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Abstract
Pediatric brain tumors are the leading cause of childhood cancer mortality with medulloblastoma (MB) representing the most
frequent malignant tumor. Although standardization of therapy resulted in a 2-fold reduction in mortality in patients with MB by
2002, it became clear that further improvements in clinical outcome would require a deeper understanding of the biology of MB.
Employing the four main molecular MB subgroups (Wnt, Shh, Group 3 and Group 4), a restratification into clinicogenomic risk
categories quantified an unacceptable survival for the high-risk group, urging researchers to focus their efforts towards acquiring
a greater biological understanding of these children. Advancing in parallel with the molecular characterization and understanding
of pediatric MB is the clinicogenomic correlations giving rise to recommendations for neurosurgical care. While unique obser-
vations that distinct radiological patterns can be identified to inform the MB molecular subgroup preoperatively, current neuro-
surgical practice remains maximal safe surgical resection followed by risk-adapted provision of adjuvant therapy in the context of
a clinical trial.
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1 Introduction

Pediatric brain tumors are the leading cause of childhood can-
cer mortality with medulloblastoma (MB) representing the
most frequent malignant tumor [1]. Our understanding of the
molecular basis of pediatric MB has increased significantly
since its first description by two eminent dually trained neu-
rosurgeons and neuropathologists, Drs. Percival Bailey and
Harvey Cushing in 1925 [2]. Since then, multiple risk strati-
fications were developed in efforts to guide and standardize
clinical practice. Clinically, high-risk disease is identified by
an age less than 3 years and metastasis at diagnosis or postop-
erative residual disease greater than 1.5 cm2 [3]. Over the last
30 years, a multimodal approach to disease management
employing a standardized risk stratification system has made
significant improvements in outcome survival (OS) for these
children; however, ample potential for improvements remain
[4]. Traditional treatment for children age 3 years and older

involves maximal safe resection, adjuvant craniospinal irradi-
ation, and chemotherapy with vincristine, cisplatin, cyclo-
phosphamide, and lomustine [5]. In children under the age
of 3 years , the balance between the devastat ing
neurodevelopmental and neurocognitive side effects of radia-
t ion the rapy and disease con t ro l prompted the
neurooncological community to learn from the early experi-
ences of postoperative irradiation of the developing brain [6].
In these young children, a radiation sparing, high-dose che-
motherapy protocol is administered with radiation reserved for
salvage therapy. While childhood MB survivorship witnessed
a significant improvement nearing 80% for standard-risk pa-
tients, the treatment toxicity and long-term sequelae of the
current regime considerably impact their quality of life, further
emphasizing the need for a deeper understanding of the biol-
ogy of MB (Fig. 1) [7–13].

2 Molecular era

At the turn of the millennium, high-throughput methods for
studying the genome and transcriptome became available fa-
cilitating early studies to subdivide histologically similar leu-
kemias into clinically and molecularly distinct groups [14]. A
subsequent study by Pomeroy et al. utilized transcriptomics to
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study primitive neuroectodermal tumors (PNETs) of the CNS
and demonstrated that 2 histologically similar tumors,MB and
supratentorial PNET were molecularly distinguishable [15].
Further, MB with classic histopathology were biologically
distinct from nodular desmoplastic histology providing the
initial evidence for what is now regarded as the sonic hedge-
hog (Shh) MB subrgroup [15]. Subsequent high-throughput
characterization of a larger series of primary MB tumor sam-
ples identified definitive clusters that appeared to be distinct
from one another [16–19]. These findings prompted a gather-
ing of an international expert panel at a consensus conference
in Boston in 2010. This panel of experts determined that the
data supported the existence of four main MB subgroups
(Wnt, Shh, Group 3 (G3) and Group 4 (G4)) based onmultiple
genomic platforms with distinct demographics and clinical
features [20]. The Wingless (Wnt) and Shh pathways were
characterized by upregulation of genes in the canonical Wnt
or Shh pathways respectively. These 2 subgroups were sepa-
rated from each other and other subgroups on principal

components analysis and were associated with improved clin-
ical outcomes when compared with G3 and G4 subgroups,
which were less well-characterized and clinically correlated
with a greater likelihood of metastatic disease and poor clini-
cal outcome [17–23] (Table 1). Following an international
consensus, the WHO provided an update on the classification
of tumors of the central nervous system (CNS) to include the
molecular parameters in addition to histology to define many
tumor entities. For MB, the genetically defined subcategories
included the Wnt activated, Shh activated and TP53 mutant,
Shh activated and TP53 wild type, and non-Wnt/non-Shh,
Group 3 (G3) and Group 4 (G4) [24].

After review of 5 years of data within the published and
unpublished literature since the pediatric MB molecular con-
sensus, Ramaswamy et al. updated the clinical risk stratifica-
tion integrating the breadth of evidence for currently available
biomarkers and clinical outcome. Risk groups were defined
based on current survival rates: low risk (> 90% survival),
average (standard) risk (75–90% survival), high risk (50–

Table 1 Current consensus of pediatric MB molecular subgroups [20, 21]

Wnt Shh Group 3 Group 4

Demographics

Age Children > adults Bimodal: infants and adults >
children

Infants < children Infants < children >
adults

Gender Male = female Male = female Male > female Male > female

Clinical features

Histology Classic, rarely LCA and rarely
M+

Desmoplastic/nodular, classic, LCA Classic, LCA Classic, LCA

Metastasis Very good Uncommonly M+ Very frequently M+ Frequently M+

Prognosis Intermediate Poor Intermediate

Genetics CTNNB1 mutation PTCH/SMO/SUFU mutations 11p, 5q, 10q, and 16q
deletions

11p deletions

Monosomy 6 GLI2 + 1q,17q, and 18q gains 17q and 18q gains

MYCN + Isochromosome 17q

9q and 10q deletions MYC +

Gene
expression

Wnt signaling Shh signaling Photoreceptor/GABAergic Neuronal/glutamatergic

MYC + MYCN + MYC+++ Minimal MYC/MYCN

LCA large cell anaplastic, M+ metastatic

<3 years of age

Chemotherapy only

>

Standard-risk stratification:
Negative CSF, oFF r
No macrometastasis, or
<1.5cm2 residual tumor size

High-risk stratificationk :
Positive CSF, oFF r
Macrometastasis, or
>1.5cm2 residual tumor size

23.4/55.8Gy CSI + Chemotherapy 36/55.8Gy CSI + Chemotherapy

3 years of ageFig. 1 Clinical risk stratification
for adjuvant therapy in pediatric
MB [3]. *CSF, cerebrospinal
fluid; CSI, craniospinal
irradiation
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75% survival), and very high risk (< 50% survival). The Wnt
subgroup and nonmetastatic G4MBwith chromosome 11 loss
or whole chromosome 17 gain were recognized as low risk
and may qualify for reduced therapy. High-risk patients
encompassed patients with metastatic Shh, G4 tumors, and
MYCN-amplified Shh MB. And, G3 with metastasis or Shh
with TP53 mutations were identified as very high risk
(Table 2) [25]. For this reason, Ramaswamy urges researchers
to consider investigating alternative treatments for the high-
and very high-risk patients for whom there is currently no
alternative targeted treatments outwith the local standard or
risk-adapted protocols available at local and centers running
clinical trials respectively.

3 Recurrent disease

Recurrent pediatric MB is a therapeutically challenging dis-
ease secondary to its near universal resistance to contempo-
rary therapeutic strategies [26–31]. While risk-based therapy
has resulted in relatively stable 5-year progression-free surviv-
al (PFS) and overall survival (OS) rates, there still remains a
significant group of children in whom the tumor progresses
despite novel approaches to salvage therapy [29]. In general,
the PFS of MB has been observed to generally decrease
between 1 and 3 years after diagnosis and stabilizes between
3 and 5 years [26]. Owing to the difficulty in treating recurrent
disease, the OS mirrors PFS rates with decreases observed
after year 3 and 4 after diagnosis and stabilized by year 5.
Of note, while contrary to clinical intuition, metastatic
disease at presentation has not been associated with disease
recurrence [26, 28, 29]. One explanation for this observation
may be the differences in risk stratification and upfront
treatment provided in metastatic disease.

Molecularly, Ramaswamy et al. observed that despite sig-
nificant genetic alterations, MB maintains its molecular sub-
group at recurrence [32]. One explanation is the high degree of
clonal selection that may occur where a dominant clone that is
resistant to the intensive upfront chemoradiotherapy propa-
gate to dominate the recurrent tumor. One very important con-
sideration in the management of lesions suspicious for a re-
current MB of childhood is differentiating it from secondary
tumors. Ramaswamy et al. emphasize the importance of
confirming the diagnosis of a later MB recurrence as
radiation-induced high-grade gliomas have been observed
[33, 34]. Once the histology is confirmed as an MB recur-
rence, various strategies for therapeutic salvage have been
observed in the literature. In pediatric-refractory or relapsed
brain tumors, a recent single-center review observed a poor
prognosis in recurrent/treatment refractory pediatric MB de-
spite standardization of upfront therapy and provision of mul-
timodal salvage therapy [35]. Two risk-adapted clinical trials
aimed at young children, SJYC07 and ACNS1221, unfortu-
nately did not observe an improvement in overall event-free
survival leading investigators to re-evaluate our therapeutic
strategies for recurrent disease [36, 37].

A current ongoing clinical trial looking at molecularly-
driven doublet therapies for children and young adults with
recurrent brain tumors includes recurrent childhood MB (i.e.,
SJDAWN). SJDAWN is underway at St. Jude's Children's
Research Hospital; this study proposed a novel approach to
evaluate combinatory therapies of new agents based on tumor
type and molecular features. In this study, investigators hy-
pothesized that the 2 predictably active drugs (i.e., doublet)
will increase the efficacy of each agent. InMB, G3/4MBwere
enrolled into stratumA (i.e., ribociclib and gemcitabine), Wnt/
Shh MB were enrolled into stratum B (i.e., ribociclib and
trametinib), and skeletally mature Shh MB children with

Table 2 Molecular-based risk stratification of non-infant childhood MB [25]

Wnt Shh G3 G4 Other

Low risk < 16 years Non-metastatic and chromosome 11
loss

Standard
risk

TP53 WT No MYC+ Non-metastatic and no
chromosome 11 lossNo MYCN + Non-metastatic

Non-metastatic

High risk One or both: Metastatic
Metastatic

MYCN +

Very high
risk

TP53 mutation (metastatic or
non-metastatic)

Metastatic

Unknown Metastatic Nonmetastatic with
MYC +

Significant anaplasia Melanotic MB

Medullomyoblastoma

Significant anaplasia Boundary between
G3/4 MBIsochromosome 17q

WTwild type; “+” amplification
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chromosome 9q loss or PTCH1mutation and off Smoothened
(SMO) inhibitor for > 6 months were enrolled into stratum C
(ribociclib and sonidegib) [38]. Ribociclib is a cyclin D1/
CDK4 and CDK6 inhibitor, gemcitabine is a nucleic acid
synthesis inhibitor, trametinib is a mitogen-activated, extracel-
lular signal-regulated kinase (MEK) inhibitor, and sonidegib
is a Shh pathway (SMO) inhibitor. The rationale for combin-
ing a cell cycle inhibitor with a more targeted molecularly
targeted agent is the synergistic effects on tumor propagation
and maintenance. The results of this trial are eagerly awaited.
All in all, as we make greater gains in the understanding of the
biology of recurrent MB to inform combinatory targeted ther-
apies, the ultimate goal of the pediatric neuro-oncological
community is to transform recurrent MB in to an entity that
is no longer universally fatal

4 Radiogenomics of pediatric
medulloblastoma

4.1 Location

As the molecular subgrouping ofMBwas further integrated as
a clinical standard of care, parallels between preoperative im-
aging, intraoperative findings, and the postoperative molecu-
lar diagnosis were retrospectively sought. Perreault et al.
found 100% concordance between tumor location on MRI
imaging either using 1.5T and 3T machine and surgical iden-
tification of tumor in their large cohort (N = 99) of pediatric
MB. Furthermore, the tumor location was highly predictive of
molecular subgroups. Wnt tumors occurred along the cerebel-
lar peduncle or cerebellopontine angle (CPA), cerebellar
hemispheric location was characteristic of Shh tumors, and
G3 and G4 MB were primarily midline and occupied the 4th
ventricle [39, 40]. Logistic regression analysis within their
discovery cohort revealed that tumor location was a signifi-
cant predictor of MB subgroups. Further computational anal-
ysis confirmed G3 and G4 MB predominated within the mid-
line fourth ventricle (Fig. 2).

4.2 Enhancement pattern

The enhancement patterns of pediatric MB have also been
characterized and Perreault et al. indicated unique to
G3MB, an ill-defined tumor margin is a feature not common-
ly present in the other 3 subgroups. When observed in a non-
G3 MB, it was universally in the 3/14 Shh MB. In fact, min-
imal or no enhancement was characteristic of G4 MB. In con-
trast, the majority of G3 MB displayed contrast enhancement
(Fig. 2), a feature that radiologically distinguished midline
fourth ventricular G3 tumors from G4 MB tumors from
G4 MB [41]. Mata-Mbemba et al. further delineated metasta-
tic imaging patterns characteristic of specific molecular

subgroups that may aid in the radiological prediction of a
molecular subgrouping of MB prior to histopathological and
genomic analysis. These authors found that the presence of
spinal metastases in G3 MB (p < 0.01) and ependymal metas-
tasis in the third ventricular infundibular recess with a mis-
match pattern (i.e., diffusion restricting but minimal contrast
enhancing) was significantly associated with G4 MB
(p < 0.02) [40]. These enhancement patterns can help to dif-
ferentiate molecular subgrouping when the imaging features
of the primary tumor converge.

Although the unique observations that distinct radiological
patterns can be identified to inform the MB molecular sub-
group preoperatively, current practice remains maximal safe
surgical resection followed by risk-adapted provision of adju-
vant therapy. With greater resolution and understanding of the
molecular basis of MB, a time where preoperative imaging
features reliably predicts molecular subgrouping to influence
intraoperative decision making (after intraoperative histopath-
ological diagnosis) as well as providing adjuvant intraopera-
tive targeted therapy may become a reality.

5 Implications of molecular subgrouping
to the neuro-oncology multidisciplinary team

Until a multidisciplinary pediatric neuro-oncology team can
reliably predict the diagnosis in addition to molecular
subgrouping of pediatric MB (i.e., radiogenomics, liquid bi-
opsy [42]), we continue to manage these children with maxi-
mal safe resection followed by adjuvant therapy. Multiple
clinical trials have been proposed and executed employing
the molecular subgroupings of pediatric MB, exploring tumor
vulnerabilities, which has resulted in both successes and iden-
tification of areas for improvement for future trials [36]. One
consistent message is that childhood MB should be treated in
the context of a clinical trial whenever possible.

Wnt MB have the most favorable clinical outcome. Phoenix
et al. provide one explanation for the improved PFS and OS
observed inWnt MB describing paracrine signals driven by mu-
tant β-catenin induce an aberrant fenestrated vasculature that
permits the accumulation of high levels of intratumoral adjuvant
chemotherapy thereby facilitating the observed robust therapeu-
tic response [43]. These findings and the general clinical obser-
vations that Wnt MB experiences the best prognosis have led to
clinical efforts to spare this subgroup of patients from the devas-
tating neurocognitive effects of radiation therapy in the clinical
trial setting (e.g., SIOP-PNET5-MB, SJMB12, ACNS1422)
[44–48]. Moxon-Emre et al. in their retrospective review of
childhood MB treated between 1993 and 2013 found children
in all subgroups declined in intellectual outcomes after surgery
and adjuvant chemoradiotherapy, with a reduced dose of
craniospinal irradiation (CSI) in addition to a tumor bed boost
preserving intellectual functioning in carefully selected children

Cancer Metastasis Rev



diagnosed with Wnt and G4 MB [44]. In contrast however,
G3 MB patients treated with reduced-dose CSI and tumor bed
boost were not associated with preserved intellectual functioning
and may be secondary to its location and relationship to the 4th
ventricle [39]. As expected, treated hydrocephalus and cerebellar
mutism were significant covariates that affected all measures of
intellectual functioning reemphasizing the importance of prompt
identification of posterior fossa tumors in children [49] and intra-
operative decision-making [50].

The current therapeutic priority is to identify effective nov-
el therapies to target the very high-risk metastatic and MYC-
amplifiedMB [51]. AsMYC is a highly stable protein, there is
a consensus that it has the potential to be an effective target for
MYC-amplified cancers. Unfortunately, effective means to
target MYC are not yet available [52–56] and the search for
alternative mediators of the aggressive phenotype of G3 MB
continues. Bouffet describes the evolution of the management
of high-risk MB over the last few decades highlighting impor-
tant confounders in previous clinical trials [57]. The clear
difference between high- and average-risk protocols is the
dose of radiation to the neuraxis. The trials summarized in this
review were unfortunately difficult to interpret as most of the
studies included 2 phenotypically different populations that
we now understand to be distinct pathophysiological entities
(i.e., metastaticMB and incomplete resections).With the iden-
tification of molecular subgroups with clinical and prognostic
significance, the dichotomy between standard- and high-risk
patients and results from these high-risk MB trials become
increasingly difficult to interpret.

Transitioning from a phenotypic (metastatic disease, in-
complete resection) to molecular risk stratification (e.g., met-
astatic G3 MB, Shh with TP53 mutation) has led to new clin-
ical trial strategies to employ molecular risk-adapted therapy.
SJYC07 was a multicenter phase 2 trial with a risk-adapted
protocol according to molecular subtype for young children
with MB [36]. This study enrolled children younger than
3 years with a newly diagnosed MB. Patients were stratified
to low-, intermediate-, and high-risk treatment groups with all
patients receiving identical induction chemotherapy, with
high-risk patients receiving an additional 5 doses of vinblas-
tine. Induction followed by risk-adapted consolidation therapy
where low-risk patients received cyclophosphamide,
etoposide, and carboplatin while intermediate risk patients
received 54Gy focal radiation to the tumor bed, and high-
risk patients receiving targeted topotecan and cyclophospha-
mide. All patients received identical maintenance therapy with
cyclophosphamide, topotecan, and erlotinib. Accrual into the
low-risk group was suspended after an interim analysis ob-
serving the 1-year PFS was below the stopping rule boundary.
Five-year PFS was 31.3% overall and 55.3%, 24.6%, and
16.7% in the low-, intermediate-, and high-risk groups respec-
tively [36]. While the risk-adapted approach did not improve
PFS in young children with MB, methylation subgroup anal-
ysis identified SHH subgroup (51.5%) had an improved PFS
compared with G3 MB (8.3%). Furthermore, two distinct
methylation subtypes within the infant SHH were identified
namely iSHH-I (5-year PFS = 27.8%) and iSHH-II (5-year
PFS 75.4%) where the latter subgroup had improved PFS in

Fig. 2 Locations of molecularly distinct pediatric MB subtypes. a. Wnt tumors with tendency to CPA. b Shh tumors with predilection to the cerebellar
hemisphere. c–d G3 and G4 MB with tendency towards the midline with avid enhancement in G3 MB
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the absence of radiation, intraventricular chemotherapy, or
high-dose chemotherapy compared with the iSHH-I subtype.
iSHH-I cohort were enriched in SUFU alterations and chro-
mosome 2 gains, and devoid of SMO mutations, a consider-
ation for enrollment into clinical trials targeting the Shh
pathway.

While there are some advocates of de-escalation therapy in
non-Wnt low-risk MB (i.e., young children with desmoplastic
MB with Shh activation), there are significant anxieties
associated with its safety owing to the general feeling within
the neurooncological community that the first treatment
regimen provided to these children is the best chance of cure
or disease control, though there is evidence of successful sal-
vage in the literature [35]. This emphasizes the importance of
greater biological understanding to inform future clinical trial
design.

6 Implications of molecular subgrouping
to the neurosurgeon

Despite the seemingly arbitrary cutoff of 1.5 cm2 residual
tumor volume constituting a distinct factor in pediatric MB
to upgrade a patient from standard to high-risk adjuvant
treatment, pediatric neurosurgeons continue to advocate
for quality of life versus OS. It is difficult to predict whether
the integration of predictive factors in radiogenomics of
molecular subgroups will alter the practice of some pediat-
ric neurosurgeons to more aggressively resect a tumor with
imaging features suggestive of a G3 MB versus a Wnt MB.
In fact, irrespective of the subgrouping, the mainstay of
surgical management for childhood MB remains safe max-
imal resection.

This assertion however was further substantiated in 2016,
when Thompson et al. reported the result of their large (N =
787) retrospective cohort of histopathologically diagnosed
MB from 35 international institutions [58]. Extent of resection
was categorized as gross total resection (GTR) (no residual
tumor), near-total resection (NTR) (< 1.5 cm2 residual tumor),
and subtotal resection (> 1.5 cm2 residual tumor). The prog-
nostic benefit of increased extent of resection for patient with
MB was further amplified after molecular subgrouping was
taken into account. Specifically, no benefit in OS was ob-
served for GTR compared with NTR which suggests leaving
behind a small tumor residual to spare the child of devastating
post-surgical deficits is an intraoperative consideration [58].
This recommendation is validated further with the observation
that pediatric MB is associated with a high preponderance to
the development of post-operative syndromes such as cerebel-
lar mutism secondary to its multiple high risk anatomical fea-
tures (i.e., invasion of the brainstem floor, cerebellar peduncle)
of the tumor entity [33, 39]. Moreover, while a second surgery
for progressing post-operative residual is feasible with a recent

International Society of Pediatric Oncology (SIOP) study
showing second surgery to be significantly associated with
prolonged survival in recurrent/progressive disease; it can be
a technically more challenging operation with greater risk of
complication. In this study, Sabel et al. observed the survival
benefit of surgery after relapse compared with children who
were salvaged with radiation and high-dose chemotherapy
alone, validating the role for second surgery, not simply in
the context of histopathological confirmation but with the goal
of safe maximal second resection. [29]. All in all, safe maxi-
mal surgical resection for primary and recurrent/treatment re-
fractory tumors plays an integral role in the management of
the childhood MB.

7 Summary

The standardized management of childhood MB has reduced
the mortality of standard-risk children; however, a greater un-
derstanding of not only higher-risk patients but also all MB is
imperative for successful management. Recent research has
re-stratified these children into molecular data-informed risk
categories identifying biological aberrations and suggested
priorities and novel strategies for therapeutic drug discovery.
Radiogenomics has also gained momentum with consisten-
cies observed between molecular subgroup diagnosis and im-
aging features but is in its infancy in terms of clinical utility.
Despite the molecular data guided changes in adjuvant medi-
cal treatment strategies in childhood MB, the neurosurgical
management of maximal safe surgical resection has remained
a mainstay.
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