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a b s t r a c t 

Imaging plays a central role in neuro-oncology including primary diagnosis, treatment planning, and surveillance of tumors. The emergence of quantitative imaging 
and radiomics provided an uprecedented opportunity to compile mineable databases that can be utilized in a variety of applications. In this review, we aim to sum- 
marize the current state of conventional and advanced imaging techniques, standardization efforts, fast protocols, contrast and sedation in pediatric neuro-oncologic 
imaging, radiomics-radiogenomics, multi-omics and molecular imaging approaches. We will also address the existing challenges and discuss future directions. 
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ntroduction 

Over the past decade, the field of neuro-oncologic imaging has ex-
erienced a tremendous shift from qualitative assessment of images by
adiologists to the integration of imaging biomarkers and quantitative
maging approaches in clinical practice. This trend in imaging coin-
ided with a paradigm shift in the diagnosis of central nervous system
CNS) neoplasms that started with the 2016 World Health Organization
WHO) classification of tumors of the CNS to incorporate both histologic
eatures and genetic alterations. This trend continued with the 2021

HO classification which added further molecular features. Quantita-
ive imaging biomarkers and precision imaging now provide the oppor-
unity to influence patient outcomes by generating tumor volumes, and
rowth curves and provide information about tumor microenvironment
n the cellular level. Here we review the updated WHO classification of
ediatric tumors of the CNS and how it relates to neuro-oncologic imag-
ng, conventional and advanced imaging techniques, standardization ef-
orts, fast protocols, contrast, and sedation in pediatric neuro-oncologic
maging, radiomics-radiogenomics, multi-omics, and molecular imaging
pproaches. 

he 2021 WHO classification of tumors of the central nervous 

ystem 

Here we focus on changes to glioma taxonomy in the revised 2021
HO classification system, and summarize other key changes relevant

o the practicing pediatric neuro-oncologist. In reviewing the arc taken
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y the WHO classification system over its various iterations, the new
th edition (released in 2021) redoubles the influence of molecular
iomarkers on the categorization of CNS tumors. Phenotypic and histo-
ogic features, which have traditionally been the basis for tumor catego-
ization and grading, have an increasingly subordinate role in the world
f emerging molecular information. Many histopathologic observations
an seem arbitrary for classification purposes when compared with their
ewly uncovered genetic underpinnings. This paradigm shift toward
olecular markers was felt to be significant enough to warrant an up-
ate to the 4th edition released by the WHO in 2016. We can now see
he trend was in its infancy, with a particularly strong impetus from the
ontemporaneous advances in glioma and small round blue cell biology
1] . The most significant changes in the new system involve glioma and
umors of glioneuronal, neuronal, and embryonal origin [2] . For the first
ime, diffuse gliomas are divided into adult- and pediatric -type. Pediatric-
ype diffuse glioma is further split into a low- and high-grade categories.
 fourth group of diffuse glioma is now recognized as circumscribed as-

rocytic gliomas. Circumscribed astrocytic gliomas include previously
resent entities such as pilocytic astrocytomas and subependymal gi-
nt cell astrocytomas the with addition of two new entities, high-grade
strocytomas with piloid features and astroblastoma, MN1-altered. In
ddition, fourteen glioma/glioneuronal tumors are newly recognized in
he revised classification [2] . 

Pediatric-type diffuse low-grade gliomas now include the MYB
r MYBL1-altered variety, angiocentric glioma, a newly recognized
oligodendroglioma-like ” polymorphous low-grade neuroepithelial tu-
or of the young, (similar histologically to oligodendroglioma with
al of the University of Pennsylvania, 3400 Spruce St. Philadelphia, PA 19104. 
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APK pathway alterations and variable morphology,) and the MAPK
athway altered diffuse low-grade glioma [1] . In distinction, the
ategorization of pediatric-type diffuse high-grade gliomas relies to
 greater extent upon molecular features, including diffuse midline
lioma, H3K27-altered (previously referred to as “mutant ”,) diffuse
emispheric glioma, H3G34/H3F3A-mutant, (similar to GBM histolog-
cally but with primitive embryonal features,) diffuse pediatric-type
igh-grade glioma harboring both H3- and IDH-wild type (several pos-
ible genotypes) and infant-type hemispheric glioma with alterations in
LK/ROS1/NTRK/MET, (similar to GBM) [1 , 2] . 

Another major departure from the 2016 WHO update is that ependy-
omas are now grouped by location: supratentorial, posterior fossa, and

pinal cord with further molecular subgrouping in each location. Supra-
entorial ependymomas have two subgroups: 1) ZFTA fusion–positive
pendymomas (formerly RELA-fusion) and can occur in both children
nd adults and are designated grade 2 or 3 neoplasms and 2) YAP1-
usion ependymomas which have a better prognosis than ZFTA ependy-
omas and are predominantly found in children younger than 3 years.
osterior fossa ependymomas now include two molecularly defined
ypes: 1) group PFA which occur mainly in infancy and exhibit loss of
3K27me3 expression and EZHIP overexpression, and have worse out-
ome compared to 2) group PFB that are more common in older chil-
ren and adults. There is a new type of spinal cord ependymoma with
YCN–amplification [1] . Finally, there have been several new additions

o the embryonal tumors including cribriform neuroepithelial tumor,
NS tumor with BCOR internal tandem duplication and CNS neurob-

astoma, FOXR2-activated in addition to the previously present atypical
eratoid/ rhabdoid tumor (ATRT) and embryonal tumor with multilay-
red rosettes (ETMR) [1] . 

The update also incorporates a more exact nomenclature with re-
pect to the various subgroups, with the terms “type ” and “subtype ”
ow preferred over the more ambiguous “entity ” and “variant ” used pre-
iously. Grading for CNS tumors in the 5th Edition has been adjusted
o more closely resemble tumor grading in other body systems, now as-
igning a grade to tumor separately within each tumor type. For the first
ime, molecular features are explicitly included in the grading system.
oman numerals will no longer be used for grade since other classifica-

ion systems use Arabic numerals. The grades again range from 1 (best
rognosis) to 4 (worst prognosis), but some exceptions have been added
o both incorporate genetic information, particularly those thought to
ost affect prognosis, and to avoid confusion with previous classifica-

ions. For example, there is no grade 1 available for IDH-mutant astrocy-
omas, only 2-4. IDH1 mutations in pediatric glioma are rare and likely
epresent the lower end of the age spectrum of adult-type IDH-mutant
liomas. They are usually present in the context of either 1p/19q codele-
ion or associated with TP53 and ATRX mutations [3] . Also inherent to
he new grading system is an implicit nod to placing less importance
n grade, as factors like available targeted therapies and tumor loca-
ion are often more valuable to assess the prognosis. For example, the

NT-activated medulloblastoma subtype has a relatively good progno-
is despite being grade 4 [4] . 

The new classification system strives to facilitate an integrated di-

gnosis which incorporates histology, grade and molecular data. Some
xamples of this approach in the new system can be seen with low-grade
ersus high-grade subcategories of pediatric diffuse glioma, CDKN2A/B
omozygous deletion for astrocytoma and subtyping based on DNA-
ethylation profiling, TERT promoter mutations and EGFR amplifica-

ion. Dropped now is the term “anaplastic, ” previously common as a
odifier for a given subtype. Thus, the previous “anaplastic astrocy-

oma ” will now be referred to as “astrocytoma, IDH-mutant, CNS WHO
rade 3. ” [1] . 

onventional and advanced imaging techniques 

The conventional workhorse and gold standard for CNS tumor evalu-
tion remains MRI with CT continuing to serve a vital role in the emer-
2 
ency setting particularly when looking for secondary effects of brain
umors. Conventional MR short and long echo sequences, T1 and T2-
uid-attenuated inversion recovery (FLAIR), are often enough to accu-
ately characterize the tumor anatomy, establish the mass effect on ad-
acent structures and interrogate characteristics such as surrounding va-
ogenic edema, cystic versus solid components, cortical infiltration and
ntratumoral hemorrhage. Post-contrast spin echo and gradient T1 with
nd without fat suppression reliably measure the blood-brain barrier
BBB) disruption. The consensus recommendations from the Response
ssessment in Pediatric Neuro-Oncology (RAPNO) working group pro-
osed strategies for the use of brain and spine MR to develop a balanced
rotocol that can be applicable to both 3 and 1.5 T scanners and could
each large-scale compliance and acceptance from the community to be
sed in the setting of multisite clinical trials and routine clinical care.
mportantly, the RAPNO working group has defined standard brain and
pine MR sequences [4–8] . 

Diffusion-weighted imaging (DWI) is a technique that measures the
egree of movement of water molecules and probes their relation to the
urrounding environment. The apparent diffusion coefficient (ADC) de-
ived from diffusion-weighted imaging (DWI) quantifies the magnitude
f water diffusion within a voxel, which varies based on the presence
nd organization of barriers to water diffusion. In brain tumors, ADC is a
arker of cellularity [5] and has been shown to be inversely correlated
ith cellular proliferation [5] . ADC can be used to differentiate medul-

oblastoma, ependymoma, and pilocytic astrocytoma in posterior fossa
6] and may assist in differentiating molecular subgroups of pediatric
ow-grade [7] and to differentiate pediatric medulloblastoma histologi-
al variants and molecular groups [8] Higher baseline ADC values have
een reported to be associated with a more favorable outcome in pa-
ients of diffuse midline glioma [9–11] . 

Advanced MR techniques are indispensable in modern oncologic
maging. Notable and widely utilized is MR perfusion, which has in-
ormed management by helping distinguish tumor progression from
adiation effects and pseudo-progression [17] . Dynamic contrast-
nhanced perfusion (DCE), dynamic susceptibility contrast (DSC) and
rterial spin labeling perfusion use different approaches to detect in-
reased plasma volume (Vp), relative cerebral blood volume (rCBV) and
elative cerebral blood flow (rCBF) as a biomarker for tumor neoangio-
enesis, in contrary to tissues that demonstrate contrast enhancement
econdary to treatment-related disruption in BBB. These perfusion tech-
iques differ in their mechanism, with the first two employing a con-
rast agent and the latter uses magnetic blood labeling of intravascular
rotons to measure perfusion. Both DSC and DCE perfusion techniques
equire the use of a power injector to rapidly inject intravenous contrast.
his somewhat limits the use of these techniques in pediatric gliomas
ompared to adults; however, a recent study demonstrated the feasibil-
ty of safe and high quality DSC imaging in children with brain tumors
ho received a standard dose of MRI contrast by an automated power

njector [18] . Multiple studies have assessed the utility of DSC perfusion
alculated relative cerebral blood volume (rCBV) in pediatric brain tu-
ors. While these studies demonstrated a positive correlation between

umor grade and rCBV and high negative predictive value in in excluding
igh grade glioma in patients with low rCBV, they also showed limited
pecificity as high rCBV values can be seen in a subgroup of low-grade
ediatric tumors such as pilocytic and pilomyxoid astrocytomas, gangli-
glioma and choroid plexus papilloma [19 , 20] . DCE perfusion studies
lso demonstrated a significant positive correlation between DCE met-
ics (Ktrans, Kep, and Ve) and tumor grade in pediatric brain tumors
21 , 22] . 

Functional MRI (fMRI) commonly utilizes task-based paradigms to
ap the eloquent areas of the brain, most commonly motor and lan-

uage function in patients where tumor involves the eloquent areas
23 , 24] . fMRI uses differences in magnetic properties of oxy- and de-
xyhemoglobin to measure changes in blood flow within and in the
icinity of blood vessels while a subject performs a task [25] . When
n area of the brain is activated due to a task, blood flow to that area
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ncreases, resulting in a higher concentration of oxyhemoglobin and a
ecrease in deoxygenated hemoglobin. This change in the concentration
f hemoglobin causes a change in the magnetic properties of the blood,
eading to a decrease in the dephasing of protons and an increase in the
R signal, a phenomenon known as the blood oxygen-level dependent

BOLD) effect. The BOLD effect allows fMRI to measure changes in brain
ctivity and identify which areas of the brain are involved in a particu-
ar task [24] . Task-based presurgical BOLD fMRI is the most reliable and
roven way to use fMRI in a clinical setting. Task-based fMRI requires
hat the patient follows commands during the scan which may not be
ossible for all patients, such as small children. In these cases, resting
tate fMRI (RS-fMRI) can be used as an alternative. RS-fMRI evaluates
he patterns of BOLD signal while the patient is resting and can identify
reas of the brain that have synchronized activity, known as resting-
tate networks [24] . 

Diffusion within white matter is anisotropic as water movement is
estricted to a greater extent in the direction perpendicular to the axons
han parallel to them. Diffusion tensor imaging (DTI) can detect such
nisotropic diffusion by measuring diffusion in at least six directions
o tease out the orientation of main white matter tracts that dictate
he direction of the maximum diffusivity of the water molecules. The
ractional anisotropy (FA) measure of this directed diffusion, with val-
es ranging from 0 to 1. A value of 0 indicates isotropic (undirected)
iffusion, which appears as a sphere, while a value of 1 represents to-
ally directed diffusion, which appears as a straight line. The fractional
nisotropy (FA) in biological tissues, including white matter axons, ap-
ears as an ellipsoid shape [24] . 

DTI tractography can be used to guide surgery by highlighting im-
ortant pathways, such as the corticospinal tract, optic tract, superior
ongitudinal fasciculus, and arcuate fasciculus in relation to tumor [26] .
TI has also been used to differentiate different histologies in the poste-

ior fossa [27 , 28] , determination of tracts involvement in children with
ontine tumors [29] , monitoring white matter tracts before and after
reatment [30–32] ( Fig. 1 ) and prediction of motor outcomes [33] . 

pdates on safety including contrast, fast protocols, and sedation 

Pediatric imaging research can carry additional risks when compared
o adults. Unlike adults who can consent and cooperate, children depend
n parents or caregivers to consent on their behalf. Children also often
equire sedation for imaging, which carries additional potential risks
34] . For these reasons, in pediatric imaging research, one must consider
he risks of the imaging technique itself (ionizing radiation, exposure to
owerful magnetic fields and noise, and reactions to contrast agents)
long with the added risk of sedation [35] . 

ontrast 

Gadolinium-based contrast agents (GBCAs) have been in routine clin-
cal use since 1988 when they received FDA approval. Intravenous GBCA
dministration during MRI increases diagnostic accuracy by delineat-
ng pathology due to increased vasculature and/or disruption of the
BB, which is critical for imaging in neuro-oncology. These contrast
gents have become indispensable to clearly define tumor for diagno-
is, treatment monitoring, and trial response assessment, as described
n the proceeding section. GBCAs share a common structure of an or-
anic ligand that tightly binds to (or chelates) and improves the stabil-
ty, solubility, and safety of the central gadolinium ion. Historically, lin-
ar chelating agents were used, currently, macrocyclic agents are used
hich are much safer, likely due to stronger chelation of the gadolin-

um ion [36 , 37] . There remain risks associated with contrast agents.
amely, allergies, nephrogenic systemic fibrosis (NSF), and deposition
f gadolinium. 
3 
llergies 

The frequency of adverse reactions to GBCAs ranges from 0.04 to
.2% with most reactions being mild (up to 95%) and anaphylactic
hock rare (0.004 to 0.01%) [37 , 38] . Allergic reactions are more fre-
uent in patients with a previous reaction, females, macrocyclic struc-
ure agents, and with hepatic, abdominal, and thoracic examinations.
he prevalence is lower in the pediatric population. The main risk factor
or adverse reactions is a history of previous reactions to GBCAs [37] . 

SF 

Historically, administration of intravenous GBCAs was considered
afe in patients with impaired renal function. In 2006, the FDA first re-
orted an association between NSF and intravenous gadolinium admin-
stration [39] . NSF is a rare systemic disease characterized by fibrosis of
he skin and other tissues throughout the body. It is generally seen in the
iddle-aged, but has also been reported in the elderly and in children

40] . 
The exact etiology of NSF remains unclear but most reported cases

ave been in patients with severe acute or chronic renal failure, with
 glomerular filtration rate (GFR) < 30. Only two cases of NSF have
een reported in patients with a GFR > 30 [41] . Recent data sug-
ests that the risk of NSF is linked to the gadolinium binding strength
f the chelates that form GBCAs, with most cases associated with
eaker, linear chelates. Stable macrocyclic agents such as gadoterate
cid (Dotarem®) and gadobutrol (Gadavist®) are thought to minimize
he risk of NSF. 

adolinium deposition 

Current evidence suggests that all GBCAs are incompletely cleared
rom the body and that small amounts are retained in the brain, bones,
nd other tissues of healthy subjects with normal renal function and
ntact BBB [42 , 43] . These studies have shown that concentration de-
ends on cumulative dose and the chemical stability of the agent. De-
osition rates are higher in patients with impaired renal function and
iseases with altered BBB integrity including some pediatric brain tu-
ors [44] Gadolinium deposited in bone can be released during times

f increased osteoblastic or osteoclastic activity [45] 
The authors have not encountered any literature showing proven

linical long-term adverse effects from GBCAs in subjects with normal
enal function. Although there is insufficient knowledge of long-term
ffects, gadolinium deposition raises a potentially greater concern in
hildhood due to brain development and rapid skeletal growth. Because
ong-term effects of GBCA deposition are not known, the authors suggest
hat they should be administered with caution. For some patients, pre-
ontrast images are reviewed in real-time to assess the need for GBCA.
se of macrocyclic agents over linear agents is preferred whenever pos-

ible, given stronger chelation. The radiologist and referring provider
hould evaluate whether administration of GBCA would add value, es-
ecially in neonates who have lower GFR and children who may receive
ultiple GBCA administrations. There is significant interest in alterna-

ives to GBCAs and administration of chelating agents which would bind
ree gadolinium. For additional current best practices on contrast agent
dministration the reader is encouraged to refer to the American College
f Radiology (ACR) Manual on Contrast Media [37] 

edation 

The risks of sedation during imaging can be direct or indirect. Di-
ect risks relate to an adverse event occurring during or immediately
fter sedation. Their incidence depends on sedation technique, training
f sedating health care providers, and patient population. Fortunately,
t most institutions performing imaging research, sedation is admin-
stered at dedicated pediatric imaging centers by experienced subspe-
ialty providers with trained support personnel/resources. Indirect risk
emains theoretical, that of neurotoxicity from anesthetic agents [46–
0] . Although there is no data showing neurotoxicity from anesthetic
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Fig. 1. (A) Diffusion tensor imaging color fractional anisotropy maps and region of interest delineation of the corticospinal (1,2), transverse pontine (3,4), and medial 
lemniscus (5,6) fibers before and after reirradiation are shown for patient 1. (B) Diffusion tensor imaging tractography of the medical lemniscus tracts before and 
after reirradiation. T2-FLAIR (C) and T1-post-contrast (D) sequences are shown before reirradiation and after reirradiation (This figure was published in Advances 
in Radiation Oncology, Vol 7, Bronk et al. Sequential Diffusion Tensor Imaging and Magnetic Resonance Spectroscopy in Patients Undergoing Reirradiation for 
Progressive Diffuse Intrinsic Pontine Glioma. Fig. 1 , Copyright Elsevier (2022), reproduced with permission). 
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gents in children, data showing neurotoxicity in animal models sug-
ests that judicious use of sedation is prudent [34] . 

The long scan times, narrow scanner bore, and noise of the MRI scan-
er make for a challenging environment for imaging children [34 , 51] .
ultiple strategies can be used to increase the likelihood of a successful
RI examination without sedation. A child-friendly environment can

educe anxiety and increase cooperation [52 , 53] . 
Prior to scanning, exposure to photographs, models, or even mock

canners [54] with noise feed of the scanner can familiarize children
nd their caretakers with the MRI environment [34] . Despite these ef-
4 
orts, sedation is often required. While there is a low risk of acute com-
lications with commonly used sedatives, long-term neurological and
ognitive side effects of sedation remain uncertain. 

In neonates, techniques for reducing sedation are centered around
ncouraging natural sleep during the exam. Noise reduction with ear
overs or quieter MR pulse sequences have been shown to improve the
uccess rate of unsedated scans [55] . “Feed and swaddle ” approach is
ommonly employed; where the shortened scan is scheduled to occur
fter a feed, followed by induction of natural sleep and immobilization
ith swaddling [34] . This is not always possible for lengthier research
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rotocols, and for these examinations it is critical to run the most im-
ortant and/or quieter sequences first. In some cases, multiple imaging
essions might be required. 

For older children, strategies center on minimizing anxiety and dis-
racting the child during the MRI. This can include entertainment with
tems such as headphones or video goggles [51] . In certain research
cenarios, particularly functional imaging, these techniques may not be
ossible as they would influence the data being acquired. In these cases,
ngaging with child life specialists and involving the patient’s parents
an improve the child’s comfort with the exam and increase the likeli-
ood of success. Child life specialists can be invaluable in working with
oth children and their families to reduce fears and prepare the child
or the study. Their use in imaging has been shown to reduce exposure
o the risks, cost, and inconvenience of general anesthesia without a
ecrease in diagnostic image quality [56] . 

MRI’s level of noise due to gradient coils can wake a sleeping or se-
ated child, leading to aborted examinations or need for additional or
eeper sedation. Some scanning parameters can be adjusted to reduce
oise such as the use of deceased gradient slew rate and slow ramps
or k-space readout [34] . This reduces noise beyond earplugs and insu-
ation of the inner bore of the magnet. Newer “silent ” MRI techniques
an dramatically reduce acoustic noise while providing diagnostic im-
ge quality [34 , 57 , 58] . 

ast protocols 

Acquisition techniques that can help accelerate scan time include:
adial k-space sampling [59] compressed sensing [60] , use of 3D se-
uences, use of single shot fast spin echo [61 , 62] 

More recently, artificial intelligence tools have been introduced
hich denoise and interpolate data during image reconstruction, to im-
rove image quality, and further accelerate MRI scan times [63] . These
echniques can be combined with k-space undersampling to enhance
mage quality. Several reports have shown non-inferiority with these
echniques [63 , 64] . Due to advances in processing hardware, many of
hese tools can provide near real time results in near real time Rapid
cquisition of images with MRI using a tailored protocol to answer a
ocused clinical question is standard of care to reduce scan duration,
he need for sedation, and serve as an alternative to CT. As an example,
cho-planar fast spin echo sequences, such as half-Fourier acquisition
ingle-shot turbo spin echo, single-shot fast spin echo, and single-shot
urbo spin echo, have been used for evaluation of children with ventricu-
operitoneal shunts and are effective for evaluation of shunt position and
ize of the ventricular system; albeit limited for further evaluation of the
rain [34] . In the research setting, where high-quality structural imag-
ng is required, other image acceleration factors are preferable. 

Synthetic MRI is one of the major advances in the field of MR physics
nd allows reconstruction of multiple MR tissue contrasts for qualitative
nd quantitative analysis from a single acquisition [65 , 66] . This method
llows reduction of MR imaging time to minutes and has been applied
o multiple disease processes including cancer [67] , multiple sclerosis
68] , and stroke [69] Both the STAGE and the MAGiC approaches are
cquired over around 5 minutes and allow for reconstruction of standard
issue contrasts (T1, T2, FLAIR, SWI) [65] . Please refer to Tanenbaum
t al for further detail [65] . Synthetic MRI will likely be critical in pe-
iatric neuro-oncologic imaging as it not only allows for a dramatic re-
uction in scan time which will increase the time available for research
equences, but provides additional quantitative data. Although uncer-
ainly about the edge case performance and potential failure modes
f these sequences has limited their current clinical use, development
f applications combining synthetic MRI with molecular or functional
maging may be of significant future value. 

Beyond faster protocols, newer hybrid scanners such as PET/MRI
ffer significant benefits to clinical and research imaging in pediatrics.
ombining MRI and PET imaging in a single scanner results in a decrease

n the time required for imaging, decreases the number of sedation in-
5 
tances for the patient, and has the potential for improved image quality
70 , 71] . This latter point is particularly true for the PET imaging com-
onent of the scan where deep learning methods are being applied to
mprove attenuation correction and image reconstruction [72 , 73] . 

adiomics, radiogenomics, and multi-omics approaches 

Radiomics is high-throughput extraction of quantitative and compu-
ational features from medical images that allows for characterization
f the underlying heterogeneity of the disease [74 , 75] . Radiomic meth-
ds were first introduced into the discipline of cancer imaging around
 decade ago. Ever since, the literature has witnessed an exponential
rowth in the number of publications that include “radiomics ” method-
logies, to the extent that radiomics may now be considered a field of
ts own. Imaging genomics, or “radiogenomics ”, refers to the applica-
ion of radiomics for prediction of molecular characteristics of tumors
76–78] . Radiogenomics may overcome the limitations of histopatho-
ogical assessments, such as molecular analysis of only a small portion
f the tumor, sampling error from biopsy procedure, unavailability of a
issue sample for deep-seated or unresectable tumors, or lack of access
o sequencing panels. This can be achieved by quantification of spa-
ial heterogeneity of the tumors and providing non-invasive and in-vivo
urrogate markers for molecular alterations based on pre-operative or
re-treatment MRI scans. In other words, radiogenomics may serve as a
virtual biopsy ” tool to portray the molecular landscape of tumors based
n readily available MRI scans and bridge the gap between imaging and
enomics disciplines [76 , 77] . We refer the readers interested to learn
bout the existing radiomic and radiogenomic studies in pediatric brain
umors to a recent review paper [79] . 

While the field of radiomics in adult brain tumors has witnessed ex-
onential growth over the past decade, such studies have been fairly
imited in pediatric brain tumors [79] , which mainly could be due to
ignificantly lower incidence rate (on the order of one fifth) of brain tu-
ors in children compared to their adult counterparts [80] . . As many
ediatric brain tumor cohorts reported in the literature are small, some
f the proposed methods may not be generalizable to unseen data from
he same or different centers. The Children’s Brain Tumor Network
CBTN) [81] , Pediatric Brain Tumor Consortium (PBTC), and Pacific
euro-Oncology Consortium (PNOC) have facilitated access to larger
ulti-institutional cohorts through their cloud-based platforms. Such

onsortiums are paving the path towards advancement of discoveries
nd available tools for diagnosis and treatment of pediatric brain tu-
ors by increasing the statistical power for research studies. In the fu-

ure, addition of data from multiple centers across the globe can fur-
her contribute to development of more generalizable predictive tools
ased on widely available MRI scans, built based on diverse datasets
hat are inclusive of patients from different countries with different eco-
omic and social backgrounds [79] . Such tools can allow their applica-
ion in lower-income countries without access to sophisticated sequenc-
ng methods. Nonetheless, computational methods developed based on
ulti-institutional datasets face the challenge of harmonization when
ifferent MRI protocols have been implemented for image acquisition
79] . Standardization of image acquisition protocols and definitions in
iagnosis and response assessment of pediatric brain tumors, as ad-
ressed in a few consensus recommendation studies in adult brain tu-
ors can be helpful for reliable tumor response assessment [79 , 82] .
he Response Assessment in Pediatric Neuro-Oncology (RAPNO) work-

ng group has provided guidelines and recommendations [ 12,13 , 14–16 ],
hich if followed, can potentially help in reproducibility of extracted ra-
iomic features among different scanners and centers, and further con-
ribute to development of generalizable predictive models. 

The overarching goal of radiomic and radiogenomic studies is to
mprove personalized decision-making through establishing predictive
odels for upfront prediction of therapeutic outcomes that can help in
etermining the risks and benefits of different treatment options [83] .
herefore, for comprehensive characterization of tumor landscape, inte-
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Fig. 2. Integrated diagnostics based on a multi-omics approach in pediatric neuro-oncology. 
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ration of multi-scale information, from phenotype to genotype is crit-
cal [84] . The 2021 WHO classification of CNS tumors [1] introduced
he integrated diagnosis, using histological and molecular features, for
arsing the formerly broad categories of pediatric gliomas into more
istinctive subtypes that correlate with clinical outcomes. Availability
f “multi-omics ” data including pathomics, proteomics, transcriptomics,
etabolomics, and genomics can further revolutionize integrated diag-
ostic approaches [85] ( Fig. 2 ). Combination of radiomics with multi-
mics data provides an additional layer of information by demonstrat-
ng spatial heterogeneity of the tissue [84] . Guided localized biopsies
ased on pre-operative radiomic analysis may also facilitate the flow of
nformation from one layer to another and bridge the gap between geno-
ype and phenotype. Currently, the efforts at the CBTN consortium are
ocused on providing a platform for multi-omics data analysis, visualiza-
ion, and interpretation of pediatric brain tumors [81] . In a near future,
ith the advent of targeted therapies, comprehensive multi-omics ap-
roaches can better tailor the course of treatment for individual patients
nd provide truly personalized patient care and therapies. 

olecular imaging 

Anatomic and physiologic MRI can provide crucial information in
ediatric brain tumor patients such as tumor size, location, cystic ver-
us solid components, contrast enhancement, cellularity, and vascular-
ty. Molecular imaging techniques allow us to go even beyond assessing
ross morphological and physiological characteristics and to gain insight
nto various aspects of tumor microenvironment. 

Proton MR spectroscopy (MRS) has been used to assess different as-
ects of pediatric glioma metabolism for the past couple of decades
86–88] . Earlier studies were mainly focused on increased Cho/NAA
atio and lactate for tumor grading [89 , 90] . More recently, MRS was
sed to determine various metabolites to assess metabolic pathways,
nd metabolic subgrouping and to integrate metabolic and epigenetic
eprogramming in pediatric gliomas [86–88] . In addition, MRS demon-
trated excellent accuracy of 2-HG MRS to predict IDH mutant gliomas
91] . Despite these promising studies, proton MRS has limitations such
s the inability to measure metabolic fluxes [92] . 
6 
Hyperpolarized carbon-13 (HP-13C) MR imaging presents a promis-
ng relatively new technique that allows noninvasive investigation of in
ivo tumor metabolism by using dynamic nuclear polarization to tran-
iently enhance the signal for molecular probes that can assess different
spects of tumor metabolism. A recent feasibility study in participants
ith diffuse intrinsic pontine glioma demonstrated the safety of HP [1-
3C]pyruvate injection and characteristic conversion to [1-13C]lactate
nd [13C]bicarbonate in the brain as biomarkers of glycolysis and ox-
dative phosphorylation respectively; however, the study was closed pre-
aturely due to poor accrual [93] . Despite promises of HP [1-13C] MRI,

he short lifetime of 13C magnetization requires very tight study logis-
ics which can be challenging in pediatric glioma patients. Deuterium
etabolic imaging (DMI) is a novel MRI molecular imaging technique

hat can be performed with oral intake or intravenous infusion of non-
adioactive 2H-labeled substrates followed by deuterium magnetic res-
nance spectroscopic imaging and enables noninvasive metabolic imag-
ng of gliomas [92] . DMI has been used [6,6 ′ -2H2]glucose to monitor
ux to lactate and glx (sum of glutamine and glutamate) and to visu-
lize tumor burden in glioblastoma patients [94] . In addition, a recent
nimal study demonstrated that DMI can be used to non-invasively as-
ess alternative lengthening of telomeres (ALT)-linked modulation of
lycolytic flux and to monitor response to ALT-inhibitor therapy [94] .
hemical exchange saturation transfer (CEST) is a molecular MRI imag-

ng technique that is based on applying an off-resonance that can de-
ect very low concentrations of molecules by the presence of groups
ith exchangeable protons, such as hydroxyls, amides, and amines [95] .
any studies demonstrated that amide proton transfer (APT) imaging

an predict tumor grading [96] , IDH status [97] , response to treat-
ent [98] and differentiate progression from pseudoprogression [99] .
mine-weighted CEST imaging has also been used to monitor tumor PH
100] and for metabolic characterization of IDH mutant and wild-type
liomas [101] and finally to monitor tumor response to bevacizumab
reatment [102] . Given the promising literature on adult gliomas, fu-
ure studies on pediatric gliomas are needed to confirm their utility in
his age group. 

Positron emission tomography (PET) has also been utilized in pedi-
tric brain tumors. While 18F-FDG PET has been used to answer various
uestions such as differentiation of neoplastic from non-neoplastic en-
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ities, tumor grading, biopsy planning, prognostication, and assessment
f treatment response, amino acid radiotracers showed a better perfor-
ance in these clinical settings [103 , 104] . In a study of 97 patients
ith suspected pediatric brain tumors, the addition of 18F-FET PET to
RI helped to discriminate tumors from non-tumor lesions with high

ccuracy [105] . A recent study of post-treatment pediatric high-grade
lioma demonstrated that qualitative evaluation of 11C- methionine -
ET has higher sensitivity, and accuracy for predicting tumor recurrence
han does MRI and quantitative 11C-MET-PET can predict overall sur-
ival [106] . In another study, in pediatric HGG, 11C- methionine -PET
as able to delineate non-enhancing tumor regions at high risk for re-

urrence [107] . Finally, most newly diagnosed diffuse intrinsic pontine
liomas were successfully visualized by 11C-methionine-PET and base-
ine PET uptake was able to delineate regions at increased risk of recur-
ence [108] . Despite these encouraging studies, amino acid PET imaging
s still used only in a few academic centers in the US and future studies
ith widely available radiotracers are needed. 

uture directions 

The standard brain and spine MR sequences defined by the RAPNO
orking group can help to overcome the challenges with response as-

essment in clinical trials. Future prospective trials are needed to eval-
ate their feasibility and validate these criteria with patient outcomes.
n addition, standardization of image acquisition and image harmoniza-
ion can facilitate the utilization of multi-institutional databases which
ill be key to the advancement of radiomics and radiogenomics in pe-
iatric neuro-oncology. Standardization of the reporting of radiomics-
adiogenomics studies, similar to diagnostic performance studies will
e another important step to increase the chance of reproducibility and
alidation of studies [109] . Finally, despite significant advances in ex-
erimental and molecular imaging approaches, participation in nonther-
peutic research studies can be challenging as patients and families are
sually overwhelmed by a large number of clinically relevant imaging,
ospital visits, and therapeutic trials [93] . A necessary solution is the
arly integration of experimental imaging trials as a biomarker that can
nform therapeutic research studies. 
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