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Introduction: Advancements in genomic profiling led to the discovery of four

major molecular subgroups in medulloblastoma (MB), which have now been

incorporated into theWorld Health Organization classification of central nervous

system tumors. The current study aimed to determine the prognostic

significance of the MB molecular subgroups among children in Malaysia.

Methods: We assembled MB samples from children <18 years between January

2003 and June 2017 from four pediatric oncology centers in Malaysia. MB was

sub-grouped using 850k DNA methylation testing at German Cancer Research

Centre, Heidelberg, Germany.

Results: Fifty samples from patients diagnosed and treated as MB were identified.

Two (4%) of the 50 patients’ tumor DNA sampleswere insufficient for analysis. Of the

remaining 48 patients, 41 (85%) samples were confirmed as MB, while for 7 (15%)

patients, DNA methylation classification results were discrepant with the

histopathological diagnosis of MB, with various other diagnoses. Of the 41 MB

patients, 15 patients were stratified as standard-risk (SR), 16 patients as high-risk (HR),

and ten as infants (age <3 years old). Molecular subgrouping of the whole cohort

revealed four (14%) WNT, 11 (27%) SHH, 10 (24%) Group 3, and 16 (39%) Group 4.

Treatment abandonment rates for older children and infants were 22.5% and 10%,

respectively. After censoring treatment abandonment, for SR patients, the 5-year

event-free survival (EFS) and overall survival (OS) were 43.1% ± 14.7% and 46.9 ±
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15.6%, respectively, while in HR, 5-year EFS andOSwere both 63.6% ± 14.5%. Infants

had a 5-year EFS and OS of 55.6% ± 16.6% and 66.7% ± 15.7%, respectively. WNT

tumors had the best 5y-OS, followed by Group 3, Group 4, and SHH in children ≥3

years old. In younger children, SHH MB patients showed favorable outcomes.

Conclusion: The study highlights the importance of DNA methylation profiling

for diagnostic accuracy. Most infants had SHH MB, and their EFS and OS were

comparable to those reported in high-income countries. Due to the relatively

small cohort and the high treatment abandonment rate, definite conclusions

cannot bemade regarding the prognostic significance ofmolecular subgroups of

MB. Implementing this high-technology investigation would assist pathologists

in improving the diagnosis and provide molecular subgrouping of MB, permitting

subgroup-specific therapies.
KEYWORDS

survival outcome, medulloblastoma, Wingless, Sonic Hedgehog, Group 3, Group 4,
abandonment
Introduction

Medulloblastoma (MB), the most common malignant central

nervous system (CNS) tumor of childhood, demonstrates high

biological and clinical heterogeneity (1, 2). Historically, MB risk

stratification was based on age, extent of surgical resection, residual

tumor, metastatic status, and histological subtype (3–5). MB was

originally classified into four histologic variants predominantly

based on features seen on light microscopy and conventional

histological stains. These variants were medulloblastoma with

extensive nodularity (MBEN), desmoplastic-nodular (DN), classic,

and large-cell–anaplastic (LCA).

The standard of care for MB for children ≥3 years old consists

of maximal surgical resection, risk-adapted craniospinal irradiation

(CSI), and adjuvant chemotherapy. Standard-risk (SR) MB is

defined by complete or near total resection with residual tumor <

1.5cm2 and absence of metastatic disease. Patients with post-

surgical residual tumor > 1.5cm2, metastatic dissemination, and

LCA histology in some studies were classified as having high-risk

(HR) MB (5). SR MB patients receive CSI of 23.4Gy with a boost up

to 54-55Gy to the posterior fossa or tumor bed, followed by

adjuvant chemotherapy. Whilst HR MB patients are treated with

a higher CSI dose of 36-39Gy with a boost up to 54-55Gy to the

posterior fossa or tumor bed, followed by adjuvant chemotherapy

(5, 6). Using these approaches, the 5-year overall survival (OS) rate

in high-income countries is approximately greater than 80% in SR

MB patients and 53-76% in HR MB patients (6–9). For children <3

years old, radiotherapy-sparing approaches have become the

accepted standard and the survival outcomes vary based on

histology subclass, post-operative residual tumor, and extent of

metastasis (10–12). In recent trials conducted in Europe and North

America, the 5-year OS rates in children <3 years old who had

complete resection, residual tumor, and metastases were 79-93%,

57%, and 38%, respectively (10–12). Based on histology, young
02
children with MBEN/DN, classic, and LCA histologies showed 5-

year OS rates of 78-100%, 41-67%, and 33%, respectively (10–12).

Over the past 15 years, through marked advances in genomic

studies, our understanding of MB biology has dramatically evolved,

culminating in four core distinct molecular subgroups termed:

Wingless (WNT), Sonic Hedgehog (SHH), Group 3 (G3), and

Group 4 (G4) (1, 13). These molecular subgroups display

different genetic, clinical characteristics, recurrence patterns, and

survival outcomes (14–17). These subgroups were incorporated into

the revised WHO 2016 classification and integrated with the

histological variants for improved classification and prognostic

correlation (13). In children, G4 is the most frequent MB

subgroup representing 40-45% of all MBs, followed by SHH (28-

30%), G3 (25-28%), and WNT (10-15%) (2, 18). WNT subgroup

patients have an excellent prognosis whilst G3 patients demonstrate

worse outcomes (17).

Methylation of the cytosine component of DNA in cytosine-

phosphate-guanine (CpG) dinucleotides is a crucial biological

mechanism in determining gene expression. Cancers have

complex methylation profiles, thus DNA methylation signatures

based on thousands of CpG sites can provide robust data for precise

diagnosis even when not all histological or molecular features of a

tumor are detected. DNA methylation profiling is now considered

the gold standard for MB subgrouping due to its unbiased method

(19). The German Cancer Research Centre (DKFZ) developed DNA

methylation-based CNS tumor classification using a comprehensive

machine learning approach to improve the diagnostic accuracy of

the clinical decision-making process. This method has been shown

to be highly robust and reproducible with a high level of

standardization. It reduces the inter-observer variability even

from a small sample and poor-quality material (19).

To date, limited data have been reported from low and middle-

income countries (LMIC) on pediatric MB patients in relation to

the four molecular subgroups (20–22). Indeed, no data exist from
frontiersin.org
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Malaysia. Therefore, we performed a retrospective study of

molecular classification of pediatric MB to investigate the

subgroup-specific percentage and survival outcomes from the four

tertiary pediatric oncology centers in Malaysia using 850k DNA

methylation profiling. In addition, we compared the accuracy of

histological diagnosis with immunohistochemistry (IHC) and DNA

methylation profiling on the diagnostic tumor tissue.
Patients and methods

Children ≤ 18 years old diagnosed with MB at University

Malaya Medical Center (UMMC), Penang General Hospital

(PGH), Sarawak General Hospital (SGH), and Sabah Women and

Children’s Hospital (SWCH), Malaysia between January 2003 and

June 2017 were reviewed. Archived formalin-fixed paraffin-

embedded (FFPE) tumor tissues from these patients were

retrieved from the respective pathology departments. The

retrieved samples were sent to DKFZ for MB molecular subgroup

analysis using the 850k DNA methylation array technique. Clinical

data were collected from medical charts, radiological results, and

follow-up clinic records. These children were followed up until

November 2020 to evaluate the survival outcome.
Statistical analysis

Event-free survival (EFS) was measured from the date of

diagnosis to the date of disease recurrence, death, or last follow-

up. OS was measured from the date of diagnosis to the date of death

or last follow-up. Survival curves were constructed using Kaplan-

Meier methods. Statistical significance was defined as a p-value <

0.05. Data analysis was performed using the software IBM SPSS

Statistics 27 (IBM Corp., Armonk, NY, USA).
Ethics statement

This study was approved by the Ministry of Health (MOH)

Medical Research and Ethics Committee (NMRR-17-991-35677)

and UMMC Medical Research Ethics Committee (MREC-

2016112-4485).
Results

Comparison between histological diagnosis
and 850k DNA methylation profiling results
of the whole cohort

A total of 50 samples derived from patients diagnosed and

treated as MB were identified. The histological diagnosis and

molecular subgrouping were analyzed with 850k DNA

methylation profiling. Two (4%) of the 50 patients’ tumor DNA

samples were insufficient for analysis. Of the remaining 48 patients,

41 (85%) samples were confirmed as MB, whilst for seven (15%)
Frontiers in Oncology 03
patients, DNA methylation classification results were discrepant

with the histopathological diagnosis of MB. These included

glioblastoma multiforme (GBM) (n =2), atypical teratoid

rhabdoid tumor (n=2), and one each of Ewing sarcoma,

malignant peripheral nerve sheath tumor (MPNST) like sarcoma,

and pineoblastoma. All seven patients received MB therapy, and six

of them died due to progressive disease, except one patient with

Ewing Sarcoma survived despite receiving MB treatment (Table 1).
Medulloblastoma patients’ demographic
data, clinical presentation, and surgery

The demographic and treatment characteristics of the 41

confirmed MB patients were analyzed. The median age at

diagnosis was 6 years old (range, 0.25–16 years). A male

preponderance was observed with a male-to-female ratio of 2.4: 1.

There were 31 children aged ≥3 years old and ten infants (<3 years

old). The most common clinical presentations were headache

(63.4%), nausea/vomiting (63.4%), unsteady gait (48.8%), and

cerebellar dysfunction symptoms/signs (43.9%). The pre-

diagnostic symptom interval (PSI) duration varied from 1 week to

16 weeks, and the median duration of PSI was 3 weeks. Data on PSI

was unavailable in eight patients. Sixteen patients (39%) had

upfront gross total resection (GTR), and another three patients

achieved complete resection after second-look surgery. Twelve

patients (29%) had near-total resection (NTR) in which three of

them underwent second-look surgery to achieve NTR. Radiological

subtotal resection (STR) was observed in nine patients (22%) and

four of them had second-look surgery. The extent of surgical

resection information was missing in one patient (Table 1). A

ventriculoperitoneal shunt (VP) was inserted in 24 patients

(58.5%). Overall, eight families refused treatment and the

abandonment rate for the whole cohort was 19.5%.
Children ≥ 3 years old with
medulloblastoma

Medulloblastoma histological variants, molecular
subgroup, and risk stratification

Based on histological reports, seven (22.6%) patients had classic

histology, DN was reported in three (9.7%) patients and in 21

(67.7%) patients the histological variant was not specified. By

methylation, four patients were classified as WNT (12.9%), SHH

was identified in four patients (12.9%), G3 in seven patients

(22.6%), and 16 patients were stratified as G4 MB (51.6%). Two

G3 patients had MYCC amplification. For G4, one patient was

diagnosed to have MYCC and another two patients were found to

have MYCN amplification with 850k DNA methylation array

technique. Radiological imaging and cerebrospinal fluids analysis

revealed metastatic disease in 11 patients, 19 patients had localized

disease and data was missing in one patient. Sixteen patients

(51.6%) were stratified as HR and the remaining 15 patients were

stratified as SR (Table 1). The abandonment rate was 22.6% (seven

patients) in older children; five HR patients refused radiotherapy
frontiersin.org
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Table 1 Demographic, diagnosis, treatment, and outcome.

Site of
relapse

Time to
relapse from
diagnosis
(years)

Outcome
(Time from
diagnosis to
last follow-
up/death in
years)

N N Alive (7.75)

in Primary site 2.58 Alive (5.83)

NI NI NI (0.33)

ain PD-Primary site 1.66 Dead (1.66)

N N Alive (3.4)

N N Alive (3.66)

N N Alive (3.25)

N N Alive (6.25)

Spinal metastasis 1.1 Dead (2.0)

ain PD-Primary site,
intracranial
leptomeningeal
and spine

0.51 Dead (0.66)

r 4
NU,

NI NI NI (1.67)

ter 4
NU/

Primary site 1.16 Alive (4.83)

CNU, N N Alive (6.25)

Primary site and
spinal metastasis

0.33 Dead (0.33)
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Molecular
subgroup

Mt Surgery Histology
diagnosis
from
local
hospitals

Histology
subtypes
from local
hospitals

DNA
methylation
result from
DKFZ

MYCC/
MYCN
amp.
result
from
DKFZ

Upfront
RT

CTX

Infants and young children (<3 years old)

SHH-INF (NOS-
PQs)

0 STR MB Desmo-plastic MB N N HS II

SHH-INF (type 2) 0 STR MB NOS MB N N POG Baby br
protocol

SHH-INF (type 2) NI STR MB MBEN MB N N Refused CTX

SHH-INF (type 1) 0 STR MB NOS MB N N POG Baby Br
protocol

SHH-INF (type 1) 0 STR MB Desmo-plastic MB N N HS II

SHH-INF (type 3) 0 NTR MB MBEN MB N N ACNS 1221

SHH-INF (type 2) 0 STR MB Desmo-plastic MB N N ACNS 1221

G3 0 NTR MB Classic MB N N HS II

G3 3 NTR MB Classic MB MYCC N HS II

G3 0 NTR MB Classic MB MYCC N POG Baby Br
protocol

Standard-risk ≥ 3 years old)

SHH-AD (type 4) 0 GTR MB Desmo-plastic MB N CSI 36Gy,
PSB 54Gy

Defaulted aft
courses of CC
Cis, VCR

SHH-AD (type 3) 0 NTR
<1.5cm2

MB NOS MB N CSI 23.4Gy,
PSB 56Gy

Recurrence af
courses of CC
Cis/VCR

G3 0 NTR
<1.5cm2

MB NOS MB N CSI 36Gy,
PSB 54Gy

8 courses of C
Cis, VCR

G3 0 GTR MB NOS MB N No RT
ф physician
decision

No CTX
ф physician
decision
a

e
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Continued

Site of
relapse

Time to
relapse from
diagnosis
(years)

Outcome
(Time from
diagnosis to
last follow-
up/death in
years)

f Cis, Right frontal lobe 2.25 Dead (4.0)

f CCNU, N N Alive (4.11)

N N Dead (0.5)
Surgical infection
during RT

f CCNU, N N Alive (14.16)

f CCNU, *Primary site 4.41 Dead (4.9)

X Primary site and
spine

2.66 Dead (3.5)

f CCNU, N N Alive (9.83)

f CCNU, N N Alive (6.0)

f CCNU, N N Alive (3.83)

f CCNU, Primary site and
spinal metastasis

3.16 Dead (4.25)

f CCNU, N 0.91 Dead (0.91)
Sepsis after
chemotherapy

f CCNU, N N Alive (6.67)

X NI NI NI (0.04)

X Primary site 0.33 Dead (0.66)
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Molecular
subgroup

Mt Surgery Histology
diagnosis
from
local
hospitals

Histology
subtypes
from local
hospitals

DNA
methylation
result from
DKFZ

MYCC/
MYCN
amp.
result
from
DKFZ

Upfront
RT

CTX

G3 0 GTR MB Classic MB MYCC CSI 23.4Gy,
PSB 54Gy

8 courses o
VCR, Cyclo

G3 0 GTR MB NOS MB N CSI 36Gy,
PSB 54Gy

8 courses o
Cis, VCR

G4 0 GTR MB NOS MB N Incomplete
RT

N

G4 0 GTR MB Classic MB MYCN CSI 36Gy,
PSB 54Gy

8 courses o
Cis, VCR

G4 0 GTR MB Desmo-plastic MB N CSI 36Gy,
PSB 54Gy

8 courses o
Cis, VCR

G4 0 NTR
<1.5cm2

MB Classic MB N CSI 36Gy,
PSB 54Gy

Refused CT

G4 0 NTR MB NOS MB N CSI 36Gy,
PSB 54Gy

8 courses o
Cis, VCR

G4 0 GTR MB NOS MB N CSI 36Gy,
PSB 54Gy

8 courses o
Cis, VCR

G4 0 GTR MB NOS MB N CSI 36Gy,
PSB 54Gy

8 courses o
Cis, VCR

G4 0 GTR MB NOS MB N CSI 36Gy,
PSB 54Gy

8 courses o
Cis, VCR

G4 0 GTR MB NOS MB N CSI 36Gy,
PSB 54Gy

4 courses o
Cis, VCR

High-risk (≥ 3 years old)

WNT 0 NTR
>1.5cm2

MB Classic MB N CSI 36Gy,
PSB 54Gy

8 courses o
Cis, VCR

WNT 0 STR MB Desmo-plastic MB N Refused RT Refused CT

WNT NI GTR MB NOS MB N Refused RT Refused CT
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Continued

Site of
relapse

Time to
relapse from
diagnosis
(years)

Outcome
(Time from
diagnosis to
last follow-
up/death in
years)

of CCNU, N N Alive (5.50)

of CCNU, *Primary site 0.83 Dead (0.83)

of CCNU, Primary site 1.42 Death (1.5)

course
ulted)

PD-primary site 0.75 Dead (0.75)

CTX NI NI NI (0.25)

of CCNU, N N Alive (4.0)

of CCNU, Primary site 1.75 Dead (2.0)

of CCNU, N N Alive (7.13)

of CCNU, N N Alive (6.58)

CTX NI NI NI (0.08)

of CCNU, N N Alive (5.0)

of CCNU, *Third ventricle 0.75 Dead (0.83)

1 (3
f Cis/Eto
ses of
R)

N N Alive (4.0)
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Molecular
subgroup

Mt Surgery Histology
diagnosis
from
local
hospitals

Histology
subtypes
from local
hospitals

DNA
methylation
result from
DKFZ

MYCC/
MYCN
amp.
result
from
DKFZ

Upfront
RT

CTX

WNT 3 GTR MB NOS MB N CSI 36Gy,
PSB 54Gy

8 course
Cis, VCR

SHH-INF (NOS-
PQs)

3 GTR MB Classic MB N CSI 36Gy,
PSB 54Gy

4 course
Cis, VCR

SHH-AD (type 3) 0 STR MB NOS MB N CSI 36Gy,
PSB 54Gy

8 course
Cis, VCR

G3 3 NTR
>1.5cm2

MB NOS MB MYCC Refused RT HS II (1
then def

G3 NI GTR MB NOS MB N Refused RT Refused

G3 3 NTR
>1.5cm2

MB NOS MB N CSI 36Gy,
PSB 54Gy

8 course
Cis, VCR

G4 1 GTR MB Classic MB N CSI 36Gy,
PSB 54Gy

8 course
Cis, VCR

G4 2 STR MB NOS MB N CSI 36Gy,
PSB 54Gy

8 course
Cis, VCR

G4 3 NTR
>1.5cm2

MB NOS MB MYCN CSI 45Gy,
PSB 54Gy

8 course
Cis, VCR

G4 0 NI MB NOS MB N Refused RT Refused

G4 3 GTR MB NOS MB N CSI 36Gy,
PSB 54 Gy,
spine T2-T9
54Gy

8 course
Cis, VCR

G4 3 GTR MB NOS MB MYCC CSI 36Gy,
PSB 54Gy

1 course
Cis, VCR

G4 3 GTR MB Classic MB N CSI 39.6 Gy,
PSB 54Gy

POG 90
courses
& 7 cour
Cyclo/V

Discrepancy between local histopathological diagnosis and DNA methylation profiling results
s

s

s

a

s

s

s

s

s

3
o
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Continued

Upfront
RT

CTX Site of
relapse

Time to
relapse from
diagnosis
(years)

Outcome
(Time from
diagnosis to
last follow-
up/death in
years)

CSI 36Gy,
PSB 54Gy

Defaulted after 1
course of CCNU,
Cis, VCR

Primary site 10.0 Dead (10.5)

CSI 36Gy,
PSB 54Gy

N PD 0.83 Dead (1.0)

CSI 36Gy,
PSB 54Gy

8 courses of CCNU,
Cis, VCR

Primary site 1.5 Dead (1.66)

CSI 36Gy,
PSB 54Gy

8 courses of CCNU,
Cis, VCR

N N Alive (10.5)

N Baby brain protocol PD 0.51 Dead (0.51)

CSI 36Gy,
PSB 54Gy

PD after 1 course of
Cis, CCNU, VCR

PD 0.58 Dead (1.0)

N Refused CTX PD 0.5 Dead (0.5)

N N N N Dead (0.25)
Post-operative
complication

CSI 36Gy,
PSB 54Gy

8 courses of CCNU,
Cis, VCR

N N Alive (9.25)

inal radiotherapy; CTX, chemotherapy; Cyclo, cyclophosphamide; DKFZ, German Cancer Research Center; Eto, etoposide; G3,
risk group; INF, infant; MB, medulloblastoma; Mt, metastasis; MPNST, malignant peripheral nerve sheath tumor; N, no; NI, no
quality sample; PSB, primary site boost; RT, radiotherapy; SHH, Sonic hedgehog; SR, standard-risk; STR, subtotal resection; TB,
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Molecular
subgroup

Mt Surgery Histology
diagnosis
from
local
hospitals

Histology
subtypes
from local
hospitals

DNA
methylation
result from
DKFZ

MYCC/
MYCN
amp.
result
from
DKFZ

- 0 NTR MB NOS Sarcoma/
MPNST like

-

- 0 Biopsy MB NOS GBM -

- 4 STR MB Classic Pineo-blastoma -

- 0 GTR MB NOS Ewing Sarcoma -

- 0 STR MB NOS ATRT -

- 0 STR MB NOS GBM -

- 0 STR MB NOS ATRT -

Samples with
insufficient tissue for
DNA methylation
profiling

0 STR MB NOS Normal tissue -

0 STR MB Classic Insufficient
tissue

-

amp, amplification; AD, adult; amp, amplification; ATRT, atypical teratoid rhabdoid tumor; CCNU, lomustine; Cis, cisplatin; CSI, cranios
Group 3; G4, Group 4; GTR, gross total resection; Gy, Gray; HR, high risk; HS, Headstart; Ifos, Ifosfamide; iHR, young children with high
information; NTR, near total resection; NOS, not otherwise specified; PD, progressive disease; POG, Pediatric Oncology Group; PQs, poor
tumour bed; VCR, vincristine; WNT, Wingless.
* Spinal magnetic resonance imaging was not performed at relapse/disease progression.
Ф Physician’s decision for conservative treatment after surgery due to poor neurological status.
Color shading signifies certain molecular subgroup in medulloblastoma.
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post-surgery and two SR patients defaulted after surgery

and radiation.

Treatment characteristics and relapse pattern
Tables 1, 2 summarize the treatment and relapse patterns.

Twenty-five patients (SR MB, n=14, HR MB, n=11) were given

up-front radiation with a median interval between surgery and

initiation of radiotherapy of 41 days (18-152 days). Six patients (SR

MB, n=1, HR MB, n=5) did not receive radiotherapy due to poor

neurological status and family refusal.

Clinical course for standard-risk MB
patients (n=15)

Regarding radiotherapy, eleven patients were treated with a

higher CSI dose of 36Gy and primary site boost (PSB) of 54Gy

according to physicians’ discretion due to difficulties in obtaining

magnetic resonance imaging (MRI) of the spine and CSF cytology

within the recommended interval for accurate disease staging. In

addition, CSF cytology results were unreliable due to technical

difficulties in transportation, storage, and interpretation. All but one

of these patients (10/11) received radiotherapy within 49 days of

surgery, with concurrent weekly vincristine. One patient received

radiotherapy at 54 days from surgery due to post-operative

infection. Only two patients received a standard CSI dose of

23.4Gy with PSB of 54-56Gy within 49 days of surgery. One G4

patient died from an Acinetobacter Baumanii VP shunt infection

during radiotherapy. One patient with G3 MB was palliated by the

treating physician due to significant neurological impairment post-

surgery. Of 13 patients treated with radiation without interruption,

nine patients eventually completed eight courses of the A9961

chemotherapy regimen (7), whilst three patients received

incomplete courses of adjuvant chemotherapy, and one patient’s

parents refused adjuvant chemotherapy. Neutropenic sepsis,

treatment abandonment, and disease recurrence were the

contributing factors to receiving incomplete chemotherapy in the

three patients. Out of the nine patients who completed full

treatment, six were still in remission at the last follow-up.

However, the remaining three patients died due to combined,

distant, and local recurrence at 26, 12, and 37.5 months

respectively after completing initial treatment. Of these, one

patient had G3 MB with MYCC amplification, and another two

patients had G4 MB. They were referred to the palliative team for

the continuation of end-of-life care management. One G4 MB

patient who refused adjuvant chemotherapy had primary

recurrence with spinal metastasis 30 months following the

completion of radiation therapy. He was not salvaged following

recurrence (Tables 1, 2).

Clinical course for high-risk MB patients (n=16)
Tables 1, 2 summarize the treatment and relapse patterns. Five

families refused radiotherapy. Of these, one G3 MB patient with

MYCC amplification abandoned the treatment after one course of

Head Start II (HS II) chemotherapy and the patient passed away

with primary and spinal disease progression (12). The remaining

four patients’ parents refused treatment after surgery and all these
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patients died of progressive disease. The remaining 11 patients

received CSI at a dose of 36-45Gy with a PSB of 54Gy. Four of these

patients received delayed radiotherapy on day 56, day 59, day 77,

and day 152 post-surgery due to a limited number of linear

accelerators, lack of anesthetists to provide sedation during

radiation, and parental phobia of radiotherapy. These patients did

not receive chemotherapy as a bridging therapy after surgery while

waiting for radiotherapy commencement. Of the 11 patients, ten

patients were treated with weekly vincristine during radiotherapy,

followed by A9961 chemotherapy (7). One patient received

chemotherapy as per the Pediatric Oncology Group (POG) 9031

regimen (9) but without concurrent chemotherapy during

radiation. Among those who received delayed radiation, one G4

patient with MYCC amplification treated with radiotherapy on day

77 post-surgery had a distant recurrence at the third ventricle after

the first course of chemotherapy and died without salvage

treatment. Another G4 MB patient with delayed radiotherapy on

day 152 post-surgery had primary site recurrence after 4 months of

treatment and received palliative care (Tables 1, 2). The remaining

two patients with delayed radiotherapy were still in complete

remission during the last follow-up.
Survival outcomes
Median follow-up for children ≥3 years old was 4.0 years (range,

0.04-14.16 years). The 5-year EFS rates for SR and HR patients were

37.3 ± 13.3% and 43.8 ± 12.4% respectively. The 5-year OS rates for

SR and HR were 40.6 ± 14.1% and 43.8 ± 12.4% respectively. The 5-

year EFS rates for non-metastatic and metastatic patients were 35.1

± 11.4% and 54.5 ± 15.0%. Survival based on molecular subgroups

was undertaken only for G3 and G4 patients, as there were too few

WNT and SHH patients to generate survival curves. 5-year EFS and

OS rates were 42.9 ± 18.7% for G3 respectively. Whilst, the 5-year

EFS and OS rates for G4 were 48.2 ± 13.6% and 46.9 ± 13.2%

respectively. Of the four WNT patients, all were classified as high-

risk based on the presence of either residual tumor >1.5cm2 and/or

metastatic disease. Two of these WNT patients received 36Gy CSI

followed by eight cycles of A9961 chemotherapy and are alive

disease-free 6 and 5 years from the diagnosis. Treatment was

abandoned after a GTR in one WNT patient, who developed a

local relapse four months later and died. In another WNT patient,

treatment was abandoned after an STR, and the patient was lost to

follow-up. Of the four SHH patients, one patient relapsed locally

during treatment, was salvaged with focal stereotactic radiosurgery

of 15Gy, and remained in remission. Another SHH patient relapsed

locally after 2.5 months of treatment and succumbed due to disease

progression. The third SHH patient abandoned the treatment after

four courses of chemotherapy and was lost to follow-up. Another

metastatic SHH patient developed disease recurrence while on

treatment and died due to disease progression. After censoring

those patients where treatment was abandoned, the 5-year EFS rates

for SR and HR were 43.1 ± 14.7% and 63.6 ± 14.5% respectively

(Figure 1A). The 5-year OS rates for SR and HR were 46.9 ± 15.6%

and 63.6 ± 14.5% respectively (Figure 1B). The 5-year EFS rates for

non-metastatic and metastatic patients were 44.4 ± 13.5% and 66.7

± 15.7%. According to molecular subgroups, G3 MB, 5-year EFS,
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TABLE 2 Outcome of relapsed medulloblastoma patients.
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and OS were both 60 ± 21.9%. G4 MB showed 5-year EFS and OS

rates of 55.1 ± 13.9% and 53.6 ± 14.2% respectively (Figures 2A, B).
Children <3 years old with
medulloblastoma (n=10)

Medulloblastoma histology subclass, molecular
subgroup, and risk stratification

Three (30%) patients had classic histology, two (20%) patients

had MBEN subclass, DN was reported in three (30%) patients and

histological variant was not specified in two (20%) patients. By

methylation, seven patients were classified as SHH subgroups

(70%), G3 MB was seen in three patients (30%) and two of these

had MYCC amplification. Eight patients had localized disease, one

patient presented with metastatic disease and staging data was

missing in one patient (Table 1).

Treatment characteristics and relapse pattern
Of the ten patients, for one SHH patient, the family declined

treatment following surgical resection, whilst the remainder (90%)

were treated according to radiotherapy-sparing regimens (n=4 [HS

II], n=3 [POG Baby Brain], n=2 [ACNS 1221]) (12, 23, 24). One

patient with G3 and MYCC amplification had a primary and distant

relapse 3 months into treatment. This patient received salvage

treatment with CSI of 35Gy and primary tumor boost of 54Gy but

succumbed due to disease progression. POG Baby Brain protocol was

administered in three patients (two SHH and one G3 with MYCC

amplification) and all of them had disease progression (24). Of these,

one patient with SHH MB was salvaged with a CSI of 36Gy and a

primary tumor boost of 54Gy followed by the A9961 regimen and is

still in remission 5.83 years from completion of treatment (Tables 1,

2) but the other two patients went on to receive palliative therapy.

The extent of surgical resection did not appear to influence the

outcome in young children. Overall, the abandonment rate was 10%

(one patient) in younger children.

Survival outcomes
The median follow-up was 3.32 years (range, 0.33-7.75 years).

The 5-year EFS and OS rates were 50.0 ± 15.8% and 60.0 ± 15.5%

respectively. The 5-year EFS and OS rates for SHH patients were

57.1 ± 18.7% and 71.4 ± 17.1% respectively. After censoring the

patient who abandoned treatment, the 5-year EFS and OS rates

were 55.6 ± 16.6% and 66.7 ± 15.7% respectively for the whole

cohort, and 66.7 ± 19.2% and 83.3 ± 15.2% respectively for the SHH

group (Figures 1A, B, 3A, B). Numbers were too small to generate

survival curves for G3 patients. Of the three G3 patients, two died of

progressive disease and both had MYCC amplification. The other

remains in remission 6.25 years following treatment with HSII.
Discussion

The present study is the first study in Malaysia that reports the

molecular subgrouping in childhood MB with clinical descriptions.

With the rapid advancement in molecular profiling and
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incorporation of molecular information into clinical risk

stratification, the management of childhood MB has undergone a

paradigm shift. However, implementing these strategies in daily

practice is challenging for most centers in LMIC due to a lack of

expertise and associated high costs. IHC has formed an integral

component of histopathological diagnosis for decades, however

several reports have shown significant inter-observer variability in

the histopathological diagnosis of many CNS tumors (25–27).

Capper et al. reported that 129 out of 1104 (12%) CNS tumor

cases had discordant histopathological diagnosis based on DNA

methylation which resulted in the revision of the original

histopathological diagnosis in favor of the DNA methylation

classification (19). Consistent with this finding in our study a

similar discordant rate of 15% was also observed between local

histopathological diagnosis and DNA methylation profiling. The

critical importance of an accurate diagnosis in assigning the most

appropriate treatment is evident in our series. Patients with GBM,

Ewing sarcoma, and MPNST-like sarcoma received more intensive

treatment regimens, including craniospinal radiotherapy (CSI) of

36Gy with PSB of 54Gy and intensive chemotherapy than the

respective standard of care therapies. This may have resulted in

prolonged hospitalization with additional morbidity to the patient

and the added socio-economic burden to the family. In the absence

of dedicated neuropathologists in many LMICs, DNA methylation

would represent an ideal tool for accurate diagnosis, if the costs

were not the main limiting factor for its implementation.
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The current WHO CNS tumor classification identifies four

histopathological subclasses of MB; classic, DN, LCA, and MBEN

(28). In our series, tumor histological variants were only reported in

44% of MB patients, highlighting the limited neuropathology

expertise that exists in LMIC. Several studies have reported that

young children with DN/MBEN subtype showed an excellent

outcome, whilst LCA histology demonstrated a dismal prognosis

(29, 30). Previous studies in LMIC have used simpler techniques,

such as fluorescence in situ hybridization (FISH), and specific IHC

markers as surrogate methods, to molecularly subgroup MB. GAB1,

YAP1, filamen A along with beta-catenin IHC antibodies are used

to classify MB into WNT, SHH, and non-WNT/SHH subgroups

(31). These techniques are easily applicable and cost-effective (20,

21). For example, specific IHC with positive nuclear beta-catenin

and FISH demonstrating monosomy 6 can be used to identify WNT

tumors. However, caution has been advised in making a diagnosis

of WNT tumors using either nuclear beta-catenin alone as false

positives occur or monosomy 6 alone as this marker has been

occasionally observed in other subgroups (22, 32, 33). In addition,

beta-catenin IHC alone may lead to an incorrect diagnosis of a

WNT subgroup due to difficulty in interpreting patchy nuclear

accumulation in some tumors (15, 32). Moreover, these specific

IHC antibodies are unable to differentiate G3 and G4 tumors. This

highlights the importance of DNA methylation profiling method

which has a substantial impact on diagnostic precision in CNS

tumors across the globe. Hence, DNA methylation testing has
frontiersin.o
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FIGURE 1

Survival outcome of childhood medulloblastoma (excluding the abandonment) based on risk stratification. Event-free survival (A) and overall survival
(B) for the whole cohort according to risk stratification after excluding the abandonment.
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become an internationally accepted method for accurate molecular

identification (19) and has been included in the recently revised fifth

edition of the WHO classification of CNS tumors (WHO CNS 5th

edition) (28).

MRI is the preferred first-line modality in MB, and traditionally,

it has been used for diagnosis, surgical guidance, staging, treatment

response evaluation, and surveillance during follow-up. However,

recent studies have shown encouraging data regarding radiogenomics

features of MB with distinct imaging characteristics (radio-

phenotypes) correlating with specific molecular subgroups

(molecular phenotypes) (34). It is increasingly recognized that

imaging features of MB can reflect the underlying disease biology,

which may serve as a helpful tool to predict the molecular subgroups

of MB, especially in LMIC (35). Even though there were no specific

pathognomonic features for each molecular subgroup, some

radiological characteristics were more peculiar and predominant in

one subgroup than others (34–38). More work needs to be done to

validate these correlations that would benefit clinicians who do not

have access to DNA methylation investigation.

For children ≥ 3 years of age, the proportion of WNT, SHH, and

G3 patients were consistent with high-income countries (HIC)

(WNT 12.9% versus 9-17.4%; SHH 12.9% versus 15%; G3 22.6%

versus 21.3-32%) but the proportion was higher for G4 (51.6%

versus 44-45.6%) (16, 17). For children <3 years of age, the relative

proportions of patients in each of the four molecular subgroups was
Frontiers in Oncology 12
in keeping when compared with HIC, with a majority of SHH (70%

versus 65%), 30% G3 patients and no WNT patients (34, 35).

However, in contrast to other studies revealing approximately less

than 10% G4 patients, in our cohort there were no G4 patients (29,

30, 39, 40). The age cutoff for infants and young children varies

from one cooperative group to another. There is no consensus on

the age cutoff for infants and young children with MB. Some infant

studies include children up to 3 years old, while others extend the

age cutoff to 4 or 5 years old. Hence, the differences in age cutoff in

MB treatment protocols exhibit the variances in the proportion of

G4 MB in young children. Furthermore, the median age in our

study was 6 years old, and G4 MB was most frequently seen in older

children. These could be the reasons for the higher proportion of G4

MB in older children and the absence of G4 MB among children < 3

years old in this study, in addition to the racial differences and small

sample size. All five patients with MYCC amplification in G3 (n=4)

and G4 (n=1) passed away with disease progression, whilst patients

withMYCN amplification in G4 (n=2) were still in remission during

the last follow-up. This result is consistent with the SJMB03 trial

report where MYCC amplification was associated with inferior

survival whereas MYCN amplification was not associated with G3

and G4 MB outcomes (17).

For children ≥ 3 years of age with HR MB, survival outcomes

were comparable with reports from developed countries, after

removing patients where therapy was abandoned. In sharp
A

B

FIGURE 2

Survival outcome of childhood medulloblastoma > 3 years old (excluding the abandonment) based on molecular subgroups. Event-free survival (A)
and overall survival (B) for children > 3 years old according to molecular subgroups after excluding the abandonment.
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contrast, the survival for patients with SR MB was dismal (5-year

OS 43.1%) despite receiving 36Gy CSI. This was likely due to

treatment-related complications such as sepsis and post-surgical

mortality. Of note, the 5-year OS outcomes in older patients with

G4 MB were inferior when compared to developed countries even

after censoring the abandonment cases (53.6% versus 77-95%) (6, 8,

17). The reason for this finding in part is likely related to toxic

deaths. The WNT subgroup has been shown to have an excellent

outcome, even for the small proportion of patients with high-risk

features (6, 8, 17). Consistent with this, both WNT MB patients

in our series, who were treated using HR therapy based on the

Chang staging system, survived despite having metastatic disease

and residual tumor >1.5cm2. Hence, molecular classification

information is important for treatment strategy and disease

prognostication. In addition, two G4 patients presented at the age

of 3 years, they received upfront radiation and are long-term

survivors. This is an important issue in LMIC as radiation in

young children is associated with significant neurocognitive

deficits when early intervention programs and special education

resources are very limited in the community (22).

The 5-year EFS and OS outcomes for children <3 years of age in

our cohort were more in keeping with survival from developed

countries (12). Young children with SHH clearly had a better

outcome than older children in our study consistent with

previous reports (28, 39). Using the SJYC07 treatment regimen,
Frontiers in Oncology 13
Robinson et al. reported a superior outcome for the SHH-II subtype

compared with the SHH-I subtype (39). However, the addition of

intraventricular methotrexate appears to negate the inferior

outcome associated with SHH-I subtype (29). Given the small

patient numbers, we did not further analyze the survival outcome

for SHH subtypes (SHH-1 and SHH-II). As noted by others, G3

MB did much worse due to the frequent presence of MYCC

amplification (29, 40). Moreover, aggressive surgical intervention

might not be indicated in young children with MBEN and DN

histology as the presence of residual tumor was not associated with

the dismal outcome in our cohort. MBEN and DN histology

variants are known to have excellent outcomes (29, 30).

Treatment abandonment due to cultural beliefs that traditional

medicine is superior, lack of awareness regarding childhood cancer

trajectory among parents, ideas that cancer is incurable, low

socioeconomic status, poor parental education level, long travel

time with lack of housing facilities for families from remote areas,

painful procedures, and treatment adverse effects and toxicity were

well-recognized contributing factors to inferior outcomes (41, 42).

The overall abandonment rate in our study was 19.5%. A single-

center study on challenges treating pediatric MB in Malaysia

reported a treatment dropout rate of 35.3% (42). Similarly, the

abandonment rates of MB in other developing countries from Asia

ranged from 31% to 36.4% (43–45). In contrast, the treatment

refusal rates were only between 0.6% to 5.7% in HIC (6, 17, 39).
A

B

FIGURE 3

Survival outcome of childhood medulloblastoma ≤ 3 years old (excluding the abandonment) based on molecular subgroups. Event-free survival (A)
and overall survival (B) for children > 3 years old according to molecular subgroups after excluding the abandonment.
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Therefore, identifying the risk factors and prioritizing strategies to

reduce the incidence of treatment rejection is crucial in LMIC to

close the survival gap. Optimal care can be achieved by providing

free lodging and food to patients and families, financial support for

travel, social support, efficient communication with detailed and

repeated counseling, and effective procedural sedation and

analgesia. Notably, developing satellite cancer centers for patients

living in rural areas and initiating a contact tracing mechanism for

defaulters would certainly contribute to mitigating some aspects of

treatment abandonments (46). Additionally, organizing regular

national campaigns may cultivate health-seeking behavior by

creating public awareness about the curability of cancer and its

early warning signs (46). Importantly, our study’s treatment-related

complications, such as septicemic death and post-surgical mortality,

were concerning. The critical factors for the dismal outcome were

the lack of specialized pediatric neuro-oncology multidisciplinary

services, limited human resources and infrastructure, poor

supportive care, and deficiency in the internal health delivery

system (47). In our cohort, radiotherapy was also delayed in

several patients due to a limited number of linear accelerators,

frequent machine breakdowns, and a lack of staff to provide

sedation or general anesthesia, which resulted in a long waiting

list (42). In addition, late parental consent for treatment and post-

operative complications contributed to delayed radiotherapy. These

factors caused significant barriers to commencing radiotherapy on

time, leading to poor adherence to treatment guidelines (42).

Hence, building human resource capacity through structured

national education and training programs is essential to increase

the number of skilled and experienced pediatric neuro-oncology

multidisciplinary healthcare professionals to improve the service

quality and diagnostic capacity to avoid delays in diagnosis,

misdiagnosis, and mistreatment. Furthermore, increasing focus on

healthcare financing for catastrophic illness, especially allocating

adequate budget, supporting human resource training, establishing

specialized diagnostic and treatment cancer centers for childhood

CNS tumors, improving the availability of novel drugs and supplies,

providing equipment such as radiotherapy and radiology machines,

and periodic monitoring of cancer registry should be the priority

(46, 47).

This study is the first study reporting on the four molecular

subgroups of MB among children in Malaysia. The study’s main

limitation was that it was a retrospective study with a relatively

small sample size. The challenges of small sample size were

augmented after patients were divided into four molecular

subgroups. Additionally, missing patients’ records and incomplete

clinical and pathological data limit the analysis and interpretation of

the study. Data regarding radiogenomics features of MB to

determine the correlation between imaging characteristics and

molecular subgroups of MB were not collected for analysis.

In conclusion, the discrepancy between histological diagnoses

and DNA methylation profiling highlights the importance of DNA

methylation profiling in improving the accuracy of diagnosis. OS

for children ≥3 years of age with HR MB was consistent with other
Frontiers in Oncology 14
reports. However, OS was very poor for those classified with SR.

Most infants had SHH MB, and their EFS and OS were comparable

to those reported in high-income countries. Due to the relatively

small patient cohort and the high treatment abandonment rate with

treatment-related mortality, definite conclusions regarding the

prognostic significance of the four molecular subgroups of MB

cannot be made for children aged ≥ 3 years. Implementing this

high-technology investigation would assist pathologists in

improving the diagnosis and provide molecular subgrouping of

MB as we move toward subgroup-specific therapies. However,

treatment abandonment, delayed radiotherapy, and treatment-

related complications are the priorities that need to be addressed

to maximize the benefits of such technology.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be

directed to the corresponding author/s.
Ethics statement

The studies involving humans samples were approved by Ministry

of Health (MOH) Medical Research and Ethics Committee (NMRR-

17-991-35677) and University Malaya Medical Centre Medical

Research Ethics Committee (MREC-2016112-4485). The studies

were conducted in accordance with the local legislation and

institutional requirements. The human samples used in this study

were acquired from a by- product of routine care or industry. Written

informed consent for participation was not required from the

participants or the participants’ legal guardians/next of kin in

accordance with the national legislation and institutional requirements.
Author contributions

RR: Conceptualization, Formal Analysis, Methodology, Writing

– original draft, Writing – review & editing. AJT: Data curation,

Writing – review & editing. VJ: Data curation, Writing – review &

editing. OW: Investigation, Writing – review & editing. HM:

Investigation, Writing – review & editing. NHAR: Investigation,

Writing – review & editing. TY: Data curation, Writing – review &

editing. KG: Data curation, Writing – review & editing. AT: Data

curation, Writing – review & editing. SY: Data curation, Writing –

review & editing. GO: Data curation, Writing – review & editing.

HA: Data curation, Writing – review & editing. DJ: Formal

Analysis, Investigation, Writing – review & editing. EB:

Conceptualization, Supervision, Writing – original draft, Writing

– review & editing. NG: Conceptualization, Formal Analysis,

Methodology, Supervision, Writing – original draft, Writing –

review & editing.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1278611
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Rajagopal et al. 10.3389/fonc.2023.1278611
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.

Acknowledgments

Part of the data was presented as a virtual poster presentation at the

International Symposium Pediatric Neuro-oncology (ISPNO) in 2021.

We thank multidisciplinary neuro-oncology healthcare providers at

UMMC, SGH, PGH, and SWCH for their contribution in patients’

management. NG is funded on the Perth Children’s Hospital Foundation

Stan PerronChair of PediatricHematology andOncology provided by the

Stan Perron Charitable Foundation. We would like to thank the Director

General of Health Malaysia for his permission to publish this article.
Frontiers in Oncology 15
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Taylor MD, Northcott PA, Korshunov A, Remke M, Cho YJ, Clifford SC, et al.
Molecular subgroups of medulloblastoma: the current consensus. Acta Neuropathol
(2012) 123:465–72. doi: 10.1007/s00401-011-0922-z

2. Gajjar A, Bowers DC, Karajannis MA, Leary S, Witt H, Gottardo NG. Pediatric
brain tumors: innovative genomic information is transforming the diagnostic and
clinical landscape. J Clin Oncol (2015) 33:2986–98. doi: 10.1200/JCO.2014.59.9217

3. Zeltzer PM, Boyett JM, Finlay JL, Albright AL, Rorke LB, Milstein JM, et al.
Metastasis stage, adjuvant treatment, and residual tumor are prognostic factors for
medulloblastoma in children: conclusions from the Children's Cancer Group 921
randomized phase III study. J Clin Oncol (1999) 17:832–45. doi: 10.1200/
JCO.1999.17.3.832

4. Northcott PA, Jones DT, Kool M, Robinson GW, Gilbertson RJ, Cho YJ, et al.
Medulloblastomics: the end of the beginning. Nat Rev Cancer (2012) 12:818–34.
doi: 10.1038/nrc3410

5. Ramaswamy V, Taylor MD. Medulloblastoma: from myth to molecular. J Clin
Oncol (2017) 35:2355–63. doi: 10.1200/JCO.2017.72.7842

6. Leary SES, Packer RJ, Li Y, Billups CA, Smith KS, Jaju A, et al. Efficacy of
carboplatin and isotretinoin in children with high-risk medulloblastoma: A
randomized clinical trial from the children's oncology group. JAMA Oncol (2021)
7:1313–21. doi: 10.1001/jamaoncol.2021.2224

7. Packer RJ, Gajjar A, Vezina G, Rorke-Adams L, Burger PC, Robertson PL, et al.
Phase III study of craniospinal radiation therapy followed by adjuvant chemotherapy
for newly diagnosed average-risk medulloblastoma. J Clin Oncol (2006) 24:4202–8.
doi: 10.1200/JCO.2006.06.4980

8. Michalski JM, Janss AJ, Vezina LG, Smith KS, Billups CA, Burger PC, et al.
Children's oncology group phase III trial of reduced-dose and reduced-volume
radiotherapy with chemotherapy for newly diagnosed average-risk medulloblastoma.
J Clin Oncol (2021) 39:2685–97. doi: 10.1200/JCO.20.02730

9. Tarbell NJ, Friedman H, Polkinghorn WR, Yock T, Zhou T, Chen Z, et al. High-
risk medulloblastoma: a pediatric oncology group randomized trial of chemotherapy
before or after radiation therapy (POG 9031). J Clin Oncol (2013) 31:2936–41.
doi: 10.1200/JCO.2012.43.9984

10. Rutkowski S, Bode U, Deinlein F, Ottensmeier H, Warmuth-Metz M, Soerensen
N, et al. Treatment of early childhood medulloblastoma by postoperative
chemotherapy alone. N Engl J Med (2005) 352:978–86. doi: 10.1056/NEJMoa042176

11. von Bueren AO, von Hoff K, Pietsch T, Gerber NU, Warmuth-Metz M, Deinlein
F, et al. Treatment of young children with localized medulloblastoma by chemotherapy
alone: results of the prospective, multicenter trial HIT 2000 confirming the prognostic
impact of histology. Neuro Oncol (2011) 13:669–79. doi: 10.1093/neuonc/nor025

12. Dhall G, Grodman H, Ji L, Sands S, Gardner S, Dunkel IJ, et al. Outcome of
children less than three years old at diagnosis with non-metastatic medulloblastoma
treated with chemotherapy on the "Head Start" I and II protocols. Pediatr Blood Cancer
(2008) 50:1169–75. doi: 10.1002/pbc.21525

13. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D,
Cavenee WK, et al. The 2016World Health Organization classification of tumors of the
central nervous system: a summary. Acta Neuropathol (2016) 131:803–20. doi: 10.1007/
s00401-016-1545-1

14. Ramaswamy V, Remke M, Bouffet E, Faria CC, Perreault S, Cho YJ, et al.
Recurrence patterns across medulloblastoma subgroups: an integrated clinical and
molecular analysis. Lancet Oncol (2013) 14:1200–7. doi: 10.1016/S1470-2045(13)
70449-2

15. Ramaswamy V, Remke M, Bouffet E, Bailey S, Clifford SC, Doz F, et al. Risk
stratification of childhood medulloblastoma in the molecular era: the current
consensus. Acta Neuropathol (2016) 131:821–31. doi: 10.1007/s00401-016-1569-6

16. Northcott PA, Korshunov A, Witt H, Hielscher T, Eberhart CG, Mack S, et al.
Medulloblastoma comprises four distinct molecular variants. J Clin Oncol (2011)
29:1408–14. doi: 10.1200/JCO.2009.27.4324

17. Gajjar A, Robinson GW, Smith KS, Lin T, Merchant TE, Chintagumpala M, et al.
Outcomes by clinical and molecular features in children with medulloblastoma treated
with risk-adapted therapy: results of an international phase III trial (SJMB03). J Clin
Oncol (2021) 39:822–35. doi: 10.1200/JCO.20.01372

18. Doussouki ME, Gajjar A, Chamdine O. Molecular genetics of medulloblastoma
in children: diagnostic, therapeutic and prognostic implications. Future Neurol (2019)
14:FNL8. doi: 10.2217/fnl-2018-0030

19. Capper D, Jones DTW, Sill M, Hovestadt V, Schrimpf D, Sturm D, et al. DNA
methylation-based classification of central nervous system tumours. Nature (2018)
555:469–74. doi: 10.1038/nature26000

20. Kaur K, Kakkar A, Kumar A, Mallick S, Julka PK, Gupta D, et al. Integrating
molecular subclassification of medulloblastomas into routine clinical practice: A
simplified approach. Brain Pathol (2016) 26:334–43. doi: 10.1111/bpa.12293

21. Eid AM, Heabah NAE. Medulloblastoma: clinicopathological parameters, risk
stratification, and survival analysis of immunohistochemically validated molecular
subgroups. J Egypt Natl Canc Inst (2021) 33:6. doi: 10.1186/s43046-021-00060-w

22. Amayiri N, Swaidan M, Ibrahimi A, Hirmas N, Musharbash A, Bouffet E, et al.
Molecular subgroup is the strongest predictor of medulloblastoma outcome in a
resource-limited country. JCO Glob Oncol (2021) 7:1442–53. doi: 10.1200/GO.21.00127

23. Lafay-Cousin L, Bouffet E, Strother D, Rudneva V, Hawkins C, Eberhart C, et al.
Phase II study of nonmetastatic desmoplastic medulloblastoma in children younger
than 4 years of age: A report of the children's oncology group (ACNS1221). J Clin Oncol
(2020) 38:223–31. doi: 10.1200/JCO.19.00845

24. Duffner PK, Horowitz ME, Krischer JP, Friedman HS, Burger PC, Cohen ME,
et al. Postoperative chemotherapy and delayed radiation in children less than three
years of age with Malignant brain tumors. N Engl J Med (1993) 328:1725–31.
doi: 10.1056/NEJM199306173282401

25. Sturm D, Orr BA, Toprak UH, Hovestadt V, Jones DTW, Capper D, et al. New
brain tumor entities emerge from molecular classification of CNS-PNETs. Cell (2016)
164:1060–72. doi: 10.1016/j.cell.2016.01.015

26. van den Bent MJ. Interobserver variation of the histopathological diagnosis in
clinical trials on glioma: a clinician's perspective. Acta Neuropathol (2010) 120:297–
304. doi: 10.1007/s00401-010-0725-7

27. Ellison DW, Kocak M, Figarella-Branger D, Felice G, Catherine G, Pietsch T,
et al. Histopathological grading of pediatric ependymoma: reproducibility and clinical
relevance in European trial cohorts. J Negat Results BioMed (2011) 10:7. doi: 10.1186/
1477-5751-10-7

28. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The
2021 WHO classification of tumors of the central nervous system: a summary. Neuro
Oncol (2021) 23:1231–51. doi: 10.1093/neuonc/noab106
frontiersin.org

https://doi.org/10.1007/s00401-011-0922-z
https://doi.org/10.1200/JCO.2014.59.9217
https://doi.org/10.1200/JCO.1999.17.3.832
https://doi.org/10.1200/JCO.1999.17.3.832
https://doi.org/10.1038/nrc3410
https://doi.org/10.1200/JCO.2017.72.7842
https://doi.org/10.1001/jamaoncol.2021.2224
https://doi.org/10.1200/JCO.2006.06.4980
https://doi.org/10.1200/JCO.20.02730
https://doi.org/10.1200/JCO.2012.43.9984
https://doi.org/10.1056/NEJMoa042176
https://doi.org/10.1093/neuonc/nor025
https://doi.org/10.1002/pbc.21525
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1016/S1470-2045(13)70449-2
https://doi.org/10.1016/S1470-2045(13)70449-2
https://doi.org/10.1007/s00401-016-1569-6
https://doi.org/10.1200/JCO.2009.27.4324
https://doi.org/10.1200/JCO.20.01372
https://doi.org/10.2217/fnl-2018-0030
https://doi.org/10.1038/nature26000
https://doi.org/10.1111/bpa.12293
https://doi.org/10.1186/s43046-021-00060-w
https://doi.org/10.1200/GO.21.00127
https://doi.org/10.1200/JCO.19.00845
https://doi.org/10.1056/NEJM199306173282401
https://doi.org/10.1016/j.cell.2016.01.015
https://doi.org/10.1007/s00401-010-0725-7
https://doi.org/10.1186/1477-5751-10-7
https://doi.org/10.1186/1477-5751-10-7
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.3389/fonc.2023.1278611
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Rajagopal et al. 10.3389/fonc.2023.1278611
29. Mynarek M, von Hoff K, Pietsch T, Ottensmeier H, Warmuth-Metz M, Bison B,
et al. Nonmetastatic medulloblastoma of early childhood: results from the prospective
clinical trial HIT-2000 and an extended validation cohort. J Clin Oncol (2020) 38:2028–
40. doi: 10.1200/JCO.19.03057

30. Lafay-Cousin L, Smith A, Chi SN, Wells E, Madden J, Margol A, et al. Clinical,
pathological, and molecular characterization of infant medulloblastomas treated with
sequential high-dose chemotherapy. Pediatr Blood Cancer (2016) 63:1527–34.
doi: 10.1002/pbc.26042

31. Ellison DW, Dalton J, Kocak M, Nicholson SL, Fraga C, Neale G, et al.
Medulloblastoma: clinicopathological correlates of SHH, WNT, and non-SHH/WNT
molecular subgroups. Acta Neuropathol (2011) 121:381–96. doi: 10.1007/s00401-011-
0800-8

32. Goschzik T, Zur Muhlen A, Kristiansen G, Haberler C, Stefanits H, Friedrich C,
et al. Molecular stratification of medulloblastoma: comparison of histological and
genetic methods to detect Wnt activated tumours. Neuropathol Appl Neurobiol (2015)
41:135–44. doi: 10.1111/nan.12161

33. Pietsch T, Schmidt R, Remke M, Korshunov A, Hovestadt V, Jones DT, et al.
Prognostic significance of clinical, histopathological, and molecular characteristics of
medulloblastomas in the prospective HIT2000 multicenter clinical trial cohort. Acta
Neuropathol (2014) 128:137–49. doi: 10.1007/s00401-014-1276-0

34. Dasgupta A, Gupta T. Radiogenomics of medulloblastoma: imaging surrogates
of molecular biology. J Transl Genet Genom (2018) 2:15. doi: 10.20517/jtgg.2018.21

35. Colafati GS, Voicu IP, Carducci C, Miele E, Carai A, Di Loreto S, et al. MRI
features as a helpful tool to predict the molecular subgroups of medulloblastoma: state
of the art. Ther Adv Neurol Disord (2018) 11:1–14. doi: 10.1177/1756286418775375

36. Perreault S, Ramaswamy V, Achrol AS, Chao K, Liu TT, Shih D, et al. MRI
surrogates for molecular subgroups of medulloblastoma. AJNR Am J Neuroradiol
(2014) 35:1263–9. doi: 10.3174/ajnr.A3990

37. Lastowska M, Jurkiewicz E, Trubicka J, Daszkiewicz P, Drogosiewicz M, Malczyk
K, et al. Contrast enhancement pattern predicts poor survival for patients with non-
WNT/SHH medulloblastoma tumours. J Neurooncol (2015) 23:65–73. doi: 10.1007/
s11060-015-1779-0

38. Mata-Mbemba D, Zapotocky M, Laughlin S, Taylor MD, Ramaswamy V,
Raybaud C. MRI characteristics of primary tumors and metastatic lesions in
molecular subgroups of pediatric medulloblastoma: A single-center study. AJNR Am
J Neuroradiol (2018) 39:949–55. doi: 10.3174/ajnr.A5578
Frontiers in Oncology 16
39. Robinson GW, Rudneva VA, Buchhalter I, Billups CA, Waszak SM, Smith KS,
et al. Risk-adapted therapy for young children with medulloblastoma (SJYC07):
therapeutic and molecular outcomes from a multicentre, phase 2 trial. Lancet Oncol
(2018) 19:768–84. doi: 10.1016/S1470-2045(18)30204-3

40. Kool M, Korshunov A, Remke M, Jones DT, Schlanstein M, Northcott PA, et al.
Molecular subgroups of medulloblastoma: an international meta-analysis of
transcriptome, genetic aberrations, and clinical data of WNT, SHH, Group 3, and
Group 4 medulloblastomas. Acta Neuropathol (2012) 123:473–84. doi: 10.1007/s00401-
012-0958-8

41. Foo JC, Jawin V, Yap TY, Ahmad Bahuri NF, Ganesan D, Mun KS, et al.
Conduct of neuro-oncology multidisciplinary team meetings and closing the "gaps" in
the clinical management of childhood central nervous system tumors in a middle-
income country. Childs Nerv Syst (2021) 37:1573–80. doi: 10.1007/s00381-021-05080-4

42. Rajagopal R, Abd-Ghafar S, Ganesan D, BustamMainudin AZ, Wong KT, Ramli
N, et al. Challenges of treating childhood medulloblastoma in a country with limited
resources: 20 years of experience at a single tertiary center in Malaysia. J Glob Oncol
(2017) 3:143–56. doi: 10.1200/JGO.2015.002659

43. Das A, Achari RB, Zameer L, Sen S, Krishnan S, Bhattacharyya A. Treatment
refusal and abandonment remain major concerns despite good outcomes with multi-
modality management in pediatric medulloblastoma: Experience from a cancer center
in Eastern India. Indian J Med Paediatr Oncol (2019) 40:S13–5. doi: 10.4103/
ijmpo.ijmpo_213_17

44. Wang C, Yuan XJ, Jiang MW, Wang LF. Clinical characteristics and abandonment
and outcome of treatment in 67 Chinese children with medulloblastoma. J Neurosurg
Pediatr (2016) 17(1):49–56. doi: 10.3171/2015.5.PEDS1573

45. Tandian D, Harlyjoy A, Nugroho SW, Ichwan S. Risk factors associated with
post-therapeutic outcome for medulloblastoma: an experience from Indonesia. Asian J
Neurosurg (2021) 16(3):494–9. doi: 10.4103/ajns.AJNS_490_20

46. Mirutse MK, Tolla MT, Memirie ST, Palm MT, Hailu D, Abdi KA, et al. The
magnitude and perceived reasons for childhood cancer treatment abandonment in
Ethiopia: from health care providers' perspective. BMC Health Serv Res (2022) 22
(1):1014. doi: 10.1186/s12913-022-08188-8

47. Friedrich P, Lam CG, Kaur G, Itriago E, Ribeiro RC, Arora RS. Determinants of
treatment abandonment in childhood cancer: results from a global survey. PloS One
(2016) 11(10):e0163090. doi: 10.1371/journal.pone.0163090
frontiersin.org

https://doi.org/10.1200/JCO.19.03057
https://doi.org/10.1002/pbc.26042
https://doi.org/10.1007/s00401-011-0800-8
https://doi.org/10.1007/s00401-011-0800-8
https://doi.org/10.1111/nan.12161
https://doi.org/10.1007/s00401-014-1276-0
https://doi.org/10.20517/jtgg.2018.21
https://doi.org/10.1177/1756286418775375
https://doi.org/10.3174/ajnr.A3990
https://doi.org/10.1007/s11060-015-1779-0
https://doi.org/10.1007/s11060-015-1779-0
https://doi.org/10.3174/ajnr.A5578
https://doi.org/10.1016/S1470-2045(18)30204-3
https://doi.org/10.1007/s00401-012-0958-8
https://doi.org/10.1007/s00401-012-0958-8
https://doi.org/10.1007/s00381-021-05080-4
https://doi.org/10.1200/JGO.2015.002659
https://doi.org/10.4103/ijmpo.ijmpo_213_17
https://doi.org/10.4103/ijmpo.ijmpo_213_17
https://doi.org/10.3171/2015.5.PEDS1573
https://doi.org/10.4103/ajns.AJNS_490_20
https://doi.org/10.1186/s12913-022-08188-8
https://doi.org/10.1371/journal.pone.0163090
https://doi.org/10.3389/fonc.2023.1278611
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Prognostic significance of molecular subgroups in survival outcome for children with medulloblastoma in Malaysia
	Introduction
	Patients and methods
	Statistical analysis
	Ethics statement

	Results
	Comparison between histological diagnosis and 850k DNA methylation profiling results of the whole cohort
	Medulloblastoma patients’ demographic data, clinical presentation, and surgery
	Children &ge; 3 years old with medulloblastoma
	Medulloblastoma histological variants, molecular subgroup, and risk stratification
	Treatment characteristics and relapse pattern
	Clinical course for standard-risk MB patients (n=15)
	Clinical course for high-risk MB patients (n=16)
	Survival outcomes

	Children &lt;3 years old with medulloblastoma (n=10)
	Medulloblastoma histology subclass, molecular subgroup, and risk stratification
	Treatment characteristics and relapse pattern
	Survival outcomes


	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References


