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Abstract

Integrated 2-deoxy-2-[fluorine-18]fluoro-p-glucose (‘*F-FDG) positron emission tomography (PET)/magnetic resonance
(MR) imaging can provide “one stop” local tumor and whole-body staging in one session, thereby streamlining imaging
evaluations and avoiding duplicate anesthesia in young children. 'F-FDG PET/MR scans have the benefit of lower radia-
tion, superior soft tissue contrast, and increased patient convenience compared to '*F-FDG PET/computerized tomography
scans. This article reviews the 'F-FDG PET/MR imaging technique, reporting requirements, and imaging characteristics
of the most common pediatric bone tumors, including osteosarcoma, Ewing sarcoma, primary bone lymphoma, bone and

bone marrow metastases, and Langerhans cell histiocytosis.
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Introduction

Integrated MRI and '®F-FDG-PET provide efficient stag-
ing of children (ages 2—12 years of age) and adolescents
(ages 12-21 years of age) with malignant bone tumors by
evaluating the primary tumor and the whole body in one
session [1]. Although radiography is important for initial
evaluation, MR has become the mainstay for locoregional
staging and surgical planning of pediatric bone tumors. By
adding metabolic information, 8E_FDG-PET can be used for
detection of metastases throughout the body. The integra-
tion of MRI and '"*F-FDG-PET can streamline the staging
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examination by acquiring local and whole-body staging in
a single session.

BE_.FDG-PET/MR has similar diagnostic accuracy
compared to 'SF-FDG-PET/CT for lesion detection, with
overall highly correlative standardized uptake value (SUV)
measurements despite differences in attenuation correction
methods (albeit relatively decreased bone marrow SUV in
BE.FDG-PET/MR compared to '®F-FDG-PET/CT) [2-4].
Advantages of integrated '*F-FDG-PET/MR over '3F-FDG-
PET/CT include at least 73% reduced radiation exposure
for the patient, superior soft tissue contrast, and increased
patient convenience as patients undergo one imaging test and
one anesthesia (rather than two imaging tests and applica-
tions of anesthesia required for MRI and '*F-FDG-PET/CT)
[2]. This article summarizes important aspects of 'F-FDG-
PET/MR that a radiologist needs to know about malignant
bone tumors in pediatric patients including imaging tech-
niques, reporting requirements, and the typical imaging
appearance of common pediatric bone tumors. Important
imaging features will be emphasized including joint infil-
tration, tumor thrombus, lymph node metastases, and bone/
bone marrow metastases, which impact the patient’s prog-
nosis and help plan appropriate local and systemic therapy.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00256-022-04113-6&domain=pdf

316

Skeletal Radiology (2023) 52:315-328

Imaging technique

Appropriate staging of malignant bone tumors includes
a radiograph, a local MRI for evaluation of the primary
tumor extent (especially if a surgery or biopsy is planned),
and a head-to-toe scan to evaluate for multifocal disease or
metastases. Common protocol concepts for '*F-FDG-PET/
MR scans at our and other institutions includes acquisition
of whole-body PET scans with pediatric-tailored '*F-FDG
doses, a whole-body MRI scan and a local MRI scan in the
same session. However, MRI pulse sequence protocols and
parameters vary widely between different centers [5]. In
our experience, pediatric patients typically tolerate an exam
time of 1 h or less. We split the 1-h exam time between
30 min for a whole-body scan and 30 min for a local tumor
scan. We start with the 30-min whole-body scan to pro-
vide us with an overview of multifocal disease and give us
the ability to prescribe dedicated sequences to one or more
areas. Multiple injection protocols for integrated *F-FDG-
PET/MR have been proposed. Some investigators obtain
unenhanced MRI scans and fuse these with '*F-FDG-PET
scans. To enable strong vascular and tissue enhancement
throughout the entire scan, we either obtain a Gd-chelate
enhanced whole body MRI scan and fuse it with a sequen-
tial '®F-FDG-PET scan, similar to the approach for a con-
trast-enhanced PET/CT, or alternatively, we administer
iron oxide nanoparticles intravenously at 1-2 h before the
scan and then obtain truly simultaneous whole body MRI
and '8F-FDG-PET scans. Iron oxide nanoparticles have been
employed as a promising alternative to gadolinium-based

Fig. 1 Example of the
18F-FDG-PET/MR imaging
workflow

contrast agents given their biocompatibility and favorable
magnetic properties, in addition to their biodegradability
and nontoxic nature [6—8]. At our institution, iron oxide
nanoparticles helped us to address logistical and diagnos-
tic challenges, such as improving time-limited vessel and
tissue enhancement for integrated local and whole-body
scans and detecting bone marrow lesions in highly cellular
hematopoietic marrow of children and adolescents. Alterna-
tively, Gd chelates can be administered. In the setting of Gd-
chelate use, multiple contrast injection schemes have been
proposed: (1) whole-body '3F-FDG-PET, followed by a
contrast-enhanced whole body MRI scan, followed by local
scan in the delayed post-contrast phase, or (2) whole-body
8E-FDG-PET, followed by a contrast-enhanced whole-body
MRI scan and local scan with 50% dose injections for either
exam. At our institution, we inject IBE_FDG at a dose of 3
Mbg/kg at 45 min before start of the exam. This accounts
for an additional 15 min to place the patient in the PET/MR
scanner, so that PET scans start at 60 min after radiotracer
injection. An example of the '*F-FDG-PET MR imaging
workflow is provided in Fig. 1.

Whole-body staging

In order to co-localize '*F-FDG-PET and MRI data, multiple
strategies exist, whereby the '®F-FDG-PET data can be co-
localized with unenhanced, Gd-enhanced, or Fe-enhanced
whole-body MRI scans [9-11]. Additionally, depending on
the region of interest, some centers perform a local MRI
scan prior to or after the whole-body scan [11, 12]. In our
experience, we found axial, contrast-enhanced breath-hold
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gradient echo (GE) sequences with simultaneously acquired
I8F_FDG-PET data to be the most time efficient, which can
be acquired within 20-30 min [13]. Of note, we acquire non-
breathhold Dixon sequences for attenuation correction of
BE_.FDG-PET data and additional “high resolution” breath
hold GE sequences for anatomical co-registration of PET
data [14]. In the future, these can likely be combined into
one single sequence. We generate maximum intensity pro-
jections (MIP) of the '8F-FDG-PET data to provide an over-
view of the presence and location of metastases throughout
the body. We also generate coronal and/or sagittal recon-
structions of the fused '®F-FDG PET/MR scans.

We add a dedicated sequence with radial k-space filling
(PROPELLER technique: Periodically Rotated Overlapping
ParallEL Lines with Enhanced Reconstruction) or ultrashort TE
T2-weighted sequence of the chest to evaluate for pulmonary
nodules. These sequences can assess for pulmonary nodules with
higher accuracy compared to traditionally used T2-weighted fat-
saturated sequences [15]. To date, our patients still need an addi-
tional chest CT for the detection of pulmonary nodules.

Primary tumor imaging

Next, it is important to obtain one coronal or sagittal
T1-weighted non-fat-saturated fast spin echo sequence of
the entire bone that involves the primary tumor, from upper
to lower joint. This helps orthopedic surgeons measure the
distance of a bone resection from the upper or lower joint
surface and to plan for adequate positioning and length of
a prosthesis. We obtain non-fat-saturated T1-weighted MR
images before Gd-chelate injection, followed by fat-satu-
rated T1-weighted MR images after Gd-chelate injection.

Then, it is important to apply a small field of view for
a dedicated MR of the primary tumor with a surface coil,
which includes a fat-saturated T2-weighted sequence in two
planes (typically axial and coronal/sagittal), and a fat-satu-
rated contrast-enhanced T1-weighted fast spin echo sequence
in one or two planes, to delineate vascular/necrotic tumor
areas and the presence of tumor thrombus.

Radiology report

The radiology report of a bone tumor '8F-FDG-PET/MR
scan should include the typical imaging characteristics of
the primary tumor as listed in Table 1. The primary tumor
is measured in three dimensions. For osteosarcomas and
Ewing sarcomas, for example, the tumor volume is calcu-
lated according to a tumor-type specific formula, where the
3D measurement based on the tumor length in x-, y-, and
z-axis is multiplied by a factor F based on shape (F'=m/6 or
0.524 for spherical versus F=mn/4 or 0.785 for cylindrical
tumors) [16]. A sample radiology report for a '*F-FDG-PET/
MR scan is included in Table 2.

Metastases are reported with regard to their location and
number. On the '®F-FDG PET scan, up to five target lesions
are measured per patient, usually choosing the largest and
“hottest” lesions. A lymph node with a short-axis measure-
ment of less than 1 cm is typically defined as normal. In
children, however, lymph nodes at the mandibular angles
and in the inguinal regions can be slightly larger. Abnor-
mal lymph nodes in children have a diameter of more than
1.5 cm and demonstrate '®F-FDG-PET radiotracer signal
greater than that of liver as an internal reference standard.
If at all possible, we try to schedule the whole-body PET/
MR exam before the initial biopsy of the primary tumor.
After the biopsy, local lymph nodes are often positive on
the "*F-FDG-PET scan and can cause diagnostic difficulties.
Metastases in lymph nodes and visceral organs are meas-
ured in three dimensions, in order to define their largest
diameter.

It is important to describe the number, location, and size
of pulmonary nodules in detail, as these are often resected.
This includes careful description of pulmonary nodules
which involve the hila or the pleura as this might make a
lesion unresectable and can have implications on overall
prognosis. For bone marrow metastases, it is important to
describe if there is an extraosseous soft tissue component
(bone marrow lesions alone are usually not measured).

Table 1 Imaging characteristics
to include in radiology report

Primary tumor location (which bone, where in the bone, extraosseous soft tissue)

Primary tumor size in three dimensions

Cortical destruction
Pathological fracture

Joint involvement

Tumor infiltration of which extra-osseous compartments

Relation to neurovascular bundle (important: encasement can mean amputation)

Tumor thrombus

Skip lesions (focal lesion in same bone as the primary tumor)

Number, location, and size of metastases (different bone/tissue than primary tumor)

SUVmax of primary tumor and representative metastases

SUV mean of the liver and mediastinal blood pool (as a reference standard)
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Table 2 Sample radiology report

WHOLE-BODY F18-FDG PET-MRI: [Order Date]

CLINICAL HISTORY: [Patient Age, Patient Gender, history]
COMPARISON: [Date]
PROCEDURE COMMENTS:

Tracer information: [18F-FDG/Ga-68 Dotatate/18F-DOPA/11C-Methionine]

Measured (injected) dose: [Value] mCi

Injection site: [Right antecubital fossa/Left antecubital fossa/Right hand/Left hand/Right forearm/Left forearm/PICC line/Right wrist/Left
wrist/Porta-A-Cath/Hickman/Right lower extremity/Left lower extremity]

Anatomical region: [vertex to toes/anatomical regions]
IV contrast: [Gadavist/Eovist/Multihance/Feraheme], [Value] mL
Sedation: [None/Anesthesia]

Urinary Bladder Catheterization: [None/Bladder catheter present]

Scan technique: Following IV administration of the radiopharmaceutical, images were acquired after an initial uptake phase using a 3 T PET-
MRI scanner. Multiplanar, multisequence images of the total body were reviewed. For descriptive purposes, the maximum standard uptake
value (SUV max) of metabolically active tissues is reported in g/mL, unless stated otherwise. For the purposes of this study MRI slice location

are indicated on MRI series
Baseline measurements:
Mean mediastinal blood pool SUV =[Value] g/mL
Mean liver SUV =[Value] g/mL
FINDINGS:

-Index Lesions (SUVmax and three-dimensional measurements of the primary tumor and up to 5 additional lesions = 6 lesions total)

1) Lesion description, measuring: [CT measurement, SUV: PET SUV, MR image: MR Table Position], previously: [previous measurements if

available]

-Deauville Score (If applicable): [Score:1 (no uptake)/2 (uptake < =mediastinum)/3 (uptake > mediastinum < liver)/4 (uptake > liver)/5
(uptake > > liver or progressive disease)/X (uptake thought to be unrelated to lymphoma)]

-Ann Arbor Staging (if applicable): [Stage I/Stage II/Stage 11I/Stage 1V]

IMPRESSION:

All other lesions including any measurable lesions over
and above the 5 target lesions should be identified as non-
target lesions and recorded at baseline. Measurements of
these lesions are not required, but the presence, absence,
or in rare cases unequivocal progression of each should be
noted throughout follow-up. It is also important to describe
metastases that involve nerves or other critical structures,
which might require palliative radiation therapy.

For treatment monitoring, changes in size of the index
lesions are described per organ system. Please note that
Response Evaluation Criteria in Solid Tumors (RECIST)
criteria do not apply to bone tumors [17]. This is because
the soft tissue component typically shrinks in the axial plane
while the longest longitudinal tumor extend in the bone typi-
cally changes only slightly after treatment. Therefore, meas-
uring the longest tumor diameter in the bone only would
underestimate therapy response of a bone tumor. However,
soft tissue metastases are measured according to RECIST
criteria, i.e., changes in the largest diameter (unidimensional
measurement) of the metastases in the lungs and the short-
axis diameter of the largest lymph node in the case of malig-
nant lymph nodes (RECIST 1.1) [18].

@ Springer

The following sections will describe some of the most
common pediatric bone tumors and their '*F-FDG-PET/MR
imaging characteristics.

Osteosarcoma

Osteosarcoma is the most common pediatric bone can-
cer, with approximately 75% occurring in patients ages
15-25 years (peaking in adolescence) and affecting 3-5/
million males and 2—4/million females worldwide [19-21].
In 2021, the American Cancer Society estimated the inci-
dence of new cases of bone and joint cancer to be 3,610
cases across the USA [22]. Primary tumors in long bones
of the extremities have a relatively better prognosis than
tumors in the central skeleton [23]. The American Cancer
Society estimates the 5-year survival rate to be approxi-
mately 77% for localized disease, 27% in the presence of
distant metastasis'?, and 21% in case of local relapse [20].
Additionally, size of the primary tumor serves as another
prognostic factor and is calculated by measuring tumor
dimensions on MR images and using the formula for cal-
culation of volume (FXx AP X RL X SI =volume), where F is
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based on tumor shape (F'=mr/6 for ellipsoid tumors, n/4 for
cylindrical tumors, and /5 for all other tumor shapes) [24].
Tumor necrosis of > 90% after neoadjuvant chemotherapy is
considered a good therapy response with a higher survival
rate [20].

Osteosarcoma is a heterogenous disease with a wide
spectrum of pathologic presentations and behavior [20, 25].
According to the World Health Organization (WHO), there
are six subtypes, including high-grade central or conventional
(most common), low-grade central, parosteal, periosteal,
high-grade surface, and secondary [25, 26]. Conventional
osteosarcoma typically appears as a destructive intramedul-
lary mass in the metaphysis of long bones with new bone
formation and aggressive periosteal reaction, often associated
with hemorrhage and necrosis [21]. While soft tissue com-
ponents of osteosarcoma are I8E_FDG avid on PET scans,
T2-hypointense bone forming components often have low
BE_FDG avidity, leading to heterogenous appearance [20]. A
photopenic center has been associated with poor prognosis.
BE_FDG-PET can help distinguish between T2 signal associ-
ated with tumor tissue and peri-lesional edema. While tumor
will be '®F-FDG-PET avid, there should be no uptake associ-
ated with edema [27]. It is important to check for the pres-
ence of a tumor thrombus in adjacent veins, which has been
described in up to 40% of osteosarcoma patients and need
to be resected along with the tumor [28]. The three different
subtypes of high-grade central osteosarcoma—osteoblastic,
chondroblastic, and fibroblastic—can only be differentiated
based on histology. Typically, a tumor will show varying
degrees of each subtype with categorization based on the
predominant cell type [21].

Telangiectatic osteosarcoma is an uncommon variant of
high-grade osteosarcoma representing approximately 10%
of all tumors [29]. Telangiectatic osteosarcoma appears as
an aneurysmal lesion containing predominantly (90%) cystic
and hemorrhagic components, with heterogenous signal on
T1-weighted images and characteristic fluid—fluid levels on
T2-weighted MRI scans (Fig. 2a—d). Distinction of telan-
giectatic osteosarcoma from aneurysmal bone cysts can be
difficult. Nodular septal thickening and enhancement can
be indicative of malignant tumor components [30]. Telan-
giectatic osteosarcoma appears diffusely heterogenous on
8E_.FDG-PET, with hypermetabolic solid tumor areas and
photopenic necrosis/hemorrhage.

The most common surface osteosarcoma, the parosteal
subtype, represents approximately 5% of all osteosarcomas
[31, 32]. Parosteal osteosarcoma appears as a pedunculated
and lobulated ossific density originating from the cortex,
often with a cleavage plane separating the tumor and neigh-
boring normal cortex. Typically, these are low-grade lesions
arising most commonly from the metaphysis; however,
parosteal osteosarcoma can demonstrate invasion into the
medullary canal in both low- and high-grade cases, reaching

up to 50% in the latter [25]. The dense osteoid components
of parosteal osteosarcomas are T1- and T2-hypointense
while less mineralized components are T2-hyperintense.
Parosteal osteosarcoma appears as a broad-based hyper-
metabolic mass on PET with possible medullary invasion
but without periosteal new bone formation [33].

Periosteal osteosarcoma presents as a thickened scalloped
cortex extending into a broad-based soft tissue mass with
associated periosteal reaction [21]. These lesions typically
affect the diaphysis and have a higher grade of anaplasia
compared to parosteal osteosarcoma, but rarely invade the
medullary canal. On MR, these lesions demonstrate hetero-
geneous iso- to hyperintensity on T2-weighted images with
well-defined margins and possible calcified matrix which
appears hypointense on all sequences (Fig. 3a—e) [32]. On
E_FDG-PET, periosteal osteosarcoma appears as a broad-
based hypermetabolic soft tissue mass with cortical thicken-
ing, variable degree of periosteal reaction and rare medul-
lary invasion (Fig. 3a—e) [33].

The primary method of surgical resection for osteosar-
coma involves limb-preserving surgery with wide surgi-
cal margins whenever possible, with amputation indicated
in cases of neurovascular invasion or extensive soft tissue
involvement [34-37]. An important pre-operative imaging
consideration in limb-preserving surgery is the presence of
joint involvement by the tumor, which is the deciding factor
between intra- versus extra-articular surgical approaches.
The intra-articular approach is technically easier and has
better post-operative functional outcomes for patients com-
pared to the extra-articular approach. Joint extension in
osteosarcoma suggests the tumor has spread to extrafascial
spaces and is not restricted to anatomic barriers, necessitat-
ing extra-articular resection for local control.

A tumor thrombus can be seen in up to 40% of osteosar-
comas and is typically discovered at baseline examination
[38, 39]. Despite the high incidence of tumor thrombus in
osteosarcoma, detection of tumor thrombi on preoperative
imaging is often difficult given their small size [40, 41]. If the
tumor thrombus is "*F-FDG avid, then PET can be helpful to
detect it, with SUVmax values ranging between 7.9 and 20
for tumor thrombi versus no increased SUVmax compared to
mediastinal uptake for benign thrombi [42]. However, sub-
centimeter tumor thrombi often show low '®F-FDG uptake.
The presence of intravascular tumor extension portends a
poor prognosis, with average survival around 12—13 months
[38]. In our experience, BE_FDG-PET/MR allows for more
accurate assessment of the tumor thrombus burden and
involved vasculature compared to '*F-FDG-PET/CT due to
the increased soft tissue contrast provided by MRI.

Skip lesions are a second, smaller focus of sarcoma in
the same bone but anatomically distinct from the primary
sarcoma, rarely seen in osteosarcomas and Ewing sarco-
mas (Fig. 4a—e) [43, 44]. Skip lesions are not considered
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Fig.2 Telangiectatic osteo-
sarcoma of the left tibia in an
11-year-old male presenting
with left leg pain and mass. a
Lateral radiograph demonstrates
an expansile mixed lucent and
sclerotic lesion of the proximal
left tibial metaphysis extend-
ing into the diaphysis. There

is cortical destruction with
sunburst type periosteal reaction
and a partially calcified anterior
soft tissue mass. b Sagittal
T1-weighted MR image show-
ing a heterogeneously hypoin-
tense expansile tumor of the
proximal tibia with extensive
cortical destruction and aggres-
sive periosteal reaction. ¢ PET/
MR: Axial T1-weighted fat-
suppressed image fused with
3E_FDG scan demonstrating
heterogenous hypermetabolism
of soft tissue components of the
mass (SUV max 6.2). d Axial
T2-weighted fat-suppressed MR
image showing numerous fluid—
fluid levels throughout the mass

metastases, but they can be associated with poor outcomes,
with an average survival of 6 months to 2 years after diag-
nosis [45, 46]. Bone metastases, i.e., lesions in other bones,
are uncommon in osteosarcoma at baseline and are typically
late-term complications of advanced osteosarcoma [47].
The accuracy of detecting skip lesions and bone metasta-
ses, found in up to 25% of cases, was higher with '*F-FDG-
PET than conventional imaging (95.2% versus 66.7%) [43].
MRI alone had an accuracy of 85.7% in young patients [48].
BE_FDG-PET was advantageous for the detection of lesions
with a diameter of more than 1 cm in small bones, such as
ribs and calvarium. MRI could better detect sub-centimeter
lesions. Therefore, the two techniques have different blind
spots and their combination leads to higher diagnostic accu-
racy than either technique alone [5]. "*F-FDG-PET also adds

@ Springer

value in detecting lymph node and visceral organ metastasis
[20, 48].
The most common sites of metastasis for osteosarcoma

include the lungs, bones, and rarely lymph nodes. To date,
BE_.FDG-PET/MR can detect pulmonary nodules with a size
down to 5 mm [41]. Further technical optimizations may
enable detection of pulmonary nodules with a diameter of
3-5 mm. Lesions between 1 and 2 mm do not usually have
therapeutic consequences.

Treatment for osteosarcoma includes induction chemo-
therapy followed by radical tumor resection. The patient
only survives if the tumor can be completely excised with
clear margins, including the biopsy tracts from the initial
diagnosis. Following chemotherapy, osteosarcomas often
only show a minor decline in tumor size. The gold standard
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Fig.3 Intermediate grade periosteal chondroblastic osteosarcoma
of the left tibia in a 13-year-old female presenting with left lower
extremity pain. a Lateral radiograph and b sagittal CT image of the
left tibia/fibula showing a cortical based lesion involving the ante-
rior proximal tibial diaphysis with aggressive periosteal bone for-
mation and scalloping of the underlying cortex. ¢ PET/MR sagittal
T1-weighted fused image demonstrating a broad based, hypermeta-

of response to chemotherapy is a histopathological diagnosis
of 90% necrosis after tumor resection, which corresponds
to good treatment response and was associated with bet-
ter event-free survival and overall survival in osteosarcoma

bolic soft tissue mass along the anterior proximal diaphysis of the
left tibia (SUV max 12.6) with thickening of the underlying anterior
cortex. d Sagittal T1-weighted fat-suppressed post contrast MR image
and e axial PD-weighted fat-suppressed MR image showing heter-
ogenous enhancement/hyperintensity of the anterior soft tissue com-
ponent with small amount of medullary involvement posterior to the
mass

patients by investigators at Memorial Sloan-Kettering Can-
cer Center [49-51]. Though histologic evaluation is still the
gold standard, studies have shown that a decline in tumor

SUV,..« and metabolic rate of glucose consumption after
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Fig.4 Ewing sarcoma of the left fibula in a 10-year-old female
patient presenting with a 3—4-month history of left foot drop, left
lower extremity pain and paresthesias, and a large nontender mass
in her left lower leg. a Coronal whole-body T2-weighted MR, b
PET/MR: coronal T2-weighted MRI fused with BE_FDG PET, and
¢ PET/MR: axial T1-weighted fat-suppressed postcontrast images.
The '8F-FDG PET/MRI scan shows a heterogenous T2-hyperin-

induction chemotherapy correlate well with tumor grade and
predicted treatment response [20]. A post therapy SUV ..
of 5 was associated with poor response to therapy while a
SUV ..« below 2.5 predicted a good response [52].

Finally, both '8F-FDG-PET and MRI have been shown to
accurately diagnose local recurrence with reported sensitivity of
88.2% for MRI and 73.7% for PET [20]. However, '"*F-FDG-PET
can be helpful in distinguishing "*F-FDG avid recurrence from

@ Springer

tense mass arising from the left proximal fibular diaphysis that
demonstrates signiﬁcant.lSF—FDG PET avidity (SUV max 5.6)
and contrast enhancement on Gd-chelate enhanced TI1-weighted
MRI scans. d Sagittal T1-weighted MRI scan and e contrast-
enhanced T1-weighted fat-suppressed MR image of the distal fibula
showing discrete T1 hypointense lesions that enhance on postcontrast
images, consistent with multiple intramedullary skip lesions

post-treatment fibrosis and in detecting recurrent tumor along
metal prostheses which cause confounding artifacts on MRI.

Ewing sarcoma

Ewing sarcomas were reclassified in the 2020 WHO as part
of the family of “Undifferentiated Small Round Cell Sar-
comas of Bone and Soft Tissue” and are characterized by
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EWSRI-ETS gene translocations [53-55]. Ewing sarcomas
of the bones represent the second most common bone tumor
in children [54]. Ewing sarcomas are aggressive cancers that
typically arise from the bone marrow in the diaphysis of
long bones in young children or from the bone marrow of
the central skeleton in older children. Five-year overall sur-
vival rates for patients with localized disease are ~70-80%
[54]. However, nearly a quarter of all patients present with
treatment-resistant metastases at time of diagnosis and have
5-year survival rates of <30% [54, 56]. It is therefore very
important for the radiologist to differentiate localized and
metastasized tumors.

Extraskeletal and lower extremity Ewing sarcomas are
associated with a better prognosis than tumors in the central
skeleton [57]. In addition, a pathologic fracture at diagnosis,
an age > 13 years, and a tumor length > 8 cm or a tumor vol-
ume > 200 ml are associated with a worse prognosis.

Ewing sarcomas present as T1-hypointense, T2-hyperin-
tense, often heterogenous, contrast enhancing bone tumors
that infiltrate into the surrounding soft tissues (Fig. Sa—d).
A comprehensive MRI exam includes one T1-SE sequence
that covers the entire affected bone from joint to joint, fol-
lowed by a small-FOV local scan to evaluate anatomical
details. The primary tumor is measured in three dimen-
sions and the tumor volume is calculated according to
the formula for a prolate ellipsoid: volume in mm?®=n/6 -
(d1-d2-d3) = (AP X transverse X longitudinal) X 0.5. These

Fig.5 Left scapula Ewing sar-
coma in a 15-year-old male pre-
senting with left scapular mass.

,‘_.s.y‘
a PET/MR whole-body coronal L A
MIP and b PET/MR whole-body :
coronal ~ Tl-weighted  fat-sup- :
pressed fused images showing an e
intensely '8F-FDG-avid mass cen- A

tered in the left scapula (SUV max
7.1) with central necrosis. Note that
we scanned the patients’ head in the
supine position and then scanned '
the whole body in the prone posi-
tion due to pain in the left scapula. ¢
Prone axial T2-weighted fat-sup-
pressed MR image showing a lobu-
lated, inhomogenous, mostly hyper-
intense mass in the left scapula with
large associated soft tissue compo-
nent and surrounding edema in the
supraspinatus, infraspinatus, and
subscapularis muscles. d Sagittal
T1-weighted fat-saturated postcon-
trast MR image of the left scapula
showing contrast-enhancement of
the mass and infiltration of the sur-
rounding rotator cuff musculature

1 1707

tumors demonstrate restricted diffusion on MRI and are
hypermetabolic on '3F-FDG-PET/MRI scans, with the
degree of 'F-FDG uptake correlating with tumor stage and
patient survival [58]. In a heterogenous tumor, '*F-FDG-
PET can help guide biopsy region of the highest metabolic
activity [59]. A pre-therapy SUV threshold of approximately
12 or higher has correlated to poor therapy response in pre-
vious studies [60, 61].

In patients with Ewing sarcomas, '®F-FDG-PET is used
for detection of metastases and integrated '*F-FDG-PET/
MR can provide efficient local and whole-body staging in
one session [62]. '®F-FDG-PET is considered more sensitive
than conventional bone scintigraphy for detecting osseous
lesions (88% for '*F-FDG-PET versus 37% for bone scintig-
raphy) [63]. Ewing sarcomas can have a specific affinity for
the pancreas and, therefore, the pancreas should always be
carefully evaluated for metastases. '*F-FDG-PET can detect
disease progression earlier than relying on CT or MRI alone
[59, 64].

Conventional therapy for Ewing sarcoma includes initial
chemotherapy followed by radiation and/or surgery. Adju-
vant chemotherapy is also included to reduce the risk of
recurrence. On MRI, chemotherapy response is measured
based on three-dimensional measurements of the primary
tumor and up to five index metastases with a diameter of
more than 1 cm. Most Ewing sarcomas demonstrate signifi-
cant decrease in size and increased ADC values in response
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to chemotherapy, likely due to increased proton diffusion
related to decreased tumor bulk [65]. '®F-FDG-PET can
add information: reduced '"®F-FDG uptake of greater than
30% after chemotherapy is a strong indicator of treatment
response [66]. A difference in pre- and post-treatment SUVs
of 0.5 or less correlated to poor therapy response [67].

Bone lymphoma

Bone lymphoma can rarely occur due to secondary involve-
ment of the bone marrow in patients with classical Hodgkin
lymphoma or non-Hodgkin lymphoma. Primary bone lym-
phomas, which are defined as single or multiple osseous
lesions without associated nodal or visceral involvement, are
rare, representing < 2% of lymphomas in adults and 3-7% of
all primary bone tumors [68]. The major subtypes are dif-
fuse large B cell lymphoma and lymphoblastic lymphoma.
The 5-year survival rate is > 80% [69]. Bone lymphomas
present as T1-hypointense bone marrow lesions with mark-
edly restricted diffusion [65]. The T2-signal is often lower
compared to other malignant tumors, such as sarcomas [70].
The cortex of the bone is typically intact and shows no or
minimal signs of destruction because the tumor spreads
through the Haversian canals. '®F-FDG-PET has up to a
100% positive predictive value in diagnosing active disease
and can help assess for extraskeletal lesions which would
exclude the diagnosis of primary bone lymphoma [71, 72].

Patients with lymphoma of the bone are treated with chemo-
therapy and often show impressive response on interim scans,
classified according to the Lugano criteria [73]. The *F-FDG
tumor signal is expected to be below that of mediastinal blood
pool on interim scans and below that of the liver on end-of-ther-
apy scans.

Bone and bone marrow metastases

The most common primary tumors for bone and bone mar-
row metastases in children are neuroblastoma, soft tissue
sarcomas, and osseous sarcomas [74]. These malignancies
all metastasize hematogenously and therefore favor the
highly vascular red marrow. Often, 131I-meta-iodo benzyl-
guanine (1311-MIBG) is the conventional imaging modal-
ity for evaluating neuroblastoma, as it shows a sensitivity
of about 90% and a specificity of nearly 100% for imaging
neuroblastoma [75]. However, '*F-FDG-PET can add infor-
mation in the case of 1311-MIBG non-avid tumors, as FDG
may accumulate in the <20% of neuroblastomas that do not
concentrate radioactive tracers particular to the sympathetic
nervous system and FDG uptake does not depend on type 1
catecholamine uptake [76, 77]. Since MRI is used for local
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staging of neuroblastoma, adding '"*F-FDG-PET can provide
“one stop” local and whole-body staging, thereby decreasing
radiation exposure and duplicate anesthesia [12]. An inter-
esting evolution are 131I-MIBG-equivalent PET tracers,
such as 18F-meta-fluorobenzylguanidine.

Langerhans cell histiocytosis

Langerhans cell histiocytosis (LCH) is due to a proliferation
of mononuclear cells, or histiocytes, that typically manifest
in young children and can be associated with BRAF V600E
mutation [78]. LCH can manifest in a single or multiple sys-
tems including the bone marrow/bone, lymph nodes, skin,
visceral organs, and brain—especially the pituitary gland
with clinical signs of diabetes insipidus [79].
8E_.FDG-PET/CT has been shown to be superior to the
conventional imaging methods (including bone surveys, MR,
CT, or bone scans) for identifying active lesions, treatment
response, and identifying disease stage [80]. Since patients with
multifocal LCH typically are very young and need multiple
follow-up studies, replacing CT with MR for co-registration of
BE_FDG-PET data can substantially reduce their cumulative
radiation exposure [12]. In the proliferation phase, LCH lesions
appear T2-hyperintense and demonstrate restricted diffusion,
positive MR contrast enhancement, and marked '*F-FDG
uptake (Fig. 6a—d) [5, 81]. A successfully treated LCH lesions
appears T2-iso- or hypointense and demonstrates no or minimal
restricted diffusion, less MR contrast enhancement, decreased
signal intensity on STIR, and less '*F-FDG uptake [82, 83].

Summary

In summary, the use of '®)F-FDG-PET/MRI has many
utilities in diagnosing and evaluating bone tumors, both
primary and metastatic. The combination of functional
F_FDG-PET imaging with the lack of non-ionizing radia-
tion of MRI is ideal in a pediatric population that likely
requires frequent scanning. The use of MRI also affords
stronger evaluation of soft tissues compared to CT.

There are, however, limitations associated with '*F-FDG-PET/
MRI. The acquisition of a whole-body scan and a local tumor
scan in one session is time-consuming, even when streamlined
protocols are applied. New technical developments are needed
that substantially accelerate image acquisition times. Additionally,
evaluation of the lungs, which is frequently required with bone
tumors, requires the addition of chest CT in addition to '*F-FDG-
PET/MRI. Finally, there are disease processes that can lead to
false positives such as osteomyelitis and trauma, although the
experienced radiologist can differentiate most benign and malig-
nant lesions in children based on characteristic imaging findings.
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Fig.6 Langerhans cell histiocytosis of the left scapula discovered
on a skeletal survey in a 2-year-old male presenting with right facial
nerve palsy and a mass on the right forehead. a Frontal radiograph
of the left scapula showing an expansile, lytic lesion involving the
acromion, glenoid, and scapular body with a normal left humerus.

Future outlook

In the future, improved sequences of the lungs may likely
eliminate the need for an additional chest CT, which still
remains a necessity given the limited resolution of '3F-FDG-
PET/MRI for evaluation of lung nodules. In addition, the
development of new radiotracers can further expand the use
of '8F-FDG-PET/MRI. Some potential pediatric radiotracers

b "8F-FDG PET/MR whole-body coronal MIP, ¢ PET/MR: coronal
T2-weighted MRI scan fused with I8F_FDG PET scan, and d axial
T2-weighted fat-suppressed MR images showing a highly '®F-FDG-
avid (SUV max 15.8), T2 hypointense lesion involving the left scapu-
lar acromion and body

in development include [11C]-(R)-(2-chlorophenyl)-N-me-
thyl-N-(1-methylpropyl)-3-isoquinoline-carboxamide [(11)
C-(R)-PK11195] to image activated macrophages and 6-(3-
(I18F)fluoropropyl)-3-(2-(azepan-1)ethyl)benzo(d)thiazol-2
(18F-FTC-146) to image sigma 1 receptors as early mark-
ers of pain. Amino acid radiotracers such as 18F-meta-
fluorobenzylguanidine and 18F-DOPA are new radiotracers
being used off label to evaluate neuroendocrine malignancies
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and brain tumors. Similarly, 68 Ga-DOTATATE has been
increasingly used off label for imaging neuroendocrine
tumors in the pediatric population.

Key points

1. Integrated '®F-FDG-PET/MRI is valuable for imaging bone
lesions in the pediatric population, assessing the primary
tumor and whole-body metastases in a single session.

2. Important reporting considerations for radiologists reading
8E_FDG-PET/MRI scans include describing tumor size,
presence or absence of metastatic disease and location of
metastases, and changes in size of index lesions for treat-
ment monitoring.

3. Soft tissue components of conventional osteosar-
coma are often T2-hyperintense and 18F-FDG avid
on PET while the bone forming components are often
T2-hypointense and have low 18F-FDG avidity. Descrip-
tions of the extent of intra- and extra-osseous soft tissue,
neurovascular bundle involvement, presence of intra-
articular extension and tumor thrombus are important
as these can have implications on treatment planning.

4. In Ewing sarcoma, '®F-FDG-PET/MRI can help guide
biopsy planning towards tumor areas that exhibit the
highest metabolic activity. '*F-FDG PET/MRI can help
gauge tumor chemotherapy response based on reduced
BE_FDG uptake of greater than 30%.

Highlights

— Integrated 'F-FDG-PET/MRI in the pediatric population
provides simultaneous primary tumor evaluation and staging
without ionizing radiation, making it a valuable alternative
to traditional multistep '®F-FDG-PET/CT and local MRI.

— The imaging technique we use at our institution involves
a 60-min exam, which includes a whole-body and local
tumor scan. '®F-FDG-PET scans can be fused with
sequentially acquired Gd-chelate enhanced MRI scans or
with simultaneously acquired MRI scans at 1-2 h after
intravenous administration of iron oxide nanoparticles.

— Radiology reports for '*F-FDG-PET/MRI scans should
include primary tumor location and three-dimensional
tumor size, as well as presence or absence of vascular
involvement, tumor thrombus, joint involvement, patho-
logic fracture, and metastatic disease.
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