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Abstract: Medulloblastoma is the most common malignant pediatric brain tumor.
Medulloblastoma should not be viewed as a single disease, but as a heterogeneous mixture
of various subgroups with distinct characteristics. Based on genomic profiles, four distinct
molecular subgroups are identified: Wingless (WNT], Sonic Hedgehog (SHH), Group 3 and
Group 4. Each of these subgroups are associated with specific genetic aberrations, typical
age of onset as well as survival prognosis. Magnetic resonance imaging (MRI) is performed
for all patients with brain tumors, and has a key role in the diagnosis, surgical guidance and
follow up of patients with medulloblastoma. Several studies indicate MRl as a promising tool
for early detection of medulloblastoma subgroups. The early identification of the subgroup
can influence the extent of surgical resection, radiotherapy and chemotherapy targeted
treatments. In this article, we review the state of the art in MRI-facilitated medulloblastoma
subgrouping, with a summary of the main MRI features in medulloblastoma and a brief
discussion on molecular characterization of medulloblastoma subgroups. The main focus of
the article is MRI features that correlate with medulloblastoma subtypes, as well as features
suggestive of molecular subgroups. Finally, we briefly discuss the latest trends in MRI studies
and latest developments in molecular characterization.
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Introduction

Medulloblastoma is the most common malignant
pediatric brain tumor, accounting for about 15—
20% of the central nervous system (CNS) malig-
nancies, 40% of them being located in the posterior
fossa.! Although survival rates have increased by
30% in the past 20 years, many patients still die
from this disease.?

Histological features unveil a heterogeneous dis-
ease. Four variants of medulloblastoma have been
identified: classic, desmoplastic/nodular (D/N),
extensive nodularity (MBEN), anaplastic and
large cell, the latter often coexisting in the large
cell/anaplastic (LC/A) variant.?*

In recent years, an important advance in knowledge
was starting to consider medulloblastoma not as a
single disease, but as a heterogeneous mixture of
various subgroups with distinct characteristics.
Based on genomic profiles, four distinct molecular
subgroups have been identified: Wingless (WN'T),
Sonic Hedgehog (SHH), Group 3 and Group 4.5
Each subgroup has shown specific survival, age
demographics, and genetic aberrations.” In WNT
and SHH subgroups, the name results from the sig-
nal pathway involved that plays a prominent role in
the pathogenesis of that subgroup.® Molecular sub-
groups have shown correlation with clinical out-
come. For this reason, molecular subgroups were
integrated in the most recent version of WHO

Ther Adv Neurol Disord
2018, Vol. 11: 1-14

DOI: 10.1177/
1756286418775375

© The Authorl(s), 2018.
Reprints and permissions:
http://www.sagepub.co.uk/
journalsPermissions.nav

Correspondence to:
Chiara Carducci
Department of Imaging,
Neuroradiology Unit,
Bambino Gesu Children’s
Hospital, Piazza
Sant'Onofrio 4, 00165,
Rome, ltaly.
chiaral.carducci@opbg.
net

Giovanna Stefania Colafati
Department of Imaging,
Neuroradiology Unit,
Bambino Gesu Children’s
Hospital, Rome, Italy

loan Paul Voicu
Department of Imaging,
Neuroradiology Unit

and Department of
Hematology/Oncology and
Stem Cell Transplantation,
Bambino Gesu Children’s
Hospital, Rome, Italy

Evelina Miele

Antonio Marrazzo
Antonella Cacchione
Angela Mastronuzzi
Department of
Hematology/Oncology and
Stem Cell Transplantation,
Bambino Gesu Children’s
Hospital, Rome, Italy

Andrea Carai
Department of
Neuroscience and
Neurorehabilitation,
Neurosurgery Unit,
Bambino Gesu Children’s
Hospital, Rome, Italy

Simona Di Loreto
Dipartimento di Pediatria,
Universita degli studi di
Chieti, Chieti, Italy

Valerio Cecinati

Pediatric Hematology and
Oncology Unit, Department
of Hematology,
Transfusion Medicine and
Biotechnology, Pescara,
Italy

Assunta Tornesello
Oncoematologia
Pediatrica, Ospedale Vito
Fazzi, Lecce, ltaly

journals.sagepub.com/home/tan

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://journals.sagepub.com/home/tan
https://doi.org/10.1177/1756286418775375
https://doi.org/10.1177/1756286418775375
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
chiara1.carducci@opbg.net
chiara1.carducci@opbg.net

Therapeutic Advances in Neurological Disorders 11

classification of CNS malignancies* and even in
clinical practice. These medulloblastoma sub-
groups remain stable at recurrence and are likely
remindful of original cells; the clinical outcome is
known to vary among different subgroups.®-12

Furthermore, recent research by Cavalli and col-
leagues on 763 medulloblastoma samples has
unveiled the presence of intertumoral heteroge-
neity within the four medulloblastoma sub-
groups, thus delineating the presence of 12
subtypes based on gene expression and DNA
methylation features, but the degree of heteroge-
neity and the extent of overlap is still unknown.
This newfound heterogeneity within medullo-
blastoma subgroups could account for previously
unexplained variation.13

Magnetic resonance imaging (MRI) has a key role
in the diagnosis, surgical guidance and follow up of
patients with medulloblastoma. MRI is performed
for all patients with a brain tumor.'# An accurate
and rapid subgroup prediction molecular method
(nonenzymatic multiplexed assay) is already in
use,!5 but it could be helpful and less expensive to
improve the potential information that can be
deduced from a routine exam in these patients.
Prior studies have shown that medulloblastomas
may present with heterogeneous imaging aspects
and that specific phenotypic radiologic features
may reflect tumor histological and biological char-
acteristics.'%°1° These studies seem to indicate
MRI as a promising tool for early detection of
medulloblastoma subgroups.2® In the future, the
early identification of the subgroups could be help-
ful in the planning of surgical resection, radiother-
apy and chemotherapy targeted treatments.
Thompson and colleagues studied the prognostic
value of the extent of resection in a subgroup-spe-
cific manner.?! In their results the benefit of
increased extent of resection is largely attenuated
after consideration of molecular subgroup.

The primary aim of this paper is to review the
state of the art on MRI features shown to be help-
ful in predicting the molecular subgroups of
medulloblastoma.

Molecular characterization of
medulloblastoma subgroups
WNT is the least common molecular medullo-
blastoma subgroup and accounts for about 10—
11% of all medulloblastomas.?? It shows a peak

incidence at 10-12 years of age, being very rare in
infants, without gender predilection. Classic his-
tology is most frequently encountered, with rare
cases of the L.C/A variant and metastatic dissemi-
nation.?? The hallmark alteration in WNT tumors
is the somatic activating mutations in exon 3 of
B-catenin (CTNNBI1), shown in 85% of WNT
medulloblastoma and predictive of good out-
come.?* However, the biological effect of Wnt/p-
catenin signaling activation and the link with a
better prognosis have not yet been fully clarified.?>
Monosomy 6 is the main recurrent structural
chromosomic alteration (80-85%), usually found
in an otherwise balanced genome. The next most
common mutations are in DDX3X gene (with a
possible role in B-catenin activation?) and the
missense mutations in TP53 (15% of cases), that,
despite being a marker of high risk in the SHH
subgroup, does not confer difference in survival
for WNT patients.2?

Subgroup SHH represents 28-30% of all medul-
loblastomas, with a bimodal age distribution: it is
more frequent in infants and adults, with a slight
male predominance among infants.?® These
patients have an intermediate prognosis, with
5-year survival ranging between 60% and 80%,
but the associated mutations in MYCN or TP53
oncogenes worsen the prognosis.2?® D/N and
MBEN are characteristically associated with the
SHH subtype (Figure 1); however, it is possible to
observe classic or LC/A histology.23 Typical genetic
alterations lead to the over-activation of SHH sign-
aling: the most common are the somatic or ger-
mline inactivating alterations or the loss of PTCH1
and SUFU, or the somatic missense mutations
activating SMO.30:31 A few SHH patients present
high-risk disease due to co-amplification of MYCN
and GLI2, accompanied by inactivation of TP53.27
Patients with Gorlin syndrome, carriers of a ger-
mline mutation on PTCHI1, have a predisposition
to develop basal-cell carcinoma and medulloblas-
toma, especially MBEN.32 An uncommon presen-
tation of SHH subgroup medulloblastomas has
also been reported in patients with rare diseases
such as Fanconi anemia.??

Group 3 accounts for about 25-28% of all medul-
loblastomas, but these patients have the worst sur-
vival and the highest rate of metastatic dissemination
(Figure 2).%3* More common in infants and
younger children, Group 3 medulloblastomas are
very rare in adults, with a male to female ratio of
2:1.23 The principal histology is classic or LC/A
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Figure 1. Example of SHH desmoplastic medulloblastoma. Two-year-old boy. Axial T2w(a) magnetic
resonance images show an intraventricular mass in the fourth ventricle extending into the right Lushka
foramen. Axial T1w postcontrast (b) images show associated heterogeneous contrast enhancement.
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Figure 2. Example of Group 3 medulloblastoma. Five-year-old girl. Axial T2w(a) magnetic resonance images
show an intraventricular mass in the fourth ventricle. Axial T1w postcontrast (b) image shows intense contrast

enhancement and presence of cystic components.

and the tumor genome is considerably unbalanced,
with a large number of broad alterations such as
gain of chromosome 7 and iso-chromosome 17g.
Associations with neurocutaneous syndromes such
as tuberous sclerosis complex have also been
described.?> Group 4 medulloblastomas share
many of these alterations (Figure 3).3° The most
common event is the MYC amplification (10—
20%), followed by amplification of the OTX2
transcription factor, which accounts for 10% of
patients and is mutually exclusive of MYC
amplification.37-39

Group 4 accounts for about 34—35% of medullo-
blastomas, making it the most common subgroup.2?

Rare in infants, they have a peak incidence in
10-year-old children, with a clear prevalence in
males (sex ratio 3:1). They can have classic or
LC/A histology.??> Group 4 medulloblastomas have
an intermediate prognosis and a high rate of metas-
tasis and relapse: MYCN amplification, in contrast
with the SHH subgroup, is not associated with the
worst outcome.40

MRI features

Medulloblastomas have a variable appearance on
MRI. The tumor classically appears hyper- or
isodense on computer tomography (Figure 4) and
hypo- or isointense on T1- and T2-weighted MRI
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Figure 3. Example of desmoplastic Group 4 medulloblastoma. Four-year-old girl. Axial T2w(a) magnetic
resonance images show an intraventricular mass in the fourth ventricle. Axial T1w postcontrast (b) images

show associated homogeneous contrast enhancement.

Figure 4. Medulloblastoma in a 16-year-old boy.
Axial computed tomography shows a hyperdense
intraventricular mass with signs of mineralization
(arrow).

based on differences in high cellularity/high
nuclear-cytoplasmic ratio. They could appear
homogeneous or heterogeneous due to intratu-
moral cyst or necrotic foci (about 50% of medul-
loblastomas!?) and calcifications (10-20% of
medulloblastomas). The features on contrast-
enhanced images are also heterogeneous, with
occasionally evidence of mild or no enhancement
— up to 25% of cases in a recent report.!%?° An
accurate analysis of these MRI features is neces-
sary also in the differential diagnosis from others

brain tumors. Based on these findings, radiologi-
cal assessment is difficult and it is strongly sug-
gested that meticulous imaging guidelines at
diagnosis and during follow up in patients with
medulloblastomas (MBL) be followed (Table
1).41-42 Medulloblastomas are most commonly
situated in the inferior vermis, and often com-
press the fourth ventricle, producing obstructive
hydrocephalus, but hemispheric locations are also
possible. Leptomeningeal dissemination across
the cerebrospinal fluid (CSF) pathway can occur
and is ordinarily situated at the Sylvian fissures,
suprasellar subarachnoid space, posterior fossa
cisterns or, rarely, cerebral hemispheric convexi-
ties. Thoracic and lumbosacral metastases are
also relatively common.43

Conventional MRI with morphological sequences
is the first important step in the qualitative evalu-
ation of tumor location and extension for medul-
loblastomas differential diagnosis with other
tumor histotypes. Advanced MRI sequences, par-
ticularly diffusion-weighted imaging (DWI) with
apparent diffusion coefficient (ADC) maps and
spectroscopic studies improved information to
achieve a quantitative analysis and have opened
new opportunities to correlate imaging findings to
medulloblastomas molecular subtypes.

DWI relies on microscopic water diffusion rate
within tissues, which is inversely proportional to
the cellularity of the tumor.

DWI and ADC maps have been used already for
differential diagnosis of the major posterior fossa
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Table 1. Brain and spine magnetic resonance imaging (MRI] protocol in our Institution for children with medulloblastoma at
diagnosis and during follow up. Further reccomendations are available from RAPNO (response assessment in pediatric neuro-
oncology) guidelines for medulloblastoma and leptomeningeal seeding tumors.42

Sequences Slice thickness
(mm)
Brain MRI
Axial T2 TSE 3
Coronal T2 TSE
Axial T2 FLAIR
Axial DWI (b = 0,1000) with ADC 3 Consider additional DTI
3DT1 MPRAGE/SPACE <1 Always perform if only
MPRAGE is acquired
Optional if SPACE is acquired
Axial T1 SE 3
After intravenous gadolinium
contrast administration
3DT1 MPRAGE/SPACE + contrast <1 Sagittal plane
Axial T1 TSE + contrast Always perform if only
MPRAGE is acquired
Optional if SPACE is acquired
Axial T2 FLAIR + contrast 3 Optional
Spine MRI
Sagittal T1 SE upper/lower + contrast 3
Axial SE + contrast 3
Sagittal T2 TSE 3
Sagittal CISS/T2 <1 Optional

ADC, apparent diffusion coefficient; DTI, diffusion tensor imaging; DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery;
MPRAGE, radio-frequency pulses and rapid gradient-echo; SE, spin echo; SPACE, sampling perfection with application optimized contrasts using

different flip angle evolution; TSE, turbo spin echo.

tumors. High tumor cellularity of medulloblas-
toma classically results in restricted diffusion
manifested by low ADC values (Figure 5).16
Differences in ADC values are still used to distin-
guish medulloblastomas from pilocytic astrocyto-
mas (Figure 6).%* Although the exact sensitivity of
DWI in nonenhancing medulloblastomas needs to
be established, its advantage over contrast-
enhanced images has been previously reported.
ADC value is typically lower than 800 X 107
mm?/s because of the high cellularity of medullo-
blastomas.** Quantitative diffusion measurements
could also be used to assess early treatment
response, correlating to an increase in the ADC

value with a good treatment response, but clear
data are not yet available in clinical practice.%

Magnetic resonance spectroscopy (MRS) could
provide useful information on tumor metabo-
lism, and is already used to distinguish medul-
loblastomas from other posterior fossa
tumors.%%47 Moreover, a significant metabolic
heterogeneity within tumors of the same type
has been observed, supposedly based on genetic
profiles.43:4% Bliiml and colleagues demonstrated,
for the first time, that by iz vivo analysis of tumor
metabolites by MRS, using a five-metabolite
model, it is possible to identify medulloblastoma
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Figure 5. Diffusion-weighted images with b=1000 (a) and apparent diffusion coefficient maps (b) in a fourteen-
year-old boy with histologically proven medulloblastoma. A posterior fossa intraventricular mass is seen. The
lesion presents with diffusion restriction. Medulloblastomas typically present with diffusion restriction.

Figure 6. Apparent diffusion coefficient (ADC) maps in a six-year-old girl with pylocitic astrocytoma (a) and in
a medulloblastoma (b, same patient as in Figure 4). In the patient with pylocitic astrocytoma the lesion does
not show diffusion restriction. In the patient with medulloblastoma the lesion shows diffusion restriction.

molecular subgroups.’® They described that
Group 3 and Group 4 medulloblastomas had
readily detectable taurine and creatine levels;
SHH medulloblastomas also showed prominent
choline and lipids peaks, notably low creatine
levels, and little or no evidence of taurine. WNT
medulloblastoma spectroscopic analysis was
unreliable, given the small sample size described
in this study.?3

MRI features suggestive for histologic
medulloblastoma subtypes

Recent development in MRI evaluations can be
used to differentiate histologically determined
medulloblastoma subtypes.

Yeom and colleagues described how ADC values
and other specific MRI features may distinguish
medulloblastoma subtypes and aid in correct
diagnosis and prognosis.14 In that study, the mean
ADC (X 1073 mm?/s) ranged from 0.63 to 1.11,
comparable to the reported mean ADC range
reported in the literature.4451,52 In addition, aver-
age minimum ADC value previously described
was 0.49 X 1073 mm?/s, similar to average mini-
mum ADC values presented by Yeom and col-
leagues (0.35 X 1073 mm?/s).!* These variations
in ADC value are justified by the presumably dif-
ferent selection techniques of region of interest
(ROI). Some authors placed ROIs on only
enhancing medulloblastoma sites, or in selected
portions of tumors; conversely, Yeom and
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colleagues manually drew the ROIs, defining total
tumor boundaries to ensure reproducibility, and
excluding hemorrhagic, cystic, or necrotic por-
tions. The highest and lowest ADC values were
observed in LC/A medulloblastomas and in clas-
sic medulloblastomas, respectively, confirming
previous findings by Fruehwald-Pallamar and
colleagues.!%52 ADC values are influenced by var-
iations of water content in intra- and extracellular
compartments. The highest cell density can be
found in classic medulloblastomas. Small cells
with scant cytoplasm characterize these tumors.
Consequent relative water restriction might jus-
tify their relatively lower ADC values.>35¢ In D/N
medulloblastomas, ADC values are known to be
lower (0.63 X 1073 mm?/s), similarly to LC/A
medulloblastomas. A reason for this behavior
could be that extracellular water motion is
restricted by dense reticulin fiber networks, which
are typical of this subtype.l%5556 Intratumoral
cystic areas, necrosis and hemorrhage, excluded
from ADC measurements, contribute to varia-
tions in cell density and could alter ADC values,
as reported in adult glioblastoma multiforme
studies.>” The increasing metabolic demands of
the cancerous tissue are referred to these data.!*

‘Striking grapelike nodularity’ characterizes the
computed tomography (CT) and MRI appear-
ances of MBEN, with typically greater uptake on
iodine-123 meta-iodo-benzyl-guanidine (MIBG)
than the classic variant, revealed by single photon
emission computed tomography (SPECT), prob-
ably due to neuronal differentiation of this vari-
ant.’® An evident nodular aspect, well defined
tumor mass and a particular macroscopic pattern,
characterized by aggregate compact formation,
that were organized in a ‘grapelike’ composition,
were described. In addition, in some cases macro-
cysts were included in these structures. The mass
appeared iso- or slightly hyperdense on CT,
slightly hypointense on T1, hypointense on T2
and with noticeable contrast enhancement.>®
Contrast-enhanced MRI is useful to distinguish
this tumor type from others and from pathologic
processes in the cerebellum that are characterized
by multinodular architecture, such as dysplastic
gangliocytoma  (Lhermitte-Duclos  disease).
Indeed, most nodular lesions of the cerebellum
are not enhanced by MRI.#!

The presence of ring enhancement is positively
correlated with the LC/A subtype and with necro-
sis areas. From histological sections it has emerged

that the ring enhancement correlates with tumor
necrosis areas. Currently, the presence of ring
enhancement is more frequent in medulloblas-
toma with aggressive behavior, and it is not yet
clear whether the cell necrosis is associated with
abnormal tumor proliferation.14

MRI features suggestive of molecular
medulloblastoma subgroups

Many studies have shown that medulloblastomas
present heterogeneous imaging features, compris-
ing site and enhancement characteristics.!4 In this
respect, an innovative finding is the identification
of specific and peculiar radiological features that
may reflect molecular medulloblastoma profiles.
To date, few studies have focused on this
approach.19:53

At present, qualitative evaluation of the morpho-
logical sequences is deemed insufficient for char-
acterization of molecular subtypes. Advanced
MRI sequences have opened new opportunities
to correlate imaging findings with molecular
subtypes.

WNT

Perreault and colleagues published a study about
the analysis of distinctive MRI features to predict
medulloblastoma subgroups.2? According to the
authors’ model, tumor location was a key feature
predictive of molecular subgroup. In their sam-
ple, WNT show a unique feature for this sub-
group: the cerebellar peduncle/cerebellopontine
angle cistern localization (75%).2°

A single study on 143 children affected by medul-
loblastoma focused on 16 WNT tumors (11.8%)
in order to highlight specific WNT MRI features,
correlated with its embryologic origin.®®
Specifically, WNT tumors seem to develop along
an oblique-curved triangle centered on the fora-
men of Luschka, with one peak extending ventro-
laterally to the CP-angle cistern, another
postero-infero-medially to the cisterna magna,
and the third postero-supero-medially to the
fourth ventricle (Figure 7). Previous studies
observed that WNT tumors are located in the
midline and always infiltrated the dorsal brain
stem. The epicenter of the tumor had an impor-
tant role in the evaluation, but tumor signal, cyst,
necrosis and hemorrhage were also described
through pre- and postoperative images. All WNT
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Figure 7. Magnetic resonance image of an eight-year-old girl (a,c] and of a three-year-old girl (b,d),

both presenting with WNT medulloblastoma. Axial T2w (a,b] images of two patients show two masses
localized respectively in the fourth ventricle (a) and in the right cerebellopontine angle (arrow) (b). Axial T1w
postcontrast (c,d] images show heterogeneous enhancement of the two lesions.

tumors seemed mostly extra-parenchymal and
attached to the surface of the brain stem and/or
the cerebellum. The dentate nucleus, the superior
and the middle cerebellar peduncle, the lateral
brain stem, the infero-medial portion of the cere-
bellar hemisphere, and the floor of the fourth ven-
tricle were some of the structures invaded. A
laterality score was introduced to complete pre-
and postoperative evaluation. The obtained results
offered the hypothesis that WNT tumors are close
to the midline but they are lateralized; the source
areas are around the foramen of Luschka, superfi-
cial layers of the dorsolateral brain stem under the
middle cerebellar peduncle and paramedian struc-
tures of the inferomedial cerebellar hemispheres.
These results were in line with the new informa-
tion on the origins and pathway involved.10:60,61
The laterality and the dominantly extra-parenchy-
mal location of WNT tumors seemed to confirm
that the lower rhombic lip could be the origin.

The relationship between the medulloblastoma
and the brain stem was also evaluated: fewer than
half (48%) of SHH tumors showed contact with
the brain stem or an intraventricular expansion
(19%). All other subgroups always had this con-
tact. The key points were cuneate nucleus for
WNT, and cuneate and cochlear nucleus for
Group 3 and Group 4; almost all (87.5% WNT,
100% Group 3 and Group 4) showed infiltration
of the fourth ventricle.?”

SHH

SHH has most commonly involved the cerebellar
hemispheres (54%) in the analysis of Perreault
and colleagues,?? and the preferential localization
of SHH medulloblastomas in the cerebellar
hemispheres (Figure 8), following the higher fre-
quency of D/N medulloblastomas involvement in
this site, seems to be justified by SHH tumor
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Figure 8. MRI of a six-year-old girl (a,c] and of a two-year-old girl (b,d) presenting with a classic and a
desmoplastic SHH medulloblastoma. Axial T2w (a,c) images of two patients show two masses arising from the
cerebellar hemispheres. Axial T1w postcontrast (c,d) images show almost no contrast enhancement of one
lesion (c) and contrast enhancement in the other lesion (d).

origins,®® while cochlear nucleus onset of SHH
medulloblastomas in younger patients is not sup-
ported by a different SHH tumor location
between infants and older patients.10-62

A recent study analyzed a cohort of 71 patients
with medulloblastoma to describe a correlation
between molecular subgroups and location,
broadening our understanding about the origins
of molecular medulloblastoma subgroups.®> An
important observation was that all subgroups
included some tumors that were only extracere-
bellar (37.5% WNT, 9.5% SHH, 13.3% Group
3, 22.2% Group 4), but only SHH medulloblas-
tomas presented tumors that were only intracer-
ebellar (52.4%). Hemispheric cerebellar tumor
portions belonged mainly to the SHH
subgroup.®

As mentioned above, fewer than half (48%) of
SHH tumors showed contact with the brain stem
or an intraventricular expansion (19%). All other
subgroups always had this contact: the key points
were cuneate nucleus for WNT, and cuneate
and cochlear nucleus for Group 3 and Group 4;
almost all (87.5% WNT, 100% Group 3
and Group 4) showed infiltration of the fourth ven-
tricle.?” In line with previous studies, the predomi-
nant growth in the rostral cerebellar hemispheric
region of SHH cancers led to the hypothesis that
granule cells of this area may be more vulnerable to
oncogenic alterations. This study also focused on
the differences in various age groups in SHH type,
describing a typical two-peak age distribution.
Most SHH medulloblastomas occur in infants (<3
years; 38.1%) or in young adults (=16 years;
47.6%), while few SHH tumors develop in
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children (>3 to <16 years; 14.3%), in line with
data in the literature.3° In addition, Wefers and col-
leagues describe two distinct SHH medulloblas-
toma age entities in which different locations
between pediatric—adult and infant SHH medullo-
blastomas reflects the various gene expression pro-
files and, consequently, the distinct cell of
origin.?7:28:63 Many of the former (66.7% of child
SHH and 80% of adult SHH) were only intracere-
bellar; conversely, 87.5% of infant SHH had an
extracerebellar part and 25% were completely
extracerebellar. In addition, adult and child SHH
medull oblastoma s
frequently present a hemispheric growth, while
infant ones show mostly a vermian development
(62.5%). Exclusively rostral cerebellar localiza-
tion was associated with adult and child SHH
medulloblastomas, and not those in infants. The
contact with the brain stem is mainly described
for infant tumors (87.5%), while few adult (20%)
and child (33.3%) SHH medulloblastomas have
this. These data lead to the hypothesis that rostral
and rostro-caudal hemispheric cerebellar localiza-
tion is specific to child and adult SHH tumors; on
the other hand, extracerebellar origins may be
supposed for WNT, Group 3, Group 4 and infant
SHH medulloblastomas.?7-63

Group 3 and Group 4

In order to describe a correlation between molec-
ular subgroups and location, broadening our
understanding about the origins of molecular
medulloblastoma subgroups, it was reported 73%
of Group 3 and 70% of Group 4 had a vermian
localization.®3

In the evaluation of the relationship between
medulloblastoma and brain stem, there is always
a contact between them or an intraventricular
expansion contact and an infiltration of the fourth
ventricle. Cuneate and cochlear nucleus were
contacted for Group 3 and Group 4.%7

Group 4 are characteristically nonenhancing
tumors in the midline/fourth ventricle site: this is
an important observation to distinguish Group 3
and Group 4.2° The tumor margin was a useful
predictor, but it was significantly limited by
cohort studies and without homogeneity in MRI
database analysis.20

Establishing the nature of the boundary between
Group 3 and Group 4 is of clinical importance as

outcomes differ, particularly in the setting of
upfront metastatic dissemination.?!

Finally, other advanced sequences could also be
used to seek correlations with molecular medullo-
blastoma subgroups. A recent study explored the
role of angiogenesis in order to identify clinically
relevant biomarkers of tumor vascularity and sur-
vival in Group 3 medulloblastoma. The authors
employed dynamic susceptibility weighted perfu-
sion (DSC) and susceptibility weighted imaging
(SWI) to scan with a 7 T magnet Group 3 xeno-
grafts implanted in nude rats.®* Imaging metrics
were correlated with vessel density and VEGFA rat
protein expression. The authors found that
VEGFA mRNA expression was significantly ele-
vated in Group 3 medulloblastoma. In this cohort,
VEGFA mRNA expression significantly influ-
enced overall survival, with low VEGFA values
being correlated with a survival advantage and
high VEGFA values being correlated with a sur-
vival disadvantage. DSC MRI values were signifi-
cantly correlated with vascularity and survival. SW
MRI with ferumoxytol was a significant biomarker
for survival. The authors concluded that DSC
MRI and SWI were clinically relevant biomarkers
for tumor vascularity and overall survival and
could be used to direct the use of antivascular ther-
apies for patients with Group 3 medulloblastoma.

Discussion

In this paper, we reviewed the state of the art on
MRI features shown to be helpful in predicting
the molecular subgroups of medulloblastoma.
Most MRI researches on medulloblastoma sub-
types with advanced sequences have employed
DWI/ADC or spectroscopy, although other inter-
esting approaches have been tested.®*

The latest trend in neuro-oncological studies is
directed to the extraction of quantitative data
from qualitative data, in order to identify possible
MRI biomarkers. These should be precisely
measurable and reproducible descriptors of the
tumor.!%20 The combination of these features
with genomic data could increase the diagnostic,
prognostic and predictive yield of noninvasive
radiological techniques, for the benefit of cancer
patients, especially in children.

In this context, a promising field could be repre-
sented by ‘radiomic’ studies. ‘Radiomic’ studies
are currently conducted to extract biomarkers
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from advanced conventional sequences and to
assign a quantitative value to MRI tumoral fea-
tures, like dimensional, volumetric, morphologi-
cal and localizing characteristics.%%%% Experimental
research has confirmed that they can be currently
useful to identify correlations but not to identify
causes, so it is not currently expected that the
only imaging assessment can replace histological
and/or genetic data. Furthermore, radiologists
should be aware that next-generation sequencing
studies are still unveiling new findings on tumor
pathways and genetic signatures on a frenetic
pace.13:67.:68 \Where possible, MRI studies should
confront and seek correlation with the latest his-
tologic and molecular findings. The correlation
between MRI and histological and molecular
data could better target specific genomic research
and possibly aid in the choice of precise biopsy
site and surgical management, as well as provid-
ing potential support for histopathological data to
guide the therapeutic approach.

MRI features of medulloblastoma could help
neuro-oncologists, providing additional informa-
tion with the goal of establishing accurate risk
stratification at diagnosis.

The current standard of care dictates aggressive
surgical approaches, aimed at total or near-total
resection, given improved survival for patients in
whom a gross total resection is achieved.
However, a wider resection also carries signifi-
cant risks of morbidity, including cerebellar mut-
ism. A group of experts have recently analyzed
the prognostic value of the extent of resection in
a subgroup-specific manner in patients treated at
centers participating in the Medulloblastoma
Advanced Genomics International Consortium.
The prognostic benefit of increased extent of
resection for patients with medulloblastoma is
attenuated after consideration of molecular sub-
group. Maximum safe surgical resection is the
standard of care, but in the case of small residual
portions it is mandatory to consider the high like-
lihood of neurological morbidity, there is no
definitive benefit to gross total resection com-
pared with near-total resection.21:6%70 With fur-
ther research and validation of MRI-based
stratification, we envision the possibility of limit-
ing biopsies for molecular profiling and neoadju-
vant therapies. The limitations of these
stratification methods are centered on access to
the technology and skilled personnel to interpret
the data, which are currently exclusive to some

specialist centers. The accuracy and feasibility of
some MRI features for predicting molecular sub-
groups suggests that they may be a useful addi-
tional tool to the other strategies used for
subgroup determination and treatment stratifica-
tion in children with medulloblastoma.
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