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Medical imaging with multimodality and whole-body technologies

has continuously improved in recent years. The advent of combined
modalities such as PET/CT and PET/MR offers new tools with an

exact fusion of molecular imaging and high-resolution anatomic

imaging. For noninvasive pediatric diagnostics, molecular imaging

and whole-body MR have become important, especially in pediatric
oncology. Because it has a lower radiation exposure than PET/CT,

combined PET/MR is expected to be of special use in pediatric

diagnostics. This review focuses on possible pediatric applications
of PET/MR hybrid imaging, particularly pediatric oncology and

neurology but also the diagnosis of infectious or inflammatory

diseases.
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Imaging plays a key role in the detection, staging, and moni-
toring of diseases. Nuclear medicine imaging methods such as
PET allow the localization and visualization of functional pro-
cesses with small amounts of radiopharmaceuticals, whereas ra-
diologic imaging methods such as ultrasound, CT, and MR pro-
vide detailed anatomic information.
The aim of combining functional PET imaging with MR

imaging, yielding high soft-tissue contrast, is to improve image
fusion and anatomic resolution. However, hybrid imaging is also
expected to lead to deeper insights into the dynamics and character-
istics of tumoral or inflammatory processes (1–3). Thus, PET/MR
will provide new perspectives for noninvasive imaging in clinical
management and research (4). Several studies have already proved
the feasibility of PET/MR in a clinical setting, with high image
quality in an acceptable examination time and no loss of informa-
tion, compared with the results of conventional PET/CT (4–6).
Because ALARA (as low as reasonably achievable) principles

should be considered for all imaging studies, one of the most
important reasons for establishing PET/MR in pediatric patients is
that PET/MR has a lower radiation burden than PET/CT (1,7,8).
This fact may be especially significant for pediatric cancer

patients, who may need to undergo repeated diagnostic imaging
sessions. An advantage of whole-body imaging—and therefore
also of combined PET/MR—in pediatric patients is the reduction
of multiple regional examinations, which may result in a more
rapid initiation of treatment. In addition, repeated sedation or
anesthesia of pediatric patients may be required less frequently.
Disadvantages of whole-body MR are the limited spatial resolu-
tion of the images, compared with that of a dedicated local in-
vestigation, and the smaller number of diagnostic sequences (9).
The imaging protocols for PET/MR, like those for combined

PET/CT, should be kept as simple as possible to maintain patient
tolerance (10). In general, MR image contrast may be weighted
(e.g., T1 and T2) to demonstrate different anatomic structures or
pathologies. Faster imaging techniques (e.g., parallel image acqui-
sition methods) and table movement techniques can allow faster
whole-body examinations (45–60 min), an advantage of particular
importance for young patients. Functional MR (fMR) is a more
recent development combining anatomic information and bio-
physiologic information; it includes diffusion-weighted imaging
(DWI), which reflects cell density, or dynamic contrast–enhanced
imaging, which depicts blood vessels generated by a tumor. The
incorporation of fMR into PET/MR protocols may result in longer
scanning times, which may be less well tolerated, especially by
pediatric patients. Thus, the complementary benefit of whole-body
MR coupled with advanced MR sequences, such as DWI, needs to
be evaluated (11,12).
For pediatric patients, data on the clinical potential of PET/MR

are rare. A recommendation for a child-specific sequence protocol
for PET/MR imaging, involving a combination of whole-body
imaging to determine the spread of cancer and additional
dedicated local sequences to provide a more detailed visualization
in the region of the primary tumor, was made by Hirsch et al. (8).
On the basis of our experience with pediatric whole-body MR,
a water-sensitive fast inversion recovery sequence is used for
whole-body imaging, and T1-weighted gradient-echo sequences
are used in the abdominal region because of a preferred shorter
acquisition time. All sequences in the thoracic region and upper
abdomen are performed with respiratory triggering. For that pur-
pose, a respiratory belt has been found to be more stable than
navigator sequences in children. Artifacts due to movements of
the diaphragm are eliminated very effectively by this technique.
This review highlights potential clinical applications of PET/

MR in pediatric oncology, neurology, and inflammation.

POTENTIAL APPLICATIONS IN PEDIATRIC ONCOLOGY

Imaging techniques such as ultrasound, MR, CT, PET, and
SPECT have been implemented in oncologic workup with the
understanding that each modality has advantages and disadvan-
tages. The aim of contemporary medical imaging is to integrate
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complementary imaging to increase information earned by a single
modality (13). Tumor imaging not only is used for tumor detection
and evaluation of tumor characteristics and tumor extension but
also has a role in the assessment of a treatment response and
surveillance for residual or recurrent tumor (10,14). Recently,
Buchbender et al. (15,16) presented a review about the use of
PET/MR in oncology. Drzezga et al. (5) demonstrated that the
reliability of PET/MR for the detection of hypermetabolic tumor
lesions in oncology patients was comparable to that of PET/CT.

Lymphoma

Non-Hodgkin lymphoma and Hodgkin lymphoma account for
about 10% and 18% of all childhood cancers, respectively; both
have high cure rates (10,17,18).
For both diseases, imaging plays an important role, especially

for accurate determination of the extent of disease; the latter is an
essential part of lymphoma staging and has an impact on treatment
decisions (15). The aim is to achieve a favorable outcome and,
particularly in pediatric patients, to avoid unnecessary side effects
and long-term consequences of therapy. Conventional imaging
techniques such as CT, MR, and ultrasound are frequently used
for lymphoma in pediatric patients; however, their main drawback
is that the assessment of nodal involvement is based on size cri-
teria, which may be inaccurate (19,20).
The use of 18F-FDG PET for lymphoma has been assessed

extensively in numerous studies (17,19). 18F-FDG PET and
PET/CT are now recognized as valuable staging procedures for
most lymphoma subtypes, with a high sensitivity in patients with
classic Hodgkin lymphoma and aggressive non-Hodgkin lym-
phoma (19). In a retrospective analysis, Montravers et al. (17)
found that 18F-FDG PET was sensitive for staging and restaging
of disease, showing more lesions than conventional imaging. The
authors also reported high accuracies for monitoring the response
to therapy and for characterizing residual masses, which occur
frequently in approximately two thirds of patients with Hodgkin
lymphoma and which mostly represent fibrosis rather than active
disease. A more recent comparison of 18F-FDG PET/CT and con-
ventional imaging for a regional whole-body analysis revealed
sensitivities and specificities of 95.9% and 99.7%, respectively,
for 18F-FDG PET/CT and 70.1% and 99.0%, respectively, for
conventional imaging (21).
Whole-body MR, with a high sensitivity (96%), allows a whole-

body overview, which is particularly useful in diagnostic procedures
for malignant disease (19,22). The clinical application of whole-
body fMR with DWI is currently under investigation, and this tech-
nique is also being compared with 18F-FDG PET/CT (23). Gu et al.
(19) evaluated conventional whole-body MR without and with DWI
in the detection of known 18F-FDG–avid lymphomas in 17 adult
patients. An additive value of DWI over T2-weighted sequences
alone was reported, improving the accuracy of detecting nodal dis-
ease in the abdomen and pelvis and extranodal disease without
changing the overall disease stage. Lin et al. (23) hypothesized that
because of the excellent soft-tissue contrast, whole-body DWI may
help to identify additional lesions, in particular, extranodal involve-
ment in the liver, spleen, and kidneys, relative to the findings
obtained with 18F-FDG PET/CT. In a more recent study with 39
children and adolescents, Punwani et al. (11) demonstrated the use
of DWI to be highly complementary to 18F-FDG PET, supporting
its incorporation into integrated PET/MR protocols for lymphoma.
The evaluation of bone marrow infiltration is an essential step in

the staging of lymphoma because it defines stage IV of Hodgkin

lymphoma according to the Ann Arbor classification. 18F-FDG
PET has been reported to have higher sensitivity and specificity
than biopsy of bone marrow taken from the iliac crest in detecting
bone marrow involvement in pediatric Hodgkin lymphoma, which
typically shows a multifocal pattern in the central skeleton (24). A
meta-analysis by Wu et al. (25) demonstrated almost equal sensi-
tivities (;90%) of 18F-FDG PET/CT and MR for diagnosing lym-
phoma with bone marrow involvement. The specificity of MR has
been reported to be lower than that of 18F-FDG PET because
posttherapeutic changes, such as bone marrow edema, necrotic
tissue, or age-dependent changes in the appearance of bone mar-
row in children, may lead to misinterpretation (25,26). A retro-
spective analysis of the diagnostic value of combined and coregis-
tered 18F-FDG PET/MR in pediatric oncology (mainly lymphoma)
did not miss any bone or bone marrow lesions relative to an
analysis of each modality separately. Although CT has been de-
scribed as the gold standard for the detection of lung metastases,
in some radiology centers lung MR has become an established
alternative for the assessment of pulmonary diseases, especially
for patients in whom radiation exposure should be avoided. For
the detection of lung nodules, MR has been described as superior
to radiography and almost as sensitive as CT (27). With the use of
an adequate examination technique including triggered T2-
weighted turbo–spin-echo sequences, pulmonary metastases with
a 5-mm diameter could be diagnosed (28).
For restaging and early response assessment, numerous studies

have demonstrated the value of 18F-FDG PET. The main advan-
tage of PET in these settings is its ability to distinguish between
viable tumor and fibrosis in residual masses. Conventional imag-
ing methods such as CT and MR generally struggle in making this
distinction (29–31). In children with Hodgkin lymphoma, data on
early response assessment with 18F-FDG PET have demonstrated
a high negative predictive value, with an excellent prognosis for
children showing a normalization of 18F-FDG PET findings at an
early time during chemotherapy (30,31). This early prediction of the
response to therapy allows risk-adapted tumor treatment with less
intensive and less toxic regimens. Thus, the risk of secondary ma-
lignancies due to late effects of intensive chemotherapy and radio-
therapy could be reduced, especially beneficial for pediatric patients
(32). There is evidence that fMR, especially with DWI, may have
a role in restaging and therapy response assessment (15). Chen et al.
(33) observed significant increases in apparent diffusion coefficient
values in adult patients with non-Hodgkin lymphoma after only
a few days of chemotherapy, far earlier than morphologic changes.
Thus, the use of combined PET/fMR instead of PET/CT in the

management of lymphoma is expected to be advantageous for
staging (Fig. 1), restaging, and therapy response evaluation. Fur-
thermore, it may facilitate differentiation from recurrent lym-
phoma and thymic rebound, which is frequently seen in children
undergoing chemotherapy (15).
Regarding the added value of fMR sequences in the diagnostic

management of malignant lymphoma and their implementation into
PET/MR protocols, comparative studies with conventional imaging
techniques are essential before definitive conclusions can be drawn.
This requirement is especially important for DWI because the
visualization of both nonmalignant and malignant lymph nodes has
been described as an important limitation of this technique (34).

Primary Bone Tumors

Osteosarcoma and Ewing sarcoma are the most frequently
occurring primary bone malignancies of childhood and adolescence.
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Both malignancies are typically located in the extremities but,
especially for Ewing sarcoma, pelvic, rib, and vertebral lesions
can also occur (10,35). Beyond conventional radiography, MR is
the preferred modality for diagnosis and local tumor staging,
whereas nodal staging may benefit from 18F-FDG PET (15).
According to the European Sarcoma Network Working Group
(35), extensive staging should be performed to assess the extent
of distant disease and should include bone scintigraphy, chest
radiography, and chest CT for the evaluation of lung involvement.
Although the value of functional imaging for the staging and

follow-up of malignant bone tumors has not yet been established,
some promising results can be found in the literature (15).
Denecke et al. (36) evaluated 18F-FDG PET and MR as tools for
noninvasive therapy response assessment in 27 pediatric patients
with bone sarcoma (Ewing sarcoma in 16/27 and osteosarcoma in
11/27) before local tumor resection. For the subgroup of patients
with osteosarcoma, 18F-FDG PET significantly discriminated re-
sponders from nonresponders when a reduction in the standardized
uptake value and the absolute posttherapeutic standardized uptake
value were used. Interestingly, for the subgroup of patients with
Ewing sarcoma, 18F-FDG PET was not beneficial for discrimina-
tion. The volume reduction measured by MR or CT did not sig-
nificantly discriminate responders from nonresponders in either
subgroup. In contrast, Hawkins et al. (37) investigated the value
of the therapy response demonstrated by 18F-FDG PET for pre-
dicting outcome in patients with Ewing sarcoma. Their results
demonstrated that a standardized uptake value of less than 2.5
after neoadjuvant chemotherapy was associated with an improve-
ment in progression-free survival. In a retrospective analysis, Lon-
don et al. (38) compared PET/CT and conventional imaging for
pediatric primary bone tumors. The authors reported that PET/CT
appeared to be more accurate than conventional imaging for
detecting metastases from pediatric primary bone tumors, exclud-
ing lung lesions. Compared with a sensitivity of 83% and a spec-
ificity of 78% for conventional imaging, the 98% sensitivity and

97% specificity of PET/CT suggest that the latter is more accurate.
fMR, especially with DWI or dynamic contrast enhancement, has
been described as permitting the recognition of tumor necrosis
induced by chemotherapy in osteosarcomas and therefore may
also be used for therapy response assessment (39).
In summary, both 18F-FDG PET and MR are of value for stag-

ing, restaging, and therapy response assessment for primary bone
tumors. Although combined PET/MR is not expected to increase
the diagnostic accuracy of tumor staging over MR alone, the stag-
ing of nodal and distant metastases is expected to benefit from the
combination. Furthermore, the PET component may help to guide
diagnostic biopsies, maximizing the accuracies of staging and
grading and influencing treatment decisions and outcome (15).
For the detection of pulmonary metastases from primary bone
tumors, a clear superiority of chest CT over 18F-FDG PET has
been shown (40).

Soft-Tissue Tumors

Pediatric soft-tissue tumors may be present as rhabdomyosar-
coma, nonrhabdomyosarcoma soft-tissue sarcomas compromising
various mesenchymal malignancies, or desmoid tumors (41). The
staging of soft-tissue tumors requires an assessment of primary
tumor size, location, and invasiveness. Because of its high soft-
tissue contrast, the main imaging modality for the diagnosis and
staging of soft-tissue sarcomas typically is MR, especially in chil-
dren (15,42). Additional PET data will not obviate a histopatho-
logic diagnosis by biopsy; therefore, combined PET/MR is not
expected to be of special use for primary local tumor diagnosis
(15). For staging purposes, the results of a prospective multicenter
trial of 46 pediatric and adolescent patients indicated a marked
added value of 18F-FDG PET over conventional imaging for the
detection of additional lesions and a relevant impact on therapy
planning (40). Ricard et al. (43) evaluated the additional benefit of
18F-FDG PET/CT for staging and follow-up in 13 pediatric
patients with rhabdomyosarcoma; they concluded that 18F-FDG
PET/CTwas useful, especially for assessing lymph node and bone
involvement and for cases in which the primary sites of rhabdo-
myosarcoma were unclear. By analogy, whole-body PET/MR may
have great potential to become an integrated part of the diagnostic
algorithm in the future (15).
Quantitative 18F-FDG PET has been described to be signifi-

cantly more accurate than size-based criteria for assessing the
histopathologic response to neoadjuvant therapy of high-grade
soft-tissue sarcomas, and its consideration as the modality of
choice for monitoring the treatment response has been recommen-
ded (44). This recommendation is in accord with a meta-analysis
by Piperkova et al. (45), which showed 18F-FDG PET to be more
accurate than CT for initial staging, restaging, and treatment re-
sponse assessment. In a brief report of 3 cases, Schuler et al. (46)
presented their first experiences using combined PET/MR for
high-risk sarcomas. PET/MR was used to guide neoadjuvant treat-
ment, contributed to decision making about the appropriate time
for reinitiating chemotherapy, and helped to guide biopsies of
large and heterogeneous tumors.
Furthermore, DWI has been proven to be useful for the

assessment of tumor cellularity in soft-tissue sarcomas and there-
fore may be used for monitoring the therapy response (47). In
conclusion, combined PET/MR with the simultaneous acquisition
of MR or fMR and PET data may have benefits for the imaging of
soft-tissue sarcomas, especially for restaging and therapy response
monitoring (15).

FIGURE 1. Six-year-old boy with newly diagnosed Hodgkin lym-

phoma. Pretherapeutic T2-weighted whole-body MR imaging (A) and

simultaneous 18F-FDG PET/MR imaging (B and C) show multiple hyper-

metabolic tumor lesions on both sides of diaphragm, in accordance with

stage IV in Ann Arbor classification.
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Neuroblastoma

Neuroblastoma is the most common cancer in infancy, with
a median age of 15 mo (48). It originates from primitive neural
crest cells of the sympathetic nervous system. Adrenal glands are
the most common site of disease, and the presacral sympathetic
chain or mediastinal sympathetic ganglia can also be affected. At
the time of diagnosis, 60%–70% of all cases have disseminated
spread, mostly involving bone marrow and bone cortex (42,48).
Accurate staging of disease is essential because resection is the

treatment of choice for localized tumors, whereas extensive
disease requires multimodality therapy. The extent of the disease,
which determines a pediatric patient’s prognosis, is evaluated by
ultrasound, MR, 123I-metaiodobenzylguanidine (123I-MIBG) scin-
tigraphy or, at present less frequently, CT (10,48). Abdominal
neuroblastoma typically presents as a large suprarenal mass with
calcifications. MR is particularly helpful for providing information
about disease extending into the spinal canal, in relation to vital
structures or encased vessels, and resectability (42). 123I-MIBG
scintigraphy offers high specificity and high sensitivity, 83%–
92% and 88%–93%, respectively, particularly for bone and bone
marrow diseases. MR may also demonstrate bone marrow involve-
ment by neuroblastoma, although false-positive results have been
reported (48).
The use of 18F-FDG PET for pediatric neuroblastoma is in-

creasing, although when and in which patients it will be useful
remain to be determined (49). In a comparison of 123I-MIBG
scintigraphy and 18F-FDG PET for neuroblastoma, Sharp et al.
(50) described an overall superiority of 123I-MIBG for the eval-
uation of stage 4 neuroblastoma, primarily because of better de-
tection of bone or marrow metastases. Shulkin et al. (51) assessed
the uptake of 18F-FDG versus that of 123I-MIBG in 17 patients
with neuroblastomas. They demonstrated that most neuroblasto-
mas will concentrate 18F-FDG, especially before therapy, with
variable uptake after therapy. Nevertheless, because 18F-FDG up-
take in nontumor sites such as bone marrow or the thymus can
cause potential false-positive results, 123I-MIBG has been rated
superior to 18F-FDG for the delineation of tumors (49–51). Thus,
18F-FDG PET is regarded as beneficial for defining the distribu-
tion of neuroblastomas that fail to accumulate 123I-MIBG or show
only weakly enhanced uptake, in case of any discrepancy between
MR and 123I-MIBG, and when clinical symptoms or conventional
imaging modalities suggest more disease than is depicted on 123I-
MIBG scans (50,51). By analogy, these settings may also be
indications for combined PET/MR, which should be preferable
to PET/CT in children.
Because somatostatin receptors (especially subtype 2) are

expressed on the surface of some neuroblastomas, radiolabeled
somatostatin analogs such as 68Ga- and 177Lu-octreotide may be
beneficial for imaging and targeted radiotherapy, especially for
primary refractory or relapsed high-risk neuroblastomas (52).
Given the higher sensitivity and better spatial resolution of so-
matostatin receptor PET than of somatostatin receptor scintigra-
phy for detecting somatostatin receptor–positive tumor lesions,
combined PET/MR may be advantageous, especially for small
liver lesions.
The use of more specific positron-emitting tracers, such as 11C-

hydroxyephedrine (an analog of norepinephrine), 11C-epinephrine,
18F-fluorodopamine, 18F-dihydroxyphenylalanine (18F-DOPA),
and 39-deoxy-39-18F-fluorothymidine, for the imaging of sympa-
thetic nervous system tumors was studied recently and is still
being evaluated (10,49).

Neuroendocrine Tumors

Neuroendocrine tumors in children and adolescents are rare.
They may be located in the appendix and are mostly detected
incidentally through a histopathologic examination (53). Depend-
ing on the degree of tumor differentiation, PET/CT with various
radiopharmaceuticals, such as 18F-FDG, 68Ga-octreotide, 11C-
hydroxytryptophan, and 18F-DOPA, has been described as poten-
tially improving the assessment of tumor localization and the
response to therapy. For adults, MR is frequently used in conjunc-
tion with CT for the detection of neuroendocrine tumors. Rates of
detection by MR have been reported to be 84%–95%. The poten-
tial of newer MR techniques with DWI for diagnosing neuroen-
docrine tumors has also been described (54). Thus, combining
fMR with a PET radiopharmaceutical that is highly specific for
neuroendocrine tumors may improve the accuracy for diagnosing
these tumors.

POTENTIAL APPLICATIONS IN NEUROIMAGING

PET and MR are the methods of choice for the imaging of
neurologic neoplastic and nonneoplastic diseases. Both modalities
provide complementary information about the function, metabo-
lism, and anatomy of the brain. The outstanding role of PET
imaging in detecting biochemical and molecular changes much
earlier, before structural changes or clinical symptoms appear, has
been described in numerous studies (55–57). fMR with DWI and
MR spectroscopy has become an important noninvasive and non-
radioactive tool for measuring brain activity by detecting, for in-
stance, hemodynamic changes (in blood oxygenation and flow)
induced by regional changes in neuronal activity (1,58). Numerous
PET tracers, mostly 18F- or 11C-labeled radiopharmaceuticals, are
available to assess different aspects of brain function. For instance,
for brain tumors, an 18F-labeled amino acid such as O-(2-18F-fluo-
roethyl)-L-tyrosine or 11C-methionine has been well described (57).
18F-FDG may be helpful in identifying the seizure focus in patients
with refractory epilepsy or in guiding biopsies in patients with
brain masses that are undefined on MR scans (55). Other promising
tracers, such as the proliferation marker 39-deoxy-39-18F-fluorothy-
midine or 15O-labeled water and oxygen as perfusion markers, are
currently being used in preclinical and clinical research (55,59).
Until the advent of combined PET/MR, PET and MR were

performed in separate examinations, mostly with secondary
coregistration of MR and PET data. Especially for the analysis
of brain function, combined PET/MR—with the possibility of
simultaneous data acquisition—allows an improved in vivo assess-
ment of neuropsychologic processes and a more precise descrip-
tion of functional, molecular, and morphologic interactive path-
ways. Such information may lead to an understanding of the
pathophysiologic mechanisms of disorders of the central nervous
system (57).

Brain Tumors

An increase in the use of PET for the evaluation of brain tumors
was recently described, as was the application of fMR (57,60).
Thus, combined PET/MR seems to be a promising noninvasive
method for the field of pediatric neuroimaging because tumors of
the central nervous system are the most common solid malignan-
cies in childhood (61). According to the literature, medulloblas-
toma, a tumor of primitive neuroectodermal origin, is the most
common malignant brain tumor in childhood, with a peak inci-
dence around 5–6 y of age; the next most common tumors are
high-grade glioma and ependymoma (62). The histologic and bi-
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ologic heterogeneity of these malignancies requires complemen-
tary, multimodality imaging to obtain tumor kinetics and multi-
parametric data about tumor biology, morphology, proliferation,
and vascularity (60,63).
Combined PET/MR is expected to improve diagnostic accuracy

and to help guide biopsy, surgery, or radiation therapy planning
through the precise localization of hypermetabolic, vital tumor
tissue and the accurate definition of the target volume. Further-
more, the simultaneous acquisition of PET and MR data provides
precise information about tumor biology and the tumor response
after antitumoral therapy (57). For brain tumors, radiolabeled
amino acids such as O-(2-18F-fluoroethyl)-L-tyrosine, 18F-DOPA,
and 11C-methionine or the tumor proliferation marker 39-deoxy-
39-18F-fluorothymidine have been described as sensitive and spe-
cific indicators of viable tumor and the treatment response (57,63).
Because the uptake of 18F-FDG by brain tumors correlates with
tumor grade, the tracer can be used to image poorly differentiated,
rapidly growing brain tumors such as high-grade glioma as well as
cerebral lymphoma (55,60,63). Because of the high level of nor-
mal 18F-FDG uptake by brain tissue, there is often poor contrast of
tumor lesion to background, with less accurate detection, espe-
cially of low-grade, slowly proliferating tumors. Compared with
18F-FDG, 11C-methionine, O-(2-18F-fluoroethyl)-L-tyrosine, and
18F-DOPA have higher accuracies for the detection of low- and
high-grade gliomas and for assessment of the treatment response
because of better tumor-to-nontumor delineation (60,63).

Epilepsy

Surgery has been described as superior to prolonged pharma-
cotherapy for medically intractable temporal lobe epilepsy (TLE),
the most common partial epilepsy in adults and children. The
literature describes long-term seizure control, with a seizure-free
outcome in 50%–80% of cases, after temporal lobe resection. The
success of epilepsy surgery strongly depends on the precise pre-
surgical identification of epileptogenic foci, for which MR is the
most reliable tool (64–67). Beyond electroencephalography, MR
has been described as the primary imaging tool for TLE because
of its high sensitivity and specificity (97% and 83%, respectively) for
hippocampal sclerosis, the most common pathologic substrate of
TLE. Nevertheless, about 16%–55% of patients with TLE do not
show any suspect lesion on MR scans (nonlesional epilepsy). Espe-
cially for this group of patients, other noninvasive functional imag-
ing modalities—such as magnetoencephalography, 18F-FDG PET,
ictal SPECT or, more recently, subtraction ictal SPECT coregistered
to MR—are of great value for preoperative assessment because
patients with nonlesional epilepsy have a poorer surgical outcome
than those with lesions that can be detected by MR (64–66,68).
The evaluation of regional cerebral perfusion in patients with

epilepsy has been proven to be of significant clinical value for the
identification of an epileptogenic focus. Because of the spontane-
ous and unpredictable nature of seizures, ictal studies are difficult
to perform (67). Other noninvasive methods, such as interictal 18F-
FDG PET—detecting epileptogenic foci usually by hypometabo-
lism with a sensitivity of 70%–85% in patients with TLE—have
been found to be useful (5,57). Widjaja et al. (64) compared the
application of 18F-FDG PET with that of magnetoencephalogra-
phy for identifying the epileptogenic focus in 26 children who had
localization-related epilepsy and no or only subtle changes on MR
scans. Both modalities were found to have a complementary role
in the workup of children with intractable localization-related ep-
ilepsy, improving sensitivity and specificity. This finding is con-

sistent with those of other studies (65,69) reporting the greatest
benefit of 18F-FDG PET in patients whose MR results were in-
conclusive or negative.
Kim et al. (67) determined the accuracy of imaging tools such

as electroencephalography, MR, and 18F-FDG PET in 42 pediatric
patients who received epilepsy surgery (temporal lobectomies in
23/42 and extratemporal resection in 19/42). Of the 23 children
who had temporal lobectomies, 22 underwent an 18F-FDG PET
study, which determined the epileptic foci in 21 of the 22 patients
and the precise localization in 16 of the 21 patients. A pathologic
examination revealed hippocampus sclerosis in 16 of the 23
patients. The authors reported that the sensitivity of 18F-FDG
PET for the localization of temporal lesions was 72.2%, approach-
ing the sensitivity seen with MR. For extratemporal lesions, 18F-
FDG PET was reported to be unreliable, whereas MR seemed to
be useful for both temporal and extratemporal lesions. The authors
concluded that PET and MR data are complementary in establish-
ing the correct diagnosis in TLE.
Rubí et al. (68) prospectively evaluated PET and (secondary

coregistered) PET/MR data from 31 pediatric patients with non-
lesional epilepsy and demonstrated that PET/MR coregistration
was as accurate as PET alone for detecting hypometabolic lesions
in those patients. Furthermore, the authors reported that in some
cases, the initial MR diagnosis of nonlesional epilepsy changed to
subtle lesional epilepsy after secondary analysis by PET/MR co-
registration. They recommended coregistering PET with MR in
a presurgical evaluation of all children with nonlesional epilepsy
to improve epileptogenic zone identification and to delimit the
anatomic boundaries of hypometabolic lesions for the purpose
of guiding stereotactic neurosurgery.
Beyond localization, 18F-FDG PET plays a role in defining

surgical margins because the extent of resection of the region of
hypometabolism on preoperative 18F-FDG PET scans is predictive
of outcome after surgery for nonlesional TLE (70).
Finally, the major advantages of the application of combined

PET and high-resolution MR in pediatric neuroimaging may be
precise surgery planning for brain tumor biopsy or surgery and
epilepsy surgery through improvements in the identification of
foci of hypermetabolic, vital tumor tissue or epileptogenic foci
(Figs. 2 and 3) and precise target volume delineation through
topographic association of specific brain areas with tumoral or
epileptogenic lesions on PET and MR scans. Furthermore, espe-
cially in younger children, the number of episodes of and the
length of sedation or anesthesia may be reduced when the exami-
nations are performed simultaneously (57).

POTENTIAL APPLICATIONS IN INFECTIOUS AND

INFLAMMATORY DISEASES

Fever of unknown origin (FUO) and inflammation of unknown
origin (IUO) remain challenging problems with a wide etiologic
spectrum; they are predominantly caused by infections, noninfec-
tious inflammatory diseases (such as rheumatic, autoimmune, or
systemic diseases), or malignancies. There are several approaches
to the diagnostic management of FUO and IUO; these include
invasive and noninvasive techniques as well as imaging procedures,
generally with relatively high specificity but limited sensitivity
because morphologic changes may be absent in the early stages of
disease (71–73). Early detection and precise localization of the
focus of FUO, however, are important for guiding further diagnostic
and therapeutic procedures (71).
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Several studies have reported that by providing information
about the target organ or disease activity, 18F-FDG PET/CT has
a high sensitivity for the diagnosis of FUO and IUO, but there are
conflicting data about its place in the diagnostic workup (71,72,
74). Crouzet et al. (74) reported that 18F-FDG PET/CT should be
considered when standard diagnostic tests, such as complete blood
counts, serologic investigations, abdominal ultrasound, and chest
radiography, do not provide a diagnosis in patients with FUO.
Apart from FUO, other indications for 18F-FDG PET/CT in

adult patients with suspected infections are spondylodiscitis, pros-
thetic joint infection, and vascular graft infection (73). For pedi-
atric patients, data regarding the role of 18F-FDG PET/CT in the
diagnosis of infectious diseases are sparse. 18F-FDG PET/CT may
provide additional information in children with pneumonia, dis-
seminated candidiasis, cytomegalovirus spleen infection, vasculitis
(e.g., in the context of Henoch–Schönlein purpura or Kawasaki
disease), musculoskeletal inflammation, and inflammatory bowel
disease (73,75). Jasper et al. (72) investigated the diagnostic role
of 18F-FDG PET and PET/CT in children with unexplained in-
flammatory signs. In children with a final diagnosis (n 5 37;
54%), PET was considered diagnostically helpful in 73%. For in-
flammatory bowel disease in children and adolescents, Berthold
et al. (75) discussed 18F-FDG PET as a valuable tool for deter-
mining the extent and degree of inflammation, especially in parts
of the small bowel that are inaccessible to endoscopy. On the basis
of the results of Ream et al. (76) for pediatric small-bowel Crohn
disease, DWI could be used to improve the detection of affected

small-bowel segments. Obviously, apparent diffusion coefficient
values may also be helpful for assessing the degree of inflamma-
tion in Crohn disease because distinguishing fibrotic and inflam-
matory bowel strictures is usually difficult. Thus, the approach of
combined PET/MR with various MR techniques may be beneficial
for the accurate detection and monitoring of disease activity in
inflammatory bowel disease, especially when complementary im-
aging is needed to characterize intestinal lesions (1,76).
A limitation of 18F-FDG may be the physiologic distribution in

several tissues, such as the brain, the genitourinary tract, the myo-
cardium (with variably high activity), and the bowel, making the
diagnosis of inflammation in these sites challenging. Thus, another
approach is to use different, more specific radiopharmaceuticals
for inflammation localization. Especially for intestinal inflamma-
tion, white blood cells labeled with 18F-FDG have been described
as a feasible alternative with a high negative predictive value for
the quantitative assessment of bowel inflammation (77).
For the detection of neuroinflammation, several new PET

tracers, such as radiolabeled cyclooxygenase 2 inhibitors, are
currently under investigation.
Glaudemans et al. (1) described a significant potential of hybrid

whole-body PET/MR for diagnosing infectious and inflammatory
diseases by significantly improving the sensitivity and specificity
of the diagnosis and follow-up treatment. The authors expected
hybrid whole-body PET/MR to provide a more accurate assess-
ment of the extent and exact localization of inflammatory lesions
than PET/CTor PET alone. The main clinical impact was expected
in soft-tissue lesions that are especially prone to motion artifacts,
such as vascular and cardiac infections and inflammatory bowel
disease. Additionally, fMR promises to provide a deeper insight
into the special characteristics and dynamics of the inflammatory
process.

OTHER POTENTIAL APPLICATIONS

Pediatric Cardiology

Beside transthoracic echocardiography, cardiac MR is an estab-
lished noninvasive modality in pediatric cardiology; it is used for
visualization of the coronary arterial system and assessment of
coronary arterial blood flow, for example, in children with con-
genitally malformed hearts or after switch operations (78). The
main impact of cardiac PET is the quantification of myocardial
blood flow and coronary flow reserve to improve the detection of
preclinical and multivessel coronary atherosclerosis (79). Because
this diagnosis is rarely seen in pediatric patients, cardiac PET plays
only a minor role in these patients.

Maternal–Fetal Medicine

Jones and Budinger (80) recently described a potential research
application of PET/MR imaging with small amounts of short-lived
radiolabeled biomarkers—the study of the human fetus in vivo in
the field of modern preventive medicine. We believe that there is
a need to investigate various aspects of fetal–maternal function in
vivo, including the measurement of oxygen uptake in the fetal
brain, nutrient delivery, metabolism, or placenta transport, to im-
prove understanding of the influence of these parameters on life-
long health.

CONCLUSION

Combined PET/MR will provide new perspectives in non-
invasive imaging to improve understanding of the dynamics and

FIGURE 2. Fourteen-year-old girl with history of R0 resection and

radiotherapy of glioblastoma multiforme of right cerebellum. (A) T1-

weighted MR imaging of brain shows contrast-enhanced suspect lesion

(9 · 9 mm) in right cerebellar peduncle (arrow). (B and C) Simultaneous
11C-methionine PET/MR imaging shows focal enhanced amino acid

metabolism in this lesion, highly suggestive of tumor tissue. Histology

confirmed glioblastoma relapse.

FIGURE 3. Seven-year-old girl with 2-y history of medically intractable

focal epileptic seizures suspected of originating in right hemisphere. (A)

T2-weighted MR imaging of brain shows no clear epileptogenic lesion.

(B and C) Interictal simultaneous 18F-FDG PET/MR imaging shows

hypometabolism in right temporal lobe (arrows), suggestive of epilepto-

genic focus.
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characteristics of tumoral or nontumoral processes. Combined
PET/MR is expected to have an emerging role in pediatric
diagnostic imaging because the lower radiation burden of this
modality than of PET/CT is an important advantage. Compared
with separately acquired, coregistered PET and MR imaging
studies, simultaneous PET/MR as a 1-step diagnostic imaging
workup not only will improve image fusion and image resolution
but also may enhance patient convenience; reductions in total scan
time, repeated examinations, and repeated sedation or anesthesia
can reduce patient anxiety. However, the full potential and the
added value of simultaneous PET/MR are not yet evident, and
further investigation is needed.
In oncology patients, the simultaneous acquisition of data from

fMR with, for example, DWI and PET may be of great value,
especially for restaging purposes and therapy response monitor-
ing. For the staging of brain tumors, PET/MR allows more precise
target volume delineation and therefore also more accurate
planning of biopsy or surgery, with a resultant marked impact
on patients’ outcomes. The approach of combined PET/MR with
various MR techniques may also be beneficial for determining the
exact localization and extent of inflammatory processes, especially
when complementary imaging is needed to characterize suspect
lesions. Nevertheless, the added diagnostic value of fMR sequen-
ces still must be demonstrated before implementation into PET/
MR protocols, especially for pediatric patients, for whom imaging
protocols should be kept as simple as possible to maintain their
tolerance.
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