Cancer Imaging (2009) 9, 35—43
DOI: 10.1102/1470-7330.2009.0008

@-med

www.e-med.org.uk

REVIEW

PET-CT imaging in pediatric oncology
M. Beth McCarville

Department of Radiological Sciences, St. Jude Children’s Research Hospital, Memphis, TN 38105, USA

Corresponding address: M. Beth McCarville, MD, Department of Radiological Sciences, MS 210,
St. Jude Children’s Research Hospital, 262 Danny Thomas Place, Memphis, TN 38105, USA.
Email: beth .mccarville@stjude.org

Date accepted for publication 19 May 2009

Abstract

Positron emission tomography (PET)-computed tomography (CT) is emerging as a valuable tool for assessing a wide
variety of pediatric malignancies, including lymphomas, soft-tissue tumors, and bone sarcomas. PET-CT may provide
information that is not apparent on conventional imaging performed to stage these diseases and monitor their
response to treatment. The use of PET-CT in children requires an awareness of the technical and logistical issues
unique to this patient population. In addition, interpretation of pediatric PET-CT imaging requires familiarity with
aspects of pediatric anatomy and physiology that differ from those of adults. In this article, the technical considera-
tions in performing pediatric PET-CT, pitfalls in the diagnostic use of PET-CT in children, and current and emerging

applications of PET-CT in pediatric oncology are reviewed.
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Introduction

The value of positron emission tomography (PET) and
PET combined with computed tomography (CT) imaging
in pediatric lymphomas has been fairly well described!!.
However, because pediatric solid tumors are rare, the role
of PET in their management is less well established.
There is a growing body of literature about the use
of PET-CT imaging in the diagnosis and management
of pediatric sarcomas, the most common of which are
the bone tumors, osteosarcoma (OS) and Ewing sarcoma
(EWS), and the soft-tissue malignancy, rhabdomyosar-
coma (RMS)[Z_5 I Therefore, this review focuses on the
value of PET-CT imaging in the assessment of these
malignancies.

When PET-CT is performed in children, challenges
unique to pediatric patients must be anticipated. These
include the need for sedation, pregnancy screening
of patients and caregivers, and potential artifact
caused by metabolically active brown fat. These technical
challenges are discussed briefly and suggestions for
managing them are offered. Several pitfalls in interpreta-
tion of PET-CT in children with sarcomas are also
presented.

Unique technical aspects of PET-CT
in children

Accurate anatomic coregistration of PET and CT images
requires that the patient remain completely still through-
out the procedure. Because PET-CT examinations can be
lengthy, sedation or general anesthesia may be required if
children are unable to cooperate. The approach to seda-
tion or anesthesia depends on institutional resources and
physician preferences. When a sedation team is used, its
members should rotate through the PET-CT area to min-
imize their radiation exposure. The need for sedation or
anesthesia will influence patient scheduling and the
timing of oral contrast administration when a diagnostic
CT is also being performed. Before sedation or anesthe-
sia, our institutional policy mandates a 4-h “nothing
passed orally” (NPO) period including 2 h of clear liquids
only immediately before the procedure. Therefore, when
PET-CT patients must ingest oral contrast material
for diagnostic CT, appointments are scheduled to allow
adequate time between examinations so that sedation or
anesthesia, if needed, can be safely administered®’.
Pregnant guardians of young patients must not be
allowed in the room where radionuclide tracer (usually
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Figure 1 An 8-year-old boy with Hodgkin lymphoma underwent baseline PET-CT. (A) This maximum intensity projec-
tion (MIP) PET image shows intense FDG activity in metabolically active brown fat in the neck, supraclavicular areas
and axilla. (B) The examination was repeated after administration of diazepam the evening before and on the morning of
the PET-CT scan. Brown fat FDG activity resolved and the site of pathologic uptake in the right neck (arrow) became

more apparent.

the glucose analogue fluorine-18 fluorodeoxyglucose
[FDG]) administration and uptake occur. Therefore,
arrangements must be made in advance for the supervi-
sion of such patients. Further, before administration
of any radioisotope, young female patients must be
questioned about the possibility of pregnancy. This deli-
cate subject is best handled by a technologist who is
experienced in working with young girls. Before FDG is
administered at our institution, a nuclear medicine tech-
nologist questions female patients who arel0 years of age
or older, and all female guardians, about the possibility of
pregnancy. When a patient or guardian is unsure of her
pregnancy status, a pregnancy test is performed and must
be negative before FDG is administered.

Brown adipose tissue, or brown fat, is metabolically
active in pediatric patients, women, and persons with a
low body mass index!"™1. The primary function of brown
fat is the production of heat through an anaerobic, glyco-
Iytic pathway that results in the uptake of glucose and
hence of FDG!"!. Intense FDG activity is often observed
within brown fat in the supraclavicular regions, axillae,
paraspinal regions of the posterior mediastinum, and adja-
cent to the adrenal glands. Intense FDG avidity in brown
fat can be difficult to distinguish from cervical, supracla-
vicular, or axillary pathology (which are commonly seen
in lymphoma). In such cases, we administer an anxiolytic
agent, such as diazepam, the night before and the morning
of PET-CT to reduce FDG activity in brown fat and
improve the prominence of lesions (Fig. 1).

The emerging role of PET-CT in
pediatric oncology

Because the value of PET imaging in lymphoma has been
well described, this review focuses on the emerging role
of PET-CT in the assessment of children with sarcomas.
The conventional staging evaluation of these children
includes magnetic resonance imaging (MRI) or CT of

the primary tumor and regional nodal beds, chest CT
for detection of pulmonary metastases, and technetium-
99m methyldiphosphonate ([99mTc]MDP) bone scan for
detection of bone metastases.

The Response Evaluation Criteria in Solid Tumors
(RECIST), introduced in 2000 as an alternative to the
World Health Organization (WHO) criteria, provide a
standard, reproducible, and objective method of assessing
the efficacy of solid tumor therapies[m]. These criteria
incorporate important advances in imaging technology
and simplify the WHO scheme, but they still rely on
changes in unidimensional tumor measurements to
define tumor response or progression. Unfortunately,
solid malignancies, such as bone sarcomas and cystic
soft-tissue sarcomas, may respond well to chemotherapy
without substantially changing in size. Further, sarcomas
do not shrink or grow in a uniform manner; therefore,
unidimensional measurements may not accurately reflect
response or progression. Tumors that respond poorly to
therapy may be followed for months before a unidimen-
sional measurement increases significantly. Meanwhile,
patients are exposed to toxic but ineffective chemotherapy
and are likely to have a diminished probability of
survival''!. FDG-PET has the advantage of revealing
viable tumor tissue, which is highly metabolically active
and therefore accumulates FDG!'*!¥]. FDG-PET can
assess tumor glucose metabolism with high reproducibil-
ity[ 1" A decrease in tumor glucose uptake after treatment
is correlated with a reduction in the percentage of viable
tumor cells!'>~!"!. Therefore, FDG-PET may offer a more
sensitive evaluation of the response or progression of
some pediatric solid malignancies than do conventional,
anatomic imaging modalities.

Detection of pulmonary disease

In children with bone and soft-tissue sarcomas, the lung
is the first site of distant spread and is involved in
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Figure 2 (A) These 0.8-cm nodules (arrows), metastatic from Ewing sarcoma, seen on CT, show (B) no FDG activity
on correlative PET (arrows indicate approximate location of nodules). In contrast, (C) this 1.1-cm nodule (arrow),
metastatic from rhabdoid tumor, shows (D) intense FDG activity on correlative PET imaging (arrow). In children,
nodule size affects the detection of FDG activity but not the likelihood of malignant histology.

20—25% of patients at diagnosis[3_5]. The prognosis is
poor for children with OS and pulmonary metastases
unless all metastases are surgically resected'®!. The
survival of patients with EWS and pulmonary metastases
may be improved by whole-lung irradiation'*!. Therefore,
identification of pulmonary metastases is crucial to the
effective management of these cases.

Chest CT is the gold standard for detection of pulmo-
nary metastases; however, in a retrospective study of 41
children with solid malignancies who underwent biopsy
of pulmonary nodules, we found that it has limited
accuracy in distinguishing benign from malignant
nodule histology“g]. We also found only slight to mod-
erate interreviewer agreement among 3 experienced
pediatric radiologists who classified nodules as benign
or malignant on the basis of CT features. There is clearly
a need to improve the imaging distinction of benign from
malignant pulmonary nodules to reduce the frequency
of unnecessary thoracotomy.

To assess the ability of PET alone to detect pulmonary
metastases of OS or EWS, Franzius and colleagues com-
pared PET to CT, clinical follow-up, and histologic inter-
pretation of resected nodules!?1. Among 30 PET scans
performed at diagnosis or recurrence (before initiation of
salvage therapy), PET had a sensitivity of 14%, specificity
of 91%, and accuracy of 73%. The ability of PET to
detect malignant nodules increased with nodule size:
12 of 16 malignant nodules >10mm were identified,

whereas none measuring <5 mm were detected (Fig. 2).
Their results were supported by the recent work of Volker
et al., who investigated the value of PET alone for staging
46 cases of childhood EWS (n=23), OS (n=11), and
RMS (n=12)"?°!. They found that 21 of 28 lung metas-
tases detected by CT were missed by PET (sensitivity
25%) and that PET-positive nodules were >8 mm in
diameter whereas PET-negative nodules were <7 mm.
Gertha and colleagues showed that the fusion modality
PET-CT detected pulmonary EWS metastases better than
PET alone in 53 patients[z”. However, because PET-CT
is generally performed with a low milliampere-second
technique for CT scanning, image quality may be insuf-
ficient to detect very small pulmonary nodules.
Increasingly smaller nodules can now be detected by
using current-generation, multislice helical scanners
coupled with picture archiving and communication
systems (PACS), whose window and level adjustment
features and magnification tools improve image interpre-
tation. We have shown that small pulmonary nodules
(<5mm) are as likely to be malignant as larger nodules
in children with solid malignancies“sl. Given the need
to aggressively treat pulmonary metastatic disease in
children with sarcomas, diagnostic chest CT remains
an essential part of the metastatic workup. PET-CT is
preferred over PET alone as a potential adjunct to distin-
guish benign from malignant nodules, but the inherent
limitation of spatial resolution of the PET and CT
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Figure 3 This 14-year-old boy was suspected of having lymphoma and underwent PET-CT. (A) CT shows an ill-defined,
1.8-cm pulmonary nodule (arrow) that on (B) PET showed intense FDG activity (arrow). Biopsy revealed necrotizing

granulomatous disease.

components must be taken into account!'*??1. We have
also found that benign processes, such as active infection,
can result in substantial FDG uptake within pulmonary
nodules, mimicking that seen in metastases (Fig. 3).

Detection of bone and bone
marrow disease

Children with bone or bone marrow metastases of
sarcomas have a dismal prognosis. About 10% of OS
patients develop bone metastases, with or without con-
current pulmonary metastases'!. These patients have no
chance of cure unless all metastatic disease is surgically
resected. As many as 25% of patients with EWS or RMS
experience bone or bone marrow involvement. Because
EWS is radiosensitive, targeted radiation can be benefi-
cial if these metastases are few and well defined.
However, when more than 50% of the marrow is
involved, irradiation can cause significant myelosuppres-
sion and compound the myelosuppressive toxicity of che-
motherapy[4]. Unfortunately, the prognosis of patients
with RMS and bone or bone marrow metastases is not
improved by surgical metastatectomy or targeted
radiotherapy[sl.

Because OS metastases often contain calcification
or ossification, they can typically be detected by the
bone-seeking radioisotope 9mTe MDP. Franzius and
colleagues directly compared PET to 9mTe MDP bone
scintigraphy for the detection of bone metastases in 32
patients with 0s!?3, They found 5 bone metastases in 2
patients; all foci were evident on 9mTe MDP bone scan,
whereas none were demonstrated by PET. However,
because of their small sample size, the results were incon-
clusive. Volker et al. found 4 of 12 patients to have 31
bone metastases at the time of diagnosis of OS; the sen-
sitivity of detection was 90% for PET, compared with
81% for **™Tc MDP scintigraphy. However, no statisti-
cally significant difference could be demonstrated®°!.

In patients with EWS, PET is more convincingly supe-
rior to *°™Tc MDP scintigraphy for the detection of

osseous metastases. Franzius er al. found that on
66 paired PET and %mMTe MDP bone scans performed
before or after initiation of therapy for EWS, osseous
metastases were detected by PET with a sensitivity
of 100% (19/19), specificity of 96% (45/47), and
accuracy of 97% (64/66), compared with 68% (13/19),
87% (41/47) and 82% (54/66), respectively, for **™Tc
MDP scintigraphym]. These findings were supported
by Volker and colleagues. In 17 EWS patients, 6 of
whom had 49 osseous metastases, they found that the
sensitivity of PET was 88%, compared with 37% sensitiv-
ity for 9™Tc bone scan (P< 0.01)[20]. In our practice, we
have found PET-CT to be more sensitive than °*™Tc bone
scan for the detection of osseous metastases in several
children with RMS or EWS (Fig. 4)!?°. The greater sen-
sitivity of PET to 9mTe MDP scintigraphy in detecting
osseous metastases of EWS and RMS is probably multi-
factorial. Osseous metastases of these malignancies fre-
quently arise in and infiltrate the bone marrow.
FDG-PET is postulated to detect the increased glucose
metabolism of bone marrow metastases before an osteo-
blastic reaction is appreciable. In contrast, detection of
bone metastases by 2MT¢ bone scintigraphy depends on
ossification within the metastatic deposit, the degree of
associated cortical destruction, and the intensity of osteo-
blastic activity, all of which are greater in OS bone metas-
tases than in those of EWS or RMS. It is also possible
that cellular glucose uptake and metabolism differ in
these sarcomas!**!.

In assessing children with malignancies that metasta-
size to bone, it is important to consider benign processes
that can mimic metastatic disease on PET imaging. Akoi
and colleagues assessed the value of PET in distinguishing
benign (n = 33) from malignant (» = 19) bone tumors in
52 children and adults!*®!. They measured the mean stan-
dardized uptake value (SUV) within a region of interest
(ROI) in the area of tumor with maximum FDG accumu-
lation and found no significant difference between
OS and giant cell tumors (P=0.171), OS and fibrous
dysplasia (P=0.127), or fibrous dysplasia and
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Figure 4 This 11-year-old girl with alveolar rhabdomyosarcoma underwent baseline °*™Tc bone scan. (A) This anterior
whole body image shows no obvious bone involvement. (B) This MIP PET anterior image, obtained 1 day later, shows
widely metastatic disease throughout the axial and appendicular skeleton. The primary tumor is the focus of intense
soft-tissue activity in the lower left calf (arrow). Bone marrow involvement was confirmed by bone marrow aspirate
and biopsy. On PET, bone marrow should show FDG activity less than or equal to liver. (Reprinted with permission from

AJR 2005; 184: 1293—-304.)

chondrosarcomas (P=0.667). Further, they found no
SUV threshold value that reliably distinguished benign
from malignant bone lesions. We reviewed PET-CT ima-
ging performed to evaluate underlying cancers (n = 13) or
aggressive fibromatosis (n=1) in 14 children who also
had benign fibrocortical defects, nonossifying fibromas,
or cortical desmoids that were discovered as foci of FDG
aviditym]. In some cases, the intense FDG avidity of
these benign lesions mimicked the appearance of bony
metastatic disease (Fig. 5). These common, benign lesions
are often found incidentally on radiographs of children
and young adults. They undergo spontaneous regression
over time and are rarely seen after the second decade of
life. Because they have characteristic radiographic fea-
tures that are well described in the literature, the informa-
tion gained from correlative CT (when PET-CT is
performed) or plain radiographs is invaluable in determin-
ing whether further imaging or biopsy is necessary.

Detection of nodal metastases

Local-regional lymph node metastasis is uncommon in
OS and EWS but is present at diagnosis in as many as
20% of children with RMS?>~*!, Nodal spread is present
at diagnosis in approximately half of children with
extremity RMS and occurs more frequently in older
boys (>10 years) with paratesticular RMS and in associ-
ation with the alveolar RMS subtype. When lymph node
metastasis is present, the likelihood of survival can be
improved by intensification of chemotherapy and irradi-
ation of the affected region[ﬂ. Therefore, identification of
sites of lymph node involvement is crucial to the man-
agement and outcome of childhood RMS.

Klem et al. investigated the value of PET in detecting
metastases during the baseline staging of 24 patients with
RMS by comparing it to CT, MRI, clinical assessment,
and histology of resected lesions!?®!. The measured SUV
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Figure 5 This 19-year-old man with metastatic paraganglioma underwent PET-CT. (A) MIP PET image shows a focus
of intense activity above the left knee (arrow) that on (B) correlative CT and (C) axial PET images localized to a benign

fibrocortical defect (arrows).

of suspicious foci was considered abnormal if it exceeded
that of background tissue and did not reflect a normal
physiologic process. Six patients had lymph node metas-
tases identified by histologic assessment. All 6 had abnor-
mal SUVs in the involved nodal sites. Although the nodes
were seen on conventional imaging, Klem ez a/. did not
report node size or the presence or absence of pathologic
enlargement. An additional patient in the study had a
lower extremity tumor and a PET interpretation ‘suspi-
cious’ for inguinal lymph node involvement. A CT of the
inguinal area was uninformative, and therefore chemo-
therapy was initiated after resection of the primary
tumor, without inguinal node biopsy. Tumor progression
in the involved inguinal node subsequently became appar-
ent on physical examination, PET, and MRI and was
confirmed by biopsy. The authors concluded that had
the nodal involvement been confirmed at diagnosis, the
patient might have benefited from more aggressive
therapy.

Volker et al. described 20 presumed lymph node metas-
tases identified in 8 of 46 children with bone and soft-
tissue sarcomas (1 with OS, 1 with EWS, and 6 with
RMS)"?%. Fourteen of the 20 nodal metastases occurred
in RMS patients. A lesion-based analysis showed a sen-
sitivity of 95% (19/20) for PET but only 25% (5/20) for
CT and MRI. This study was limited by the absence of
size criteria defining abnormal lymph nodes on conven-
tional imaging; further, 16 of the 20 presumed nodal
metastases were not confirmed by pathology studies.

In a small case series by Ben Arush and colleagues, 3
children with alveolar RMS underwent PET-CT and con-
ventional imaging for baseline staging; 2 had moderately

FDG-avid regional lymph nodes from which biopsies
were taken'*’!. One patient’s sampled node was positive
for tumor. In the other, there was no evidence of lymph
node metastasis. The third patient had mild FDG avidity
within a regional node but no biopsy was taken. The
patient was started on therapy for high-risk disease; at
the time of scheduled follow-up, adenopathy was palpa-
ble in the area of the previously mildly FDG-avid node.
Subsequent lymph node biopsy revealed alveolar RMS.

Our experience is consistent with these reports. We
have found that benign processes, such as reactive hyper-
plasia, can cause regional node enlargement and FDG
avidity on PET imaging in children with sarcomas
(Fig. 6). The available evidence suggests that although
PET may identify sites of nodal disease not appreciated
on conventional imaging, care should be used in inter-
preting PET findings. Metastatic lymph nodes may dem-
onstrate only mild FDG avidity, whereas nonmetastatic
nodes may show intense avidity. Therefore, biopsy of
suspicious lymph nodes should be considered when
there is discordance between the findings of different
imaging modalities or between imaging and clinical find-
ings and when identification of nodal disease will affect
patient management and outcome.

Assessment of tumor response
to therapy

Patients with nonmetastatic OS and EWS are treated
with neoadjuvant therapy before surgical resection of
the primary tumor and subsequent adjuvant therapy.
Chances of survival are improved when 90% or more of
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Figure 6 A 20-year-old woman with malignant peripheral nerve sheath tumor in the left thigh, underwent baseline PET-
CT. (A) CT shows enlarged iliac nodes (arrows) ipsilateral to thigh tumor that on (B) PET showed intense FDG activity.

Biopsy of these nodes revealed reactive hyperplasia.

the resected tumor is necrotic and resection margins are
void of tumor®*. Factors that predict the histologic
tumor response to neoadjuvant therapy might also pre-
dict patient outcome and help to identify candidates
for limb-sparing surgery versus amputation or early resec-
tion*%1. A reliable, noninvasive method for assessing
tumor metabolism and viability, such as PET, could
allow the oncologist and surgeon to individualize man-
agement of tumors that are aggressive, respond poorly,
or arise in surgically challenging sites.

Osteogenic sarcoma and EWS are metabolically heter-
ogeneous tumors. Because tumor histologic grade and
predicted patient outcome are determined by the percent-
age of viable tumor in the resected specimen, the maxi-
mum tumor SUV is believed to provide the most accurate
noninvasive assessment of tumor grade. Several investi-
gators have compared the maximum tumor SUV before
and after neoadjuvant therapy with tumor grade and
patient outcome!'*!") Tn 2002, Hawkins and colleagues
reported a comparison of the histologic response of
resected tumors (18 OS and 13 EWS) to tumor SUV at
diagnosis (SUV,) and at the end of neoadjuvant therapy
(SUVZ)[M]. In these 31 patients, histologic response was
significantly associated with the SUV, (P=0.01) and the
SUV,/SUV, ratio (P=0.01). An SUV, <2 had a positive
predictive value (PPV) of 93% for identifying tumors that
were 90% or more necrotic and a 75% negative predictive
value (NPV) for identifying tumors that were <90%
necrotic (unfavorable response). When an SUV,/SUV,
cutoff point of 0.5 was used, the PPV and NPV were 78%
and 63%, respectively.

In 2005, Hawkins and coworkers reported similar find-
ings in a follow-up study of 36 patients with EWS who
had PET imaging before and after neoadjuvant ther-
apym]. Among the 32 patients who underwent resection
of the primary tumor, an SUV,<2.5 had a PPV of 79%
for a favorable response and an NPV of 40% for an unfa-
vorable response. The PPV and NPV for an SUV,/SUV,
ratio <0.5 were 77% and 33%, respectively. An
SUV, < 2.5 was also associated with greater 4-year pro-
gression-free survival (PFS) in all 36 patients (P=0.006)

and in the 24 patients who had no metastatic disease
at diagnosis (P=0.036). Neither the SUV, nor an
SUV,/SUV, ratio <0.5 was associated with PFS. These
findings and those of others suggest that the maximum
SUV of primary OS and EWS after neoadjuvant therapy
can predict tumor response and patient outcome. Further
studies are needed to determine whether the SUV can be
used to identify unresponsive or poorly responsive
tumors earlier in the course of neoadjuvant therapy, so
that therapy can be appropriately modified.

Conclusion

PET imaging of children requires an expert team of pro-
fessionals to manage the unique technical challenges
encountered in this age group. Further, the interpreting
physician must be aware of the aspects of pediatric anat-
omy and physiology that differ from those in adults.
Whereas the role of PET in the assessment of lymphomas
is fairly well established, its role in the management of
pediatric solid malignancies is evolving. The growing
body of evidence supports the continued investigation
of PET imaging in the management of pediatric sarco-
mas. PET may provide valuable information about pul-
monary nodules in children, but accurate interpretation
requires awareness of its limitations. Small malignant pul-
monary nodules may not be appreciable on PET imaging,
whereas large benign nodules may show intense FDG
avidity. PET may detect osseous metastases of childhood
EWS and RMS earlier than [99mTc]MDP bone scintigra-
phy, because bone marrow infiltration precedes cortical
destruction and an osteoblastic reaction. On the other
hand, the bone-seeking radiotracer [99mTc]MDP may
offer superior detection of lytic and ossifying bone metas-
tases often associated with OS. When PET is used to
detect bone metastasis in children, an awareness of the
common benign bone lesions in this age group is essen-
tial, as they can mimic metastatic disease. In such cases
the correlative CT imaging obtained during PET-CT, or
plain-film radiography, can preclude the need for further
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imaging or biopsy. PET imaging that shows sites of local-
regional nodal FDG uptake in children with bone and
soft-tissue sarcomas should be interpreted with caution.
Biopsy of suspicious lymph nodes is probably indicated
when the findings of different imaging modalities or of
imaging and physical examination are inconsistent.
Because the size of bone tumors does not change sub-
stantially in response to neoadjuvant therapy, CT and
MRI have limited value for assessment of tumor
response. Because FDG-PET reflects the metabolic activ-
ity of tumors, which can be semi-quantitatively measured
as the SUV, PET holds promise as an alternative method
of assessing response in these tumors. Additional studies
are needed to better define the optimal timing of PET
during neoadjuvant therapy to detect poorly responsive
tumors and allow early intervention.
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