
P
H
F

T
w
c
P
s
t

*

†

‡

A

3

ET and PET/CT in Pediatric Oncology
ossein Jadvar, MD, PhD, MPH, MBA,* Leonard P. Connolly, MD,†

rederic H. Fahey, DSc,† and Barry L. Shulkin, MD, MBA‡

18F-fluorodeoxyglucose positron emission tomography (FDG-PET) and FDG-PET/computed
tomography (CT) are becoming increasingly important imaging tools in the noninvasive
evaluation and monitoring of children with known or suspected malignant diseases. In this
review, we discuss the preparation of children undergoing PET studies and review radi-
ation dosimetry and its implications for family and caregivers. We review the normal
distribution of 18F-fluorodeoxyglucose (FDG) in children, common variations of the normal
distribution, and various artifacts that may arise. We show that most tumors in children
accumulate and retain FDG, allowing high-quality images of their distribution and patho-
physiology. We explore the use of FDG-PET in the study of children with the more common
malignancies, such as brain neoplasms and lymphomas, and the less-common tumors,
including neuroblastomas, bone and soft-tissue sarcomas, Wilms’ tumors, and hepatoblas-
tomas. For comparison, other PET tracers are included because they have been applied in
pediatric oncology. Multiple multicenter trials are underway that use FDG-PET in the
management of children with neoplastic disease; these studies should give us greater
insight into the impact FDG-PET can make in their care. PET is emerging as an important
diagnostic imaging tool in the evaluation of pediatric cancers. The recent advent of
dual-modality PET-computed tomography (PET/CT) imaging systems has added unprece-
dented diagnostic capability by revealing the precise anatomical localization of metabolic
information and metabolic characterization of normal and abnormal structures. The use of
CT transmission scanning for attenuation correction has shortened the total acquisition
time, which is an especially desirable attribute in pediatric imaging. Moreover, expansion
of the regional distribution of the most common PET radiotracer, FDG, and the introduction
of mobile PET units have greatly increased access to this powerful diagnostic imaging
technology. Here, we review the clinical applications of PET and PET/CT in pediatric
oncology. General considerations in patient preparation and radiation dosimetry will be
discussed.
Semin Nucl Med 37:316-331 © 2007 Elsevier Inc. All rights reserved.
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he preparation of children and parents for nuclear med-
icine imaging has been thoroughly reviewed else-

here.1,2 Sheets wrapped around the body, sandbags, or spe-
ial holding devices often are sufficient for immobilization.
arents may accompany their child during the course of a
tudy to provide emotional support. Establishing reliable in-
ravenous access is critical in pediatric imaging because pa-
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ients and parents do not tolerate multiple access attempts. In
his regard, the skills of more experienced personnel such as
hose in pediatric anesthesiology can be quite helpful. Blad-
er catheterization also may be needed to avoid obscuring

esions attributable to reconstruction artifacts in the pelvis
nd the possibility of spontaneous voiding during image ac-
uisition with resultant radioactive urine contamination. A
ull bladder also may cause discomfort and lead to patient
otion and image degradation.3 Sedation is indicated when

t is anticipated that simple methods will be inadequate to
nsure acceptable image quality. Sedation protocols vary
rom institution to institution. Guidelines such as those ad-
anced by the Society of Nuclear Medicine, the American
cademy of Pediatrics, and the American Society of Anesthe-
iology are useful in developing an institutional sedation pro-
ram.4-6 Although many sedatives may affect cerebral metab-

lism, they are not known to cause significant changes in
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PET and PET/CT in pediatric oncology 317
umoral metabolism and can be administered at any time
elative to FDG administration for studies of tumors outside
he central nervous system (CNS).7

With combined PET/CT devices, imaging protocols are
ept as simple as reasonable to increase patient tolerance of
he imaging procedure.8-12 Oral contrast medium may be
iven to outline the bowel without significant untoward ef-
ects on image quality, although semiquantitative measures
uch as the standardized uptake value (SUV) may be slightly
ltered.13-15 The optimum SUV calculation in pediatric pa-
ients may be different from that used in adult patients be-
ause of body changes that occur during childhood. Specifi-
ally, it appears that an SUV based on body surface area is a
ore uniform parameter than an SUV based on body weight

n pediatric patients.16 Currently, intravenous contrast me-
ium is not administered routinely in PET/CT imaging stud-

es because of the need for different contrast protocols for
ptimal CT imaging of various anatomical regions and the
nduction of potential attenuation correction-related arti-
acts. However, with appropriate imaging protocols, which

ay include alternative contrast medium application
chemes or variations in the attenuation correction proce-
ure, PET/CT diagnostic capacity may be improved with lit-
le or no compromise of image quality. Kaste9 has reviewed

able 1 Radiation Dosimetry for FDG

Patient Age

1
Year

5
Years

10
Years

15
Years Adult

ass (kg) 9.8 19.0 32.0 55.0 70.0
dministered
activity (MBq)

54.5 105.6 177.8 305.6 389.0

ladder (mSv) 32.1 33.8 49.8 64.2 62.2
rain (mSv) 2.6 3.6 5.3 8.6 10.9
eart (mSv) 19.1 21.1 21.3 24.8 24.1
idneys (mSv) 5.2 5.7 6.4 7.6 8.2
ed marrow (mSv) 3.3 3.4 3.9 4.3 4.3
ffective dose (mSv) 5.2 5.3 6.4 7.6 7.4

he doses are reported in mSv [ICRP Report 80] based upon the
administered activity of 5.55 kBq/kg (0.15 �Ci/kg). Patient
masses represent the 50% percentile for that age [ICRP Report
56: Age-dependent doses to members of the public from intake
of radionuclides: Part 1, International Commission on Radiation
Protection, 1989, p 4].

able 2 Effective Dose in Pediatrics for a Variety of Radiopha

Radiopharmaceutical
Maximum Administered

Activity (MBq)

DG 389
7Ga citrate 222
9mTc HMPAO 740
9mTc MDP 740
9mTc sestaMIBI 740

he doses are reported in mSv. The maximum administered activ
administered is scaled by the patient’s weight as in Table 1 [
International Commission on Radiation Protection, 1998, pp 49-1

intake of radionuclides: Part 1, International Commission on Radiation
he experience of implementing PET/CT at a tertiary pediatric
ospital. Issues such as physical location of the PET/CT unit,
he roles of CT and nuclear medicine technologists, and the
ethodology for study interpretation are discussed. Addi-

ional important considerations deliberated are the use of
ntravenous and sugar-free oral contrast media for the CT
ortion of PET/CT examinations and the management of hy-
erglycemia. Procedure guidelines for tumor imaging with
ET and PET/CT have been published.17,18

adiation Dosimetry
everal factors affect the dosimetry of positron emitters rela-
ive to single-photon imaging agents. On one hand, the en-
rgy per photon is higher (511 keV, compared with 140 keV
or 99mTc), and there are 2 photons emitted per disintegra-
ion, which leads to a much greater energy fluence per unit
ctivity than with most single-photon agents. On the other
and, the higher photon energy also leads to a smaller frac-
ion of the photons being absorbed within the patient. Table

summarizes the dosimetry of 18F-fluorodeoxyglucose
FDG) for selected organs as well as the effective dose in the
ediatric population.
Because the administered activities were scaled by body

eight, the doses were similar across the age range, being
lightly greater in adults. The effective dose was 5.1 mSv for
1-year-old patient and 7.4 mSv for an adult. The critical

rgan is the bladder wall, with the dose being 6 to 8 times
reater than the effective dose (based on a 2-hour voiding;
owever, patients routinely void before image acquisition
tarts, which is about 1 hour after FDG injection). Table 2
ompares the effective dose from FDG with those of com-
only used single-photon imaging agents. In Table 2, it can

e seen that the absorbed radiation dose from an FDG-PET
can is very similar to the dose received from other nuclear
edicine imaging procedures but considerably less than that

rom 67Ga citrate.19,20

In many cases in pediatric imaging, the parents of the
atient prefer to remain with the child during the procedure.
he exposure rate constants for 18F and 99mTc are 0.0154 and
.00195 mR per hour per MBq at 1 meter, respectively. The
ifference is primarily attributable to the higher photon en-
rgy for 18F than for 99mTc and the fact that 2 photons are
mitted per disintegration. It is therefore prudent to consider

uticals

1
Year

5
Years

10
Years

15
Years Adult

5.2 5.3 6.4 7.6 7.4
19.9 19.9 20.3 22.7 22.2
5.1 5.4 5.8 6.4 6.9
2.8 2.8 3.7 4.1 4.2
4.7 4.6 5.4 5.8 5.8

hat which would be administered to a 70-kg adult. The pediatric
eport 80: Radiation dose to patients from radiopharmaceuticals,

RP Report 56: Age-dependent doses to members of the public from
rmace

ity is t
ICRP R
10; IC
Protection, 1989, p 4].
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318 H. Jadvar et al
he radiation exposure to the parent during these procedures.
s shown in Table 1, pediatric patients receive a range of
dministered activities depending on patient size. Consider
he following assumptions: the patient receives 260 MBq and
s considered to be a point source with no self-absorption.
he patient sits in a preparatory room for 60 minutes during
ptake and then is imaged for 60 minutes. These assump-
ions are quite conservative, that is, these will probably lead
o an overestimation of the radiation dose to the parent. Table
estimates the total exposure to the parent during both the
ptake and imaging periods, provided the parent maintains
he specified distance from the patient.

Even if the parent stayed within 1 meter of the patient
uring the entire uptake and imaging periods, the exposure
o the parent would be no more than 5.5 mR. Therefore,
arents can be allowed to stay with the patient during the
rocedure but are instructed to stay as far from the patient as
hey feel comfortable. However, in our practices, we do not
llow siblings to remain with the patient during the uptake or
maging periods.

Hybrid PET/CT scanners use the CT portion of the exam-
nation for attenuation correction. The dose to the patient
rom CT can vary greatly depending on the tube voltage and
urrent and the size of the patient. Table 4 summarizes the
ose to patients of various ages (based on a phantom study
sing phantoms of various sizes) as a function of tube voltage.
Smaller patients receive a substantially higher dose from

se of the same CT acquisition parameters. For example, a
0-year-old patient will receive approximately twice the ra-
iation dose of a medium-sized adult from use of the same
T acquisition parameters. Before the introduction of
ET/CT devices, attenuation maps were generated using ro-
ating rod sources. On the basis of a phantom study using
hantoms of various sizes, the dose to the patient is between
.05 and 0.2 mGy for 15 minutes of scanning with a total
ctivity in the rods of 370 MBq. Thus, the dose to the patient
rom a CT scan used for attenuation correction is substan-
ially greater than that associated with the rotating rod
ources. However, the CT scan provides anatomical correla-
ion to the functional images, a feature that is not available
sing the rod sources, and is considerably quicker.
Comparing the values in Tables 1 and 4, the dose to the

atient from the CT portion of the scan can be equal to, if not

able 3 Total Exposure to the Parent From a Patient Receiving
60 MBq of 18F for an FDG PET Study

Distance From
Patient During
Uptake Period

(m)

Distance From
Patient During
Imaging Period

(m)

Total
Exposure to
Parent (mR)

1 1 5.5
1 2 4.0
2 2 1.4
2 3 1.1

t is assumed that the parent stayed with the patient during a
60-minute uptake period and a 60-minute imaging period.
igher than, the dose received from the radiopharmaceutical.
hus, the acquisition parameters for the CT portion of the
can should be tailored to the patient’s size. For diagnostic
T, reduction of exposure by 30% to 50% relative to an adult
xposure has been suggested.21 Reducing the exposure
milliamp-seconds) proportionately decreases the absorbed
adiation dose without significant loss in the information
rovided. In addition, there is the potential to further reduce
he tube voltage and current without adversely affecting the
uality of the attenuation correction in those cases where
recise anatomical correlation is not critical.

linical Oncology Applications
ancer is second only to trauma as a cause of death in chil-
ren, accounting for approximately 10% of all childhood
eaths.22,23 Of all the adult cancers to which FDG-PET has
een most widely applied, only lymphomas and brain tu-
ors occur with an appreciable incidence in children.3 How-

ver, the diagnostic utility of FDG-PET and its impact on
atient management have been reported for many pediatric
ancers.24-34 In decreasing order of frequency, PET has led to
mportant changes in the clinical management of lymphoma
32%), brain tumors (15%), and sarcomas (13%).25 PET/CT
lso has been shown to be superior to PET alone by allowing
recise CT localization of metabolic abnormalities shown on
ET and superior to CT alone by allowing metabolic charac-
erization of abnormal and normal findings shown on CT,
hereby increasing diagnostic confidence and reducing
quivocal image interpretations.35-38

Before reviewing the applications of PET in pediatric on-
ology, it is important consider potential causes of misinter-
retation of FDG-PET that relate to physiologic variations in
DG distribution in children. These include a more extensive
istribution of hematopoietic marrow than in adults and the
ccurrence of high FDG uptake in the thymus,39,40 in the
denoids and tonsils, and in the skeletal growth centers, par-
icularly those of the long bone physes. Other potential pit-
alls, similar to those in adults, include variable FDG uptake
n working skeletal muscles, brown fat, myocardium, thyroid
land, and gastrointestinal tract, as well as accumulation of
xcreted FDG in the renal pelvis, ureter, and bladder, and
ossible tracer accumulation in draining lymph nodes from
xtravasated tracer at the time of intravenous tracer adminis-
ration.41-45 Diffuse high bone marrow and splenic FDG up-
ake after the administration of hematopoietic-stimulating
actors also may resemble disseminated metastatic dis-
ase.46,47

able 4 Dose from CT

kvp Newborn
1

Year
5

Years
10

Years
Med
Adult

80 7.0 5.7 4.5 3.8 1.5
100 13.5 11.3 9.0 7.9 3.5
120 21.4 18.2 14.9 12.9 6.0
140 30.1 25.8 21.8 18.9 9.0

ll doses are reported in mGy. All data were obtained at 130 mAs

and a pitch of helical 1.5:1.
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Increased bone marrow FDG uptake has been observed in
atients as long as 4 weeks after completion of treatment with
ranulocyte colony-stimulating factor (Fig. 1).46 Thymic ac-
ivity also may occasionally be increased in a minority of
oung adults after chemotherapy because of reactive thymus
yperplasia (Fig. 2).39,48 Physiologic thymic hypermetabo-

ism also may be seen in younger children before chemother-
py. With the introduction of PET/CT imaging systems, it has
een recognized that elevated FDG uptake in the normal
rown adipose tissue also may be a source of false-positive
ndings.42,45,49 The common anatomical areas involved in-
lude the neck and shoulder region, axillae, mediastinum,

Figure 1 Effects of granulocyte colony-stimulating factor
in a large pelvic mass and at multiple sites within the abd
and omental metastases (top row PET coronal, sagittal, t
chemotherapy and radiotherapy (2,250 cGy to the wh
months after completing radiotherapy, a restaging PET s
was receiving 5 �g/kg of granulocyte-colony stimulatin
grade uptake was shown in the mass (arrow on anterio
throughout the hematopoietic marrow, except in the
(Reprinted with permission from Drubach LA, Dubois
Colony Stimulating Factor and Radiation. Clin Nucl Me
nd the paravertebral and perinephric regions. Neck brown t
at hypermetabolism is seen significantly more in the pediat-
ic population than in the adult population (15% versus 2%,
� 0.01) and appears to be stimulated by cold tempera-

ures.42,45 Recent data have shown that brown fat metabolic
ctivity may be suppressed pharmacologically (eg, by pro-
ranolol or fentanyl)50,51 or by the simpler measure of con-
rolling environmental temperature in the hours before injec-
ion and during the uptake phase.52 High FDG uptake also
ay occasionally be observed in some benign lesions. Among

hese, fibro-osseous defects,53 which are very common in the
rowing skeleton, and osteochondromas,54 which can de-
elop secondary to radiation therapy, are particularly impor-

diation. High [18F]fluorodeoxyglucose uptake is shown
of a 7-year-old girl with embryonal rhabdomyosarcoma
se, and anterior projection views). The patient received
omen and a boost of 2,490 cGy to the pelvis). Three
iddle and bottom rows) was obtained while the patient
r daily for chemotherapy-induced neutropenia. Low-

ection image, far right lower image). Uptake was high
s that had been included within the radiation port.

zier L, Connolly LP: Combined Effects of Granulocyte
9-41, 2007.)
and ra
omen
ransver
ole abd
can (m
g facto
r proj
region
S, Fra
ant to note (Fig. 3).



s
j
O
s
s
r
m
i
t
w
a
t
l
P

s
a
c

C
T
p
M
C
a
c

c
i
m
a
i
t
l
S
w

p
c
g
a
9

t
a
s

r
d

F
o
s
c
t

320 H. Jadvar et al
Some artifacts are unique to the hybrid PET/CT imaging
ystems. These artifacts may be attributable to metallic ob-
ects, respiration, and oral and intravenous contrast agents.
vercorrection of dense metallic objects may result in hot

pot artifacts in attenuation-corrected PET images.55 Tran-
ient hot spot artifacts also may be found on PET images as a
esult of the bolus passage of undiluted intravenous contrast
aterial. This is uncommon with proper contrast medium

nfusion protocols. The overestimation bias is modest (less
han 15%) on PET images of organs other than the kidneys,
hich may display higher bias.56 Examination of nonattenu-

tion-corrected images can be helpful in distinguishing this
echnical artifact from physiologic/pathologic hypermetabo-
ism. It is also important to note that attenuation correction of
ET emission data using an artifactual CT map can yield false

igure 2 Anterior maximal intensity projection images of a 12-year-
ld boy undergoing therapy for embryonal sarcoma of the liver
hows no discernible thymic uptake (left panel). Six months after
ompletion of therapy, there is markedly increased uptake in the
hymus, which appears enlarged (right panel).

Figure 3 Avulsive cortical irregularity. PET performed a
9-year-old boy with a history of bilateral retinoblastom
familial retinoblastoma and an intracranial neuroblastic
in the posteromedial left distal femoral metaphysis exten
An anteroposterior radiograph shows a subtle radioluce
femoral metaphysis. The radiographic appearance allaye
more common malignancies that develop in patients wit
cortical irregularity. That diagnosis was subsequently sup
Connolly SA, Davies KJ, Connolly LP: Avulsive Cortica

2006.)
emiquantitative indices in the regions adjacent to metallic
rtifacts and probably in the presence of oral and intravenous
ontrast media.13

NS Tumors
umors of the CNS account for approximately 20% of all
ediatric cancers, second only to hematologic malignancies.
ost pediatric brain tumors arise from neuroepithelial tissue.
NS tumors are subclassified histopathologically by cell type
nd graded for degree of malignancy using criteria that in-
lude mitotic activity, infiltration, and anaplasia.57,58

The distribution of the most common CNS tumors may be
ategorized according to the major anatomical compartment
nvolved. In the posterior fossa, the most common tumors are

edulloblastoma, cerebellar astrocytoma, ependymoma,
nd brain stem gliomas. Tumors about the third ventricle
nclude tumors that arise from suprasellar, pineal, and ven-
ricular tissue, and the most common are optic and hypotha-
amic gliomas, craniopharyngiomas, and germ cell tumors.
upratentorial tumors are most often astrocytomas, many of
hich are low-grade.58

Magnetic resonance imaging (MRI) and CT are the princi-
al imaging modalities used in staging and follow-up for
hildren with CNS tumors. Their main limitation is distin-
uishing viable recurrent or residual tumor from post-ther-
py alterations. Single-photon emission CT with 201Tl and
9mTc methoxyisobutylisonitrile have proven valuable for
his determination in several pediatric brain tumors, gener-
lly demonstrating tracer uptake in the tumor and not in the
car tissue.59-62

The use of FDG-PET in brain tumors has been widely
eported in adult patients, for whom FDG-PET has helped
istinguish viable tumor from post-therapeutic changes.63-65

veillance study to detect unsuspected malignancy in a
a pineal tumor consistent with the rare syndrome of

(trilateral retinoblastoma), shows focal marked uptake
the linear zone of physiologically high physeal uptake.

rrow) at the site of high uptake in the medial left distal
of the possibility of osteosarcoma, which is among the

lial retinoblastoma, and was consistent with an avulsive
by MRI (not shown). (Reprinted with permission from

ularity and F-18 FDG-PET. Clin Nucl Med 31:87-89,
s a sur
as and
tumor
ding to
ncy (a
d fears
h fami
ported
l Irreg
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PET and PET/CT in pediatric oncology 321
igh FDG uptake relative to adjacent brain indicates residual
r recurrent tumor, whereas low or absent FDG uptake is
bserved in areas of necrosis (Fig. 4). This distinction is most
eadily made with high-grade tumors that show high uptake
f FDG at diagnosis. FDG-PET does not, however, exclude
icroscopic tumor foci. FDG-PET results also may not accu-

ately correlate with tumor progression after intensive radia-
ion therapy.66 Moreover, elevated FDG uptake may persist
n the immediate post-therapy period.67

The combined anatomical (MRI) and metabolic (PET) im-
ge information has been shown to improve the diagnostic
ield of stereotactic brain biopsy in children with infiltrative,
ll-defined brain lesions while reducing tissue sampling in
igh-risk functional areas.68 In addition, FDG-PET has been
pplied to tumor grading and prognostication. Higher-grade,
ggressive tumors typically have greater FDG uptake than do
ower-grade tumors, which may appear isometabolic or hy-
ometabolic in comparison with normal brain tissue.69,70 The
evelopment of hypermetabolism, as evidenced by increased
DG uptake in a low-grade tumor that appeared hypometa-
olic at diagnosis, indicates progression to a higher grade.71

he degree of FDG uptake appears to correlate with the bio-
ogical behavior of the tumor. Shorter survival times have
een reported for patients whose tumors show the highest
egree of FDG uptake.72 Limited available data also suggest
hat FDG-PET findings correlate well with histopathologic
ndings and clinical outcome in children.73-78 A potential
ediatric application of this arises from a reported excellent
orrelation between FDG-PET findings and clinical outcome
n children affected by neurofibromatosis and low-grade as-
rocytomas.79 In that series, high tumoral glucose metabo-
ism shown by FDG-PET was a more accurate predictor of
umor behavior than was histologic analysis. Combining
DG-PET and MRI in the planning of stereotactic brain bi-
psies has been reported to improve the diagnostic yield in
nfiltrative, ill-defined lesions and to reduce sampling in
igh-risk functional areas.68 The combined imaging also fa-

Figure 4 A 7-year-old boy with recent resection of anap
medium (left), FDG-PET (middle), and fusion image (rig
uptake is seen along the medial aspect of the right cereb
FDG uptake similar to that of normal gray matter. Fusio
ilitates tumor resection planning.80 i
Another positron-emitting radiotracer that has been used
o study pediatric brain tumors is the radiolabeled amino acid
11C]methionine (11C-Met), which localizes to only a minimal
egree in normal brain tissue. Uptake of this radiotracer re-
ects transmethylation pathways that are present in some
umors. However, as with FDG, some low-grade gliomas may
scape detection without clear limits of tumor-to-normal
rain tissue ratios that can accurately assess malignancy
rade.81-84 11C-Met PET has been reported to be useful
n differentiating viable tumor from therapy-induced
hanges.81,85-87 However, it is worth noting that, similar to
DG, 11C-Met is not tumor-specific, as it has been shown to
ccumulate in some nontumoral CNS diseases, probably as a
esult of blood–brain barrier disruption.88 Both FDG-PET
nd 11C-Met PET have been shown to be independent pre-
ictors of event-free survival.83,89 11C-Met, because of the
hort 20-minute half-life of the 11C label, must be produced
ocally for administration and is currently not commercially
vailable. Potential uses of [18F]3=-deoxy-3=-fluorothymi-
ine, [11C]methyl-L-tryptophan, and [18F]fluoroethyl-L-ty-
osine in assessing brain tumors recently have been de-
cribed.90-94

ymphoma
on-Hodgkin’s and Hodgkin’s lymphomas account for be-

ween 10% and 15% of pediatric malignancies (Fig. 5). Non-
odgkin’s lymphoma occurs throughout childhood. Lym-
hoblastic and small-cell tumors, including Burkitt’s

ymphoma, are its most common histologic types, and the
isease usually is widespread at diagnosis. Mediastinal and
ilar involvement are common with lymphoblastic lym-
homa, whereas Burkitt’s lymphoma most often occurs in the
bdomen. In contrast, Hodgkin’s disease has a peak inci-
ence during adolescence and accounts for about 6% of all
hildhood cancers.95 Nodular sclerosing and mixed cellular-

astrocytoma of the cerebellum. T2 MRI with contrast
m FDG-PET, CT scan, and MRI. Abnormally increased
emisphere. Most of the abnormal signal on MRI shows
ges created using Hermes Medical Systems software.
lastic
ht) fro
ellar h
ty are the most common histologic types. The disease is
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322 H. Jadvar et al
arely widespread at diagnosis, and most cases have intratho-
acic nodal involvement.22,96

67Ga citrate scintigraphy has proven useful in staging and
onitoring therapeutic response in patients with non-
odgkin’s and Hodgkin’s lymphomas.97-101 For nearly 2 de-

ades, this was the best functional imaging agent available for
he evaluation of lymphomas. FDG-PET has several features
hat make it preferable to 67Ga citrate scintigraphy, including

shorter injection to imaging interval, completion of the
tudy in a few hours instead of multiple days, higher image
uality, and more favorable dosimetry (Table 2) In numerous
tudies that predominantly included adult patients, FDG has
een shown to accumulate in non-Hodgkin’s and Hodgkin’s

ymphomas.41,102-125 Similar to Gallium-67 citrate, FDG up-
ake generally is greater in the higher-grade lymphomas than
n lower-grade lymphomas.109,111 FDG-PET has been re-
orted to reveal disease sites that were not detected by con-
entional staging methods, resulting in upstaging of disease
ith potential therapeutic ramifications.106,107,112-114 FDG-
ET, when performed at the time of initial evaluation, also

Figure 5 A 14-year-old boy with recent fevers and weight
Left panel: Anterior maximal intensity projection image
Upper center and upper right panels: Cross-sectional
subcarinal and left hilar masses. Lower center and lower
markedly increased uptake in mesenteric, para-aortic, a
as been shown to change disease stage and treatment in 10% s
o 23% of children with lymphoma.126-130 Identification of
reas of intense FDG uptake within the bone marrow can be
articularly useful in directing the site of biopsy or even
liminating the need for biopsy at staging.107,120 FDG-PET is
lso useful for assessing residual soft-tissue masses shown by
T after therapy. Absence of FDG uptake in a residual mass is
redictive of remission, whereas high uptake indicates resid-
al or recurrent tumor (Fig. 6).114,122,131 A negative FDG-PET
can after completion of chemotherapy, however, does not
xclude the presence of residual microscopic disease.132

DG-PET can predict clinical outcome with a higher accu-
acy than conventional imaging (91% versus 66%, P � 0.05)
n patients previously treated for Hodgkin’s disease.133

Levine and coworkers134 reported on the frequency of
alse-positive results with PET-only systems after completion
f therapy. Scans were considered positive if the interpreta-
ion was most consistent with malignancy. Diagnostic valida-
ion was by pathologic evaluation, resolution on follow-up
can, or absence of disease progression over at least 1 year
ithout intervention. A false-positive rate of 16% was ob-

iopsy showed nodular sclerosing Hodgkin’s lymphoma.
extensive abnormal uptake in the chest and abdomen.
of the mid-chest show markedly increased uptake in
anels: Cross-sectional view of the mid-abdomen shows
acaval lymph node masses.
loss. B
shows
views
right p
erved with etiologies such as fibrosis, progressive transfor-
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ation of germinal centers, abdominal wall hernia, appen-
icitis, thymus, and HIV-associated lymphadenopathy.
ositive PET scans after treatment should be interpreted cau-
iously, and therapeutic decisions should not be made with-
ut histologic confirmation. Similar recommendations have
een adapted by others.135 Despite this, however, hybrid sys-
ems that incorporate both structural and metabolic informa-
ion will provide a more accurate assessment.136 In fact, in a
ecent German study, it was demonstrated that a correlative
maging strategy that included FDG-PET provided the most
ccurate imaging evaluation, improved diagnostic confi-
ence, and improved therapeutic management.137 Another
tudy from Israel that used PET/CT in 24 Hodgkin’s and 7
on-Hodgkin’s lymphoma patients showed that PET/CT re-
ulted in a stage change in 32% of patients (22% upstages and
0% downstages).138 In general, however, it is suggested that
negative PET/CT during routine follow-up for lymphoma in
hildren strongly suggests the absence of recurrence (high
egative predictive value), but a positive finding should be

nterpreted with caution (low positive predictive value).139

he potential role of FDG-PET in radiation treatment plan-
ing for pediatric oncology including lymphoma has also
een recently described.140-142

FDG-PET has been compared with 11C-Met PET in a small
eries of 14 patients with non-Hodgkin’s lymphoma. 11C-Met
ET provided superior tumor-to-background contrast, but
DG-PET was superior in distinguishing between high- and

ow-grade lymphomas.105 In summary, the existing large
ody of evidence indicates that PET will play an increasingly

igure 6 A 20-year-old woman with a history of Hodgkin’s lym-
homa 1 year after completion of therapy. Areas of calcification in
he mediastinum show no elevated FDG uptake, indicating success-
ul treatment. The patient remained in clinical and radiographic
emission 2 years later.
mportant role in staging, evaluating tumor response, plan- a
ing radiation treatment fields, and monitoring after comple-
ion of therapy in pediatric lymphoma.24,142

euroblastoma
euroblastoma is the most common extracranial solid malig-
ant tumor in children. The mean age of patients at presen-
ation is 20 to 30 months, and it is a rare occurrence after the
ge of 5 years.96 The adrenal glands are the most common site
f neuroblastoma. Other sites of origin include the paraver-
ebral and presacral sympathetic chain, the organ of Zucker-
andl, posterior mediastinal sympathetic ganglia, and cervi-
al sympathetic plexuses. Gross or microscopic calcification
ften is present in the tumor. Disseminated disease is present
n up to 70% of neuroblastoma cases at diagnosis and most
ommonly involves cortical bone and bone marrow. Less
requently, there is involvement of liver, skin, and lung. A
rimary tumor is not detected in up to 10% of children with
isseminated neuroblastoma or in those who present with
araneoplastic syndromes.143

Surgical excision is the preferred treatment for localized
euroblastoma. When local disease is extensive, intensive
reoperative chemotherapy may be administered. When dis-
ant metastases are present, the prognosis is poor, but high-
ose chemotherapy, total-body irradiation, and bone mar-
ow reinfusion are beneficial for some children with this
resentation.
Delineation of local disease extent is achieved with MRI,

T, and scintigraphy. These tests also are used to localize the
rimary site in children who present with disseminated dis-
ase or with paraneoplastic syndrome. Metaiodobenzylgua-
idine (MIBG, an analog of guanethidine and norepineph-
ine) and [111In]pentetreotide (a somatostatin type 2 receptor
gonist) scintigraphy have been used in these settings with a
ensitivity of greater than 85% for detecting neuroblastoma.
ptake of MIBG into neuroblastoma is by a neuronal sodium
nd energy-dependent transport mechanism. The localiza-
ion of [111In]pentetreotide in neuroblastoma reflects the
resence of somatostatin receptors on some neuroblastoma
ells.144

Bone scintigraphy has been most widely used for detection
f skeletal involvement for staging but is unable to distin-
uish active disease from bony repair on the basis of tracer
ptake. Patients with residual unresected primary tumors are
eriodically evaluated with MRI or CT. These studies, how-
ver, cannot distinguish viable tumor from treatment-related
car tissue. Specificity in establishing residual viable tumor
an be improved with MIBG or [111In]pentetreotide imaging
hen the primary tumor has been shown to accumulate one
f these agents. These agents also are useful in assessing re-
idual skeletal disease in patients who have skeletal metasta-
es with a high affinity for MIBG- or [111In]pentetreotide.
euroblastomas are metabolically active tumors (Fig. 7).
euroblastomas and their metastases avidly concentrated
DG before chemotherapy or radiation therapy in 16 of 17
atients studied with FDG-PET and MIBG imaging.145 Up-
ake after therapy was variable but tended to be lower. FDG

nd MIBG results were concordant in most instances; how-
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324 H. Jadvar et al
ver, there were few discordant cases in which one tracer
ccumulated at a site of disease and the other did not. MIBG
maging was overall considered superior to FDG-PET, partic-
larly in the delineation of residual disease. An advantage of

igure 7 A 12-year-old boy with recurrent neuroblastoma. Upper
anel: Anterior and posterior whole body images from a 123I-MIBG
can show multiple foci of abnormal uptake in the left hemithorax
nd left thoracic paraspinal region. Middle panel: (Left) Anterior
aximal intensity projection 123I-MIBG image of the neck and chest

or comparison with anterior maximal intensity projection FDG-
ET image of the torso (right). Lower 2 panels: Transverse cross-
ectional views of the upper chest show elevated uptake in a left
ectoral lymph node, in a left posterior rib, and within left axillary

at.
DG-PET is the initiation of imaging 30 to 60 minutes after m
DG administration, whereas MIBG imaging is performed 1
r more days after tracer administration.
FDG-PET may be of limited value for the evaluation of

one marrow involvement in neuroblastoma due to mild
DG accumulation by the normal bone marrow.145 Pitfalls
esulting from physiologic FDG uptake in the bowel and the
hymus are additional factors that may limit the role of FDG-
ET in neuroblastoma. The current primary role of FDG-PET

n neuroblastoma is in the evaluation of known or suspected
euroblastomas that do not demonstrate MIBG uptake.
[11C]hydroxyephedrine (11C-HED), an analog of norepi-

ephrine, and [11C]epinephrine PET also have been used in
valuating neuroblastoma. All 7 neuroblastomas studied
howed uptake of 11C-HED146 and 4 of 5 neuroblastomas
tudied showed uptake of [11C]epinephrine.147 A recent
tudy reported a greater sensitivity for 11C-HED PET/CT than
hat for [123I]MIBG single-photon emission CT (99% versus
3%).148 Uptake of these tracers is demonstrated within min-
tes after tracer administration, which is an advantage over
IBG imaging. However, practical current limitations re-

arding cost and the need for on-site synthesis of short-lived
1C (half-life of 20 minutes) hinder their clinical utility. Com-
ounds labeled with 18F, such as fluoronorepinephrine, flu-
rometaraminol, and fluorodopamine, also may be useful
racers.149 PET using 4-[fluorine-18]fluoro-3-iodobenzyl-
uanidine150 and 124I-labeled MIBG151 has also been de-
cribed.

ilms’ Tumor
ilms’ tumor is the most common renal malignancy of child-

ood. Wilms’ tumor is predominantly found in younger chil-
ren and is rarely encountered after the age of 5 years.22

ilateral renal involvement occurs in approximately 5% of all
ases and can be identified synchronously or metachro-
ously.96,152 An asymptomatic abdominal mass is the typical
ode of presentation. Nephrectomy with adjuvant chemo-

herapy is the treatment of choice. Radiation therapy is used
n selected cases when resection is incomplete.

Radiography, sonography, CT, and MRI are commonly
sed for anatomical staging and detection of metastases,
hich involve predominantly lung, occasionally liver, and
nly rarely other sites. Anatomical imaging, however, is of
imited utility in the assessment of residual or recurrent tu-

or.152 Uptake of FDG by Wilms’ tumor has been de-
cribed,153 but a role for FDG-PET in Wilms’ tumor has not
een established. Normal excretion of FDG through the kid-
ey is also a limiting factor. However, careful correlation with
natomical cross-sectional imaging usually allows distinction
f tumor uptake from normal renal FDG excretion. We have
ound FDG-PET most useful in identifying active tumor in
esidual masses that persist after radiation, chemotherapy, or
oth, and for evaluating the effects of treatment on metastatic
isease (Fig. 8).

one Tumors
steosarcoma and Ewing’s sarcoma are the 2 primary bone

alignancies of childhood. Osteosarcoma is more common
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PET and PET/CT in pediatric oncology 325
nd affects predominantly adolescents and young adults with
second peak in older adults, particularly individuals with a
istory of radiation to bone or Paget’s disease. This tumor
arely affects children younger than 7 years. Osteosarcoma
ypically is a lesion of the long bones. The treatment of choice
or osteosarcoma of an extremity is wide resection and limb-
paring surgery, which involves resection of the tumor with a
uff of surrounding normal tissue at all margins followed by
keletal reconstruction. Limb-sparing procedures can be ap-
ropriately performed in 80% of patients with the current
hemotherapeutic regimens pre- and postoperatively and im-
ging to define tumor extent and viability.154

Almost all cases of Ewing’s sarcoma occur between the ages
f 5 and 30 years, with the highest incidence being in be-
ween the ages of 10 and 19 years. In patients younger than

igure 8 A 4-year-old boy with recurrent Wilms’ tumor after radio-
herapy and bone marrow transplantation. Transverse images (up-
er 2 panels) show markedly increased uptake in the right lung
ass and pleural effusion. Sagittal images (lower panel) show that

his uptake and mass extend inferiorly into the mid-abdomen.
0 years, Ewing’s sarcoma most often affects the appendicu- a
ar skeleton. Beyond that age, pelvic, rib, and vertebral lesion
redominate. The tumor is believed to be of neuroectodermal
rigin and, along with the primitive neuroectodermal tumor,
o be part of a spectrum of a single biological entity.155 Ther-
py for Ewing’s sarcoma involves radiation, surgery, or both
or control of the primary lesion and multiagent chemother-
py for eradication of metastatic disease.156

MRI is used to define the local extent of osteosarcoma and
wing’s sarcoma in bone and soft tissue. However, signal
bnormalities caused by peritumoral edema can result in an
verestimation of tumor extension.157 Scintigraphy has been
sed primarily to detect osseous metastases of these tumors at
iagnosis and during follow-up. With osteosarcoma, skeletal
cintigraphy occasionally demonstrates extraosseous metasta-
es, most often pulmonary, due to osteoid production by the
etastatic deposits. Because of the nonspecific appearance of

iable tumor on MRI, variable results have been reported for
ssessing chemotherapeutic response in planning for limb-sal-
aging surgery.158-163 Scintigraphy with 201Tl has been shown to
e useful for assessing therapeutic response in osteosarcoma and
wing’s sarcoma.164-169 A marked decrease in 201Tl uptake by the

umor indicates a favorable response to chemotherapy. A
hange in therapy may be needed when 201Tl uptake does not
ecrease within weeks of chemotherapy. 99mTc methoxyisobu-
ylisonitrile may also be useful in osteosarcoma but appears not
o be with Ewing’s sarcoma.170,171

The exact roles of FDG-PET in osteosarcoma and Ewing’s
arcoma are unclear. However, current experience suggests
hat, in patients with bone sarcomas, FDG-PET may play an
mportant role in assessing the extent of disease, monitoring
he response to therapy, and predicting the long-term out-
ome after therapy (Fig. 9).172-180 The post-therapy level of
DG uptake may underestimate the extent of tumor necrosis
ompared with histologic assessment, probably due to some
ncrease in the metabolic activity in response to therapy-
nduced inflammation and healing.181 In comparison with
one scintigraphy, FDG-PET may be superior for detecting
sseous metastases from Ewing’s sarcoma but may be less
ensitive for those from osteosarcoma.182 A second potential
ole is in assessing patients with suspected or known pulmo-
ary metastasis, which is particularly common with osteosar-
oma. In a recent retrospective study of 55 patients with bone
umors, PET detected metastases in 22% of patients, with
7% of those harboring disease outside the lung; 7% of pa-
ients were upstaged to stage IV, with the most important
lteration in treatment decisions being the use of radiation in
ieu of surgery for local control.183

oft-Tissue Tumors
habdomyosarcoma is the most common soft-tissue malig-
ancy of childhood. The peak incidence occurs between 3
nd 6 years of age. Rhabdomyosarcomas can develop in any
rgan or tissue, and contrary to what the name implies, do
ot usually arise in muscle. The most common anatomical

ocations are the head, particularly the orbit and paranasal
inuses, the neck, and the genitourinary tract. CT and MRI

re important for establishing the extent of local disease.
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326 H. Jadvar et al
adiography and CT are used for detecting pulmonary me-
astases, and skeletal scintigraphy is used to identify osseous
etastases. Radiation therapy and surgery are used for local
isease control and chemotherapy for treatment of metastatic
isease. Rhabdomyosarcomas show variable degrees of FDG
ccumulation. Although there are reports of diagnostic util-
ty, the exact clinical role of FDG-PET in rhabdomyosarcoma
as not yet been established (Fig. 10).7,172,184-186 A recent

Figure 9 An 11-year-old boy with progressive Ewing’s
cross-sectional images show many foci of abnormal upta
uptake in the distal right femur corresponds with a scle

igure 10 A 2-year-old girl with newly diagnosed pelvic rhabdomyo-
arcoma. Transverse images of an FDG-PET/CT scan show mark-
dly increased uptake in a retrovesicular mass. Uptake is well seen
hespite the intense concentration of tracer in the excreted urine.
tudy showed that, in patients with soft-tissue sarcomas, the
retreatment tumor standardized uptake value and the
hange in the value after neoadjuvant chemotherapy inde-
endently identified patients at high risk for tumor recur-
ence.187

igure 11 An 8-year-old girl with locally recurrent and metastatic
drenocortical carcinoma. (A) Cross-sectional images from an FDG-
ET scan show markedly increased uptake in the adrenal bed. A
mall focus of activity seen on the coronal image in the mid-right
hest represents a small pulmonary metastasis. (B) Contrast-en-

ma of the right radius. Upper panel: Projection and
he lungs and the right forearm. Lower panel: Increased
sion on CT scan.
anced CT shows a low attenuation mass in the right adrenal bed.
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are Tumors in Children
drenocortical tumors in children are usually endocrinologi-
ally active and very aggressive clinically.188 A germline mu-
ation is a major predisposing factor. Most patients present
ith virilization. Two-thirds of patients have resectable tu-
ors. For these patients, surgery currently holds the only

ealistic hope for cure. Preliminary experience indicates that
hese tumors are quite active metabolically, and FDG has
een used to monitor them (Fig. 11).33

Hepatoblastoma is quite rare, accounting for less than 1%
f childhood tumors.189 With chemotherapy and surgery as
rimary treatment modalities, the prognosis has improved
onsiderably over the past 20 years. The 5-year survival rate
as increased from 30% to 70%. These tumors are also met-
bolically active. In contrast to FDG uptake in hepatocellular
arcinomas, hepatoblastomas accumulate and retain FDG
uch more reliably (Fig. 12). FDG-PET is useful in monitor-

ng hepatoblastomas during and after therapy.190

ummary
DG-PET and FDG-PET/CT are being increasingly applied to
ediatric conditions, particularly in oncology. Most children

n the United States who have tumors are studied under
rotocols developed by the Children’s Oncology Group. Pa-
ients are treated in multiple institutions that conform to
trict treatment and evaluation regimens. This presents the
pportunity to critically and scientifically evaluate the use of
DG-PET in the management of childhood tumors in multi-

nstitutional, cooperative efforts. Though these tumors are
are, cooperative group studies allow national and interna-
ional efforts to objectively determine the impact of FDG-PET
nd FDG-PET/CT in patient management. Most tumors in
hildren are metabolically active and thus concentrate and
etain FDG. We fully expect that future data will show not

Figure 12 A 4-year-old boy with metastatic hepatoblastom
lung metastasis. A smaller right lung metastasis has only
nly that FDG-PET and FDG-PET/CT provide useful diag-
ostic and staging information in individual tumor types, but
hey also will play a pivotal role in the clinical management
nd care of children with cancer.

cknowledgments
he authors are grateful to Sandra Gaither for secretarial sup-
ort and David Galloway for expert editing. Supported in
art by American Lebanese Syrian Associated Charities
ALSAC) and NCI R01 CA54216 (B.L.S.).

eferences
1. Gordon I: Issues surrounding preparation, information, and handling

the child and parent in nuclear medicine. J Nucl Med 39:490-494,
1998

2. Treves ST: Introduction, in Treves ST (ed): Pediatric Nuclear Medi-
cine. 2nd ed. New York: Springer-Verlag, 1995, pp 1-11

3. Shulkin BL: PET imaging in pediatric oncology. Pediatr Radiol 34:
199-204, 2004

4. Mandell GA, Cooper JA, Majd M, et al: Procedure guidelines for pe-
diatric sedation in nuclear medicine. J Nucl Med 38:1640-1643, 1997

5. American Academy of Pediatrics, Committee on Drugs: Guidelines for
monitoring and management of pediatric patients during and after
sedation for diagnostic and therapeutic procedures. Pediatrics 89:
1110-1115, 1992

6. American Society of Anesthesiologists, Task Force on Sedation and
Analgesia by Non-Anesthesiologists: Practice guidelines for sedation
and analgesia by non-anesthesiologists. Anesthesiology 96:1004-
1017

7. Shulkin BL: PET applications in Pediatrics. Q J Nucl Med 41:281-291,
1997

8. Townsend DW, Beyer T: A combined PET/CT scanner: The path to
true image fusion. Br J Radiol 75:S24-S30, 2002 (suppl)

9. Kaste SC: Issues specific to implementing PET/CT for pediatric oncol-
ogy: what we have learned along the way. Pediatr Radiol 34:205-213,
2004

10. Borgwardt L, Larsen HJ, Pedersen K, et al: Practical use and imple-
mentation of PET in children in a hospital PET center. Eur J Nucl Med
Mol Imaging 30:1389-1397, 2003

11. Beyer T, Antoch G, Muller S, et al: Acquisition protocol consider-
ations for combined PET/CT imaging. J Nucl Med 45:25S-35S,

G-PET/CT images show abnormal uptake in a left lower
ly elevated uptake.
a. FD
2004 (suppl 1)



328 H. Jadvar et al
12. Cohade C, Wahl RL: Applications of positron emission tomography/
computed tomography image fusion in clinical positron emission to-
mography—clinical use, interpretation methods, diagnostic improve-
ments. Semin Nucl Med 33:228-237, 2003

13. Visvikis D, Costa DC, Croasdale I, et al: CT-based attenuation correc-
tion in the calculation of semi-quantitative indices of [18F]FDG up-
take in PET. Eur J Nucl Med Mol Imaging 30:344-353, 2003

14. Nehmeh SA, Erdi YE, Kalaigian H, et al: Correction for oral contrast
artifacts in CT attenuation-corrected PET images obtained by com-
bined PET/CT. J Nucl Med 44:1940-1944, 2003

15. Dizendorf EV, Treyer V, von Schulthess GK, et al: Application of oral
contrast media in coregistered positron emission tomography-CT.
AJR Am J Roentgenol 179:477-481, 2002

16. Yeung HW, Sanches A, Squire OD, et al: Standardized uptake value
(SUV) in pediatric patients: An investigation to determine the opti-
mum measurement parameter. Eur J Nucl Med Mol Imaging 29:61-
66, 2002

17. Schelbert H, Hoh CK, Royal HD, et al: Procedure guideline for tumor
imaging using Fluorine-18-FDG. J Nucl Med 39:1302-1305, 1998

18. Delbeke D, Coleman RE, Guiberteau MJ, et al: Procedure guideline for
tumor imaging with 18F-FDG-PET/CT 1.0. J Nucl Med 47:885-95,
2006

19. Jones SC, Alavi A, Christman D, et al: The radiation dosimetry of
2-[18F]fluoro-2-deoxy-D-glucose in man. J Nucl Med 23:613-617,
1982

20. Ruotsalainen U, Suhonen-Povli H, Eronen E, et al: Estimated radiation
dose to the newborn in FDG-PET studies. J Nucl Med 37:387-393,
1996

21. Brenner D, Elliston C, Hall E, Berdon W: Estimated risks of radiation-
induced fatal cancer from pediatric CT. AJR Am J Roentgenol 176:
289-96, 2001

22. Gurney JG, Severson RK, Davis S, Robison LL: Incidence of cancer in
children in the United States. Cancer 75:2186-2195, 1995

23. Robison L: General principles of the epidemiology of childhood can-
cer, in Pizzo P, Poplack D (eds): Principles and Practice of Pediatric
Oncology. Philadelphia, Lippincott-Raven, 1997, pp 1-10

24. Franzius C, Schober O: Assessment of therapy response by FDG-PET
in pediatric patients. Q J Nucl Med 47:41-45, 2003

25. Wegner EA, Barrington SF, Kingston JE, et al: The impact of PET
scanning on management of paediatric oncology patients. Eur J Nucl
Med Mol Imaging 32:23-30, 2005

26. Pacak K, Ilias I, Chen CC, et al: The role of 18F-fluorodeoxyglucose
positron emission tomography and In-111-diethylenetriaminepenta-
acetate-D-Phe-pentetreotide scintigraphy in the localization of ectopic
adrenocorticotropin-secreting tumors causing Cushing’s syndrome.
J Clin Endocrinol Metab 89:2214-2221, 2004

27. Figarola MS, McQuiston SA, Wilson F, et al: Recurrent hepatoblastoma
with localization by PET/CT. Pediatr Radiol 35:1254-1258, 2005

28. Kinoshita H, Shimotake T, Furukawa T, et al: Mucoepidermal carci-
noma of the lung detected by positron emission tomography in a
5-year-old girl. J Pediatr Surg 40:E1-E3, 2005

29. Philip I, Shun A, McCowage G, et al: Positron emission tomography in
recurrent hepatoblastoma. Pediatr Surg Int 21:341-345, 2005

30. Franzius C, Juergens KU, Vomoor J: PET/CT with diagnostic CT in the
evaluation of childhood sarcoma. AJR Am J Roentgenol 184:1293-
1304, 2005

31. Sasi OA, Sathiapalan R, Rifai A, et al: Colonic neuroendocrine carci-
noma in a child. Pediatr Radiol 35:339-343, 2005

32. Buchler T, Cervinek L, Belohlavek O, et al: Langerhans cell histiocy-
tosis with central nervous system involvement: follow up by FDG-PET
during treatment with cladribine. Pediatr Blood cancer 44:286-288,
2005

33. Mackie GC, Shulkin BL, Ribeiro RC, et al: Use of [18F]fluorodeoxy-
glucose positron emission tomography in evaluating locally recurrent
and metastatic adrenocortical carcinoma. J Clin Endocrinol Metab
91:2665-2671, 2006

34. Mody RJ, Pohlen JA, Malde S, et al: FDG-PET for the study of primary
hepatic malignancies in children. Pediatr Blood Cancer 47:51-55,

2006
35. Bar-Sever Z, Keidar Z, Ben-Barak A, et al: The incremental value of
(18)F-FDG PET/CT in pediatric malignancies. Eur J Nucl Med Mol
Imaging 34:630-637, 2007

36. Nanni C, Rubello D, Castelluci P, et al: 18F-FDG-PET/CT fusion
imaging in pediatric solid extracranial tumors. Biomed Pharmacother
60:593-606, 2006

37. Yeung HW, Schoder H, Smith A, et al: Clinical value of combined
positron emission tomography/computed tomography imaging in the
interpretation of 2-deoxy-2-[F-18]fluoro-D-glucose positron emis-
sion tomography studies in cancer patients. Mol Imaging Biol 7:229-
235, 2005

38. Moon L, McHugh K: Advances in pediatric tumor imaging. Arch Dis
Child 90:608-611, 2005

39. Weinblatt ME, Zanzi I, Belakhlef A, et al: False-positive FDG-PET
imaging of the thymus of a child with Hodgkin’s disease. J Nucl Med
38:888-890, 1997

40. Patel PM, Alibazoglu H, Ali A, et al: Normal thymic uptake of FDG on
PET imaging. Clin Nucl Med 21:772-775, 1996

41. Delbeke D: Oncological applications of FDG-PET Imaging: Colorectal
cancer, lymphoma, and melanoma. J Nucl Med 40:591-603, 1999

42. Yeung HW, Grewal RK, Gonen M, et al: Patterns of (18)F-FDG uptake
in adipose tissue and muscle: A potential source of false-positives for
PET. J Nucl Med 44:1789-1796, 2003

43. Minotti AJ, Shah L, Keller K: Positron emission tomography/com-
puted tomography fusion imaging in brown adipose tissue. Clin Nucl
Med 29:5-11, 2004

44. Hany TF, Gharehpapagh E, Kamel EM, et al: Brown adipose tissue: a
factor to consider in symmetrical tracer uptake in the neck and upper
chest region. Eur J Nucl Med Mol Imaging 29:1393-1398, 2002

45. Cohade C, Osman M, Pannu HK, et al: Uptake in supraclavicular area
fat (“USA-Fat”): Description on 18F-FDG-PET/CT. J Nucl Med 44:
170-176, 2003

46. Sugawara Y, Fisher SJ, Zasadny KR, et al: Preclinical and clinical
studies of bone marrow uptake of fluorine-1-fluorodeoxyglucose with
or without granulocyte colony-stimulating factor during chemother-
apy. J Clin Oncol 16:173-180, 1998

47. Hollinger EF, Alibazoglu H, Ali A, et al: Hematopoietic cytokine-
mediated FDG uptake simulates the appearance of diffuse metastatic
disease on whole-body PET imaging. Clin Nucl Med 23:93-98, 1998

48. Brink I, Reinhardt MJ, Hoegerle S, et al: Increased metabolic activity in
the thymus gland studied with 18F-FDG-PET: age dependency and
frequency after chemotherapy. J Nucl Med 42:591-595, 2001

49. Truong MT, Erasmus JJ, Munden RF, et al: Focal FDG uptake in
mediastinal brown fat mimicking malignancy: A potential pitfall re-
solved on PET/CT. AJR Am J Roentgenol 183:1127-1132, 2004

50. Tatsumi M, Engles JM, Ishimori T, et al: Intense (18)F-FDG uptake in
brown fat can be reduced pharmacologically. J Nucl Med 45:1189-
1193, 2004

51. Gelfand MJ, O’Hara SM, Curtwright LA, et al: Pre-medication to block
[(18)F]FDG uptake in the brown adipose tissue of pediatric and ad-
olescent patients. Pediatr Radiol 35:984-990, 2005

52. Garcia CA, Van Nostrand D, Atkins F, et al: Reduction of brown fat
2-deoxy-2-[F-18]fluoro-D-glucose uptake by controlling environ-
mental temperature prior to positron emission tomography scan. Mol
Imaging Biol 8:24-29, 2006

53. Goodin GS, Shulkin BL, Kaufman RA, et al: PET/CT characterization
of fibroosseous defects in children: 18F-FDG uptake can mimic met-
astatic disease. AJR Am J Roentgenol 187:1146, 2006

54. Feldman F, vanheertum R, Saxena C: 18Fluorodeoxyglucose positron
emission tomography evaluation of benign versus malignant osteo-
chondromas: Preliminary observations. J Comput Assist Tomogr 30:
858-864, 2006

55. Bujenovic S, Mannting F, Chakrabarti R, et al: Artifactual 2-deoxy-2-
[(18)F]fluoro-D-deoxyglucose localization surrounding metallic ob-
jects in a PET/CT scanner using CT-based attenuation correction. Mol
Imaging Biol 5:20-22, 2003

56. Nakamoto Y, Chin RB, Kraitchman DL, et al: effects of nonionic in-
travenous contrast agents at PET/CT imaging: phantom and canine

studies. Radiology 227:817-824, 2003



PET and PET/CT in pediatric oncology 329
57. Kleihues P, Burger P, Scheithauer B: The new WHO classification of
brain tumors. Brain Pathol 3:255-268, 1993

58. Robertson R, Ball WJ, Barnes P: Skull and brain, in Kirks D (ed):
Practical Pediatric Imaging. Diagnostic Radiology of Infants and Chil-
dren. Philadelphia, Lippincott-Raven, 1997, pp 65-200

59. Maria B, Drane WB, Quisling RJ, et al: Correlation between gadolini-
um-diethylenetriaminepentaacetic acid contrast enhancement and
thallium-201 chloride uptake in pediatric brainstem glioma. J Child
Neurol 12:341-348, 1997

60. O’Tuama L, Janicek M, Barnes P, et al: Tl-201/Tc-99m HMPAO
SPECT imaging of treated childhood brain tumors. Pediatr Neurol
7:249-257, 1991

61. O’Tuama L, Treves ST, Larar G, et al: Tl-201 versus Tc-99m MIBI
SPECT in evaluation of childhood brain tumors. J Nucl Med 34:1045-
1051, 1993

62. Rollins N, Lowry P, Shapiro K: Comparison of gadolinium-enhanced
MR and thallium-201 single photon emission computed tomography
in pediatric brain tumors. Pediatr Neurosurg 22:8-14, 1995

63. Valk PE, Budinger TF, Levin VA, et al: PET of malignant cerebral
tumors after interstitial brachytherapy. Demonstration of metabolic
activity and correlation with clinical outcome. J Neurosurg 69:830-
838, 1988

64. Di Chiro G, Oldfield E, Wright DC, et al: Cerebral necrosis after
radiotherapy and/or intraarterial chemotherapy for brain tumors: PET
and neuropathologic studies. AJR Am J Roentgenol 150:189-197,
1988

65. Glantz MJ, Hoffman JM, Coleman RE, et al: Identification of early
recurrence of primary central nervous system tumors by [18F]fluoro-
deoxyglucose positron emission tomograph. Ann Neurol 29:347-355,
1991

66. Janus T, Kim E, Tilbury R, et al: Use of [18F] fluorodeoxyglucose
positron emission tomography in patients with primary malignant
brain tumors. Ann Neurol 33:540-548, 1993

67. Rozental JM, Levine RL, Nickles RJ: Changes in glucose uptake by
malignant gliomas: preliminary study of prognostic significance.
J Neuro-Oncol 10:75-83, 1991

68. Pirotte B, Goldman S, Salzberg S, et al: Combined positron emission
tomography and magnetic resonance imaging for the planning of ste-
reotactic brain biopsies in children: experience in 9 cases. Pediatr
Neurosurg 38:146-155, 2003

69. Schifter T, Hoffman JM, Hanson MW, et al: Serial FDG-PET studies in
the prediction of survival in patients with primary brain tumors.
J Comput Assist Tomogr 17:509-561, 1993

70. Borgwardt L, Hojgaard L, Carstensen H, et al: Increased fluorine-18
2-fluoro-2-deoxy D-glucose (FDG) uptake in childhood CNS tumors
is correlated with malignancy grade: a study with FDG positron emis-
sion tomography/magnetic resonance imaging coregistration and im-
age fusion. J Clin Oncol 23:3030-3037, 2005

71. Francavilla TL, Miletich RS, Di Chiro G, et al: Positron emission to-
mography in the detection of malignant degeneration of low-grade
gliomas. Neurosurgery 24:1-5, 1989

72. Patronas NJ, Di Chiro G, Kufta C, et al: Prediction of survival in glioma
patients by means of positron emission tomography. J Neurosurg
62:816-822, 1985

73. Bruggers CS, Friedman HSFuller GN, , et al: Comparison of serial PET
and MRI scans in a pediatric patient with a brainstem glioma. Med
Pediatr Oncol 21:301-306, 1993

74. Molloy PT, Belasco J, Ngo K, et al: The role of FDG-PET imaging in the
clinical management of pediatric brain tumors. J Nucl Med 40:129P,
1999

75. Holthof VA, Herholz K, Berthold F, et al: In vivo metabolism of child-
hood posterior fossa tumors and primitive neuroectodermal tumors
before and after treatment. Cancer 1394-1403, 1993

76. Hoffman JM, Hanson MW, Friedman HS, et al: FDG-PET in pediatric
posterior fossa brain tumors. J Comput Assist Tomogr 16:62-68, 1992

77. Gururangan S, Hwang E, Herndon JE 2nd, et al: [18F]fluorodeoxy-
glucose positron emission tomography in patients with medulloblas-

toma. Neurosurgery 55:1280-1288, 2004
78. Wang SX, Boethus J, Ericson K: FDG-PET on irradiated brain tumor:
ten years summary. Acta Radiol 47:85-90, 2006

79. Molloy PT, Defeo R, Hunter J, et al: Excellent correlation of FDG-PET
imaging with clinical outcome in patients with neurofibromatosis type
I and low grade astrocytomas. J Nucl Med 40:129P, 1999

80. Pirotte B, Goldman S, Dewitte O, et al: Integrated positron emission
tomography and magnetic resonance imaging-guided resection of
brain tumors: A report of 103 consecutive procedures. J Neurosurg
104:238-253, 2006

81. O’Tuama LA, Phillips PC, Strauss LC, et al: Two-phase [11C]L-me-
thionine PET in childhood brain tumors. Pediatr Neurol 6:163-170,
1990

82. Mosskin M, von Holst H, Bergstrom M, et al: Positron emission to-
mography with 11C-methionine and computed tomography of intra-
cranial tumors compared with histopathologic examination of multi-
ple biopsies. Acta Radiol 28:673-681, 1987

83. Utriainen M, Metsahonkala L, Salmi TT, et al: Metabolic characteriza-
tion of childhood brain tumors: comparison of 18F-fluorodeoxyglu-
cose and 11C-methionine positron emission tomography. Cancer 95:
1376-1386, 2002

84. Torii K, Tsuyuguchi N, Kawabe J, et al: Correlation of amino-acid
uptake using methionine PET and histological classification in various
gliomas. Ann Nucl Med 19:677-83, 2005

85. Lilja A, Lundqvist H, Olsson Y, et al: Positron emission tomography
and computed tomography in differential diagnosis between recur-
rent or residual glioma and treatment-induced brain lesion. Acta Ra-
diol 38:121-128, 1989

86. Pirotte B, Levivier M, Morelli D, et al: Positron emission tomography
for the early postsurgical evaluation of pediatric brain tumors. Childs
Nerv Syst 21:294-300, 2005

87. Ceyssens S, Van Laere K, de Groot T, et al: [11C]methionine PET,
histopathology, and survival in primary brain tumors and recurrence.
AJNR Am J Neurolradiol 27:1432-1437, 2006

88. Mineura K, Sasajima T, Kowada M, et al: Indications for differential
diagnosis of nontumor central nervous system diseases from tumors.
A positron emission tomography study. J Neuroimaging 7:8-15, 1997

89. Van Laere K, Ceyssens S, Van Calenbergh F, et al: Direct comparison
of 18F-FDG and 11C-methionine PET in suspected recurrence of
glioma: Sensitivity, inter-observer variability and prognostic value.
Eur J Nucl Med Mol Imaging 32:39-51, 2005

90. Choi SJ, Kim JS, Kim JH, et al: [18F]3=-deoxy-3=-fluorothymidine PET
for the diagnosis and grading of brain tumors. Eur J Nucl Med Mol
Imaging 32:653-659, 2005

91. Juhasz C, Chugani DC, Muzik O, et al: In vivo uptake and metabolism
of alpha-[11C]methyl-L-tryptophan in human brain tumors. J Cereb
Blood Flow Metab 26:345-357, 2006

92. Floeth FW, Pauleit D, Wittsack HJ, et al: Multimodal metabolic im-
aging of cerebral gliomas: Positron emission tomography with
[18F]fluoroethyl-L-tyrosine and magnetic resonance spectroscopy.
J Neurosurg 102:318-327, 2005

93. Pauleit D, Floeth F, Hamacher K, et al: O-(2-[18F]fluoroethyl)-L-
tyrosine PET combined with MRI improves the diagnostic assessment
of cerebral gliomas. Brain 128:678-687, 2005

94. Weckesser M, Langen KJ, Rickert CH, et al: O-(2-[18F]fluoroethyl)-
L-tyrosine PET in the clinical evaluation of primary brain tumors. Eur
J Nucl Med Mol Imaging 32:422-429, 2005

95. Kaste SC, Howard SC, McCarville EB, et al: 18F-FDG-avid sites mim-
icking active disease in pediatric Hodgkin’s. Pediatr Radiol 35:141-
154, 2005

96. Cohen MD: Imaging of Children with Cancer. St. Louis, Mosby Year-
book, 1992

97. Nadel HR, Rossleigh MA: Tumor imaging, in Treves ST (ed): Pediatric
Nuclear Medicine (ed 2). New York, Springer-Verlag, 1995, pp 496-
527

98. Rossleigh MA, Murray IPC, Mackey DWJ: Pediatric solid tumors:
Evaluation by gallium-67 SPECT studies. J Nucl Med 31:161-172,
1990

99. Howman-Giles R, Stevens M, Bergin M: Role of gallium-67 in man-

agement of pediatric solid tumors. Aust Pediatric J 18:120-125, 1982



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

330 H. Jadvar et al
00. Yang SL, Alderson PO, Kaizer HA, et al: Serial Ga-67 citrate imaging in
children with neoplastic disease: concise communication. J Nucl Med
20:210-214, 1979

01. Sty JR, Kun LE, Starshak RJ: Pediatric applications in nuclear oncol-
ogy. Semin Nucl Med 15:171-200, 1985

02. Barrington SF, Carr R: Staging of Burkitt’s lymphoma and response to
treatment monitored by PET scanning. Clin Oncology 7:334-335, 1995

03. Bangerter M, Moog F, Buchmann I, et al: Whole-body 2-[18F]-fluoro-
2-deoxy-D-glucose positron emission tomography (FDG-PET) for ac-
curate staging of Hodgkin’s disease. Ann Oncol 9:1117-1122, 1998

04. Jerusalem G, Warland V, Najjar F, et al: Whole-body 18F-FDG-PET
for the evaluation of patients with Hodgkin’s disease and non-
Hodgkin’s lymphoma. Nucl Med Commun 20:13-20, 1999

05. Leskinen-Kallio S, Ruotsalainen U, Nagren K, et al: Uptake of carbon-
11-methionine and fluorodeoxyglucose in non-Hodgkin’s lympho-
ma: A PET study. J Nucl Med 32:1211-1218, 1991

06. Moog F, Bangerter M, Kotzerke J, et al: 18-F-fluorodeoxyglucose
positron emission tomography as a new approach to detect lympho-
matous bone marrow. J Clin Oncol 16:603-609, 1998

07. Moog F, Bangerter M, Diederichs CG, et al: Extranodal malignant
lymphoma: Detection with FDG-PET versus CT. Radiology 206:475-
481, 1998

08. Moog F, Bangerter M, Diederichs CG, et al: Lymphoma: Role of
whole-body 2-deoxy-2-[F-18]fluoro-D-glucose (FDG) PET in nodal
staging. Radiology 203:795-800, 1997

09. Okada J, Yoshikawa K, Imazeki K, et al: The use of FDG-PET in the
detection and management of malignant lymphoma: Correlation of
uptake with prognosis. J Nucl Med 32:686-691, 1991

10. Okada J, Yoshikawa K, Itami M, et al: Positron emission tomography
using fluorine-18-fluorodeoxyglucose in malignant lymphoma: A
comparison with proliferative activity. J Nucl Med 33:325-329, 1992

11. Rodriguez M, Rehn S, Ahlstrom H, et al: Predicting malignancy grade with
PET in non-Hodgkin’s lymphoma. J Nucl Med 36:1790-1796, 1995

12. Paul R: Comparison of fluorine-18-2-fluorodeoxyglucose and galli-
um-67 citrate imaging for detection of lymphoma. J Nucl Med 28:
288-292, 1987

13. Newman JS, Francis IR, Kaminski MS, et al: Imaging of lymphoma
with PET with 2-[F-18]-fluoro-2-deoxy-D-glucose: Correlation with
CT. Radiology 190:111-116, 1994

14. de Wit M, Bumann D, Beyer W, et al: Whole-body positron emission
tomography (PET) for diagnosis of residual mass in patients with
lymphoma. Ann Oncol 8:57-60, 1997 (suppl 1)

15. Cremerius U, U Fabry, Neuerburg J, et al: Positron emission tomog-
raphy with 18-F-FDG to detect residual disease after therapy for ma-
lignant lymphoma. Nucl Med Commun 19:1055-1063, 1998

16. Hoh CK, Glaspy J, Rosen P, et al: Whole-body FDG-PET imaging for
staging of Hodgkin’s disease and lymphoma. J Nucl Med 38:343-348,
1997

17. Romer W, Hanauske AR, Ziegler S, et al: Positron emission tomogra-
phy in non-Hodgkin’s lymphoma: Assessment of chemotherapy with
fluorodeoxyglucose. Blood 91:4464-4471, 1998

18. Stumpe KD, Urbinelli M, Steinert HC, et al: Whole-body positron
emission tomography using fluorodeoxyglucose for staging of lym-
phoma: Effectiveness and comparison with computed tomography.
Eur J Nucl Med 25:721-728, 1998

19. Lapela M, Leskinen S, Minn HR, et al: Increased glucose metabolism
in untreated non-Hodgkin’s lymphoma: A study with positron emis-
sion tomography and fluorine-18-fluorodeoxyglucose. Blood 86:
3522-3527, 1995

20. Carr R, Barrington SF, Madan B, et al: Detection of lymphoma in bone
marrow by whole-body positron emission tomography. Blood 91:
3340-3346, 1998

21. Segall GM: FDG-PET imaging in patients with lymphoma: A clinical
perspective. J Nucl Med 42:609-610, 2001

22. Moody R, Shulkin B, Yanik G, et al: PET FDG imaging in pediatric
lymphomas. J Nucl Med 42:39P, 2001 (5 suppl)

23. Kostakoglu L, Leonard JP, Coleman M, et al. Comparison of FDG-PET
and Ga-67 SPECT in the staging of lymphoma. J Nucl Med 41:118P;

2000 (5 suppl)
24. Tatsumi M, Kitayama H, Sugahara H, et al: Whole-body hybrid PET
with 18F-FDG in the staging of non-Hodgkin’s lymphoma. J Nucl
Med 42:601-608, 2001

25. Hudson MM, Krasin MJ, Kaste SC: PET imaging in pediatric
Hodgkin’s lymphoma. Pediatr Radiol 34:190-198, 2004

26. Montravers F, McNamara D, Landman-Parker J, et al: [(18)F]FDG in
childhood lymphoma: clinical utility and impact on management. Eur
J Nucl Med Mol Imaging 29:1155-1165, 2002

27. Depas G, De Barsy C, Jerusalem G, et al: 18F-FDG-PET in children
with lymphomas. Eur J Nucl Med Mol Imaging 32:31-38, 2005

28. Amthauer H, Furth C, Denecke T, et al: FDG-PET in 10 children with
non-Hodgkin’s lymphoma: Initial experience in staging and follow-
up. Klin Pediatr 217:327-333, 2005

29. Hernandez-Pampaloni M, Takalkar A, Yu JQ, et al: F-18 FDG-PET
imaging and correlation with CT in staging and follow-up of pediatric
lymphomas. Pediatr Radiol 36:524-531, 2006

30. Kabickova E, Sumerauer D, Cumlivska E, et al: Comparison of (18)F-
FDG-PET and standard procedures for the pretreatment staging of
children and adolescents with Hodgkin’s disease. Eur J Nucl Med Mol
Imaging 33:1025-1031, 2006

31. Keresztes K, Lengyel Z, Devenyi K, et al: Mediastinal bulky tumor in
Hodgkin’s disease and prognostic value of positron emission tomog-
raphy in the evaluation of post treatment residual masses. Acta
Haematol 112:194-199, 2004

32. Lavely WC, Delbeke D, Greer JP, et al: FDG-PET in the follow-up of
management of patients with newly diagnosed Hodgkin and non-
Hodgkin lymphoma after first-line chemotherapy. Int J Radiat Oncol
Biol Phys 57:307-315, 2003

33. Filmont JE, Yap CS, Ko F, et al: Conventional imaging and 2-deoxy-
2-[18F]fluoro-D-glucose positron emission tomography for predict-
ing the clinical outcome of patients with previously treated Hodgkin’s
disease. Mol Imaging Biol 6:47-54, 2004

34. Levine JM, Weiner M, Kelly KM: Routine use of PET scans after com-
pletion of therapy in pediatric Hodgkin disease results in a high false
positive rate. J Pediatr Hematol Oncol 28:711-4, 2006

35. Meany HJ, Gidvani VK, Minniti CP: Utility of PET scans to predict
disease relapse in pediatric patients with Hodgkin lymphoma. Pediatr
Blood Cancer 48:399-402, 2007

36. Tatsumi M, Cohade C, Nakamoto Y, et al: Direct comparison of FDG-
PET and CT findings in patients with lymphoma: Initial experience.
Radiology 237:1038-1045, 2005

37. Furth C, Denecke T, Steffen I, et al: Correlative imaging strategies
implementing CT, MR, and PET for staging of childhood Hodgkin
disease. J Pediatr Hematol Oncol 28:501-512, 2006

38. Miller E, Metser U, Avrahami G, et al: Role of 18F-FDG-PET/CT in
staging and follow-up of lymphoma in pediatric and young adult
patients. J Comput Assist Tomogr 30:689-694, 2006

39. Rhodes MM, Delbeke D, Whitlock JA, et al: Utility of FDG-PET/CT in
follow-up of children treated for Hodgkin and non-Hodgkin lym-
phoma. J Pediatr Hematol Oncol 28:300-306, 2006

40. Swift P: Novel techniques in the delivery of radiation in pediatric
oncology. Pediatr Clin North Am 49:1107-1129, 2002

41. Korholz D, Kluge R, Wickmann L, et al: Importance of F18-fluorode-
oxy-D-2-glucose positron emission tomography (FDG-PET) for stag-
ing and therapy control of Hodgkin’s lymphoma in childhood and
adolescence—consequences for the GPOH-HD 2003 protocol.
Onkologie 26:489-493, 2003

42. Krasin MJ, Hudson MM, Kaste SC: Positron emission tomography in
pediatric radiation oncology: Integration in the treatment-planning
process. Pediatr Radiol 34:214-221, 2004

43. Bousvaros A, Kirks DR, Grossman H: Imaging of neuroblastoma: An
overview. Pediatr Radiol 16:89-106, 1986

44. Briganti V, Sestini R, Orlando C, et al: Imaging of somatostatin recep-
tors by indium-111-pentetreotide correlates with quantitative deter-
mination of somatostatin receptor type 2 gene expression in neuro-
blastoma tumor. Clin Cancer Res 3:2385-2391, 1997

45. Shulkin BL, Hutchinson RJ, Castle VP, et al: Neuroblastoma: positron

emission tomography with 2-[fluorine-18]-fluoro-2-deoxy-D-glucose



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

PET and PET/CT in pediatric oncology 331
compared with metaiodobenzylguanidine scintigraphy. Radiology
199:743-750, 1996

46. Shulkin BL, Wieland DM, Baro ME, et al: PET hydroxyephedrine
imaging of neuroblastoma. J Nucl Med 37:16-21, 1996

47. Shulkin BL, Wieland DM, Castle VP, et al. Carbon-11 epinephrine
PET imaging of neuroblastoma. J Nucl Med 40:129P, 1999

48. Franzius C, Hermann K, Weckesser M, et al: Whole-body PET/CT
with 11C-meta-hydroxyephedrine in tumors of the sympathetic sys-
tem: Feasibility study and comparison with 123I-MIBG SPECT-CT.
J Nucl Med 47:1635-42, 2006

49. Brink I, Schaefer O, Walz, et al: Fluorine-18 DOPA PET imaging of
paraganglioma syndrome. Clin Nucl Med 31:39-41, 2006

50. Vaidyanathan G, Affleck DJ, Zalutsky MR: Validation of 4-[fluorine-
18]fluoro-3-iodobenzylguanidine as a positron-emitting analog of
MIBG. J Nucl Med 36:644-650, 1995

51. Ott RJ, Tait D, Flower MA, et al: Treatment planning for 131I-mIBG
radiotherapy of neural crest tumors using 124I-mIBG positron emis-
sion tomography. Br J Radiol 65:787-791, 1992

52. Barnewolt CE, Paltiel HJ, Lebowitz RL, et al: Genitourinary system, in
Kirks DR (ed): Practical Pediatric Imaging. Diagnostic Radiology of
Infants and Children (ed 3). Philadelphia, Lippincott-Raven, 1997, pp
1009-1170

53. Shulkin BL, Chang E, Strouse PJ, et al: PET FDG studies of Wilms
tumors. J Pediatr Hem/Oncol 19:334-338, 1997

54. McDonald DJ: Limb salvage surgery for sarcomas of the extremities.
AJR Am J Roentgenol 163:509-513, 1994

55. Triche TJ: Pathology of pediatric malignancies, in Pizzo PA, Poplack
DG (eds): Principles and Practice of Pediatric Oncology (ed 2) Phila-
delphia, JB Lippincott, 1993, pp 115-152

56. O’Connor MI, Pritchard DJ: Ewing’s sarcoma. Prognostic factors, dis-
ease control, and the reemerging role of surgical treatment. Clin Or-
thop 262:78-87, 1991

57. Jaramillo D, Laor T, Gebhardt M: Pediatric musculoskeletal neo-
plasms. Evaluation with MR imaging. MRI Clin North Am 4:1-22,
1996

58. Frouge C, Vanel D, Coffre C, et al: The role of magnetic resonance
imaging in the evaluation of Ewing sarcoma—a report of 27 cases.
Skeletal Radiol 17:387-392, 1988

59. MacVicar AD, Olliff JFC, Pringle J, et al: Ewing sarcoma: MR imaging
of chemotherapy-induced changes with histologic correlation. Radi-
ology 184:859-864, 1992

60. Lemmi MA, Fletcher BD, Marina NM, et al: Use of MR imaging to
assess results of chemotherapy for Ewing sarcoma. AJR Am J Roent-
genol 155:343-346, 1990

61. Erlemann R, Sciuk J, Bosse A, et al: Response of osteosarcoma and
Ewing sarcoma to preoperative chemotherapy: Assessment with dy-
namic and static MR imaging and skeletal scintigraphy. Radiology
175:791-796, 1990

62. Holscher HC, Bloem JL, Vanel D, et al: Osteosarcoma: chemotherapy-
induced changes at MR imaging. Radiology 182:839-844, 1992

63. Lawrence JA, Babyn PS, Chan HS, et al: Extremity osteosarcoma in
childhood: Prognostic value of radiologic imaging. Radiology 189:43-
47, 1993

64. Connolly LP, Laor T, Jaramillo D, et al. Prediction of chemotherapeu-
tic response of osteosarcoma with quantitative thallium-201 scintig-
raphy and magnetic resonance imaging. Radiology 201:349, 1996

65. Lin J, Leung WT: Quantitative evaluation of thallium-201 uptake in
predicting chemotherapeutic response of osteosarcoma. Eur J Nucl
Med 22:553-555, 1995

66. Menendez LR, Fideler BM, Mirra J: Thallium-201 scanning for the
evaluation of osteosarcoma and soft tissue sarcoma. J Bone Joint Surg
75:526-531, 1993

67. Ramanna L, Waxman A, Binney G, et al: Thallium-201 scintigraphy in
bone sarcoma: Comparison with gallium-67 and technetium-99m
MDP in the evaluation of chemotherapeutic response. J Nucl Med
31:567-572, 1990

68. Rosen G, Loren GJ, Brien EW, et al: Serial thallium-201 scintigraphy
in osteosarcoma. Correlation with tumor necrosis after preoperative

chemotherapy. Clin Orthop 293:302-306, 1993
69. Ohtomo K, Terui S, Yokoyama R, et al: Thallium-201 scintigraphy to
assess effect of chemotherapy to osteosarcoma. J Nucl Med 37:1444-
1448, 1996

70. Bar-Sever Z, Connolly LP, Treves ST, et al. Technetium-99m MIBI in
the evaluation of children with Ewing’s sarcoma. J Nucl Med 38:13P,
1997

71. Caner B, Kitapel M, Unlu M, et al: Technetium-99m-MIBI uptake in
benign and malignant bone lesions: A comparative study with tech-
netium-99m-MDP. J Nucl Med 33:319-324, 1992

72. Lenzo NP, Shulkin B, Castle VP, et al: FDG-PET in childhood soft
tissue sarcoma. J Nucl Med 41:96P, 2000 (5 suppl)

73. Abdel-Dayem HM: The role of nuclear medicine in primary bone and
soft tissue tumors. Semin Nucl Med 27:355-363, 1997

74. Shulkin BL, Mitchell DS, Ungar DR, et al: Neoplasms in a pediatric
population: 2-[F-18]-fluoro-2-deoxy-D-glucose PET studies. Radiol-
ogy 194:495-500, 1995

75. Franzius C, Sciuk J, Brinkschmidt C, et al: Evaluation of chemother-
apy response in primary bone tumors with F-18 FDG positron emis-
sion tomography compared with histologically assessed tumor necro-
sis. Clin Nucl Med 25:874-881, 2000

76. Hawkins DS, Rajendran JG, Conrad EU 3rd, et al: Evaluation of che-
motherapy response in pediatric bone sarcomas by [F-18]-fluorode-
oxy-D-glucose positron emission tomography. Cancer 94:3277-
3284, 2002

77. Brisse H, Ollivier L, Edeline V, et al: Imaging of malignant tumors of
the long bones in children: Monitoring response to neoadjuvant che-
motherapy and preoperative assessment. Pediatr Radiol 34:595-605,
2004

78. Jadvar H, Alavi A, Mavi A, et al: PET in pediatric diseases. Radiol Clin
North Am 43:135-152, 2005

79. Hawkins DS, Schuetze SM, Butrynski JE, et al: [18F]fluorodeoxyglu-
cose positron emission tomography predicts outcome for Ewing sar-
coma family of tumors. J Clin Oncol 23:8828-8834, 2005

80. Gyorke T, Zajic T, Lange A, et al: Impact of FDG-PET for staging of
Ewing sarcomas and primitive neuroectodermal tumors. Nucl Med
Commun 27:17-24, 2006

81. Huang TL, Liu RS, Chen TH, et al: Comparison between F-18-FDG
positron emission tomography and histology for the assessment of
tumor necrosis rates in primary osteosarcoma. J Chin Med Assoc
69:372-376, 2006

82. Franzius C, Sciuk J, Daldrup-Link HE, et al: FDG-PET for detection of
osseous metastases from malignant primary bone tumors: Compari-
son with bone scintigraphy. Eur J Nucl Med 27:1305-1311, 2000

83. Kneisl JS, Patt JC, Johnson JC, et al: Is PET useful in detecting occult
nonpulmonary metastases in pediatric bone sarcomas? Clin Orthop
Relat Res 450:101-104, 2006

84. Ben Arush MW, Israel O, Kedar Z, et al: Detection of isolated distant
metastasis in soft tissue sarcoma by fluorodeoxyglucose positron
emission tomography: case report. Pediatr Hematol Oncol 18:295-
298, 2001

85. Ben Arush MW, Bar Shalom R, Potovsky S, et al: Assessing the use of
FDG-PET in the detection of regional and metastatic nodes in alveolar
rhabdomyosarcoma of extremities. J Pediatr Hematol Oncol 28:440-
445, 2006

86. Peng F, Rabkin G, Muzik O: Use of 2-deoxy-[F-18]-fluoro-D-glucose
positron emission tomography to monitor therapeutic response by
rhabdomyosarcoma in children: Report of a retrospective case. Clin
Nucl Med 31:394-397, 2006

87. Schuetze SM, Rubin BP, Vernon C, et al: Use of positron emission
tomography in localized extremity soft tissue sarcoma treated with
neoadjuvant chemotherapy. Cancer 103:339-348, 2005

88. Rodriguez-Galindo C, Figueiredo BC, Zambetti GP, et al: Biology,
clinical characteristics, and management of adrenocortical tumors in
children. Pediatr Blood Cancer 45:265-273, 2005

89. Roebuck DJ, Perilongo G: Hepatoblastoma: an oncological review.
Pediatr Radiol 36:183-186, 2006

90. Mody RJ, Pohlen JA, Malde S, et al: FDG-PET for the study of primary

hepatic malignancies in children. Pediatr Blood Cancer 47:51-5, 2006


	PET and PET/CT in Pediatric Oncology
	Radiation Dosimetry
	Clinical Oncology Applications
	CNS Tumors
	Lymphoma
	Neuroblastoma
	Wilms’ Tumor
	Bone Tumors
	Soft-Tissue Tumors
	Rare Tumors in Children
	Summary
	Acknowledgments
	References


