied to SUVmax in predicting time to death or disease progression.
The authors stated that SUVmax is a significant independent predic-
tor of patient survival and disease progression. Tumors with higher
SUVmax had a significantly poorer prognosis. Also, SUVmax had better
correlation for histologic tumor grades with a higher significance of
baseline SUV for prediction of outcome compared to conventional
tumor imaging. Franzius et al. (39) evaluated 29 patients with primary
OS. Using the average and maximum tumor-to-nontumor ratios
(T/NT), they determined there were prognostic implications for OS
based on the degree of FDG uptake. After chemotherapy, the patients
underwent surgery, and response was determined histologically. Both
overall and event-free survival were significantly better in patients
with low T/NTmax than in patients with high T/NTmax. It was con-
cluded that the initial glucose metabolism of primary OS, as measured
by FDG T/NTmax, clearly discriminated between those patients with a
high probability of overall and event-free survival versus OS patients
with a poor prognosis. Of note was the fact that no significant dif-
ference was found between the various OS histology subtypes or 
the different regression grades. There was also no significant differ-
ence between the size of the primary tumor and uptake values. The 
fact that high FDG uptake correlates strongly with a poor outcome
despite imperfect correlation with other known prognostic factors 
suggests that it may reflect a number of disparate adverse biologic
characteristics.

Local Extent of Primary Tumor

Conventional cross-sectional radiographic imaging, that is, MRI and
CT, are routinely used to define both the intraosseous and extraosseous
extent of the primary tumor (Figs. 15.1 and 15.2). However, PET adds
further information to these cross-sectional techniques, particularly
with respect to intramedullary extension and skip lesions. Magnetic
resonance imaging may overestimate tumor extension due to signal
abnormalities of peritumoral edema. Also changes within the marrow
cavity may be considered abnormal in children but may be due to phys-
iologic red blood marrow distribution (40). Other changes such as
necrosis or fibrosis within the tumor can be characterized better 
with PET.

Biopsy and Sampling Error

Histopathologic classification is a vital step in the management of 
suspected sarcomas. Tumor grade determined from biopsy has signif-
icant prognostic and management implications. The ability of PET to
determine the biologic aggressiveness of tumors is very useful in indi-
cating which sites in a tumor should be biopsied. There is usually
marked heterogeneity of FDG uptake in sarcomatous tumors, and the
accuracy of tumor diagnosis and the histologic grading may suffer
from poor sampling. The areas of high metabolic activity are often seen
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in the peripheral regions of the tumor mass, particularly in large het-
erogeneous tumors within which there may be large areas of necrosis.
False tumor grading, particularly an erroneous assessment of low
grade, could have a significant impact on appropriate chemotherapeu-
tic options. Folpe et al. (32) reported a good differentiation between
levels of tumor grading by PET but could not distinguish between
grade II and grade III tumors. Also, other tumors and some benign
tumors may have high SUV values. Currently the published data do
not support the idea that biopsy can be avoided as there are different
histologic types of bone tumors that will determine specific treatments
and there can be an overlap of some benign conditions. As the higher
grades of tumor determine the overall histologic tumor grade and
therefore predict outcome, the application of PET to indicate the most
metabolically active sites of the tumor (Fig. 15.3) should allow better
and more accurate sampling of the tumor (13,18).

False Positives

Fluorodeoxyglucose-PET has been reported to show increased accu-
mulation in other malignant tumors, and in benign, inflammatory, and
infective lesions. These include giant cell tumor, fibrous dysplasia,
Langerhans cell histiocytosis, chondroblastoma, chondromyxoid
fibroma, desmoplastic fibroma, aneurysmal bone cyst, nonossifying
fibroma, fracture (Fig. 15.4), simple bone cyst with fracture, acute and
chronic osteomyelitis, and renal osteopathy (13,33). These conditions
generally require a positive diagnosis, if only for purposes of reassur-
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CT Scout View PET Coronal PET Transaxial

CT Transaxial

Figure 15.4. False-positive PET from a pathologic fracture. Although not a pediatric case, this figure
illustrates the difficulty that can arise in differentiating between a pathologic fracture and primary
osteosarcoma of bone. Based on clinical presentation and a biopsy taken at the time of internal fixa-
tion, this patient was believed to have an osteosarcoma of the right humerus. A staging PET scan
demonstrated focal uptake in the prostate, and metastatic prostate cancer was subsequently confirmed
on further immunohistochemistry of the initial biopsy specimen.



ance, and may have specific treatment that can be delivered once a
diagnosis has been reached. Accordingly, these false-positive results
need to be considered in the clinical context in which they occur. Cer-
tainly, if they were to lead to unnecessary or inappropriate surgery or
chemotherapy, these results would be considered undesirable, but if
they help to guide biopsy or exclude additional sites of disease, they
can make a valuable contribution to patient management.

Metastatic Disease

In approximately 20% of cases there are clinically detectable metastases
at diagnosis.

Pulmonary

As the main metastatic spread is to the lungs initially, high-resolution
spiral CT (HRCT) is the recommended investigation. Since the imple-
mentation of the HRCT technique, there has been a doubling of detec-
tion of pulmonary metastases (10,13). Localized areas of pulmonary
metastatic disease may be amenable to surgical removal. Positron emis-
sion tomography scans are useful to exclude additional macroscopic
disease beyond the lungs. In some cases PET can also reliably identify
false-positive results on CT and thereby spare patients unnecessary
thoracotomy.

Schulte et al. (41) performed a comparison of CT and PET in detect-
ing pulmonary metastases but did not show any significant difference
for the number of lesions. Other studies have reported similar findings
in soft tissue sarcoma. However, Franzius et al. (42) reported a com-
parison of CT and PET for pulmonary metastases in 32 patients who
had 49 PET scans. The sensitivity, specificity, and accuracy of FDG-PET
were 50%, 100%, and 92%, respectively. The metastases missed by PET
were small (<9mm). However, additional lesions were detected that
were not seen by CT. Lucas et al. (43) also reported, in soft tissue sar-
comas, metastatic spread outside the lungs, which was not seen by CT
or MRI.

In summary, HRCT is the recommended modality for the detection
of pulmonary metastases, particularly for <1cm lesions; however, PET
may add further information on whether these are malignant and may
detect extrapulmonary metastases. Because benign pulmonary nodules
are relatively common, particularly with newer helical CT scanners, not
all lesions seen in the lungs in the context of primary osseous tumors
are malignant. In the clinical situation where no previous investigations
are available to determine the appearance or growth of lung nodules,
PET can provide complementary information regarding the likelihood
of malignancy. Those nodules that have intense FDG uptake are highly
likely to represent metastases. Less intense FDG uptake should also be
considered suspicious if the size of the nodule in question is less than
twice the reconstructed spatial resolution of the PET scanner being
used, because partial-volume effects significantly degrade count recov-
ery for small lesions (44). For most modern PET scanners, this would
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equate to lesions less than 10mm in diameter. Respiratory excursion
can also lead to partial volume effects, and one would generally expect
somewhat lower FDG uptake in basal than apical lung nodules of com-
parable size due to greater respiratory blurring in the former. Finally,
the avidity of the primary tumor is usually reflected in the intensity of
uptake in metastatic sites. Accordingly, absence of FDG uptake in a
lesion of 10mm in the apex of the lung of a patient with an OS with a
SUVmax of 25 is much more likely benign than malignant, whereas 
a lesion of the same size in the lung base of a patient with an ES with
a SUVmax of 3.5 has a higher likelihood of malignancy on technical con-
siderations alone. Of course, the radiologic features of the nodule, other
clinical details, and the prevalence of benign lung nodules in the
general population of the case in question also influence the likelihood
of malignancy (Fig. 15.5).

Skeleton

The second most common area of metastatic disease is the skeleton,
which occurs in 10% to 20% of patients with metastatic disease. 
Franzius et al. (45) looked at 70 patients with primary bone tumors (32
OS, 38 ES) for metastatic disease. The reference methods for imaging
modalities were histopathologic analysis and conventional imaging
with follow-up for 6 to 64 months. In 21 examinations, 54 osseous
metastases were detected (5 OS, 49 ES). Fluorodeoxyglucose-PET had
sensitivity, specificity, and accuracy of 90%, 96%, and 95%, respectively,
compared to the radionuclide bone scan using technetium-99m (99mTc)-
MDP [methylene diposphonate], which had 71%, 92%, and 88%,
respectively. Interestingly, when the OS and ES were compared, the
performance of PET relative to bone scanning differed. For ES, the 
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Figure 15.5. Pulmonary metastases. This patient with multifocal local recurrence related to osteosar-
coma of the right lower leg (not shown) had multiple new lung nodules on CT scanning. Only the
largest of these, a 9-mm left upper lobe lesion was clearly abnormal on FDG-PET (right coronal plane
image). Nevertheless, the presence of metabolic abnormality in any nodules that are sufficiently large
to be relatively unaffected by partial volume effects increases the likelihood that any other nonvisual-
ized but smaller nodules are also malignant.



sensitivity, specificity, and accuracy of PET were 100%, 96%, and 97%,
respectively, compared to bone scintigraphy of 68%, 87%, and 82%,
respectively. However, none of the five OS osseous metastases were
detected by FDG but were true positive on the bone scan. In a more
recent publication by the same group, the authors reported 100% detec-
tion by FDG-PET in six sites of bony metastatic disease from OS (46).
These differences may relate to the contrast resolution of the respective
modalities. Very high osteoblastic activity in metastatic OS sites may
improve lesion sensitivity even though the spatial resolution of planar
and SPECT bone scanning is less than that of PET. Conversely,
improvements in PET instrumentation including improved scanner
resolution and better attenuation correction methods could also
improve lesion sensitivity.

Daldrup-Link et al. (47) compared FDG-PET, bone scintigraphy, and
whole-body MRI for detection of bone metastases from multiple types
of malignancies. They looked at 39 children and young adults with
various metastases including 20 patients with ES and three with OS.
Of 51 bone metastases, the overall sensitivity for FDG-PET, whole-body
MRI, and bone scintigraphy were 90%, 82%, and 71%, respectively.
False-negative sites were different for the three modalities. In one
patient with osteogenic sarcoma, a single metastasis was diagnosed
with bone scintigraphy and MRI but was negative on FDG-PET. Most
false-negative findings for PET were in the skull; for MRI in flat and
small bones, the skull, carpal bones, and radius; and for bone scintig-
raphy in the spine. The number of skeletal metastases was inversely
related to lesion size. Large lesions >5cm were correctly diagnosed
with FDG-PET and MRI in 100% of patients, but skeletal scintigraphy
had a sensitivity of 93%. Sensitivity for smaller lesions of 1 to 5cm for
FDG-PET was 86%, MRI 79%, and skeletal scintigraphy 62%. For bone
metastases <1cm, FDG-PET showed a sensitivity of 86%, MRI 57%, and
skeletal scintigraphy 57%. More false positives, however, were found
with PET; they were, in this series, a simple bone cyst, an enchondroma,
and an osteoma. The latter two were diagnosed with plain radiogra-
phy. Increased sensitivities for detection of lesions were found by com-
bining the modalities: for skeletal scintigraphy and MRI, 90%; for
skeletal scintigraphy and FDG-PET, 96%; and for MRI and FDG-PET,
96%. Thus the sensitivities of skeletal scintigraphy and MRI alone were
significantly increased either in combination with each other or with
PET. But the sensitivity of PET was not increased significantly by com-
bining with one of the other modalities. In clinical practice, as opposed
to technical validation studies, PET should always be interpreted in the
clinical context and with careful correlation of all the imaging results
available in a given patient. The choice and order in which imaging
studies are performed will also likely be determined by a multitude of
factors including cost, convenience, and availability. Although bone
scanning is relatively inexpensive and widely available, it is probably
worthwhile in most cases of OS, but its role in ES and other sarcomas
must be questioned if PET is available.

In the future there may be a role for 18F-PET scans. Initial evaluation
indicates a high detection rate for skeletal metastases. Accordingly, this
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may enhance the sensitivity for metastases in OS compared to FDG-
PET by virtue of higher lesion avidity and compared to bone scintig-
raphy by virtue of superior spatial resolution (13).

Other Secondary Sites

Metastases to other areas, for example, lymph nodes, brain, and soft
tissue, are uncommon but can be detected by PET. There are no data
comparing conventional radiology techniques with PET for this role.
The ability of PET, however, to screen the whole body is a significant
advantage (13,41,43).

Assessment of Response to Treatment

Response to preoperative adjuvant chemotherapy has been shown to
be the most important prognostic factor in the management of OS and
ES, as the degree of tumor necrosis from the therapy is highly corre-
lated with disease-free survival after therapy (8,21,22). Due to the sur-
gical and prognostic implications relating to an adequate response to
neoadjuvant therapy, a noninvasive marker for assessing histologic
response would be very clinically useful. Tumor necrosis can exist in
the primary tumor and is itself a manifestation of large or aggressive
tumors. It can be difficult to know on the basis of a small pretreatment
biopsy the proportion of viable and nonviable tumor and therefore
compare relative change in this parameter when confronted by a large
excisional specimen posttreatment. Evaluation of early response to
chemotherapy in primary bone tumors after 3 to 6 weeks of therapy
may be highly predictive of tumor necrosis; whether PET is valid for
this purpose requires further study. In this way, noninvasive assess-
ment of chemotherapy response by PET may significantly alter patient
management (Figs. 15.2 and 15.3). For instance, limb-sparing surgery
is more likely to be considered if there is a favorable response to
chemotherapy. There may be an alteration in surgical approach. Also
if there is an unfavorable response several investigators recommend a
change in chemotherapeutic regimen. The earlier that this can be
detected, the earlier the change can be made (4,5,8,13).

Radiologic methods such as radiography, CT, and MRI are poorly
suited for discriminating adequately between responding and nonre-
sponding osseous tumors. The tumors frequently do not change in size,
or there may be some minor change in the soft tissue mass around the
osseous component. The response of the tumor detected by using these
conventional methods does not reflect the quantity of residual viable
tumor. New techniques using dynamic contrast-enhanced MRI have
been shown to improve the differentiation of viable sarcoma tissue
from tumor necrosis as an early indicator of recurrence. This technique
is promising and needs further evaluation (18,48,49).

Functional nuclear medicine biological methods such as thallium 201
(201Tl), 99mTc sestamibi, and FDG-PET have been shown to be effective
response markers for chemotherapy assessment in primary bone
tumors (17). 201TI and 99mTc sestamibi have been used to determine
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grade and response to chemotherapy. A negative 201Tl or 99mTc sestamibi
scan after therapy reflected a grade III to IV response with >90% necro-
sis of tumor cells. Kostakoglu et al. (50) reported for 201Tl a sensitivity
of 100%, specificity of 87.5%, and accuracy of 96.5% compared to sen-
sitivities of 95%, 50%, and 82.7%, respectively, for CT, MRI, and angiog-
raphy in bone and soft tissue sarcomas. However, FDG-PET with its
uptake quantifiable by using SUV or T/BG ratios adds further infor-
mation and is recommended if available.

Jones et al. (51) were one of the first groups to report the impact of
FDG-PET in the monitoring of treatment in patients with muscu-
loskeletal sarcoma, 3 of whom had OS. The authors observed a 25% 
to 50% reduction of the peak and average SUV, 1 to 3 weeks after
chemotherapy was instituted; this correlated with >90% tumor cell
necrosis. They also reported that there was increased FDG uptake seen
in granulation tissue and in the pseudofibrous capsule in treated
cancers. This indicates that there is FDG uptake in both the viable
tumor and some benign reactive tissues (Fig. 15.2C). This has the poten-
tial to overestimate the presence of OS. Other groups have reported
changes in response to treatment in a significant number of patients
with primary bone tumors by using PET and showed good corre-
lation with histopathologic changes after treatment (Table 15.2) (41, 
52, 53).

Franzius et al. (52) reported good correlation in 17 patients between
T/NT ratios and primary bone tumors (11 OS, 6 ES). The mean T/NT
was 5.2 (range 2.2–13.6) for all 17 patients with posttherapy values of
2.3 (0.9–11.9). For OS pretherapy T/NT was 5.5 (2.3–13.6) and post-
therapy 2.8 (0.9–11.9); for ES the pretherapy was 5.3 (2.2–11.9) and post-
therapy 1.4 (1.0–1.9). There was good correlation with tumor necrosis
on histopathology in 15 of 17 overall, in 9 of 11 patients with OS, and
in all 6 of the patients with ES. The authors found that a threshold of
a 30% decrease in the ratio represented good responders (<10% viable
tumor cells) and could distinguish these patients from poor responders
in all cases.

Hawkins et al. (53) looked at SUV values of FDG-PET uptake in 14
OS and 14 ES patients. They used SUVmax values in tumors pre-(SUV1)
and post-(SUV2) chemotherapy. They demonstrated that a reduction 
in tumor FDG uptake, measured by SUV2max and the ratio of
SUV2/SUV1, correlated with chemotherapy response as quantified by
percent necrosis after surgical resection. In OS SUV1 was 8.2 (2.5–24.1)
and decreased to SUV2 of 3.3 (1.6–12.8) after chemotherapy; SUV2 was
particularly accurate in identifying OS patients with unfavorable
response. In the ES group, the SUV1 was 5.3 (range 2.3–11.8) and
decreased to SUV2 of 1.5 (0–2.4) posttherapy. The mean percent necro-
sis of the OS group was lower than the ES group; only 28% of OS
tumors responded adequately with a mean percent necrosis of >90%.
However, the authors report that both the SUV2 and SUV2/SUV1 ratio
are imperfect at distinguishing favorable from unfavorable responses.
Using a cutoff point of <2 for SUV2 to predict favorable response was
incorrect in 16% and using a cutoff point of <0.5 for SUV2/SUV1 for a
favorable response was incorrect in 27% of patients. The most likely
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explanation was due to increased FDG uptake in inflammatory infil-
trates or reactive fibrosis within the tumor as a response to chemo-
therapy. Other reasons are that the histopathologic evaluation averages
the percentage of necrosis across the entire resected tumor specimen,
whereas the SUV technique is based on the maximum value within the
tumor. Stated another way, a specimen that is extensively necrotic 
but with isolated foci of viable tumor would be classified as favorable,
but the maximum SUV may remain elevated reflecting the focal 
viable tumor. A method similar to that proposed by Larson et al. (54)
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Table 15.2. Changes in response to treatment in patients with primary bone tumors
Pretherapy Posttherapy
SUV1, SUV2, Correlation
T/NT1, T/NT2, with

Study Pathology T/BG1, T/BG2 Response necrosis

Franzius et 17 BS T/NT T/NT mean 15/17 Yes
al. (52) mean 5.2 2.3 (0.9–11.9) good

(2.2–13.6)
11 OS T/NT 5.5 T/NT 2.8 9/11 Yes

(2.3–13.6) (0.9–11.9) good
6 ES T/NT 5.3 T/NT 1.4 6/6 good Yes

(2.2–11.9) (1.0–1.9)

Hawkins et 18 OS SUVmean SUVmean 3.3 Yes Mean 66% 
al. (53) 8.2 (2.5–24.1) (1.6–12.8) (0–98%)

15 ES SUV 5.3 SUVmean (0–2.4) Yes Mean 98% 
(2.3–11.8) (90–100%)

OS
SUV2/SUV1
0.55 (0.12–1.1)
ES
SUV2/SUV1
0.35 (0.16–0.73)

Schulte et al. 27 OS T/BG 10.3
(41) (3.3–33.2)

Responder T/BG T/BG 2.27 Good Yes
10.34 (0.32–17.5)
(3.89–33.2)

Nonresponder T/BG 9.64 T/BG 6.37 Poor Yes
(3.26–22.2) (2.24–20.33)

Jones et al. 9 ST and BS SUVmax SUVmax 3.3 3 OS Yes >90% Yes
(51) 5.8 (2.0– (2.3–4.3) 2/9

12.0) 6/9
high grade
SUVmean SUVmean 2.1
3.6 (1.7–6.1) (1.8–2.3) 2/9

BS = Bone sarcoma; ES = Ewing sarcoma; OS = steogenic sarcoma; ST = Soft Tissue Sarcoma; SUVm = SUVmean;
T/BG = Tumor/Background; T/NT = Tumor/Nontumor.



that integrates the extent and intensity of metabolic activity may be
useful in such situations. The methodology to define the volume of
abnormal voxels—whether single or multiple voxels should be used—
for determination of the degree of SUV abnormality remains to be
established (18).

Schulte et al. (41), studying 27 patients with OS using T/BG ratios,
found a reduction in T/BG of >40% represented responders to
chemotherapy with an accuracy of 92.6%. The T/BG before therapy in
all patients ranged from 3.3 to 33.2 (median 10.3). In the responder
group, the pretherapy T/BG was 10.34 (3.89–33.2) and in nonrespon-
ders 9.64 (3.26–22.2). The posttherapy T/BG was for responders 2.27
(0.32–17.5) and nonresponders 6.37 (2.24–20.33). The posttherapeutic
values differed significantly between the responders and nonrespon-
ders. The extent of T/BG reduction, however, did not precisely predict
the quantitative amount of tumor necrosis. They did not report any
false-positive cases where they classified a responder as a nonrespon-
der due to benign reactive uptake as described by Jones et al. (51).

Serial assessments to monitor chemotherapeutic response were also
discussed by Nair et al. (55). They looked at 16 patients with OS. The
percentage change in tumor to background ratio (T/BR) did not predict
a 90% or higher rate of tumor necrosis. Visual assessment and T/BR
values, however, were predictive in 15 of 16 patients.

Further evaluation of the optimal quantitative method to assess
response should be undertaken, but the present data indicate that FDG-
PET is a relatively accurate indicator of tumor response to neoadjuvant
therapy.

Local Tumor Recurrence

The ability to detect residual viable tumor after therapy and to detect
local recurrence of tumor as early as possible is vital for improvement
in survival. It is also one of the most difficult areas of management.
Conventional imaging has significant limitations because of changes in
normal anatomy, distortion of tissue planes, and lack of distinction
between tumor and postoperative tissue, and image artifacts from
metallic limb prostheses. Differentiation from fibrosis, posttherapeutic
changes, and inflammatory tissue changes can be extremely difficult.
Magnetic resonance imaging with gadolinium enhancement may also
show increased enhancement in immature scar tissue and nonmalig-
nant reactive tissue (56). Most of the comparisons of MRI and FDG-
PET for the assessment of residual viable tumor and local recurrence
relate to soft tissue sarcomas, presumably due to the inherent difficul-
ties in evaluating periprosthetic sites. Garcia et al. (57) reported FDG
was helpful in differentiating active musculoskeletal sarcomas from
posttreatment changes in 48 patients. There were 18 patients with OS.
The diagnosis was confirmed by histology, and the sensitivity and
specificity were 98% and 90%, respectively. Similar results were found
by el-Zeftawy et al. (58) in 20 patients with both bone and soft tissue
tumors. The authors’ conclusion was that FDG added important infor-
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mation to CT and MRI to help differentiate postoperative change from
local recurrence (Fig. 15.6). Franzius et al. (46) also reported detection
of local recurrence in 6 patients with OS but had 1 false-negative study.
In the same group of patients, the MRI detected all 6 recurrences, but
there were 2 false-positive studies. In another group, Lucas et al. (43)
found that MRI had a higher sensitivity of 88.2% compared to PET of
73.7% for the detection of local recurrence of soft tissue sarcomas after
amputation. There are, however, significant difficulties with CT and
MRI in patients with implantation of metallic prostheses (59). Hains et
al. (60) described the limitations of FDG-PET in detecting local recur-
rence in amputation stumps. In their study, focal areas of FDG were
seen in known pressure areas and skin breakdown for up to 18 months
after surgery. However, in the absence of localized clinical changes in
the stump, any uptake may represent recurrence and should be biop-
sied (Fig. 15.7). The co-registration of PET with CT or MRI should help
significantly in these cases.
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Figure 15.6. Recurrence. This patient had undergone chemotherapy for a distal right femoral Ewing
sarcoma. The posttherapy PET scan demonstrated a very good but partial metabolic response with
mildly increased activity inferomedially in the femur. A follow-up scan (below) performed 4 months
later demonstrates extensive local recurrence. Note normal thymic uptake in an adolescent.



Other PET Radiopharmaceutical Agents

Fluorine-18 Fluoride

Unchelated fluorine-18 fluoride (18F) was introduced as a bone imaging
agent in 1962 (61). It became the standard for bone scanning until the
introduction of 99mTc–labeled diphosphonates. It has a similar mecha-
nism of uptake to the latter, depending on local blood flow for tracer
delivery, diffusion through extracellular fluid to the bone mineral inter-
face, and adsorption to the hydroxyapatite crystal to form fluoroapatite
(62). Therefore, uptake reflects osteoblastic activity.

Inevitable comparisons have been made with 99mTc diphosphonate
bone scans. One cited advantage of 18F is superior pharmacokinetics.
18F has a higher extraction rate and faster blood clearance, allowing
imaging to commence as early as 1 hour after intravenous administra-
tion (63). Other advantages arise in combination with current genera-
tion PET or PET-CT scanners, allowing dynamic quantitation and
superior spatial and contrast resolution. One main drawback is the
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Figure 15.7. Recurrence of osteogenic sarcoma in amputation stump and
development of skeletal metastases. This patient had a primary osteogenic
sarcoma (OS) of the left femur removed 2 years previously. The PET study
shows recurrence in the amputation stump and a metastatic deposit in the
proximal right humerus. The patient developed multiple skeletal metastases
over the following 6 months and died.



higher cost of 18F compared to the more widely available diphospho-
nate radiopharmaceuticals. However, as FDG production increases, 18F
fluoride production as a by-product could become more efficient and
decrease radiotracer costs.

To date there has been little published experience with 18F-PET in
primary bone tumors and even less for the pediatric population. One
early series was from Hoh et al. (63), who reported their experience in
19 adult patients with a mix of benign and malignant bone patholo-
gies. Using visual and a semiquantitative assessment (uptake ratio of
lesion-to-contralateral bone), it was not possible to differentiate benign
from malignant lesions. Of interest, there were 4 patients with OS in
the group. The three patients who had no prior treatment had primary
tumors with the highest uptake ratios in the study. The other patient’s
scan followed systemic therapy; the uptake here was lower than the
other three, suggesting a potential role for 18F-PET in therapeutic mon-
itoring. Three of these 4 patients had multiple scan lesions, indicating
that metastases were also visualized, both skeletal and pulmonary. One
patient was specifically mentioned with uptake in multiple pulmonary
nodules.

Going further than the above study, would formal dynamic 18F-PET
quantitation with blood sampling improve either the differentiation
between benign and malignant lesions or be incorporated into thera-
peutic monitoring of primary bone tumors? As yet no studies have
addressed this question. However, we can look at the experience with
99mTc diphosphonates where there is a similar mechanism of uptake.
Just as reactive bone formation or turnover often accounts for more
bone tracer localization than uptake by viable tumor, it is predicted that
18F-PET would be similarly unsuccessful (64).

There are more studies of 18F-PET for metastatic surveys. Although
these have again been mostly adult patients with unselected cancers,
many of the observations should be relevant here. Conventional 
bone scans have a lower resolution, and almost all are planar images,
with single photon emission computed tomography (SPECT) limited
to a localized region of the body. The higher resolution and whole-
body tomography intrinsic to 18F-PET predicts superior diagnostic 
performance. Schirrmeister et al. (65–67) found this to be the case in
series of patients with breast, lung, prostate, and thyroid cancer. Supe-
rior resolution in the spine allowed more specific diagnosis over con-
ventional planar bone scans (67). This observation was taken a step
further with the more recent study of 18F-PET-CT vs. 18F-PET from
Even-Sapir et al. (68). One would expect that the improved lesion 
localization from PET/CT would improve diagnostic accuracy, and 
this was the case. Their study population ranged in age from 15 to 81
years old. There were three cases of ES, one chondrosarcoma, and one
giant cell tumor. In a patient-based analysis for the detection of
metastatic disease, 18F-PET-CT was superior to 18F-PET alone in sensi-
tivity (100% vs. 88%, p < .05) and specificity (88% vs. 56%, not signifi-
cant). Therefore, this is the most promising area for 18F-PET; more
studies of specific tumor types, including pediatric primary bone
tumors, are awaited. The feasibility of acquiring 18F-PET and 18F-FDG-
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PET scans at one clinic attendance is another interesting area for 
study.

18F-a-Methyltyrosine

After promising initial studies with iodine-123–labeled methyltyrosine
(69), fluorine-18 a-methyltyrosine (18FMT) was developed for PET
imaging (70). It is a tracer for the increased amino acid utilization by
tumors, as is carbon-11 (11C) methionine (see below), but it has a sig-
nificant advantage by virtue of its tumor-specific transport. Watanabe
et al. (71) reported a comparison between 18FMT and 18F-FDG in base-
line pretreatment musculoskeletal tumors. The study group comprised
75 patients with benign and malignant tumors and included three
patients (ages 14 to 34 years) with OS, a 12-year-old patient with ES,
and adult patients with chondrosarcoma and giant cell tumor. All
malignant bone tumors showed 18FMT uptake. Of note, there was also
uptake within a pulmonary metastasis from OS. There was higher
uptake in malignant lesions than benign, and there was good correla-
tion with 18F-FDG uptake. Using 18FMT mean SUV cutoff of 1.2 to dif-
ferentiate benign vs. malignant lesions, the diagnostic accuracy was
81.3%, which was higher than the respective analysis for 18F-FDG. Thir-
teen of 18 lesions that were false positive on 18F-FDG were found to
have an 18FMT mean SUV lower than the cutoff and would have been
correctly classified as benign. However, 18FMT was found to be inferior
for grading of malignancy. It was suggested that the lower absolute
values and ranges of its mean SUV were responsible. In summary,
another promising alternative to 18F-FDG and more studies are
awaited.

Fluorine-18 fluoro-3¢-deoxy-3¢-L-fluorothymidine

Fluorine-18 fluoro-3¢-deoxy-3¢-L-fluorothymidine (FLT) has been
developed as a proliferative tracer to provide a noninvasive staging
tool and to measure response to anticancer therapy (72). Proliferating
cells synthesize DNA during the S phase of the cell cycle. FLT is a
pyrimidine analogue and uses the salvage pathway of DNA synthesis
for imaging proliferation. The ability to image cell proliferation may
offer the possibility to differentiate between benign and malignant
disease. FLT is taken up by the cell via passive diffusion and facilitated
transport by Na+-dependent carriers. FLT is then phosphorylated by
thymidine kinase (TK) into FLT monophosphate, after which it is
trapped in the cell. Preliminary comparisons with FDG show that FLT
can visualize malignant cancers but at a lower sensitivity than FDG.
Some tumors metabolically rely on the de novo synthesis of DNA pre-
cursors, resulting in little or no uptake of thymidine and FLT. As a pro-
liferative marker, because FLT is phosphorylated by TK, which has
high activity in the S phase of cell synthesis. There are higher concen-
trations of FLT in malignant cells compared to normal cells. There have
been several reports of strong correlation of FLT with other prolifera-
tive markers (Ki-67 index). As tumor mass heterogeneity is visualized,
there is the potential for determining optimal biopsy sites (Fig. 15.8).
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Figure 15.8. Fluorine-18 fluoro-3¢-deoxy-3¢-L-fluorothymidine (FLT) in sar-
coma. Following radiotherapy for a synovial sarcoma of the left hip, this ado-
lescent boy developed progressive right lung metastases and bilateral pleural
effusions. 18F-FLT-PET scanning demonstrates heterogeneous uptake in the
opacified right hemithorax with very low uptake in the bilateral basal pleural
effusions and in areas of necrotic tumor but relatively high uptake at the
periphery of solid tumoral deposits indicating active proliferation. Note the
high uptake in the bone marrow with the exception of the irradiated left hip,
where there is no uptake consistent with local marrow ablation. High uptake
in the kidneys and liver reflect normal excretion but limit detection of metasta-
tic disease in these organs. The spleen is also visualized, displaced inferiorly
and medially by the left basal pleural effusion. In our experience, the spleen 
is not normally visualized in adults except in cases of extramedullary
hematopoiesis or malignant infiltration.



In the initial data on assessment of response to anticancer therapy, FLT
uptake has been shown to decrease after some therapy but may
increase after other types. This would most likely be due to the various
metabolic actions of the different chemotherapeutic agents. Prelimi-
nary studies using FLT have been reported in various tumors, includ-
ing soft tissue sarcoma. Cobben et al. (73) found correlations among
SUV and T/NT and mitotic score, Ki-67, and the French and Japanese
grading systems. Visualization of the tumors was good, and FLT was
able to differentiate between low- and high-grade tumors. However, no
differentiation could be made between benign and low-grade tumors.
This agent appears promising and potentially may be useful in primary
bone tumors. However, further research is needed to clarify the value
of FLT in cancer management. High uptake of FLT in normal prolifer-
ating marrow may limit sensitivity for detection of bone metastases
and for evaluating the extent of marrow spread in marrow-containing
regions of the skeleton. This poses a potential limitation, particularly
in pediatric patients, because of more extensive appendicular marrow
than seen in adults (72,73).

Carbon-11–Based Tracers

Carbon-11–labeled methionine (11C-Met) was developed as a tracer 
for the increased amino acid metabolism in tumors. There are few
studies on extracranial tumors, in part because of its participation in
too many metabolic pathways to allow kinetic modeling (74). Of the
published studies of 11C-Met, only a few relate to primary bone tumors.
Inoue et al. (75) studied 24 adult patients with clinically suspected
recurrent or residual tumors, using 11C-Met and 18F-FDG-PET. Their
group included one case of proven recurrent pelvic ES where 11C-Met
was false negative but was detected by 18F-FDG. Both PET agents were
false negative in one case of recurrent pelvic chondrosarcoma, but both
were true positive in two cases of recurrent giant cell tumor. Therefore,
the early report card for 11C-Met is mixed; it is not clearly superior to
18F-FDG.

Methyl-C-11 choline (11C-choline) takes advantage of increased
tumor requirements for choline, which is phosphorylated, integrated
within lecithin, and finally becomes a component of the phospholipid
cell membrane (76). After injection, tumor uptake equilibrates at 5
minutes, allowing earlier image acquisition than is the case with 18F-
FDG. Another potential advantage of 11C-choline is that it does not
accumulate in the bladder compared with the usual urinary excretion
of FDG, a consideration when evaluating pelvic lesions. The applica-
tion to bone and soft tissue tumors has been published in two articles
from the Gunma University group comparing 11C-choline and 18F-FDG-
PET scans, with what appears to be some overlap of both study
samples (77,78). Yanagawa et al. (77) reported only patients at pre-
treatment baseline. Their first group included 5 ranging in age from 11
to 20 years with OS. Zhang et al. (78) appear to have included some
patients undergoing therapy, but the 2 scans were acquired within 2
weeks of each other with no change in therapy. This second group
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included 2 older patients with OS and 2 patients (17 and 24 years old)
with ES. Both studies included other benign and malignant tumors. All
malignant tumors showed 11C-choline uptake, and their mean tumor
SUV was higher than benign tumors. 11C-choline uptake showed good
correlation with 18F-FDG uptake. However, significant 11C-choline
uptake was also seen in some benign tumors in both study groups, viz.
giant cell tumor, desmoid tumor, fibroma, neurofibroma, inflammatory
granulation tissue, and pigmented villonodular synovitis. When ana-
lyzing the ability of 11C-choline to differentiate benign from malignant
lesions, both groups used different mean SUV cutoff values—2.7 for a
diagnostic accuracy of 90.9% (77) and 2.59 for a diagnostic accuracy of
75.6% (78). The differing result was attributed to the inclusion of more
benign lesions in the latter analysis. However, when compared with
the respective 18F-FDG mean SUV cutoffs in a receiver operating char-
acteristic analysis, both studies found that 11C-choline had a higher
diagnostic accuracy. In summary, if 11C-choline becomes more widely
available, it may be a useful alternative to 18F-FDG. It may have a
problem-solving role in tumors located near the urinary bladder and
possibly in cases where there is uncertainty about benign vs. malignant
pathology. Newer fluorinated choline analogues (79) are of interest and
may be more practical for clinical use due to a longer physical half-life.

Technical Issues

In oncology, radiation dosimetry from diagnostic imaging tests is a
more important consideration for pediatric than for adult patients
because of a generally higher survival rate and a longer potential
period of life to manifest adverse consequences of radiation exposure
in children, as well as issues of differential susceptibility to the effects
of radiation. Accordingly, minimization of radiation dose is an impor-
tant consideration in the pediatric population. Although PET utilizes
isotopes with relatively high gamma photon energy (511keV) and with
a particulate (positron) emission, the short half-life of 18F and other PET
tracers offer significant advantages compared to other competing
tracers used for oncologic imaging, such as 201Tl and 67Ga. The high 
sensitivity of PET generally allows administration of relatively small
doses of radiotracer to pediatric patients, particularly if three-
dimensional (3D) imaging is performed. Although 3D body imaging
using PET can be degraded by a significant scatter fraction in adults,
this is seldom an issue in children. We believe that 3D acquisition is
preferable, if available, for imaging children less than 60kg in weight.
Sensitive PET detectors like thick sodium iodide crystals used in the 
C-PET (Philips [Milpitas, California]) and various modified gamma
cameras have particular appeal for pediatric patients, although their
performance is somewhat compromised in larger patients compared to
modern bismuth germanate oxide (BGO) and lutetium oxyorthosilicate
(LSO) based PET scanners. The incremental benefits of PET-CT in 
terms of diagnostic confidence and localization ability also need to be
balanced with the additional radiation burden of adding a helical CT
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acquisition to the PET procedure. Low-dose CT acquisitions yield very
good quality CT for correlation and attenuation correction purposes in
our opinion.

Conclusion

Positron emission tomography imaging with 18F-FDG has been shown
to significantly impact patient management in primary bone tumors by
improving the initial diagnosis with more accurate staging, determin-
ing whether there is metastatic disease, providing an accurate indica-
tor of response to treatment, detecting early recurrence, and finally by
providing an accurate indicator for patient prognosis. The most effi-
cient method is a combination of PET with other anatomic imaging
modalities, that is, CT and MRI. Several other PET radiopharmaceuti-
cals also show great promise. For the medical imaging evaluation of
primary bone tumors in our young patients, the already essential role
of PET is likely to expand further with newer developments and appli-
cations. Recognition that PET, as a molecular imaging technique, is
more about lesion characterization than lesion counting will enable
realistic expectations of how and when to use PET in the diagnostic
process. With such a disparate range of diseases, outcomes, and thera-
peutic options, we believe that prognostic stratification may well be the
most important function provided by PET.
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16
Soft Tissue Sarcomas
Marc P. Hickeson

Soft tissue sarcomas are a heterogeneous group of malignant neo-
plasms of mesenchymal origin. They account for approximately 1% of
all cancer diagnoses and 7% of pediatric malignancies (1,2). Just over
half of these patients eventually succumb as a result of the disease. Soft
tissue sarcomas typically present as asymptomatic large masses within
the retroperitoneum or the proximal lower limbs but can also affect
other sites of the body. In adults, the most common histologic origins
are liposarcomas (21%), malignant fibrous histiocytomas (MFHs)
(20%), leiomyosarcomas (20%), fibrosarcomas (11%), and tendosyn-
ovial sarcomas (10%) (3). In children, rhabdomyosarcoma comprise
approximately 70% of the soft tissue sarcomas (3). Despite this highly
variable histopathologic origin, the three negative predictive factors at
the time of initial diagnosis for disease-free survival are primary site
in the superficial trunk or in the limbs, high tumor grade, and large
tumor size, rather than the histologic origin (4).

Roles of PET

For soft tissue sarcomas, positron emission tomography (PET) has been
shown to be useful in the following capacities:

1. Evaluation of the primary lesion
2. Staging of the disease
3. Monitoring therapy and detection of recurrence
4. Prognostic information

Evaluation of the Primary Lesion

Correct diagnosis of the soft tissue sarcoma is important because treat-
ment is effective for many if diagnosed early. However, benign soft
tissue masses can appear very similar to soft tissue sarcoma on physi-
cal examination and radiologic investigation. The most specific method
to diagnose sarcoma is by biopsy. An alternative noninvasive method
is PET with fluorine-18 (18F)-fluorodeoxyglucose (FDG), which has
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been used for the initial diagnosis and grading of soft tissue sarcomas
in several series (5–14). On a meta-analysis with a total of 441 lesions
(15), the sensitivity and specificity were 92% and 73% by qualitative
evaluation, 87% and 79% for a standard uptake value (SUV) of 2.0, and
70% and 87% for SUV 3.0 to diagnose malignant versus benign lesions.
The sensitivity of FDG-PET is higher for high-grade malignant lesions
than for low-grade lesions (5,16). All intermediate/high-grade sarco-
mas were detected with qualitative visualization as compared to 74%
of low-grade sarcomas and 39% of benign lesions on a meta-analysis
(15). Another meta-analysis including 341 patients with soft tissue 
sarcomas reported sensitivity and specificity of 88% and 86%, respec-
tively, and showed that FDG-PET can discriminate low- and high-
grade sarcomas based on the SUV (17). The most common cause for
false-negative studies is low-grade sarcoma with low FDG uptake; 
the most common cause for false-positive studies is inflammation. 
Fluorodeoxyglucose-PET may also be useful as noninvasive screening
modality for malignant transformation of premalignant lesions.

The kinetics of FDG uptake differ in benign and malignant tumors.
Hamberg et al. (18) reported that malignant tumors reach maximal
uptake of FDG approximately 5 hours after the time of injection.
However, benign lesions reach a maximum much earlier, within 30
minutes after FDG injection (12). It is unclear why malignant and
benign lesions demonstrate different uptake patterns over time.
Although it is well known that an increased number of glucose 
transporters are present in tumor cells, this does not account for FDG
trapping. Hexokinase and glucose-6-phosphatase mediate the phos-
phorylation and dephosphorylation, respectively, of FDG. It has been
reported that the rate of dephosphorylation of FDG-6-phosphate is
responsible for the difference in kinetics in malignant and benign
lesions (19,20). Unless FDG-6-phosphate is dephosphorylated to FDG
by glucose-6-phosphatase, it is unable to leave the cell. Lodge et al. (12)
reported an improved differentiation of high-grade sarcomas from
benign lesions using a SUV measured at 4 hours postinjection as com-
pared to earlier after FDG injection.

Another approach is to obtain dual-time point imaging to differen-
tiate benign from malignant lesions (21–24). This method has been par-
ticularly helpful for lesions associated with low-grade increased FDG
activity. In this approach, the lesion’s SUV is measured at two differ-
ent time points after FDG injection. Malignant lesions tend to increase
in intensity between the two scans, whereas benign lesions tend to
remain stable or decrease slightly in intensity. This technique has been
validated for the evaluation of solitary pulmonary nodules (22–24).
This difference of kinetics of FDG uptake has also been observed for
soft tissue sarcomas (12).

Computed tomography (CT) and magnetic resonance imaging (MRI)
have an important role in determining the site of the disease and its
local extent. The most specific method for the diagnosis and grading
of the lesion is by biopsy of the mass. Although the site and extent of
the lesion can be accurately delineated with anatomic imaging modal-
ities, these tumors are sometimes highly heterogeneous. For this
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reason, the portion of the tumor with the highest grade may be missed
on biopsy of only a small region. Hain et al. (25) have reported that in
malignant masses the site that was the most likely to be malignant on
FDG-PET was found to be representative of the most malignant site on
the whole mass histology. Fluorodeoxyglucose-PET can be used to
direct preoperative biopsy of soft tissue mass and to prevent the under-
estimation of the grade of the sarcoma that would result in suboptimal
management of the disease (25,26). The availability of PET-CT imaging
further enhances the usefulness of this application by providing the
precise CT anatomic localization of the metabolic abnormalities on PET.

Staging for Metastases

Magnetic resonance imaging, CT scan, and FDG-PET imaging have
complementary roles in staging soft tissue sarcomas (Table 16.1). Lucas
et al. (11) reported sensitivity and specificity of 86.7% and 100%, respec-
tively, with FDG-PET and sensitivity and specificity of 100% and 96.4%,
respectively, with CT for the detection of pulmonary metastases.
However, an additional 13 unsuspected sites of metastases were
demonstrated on FDG-PET. One advantage of FDG-PET over other
imaging modalities is that all organ systems can be visualized in a
single examination. Johnson et al. (27) reported that FDG-PET correctly
diagnosed or excluded local recurrence and distant metastases in 33
patients. In some cases, FDG-PET detected metastases before they were
present on CT scan and MRI. These data suggest that FDG-PET is
useful for staging for distant metastases and offers complementary
information provided by anatomic imaging modalities.

Monitoring Therapy and Detection of Recurrence

Approximately 10% to 15% of patients develop local recurrence and
35% to 45% develop distant metastases despite adequate treatment.
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Table 16.1. American Joint Committee on Cancer (AJCC) staging
system for soft tissue sarcoma
Stage Description

IA Low-grade sarcoma; tumor £5cm; no nodal or systemic metastases
(G1T1N0M0)

IB Low-grade sarcoma; tumor >5cm; no nodal or systemic metastases
(G1T2N0M0)

IIA Moderate-grade sarcoma; tumor £5cm; no nodal or systemic
metastases (G2T1N0M0)

IIB Moderate-grade sarcoma; tumor >5cm; no nodal or systemic
metastases (G2T2N0M0)

IIIA High-grade sarcoma; tumor £5cm; no nodal or systemic metastases
(G3T1N0M0)

IIIB High-grade sarcoma; tumor >5cm; no nodal or systemic metastases
(G3T2N0M0)

IVA Any grade sarcoma; any tumor size; with regional node metastases;
no systemic metastases (any G, any T, N1M0)

IV Any grade sarcoma; any tumor size; any nodal status; with systemic
metastases (any G, any T, any N, M1)



Early detection of recurrence allows a larger variety of treatment
options and results in better prognosis than late detection of recurrence.
Therefore, early detection of recurrence is important for the treatment
of sarcomas.

There has been a significant evolution in the treatment of soft 
tissue sarcoma. For aggressive tumors, surgical resection is the method
of choice of local control. For sarcomas involving the limbs, limb-
sparing procedures can be appropriately performed by chemotherapy
in the neoadjuvant (presurgical) setting. The primary objective is 
tumor eradication. However, the response to therapy varies consider-
ably with different tumors. Identification of resistant or nonrespond-
ing tumors early or immediately after initiation of therapy would be
most advantageous, so that an alternative, potentially more effective,
treatment can be instituted in a timely manner. Toxicities from inef-
fective therapy can also be prevented. Unlike anatomic imaging 
modalities, which assess tumor response by size criteria, PET assesses
the metabolic activity of tumors. Studies have shown that therapy-
induced anatomic changes lag behind metabolic changes of the 
tumor (28).

One specific example that FDG-PET has demonstrated its utility for
early prediction of response to therapy is with the treatment of gas-
trointestinal intestinal stromal tumors (GISTs), which are tumors of
mesenchymal origin arising from the gastrointestinal tract. A signifi-
cant percentage of these tumors have an exceptional response to the
tyrosine kinase inhibitor, imatinib mesylate (Gleevec/Glivec). Fluo-
rodeoxyglucose-PET has been shown to be an early indicator of tumor
response to treatment (Figs. 16.1 to 16.3) (29). In all responders, a sig-
nificant decrease of FDG uptake was observed as early as 24 hours after
the administration of a single dose of Gleevec. Subsequent studies have
indicated that FDG-PET is the imaging modality of choice for early 
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A B

Figure 16.1. Patient has a tenosynovial cell sarcoma in the left knee, which is
demonstrated on the baseline fluorodeoxyglucose–positron emission tomogra-
phy (FDG-PET) scan (A). The posttherapy FDG-PET scan (B) demonstrated a
complete metabolic response to therapy.
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Figure 16.2. Patient with gastrointestinal stroma tumor of the stomach who had undergone FDG-PET
study after chemotherapy. The transaxial (A), sagittal (B), and coronal images (C) are shown and
demonstrate a large mass with no evidence of FDG metabolism (arrows) with the exception of a focus
of hypermetabolism at its stalk (arrowheads), which was proven to be residual tumor.
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Figure 16.3. Partial metabolic response in this patient with history of gastrointestinal stromal tumor of
the rectum who had undergone FDG-PET study prior to (A, narrow arrows) and 3 weeks after initia-
tion of therapy (B, wide arrows).



prediction of response to therapy for a patient with GIST treated with
Gleevec (30–32).

The metabolic response of tumor from therapy can be defined using
the European Organization for Research and Treatment of Cancer
(EORTC) criteria (Table 16.2) (33).

Hain et al. (34) studied the findings of 16 patients with amputation
in either the upper or lower limb on FDG-PET. Diffuse hypermetabo-
lism at the amputation stump up to 18 months postsurgery is a
common finding. However, focal hypermetabolism may be associated
with a pressure area if there is clinical evidence of skin breakdown at
that site. However, if there is no evidence of localized skin breakdown
at the site of focal hypermetabolism, then the finding indicates a recur-
rence, and a skin biopsy is indicated. Kole et al. (35) have also reported
a 93% sensitivity of FDG-PET for the detection of recurrence of soft
tissue sarcomas in 14 patients.

Prognostic Information

A noninvasive method to determine tumor regional glucose metabo-
lism is with FDG-PET. Eary et al. (36) reported that FDG-PET provides
independent prognostic information in a retrospective analysis of 209
patients with sarcomas. They have shown that the risk of death
increases by approximately 60% for each doubling of the maximal base-
line lesion SUV. Schuetze et al. (37) have demonstrated that soft tissue
sarcomas with a pretreatment SUV of greater than 6.0 are associated
with a higher risk of recurrence and of mortality than those with SUV
of less than 6.0. Another negative prognostic finding provided by FDG-
PET is lack of reduction in SUV of the lesion with therapy (Fig. 16.4)
(37). In general, FDG tumor activity is positively associated with the
metabolic activity, and tumor metabolic activity is positively associated
with aggressiveness. Aggressive tumors have a worse prognosis than
those with less aggressive histology.
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Table 16.2. Tumor response using FDG-PET with the European 
Organization for Research and Treatment of Cancer (EORTC) 
criteria
Response Definition

Progressive Increase in FDG tumor SUV of equal or greater 
metabolic disease than 25% within the tumor region as compared to 

the baseline  study or appearance of new FDG 
uptake in metastatic lesions

Stable disease Increase in tumor FDG uptake of less than 25% or a 
decrease of less than 15% of FDG uptake within 
the tumor region as compared to the baseline 
study

Partial metabolic Reduction of at least 15% of FDG uptake within the 
response tumor as compared to the baseline study

Complete metabolic Complete resolution of FDG uptake within the 
response tumor
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A

B

Figure 16.4. Evidence of progression in this patient with an aggressive metastatic sarcoma of the left
foot who had undergone FDG-PET study prior to (A) and after completing chemotherapy (B). The base-
line SUV was 13.9; this increased to 18.2 on the posttherapy scan, which indicates a poor prognosis.

Conclusion

Positron emission tomography with 18F-fluorodeoxyglucose has been
shown to have potential value in the evaluation of primary malignant
lesions, for staging, for the response to treatment and detection of
recurrence, and for prognostic information.
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Positron emission tomography (PET) is a new and powerful imaging
tool that has been successfully employed to diagnose many adult
tumors. Incidental tumor detection by PET has been reported (1–5), as
well as detection of chronic cholecystitis, aspiration pneumonia, and
other benign conditions (6–8). The implementation of this new tech-
nology has been slower in the pediatric population than in the adult
population.

PET has shown promise in a variety of pediatric tumors such as 
those of the central nervous system, lymphomas, neuroblastoma, bone,
and soft tissue tumors; these are discussed in other chapters. Positron
emission tomography evaluations for diagnosis and therapy in the
pediatric population were reported in the early and mid-1980s (9–11).
The early studies focused on brain tumors, metastatic tumors to the
brain, and metabolic abnormalities such as Sturge-Weber syndrome
(12). Many of the studies in the 1990s also focused on brain tumor. This
chapter discusses other rare tumors not covered in other parts of this
book.

Ewing’s Sarcoma

There are few reports regarding PET with Ewing’s sarcoma. One early
scientific report in a pediatric population was by Shulkin et al. (13) from
the University of Michigan Medical Center in the mid-1990s, in which
the author showed that PET is superior to bone scan in detecting bone
metastasis in a patient with Ewing’s sarcoma. A case report later
demonstrated that PET is superior to both bone scan and gallium, espe-
cially when the disease involves the bone marrow (14). Another study
comparing PET and magnetic resonance imaging (MRI) for detection
of Ewing’s metastasis concluded that PET is more sensitive (15). The
findings reinforced the uses of a functional imaging modality, such as
PET, over anatomic imaging.

A large amount of clinical research has assessed the role of PET in
evaluating the response to chemotherapy. Fluorodeoxyglucose (FDG)-
PET standard uptake values (SUVs), or tumor-to-nontumor ratio
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(T/NT) before and after chemotherapy, were analyzed and correlated
with the chemotherapy response assessed by histopathology in surgi-
cally excised tumors. Good response correlated with relatively benign
histology and had markedly decreased SUV or T/NT on posttherapy
scans (16,17).

Two reviews by Franzius et al. (17,18) found that for the detection of
osseous metastases of Ewing’s sarcoma, therapy monitoring, and the
diagnosis of recurrences, FDG-PET was useful. This conclusion is
echoed by a recent paper by McCarville et al. (19) that stated that PET
is useful in monitoring response to different therapies and aids the
postoperative evaluation of tumor resection sites.

Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is an autosomal-dominant genetic dis-
order commonly associated with neuropsychological complications.
Focal areas of high signal intensity on magnetic resonance imaging
(MRI) scans occur commonly. However, there is inconsistent correla-
tion with neuropsychological problems. Biopsy may be the gold stan-
dard for a definitive answer, but it is invasive, unpleasant, and prone
to sampling errors. Kaplan et al. (20) reported the findings of PET scans
utilizing FD6 and MRI studies on 10 children with NF1. This study
focused on multiple focal areas of high signal intensity to evaluate the
regional cerebral metabolic rate for glucose in these lesions and other
central nervous system structures. Visual inspection and semiquanti-
tative analysis of PET images demonstrated thalamic hypometabolism
and varying degrees of cortical inhomogeneity in all cases of NF1 com-
pared to normal controls. The metabolic abnormalities noted in this
study suggest a potential relationship between these structures and the
neuropsychological dysfunctions noted in NF1.

We recently reported our experience in 28 patients (16 males, 12
females) with an age range from 4 years to 35 years (21,22). Twenty-
six were clinically stable, but were considered high risk for progres-
sion, based on the anatomic location or the change in the size of the
lesion over time. All patients enrolled from Children’s Hospital of
Philadelphia (CHOP) had undergone MRI studies as part of standard
patient care. FD6 PET scans were obtained for baseline assessment of the
disease activity within 2 weeks of the first MRI study. Positron emis-
sion tomography images were performed with a dedicated PET camera
following a standard protocol. The images were interpreted with 
and without attenuation correction. Correlation was made to MRI on a
lesion-by-lesion basis whenever possible. Standard uptake value was
determined for all identifiable lesions on PET scan. The common sites
of involvement by plexiform neurofibromas were the face, neck, trunk,
and extremities. Twenty-three of 28 patients (82%) showed various
degrees of FDG uptake as focal abnormalities. The number of lesions
ranged from one to over 10 per patient. The location of FDG-PET abnor-
malities in these patients corresponded to those noted on the MRI scans.
The SUV was calculated for all identifiable lesions on PET, and their
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values ranged from 1.0 to 5.3. Most lesions had a low SUV, which further
corroborates the benign nature of these lesions. Five of 28 patients (18%)
did not show any identifiable abnormal focal uptake. Now MRI is used
as the gold standard to determine progression of the lesions. Our find-
ings agree with those of Ferner et al. (23,24), who reported an SUV range
of 0.56 to 3.3 for benign plexiform neurofibromas

Pheochromocytoma

The first report evaluating PET in pheochromocytoma was by Shulkin’s
group (25) using C-11 hydroxyephedrine (HED); they reported excel-
lent imaging quality superior to that obtained from planar and tomo-
graphic meta-iodobenzylguanidine (mIBG) studies. A recent study
confirmed the accuracy of the C-11 HED (26). However, its clinical
availability is limited by the tracer C-11, which needs an on-site
cyclotron, which is not generally available for most daily clinical prac-
tice. Another early study suggested using iodine-124 mIBG probes (27),
which also faces the problem of tracer availability.

Several later studies evaluated FDG-PET scanning for the detection
of pheochromocytoma (28). Shulkin et al. (29) demonstrated that most
pheochromocytomas accumulate FDG to a greater percentage in malig-
nant versus benign pheochromocytoma. Fluorodeoxyglucose-PET is
especially useful in defining the distribution of those pheochromocy-
toma that fail to concentrate mIBG (29). A PET scan with both FDG and
rubidium 82 has been reported to be successful (30).

Carbon-11 metomidate (31) was evaluated for its ability to discrimi-
nate lesions of adrenal cortical origin from noncortical lesions.
However, a favored tracer is 6-18F-fluorodopamine, which has been
shown to detect pheochromocytoma with high sensitivity in patients
with known disease (32–34). In those reports PET is much more 
sensitive than iodine-131 mIBG (35). One German study reported
results with 18F-DOPA (36). To discriminate between benign and malig-
nant lesions, FDG is the tracer of choice (37).

Because pheochromocytomas are potentially curable with surgery,
the diagnosis and exact localization are very important. The recent
imaging recommendations are anatomic imaging followed by mIBG
scintigraphy. A negative mIBG study should be followed by an F-
DOPA study, which is more specific (38–42).

Other Neuroendocrine Tumors

Neuroendocrine tumors were evaluated with FDG-PET with variable
success. Scintigraphy with mIBG and octreotide are still the studies of
choice. However, in our experience PET scan showed some potential
clinical application. We evaluated whether FDG-PET can be success-
fully utilized in the evaluation of tumors that are commonly examined
by Octreoscan; we retrospectively reviewed 34 FDG-PET scans per-
formed from 1998 to 2002 to evaluate recurrent or metastatic tumors
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that were considered optimal candidates for Octreoscan (43). Among
these, 25 patients were noted to have complete follow-up and there-
fore were included for final analysis; five had carcinoid, seven had 
islet cell tumors, five had pheochromocytoma, seven had medullary
carcinoma of the thyroid, and one had Cushing’s syndrome. Thirteen
of these patients also had concurrent ostreoscan. Final diagnosis was
made based on surgical findings, clinical follow-up, and results of 
other imaging modalities. Fluorodeoxyglucose-PET detected 16 of 17
patients who were proven to have recurrent or metastatic disease, with
a sensitivity of 94.1%. It excluded seven of eight patients proven not to
have recurrent or metastatic disease—a specificity of 87.5%. Among 13
patients with both FDG-PET and Octreoscan in whom eight patients
were proven to have disease, FDG-PET correctly detected seven
whereas Octreoscan detected five. On the other hand, five patients with
negative results on both tests proved to be disease-free. One patient
had islet cell tumor that was detected by neither FDG-PET nor Octre-
oscan. Fluorodeoxyglucose-PET excluded four of five patients with one
false-positive result (inflammation), whereas Octreoscan excluded five
of five patients. Thus our data indicate that FDG-PET and Octreoscan
provide comparable results in patients who are considered optimal
candidates for Octreoscan, although FDG-PET is slightly more sensi-
tive whereas Octreoscan appears to be slightly more specific. Consid-
ering the similar cost of these two examinations, FDG-PET may prove
to be more efficient in this setting because of its substantially superior
image quality (whole body vs. regional tomographic images) and 
convenience to the patient (2 hours vs. 24 hours for completion of 
the test).

There is little in the current literature to document the utility of PET
in pediatric endocrine tumors (44,45). A recent article suggests that 18F-
fluoro-L-DOPA could be an accurate noninvasive technique to distin-
guish between focal and diffuse forms of hyperinsulinism (46).

Liver Tumors

Primary liver tumors’ uptake of FDG showed good correlation with the
patient’s a-fetoprotein (AFP) (47). Another series from Germany
demonstrates that PET is better than computed tomography (CT) and
ultrasonography, but not MRI (48). The greatest value of PET scan
appears to be in the detection of extrahepatic tumor, which is a very
useful addition to the currently used anatomically based images in all
cases of advanced tumor.

Germ Cell Tumors

Fluorodeoxyglucose-PET scan has been used in the detection and 
management of different germ cell tumors since 1995 (49–51). Post-
therapy studies employed PET soon afterward (52–55). A pilot study
in 2000 tested the utility of PDG-PET in the initial staging of the germ
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cell tumors (56). The sample size is small (31 patients), and a large
prospective study is needed. A later study failed to find a benefit of
FDG-PET over CT (57). However, it confirmed the value of PET in
restaging patients. Positron emission tomography appears to be less
sensitive to detect small retroperitoneal nodes (58). L-[1–11C] tyrosine
was found to be insufficiently sensitive for clinical use (59).

Histiocytosis X

Studies evaluating histiocytosis were recent (8,60–67), and most of
them were case reports (8,64–67). There are no large-scale studies with
sufficient patient sample size. Anatomic imaging remains the favored
modality. Positron emission tomography may provide additional infor-
mation for evaluation of distant sites.

Retinoblastoma

Currently, there is only one report of FDG-PET being used to detect
retinoblastoma (68). This study did not support the use of FDG-PET,
as the PET findings did not correlate with clinical or histopathologic
features. Further study with more patients will be of value.

Conclusion

Fluorodeoxyglucose remains the most frequently used tracer. New
tracers for different conditions are currently being evaluated world-
wide. Positron emission tomography remains poorly evaluated in the
pediatric population (69). The recent merger of the Children’s Cancer
Group and the Pediatric Oncology Group to form the Children’s Oncol-
ogy Group creates an opportunity to examine the use of FDG-PET in
the management of childhood tumors in multiinstitutional, coopera-
tive efforts (70).
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18
The Developing Brain

Lorcan A. O’Tuama and Paul R. Jolles

This chapter reviews the development of the normal brain primarily as
studied with nuclear imaging methods, with an emphasis on radio-
pharmaceutical-based methods [positron emission tomography (PET),
single photon emission computed tomography (SPECT), and PET—
computed tomography (PET-CT)]. These methods retain unchallenged
specificity and sensitivity for certain important neurochemical events.
We will also cover advances in allied techniques, including magnetic
resonance imaging (MRI)-based and electrophysiologic methods. The
functional modalities of PET and SPECT are best studied concurrently
with structural modalities, including MRI and CT. In selected cases,
both functional MRI (fMRI) and nonimaging modalities such as mag-
netic resonance spectroscopy (MRS) allow for in vivo molecular speci-
ation, and can be brought to bear as well as magnetoencephalography
(MEG). The recent introduction of hybrid PET-CT methods introduces
a further dimension by allowing direct comparison of functional and
structural features in a fused data set. By including these intermodal-
ity comparisons we hope to provide a more integrated and mutually
explanatory exposition of the imaging of normal brain development.

Brain Imaging Studies

Anatomic Studies of Normal Brain Development

It is essential to discuss the basic structural framework before going on
to the more functional insights of MRI. In an early study, Barkovich et
al. (1) used 1.5-tesla MRI with the classic spin-echo sequences (T1, T2)
to examine 82 neurologically normal-appearing infants, and gave a
useful review of the time course of attainment of the major structural
developmental milestones. The authors found by these imaging crite-
ria that brain maturation commenced in the brainstem and spread cen-
trifugally to the cerebellum and supratentorial levels. T1-weighted
images were most sensitive for assessment of normal brain develop-
ment in the first 6 to 8 months of life, and T2-weighted images were
most sensitive thereafter.
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Radiopharmaceutical-Based Studies of Normal Brain Development

Advances in radiolabeling have resulted in the development of a large
number of radiopharmaceuticals utilized to evaluate metabolism,
blood flow and perfusion, neuroreceptor occupancy, genetic targets,
and a host of other biochemical processes. These include both gamma-
emitting and positron-emitting tracers. As applied to brain imaging,
markers of cerebral glucose and amino acid metabolism [in particular,
fluorine-18 (18F)-2-fluorodeoxyglucose (FDG) and carbon-11 (11C)-
l-methionine, respectively] and cerebral blood flow/perfusion
[oxygen-15 (15O)-CO2, 15O-water, xenon 133 (133Xe), iodine-123 (123I)-
iodoamphetamine, technetium-99m (99mTc)-bicisate and 99mTc-
exametazime] have been employed most often.

SPECT Study of Normal Developmental Changes 
in Cerebral Blood Flow
Rubinstein et al. (2), using 123I-iodomethylamphetamine (123I-IMP)
SPECT, assessed normal evolution of regional cerebral blood flow
(rCBF) as a function of age. Thirty babies with normal clinical exami-
nation were retrospectively studied. Perfusion in thalamic structures
exceeded that of the cortex until the end of the second month. Within
the supratentorial brain, the parietal and occipital areas initially 
visualized about the 40th week and rose rapidly in the postnatal
period. Frontal activity was clearly detectible only by the second month
and rose markedly to reach adult levels by the second year. The authors
felt rCBF changes paralleled achievement of early behavioral mile-
stones. Thus the early emphasis on brainstem perfusion partly paral-
leled the morphologic developmental sequence reported by Barkovich
et al. (1).

Chiron et al. (3) examined rCBF with 133Xe-SPECT in 42 infants 
and children (ages 2 days to 19 years) considered developmentally
normal. Regions of interest (ROIs) were placed to depict the cortical
regions, cerebellum, and thalamus. At birth, cortical rCBFs were lower
than those for adults; after birth they increased up to 6 years of age to
values 50% to 85% higher than in adults and thereafter decreased,
reaching adult levels at between 15 and 19 years of age. Neonatal
values of rCBF in cerebellum and thalamus were slightly higher than
adult levels, but not significantly; after age 1, they followed the
common pattern for cortical curves. The time needed to reach normal
adult values differed for each cortical region. The shortest time was
found for the primary sensorimotor cortex and the longest for the
visual associative cortex.

This work provided an important clinical rationale for pursuing
brain perfusion SPECT studies in that cognitive development of the
child seemed to be related to changes in blood flow of the corre-
sponding brain regions. The study hinted at another interesting aspect
of brain development, suggesting an initial period of “overperfusion”
or “luxury” perfusion. These changes somewhat paralleled PET
studies, as discussed below, which also provide evidence for an initial
hypermetabolic period in the immature brain, with overperfusion fol-
lowed by a drop to typical adult values.
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PET Studies of Metabolic Brain Development
Positron emission tomography has become an indispensable imaging
tool in clinical nuclear medicine (4). Especially in combination with CT
(now optimized by the direct simultaneous acquisition feasible with
PET-CT) and MRI, PET is an established method with wide application
in neurology, cardiology, infectiology, and oncology. Compared with its
widespread application in adults, however, clinical use of PET in pedi-
atrics is still relatively limited. Possible reasons include the small
number of clinical and prospective studies of PET obtained for pedi-
atric as compared with adult imaging indications. Furthermore, only a
limited number of PET scanners are available for pediatric imaging.
Generally recognized current important indications for pediatric PET
include diagnosis and follow-up assessment of Hodgkin’s and non-
Hodgkin’s lymphoma and primary brain tumors, and in defining the
seizure focus site for epileptic seizures.

Positron emission tomography study of normal brain development
has been less emphasized but is of potentially far-reaching importance.
Studies using functional imaging techniques such as PET scans have
shown a pattern of metabolic activity that varies in different regions of
the brain at different ages.

Fluorodeoxyglucose Studies
Unless under conditions of starvation (in which ketones are available),
the brain utilizes glucose as an energy substrate (5). The most com-
monly utilized marker of glucose metabolism is FDG, a tracer method
that evolved from Sokoloff et al.’s (6) original work involving autora-
diography and the localization of 14C-2-deoxyglucose in the rat sub-
strate. Although earlier investigations of cerebral circulation and
metabolism in children were also conducted (7), the ability to image
and quantify vivo metabolic processes was significantly advanced after
the development and evolution of modern PET instrumentation (8).

In a classic study, Chugani et al. (9) studied 29 infants and children
(ages 5 days to 15.1 years) who had suffered transient neurologic events
not significantly affecting normal neurodevelopment. In infants less
than 5 weeks old, the local cerebral metabolic rate of glucose (lCMRGl)
utilization, a PET parameter, was highest in sensorimotor cortex, thal-
amus, brainstem, and cerebellar vermis. In cortex, lCMRGl increased
first in divisions of occipital cortex and by 2 years had reached essen-
tially adult values in all or most regions. Between 6 months and a year,
metabolic activity was marked in the frontal cortex, paralleling devel-
opment clinically of higher cortical functions, including individual
interpersonal interactions, stranger anxiety, and other behaviors. Rates
of up to 65mmol/min/100g were reached in most regions and per-
sisted until about 9 years. Thereafter, a progressive decline set in, with
adult values being reached around 20 years of age. The time course of
this metabolic time profile paralleled the phases of production and
regression of neurons, synapses, and dendritic spines, as established
from morphologic studies. The detailing of this sequence was reason-
ably postulated as a prerequisite to study of the brain metabolic
response in diverse encephalopathies. This sequence of imaging-
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defined functional events may underlie and provide the biologic basis
for the clinically observed critical period of learning and emotional
development.

More recently, the effect of brain development on cerebral glucose
metabolism was evaluated in 20 neurodevelopmentally normal infants
(postconceptional age: 32.7 to 60.3 weeks) (10). It was reported that the
lCMRGl in various cortical regions and in the basal ganglia was low at
birth (from 4 to 16mmol/min/100g). Infants 2 months of age and
younger showed the highest lCMRGl in the sensorimotor cortex, thala-
mus, and brainstem. At 5 months, there was an increase in the lCMRGl in
the frontal, parietal, temporal, occipital, and cerebellar cortical regions.
Generally, the whole brain lCMRGl correlated with postconceptional
age, and the change in the glucose metabolic pattern reflected functional
maturation of these regions. Based on these data, it seems that regional
glucose metabolism is a credible marker of brain maturation.

The effect of neonatal hypoglycemia on cerebral glucose metabolism
was studied in a small group of eight infants (11). The infants were
studied with FDG-PET at ages 5.3 ± 6.2 days during normoglycemia
and compared to the age-adjusted lCMRGl of eight infants with sus-
pected hypoxic-ischemic brain injury but with normal neurologic
development. After neonatal hypoglycemia, the whole brain age-
adjusted lCMRGl was not lower than that of the control group and
seemed to be normal.

Although the ability to quantify regional cerebral metabolic rates is
highly desirable, techniques less invasive than arterial blood sampling
have been proposed for early infancy (12). Using a Patlak analysis, the
input function was derived by using a combined time-activity curve
(derived from left ventricular activity and venous whole blood activity
concentration) and by using the activity concentration in whole blood
venous samples. These methods showed good correlation, as did an
alternative method using standard uptake values (SUV) correlated to
lCMRGl values. It appears that reasonable estimations of lCMRGl can
be obtained with techniques other than arterial sampling.

Labeled Amino Acid PET Studies
O’Tuama used a dual-probe positron detection system and also 
retrospective data fit on normal-appearing brain regions of 11C-L-
methionine PET to study age-associated changes in amino acid trans-
port from blood to normal frontal cortex (13). Seventeen patients, 1.8
to 71 years of age, were studied. Each patient received two scans in an
attempt to assess competitive inhibition of 11C-L-methionine uptake.
The first study was performed using tracer doses of the radiopharma-
ceutical only. One hour before a second PET study, each subject
received either oral L-phenylalanine or an intravenous infusion of
amino acids, as competing substrates for the neutral amino acid trans-
port system. Uptake of 11C-L-methionine by frontal cortex decreased
sevenfold between 1.8 and 71 years of age (r = -0.71; p < .05). Con-
comitantly measured blood-to-brain transfer of 11C-L-methionine, at 4.5
years, exceeded mean adult values by more than fivefold. Competitive
inhibition reduced L-methionine uptake in all patients older than 4.6
years. These developmental changes parallel findings in animals.
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The results of Chugani et al. (9) and O’Tuama, as pointed out by
Robinson et al. (14), suggest a significant age-dependence for two dif-
ferent neurometabolic systems—the overall rate of glycolysis and
glucose cell membrane transport (FDG), versus amino acid transport
and protein synthesis (methionine).

PET Radiation Exposure
A concern intrinsic to the medical and research use of PET radiophar-
maceuticals is whether the radiation dose to the newborn or young
child is acceptable. Based on the medical internal radiation dose
(MIRD) model, the radiation dose to newborn children from FDG has
been estimated and has been found to differ from that noted in adults.
The radioactivity concentration in the brain and urinary bladder was
measured to determine accumulated activity in 21 infant FDG studies.
A greater proportion of the tracer was noted to accumulate in the brain
of infants than in adults (9% versus 7%, respectively, perhaps partly
due to relatively greater brain mass), and less was excreted into the
urine (7% versus 20%, respectively). However, there was a large indi-
vidual variation in the latter. Overall, the dose to the bladder wall was
less than for adults, and the greater amount of radioactivity remaining
in the body of infants may increase the dose to other organs. Although
the calculations were based on upper estimates, the estimated radia-
tion dose from FDG studies was lower in infants compared to adults.
Infant FDG studies also had a lower calculated radiation dose 
compared to conventional nuclear medicine studies such as 99mTc-
methylene diphosphonate bone scintigraphy.

Correlation of SPECT with Other Modalities: 
MR Imaging and MRS

Tokumaru et al. (15) noted that the precise relationship between func-
tion and anatomic brain maturation remains unclear. They studied the
changes of rCBF in 42 infants and children, ages 2 days to 19 years,
using 123I-IMP-SPECT correlated with MR findings and known devel-
opmental changes. The subjects suffered transient neonatal neurologic
events, without an overt effect on subsequent neurodevelopment.
Beginning at the 34th postconceptional week, there was predominant
uptake in the thalami, brainstem, and paleocerebellum, with less cor-
tical activity. Subsequent evolution of rCBF showed a similar regional
pattern to the studies of Rubinstein et al. (2) and Chiron et al. (3), and
a general parallel to the values for lCMRGl as established by Chugani
et al. (9). Also, these changes paralleled T1 and T2 standard spin-echo
MRI, and were consequently attributed presumptively to the major
neurodevelopmental event of myelination. Minor limitations in the
study include lack of specific inversion recovery MR pulse sequences
for characterization of myelin development, and the spatial limitations
of region definition with 123I-IMP-SPECT. Interesting speculations from
these results included the idea that metabolic demands associated with
myelination may “drive” the rCBF pattern in the developing brain. At
the practical level, it was pointed out that awareness of evolving
normal MRI and PET or SPECT patterns during development is crucial
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for interpretation of pediatric studies. Thus the time course of the
changes in 123I-IMP uptake in the developing brain as detected by
SPECT is similar to that of myelination and most likely reflects an
overall topologic maturational pattern of the brain (Fig. 18.1). Ogawa
et al. (16) obtained similar results.

Subsequently, newer imaging methods and pulse sequences have
been applied to extend our knowledge of the physiology of the devel-
oping brain. Zhang et al. (17) used diffusion-weighted sequences, with
fitting of data to a triple-gaussian model, to show that brain diffusion
decreases and brain volume increases during maturation. They focused
on regions showing a range of gray and white matter composition.

Filippi et al. (18) showed changes in diffusion constant and
anisotropy in infants with developmental delay despite a normal
appearance with conventional MRI techniques. These results further
illustrate the potential importance of techniques beyond conventional
structural MRI for objective assessment of neurodevelopment.

Other parameters of normal brain development that can be ap-
proached by imaging methods include changes in brain water diffu-
sion as studied by diffusion-tensor MRI (18). This study had 167
participants, ages 31 gestational weeks to 11 postnatal years. An
isotropic diffusion model was applied to the gray matter of the basal
ganglia and thalamus. Maturational decreases of the diffusion tensor
eigenvalues were consistent with models reflecting influence of brain
water content and myelination.

Magnetic resonance spectroscopy represents another noninvasive
method for the study of normal brain development (19). In a review
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Figure 18.1. Patient at about 34 weeks’ gestational age. Axial (A), coronal (B), and sagittal (C) SPECT
scans show prominent cerebral perfusion in thalami, brainstem, and cerebellum. There was low activ-
ity in the paracentral gyri area.



article, Hedlund (20) illustrated how normal white matter spectra with
identification of critical neurometabolites can be achieved in children
as young as 2 years. These neurometabolites include compounds such 
as N-acetylaspartate (NAA), a primarily neuronal marker as well as
choline, a marker of turnover of myelin and other important cell mem-
branes. Abnormal metabolites such as lactate are undetectable in the
normal spectra and are readily revealed in encephalopathies. The
studies have relatively short acquisition times, are noninvasive, and
thus are feasible even in young sedated patients.

More recently, the technique of dynamic susceptibility contrast-
enhanced (DSCE) MRI technique has been used to measure rCBF in
newborns (21). This method requires a first-pass contrast bolus, which
presents a formidable limitation in neonates and infants, as does the
problem of artifacts resulting from bulkhead motion. However, images
of perfusion were calculated in 12 of 27 subjects. Major vascular struc-
tures such as the circle of Willis could be identified. Values of rCBF
were generally larger in gray matter than in white matter.

Attempts have been made to obtain three-dimensional (3D) MRS to
study the anatomic distributions of choline, creatine, and NAA in a
small group of premature and term infants (22). The basic feasibility of
such studies was demonstrated. The results showed topologic and 
age-dependent variations in the white matter regions of the premature
infants. However, there is concern about small sample size and lower
signal-to-noise ratio. There is need for substantial further effort to
establish an adequate normal database for this age group.

The notion of human brain plasticity is an important concept devel-
oped in part from developmental imaging studies of the kind just
reviewed. For example, Chugani (23) discussed correlations between
lCMRGl and synaptogenesis and has advocated that the PET findings
have important implications with respect to potential recovery of
regional brain functions following injury and for the concept of “criti-
cal periods” for learning capacity. Indirect support for the existence 
of normal brain functional plasticity has been inferred from studies 
of abnormal conditions. Thus Helmstaedter and Elger (24), studying
patients undergoing left anterior temporal lobectomy, showed varying
regional effects on parenchymal plasticity depending on extent of
damage and the specific neocortical function involved.

Pediatric PET-CT Brain Imaging

The advent of PET-CT offers further opportunity to delineate these
events with increased spatial accuracy with the use of both intermodal-
ity fused data sets, as well as high-resolution positron imaging. In normal
subjects, uniformly high metabolic uptake in the brain, particularly in
brain parenchymal gray matter (GM) structures such as basal ganglia,
thalamus, and cerebellum, has limited its use for lesion detection, as dis-
cussed elsewhere. However, this feature is a boon for evaluation of
normal metabolic variants. The technique involves coupling of PET and
CT scanning into a hybrid system. This allows both studies to be done
together in what is now known as a PET-CT scanner. The CT acquisition,

L.A. O’Tuama and P.R. Jolles 329



designed (in many centers) so as not to be diagnostic, but rather to
provide adequate attenuation correction and resolution for co-registra-
tion, is performed with approximately 2 to 4.25mm thick contiguous
slices, 100mAs, 140kVp.

The PET phase of the study is performed with 5- to 10-minute 
acquisition per imaging level. These systems have the outstanding
advantage for pediatric sets of minimizing study times. One platform
combines a high resolution and ultrafast multislice CT system with PET
optimized for routine 2D and 3D acquisitions. The attached software
facilitates postprocessing stages and allows interactive analysis of both
data sets. Ionic oral contrast (often administered 1 hour prior to
imaging to opacify the bowel for whole-body applications) is omitted.
A dose of 18F-FDG, titrated by weight and standard conversion factor,
is given intravenously 1 hour prior to imaging, and the patient voids
prior to imaging to decrease bladder activity (25). The older, coopera-
tive child is positioned supine on the imaging table, with the head 
comfortably positioned in a cushioned head holder and arms at the
patient’s side. Following tracer injection, it is useful to have the patient
rest in a quiet environment, instructed to limit verbal and physical
activity during the major tracer uptake phase (about 20 minutes).

A qualitative analysis is the most common method for pediatric brain
PET-CT and, with an experienced observer, is usually adequate. Typi-
cally, a workstation review is made of all orthogonal images with
varying gray scale and color image presentation, rotating views, and
maximum intensity projection images (Fig. 18.2).
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Figure 18.2. A–C: SPECT scans show almost similar appearance to adult pattern. D,E: Axial spin echo
(600/15) MR images show myelination in frontal and temporal areas. [Source: Tokumaru et al., (14) with
permission.]



Conclusion

Techniques used for mapping of brain function are usefully reviewed
by Santosh (26). Brain morphology and tissue composition will con-
tinue to be elucidated mainly with MRI and CT. Information on neu-
ronal activity and communication will continue to be provided at 
the electromagnetic (EEG, MEG) level. Biochemical aspects of neuro-
transmission will be studied by general mapping of blood flow and
tissue metabolism with standard PET and SPECT methods, supple-
mented by tissue typing using MRS. Energy-dependent metabolic
processes will be assessed most specifically with selective PET ligand
and metabolite radiopharmaceuticals. Clinically relevant neurotrans-
mitters and receptors include D1 antagonists in prefrontal cortex, 
hippocampus, and amygdala; D2 receptor agonist, which localizes
mainly in the striatum; and 5-hydroxytryptamine (5HT)1A, 5HT2A, and
5HTa2 receptor ligands. Also, ligands that help quantify receptors such
as N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA), etc., will help understanding both of
normal function of these systems, and of their specific abnormalities in
the neurodevelopmental disorders. Functional MRI will assist these
efforts, mainly by measuring activation-associated changes in brain
perfusion.

Advances in MR technique will contribute significantly. These will
include rapid MR scanning (gradient echo, fast spin echo, and planar
sequences), contrast-based fMRI techniques, diffusion MRI, arterial
spine labeling (ASL), and dynamic susceptibility MR perfusion
imaging of the brain. Other important anticipated improvements in
technology will relate to reduction of movement artifacts, imaging data
reduction, and postimaging data processing.

Among these exciting future developments, nuclear medicine tech-
nology is likely to continue to play a unique and unchallenged role.
Radiopharmaceutically based imaging technology retains the highest
sensitivity of available modalities (including MRI, fMRI, MRS, EEG,
and MEG) for depiction of biochemical processes occurring in the pico-
molar to nanomolar range. This specificity extends to presynaptic neu-
rotransmitter molecules, which can be separated from receptor systems
that are mainly postsynaptic, only 20 to 50nM apart. Therefore, nuclear
techniques will play an increasingly important and visible role as
developmental mapping of neurotransmitters and synaptic systems
comes to the fore. Correlation with the more spatially detailed modal-
ities reviewed here will be important in gleaning the ultimate infor-
mation from such studies. In this regard, ultimately the use of
combined functional and structural data sets as pioneered with PET-
CT systems will provide the method of choice. Studies on normal chil-
dren, within ethical limits, will continue to give important and critical
new insights into the neurofunctional underpinnings of normal child-
hood cognitive and emotional processes.

L.A. O’Tuama and P.R. Jolles 331



References

1. Barkovich AJ, Kjos BO, Jackson DE Jr, Norman D. Normal maturation 
of the neonatal and infant brain: MR imaging at 1.5T. Radiology 1988;
166(1 pt 1):173–180.

2. Rubinstein M, Denays R, Ham HR, et al. Functional imaging of brain mat-
uration in humans using iodine-123 iodoamphetamine and SPECT. J Nucl
Med 1989;30(12):1982–1985.

3. Chiron C, Raynaud C, Maziere B, et al. Changes in regional cerebral blood
flow during brain maturation in children and adolescents. J Nucl Med
1992;33(5):696–703.

4. Hahn K, Pflunger T. Has PET become an important clinical tool in the pae-
diatric imaging? Eur J Nucl Med Mol Imaging 2004;31(5):615–621.

5. Sokoloff L, Relationships among local functional activity, energy metabo-
lism, and blood flow in the central nervous system. Fed Proc 1981;40(8):
2311–2316.

6. Sokoloff L, Revich M, Kennedy C, et al. The [14C]deoxyglucose method for
the measurement of local cerebral glucose utilization: theory, procedure,
and normal values in the conscious and anesthetized albino rat. J Neu-
rochem 1977;28:897–916.

7. Kennedy C, Sokoloff L, Anderson W, Duffy P. Studies in cerebral circula-
tion and metabolism in children. Trans Am Neurol Assoc 1954;13:196–198.

8. Phelps ME, Huang SC, Hoffman EJ, Selin C, Sokoloff L, Kuhl DE. Tomo-
graphic measurement of local cerebral glucose metabolic rate in humans
with (F-18)2–fluoro-2–deoxy-D-glucose: validation of method. Ann Neurol
1979;6:371–388.

9. Chugani HT, Phelps ME, Mazziotta JC. Positron emission tomography
study of human brain functional development. Ann Neurol 1987;22(4):
487–497.

10. Kinnala A, Suhonen-Polvi H, Aarimaa T, et al. Cerebral metabolic rate for
glucose during the first six months of life: an FDG positron emission
tomography study. Arch Dis Child (Fetal Neonatal Ed) 1996;74:F153–157.

11. Kinnala A, Nuutila P, Ruotsalainen U, et al. Cerebral metabolic rate for
glucose after neonatal hypoglycaemia. Early Human Dev 1997;24:63–72.

12. Suhonen-Polvi H, Ruotsalainen U, Kinnala A, et al. FDG-PET in early
infancy: simplified quantification methods to measure cerebral glucose uti-
lization. J Nucl Med 1995;36:1249–1254.

13. O’Tuama LA, Guilarte TR, Douglass KN, et al. Assessment of ll-C-L-
methionine transport into the human brain. J Cereb Blood Flow Metab.
1998;8:341–345.

14. Robinson RO, Ferrie CD, Capra M, Maisey MN. Positron emission tomog-
raphy and the central nervous system. Arch Dis Child 1999;81(3):263–270.

15. Tokumaru AM, Barkovicha AJ, O’uchia T, Massuo T, Kusano S. The evo-
lution of cerebral blood flow in the developing brain: evaluation with
iodine-123 iodoamphetamine SPECT and correlation with MR imaging.
AJNR 1999;20(5):845–852.

16. Ogawa A, Sakurai Y, Kayama T, Yoshimoto T. Regional cerebral blood flow
with age: changes in rCBF in childhood. Neurol Res 1989;11(3):173–176.

17. Zhang L, Thomas KM, Davidson MC, Casey BJ, Heier LA, Ulug AM. MR
quantitation of volume and diffusion changes in the developing brain.
AJNR 2005;26(1):45–49.

18. Filippi CG, Lin DD, Tsiouris AJ, et al. Diffusion-tensor MR imaging in chil-
dren with developmental delay: preliminary findings. Radiology 2003;
229(1):44–50.

332 Chapter 18 The Developing Brain



19. Mukherjee P, Miller JH, Shimony JS, et al. Diffusion-tensor MR imaging of
gray and white matter development during normal human brain matura-
tion. AJNR 2002;23(9):1445–1456.

20. Hedlund GL. Neuroradiology of the central nervous system in childhood.
Neurol Clin 2002;20(4):965–981.

21. Tanner SF, Cornette L, Ramenghi LA, et al. Cerebral perfusion in infants
and neonates: preliminary results obtained using dynamic susceptibility
contrast enhanced magnetic resonance imaging. Arch Dis Child (Fetal
Neonatal Ed) 2003;88(6):F525–530.

22. Vigneron DB, Barkovich AJ, Noworolski SM, et al. Three-dimensional
proton MR spectroscopic imaging of premature and term neonates. AJNR
2001;22(7):1424–1433.

23. Chugani HT. PET scanning Studies of human brain development and plas-
ticity. Dev Neuropsychol 1999;16(3):379–381.

24. Helmstaedter C, Elger CE. Functional plasticity after left anterior tempo-
ral lobectomy: reconstitution and compensation of verbal memory func-
tions. Epilepsia 1998;39(4):399–406.

25. Stabin MG, Gelfand MJ. Dosimetry of pediatric nuclear medicine proce-
dures. Q J Nucl Med 1998;42(2):93–112.

26. Santosh P. Neuroimaging in child and adolescent psychiatric disorders.
Arch Dis Child 2000;82(5):412–419.

L.A. O’Tuama and P.R. Jolles 333



19
Neurodevelopmental and
Neuropsychiatric Disorders
Marianne Glanzman and Josephine Elia

Positron emission tomography (PET) and single photon emission com-
puted tomography (SPECT) scans offer great promise in helping to
unravel the scientific basis for neurodevelopmental and neuropsy-
chiatric disorders. To date, results have been somewhat limited by the
difficulty in obtaining adequate control groups, technical difficulties 
in studying children, small numbers of subjects, variable analytic
methods, and the inability to repeat scans in order to understand the
effects of development and intervention due to concerns about expo-
sure to radiopharmaceuticals. Nonetheless, some consistent findings
have emerged, and intriguing new results point toward future direc-
tions of study.

Attention-Deficit/Hyperactivity Disorder

Background

Attention-deficit/hyperactivity disorder (ADHD) is one of the most
common neurodevelopmental/neuropsychiatric disorders of child-
hood, with a prevalence of between 5% and 12% in school-aged chil-
dren, and persistence into adulthood in 50% to 75% of cases (1,2). It is
characterized by age-inappropriate difficulty in sustaining mental
effort, excessive distractibility, restlessness or overactivity, and impul-
sivity that is chronic, present across settings, functionally impairing,
and not due primarily to another diagnosis such as cognitive or lan-
guage impairment, autism, mood or anxiety disorders, or medical or
other neurologic disorders. Its symptoms have important functional
implications for learning, socializing, self-esteem, educational and
occupational achievement, driving safety, risk for depression, and the
stability of employment and significant relationships. Though “invisi-
ble,” it typically has tremendous impact on the lives of the affected
individual and family members; thus, improvement in our under-
standing of its nature and treatment is critical.

Neuropsychological testing of individuals who demonstrate the
behavioral criteria for ADHD typically reveals evidence of executive
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dysfunction. Executive functions are prefrontal cortical functions
including sustaining and shifting attention, vigilance, organization,
planning, self-monitoring, conception of time, and the ability to inhibit
behavior as well as modify it based on past experience and future
expectations. Attention-deficit/hyperactivity disorder is highly herita-
ble, and there are probably several genes that confer susceptibility. The
most important ones are likely yet to be discovered, though specific
alleles at the loci for the dopamine transporter (DAT), dopamine type
4 receptor, and dopamine type 5 receptor appear to be associated (3).
Converging evidence from neuropsychological, neurochemical, elec-
trophysiologic, and neuroimaging studies indicate that ADHD is most
likely the result of altered dopamine (DA) and norepinephrine neuro-
transmission in the prefrontal cortex and its targets, particularly the
basal ganglia (2,4).

Structural imaging studies done for clinical purposes, such as 
computed axial tomography (CAT) or magnetic resonance imaging
(MRI) scans, are not typically revealing in children with ADHD.
However, volumetric MRI scans document alterations in the size of
various brain regions in subjects compared with controls. Consistent
findings include smaller frontal lobes (most notable on the right),
globus pallidus, corpus callosum (most often anteriorly), and the pos-
terior inferior cerebellar vermis. The caudate nucleus in subjects 
with ADHD is also consistently different from that in controls, but 
the findings between studies are more complex and variable, with
some authors reporting a smaller caudate on one side or the other or
an absence or reversal of the typical “left greater-than right” asymme-
try (5,6). The most recent studies show that, although frontostriatal
regions continue to be most markedly implicated, there is a widespread
volume loss of approximately 5% to 9% involving both gray and 
white matter, consistent with involvement of widespread attention and
cognitive processing networks (5,7). A developmental study compar-
ing volumetric analysis from children with ADHD and controls across
the age span of 5 to 18 indicates that cerebellar, cerebellar vermis,
caudate, and gray and white matter from all four cerebral lobes are
smaller in subjects from the youngest ages. With correction for total
cerebral volume, the cerebellar vermis remained smaller in subjects.
The differences remained throughout childhood, with the exception
that caudate volumes were similar by 18 due to the lack of the “normal”
decline in size in subjects (7). In individual studies, the degree of
volume reduction in one or more regions may correlate with 
specific symptoms or severity, but across studies, findings are some-
what inconsistent (5). This highlights the need for a functional imaging
approach.

Many functional imaging studies support the role of the prefrontal
cortex in working memory, one of the executive functions that is often
impaired in individuals with ADHD (4,8). In general, subjects with
ADHD are found to activate frontal areas to a lesser degree than con-
trols when performing a memory/attention demanding task, but may
activate a wider, more posterior (and behaviorally less effective) set of
neural networks to accomplish the task (4,5).
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Three studies using functional MRI (fMRI) in children with ADHD
have been reported. These lend support to the role of frontostriatal dif-
ferences in ADHD, though these studies employed behavioral inhibi-
tion rather than working memory tasks during scanning. Rubia et al.
(9) studied seven adolescent boys with ADHD and matched controls
during two different motor tasks involving pushing a button in
response to a target on a screen—one demanding motor inhibition and
one stressing motor timing. On the response inhibition task, subjects
demonstrated increased right inferior and mid-prefrontal and left
caudate activation compared with controls. On the motor timing task,
subjects demonstrated decreased right mid-prefrontal activation com-
pared with controls. Vaidya et al. (10) used a “go/no go” task in which
subjects responded by pressing a button either to all letters presented
on a screen (go task) or all letters except X (no go task). Two different
formats were used for the “go” task involving different rates of pre-
sentation. This was used as the “control” condition from which to
compare activation during the “no go” condition. Different results were
obtained with the two different formats, highlighting the importance
of slight differences in the behavior portion of the experimental proto-
col in fMRI results. In the stimulus-controlled, more demanding pre-
sentation rate, striatal activation was greater in controls than subjects,
and medication typically used to treat ADHD (methylphenidate, MPH)
given prior to the task, increased activation in subjects and decreased
it in controls. Methylphenidate increased frontal activation in both
groups. In the response-controlled, less demanding presentation rate,
subjects had more frontal activation than controls and there were no
effects of MPH (4). Durston et al. (5) studied the effects of increasing
the number of “go” trials that preceded a “no go” trial on the likeli-
hood of making a “no go error” in adults, in typically developing chil-
dren, and in children with ADHD. In normally developing children,
increasing the number of “go” trials before a “no go” trial increased
the likelihood of a “no go” error; this effect of interference improved
with maturity. In adults, the maintenance of accurate performance with
increasing interference resulted in increased activation of the ventral
prefrontal cortex, but in children any level of interference results in
maximal increases in activation of this area. Seven school-aged, right-
handed children with ADHD were compared with matched controls
and were found to have similar accuracy and reaction times on the “go”
trials. However, though accuracy on the “no go” trials decreased with
increasing preceding “go” trials in controls, in subjects even one pre-
ceding “go” trial significantly decreased accuracy on a subsequent “no
go” trial. When compared with controls, subjects showed less activa-
tion in ventral prefrontal cortex, anterior cingulate gyrus, and basal
ganglia, and increased activation in posterior parietal and occipital 
cortices (5).

PET/SPECT Imaging in ADHD

The first SPECT studies of ADHD were performed in children with
ADHD by Lou and colleagues (11) from 1984 to 1990. These studies
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employed xenon-133 (133Xe) inhalation to reflect regional perfusion in
children with ADHD; however, these studies were initially criticized
because many of the children had coexisting disorders such as lan-
guage delays. Initial results indicated bilateral central frontal hypo-
perfusion and occipital hyperperfusion, and MPH treatment was found
to increase perfusion in the frontal regions, basal ganglia, and mesen-
cephalon while decreasing it in cortical sensorimotor regions. In later
studies, this group employed controls and evaluated subjects with pure
ADHD separately from those with language disorders, though the pure
ADHD group still may have had more generalized neurologic dys-
function than children typically referred to as having pure ADHD
today (12,13). The results were similar with the additional finding in
ADHD of decreased perfusion in the striatum (more so on the right).
Once again, scans taken after acute MPH treatment tended to show
normalization of both under- and overperfusion.

In 1990 Zametkin and colleagues (14) undertook a series of PET
studies initiated by landmark research often used to the present 
to prove the biologic basis of ADHD. They used fluorine-18 (18F)-fluoro-
2-deoxy-D-glucose (18F-FDG) to measure regional cerebral glucose
metabolism (rCGM) in 25 adult subjects carefully diagnosed as having
persistent ADHD from childhood and 50 matched controls during per-
formance of an auditory continuous performance task that taxed atten-
tion, persistence of mental effort, and working memory (though there
may have been ceiling effects in terms of its clinical difficulty). Adults
with ADHD had an overall 8% decrease in global CGM and 30 of 60
measured regions were lower in subjects, with the largest reductions
in the superior prefrontal and premotor cortices. This study was
repeated in a smaller number of adolescents, with the expectation that
even greater differences from controls would be found in the more 
clinically symptomatic adolescents, but this was not the case. Left ante-
rior frontal perfusion was found to correlate inversely with symptom
severity, however (15).

Subsequent studies by this group suggested that females with
ADHD might have more pronounced PET findings than males, though
findings were not consistent (16–18). During this time frame, other
researchers using methods to evaluate regional perfusion or glucose
metabolism also found decreased prefrontal cortical perfusion in 
subjects with ADHD compared with controls (19,20). Sieg et al. (19) 
also found decreased temporal perfusion using N-isopropyl-123p-
iodoamphetamine (123I-IMP) SPECT in children with normal structural
MRIs, some of whom had learning differences. Amen and Carmichael
(20) found that subjects actually showed a decrease in prefrontal per-
fusion (the opposite of what was expected from studies of controls)
during an attention-demanding task. More recent studies employing
ligands related to general perfusion continue to show decreases in
frontal or frontotemporal perfusion in children with ADHD compared
with controls, but the laterality of findings differs between studies,
perhaps related to differences in learning profiles or coexisting condi-
tions among subject groups (21–24). Even within a study, perfusion
abnormalities differ among subjects (21). Decreases in temporal lobe
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perfusion may be related to the presence of coexisting conditions. 
Lorberboym and colleagues (23) studied young adolescent boys with
“pure” ADHD, ADHD plus oppositional, conduct, learning, or mood
disorders, and controls during a computerized continuous perfor-
mance task using technetium-99m ethylcysteinate dimer (99mTc-ECD)
SPECT. Although there were differences among subjects, all subjects
with an additional diagnosis had decreased perfusion in one or both
temporal lobes.

Several studies have also been done using ligands related to specific
neurotransmitters rather than glucose utilization or perfusion. Ernst
and colleagues (25,26) used 18F-fluorodopa (18F-FD) to assess the
integrity of DA uptake processes in the midbrain, striatum, and pre-
frontal cortex of adults and children with ADHD compared with con-
trols. Adults showed more than a 50% decrease in uptake in medial
and lateral prefrontal cortex (25), whereas children showed an almost
50% increase in the right midbrain (26). The most common neuro-
transmitter component studied in ADHD is DAT. Methylphenidate, the
most commonly prescribed medication for treating ADHD, blocks
dopamine reuptake at the transporter (27). Many types of studies impli-
cate the DA system in ADHD symptoms (28,29), and genetic studies
implicate DAT polymorphisms in ADHD (30). Several studies (31–33),
though not all (34), have found elevated levels of DAT binding in adults
with ADHD; one study in children (35) showed that medication-naive
children with ADHD have 14% to 70% increases in DAT binding in the
striatum compared with controls.

In summary, decreased perfusion in the frontal lobes and basal
ganglia are typically found in subjects with ADHD compared with con-
trols. Subjects tend to activate more widespread neural networks in
response to attention-demanding tasks. Findings between studies
differ with respect to laterality (5,21–24). Findings in children and
adults show both similarities and differences, but developmental
changes over the course of childhood have not been well studied.
Gender differences are likely to be important but require further study.
Finally, the small numbers of subjects has limited the ability of
researchers to separate the findings specifically related to ADHD from
those related to commonly coexisting conditions, but work is begin-
ning in this direction.

PET/SPECT Imaging and Medications for ADHD

Stimulants have been used for decades and are the treatment of choice
for ADHD. There are two categories of stimulants, MPH and amphet-
amine (AMPH), with a variety of products available in each category
with different durations of action and release properties. Functional
imaging studies investigating medication effects have typically been
performed with short-acting (3 to 4 hours) MPH or dextroampheta-
mine (d-AMPH) even though most children actually take longer-acting
formulations. Strattera, a selective norepinephrine reuptake inhibitor,
was recently approved for the treatment of ADHD (36). To date, there
are no functional imaging studies of its effects in children with ADHD.
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Approximately 30% of students with ADHD do not respond to or do
not tolerate stimulants due to side effects (27). The presence of com-
orbidities related to mood and anxiety, and repetitive behaviors such
as tics or compulsions may increase the risk for medication side effects
or limit stimulant effectiveness (37). Alternative medications, including
antidepressants, antihypertensives, atypical antipsychotics, and moda-
finil (a medication approved for narcolepsy) are sometimes used in
these children but have not been studied with functional imaging in
children with ADHD.

Matochik et al. (38,39) evaluated the effects of acute and subchronic
(6 week) MPH and d-AMPH on rCGM in adults with ADHD using 18F-
FDG. There was no change in global metabolism in any condition, and
very few changes at all were noted with subchronic administration.
With acute administration, some regions increased and others
decreased, not necessarily in the pattern that would have been
expected based on previous studies reported herein. The findings with
MPH and d-AMPH differed, even though behavioral improvements
were similar. Schweitzer et al. (40) compared rCBF using oxygen-15
(15O)-H2O in adults with ADHD before and after 3 weeks of optimally
dosed MPH. In conjunction with improved behavioral measures, post-
treatment scans showed higher rCBF in the posterior cerebellum and
decreased rCBF in the bilateral precentral gyrus, left caudate, and right
claustrum. Volkow et al. (41) also noted differences between acute and
chronic administration. They also showed that, in healthy adults, the
regions activated by MPH administration, as demonstrated by 18F-FDG
uptake, differed between subjects with high and low DA type 2 (D2)
receptor binding assessed concomitantly with 11C-raclopride (42).
Mattay et al. (43) administered d-AMPH during neuropsychological
tasks that taxed different brain regions and measured rCBF with 
15O-H2O. d-AMPH was found to increase rCBF in a task-dependent
manner. Thus, characteristics of the subjects or the brain activity during
scanning may influence results.

Two studies have investigated the effects of MPH in children and
adolescents with ADHD using PET/SPECT scanning. Szobot et al. 
(44) measured blood flow with 99mTc-ECD before and after 4 days of
MPH or placebo treatment in 36 boys with ADHD without severe
comorbidities (but boys with oppositional defiant disorder and learn-
ing disorders were not excluded). Statistical parametric mapping
showed a decrease in the left parietal region in the treated group 
compared with the placebo group, suggesting that the posterior 
attentional system may also be involved in the behavioral effects of
MPH. Langleben et al. (45) studied the effects on rCBF of discontinu-
ing MPH in boys with ADHD and controls with 99mTc-ECD SPECT 
and found increased rCBF in the motor, premotor, and anterior cingu-
lated cortices, but this study was not designed in such a way as to
determine whether ADHD treatment lowers rCBF in these areas, or
whether the increase was a specific response to withdrawal of 
subchronic treatment.

Several researchers have evaluated the effects of MPH on the DAT
and other specific measures of DA function using PET/SPECT scans.
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Volkow and colleagues (46) have shown that (1) oral MPH reaches peak
concentrations in the brain at 60 to 90 minutes, (2) therapeutic doses
block about 50% of striatal DATs, (3) MPH’s relatively slow uptake and
egress from the brain is most likely responsible for its lack of euphoro-
genic properties in contrast to cocaine, and (4) it is the d-isomer of MPH
that effectively blocks the DAT. Furthermore, they have shown that
DAT blockade leads to increased extracellular DA in the striatum and
that variability in response to MPH is more likely due to variability
between individuals in their dopaminergic neuronal activity, which
modulates the degree of extracellular DA increase in response to DAT
blockade rather than differences in the degree of MPH-induced DAT
blockade itself (46).

Researchers have also begun to think about how to use PET/SPECT
to assess the long-term effects of medication on the dopamine system.
Vles et al. (47) studied six, non-comorbid, medication-naive boys with
ADHD at baseline and after 3 to 4 months of clinically optimized MPH
treatment. Behavior and neuropsychological test performance
improved. They used 123I-loflupane (FP-CIT) to label DAT and 123I-
benzamide (IBZM) to label postsynaptic D2 receptors in the caudate
and putamen. Due to the small number of subjects, only descrip-
tive statistics are used. At baseline, D2 receptor binding was similar in
the left and right caudate and putamen. After 3 months of treatment,
five of the six subjects showed a decrease (average of 14%) in D2 recep-
tor binding in the striatum. One subject was re-scanned after 1 month
off medication, and his D2 receptor binding returned to pretreat-
ment levels. Baseline DAT binding was less in the left compared to 
right caudate in all six subjects. Whether this reflects normal develop-
ment or is characteristic of ADHD is still unclear. Binding differences
in the left and right putamen varied among subjects. After treat-
ment, binding decreased in both the caudate and putamen by an
average of 58% and the left < right asymmetry disappeared. In the
subject who was scanned after a month off medication, binding in the
right caudate and putamen returned to pretreatment levels, but
binding in the left caudate and putamen was increased by 30% and
50%, respectively. This study suggests that further study is warranted
regarding the possibility of long-term alterations in DAT function as 
a result of MPH treatment. Ilgin et al. (48) evaluated D2 receptor 
availability in the caudate and putamen of medication-naive children
with ADHD before and after 3 months of MPH treatment. At base-
line, subjects demonstrated normal to increased D2 receptor binding
compared to published values for healthy young adults. It is known
that D2 receptor binding decreases with age, but even taking this 
into account, these values were higher than anticipated. However, 
the lack of age-matched controls in the same study makes any conclu-
sions about higher D2 receptor binding in children with ADHD 
preliminary. No right/left asymmetry in binding was detected in 
either region. Chronic medication effect studies are critical but are 
complicated by the need for controls for normal developmental
changes and potential differences in effects of long- and short-acting
medications.
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Tourette Syndrome

Background

Tourette syndrome (TS) is the most complex form of tic disorder and
occurs in approximately 0.1% to 1% of children. Tics are brief, repeti-
tive, staccato, involuntary movements or vocalizations that tend to
occur in clusters, and typically fluctuate in type, frequency, and sever-
ity over time. It is diagnosed when an individual displays multiple
motor tics and at least one vocal tic that fluctuate in character and
severity over time, have persisted for more than a year, and have not
occurred solely during the course of treatment with a medication that
is known to induce or exacerbate tics (e.g., stimulants for ADHD).
Other tic disorders, which occur more commonly than full TS, include
chronic single tic disorder (1% to 2% of children) and transient tic dis-
order (approximately 5% of children) (49,50). Chronic tic disorders of
any variety, however, appear to be genetically related (51,52). Although
most cases of TS are mild in terms of tic severity and tic-related func-
tional impairment, it is common for individuals with TS to have comor-
bidities that are far more functionally impairing including ADHD,
obsessive-compulsive disorder (OCD), other forms of anxiety, aggres-
sion, and learning disabilities (LDs) (49). Not only do tic disorders of
varying severity probably have a common genetic etiology, but there
appear to be genetic relationships among tics, ADHD, and OCD as well
(53). The search for the genetic etiology of TS has been ongoing for over
20 years, and, as with the genetics of other complex behavioral disor-
ders, progress has been slow. Recently, linkages have been identified
on chromosomes 2, 4, 5, 8, 11, and 19, but specific genes in these areas
remain to be identified (51). Immune reactions to streptococcal bacte-
ria and other agents that produce antibodies that cross-react with basal
ganglia neurons may be etiologic in some cases, and this phenomenon
may have genetic underpinnings. Nongenetic factors including uterine
and hormonal milieu, and maternal stress during pregnancy may also
play a role (49,54).

Multiple lines of evidence, including various neuroimaging modali-
ties, support the involvement of the basal ganglia in movement disor-
ders, including TS. However, dyscontrol of movement can occur at any
level in cortical–basal ganglia–thalamocortical circuitry. Multiple lines
of evidence also indicate a role for the dopamine system in TS, includ-
ing the effects of medications (dopaminergic medications can exacer-
bate tics, whereas dopamine-blocking agents are used to treat tics),
studies of dopamine metabolites, and functional imaging studies
involving dopamine-related ligands.

PET/SPECT Imaging in TS

Imaging studies of tic disorders have focused on TS; however, the high
rate of multiple comorbid conditions in individuals with TS has com-
plicated the interpretation of results. Volumetric MRI studies in adults
with TS show decreased size of the prefrontal cortex and left caudate
and putamen, whereas children with TS show larger prefrontal
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volumes and left caudate reductions (55). A recent study that used par-
cellation into more specific subregions of the frontal lobes and distin-
guished white and gray matter found that boys with TS had decreased
volume of the left deep white matter, suggesting abnormalities of asso-
ciation and projection bundles, in contrast to boys with ADHD who
were found to have reduced volumes of gray and white matter within
the prefrontal cortex (56).

Positron emission tomography/SPECT studies assessing regional
metabolism or blood flow in TS have been performed in adults, pri-
marily, and have confirmed decreased activity in the striatum in com-
parison with controls, though specific locations have differed between
studies and have included ventral striatum, ventral globus pallidus,
and basal ganglia in general. Some, but not all, studies suggest a greater
decrease in left-sided structures (55). Other researchers have also found
decreases in the midbrain (57), thalamus (58), cingulate, and prefrontal
cortex (59) and one group found an increase in frontal CBF (60). Limi-
tations in anatomic resolution may contribute to discrepancies in these
studies. In addition, the role of tics themselves and tic suppression
during scanning may complicate findings. A study of blood flow in
conjunction with tic frequency during scanning indicates that multiple
brain areas associated with motor activity as well as several not gen-
erally associated with motor activity show increased flow in associa-
tion with tics (61). Studies under the identical conditions assessing
similar voluntary motor behaviors would need to be done to identify
the regions associated specifically with tic generation as opposed to the
motor activity itself. Finally, areas activated or deactivated by the acute
or chronic process of suppressing tics are largely unknown and may be
relevant to studies of both etiology and changes in findings over the
life span. An fMRI study of tic suppression showed that it was associ-
ated with increases and decreases in signal in a variety of regions, some
unilateral and some bilateral. In particular, prefrontal and right caudate
showed increased signal, associated with decreased signal in the rest
of the basal ganglia (62).

Positron emission tomography/SPECT studies assessing striatal
dopaminergic innervation using 18F-FD, 123I-2b-carbomethoxy-3b-(4-
iodophenyl)tropane (b-CIT), and IBZM have been done primarily in
adults and have shown conflicting results, initially thought to be due
to potential effects of prior or current medication exposure (55). Initial
studies showed increased binding to DAT sites in adults with TS com-
pared with controls (63–65), and a study in children without current
medication showed increased 18F-FD activity in the left caudate and
right midbrain (66). Later studies controlled for this variable but still
showed conflicting results. For example, a study by Stamenkovic et al.
(67) evaluated medication-naive and actively medicated subjects (ado-
lescents and primarily young adults) separately and found no increase
in DAT binding in either group but more variability among the 
medicated group.

Serra-Mestres et al. (68) found higher 2b-carbomethoxy-3b-(4-
iodophenyl)-N-(3-fluoropropyl)nortropane (123I-FP-CIT) binding in
both caudate and putamen in 10 neuroleptic naive/free adults com-
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pared with controls, but the binding did not correlate with any of the
measured indices of TS severity. Other important variables may include
past history of medication use and coexisting disorders. In a study that
looked more specifically at different anatomic regions within the stria-
tum, Albin et al. (69) studied 19 adults with TS and various medication
histories and comorbidities with 11C-dihydrotetrabenazene (11C-DTBZ),
a ligand for the type 2 vesicular monoamine transporter. They found
no difference compared with controls in the dorsal striatum but an
increase in binding in the right ventral striatum. Finally, Cheon et al.
(35) studied nine drug-naive children aged 6 to 12 with TS (excluding
those with comorbid OCD, ADHD, anxiety, and depression) and
matched controls with 123I-N-(3-iodoproprn-2-yl)-2b-carbomethoxy-3b-
(4-clorophenyl)tropane (123I-IPT) SPECT and found subjects to have an
increase in specific to nonspecific (measured in cerebellum) binding in
the basal ganglia, though this did not correlate with tic severity. D2
receptor density has been studied with PET/SPECT in adult subjects
with TS and generally found not to differ from controls (55), though
one study suggests that a subgroup of adults with TS may have an
increased binding capacity (70). One study comparing five sets of adult
monozygotic twins found a 17% increase in D2 binding capacity in the
more severely affected twin (71), and one study found a decrease in D2
binding capacity in subjects affected for more than 15 years and in sub-
jects on neuroleptic medication. Because both of these conditions are
associated with a lessening of tic severity, it may be hypothesized that
a decline in D2 binding may be associated with symptom improvement
(64).

Dyslexia

Background

Learning disability can be described (as proposed by the National Joint
Committee on Learning Disabilities) as a generic term that refers to a
heterogeneous group of disorders manifested by significant difficulties
in the acquisition and use of listening, speaking, reading, writing,
spelling, reasoning, or mathematical abilities. It is intrinsic to the indi-
vidual and presumed due to dysfunction of the central nervous system
and not due to cognitive impairment, sensory dysfunction, inadequate
educational exposure, social/emotional disturbance, or environmental
disadvantage (72). A learning disability in reading, or dyslexia, is the
most common form of learning disability, affecting approximately 10%
of children. Many children with dyslexia have associated language,
spelling, writing, attention, and fine motor deficits (73).

Multiple lines of evidence indicate that three types of underlying
processing deficits occur in dyslexia: phonologic, visual, and temporal.
The best studied, and most central, is phonologic; children with
dyslexia are impaired in their ability to segment words verbally as well
as graphically into their component phonemes (sound segments), and,
in the reverse, to combine phonemes accurately into words. Visual pro-
cessing deficits are inferred from the types of reading errors children
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make (substitutions of visually similar letters, words, etc.) as well as
studies that show slower visual processing. Temporal processing
deficits were identified most recently. Alterations have been found in
the magnocellular component of the auditory and visual pathway,
known to be relevant for the rapid detection of changes in and
sequences of stimuli, and it has been hypothesized that the left hemi-
sphere in particular is involved in the processing of transient sensory
events. Studies of event-related potentials suggest that dyslexics are
impaired in the distinction between speech sounds in the preattentive
phase, as measured by mismatch negativity, and have lower or later
P300 waves reflecting inefficient processing of target stimuli (73).
Classic studies of language-impaired and dyslexic children by Tallal 
et al. (74) indicate that they are impaired in distinguishing phonemes
that differ by rapid or subtle frequency differences but not those that
differ by slower or more prolonged frequency characteristics. This may
be true for other sensory modalities as well. Electrophysiologic evi-
dence supports both slower auditory and visual processing in dyslex-
ics (75). It is likely that children with dyslexia differ from each other
with respect to the degree of each different type of impairment they
manifest. Some may be more phonologically dyslexic, whereas others
are more visually dyslexic, though the ultimate clinical impairment is
the same.

Dyslexia is commonly genetic, but the specific inheritance pattern is
unknown. It appears that genes on a variety of different chromosomes
may be related to different neuropsychological processes that are weak
in dyslexics. For example, a gene on chromosome 15 appears related
to rapid single word reading, whereas one on chromosome 6 appears
related to a phonologic awareness task (73). A twin study indicates that
the phonologic component of dyslexia is more strongly heritable than
the visual component (76), supporting a role for the prenatal environ-
ment in the latter as has previously been proposed (77,78).

Anatomic studies of the brains of dyslexic individuals show two
types of consistent abnormalities: ectopias in the bilateral frontal and
left temporal and parietal cortices with associated adjacent dysplasia,
and loss of the normal left > right size of the planum temporale. These
findings indicate that dyslexia is associated with altered mid-gestation
brain development. Less frequent findings include vascular microma-
lformations and microgyria (73).

Functional MRI studies of the brain during reading by Shaywitz (79)
and others showed that women activate both the left and right inferior
frontal gyrus (Broca’s area) while reading, whereas men activate only
the left. This part of the brain appears to be specifically involved in
sounding out words, as it is activated by the reading of nonsense
words. An occipitotemporal region is important in storing information
about word form, which allows automatic recognition of words previ-
ously accurately analyzed, and a parietotemporal area is important in
slowly analyzing words. As readers become more skilled, they activate
the occipitotemporal area (automatic word recognition) more and the
parietotemporal and frontal areas (word analysis) less. Dyslexic readers
have less posterior activation but also show a change in activation
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pattern over the course of development, unlike skilled readers who
show more posterior than anterior activation at all ages. Dyslexics
increasingly activate the front of the brain as well as right-sided auxil-
iary pathways as they become adolescents, suggesting that they
increasingly compensate for poor word recognition by the slower
process of word analysis. These findings are present in dyslexics in all
languages and at all ages (79,80). Functional MRI has been used to
demonstrate that dyslexics do not activate motion-sensitive regions of
the magnocellular system located in the posterior part of the inferior
temporal sulcus, which supports the temporal processing theory of
dyslexia (81). Functional MRI has also been used to show that effective
reading intervention leads to “brain repair” in that in response to the
specific type of instruction known to improve reading in dyslexics, 
and with confirmation of improved skills, dyslexic children show
increased activation of the left posterior region similar to that of 
controls (82,83).

PET/SPECT Imaging in Dyslexia

Oxygen-15 (15O)-H2O, 18F-FDG, and 133Xe inhalation have been used to
study reading and its subprocesses in dyslexics and controls. To date,
there have been no studies in children. The vast majority of studies find
differences between dyslexics and controls in one or more regions of
the brain known to be involved in language or reading, but specific
findings cannot be compared across studies because different tasks are
used and the coexistence of ADHD has not typically been considered.
Different patterns of abnormal left hemisphere blood flow have been
found in several studies (84). For example, Flowers et al. (85) found
that although language tasks activated the expected supratemporal
area (Wernicke’s area) in controls, it activated a slightly posterior tem-
poroparietal area in adults who were poor readers in childhood,
perhaps related to additional effort required.

In a series of studies by Rumsey and colleagues (86), different types
of reading tasks were performed by controls and adult dyslexics.
Dyslexics showed reduced activation of the left parietal region at rest,
and bilateral reduced activation of the mid-to-posterior temporal cor-
tices and left inferior parietal cortex during phonologic processing
tasks. During tasks requiring syntactical (word meaning) processing,
dyslexics showed similar activation to controls in the left mid-to-
anterior temporal lobe and inferior frontal cortex. Gross-Glenn et al.
(87) showed symmetry rather than the asymmetry seen in controls in
metabolic activity in the prefrontal cortex and lingual area of the occip-
ital lobes during oral reading in adult dyslexic men. Hagman et al. (88)
found higher metabolic rates in the medial temporal cortices bilaterally
in adults who had been diagnosed with dyslexia in childhood com-
pared with controls during a task taxing attention and speech dis-
crimination. This study and others reviewed by Frank and Pavlakis 
(84) and McCandiss and Noble (83) suggest that dyslexia may be
related to a disconnection between anterior and posterior language
areas. In general, adults with dyslexia show underactivation of left 
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temporoparietal language processing areas, and in some cases, more
symmetry of activation and increased anterior activation. A similar
constellation of findings was shown in two proton MRI studies in chil-
dren with dyslexia. Both showed differences from controls, but one
showed a decreased ratio of choline to N-acetylaspartate in the left tem-
poroparietal region (89), whereas the other showed a larger anterior
number of voxels with elevated lactate during phonologic tasks (90),
again suggesting increased compensatory anterior activity. In addition
to differences in age and task requirements, future studies should take
into account the remediation history, current types and severity of
reading difficulty, and related conditions, especially ADHD and lan-
guage impairment.

Autism

Background

Autism, a developmental disorder first described by Kanner in 1943, is
characterized by impairment in social reciprocity, language impair-
ment, restricted interests, and repetitive behaviors (91–93). The etiol-
ogy remain unknown; however, there is some support for genetic,
environmental, neurologic, and immunologic factors in its develop-
ment (93–96). Autistic features can also present in some neurologic 
disorders such as tuberous sclerosis, neurofibromatosis, fragile X, Rett
syndrome, and phenylketonuria (97). Mental retardation co-occurs in
70% of cases and seizures in 33% (97). Epidemiologic studies are sug-
gesting an increase in prevalence of 1 in 250 to 500 children, which is
thought to be due to improved and expanded diagnostic criteria
(98,99).

Abnormalities in cerebral cortex (100), cerebral asymmetry (101),
ventricles (97,102,103) and cerebellum (104–107) have been reported in
computed tomography (CT) and MRI scans. Clinical manifestations
usually emerge between ages 2 and 4 and may reflect abnormal brain
development (108). As reviewed by Courchesne et al. (108,109), accel-
erated head circumference from birth to age 2 in autistic children may
reflect rapid brain overgrowth. Brain volumes in autistic children ages
2 to 3, measured by MRI, show an enlargement in the frontal, parietal
white matter volumes, and frontal and temporal gray matter. This is in
contrast to the cerebellar hypoplasia (primarily posterior vermis) noted
in autistic children and adolescents. Between ages 5 and 12, brain
volumes in autistic children compare to those of normal children, 
suggesting an abnormally decelerated growth pattern.

PET/SPECT Imaging in Autism 

A review by Boddaert and Zilbovicius (110) of PET/SPECT studies 
conducted at rest in autistic subjects show mixed results including
increased global metabolism (111–113), bitemporal hypoperfusion
(114,115) and temporofrontal hypoperfusion (116,117), whereas others
found no localized abnormalities (118–120). Autistic children were the
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focus of several of these studies (112,114,116,119,120) with one includ-
ing autistic subjects with seizures (116). Zilbovicius et al. (121) con-
ducted the first longitudinal study, measuring rCBF twice during
development (age 2 to 4 and then at ages 6 to 7) in the same group of
five autistic children matched to five nonautistic children with normal
development. Frontal hypoperfusion was found in the autistic group
at ages 3 to 4 that normalized by the time these children reached 6 to
7 years of age.

Functional brain imaging has also been conducted during various
tasks aimed at elucidating cortical activation patterns involved in lan-
guage, cognitive, and emotional functions. A well-controlled PET study
using 15O-H2O found differences in thalamic blood flow and the
dentate-thalamocortical pathway in four autistic men compared with
five healthy controls performing an expressive language task (122).
Another study in seven autistic patients and seven sex- and age-
matched controls evaluated with both PET and MRI while performing
a serial verbal learning task, showed decreased glucose metabolism 
in the right anterior cingulate cortex (specifically in Brodmann’s 
area 24’, which is thought to be involved in executive functions and
information processing) (123,124). These investigators increased their
study sample to 10 individuals with autism and seven individuals 
with Asperger’s syndrome—an autistic spectrum disorder in which
there is normal language development but abnormalities in pragmatic
language, impairment in nonverbal communication and social inter-
action, and restricted interests or activities. Patients were compared to
15 men and two women controls, using 18F-FDG uptake, and smaller
volumes for right anterior cingulate gyrus were identified. The 
authors divided the anterior cingulate gyrus into three segments 
(Brodmann’s areas 25, 24, and 24’), and Brodmann’s area 24’ was 
found to be significantly smaller in patients with autism. No volume
differences were noted for the left anterior and posterior cingulate 
gyri. No significant differences were found in glucose metabolic rate 
of the amygdala or hippocampus. Significantly lower glucose metabo-
lism was found in both the anterior and posterior cingulate gyri in the
autistic group. Patients with Asperger’s syndrome had bilateral
glucose hypometabolism in the anterior cingulate cortex compared to
controls, whereas the autistic patients differed only in the right ante-
rior cingulate gyrus. Within the autistic and Asperger groups, hypome-
tabolism was found in the right posterior cingulate gyrus in autistic
patients, whereas hypometabolism was bilateral in Asperger patients
(125).

Garreau et al. (126) performed the first activated SPECT study in
autistic children and found activation in the right posterior associative
cortex in contrast to the control group in which left-sided activation
was seen. Studies of auditory cortical processing using 15O-H2O PET in
five autistic adults and eight controls at rest and while listening to
speech-like sounds found bilateral activation of the superior temporal
gyrus in both groups. However, in the autistic group there was signif-
icantly greater activation in the right middle frontal gyrus and less acti-
vation in the left temporal area, suggesting a dysfunction of temporal
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regions specializing in perception and integration of complex sounds
(127). The same investigators (Zilbovicius et al.), using the same PET
technique, reported essentially similar results in a group of 11 autistic
children. They found that although significant activation of the audi-
tory cortex in the bilateral superior temporal gyrus (Brodmann’s 
area 22) occurred in both groups while subjects were listening to
speech-like stimuli, control children activated the superior temporal
cortex bilaterally with left-biased asymmetry. This left dominance, 
not observed in the autistic groups, suggests abnormal auditory 
cortical processing (128). In another PET study of 33 autistic children
compared to 10 nonautistic children with idiopathic mental retarda-
tion, the same group of investigators found significant hypoperfu-
sion of both temporal lobes (114). Using SPECT, Ohnishi et al. (115)
reported hypoperfusion bilaterally in the superior temporal gyrus and
in the left frontal region in 23 autistic children compared with 26 control
children.

Muller et al. (129) scanned five autistic individuals and five normal
controls, using 15O-H2O at rest, while the subjects were listening to
tones and listening, repeating, and generating sentences. The autistic
group had reversed hemispheric dominance during verbal auditory
stimulation, a trend toward reduced activation of auditory cortex
during acoustic stimulation, and reduced cerebellar activation during
nonverbal auditory perception. A reanalysis of these studies focusing
on brain regions identified in previous studies [left thalamus, dorso-
lateral prefrontal cortex, dentate nucleus (130)] showed reduced acti-
vation in the right dentate nucleus and left frontal area 46 during a
verbal auditory and expressive language task that increased during
motor speech (122).

Patterns of brain activity measured in normal volunteers while
reading stories involving complex mental states, nonmental stories,
and unconnected sentences showed the left medial prefrontal cortex
(on the border between Brodmann areas 8 and 9) as the brain area
specifically associated with “mentalizing” story comprehension (131).
Autistic individuals may do well on cognitive tasks but lack the ability
to attribute mental states to themselves or others (explain and predict
the behavior of others in terms of their beliefs or desires) (132). Five
adult men with Asperger’s syndrome and normal volunteers were
scanned using a CTI model 953B PET scanner (CTI, Knoxville, USA)
after receiving a bolus of 15O-H2O. Results showed that individuals
with Asperger’s syndrome performed as well as controls with unlinked
sentences but performed worse on the story conditions. The PET scans
showed activation in most of the same brain areas [temporal pole (left),
temporal pole (right) and angular gyrus (left)] with one exception—the
medial frontal cortex (133).

Serotonin abnormalities reported in autism include increased blood
serotonin (134), symptom exacerbation with tryptophan depletion
(135), and improvement with serotonin reuptake inhibitors (136–
138). Positron emission tomography studies using a-11C-methyl-L-
tryptophan that allows direct in vivo measurement of serotonin 
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synthesis in humans have shown an asymmetry of serotonin synthesis
in the frontal cortex, thalamus, and cerebellum in autistic boys com-
pared with normal controls (130). Using the same method, these inves-
tigators measured serotonin synthesis capacity in 24 boys and six girls
with autism and eight of their siblings as well as 16 children with
epilepsy. In the nonautistic children, serotonin synthesis capacity was
more than 200% of adult values until age 5 and then declined toward
adult levels, with the decline occurring earlier in girls than in boys. In
autistic children, serotonin synthesis capacity increased gradually
between the ages of 2 and 15 to values one and a half times adult
values; no gender differences were noted (139). Using a cluster 
analysis of autism subscales, significant differences in a-11C-methyl-L-
tryptophan uptake was noted between the two clusters (stereotyped
behavior and social isolation subscales) in the right cerebellar cortex,
cerebellar vermis, dentate nucleus, and pineal gland (140). This may be
of significance given that areas of the dentate-thalamocortical pathway
in the dorsolateral prefrontal lobe are thought to be involved in lan-
guage processing (141).

In summary, findings from earlier functional brain imaging studies
in autism did not detect consistent abnormalities, but none had used
both PET and MRI to localize precise anatomic differences in metabolic
activity patterns that distinguished autistics from controls. More recent,
well-controlled studies have shown bilateral hypoperfusion of the tem-
poral lobes and abnormal patterns of thalamocortical activation. These
brain areas, thought to be involved in language and emotional func-
tion, may be sites of pathologic processes in autism. The lack of age
normative data and the frequent occurrence of other conditions also
affecting brain function (different levels of mental retardation, seizures)
have also impeded interpretation of PET data.

Anxiety and Mood Disorders

Anxiety disorders occur in 5% to 15% of children and can be classified
as one or more of several types including separation anxiety, over-
anxious disorder, panic disorder, specific phobias, and OCD (142).
There are no PET studies in children with anxiety disorders.

In adult studies, anxiety symptoms provoked in healthy controls
result in increased regional cerebral metabolic rate (rCMR) (measured
as glucose uptake) in the orbitofrontal, temporal, and cuneus gyri, left
anterior cingulate and inferior frontal gyri, and left insula. Also the
rCMR for glucose (rCMRGlu) is decreased in the right posterior tem-
poroparietal, superior frontal, and medial frontal cortices (143,144). A
review by Osuch et al. (145) of functional brain imaging in adults with
anxiety disorders indicates involvement of several brain areas includ-
ing increased cerebral blood flow and metabolism in the right com-
pared to the left parahippocampal gyrus (146–148).

A comparison of patients with anxiety disorders and healthy volun-
teers found flumazenil volume distribution lower in anxiety patients
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in all areas sampled (149). A 20% decrease in benzodiazepine binding
was reported in patients with panic disorder using 11C-flumazenil local-
ized primarily to the orbitofrontal, anterior insula, and anterior tem-
poral cortices, brain areas thought to play role in anxiety (150). A PET
study investigating serotonin type 1A receptor [5-hydroxytryptamine
type 1A receptor (5HT1AR)] binding in patients with panic disorder
shows marked reduction in the anterior and posterior cingulate 
cortices (151).

Symptom provocation studies in OCD, simple phobia, and post-
traumatic stress disorder (PTSD) showed increased cerebral metabo-
lism in the insular cortex, right frontal and posterior medial
orbitofrontal cortices, and lenticular nucleus (152). Decreased cerebral
blood flow was reported in superior frontal cortices and right caudate
in OCD and PTSD (153).

Studies with medications and behavioral therapy used to treat some
of the anxiety disorders also give us some insight. In patients with
OCD, chronic administration of fluoxetine or clomipramine improved
OCD symptoms and normalized abnormally elevated rCMRGlu in the
right head of the caudate and orbitofrontal regions (areas thought to
be involved in OCD symptomatology). Behavioral therapy produced
similar results as medications (154–156). Eighteen adults with child-
hood-onset OCD were studied using 18F-FDG. Increased glucose
metabolism was found in the OCD group in left orbital frontal, right
sensorimotor, and bilateral prefrontal and anterior cingulate cortices
compared to controls. There was a significant relationship between
metabolic activity, state and trait measurements of OCD and anxiety,
and response to clomipramine (157).

There are no PET studies of children with mood disorders; however,
in studies of adults PET scans are proving to be useful in exploring
these conditions. As reviewed by Videbech (158), although PET studies
in adult patients with major depression have many limitations, some
consistent results include reduced blood flow and glucose metabolism
in the prefrontal cortex (159–162), anterior cingulate cortex (163), and
caudate nucleus (159,164) during rest as well as during cognitive tasks.
Increased blood flow and metabolism was reported in the amygdalae
of depressed patients (164–166). Recovery has been associated with
normalization of reduced glucose metabolism of the prefrontal cortex
(160,161,167), cingulated cortex (168), and caudate nucleus (159).
Increased blood flow in the amygdala may be a trait marker because it
persists after recovery (164). Decreased blood flow and metabolic rate
has been reported in depressed patients with bipolar disorder (159,161)
and not in unipolar depression (169,170). A PET study of patients with
depression and anxiety showed that comorbid anxiety was associated
with specific metabolic findings that differ from those found in patients
with depression alone (145). Successful psychotherapy has also been
shown to result in adaptive regional brain metabolic changes (171,172).
Because depression commonly develops in adolescents and young
adults, it would be useful to use PET technology to identify trait or pre-
dictive findings in those at risk, as well as those that signal active
depression, treatment response, and recovery.
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Epilepsy

Nicolaas I. Bohnen and James M. Mountz

PET for Functional and Neurochemical Imaging

Positron emission tomography (PET) can be used to perform neuro-
chemical and functional brain imaging studies. First, neurochemical
imaging studies allow assessment of the regional distribution and quan-
titative measurement of neurotransmitters, enzymes, or receptors in the
living brain. Benzodiazepine receptor binding scans are an example of
neurochemical receptor studies that are used in the evaluation of chil-
dren with epilepsy. Second, functional brain imaging studies can
measure regional cerebral blood flow (rCBF) or glucose metabolism.
These studies may be performed in the resting state when the child is
not having seizures (interictal) or at the time of a seizure (ictal study).
Seizure activation of the brain is accompanied by increases in rCBF and
glucose consumption. Interictal fluorodeoxyglucose (FDG)-PET studies
are most commonly performed in the clinical PET imaging evaluation
of children with epilepsy at the present time. Although technically more
challenging, ictal FDG- or rCBF-PET studies may be performed when
children have frequent or predictable seizures.

Imaging for Presurgical Workup

Epileptic syndromes are classified as generalized and partial types of
seizures. Primary generalized epilepsy is associated with diffuse and
bilateral epileptiform discharges on an electroencephalogram (EEG)
without evidence of focal brain lesions. In contrast, partial epilepsy is
thought to arise from a focal gray matter lesion (localization-related
epilepsy). Partial-onset seizures may remain partial or may secondar-
ily generalize. Medically refractory epilepsy is defined by seizure syn-
dromes that are not effectively controlled by antiepileptic drugs. The
management of medically refractory partial epilepsy has been revolu-
tionized by neurosurgical techniques aimed at the resection of the
epileptogenic brain focus. Therefore, precise seizure localization is the
primary objective of the presurgical workup. Electroencephalogram
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monitoring and structural brain imaging using magnetic resonance
imaging (MRI) are part of the standard workup of epilepsy patients
undergoing presurgical evaluation. Functional imaging studies, such
as FDG-PET, can provide additional localizing information in patients
with nonlocalizing surface ictal EEG and can reduce the number of
patients requiring intracranial EEG studies (1). Even when intracranial
EEG is required, FDG-PET can be helpful in guiding placement of sub-
dural grids or depth electrodes prior to surgical ablative therapy.
Obtaining a FDG-PET scan is strongly recommended before perform-
ing intracranial EEG because prior depth electrode insertion can cause
small hypometabolic regions that may lead to false-positive PET inter-
pretations (2). The FDG-PET scan in the routine clinical setting is
usually interpreted in a qualitative analysis by physicians experienced
in the normal cerebral distribution of the tracer in the brain.

Figure 20.1 shows a normal FDG-PET brain scan of a 16-year-old girl.
It was performed on the Siemens (CTI PET Systems, Knoxville, TN)
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Figure 20.1. Normal FDG-PET scan in 16–year-old girl. The normal mild asymmetry in metabolism
typically seen in the temporal lobe is illustrated, as well as the normal degree of apparent reduction in
metabolism in the anterior and mesial temporal lobe regions. A: Normal MRI scan. B: Normal FDG-
PET scan.
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B

Figure 20.1. Continued.

HR+ dedicated brain PET scanner. After the intravenous injection of 
7.2mCi of fluorine-18 (18F)-FDG, the patient waited on a comfortable
recliner in a dimly lit, quiet room for approximately 30 minutes to allow
for tracer incorporation into the brain. The figure illustrates the typical
pattern of FDG uptake in the brain of a child. It has been previously
reported that there is increased metabolic activity in the anterior cin-
gulate cortex and thalamus in children (3). Figure 20.1 also illustrates
the importance of using symmetry or other semiqualitative methods 
to establish the presence of abnormally reduced metabolism in the 
temporal lobes, because there is a variability of symmetrical uptake of
approximately 15% in this location (4). The PET scan should be inter-
preted as being abnormal if there is a definite focal area of reduced FDG
uptake identified during the interictal state. It is also highly recom-
mended that the FDG-PET scan be reviewed with full information
available including the current MRI scan, clinical history, neurologic
examination, seizure semiology, and EEG results.



Regional Glucose Hypometabolism 
and Epileptogenic Focus

The use of FDG-PET in clinical epilepsy emerged from early observa-
tions of regionally reduced cortical glucose metabolism at the site of
the epileptogenic focus (5). It should be noted that FDG-PET may show
more widespread hypometabolism than suspected on the basis of the
scalp-recorded EEG (1). The pathophysiology of interictal cortical
hypometabolism in partial epilepsy is incompletely understood. Areas
of interictal hypometabolism in epileptogenic cortex appear to be par-
tially uncoupled from blood flow with metabolic reductions being
greater relative to flow (6). Although there are significant correlations
between hippocampal volume and inferior mesial and lateral tempo-
ral lobe cerebral metabolic rates in patients with temporal lobe epilepsy
(7), hippocampal neuronal loss cannot fully account for the regional
interictal hypometabolism of temporal lobe epilepsy (8). Children with
new onset of seizures are less likely to have hypometabolism (9). There-
fore, it is uncertain whether hypometabolism reflects the effects of
repeated seizures on the brain, the underlying pathologic process, or
an initial insult such as early status epilepticus (9). It is possible that
synaptic mechanisms rather than cell loss may contribute to the
observed hypometabolism (10).

Ictal SPECT Combined with Interictal FDG

Single photon emission computed tomography (SPECT) is a nuclear
medicine imaging method that facilitates the measurement of rCBF (11).
Its utility is based on the fact that partial seizures are associated with 
an increase in rCBF (12). In ictal SPECT, a photon-emitting radio-
tracer [usually technetium-99m (99mTc)-hexamethylproleneamine-
oxime (HMPAO) or 99mTc-ethylcysteinate dimer (ECD)] is injected 
intravenously at the onset of a seizure and the subject is scanned when
stable using a rotating gamma camera to obtain SPECT images. This
provides a three-dimensional image of the distribution of the radio-
tracer during the seizure, for the radiotracer accumulates and remains
“fixed” in different areas of the brain proportional to the cerebral per-
fusion to those regions at the time of injection. In partial seizures, the
increased blood flow closely corresponds with the site of seizure origin.
The interpretation of ictal rCBF-SPECT has several potential limitations.
Extratemporal seizures are often associated with multiple areas of
increased rCBF that may be due to seizure propagation or to individual
variability in the baseline rCBF patterns of tracer uptake (13–15). Also,
if the epileptogenic zone is hypoperfused at baseline (interictal), the
ictal increase in tracer uptake may be obscured despite relative hyper-
perfusion (15,16). These factors have led to the widespread but not uni-
versal practice of combining an ictal with an interictal study (13,15,16).
Typically, qualitative comparison of the ictal and interictal studies is
undertaken when both are available; otherwise, qualitative or semi-
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quantitative side-to-side comparison of the ictal study alone is per-
formed. More recently it has been shown that the accuracy of this
method may be enhanced by subtraction of the interictal from the ictal
SPECT and then co-registration of the resulting images onto MRI (15).

Ictal SPECT can corroborate the findings on interictal FDG, as shown
in Figure 20.2. However, due to late propagation and cross-hemispheric
electrocortical activation, the findings on ictal SPECT must be carefully
interpreted. This difficulty with ictal SPECT is illustrated in a 9-year-
old, right-handed boy with history of intractable partial epilepsy.
Seizure onset was in the first few months of life. The EEG showed left
temporal slowing as well as left sharp waves. An MRI scan showed left
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Figure 20.2. A 9–year-old, right-handed boy with history of intractable partial epilepsy. A: MRI coronal
sections through the mesial temporal lobe region show left mesial temporal lobe sclerosis with villous
atrophy. B: Transverse sections from a FDG-PET scan show left temporal lobe hypometabolism with
greatest reduction in the left mesial temporal lobe. C: Transverse interictal regional cerebral blood flow
(rCBF)-SPECT (top two rows) compared with ictal rCBF-SPECT (bottom two rows) shows increased
blood flow to the lateral temporal lobe region during ictus. D: Coronal interictal rCBF-SPECT of the
same scan as shown in C (top two rows) compared with ictal rCBF-SPECT (bottom two rows) shows
increased blood flow to the lateral temporal lobe region during ictus.
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MRI F-18 FDG PET MRI-FDG PET Fusion

Figure 20.3. Right mesial temporal lobe sclerosis in a 16–year-old boy. The MRI-PET fusion image illus-
trates that the reduction in FDG corresponds to the region of MRI increase in signal intensity in the
right mesial temporal lobe (hippocampal region).

medial temporal sclerosis with villous atrophy. The FDG-PET scan
showed left medial temporal hypometabolism. However, the ictal
SPECT showed an increase in left lateral temporal lobe perfusion. Thus,
although ictal SPECT correctly lateralized the epileptogenic focus to the
correct lobe of the brain, only interictal FDG-PET localized the true
epileptogenic focus to the left mesial temporal lobe.

Interictal FDG-PET Studies in Temporal 
Lobe Epilepsy (TLE)

Mesial temporal lobe epilepsy is commonly associated with hip-
pocampal sclerosis. Fluorodeoxyglucose-PET has high sensitivity in
detecting temporal hypometabolic foci and can be visualized as a
region of reduced metabolism that, when compared to the normal tem-
poral lobe, may show a significant asymmetry in FDG uptake (4).
Figure 20.3 illustrates concordance between abnormalities on MRI and
FDG-PET in a 16-year-old boy with temporal lobe epilepsy. The MRI
shows abnormal high signal intensity in the right hippocampal region.
The FDG-PET shows a corresponding area of focal reduction of FDG
uptake in the right hippocampal region.

Fluorodeoxyglucose-PET is most useful for those patients with TLE
who have equivocal or no structural MRI abnormalities to provide the
necessary lateralization information (7,17). Although most patients
with TLE will have the findings of hippocampal sclerosis on a high res-
olution MRI, a significant minority of patients with electroclinically
well-lateralized temporal lobe seizures have no evidence of sclerosis on



MRI (18). Figure 20.4 illustrates a normal MRI scan and an abnormal
FDG-PET scan in a 15-year-old boy with intractable complex partial
seizures. He averaged about one to two complex partial seizures a
month and two to three simple partial seizures per day. His surface
EEG showed ictal discharges from the right frontotemporal region. The
MRI and interictal rCBF-SPECT studies were normal. An interictal
FDG-PET showed right temporal hypometabolism involving medial
and anterior aspects of the right temporal lobe.

It should be noted that false lateralization is rare but may occur in
FDG-PET studies of temporal lobe epilepsy. For example, unrecognized
epileptic activity can make the contralateral temporal lobe appear 
spuriously depressed (2). Furthermore, normal right-to-left asym-
metry between temporal lobes should not be interpreted as pathologic
hypometabolism. Although FDG-PET images can be analyzed visually,
additional information can be obtained by semiquantitative analysis,
such as left-to-right asymmetry indices. Semiquantitative analysis
using the asymmetry index is generally considered significant when a
difference of 15% or greater exists between the affected and contralat-
eral sides (19). Quantitative asymmetry indices should reduce poten-
tial error due to misinterpreting these normal left-to-right variations
(20). Registration programs can be used to align structural MRI and
PET for more precise anatomic localization of the hypometabolic area.
Although regional hypometabolism is typically present in the tempo-
ral lobe ipsilateral to EEG seizure onset, other brain regions may also
show patterns of glucose hypometabolism. For example, an FDG-PET
study of patients with temporal lobe epilepsy demonstrated hypometa-
bolic regions ipsilateral to seizure onset that included lateral temporal
(in 78% of patients), mesial temporal (70%), thalamic (63%), basal
ganglia (41%), frontal (30%), parietal (26%), and occipital (4%) regions
(21). In pure TLE, however, the extratemporal hypometabolic regions
rarely show epileptiform activity on EEG but may be affected by rapid
seizure propagation (21).

Cerebellar hypometabolism may be ipsilateral, contralateral, or 
bilateral, depending on the distribution and spread of ictal activity 
and possible effects of phenytoin therapy (2,22). Bilateral cerebellar
hypometabolism, which often is present, cannot be fully explained by
the effects of phenytoin (22). Unilateral temporal hypometabolism pre-
dicts good surgical outcome from temporal lobectomy. The greater the
metabolic asymmetry, the greater the chance of becoming seizure-free
(2). Bilateral temporal hypometabolism may represent a relative con-
traindication for surgery (2). Similarly, thalamic asymmetry on FDG-
PET is a strong predictor of surgical outcome; hypometabolism in the
thalamus contralateral to the presumed EEG focus almost invariably
predicts poor surgical outcome (23).

FDG-PET Imaging in Extratemporal Epilepsy

The localization of epileptic foci in patients who have intractable
extratemporal epilepsy remains a major diagnostic challenge in the
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presurgical evaluation of children with epilepsy. The most common
underlying pathology in extratemporal neocortical epilepsy is micro-
scopic focal cortical dysplasia, which cannot be readily detected by
current MRI techniques (24). Fluorodeoxyglucose-PET may not be as
valuable in the evaluation of patients with extratemporal seizures, such
as frontal lobe epilepsy, because of limited sensitivity (20,25). Areas of
hypometabolism in frontal lobe epilepsy have been found to be focal,
regional, or hemispheric (26). Interictal hypometabolism may be uncom-
mon in the absence of co-localized structural imaging abnormality in
frontal lobe epilepsy (27). Furthermore, large zones of extrafrontal, par-
ticularly temporal, hypometabolism are commonly observed ipsilateral
to frontal hypometabolism in frontal lobe epilepsies (27). Figure 20.5
illustrates this limitation on the localization capability of interictal FDG-
PET in extratemporal lobe epilepsy in a 14-year-old girl with intractable
epilepsy. The patient had one to two brief seizures per day. Video-EEG
monitoring was nonlocalizing. The MRI scan was normal. Ictal 99mTc-
HMPAO showed focal intense right frontal lobe hyperperfusion. Inter-
ictal FDG-PET was nonlocalizing, but in retrospect, after review of the
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Figure 20.4. A 15–year-old boy with intractable complex partial seizures. A: Normal MRI scan. B: Inter-
ictal FDG-PET shows right temporal hypometabolism in the hippocampal region.



ictal rCBF study, showed subtle right frontal hypometabolism. In this
case interictal FDG was confirmatory but by itself was not localizing.

Recent data show that observer-independent automatic statistical
brain mapping techniques may increase the usefulness of FDG-PET in
patients with extratemporal lobe epilepsy (28). For example, a study
using an automated brain mapping method found significantly 
higher sensitivity in detecting the epileptogenic focus (67%) than visual
analysis (19% to 38%) in patients with extratemporal epilepsy 
(29). Hypometabolic regions in partial epilepsies of neocortical 
origin have been usually associated with structural imaging abnor-
malities (25). Therefore, PET data should always be interpreted in 
the context of high-quality anatomic MRI, providing a structural-
functional correlation. The importance of precise localization using an
an automated registration mapping method is illustrated in Figure 20.6,
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Figure 20.5. A 14–year-old girl with a history of intractable epilepsy with seizure frequency as one to
two seizures per day. MRI coronal sections are normal (left upper quadrant). FDG-PET shows normal
variability in metabolic uptake with no convincing areas of metabolic reduction that are diagnostic for
the epileptogenic focus (right upper quadrant). Ictal technetium-99m (99mTc)-hexamethylproleneamine-
oxime (HMPAO) SPECT in coronal section (top) demonstrates a region of focal intense blood flow in
the right medial frontal lobe compared with co-registered coronal sections from the interictal FDG-PET
scan. In retrospect, a region of hypometabolism is detectable (left lower quadrant). Co-registered MRI,
ictal SPECT, and FDG-PET images show the MRI is normal in the location of intense hyperemia on
ictal SPECT, in the same area retrospectively showing hypometabolism on PET (right upper quadrant).

Figure 20.6. A 15–year-old boy with generalized tonic-clonic seizures from a
right parieto-occipital cavernous venous angioma. A: MRI shows right parieto-
occipital cavernous venous angioma. B: FDG-PET scan shows reduced metab-
olism in the area of the cavernous venous angioma. C: Ictal SPECT transverse
section (bottom) shows increased blood flow to the right parietal lobe in the
location of the angioma. Interictal SPECT (top) shows reduced blood flow cor-
responding to the location of the angioma. D: Ictal SPECT sagittal section
(bottom) shows increased blood flow to the right parietal lobe in the location
anterior to the angioma. Interictal SPECT (top) shows reduced blood flow cor-
responding to the location of the angioma. E: Statistical pixel analysis map in
transverse section of significant ictal rCBF greater than interictal rCBF (yellow)
or less that interictal rCBF (blue). Map shows significant ictal associated hyper-
emia in the region of the angioma. F: Statistical pixel analysis map in sagittal
section of significant ictal rCBF greater than interictal rCBF (yellow) or less that
interictal rCBF (blue). Map shows significant ictal associate hyperemia anterior
to the angioma. (See color insert, parts E and F only.)
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see color insert, by the example of a 15-year-old, right-handed boy
undergoing evaluation for a generalized tonic-clonic seizure disorder
caused by a right parietooccipital cavernous venous angioma. The EEG
showed right parieto-occipital focal slow and sharp waves. The MRI
showed right parieto-occipital cavernous venous angioma with evi-
dence of bleeding. The FDG-PET scan showed reduced metabolism in
the area of the cavernous venous angioma. An ictal SPECT showed
increased uptake in the right parietal lobe, anterior and medial to the
area of reduction of blood flow in right parietal lobe caused by the
angioma. The patient underwent electrocorticography and mapping of
the lesion for subsequent resection of the lesion and surrounding
epileptogenic area. On electrocorticography and intraoperative
mapping, the area of increased epileptogenesis was found to correlate
with the findings of ictal SPECT.

Interictal FDG-PET studies have limited usefulness in the presence
of multiple hypometabolic regions in patients with multifocal brain
syndromes, such as in children with tuberous sclerosis. Such children
with multifocal lesions represent a special challenge during pre-
surgical evaluation. The goal of functional imaging in these cases is 
to identify the epileptogenic lesions and differentiate them from
nonepileptogenic ones. In this context, ictal rCBF-SPECT may have
useful clinical applications but may be technically challenging when
seizures are short, as is particularly common in frontal lobe epilepsy
and in children who have infantile spasms that are associated with
multifocal cortical dysplasia (30). Figure 20.7 shows such a case in a 
1-year-old boy with tuberous sclerosis. Several lesions appeared
anatomically abnormal on the CT portion of the PET-CT scan. These
areas also showed reduced FDG uptake on PET. Ictal SPECT was able
to identify the dominant area of presumed epileptogenesis associated
with a large tuber in the right frontal lobe.
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Figure 20.7. A 1–year-old boy with tuberous sclerosis underwent a PET–
computed tomography (CT) scan as well as ictal and interictal rCBF-SPECT. A:
CT portion of PET-CT scan showing the tubers. B: FDG-PET portion of PET-
CT scan showing reduced metabolism in the multiple areas of the tubers. C:
PET-CT fusion image showing that the areas of decreased metabolism corre-
spond to the numerous tuber abnormalities identified on the CT scan. D: FDG-
PET scan coronal sections showing reduced metabolism in multiple areas of
the tubers. E: Ictal rCBF-SPECT coronal section (bottom) showing intense
hyperemia corresponding to the large tuber in the right frontal lobe. Interictal
rCBF-SPECT does not show blood flow reduction to the degree of metabolic
reduction identified on interictal PET.

�



N.I. Bohnen and J.M. Mountz 375

A

B



376 Chapter 20 Epilepsy

C

D

Figure 20.7. Continued.



FDG-PET Studies of Children with Infantile 
Spasms (West Syndrome)

An infantile spasm is an epileptic syndrome that begins in early infancy
in which children have tonic and myoclonic seizures, arrhythmia on
EEG, and development arrest. Among patients with infantile spasms,
FDG-PET studies suggest that the spasms are the result of secondary
generalization from cortical foci and that maturational factors result in
the recruitment of basal ganglia and brainstem serotonin mechanisms
that lead to secondary generalization and the unique semiology of the
spasms (31,32). Most infants who are diagnosed with “cryptogenic”
spasms have focal or multifocal cortical regions of decreased (or occa-
sionally increased) glucose metabolic activity on PET that are often con-
sistent with areas of cortical dysplasia missed by MRI (31,33). When a
single region of abnormal glucose hypometabolism is apparent on PET
and corresponds to the EEG focus, and the seizures are intractable, sur-
gical removal of the PET focus results in seizure control and in com-
plete or partial reversal of the associated developmental delay (30).
When the pattern of glucose hypometabolism is generalized and sym-
metric, a lesional cause is not likely, and neurometabolic or neuroge-
netic disorders should be considered when further evaluating the child
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(30). Results of serial FDG-PET imaging have shown that when PET
after the initial treatment shows no abnormalities, even though the first
PET shows hypometabolism, infants with cryptogenic West syndrome
may have a favorable developmental or seizure outcome (34).

FDG-PET Studies in Lennox-Gastaut Syndrome

Lennox-Gastaut syndrome is a childhood epileptic encephalopathy
characterized by an electroclinical triad of generalized slow spike wave
activity in the EEG, multiple types of epileptic seizures, and slow mental
development. It is usually subdivided into symptomatic and crypto-
genic types, the latter accounting for at least one fourth of all patients.
Symptomatic cases are due to diverse cerebral conditions, which are
usually bilateral, diffuse, or multifocal, involving cerebral gray matter
(35). Fluorodeoxyglucose-PET studies have shown that Lennox-Gastaut
syndrome can be classified into four predominant subtypes, each with a
distinct metabolic pattern: unilateral focal hypometabolism, unilateral
diffuse hypometabolism, bilateral diffuse hypometabolism, and normal
(36). Patients who have the unilateral focal and unilateral diffuse pat-
terns may be considered for cortical resection provided that there is con-
cordance between FDG-PET and ictal EEG findings (30).

Interictal and Ictal PET Studies

Interictal 15O-H2O rCBF-PET Studies

It should be noted that interictal oxygen-15 (15O)-H2O rCBF-PET
studies, when compared to FDG-PET studies, have reduced sensitivity
in localizing epileptogenic zones and sometimes may be false lateral-
izing (37). Furthermore, rCBF-PET scans are noisier than FDG-PET,
which may increase partial volume effects and make detection of a
hypoperfused area more difficult. Therefore, interictal rCBF-PET
studies are unreliable markers for epileptic foci and should not be used
in the presurgical evaluation of patients with epilepsy (6).

Ictal PET

Although not always practical, FDG-PET can also be used for ictal
studies in patients who have frequent seizures (38). It should be noted
that FDG-PET may be less accurate for ictal compared to interictal
glucose metabolic measurements because seizures may alter the
“lumped constant,” which describes the relationship between FDG and
its physiologic substrate glucose (2). Furthermore, a typical seizure is
much shorter than the average 30-minute FDG uptake period. There-
fore, an “ictal” scan may include interictal, ictal, and postictal meta-
bolic changes with combinations of hypermetabolic and hypometabolic
regions (2). 15O-H2O PET imaging has been used to study quantitative
alterations in rCBF accompanying seizures induced by pentylenetetra-
zole (39). Patients with generalized tonic-clonic seizures demonstrated
asymmetric flow increases. One patient with a complex partial seizure
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demonstrated 70% to 80% increases in bitemporal flow. Thalamic flow
increased during both complex partial and generalized seizures, 
indicating the importance of this subcortical structure during ictal 
activation (39).

Factors That May Affect Interpretation of Interictal 
and Ictal FDG-PET Studies

A number of other factors need to be considered when interpreting
brain PET images of children with epilepsy. It should be realized that
brain glucose metabolic or blood flow PET images are functional in
nature. For example, when a child is moving or talking around the time
of injection, increased activity in specific brain regions, like the basal
ganglia, motor cortex, or language centers, may be present. Metabolic
activity in the visual cortex was increased in subjects studied with their
eyes open when compared to a baseline of subjects studied with their
eyes closed (40). Therefore, knowledge of the clinical or behavioral state
of the patient at the time of the injection and study is critical for proper
image interpretation.

Positron emission tomography in children often requires sedation.
An FDG-PET study of propofol sedation in children found significant
hypometabolism in the medial parieto-occipital cortex bilaterally,
including the lingual gyrus, cuneus, and middle occipital gyrus (41).
The bilateral parieto-occipital hypometabolism is likely to be a seda-
tion-specific effect and should be taken into account when evaluating
cerebral FDG-PET scans in sedated children. Diazepam sedation has
been found to reduce cerebral glucose metabolism globally by about
20% (42). A study by Wang et al. (43) found that lorazepam significantly
decreased whole-brain metabolism over 10%. However, regional effects
of lorazepam were largest in the thalamus and occipital cortex (about
20% reduction). Similarly, antiepileptic drugs have been found to
reduce glucose metabolism and rCBF. Studies on valproate have shown
global FDG (about 9% to 10%) and global CBF (about 15%) reductions
with greatest regional reductions in the thalamus (44). Phenytoin has
been found to cause an average reduction of cerebral glucose metabo-
lism by 13% (45). Cerebellar metabolism may also be reduced by
phenytoin, although the effect of the drug is probably less than that
due to early onset of uncontrolled epilepsy (22,46). Studies on the bar-
biturate phenobarbital and cerebral glucose metabolism have shown
very prominent global reductions of about 37% (47).

Emerging Clinical Applications of 
Neurochemical PET Imaging

The inhibitory neurotransmitter g-aminobutyric acid (GABA) has anti-
convulsant properties. Benzodiazepine receptor ligands, such as
carbon-11 (11C)-flumazenil (FMZ), have been used to study the regional
cerebral distribution of benzodiazepine receptor binding sites that are
related to GABAA receptors. The high density of GABAA receptors in
the normal hippocampus accounts for the high sensitivity of FMZ-PET
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to detect even mild decreases in binding that are consistent with 
hippocampal sclerosis in TLE. Where available, FMZ-PET provides a
useful alternative for FDG-PET in the evaluation of children with
epilepsy. A regional decrease in benzodiazepine receptor binding has
been associated with the presence of a possible epileptogenic focus.
Unilaterally decreased temporal FMZ binding can also help to lateral-
ize the epileptic focus in patients who have TLE that is associated with
bilateral temporal hypometabolism on FDG-PET (30). When compared
to FDG studies, FMZ-PET studies have been reported to demonstrate
less extensive cortical involvement. For example, a study comparing
FDG and FMZ-PET imaging in patients with temporal lobe epilepsy
found a wide range of mesial temporal, lateral temporal, and thalamic
glucose hypometabolism ipsilateral to ictal EEG changes as well as
extratemporal hypometabolism. In contrast, each patient demonstrated
decreased benzodiazepine-receptor binding in the ipsilateral anterior
mesial temporal region, without neocortical changes. Thus, interictal
metabolic dysfunction can be variable and usually is extensive in 
temporal lobe epilepsy, whereas decreased central benzodiazepine-
receptor density appears to be more restricted to mesial temporal areas
(48). Similar benzodiazepine receptor findings have been reported for
patients with extratemporal lobe seizures caused by focal cortical dys-
plasia (49). Unlike the more widespread glucose hypometabolic pat-
terns, benzodiazepine receptor changes may reflect localized neuronal
loss that is more specific to the epileptogenic zone (48). Therefore, FMZ
imaging may be useful in the presurgical evaluation of children with
epilepsy. However, focal increases of benzodiazepine receptor binding
have also been reported in the temporal lobe as well as extratemporal
sites in patients with temporal lobe epilepsy when statistical brain
mapping analysis is performed (50). This may lead to false-localizing
information when attention is paid only to areas of decreased uptake.

The development of radioligands that are specific for excitatory
amino acid and selected opioid receptor subtypes, such as 11C-
carfentanil for mu-opiate receptors, may help to better explore the
pathophysiology of epileptic syndromes. Another promising direction
in the development of new PET tracers for epilepsy is to target sero-
tonergic neurotransmission. A novel tracer, a-11C-methyl-L-tryptophan
(AMT), which accumulates in epileptic foci in the interictal state, can
be a useful approach to identify epileptogenic sites in children with
multifocal brain lesions (30,51). This radiotracer may also be useful in
identifying nonresected epileptic cortex in young patients with a pre-
viously failed neocortical epilepsy surgery (52).

Conclusion

The use of FDG-PET in clinical epilepsy emerged from early observa-
tions of regionally reduced cortical glucose metabolism at the site of
the epileptogenic focus. Fluorodeoxyglucose is the most commonly
used PET radiotracer in the diagnostic and presurgical evaluation of
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children with epilepsy at the present time. Measurement of receptors
or neurotransmitter metabolism is a unique ability of PET that has not
achieved its full potential in the study of pediatric epilepsy. For
example, PET measures of central benzodiazepine receptor binding
and serotonin synthesis may have increasing clinical applications in the
presurgical evaluation of children with localization-related epilepsy. 
It is anticipated that the use of such tracers will further enhance the
clinical yield of PET in the diagnostic workup and presurgical evalua-
tion of children with medically intractable epilepsy and will further
improve our understanding of the pathophysiology of pediatric
epilepsy.
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21
Neurotransmitter Imaging

Alan J. Fischman and Rajendra D. Badgaiyan

In recent years, investigators have used a variety of techniques to study
human neurotransmission in health and disease. One of the most
promising of these techniques is molecular or neurotransmitter
imaging, which, despite being an emerging technique, has made sig-
nificant contribution to our understanding of human neurotransmis-
sion (1,2). Molecular imaging has been used by numerous investigators
to establish maps of the functional anatomy of neuroreceptor-
radioligand interaction (3,4). Recently, it has been applied to the detec-
tion of dynamic changes in neurotransmitter activity induced by
behavioral, cognitive, or pharmacologic interventions (5–12). This
chapter includes a brief outline of the basic concepts of neurotrans-
mitter imaging, important information acquired using this technique,
and a discussion of dynamic receptor imaging.

Basic Concepts

Neurotransmitter imaging techniques exploit the competition between
an endogenous neurotransmitter and a radiolabeled ligand (usually an
agonist or antagonist of the neurotransmitter) that binds to the target
receptor. With this technique, the concentration of the radiolabeled
ligand (administered intravenously or orally) is measured at different
brain regions, using positron emission tomography (PET) or single
photon emission computed tomography (SPECT). These measure-
ments provide information concerning active receptors and facili-
tate estimation of changes induced by a challenge (13). Because the 
reliability and accuracy of the estimation depend on the kinetics of
receptor-ligand interaction, selection of an appropriate ligand is criti-
cal for success (14).

An ideal ligand has high affinity and selectivity for the target recep-
tor, is permeable across the blood–brain barrier, has low nonspecific
binding, and is not metabolized in brain tissue (15). Another factor that
affects the accuracy of measurement is the proportion of administered
ligand that actually binds to the target receptor (specific binding).
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Tomographic methods measure the concentration of ligand in areas of
interest; this concentration includes ligand that is bound to the recep-
tor, that is present in the extracellular fluid, or that is bound to the tis-
sue or plasma proteins (nonspecific binding). Because only specific
binding provides information concerning neurotransmission, nonspe-
cific binding must be estimated and excluded from the ligand concen-
tration detected by the camera. The exclusion of nonspecific binding is
done by applying a correction to the total concentration. Because this
correction is calculated using models that provide only an approximate
estimation of the amount of nonspecifically bound ligand, measure-
ments of specific binding are more accurate if nonspecific binding is
low (16–18).

A number of models have been developed for the estimation of spe-
cific binding. The most commonly used model (three-compartment
model) assumes that in the brain, a ligand is distributed in three com-
partments (Fig. 21.1): the plasma compartment, the nondisplaceable
compartment (free and nonspecifically bound ligand), and the recep-
tor compartment (3,4). The concentration of ligand in these compart-
ments changes if there is a positive gradient between the blood and
tissue concentration. It eventually approaches equilibrium, and a
steady-state volume of distribution is achieved. In this state, the ligand
concentration in different compartments remains constant (17). In this
model, the relationship between the concentration of specifically 
bound ligand at steady state (B), the maximum number of receptors
(Bmax), the concentration of free ligand (F), and the dissociation rate con-
stant of the ligand (KD) can be defined using the Michaelis-Menton
equation (19):

If a tracer dose of ligand is administered (as is the usual practice),
the value of F is very small (as compared to that of KD) and can be dis-
regarded in the denominator of this formula. Thus the specific binding
of a tracer can be expressed as

Conventionally, the specific binding is expressed in terms of binding
potential (BP), which indicates the capacity of a brain region for spe-
cific binding. Most investigators define BP as the steady state ratio 
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Figure 21.1. Schematic diagram of the compartmental model used to analyze
PET and SPECT data in receptor imaging studies. K1, k2, k3, and k4 represent the
rate constants of the ligand movement between compartments.



of the specifically bound (B) to free ligand (F). It is clear from the 
above equation that this ratio is equal to the ratio of Bmax and KD for
tracers:

Specific binding in a brain area can be measured by calculating the
difference between ligand concentration in the area of interest and that
in another area that is devoid of target receptor (or has a negligible
number of receptors, e.g., cerebellum for dopamine receptor studies).
The other variable, F, the free concentration of ligand in the brain
cannot be measured directly. However, because ligands diffuse through
the blood–brain barrier by passive diffusion, it can be assumed that, at
equilibrium, the brain concentration equals the plasma concentration
(20). This measurement of F, however, is not required if the objective
of the study is to compare the BP in two groups of subjects. If the free
ligand concentration is the same in the two groups, changes in specific
binding will be proportional to the changes in BP. Further, by assum-
ing that the free ligand concentration in the target and reference regions
is the same at equilibrium, BP can be calculated by estimating the ratio
of ligand concentration (C) in the target and reference region (BP =
CTARG/CREF - 1). Theoretically, the ratio of ligand that enters the recep-
tor compartment (k3) to that which leaves (k4) this compartment (BP =
k3/k4) provides the best estimate of BP (3).

If an intervention induces release of an endogenous neurotransmit-
ter, the number of receptors occupied by the neurotransmitter will
increase. Consequently, smaller number of receptors will be available
for the radioligand, and BP will be reduced. The reduction, however,
may not occur if the neurotransmitter modifies the behavior of ligand-
receptor complex. Thus the BP of some ligands (e.g., 3H-spiperone)
show a paradoxical increase after endogenous release of the neuro-
transmitter (21). This paradoxical behavior is caused by the neuro-
transmitter-promoted receptor internalization that results in trapping
of the ligand in the cell (22).

Neurotransmitter imaging has been used to study a variety of psy-
chiatric and neurologic disorders to understand the nature of impair-
ments of neurotransmission. Because dopaminergic and serotonergic
ligands are most appropriate for molecular imaging, many studies
have examined these systems. The following section provides a brief
survey of the findings of these investigations.

Dopaminergic System

Dopamine has been the most extensively studied neurotransmitter. The
reason for the focus on dopaminergic transmission is its involvement
in the pathogenesis of psychiatric and neurologic conditions. Avail-
ability of a number of dopamine ligands that are suitable for molecu-
lar imaging also contributed to the interest of investigators. Dopamine
ligands have been developed from a host of agonists and antagonists
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of dopamine D1 and D2 receptors. Each of these ligands has different
binding properties, and is therefore suitable for specific kinds of study.
For example, the D2 receptor antagonist raclopride is the preferred
ligand for studying striatal dopamine (Fig. 21.2), but it cannot be used
to examine dopamine transmission in the extrastriatal brain areas
because of its extremely low binding in areas where D2 receptor con-
centration are low (10,23). Newer D2 receptor ligands, 18F-fallypride,
11C-FLB 457, and 11C-nemonapride have high affinity for extrastriatal
D2 receptors, but their utility in detection of striatal dopamine has not
yet been established (24–27).

Most of the studies on dopamine neurotransmission have been con-
ducted to understand the pathogenesis of psychiatric disorders. Schiz-
ophrenia has attracted many investigators because of the uncertainty
concerning the role of the dopamine system in its pathogenesis (28).
The findings of receptor imaging studies, however, are equivocal.
Based on the ligand used, these studies have found either increased
(29,30) or normal (31) density of D2 receptors in schizophrenia. Exper-
iments that have used dopamine D1 receptor ligands have also reported
contradictory findings. These studies have found normal, increased, or
decreased density in the prefrontal cortex (32). Both increased and
reduced densities are correlated with the degree of impairment in 
prefrontal functions (measured by tests of working memory and by
Wisconsin card sorting tasks). The contradictory findings of these
studies are possibly due to the diversity of ligands used. It is known
that each ligand has different vulnerability to competition by endoge-
nous dopamine (33,34). The most significant increase in D2 receptor
density has been observed in studies that have used raclopride. The
studies that have found decreased D1 receptor density have used the
ligand SCH 23390, whereas increased D1 receptor density has been
reported with 11C-NNC (4). Apparent contradictory findings, however,
may be consistent with a single pathologic process—dopamine deple-
tion. In rats chronic dopamine depletion is known to cause decreased
binding of SCH 23390 (32,35) and increased binding of 11C-NNC (32).
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Figure 21.2. Binding potential map of 11C-raclopride in a healthy volunteer
showing ligand binding in the striatum (A, transaxial; B, sagittal; and C, axial
view).



In receptor imaging experiments, the activity of a neurotransmitter
can be evaluated by either inducing or inhibiting its release, using a
pharmacologic agent. The inducers reduce the BP of the ligand, and
inhibitors have an opposite effect. It has been shown that the BP of
raclopride is reduced after administration of amphetamine, which
induces dopamine release (36). This reduction is exaggerated in schiz-
ophrenic patients (37–39), even if they are drug naive (40). The altered
response to amphetamine in schizophrenia has been shown to be 
proportional to the severity of symptoms and therefore is observed
only in the patients who have active symptoms (37). Depletion studies
have also been conducted on schizophrenic patients, using a tyrosin
analogue a-methyl-para-tyrosin (AMPT), which inhibits dopamine
release. These studies have found that a higher proportion of D2 recep-
tors are occupied by dopamine at basal level in schizophrenic patients
as compared to healthy controls (41).

All of these studies examined dopaminergic activity of postsynaptic
neurons. Neurotransmitter imaging can also be used to evaluate presy-
naptic dopaminergic activity. Presynaptic dopamine activity can be
evaluated by measuring DOPA decarboxylase activity, using the ligand
18F-DOPA, or by studying dopamine transporter (DAT) activity.
Imaging with 18F-DOPA has been used extensively to study Parkinson’s
disease in which dopamine synthesis is reduced (42). It has also been
used to study enhanced synthesis in schizophrenia (43). Presynaptic
activity has however been studied mostly by imaging the DAT, which
is involved in a number of neurologic and psychiatric disorders.

Dopamine Transporter (DAT)

The DAT is a plasma membrane protein, expressed exclusively by
dopamine synthesizing neurons. By removing dopamine released into
the extracellular space, it regulates the amplitude and duration of
dopaminergic signals (44). Molecular imaging has played a major 
role in our understanding of the functions of DAT, and its involvement
in disorders like Parkinson’s disease, attention-deficit hyperactivity
disorder (ADHD), and drug abuse. The DAT has been imaged 
(Fig. 21.3) using a variety of cocaine (a DAT inhibitor) analogues 
[e.g., 11C-altropane, 123I-b-CIT, 18F-CFT and 123I-FP-CIT]. Because DAT
density changes with the density of dopaminergic neurons, DAT
ligands have been used to estimate neuronal loss in Parkinson’s
disease. Reduction in BP of DAT ligands such as 123I-altropane (45) and
11C-methylphenidate (46) has been documented in Parkinson’s disease
(Fig. 21.4). Because Parkinsonian symptoms appear only after destruc-
tion of >85% of dopamine innervations, and because DAT tracers can
detect a loss of as low as 50% of innervations, these tracers are useful
for the diagnosis of early Parkinson’s disease in asymptomatic 
individuals (42,45,47).

In addition to Parkinson’s disease, DAT imaging has been used
extensively to study pathogenesis of ADHD (48,49). Though DAT
binding is significantly elevated (20% to 70%) in adults (50) and chil-
dren (51) with ADHD (Fig. 21.5), it is not clear whether its depletion is
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Figure 21.3. Binding potential map of 11C-altropane in a healthy volunteer.
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Figure 21.4. 11C-altropane binding in a healthy volunteer (normal) and in patients with moderate and
severe Parkinson’s disease.



the cause of the disorder or is a reflective compensatory mechanism
(49). It has been shown, however, that methylphenidate treatment
downregulates the elevated DAT density in these patients (52,53).

The DAT has also been associated with substance abuse (54). It has
been shown that the degree of DAT blockade correlates positively with
self-reported “high” following intravenous administration of cocaine
or methylphenidate. Further, the abuse potential and dependency on
these substances depends on the rate of DAT blockade. The incidence
of dependency is greater if the blockade is faster. This is the reason why
oral methylphenidate has lower abuse potential than cocaine adminis-
tered parentally (55).

Changes in DAT expression have been reported in a number of other
disorders including dementia with Lewy bodies, Wilson’s disease,
Tourette’s syndrome, and Lesch-Nyhan disease (44). The role of DAT
in pathogenesis of these diseases, however, is uncertain because of a
limited number of studies.

Molecular imaging of the DAT has been used to elucidate the mech-
anism of actions of drugs that alter dopaminergic transmission. These
studies have indicated that amphetamine promotes reverse transport
of dopamine by internalizing DAT and making it available to intra-
cellular dopamine, which is transported to the extracellular space. 
The internalization causes decrease in DAT activity (Bmax) on the cell
surface. Cocaine, on the other hand, blocks the amphetamine-induced
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internalization and increases DAT expression, but it also attenuates
DAT activity (56,57). Further, it has been shown that methamphetamine
causes degeneration of dopamine nerve terminals, resulting in the loss
of DAT binding in multiple brain regions (58–60).

Serotonergic System

A number of radioligands have been developed to study serotonin 
[5-hydroxytryptamine (5HT2A and 5HT1A)] and serotonin transporter
(SERT) activities. Commonly used ligands for serotonin receptors
include 11C-WAY 100635, 18F-seroperone, and SERT ligands including
11C-McN5652, 123I-ADAM, and 11C-DASB.

Abnormal serotonin transmission has been implicated in a number
of disorders, including major depression, epilepsy, and schizophrenia
(61). Serotonergic receptors have been studied extensively to under-
stand epileptic processes because they are believed to mediate
antiepileptic and anticonvulsive effects through 5HT1A receptors
located in the limbic area (62,63). Antiepileptic effect of serotonin is
supported by studies that have found reduced binding of serotonin
ligands (18F-MPPF and 18F-WAY) in epileptic zones of patients, as com-
pared to the binding in the same areas of healthy controls. Further, the
reduction is strongly correlated with the degree of epileptic activity
(62,63). These results, however, are different from studies that have
used a tryptophan (a serotonin precursor) derivative AMT, as ligand.
These studies have found higher binding in the hippocampus of tem-
poral lobe epilepsy (TLE) patients (64). Because AMT binding is posi-
tively correlated with the number of serotonergic neurons, it appears
that receptor availability is reduced in epilepsy, even though there is
an increase in serotonergic neurons.

Another disorder that has been studied using serotonergic receptor
imaging is major depression in which reduced uptake of the ligand 11C-
WAY 100635 is found in the cingulate, hippocampus, and midbrain of
depressed patients (65).

Studies that have used specific SERT ligands have not yielded 
definitive results because of their high nonspecific binding and slow
clearance. These studies, however, have found lower binding of 
11C-McN5652, and 11C-DASB in multiple brain regions, most signifi-
cantly in the striatal and limbic regions of depressed patients (61).
Many investigators have studied the SERT using nonspecific trans-
porter ligands. These studies have reported reduced binding of 123I-b-
CIT in mood disorders (66).

Other Neurotransmitter Systems

g-Aminobutyric Acid

g-Aminobutyric acid (GABA) is the most abundant inhibitory trans-
mitter in the central nervous system and is distributed throughout the
brain (2). A benzodiazepine derivative 11C-flumazenil (FMZ) has been
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used as a ligand to study GABA receptor activity in a variety of 
disorders that are associated with changes in GABAergic trans-
mission. These disorders include schizophrenia, Huntington’s disease,
Alzheimer’s disease, and epilepsy (67–75). Because GABA receptors are
considered markers of neuronal loss (76), 11C-FMZ has been used to
evaluate hippocampal atrophy in TLE by a number of investigators
(77–79). These investigators have found that FMZ binding is a sensi-
tive localizer of the regions of epileptic foci in intractable TLE. The
localization of epileptic zones is more precise with FMZ than with 
FDG (80). Because resection of the areas of FMZ abnormalities is 
associated with excellent outcome, it is recommended that imaging
studies using 11C-FMZ-PET be performed as a part of the routine sur-
gical evaluation of TLE. In epileptic patients, the extent of FMZ-PET
abnormalities correlates positively with the seizure frequency and
duration of interictal period. Further, these abnormalities are corrected
after surgery (81,82).

Opiate Receptors

The three types of opiate receptors (m, k, and d) are widely distributed
in human brain. These receptors are involved in many pathologic con-
ditions, including, addiction, Alzheimer’s disease, and epilepsy (83). 
A number of ligands are available for studying these receptors in
humans (e.g., 11C-carfentanil, 11C-diprenorphine, 11C-buprenorphine,
18F-cyclofoxy, 11C-naltrindole, and 11C-GR103545). Receptor imaging
studies have shown that opiate receptors mediate addictive behavior
by either stimulating (m receptors) or inhibiting (k receptors) the 
striatal dopamine system. Thus, high density of m receptors in the 
striatum is associated with alcohol dependence and craving (84). In
Alzheimer’s disease, the binding of both m and k receptors is decreased
(85). Binding studies in epileptic patients have yielded variable results.
Although no change in opiate receptor density is found, if a nonspe-
cific opiate receptor ligand 11C-diprenorphine is used, studies with the
specific m-receptor ligand 11C-carfentanil are associated with increased
binding at epileptic foci (86). It has also been shown that, after surgi-
cal removal of epileptic foci, the opiate receptors downregulate (87).

Norepinephrine

Alterations in the noradrenergic system have been reported in a
number psychiatric disorders including depression and posttraumatic
stress disorder. This system is also altered in Parkinson’s and
Alzheimer’s disease (88). Most studies of norepinephrine neurotrans-
mission have used ligands that bind to the norepinephrine transporter
(NET), which is located on presynaptic noradrenergic neurons. Because
of their location in presynaptic neurons, NET activity is considered an
indicator of the density of norepinephrinergic neurons. A number of
ligands have been developed to study the NET. These ligands include
11C-talopram and 11C-talsupram. Because the NET represents an impor-
tant target for a number of psychoactive compounds including some
antidepressants and drugs of abuse, NET ligands may play an impor-
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tant role in the study of pathophysiology and pharmacotherapy of neu-
ropsychiatric disorders. Alterations of the noradrenergic system have
been reported in depressed patients and in postmortem brain tissue
obtained from these patients (89). Further, decreased NET density is
observed in the locus ceruleus of depressed individuals who commit-
ted suicide (90). Although the involvement of the noradrenergic system
in mood disorders is well established, a unifying theory regarding the
role of this system in depression has remained elusive. Imaging agents
that evaluate NET activity can be a useful tool for clarifying the role of
noradrenergic system in major depression. However, because the brain
uptake of current NET ligands is very low, their application in neuro-
transmitter imaging is limited.

Acetylcholine

Cholinergic ligands are selective for either muscarinic or nicotinic
receptors. Nicotinic receptors have been studied using 11C-nicotine and
its derivatives. These studies have reported significant reduction (up
to 50%) in the binding of these ligands in Alzheimer’s patients (67). The
degree of reduction corresponds to the severity of cognitive impair-
ment (68,69). Further, it has been shown that increase in receptor
density (following treatment) correlates well with improvement in cog-
nitive abilities of these patients (70). Because cholinergic receptor
density parallels cognitive abilities, tracers that bind either to nicotinic
or muscarinic receptors can be used to detect early Alzheimer’s disease.
This condition can also be detected using tracers (e.g., 11C-MP4A-PET)
that image acetylcholinesterase activity (71).

Dynamic Receptor Imaging

The models used in conventional receptor imaging assume a steady
state in which there is no change in synaptic concentration of endoge-
nous neurotransmitter during the study. Therefore, these models
cannot be used to detect acute changes in the amount of neurotrans-
mitter released in response to a challenge, unless two separate scans
(before and after the challenge) are performed. Separate scans,
however, significantly reduce sensitivity and do not measure the gra-
dient of change in neurotransmitter release. The conventional models,
therefore, have been modified to allow detection of acute changes in
neurotransmitter release. The modified models are particularly useful
for the study of neurotransmission associated with a cognitive or
behavioral task because these studies require comparison of the acti-
vated and control states and assume a change in the state during task
performance.

A number of simulation studies have been performed to evaluate the
ability of these models to detect task-induced dynamic changes in
synaptic concentration of neurotransmitters (91,92). These models
prompted Koepp and colleagues to conduct an experiment and demon-
strate that the BP of a dopamine ligand, raclopride, decreases signifi-
cantly during performance of a goal-directed activity (11). The model
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used in this study, however, assumed a steady state. Consequently, the
experiment was performed in two separate scan sessions. In one
session, BP was measured while the volunteers were in the activated
state (playing a video game). In the other, it was measured during a
“no-activation” control condition. A comparison of BP measured in the
two sessions indicated that dopamine is released during the task per-
formance and that the release can induce measurable displacement of
the ligand from receptor sites (93,94). However, because this method
required two separate scan sessions, it is not considered sensitive
enough to isolate changes induced by finer cognitive activities like
memory and attention (5). Cognitive and behavioral studies are con-
sidered more sensitive if the two measurements are made in the same
session. This issue was addressed to some extent by the development
of a method for assessment of time-dependent changes in ligand dis-
placement (95). This method allowed detection of ligand displacement
in a single scan session. Using this approach, striatal dopamine release
was detected during reward processing in healthy volunteers (12). In
this experiment the rate of ligand displacement was increased relative
to the rate observed in a control (no activation) task performed by a
different group of volunteers. Moreover, the pattern of ligand dis-
placement during activation was modeled using simulations. Because
the control data were not specific to the subjects studied and the rate
of ligand displacement was not derived from real data, the approach
of this study was not ideal.

This approach was modified by designing a method based on the
simplified reference region model (96). In the modified method, an acti-
vation parameter was included in the model to quantify change in the
rate of ligand displacement during task performance (5,9). By not
assuming a steady state, this model allowed for fluctuations in synap-
tic concentration of endogenous transmitter. Using the data from a ref-
erence region (cerebellum) to estimate the effect of arterial input
function (96), we explicitly modeled the kinetics of ligand delivery,
receptor binding and dissociation, and the competition of ligand and
endogenous neurotransmitter for the receptor. The solution of the dif-
ferential equation of the model for the instantaneous concentration
history of the tracer has the following form:

where CR is the concentration of radioligand in a region devoid of 
specific binding (reference region), PET is the concentration of radioli-
gand in a region with specific binding, R is the ratio of transport rates
for the binding and reference regions, k2 describes the clearance of non-
specifically bound tracer, k2a includes the information about dissocia-
tion from the receptor, g represents the amplitude of transient effects, 
t denotes the measurement time, T is the task initiation time, and 
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n(u - T) is the unit step function. Positive values of g represent task-
related ligand displacement. Using this model we demonstrated the
release of striatal dopamine during the performance of a variety of
behavioral and cognitive tasks (Fig. 21.6). These tasks included motor
planning, implicit motor memory, explicit motor memory and explicit
cued recall (5–10).

The dynamic receptor imaging method, at its current stage of 
development, has a number of limitations. It is not able to detect
dopamine if the task induces release of a relatively small amount of
neurotransmitter. Simulation experiments suggest that the method can
detect dopamine release only if the change is >30% of baseline. The 
sensitivity of the method, however, can be enhanced by optimization
of the signal-to-noise ratio (using advanced signal processing tech-
niques). It can be further enhanced by averaging the data acquired 
from a cohort of subjects. Another limitation of the method is its 
inability to detect dopamine released in extrastriatal regions of the
brain. Two newer ligands have kinetic properties that should favor
detection of dopamine in the extrastriatal areas. These ligands are 18F-
fallypride and 11C-FLB 457 (isoremoxipride). Experiments conducted
on human volunteers and laboratory animals suggest that both of these
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Figure 21.6. Changes in the rate of displacement of 11C-raclopride in the left
putamen during a motor planning task in healthy volunteers. The vertical lines
indicate the time of task initiation, and the lowest line depicts displacement in
a reference region (cerebellum). The figure also shows horizontal sections of
the striatum from dorsal to ventral aspect in 2.4-mm steps (left striatum on the
right). The t-map showing areas of significant changes (t > 3.0) in the rate of
displacement is superimposed on the binding potential map (inset).



ligands have high affinity for extrastriatal receptors and are displaced
from the receptor sites by amphetamine-induced dopamine release
(27,97,98).

Even though dynamic receptor imaging has so far been used only
for detection of striatal dopamine, it is theoretically possible to develop
ligands that can detect release of other neurotransmitters in other brain
areas. Such developments will go a long way in enhancing our under-
standing of human cognitive control.

Conclusion

Neurotransmitter imaging has resulted in a considerable amount of
new information concerning the pathogenesis of a number of neuro-
logic and psychiatric conditions that include schizophrenia, addiction,
Parkinson’s disease, Alzheimer’s disease, ADHD, epilepsy, anxiety,
and affective disorders. Further, the use of these techniques in the diag-
noses of subclinical Alzheimer’s and Parkinson’s disease in asympto-
matic patients can help in early diagnosis and intervention. In addition,
localization of epileptic foci by GABA receptor imaging has been
shown to improve postsurgical clinical outcome. Neurotransmitter
imaging for drug evaluation has aided in the development of new com-
pounds that target specific receptors that are dysregulated in various
disorders. Evolving molecular imaging techniques, like dynamic recep-
tor imaging, offer even more exciting possibilities. These techniques
can identify and localize areas of the brain where specific neuro-
transmitters are released during a task performance or symptom
provocation. It will greatly expand our understanding of the funda-
mental alterations in neurochemistry in psychiatric and neurologic 
disorders. In addition, these methods will provide empirical data that
can be used to formulate novel therapeutic strategies for treatment 
and prevention of the disorders that are associated with altered 
neurotransmission.
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22
Cardiovascular Applications

Miguel Hernandez-Pampaloni

An improved understanding of the pathophysiology of myocardial
ischemia combined with the development of new diagnostic modali-
ties has substantially modified the concepts of myocardial blood flow
(MBF) and left ventricular function in coronary artery disease (CAD).
Positron emission tomography (PET) has emerged as a unique tool to
characterize physiologic and pathologic processes, and it already plays
a significant role in different areas of clinical medicine, including car-
diology. Cardiac PET is based on the properties of positron emitters
and radiation detection to provide a noninvasive and in vivo assess-
ment of regional myocardial perfusion and metabolism. Different
study protocols have been largely used in the adult population to
detect and grade the severity of coronary artery disease during the last
two decades using cardiac PET technology. Further, cardiac PET using
fluorine-18 (18F) 2-fluoro-2-deoxyglucose (FDG) is considered the gold
standard imaging modality for the assessment of myocardial viability
(1) and is well recognized as providing accurate information on the
long-term prognosis of the patients with chronic coronary ischemic
disease (2).

Positron emission tomography offers unique capabilities for nonin-
vasive assessment of regional myocardial function and can disclose
information of utmost importance for the more accurate understand-
ing of pathophysiologic processes and for the optimal management of
the diseased patient. By detecting the very early functional regional
abnormalities before the development of more severe structural
changes, PET imaging can be useful in providing improved and pre-
ventive care to the patient. Thus, cardiac PET imaging can offer a more
comprehensive understanding of the normal myocardial physiology
and early recognition of functional abnormalities. This is even more
important in pediatric cardiology where the early detection of myocar-
dial dysfunction may be helpful in choosing the appropriate manage-
ment for the prevention of long-term consequences. Recent surgical
and technical advances in pediatric cardiology make even more impor-
tant an accurate detection of potentially treatable coronary abnor-
malities. Positron emission tomography imaging’s high spatial and
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temporal resolution provides better image quality, especially important
in small pediatric hearts, and it allows the quantification in absolute
terms of the MBF and regional myocardial metabolism. Single photon
emission computed tomography (SPECT) imaging quality is usually
limited by poor resolution and the low usable activity of thallium 201
(201Tl), whereas images obtained after the administration of technetium-
labeled compounds are compromised by the high liver activity in close
proximity to the small heart.

This chapter describes the basic principles of PET applied to the
study of the heart, and presents the current and potential future clini-
cal applications of cardiac PET in pediatric patients.

Principles of Emission Tomography Applied 
to the Cardiovascular System

Positron emission tomography imaging features are based on the 
physical properties of the positron decay. A positron has the same 
characteristics as an electron, except for its positive charge. Positrons
are emitted from unstable nuclei (that have an excess of protons) that
dispose of their excess charge by emitting a positron. At the end of the
positron range, after losing its kinetic energy, a positron combines with
an electron and the two particles annihilate. The annihilation coinci-
dence detection of the two colinear 511-keV gamma rays photons,
emitted in diametrically opposite directions by opposing scintillator
detectors, is the essence of the PET imaging formation (3). To detect the
location of the annihilation event, detectors are placed on opposite
sides of the source and are connected in a coincidence detection circuit.
When a given event is recorded simultaneously, positron annihilation
is assumed to have taken place on the line between the detectors, and
hence the location can be accurately determined.

Radiopharmaceuticals

Cardiac PET studies are performed with radiopharmaceuticals speci-
fically synthesized to assess determined cardiac functions or biochemi-
cal processes and with radiopharmaceuticals that have applications in
other disciplines. The radiolabeled positron-emitting tracers used in
cardiac PET studies are produced by a cyclotron or by a generator
system. Currently, different processes of the heart have been studied
using different radiopharmaceuticals (Table 22.1). The radiation expo-
sure to PET radiotracers is lower compared to other radionuclides used
for nuclear cardiology studies (Table 22.2).

Evaluation of Myocardial Blood Flow

The development of suitable radiotracers and appropriate mathemati-
cal models applied to PET imaging has been shown to allow for the
noninvasive and accurate quantification of regional MBF. Different
radiotracers have been used for measuring MBF, including nitrogen-
13–labeled ammonia (13NH3) (4–6), oxygen-15 (15O)-labeled water (15O-
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H2O) (7–9), the potassium analogue rubidium-82 (82Rb) (10), copper-62
(62Cu)-pyruvaldehyde bis(N4-methylthio-semicarbazone (62Cu-PTSM)
(11,12), gallium-68 (68Ga)-labeled albumin microspheres (13), and
potassium 38 (38K) (14). The choice of a specific radiotracer is finally
frequently determined by different factors besides their physical pro-
perties, such as an individual institution’s preference, experience, or
accessibility. Currently, 13NH3,

15O-H2O, and 82Rb are the most widely
used PET perfusion tracers. Generator-produced 82Rb has the advan-
tages of not requiring a cyclotron and having a very short half-life (78
seconds), making it attractive for one-session rest/stress imaging. 82Rb
has a low first-pass myocardial extraction fraction (50% to 60%) that
results in a nonlinear uptake in relation to blood flow, particularly at
high flow rates (15). As a potassium analogue, 82Rb is retained in the
myocardium and equilibrates with the cellular potassium pool.
Because of the dependence on the flow rate and the metabolic state, 
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Table 22.1. Principal PET tracers for cardiac imaging
Mean 

Physical positron
Radionuclide Radiopharmaceutical half-life range Production Cardiac application
13N Ammonia 10.0min 0.7mm Cyclotron Blood flow
82Rb Rubidium chloride 78s 2.6mm Generator Blood flow
15O Water 2.0min 1.1mm Cyclotron Blood flow, 

perfusable tissue 
index

18F Deoxyglucose 110min 0.2mm Cyclotron Glucose metabolism
11C Acetate 20min 0.28mm Cyclotron Blood flow, oxygen 

palmitate consumption fatty 
acid metabolism

Table 22.2. Dosimetry in cardiac pediatric nuclear medicine
99mTc-sestamibi 201Tl 13N-ammonia 18F-FDG

Effective dose equivalent (mSv/MBq)
Newborn (3.5kg) 0.120 11.00 0.0320 0.310
1-yr-old (10kg) 0.058 6.90 0.0130 0.100
5-yr-old (18kg) 0.041 4.90 0.0067 0.077
10-yr-old (31kg) 0.027 4.10 0.0043 0.050
15-yr-old (56kg) 0.019 0.68 0.0028 0.038
Adult (70kg) 0.015 0.34 0.0022 0.030
Critical organ Kidney Kidney Bladder wall Bladder 

wall

Dose equivalent per body weight
Newborn (3.5kg) 0.89 12.22 0.34 1.64
1-yr-old (10kg) 0.43 7.67 0.14 0.69
5-yr-old (18kg) 0.30 5.44 0.07 0.41
10-yr-old (31kg) 0.20 4.56 0.05 0.26
15-yr-old (56kg) 0.14 0.76 0.03 0.20
Adult (70kg) 0.11 0.38 0.02 0.16
Source: Modified from Radiopharmaceutical Internal Dose Information Center, Oak
Ridge Associated Universities, Oak Ridge, Tennessee.



situations of hyperemia or metabolically impaired myocardium may
limit the accuracy for quantifying MBF. 13NH3 is a cyclotron-generated
myocardial perfusion tracer with a high first-pass extraction fraction,
a high tissue-to-blood contrast ratio within minutes following the
radiotracer administration, and a relatively short half-life (9.8 minutes)
that makes it also suitable for one-session studies. 13NH3 is metaboli-
cally trapped in the myocardium based on the glutamine synthetase
action. Under physiologic resting blood flow, the rate of metabolic 
conversion of 13NH3 to glutamine inside the myocytes is sufficiently 
elevated to convert and retain a major fraction of 13NH3 delivered to
the myocardial tissue. However, in conditions of high flow, the amount
of 13NH3 delivered to the myocardial tissue exceeds the rate of con-
version to glutamine, and therefore a significant amount of 13NH3 is
returned to the capillary blood and removed from the tissue. To over-
come this nonlinear response to conditions of high flow rate, different
kinetic modeling approaches have been developed (16,17). To minimize
the limited spatial resolution of PET systems and the intrinsic motion
of the heart, additional corrections have been included to account 
for the impact of the partial volume effect and spillover fraction 
(18,19).

15O-H2O has several attractive properties as a myocardial perfusion
tracer including a high first-pass extraction fraction (nearly 100%), a
freely diffusible uptake and washout mechanism limited only by
myocardial perfusion, a much reduced accumulation of the tracer in
background organs, and finally a short half-life (122 seconds) that
permits repeated and sequential blood flow measurements. However,
the rapid washout of 15O-H2O requires corrections to achieve a good
tissue–blood contrast, necessary for an accurate MBF quantification. To
correct for the high activity of 15O-H2O in the blood pool, an additional
15O–carbon monoxide blood pool scanning, which binds hemoglobin
in the red blood cells, was required to define regions of interest and
delineate the vascular space. These correction techniques have recently
been optimized by the generation of myocardial images directly from
dynamic 15O-H2O scans, not requiring the 15O-carbon monoxide blood
pool scan (20,21).

Evaluation of Fatty Acid Metabolism and Oxygen Consumption

Cardiomyocytes metabolize various substrates as source of energy.
Under fasting conditions, free fatty acids are the primary source of
energy. Free fatty acids are extracted by the myocardium and, after the
formation of long-chain acyl–coenzyme A (CoA), predominantly enter
the mitochondria to suffer b-oxidation prior to going into the tricar-
boxylic acid cycle. The rate of fatty acid oxidation is controlled by the
rate of transfer into the mitochondria. 11C-palmitate, a 16-carbon, long-
chain fatty acid, was the first PET radiotracer used to assess regional
cardiac metabolism. Clearance of 11C-palmitate follows a bioexponen-
tial kinetic model. The initial rapid-phase clearance reflects the imme-
diate oxidation and the elimination of carbon dioxide. The second
phase is believed to represent the incorporation of the radiotracer into
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the lipid metabolism as triglycerides and its final oxidation (22). The
kinetics of 11C-palmitate may theoretically be useful to evaluate cardiac
metabolism in situations of ischemic compromise. During ischemia, the
rate of elimination of 11C-palmitate is decreased with a reduced oxida-
tion of fatty acids. On the other hand, the increased cardiac work would
produce an accelerated clearance of the radiotracer as the oxidative
metabolism would be increased. However, the main disadvantage of
this compound is the complexity of its kinetics because a very rapid
clearance from the blood pool and b-oxidation allows only a very short
time of analysis (Fig. 22.1).

To overcome the limitations presented by 11C-palmitate, 11C-acetate
has been proposed as an alternative to evaluate oxidative cardiac
metabolism (23,24). 11C-palmitate is extracted proportionally to MBF
with a first-pass extraction fraction of approximately 50% under resting
conditions. Once inside the myocyte, 11C-palmitate is converted to 11C-
acetyl-CoA, which enters the tricarboxylic acid cycle in the mitochon-
dria (21,22). Clearance of 11C activity in the form of 11C-CO2 does not
occur for 4 to 5 minutes after tracer delivery, reflecting MBF except in
conditions of high oxygen demand. Kinetics of 11C-palmitate has
allowed the quantification of oxygen consumption from the myocar-
dial clearance rate as a parameter of the oxidative metabolism and MBF
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and its correlation with the presence of ischemia when this oxygen con-
sumption diminishes (25–27).

Evaluation of Glucose Metabolism

In contrast to fasting conditions where free fatty acids predominate as
a source of myocardial energy, after an ingestion of carbohydrates
plasma glucose and insulin levels increase and levels of free fatty acids
decline. In response, oxidation of free fatty acids decreases and uti-
lization and oxidation of glucose increases. When myocardial ischemia
ensues, contractile function declines, oxidation of free fatty acids
decreases, and uptake and metabolism of glucose increase. Then
glucose transport and metabolism are upregulated during ischemic
conditions and after the complete resolution of these episodes, most
likely due to an upregulation of the glucose transporter GLUT-1 (28,29).
Regional cardiac glucose metabolic activity can be assessed with 18F-
FDG. The positron emitter 18F (with a half-life of 109 minutes) linked
to the glucose analogue FDG, passes the cellular membrane through
facilitated diffusion, mostly mediated by the insulin-sensitive protein
carrier GLUT-4 (30). Inside the myocyte the radiotracer is subjected 
to the first step of glycolysis by a hexokinase-mediated phosphoryla-
tion to FDG-6-phosphate. The phosphorylated glucose analogue
becomes metabolically trapped in the myocardium so that the regional
tracer activity concentrations reflect regional rates of exogenous
glucose utilization. A more favorable standardized assessment of
myocardial glucose utilization has been achieved assuming the condi-
tions would have remained the same under physiologic and patho-
physiologic conditions, by applying the so-called lumped constant,
which corrects for the different kinetics affinities between 18F-FDG and
glucose itself (31).

Noninvasive approaches that assess exogenous glucose utilization,
therefore, play an important role in the evaluation of myocardial via-
bility in patients with coronary ischemic disease and left ventricular
dysfunction. Because dysfunctional myocardium that can recover func-
tion after revascularization must retain sufficient blood flow and meta-
bolic activity to sustain myocytes, the combined assessment of regional
MBF and glucose metabolism provides additional and invaluable 
information.

Interpretation of PET Data

The acquisition of cardiac PET data can be achieved in either the static
or dynamic mode. For static acquisitions prior to imaging, time is
allowed after the injection of the radiotracer for adequate clearance
from the bloodstream and uptake from the myocardium to obtain 
adequate myocardial-to-background activity ratios. Static imaging
depicts the relative distribution of the radiotracers in the myocardium
and is used for a semiquantitative or qualitative analysis of the distri-
bution of the radiotracers within different regions of the myocardium.
This approach, however, does not allow accurate quantifying func-
tional myocardial processes. Imaging cardiac PET data are routinely
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acquired in transaxial slices with a field of view of approximately 10 to
15cm. Reconstruction of the attenuation-corrected projection data is
usually performed by filtered backprojection. Specific software is used
to realign the image information perpendicular to the long axis of the
left ventricle. This allows the visualization of the radiotracer distribu-
tion along the short and long axes of the left ventricle. The interpreta-
tion of the images is based on the visualization of the short, vertical,
and horizontal long axes based on the relative regional distribution of
the tracer (32). Further, the evaluation of circumferential profile analy-
sis provides a more objective way to measure regional tracer differ-
ences and is based on specific analysis software packages, similar to
that introduced for SPECT analysis (5,6). For the objective assessment
of myocardial perfusion defects, individual patient data are compared
with a database of normal controls. The assessment of regional myocar-
dial defects is expressed as a percentage of pixels below two standard
deviations of the control population for the corresponding area of
myocardium.

Detailed knowledge of the myocardial biochemical processes is
required to accurately analyze different patterns of the uptake of
myocardial blood flow (13N-ammonia, 15O-H2O, 82Rb) and myocardial
metabolism radiotracers (18F-FDG). Three patterns of blood
flow–metabolism uptake have been described in adults and largely
used to analyze severe dysfunctional myocardium for assessing the
presence of recoverable and, hence, viable myocardium (4). A normal
distribution of the flow radiotracer regardless of the uptake of 18F-FDG
is seen in normal myocardium. On the other hand, absent or severely
reduced regional blood flow and glucose metabolism is observed in
akinetic and dyskinetic myocardium and represents myocardial necro-
sis. This pattern is described as a “match defect.” Finally, the main-
tained reduced blood flow to the myocardium produces an adaptation
with a normal or slightly reduced uptake of 18F-FDG. This reduced or
absent MBF with normal or slightly reduced glucose metabolism
within the myocytes indicates myocardial hibernation and therefore
viability. This pattern, described as a “mismatch pattern,” characterizes
severe dysfunctional myocardium supplied by a stenotic or almost
totally occluded coronary artery (Fig. 22.2). The restoration of blood
flow to these myocardial regions results in recovery of contractile func-
tion and normalization of the glucose metabolism (33,34). This more
probably occurs after a period of time, described as stunned
myocardium, where glucose metabolism may remain elevated with a
normalized blood flow and a not entirely recovered contractile 
function.

Positron emission tomography cardiac radiotracers and physical
properties of the PET system enable the absolute quantification of
myocardial biochemical processes, such as myocardial blood flow and
glucose metabolism. This is based on the short half-life and high energy
of the radiotracers and the high temporal and spatial resolution of the
current PET systems that provides the ground to accurately measure
rapid changes in tissue tracer concentrations. Quantification of myocar-
dial processes requires dynamic acquisition and the application of
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tracer kinetic models (5,35). This means that the images are acquired
by the system from the time of the tracer injection through a point of
steady-state flux. Sampling with high temporal resolution is required
to define the changes in radioactivity in the blood and the myocardial
region of interest. The rapid sequential sampling and imaging enables
the determination of the tracer delivery via the arterial plasma to the
region of interest to define the arterial input function and the conse-
quent tissue response to this input function. Arterial input function is
generally defined by regions of interest placed over the left atrium or
left ventricle to obtain temporal changes in radioactivity concentration
in the different heart chambers. The rapid dynamic acquisition along
with a late time frame enables the derivation of a myocardial tissue
time-activity curve (19).

Dynamic acquisition, with its high volume of data, requires specific
interactive software for image reconstruction, quantitative analysis,
and visual presentation. The obtained regional MBF is expressed in mil-
liliters per minute per 100g of tissue, glucose utilization in micromoles
per minute per gram of tissue, oxygen consumption in micromoles per
minute per 100g of tissue, and coronary flow reserve as the ratio of
stress and resting myocardial perfusion.
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Figure 22.2. Reoriented images of the myocardial 13N-ammonia (upper panel)
and 18F-FDG uptake (lower panel) in a patient with transposition of the great
arteries after the arterial switch operation. Note the impaired perfusion in the
anterolateral wall (arrows), evidenced by the decreased uptake of 13N-
ammonia, whereas the myocyte metabolism of 18F-FDG is preserved, indicat-
ing viable myocardium. (Courtesy of Dr. Heinrich Schelbert, David Geffen
School of Medicine, Los Angeles.)



Cardiac PET Protocols

Positron emission tomography studies in the pediatric population
require special considerations for patient preparation and the data
acquisition process. Experience in performing pediatric studies and
expertise in dealing with pediatric patients will optimize the outcome
of the entire study procedure minimizing the discomfort to the
patients. A cardiac PET study requires the patient to remain still for 
the entire duration of the study. A routine myocardial blood flow–
metabolism study may last up to 2 hours, and a rest/stress myocardial
perfusion study may last up to 90 minutes. Thus, unlike adults, most
pediatric patients would require sedation before the study is per-
formed. This is especially necessary for infants and young children.
Several intravenous premedication protocols have been used, mostly
including chloral hydrate or midazolam (36,37). Due to the length of
the study, further intravenous sedation may be necessary. Baseline vital
signs (electrocardiogram, blood pressure, and heart rate) along with
transcutaneous pulse oximetry should be recorded and monitored
throughout the study.

Myocardial perfusion imaging and coronary reserve studies consist
of a resting and stress examination using either pharmacologic stress
(dipyridamole or adenosine) or exercise (ergometric bicycle). Patients
should refrain from eating or drinking anything except water for 4
hours before the procedure, and they should abstain from caffeine-
containing drinks or medications containing theophylline for 8 hours
before. Adolescents should avoid cigarettes for at least 8 hours as well.
Studies involving metabolic imaging with 18F-FDG require a standard-
ization of the substrate availability that optimizes myocardial glucose
uptake. Older children and adolescents are routinely fasted overnight,
and an oral glucose load dose is given 1 hour prior to the 18F-FDG injec-
tion to facilitate glucose uptake in the myocardium. It is important to
ascertain any history of diabetes or intolerance to glucose to ensure that
proper steps are taken to optimize myocardial glucose uptake. Blood
glucose monitoring during the study should be performed routinely 
to ensure that metabolic conditions are maintained along the entire
acquisition process.

Clinical Applications

Coronary abnormalities, with impairments of regional myocardial per-
fusion, are a relevant cause of morbidity and mortality in the pediatric
population. Although the experience of cardiovascular PET in pedi-
atrics remains somewhat limited, this technique has been applied in
several congenital and acquired heart diseases, providing new insights
into the diseased pediatric heart and optimizing the clinical manage-
ment of these patients. Recent surgical and technical advances have
provided better treatment and long-term prognosis for many complex
pediatric heart diseases, making the accurate diagnosis of ischemic but
potentially recoverable myocardium even more important.
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Transposition of the Great Arteries

In infants with transposition of the great arteries (TGA), correct cardiac
anatomy is surgically restored by the arterial switch operation (ASO)
of aorta and pulmonary artery. As the coronary arteries need to be
excised and reinserted in the neo-aorta during the procedure, the long-
term success of this operation is based on the continued patency and
adequate functioning of the coronary arteries. The findings that post-
surgical coronary occlusions have been described angiographically (38)
and that acute myocardial infarctions and sudden deaths have been
reported (39) in up to 10% of this patient population emphasize the
prognostic implications of this issue. Regional reversible perfusion
abnormalities were initially described by using exercise technetium-
99m-sestamibi SPECT in patients following ASO (40). In contrast to
SPECT imaging, higher spatial resolution of PET systems have allowed
for the absolute quantification of MBF. Bengel et al. (41) were the first
to report regional perfusion abnormalities with adenosine 13N-
ammonia PET in patients with no ischemic symptoms late after the
ASO, with no correlation with any echocardiographic contractile dys-
function. They found a lower incidence of reversible perfusion defects
when compared to the previous SPECT imaging studies, but quantita-
tive hyperemic MBF and coronary flow reserve in response to adeno-
sine were significantly lower in the patients after ASO, when compared
to young healthy individuals. Similar results were described by others,
which suggests that the global impairment of maximal MBF may rep-
resent alterations in the myocardial normal vasoreactivity as the early
manifestation of changes in the coronary microcirculation (42).
However, the procedure of coronary reimplantation alone seems to be
not the only factor responsible for the myocardial perfusion abnor-
malities. By comparing two groups of patients with transposition of the
great arteries, one after the ASO and the second after the Ross proce-
dure to treat aortic valve disease with 13N-ammonia adenosine PET,
Hauser et al. (43) reported that in contrast to the patients who under-
went the Ross operation, stress-induced perfusion defects and a dimin-
ished coronary flow reserve were documented in the patients after the
ASO. Further follow-up and more extensive investigations are neces-
sary to fully understand the etiology of these findings and to determine
whether the reported myocardial perfusion abnormalities have signi-
ficant long-term prognostic implications in these patients.

Metabolic 18F-FDG imaging, along with myocardial perfusion assess-
ment can provide useful information to identify viable but dysfunc-
tional myocardium in patients who develop an acute cardiac event
after the ASO or as a result of other coronary abnormalities. Rickers 
et al. (44) stated that 18F-FDG–gated PET demonstrated viable
myocardium in akinetic or hypokinetic regions subtended by stenotic
coronary arteries after the ASO. Based on their findings, they treated
patients surgically with coronary revascularization if viable
myocardium was identified, whereas the patients with impaired
glucose uptake, indicating myocardial scarring, were treated medically.
To establish the accuracy of metabolic and perfusion PET imaging in
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detecting myocardial viability in children with myocardial dysfunc-
tion and its correlation with histopathological changes, Hernandez-
Pampaloni et al. (45) studied a group of patients with different 
suspected coronary abnormalities after an acute cardiac event (Fig.
22.3, see color insert). They reported good agreement between the find-
ings on myocardial perfusion PET and metabolic imaging with those
on coronary angiography, echocardiography, and histopathology.

Anomalous Origin of the Left Coronary Artery 
Arising from the Pulmonary Artery

Anomalous origin of the left coronary artery arising from the pul-
monary artery (ALCAPA) is a rare but serious congenital anomaly. It
does not present prenatally because of the favorable fetal physiology
that includes (1) equivalent pressure in the main pulmonary artery and
aorta secondary to a nonrestrictive patent ductus arteriosus, and (2) rel-
atively equivalent oxygen concentrations due to parallel circulations.
As a result, myocardial perfusion is normal, and there is no stimulus
for collateral formation between the right and left coronary artery
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Figure 22.3. Reoriented images of the myocardial 13N-ammonia (upper panel) and fasting 18F-FDG
uptake (lower panel) in a patient with transposition of the great arteries who had an acute episode of
chest pain late after the arterial switch operation. Note the impaired perfusion in the anterolateral wall
evidenced by the decreased uptake of 13N-ammonia, whereas the myocyte metabolism of 18F-FDG is
preserved, indicating viable myocardium in that myocardial regions. (Courtesy of Dr. Heinrich Schel-
bert, David Geffen School of Medicine, Los Angeles.) (See color insert.)



systems. In the few weeks after birth, pulmonary artery pressure and
resistance progressively decrease with a simultaneous decrease in
oxygen content of pulmonary blood flow as the circulation becomes
one in series. This results in the left ventricular myocardium being per-
fused by relatively desaturated blood under low pressure, leading to
myocardial ischemia. Initially, myocardial ischemia is transient, occur-
ring during periods of increased myocardial demands, such as when
the infant is feeding and crying. Further increases in myocardial
oxygen consumption lead to infarction of the anterolateral left ventric-
ular free wall (Fig. 22.4, see color insert). This may lead to possible
mitral valve papillary muscle dysfunction and variable degrees of
insufficiency. Following surgical repair to establish blood flow to the
left coronary arteries from the aorta, left ventricle (LV) function recov-
ers and usually normalizes within 2 to 3 years. Perfusion abnormali-
ties, however, are not uncommon in long-term survivors. Long-term
survivors of ALCAPA repair demonstrate regional impairment of
myocardial flow reserve. This may contribute to impaired exercise per-
formance by limiting cardiac output reserve (46). Patients with severely
reduced regional coronary flow reserve may be at risk of exercise-
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Figure 22.4. Reoriented images of the myocardial resting 13N-ammonia (upper panel) and after dipyri-
damole-induced stress 13N-ammonia (lower panel) PET study in a patient with anomalous origin of 
the left coronary artery arising from the pulmonary artery (ALCAPA). Note the fixed defect in the
anterolateral wall that corresponds to an acute myocardial infarction in that region. (Courtesy of Dr.
Heinrich Schelbert, David Geffen School of Medicine, Los Angeles.) (See color insert.)



induced ischemic events. Thus, accurate identification of these patients
by PET imaging can be of help regarding physical activity, antiischemic
measures, and revascularization.

Kawasaki Disease

Kawasaki disease, also known as mucocutaneous lymph node syn-
drome, is an acute vasculitis that mostly affects infants and children
under 5 years of age. It causes an acute vasculitis, particularly affect-
ing medium-sized arteries such as the coronary arteries (47). The etiol-
ogy and pathogenesis of Kawasaki disease remains unknown,
although clinical and epidemiologic data support an infectious cause.
The clinical features of Kawasaki disease can be divided into three
phases. The first, or acute, phase lasts about 10 days and is marked by
a temperature as high as 40°C accompanied by a polymorphous exan-
them. Cardiac manifestations during this phase may include tachycar-
dia, gallop rhythm, congestive heart failure, pericardial effusion, and
arrhythmias. Arthritis and arthralgia occur during the second, or sub-
acute, phase, which is characterized by gradual subsiding of fever,
thrombocytosis, and desquamation of the palms and soles. Third is a
convalescent phase where children continue to recover and all labora-
tory studies normalize but aneurysms of the coronary arteries may con-
tinue to enlarge (48).

Although this disease appears to be benign and self-limiting in most
instances, coronary artery aneurysms or vascular ectasia develop in
20% to 25% of untreated Kawasaki patients and can lead to serious
morbidity and even death (48,49). The cardiac lesions in Kawasaki
disease occur in different stages, developing from an acute perivas-
culitis and vasculitis of the microvessels and small arteries to a pan-
vasculitis of the coronary arteries with aneurysms and thrombosis. The
late phase of development is characterized by myocardial scarring with
severe stenosis in the major coronary arteries (47).

A specific diagnostic test, however, does not exit. Thus, the diagno-
sis of Kawasaki disease is based on the presence of a fever for at least
5 days as well as the presence at least four of the five classic clinical
features: (1) bilateral nonexudative bulbar conjunctival injection, (2)
unilateral nonsuppurative cervical adenopathy, (3) oral or lip ery-
thema, (4) edema or erythema of hands and feet, and (5) a polymor-
phous erythematous rash.

Echocardiography is useful during the acute and subacute phase of
the disease for the assessment of ventricular function and to delineate
coronary aneurysms or ectasia. Up to 40% of untreated patients with
Kawasaki disease have echocardiographically documented coronary
artery dilatation and aneurysms in the third or convalescence phase of
their disease (50). Cardiac involvement may cause different cardiac
events, from silent chest pain to acute myocardial ischemia or sudden
death due to myocardial infarction from occlusive coronary artery
disease. Incidence, onset, and the time course of stenosis formation in
the aneurysm are affected by various factors, such as the diameter of
the aneurysm and the location and type of coronary arteries involved.
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It is therefore critical to recognize aneurysms in Kawasaki disease to
determine effective early therapy and to improve prognosis.

Two-dimensional echocardiography can detect coronary aneurysms.
However, this method is not as effective for detecting coronary steno-
sis. Coronary angiography is an accurate method for assessing large
and medium-sized coronary arteries but has little value in detecting
microangiopathy (51). Furthermore, angiography is an invasive and
potentially harmful procedure, with a nontrivial amount of radiation
exposure that cannot be repeated often, especially in the pediatric 
population. Information about myocardial perfusion and regions of
ischemia is necessary to make clinical decisions and to evaluate the
prognosis.

In the past, children with a previous history of Kawasaki disease 
but no detectable angiographic coronary lesions during the acute 
and subacute phase were thought not to be at risk for myocardial
ischemia. More recent studies have demonstrated the presence of
reversible myocardial perfusion defects in children with angiographi-
cally normal coronary arteries. The clinical significance of these find-
ings remains to be fully addressed (52). An alteration of the coronary
microcirculation, possibly the result of a previous inflammatory
process, has been suggested as a cause of the abnormalities in myocar-
dial perfusion. Different authors have reported an abnormal hyperemic
MBF and an impaired coronary flow reserve in patients with a previ-
ous history of Kawasaki disease but normal epicardial coronary arter-
ies, after an adenosine-induced hyperemia PET study (53,54). These
microcirculatory abnormalities, which could represent a risk factor 
for the development of atherosclerosis in adulthood, may correspond
to an endothelium-dependent dysfunction. Furuyama et al. (55)
described an impaired MBF response to the cold-pressor testing using
15O-H2O PET in patients with Kawasaki disease, when compared to
normal controls, suggesting an intimal hypertrophy in these patients
(55). An abnormal endothelium-dependent vasodilation in the brachial
artery of patients with a previous history of Kawasaki disease seems
to confirm that endothelial dysfunction may at least contribute to 
the microcirculatory changes responsible for myocardial perfusion
alterations.

Positron emission tomography has been used in patients with
Kawasaki and demonstrable coronary aneurysms as well to demon-
strate an impaired hyperemic and coronary flow reserve, as reported
by Ohmochi et al. (56). Interestingly, Yoshibayashi et al. (57) have cor-
related the presence of ischemic myocardial injury with the appearance
of abnormal Q waves in the electrocardiogram (ECG) when compared
to a 13N-ammonia and 18F-FDG PET. They reported that the presence of
abnormal Q waves is a reliable clue to the presence of ischemic myocar-
dial injury, whereas metabolic PET imaging showed viable myocardial
tissue in those areas with an abnormal Q wave (57).

Monitoring the response to different therapies is another area of
application of PET imaging. Hwang et al. (58) reported that the inci-
dence of perfusion and metabolic PET abnormalities was reduced in
patients in the convalescent stage of Kawasaki disease when they were
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treated with a 5-day dose of intravenous (IV) immunoglobulin, com-
pared to those who received only a single dose of IV immunoglobulin.

Coronary arteries that have been previously aneurysmal have an
abnormal response to vasodilators in Kawasaki patients. Intravascular
ultrasound imaging of the coronary arteries demonstrated increased
intimal thickening in many regions of resolved aneurysms but normal
intimal thickness in those patients with Kawasaki disease and no pre-
vious history of a coronary artery lesion (59). These findings support
the continuous surveillance of all children with a history of Kawasaki
disease regardless of coronary artery status. Approximately 50% of
patients who had coronary aneurysms show regression on follow-up
coronary angiography (60). However, these angiographically normal
vessels showed intimal thickening and endothelial dysfunction similar
to that observed in early atherosclerotic lesions. Because these patients
should be followed carefully to monitor potential late effects of
Kawasaki disease in the coronary circulation, periodical PET measure-
ment of MBF seems very appropriate in this particular setting. It has
been reported that abnormal myocardial perfusion is present long-term
after the resolution of complicated Kawasaki disease, and that unfa-
vorable perfusion response to pharmacologic stress was coupled with
an abnormal regional contractility. On the other hand, however,
enhanced perfusion correlated poorly with segmental contractility
response (52). Therefore, even if these abnormalities are modest and do
not seem to diminish exercise performance in these patients, these find-
ings may have implications later in life when other coronary risk
factors may potentiate the development of coronary artery disease
during adulthood.

Cardiac Transplant Vasculopathy

Allograft vasculopathy has emerged as the most important limiting
factor for long-term survival and is the leading cause of death 1 year
after transplantation. At 10 years after transplantation, as many as 20%
of recipients have developed significant allograft vasculopathy.
Because the donor heart is denervated, children with graft vasculopa-
thy rarely present with angina. They may have atypical angina such as
shoulder or back pain or, more frequently, abdominal pain. They may
also present with syncope or sudden death. Several studies have
demonstrated the diffuse nature of cardiac allograft vasculopathy,
which affects the major epicardial vessels along their entire length from
the base of the heart to the apex and the epicardial and intramyocar-
dial branches (61). Available studies suggest that graft vasculopathy
has a mixed etiology, based on the varied patterns of vascular disease
seen by coronary angiography, that is, either diffuse and circumferen-
tial narrowing in the distal parts of the coronary arteries or focal seg-
mental disorder in the middle and proximal branches similar to
atherosclerosis. Major histologic findings include intact internal elastic
lamina; rarely, calcification; occasionally, a low grade of vasculitis; and
a tendency for the disease to progress rapidly (62). Although treatment
of transplant vasculopathy is complex, several studies have showed
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that focal lesions have been treated successfully with percutaneous
transluminal coronary angioplasty (63). On the other hand, the results
of coronary artery bypass surgery have not been so successful, leaving
only retransplantation as an alternative (64).

Annual coronary angiography and intravascular ultrasound have
been used to detect coronary involvement and to assess the develop-
ment and progression of this disease. These techniques are invasive
and not event-free with a potential harmful effect, especially in the
pediatric population. Therefore, it is paramount to introduce a nonin-
vasive test to detect the progression of the disease and to predict future
long-term outcome and cardiac events. Several studies have demon-
strated in the adult population that technetium-based myocardial per-
fusion studies are useful to screen for significant coronary artery
disease in the transplant vasculopathy (65). Additionally, they provide
incremental data for the prediction of cardiac death in heart transplant
patients, as described by Elhendy et al. (66).

Cardiac PET studies have shown a decreased coronary flow reserve
in adult cardiac allografts after pharmacologically stress-induced
hyperemia with dipyridamole (67,68). In addition to a decreased exer-
cise capacity, PET imaging has described an incomplete reinnervation
in the transplanted adult heart (69).

Cardiomyopathies of Diverse Origin

Cardiac PET has proven to be of utility in monitoring response to
therapy and in predicting potential long-term outcome by measuring
MBF after corrective surgery in specific cardiomyopathies. Donnelly et
al. (70) reported on a small group of patients with a hypoplastic left
heart syndrome assessed after corrective surgery, and found that coro-
nary flow reserve was reduced due to a higher resting MBF. Also, long-
term survivors of the Mustard operation have shown a high prevalence
of right ventricular dysfunction. In these patients a decreased coronary
flow reserve, as reported by Singh et al. (71), may help explain the sys-
temic ventricular dysfunction they suffer. The long-term outcome of
circulation driven by a single ventricular chamber remains a matter of
concern as multiple sequelae, such as thromboembolic complications,
ventricular dysfunction, arrhythmias, and reduced exercise capacity,
can arise from subtle but continuous circulatory changes (72). Thus,
coronary artery blood flow may be compromised if the ventricular
mass increases significantly to reduce systolic and diastolic function.
Hauser el al. (73) has reported an impaired stress MBF, impaired coro-
nary flow reserve, and an elevated vascular resistance after vasodila-
tion in patients with Fontan-like operations.

In the cardiomyopathy of Duchenne and Becker muscular dystro-
phies, studies at necropsy have shown that the posterolateral wall of
the left ventricle is the first myocardial area suffering from dystrophy
even in the absence of small vessel coronary artery disease in these
regions. Perloff et al. (74) have reported areas of myocardial hiber-
nation, identified by perfusion and metabolic PET imaging, in the
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lateral and posterolateral wall in a group of patients with Duchenne
dystrophy.

Very low coronary flow reserve values measured with PET are
reported in neonates with surgically treated congenital heart disease
(75). Because the chronically dilated extramural coronary arteries in
cyanotic congenital heart disease have a limited capacity to dilate
further and because myocardial oxygen extraction is inherently
maximal, the potential oxygen debt incurred by systemic arterial
hypoxemia may be inadequately met. Basal coronary flow as deter-
mined by 13N-ammonia PET was increased to the same degree in the
right ventricular and left ventricular free walls and in the ventricular
septum, but hyperemic perfusion, coronary vascular resistance, and
flow reserve were normal in each of the three regions of interest.
Although these studies were not designed to determine the mecha-
nism(s) by which flow reserve is preserved in the face of increased basal
coronary flow, the results may suggest remodeling of the intramyocar-
dial coronary microcirculation and vasculogenesis in response to
hypoxemic stimulation as potential causes for explaining the neonatal
myocardial adaptation to different conditions.

Future Directions

Although current cardiac PET clinical applications in pediatrics are still
limited, the greater availability of PET systems and infrastructure along
with greater knowledge of its capabilities by the pediatric medical com-
munity are allowing PET imaging to become more than a tool for the
noninvasive assessment of myocardial perfusion and glucose metabo-
lism. It promises to have great potential for applications such as in vivo
assessment of cardiac cellular metabolism and receptor function and
gene expression. Finally, the potential of combined multimodality
imaging, represented by PET–computed tomography (CT) imaging,
may provide in the near future real-time assessment of function and
structure of the diseased pediatric heart.
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23
Fever of Unknown Origin
Hongming Zhuang and Ghassan El-Haddad

Definition and Classification

General Criteria

The original criteria for fever of unknown origin (FUO) as set forth in
1961 by Petersdorf and Beeson were fever higher than 38.3°C on several
occasions of at least 3 weeks’ duration and uncertain diagnosis after 1
week of study in the hospital (1). This definition was later revised, and
the criterion of 1 week of hospitalization has been replaced by 3 days
of hospitalization or three outpatient visits (2,3). In addition to the pre-
viously described classic FUO, additional categories have been added:
nosocomial, neutropenic, and HIV-associated FUO (3,4).

Nosocomial FUO refers to the hospitalized patient with a tempera-
ture of ≥38.3°C (≥101°F) on several occasions, who is receiving acute
care, and in whom infection was not manifest or incubating on admis-
sion. The diagnosis of nosocomial FUO is made after 3 days of illness
under investigation, including at least 2 days’ incubation of cultures.
Examples of diseases causing nosocomial FUO are septic throm-
bophlebitis, sinusitis, Clostridium difficile colitis, and drug fever.

Neutropenic FUO includes patients with fever of ≥38.3°C (≥101°F)
on several occasions, a neutrophil count either <500 cells/mL or
expected to reach that level in 1 to 2 days, in whom initial cultures are
negative and the diagnosis remains unknown after 3 days of investi-
gation. Frequent causes of neutropenic FUO are perianal infection,
aspergillosis, and candidemia.

The HIV-associated FUO refers to HIV-positive patients with fever
of ≥38.3°C (≥101°F) on several occasions for 4 weeks as an outpatient
or 3 days of illness as an inpatient under investigation, including at
least 2 days for cultures to incubate. Mycobacterium avium intracellulare
(MAI) infection, tuberculosis, non-Hodgkin’s lymphoma, and drug
fever are common causes of HIV-associated FUO.

Pediatric FUO

Fever is a common presenting problem in children. Approximately 
30% of pediatric outpatient visits in the United States are because of
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fever, which is brief and self-limited in the majority of cases (5). Fever
of unknown origin in children is a great diagnostic challenge for 
pediatricians. Due to the paucity of data in children, the definition of
FUO is slightly different from adults, and there is no one agreed-upon
definition. Several studies defined fever in children as FUO when it
lasted 1 to 3 weeks without diagnosis (6–10). The definition of FUO 
in children that is currently used by most authorities is fever of at 
least 8 days’ duration, in which no diagnosis is apparent after initial
workup either in the hospital or as an outpatient. Fever of unknown
origin has to be differentiated from fever without localizing signs,
which does not meet the criteria for FUO, and where the development
of additional clinical manifestations over a shorter period of time leads
to less extensive diagnostic testing before confirming the nature of the
disease.

Epidemiology and Etiology

Several studies on FUO carried out since 1961 found that infections,
malignancies, and noninfectious inflammatory diseases cause the
majority of classic FUO (1,11–13). In the current series on adults with
FUO, infections were the most frequent causes of FUO, followed by
malignancies, and then noninfectious inflammatory diseases (13,14).
However, in children, infection is a more common cause of FUO than
in adults, accounting for 30% to 50% of the cases, followed by connec-
tive tissue diseases (CTDs) and then neoplasm (7% to 13%) (8,9). Most
cases of FUO in children as well as in adults represent unusual mani-
festations of common diseases, rather than a common manifestation of
a rare disease. The common etiologies that should be considered in chil-
dren with FUO are presented in Table 23.1.

The most common systemic infections in the United States that 
are implicated in children with FUO are salmonellosis, tuberculosis,
rickettsial infections, spirochetal infections, cat-scratch disease, infec-
tious mononucleosis, cytomegalovirus (CMV) infection, and viral
hepatitis.

Autoimmune diseases occur with equal frequency in adults and chil-
dren (10% to 20% of cases), but certain diseases such as systemic lupus
erythematosus (SLE), Wegener’s granulomatosis, and polyarteritis
nodosa are more common in adults, whereas juvenile rheumatoid
arthritis (JRA, now called juvenile idiopathic arthritis, JIA) is particu-
larly common in children (8,15,16). Juvenile rheumatoid arthritis
accounts for >90% of connective tissue diseases that cause FUO, fol-
lowed by SLE and other types of vasculitis (6,8,9,17). Some autoim-
mune diseases that occur exclusively in adults are adult Still’s disease,
giant cell arteritis, and polymyalgia rheumatica. Temporal arteritis,
polymyalgia rheumatica, sarcoidosis, rheumatoid arthritis, and
Wegener’s granulomatosis account for 25% to 30% of all FUOs in
patients over 65 years of age (15).

Lymphoma and leukemia are the two most common malignancies
presenting as FUO in children. The frequency of neoplasms decreased
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in two series (12,18), which was attributed to improved diagnostic
imaging techniques.

Despite extensive investigations, 10% to 20% of FUO cases in chil-
dren remain undiagnosed.

Diagnosis

Despite the fact that most children with FUO have a self-limited
disease, it is still a very serious clinical problem, with mortality reach-
ing 6% to 9% in two series of children with FUO (8,9). The diagnostic
approach in children with FUO starts with a thorough history and
physical examination, supplemented by laboratory and radiographic
tests. Repeated histories and physical examination are important to
better elucidate the etiology of FUO. The age of the patient, history of
exposure to wild or domestic animals, history of unusual dietary habits
or travel, medication history, and ethnic background are very helpful
in evaluating FUO. After the screening laboratory and radiographic
tests, additional tests should be guided by the history and physical
examination.
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Table 23.1. Etiologies to be considered in children with fever of
unknown origin (FUO)

Noninfectious 
Infections inflammatory diseases Miscellaneous causes

Generalized JRA Central nervous system
Hepatitis viruses SLE dysfunction
Cytomegalovirus Crohn’s disease Diabetes Insipidus
HIV Ulcerative colitis Drug fever
EBV Sarcoidosis Familial dysautonomia
Cat-scratch disease Kawasaki’s disease (Riley-Day syndrome)
Tuberculosis (TB) Factitious fever
Brucellosis Neoplasms Thyroiditis
Leptospirosis Periodic fevers (e.g.
Malaria Non-Hodgkin’s familial 
Salmomellosis lymphoma Mediterranean fever)
Toxoplasmosis Hodgkin’s disease Infantile cortical
Tularemia Leukemia hyperostosis

Renal cell carcinoma Pancreatitis
Localized Hepatoma, Hypothalamic-central 
Arthritis Neuroblastoma fever

Osteomyelitis Wilms’ tumor Thrombophlebitis
Intraabdominal Pulmonary embolism

abscesses Serum sickness
Upper respiratory tract Factitious fever-

infections (URI) Ectodermal dysplasia
Urinary tract infection

(UTI)



Radiographic Evaluation of Children with FUO

After obtaining a regular chest radiograph, further radiographic 
examination of specific areas such as the nasal sinuses, mastoids, and
gastrointestinal (GI) tract should be performed following special 
indications. Inflammatory bowel disease should be excluded in chil-
dren with abdominal complaints, persistent fever, elevated erythro-
cyte sedimentation rate (ESR), anorexia, and weight loss. Finding a
cost-effective diagnostic imaging procedure is challenging for the 
clinicians.

Echocardiograms are useful to evaluate the heart when suspecting
infective endocarditis (19). Ultrasonography (US) is often used to inves-
tigate fluid collections, abscesses (20,21), and thrombophlebitis (22).
Computed tomography (CT) or magnetic resonance imaging (MRI) is
helpful in the detection of neoplasms and abscesses in the abdomen
and in the investigation of lesions in the head, neck, and chest (23–28),
as well as for osteomyelitis (29). Magnetic resonance imaging is rarely
used in the initial evaluation of FUO except in certain cases such as
spinal epidural abscesses (30). Laparotomy has been nearly replaced
by noninvasive imaging techniques, especially in the search for occult
abscesses or hematomas in patients with FUO. However, laparotomy
is very helpful when noninvasive imaging measures are nondiagnos-
tic and CT- or ultrasound-guided aspiration or biopsy fails to make the
diagnosis (31).

Radionuclide Scans

Gallium-67– and indium-111–labeled leukocytes have a higher overall
yield than CT or US in diagnosing FUO because the images cover 
the whole body (32,33). In patients with FUO, gallium 67 is useful 
for the detection of malignancies and of granulomatous and inflam-
matory disorders (34), whereas indium-111–labeled leukocytes are
more useful for detecting localized infectious and inflammatory
processes (35). Different technetium-99m (99mTc)-labeled compounds
are being studied for potential clinical use in patients with FUO, 
such as 99mTc-hexamethylpropylene-amine-oxime (HMPAO)-labeled
leukocytes (36), 99mTc-ciprofloxacin (37), and 99mTc-labeled monoclonal
antibodies (38,39).

FDG-PET Scan

Mechanisms of FDG Uptake by the Cells
Currently, 18-fluoro-2-deoxyglucose (FDG) is the most clinically used
radiotracer in positron emission tomography (PET). It competes with
glucose for transport into the cell and for enzymatic phosphorylation
by hexokinase, which enables us to image glucose metabolism in the
body. Once FDG enters the cell, it is phosphorylated by hexokinase and
trapped inside, which leads to an increase in its concentration with time
(40). The uptake of FDG by the malignant cells is directly proportional
to glucose metabolism (41). There is enhanced glycolysis in malignant
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cells, which is related to high intracellular enzyme levels of hexokinase
(42) and increased expression of surface glucose transporter proteins
(GLUT) (43).

Infectious, inflammatory, and granulomatous diseases have
increased glycolysis, which makes them readily visualized by FDG-
PET scanning (44). Glycolysis is enhanced in inflammatory cells when
the latter are stimulated, and this includes neutrophils, monocyte-
macrophages, and lymphocytes (45–48). This has been mainly attri-
buted to a high concentration of GLUT and a high affinity of these
transporters for FDG. Especially, many investigations have demon-
strated that there are increased levels of GLUT on the inflammatory
cells when they are activated by inflammatory signals (46,47,49). Intra-
tumoral inflammatory reactions also have a high rate of glycolysis
(50,51).

Rationale for the Use of FDG-PET in FUO
The fact that FDG is not a tumor-specific substance can be exploited in
a positive matter in the setting of FUO because infections, inflamma-
tions, and malignancies account for the great majority of FUO cases.

Fluorodeoxyglucose-PET has proven to be a very accurate modality
for the detection of a large number of malignancies (52). Conventional
anatomic imaging modalities rely on size as a criterion to distinguish
between malignant and benign diseases; FDG-PET reflects the bio-
chemical alterations within tumors, facilitating a functional assess-
ment of malignancies. This has proven to provide a very accurate
assessment of solitary pulmonary nodules, lymphoma, non–small cell
lung cancer, colorectal cancer, malignant melanoma, head and neck
cancers, and breast cancers (52). The success of PET is not limited to
the staging of malignancies but goes beyond that to the accurate assess-
ment of restaging and evaluation of response to therapy. This has 
been particularly proven in lymphoma in the adult (53,54) and pedi-
atric (55) populations, and it has a direct impact on the manage-
ment of patients with FUO because lymphoma accounts for the 
majority of cancers causing FUO. Fluorodeoxyglucose-PET is able to
differentiate necrotic tissue from viable tumor and has proven its supe-
riority to other imaging techniques in the initial staging of lymphoma,
in monitoring response to therapy, and in detecting residual tumor
(53,54).

Many metabolically active infectious and inflammatory disorders
can be readily visualized by FDG-PET scanning (56,57) (Table 23.2).
Fluorodeoxyglucose-PET has a high accuracy in detecting chronic
osteomyelitis (58), especially in the central skeleton, which was 
found to be superior to antigranulocyte antibody scintigraphy (59,60)
and to indium-111–labeled leukocytes (61). Although CT and MRI
provide excellent anatomic details, they have limited capacity to 
differentiate postsurgical changes from infection, and, in contrast 
to FDG-PET, they are hindered by metal implants (62,63). 
Fluorodeoxyglucose-PET can differentiate between normal bone
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healing following a fracture or surgical intervention and osteomyelitis
or malignancy (64,65). In patients with prostheses, FDG-PET can assess
the presence of a superimposed infection, especially in hip prostheses
and, to a lesser extent, in knee prostheses (66). Fluorodeoxyglucose-
PET can be used to diagnose infections related to diabetes, especially
in the evaluation of the diabetic foot (67). Human immunodefi-
ciency virus (HIV)-positive patients constitute a special group of
patients because they are prone to opportunistic infections and malig-
nancies, especially lymphoma. In a report on HIV-positive patients
with FUO, FDG-PET had a sensitivity of 92% and a specificity of 
94% for localizing a focal pathology that needed treatment (68). 
Fluorodeoxyglucose-PET was able to differentiate lymphoma from
nonmalignant lesions in the central nervous system in HIV-positive
patients (69). Although FDG-PET cannot clearly distinguish between
granulomatous diseases such as sarcoidosis and lymphoma, it can
localize the active lesions (70,71), which can be biopsied for a timely
and minimally invasive diagnosis. The early diagnosis of vasculitis,
especially large-vessel vasculitis, prevents progression to the occlusive
phase of the disease. In this regard, FDG-PET has demonstrated 
high specificity and high sensitivity to detect and assess the activity of
large-vessel vasculitis (72,73). It can noninvasively detect and quanti-
tatively assess the disease activity in inflammatory bowel disease
(74,75). Fluorodeoxyglucose uptake in the synovium measured using
the standard uptake values (SUVs) facilitates the quantitative assess-
ment of synovial activity (76), which has been particularly helpful in
assessing the disease activity in patients with rheumatoid arthritis (77).
The increase in SUV and the number of PET-positive joints correlated
with swelling and tenderness of the joints, ultrasonography, synovial
thickness, and inflammatory serum markers (ESR and C-reactive
protein). This facilitates the measurement of disease activity in the
joints of patients with rheumatologic diseases. Other infectious or
inflammatory process that can be visualized with FDG-PET are throm-
bophlebitis (78,79), infected implantable devices (80), and pleural 
diseases (81).
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Table 23.2. Common causes of FUO reportedly detected by FDG-PET
Infections Inflammatory/granulomatous Neoplasms

Subphrenic Takayasu’s arteritis Hodgkin’s disease
abscess Rheumatoid arthritis Non-Hodgkin’s

Pneumonia Wegener’s granulomatosis lymphoma
Osteomyelitis Sarcoidosis Colon carcinoma
Vascular graft Thyroiditis Renal cell carcinoma

infection Enterocolitis Sarcoma
Tuberculosis Myositis Pheochromocytoma
Sinusitis Gastritis
Mastoiditis Giant cell arteritis



Advantages of FDG-PET over Other Nuclear Medicine Techniques
Currently, gallium-67 scanning is the most commonly used radiotracer
for the evaluation of FUO (32). However, FDG-PET has many 
advantages over conventional nuclear medicine techniques. Fluo-
rodeoxyglucose offers a better tracer kinetic, a favorable 110-minute
half-life, better spatial resolution (±5 to 8mm resolution for PET vs. 10
to 15mm for single photon emission computed tomography, SPECT),
better lesion-to-background ratio (82), low dose to the patient, and the
possibility for quantification decreasing the variability between
readers. To date there have been no reported side effects from the injec-
tion of FDG. Whole-body FDG-PET scanning is completed approxi-
mately 2 hours from the injection, which results in earlier reporting
than with other radiotracers (83). An important safety factor is that, in
contrast to labeled leukocytes, in FDG-PET there is no handling of
blood products. Fluorodeoxyglucose-PET is more sensitive in chronic,
low-grade infections, has high accuracy in the central skeleton, and a
high interobserver agreement (59,84,85). Another major advantage of
FDG-PET over gallium in the evaluation of FUO patients is the ability
to visualize and assess the degree of activity in a variety of inflamma-
tory vessel diseases (83). It has been reported that FDG-PET can clearly
visualize sarcoid lesions in the lungs and brain when concurrent
gallium scans are negative (86).

Advantages of FDG-PET Over Anatomic Imaging
Timely identification and localization of the source of FUO is critical
for the management of patients. Therefore, FDG-PET scanning is very
helpful in this regard because it can detect early changes at the 
molecular level before they become apparent on anatomic imaging.
Fluorodeoxyglucose-PET images the whole body in one study. Post-
therapy tissue changes such as scarring, edema, and necrosis may alter
the identification of recurrent tumor with anatomic imaging. Regard-
less of anatomic changes after chemotherapy and radiation therapy,
FDG-PET can detect residual disease and has a high negative predic-
tive value for viable disease in a residual anatomic abnormality, reach-
ing 97% in some cases (87). Therefore, equivocal radiographic findings
can be accurately characterized with FDG-PET. There is also increasing
concern about the risk of radiation (88), radiocontrast-induced
nephropathy (89), and allergic reactions (90) to patients imaged with
CT. Furthermore, FDG-PET is able to detect early inflammatory and
infectious lesions when anatomic imaging modalities reveal no 
abnormalities (91).

FDG-PET and Biopsy
As opposed to the other noninvasive diagnostic approaches in FUO,
biopsy is a directed invasive intervention, which is often required to
make a diagnosis. The most common biopsies performed in an FUO
scenario are bone marrow, liver, lymph node, temporal artery, pleura,
and pericardium. However, biopsy has spatial limitations, and a nega-
tive biopsy result may well be a false-negative finding due to sampling
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errors. The combination of anatomic imaging and FDG-PET either
through a software fusion or a combined PET-CT scanne leads to better
localization of functional abnormalities. The registration of anatomic
and functional images can be used to guide biopsies to the metaboli-
cally active area (92), which can increase the yield of this approach and
decrease the need for unnecessary procedures.

Considerations for Accurate Reading of FDG-PET
When searching for the source of FUO, certain areas of the body can
sometimes be difficult to evaluate because of normally high FDG
uptake. The kidneys excrete FDG; therefore, there is intense FDG activ-
ity in the renal collecting systems, ureters, and bladder. There is also
high FDG uptake in the brain and myocardium. Fluorodeoxyglucose
activity in the bowel can be variably intense in the adult population
(Fig. 23.1), which can decrease the accuracy of FDG-PET in the evalu-
ation of the abdomen. However, FDG-PET can play a major role in the
pediatric population because there is usually low FDG activity in the
bowel (Fig. 23.2) (57). There is also physiologic activity in the thymus
of children and young adults, which usually looks like an inverted V
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Figure 23.1. Normally increased FDG uptake is noted in the bowel of a
45–year-old patient with a history of tonsillar cancer.
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Figure 23.2. Normal FDG-PET scan of an 11–year-old boy with a history of
Hodgkin’s disease. There is a faint activity in the bowel.

(Fig. 23.3) (93). Therefore, accurate interpretation of FDG-PET images
requires optimal knowledge of the normal distribution of FDG
throughout the anatomic structures of the body and the variations that
might occur with age (93).

Certain tumors cannot be easily detected with FDG-PET because of
low FDG uptake, such as in hepatocellular carcinoma (94) or certain
types of pancreatic tumors.(95) Because of the limited spatial resolu-
tion of PET (96), it is also difficult to detect low-grade tumors (e.g., car-
tilaginous tumors) (97), small lung nodules, and brain metastases (98).
Although there has been a report of intra-vascular lymphomatosis pre-
senting as fever of unknown origin (99), FDG-PET remains less effec-
tive in the detection of small-vessel disease.

Because FDG follows a similar pathway as glucose, a normalization
of blood sugar level is a must in order not to miss any active malig-
nant lesions because of suboptimal image quality (100). However, it is
reported that the serum glucose levels do not necessarily affect the
accuracy of FDG-PET when inflammatory and infectious lesion is eval-
uated (101).

Studies Regarding FDG-PET and FUO
There have been a limited number of prospective studies regarding
FDG-PET scan and FUO. The percentage of FDG-PET scans helpful in



the diagnosis of FUO as reported in the literature ranged from 37% to
69% (83,102–106). This variation is attributed to different factors,
including a slightly different definition of FUO, a wide array of het-
erogeneous disorders, variable FDG-PET techniques, and no structured
diagnostic protocol. However, the contributory effect of FDG-PET in
the diagnosis of FUO was found to be higher than gallium scintigra-
phy (25%) (83). Fluorodeoxyglucose-PET was more helpful in the diag-
nostic process of patients with a suspected focal infection or localized
inflammation than in FUO (104). Only one study found that indium-
111–labeled granulocyte scintigraphy had a superior diagnostic per-
formance compared to FDG-PET in the evaluation of FUO (106), but in
the 19 patients studied, only one patient was diagnosed with malig-
nancy (Hodgkin’s disease).

Our Experience with FDG-PET
We retrospectively reviewed 30 FDG-PET scans of 30 patients (aged 13
to 73 years) who were evaluated at our institution for FUO during 
the period between 1999 and 2004. Clinical follow-up, which included
subsequent conventional imaging studies and/or pathology results,
was compared to the FDG-PET scan results. Fluorodeoxyglucose-PET
contributed to the diagnosis of 71% of the cases. The causes of 
fever detected by FDG-PET included pneumonia, non-Hodgkin’s lym-
phoma (Fig. 23.4), Hodgkin’s disease (Fig. 23.5), Crohn’s disease 
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Figure 23.3. Normal FDG uptake is seen in the thymus of a 10–year-old
patient.
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Figure 23.4. Intense FDG uptake is seen in the spleen, which is markedly enlarged, and two foci of
abnormal uptake are visible in the upper abdomen, representing lymphadenopathy. The patient was
diagnosed with non-Hodgkin’s lymphoma.

(Fig. 23.6), surgical wound infection, infected liver cysts, leukemia, and
metastatic renal cell carcinoma (Fig. 23.7). Fluorodeoxyglucose-PET
was falsely negative in three cases of colitis, peritonitis (Fig. 23.8), and
rejected renal transplant. Two FDG-PET scans were falsely positive in
two patients with suspected abnormal activity in the abdomen; one of
them had an eventual diagnosis of endocarditis.
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Figure 23.5. Abnormal FDG uptake is seen in the bone marrow, as well as in supraclavicular and medi-
astinal lymph nodes of a patient with FUO. The patient was diagnosed with Hodgkin’s disease.

RIGHT LEFT
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Figure 23.6. Diffuse FDG
activity in the bowel.
Although this pattern can
be seen in normal adult
patients, this finding was
the only suspicious source
of FUO in this patient,
with a history of renal
transplant. Subsequent
colonoscopies and bone
marrow biopsies were
negative. The patient
underwent a laparotomy;
after segmental resection
of the terminal ileum and
cecum, he was diagnosed
with Crohn’s disease.
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234-238 238-242 242-246 246-250

HEAD

Figure 23.7. FDG-PET scan (coronal images) performed on a 13–year-old boy who underwent bilat-
eral nephrectomies and renal transplant for polycystic kidney disease, after the patient developed a
fever of unknown origin. Two foci of abnormal FDG uptake were noted in the left inguinal and in the
portahepatic regions. There was no evidence of abnormal uptake in the transplanted kidney. Follow-
ing biopsies, the patient was diagnosed with renal cell carcinoma in the transplanted kidney, which
was removed.

RIGHT LEFT
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Figure 23.8. Coronal
FDG-PET images of 
a 44–year-old patient
who had a history of
liver transplant, pre-
senting with marked
abdominal and pelvic
ascites. There is a large
photopenic area in the
abdomen correspond-
ing to the abdominal
fluid but no definite
evidence of a sus-
pected source of FUO.
The patient under-
went a paracentesis
and was diagnosed
with peritonitis.



Conclusion

Fluorodeoxyglucose-PET is a valuable new imaging technique that has
the potential for a major role in patients with FUO. It can detect malig-
nancies as well as infectious and noninfectious inflammatory processes
at an early stage of the disease. It has proven its superiority to other
currently used conventional nuclear medicine imaging techniques.
When ordered early in the diagnostic workup, FDG-PET has the poten-
tial to identify the area of abnormal activity where the cause of fever
is likely to be found. This adds valuable information that can be used
to focus the investigation and to eliminate unnecessary procedures,
resulting in better management of the patients.
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Positron emission tomography (PET) with fluorine-18 (18F)-fluoro-2-
deoxyglucose (FDG) has been proven to be a valuable noninvasive
imaging modality for the diagnosis, staging, and monitoring of therapy
for various malignancies. In addition, studies are demonstrating the
value of FDG-PET for the evaluation of nononcologic conditions. Based
on the literature, conditions such as osteomyelitis, fever of unknown
origin (FUO), acquired immunodeficiency syndrome (AIDS), vasculi-
tis, and inflammatory bowel disease can be successfully imaged with
FDG-PET. With the approval of additional PET radiotracers in the
future, there will be more widespread applications of PET for inflam-
matory and infectious disorders.

Unlike anatomic imaging modalities such as computed tomography
(CT), magnetic resonance imaging (MRI), and ultrasound, PET is a mol-
ecular imaging modality that detects metabolic abnormalities present
in the disease before structural abnormalities become evident. In addi-
tion to FDG, other radiopharmaceuticals are available for scintigra-
phic imaging such as technetium-99m (99mTc)-hexamethylpropylene-
amine-oxime (HMPAO)-labeled leukocytes, indium-111 (111In)-oxime
labeled leukocytes, gallium-67 (67Ga) citrate, 99mTc-labeled antigranulo-
cyte monoclonal antibodies, and 99mTc-labeled immunoglobulins.
Advantages of FDG-PET as compared with the aforementioned radio-
pharmaceuticals for the imaging of inflammation and infection include
the ability to provide a result as early as 11/2 to 2 hours after tracer injec-
tion, the relatively low radiation dose, and the excellent spatial resolu-
tion and lesion-to-background contrast. These advantages contribute
to the superior accuracy of FDG-PET for the diagnosis or exclusion of
infections.

Clinical Applications of FDG-PET

The specific clinical applications of FDG-PET are as follows:

1. Osteomyelitis
2. Fever of unknown origin (FUO) (discussed in Chapter 23)
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3. Acquired immunodeficiency syndrome (AIDS)
4. Vasculitis
5. Inflammatory bowel disease (IBD)
6. Thyroiditis
7. Chronic granulomatous disease (CGD)

Osteomyelitis

Although there is limited literature about FDG-PET imaging of
osteomyelitis specifically in the pediatric population, FDG-PET has
been shown to have a promising role for imaging bone infection in the
general population (1–5). This is due to the high metabolic state and
increase glucose accumulation by the inflammatory cells (6).

Unlike in adults, osteomyelitis in children usually results from
hematogenous spread of microorganisms to bones. Infection usually
affects a single bone and typically involves the metaphysis of long
bone, most commonly the tibia, femur, or humerus. The clinical pre-
sentation of osteomyelitis includes local pain and swelling, fever, chills,
and malaise. The most common infecting organisms are streptococci
and Staphylococcus aureus in neonates, and S. aureus in the pediatric
population. The diagnosis can usually be established with positive
triple-phase bone scintigraphy and blood culture.

Although bone scintigraphy is highly sensitive and specific for the
diagnosis of osteomyelitis in intact bone, interpretation is complicated
in the presence of a coexisting fracture and surgical intervention at the
site of suspected osteomyelitis. In this latter setting, further imaging
using an infection radiotracer such as 67Ga, 111In-labeled leukocytes, and
18F-FDG is often necessary to increase the specificity for osteomyelitis.
The most specific method is with 111In-labeled leukocytes; however, this
is sensitive only for acute infection. 67Ga is preferred to 111In-labeled
leukocytes for the detection of chronic infection (7,8). Fluorodeoxy-
glucose-PET also shows promise for the evaluation of chronic
osteomyelitis. Unlike other nuclear medicine imaging modalities, FDG-
PET provides good spatial resolution and intrinsic tomographic
images, which allow differentiation of soft tissue infection from
osteomyelitis. It also provides results within 3 hours after FDG injec-
tion, which is shorter than the few days required with 67Ga imaging. 
It is also known that hypermetabolism seen on FDG-PET at the site 
of fractures normalizes relatively rapidly. A fracture may be associ-
ated with increased FDG uptake for up to 3 months (9). For this 
reason, FDG-PET facilitates differentiation of a noncomplicated frac-
ture of greater than 3 months from a pathologic fracture (i.e., infection),
and thus is not useful before 3 months. A negative FDG-PET study
essentially rules out osteomyelitis (5). Fluorodeoxyglucose-PET also
has promise for the monitoring the response to antimicrobial 
therapy (3).

In summary, FDG-PET is a functional imaging modality with high
sensitivity for diagnosis of acute and chronic osteomyelitis. The value
of PET is limited for the evaluation of acute uncomplicated
osteomyelitis. However, in the minority of the cases of osteomyelitis
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involving nonintact bone, FDG-PET has great promise for diagnosis
and for monitoring the response to antimicrobial therapy.

Acquired Immunodeficiency Syndrome

Acquired immunodeficiency syndrome (AIDS) is an infectious disease
caused by human immunodeficiency virus (HIV). Morbidity and mor-
tality from HIV infection most commonly occur not from the HIV infec-
tion itself but from the malignancies and opportunistic pathogens
associated with AIDS.

O’Doherty et al. (10) studied the role of PET scanning in patients
infected with HIV. Fluorodeoxyglucose-PET scan had a sensitivity and
specificity of 92% and 94%, respectively, for the localization of focal
pathology requiring treatment. The positive predictive value was
greater than for hypermetabolic foci on FDG-PET with intensity greater
than that of the liver. Fluorodeoxyglucose-PET can help localize a wide
variety of infections such as Cryptococcus neoformans, Pneumocystis
carinii pneumonia, Pseudomonas aeruginosa, Mycobacterium tuberculosis,
and Mycobacterium avium intracellulare (Fig. 24.1). Furthermore, ima-
ging with FDG using a dual-head coincidence imaging system was
shown to provide a higher sensitivity than with 67Ga imaging for the
demonstration of a focus of infection in patients with AIDS (11).

Positron emission tomography has played a major role in the man-
agement of AIDS with central nervous system (CNS) lesions. Patients
with HIV who present with a change in mental status or abnormal neu-
rologic signs often have CNS lesions demonstrated on a CT scan or
MRI. Toxoplasmosis is the most common infectious etiology of focal
CNS lesions, and malignant lymphoma is the most common CNS
malignancy in HIV-infected patients. Thallium-201 (201Tl) and 99mTc-
sestamibi have been used for the differentiation of toxoplasmosis and
lymphoma in HIV-infected patients presenting with intracranial mass
lesions. Heald et al. (12) reported that FDG-PET has a high accuracy
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Figure 24.1. Fluorodeoxyglucose (FDG)-PET attenuation corrected imaging demonstrates diffuse and
bilateral increased FDG uptake in the lungs. Maximal intensity projection (A), transaxial (B), sagittal
(C), and coronal (D) are shown. The final diagnosis was Pneumocystis carinii pneumonia established by
bronchoalveolar lavage.



for the differentiation of CNS lymphoma from infections in the setting
of brain mass lesions (Fig. 24.2). Lymphoma is associated with intense
hypermetabolism as compared to infections. In that study, there were
two false-positive cases due to progressive multifocal leukoen-
cephalopathy demonstrating intense hypermetabolism on FDG-PET.
Studies are currently under way to assess the accuracy of FDG-PET for
the characterization of brain lesion in patients with AIDS (Fig. 24.2).

Fluorodeoxyglucose-PET has great promise to become a standard
modality for localization, for the determination of the extent of oppor-
tunistic infections, and for the differentiation of CNS lymphoma from
opportunistic infection in patients with brain mass lesions associated
with AIDS.

Vasculitis

Vasculitis is defined as an inflammatory process associated with accu-
mulation of leukocytes in the blood vessel wall and reactive damage
to the mural structures. It is typically classified by the size of vessels
most commonly involved by the disease. In several studies, FDG-PET
has been shown to be useful for the evaluation of large vessel vasculi-
tides, such as Takayasu disease and giant cell arteritis in arteries mea-
suring more than 4mm in diameter (13–21), particularly for the initial
diagnosis and for the assessment of response to treatment.

In children, Kawasaki disease (KD) and Henoch-Schönlein purpura
are the most common vasculitides. Kawasaki disease is a vascular
inflammatory disorder of unknown etiology that is usually self-limited.
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The clinical manifestations include fevers, erythema, edema, mucosi-
tis, lymphadenopathy, and conjunctivitis. Diagnosis is usually estab-
lished by history and physical examination. The most serious
complication is myocardial infarction, for which echocardiogram is
used for the evaluation of KD. Fluorodeoxyglucose-PET has been
shown to be helpful for the evaluation for myocardial viability in
patients with KD and previous myocardial infarct (22). Henoch-
Schönlein purpura is a small vessel inflammatory disease to the skin,
kidneys, gastrointestinal tract, lungs, and CNS. Because the small
vessels are the predominant sites of involvement, FDG-PET is not
expected to be a sensitive modality for the diagnosis of Henoch-
Schönlein purpura.

In the adolescence population, Takayasu arteritis (TA) is the most
common cause of vasculitis. It is a large vessel granulomatous inflam-
matory process affecting the aorta and its major branches. The signs
and symptoms are nonspecific, such as fevers, weight loss, and
lethargy. Because of the nonspecificity of these symptoms, TA may be
undiagnosed for several months to years. Complications include aortic
aneurysms, rupture, stenosis and thrombus, congestive heart failure,
ischemic strokes, and end-organ infarcts. The diagnosis of TA is estab-
lished by invasive angiography or MR angiography. However, diag-
nosis is difficult because the structural changes seen by contrast
angiography are only seen late during the disease. Magnetic resonance
angiography is currently becoming the modality of choice for diagno-
sis early in the disease. It would demonstrate the inflammatory wall
thickening of the involved vessel in the early phases of the disease.
Positron emission tomography with FDG also has promise in the eval-
uation of patients with TA. Hara et al. (23) reported a case of early TA
in which the involved vessels demonstrated increased FDG uptake on
PET imaging. Meller et al. (24) have shown subsequently in a study of
five patients that FDG-PET is a suitable modality for the diagnosis of
early TA (Fig. 24.3). In another study that included 15 patients, one with
TA, FDG-PET detected more vascular areas involved by the inflam-
matory process than did the MRI (25). Fluorodeoxyglucose-PET has
also been shown to be a promising modality for the early evaluation
of the response to treatment of vasculitis (15,17) as the FDG-PET scan
normalizes following successful treatment. Fluorodeoxyglucose-PET
shows the potential to have an important role in the early diagnosis
and monitoring treatment of patients with large and medium vessel
vasculitis (Fig. 24.3).

Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is an inflammatory disease that
affects the gastrointestinal tract. The etiology is uncertain but is prob-
ably immune-mediated. There are two main categories of IBD: Crohn’s
disease and ulcerative colitis. Crohn’s disease can involve any region
along the gastrointestinal tract from the mouth to the anus, and typi-
cally presents with diarrhea, abdominal pain, and weight loss. Ulcera-
tive colitis involves the rectum and extends proximally, is limited to the
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large intestine, and typically presents with bloody diarrhea, abdomi-
nal pain, and tenesmus. There are several extraintestinal manifestations
of IBD, which include ocular manifestations, nephrolithiasis, arthropa-
thy most commonly affecting large joints, primary sclerosing cholan-
gitis, and erythema nodosum.

Positron emission tomography is a noninvasive modality that was
reported to be helpful for the detection of disease activity in patients
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Figure 24.3. Initial FDG-PET images in the coronal and sagittal planes demon-
strating intense FDG activity in the thoracic aorta (large arrows). Follow-up
study demonstrated normalization in the ascending aorta (small arrow) and
partial resolution in the descending aorta (medium arrow). [Source: Meller 
et al. (25), with permission of Springer.]



with IBD (26). However, the presence of physiologic FDG activity in
the large intestine can affect the sensitivity and specificity of PET for
the evaluation of IBD. Despite this limitation of FDG-PET, Neurath 
et al. (27) reported a sensitivity of 85% with FDG-PET for the demon-
stration of disease activity in Crohn’s disease, which was significantly
superior to that of other noninvasive imaging methods including MRI
and leukocyte scintigraphy, and a specificity of greater than 89%.

Recently, investigators demonstrated clinically feasible methods of
labeling FDG with leukocytes (28). The PET images with FDG-labeled
leukocytes demonstrate minimal tracer activity in the healthy gas-
trointestinal and urinary tract as compared to FDG-PET images. There-
fore, PET with FDG-labeled leukocytes provides abdominopelvic
images with minimal hindrance from physiologic distribution of the
radiotracer. The intensity of foci of FDG-labeled leukocytes activity cor-
related well with the degree of inflammation on histology (28).

In brief, FDG-PET is a noninvasive modality that has shown great
promise for the detection of inflamed segments in patients with IBD.
Studies are currently under way to assess the accuracy of FDG-labeled
leukocytes, which will provide abdominopelvic images that are not
hindered by normal physiologic activity in the gastrointestinal and
urinary tract.

Thyroiditis

Thyroiditis is defined as an inflammatory process involving the
thyroid. Although it is most prevalent between the third and fifth
decades of life, it has been reported at all ages. Several types of thy-
roiditis exist, most commonly chronic lymphocytic (Hashimoto’s) thy-
roiditis, subacute thyroiditis, and silent thyroiditis.

Thyroiditis can present incidentally as diffuse hypermetabolism
involving the thyroid gland on FDG-PET (29–31). The differential diag-
nosis for diffuse hypermetabolism in the thyroid glands includes
Graves’ disease (32) and subclinical hypothyroidism associated with
elevated serum thyroid-stimulating hormone (TSH) without any other
thyroid pathology (33). Thyroiditis can be distinguished from thyroid
cancer, which usually demonstrates focal hypermetabolism in the
nodule.

In summary, the presence of diffuse hypermetabolism of the thyroid
should raise the suspicion of subclinical hypothyroidism or thyroiditis
in patients without symptoms of hyperthyroidism.

Chronic Granulomatous Disease

Chronic granulomatous disease (CGD) is a rare primary immunodefi-
ciency disorder that results in recurrent, often life-threatening, bacter-
ial and fungal infections. The vast majority of patients first presents
during infancy or childhood. Chronic granulomatous disease is sus-
pected to result from the inability of the phagocytes to produce ade-
quate quantities of superoxide radicals to kill catalase positive bacteria
and fungi. The diagnosis is established by determining the phagocytic
cells’ oxidase activity. Treatments for patients with CGD include
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aggressive treatment of infection, lifelong antibiotic prophylaxis, and
g-interferon therapy. This disease can be cured by bone marrow trans-
plantation, provided that the patient does not have any underlying
infection at the time of transplant (34).

Computed tomography scan has a valuable role in localizing the 
sites and extent of infectious foci in CGD patients. However, it 
cannot differentiate active lesions from chronic inactive lesions. 
Fluorodeoxyglucose-PET is a suitable imaging modality that can dif-
ferentiate active infectious lesions from chronic inactive lesions by the
presence of increased FDG accumulation in inflammatory tissues
(6,26). In a study involving seven children with CGD, FDG-PET was
compared with CT scan for the accuracy of the detection of infective
foci (35). The number of lesions detected by FDG-PET and CT scan was
116 and 126, respectively. Fifty-nine lesions suspicious for active infec-
tion on CT scan were excluded by PET, and an additional 49 infectious
lesions not seen on CT were detected by PET. The infectious agents
were identified in all seven patients based on the FDG-PET results.
Early identification of active lesions and differentiation of active lesions
from chronic inactive lesions with therapy are important to prevent
drug-related toxicities from ineffective or inappropriately prolonged
treatment (Fig. 24.4).

In summary, FDG-PET is useful for the management of patient 
with CGD. It provides the ability to differentiate active infection 
from chronic inactive granuloma. A positive PET scan indicates that
infection is present and that the abnormal hypermetabolic focus can 
be biopsied. A negative PET scan indicates that there is no evidence 
of infection. This would justify the discontinuation of aggressive,
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Figure 24.4. Corresponding transaxial images of FDG-PET (A,C) and CT scan
(B,D) showing inactive lesion (A,B) and active lesions (C,D) due to Actinomyces
naeslundii. [Source: Gungor et al. (35), with permission from the BMJ Publish-
ing Group.]



potentially toxic antimicrobial treatment and qualify the patient to be
a candidate for bone marrow transplantation.

Differentiation of Infectious or Inflammatory 
Processes from Malignancy

18F-fluoro-2-deoxyglucose is a glucose analogue. Its accumulation is not
specific to tumors. It has been demonstrated that tumors as well as
inflammatory and infectious processes frequently accumulate FDG
(5,36), which may result in false-positive interpretation of FDG-PET for
the presence of tumors. Tumors typically exhibit more intense FDG
activity than inflammatory and infectious lesions. The standard uptake
value (SUV) is a semiquantitative measurement of the intensity of
uptake (see below). However, there is considerable overlap of the 
SUV of benign and malignant lesions. This makes the differentiation 
of benign from malignant lesions difficult if only one time point is 
used for imaging, particularly for lesions with mild to moderate FDG
intensities (SUVs ranging from 1 to 5). The SUV can be calculated as
follows:

It has been demonstrated that the intensity of FDG accumulation in
inflammatory tissues is maximal at approximately 60 minutes after
injection and gradually decreases afterward (37). Lodge et al. (38) sub-
sequently reported significantly different time-activity responses of
benign and malignant lesions. Benign lesion peak FDG activity
occurred within 30 minutes, whereas malignant lesions’ maximal activ-
ity occurred at approximately 4 hours after injection. The different 
FDG uptake patterns may be attributed to the different enzymatic
expression of hexokinase and glucose-6-phosphatase in benign and 
in malignant lesions. Tumors typically exhibit decreased glucose-6-
phosphatase activity as compared to benign lesions (39,40). As a result,
the hexokinase/glucose-6-phosphatase ratio is increased in tumors,
which may explain why tumors demonstrate increasing FDG accumu-
lation over a longer period of time after injection. Unlike tumors,
mononuclear cells, which predominate in chronic inflammatory
processes, have increased glucose-6-phosphatase activity (41). This
may account for the shorter time to peak FDG accumulation after injec-
tion as compared with tumors. For this reason, dual-time point imaging
is sometimes helpful for the differentiation of benign from malignant
lesions.

Dual-time point imaging with FDG-PET is a technique that has been
found to be helpful for distinguishing tumors from benign lesions in
various conditions (42–45). In this technique, the first scan is performed
using the same method as in single-time point imaging. The second
scan is performed in the site of the lesion in question. Factors affecting
the accuracy of this technique are the time of the first scan after injec-
tion and the time interval between the first and second scans. Because

  
SUV

Activity in MBq mL Decay factor of F after injection
Injected dose in MBq Body weight in g

=
¥ ( )

¥
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FDG uptake by inflammatory cells peaks in intensity at about 60
minutes after injection, the suggested time of the first scan should be
at least 60 minutes after FDG administration. The time interval between
the first and second scans should be at least 30 minutes to provide ade-
quate additional accumulation of FDG in tumors and differentiation
between benign lesions and tumors (Fig. 24.5) (45). The positive inter-
pretation criterion of this technique is an increase in SUV by at least
10% between the first to second scans (43).

Dual-time point imaging is a helpful technique for differentiat-
ing benign from malignant lesions, particularly for those with mild or
moderate FDG accumulation. Malignant lesions increase in intensity
on delayed imaging, and benign lesions demonstrate stable or decreas-
ing intensity on delayed imaging.

Conclusion

Positron emission tomography is a noninvasive modality that shows
great promise for the evaluation of patients with infections. The most
commonly used radiopharmaceutical is FDG. With the availability of
further studies, infection and inflammation may become a major clin-
ical indication for FDG-PET in the clinical practice of medicine.
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25
Inflammatory Bowel Disease

Jean-Louis Alberini and Martin Charron

In the 1970s, research with positron emission tomography (PET)
expanded in the fields of cardiology and neurology, but since the 1990s
a dramatic upsurge of PET occurred in oncology applications using
mostly fluorodeoxyglucose (FDG). This development can be explained
by the ability to obtain whole-body acquisition and good image quality
and by an improvement of the availability of FDG. However, FDG is
not tumor specific. False-positive FDG-PET results in cases of infection
and inflammation are well known (1,2). The first report of PET use in
infection was the description of FDG uptake in abdominal abscesses in
1989 (3). This led some to consider PET with FDG as a useful tool for
rapid detection of infectious processes (4). This property was consid-
ered as an opportunity to use FDG-PET in the diagnosis and follow-
up of infectious or inflammatory processes, where it can replace other
investigations, for instance, using white blood cell scintigraphy as well
as Ga-67.

Another potential source of nonmalignant increased FDG uptake is
the presence of physiologic activity (in brown fat tissue, muscles,
glands, lymphoid tissue). Development of PET–computed tomography
(CT) scanners in 2001 allowed decreased acquisition time and
improved image analysis by limiting false-positive results due to these
physiologic activities. Localization of increased FDG uptake is
improved when PET and CT images are co-registered, and PET and CT
interpretations can be improved when they are associated.

Physiologic FDG Colonic Activity

Although the FDG uptake pattern in the normal colon and intestine is
usually mild to moderate, there can be instances of more intense
uptake. Segmental and intense colonic increased uptake can be related
to inflammation, but uptake in the cecum and descending colon is
common in patients without inflammatory bowel disease with a rate
estimated to be 11% in a series of 1068 patients (5). The presence of
irregular or focal intense accumulation was reported in asymptomatic
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patients (6). Different kind of colitis associated with FDG increased
uptake have been reported (7–9). Causes of uptake are not clear, but
several hypotheses have been suggested (10–12). It could be caused by
any of the following:

• Smooth muscle activity in relation with peristaltism (6,10–12)
• Accumulation of FDG in superficial mucosal cells and a possible

shedding of FDG in the stool (13)
• Intraluminal leak of FDG through tight junctions between epithelial

cells related to an increased permeability (6) or maybe related to the
presence of WBC (13)

• Presence of lymphoid tissue (14)
• Bacterial uptake (15)

The published data for the increased uptake associated with peri-
staltism are contradictory. The use of drugs with antiperistaltic effects
(atropine, sincalide) has not shown any difference of the level of intesti-
nal FDG uptake with the baseline state in five young volunteers (16).
In another study (17), the use of N-butylscopolamine enabled bowel
FDG uptake to decrease. A higher incidence of colonic uptake, espe-
cially in the descending colon, was associated with constipation (6).
This increased uptake can be explained by a stercoral stasis, which may
be responsible for stool accumulation and for an increase of peristaltic
motion. Presence of FDG was noted in stools (6). This has led to the
proposal of an intestinal preparation with iso-osmotic solution (13).
Another hypothesis to explain increased colic uptake was the presence
of lymphoid tissue in the cecum walls (14) because it is known that
FDG can accumulate in other sites of lymphoid tissue as well as tonsils
and adenoids in the Waldeyer ring (18). Finally, it is difficult to deter-
mine the mechanism originally responsible for increased uptake.

PET Imaging Compared to Other 
Nuclear Imaging Techniques

Endoscopic and radiologic methods of disease localization are more
invasive when compared with the technetium-99m (99mTc)–white blood
cell (WBC) scan and tend to produce more discomfort as a result of the
instrumentation and preparation for the procedure (e.g., bowel cleans-
ing). Moreover, several studies are needed to analyze the entire bowel,
because colonoscopy cannot evaluate the entire small bowel. There is
a need for a noninvasive technique that can be utilized in the follow-
up of pediatric patients. The 99mTc-WBC scan seems ideally suited to
obtain a precise temporal snapshot of the distribution and intensity of
inflammation, whereas radiographic modalities of investigation tend
to represent more chronic changes. An additional advantage is high
patient acceptability, especially in children. Patients prefer the 99mTc-
WBC scintigraphy to barium study or enteroclysis. The effective dose
equivalent for a 99mTc-WBC study is approximately 3mSv, whereas it 
is on the order of 6mSv for a barium small bowel follow-through or
8.5mSv for a barium enema. A high yield (percent of positive studies)
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is noted at 30 minutes (88%). The test and acquisition can be terminated
if there is a clinical need to shorten the examination time.

Scintigraphy with 99mTc-WBC has been reported to be sensitive for
the detection of inflammation in adults. The correlation between scinti-
graphic and endoscopic findings is close enough that scintigraphy can
supplement left-sided colonoscopy in the event that total colonoscopy
is technically impossible in a selected case. It appears likely that the
99mTc-WBC scan can be used as a monitoring tool for inflammatory
activity in place of colonoscopy. Scintigraphy can also be used to doc-
ument the proximal extension of ulcerative proctosigmoiditis or post-
operative recurrence of Crohn’s disease (CD). The 99mTc-WBC scan is
occasionally useful to assess the inflammatory component of a stricture
seen on a small bowel follow-through.

However, 99mTc-WBC scintigraphy has limitations. It is not useful in
defining anatomic details such as strictures, prestenotic dilations, or fis-
tulas, which are best evaluated by barium radiographic studies. Occa-
sionally, in a patient with CD, it can be difficult to distinguish the large
bowel from small bowel if the uptake is focal, because landmarks dis-
appear. The presence of gastrointestinal (GI) bleeding occurring at the
same time as the 99mTc-WBC study can complicate the interpretation of
findings.

The value of WBC scintigraphy is well established in the diagnosis
of inflammatory bowel disease in children (19–22). Theoretically, FDG-
PET offers some advantages compared to other radionuclide imaging
methods. First, it allows noninvasive study of children and avoids
some drawbacks inherent in WBC scintigraphy performed with indium
111 (111In) or 99mTc-labeled leukocytes or granulocytes (23). Second, WBC
scintigraphy is a time-consuming technique due to the delay for label-
ing (approximately 2 hours) and the required interval between injec-
tion and image acquisition. Delayed images performed approximately
4 hours after injection or later are recommended and probably essen-
tial (24). This delay should be compared to the 2- to 3-hour delay
required for an FDG-PET scan. Third, WBC scintigraphy exposes the
patient to the risk of contamination by infectious agents from the
manipulation of blood samples for the labeling and may require a
certain amount of blood sample in younger children. The biodistribu-
tion of activities in the liver, the urinary tract, and the bone marrow
may generate difficulties for the analysis. On the other hand, radiation
protection is always a concern in pediatrics; the dose delivered is 
more favorable with WBC scintigraphy than with FDG-PET (3mSv 
vs. 6mSv) (23).

However, WBC scintigraphy was shown to be sensitive and able to
provide semiquantitative data on the severity and the extent of
involved segments by inflammation (19–23,25) with a good correlation
with endoscopic findings and clinical index. It was shown that WBC
scintigraphy helps to differentiate continuous and discontinuous colitis
(between Crohn’s disease and ulcerative colitis) (26). Lack of anatomic
information is no longer a limitation for this technique because of the
introduction of combined single photon emission computed tomo-
graphy (SPECT) and CT systems, but the role of the co-registration in
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this situation is not yet validated. However, this technique increases
the dose delivered to the patient. In published studies using WBC
scintigraphy, imaging was performed classically with static views
(19–23,25), but it was shown that SPECT can improve the quantifica-
tion (25). However, g-emitter imaging lacks spatial resolution, and its
assessment of the intensity of the bowel activity is only semiquantita-
tive. The main advantage of PET imaging in this field is the opportu-
nity to obtain three-dimensional (3D) slices in one procedure in a
shorter time than SPECT takes and with a better image quality. Fur-
thermore, PET imaging allows a more accurate semiquantitative analy-
sis using standard uptake values (SUVs). In the first two published
studies (27,28), the method for the semiquantitative analysis of FDG
uptake was a measure of a ratio of maximum uptake between intestine
and vertebral body. Now most of the PET scans are performed with
correction attenuation using external g-emitters sources or CT; SUV
data are easily available. Currently no data show that the use of PET-
CT for this indication can improve the performance of PET by the asso-
ciation of anatomic and metabolic data.

The role of PET in inflammatory bowel disease is not clearly estab-
lished even if some publications have shown promising results with
FDG. However, the presence of physiologic colonic activity is a 
challenge in this situation and leads to the conclusion that FDG is 
probably not the best-suited tracer in inflammatory bowel disease. 
It is not yet shown that FDG-PET is superior to WBC scintigraphy. 
New tracers are under investigation or will be developed in order 
to investigate inflammation more specifically. The role of PET 
imaging in the evaluation of treatment efficacy has not been yet 
evaluated.

The first studies suggesting that FDG-PET may be a useful tool to
identify active inflammation in inflammatory bowel disease in adults
and in children were published in Lancet (27,28). In the first study, FDG-
PET was used to assess the treatment efficacy on a long-term follow-
up in six patients. A correlation between PET and endoscopic findings
was found in five patients with true-positive PET results; PET and
endoscopy were negative in one patient. In the second study, per-
formed in a pediatric population affected by inflammatory bowel
disease in 18 cases and presenting nonspecific abdominal symptoms in
seven cases, sensitivity and specificity were 81% and 85%, respectively,
on a per-patient analysis and 71% and 81%, respectively, on a per-
segment analysis. More recently, performances of FDG-PET were com-
pared to those of hydro–magnetic resonance imaging (MRI) and
antigen-95 granulocyte antibodies in a prospective study including 91
patients (29). In this population, 59 patients had Crohn’s disease and
32 patients served as controls (12 irritable bowel syndrome and 20
tumor patients). Positron emission tomography sensitivity was higher
than that of MRI or granulocyte antibodies (85.5%, 40.9%, and 66.7%,
respectively), but specificity was lower (89%, 93%, and 100%, respec-
tively). Positron emission tomography showed more findings corre-
lated with histopathologic findings than hydro-MRI or granulocyte
antibodies. Intensity of FDG uptake used in this study was estimated
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by the measures of SUVmax. No correlation was found among SUVmax,
Crohn’s Disease Activity Index, C-reactive protein, and the number of
involved segments. N-butylscopolamine was used in this study in
order to decrease motion artifacts. This can explain why no intestinal
increased FDG uptake was found in the control group of patients with
irritable bowel syndrome.

The most exciting application of PET imaging is the opportunity to
use FDG-labeled leukocytes for this indication, as developed by
Forstrom and colleagues (30). The labeling procedure resulted in a sat-
isfactory yield (80%) after a leukocyte incubation with FDG for 10 to
20 minutes in a heparin-saline solution at 37°C. The activity was found
more in the granulocyte (78.5% ± 1.4%) than in the lymphocyte-platelet
fraction (12.6% ± 1.9%) or in the plasma (5.8% ± 1.8%). The cells’ via-
bility and the stability of labeling were excellent (30). Fluorodeoxyglu-
cose-labeled autologous leukocyte scintigraphy performed in four
normal volunteers has shown a predominant uptake in the reticuloen-
dothelial system similar to that of other radiolabeled leukocytes and
no gastrointestinal uptake (31). Injection of FDG-labeled leukocytes
using 250MBq (225–315MBq) exposes to a dose of 3 to 4mGy approx-
imately, similar to the dose delivered by 111In-labeled WBC scintigra-
phy. Pio and colleagues (32) have shown that PET imaging using
FDG-labeled WBC was feasible and facilitated assessment of bowel
inflammation accurately and rapidly in murine and human subjects. 
In animal models, inflammatory bowel disease was present in Gi2a-
deficient mice (lacking the signal transducing G-protein) or induced by
an injection of exogenous leukocytes. A correlation between intestinal
segments with increased uptake of FDG-labeled WBC and histopatho-
logic and colonoscopic findings was found. Their intensity was corre-
lated with the degree of inflammation measured on the pathologic
analysis performed on necropsied mice and used as the gold standard.
The acquisition protocol used in this study seems very simple because
acquisition was started 40 minutes after injection and lasted 30
minutes.

PET and Cancers in Patients with 
Inflammatory Bowel Disease

Patients with inflammatory bowel disease are exposed to a higher risk
of colorectal cancer than the general population; for patients with ulcer-
ative colitis this risk can reach a factor of 2. Colorectal cancer is overall
observed in 5.5% to 13.5% of patients with ulcerative colitis and in 0.4%
to 0.8% in patients with Crohn’s disease (33). Colorectal cancer can
account for approximately 15% of all deaths in these patients (34,35).
However, the increased risk of colorectal cancer is not well known (34),
especially in Crohn’s disease patients (36). Established risk factors
include long duration (34), large extent and severity of the disease (37),
early disease onset, presence of complicating primary sclerosing
cholangitis or stenotic disease, (33) and perhaps a family history of col-
orectal cancer (38).
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Although this risk does not usually involve children during their
childhood because colorectal cancer occurs after several years of the
disease onset, it was shown in a meta-analysis (34) that the cumulative
probabilities of any child developing cancer were estimated to be 5.5%
at 10 years of duration, 10.8% at 20 years, and 15.7% at 30 years. The
average age of onset of ulcerative colitis was 10 years in several studies.
All these data mean that this child population will require permanent
surveillance for early detection of colorectal cancer.

The current surveillance strategy includes colonoscopic examina-
tions (39), but its impact on survival in patients with extensive disease
is still under debate (40). It seems in different studies that dying by col-
orectal cancer in the group of patients with colonoscopic surveillance
was lower than in the no-surveillance group (40). It is logical to con-
sider that surveillance will facilitate detection of advanced adenomas,
adenomas with appreciable villous tissue or high-grade dysplasia, or
cancer at an early stage. The optimal interval between surveillance pro-
cedures is not established, but a delay of approximately 3 years seems
to be cost-effective (41). Because the estimated incidence of colorectal
cancer in ulcerative colitis patients can reach 27% over a 30-year period,
prevention can lead to the proposal of a prophylactic colectomy. This
attitude is questionable considering the complications risk and the 
consequences on the quality of life (41), but the cumulative colectomy
rate can be high after a long duration of disease (42). It was proposed
to start this surveillance 7 or 8 years after the disease onset in case of
total colitis (33) or immediately in patients with primary sclerosing
cholangitis (38).

Finally, because of the better acceptance of noninvasive techniques
by patients, FDG-PET has a role to play in the surveillance workup 
in children (when the disease onset is early) or in young adults. 
Indeed it was shown that FDG-PET is a sensitive tool to detect prema-
lignant colonic lesions (43–46). The presence of colonic nodular-focal
FDG findings detected by FDG-PET is suggestive of a premalignant
lesion. In a series of 20 patients with nodular colonic FDG uptake on 
a routine PET-CT scan, we found that these foci were associated 
with colonoscopic lesions in 75% of the patients (15/20 patients) and
in 67% of the total amount of FDG findings (14/21 areas) (47).
Histopathologic findings revealed advanced neoplasms in 13 patients
(13 villous adenomas and three carcinomas) and two cases of hyper-
plastic polyps. Co-registration of PET and CT data improved the analy-
sis of colonic FDG uptake by avoiding confusion between abnormal
focal uptake and physiologic activity, especially in case of fecal stasis.
These results were in agreement with a recent paper (48) in which the
authors found nine colorectal carcinomas and 27 adenomas. Among
these adenomas, seven were high-grade dysplasia adenomas. Inflam-
matory lesions were reported in 12 of 69 patients (17%), and the 
diagnostic was confirmed by endoscopy. There were four cases of
diffuse colonic uptake related to three active colitis and one reactiva-
tion of ulcerative colitis, and eight cases of segmental colonic uptake
with one identified pseudomembranous colitis. This may suggest 
that PET or PET-CT can play a role in the diagnostic procedure in the
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surveillance strategy of patients with inflammatory bowel disease in
order to detect early lesions susceptible to easy removal, that is, 
neoplasia at a surgically curative stage or, better yet, at a dysplastic,
still noninvasive stage.

Another situation that exposes inflammatory bowel disease patients
to a higher risk of malignant lesion is the presence of primary scleros-
ing cholangitis. Because of its poor prognosis when diagnosed at an
advanced stage (49), early detection of cholangiocarcinoma lesions is
crucial. Surgical resection and liver transplantation are the only cura-
tive treatments. A study has shown that FDG-PET has the potential to
detect small cholangiocarcinoma tumors in nine patients with primary
sclerosing cholangitis (50) in spite of its limited spatial resolution. A
more recent study (51) in 50 patients with biliary tract cancers of whom
36 had cholangiocarcinoma was not so optimistic on the value of PET
in diagnosis of cholangiocarcinoma; PET sensitivity was much higher
in the nodular rather than the infiltrating form (85% vs. 18%), and there
was a false-positive result in a patient with primary sclerosing cholan-
gitis associated with an acute cholangitis. Its sensitivity to identifying
carcinomatosis was very poor, with three false-negative results out of
three patients. However, detection of unsuspected distant metastases
led to a change in surgical management in 31% (11/36). The FDG-PET
performances to detect carcinomatosis or pulmonary metastases were
really better in other series (52,53). To conclude, FDG-PET is a useful
tool in the diagnosis of cholangiocarcinoma especially for the nodular
form, but it can fail to differentiate cholangiocarcinoma from cholan-
gitis. Its value in the preoperative workup to confirm that cholangio-
carcinoma lesions are only localized in the liver seems limited, but
further studies are required.

Conclusions

The main advantages of nuclear medicine methods are their capability
to explore metabolic processes at a molecular level, with a quantitative
approach, and the potential to label molecules and antibodies that can
be proposed as treatments. Ultrasonography, CT, and MRI are suited
for the diagnosis of inflammatory bowel disease complications, but the
latest technologic improvements have allowed exploration of the
intestinal wall with nonirradiating techniques. Although 111In- or 99mTc-
labeled WBC scintigraphy remains a reliable method for diagnosis of
inflammatory bowel disease, it cannot replace colonoscopy. Positron
emission tomography as a new nuclear imaging modality offers sig-
nificant advantages in the diagnosis and follow-up in inflammatory
bowel disease because of its better spatial resolution, its volumetric
acquisition in one step, the high signal-to-background ratio, the oppor-
tunity to quantify signal intensity, its good availability, and the lack of
side effects. Although some studies have shown good performance
with FDG, it does not seem to be the best suited tracer because of the
physiologic colonic uptake. One challenge for FDG-PET imaging in
inflammatory bowel disease is to determine if it can be included in the
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surveillance of patients with ulcerative colitis because of a higher risk
of colorectal cancer and cholangiocarcinoma in this population. Several
studies have shown that FDG-PET is a sensitive and noninvasive
method to detect premalignant colonic lesions, especially high-grade
dysplasia adenomas. Its place beside the repeated colonoscopic inves-
tigations has to be evaluated.

Development of new tracers in order to study different metabolisms,
inflammatory reactions, and probably immunologic reactions involved
in inflammatory bowel disease will be a challenge. The opportunity to
label new drugs with positron emitters should be investigated in order
to propose clinical tools to evaluate therapeutic efficacy. At the
moment, the preliminary results obtained with FDG-labeled leukocytes
in humans are very promising.
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26A
Hyperinsulinism of Infancy:
Noninvasive Differential Diagnosis
Maria-João Santiago-Ribeiro, Nathalie Boddaert, Pascale De Lonlay, 
Claire Nihoul-Fekete, Francis Jaubert, and Francis Brunelle

Hyperinsulinism (HI) is the most important cause of recurrent hypo-
glycemia in infancy. The hypersecretion of insulin induces profound
hypoglycemias that require aggressive treatment to prevent the high
risk of neurologic complications (1,2). Hyperinsulinism can be due to
two different histopathologic types of lesions, a focal or a diffuse form
(3,4), based on different molecular entities despite an indistinguishable
clinical pattern (5–9). In focal HI, which represents about 40% of all
cases (10), the pathologic pancreatic b cells are gathered in a focal
adenoma, usually 2.5 to 7.5mm in diameter. Conversely, diffuse HI cor-
responds to an abnormal insulin secretion of the whole pancreas 
with disseminated b cells showing enlarged abnormal nuclei (11).
Finally, about 10% of HI cases are clinically atypical and could not 
be classified, having unknown molecular basis and histopathologic
form (12).

The two histopathologic forms correspond to two distinct molecular
entities most implicating the SUR1 and KIR6.2 genes. The focal HI is
associated with a loss of a maternal allele from chromosome 11p15 in
the lesion and a somatic reduction to homozygosity in the paternally
inherited mutation in either of the genes encoding the two subunits of
the K+ ATP channel: the sulfonylurea receptor type 1 (SUR1, MIM-
600509) and the inward-rectifying potassium-channel (KIR6.2, MIM-
600937). The diffuse form of HI is more heterogeneous and its genetic
basis has been recognized in only 50% of the cases. Diffuse HI involves
the genes SUR1 and KIR6.2 in recessively inherited hyperinsulinism or,
more rarely, dominantly inherited hyperinsulinism. The glucokinase
gene or other loci are also involved in dominantly inherited hyperin-
sulinism. The glutamate dehydrogenase gene is concerned when
hyperammonemia is associated with hyperinsulinism.

Control of HI is attempted through medical treatment with diazox-
ide, nifedipine, or octreotide (13–15), but pancreatectomy is the only
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option for patients resistant to these treatments (10,16). Therefore, the
differential diagnosis between the two forms becomes of major 
importance because their surgical treatment and the outcome differ
considerably. Focal HI is totally cured by the selective resection of the
adenoma, whereas diffuse forms of HI require a subtotal pancreatec-
tomy with severe iatrogenic diabetes as consequence (17,18).

The localization of insulin hypersecretion before surgery is only pos-
sible through pancreatic venous catheterization (PVC), allowing a pan-
creatic map of insulin concentrations, with an eventually additional
pancreatic arterial calcium stimulation (PACS) (19–21). Pancreatic
venous catheterization is invasive and technically difficult to perform
and requires general anesthesia. The concentrations of plasmatic
glucose must be maintained between 2 and 3mmol/L before and
during the PVC. Moreover, all medical treatments have to be stopped
5 days before the study. Therefore, it is of major interest to find another
less invasive way to differentiate between focal and diffuse HI. This
method should precisely localize the pathological area of focal HI to
guide the surgeon.

L-dihydroxyphenylalanine (L-DOPA) is a precursor of cate-
cholamines that is converted to dopamine by the aromatic amino acid
decarboxylase (AADC) enzyme. In addition to its role as a precursor
of noradrenaline and adrenaline, dopamine is a transmitter substance
in the central and peripheral nervous system. The capacity to take up
and decarboxylate amine precursors such as L-DOPA or 5-hydrox-
ytryptophan (5-HTP) and store their amine biogenic (dopamine and
serotonin) is characteristic of neuroendocrine cells.

Pancreatic cells contain markers usually associated with neuro-
endocrine cells, such as tyrosine hydroxylase, dopamine, neuronal
dopamine transporter, vesicular dopamine transporter, and monoa-
mine oxidases A and B (22–24). Pancreatic islets have been shown to
take up L-DOPA and convert it to dopamine through the aromatic
amino acid dopa decarboxylase (25–27).

The term neuroendocrine tumors comprises a wide variety of rare
tumor entities that may originate either from pure endocrine organs
(e.g., pituitary adenomas), from pure nerve structures (e.g., neuroblas-
tomas), or from elements of the diffuse (neuro)endocrine system as all
endocrine tumors of the gastroenteropancreatic (GEP) tract. These neu-
roendocrine disordered cells share similar cytochemical and ultra-
structural characteristics. They have the capacity to take up and convert
dopamine precursors to amines or peptides, or both, which they store
in secretory granules in the cytoplasm. Yet, it has been discovered that
other cells throughout the body share this ability of amine precursor
uptake and decarboxylation (APUD). The term APUD has lately been
found to be inadequate, because several cell types included in the
system do not metabolize amines. Furthermore, there is evidence that
some APUD cell types are not of neural crest origin but are derived
from endoderm (28).

Positron emission tomography (PET) performed with fluorine-18
(18F)-fluoro-L-dihydroxyphenylalanine (18F-fluoro-L-DOPA) has been
extensively used to study the central dopaminergic system. Neverthe-
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less, several recent studies have demonstrated the usefulness of this
radiotracer to detect neuroendocrine tumors as pheochromocytomas,
thyroid medullar carcinomas, or gastrointestinal carcinoid tumors that
usually contain secretory granules and have the ability to produce bio-
genic amines (29,30).

Technique

Data Acquisition and Processing

The patients fasted for at least 6 hours prior to the PET study, and 
their medications were stopped for at least 72 hours. During all 
PET studies, normoglycemia is maintained by glucose infusion, 
which is carefully adjusted according to frequent blood glucose moni-
toring. Maximal glucose infusion rates between 6.4 and 13.2mg/
kg/min are needed. Positron emission tomography acquisition is 
performed under light sedation (pentobarbital associated or not 
with chloral).

Patients are placed in the supine position in the tomograph using a
three-dimensional (3D) laser alignment. To ensure the optimal position
in the scanner and to avoid movement artifacts, children should be
comfortably immobilized during the study acquisition by placing 
them in a vacuum mattress. Intravenous bolus injection of a mean of 
4.0MBq/kg 18F-fluoro-L-DOPA is done 30 to 50 minutes before trans-
mission acquisition.

Tissue attenuation is measured postinjection and before emission
acquisition. Transmission scans (2D acquisition mode) lasted 2.5
minutes per bed position (field of view of 15cm), with two or three
steps, according to the height of the patient, from the neck to the hip.
After segmentation, they are used for subsequent correction of attenu-
ation of emission scans. Thorax-abdomen emission scans (3D acquisi-
tion mode) start between 45 to 65 minutes after the radiotracer
injection; 2.5-minute step acquisition, two or three steps for one scan,
is acquired over 30 minutes.

The emission sets are corrected for scatter using a model-based cor-
rection, allowing the simulation of the map of single scatter events. The
images are reconstructed using an attenuation weighted ordered subset
expectation maximization iterative algorithm with four iterations and
six subsets.

Data Analysis

The reconstructed images are evaluated in a 3D display using axial,
coronal, and sagittal views to define pancreas, which invariably has a
sufficiently high uptake of 18F-fluoro-L-DOPA to distinguish it from the
surrounding organs in the upper abdomen. Variable uptake is also seen
in the gallbladder, biliary duct, and duodenum; nevertheless all of
them could be discerned from pancreatic target tissue uptake.
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For each patient, all thorax-abdomen emission scans are assembled
with bed position overlap. A gaussian filter was used to smooth the
images. This assembled image could be recalculated to provide the
standard uptake value (SUV) where the radioactivity concentration in
each pixel is divided by the total injected dose of 18F-fluoro-L-DOPA at
the beginning of the emission acquisition and the body weight.
However, this imaging sequence is not crucial, and only one thorax-
abdomen emission scan can be done 60 minutes postinjection. In fact,
pancreas uptake of 18F-fluoro-L-DOPA is constant during the emission
acquisition (30 minutes).

Eighteen children with HI were studied using PET and 18F-fluoro-L-
DOPA. Five of them presented an abnormal focal radiotracer uptake
whereas a diffuse uptake pattern was observed in the pancreatic area
of the other patients. All patients with focal radiotracer uptake were
submitted to surgery, and the localization of the focal form character-
ized by PET was confirmed by histologic samples. Figure 26A.1 illus-
trates an example of a typical focal form of HI. A diffuse accumulation
pattern of 18F-fluoro-L-DOPA was observed in the whole pancreas for
patients with diffuse insulin secretion (Fig. 26A.2). Diffuse HI forms
resistant to medical treatment (four patients) were operated and PET
results were supported by the data from histologic analysis after subto-
tal pancreatectomy.
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Figure 26A.1. Focal hyperinsulinism (HI). The abnormal focal increased
uptake of the radiotracer is visualized in the pancreas on coronal and axial pro-
jections (arrows). Physiologic distribution of the radiotracer with higher accu-
mulation in the kidneys and the urinary bladder and a lower accumulation in
the liver is also observed.
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26B
Hyperinsulinism of Infancy:
Localization of Focal Forms

Olga T. Hardy and Charles A. Stanley

Congenital Hyperinsulinism

Congenital hyperinsulinism is the most common cause of persistent
hypoglycemia in infants and children (1). Infants with severe forms of
the disorder (formerly termed nesidioblastosis) present with hypo-
glycemia in the newborn period and are at high risk of seizures, per-
manent brain damage, and retardation. Infants with congenital
hyperinsulinism may have either focal or diffuse abnormalities of the
pancreatic b cells. In cases with diffuse disease, an underlying defect
in the b-cell adenosoine triphosphate (ATP)-dependent potassium
channel may be present, caused by recessive loss of function mutations
of the two genes encoding the KATP channel, SUR1 or Kir6.2 (1,2).
These mutations may also cause focal hyperinsulinism in which there
is an area of b-cell adenomatosis due to loss of heterozygosity for the
maternal 11p region and expression of a paternally derived KATP
channel mutation (3). Most of the cases with severe hyperinsulinism
do not respond to medical therapy with diazoxide, octreotide (Fig.
26B.1), or continuous feedings and require near-total pancreatectomy
to control hypoglycemia. However, cases of focal hyperinsulinism can
be treated effectively with partial pancreatectomy. The surgical
approach and therapeutic outcome for the infants depends on preop-
eratively distinguishing between focal and diffuse forms of hyperin-
sulinism. This chapter describes the focal lesions of hyperinsulinism,
the pancreatectomy procedure, previous methods of determining the
site of focal lesions, and the rationale for using positron emission tomo-
graphy (PET) scans with 18F-fluoro-L-DOPA.

Focal Hyperinsulinism

Histologically, focal hyperinsulinism has the appearance of b-cell ade-
nomatosis (Fig. 26B.2) but does not affect pancreatic architecture and
is invisible to the naked eye. Focal hyperinsulinism is clonal in origin

479



480 Chapter 26B Hyperinsulinism of Infancy: Localization of Focal Forms

Diazoxide

Membrane
depolarization

KATP
channel

Octreotide

Glucose

Glucokinase

Glucose-6
phosphate

TCA cycle

[ATP]
[ADP]

Increased
intracellular Ca+

Insulin

Voltage-dependent
Ca+ channel

SURSUR

Ca2+

[K+]

[K+]

GLUT2

Figure 26B.1. Pathways of insulin secretion in the b cell. Glucose is metabo-
lized through GLUT2 and glucokinase to increase adenosine triphosphate
(ATP) formation. The elevation of the ATP/adenosine diphosphate (ADP) ratio
leads to closure of KATP channels, depolarization of the membrane, opening
of voltage-gated Ca2+ channels, and an increase in intracellular Ca2+, which trig-
gers the exocytosis of insulin granules. Because diazoxide suppresses insulin
secretion by opening KATP channels, infants with diffuse or focal HI due to
KATP mutations can not respond to treatment with diazoxide.

Figure 26B.2. Gross and histopathologic section of focal hyperinsulinism. This
is an area of focal adenomatosis characterized by a pattern of crowded islets
and limited exocrine tissue present in the surrounding periphery. Normal
neighboring tissue to the right has an appropriate amount of islets present.



and the result of a specific loss of maternal alleles (loss of heterozy-
gosity, LOH) in the p15 region of chromosome 11 (4) where the two
KATP channel genes, SUR1 and Kir6.2, are located. The maternal LOH
results in loss of one or more maternally expressed tumor suppressor
genes p57KIP2 and H19 as well as isodisomy for the paternally
expressed insulin-like growth factor 2 gene (4). The loss of the mater-
nal 11p thus leads to expansion of a clone of b cells that expresses a
paternally derived KATP channel defect. These focal lesions are treat-
able with focal resection of the affected pancreatic area.

Pancreatectomy

Infants with congenital hyperinsulinism that fail medical management
require partial or near-total pancreatectomy. During this operation,
biopsies from the pancreatic head, body, and tail are examined for b
cells with large nuclei and abundant cytoplasm suggestive of diffuse
disease. When frozen sections demonstrate the absence of nuclear
enlargement in biopsies from the head, body, and tail of the pancreas,
further search for a focal lesion is conducted using additional biopsies
until the focal lesion is found. Infants in whom frozen sections demon-
strate diffuse disease, as evidenced by islet nuclear enlargement in all
areas of the pancreas, undergo near-total pancreatectomy, removing
approximately 98% of the organ. Many of these children subsequently
develop iatrogenic diabetes. Preoperative differentiation between
diffuse and focal disease and localization of a potential focal lesion is
important to guide the surgical approach and improve surgical
outcome.

Localization of Focal Pancreatic Lesions

Previous efforts to image focal congenital hyperinsulinism have 
been unsuccessful, including computed tomography (CT), magnetic
resonance imaging (MRI), ultrasonography (preoperative and intra-
operative), and radiolabeled octreotide scans (5). As discussed below,
pharmacologic tests and techniques using interventional radiology
have had limited success.

Pharmacologic Tests

Children with diffuse hyperinsulinism associated with the two most
common mutations of SUR1 display abnormal positive acute insulin
responses (AIRs) to calcium and abnormal negative AIR to the KATP
channel antagonist tolbutamide as well as an impaired insulin response
to glucose (6). It was hypothesized that infants with diffuse and focal
diazoxide-unresponsive hyperinsulinism could be distinguished by
their AIRs to calcium and tolbutamide stimulation. That is, both types
would respond to calcium, but only focal lesions would respond to
tolbutamide. This hypothesis was tested in a group of 30 focal and 13
diffuse cases. Only two thirds of these cases responded to calcium;
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although most focal cases responded to tolbutamide, half of the diffuse
cases responded as well (7). This probably reflects the fact that some of
the disease-causing mutations retain some partial function of the KATP
channel (8). As a consequence, preoperative AIR tests cannot be used
to distinguish focal vs. diffuse disease.

Interventional Radiology

Over the past 5 years, we have used the procedure of selective pan-
creatic arterial calcium stimulation with hepatic vein sampling (ASVS)
for localization of focal hyperinsulinism lesions. It relies on the hypo-
thesis that hypersensitivity to calcium stimulation in children with 
both diffuse and focal hyperinsulinism would make it possible to use
selective pancreatic arterial stimulation with hepatic venous insulin
sampling to differentiate focal from diffuse disease and to localize 
focal lesions. The ASVS procedure is carried out under general anes-
thesia, and plasma glucose levels must be maintained between 60 and
90mg/dL. A positive response to the ASVS test is defined as a twofold
or greater rise in plasma insulin after calcium infusion. A positive
response from a single region of the pancreas is taken as evidence of
focal disease. Results from a study looking at ASVS in 50 children
revealed that ASVS localized the lesion in 24 of 33 focal cases (73%) but
correctly diagnosed diffuse disease in only four of 13 cases. The ASVS
test has about the same accuracy as transhepatic portal venous insu-
lin sampling (THPVS), which correctly identified the region of focal
lesions in only 76% of 45 cases (3). Both of these tests are technically
difficult to perform and are associated with significant risks of general
anesthesia and intubation, hypoglycemia, femoral artery catheteriza-
tion and thrombosis, radiation exposure, and need for transfusion due
to blood sampling.

PET Using 18F-fluoro-L-DOPA for Focal Hyperinsulinism

Fluorine-18 (18F)-labeled L-fluoro-DOPA has been used successfully to
detect neuroendocrine tumors, such as carcinoids and endocrine pan-
creatic tumors in adults (9). Neuroendocrine tumors belong to the
amine precursor uptake and decarboxylation (APUD) cell system and
have the capacity to take up and to decarboxylate amine precursors,
transform them into biogenic amines, and store them in vesicles. Thus,
these cells can take up radioactively labeled 18F-fluoro-L-DOPA to store
as dopamine, which can be detected by PET imaging. 18F-fluoro-L-
DOPA-PET was not successful in localizing insulinomas but was accu-
rate in localizing focal lesions of hyperinsulinism (10).

Researchers in France recently published their experience with 18F-
fluoro-L-DOPA PET scan on infants with congenital hyperinsulinism
(11). They studied 15 patients with hyperinsulinism based on clinical
diagnosis. Under conscious sedation, they injected a mean dose of 4
MBq/kg 18F-labeled L-fluoro-DOPA intravenously 30 to 50 minutes
before transmission acquisition. They observed an abnormal focal pan-
creatic uptake of 18F-fluoro-L-DOPA in five patients and a diffuse
uptake in the other 10 patients. All five of the patients with focal uptake
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and four of the patients with diffuse uptake underwent surgery. The
histopathologic results were consistent with the PET findings in these
nine cases.

The results from France, as well as preliminary data from a research
group in Finland, suggest that 18F-labeled L-fluoro-DOPA is an accu-
rate noninvasive technique to distinguish between focal and diffuse
forms of hyperinsulinism and to localize areas of focal lesions. As
described in abstracts presented at the Endocrine Society meeting and
the International Pediatric Endocrinology conference, our group at the
Children’s Hospital of Philadelphia has accumulated preliminary data
using 18F-fluoro-L-DOPA-PET in children with congenital hyperin-
sulinism (Fig. 26B.3). The very encouraging results suggest that this test
is 100% accurate in distinguishing diffuse from focal disease and in
localizing the site of the focal lesion.

Conclusion

Focal hyperinsulinism is an important cause of hypoglycemia in young
infants and is potentially curable by surgery. Preliminary informa-
tion about the success of 18F-fluoro-L-DOPA PET suggests that this may
be a method of choice for preoperative identification of focal lesions.
An advantage to this technique is that it may be used to select out
patients with diffuse disease who may be candidates for nonsurgical
treatment. More important, the information acquired using 18F-fluoro-
L-DOPA-PET should make it possible for the surgeon to cure focal
hyperinsulinism by local excision.
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27
Multimodal Imaging Using 

PET and MRI
Thomas Pfluger and Klaus Hahn

Magnetic resonance imaging (MRI) and positron emission tomography
(PET) are diagnostic imaging modalities that facilitate visualization of
morphologic as well as functional features of different diseases in child-
hood. Both modalities are often used separately or even in competition.
Some of the most important indications for both PET and MRI lie in
the field of pediatric oncology. The malignant diseases in children are
leukemia, brain tumors, lymphomas, neuroblastoma, soft tissue sarco-
mas, Wilms’ tumor, and bone sarcomas. Apart from leukemia, correct
assessment of tumor expansion with modern imaging techniques,
mainly consisting of ultrasonography, computed tomography (CT),
MRI, and PET, is essential for cancer staging, for the choice of the 
best therapeutic approach, and for restaging after therapy or in recur-
rence (1,2).

Indications for MRI in Children

Magnetic resonance imaging is an excellent tool for noninvasive 
evaluation of tumor extent, and it has become the study of choice 
for evaluating therapy-induced regression in the size of muscu-
loskeletal sarcomas. It directly demonstrates the lesion in relation-
ship to surrounding normal structures with exquisite anatomic 
detail (3,4).

Especially in children, MRI offers several fundamental advantages
compared to CT examinations and other whole-body imaging modal-
ities, such as the absence of radiation exposure; the nonuse of iodi-
nated, potential nephrotoxic contrast agents; a high intrinsic contrast
for soft tissue and bone marrow; and accurate morphologic visualiza-
tion of internal structure. All of these advantages are decisive factors
in tumor staging (5–7). Due to its much higher intrinsic soft tissue 
contrast compared to CT, MRI has been shown to be advantageous 
in neuroradiologic, musculoskeletal, cardiac, and oncologic diseases
(2,6). On the other hand, CT plays a major role in the assessment of 
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thoracic lesions and masses due to a lower frequency of movement 
artifacts.

Because structural abnormalities are detected with high accuracy,
MRI generally has a high sensitivity for detecting structural alterations
but a low specificity for further characterization of these abnormalities
(8). Frequently, these structural abnormalities are not reliable indica-
tors of viable tumor tissue, especially after treatment (4).

T2-weighted MRI sequences visualize fluid-equivalent changes 
with high sensitivity. This is of special importance in detection of cysts
and edema in the diagnosis of inflammatory and tumorous diseases.
High signal intensity on T1-weighted MRI sequences facilitates the 
differentiation of adipose tissue and hemorrhage. Depiction of soft
tissue or lesion perfusion can be achieved by the use of paramagnetic
contrast agents like gadolinium–diethylenetriamine pentaacetic acid
(Gd-DTPA).

Modern fast and ultrafast sequences permit monitoring of contrast
medium perfusion over time, which improves recognition of lesions.
These rapid sequences are especially widespread in contrast-enhanced
MR angiography (MRA), which provides high-resolution selective
arterial and venous vascular imaging. A further improvement in the
contrast medium effect has been achieved by suppression of the signal
from adipose tissue in T1-weighted sequences. These fat-suppressed,
contrast-enhanced sequences are currently considered “state of the art”
in the workup of tumors and inflammatory processes.

Necessary Components for Multimodality Imaging

Three basic components are required for multimodal imaging. First,
multiple imaging modalities, often including one nuclear medical [PET,
single photon emission computed tomography (SPECT)] and one radi-
ologic (CT, MRI) cross-sectional imaging method, must be available.
Second, there must be simple and prompt access to the corresponding
images or image data sets. Adequate multimodal imaging requires a
clinic-wide computer network, a digital archive of radiologic and
nuclear medical studies, multimodal image viewing workstations, and
appropriate software for image correlation and fusion (9,10). These
requirements are currently satisfied to only a limited extent in hospital
departments of radiology and nuclear medicine and in private prac-
tices. Third, and probably most important, is the competence of the
physician in evaluating these different nuclear medical and radiologic
data sets. Because each individual modality can yield false-negative
findings, a careful and time-consuming separate analysis of each indi-
vidual modality prior to multimodal processing is essential. In com-
bined multimodal image evaluation, there is a tendency to depend
primarily on the findings of PET, which usually identifies pathologic
processes more rapidly. In doing so, one runs the risk of missing diag-
noses that would be seen on MRI because of the reliance on false-
negative PET scans. Therefore, a mainly PET-guided analysis of MRI
should be avoided.
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Algorithms and Accuracy of Combined Image 
Analysis and Image Registration

The retrospective registration and superimposition of multimodal
image data can be done using different approaches and algorithms,
which, in general, can be broken down into feature- and volume-based
techniques. The image transformation can be static (displacement and
rotation in all three spatial axes) or nonlinear (e.g., additional stretch-
ing or compression in order to compensate for respiratory movements)
(11). The classic example of a feature-based method is the “surface
matching” or Pelizzari algorithm, which uses organ surfaces as a prop-
erty (12). 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 on
only the extracted portions of the image (surface pixels).

Simply stated, volume-based techniques analyze similarities of 
pixel distribution in the two imaging modalities (11). The representa-
tive of this algorithm group enjoying the widest current application 
is the “mutual information” algorithm in which two-dimensional 
gray-scale histograms of the individual modalities and a combined his-
togram are analyzed and compared in various image transformations
(13,14). Advantages of the volume-based techniques include the fully
automatic application, their robustness compared to a different “field
of view,” and the higher degree of precision in image registration (11).

A meta-analysis by Hutton and Braun (10) quantified the exactness
of software-based cerebral image registration at less than 3mm (10).
For extracerebral applications, the PET and CT registration of pul-
monary focal lesions showed a comparable exactness (average position
of center of the lesion) of 6.2mm for separate modalities (15) and of 
7.6mm for combined PET/CT scanners (16).

Analysis and Presentation of Multimodality Images

The evaluation of multimodal imaging data consists of three stages. The
first stage corresponds to the separate analysis of the multimodal data in
nuclear medicine and diagnostic radiology with subsequent comparison
of the reported findings. In the case of discrepancies, a separate reevalu-
ation of the imaging data is performed with comparison of the other
imaging modality. This is currently the 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. The very great disadvantage is the lack of an exact
anatomic-functional comparison of both methods. This disadvantage
can be decisive in the recognition and delineation of physiologic changes.

The second stage consists of simultaneous interpretation of the 
multimodal data sets at the same site. Although this is possible using
conventional films, it is more practicable when performed at viewing
workstations having picture archiving and communication system
(PACS) access. Although this method enhances the capacity for 
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morphologic correlation, because of the associated significant increase
in personnel, cost, and time requirements, it is advisable to progress
directly to the third stage.

In the third stage, analysis of spatially synchronized image data is
performed simultaneously at a single workstation (Fig. 27.1). Synchro-
nization may be interactive or partially or fully automatic with help 
of a fusion algorithm (17). These conditions provide for optimum
spatial correlation of findings. Also useful is a common cursor that
points to the corresponding location in both modalities, which are dis-
played side by side (11). This exact synchronization of data sets with
appropriate software provides the additional capacity for image fusion
with superimposition of both sets of imaging data in one image. In
addition, a three-dimensional reconstruction of the fused imaging data
can be used for therapy planning (Fig. 27.2, see color insert). When
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Figure 27.1. Multimodality display on a Hermes workstation (Nuclear Diag-
nostics AB, Haegersten, Sweden) demonstrating a left-sided paravertebral
lymph node metastasis from a yolk sack tumor on magnetic resonance imaging
(MRI) (left image) and positron emission tomography (PET) (right image).

Figure 27.2. Three-dimen-
sional (3D) reconstruction of a
registered image data set. The
cortical surface was rendered
from MRI and red dots repre-
sent subdural EEG electrodes
that were imaged with CT.
The functional epileptogenic
focus (orange) was defined by
interictal fluorodeoxyglucose
(FDG)-PET and ictal ECD–
single photon emission com-
puted tomography (SPECT).
(See color insert.)



using a fused image, it is important to note that original information
from the two individual imaging modalities may be partially lost,
meaning that the original images of each modality should also be
simultaneously displayed (Fig. 27.3, see color insert) (11).

Following image analysis comes the presentation of multimodal
images to one’s 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 for understanding the pathology and for further therapeutic
planning (Fig. 27.2).

Combination of MRI and PET

In combined imaging, morphologic information from MRI is comple-
mented and extended by the functional information supplied by PET
about glucose metabolism of the respective lesions. An important
advantage of fluorodeoxyglucose (FDG)-PET, especially in the staging
of malignant disease, is the capacity for examining the entire body or
whole-body regions, whereas MRI is usually able to image only frac-
tions of the same area during a single session (Fig. 27.4). Most publi-
cations of clinical applications and usefulness of multimodal diagnostic
imaging concern oncologic imaging and multimodal diagnosis of
epilepsy (7,18–27).

The major concentration of fluorine-18 (18F)-FDG-PET is in oncologic
diagnostics, where the evaluation of glucose metabolism in the tumor
provides information on its viability. For this reason, PET in many cases
has a higher specificity, sometimes even a higher sensitivity, than mor-
phologic imaging modalities (MRI and CT) (28–33). Furthermore, a
review of the literature shows PET imaging to be suitable for the major-
ity of pediatric malignancies (1,34–42). Advances in these two anatomic
and functional diagnostic imaging technologies have significantly
influenced the staging and treatment approaches for pediatric tumors
(8,38). The methods provide complementary information and have
become essential in modern cancer therapy. Thus, anatomic and func-
tional noninvasive technologies should be viewed as complementary
rather than competitive. To identify a change in function without
knowing accurately where it is localized, or, equivalently, to know there
is an anatomic change without understanding the nature of the under-
lying cause compromises the clinical efficacy of both anatomic and
functional imaging techniques (8,38,43). 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 anatomic
findings, improving the diagnostic value of PET and MRI in identify-
ing and characterizing malignancies and in tumor staging. Positron
emission tomography can be used to detect areas of malignancies,
tumor growth, therapeutic response, and recurrence. Malignancies
with low or normal metabolic activity may show clearly positive or
suspicious findings in the MRI (6). In a comparative study demon-
strating the potential of combined PET-MRI diagnostics in 42 pediatric
examinations, the sensitivity and specificity in detecting viable tumor
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A

B

C

Figure 27.3. Histologically proven nonaffected cystic ovary in a patient with a
recurrent yolk sack tumor: T1-weighted, fat-suppressed MR sequence after
application of gadolinium–diethylenetriamine pentaacetic acid (Gd-DTPA) (A)
depicts a physiologic-appearing cystic ovary (arrow). Corresponding PET (B)
revealed a false-positive finding with an increased glucose uptake (arrow)
suspect of a recurrent disease. Multimodality display of registered images (C)
shows exact spatial correlation between the cystic ovary in MRI and increased
glucose uptake in PET. (See color insert.)
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Figure 27.4. Non-Hodgkin’s lymphoma in a 12-year-old girl with back pain. A: MRI shows a strong
contrast enhancement in vertebral bodies of the thoracic and lumbar spine (arrows). A clear distinction
between inflammatory and tumoral lesions was not possible. B: PET as a whole-body examination 
tool shows multiple bone and mediastinal lesions with the typical distribution pattern of a malignant
lymphoma.



were significantly increased with combined analysis (44). The main
reasons for false-positive PET findings when looking at suspected soli-
tary tumor lesions in children are inflammatory or reactive changes in
lymph nodes without tumor infiltration, normal bone marrow after
chemotherapy, and physiologic FDG uptake of the intestine, the ovary
(Fig. 27.3), the ureter, and brown adipose tissue. False-negative find-
ings in FDG-PET primarily occur in bone metastases and tumor-
affected lymph nodes due to low glucose metabolism or small size (Fig.
27.5). One reason is the limited spatial resolution of PET, which leads
to false-negative findings in very small lesions (45). Under chemother-
apy, active bone metastases may temporarily become PET-negative
(Table 27.1) (35).

In MRI, the main reasons for false-positive findings are enlarged
lymph nodes and bone marrow edema without tumor involvement.
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A

B

Figure 27.5. Histologically proven metastases of a Ewing sarcoma in the proximal femoral bone on
both sides. A: T1-weighted fat-suppressed MR sequence shows hypointense lesions within the bone
(arrows). B: Corresponding PET revealed a false-negative finding with no signs of metastatic spread in
either femoral bone.



Small bone and lymph node metastases can also be responsible for
false-negative findings. Tumor lesions adjacent to normal bowel struc-
tures quite often cannot be distinguished from the bowel and conse-
quently cannot be detected with MRI (Fig. 27.6). In the diagnosis of
lymph nodes, a diameter of more than 1cm is the leading parameter
for the diagnosis of a metastasis. Therefore, lymph node metastases
smaller than this and reactive lymph node enlargement are misinter-
preted. Lesion size is not a reliable parameter for metastatic involve-
ment (46). After successful tumor therapy, bone marrow edema often
persists for a long time in MRI and may be responsible for false-
positive findings. In summary, MRI is highly sensitive, but not very
specific (Table 27.1) (35,45,47,48).

When combining FDG-PET and MRI in pediatric oncology, PET as a
whole-body imaging tool plays a major role in assessing MRI-positive
lesions. The most important benefit of MRI is to distinguish PET-
positive tumor lesions from physiologically increased glucose uptake.
In addition, MRI is indispensable for surgical and biopsy planning 
(Fig. 27.7). The combination of PET and MRI improves the diagnostic
value of PET and MRI in identifying and characterizing tumor tissue,
respectively (4,6,49).

Positron emission tomography is also used in the workup of inflam-
matory disease, though far less frequently than for oncologic indica-
tions. It is the method of choice in the search for a focus of inflammation
in a patient with fever of unknown origin and/or unclear sepsis
(50–54). Lesions detected with PET can be further delineated with MRI,
which may also be useful for further therapy planning.

18F-fluorodeoxyglucose-PET is also very useful in the presurgical
focus localization in the workup of epilepsy. An exact integration of 
the findings of morphologic, electrophysiologic, and nuclear medical
examinations is of great importance in the planning of surgical proce-
dures for the treatment of epilepsy and for determination of the borders
of resection, again underscoring the role of integrative diagnostics
(55,56).

In patients with epilepsy, functional diagnostic methods include EEG
and nuclear medical methods for visualizing cerebral metabolism and
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Table 27.1. Possible sources of false-positive and false-negative 
findings in MRI and FDG-PET
False-positive PET: Brown adipose tissue; physiologic uptake in the 

muscles, bowel, ureter, and ovary; inflammatory 
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

False-negative MRI: Small lymph node and bone metastases, lesions in 
the neighborhood of the bowel
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A

B

Figure 27.6. Recurrent tumor of a rhabdomyosarcoma lateral and superior to
the urine bladder (arrows) in a 6-year-old boy. This recurrent lesion cannot be
distinguished from the adjacent bowel either in T2-weighted MRI (A) or in the
T1-weighted sequence after application of Gd-DTPA (B), thereby leading to a
false-negative finding. PET clearly depicts an increased glucose metabolism in
the corresponding region resulting in true-positive finding (C). Furthermore,
postoperative metal artifacts in the right proximal femoral bone can be seen in
MRI (A,B). PET and MRI show a metastasis of the left proximal femoral bone
as well.
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Figure 27.6. Continued.

perfusion. Frequently, ictal technetium-99m ECD-SPECT is combined
with interictal FDG-PET, which permits more exact identification of the
seizure focus with typical hypometabolism seen on PET (57–60). Beside
conventional EEG leads, subdural 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 functionally
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 boundaries. Because only
CT can visualize these electrode points with sufficient accuracy, inte-
gration of CT information into the combined PET-MRI analysis is also
necessary (56). Demarcation of resection boundaries, therefore, requires
integration of all four described modalities: MRI for brain morphology,
CT to establish the position of the subdural EEG electrodes, PET for
visualization of brain metabolism, and SPECT for visualization of
hyperperfusion. This is best achieved with three-dimensional image
fusion, which permits exact spatial integration (Fig. 27.2). Here, regis-
tration of images is possible within 1.5mm, which is adequate for clin-
ical application (61). This method has also been shown to be superior
to localization of electrodes using a conventional radiograph (56). The
resulting reconstructed three-dimensional data set provides the neuro-
surgeon with the information needed for exact preoperative planning,
including functional information on the focus of the seizure and impor-
tant (especially language-related) brain areas that must be protected
during resection.



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 morphology. For planning of biopsies
and resective surgery, the knowledge of function (i.e., tumor viability)
provided by PET and of the exact morphology 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 and subsequent three-dimensional reconstruction should be
applied. This provides the surgeon with the tools for exact planning of
approach and resection boundaries.

Direct image superimposition is not necessary for extracranial ques-
tions because information from individual modalities may be partially
lost during fusion. The simultaneous evaluation of both modalities is
to be emphasized. Having corresponding slices from both modalities
displayed at a single workstation for synchronized evaluation is very
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A B

Figure 27.7. Rhabdomyosarcoma of the lower abdomen in a 6-year-old boy. A: FDG-PET demonstrates
a large area with increased glucose uptake correlating to the primary tumor and a central photopenic
defect (arrowheads). B: This photopenic defect correlates well to central necrosis visible in the T1-
weighted, contrast-enhanced MR sequence (arrowheads). C: For operative planning, a T2-weighted
short-time inversion recovery (STIR) sequence is necessary for the delineation of tumor borders and
course of vessels.



useful. This is the most reliable method of immediately and efficiently
correlating pathologic and especially unclear findings with the corre-
sponding slice on the other imaging method. Because of MRI’s low
specificity in oncologic staging and at follow-up monitoring, the addi-
tion of PET for evaluating tumor vitality is essential.
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Current Research Efforts
Fabio Ponzo and Martin Charron

Over the past 20 years, as clinical applications have been gradually
expanding, positron emission tomography (PET) has become an indis-
pensable imaging technique in several medical fields such as oncology,
neurology, and cardiology. Application of PET in pediatrics is still very
limited, likely due to the smaller number of clinical reports involving
PET in pediatric as compared to adult medicine and to the lesser avail-
ability of PET scanners in pediatric facilities. However, the recent
expansion of the regional availability of the most common PET radio-
tracer, fluorine-18 fluorodeoxyglucose (18F-FDG) and, more impor-
tantly, the recent appearance of the dual-modality PET–computed
tomography(CT) imaging system have provided new opportunities of
expansion of PET to the pediatric field. The recent mechanical coupling
of CT to PET in the same imaging device for attenuation correction
permits precise localization of metabolic findings on anatomic images
and shortens the total acquisition time. Both qualities are particularly
important in pediatric imaging, making the study more acceptable to
patients and parents and less cumbersome for personnel. Moreover, the
shortened acquisition time reduces the probability of motion artifacts
on reconstructed images. This chapter briefly summarizes the state of
clinical applications of PET in the pediatric field and discusses poten-
tial new research approaches and new clinical applications of PET and
PET-CT in pediatric patients.

Patient Preparation

Preparation of children and parents for PET imaging is critical, and its
importance has already been the object of discussion (1,2). The impor-
tance of NPO (nothing by mouth) status for 4 to 6 hours prior to FDG
administration needs to be emphasized and coordinated with family
members and personnel taking care of the pediatric patient, especially
in the case of children on total parenteral nutrition or undergoing
chemotherapeutic therapy intravenously if dextrose is present in the
intravenous fluids. Reliable intravenous access is fundamental, and
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bladder catheterization is needed to avoid reconstruction artifacts in
the pelvis and the possibility of voiding and contamination during
image acquisition (3,4).

Sedation protocols vary, and several guidelines are available (5–7).
Sedatives may affect cerebral metabolism but sometimes are required
for completion of the study because light sedation is rarely helpful (8).
Especially in case of sedated patients, PET-CT devices are quite valu-
able; spiral CT takes less than a minute, and the three-dimensional (3D)
mode of acquisition of emission data reduces the emission imaging
time to 4 to 5 minutes per bed position. Moreover, CT scans performed
for attenuation correction are obtained with reduced milliamperes
(mA), decreasing the absorbed dose to the patient without loss of image
quality. Imaging protocols for PET-CT are a compromise between the
desired combination of CT scans of different portions of the body and
the patient’s tolerance. For this reason, the acquisition of CT images for
the purpose of attenuation correction follows a simpler protocol (9–13).
For example, PET-CT scans are done with free breathing, in contrast to
diagnostic CT examination of the chest, which is often performed with
the breath-hold technique. Breath holding with PET-CT can contribute
to misregistration between CT and PET data.

Both intravenous and oral contrast can be used in pediatrics with
PET-CT without significant untoward effects on image quality. Oral
contrast must be taken with sugar-free beverages to avoid competition
in uptake of FDG and cannot be administered before the PET-CT study
in case of general anesthesia.

Contrast can improve interpretation of PET-CT images when evalu-
ating small children with limited retroperitoneal fat (14,15), although
semiquantitative measures such as the standard uptake value (SUV)
may be affected (15–17). Future studies are needed to compare the diag-
nostic accuracy of PET-CT scans done after administration of intra-
venous (IV) or oral contrast and nonenhanced PET-CT scans. Better
delineation of blood vessels may be critical in some cases, such as in
lymphomas where better delineation of involved lymph nodes may
result in a change in patient management. Administration of IV con-
trast may cause artifacts, especially in the lower neck, a region already
complicated by the common presence of activated brown fat in chil-
dren. The timing between contrast injection and imaging must be care-
fully observed on a patient-by-patient basis. Possible effects on SUV
analysis by contrast dye still need to be evaluated.

Neurology

Normal Brain Development

The first structures to show glucose metabolism immediately after birth
are the sensorimotor cortex, thalamus, brainstem, and cerebellar
vermis, followed by the basal ganglia and the parietal, temporal, cal-
carine, and cerebellar cortices in the next 3 months of life and the frontal
cortex and the dorsolateral cortex during the second 6 months of life
(18–20).
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Recently, co-registration of PET and magnetic resonance imaging
(MRI) has allowed identification of fetal organs and demonstrated that
18F-FDG readily crosses the placenta and that 18F accumulates in both
maternal and fetal brain in a nonhuman primate animal model. This
study demonstrates the potential for noninvasively measuring the
transfer of drugs across the placenta and for measuring the fetal drug
distribution (21).

Epilepsy

Nearly all studies in children with epilepsy have been performed
during interictus, given the relatively short half-life of 18F. The approx-
imately 30-minute uptake time of FDG may also depict a combination
of the areas of seizure propagation and the actual seizure focus. Nev-
ertheless, in patients with continuous or frequent seizures, ictal PET
has been shown to be able to localize extratemporal seizures (22). Inter-
ictal FDG-PET has proven useful in the localization of the epileptogenic
region, which is indicated by regional hypometabolism (22,23). Among
the available imaging modalities, FDG-PET is superior to CT and MRI
alone in preoperative evaluation when combined with EEG data
(22,24–26). Results from FDG-PET also have good correlation with
those of MR spectroscopy (27).

Poor prognosis has been associated with bitemporal hypometabo-
lism on FDG-PET. These patients are typically not candidates for resec-
tive surgery (28–31). Children with infantile spasms may also benefit
from evaluation with FDG-PET (32). Other PET radiotracers have also
been applied in epilepsy diagnosis. Reduced uptake of carbon-11 (11C)-
flumazenil and of 11C-labeled (S)-(N-methyl)-ketamine corresponds to
the epileptogenic region. A relative increase in uptake of 11C-carfentanil
and 11C-deprenyl may also help in identifying epileptogenic foci
(33–39). In patients with tuberous sclerosis, a-11C–methyl-L-tryptophan
may also differentiate between epileptogenic and nonepileptogenic
tubers (40).

6-18F-L-3,4-Fluorodihydroxyphenylalanine (18F-fluoro-L-DOPA) re-
cently has been shown to be a promising agent in evaluation of control
circuits of epilepsy. 18F-fluoro-L-DOPA permits measurements of presy-
naptic dopaminergic function and has been frequently used in studies
of Parkinson’s disease. In drug-resistant epileptic patients with ring
chromosome 20, 18F-fluoro-L-DOPA has shown involvement of the
basal ganglia (41).

The role of dopamine function in other types of drug-resistant epilep-
tic syndromes has been recently evaluated by Bouilleret et al. (42). In
an experimental study, three groups of children, the first composed of
drug-resistant epileptic patients with ring chromosome 20, the second
composed of patients with resistant, generalized “absence-like”
epilepsy, and the third composed of patients with drug-resistant tem-
poral lobe epilepsy with hippocampal sclerosis, were studied with 18F-
fluoro-L-DOPA PET. The researchers used two strategies of analysis 
of the 18F-fluoro-L-DOPA uptake in basal ganglia: a multiple-time
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graphical analysis with regions of interest, and an all-brain statistical
parametric mapping analysis using a voxel-by-voxel statistical t-test.
Each epileptic group was compared with a group of healthy volunteers.
The results showed that a decrease of uptake value was observed in
the striatum in all groups of patients with both types of analysis. 
Multiple-time graphical analysis showed a reduction of uptake over
each basal ganglion in both generalized (groups 1 and 2) and focal
(group 3) epilepsies, confirming the involvement of the basal ganglia
in patients with r20 epilepsy.

More interestingly, a unilateral decrease of uptake was detected
using statistical parametric mapping (SPM) analysis. This decrease was
ipsilateral to the seizure side in patients with focal temporal lobe
epilepsy. Moreover, SPM analysis showed a decrease of 18F-fluoro-L-
DOPA uptake in the substantia nigra bilaterally. This result confirms
the involvement of dopamine neurotransmission in seizure control and
demonstrates that this involvement is not specific to epileptic patients
with ring chromosome 20. Further studies are needed to determine
whether the decrease of 18F-fluoro-L-DOPA uptake is a cause or a con-
sequence of seizures and to evaluate the specific role of substantia nigra
in the control of different forms of seizures.

The dopamine system modulation may have a potential role in con-
trolling epileptic foci; this opens new possibilities of pharmacologic
treatment of drug-resistant epilepsy (42).

Cerebral Inflammatory Diseases

Rasmussen’s encephalitis in infants has been investigated using FDG-
PET. It is characterized by unilateral cerebral decreased FDG uptake
corresponding to regions of cerebral atrophy seen at MRI, increasing
the specificity of MRI findings (43,44). Abnormal FDG uptake may also
precede clinical symptoms in HIV-1–infected children born to seropos-
itive mothers (45).

Other Neurologic Applications

In term newborns, perinatal asphyxia may cause hypoxic-ischemic
encephalopathy, which has been studied with FDG PET. The impair-
ment of cerebral glucose metabolism correlates well with the severity
of encephalopathy and short-term clinical outcome (40,46–48). A
change in cerebral glucose metabolism has been demonstrated in 
other childhood brain disorders such as traumatic brain injury, autism,
attention-deficit/hyperactivity disorder, schizophrenia, sickle cell
encephalopathy, and anorexia and bulimia nervosa (49–57).

Prader-Willi syndrome (PWS) has been recently studied with FDG-
PET (58). This syndrome is a neurogenetic disorder caused by lack of
expression of paternal genes in the 15q11-q13 region, and is the most
common form of human syndromic obesity. Along with compulsive
hyperphagia, children affected with PWS present hypothalamic hypog-
onadism and mental retardation. In this study, nine children affected

F. Ponzo and M. Charron 505



with PWS underwent resting brain FDG-PET, and the results showed
decreased glucose metabolism in regions associated with taste percep-
tion and food reward such as the superior temporal gyrus and insula.
There was increased FDG uptake in areas involved in cognitive func-
tions related to eating or obsessive-compulsive behavior such as the
orbitofrontal and middle frontal gyrus, left cingulate gyrus, and right
uncus. Interestingly, the hypothalamus, the brain region usually
involved in energy intake, did not show abnormal metabolism.

Patients with hereditary spastic paraplegia (HSP), a rare hereditary
autosomal-recessive disorder, suffer slowly progressive retrograde
axonal degeneration of the corticospinal tracts and dorsal columns.
Symptoms are ataxia, dysarthria, unipolar depression, epilepsy,
migraine, and cognitive impairment. The disease is linked to the SPG4
locus on chromosome 2p (59). Oxygen-15–radiolabeled water (15O-
H2O) PET has been used to study regional cerebral blood flow in
patients with HSP. 15O-H2O PET showed significantly relative
decreased blood flow in frontotemporal and thalamic regions at rest.
Ongoing studies are being performed for the evaluation of cerebral
activation response after motor stimuli.

Cardiology

Only a few papers have been published investigating the role of PET
in pediatric cardiology (60,61). Positron emission tomography with
nitrogen-13 (13N)-ammonia has been employed to measure myocardial
perfusion in infants after anatomic repair of congenital heart defects
and after Norwood palliation for hypoplastic left heart syndrome
(62,63). Positron emission tomography has also been used to assess
myocardial blood flow and impaired coronary flow reserve after coro-
nary reimplantation in patients with Fontan-like operations (64,65).

Gated FDG-PET has been proved useful in the evaluation of regional
glucose metabolism and contractile function in children after arterial
switch operation and suspected myocardial infarction (66). In children
with Kawasaki disease, combined assessment of cardiac flow and
metabolism with PET showed abnormalities in more than 40% of
patients during the acute and the convalescent stage of disease (67).
Positron emission tomography with 11C-acetate has demonstrated
reduced Krebs’ cycle activity in children with mitochondrial car-
diomyopathy despite normal myocardial perfusion (68).

Inflammatory Disease

Potential new application of FDG-PET in the study of inflammatory
diseases can be hypothesized because FDG accumulation is not specific
for tumors. Neutrophils and macrophages also exhibit increased
glucose metabolism at the site of inflammation and infection. At the
present time, only a limited number of publications address the role of
FDG-PET in detecting inflammatory diseases in infants and children.
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Fluorodeoxyglucose-PET was proven useful in the assessment of
children with suspected inflammatory bowel disease (69). Potential
advantages of FDG-PET include its noninvasiveness, its repeatability,
and its capability to localize the segment involved and to quantify
disease activity in view of the assessment of therapeutic efficacy. The
sensitivity and accuracy of FDG-PET have not yet been compared with
those of other diagnostic techniques such as abdominal ultrasound,
small bowel follow through, and endoscopy/histology. However,
FDG-PET has already demonstrated higher sensitivity than CT in
detecting active infective foci in children with chronic granulomatous
disease (70).

Other authors have reported the clinical usefulness of FDG-PET in
detecting occult infectious foci (71), identifying infectious mononucle-
osis lesions (72), and monitoring therapy in patients with aspergillosis
(73). An overview of the literature with regard to the value of PET in
pediatric lung diseases was published by Richard et al. (74).

In acute pneumonia, neutrophils are the primary cell type responsi-
ble for the increase in 18F-FDG tissue uptake, 10 to 40 times above
values obtained in normal subjects (75–78).

18F-Fluorodeoxyglucose-PET has shown different rates of glucose
uptake in the lungs in different patient groups, despite the presence of
airway neutrophilia in each, according to the presence of acute or
chronic inflammatory disease (75,79,80). More reliable quantification of
pulmonary inflammation than the mere number of neutrophils present
in the tissue has also been obtained in experimental allergen-induced
airway inflammation in asthmatics (81) and in a neonatal model of
acute lung injury in piglets (82) using FDG-PET.

Cystic fibrosis (CF) is the most common inherited disease of Cau-
casians; it is autosomal recessive and occurs in approximately 1 in 2500
to 3000 live births. The life expectancy of a child born with CF has grad-
ually improved and is now approaching 32 years (83). The morbidity
and mortality in this disease result from airway infection and inflam-
mation. The intense and persistent host inflammatory response is
thought to account for progressive, suppurative pulmonary disease
(84), the neutrophils being the prominent inflammatory cells (85). Only
preliminary data are available regarding the use of FDG-PET in CF (86),
but a recent report has compared the ability of FDG-PET in monitor-
ing disease activity in children with CF (87). At the present time bron-
choalveolar lavage is the only available method to quantify airway
inflammation directly, but it is invasive and samples only limited
volume of the lungs. Preliminary data from Chen et al. (87) have shown
that the calculated plasma/activity ratio from a dynamic PET scan on
a region of interest placed over the entire lung positively correlates
with the mean neutrophil count from bronchoalveolar lavage. There-
fore, FDG-PET seems to be an effective, noninvasive tool to measure
neutrophilic inflammation in CF. It may also have an important role in
monitoring the response to therapy, as already reported in the setting
of sarcoidosis treated with corticosteroids (88). It might be also useful
as a noninvasive method of testing new antiinflammatory therapies in
children with inflammatory lung disease.
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Oncology

Potential Causes of Misinterpretation of FDG-PET in Children

Fluorodeoxyglucose distribution may be altered in children because of
areas of physiologically increased glucose metabolism; this is particu-
larly evident in the thymus (89,90) and in the skeletal growth centers,
mostly in the long bone physes. As in adults, other potential pitfalls
include variable FDG uptake in working skeletal muscles, brown fat,
myocardium, thyroid gland, and the gastrointestinal tract. Fluo-
rodeoxyglucose is also always present in the renal pelvis, ureters, and
bladder because of its renal excretion (91–95).

To decrease the incidence of interfering brown fat activity, the use of
pharmacologic interventions has been described: propranolol or reser-
pine treatment seems to reduce FDG uptake (96); diazepam in low
doses shows no effectiveness (97).

The recent use of PET-CT has significantly decreased the incidence
of false-positive findings on PET, given the precise anatomic correla-
tion of metabolic evidences on PET images. The most common equiv-
ocal areas on PET that can be further clarified as nonmalignant by
PET-CT include brown fat, bowel, thymus muscle, ureters, stomach,
and esophagus (98).

To further enhance the specificity of PET-CT, the use of intravenous
contrast has been proposed but there is still insufficient evidence in the
literature to support its use (99–101). Recent preliminary data have
instead compared PET-CT with contrast enhanced CT in children with
lymphoma (102). The authors have reported discrepant findings
between the two techniques, mostly related to metabolically active sub-
centimeter lymph nodes and residual soft tissue in the mediastinum
negative on PET-CT. Further studies are needed to compare the diag-
nostic accuracy of contrast-enhanced CT with non–contrast-enhanced
PET-CT and to evaluate the impact of possible added value of contrast-
enhanced CT over PET-CT on patient management.

Diffuse high FDG uptake in bone marrow and spleen following
administration of hematopoietic stimulating factors (103,104) and of
granulocyte colony-stimulating factor may also cause misinterpreta-
tion of FDG accumulation (103). Chemotherapy may also cause thymus
hyperplasia with relative increased FDG metabolism (89,105). The co-
registration technique of the new combined PET-CT imaging systems
may also cause artifacts that are not limited to pediatric patients; they
are caused by metallic objects, respiration, and oral and intravenous
contrast agents (106).

Central Nervous System Tumors

Magnetic resonance imaging and CT are now the imaging modalities
used for staging and follow-up of children with central nervous system
(CNS) tumors, but the role of PET has been increasing in recent years.
Increased FDG uptake can help distinguish viable tumor from post-
therapeutic sclerotic changes (107–109) and correlates well with
histopathology and clinical data (110–113). Preoperative planning,
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including a combination of MRI and PET data, improves the diagnos-
tic yield of stereotactic brain biopsy in pediatric brain tumors and
reduces tissue sampling in high-risk functional areas (114,115).

In children affected by neurofibromatosis type 1 who have low-grade
astrocytomas, FDG-PET has good correlation with clinical outcome
(116). Fluorodeoxyglucose uptake in brain tumors can be a better pre-
dictor of tumor growth than histopathology (117). Other positron-
emitting tracers such as 18F-a-methyltyrosine (118), 11C-methionine
(119), and 11C-thymidine (120) have been reported to be useful in the
study pediatric brain tumors. Recent initial results with O-(2-18F-
fluorethyl)-L-tyrosine (FET)-PET in 44 patients with primary bone
tumors seem to indicate that tumor uptake is higher in high-grade
tumors, and different uptake kinetics of FET may help in identifying a
highly aggressive brain lesion (121).

A possible future application of PET in the evaluation of recurrent
tumor may take advantage of the possibility of co-registration between
PET images and MR images. The co-registration technique has been
used already to improve the anatomic localization of metabolically
active sites in pediatric tumors (122). Moreover, further characteriza-
tion may be obtained using co-registration between metabolic infor-
mation obtained with FDG-PET and anatomic and metabolic data
obtained with proton magnetic resonance spectroscopy (MRS)
imaging. Additional studies are still needed to compare enhanced
glucose metabolism and choline/lactate ratios in brain tumors with dif-
ferent degrees of aggressiveness.

Lymphoma and Leukemia

Non-Hodgkin’s and Hodgkin’s lymphomas are the third most common
type of malignancy in childhood, accounting for between 10% and 15%
of pediatric malignancies. Lymphoblastic and small-cell tumors are the
most common histologic types of non-Hodgkin’s lymphoma. Nodular
sclerosing and mixed cellularity are the most common histologic types
of Hodgkin’s disease. In adult patients, FDG has been shown to accu-
mulate in non-Hodgkin’s and Hodgkin’s lymphomas (91,123–146),
with more intense uptake in higher-grade lymphomas than in lower-
grade lymphomas (130,132).

Fluorodeoxyglucose-PET has been reported to be highly effective in
evaluating lymphomatous involvement for staging and patient man-
agement (127,128,133,134,147). Fluorodeoxyglucose uptake also has
excellent predictive value for patient outcome in the follow-up period
(148). Fluorodeoxyglucose-PET is useful in identifying the site of
biopsy or in eliminating the need for biopsy at staging (128,140) and in
assessing activity in posttherapy residual soft tissue masses (134,142).

The co-registration between PET and CT in the new PET-CT devices
has been effective in the evaluation of lymphoma. A recent report found
that 75% of FDG-PET-CT studies provided further information on
patient disease status (149).

In summary, PET plays an increasingly important role in staging,
evaluating tumor response, planning radiation treatment fields, and
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monitoring after completion of therapy in pediatric lymphoma
(150–152). In he future, FDG-PET-CT may function as primary imaging
modality in these patients. In addition, possible deficits of glucose
metabolism after cranial radiation therapy have been studied with
FDG-PET in children treated for acute lymphoblastic leukemia. Quan-
tification of cerebral glucose uptake provided by PET demonstrated
significant changes after cranial radiation therapy (153).

Neuroblastoma

Neuroblastoma is the most common extracranial solid malignant
tumor in children. Up to 70% of patients have disseminated neurob-
lastoma at presentation. Proper staging is critical because localized
neuroblastoma may be treated with surgery with or without pre-
operative chemotherapy, according to the degree of the local extension.
Distant metastases are indicative of poor prognosis. Magnetic 
resonance imaging, CT, bone scintigraphy, and scintigraphy with 
meta-iodobenzylguanidine (mIBG) or indium-111-pentetreotide are
currently used in clinical practice for the evaluation of disseminated
disease (154). Neuroblastomas are metabolically active tumors that
avidly concentrate FDG. However, FDG-PET has been shown to have
disconcordant results when compared to mIBG and is not proved to be
a better imaging technique in the delineation of residual disease (155).
Therefore, at present, the primary role of FDG-PET is in the evaluation
of known or suspected neuroblastomas that do not demonstrate mIBG
uptake.

Children with high-risk neuroblastomas after resection of the
primary tumor and in the absence or resolution of skull lesions may
also be monitored using FDG-PET and bone marrow examinations
without performing additional diagnostic tests (156).

The use of other radiopharmaceutical such as 11C-hydroxyephedrine,
11C-epinephrine, 18F-3-iodobenzylguanidine, 18F-fluoronorepinephrine,
18F-flurometaraminol, 18F-fluorodopamine, and iodine-124 (124I)-mIBG
have also been described as being useful in evaluating neuroblastoma
(157–159).

Wilms’ Tumor

Wilms’ tumor is the most common renal malignancy of childhood, typ-
ically presenting as an asymptomatic abdominal mass. Other imaging
modalities such as radiography, ultrasonography, CT, and MRI are
commonly used in the definition of the local extent of Wilms’ tumor 
in kidneys and soft tissue and in the detection of metastases. Fluo-
rodeoxyglucose-PET has a limited role in the anatomic staging of
primary tumor, given the renal excretion of FDG and the limited spatial
resolution of PET. A potential role of FDG-PET is in the follow-up after
radiation or chemotherapy for identification of residual disease (160).

Bone Tumors

Osteosarcoma and Ewing’s sarcoma are the two primary bone malig-
nancies of childhood. The treatment of choice for primary bone malig-
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nancies of an extremity is wide resection and limb-sparing surgery with
chemotherapy pre- and postoperatively. Magnetic resonance imaging
is currently used in anatomic staging of primary bone malignancies.
However, MRI has shown variable results in assessing chemothera-
peutic response (161–166).

The exact role of FDG-PET in osteosarcoma and Ewing’s sarcoma is
unclear. Semiquantification of FDG uptake using SUV analysis has
been reported to provide useful information for the differentiation
between benign and malignant bone tumors (167,168).

Several articles have evaluated the role of FDG-PET in comparison
with other diagnostic techniques in the evaluation of metastatic disease
in bone tumors. In a comparison of whole-body MRI, whole-body bone
scan, and FDG-PET, Daldrup-Link et al. (169) have found the highest
sensitivity for FDG-PET in the detection of osseous metastases from
primary bone tumors. Franzius et al. (170) found spiral CT to be supe-
rior to FDG-PET in detecting pulmonary metastases and FDG-PET to
be more sensitive, specific, and accurate than bone scintigraphy in
identifying osseous metastases from Ewing’s sarcoma. However, FDG-
PET was less sensitive than bone scan for detecting metastases from
osteosarcoma (171). For detection of recurrences from malignant
primary bone tumors, Franzius et al. (172) also found FDG-PET to have
higher sensitivity, specificity, and accuracy than conventional imaging
modalities. Current experience suggests that, in patients with bone sar-
comas, FDG-PET may play an important role in monitoring response
to preoperative neoadjuvant chemotherapy (173–176). A decrease of
FDG uptake in response to neoadjuvant chemotherapy correlates well
with histopathologic findings and with disease-free survival after
therapy.

As an alternative to bone scintigraphy and FDG-PET, the use of PET
and PET-CT with 18F-FNa (sodium fluoride) has been proposed by
Even-Sapir et al. in assessing malignant osseous involvement and in
differentiating malignant from benign bone lesions (177). In a series of
44 patients, the authors found 18F-fluoride PET-CT both sensitive and
specific for the detection of lytic and sclerotic malignant lesions.
Positron emission tomography–CT also differentiated malignant from
benign bone lesions, and, for most lesions, the anatomic data provided
by the low-dose CT of the PET-CT study obviates the need for full-dose
diagnostic CT for correlation purposes. The role of PET-CT with 18F-
FNa has not yet been evaluated in the pediatric population with bone
tumors.

Osseous metastasis is the main adverse prognostic factor in patients
with Ewing tumors. Recently, to evaluate osseous metastasis, a high-
resolution animal PET scanner has been tested on an experimental
mouse model for human Ewing tumor metastases. Both glucose metab-
olism and bone metabolism were assessed using 18F-FDG and 18F-FNa.
Osteolytic lesions showed decreased 18F-FNa uptake and increased 18F-
FDG uptake. The experimental mouse model and the high-resolution
animal PET scanner may be used in future for the evaluation of new
tracers for the diagnosis and monitoring of experimental therapies of
Ewing tumor (178).

F. Ponzo and M. Charron 511



Rhabdomyosarcoma is the most common soft tissue malignancy of
childhood. It can develop in any organ or tissue, most commonly in
the head and neck and the genitourinary tract. Computed tomography
or MRI is important for local staging. Radiation therapy and surgery
are used to control local disease. Radiography, CT, and skeletal scintig-
raphy are used to identify metastases, which are treated with
chemotherapy. Rhabdomyosarcomas show FDG uptake, and FDG-PET
has been reported to have more clinical utility than standard imaging
evaluation (8,173,179).

In soft tissue sarcomas, FDG-PET was able to distinguish high-grade
soft tissue sarcoma from low-grade or benign tumors (180). Compar-
ing the results of FDG-PET, MRI, and CT in 62 patients with soft tissue
sarcomas, Lucas et al. (181) showed FDG-PET to be the best stand-alone
modality for the assessment of local tumor recurrence and distant
metastases.

For the evaluation of local recurrent disease in patients with muscu-
loskeletal sarcomas, MRI has a prominent role. However, Bredella et al.
(182) recently showed FDG-PET to be a useful adjunct to MRI in dis-
tinguishing viable tumor from scar tissue.

Pheochromocytoma

Pheochromocytoma and paraganglioma may occur at any age, but they
are most common from early to mid-adulthood. For localization of
primary tumor, MRI and CT are the diagnostic techniques in use.
Scintigraphy with 131I-mIBG has limited sensitivity. A possible role of
PET in the staging and restaging of pheochromocytoma and paragan-
glioma has been hypothesized using 6-18F-fluorodopamine. Prelimi-
nary results show that this technique is highly sensitive in
pheochromocytoma localization (183).

Metastatic adrenal cortical carcinoma has very poor prognosis (184).
The most common locations for distant metastases are the lung, liver,
and skeleton. The preferred imaging methods (CT and MRI) are the
screening methods for the most common lung and liver metastases
(185). Fluorodeoxyglucose-PET imaging in adults seems to be able to
differentiate malignant from benign adrenal lesions (186,187). Recently,
a different cost-effective and noninvasive approach has been proposed
in the evaluation of adrenocortical carcinomas in children: primary
screening with PET, followed by morphologic imaging with CT or MRI
(188).

Hepatoblastoma

Hepatoblastoma is a rare hepatic tumor of children. It is generally
treated with surgical resection with perioperative use of chemotherapy.
Posttreatment follow-up is generally achieved with serial monitoring
of a-fetoprotein (AFP) levels and conventional radiologic imaging.
Early detection of recurrent hepatoblastoma is not always possible with
conventional imaging methods such as CT and MRI.

Philip et al. (189) have recently described the use of FDG-PET to
locate the site of recurrence in the follow-up of three cases of pediatric
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patients with elevated AFP levels (189). In the first two patients, FDG-
PET accurately located recurrent disease where it was not detected by
conventional imaging modalities, including CT and MRI. In the third
patient, FDG-PET imaging also located the recurrent disease in an MRI-
identified adrenal metastasis. The technique of co-registration of PET
with CT and MRI scans improved the anatomic localization of meta-
bolically active sites and was particularly useful for determining the
surgical approach. The results of this study seem to confirm the value
of PET-CT and other co-registration techniques in the evaluation of
early tumor recurrence or metastatic disease in hepatoblastoma. Addi-
tional studies are needed to evaluate the impact of FDG-PET-CT
imaging in patient management.

Conclusion

The routine clinical use of PET in pediatric patients is still limited. This
is partly because PET scanning in children is only supported when
applicable to similar reimbursed adult conditions. Positron emission
tomography–CT applications are still viewed with caution given the
additional radiation dose delivered by the CT device used for attenu-
ation purpose. Moreover, the number of pediatric institutions able to
offer PET or PET-CT studies is still limited. Few pediatric centers can
use cyclotron facilities, animal scanners, and dedicated personnel and
researchers in the development of new radiotracer or devices suitable
for pediatric diseases. However, given the actual conditions, it is
remarkable to see the growing interest in pediatric applications of PET
and the increasing number of clinical research projects involving PET
in pediatric diseases. It is conceivable that in the future this number
will rise even more, given the fast-growing importance PET-CT in the
evaluation of adult neoplastic and inflammatory diseases. Finally, there
is still need for a multiinstitutional, cooperative effort in this endeavor.
A joint approach may help in the collection of data from different insti-
tutions and in directing combined efforts toward the most promising
studies and applications.
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Fluorine-18-fluorodeoxyglucose (FDG) positron emission tomography
(PET) is a functional imaging modality that capitalizes on the fact that
pathologic processes are generally highly metabolically active and
accumulate more glucose (and FDG) than normal tissue. However, sites
of normal metabolic activity can also demonstrate intense FDG uptake
and can sometimes be difficult to distinguish from disease activity.
Fusion imaging modalities that acquire both functional and correlative
anatomic imaging provide an important advantage over PET alone
because they allow the accurate anatomic localization of sites of
increased FDG activity (1–5). In this chapter, normal sites of FDG activ-
ity are correlated with computed tomography (CT) anatomy in images
obtained during PET-CT scanning. Examples of pathologic FDG activ-
ity are included to illustrate the unique value of this fusion imaging
modality in distinguishing normal from pathologic activity.

Head and Neck

Identifying normal FDG activity in the head and neck, as elsewhere in
the body, is aided by its bilaterally symmetric distribution. Because the
brain is exclusively dependent on glucose metabolism, it accumulates
intense FDG activity. Accumulation is greatest in the cerebral cortex,
basal ganglia, thalamus, and cerebellum (Figs. 29.1 and 29.2). Intense
activity is sometimes present, not only in the brain, but also in the ocular
muscles and optic nerves (Fig. 29.2). Because FDG is known to accu-
mulate in saliva (6,7), minimal to moderate activity may be present in
the salivary and parotid glands (Fig. 29.3). Fluorodeoxyglucose uptake
also occurs in the lymphatic tissues of the pharynx, specifically within
the Waldeyer ring, which consists of the nasopharyngeal, palatine, and
lingual tonsils (Fig. 29.3). In patients who are tense, FDG activity may
be very prominent in the neck muscles secondary to contraction-
induced metabolic activity. Fluorodeoxyglucose activity in the normal
thyroid gland is usually absent or minimal but can be prominent. Intrin-
sic laryngeal muscles of phonation can exhibit intense FDG activity
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Figure 29.2. A,B: Axial PET-CT images show FDG activity in normal optic nerves (arrowheads), tem-
poral lobes (straight arrows), and cerebellum (curved arrows).

A

A

Figure 29.1. A,B: Axial positron emission tomography–computed tomography (PET-CT) images show
fluorodeoxyglucose (FDG) activity in normal cerebral cortex (arrows), head of caudate (curved arrows),
and thalami (arrowheads).

B

B
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Figure 29.3. A,B: Axial PET-CT images show FDG uptake in a normal Waldeyer ring (arrowheads) and
normal parotid glands (arrows).

especially in patients who engage in speech activity immediately before
or after the injection of FDG (Fig. 29.4) (7–9). To reduce such activity,
patients should be encouraged to remain silent beginning 15 minutes
prior to radioisotope injection until the imaging session is complete.

Chest

Intense FDG activity is often present within brown adipose tissue in
the supraclavicular regions, axilla, and paraspinal regions of the pos-
terior mediastinum. The primary function of brown adipose tissue is

A

Figure 29.4. A,B: Axial PET-CT images show normal FDG activity in the perilaryngeal tissues (arrows)
often seen in patients who have engaged in speech after FDG injection.

B

B



the production of heat. Brown fat differs from other tissues by 
the presence of an uncoupling protein within its mitochondria. This
protein leads to a markedly reduced production of adenosine triphos-
phate (ATP) while increasing the oxidation of fatty acids to a maximal
rate, resulting in the production of heat. During stimulated thermoge-
nesis, glucose prevents this highly metabolic brown fat from becoming
ATP-deprived by providing ATP through anaerobic glycolysis (10).
Thermogenesis, therefore, leads to an accumulation of glucose and
FDG within brown fat. Brown fat is known to be particularly metabol-
ically active in pediatric patients, females, and persons with a low body
mass index (10–12). Positron emission tomography–CT is especially
useful in localizing sites of intense FDG activity in the supraclavicular
regions because the CT will demonstrate either the absence (in the case
of brown fat) or the presence of a soft tissue mass in the area of
increased activity (Figs. 29.5 and 29.6).

The thymus is located in the anterior mediastinum and extends 
from the thoracic inlet to the heart. Normal thymic FDG activity 
is homogeneous and may be minimal, moderate, or more intense 
than the mediastinal blood pool (Fig. 29.7). On CT the thymus has 
a quadrilateral-shaped configuration with homogeneous density. In
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A

B

C

Figure 29.5. A: Maximum intensity projection (MIP) image showing intense, symmetric activity in the
supraclavicular regions (arrow). B,C: Axial PET-CT images allow localization of this activity to supra-
clavicular brown fat (arrows). This finding is common in pediatric patients.
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Figure 29.6. A 26-year-old woman with non-Hodgkin’s lymphoma. A,B: Axial PET-CT images show
FDG activity in both supraclavicular brown fat (arrows) and pathologic supraclavicular nodes (arrow-
heads). This example illustrates the value of PET-CT in identifying adenopathy that may be difficult to
distinguish from physiologic brown fat activity on PET alone.

A

A

B

C

Figure 29.7. A: MIP anterior PET image shows normal thymic contour and FDG activity (arrow) in a
3-year-old girl. B,C: Axial PET-CT images allow localization of activity to the thymus (arrows).

B
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early childhood, the lateral margins are slightly convex outward until
adolescence when the thymus begins to involute and becomes 
more triangular in appearance. The normal thymus should have
smooth margins and should never be nodular or lobulated (13). 
At about 1 hour after injection of FDG, blood pool activity in the 
mediastinum is moderate whereas lung activity is low. The heart 
has variable FDG avidity, usually with intense activity seen in the left
ventricular myocardium (Fig. 29.8). Activity in the myocardium is
dependent on serum insulin levels. When insulin levels are high, 
such as following a meal, the myocardium shifts from the metabolism
of free-fatty acids to the glycolytic pathway, resulting in intense
myocardial FDG activity (14,15). Fasting for 4 to 6 hours before 
the administration of FDG reduces both serum glucose and insulin
availability, leading to decreased myocardial FDG activity. Minimal 
to moderate FDG activity may be present within the distal esopha-
gus due to gastroesophageal reflux, muscle contraction, or inflam-
mation (8,15).

Abdomen and Pelvis

Fusion imaging is especially helpful in the abdomen and pelvis because
sites of FDG activity can be difficult to localize accurately on PET alone,
and sites that demonstrate abnormal FDG uptake may be overlooked
on CT alone when the abnormality is subtle or unexpected (Fig. 29.9).
In the upper abdomen, the cruces of the diaphragms and accessory
muscles of respiration may demonstrate intense FDG activity, particu-
larly in patients with increased work of breathing (Fig. 29.10) (8). There
may be intense activity in the region of the adrenal glands within
normal retroperitoneal brown fat. Liver activity is usually patchy but
uniform in distribution without focal areas of intense activity. Splenic

Figure 29.8. A,B: Axial PET-CT images show typical intense FDG activity in a normal left ventricular
myocardium (arrows).

A B
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Figure 29.9. A,B: Axial PET-CT images show intense FDG activity within a metastatic deposit in the
pancreas (arrows) of a 10-year-old girl with widely metastatic rhabdomyosarcoma. This pancreatic
deposit was not clinically suspected and was overlooked on a CT scan performed 2 days earlier.

A

A

Figure 29.10. A,B: Axial PET-CT images show normal FDG activity in the crus of the left diaphragm
(straight arrows) and normal, homogeneous FDG uptake within the liver (curved arrows) and spleen
(arrowheads). The spleen usually shows activity that is equal to or less than that of the liver.

uptake is generally uniform and equal to or less than that of the liver
(Figs. 29.10, 29.11, and 29.12).

Fluorodeoxyglucose activity in the bowel is commonly seen but
poorly understood. Postulated causes of bowel activity include smooth
muscle contraction, metabolically active mucosa, uptake in lymphoid
tissue, swallowed secretions containing FDG, and colonic microbial
uptake (15–17). The stomach usually shows minimal to moderate activ-
ity within the fundus, although occasionally intense activity is seen

B

B
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Figure 29.11. A,B: Axial PET-CT images show a focal area of abnormal activity that localizes to the
liver (arrows). This was proven by biopsy to be metastatic Hodgkin’s lymphoma in this 12-year-old
girl with ataxia-telangiectasia and Hodgkin’s lymphoma.

A

(Fig. 29.13). In these instances, correlating with CT imaging is useful in
excluding obvious abnormalities within the stomach wall or to local-
ize the activity to adjacent soft tissue abnormalities, such as adenopa-
thy or pancreatic neoplasms. The degree of FDG activity in the small
bowel and colon may be minimal, moderate, or intense and can be focal
or diffuse (Fig. 29.14). Fluorodeoxyglucose activity in the small bowel
and colon is often increased in patients who have fasted and is often
most pronounced in the region of the cecum and right colon (15). The
value of PET imaging in colorectal cancer is well established; however,

Figure 29.12. A 17-year-old boy with stage IV Hodgkin’s disease. A,B: Axial PET-CT images show
abnormal FDG activity in the spleen and nodes in the splenic hilum (straight arrows) and porta hepatis
(curved arrows), consistent with lymphomatous involvement. Note that splenic activity is greater than
the normal liver.

B

B
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Figure 29.13. A,B: Axial PET-CT images show moderate FDG activity in the wall of a normal stomach
(arrows). Normal gastric FDG activity can vary from minimal to intense.

A

without correlative CT imaging, the findings of bowel activity on PET
alone can be misleading. Computed tomography is useful in localizing
the activity to the bowel and may demonstrate underlying bowel
pathology such as a focal mass or an apple core lesion (Fig. 29.15). Even
so, evaluation of the bowel by CT performed as part of a standard PET-
CT scan may be limited by the lack of oral or intravenous contrast
material. If bowel pathology is a specific concern, the use of contrast
agents may enhance lesion conspicuity.

Fluorodeoxyglucose also accumulates in the glomerular filtrate 
but, unlike glucose, it is not resorbed in the renal tubules. This results
in the intense accumulation of FDG in the renal collecting systems,
ureters, and bladder (Fig. 29.16). The value of PET in evaluating the

Figure 29.14. MIP anterior image show-
ing normal colonic activity (arrows).

B
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A

B

C

Figure 29.15. This example illustrates the value of PET-CT in localizing abnormal bowel activity. A:
MIP anterior image shows a small focus of intense activity in the left abdomen (arrow) in this 19-year-
old man with previously treated neuroendocrine tumor. B,C: Axial PET-CT images localize the activ-
ity to a small colonic filling defect that was biopsied and found to be an adenomatous polyp.

Figure 29.16. MIP anterior image of the
abdomen shows the normal distribution
of FDG activity in the kidneys (arrow),
ureters (arrow), and urinary bladder
(arrow).
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A B

Figure 29.17. A,B: Axial PET-CT images show the normally intense activity seen in the kidneys (arrows)
due to the accumulation of FDG in the glomerular filtrate.

kidneys is limited by the intense activity normally present within the
renal collecting systems, which may obscure underlying abnormalities
(Fig. 29.17). However, correlative PET-CT imaging may improve 
lesion conspicuity and localization of renal tumors. Intense FDG 
activity within the ureters is a common finding due to pooling of the
radiotracer in the recumbent patient (8). Correlation with CT imaging
allows distinction of the normal ureter from abnormal adjacent 
structures.

Within the female pelvis, intense FDG activity may be present in
normal ovaries and uteri, depending on the phase of the patient’s men-
strual cycle (18). Positron emission tomography–CT is extremely useful
in localizing FDG activity to these structures (Fig. 29.18). Activity
within normal ovaries may not be bilaterally symmetric because the

Figure 29.18. A,B: Axial PET-CT images show FDG activity within normal ovaries (arrows) in this 17-
year-old girl who was in remission from stage IIA Hodgkin’s disease. The degree of FDG uptake in the
ovaries and uterus varies with menstrual phase. Normal ovarian activity may be asymmetric, as in this
case.

A B
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Figure 29.19. A,B: Axial PET-CT images show bilaterally symmetric and intense activity in normal
testes in this 19-year-old boy. The degree of FDG activity in normal testes can vary from minimal to
intense but should be symmetric.

ovary containing the dominant follicle may be more physiologically
active than the contralateral ovary. Correlation with the patients’ clin-
ical history is useful in ruling out malignancy as an underlying cause
of FDG uptake in the uterus and ovaries. In equivocal cases, follow-up
PET-CT should show resolution or a diminution of FDG activity when
the etiology is physiologic in nature (18). Within the male pelvis, activ-
ity in the normal testes can vary from minimal to intense, but should
be bilaterally symmetric (Fig. 29.19).

Musculoskeletal

Increased uptake of glucose into skeletal muscle is known to occur
during muscle exercise (19). Likewise, the uptake of glucose, and hence
FDG, into skeletal muscle is increased when muscle is electrically stim-
ulated to undergo isometric contraction (19,20). The mechanism of
glucose uptake into muscle is poorly understood, but it is distinct from
the regulation of glucose metabolism by insulin. Increased blood flow
and the translocation of glucose from the intracellular pool to the sar-
colemmal membrane and activation of the protein carriers GLUT-1 and
GLUT-4, in response to calcium released from the sarcoplasmic reticu-
lum during muscle stimulation, may be responsible (19). When PET
imaging reveals muscle FDG activity that is bilaterally symmetric (Fig.
29.20), it is likely due to increased glucose metabolism secondary to vol-
untary muscle contraction. Symmetric uptake of FDG in the neck and
paravertebral muscles can be caused merely by patient anxiety. Admin-
istration of the muscle relaxant and anxiolytic agent diazepam has been
effective in abolishing the high muscle FDG uptake seen in some
patients (19). Asymmetric muscle activity can be due to the sequelae of
local treatments such as surgery or radiation therapy or can be seen in
a recently exercised muscle, even if the activity occurred prior to the
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Figure 29.20. Three-year-old boy with previously treated rhabdomyosarcoma of the left lower leg. A:
MIP anterior image of the body shows symmetric activity in the forearm muscles (arrows). Note also
the appearance of the normal bone marrow with increased activity in the growing physes of the prox-
imal humeri (arrowhead), knees (curved arrow), and distal tibiae. The distribution of bone marrow
activity depends on patient age. Younger children have relatively more metabolically active marrow
than older children. Normal marrow activity is generally equal to or less than the liver. B,C: Axial PET-
CT images localize the forearm activity to the forearm muscles (arrows). Such activity can be seen in
tense patients or may be related to physical activity.

injection of FDG (Fig. 29.21) (15). When FDG muscle activity is not bilat-
erally symmetric, the correlative anatomic information provided by CT
is extremely useful in elucidating the underlying cause of the abnor-
mality particularly when an intra- or perimuscular mass is present.

Interpretation of the PET appearance of normal bone marrow in chil-
dren requires knowledge of the age-dependent conversion patterns
from hematopoietic to fatty marrow (21–24). Younger children have rel-
atively more metabolically active and FDG-avid hematopoietic marrow
within long bones than older children whose marrow has undergone
fatty conversion. Intense FDG activity may be present in the physes of
growing children (Fig. 29.20). Fluorodeoxyglucose uptake in normal
bone marrow is generally less than or equal to that of the liver (Fig.
29.20). Diffuse and symmetric increased FDG bone marrow activity is
often seen in patients receiving granulocyte colony-stimulating factor
(G-CSF) (Fig. 29.22) (25). Occasionally, focal areas of increased FDG
activity are present within the vertebral bodies that can be difficult to
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Figure 29.21. A 14-year-old boy with metastatic osteosarcoma. A,B: Axial PET-
CT images show increased activity in the thenar muscles of the left hand
(arrows) relative to the right (arrowheads). This was felt to be related to the
physical activity of this patient, who had exercised the left hand while playing
a video game prior to FDG injection.

Figure 29.22. An 18-year-old woman under treat-
ment for rhabdomyosarcoma who had recently
received granulocyte colony-stimulating factor (G-
CSF). MIP anterior image shows marrow activity
that is diffusely increased relative to the liver. This
pattern of marrow activity is commonly seen in
patients receiving G-CSF.



distinguish from a pathologic process. Generally, a repeating pattern of
patchy increased activity throughout the spine can be seen on the sagit-
tal or coronal images that is characteristic of physiologic uptake. When
increased bone marrow activity is solitary or nonuniformly distributed,
other causes, such as infection, metastatic disease, or primary bone
malignancies, should be considered. Correlative CT imaging, utilizing
a bone window, may reveal an underlying destructive process, frac-
ture, or other pathology (Fig. 29.23).
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Figure 29.23. This example illustrates the value of correlative PET-CT imaging in determining the cause
of abnormal activity in the spine in this 19-year-old man with previously treated osteosarcoma. A,B:
Axial PET-CT images localize a focus of abnormal activity to the spinous process of a thoracic verte-
bra (arrow). Utilizing a bone window, the CT image demonstrates a lucent line (arrowhead). This
patient was involved in a motor vehicle accident several months before this scan, with injury to this
area, although no fracture was diagnosed at that time. This activity resolved on subsequent PET-CT
imaging and was felt to be due to fracture.
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30
Common Artifacts on PET Imaging

Peeyush Bhargava and Martin Charron

Whole-body positron emission tomography (PET) with fluoro-
deoxyglucose (FDG) is fast becoming the standard of care in manage-
ment of a variety of malignant and nonmalignant conditions. Two
excellent reviews by Rohren et al. (1) and Kostakoglu et al. (2) describe
the clinical applications of PET in oncology in adult patients. As more
experience is gained in the pediatric population, indications for pedi-
atric FDG-PET imaging are emerging (3–5).

As with any other nuclear imaging modality, it is very important to
recognize artifacts while reading the whole-body FDG-PET images for
the subsequent correct management of patients. Recognition of artifacts
improves the sensitivity and specificity of the study tremendously and
reduces the need for further evaluation with other radiologic tests. This
chapter discusses the normal biodistribution of FDG in pediatric
patients, common artifacts seen on whole-body FDG-PET images,
common causes of false-positive and false-negative findings, and
recognition of artifacts.

Scanning Protocol

Performing FDG-PET studies on pediatric patients presents a special
challenge. The issues that require consideration specifically in the pedi-
atric population include intravenous access, sedation, fasting, consent,
and urinary tract activity. These technical issues specific to pediatric
PET imaging have been dealt with in recent articles (6–8). Procedure
guidelines and patient preparation techniques for the adult FDG-PET
imaging have been published in the literature (9–11). Institutions per-
forming PET studies on pediatric patients are recommended to consult
these reports and to develop their own protocols.

Essentially, patient preparation is the same for pediatric patients as
for adults. Typically after an overnight fast (or fasting for 6 to 8 hours),
fluorine-18 (18F)-FDG is injected intravenously, and after waiting for 
an uptake period of around an hour (with minimal physical activity),
multiple bed positions emissions scans are acquired on a dedicated
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whole-body scanner from the base of skull to the level of thighs. The
blood glucose level is usually checked by finger-stick method at the
time of radiotracer injection. Paying careful attention to injection and
scanning protocol is very important in acquiring and interpreting
good-quality images and avoiding artifacts. Images are reconstructed
using an iterative reconstruction algorithm, and attenuation correction
is applied. When using a PET–computed tomography (CT) scanner, CT
data can be used for attenuation correction and the scan can be
acquired in a shorter period of time. Getting a good history from the
patient or parents and making sure that recent CT or magnetic reso-
nance imaging (MRI) films are available for correlation at the time of
reading PET studies is a prerequisite for avoiding common pitfalls.

Reviewing PET Studies

Positron emission tomography images are always reviewed on a com-
puter monitor. This provides the ease of toggling between the different
set of images and different cross sections and changing the intensity.
Raw projection image (or the rotating image) can also be reviewed. We
strongly discourage reading PET images from films and recommend
review of cross-sectional images in gray scale. After some experience,
readers develop their own style of reviewing images. In our default
display, the rotating attenuation corrected image is seen on the left side
of the window, and different cross sections (coronal, transaxial, and
sagittal) are on the right. We review the coronal images first (from ante-
rior to posterior), then confirm our findings on other cross sections,
and, if needed, review the non–attenuation-corrected images. The
non–attenuation-corrected images show intense uptake in the superfi-
cial structures and photopenia in the region of deeper structures. They
can be differentiated from attenuation-corrected images by intense
uptake in skin and in the superficial aspect of the right lobe of liver and
by scattered activity in the lungs (Fig. 30.1). The reconstructed trans-
mission image may also be used on occasion as a guide to anatomy. We
feel that anatomy of FDG distribution is best appreciated in coronal
views, but we have noticed that radiology residents and radiologists
prefer looking at transaxial images. It is very important to know the
transaxial and sagittal anatomy also, especially for direct comparison
of PET images to CT or MRI films. It is also good to know all available
options for image manipulation. For example, in one option, a mouse
click over any lesion seen on one cross-sectional slice brings up the cor-
responding slice on other cross-sectional images. Images are always
read with attention to patient preparation, scanning protocol, indica-
tion, and detailed patient history and are compared to recent CT and
MRI images, whenever available.

Asymmetric uptake should be viewed with suspicion, especially in
the head and neck region. Active neoplastic lesions or malignant
lesions are usually seen as foci of intense FDG activity (or abnormal
focal hypermetabolism). The standard uptake value (SUV) of lesions
should be measured and reported. An SUV value of more than 2.5 is
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Figure 30.1. Coronal non–attenuation-corrected image (A), reconstructed
transmission image (B), and attenuation-corrected image (C) from a whole-
body positron emission tomography (PET) scan.

(Continued)



likely to be consistent with malignancy. When evaluating lung nodules,
activity is compared with mediastinal blood pool uptake and more
active lesions are considered likely to be malignant. If adrenal nodules
are more active than liver uptake, they are considered likely to be
malignant.

Normal Distribution of FDG in Pediatric Patients

To recognize what is abnormal on PET images, it is very important to
know the normal biodistribution of FDG and normal variants. Various
articles have described in detail the normal distribution of FDG in
adults and the artifacts and pitfalls that can be encountered while
reading whole-body FDG-PET images (12–16). The normal distribution
of FDG does not differ significantly between adult and pediatric
patients. Some of the important differences seen on pediatric images
are moderate to intense and symmetric uptake in the epiphysis of long
bones, mild to moderate activity in the thymus (seen as an inverted V-
shaped structure in anterior mediastinum; Fig. 30.2), and changes in
glucose metabolism in the brain in neonates.

After the age of 1 year, cerebral glucose metabolism is similar to that
in adults. Otherwise, the biodistribution of FDG is similar in pediatric
patients and adults, with intense activity seen in the cortex, basal
ganglia, and cerebellum. White matter and ventricles are usually seen
as photopenic defects. Extraocular muscle activity is generally seen as
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Figure 30.1. Continued.



small foci of moderate to intense activity in orbital region. Mild to 
moderate activity can be seen in the spinal cord, especially proximally.
Mild to moderate, variable, and symmetric activity is seen in the
oropharynx, tonsils, and salivary glands. Moderate to intense activ-
ity is seen in the vocal cords (usually as an inverted U-shaped struc-
ture), especially if the patient is talking during the uptake period 
(Fig. 30.3).

Variable uptake can be seen in skeletal muscles depending on phys-
ical activity. Muscular uptake is usually mild to moderate in intensity,
linear, and symmetric. Thyroid, airways, and esophagus are normally
not seen on PET images. Diffuse uptake in thyroid could be from thy-
roiditis or Graves’ disease (Fig. 30.4). Focal uptake in the thyroid
should be viewed with suspicion and evaluated further. Physiologic
uptake in brown fat can be seen in the neck, supraclavicular regions,
axilla, mediastinum, and posterior intercostal regions as foci of 
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Figure 30.2. Characteristic inverted V-shaped uptake in thymus.
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Figure 30.3. Physiologic uptake in vocal cords.



moderate to intense uptake that are symmetric (Fig. 30.5). This finding
was initially thought to be muscle uptake but is now believed to be
related to thermoregulation. Lungs, cortices of long bones, and usually
muscles also are seen as photopenic areas.

Mild mediastinal blood pool activity is usually seen as focal lesions
in the lungs and hilum; those more intense than the mediastinal blood
pool activity are considered suspect for neoplastic involvement. Walls
of large vessels may be seen from inflammation in the atherosclerotic
plaques. The diaphragm and intercostal and accessory muscles may be
visualized in patients with respiratory distress (Fig. 30.6). Variable
degree of uptake can be seen in myocardium depending on patient
preparation, insulin, and blood glucose levels. Administration of
insulin (or a recent meal) forces FDG (and glucose) to be taken up by
myocardium, muscle, and fatty tissue. This is helpful in cardiac
imaging. Minimal or no myocardial uptake is usually recommended
for oncologic imaging, especially for evaluation of hilar nodes. Mod-
erate and sometimes heterogeneous activity is seen in the liver. Nor-
mally, the spleen is smaller than the liver and less intense in uptake. A
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Figure 30.4. Diffused intense uptake in both lobes of thyroid, secondary to thy-
roiditis. A malignant lung nodule is seen in the right upper lobe.
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Figure 30.5. A: Projection image of a patient
with lymphoma showing symmetric foci 
in the supraclavicular region. Computed
tomography (CT) correlation with transaxial
image (B) shows uptake in a region of fat
density (C).
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Figure 30.6. A: Image showing focal hypermetabolism in right diaphragmatic crus in a hyperventilat-
ing patient. B,C: Anterior and posterior coronal images showing uptake in intercostal muscles.

variable degree of uptake is seen in bowel. Usually the stomach wall
and colonic activity is prominent. This physiologic uptake could be
intense, but it is generally linear and diffuse. Focal uptake should be
evaluated further by colonoscopy.

Mild physiologic uptake in bone marrow leads to faint visualization
of vertebral bodies, the pelvis, and the proximal ends of humerus and
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femur. Increased uptake in bone marrow can be seen in anemia,
rebound from chemotherapy, or from pharmacologic stimulation
(therapy with colony-stimulating factors) (Fig. 30.7). Because FDG is
excreted by the kidneys, mild to moderate activity is seen in the cortex,
and intense activity can be seen in the pelvis, ureters, and urinary
bladder. Focal stasis in the ureter and activity in bladder diverticulum
can be confused with hypermetabolic adenopathy. A history should be
obtained about any surgeries, such as renal transplant and diversion
procedures. Reproductive structures in the pelvis are usually not visu-
alized, but physiologic activity is frequently seen in the uterus as a
focus superior to the bladder (Fig. 30.8). Mild to moderate and usually
symmetric activity is seen in the testes. Fatty tissue is usually seen as
photopenic areas in the subcutaneous region and in the abdomen.

Various interventions have been reported to reduce or eliminate
some of these artifactual foci of FDG activity. Bowel cleansing or motil-
ity inhibitors can reduce activity in bowel loops. Diuretics and catheter-
ization can wash out activity in the urinary tract. Oral diazepam has
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Figure 30.7. Upper row images (pretherapy scan) show uptake in tonsillar lymphoma and injection
artifact at the level of the left wrist. Lower row images (posttherapy scan) show intense bone marrow
and spleen activity secondary to chemotherapy.



been shown to reduce muscle and fat uptake. We have found that these
interventions require a lot of effort, interfere with day-to-day work
flow, and do not provide much additional gain in clinical information.
In the pediatric population, however, sedation and bladder catheteri-
zation may sometimes be required for patient immobilization and
reduced risk of contamination.

Artifacts Related to Image Acquisition 
and Reconstruction

Whenever possible, whole-body images should be acquired with the
patient’s arms up. In patients with head and neck pathology, a second
bed position should be acquired of the head and neck, with the arms
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Figure 30.8. A: PET image showing a focus of intense uptake superior to the urinary bladder that cor-
responds to the uterus (menstruating) on CT scan image (B).



down. When chest images are acquired with the arms down, focal skin-
fold uptake in axilla can mimic hypermetabolic nodes. It is important
that the patient stays still during the entire scan, as patient motion can
give rise to artifacts (Fig. 30.9). These can be confirmed on non–atten-
uation-corrected images. If required, patients can be sedated by using
IV medication or even general anesthesia.

Care should be taken during injection of FDG to avoid any tissue
infiltration and to make sure that the injection is given in the arm 
opposite to the affected side. Dose infiltration is usually seen as a 
large focus of intense activity with surrounding streak photopenia 
(Fig. 30.7). Nodal uptake from infiltrated dose can be mistaken for 
neoplastic involvement. Dose infiltration also interferes with calcula-
tion of SUV value. Positron emission tomography images are re-
constructed using iterative reconstruction algorithms as opposed to
filtered back-projection.

Even with iterative reconstruction algorithms, photopenic areas are
seen around the foci of intense uptake, such as the urinary bladder, or
dose infiltration. This may interfere with evaluation of the pelvis.
Attenuation correction can also create artifacts, especially in very obese
patients and in using CT data for attenuation correction, especially
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Figure 30.9. Coronal image at level of myocardium showing focal uptake in
left perihilar region, an artifact from patient motion.



when using IV and oral contrasts. These can be avoided by the review
of non–attenuation-corrected images.

Iatrogenic Artifacts

Oncologic patients presenting for PET imaging have elaborate histories
complicated by medical and surgical procedures, which can alter the
distribution of FDG (17). A careful history should be taken about
various medical and surgical procedures, chemotherapy, and radiation
therapy, with their respective dates. Information should be taken about
the insertion of IV catheters (Fig. 30.10), ports (Fig. 30.11), tubes, and
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Figure 30.10. A: Transaxial image at level of shoulders showing focal hyper-
metabolism in the right supraclavicular region corresponding to the insertion
of a central venous catheter on CT scan (B).



ileostomies (Fig. 30.12). Inflammatory uptake may be seen in superfi-
cial surgical wounds for 4 to 6 weeks. Sites of surgery and biopsies
usually fill with serous hypometabolic fluid in the next few days and
may be seen on PET scan as ring-shaped foci, with surrounding inflam-
mation (Fig. 30.13). False-positive findings can be seen from inflam-
mation secondary to radiation.

Postradiation changes can persist for 4 to 6 months. Radiation to
marrow causes replacement with fatty tissue, which is seen on PET as
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Figure 30.11. A: Coronal image showing ring-shaped uptake in the region of
the left shoulder that corresponds to a chemotherapy port seen in the left ante-
rior chest wall on a CT scan image (B).



a photopenic area (Fig. 30.14). Radiation-induced pneumonitis,
esophagitis, myositis, or vasculitis can also be visualized on PET (18).
Radiation-induced changes can be recognized by the geographic
pattern of lesions, in the shape of a radiation port (Fig. 30.15).
Chemotherapy is also known to change the biodistribution of FDG. The
reason for this is not entirely known, but posttherapy images fre-
quently show increased uptake in the myocardium, small and large
bowel loops, and, to some extent, the liver and spleen. Rebound bone
marrow activity is seen as diffuse and moderate to intense uptake. This
can be difficult to distinguish from bone metastasis.
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Figure 30.12. PET images showing focal uptake in the right lower quadrant of
the abdomen from an ileostomy.
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Figure 30.13. Two, small, ring-shaped foci seen in the region of the right breast in a patient who recently
had biopsy of tumor and resection of axillary lymph node.



A prosthesis of any kind, if large enough, is generally seen as a pho-
topenic defect on PET imaging. If the prosthesis is recently placed,
inflammatory uptake can be seen around it, which may last for 4 to 6
weeks. Nonspecific activity is known to persist around a hip prosthe-
sis for years (Fig. 30.16).

Increased uptake in the thymus can be seen secondary to chemother-
apy, stem cell transplantation, radiotherapy, or iodine-131 therapies.
Acute changes in blood glucose levels can also affect the distribution
of FDG. The administration of insulin or glucose or a recent meal can
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Figure 30.14. PET images of a patient with a history of radiation to the abdomen, showing a photopenic
defect in the region of lumbar vertebral bodies.
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Figure 30.15. PET images of a patient with a history of radiation to metastatic lesion in the left femur.
Increased uptake in pattern of geographic radiation port is suggestive of myositis and vasculitis.



cause increased uptake in skeletal muscles, myocardium, and fatty
tissue. Acute intravascular thrombosis elicits an inflammatory response
that can be seen as a focus of increased FDG activity. As the thrombus
becomes chronic and gets replaced by scar tissue, the focus becomes
photopenic (Fig. 30.17). Catheter-related focal FDG activity can be from
intravascular thrombosis or infection (Fig. 30.18) (19).

558 Chapter 30 Common Artifacts on PET Imaging

RIGHT LEFT

FOOT

Figure 30.16. Coronal image of a patient showing nonspecific activity around
hip prostheses.
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Figure 30.17. A: Transaxial chest image showing a ring-shaped photopenic defect in the anterior medi-
astinum that corresponds to a chronic thrombus post-repair of an ascending aortic aneurysm (B).



Common Causes of False-Positive Findings

Fluorodeoxyglucose as a tracer is not specific to tumors or malignan-
cies; increased FDG activity can also be seen in inflammatory and infec-
tious lesions. Inflammatory cells also show increased glucose
metabolism. False-positive findings from these foci of inflammation 
or infection are an important cause of low specificity of PET studies
(Fig. 30.19) (20). Dual time point imaging has been advocated to rec-
ognize these false-positive findings with some success. This technique
is useful in the evaluation of solitary pulmonary nodules. It has been
shown that FDG uptake in neoplastic lesion increases over a period of
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Figure 30.18. A: PET images showing focal intense uptake in right paratracheal region corresponding
to a catheter in the superior vena cava (B).



time and that of benign lesion decreases. Therefore, a second acquisi-
tion 2 hours after FDG injection may be helpful in differentiating the
two. Benign tumors and second primaries are also an important cause
of false-positive or incidental findings on PET scans (21). These should
be pursued further by obtaining a more complete history from the
patient or referring physician, comparing PET images to other radio-
logic imaging, and by evaluating further. An exhaustive list of benign
causes of FDG uptake on whole-body FDG imaging can be found in
the article by Bakheet and Powe (22).
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Figure 30.19. A: PET images of a patient with lung nodule showing focal hypermetabolism in periph-
eral lower left lateral lung/chest wall that corresponds to a healing rib fracture on CT scan (B).



Common Causes of False-Negative Findings

Fluorodeoxyglucose-PET is known to be limited in evaluation of 
low-grade malignancies such as low-grade lymphomas, bronchoalve-
olar cancers, and carcinoids. Micrometastases in lymph nodes are
usually missed on PET scans. Also, with PET imaging, confident eval-
uation is not possible of lesions smaller than 1cm in size on anatomic
imaging. Hyperglycemia (by competition between blood glucose 
and the injected FDG) is also known to be a cause of false-negative 
PET findings.

Common Causes of Photopenic Defects

Frequently, photopenic foci or larger areas are seen on PET images.
These can result from hypometabolic structures (white matter and ven-
tricles, fatty tissue, resting skeletal muscle, cortical bone), benign cavi-
ties (stomach, bowel, lungs, gall bladder), benign effusions (pleural and
pericardial effusions, ascites, hydrocele), postsurgical collections
(hematoma, seroma), benign cysts (renal, hepatic cysts), prostheses
(breast, hip, and knee prostheses, chemotherapy ports), malignant col-
lections (tumor necrosis), acquisition artifacts (around kidneys and
bladder activity), posttherapy changes (scar tissue post–chemo/radia-
tion and bone marrow replacement after radiation), or other causes
(chronic thrombi, crossed cerebellar diaschisis, or calcified uterine
fibroids). It is important to recognize these artifacts and to correlate
them with anatomic imaging. Large tumors frequently show central
necrosis that is seen on PET imaging as a photopenic defect, with the
lesion itself seen as a ring-shaped focus with hypermetabolic margins.
The gallbladder may be seen as a photopenic defect, and inflammation
of its walls may cause increased FDG uptake (Fig. 30.20).
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Figure 30.20. PET images of a patient with chronic cholecystitis showing a photopenic defect in the
region of the gallbladder and increased uptake in the gallbladder wall.



PET-CT Artifacts

The new imaging technology of acquiring PET and CT images in 
one machine at the same time, using CT data for attenuation correc-
tion, has many advantages but also has its share of artifacts and pit-
falls (23–25). These artifacts can be divided into three groups:
attenuation-correction artifacts, motion artifacts, and CT truncation
artifacts. Because of differences in energy and the way photons are
attenuated by the body tissues, when CT transmission data are used
for attenuation correction, FDG–avid false-positive findings are seen in
the region of metallic implants, IV and oral contrast media, and other
radiodense areas. These false-positive findings can be recognized by
reviewing the non–attenuation-corrected images and by the presence
of beam-hardening artifact on CT images. They can be avoided by not
using IV contrast, by using water-based oral contrast, or by using a
low-dose CT for attenuation correction and acquiring a separate con-
trast-enhanced diagnostic CT scan. Motion artifact may result when
there is patient or organ motion between the PET scan and the CT scan.
This can cause misregistration in the regions of the diaphragm, head
and neck, and extremities. Some of this can be avoided by having
patients hold their breath at the end of normal expiration during CT
scanning, breathe normally during PET acquisition, and lying still
during the scan. Computed tomography truncation artifacts can be
avoided by having the patient place both arms up during PET and CT
acquisition.

Recognizing Artifacts

It is impossible to list all possible false-positive and false-negative 
findings that can be seen on PET images. Experience is the best way 
to recognize pitfalls and artifacts while reading these studies. The arti-
facts discussed in this chapter are from the authors’ experience of
reading PET studies predominantly in adult patients, but they give a
comprehensive idea of possible artifacts and their patterns that may be
seen on pediatric PET images. Every reader should develop a consis-
tent way of reviewing images and should correlate images with a thor-
ough and careful history and findings on other imaging tests. One
should know as much as possible about the patient. The reader should
be conversant in cross-sectional anatomy and should be able to
compare PET images directly to CT or MRI images whenever available.
He or she should be well versed in normal distribution and normal
variants of FDG uptake. Information about patient preparation, the
imaging protocol, the patient’s blood sugar level, and the site of the
intravenous injection should be available at the time of review of these
images. Positron emission tomography–CT has been proposed as a
way to avoid some of these artifacts and pitfalls. Recognizing these arti-
facts increases the sensitivity and specificity of a scan, reduces the
number of equivocal findings, and prevents unnecessary additional
workup.
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Figure 13.3. Positron emission tomography–computed tomography (PET-CT) coronal images of a 
4-year-old girl with refractory neuroblastoma following bone marrow transplantation. A: CT scan. B:
FDG-PET scan with attenuation correction. C: Fusion image of CT scan and FDG-PET scan with atten-
uation correction. D: FDG-PET scan without attenuation correction. Abnormal uptake of FDG in the
abdomen is seen to the right of the midline medial to the liver, representing residual neuroblastoma.
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Figure 20.6. E: Statistical pixel analysis map in transverse section of significant ictal rCBF greater than
interictal rCBF (yellow) or less that interictal rCBF (blue). Map shows significant ictal associated hyper-
emia in the region of the angioma. F: Statistical pixel analysis map in sagittal section of significant ictal
rCBF greater than interictal rCBF (yellow) or less that interictal rCBF (blue). Map shows significant ictal
associate hyperemia anterior to the angioma.
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Figure 22.3. Reoriented images of the myocardial 13N-ammonia (upper panel) and fasting 18F-FDG
uptake (lower panel) in a patient with transposition of the great arteries who had an acute episode of
chest pain late after the arterial switch operation. Note the impaired perfusion in the anterolateral wall
evidenced by the decreased uptake of 13N-ammonia, whereas the myocyte metabolism of 18F-FDG is
preserved, indicating viable myocardium in that myocardial regions. (Courtesy of Dr. Heinrich Schel-
bert, David Geffen School of Medicine, Los Angeles.)
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Figure 22.4. Reoriented images of the myocardial resting 13N-ammonia (upper panel) and after dipyri-
damole-induced stress 13N-ammonia (lower panel) PET study in a patient with anomalous origin of 
the left coronary artery arising from the pulmonary artery (ALCAPA). Note the fixed defect in the
anterolateral wall that corresponds to an acute myocardial infarction in that region. (Courtesy of Dr.
Heinrich Schelbert, David Geffen School of Medicine, Los Angeles.)



Figure 27.2. Three-dimen-
sional (3D) reconstruction of a
registered image data set. The
cortical surface was rendered
from MRI and red dots repre-
sent subdural EEG electrodes
that were imaged with CT.
The functional epileptogenic
focus (orange) was defined by
interictal fluorodeoxyglucose
(FDG)-PET and ictal ECD–
single photon emission com-
puted tomography (SPECT).
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B
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Figure 27.3. Histologically proven
nonaffected cystic ovary in a patient
with a recurrent yolk sack tumor: T1-
weighted, fat-suppressed MR sequence
after application of gadolinium–
diethylenetriamine pentaacetic acid
(Gd-DTPA) (A) depicts a physiologic-
appearing cystic ovary (arrow). Cor-
responding PET (B) revealed a
false-positive finding with an increased
glucose uptake (arrow) suspect of 
a recurrent disease. Multimodality
display of registered images (C) shows
exact spatial correlation between the
cystic ovary in MRI and increased
glucose uptake in PET.




