11

Molecular Imaging of Pediatric
Lymphoma, Sarcomas, and
Other Solid Tumors

Yamini Mathur! e Kritin Shankar' ¢ Hardik Veerwal' e Suraj Kumar'
Rajender Kumar' ¢ Amol M Takalkar? ¢ Lance T. Hall?

"Department of Nuclear Medicine, Post Graduate Institute of Medical Education and
Research (PGIMER), Chandigarh, India; *Department of Radiology and Imaging Sciences,
Emory University, Atlanta, GA, USA

Author for correspondence: Rajender Kumar, Department of Nuclear Medicine, Post
Graduate Institute of Medical Education and Research (PGIMER), Chandigarh, India.
Email: drrajender2010@gmail.com

Cite this chapter as: Mathur Y, Shankar K, Veerwal H, Kumar S, Kumar R, Takalkar AM,
Hall LT. Molecular Imaging of Pediatric Lymphoma, Sarcomas, and Other Solid Tumors.
In: Hall LT. editor. Molecular Imaging and Therapy. Brisbane (AU): Exon Publications.
Online first 27 Aug 2023.

Doi: https://doi.org/10.36255/molecular-imaging-of-pediatric-tumors

Abstract: Pediatric tumors are rare, but often rapidly progressive malignancies
which require early diagnosis, accurate staging, and appropriate treatment.
Complications due to over treatment or under treatment of pediatric malignan-
cies are a major concern and thus, prompt but pertinent workup along with
early treatment response evaluation of tumors is vital. Molecular imaging tech-
niques with positron emission tomography (PET) with computed tomography
(PET/CT) and single photon emission computed tomography (SPECT) with CT
(SPECT/CT) can often localize and accurately stage pediatric malignancies
before morphological changes are evident with anatomical imaging techniques.
These findings can help determine the clinical prognosis and treatment plan.
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In post-therapy patients, PET/CT and SPECT/CT may more accurately identify
or exclude residual/recurrent malignancy. Since pediatric tumors often have
overexpression of various molecular pathways, a variety of molecular imaging
agents for PET/CT and SPECT/CT can be used (FDG). PET/CT with 18F-FDG
usually shows increased tumor uptake in pediatric lymphoma and many other
extra-cranial solid tumors. Amino acid based molecular imaging agents can be
used in brain tumors and somatostatin receptor (SSTR) peptide molecular
imaging agents can be used for tumors of neuroendocrine origin. Ongoing
research has developed many novel molecular imaging agents which are in
clinical trials.

Keywords: 18F-FDG; molecular imaging; pediatric tumors; PET/CT,
radiopharmaceuticals

INTRODUCTION

Cancer incidence rises with age, peaking around the 7™ decade, and is less com-
mon in the pediatric age group. According to the Global Cancer Observatory,
around the 280,000 cancer cases were diagnosed in the age group of (0-19 years)
in 2020, with an estimated 110,000 deaths. In contrast to adult malignancies
which usually develop from mature tissue, childhood cancers usually originate
from developing and growing tissues; hence, they often rapidly progress over
weeks to months. Leukemia (25%), brain tumors (17%), lymphoma (16%) and
solid tumors such as soft tissue sarcomas (7%), neuroblastoma (5%), nephroblas-
toma (4%) and retinoblastoma (2%), are the most common tumor types in pedi-
atric patients. Childhood cancers have an overall survival rate of 82%, though
prompt diagnosis and management are crucial for therapeutic success (1).
Additionally, the increased risk of treatment related complications, such as devel-
oping a second malignancy due to prior radiotherapy, makes accurate disease
diagnosis essential to minimize risk.

Molecular imaging techniques utilizing PET/CT and SPECT/CT involve imag-
ing a radiolabelled molecule that targets a cancer-specific metabolic pathway,
receptor, or other molecular process. Additional non-radioactive molecular imag-
ing techniques can utilize magnetic resonance imaging (MRI) or ultrasonography
(USG). Functional molecular imaging has progressed by leaps and bounds with
advances in PET imaging and the development of hybrid PET/CT and PET/MRI.
FDG, the workhorse molecular imaging agent of PET, has contributed signifi-
cantly to the evaluation of initial staging, response evaluation, restaging, radia-
tion treatment planning and prognostication of most of the pediatric solid
malignancies. Many other molecular imaging agents are available to evaluate
different biological aspects of tumors and to aid in functional tumor characteriza-
tion. The mechanism of uptake and utility of various molecular imaging agents
are explained in the following section (Table 1). This chapter highlights the role
of molecular imaging in evaluating pediatric lymphoma, sarcomas and other
common solid tumors.
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LYMPHOMA

Lymphoma is a malignant proliferative disease originating from the lymphatic
system and is one of the leading childhood cancers, with a prevalence of
12-15% (1). It is divided into Hodgkin lymphoma (HL) and non-Hodgkin lym-
phoma (NHL). Pediatric NHL is more commonly seen in the younger age group,
the diagnosis is predominantly made at the median age of 10 years and increasing
incidence thereafter (2). HL has a bimodal age distribution with an initial peak at
20-34 years and a later peak in the 80s, according to National Cancer Institute’s
Surveillance, Epidemiology and End Results (SEER) (1975-2008). The pediatric
HL incidence peaks at the age of 12—19 years. The prevalence of HL depends on
socioeconomic status and family size, as immune system maturation occurs with
exposure to infections. Additionally, immunodeficient state (3), Epstien-Barr
virus infection (4), familial history (5), birth characteristics and birth complica-
tions predispose to increased risk of pediatric HL (6). Around 99-fold increased
risk is seen in monozygotic twins and 7-fold among siblings (7). According to the
(SEER), Cancer Statistics Review (CSR), 1975-2017, NHL accounts for 7.5% of
pediatric cancers, while HL makes 6.4%. HL is subdivided into classical HL
(CHL) and nodular lymphocyte predominant HL (NLPHL). CHL is further sub-
divided into four subtypes: nodular sclerosis, mixed cellularity, lymphocyte
depleted and lymphocyte rich. The most commonly encountered HL subtypes
are nodular sclerosis (70%), mixed cellularity (16%) and NLPHL (7%). NHL has
various subtypes depending on the cell of origin, with Burkitt lymphoma being
the most common subtype.

Pediatric lymphoma typically presents with regional lymphadenopathy, which
is firm and rubbery in consistency. Systemic features such as fever (>38.0°C),
anorexia, night sweats and significant weight loss (unintentional >10% loss of
weight within 6 months of diagnosis) can also be seen and are called “B” symp-
toms which are the result of raised cytokine production and are indirect evidence
of aggressive etiology. However, in older children, mediastinal masses can also be
seen, which may lead to dyspnea, dysphagia or coughing. Less commonly, a child
may present with acute features resulting from the tumor mass effect, tumor infil-
tration or rapid growth. The diagnosis should be made based on the morphology
and immunohistochemistry of the tissue according to the 2017 WHO Classification
of Tumours of Haematopoietic and Lymphoid Tissue guidelines. For the accessi-
ble sites, excisional/ incisional biopsy is recommended and for inaccessible
lesions, core biopsy is suggested instead of FNAC as the hallmark multinucleated
Reed Sternberg cells of HL comprise only 0.1-10% of the tumor bulk. The 5-year
survival rate for HL and NHL, 98% and 90%, respectively, have improved signifi-
cantly over the last 40 years with increasing use of early diagnostic investigations
and new treatments. However, there is a 14-fold increased cumulative risk of
developing secondary life-limiting neoplasms with a 20 to 30-year latency period
after receiving radiotherapy and post-treatment complications require a highly
patient tailored approach (8). Increased FDG uptake is noted in 97-100% of HL,
91% of overall NHL but slightly less (around 83%) in rare indolent forms of NHL
(9). Consequently, FDG-PET remains a highly sensitive and specific modality and
the investigation of choice for the staging and response assessment is discussed in
detail in the following sections (10).
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FDG-PET: Initial staging

FDG-PET/CT showed superior sensitivity and specificity when compared to tra-
ditional staging techniques (USG, CT, MRI and bone scintigraphy), i.e. 96.5-98%
versus 77-87.5% and 96.5-100% versus 60-98.7%, respectively (11, 12).
Furthermore, the initial staging of disease with PET/CT is essential for risk strati-
fication and accurately defining the extent of potential radiation treatment fields
when radiotherapy is anticipated. National comprehensive cancer network
(NCCN) guidelines recommend an initial staging workup 2—4 weeks before ther-
apy with an FDG-PET/CT or PET/MR (with CT chest to rule out lung involve-
ment) having diagnostic quality contrast-enhanced CT or MR when available
Staging of pediatric HL and NHL follows different staging classifications. The
active pediatric HL trials such as the European Network for Pediatric Hodgkin
Lymphoma, Clinical Trial 2 (EuroNet- PHL-C2) and Children’s Oncology Group
(COG) use the Lugano modification of the Ann Arbor staging system (Figure 1).
However, pediatric NHL staging follows the International Pediatric Non-Hodgkin
Lymphoma Staging System (Figure 2). The positive lesion definition in pediatric
lymphoma is different from the Lugano criteria, which uses an adult cut-off of
size, which is larger than they are for children, and hence NCCN gives the

Ann Arbor Classification for Hodgkin Lymphoma
STAGE Il STAGE Ill

STAGE | STAGE IV

Single lymph node region
or single extra-lymphatic
site involvement without

>Two lymph nodal regions
on the same side of
diaphragm + limited

Lymph nodes on both
the sides of diaphragm
+ extra- lymphatic

Disseminated non
contagious extra-lymphatic
involvement + nodal

s}
Left axillary region
nvolvement.

-

Right cervical,
right supraclavicular
and mediastinal
involvement

) :54-‘”

Right cervical, right
supraclavicular &

retroperitoneal lymph nodes
and splenic involvement

(arrow)

nodal involvement contagious extra-lymphatic involvement. involvement
involvement
A . B . C D .
= —
-
- b g
"

Disseminated disease
involving lymph nodes on
both sides of diaphragm
with skeletal lesions
(bold arrow) and muscle
deposits (thin arrow).

Figure 1. MIP FDG-PET. Ann Arbor classification for HL with examples showing maximum

intensity projection (MIP) images of FDG-PET.
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International Pediatric Non-Hodgkin Lymphoma Staging System |

STAGE | STAGE Il STAGE Ill STAGE IV
Single tumour nodal * Single extranodal * >2 extranodal sites on same Any site with initial
or extranodal, except with regional nodal and/or both sides of diaphragm involvement of CNS*
in mediastinum involvement. * >2 nodal regions on both sides (stage IV CNS) or BM*
or abdomen * 2 nodal regions of diaphragm Intrathoracic/ lesion (stage IV BM)
(N: EN; EN-B; EN-S)* on same side of intra-abdominal (stage II- with or combined
diaphragm Primary malignant ascites or extension
Gl lesion + regional/ to adjacent organs)
A mesenteric nodes « Paraspinal or epidural tumour | 4 J
. (resectable) * Single B lesion with concomitant . ‘
- EN* and/or non regional N ’ &
A AL #
L2 4 .2
F ¥
- \ 2
P L
. - p
e 2
1 'n‘? -
3 #‘/ ? L 8
Disseminated Disseminated
Left axillary region Nasopharyngeal Left supraclavicular lymph node disease with disease
involvement involvement (arrow) (arrow) and abdominopelvic bone marrow  with brain
(arrow) with bilateral cervical lymph nodal mass infiltrating involvement  involvement
lymph nodes the sacrum and involving (arrow)

the right sacral nerve root

*N- nodal, EN- extranodal, B- bone, S- skin, CNS- central nervous system, BM- bone marrow

Figure 2. NHL staging system. International Pediatric NHL staging system with examples
showing MIP of FDG-PET and cross-sectional PET/CT and CT images.

following protocols for the site involvement based on their panel consensus;
however, it is an area for research:

e Lymph node:
» Long axis diameter (LAD) >2cm on CT/MR or
» LADis ~1-2cm and the lymph node is FDG-positive on PET/CT

* Spleen:
» Focal increased FDG uptake that is confirmed on CECT/MRI/USG
» Splenomegaly with diffuse increased FDG uptake more than the liver is
not considered involvement

e Lung:

» Extra-lymphatic structures (lung lesions) contiguous with nodal masses
are considered to be E-lesions

» Atleast 1-2 small foci (between 5-10 mm) within the whole lung if no other
pathology is suspected

» At least 1 intrapulmonary focus >1 cm on CT if no other etiology is
suspected

» FDG-positive lesions <1 cm if no other etiology is suspected

Note: If all the lesions are in 1 lung, only it will be considered as involved.
However, even if there is a single additional smaller focus within the other
lung, both lungs are considered involved.
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e Liver:
» Any focal mass/lesion if no other pathology is suspected
» Focal FDG-positive lesion

* Bone marrow:
» >3 FDG-positive marrow based lesions.
» Bone marrow biopsy is not recommended, and diffusely increased bone
marrow FDG uptake is not generally considered involvement.

* Bone: FDG-positive lesion with cortical bony destruction on CT or MRI.
e Waldeyer’s ring: asymmetrical increased FDG uptake
e Thymus: focal FDG uptake or nodal presentation

Note: NCCN provides guidelines only for pediatric HL. No separate guidelines
are available for pediatric NHL yet.

FDG-PET: Response evaluation

An interim FDG-PET scan is obtained to evaluate the early response to chemo-
therapy as seen in the EuroNet-PHL-C1 trial, where radiotherapy was omitted
in patients with adequate response to 2 cycles of chemotherapy on FDG-PET/
CT. The trial showed comparable event-free survival of 88% vs. 87%, with and
without radiotherapy, respectively. Thus, the interim PET after 2 cycles of che-
motherapy is useful to evaluate the early response and decide the need for
radiotherapy and treatment intensification. Response assessment using a semi-
objective 5-point scale or Deauville score is now well-established, where score-1
is no abnormal uptake, score-2 is uptake < mediastinal blood pool, score-3 is
uptake >blood pool but <liver, score-4 is abnormal uptake >liver and score-5
refers to significant increased FDG uptake as compared to the liver or new
site(s) of disease. A score of 1-3 describes a complete metabolic response, but a
score of 4/5 suggests the existence of residual or recurrent disease. A Deauville
score of 1/2 at least 6 — 8 weeks after the completion of treatment indicates a
complete metabolic response. Since FDG-PET shows physiological uptake in
the brown adipose tissue and thymus and inflammatory or reactive uptake in
bone marrow, spleen, thymus and Waldeyer’s ring, the positive predictive value
declines. Compared to qualitative interpretation based on scan report, the
Deauville score based interpretations have identical negative predictive values
of 95.6% and 95.1% but a significantly higher positive predictive value of
72.7% compared to 44.4%, making it more accurate than subjective visual PET
interpretations (13).

FDG-PET: Surveillance

FDG-PET scans performed for surveillance (without suspicion of recurrence) are
generally not advised due to concern for false-positive results, lack of cost-effective
benefit, and undue radiation exposure. Imaging investigations such as X-ray, CT,
or MRI are usually advised initially if recurrence is suspected, potentially followed
by FDG-PET/CT as clinically warranted.
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Role of FDG PET/MRI

FDG-PET/MRI reduces radiation exposure by 50%—75% versus FDG-PET/CT
in pediatric lymphoma staging and response evaluation but requires addi-
tional time and has limited data for pediatric lymphoma staging and response
evaluation (14).

SARCOMAS AND OTHER SOLID TUMORS

Sarcomas represent over one-fifth of all pediatric solid tumors. Rhabdomyosarcoma
is the predominant soft tissue sarcoma, while osteosarcoma (OS) and Ewing sar-
coma (ES) are the predominant osseous sarcoma (15). Other frequently encoun-
tered solid malignancies include neuroblastoma, Wilms tumor, germ cell tumors
(GCT), retinoblastoma (RB) and hepatoblastoma. The following section will
examine the role of molecular imaging in frequently encountered pediatric solid
tumors.

Neuroblastoma

Neuroblastomas are derived from the sympatho-renal lineage of neural crest cells.
They account for 8% of total pediatric cancers. They are seen along the sympathetic
chain, with the most common site in the adrenal glands, followed by the retroperi-
toneum and the mediastinum. Almost half of the patients have distant metastases,
commonly involving the bone and lymph nodes at initial presentation.

The International Neuroblastoma Risk Group staging system (INRGSS) and
International Neuroblastoma staging system (INSS) are used for pre and post-
surgical staging, respectively. Accurate determination of the extent of disease is
essential as these scoring systems are also utilized for risk-based neuroblastoma
patient stratification.

Conventional anatomic and molecular imaging techniques are crucial in initial
staging, treatment response, and surveillance. MRI is preferred for locoregional
staging due to its excellent anatomical resolution and ability to visualize the intra-
spinal extension of the disease. 1231-MIBG imaging is the preferred SPECT imag-
ing agent for detecting distal metastases. PET imaging agents used are FDG, DOTA
peptides, DOPA and a few novel agents such as mFBG and 11C-mHED PET/CT.

1231- or 1311-MIBG imaging is recommended for detecting distal metastases
during initial staging and for initial assessment and follow-up of patients receiving
1311-MIBG therapy. The reported sensitivity and specificity of MIBG for detect-
ing neuroblastoma are 88% and 83 %, respectively (16). Semi-quantitative scoring
systems have been developed for MIBG scans. Curie system (developed by COG)
divides the skeleton into 9 segments and an additional 10" compartment for soft
tissue lesions. Each compartment is given a score from 0 to 3 based on the extent
of the involvement of the compartment. The International Society of Paediatric
Oncology European Neuroblastoma Group (SIOPEN) divides the body into 12
segments, each with a score from 0 to 6 (17) (Figure 3). FDG and 1231-MIBG are
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Figure 3. MIBG Scans. (A) Curie and (B) SIOPEN scoring systems for MIBG scans. A 10-year-
old male patient with a history of left lumbar region neuroblastoma. Anterior and posterior
whole body 1311-MIBG scan shows MIBG-avid primary lesion in the left retroperitoneum
region (arrow) with tracer avid skeletal lesion in the mid-shaft of the right femur (solid
arrow). This patient has a single focus of skeletal uptake in a single segment and > 50%
involvement of two of the abdominal segments; thus, Curie and SIPOEN scoring will be 7.

considered complementary imaging, each potentially demonstrating disease not
detected by the other. FDG-PET/CT has shown better sensitivity and specificity
when used as a complementary imaging modality, with reported sensitivity and
specificity being 78% and 92%, respectively (18). Therefore, patients with non-
MIBG avid neuroblastomas are subject to an FDG-PET/CT. FDG-PET/CT has also
been utilized for assessing the prognosis of the patient.

DOPA accumulates in cells with increased catecholamine activity and therefore
is a good alternative to MIBG for detecting tumors derived from neural crest cells,
including neuroblastoma. Studies have reported better accuracy of DOPA in com-
parison to 123I-MIBG (19,20). A recent study has reported the sensitivity and
specificity of DOPA to be 86% and 99%, respectively, for detecting soft tissue and
bone or bone-marrow metastases in neuroblastoma (21).

Approximately 90% of neuroblastoma tumors express SSTR making DOTA
peptides highly sensitive and specific for its detection (22). Patients with high
DOTA peptide avidity are also potential candidates for Peptide Receptor
Radionucleotide Therapy (PRRT).

Various novel molecular imaging agents are currently under investigation,
suchas11C-mHED,anorepinephrineanalogand 18F-floropropylbenzylguanidine
(FPBG), an analog of benzyl guanidine. They localize within the tumor cells
utilizing the same physiologic process involved with DOPA.

Pheochromocytomas and paragangliomas (PPGL)

Paragangliomas are a group of tumors that arise from the autonomic nervous
system. PPGLs arising from the adrenal medulla are called pheochromocytomas.
They have an incidence rate of 0.2-0.3 cases per million (23). These tumors
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secrete catecholamines like epinephrine, norepinephrine and dopamine, which
can precipitate life-threatening complications. Approximately 10% of the cases of
pheochromocytoma and paraganglioma can be multifocal. Multifocality is often
associated with hereditary syndromes such as von Hippel-Lindau (VHL) and mul-
tiple endocrine neoplasia (MEN) syndromes.

PPGLs are staged based on the TNM staging system. Tumor (T) staging depends
upon the size: T1 < 5cm, T2 > 5 cm, and T3 when the tumor invades the sur-
rounding tissue. Nodal staging (N) is NO — no regional lymph nodes and N1-
regional lymph nodes are involved. Metastasis (M) staging is MO — no distant
metastasis and M1 — metastasis is detected (Mla — metastasis to the bone only,
M1b — metastasis to distant lymph nodes, liver or lung and M1c — distant metas-
tasis to bone and multiple other sites.

CT and MRI are the preferred imaging modalities for loco-regional disease
assessment. An adrenal lesion with an average Hounsfield unit (HU) of less than
10 on a non-contrast CT image is usually excluded from the suspicion of being a
pheochromocytoma (24). Molecular imaging is often used in the clinical diagno-
sis and management of these patients, utilizing molecular imaging agents such as
1231-MIBG, DOTA peptide, DOPA and FDG.

A meta-analysis has reported the sensitivity and specificity of 1231-MIBG to be
98% and 98%, respectively, for identifying lesions in the adrenal gland and 98%
and 79%, respectively, for localizing metastases (25). However, with the increas-
ing use of newer molecular imaging agents, the importance of MIBG in the workup
of pheochromocytoma and paraganglioma is steadily decreasing. Another SPECT
agent occasionally used for bone scans is 99mTc-methylene diphosphonate
(MDP). This binds to hydroxyapatite crystals at sites with increased osteoblastic
activity and is useful in identifying active skeletal metastasis. The use of MDP
bone scan in the workup of neuroblastoma and PPGLs is decreasing due to sub-
optimal specificity for osseous metastases along with the availability of newer PET
agents.

FDG, DOPA, and DOTA peptides are currently the predominant PET molecu-
lar imaging agents used in PPGL assessment. The reported sensitivity and specific-
ity in a meta-analysis of FDG-PET/CT for detecting metastatic pheochromocytomas
and paragangliomas with germline mutations is 85% and 65%, respectively (26).
Studies have reported good FDG avidity in PPGLs, especially in metastases with
succinate dehydrogenase complex iron sulfur subunit B (SDHB) mutation.
However, PPGLs with associated MEN 2 syndrome and head and neck PGLs are
usually not very FDG-avid. DOPA PET/CT has shown high sensitivity and speci-
ficity in detecting pheochromocytoma/paraganglioma compared to SPECT with
agents such as MIBG. The sensitivity and specificity of DOPA are reported to be
around 79% and 95%, respectively (27). Due to its negligible physiological uptake
in the adrenal glands, 18F-DOPA has an advantage over other agents and can be
used to detect small lesions.

DOTA peptides are seen to be highly sensitive in the detection of PPGLs, with
the pooled detection rate of PPGLs in a recent systemic review reported as 93%,
which exceeds the detection rate of DOPA and FDG (28). However, uptake in
meningioma, inflammatory disease and a few other cancers can give false positive
results (29).

Recent pheochromocytoma and paraganglioma guidelines by EANM recom-
mend using specific agents in various scenarios. DOPA PET/CT is the preferred
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molecular imaging agent for sporadic and inherited pheochromocytomas, except
for ones showing succinate dehyrogenase (SDHx) mutations. In cases of extra-
adrenal sympathetic/multifocal/metastatic/SDHx mutants and head and neck
PGLs, DOTA peptides are the preferred PET molecular imaging agents.

Novel molecular imaging agents

11C-mHED is a norepinephrine analog. Due to its rapid accumulation within the
lesion and faster background clearance, imaging can be done within 30 minutes.
However, the use of this agent is limited due to its short half-life of 11C, which is
20 minutes. Few benzyl guanidine analogs have been tried for imaging, such as
18F-FPBG. A study by Samim et al. reported 2 extra lesions detected per patient
in the FPBG scan compared to the MIBG scan (30).

Osteosarcoma (OS)

Osteosarcoma is an osseous neoplasm that leads to the deposition of malignant
osteoid from atypical osteoblasts. It is the most prevalent pediatric bone cancer,
with the highest peak incidence in children and adolescents and another peak
incidence in individuals over 60 years. Treatment for localized OS typically
involves high-dose chemotherapy and limb-salvage surgery when appropriate.
A significant proportion of patients present with metastases, more commonly in
the lungs and bones and rarely to the lymph nodes. Early detection of metastatic
disease is crucial for risk stratification and treatment. Historically, initial evalua-
tion for skeletal metastasis in OS was performed by radionuclide skeletal scintig-
raphy (SSC) using 99mTc-labelled diphosphonates, commonly 99mTc-MDP
Although its cost-effectiveness and high sensitivity make it attractive, SSC is lim-
ited by its relatively low specificity, spatial resolution and image quality. Current
research demonstrates the advantage of FDG-PET/CT over SSC in evaluating
bone metastases. FDG-PET/CT is a highly sensitive diagnostic tool, with a meta-
analysis of 26 studies by Liu F et al. demonstrating 100% sensitivity for detecting
the primary tumor. The same study also showed a sensitivity of 72-88%, 87-97%
and 86-93% and a specificity of 89-97%, 96-98% and 95-97% for the diagnosis
of lung, bone and all distant metastases respectively (31). It is also crucial to
detect early recurrence after limb salvage surgery, which occurs in around 13% of
patients. The meta-analysis displayed a sensitivity of 81-96% and a specificity of
87-97% for recognizing recurrent OS. However, the utility of FDG-PET/CT is
comparable or slightly inferior to CT for lung nodule evaluation. Patients with
OS generally receive neoadjuvant chemotherapy before local control surgery,
with >90% tumor necrosis suggesting a favorable response to chemotherapy and
improved outcomes compared to tumors with a poor histological response. FDG-
PET has also correlated with histological response to chemotherapy and predict-
ing tumor necrosis. PET-derived semi-quantitative parameters such as peak and
maximum standardized uptake value (SUVpeak and SUVmax), metabolic tumor
volume (MTV), and total lesion glycolysis (TLG) are predictive of overall survival
and event-free survival and hence, can serve as useful prognostic biomarkers in

OS (32).
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Ewing sarcoma (ES)

The Ewing family of tumors is a group of small round blue cell neoplasms origi-
nating in bone, soft tissues, or visceral sites and sharing a common genetic altera-
tion, t1(11;22)(q24;q12), in over 85% of cases. At the time of diagnosis, around
25% of patients with ES have detectable metastases, predominantly in the lung
and bone/bone marrow (33). Metastatic assessment typically involves a CT chest
for pulmonary metastasis, bone marrow aspiration and biopsy for bone marrow
involvement, “™Tc-MDP SSC for osseous metastasis, and FDG-PET/CT. As
metastases from ES are frequently osteolytic and may involve the bone marrow,
SSC may have limited sensitivity. FDG-PET/CT has demonstrated high sensitivity
(80-92%) and specificity (86-96%) for bone and bone marrow metastases in ES
(34). Bone marrow biopsy can also be inferior to FDG-PET as the former may be
performed from uninvolved sites (35). Furthermore, as with OS, semi-quantitative
parameters derived from FDG-PET can correlate with microscopic chemothera-
peutic response and progression-free survival and serve as prognostic indices in
ES (36).

Rhabdomyosarcoma (RMS)

Rhabdomyosarcoma, a highly aggressive tumor, originates from primitive mesen-
chymal cells showing variable skeletal muscle differentiation. RMS frequently
involves the head, skull, neck, urinary bladder or prostate. At the time of diagno-
sis, one-fifth of cases can demonstrate distant spread to the lungs, skeleton, mar-
row or lymph nodes. A retrospective review of a study performed by the European
pediatric Soft tissue sarcoma Study Group (EpSSG) dedicated to metastatic RMS
aimed to determine the value of PET/CT in staging the disease. Compared to stan-
dard anatomic imaging workup, molecular imaging with PET/CT was superior in
detecting loco-regional (96.2% vs. 78.5%) and distant (94.8% vs. 79.3%) lymph
nodes. The sensitivity of PET/CT was also greater than SSC (96.4% vs. 67.9%) for
bone metastases and could detect marrow involvement with a sensitivity of 91.8%

and specificity of 93.8%. However, it was lower in sensitivity for lung metastases
than CT chest (79.6% vs. 100%) (37).

Wilms tumor (Nephroblastoma)

Wilms tumor is the most frequent malignancy of embryonal origin arising from
the kidneys in children. Histologically, it can demonstrate a favorable histology
consisting of a triphasic pattern of blastema, epithelial, and stromal tissues or
an unfavorable pattern displaying a higher degree of anaplasia. It can be associ-
ated with specific syndromes such as Wilms tumor, aniridia, genitourinary
anomalies, range of developmental delays (WAGR) syndrome, Denys-Drash
syndrome, and Beckwith-Wiedemann syndrome. Imaging studies are per-
formed to characterize the extent of the primary lesion, regional lymph node
involvement and assess for pulmonary or less commonly osseous metastases.
Limited literature is available thus far on the utility of FDG-PET/CT in Wilms
tumor. Most studies have demonstrated FDG avidity in Wilms tumor with the
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degree of differentiation correlating well with SUV. These studies suggest that
FDG-PET/CT can be useful in initial staging, assessing chemotherapy response,
and detecting recurrent disease (38).

Germ cell tumors (GCTs)

GCTs are a heterogeneous tumor group arising from precursor germ cells. They
are divided into gonadal or extragonadal in location, with extragonadal GCT fre-
quently occurring in the midline (mediastinal, retroperitoneal, and sacrococcy-
geal). GCT varies on the differentiation degree into mature (with a relatively
benign course) or immature teratomas and malignant GCT. With a lower rate of
glycolysis, mature teratomas tend to exhibit lesser FDG uptake. Though FDG-
PET/CT does not yet have a completely established role in GCTs, studies have
exhibited its potential in immature teratomas and malignant GCTs (39). Though
its performance may be comparable to conventional imaging in the initial evalua-
tion, it can be particularly beneficial in patients after therapy to identify residual
or recurrent disease (40).

Retinoblastoma (RB)

RB is the intraocular cancer with the highest incidence in the pediatric popula-
tion. RB can be present bilaterally if associated with a germline mutation in the
RB-1 gene on chromosome 13q14. It can present with leukocoria or strabismus
and early disease detection carries a favorable prognosis. However, a delay in
diagnosis, particularly in low-middle-income countries, can lead to the develop-
ment of locally advanced RB with either microscopic or macroscopic spread
beyond the ocular globe and a high risk for metastatic disease. RB can spread to
the orbit via the optic sheath, meninges, or distantly through hematogenous dis-
semination. To evaluate the local or intracranial spread of the disease, diagnostic
imaging can be performed by USG, CT or MRI. Children with a risk for metastases
can be screened through SSC. The limited literature on PET/CT has endorsed the
utility of FDG uptake in the optic nerve in predicting event-free survival and over-
all survival after neoadjuvant chemotherapy (41). A negative FDG-PET after the
completion of treatment in patients with equivocal MRI findings has also aided in
avoiding further unnecessary treatment (42). FDG-PET/MRI may be potentially
useful for evaluating RB, but more data is awaited.

Langerhans cell histiocytosis (LCH)

LCH is a rare clonal proliferative disorder with 3-5 per million incidences. It
involves the histiocytes, a specialized antigen-presenting cell found in the epider-
mis, mucosa, and lymph nodes. LCH can have a varied presentation ranging from
benign single site disease to multi-systemic disease (43). LCH is classified into a
single system with a single site or multiple site involvement or multisystem with
or without organ (liver, spleen, bone marrow, CNS) involvement. Accurate pre-
treatment staging is important as the treatment varies from local excision for local-
ized disease to prolonged chemotherapy for multi-systemic disease. FDG-PET/CT
is seen to have sensitivity (100%) and specificity (83%) in the initial evaluation
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of the extent of the disease and can accurately demonstrate a response to treat-
ment (44). In addition to LCH, FDG-PET/CT also plays a role in assessing other
histiocytic disorders such as Erdheim Chester disease, Rosai Dorfman disease,
Xantho-granulomas and malignant histiocytosis. Various guidelines, including the
NCCN, recommend a Head-to-toe PET/CT for initial evaluation and response
assessment in LCH and ECD. It is also recommended for post-treatment surveil-
lance every 6 months for 2 years in patients with LCH (45).

CONCLUSION

Molecular imaging has revolutionized the management of pediatric cancers with
accurate early diagnosis, tumor characterization, risk stratification, identifying the
most aggressive site for biopsy, early treatment response assessment and differen-
tiating post-treatment changes from tumor recurrence/relapse of disease. It has
helped treatment planning and medication, depending on the extent of staging
and interim response, which can help reduce the risk of treatment-related compli-
cations, including secondary malignancies. Beyond the diagnostic purview, DOTA
peptides and 1231-MIBG are also used for targeted radionuclide therapy planning
(177Lu-PRRT and 1311-MIBG) in solid tumors of neuroendocrine origin. The
recent introduction of PET/MRI has led to better delineation of the soft tissue,
marrow based and CNS lesions with significantly low radiation dose; however,
further clinical trials are required to establish and compare its role in different
pediatric malignancies.
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