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he introduction of PET/CT 25
I years ago revolutionized onco-
logic imaging; the modality has
subsequently found wide acceptance
and use in pediatric oncologic imaging.
BF-FDG PET/CT has shown greater
sensitivity and specificity than all col-
lective standard staging investigations
in a number of pediatric cancers, includ-
ing lymphoma, sarcomas, and head and
neck cancers.! More importantly, PET/
CT exams have been shown to impact
disease staging and patient manage-
ment. When compared to conventional
imaging modalities, PET/CT changed
the staging of 61% of children with
lymphoma, Ewing’s sarcoma, primi-
tive neuroectodermal tumor and me-
dulloblastoma.? In another cohort of
pediatric oncologic patients (including
those with lymphoma, sarcoma, central
nervous system tumor and plexiform
neurofibroma), PET/CT exams altered
management in 24% of children.?
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In 2011, oncologic imaging took
another step forward when two ver-
sions of combination PET/MR imaging
(PET/MRI) were approved for use in
the United States. The first, which took
what is known as the “sequential ap-
proach,” placed a PET scanner and MRI
scanner in tandem in the same room,
with a rotatable bed that enabled the pa-
tient to be transferred from one gantry
to the other.

The second “integrated approach,”
which is technically more challeng-
ing, placed the PET detector ring within
the MRI itself, allowing for simultane-
ous acquisition of PET and MR images.
Sequential and integrated PET/MRI
scanners both perform MR attenuation
correction of the PET images and offer
lower radiation exposure, the potential
for fewer sedation events, and greater
convenience for pediatric patients who
might otherwise be required to undergo
separate PET/CT and MRI exams.* Co-
registering PET and MR images during
a simultaneous acquisition is also more
accurate than retrospective fusion from
separate PET and MRI exams for ab-
dominal organs and more accurate than
PET/CT in the urinary bladder.’ Finally,
combining MRI with PET offers inher-

ently improved soft-tissue contrast and
bone marrow characterization, and pro-
vides functional and molecular informa-
tion not obtainable with CT or PET/CT.®
There are, however, limitations and
concerns with the practical implemen-
tation of PET/MRI, particularly in chil-
dren. A PET/MRI exam may take much
longer than PET/CT, depending on the
protocol, and it may be challenging for
young patients to lie still or they may
require sedation that may not be needed
for PET/CT.” Although PET/MRI has
shown potential utility in oncology,
there remains no “killer” application to
help justify its purchase by other than
large academic centers. PET/MRI is
also challenging from a workflow and
staffing standpoint, involving issues of
MRI and radiation safety, handling and
disposal of radioactive materials, image
acquisition, and fusion of data sets,
which are likely foreign to convention-
ally trained nuclear medicine and MRI
technologists. In contrast, PET/CT is a
less complicated exam that has proven
high sensitivity and specificity in many
applications.® Finally, future hardware
and software advances such as iterative
reconstruction, CT dose modulation al-
gorithms, and new PET detectors may
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FIGURE 1. Comparison of imaging workflows between whole body 18FDG PET/CT,
sequential PET/MRI, and integrated PET/MRI.

FIGURE 2. An 18-year-old male with treated B-cell lymphoma and transfusion-related hemo-
siderosis. (A) Coronal MRI T1-weighted sequence with large amount of low signal from iron
deposition throughout the liver, spleen, kidneys, and bone marrow, evidenced by similar T1
signal relative to the lungs. (B) Fusion of the MRAC and MR attenuation map demonstrates
that the tissue segmentation algorithm for MRAC considered the upper portion of the liver as
lung tissue (arrow) and spleen as air (arrow). (C) Coronal attenuated-corrected PET shows
photopenia in these regions secondary to incorrect tissue attenuation (arrows).

mitigate much of the radiation reduction
benefit of PET/MRI. 7% 10

MR Attenuation correction

Attenuation correction algorithms,
which have been refined over three de-
cades for PET/CT imaging, are less
robust and more complicated in PET/
MRI. In PET/MRI, the attenuation
map is most commonly derived by a
three- or four-segmentation method (se-
quential vs integrated PET/MRI scan-
ners, respectively), using a dedicated
T1-weighted sequence, followed by an
automated technique where the outer
contours of the body are identified.'"!?
The total segments assigned attenua-
tion values are 1) air, 2) lungs, 3) fat and
4) all other tissues. Despite this more
general method of tissue distinction,
a recent study found that PET images
derived from magnetic resonance at-
tenuation correction (MRAC) produce
diagnostic image quality similar to that
derived from CT attenuation correction
(CTAQC) in a pediatric population, albeit
with artifacts slightly more common on
PET/MRI. !* While standardized uptake
values in normal and abnormal tissues
of children based on CTAC correlate
well with those derived from MRAC,
PET/MRI systematically under-mea-
sures SUV uptake compared with PET/
CT. 14-16

Examination protocols

The contrasting technical approaches
of sequential and integrated PET/MRI
scanners have led to different imaging
protocols. The sequential approach min-
imizes interference between the MRI
magnetic fields and the PET component,
while the simultaneous approach offers
the potential benefit of a shorter acquisi-
tion time through parallel imaging. '7 A
comparison of imaging workflows be-
tween whole body '8FDG PET/CT, se-
quential PET/MRI and integrated PET/
MRI is shown in Figure 1. The sequen-
tial protocol attempts to compensate
for a potentially longer imaging time
relative to the integrated scanner by per-
forming some MR sequences early after
FDG injection. The Dixon sequence is
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phoma patient. (A) Fused PET/MRI and (B) fused PET/CT images with similar pattern of
lesion detection. (C) Noncontrast mDixon MR sequence and (D) low-dose noncontrast CT
demonstrate the superior tissue characterization of the MRI for the mediastinal vasculature
and adenopathy relative to the noncontrast CT.

performed to improve anatomic local-
ization of PET radiotracer uptake over
that possible with the MRAC sequence.
Note that if additional dedicated MR
images are not required, a whole body
PET/MRI scan may not take longer than
a conventional PET/CT scan. However,
the only benefit of PET/MR over PET/
CT in that scenario is radiation reduc-
tion from the CT component of PET/
CT. It can be argued that, to fully reap
the benefit of PET/MRI, the MRI com-
ponent should be used to perform full
anatomic exams during the same imag-
ing session as the PET exam.

Pitfalls in interpretation

Inherent limitations of MR-based at-
tenuation correction can degrade PET/
MRI data. Differences between CTAC
and MRAC algorithms may limit com-
parison of individual lesion metabo-
lism from PET/CT to PET/MRI (and
vice versa) obtained at various stages
of treatment. Significant errors can be
associated with MRI susceptibility ar-
tifact in patients with metal implants or
hemosiderosis (Figure 2). Errors in lung
segmentation are also not infrequent
with PET/MRI and can result in signifi-
cant errors in SUV estimation. 416

Lymphoma

Lymphoma staging and disease mon-
itoring are among the most common in-
dications for PET imaging in pediatric
oncology.' Initial studies in adult popu-
lations comparing the diagnostic perfor-
mance of PET/CT and PET/MRI have
established PET/MRI as an alternative
modality in the initial staging of lym-
phoma. 820 Thus far, only two series
have been published comparing PET/
MRI with PET/CT in a pediatric lym-
phoma population.'>?! Neither study
reported a significant difference in di-
agnostic performance; however, both
studies had small patient populations
(40 and 9 paired exams, respectively),
thereby limiting their statistical power.

PET/MRI findings are a combination
of features from the standalone modali-
ties. Nodal involvement is typified by
enlarged rounded lymph nodes, which
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FIGURE 4. An 11-year-old male patient with recurrent medulloblastoma. (A) Coronal postcon-
trast T1 FS MR images of known medulloblastoma demonstrate cystic change and only partial
enhancement. (B) 18FDG PET/MRI scan shows metabolically active areas within the mass
(arrow) which were subsequently targeted for palliative laser ablation therapy.

FIGURE 5. 15-year old male with Ewing’s sarcoma. (A) Axial postcontrast T1 FS MRI from
standalone dedicated MRI demonstrates large enhancing infiltrative mass with soft-tissue
component in the left iliac wing. Dixon sequence (B) and diffusion-weighted imaging (C) dem-
onstrates the mass, which correspond well with the findings on the fused PET/MRI scan (D).

lack a fatty hilum and demonstrate dif-
fusion restriction. Central necrosis is un-
usual compared with other malignancies.
Extranodal disease is often hypointense
to surrounding parenchyma on TI1-
weighted sequences and slightly hyper-
intense on T2-weighted imaging. Most
lymphomas demonstrate high FDG up-
take (Figure 3).

Brain tumors
Central nervous system (CNS) tumors
are the most common solid tumors in

children.! Although '"8FDG-PET imag-
ing is not routinely performed in pedi-
atric brain tumors, it can have a role to
play, particularly in high-grade tumors.
BFDG-PET can be used to improve the
diagnostic yield of stereotactic biopsies,
to help guide the surgeon in achieving
total resection, and to increase detection
of residual/ recurrent tumor.?? Interpre-
tation of '"8FDG-PET is especially chal-
lenging in low-grade tumors, in which
BFDG-uptake may be similar to that of
normal white matter.!?* False-negative

results have been shown in adults in
cases of chronic inflammation and for-
eign body granulomata.?* As MR1 is in-
herently superior to CT in the anatomic
evaluation of brain parenchyma, 'SFDG
PET/MRI has an advantage over 'SFDG
PET/CT, with the potential to accurately
characterize CNS anatomy in a single
imaging session, thereby preventing the
need for a separate MRI exam and sub-
sequent image fusion (Figure 4).

Amino acid PET radiotracers, such
as ''C-methionine, '8F-fluoroethyltyro-
sine, and '8F-fluoro-1-dihydroxy-phe-
nylalanine (F-DOPA), evaluate local
protein metabolism and can be very
useful in pediatric brain tumors, as they
have a high tumor-to-normal brain tis-
sue contrast. 2> Fused '8F-DOPA PET
and conventional MRI was found to
provide a diagnostic or therapeutic con-
tribution in 69% of patients when eval-
uated in a small cohort of children with
infiltrative astrocytoma.?® However,
these PET radiotracers are not approved
for clinical use in the United States,
and the availability of ''C-methionine
is further limited to centers with an in-
house cyclotron due to its short half-life
(20 minutes).

Histiocytosis

Pediatric histiocytic disorders en-
compass a diverse group of rare syn-
dromes caused by the proliferation of
white blood cells called histiocytes.
The most common histiocytic disorder,
Langerhan’s cell histiocytosis (LCH)
involves the clonal proliferation of acti-
vated dendritic cells and macrophages.
Traditionally, it has been divided into
three groups: unifocal eosinophilic
granuloma, single-system multifocal,
and multifocal multisystem disease.
Prognosis is determined by the involve-
ment of at-risk organs and response
to treatment, and clinical course var-
ies from self-limited to progressive
and even fatal.?’ Skeletal surveys,
nuclear medicine bone scans, CT and
MRI have been the traditional imaging
methods for evaluation of LCH organ
involvement. In recent years a grow-
ing body of literature is supporting the
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superiority of PET/CT compared with
conventional imaging.?8-3° Data from
our institution demonstrated PET/MRI
to be a feasible alternative to PET/CT,
detecting 96% of active disease seen
on PET/CT while maintaining strongly
correlated quantitative information and
similar image quality.?' Another study
that compared 'SFDG-PET scans with
MRIs separately and side-by-side found
FDG-PET to be superior for lesion sur-
veillance because of a lower number
of post-chemotherapy, false-positive
findings. Perilesional edema on T2-
weighted MRI sequences and contrast
enhancement are hallmarks of lesional
activity, which also demonstrate high
FDG uptake on 'SFDG-PET.*? The po-
tential utility of simultaneous whole-
body PET/MRI as the primary imaging
modality for the evaluation of pediatric
histiocytosis requires development of
protocols that capture the metabolic in-
formation of FDG with the soft tissue
characterization of MRI to accurately
detect and characterize lesions.

Primary bone and soft-tissue tumors

There are no published studies spe-
cifically evaluating the utility of PET/
MRI in osteosarcoma and Ewing’s
sarcoma. Available pediatric studies
evaluating '*FDG PET/CT have shown
the potential utility of PET/CT imaging
in osteosarcoma and Ewing’s sarcoma,
and PET imaging may play an increas-
ing role in initial staging and surveil-
lance.33-3¢ The utility of PET/CT in
pediatric soft-tissue sarcomas is even
less clear, and because of the rarity of
these tumors, there is a paucity of in-
formation available. A 12-year review
of 46 8FDG-PET scans obtained in 25
patients revealed that sensitivity and
specificity for lesion detection was 86%
and 80%, respectively.’’

In theory, PET/MRI offers advan-
tages over PET/CT in the evaluation
of primary bone and soft tissue tumors
because of inherently higher soft-tissue
contrast and superior marrow evalua-
tion. Classification of cortical bone le-
sions is a potential concern because of
the limitations of MRAC. However, a

large adult study demonstrated no sig-
nificant difference in the correct clas-
sification of 98 malignant bone lesions
with PET/MRI compared to PET/CT.?®
PET/MRI findings are a combination
of features from the standalone modali-
ties and the appearance of the primary
tumor varies depending on the underly-
ing histology. Metastatic disease is typi-
fied by focal low T1 signal, edema-like
signal on T2-weighted imaging, and
heterogeneous contrast enhancement.
Most bone and soft-tissue tumors dem-
onstrate high FDG uptake (Figure 5).

Neuroblastoma and
neuroendocrine tumors

Neuroblastic tumors are the most
common pediatric extracranial solid
tumors.* While MIBG scintigraphy
is well established in the diagnosis and
surveillance of neuroblastoma, the role
of FDG-PET in neuroblastoma is less
well established.**4!- 8 FDG-PET has
been shown to be superior for demon-
strating soft-tissue lesions and staging
International Neuroblastoma Staging
System (INSS) Stage 1 and 2 tumors.
Furthermore, approximately 10% of
neuroblastomas are MIBG-negative,
and FDG-PET is often employed in
this cohort to help define the distribu-
tion of neuroblastoma.*' Novel PET
radiotracers such as 'SF-DOPA have
demonstrated promising results in a
small number of studies, with higher
overall accuracy than MIBG scintig-
raphy, conventional CT and MRI for
initial staging, and good agreement be-
tween 8F-DOPA-PET/CT and MIBG
scans in patients with relapse. 424

A large study comparing the accu-
racies of CT, MR imaging, and bone
scintigraphy found that MRI alone and
bone scan alone demonstrated similar
sensitivities for skeletal metastases.*
Moreover, diffusion-weighted imaging
is useful in assessing neuroblastoma,
particularly in evaluating response to
treatment. ° Although no studies to date
have evaluated PET/MRI in neuroblas-
toma, the combination of PET imaging,
particularly using newer agents such as
BF-DOPA, with the inherent strengths of

MR, intuitively seems to hold consider-
able potential for disease evaluation.

Conclusion

PET/MRI remains a novel modal-
ity for the evaluation of pediatric ma-
lignancies. Optimal management of
tumors in children requires tests that are
accurate for disease detection, lesion
characterization, and disease surveil-
lance. Minimizing exposure to ioniz-
ing radiation is particularly important
in children, especially considering how
frequently they are reimaged in pediat-
ric oncology. Technological advance-
ments aim to create integrated imaging
that can yield a comprehensive diag-
nosis during a single patient encounter.
While PET/CT is a sensitive and spe-
cific modality for the evaluation of
pediatric malignancies, PET/MRI has
been attracting attention due to MRI’s
superior tissue characterization prop-
erties relative to CT, and because of
concern regarding cumulative ionizing
radiation exposure. Further studies are
needed to establish the diagnostic accu-
racies and clinical impact of PET/MRI
for specific diagnoses.
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