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INTRODUCTION

Advances in molecular diagnostics have led to im-
proved stratification and targeted interventions in the
treatment of children with brain tumors. This has
necessitated complex infrastructure to deliver all the
required testing in a clinically useful time period.
However, in less-resourced countries, this testing is
not routinely available and an ever-widening gap in the
ability to deliver more tailored therapies including
targeted agents is increasingly evident. This article
reviews the recent advances and suggests practical
ways of ensuring that genomic advances are applied
according to available resources.

CLASSIFICATION

The WHO classification of brain tumors (2021)1 now
includes molecular findings in a multilayered ap-
proach to diagnosis. Although a certain level of di-
agnostic information is essential for basic entity
recognition and treatment planning in most diseases,
other information (eg, information required to support
the delivery of risk-stratified adjuvant therapies and
advanced or biomarker-stratified targeted therapies)
may be considered nonessential in clinical settings
where such therapies are not routinely delivered. As a
result, the WHO classification allows not otherwise
specified diagnosis for most tumor types.1

Testing for common molecular disease groups, mu-
tations, amplifications, or fusions that lead to risk-
adapted or targeted therapies requires additional
testing methodologies, most of which are not routinely
available in low- and middle-income countries
(LMICs). The most common of these are presented in
Table 1. Detailed testing currently may or may not,
depending on the region, lead to change in therapy as
drugs are often not available.

BRAIN TUMOUR DIAGNOSIS AND MANAGEMENT
IN LMICs

Each year, approximately 429,000 children (age 0-19
years) are affected with cancer, of which approximately
90% are from LMICs.2 The cure rate in high-income

countries (HICs) exceeds 80% but is , 30% in LMICs.
Similarly, the majority of children presenting with CNS
tumors live in LMICs, but data on the incidence, sur-
vival, and burden of CNS tumors are poor, even when
compared with other childhood cancers.3 According to
the CONCORD working group, 5-year survival from
brain tumors in children is higher than that for adults,
but the global range is very wide (28.9% in Brazil to
nearly 80% in Sweden and Denmark). However, this
survival range does not depict the actual situation in
low-income countries where national registries do not
exist and publications are few.

The reasons for the survival gap between HICs and
LMICs are many and complex including under-
diagnosis, delayed presentation, and unavailability or
inaccessibility of multidisciplinary neuro-oncology
treatment facilities including neurosurgical and ra-
diotherapy equipment. Seah et al4 reported on
abandonment of treatment for pediatric CNS tumors
and concluded that failure to start or complete po-
tentially curative therapy is also a key contributor to
poor outcomes.5

Very little data are available from most low-income
countries. In Sudan, Elhassan et al6 report 2-year and
5-year survival rates of 33% and 13%, respectively, in
a series of 62 patients with pediatric brain tumor and
also attribute this to underdiagnosis, inadequate
treatment, and treatment abandonment. A gradual
increase in numbers of cases diagnosed is noted since
2000, but only 60% of CNS tumors are diagnosed on
the basis of biopsy.

St Jude Children’s Research Hospital recently
launched a Global Academy Neuro-Oncology Training
Seminar, focused on LMIC needs in pediatric neuro-
oncology. The group identified the following as barriers
to care: (1) an absence of coordinated multidisci-
plinary care; (2) an inability to subspecialize or con-
centrate on neuro-oncologic diseases; (3) limited
infrastructure, including neurosurgical, laboratory,
radiotherapy, and rehabilitation facilities; (4) delays
in referrals between specialties; (5) postsurgical
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morbidity; (6) insufficient hospital-based and population-
based data; (7) treatment abandonment; and (8) an in-
creasing discord between recent molecular insights and
the current clinical context in LMICs.3

MOLECULAR TESTING AND REQUIRED INFRASTRUCTURE

The implementation of molecular testing, and the prioriti-
zation of testing infrastructure, should be pragmatically
driven by multiple inter-related factors, including test
availability, diagnostic infrastructure capability, technical
expertise, and an understanding of the relevance of specific
tests to affect clinical management decisions. Together,
these must be tailored to the level of resources available to
support these activities.

Standard histologic and immunohistochemistry-based di-
agnostics, which encompass morphological and phenotypic
features assessable using conventional histology tech-
niques, and immunostains, which are deliverable in most
institutions; typically, these will enable diagnosis of histologic
variants using WHO criteria, with support from histopa-
thology second opinion referral networks where required.

Second, enhanced histologic diagnosis, where further specific
immunostains are used as associated or surrogate features of
specific key molecular events to aid differential diagnosis.
Examples include recognition of BRAF mutation–associated
staining in pilocytic astrocytomas and the wingless-related
integration site (WNT), Sonic Hedgehog subtype (SHH), and
non-WNT/non-SHH medulloblastoma disease groups. Al-
though these are indicative and useful adjuncts to histologic
diagnostics, they would not typically meet standards for the
definition of molecularly defined WHO variants.

Third, combined histologic and genetic testing, where
specific critical genetic lesions may be assessed using low-
throughput technologies such as interphase fluorescence
in situ hybridization for chromosomal defects or Sanger
sequencing for specific mutations. For many diseases,
such approaches will allow the definition of WHO-defined
entities at the molecular level andmay be delivered through

the implementation of basic genetic laboratory services. In
2022, this likely represents the majority of practice in high-
income countries.

Finally, fully integrated molecular diagnostics and pathol-
ogy review, which assess all biologic disease features and
provide expert pathology review, to support all differential
diagnoses. Typically, this will include next-generation
omics technologies (eg, panel or whole-exome/genome
sequencing and DNA methylation array), which detect
lesions across the genome in addition to those specifically
required, and cross-validation of specific molecular find-
ings across different alternative techniques. These are
typically delivered in highly specialized centers and, al-
though they have greatest cost implications, are also most
cost-efficient in terms of information delivered per unit cost.
Today, such systems are typically in place in national
specialist networks of centers within high-income countries
and may support diagnostics requirements for biomarker-
driven clinical trials.

Wider considerations in the selection of molecular testing
and pathology review approaches will include potential for
centralization, whereby multiple local treatment centers
refer to a specialist center for assessment on behalf of local,
regional, national, or international networks. Such networks
may allow efficiencies of cost, throughput, and centrali-
zation of key expertise and include central pathology
review.

Sampling methodologies and turnaround times are also
major inter-related factors. The level of testing, which can be
delivered, will depend on the amount and quality of tumor
material available. Training may need to be provided for
preparation (fixation, sectioning, and staining) of good-
quality histologic slides. Although histology-based testing
may be routinely accomplished on formalin-fixed paraffin-
embedded material, advanced genomics methods typically
require snap-frozen material stored at −80°C. Moreover, any
diagnostics infrastructure must be able to deliver integrated
results to anmulti-disciplinary team (MDT) including treating
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TABLE 1. Molecular Characterization Essential for Full WHO Diagnosis; How They Are Tested; and Mutations, Fusions, and Amplifications That Can
Potentially be Targeted Together With the Drugs Currently Available

Tumor Type
Molecular
Abnormality

Molecular
Characteristic Methods Used

Targeted
Treatment
Available Comments

Diffuse midline glioma Mutation H3 K27 M Methylation array, IHC,
sequencing

No Vaccine trials ongoing

Diffuse midline gliomas Amplification PDGFRA FISH, sequencing,
methylation

Yes No pediatric trials
demonstrating benefit

Diffuse midline gliomas Mutation PIK3CA PCR, sequencing In development

High-grade glioma Mutation H3 G34 Methylation array, IHC,
sequencing

No

High-grade glioma Mutation IDH (uncommon
in children)

IHC, sequencing In development Clinical trials in AYA and
adults

Bithalamic gliomas Insertion
mutation

EGFR exon 20 Sequencing ? Case reports of EGFR
inhibitors

Ependymoma Fusion ZTFA FISH, No

Ependymoma Fusion YAP-1 IHC No

Ependymoma Methylation
signature

PFA Methylation, IHC
(H3K27-me3 loss)

No

Ependymoma Methylation
signature

PFB Methylation No

Ependymoma Amplification MYCN (spinal) FISH, methylation No

Medulloblastoma WHO molecular
variant

WNT IHC, iFISH (chr6),
CTNNB1
sequencing,
methylation

No Favourable-risk; opportunity
for dose reduction

Medulloblastoma WHO molecular
variant

SHH—TP53 WT IHC, TP53 sequencing,
methylation

No

Medulloblastoma WHO molecular
variant

SHH—TP53-
mutated

IHC, TP53 sequencing,
methylation

No High-risk; opportunity for
adapted management

Medulloblastoma WHO molecular
variant

Non-WNT/non-
SHH

IHC, iFISH (MYC),
methylation

No Opportunity for adapted
management in high risk

Group 3 patients (ie, addition
of carboplatin during
radiation)

Pineoblastoma Mutation DICER1 Sequencing No

CNS neuroblastoma, FOXR2-activated FOXR2 Methylation No

CNS tumor with BCOR internal
tandem duplication

Duplication BCOR FISH, sequencing,
methylation

No

Atypical teratoid rhabdoid tumors,
desmoplastic myxoid tumor of the
pineal region

Mutation SMARCB1 IHC, sequencing No Clinical trials of tazemetostat
and alisertib ongoing

Low- and high-grade gliomas, LCH,
craniopharyngioma

Mutation BRAF v600e IHC, sequencing Yes Dabrafenib, vemurafenib,
BRAF V600E mutation

Low-grade glioma Fusion BRAF KIAA
fusions

Fusion panel Yes Selumetinib, trametinib,
binimetinib

SEGA Mutation TSC1 or TSC2 PCR, sequencing/clinical Yes Sirolimus, everolimus

Low-grade glioma Mutation NF1 PCR, sequencing/
clinical

Yes Selumetinib, trametinib

Low- and high-grade gliomas Fusion ALK IHC, RT-PCR, FISH,
sequencing

Yes Lorlatinib, ongoing trial of
alectinib

High-grade gliomas Fusion NTRK Fusion panel, FISH Yes Entrectinib, larotrectinib

High-grade gliomas Fusion ROS1 Fusion panel, FISH Yes Entrectinib

(Continued on following page)
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clinicians in a timely fashion to enable therapy selection and
planning, before commencement of adjuvant therapies
(typically within 3-4 weeks of presentation). In particular, any
centralized system adopted must be compatible with these
timescales and able to collect good-quality tumor material.7

CURRENT LMICs PRACTICE

The WHO classification of brain tumors (2021)1 proposes a
new vision in the diagnosis of CNS tumors, integrating
molecular classification as an element to be considered in
the histologic grade, as proposed by the publications of the
cIMPACT-NOW working group. It is in this context that a
complex reality arises and strategies are required so that
developing countries, which, in general, have technological
and human resource limitations for molecular diagnosis,
can have access to technologies that allow the optimization
of resources to implement an integrated diagnosis that
allows individualized management and access to thera-
peutic advances. Such tailored approaches have been
developed in a number of LMICs/low-income countries
(LICs), and we present one such approach (Fig 1) although
the majority of LMIC centers do not yet have access to these
techniques. The major developments have been in the field
of gliomas and embryonal tumors, and with the use of
immunohistochemistry and carefully selected molecular
tests, clinically useful information that affects treatment
decision making can be ascertained.

The detection of molecular targets (Table 1) does not al-
ways equate to clinical effectiveness, and it is important that
potentially expensive therapies are shown to be effective
before committing hard earned resources in accessing
these agents. The majority of these agents are used as
second-line therapy even in HICs; however, agents such as
MEK inhibitors, which are clinically very useful in treating
children with unresectable low-grade gliomas (LGGs), are
often difficult to access in LMICs/LICs. Work is ongoing to
add such agents to the WHO essential medicines list.8

DRUG ACCESS IN LMICs

In addition to access to appropriate imaging, appropriate
neurosurgery, and pediatric radiotherapy, easy access to
anticancer drugs has been a major hurdle for delivery of
cancer care in many parts of the world especially in LMICs.

This applies to both adult and pediatric cancers. The
disparity is not just limited to newer agents such as
targeted/biologic therapies but even to conventional che-
motherapeutic drugs. Even in areas where chemothera-
peutic agents are available, the supply chain has been
inconsistent, making continuity of care a real challenge.

The major reason for lack of access to these essential
medicines is the unwillingness of drug companies to reg-
ister older, cheaper drugs and the high pricing of new and
off-patent drugs. This has led to the nonaffordability of
these drugs in the majority of the population in LMICs.
Coupled with this is the lack of wider universal health in-
surance coverage of the population and inadequate gov-
ernment funding to support such therapies.9

A technical report by the WHO revealed that there was a
much lower availability of anticancer drugs in countries with
a lower national income. The cancer drugs on the essential
medicine list of WHO are available to 32% and 57% of LICs
and middle-income countries (MICs), respectively, and
importantly, only to individuals who can afford the cost of the
drugs (as an out-of-pocket expenditure).10 A recent survey
performed among medical oncologists globally revealed that
around one third of conventional chemotherapeutic drugs
were only available in LMICs by out-of-pocket expenditure.
Such expenditure was commonly financially catastrophic for
families when newer/targeted molecules such as rituximab
and trastuzumab were required11 (the same group has
conducted a survey for pediatric cancer within SIOP, and the
results should be available soon).

Many of the targeted agents, which have been proven to be
effective in early-phase pediatric brain tumor trials (eg,,
vemurafenib, dabrafenib, bevacizumab, and trametinib),
have been licensed for use in adults in many countries.12,13

Even in some MICs where these drugs are available, the
high cost continues to be a major hurdle for widespread
use of these therapies. Moreover, these drugs need to be
given for a long period of time, and the majority of studies
have shown the duration of therapy to be over 1 year, which
leads to a long-term problem with accessibility and af-
fordability. Limited compassionate access programs by the
pharmaceutical industry and paucity of clinical trials of

TABLE 1. Molecular Characterization Essential for Full WHO Diagnosis; How They Are Tested; and Mutations, Fusions, and Amplifications That Can
Potentially be Targeted Together With the Drugs Currently Available (Continued)

Tumor Type
Molecular
Abnormality

Molecular
Characteristic Methods Used

Targeted
Treatment
Available Comments

Low- and high-grade gliomas Fusion or
mutation

FGFR RT-PCR, sequencing In development

cMMRD- and Lynch
syndrome–associated tumors

Mutation MMRD gene(s) IHC, sequencing,
methylation

Yes Nivolumab, pembrolizumab,
ipilimumab

Abbreviations: cMMRD, constitutional mismatch repair deficiency; FISH, fluorescence in situ hybridization; iFISH, interphase fluorescence in situ hybridization;
IHC, immunohistochemistry; RT-PCR, reverse transcriptase polymerase chain reaction; SHH, Sonic Hedgehog subtype; WNT, wingless-related integration site.
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Glioma

Histologic  classification

Pilocytic astrocytoma

Giant cell astrocytoma

PXA

Test for BRAF v600e mutation

Diffuse glioma

Diffuse glioma with an 
ambiguous morphology

OligodendrogliomaDiffuse astrocytoma

Immunohistochemical analysis of IDH1 and TP53 mutation and  ATRX loss

IDH1-positive
ATRX lost

TP53-mutated

IDH1-positive
ATRX retained
TP53-negative

Investigate for
1p19q

codeletion if 
possible

IDH1-negative
with any of the

above
histologic
subtypes

IHC for H3K27M
and H3G34
mutation

H3K27M-positive
diffuse midline

glioma
or  H3G34-

mutated glioma

Medulloblastoma

Histologic  classification

Large cell/
anaplastic

Nodular
desmoplastic/

MBEN 
Classic

WNT-activated

Nuclear beta- 
catenin staining
GAB1-negative
YAP-1–negative

Immunohistochemistry for beta-catenin, GAB1, YAP-1, and TP53 mutation testing

Non-SHH,non-WNT

GAB1-negative
YAP-1–positive

Cytoplasmic beta-
catenin staining
cell/anaplastic

SHH-activated

GAB1-positive
YAP-1–positive

Cytoplasmic beta-
catenin staining

TP53 mutation

SHH-activated

TP53-mutated

Group 3
MYC amplification

–positive or 
MYC amplification

–negative

Molecular studies if available

Group 4
MYCN amplification–positive/
MYCN amplification–negative
Isochromosome 17q–positive/
isochromosome 17q–negative

FIG 1. Examples of resource-stratified
diagnostic algorithms using immunohisto-
chemistry for LMICs. IHC, immunohisto-
chemistry; LMICs, low- and middle-income
countries; MBEN, medulloblastoma with
extensive nodularity; PXA, pleomorphic
xanthoastrocytoma; SHH, Sonic Hedgehog
subtype; WNT, wingless-related integration
site.
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such drugs in LMIC settings have made it even more
difficult for children with brain tumors to access these
targeted agents.14

Thus, the application of exciting developments in molecular
diagnostics and identification of prognostic and predictive
biomarkers in LMICs/LICs are not straightforward and each
country/region needs to ascertain the clinical usefulness of
introducing the infrastructure and support that is required
within their financial constraints.

Possible Solutions

Repurposing and use of low-cost diagnostic tools building up
in the planned way to more technologically advanced
solutions. The current WHO classification of brain tumors1

adopts methylome-based diagnostics as the desirable av-
enue for precise classification and diagnosis. However, the
methylome-based approach excludes many parts of the
world because of lack of availability of the platform and
inherent financial constraints. Thus, it is important to resort
to an alternative integrated approach using clinicoradio-
logic and histologic features including immunohisto-
chemistry for choosing an appropriate target gene/variant
testing and arriving at a clinical useful diagnosis, some of
which is discussed below. Barring a few entities like high-
grade astrocytoma with piloid-like features, etc, which are
essentially methylome-defined, most of the other entities
are defined by certain specific molecular alterations, which
can be tested using a histologic approach with supple-
mentary specific molecular testing.

Embryonal tumors. The commonest tumor of this group is
medulloblastoma, which in the current WHO classification,
contain molecularly defined subgroups (WNT-activated,
SHH-activated and non-WNT/non-SHH) and histologi-
cally defined subgroups (classic, nodular desmoplastic,
with extensive nodularity and large cell anaplastic, not
otherwise specified—with myogenic differentiation and
with melanotic differentiation). Molecularly defined groups
are used in routine clinical practice and have been shown
to have better predictive value than histologic subtypes
alone.15 Although the gold standard method in defining
subgroups is methylation profiling, there are more readily
accessible molecular methods such as targeted gene ex-
pression (both real-time–based and NanoString16 or MIMIC
technology17). If these tests are not available, algorithms
using an immunohistochemistry panel of four to five anti-
bodies with incorporation of fluorescence in situ
hybridization–based evaluation for single gene copy
number and clinicoradiologic findings can serve to provide
an alternative to the more expensive molecular methods for
molecularly defined subgroups of medulloblastomas16-18

(Table 2). Other embryonal cell tumors such embryonal
tumor with multilayered rosettes (ETMR) and atypical ter-
atoid rhabdoid tumors (ATRTs) can be diagnosed using
appropriate immunohistochemistry markers of LIN28A and
INI1, respectively. Most ETMRs show diffuse strong

positivity for LIN28A in the undifferentiated component of
ETMR architecture and diffuse strong positivity across the
entire tumor in the ependymoblastoma-like architecture
(can be supported by C19MC amplification testing if
available),18,22 whereas the ATRTs are characterized by
loss of expression for INI1 protein and in approximately 5%
of cases, show retained INI1 protein expression with loss of
BRG protein expression (can be supported my SMARCB1
genetic testing if available).23 Other embryonal cell tumors
such as CNS neuroblastoma, FOXR2-activated, require
diagnosis by the methylation array or more complex mo-
lecular methods.24

Ependymoma. Currently, these tumors are broadly classified
as per the location—supratentorial (ZFTA fusion–positive
and YAP-1 fusion–positive), posterior fossa (type A and B),
and spinal (ependymoma, with MYCN amplification, myx-
opapillary ependymoma, and subependymoma) groups.
Using immunohistochemistry for L1CAM in supratentorial25

and H3K27me3 protein in posterior fossa,26 further mo-
lecular grouping can be achieved in ependymomas. In the
case of the spinal ependymomas with high-grade mor-
phology, these can be screenedwith immunohistochemistry
for MYCN to help in identifying the subset of spinal epen-
dymoma with MYCN amplification27 (Table 3).

Glial tumors. Most of the clinically relevant distinction of
low-grade and high-grade gliomas can be done on histology
and wherever indicated, with integration of radiologic
findings. The majority of low-grade glial and glioneuronal
tumors are fusion-defined although some are characterized
by single-nucleotide variation and rarely by copy number
variation. Strictly speaking, there are no alternative or im-
munohistochemical surrogates for these genetic alter-
ations. Clinically, however, the entire gamut of pediatric
low-grade glial and glioneuronal tumors are managed in the
clinics with a similar protocol and the majority show typical
histologic features, which can serve as a robust biomarker
for these tumors and predict the involvement of mitogen-
activated protein kinase pathway activation. There are now
histochemical markers for many of these variants as out-
lined in Table 4.

Clinical trials in LMICs/LICs. There has been a steady in-
crease in reporting of the epidemiology and outcomes of
pediatric brain tumors in LMICs over the past three de-
cades. A survey of publications in comprehensive and
recent review articles28-31 reveals a dearth of literature on
pediatric brain tumors in LMICs before the turn of the
century, with a significant and sustained increase after the
year 2000. The publications emanate from Asia, Africa,
Latin America, and the Mediterranean region, but most are
retrospective audits and very few describe clinical trials in
the sense of prospective evaluation of a predetermined
treatment strategy. Only four published works appear to
satisfy this requirement, and only one of them was pub-
lished after the year 2010.32-35
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There are no publications describing clinical trials in the
LMIC setting of biologic agents commonly in use in HICs for
pediatric brain tumors (vascular endothelial growth factor
inhibitors, V600E-mutated BRAF inhibitors, MEK inhibitors,
smoothing inhibitors, and cell cycle checkpoint inhibitors).
There are, however, some excellent reports describing the
utility of molecular subtyping in predicting the outcomes of
medulloblastoma19,36,37 and at least one report demon-
strating the feasibility of high-dose chemotherapy for infants
with brain tumors.25,38 There are case reports describing the
use of targeted therapies for individual patients on a com-
passionate basis in LMICs,39,40 and there are, encouragingly,
two phase II trials ongoing in India: bevacizumab in DIPG
(on the basis of perfusion patterns on magnetic resonance
imaging [MRI]) and COMBAT therapy (using combination
of valproate for histone deacetylase inhibition, retinoic
acid, and temozolomide) for high-risk medulloblastoma
(G. Chinniswamy, personal communication, 2022).

Development and implementation of trials should be en-
couraged and advocated, pressure should be put on

pharmaceutical companies to expand their trials to less
advantaged nations, and this may also require additional
resource to build the necessary trial infrastructure. Clinical
trials of newer agents would benefit the children and
families in these regions and enhance the level of care that
these children are able to access.

Pharmaceutical companies should be encouraged to
provide financial and logistic support for relevant research.

Twinning and collaboration. There is no doubt that twin-
ning betweenHIC and LMIC centers and even betweenMIC
and LIC centers can provide powerful intellectual and lo-
gistic support (such as remote/digital pathology, diagnos-
tics, and radiology review) to the MDT in LMICs. The crucial
first step is the creation of an MDT in the LMIC context. This
could be as simple as a physician and an oncology nurse,
but would ideally extend to involve the surgeon, the radi-
ation oncologist, the pathologist and radiologist, and the
whole ancillary team. Where MDTs in the LMIC setting are
grappling with the setting of priorities and the interpretation

TABLE 2. Immunoreactivity and FISH Patterns of Embryonal Tumors (adapted from the studies by Ellison et al,19 Tauziède-Espariat et al,20 and Kaur et al21)

MB Molecular Group

Immunoreactivity

OTX2 GAB1 Beta-Catenin Filamin A YAP-1

WNT-activated Positive Negative Nuclear and cytoplasmic Cytoplasmic Nuclear and cytoplasmic

SHH-activated Negative Cytoplasmic Cytoplasmic Cytoplasmic Nuclear and cytoplasmic

Non-WNT/non-SHH Positive Negative Cytoplasmic Negative Negative

MB Molecular Group

FISH-Based Cytogenetic Alteration Patterns

Monosomy 6 PTCH1 Deletion MYC Amplification MYCN Amplification

WNT-activated Frequent Absent Rare Absent

SHH-activated Rare Frequent Rare Not uncommon (approximately 33%)

Non-WNT/non-SHH Absent Very rare Frequent Frequent

Abbreviations: FISH, fluorescence in situ hybridization; SHH, Sonic Hedgehog subtype; WNT, wingless-related integration site.

TABLE 3. Ependymomas: Immunohistochemical Surrogates for the Molecular Groups
Ependymoma Antibody and Its Immunoreactivity Pattern Molecular Confirmation

Supratentorial

ZFTA fusion–positive L1CAM diffuse and strong cytoplasmic membrane
positivity

Detection of ZFTA fusions (RNA sequencing); whole-genome
methylation

YAP-1 fusion–positive L1CAM-negative Detection of ZFTA fusions (RNA sequencing); whole-genome
methylation

Posterior fossa

PF-A H3K27me3 protein loss of expression Whole-genome methylation

PF-B Retained H3k27me3 protein expression Whole-genome methylation

Spinal

MYCN amplified Overexpression of MYCN protein FISH/real-time PCR for MYC-N; whole-genome methylation

Myxopapillary
ependymoma

Histologically defined Whole-genome methylation

Subependymoma Histologically defined Whole-genome methylation

Abbreviations: FISH, fluorescence in situ hybridization; PCR, polymerase chain reaction.
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of diagnostic information, the development of these rela-
tionships can provide crucial assistance as LMIC teams
develop the capacity to manage those processes.41,42

Compassionate use programs. Although some targeted
therapies have many advantages that would benefit pa-
tients in LMICs, access to these medications is a major
issue and costs are prohibitive for patients and families.
Many of these agents are administered orally, and this
would potentially avoid the need for peripheral or central
venous access and minimize the costs and challenges
associated with travel. Most targeted medications used in
pediatric brain tumors are nonimmunosuppressive agents
and do not cause a risk of neutropenic fever that would
require a stay in the vicinity of the health care facility.
However, reports on the use of targeted therapies for pe-
diatric brain tumors in LMICs are rare and limited to case
reports. A literature search could only identify two case
reports from Jordan and Pakistan, both in relation to BRAF
V600E–mutant gliomas.39,40 Although compassionate ac-
cess took only one week in the first case, it took more than
one year of persistent efforts in the report fromMustansir. In
both cases, patients showed a remarkable response to
targeted therapy with mild and manageable side effects.

Closing the gap in drug access. The WHO essential
medicine list for children (EMLc) does not secure access to

medicines, but provides clear and validated guidance for all
countries, governments, and health insurances on which
medicines should be available for all children with cancer
around the globe at all times. This is an important official
tool to advocate and lobby in any country for specific ac-
tions at the government and policy-making level. Contin-
uous efforts from the pediatric oncology community should
be made to enrich and update the WHO EMLc. For in-
stance, in 2021 WHO global initiative for Childhood
Cancer,43 in which pediatric low-grade glioma—the most
common brain tumor in children—is one of the six index
diseases, it is critical to develop a large global program that
will give children and adolescents with pediatric LGGs in
LMIC access to targeted therapies. This will also require
access to diagnostic techniques, as most methods used for
the identification of molecular alteration are not available or
too expensive in LMICs. Efforts are ongoing to develop more
affordable techniques to detect molecular alterations and to
partner with the pharmaceutical industry to initiate pilot
studies that aim at demonstrating the feasibility and safety
of targeted therapies in this setting.

Examples of How Biology can Affect Treatment

Examples of tumor types where a more detailed knowledge
of biological information enhances the treatment of those
children can be found in Appendix 1 and Table 5. The

TABLE 4. Pediatric Type of High-Grade Gliomas With Immunoreactivity Patterns and Other Information

Pediatric High-Grade Glial Tumor Immunohistochemistry Patterns Confirmation
Other Additional Information, Which

Can be Integrated

Diffuse midline glioma, H3 K27-
altered

H3K27M-mutant H3K27M—nuclear positivity with
loss of H3K27me3;

Other: few 10%-15% can show
ATRX loss

Detection of H3.1, H3.2, and H3.3
K27 mutations on sequencing

Whole-genome methylation

Midline location

H3-wild type with diffuse EZHIP
overexpression

Loss of H3K27me3 but negative for
H3K27M;

EZHIP IHC overexpression (but not
very specific)

Whole-genome methylation Midline location with a high-grade
morphology

EGFR-mutant Loss of H3K27me3 but negative for
H3K27M

EGFR amplification by FISH

Detection of EGFR mutations on
sequencing

Whole-genome methylation

Confirmation: Demonstration of
EGFR mutation; also EGFR
amplification

Diffuse hemispheric glioma,
H3G34R/V-mutant

H3G34R/H3G34V—nuclear
positivity with loss of H3K27me3

Other findings include ATRX loss and
olig-2 negativity

Detection of H3.3 G34 mutations on
sequencing

Whole-genome methylation

Cerebral hemispheric with a
diffusely infiltrative location

Diffuse pediatric type high-grade
glioma, H3 wildtype and IDH
wildtype

H3K27M, H3G34R, H3G34V:
negative

IDH1R132H: negative
H3K27me3: may or may not show

loss of expression

Sequencing for the H3.1, H3.2, H3.3,
and IDH1/2 mutations

Whole-genome methylation

Infant type of hemispheric glioma ALK/ROS: overexpression Detection of ALK, ROS, and MET gene
rearrangements on RNS
sequencing

Whole-genome methylation

Infantile age

Abbreviations: FISH, fluorescence in situ hybridization; IHC, immunohistochemistry.
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tumor types discussed are LGG, medulloblastoma, and
genetic factors/familial disease.

DISCUSSION

With advances in molecular diagnostics and the ever-
increasing number of available targeted therapies, there
is an ever-increasing gap between HICs and LMICs be-
cause of the differing ability to offer risk-stratified and
targeted therapy. Where tumors cannot be identified as
requiring less toxic or targeted treatment, there is potential
for significantly increased toxicity for children who survive
with a consequent reduction in lifelong quality of life, es-
pecially since supportive measures may be lacking in
LMICs. There are no simple or rapid solutions to address

this imbalance, but this review has attempted to offer some
potential ways forward.

Molecular and biologic analyses are not all-or-nothing
phenomena, and implementing testing using lower-cost
alternatives can give clinicians important information in
risk stratification. Examples of this approach have been
discussed above.19-21,25-27 Implementing prospective mo-
lecular studies in a centralized national or regional manner
would help to obtain timely results, and even retrospective
analysis of these cohorts could help inform future trials in
LMICs. These strategies must be aligned and carried out in
a coordinated manner such as part of the WHO Global
Initiative for childhood cancer, which has the aim of im-
proving the survival of pediatric patients in LMICs to 60% by

TABLE 5. Approach to Low-Grade Glioma and Medulloblastoma in Both HICs and LMICs
Disease Type Molecular Tests Treatment Approach

LGG BRAF fusion
BRAF mutation
CDNK2A deletion
NTRK fusions
ROS1 fusion
ALK fusion

Complete safe surgical resection if possible—curative
If STR and no anticipated neurologic compromise—observe, may stay stable for a long time
If STR/PR with risk of neurologic compromise—treat

HIC approach:
Molecular testing to all tumors
A target is found:
If open clinical trial at initial diagnosis—join

Otherwise, chemotherapy approach VCR/carbo or VBL
If open clinical trial at progression—join
If have compassionate access—try
If targeted therapy is marketed and have financial

coverage—try

LMIC/LIC stepwise approach:
Chemotherapy first VCR/Carboplatin, VBL, and
then TPCV
*Radiotherapy; non-NF1, older age, progressing
after second-line chemotherapy
If in partnership and can get molecular testing with
low cost/free of charge and can ship tumor
samples—do molecular tests
If the molecular target is found:

Compassionate access—try
Access to a clinical trial—join
If targeted therapy is marketed and price is

reasonable—try

Medulloblastoma

Subgrouping
TP 53 mutation

including
germline

CTNNB mutation
Chromosome 6

loss
MYC/N

amplification

Maximal safe surgical resection of the primary tumor
Chemotherapy with timing depending on risk stratification and treatment schema
Radiotherapy—CSI + boost if older than age 3-5 years usually with dose dependent on risk stratification

HIC approach:
Maximal safe surgical resection of the primary tumor
Advanced and rapid molecular diagnostics usually with
central pathology and radiologic review
Depending on risk stratification, induction
chemotherapy may be used before radiotherapy
Radiotherapy—CSI + boost if older than age 3-5 years
usually with dose dependent on risk stratification or
avoidance of radiotherapy if under age 3 years
Maintenance chemotherapy usually used
At progression, rebiopsy and molecular targets, if
present, mapped with available targeted agents

LMIC approach
Maximal safe surgical resection of the primary
tumor
Limited if any molecular testing
Radiotherapy—CSI + boost with dose dependent
on clinical risk stratification and if under 3
avoidance of radiotherapy
Maintenance chemotherapy usually used
The approaches vary according to the resources
available and usually not within a trial setting
Limited availability of targeted agents and as a
result biopsy at relapse not usually contemplated

Abbreviations: CSI, craniospinal irradiation; HICs, high-income countries; LICs, low-income countries; LMICs, low- and middle-income countries; PR,
partial resection; STR, subtotal resection; TPCV, thioguanine, procarbazine, lomustine, and vincristine; VBL, vinblastine; VCR, vincristine.
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2030 through early diagnosis, improvement of abandon-
ment rates, increasing supportive treatments, and creating
local capacity and policies. The application of more ad-
vanced diagnostics must be part of a multidisciplinary
consensus within each country and region. Regional or
national collaborative groups are key to generate clinically
useful cost-effective and sustainable initiatives in an at-
tempt to reduce the gap between HICs and LMICs.

Clinical trials (or at least standardized and audited treat-
ment approaches) have many advantages to patients and
their families; they generally result in better outcomes and
allow standardized treatments with a view of improving
outcomes.44 There are relatively few published clinical trials
in LMICs in comparison with HICs. This applies to both
academic and commercial trials and is usually due to
limited resources, with clinical trials being expensive to run.
Commercial enterprises are reluctant to run clinic trials in
LMICs as they see a limited potential gain in terms of future
revenue. Both commercial and well-funded academic in-
stitutions in HICs should be encouraged to sponsor trials
led by the local and regional teams in LMICs.

Twining between centers in LMICs and HICs is useful in
many ways but should be viewed as a two-way process
benefitting both the LMIC andHIC partners.45 These should
be led by the agenda and needs of the LMIC unit. Partner
units may, under certain circumstances, be able to assist
with identification of prognostic and predictive biomarkers
and diagnostic testing unable to be performed in the LMIC.
HIC units can help by encouraging and facilitating devel-
opment in LMICs, resulting in long-term sustainability, and
this includes the development of clinical expertise and
experience especially with newer technologies and thera-
peutic agents. In addition, use of technology such as re-
mote digital pathology, review of MRI scans, and
teleconferencing for a HIC-/LMIC-combined MDT may be
used. Organizations such as SIOP (International Society of
Paediatric Oncology), ITCC (Innovative Therapies for
Children with Cancer), Children’s Oncology Group (COG),
and other consortia can play a major role in applying po-
litical pressure on both organizations such as the WHO and
Pharmaceutical companies to improve access to novel
therapeutic agents in LMICs.

Compassionate use programs for some newer agents are
available before regulatory approval in many HICs. Despite
the potential to provide safe alternatives in disease such as
LGG (one of the WHO six index pediatric tumors), com-
passionate use programs are generally not available.
Companies should be encouraged and perhaps more
controversially legislated to provide such programs before
regulatory approval to disadvantaged nations. Political
pressure should be applied to help those children and
families in LMICs.

The WHO has performed a lot of good work in providing an
essential medicines list to advocate at the country level for
specific actions. However, the list is yet incomplete with
regard to childhood cancers. Although treatment for LGG is
now on the list, this has taken much concerted work from
many people in the pediatric oncology community. Con-
tinuous efforts need to be made to enrich and update the
WHO EMLc to include a wider range of pediatric CNS
tumors and more targeted therapies.

LMICs have a range of resources, and there is not one
solution that will work in all countries. Importantly, the
application of genomic advances will differ from country to
country and even from region to region or hospital to
hospital. Advances in both patient care and treatment and
more technological and molecular advances must be tai-
lored to regional and local needs and resources, with a
robust local plan to improve services in a stepwise fashion.
This would be more beneficial to children and their families
than trying to introduce complex testing with treatment
options that the local infrastructure cannot deliver. Although
this article has focused on children with CNS tumors, the
same principles and issues are present in children with
other tumor types and investment in genomic advances as
outlined above will benefit all children with cancer.

In conclusion, genomic advances have had a major impact
in HICs but much less so in LMICs. To address this im-
balance and to continue to improve the outcome of children
with CNS tumors in LMICs, stepwise advances in the
implementation of molecular diagnostics and the intro-
duction of a widening range of targeted therapies will re-
quire continuous major efforts of the worldwide pediatric
oncology community including high-level political pressure.
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APPENDIX 1. EXAMPLES OF HOW BIOLOGY CAN AFFECT
TREATMENT

Low-Grade Glioma

The main approach to low-grade glioma (LGG) management is safe
complete surgical resection if possible. If there is a risk of neurologic
morbidity and only biopsy or subtotal resection is possible, then
chemotherapy is used. Knowing the molecular markers may allow
utilization of targeted therapy as first-line therapy or at progression if
they can be accessed through clinical trials or compassionate use
programs. It may also assist in discussing future treatment options.

One such example is aBRAF v600e–mutated LGG; it is best practice to
achieve a gross total resection in an attempt to avoid future risk (al-
though small) of malignant transformation particularly if CDKN2A is
deleted and attempt to avoid radiotherapy because of increased risk of
transformation.46

Medulloblastoma

Medulloblastoma is the commonest malignant brain tumor of child-
hood with survival rates in low- and middle-income countries (LMICs)
suggesting an urgent need to improve diagnosis and treatment. Timely
referral to specialized centers for surgery and MDT discussion can
make a difference with correct risk stratification and management and
assist with preventing delays in appropriate imaging and radiotherapy
planning, which can influence outcomes. Advances in molecular
classification allow us to better understand the behavior of
medulloblastoma.16,24,47 Unfortunately, these findings have not been
accompanied by new treatments that can limit the adverse effects of
chemotherapy and radiotherapy.

In countries with limited resources, it is possible to seek low-cost, high-
impact strategies to achieve the minimum molecular classification,
which may allow stratification and consequent reduction in treatment
in those with low-risk disease.48 Management in high-income country
and LMIC settings is shown in Table 5.

Genetic Factors/Familial Disease That Alter Therapies

Cancer predisposition syndromes (CPSs) in the context of childhood
brain tumors play a major role in both optimizing the right therapy and
allowing for early detection of cancer and in genetic counseling to other
family members. In the past, recognition of CPS was mainly achieved
by detailed personal and family history accompanied by physical
examination. The availability of tumor genomic testing has enabled the
uncovering of patients with CPS as tumor mutations can be traced to
the germline. The prevalence of CPS can be as high as 100% in
patients with subependymal giant cell astrocytoma in tuberous scle-
rosis and hemangioblastoma in Von Hippel-Lindau syndrome patients.

By contrast, CPSs are exceedingly rare in ependymoma. Importantly,
in gliomas, which are the most common childhood brain tumor, CPS
such as NF1, MMRD, and Li-Fraumeni can account to a significant
amount of tumors and affect their management. In some tumors, the
presence of specific mutations results in a mandatory genetic testing.
Examples include TP53 mutations in CPC and SHH medulloblasto-
mas, SMARCB1 in young children with ATRT, and themismatch repair
genes in gliomas and medulloblastomas.49

A diagnosis of CPS in a child should prompt immediate discussion with
the family on installment of surveillance and early detection, which
improves the outcome higher than any type of therapy when the cancer
is already symptomatic. Surveillance protocols have been imple-
mented in Li-Fraumeni syndrome (LFS), constitutional mismatch re-
pair deficiency, rhabdoid predisposition, and several phacomatoses.
Modified protocols are built to fit LMICs and can still improve outcomes
when focusing on specific tumor types or less expensive tests. An
example includes the improved outcome in constitutional mismatch
repair deficiency children even when expensive tests such as total
body MRI are not used.49

The presence of aCPS diagnosis has predictive value. For example,
NF1-associated LGG has superior progression-free survival and will
rarely cause death. As such, aggressive therapies should not be
considered. By contrast, CPC and medulloblastoma in the context of
LFS confer extremely poor outcomes.

In some CPS, specific treatment should be avoided: radiation therapy
and alkylators can cause unacceptable toxicities in cases of homo-
zygous mutations in syndromes that carry defective homologous re-
combination repair. Temozolomide and mercaptopurines will lack any
effective impact on tumors driven by MMRD. Radiation therapy may
cause secondary malignancies in patients with LFS and NF1. Finally,
gliomas in patients with NF1 and MMRD respond dramatically to
targeted therapy and immunotherapy, respectively.50

Although tumor genomic analysis is still expensive and requires ex-
pertise, a combination of current available clinical algorithms and apps
as well as simple methods such as immunohistochemistry can
eliminate most patients, while suggesting further investigations in the
relevant high-risk patients. Final genetic diagnosis can include sending
tissues to central laboratories in a carefully selected small subset of
patients, which exist in several international consortia. These consortia
can offer genetic counseling and guidelines for surveillance and tumor
management. Simpler cheap and robust tests such as immunostains
for TP53, the MMR genes, SmarcB1, and others. If a child has positive
stain for TP53 in CPC or SHH medulloblastoma, the chance of LFS is
20%-50% and genetic testing should be initiated. Indeed, in some
cases, survival of patients with CPS can be dramatically affected by
such an approach.49
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