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DNA methylation array profiling for classifying pediatric central nervous system (CNS) tumors is a
valuable adjunct to histopathology. However, unbiased prospective and interlaboratory validation
studies have been lacking. The AIM BRAIN diagnostic trial involving 11 pediatric cancer centers in
Australia and New Zealand was designed to test the feasibility of routine clinical testing and ran in
parallel with the Molecular Neuropathology 2.0 (MNP2.0) study at Deutsches Krebsforschungszentrum
(German Cancer Research Center). CNS tumors from 269 pediatric patients were prospectively tested on
Illumina EPIC arrays, including 104 cases co-enrolled on MNP2.0. Using MNP classifier versions 11b4
and 12.5, we report classifications with a probability score ‡0.90 in 176 of 265 (66.4%) and 213 of 269
(79.2%) cases, respectively. Significant diagnostic information was obtained in 130 of 176 (74%) for
Pathology and American Society for Investigative Pathology. Published by Elsevier Inc.

Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0).

mailto:elizabeth.algar@monash.edu
mailto:elizabeth.algar@monash.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmoldx.2023.06.013&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0
https://doi.org/10.1016/j.jmoldx.2023.06.013
http://jmdjournal.org
https://doi.org/10.1016/j.jmoldx.2023.06.013


Supported by Cancer Australia, the R
and Carrie’s Beanies 4 Brain Cancer
provided through the Victorian Govern
Support Program.

E.M.A, N.G.G., and J.R.H. were the
contributed equally to this work.

Disclosures: None declared.

White et al

710
11b4, and 12 of 174 (7%) classifications were discordant with histopathology. Cases prospectively
co-enrolled on MNP2.0 gave concordant classifications (99%) and score thresholds (93%), demon-
strating excellent test reproducibility and sensitivity. Overall, DNA methylation profiling is a robust
single workflow technique with an acceptable diagnostic yield that is considerably enhanced by the
extensive subgroup and copy number profile information generated by the platform. The platform has
excellent test reproducibility and sensitivity and contributes significantly to CNS tumor diagnosis.
(J Mol Diagn 2023, 25: 709e728; https://doi.org/10.1016/j.jmoldx.2023.06.013)
In the past decade, significant advances have been made in
the classification of brain tumors in both children and adults.
Traditionally, diagnosis was based solely on the tumor’s
histopathology, cellular architecture, anatomic location, and
clinical presentation. Twenty years ago, molecular and cy-
togenetic biomarkers emerged as potential additional diag-
nostic tools, enabling specific central nervous system (CNS)
tumor types to be more precisely classified and grouped
according to likely clinical outcome based on response to
chemotherapy, radiotherapy, and molecular targeted thera-
pies. In 2016, the World Health Organization (WHO)
included many of these recognized molecular markers into
the classification system, to provide an integrated diagnosis
combining histopathology and molecular biomarkers.1,2

Notably, this was expanded on in the most recent fifth
edition (2021) and now includes DNA methylation profiling
as an important adjunct to conventional histopathology for
tumors in the CNS.3,4

DNA methylation profiling is a powerful objective tech-
nique for classifying CNS tumors with capacity to distin-
guish >80 CNS tumor groups and subgroups.5,6 Capper
et al5 pioneered methylome analysis and showed that
distinct tumor types could be described by applying a
random forest algorithm with multinomial logistic regres-
sion to methylation data derived from tumors with
comprehensive prior histologic and molecular characteriza-
tions. The platform was developed and prospectively tested
at Deutsches Krebsforschungszentrum (DKFZ; German
Cancer Research Center, Heidelberg, Germany) in a large
series of pediatric and adult CNS tumors, culminating in the
development of an online tumor classification tool that is
currently freely available.6 Tumor classifications are derived
by uploading raw DNA methylation data from Illumina (San
Diego, CA) EPIC methylation arrays to the online platform.
Classifier iterations are updated as new tumor types are
described. The range of reference CNS tumor classes is
listed online (https://www.molecularneuropathology.org/
mnp/classifiers, last accessed May 29, 2023). Further
independent studies followed, describing the utility and
obert Connor Dawes Foundation,
Foundation. Institutional support
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study principal investigators and
limitations of methylome analysis for classifying CNS
tumors.7e10 Data from array-based methylome analysis
also provide additional information on tumor chromosomal
abnormalities, potentially reducing the need for molecular
cytogenetics.
Here, we report on findings from the first 3.5 years of the

AIM BRAIN (AB) project (Access to Innovative Molecular
Diagnostic Profiling in Brain Tumors), a prospective diag-
nostic clinical trial testing DNA methylation profiling for
the classification of CNS tumors in children and young
adults in Australia and New Zealand. We extend previous
studies by presenting the results of interlaboratory
comparative testing on 104 cases to assess reproducibility
and to establish parameters for test sensitivity and speci-
ficity. We report optimal thresholds for tumor content, array
data quality, and test utility as a prelude to implementing
tumor methylome analysis as a routine nationally accredited
clinical test within an Australian pathology service.

Materials and Methods

Ethics, Eligibility, and Data Collection

AB was sponsored by the cooperative research group
Australian and New Zealand Children’s Haematology/
Oncology Group. All 11 public hospital pediatric cancer
centers throughout Australia and New Zealand were
participating sites. Ethical approval was obtained from The
Royal Children’s Hospital Human Research Ethics
Committee (reference number 17/RCHM/306), Tasmania
Human Research Ethics Committee (reference number
20523), and New Zealand Central Health and Disability
Ethics Committee (reference number 19/CEN/16). Partici-
pants were eligible if they had a suspected or confirmed
primary brain or spinal cord tumor (at diagnosis or relapse);
had an adequate sample; and were aged �21 years.
Patient selection was at the discretion of site treating

teams and not known to the National Coordinating Center
for the study. All participants and/or their parents or legal
guardians must have signed a written informed consent.
Patient data and test results were maintained in a

Research Electronic Data Capture (REDCap) database with
access granted only to authorized clinical and laboratory
researchers. Patient data collected from the participating
sites included age, sex, demographics, treatment and med-
ical history, pathology information, follow-up, and site in-
vestigator’s impact statement.
jmdjournal.org - The Journal of Molecular Diagnostics
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Specimens

DNA methylation profiling was performed in the laboratory
located at Monash Health/Hudson Institute of Medical
Research on tumor DNA extracted from either fresh frozen
tissue or formalin-fixed, paraffin-embedded (FFPE) speci-
mens provided as scrolls/shavings (10 mm thick) or fixed
onto slides. The predominant specimen type was FFPE
scrolls or shavings. Specimens containing at least 50%
tumor content or higher were requested, with tumor content
estimated by anatomic pathologists at the local site. On
occasion, tumors with lower content were tested if optimal
specimen was not available. All patients received standard-
of-care histopathologic diagnosis. Immunohistochemistry
and focused molecular testing followed local institutional
guidelines and varied from site to site.

DNA from fixed tissue sections was extracted using the
Reliaprep FFPE gDNA Miniprep System (Promega, Madi-
son, WI), and DNA from fresh frozen tissue was extracted
with the Blood and Tissue DNA extraction kit (Qiagen,
Hilden, Germany), according to the manufacturer’s in-
structions. Published studies had previously demonstrated
there are no significant differences in classification out-
comes following formalin fixation,11 and these findings
were confirmed in the authors’ hands in a small tumor se-
ries. The median DNA concentration obtained was 87 ng/
mL, with a 95th percentile range from 4.63 to 392.00 ng/mL.
DNA concentrations were measured using fluorimetry on a
Quantus Fluorimeter with Promega QuantiFluor ONE
dsDNA dye. Typically, 500 ng was used for bisulfite con-
version; however, on occasion, where insufficient material
was available, a minimum of 198 ng was used. DNA
extracted from specimens was evaluated for quality using a
real-time quantitative PCR assay from Illumina (Infinium
HD FFPE QC Assay Kit), according to the manufacturer’s
instruction.

Samples from all 11 Australian and New Zealand Chil-
dren’s Hematology/Oncology Group sites were in the
following distribution: Royal Children’s Hospital (Mel-
bourne, Australia), 84 cases (29.5%); Monash Children’s
Hospital (Melbourne, Australia), 34 cases (12.3%); Perth
Children’s Hospital (Nedlands, Australia), 31 cases
(10.8%); Queensland Children’s Hospital (Brisbane,
Australia), 31 cases (10.4%); Sydney Children’s Hospital
(Randwick, Australia), 24 cases (9.0%); Women’s and
Children’s Hospital (Adelaide, Australia), 21 cases (7.8%);
Starship Children’s Hospital (Auckland, New Zealand), 17
cases (6.0%); The Children’s Hospital at Westmead
(Sydney, Australia), 16 cases (6.0%); John Hunter Chil-
dren’s Hospital (New Lambton Heights, Australia), 10 cases
(3.7%); Royal Hobart Hospital (Hobart, Australia), 7 cases
(2.6%); and Christchurch Hospital (Christchurch, New
Zealand), 5 cases (1.9%).

Tumor histology, immunohistochemistry, and molecular
analyses were performed and evaluated by local partici-
pating sites before specimen submission. Tumors fell within
The Journal of Molecular Diagnostics - jmdjournal.org
the nine broad histologic categories described in the 2016
WHO classification.1 Specimens for downstream processing
comprised 230 FFPE blocks or shavings/scrolls, 37 FFPE
sections on slides, 11 fresh frozen tumor samples, and 2
samples of DNA extracted at the treating site (1 from fresh
frozen and 1 from FFPE tissue). DNA suitable for pro-
cessing to DNA methylation analysis was successfully ob-
tained from 269 of 280 (96%) samples. An informed
judgment was made for progression of low DNA concen-
tration specimens (<10 ng/mL) based on sample availability.
O6-methylguanine-DNA methyltransferase (MGMT )
methylation-sensitive PCR (MS-PCR) quality checks for
successful bisulfite conversion were affirmative in 265 of
269 (98.5%) cases, and 4 samples (1.5%) gave borderline
MGMT MS-PCR quality control results. Where possible,
DNA extraction and/or bisulfite conversion was successfully
repeated in these cases, and they were progressed to array
hybridization with satisfactory results.

Bisulfite Conversion

Approximately 500 ng DNA was subjected to bisulfite
conversion using commercial kits, including the Methyl-
Easy Xceed Kit (ME002; Human Genetic Signatures, Syd-
ney, NSW, Australia) and the Zymo EZ DNA methylation
kit (Zymo Research, Irvine, CA), according to the manu-
facturer’s instruction, including Zymo’s recommended
cycling modifications for Illumina Infinium assays. All
bisulfite-converted DNA samples and controls were sub-
jected to an MS-PCR assay using a portion of the MGMT
gene promoter sequence as a marker for bisulfite conver-
sion.12,13 Primers for the amplification of unmethylated
DNA and methylated DNA were from Christians et al13:
water, 100% CpG methylated DNA (D5011; Zymo
Research), and normal brain unmethylated DNA (D5018-1;
Zymo Research) were used as controls and were bisulfite
converted in parallel with samples for analysis. Cycling was
at: 95 �C for 15 minutes, followed by 35 cycles of 95 �C for
30 seconds/59 �C for 30 seconds/72 �C for 30 seconds, and
1 cycle of 72 �C for 10 minutes. Specimens with successful
bisulfite conversion amplified a 93-bp unmethylated band
and/or an 81-bp methylated band when visualized on 2%
agarose gels. The MS-PCR assay in the MethylEasy Xceed
Kit was also used to identify bisulfite conversion in a large
series of samples (n Z 92) in parallel with the MGMT MS-
PCR assay, before the exclusive use of the MGMT MS-PCR
assay. As no differences in assay outcomes were identified,
a decision was made to test bisulfite conversion using only
the MGMT promoter assay for all subsequent specimens.

Restoration and Array Hybridization

Samples with qualitative evidence for adequate bisulfite
conversion at a minimum concentration of 12.5 ng/mL (100
ng in 8 mL) were then restored before array hybridization
using the Infinium HD FFPE DNA Restore Kit (Illumina)
711
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following the manufacturer’s instructions. This step is not
required for tumor DNA specimens isolated from unfixed
frozen tissue; and for these samples, a minimum of 100 ng
of DNA was submitted for array hybridization. Restored
specimens were then sent to the Australian Genome
Research Facility’s Genomics Laboratory for array hy-
bridization on the 850 K Infinium HD EPIC Methylation
Array Bead Chip (Illumina). The Australian Genome
Research Facility is a National Association of Testing
Authoritieseaccredited research facility and an Illumina
Certified Service Provider for the Infinium Genotyping
service. The Illumina Certified Service Provider program is
a collaborative service partnership ensuring adherence with
Illumina’s best practices. Data were analyzed using Illu-
mina’s GenomeStudio version 2011.1 with methylation
module 1.9.0 software, using the default Illumina settings
and current Illumina manifest file for the Array Beach
Chip.
Methylation Classifier

Data in the form of a zipped.idat file were made available
for download from the Australian Genome Research Facility
website. Unzipped.idat files for each specimen were then
uploaded to the DKFZ brain tumor classifier version 11b4
(https://www.molecularneuropathology.org, last accessed
May 29, 2023). Reports for tumor classifications were
typically available within 24 hours. This interface accesses
previously published classification algorithms and
reference data sets.5,11 Consistent with previous
studies,5,11 tumors were considered to classify reliably if
their classification score was �0.90. Closest classifications
were also reported where scores of <0.90 were obtained,
with a caveat as to their reliability. Tumors classifying as
medulloblastoma �0.90 were also evaluated on the me-
dulloblastoma group 3 and 4 classifier_version 1.0 for
further subtyping into subgroups, I to VIII.14 A later version
of the classifier, version 12.5, now incorporates these me-
dulloblastoma subgroups and was used for retrospective
analyses. The expanded classifier version 12.5 also includes
germinomas, which were not represented on version 11b4.
Hence, total tumor numbers classified on version 12.5 have
a denominator value increased by four compared with those
classified using version 11b4.
Reporting

Using classifications generated by the DKFZ classifier
version 11b4, interpreted reports were prepared for each
enrolled case. These reports included the primary DKFZ
classification report, which included a chromosomal copy
number profile. Reports were checked and validated by a
senior investigator (E.M.A.) before upload to the REDCap
patient database, from where they were distributed to the
treating physician.
712
Next-Generation Sequencing

Next-generation sequencing using a custom panel was either
conducted as part of the Molecular Neuropathology 2.0
(MNP2.0) study15 or completed as part of AB. Where
sequencing occurred as part of AB, a 228-gene panel
incorporating loci described in the MNP2.0 study plus
additional genes was tested. The list of genes is described in
Supplemental Table S1. Libraries were prepared from 75 ng
input DNA using SOPHiA Genetics (Lausanne,
Switzerland) library preparation reagents and custom
probes, according to the manufacturer’s instructions. Li-
braries underwent 151-bp paired-end sequencing on an
Illumina NextSeq 550 at the Monash Health Translation
Precinct Medical Genomics Core Facility. The SOPHiA
Genetics DDM Platform was used for analysis of sequence
data, curation of variants, and results reporting. A total of
97.52% � 4.90% of covered regions was sequenced to a
depth of 1000�, with mean on-target rates of
78.31% � 1.24%. A minimum variant allele frequency of
8% and read depth of 100 were required for variants to
proceed to curation and reporting. Gene fusions could not be
detected using this analysis platform. Mutations are
described in Human Genome Variation Society format
(https://varnomen.hgvs.org, last accessed May 30, 2023)
with relevant reference sequences, including their release
date in the National Center for Biotechnology Information
(NCBI) GenBank. Reference sequences were last accessed
on May 26, 2023.

Validation Series

Interlaboratory test validation was performed via the com-
parison of results from 104 participants co-enrolled on AB
and MNP2.0 between March 2018 and July 2020. MNP2.0
analyzed FFPE blocks and tissue sections and included
central neuropathology review, DNA methylation array, and
additional molecular analyses, if required. The Australian
and New Zealand Children’s Hematology/Oncology Group
acted as the MNP2.0 study sponsor in Australia and New
Zealand and received all MNP2.0 results for comparison
and distribution. MNP2.0 and AB reports were collated for
each participant, and the methylation-based tumor classifi-
cation and scores were compared.
The results from samples tested by MNP2.0 were not

known until AB test results were reported because of the
need to blind the testing and time differences in the turn-
around time for generating results. AB results were typically
reported to clinical trial investigators before those obtained
from MNP2.0 (AB mean, 40 days; MNP2.0 mean, 68 days).

Statistical Analysis

Calculations of c2 and significance values were calculated
for tumor score distributions using online analysis tools
(https://socscistatistics.com, last accessed August 8, 2022).
jmdjournal.org - The Journal of Molecular Diagnostics
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Associations were calculated using a 2 � 2 contingency
table with Yates correction. Where relevant, sample
numbers were reported as the arithmetic mean with SD.
Data were visualized using R.16

Results

Patient Enrollment

A total of 280 patients were enrolled in the AB study from
October 2017 to June 30, 2021 (161 male and 119 female
patients). The mean age was 8.53 years (SD, 5.45 years),
which ranged from 15 days to 20.75 years. From these
patients, tumor DNA sufficient for methylation profiling
was obtained from 269 (96%) cases.

Concordance with Local Histopathology

Samples with DNA suitable for DNA methylation profiling
were classified histologically, according to 2016 WHO CNS
classification criteria. Ancillary molecular testing and
immunohistochemistry were completed for many samples;
however, the nature and extent of this varied across the 11
submitting sites. The distribution of histology classifications
is shown in Table 1. Seven tumors could not be definitively
diagnosed, including one tumor described as a high-grade
pleomorphic lesion without distinguishing diagnostic fea-
tures (A8382), one tumor in a patient with neurofibroma-
tosis type 1 (NF1) (A7519), a tumor with no definitive
diagnosis (A8759), a tumor described as diffuse midline
glioma with H3K27ME3 loss and MYCN amplification, not
elsewhere classified (A1829), another possible tumor where
the lesion was described as florid spongiotic leukoence-
phalopathy (C2539), one tumor with a differential diagnosis
of myxoid glioneuronal tumor or pilocytic astrocytoma
(A5103), and a low-grade glioma, nondiffuse tumor with
H3K27 mutation and loss of trimethylation (A2425), for
which a definitive diagnosis was challenging. Four germ
cell tumors were excluded from inclusion in the data derived
using classifier version 11b4 as this diagnosis was not
represented on this methylation classifier version, leaving a
total of 265 tumors that were potentially classifiable. Ger-
minoma numbers were included when tumors were
analyzed on classifier version 12.5, giving a total of 269 (see
under classifications on DKFZ classifier 12.5).

Of 265 tumors classified by methylation using classifier
version 11b4, 176 (67%) were classified with a score of
�0.90. Of these tumors, 162 of 176 (92%) were in agree-
ment with their histologic diagnosis (as defined by WHO
2016 group classifications). Two tumors classifying histo-
logically as other scored ‡0.90 and could not be compared,
and five samples had control tissue classifications �0.9.
Seven of 174 (4.0%) samples with scores ‡0.90 (excluding
two tumors unclassifiable by histology), classified using
version 11b4, had discordant histopathology and methyl-
ation profiling classifications (Table 2). Three additional
The Journal of Molecular Diagnostics - jmdjournal.org
tumors had revised classifications to new tumor types not
represented in WHO 2016 but represented on the methyl-
ation classifier and in WHO 2021 and were not considered
to be truly discordant, although their classifications changed
(Table 3). One additional tumor (A2425) was categorized as
other with a descriptive histology of nondiffuse glioma
with H3K27M mutation and was considered consistent with
methylation classifying it as a diffuse midline glioma with
H3K27M mutation, as there was a suggestion in the his-
tology report of regions that were potentially diffuse. It was
not considered discordant and is not included in Table 2.
Two tumors in Table 2 were found to carry mutations
supporting the revised diagnosis, including platelet-derived
growth factor receptor-A NM_006206.6: c.3144_3145del,
p.(Ala1049Hisfs*2) (NCBI GenBank, https://www.ncbi.
nlm.nih.gov/genbank, last accessed February 8, 2023),
detected in tumor C6432, classifying as a glioblastoma
IDH wild type, subtype receptor tyrosine kinase (RTK)
III, and the fusion c11orf95(ZFTA)-RELA in C3139, clas-
sifying as an ependymoma, subtype RELA fusion. V-Raf
murine sarcoma viral oncogene homolog B (BRAF) NM_
004333.6: c.1799T>A, p.(Val600Glu) (NCBI GenBank,
https://www.ncbi.nlm.nih.gov/genbank, last accessed April
10, 2023), was detected in C1432, a low-grade glioma/
midline pilocytic astrocytoma that was originally diagnosed
as a ganglioglioma; however, BRAF V600E is not exclu-
sively associated with either diagnosis, although it does
occur more frequently in ganglioglioma. The remaining
reclassified tumors represented in Table 2 were not associ-
ated with specific diagnostic mutations.

Methylation profiling classified five tumors (A5928,
C2539, A5463, A6028, and A6577) as control tissue,
hemispheric cortex, or cerebellar hemisphere, indicative of
low tumor content (<10%). This was confirmed in two
specimens (A6577 and A5463). Including the control tissue
classifications, 12 of 174 tumors (6.8%) had methylation
classifications discordant with their histology, and a further
3 of 174 (1.7%) had revised and updated classifications but
were not considered truly discordant.

Of the revised cases classified on 11b4 and shown in
Tables 2 and 3, three cases proceeded to a study molecular
tumor board consisting of the primary oncologist, site
pathologist, and study team members (including J.R.H.,
N.G.G., E.M.A., C.L.W., and study pathologists) who
reviewed the original histopathology (minimum two). For
those who did not receive full molecular tumor board re-
view, individual clinicians were consulted to confirm this
decision. In one of the three reviewed cases, C2014, the
methylation classification was accepted as representative of
a new entity; in another case, C1432, the histology was
accepted as being more reliable by the study pathologists
because of the possibility of intratumoral heterogeneity in
the region sampled for methylation testing, which may have
impacted results; and in a third case, A9619, the sample was
considered to align more closely on histopathology to a
neurofibroma rather than a schwannoma. Analysis of the
713
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Table 1 Distribution of Histology of Tumors Progressing to Methylation Profiling

Histology group Histology subgroup Tumor grade N

Diffuse astrocytic and oligodendroglial (n Z 38) Anaplastic astrocytoma III 6
Diffuse astrocytoma IDH mutant II 1
Diffuse astrocytoma IDH wild type II 1
Diffuse astrocytoma IDH wild type III 1
Diffuse astrocytoma NOS II 7
Diffuse astrocytoma NOS III 1
Diffuse midline glioma IV 2
Giant cell glioblastoma IV 2
Glioblastoma IDH wild type IV 3
Glioblastoma NOS IV 12
Oligodendroglioma NOS II 2

Other astrocytic tumors (n Z 52) Anaplastic pleomorphic astrocytoma III 2
Pilocytic astrocytoma I 45
Pleomorphic xanthoastrocytoma II 3
Subependymal giant cell astrocytoma I 2

Neuronal and mixed neuronal glial tumors (n Z 27) Dysembryoplastic neuroepithelial tumors I 8
Ganglioglioma I 11
Anaplastic ganglioglioma III 2
Desmoplastic infantile astrocytoma and
ganglioglioma

I 2

Papillary glioneuronal tumor IV 1
Rosette-forming glioneuronal tumor I 1
Diffuse leptomeningeal glioneuronal tumor Not defined 2

Choroid plexus tumors (n Z 6) Choroid plexus papilloma I 1
Atypical choroid plexus papilloma II 3
Choroid plexus carcinoma III 2

Embryonal tumors (n Z 90) Medulloblastoma WNT activated IV 2
Medulloblastoma SHH-activated TP53 mutant IV 1
Medulloblastoma SHH-activated TP53 wild type IV 4
Medulloblastoma non-WNT/non-SHH IV 27
Medulloblastoma group 3 IV 1
Medulloblastoma, classic IV 18
Medulloblastoma desmoplastic nodular IV 4
Medulloblastoma nodular IV 1
Medulloblastoma large-cell anaplastic IV 5
Medulloblastoma NOS IV 8
Embryonal tumors with multilayered rosettes
chromosome 19 miRNA cluster altered

IV 2

Embryonal tumors with multilayered rosettes NOS IV 1
CNS ganglioneuroblastoma IV 1
CNS embryonal tumor NOS IV 3
Atypical teratoid rhabdoid tumor IV 11
Embryonal tumor subtype not defined IV 1

Tumors of the cranial and paraspinal nerves (n Z 3) Schwannoma I 1
Neurofibroma I 1
Perineurioma I 1

Meningiomas (n Z 3) Meningioma I 1
Meningioma II 1
Atypical meningioma I 1

Mesenchymal nonmeningiothelial (n Z 1) Ewing sarcoma/PNET NA 1
Germ cell tumors (n Z 4) Mature teratoma Not defined 1

Germinoma II 2
Mixed germ cell tumor Not defined 1

Tumor of the sellar region (n Z 1) Adamantinomatous craniopharyngioma I 1
Tumors of the pineal region (n Z 2) Pineoblastoma IV 2
Other gliomas (n Z 4) Angiocentric glioma I 3

Astroblastoma Not applicable 1

(table continues)
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Table 1 (continued )

Histology group Histology subgroup Tumor grade N

Ependymomas (n Z 31) Myxopapillary ependymoma I 1
Ependymoma II 14
Ependymoma RELA positive II 1
Anaplastic ependymoma III 15

Other (n Z 7) 7
Total 269

Of 280 tumor samples received, 269 had sufficient quantity and quality of DNA to proceed to methylation profiling.
CNS, central nervous system; IDH, isocitrate dehydrogenase; NA, not available; NOS, not otherwise specified; PNET, primitive neuroectodermal tumor; SHH,

sonic hedgehog.
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copy number variation plot did not identify changes in the
NF1 locus to further adjudicate this case.

Of the 162 samples showing concordance between his-
tology group classification and methylation classification,
seven were either discordant or lacked clarity at the sub-
group level. In two of these cases, A5705 and A5269,
diagnosed histologically as sonic hedgehog (SHH) medul-
loblastoma and medulloblastoma with classic histology,
respectively, a more refined diagnosis by histology was
problematic because of technical difficulties; however, they
were both classified by methylation profiling as being
WNT-activated medulloblastoma, and sequencing identified
CTNNB1 mutations in both tumors (CTNNB1
NM_001904.4: c.100G>A, p.Gly34Arg; and CTNNB1
NM_001904.4: c.94G>A, p.Asp32Asn; NCBI GenBank,
Table 2 Tumors with Methylation Classifications Discordant with Hist

Tumor no.

Local histopathologic diagnosis
(according to 2016 WHO main
and subgroup classification1)

Methylati
classifier

A6432 Ependymal tumor/anaplastic
ependymoma

Glioblasto
subtype

C3139 Other astrocytic/pleomorphic
xanthoastrocytoma grade III

Ependymo
fusion

A6896 Ependymal/ependymoma Papillary
region

A9619 Other glioma/NF1 neurofibroma Schwanno
A3406 Other astrocytic/pilocytic

astrocytoma grade I
Low-grad
dysemb
neuroep

C1432 Neuronal and mixed neuronal
glial tumor/gangliocytoma,
ganglioglioma grade I; piloid
features noted in tumor

Low-grad
pilocyti

A8658 Embryonal NOS CNS Ewin
with CI

Re-evaluation of these classifications using classifier 12.5 gave results consist
within the type low-grade glial/glioneuronal/neuroepithelial as subtype low-grad
CNS, central nervous system; IDH, isocitrate dehydrogenase; NF1, neurofibrom

WHO, World Health Organization.
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https://www.ncbi.nlm.nih.gov/genbank, last accessed May
15 2023), supporting this classification. In a third tumor,
A8721, histology was performed on a frozen section with
a diagnosis of a poorly differentiated ependymal tumor
with neuroepithelial features, which was shown by
methylation profiling to match the more refined diagnosis
of a RELA fusion subtype ependymoma. Two further
tumors, C7239 and C9805, were originally classified as
diffuse astrocytoma WHO grade II, with one subsequently
shown by methylation classification to be a glioblastoma
multiforme (GBM) isocitrate dehydrogenase (IDH) wild
type, subclass RTKIII, and the other to be a glioma, IDH
mutant sub-class 1p/19q codeleted oligodendroglioma.
Another medulloblastoma, C3673, was diagnosed histo-
logically as belonging to the SHH subclass A, yet
ology Obtained Using Classifier 11b4

on classification on
version 11b4 Comment

ma IDH wild type,
RTKIII

Discordant

ma, subtype RELA Discordant

tumor of the pineal Discordant

ma Discordant
e glioma/
ryoplastic
ithelial tumor

Discordant

e glioma/midline
c astrocytoma

Discordant

g sarcoma family tumor
C alteration

Discordant; new classification on
WHO 20213 but belongs in the
group mesenchymal,
nonmeningiothelial tumors

ent with 11b4 classification for all tumors, except A3406, which classified
e glioneuronal tumor on 12.5 with a score ‡0.90.
atosis type 1; NOS, not otherwise specified; RTK, receptor tyrosine kinase;
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Table 3 Tumor Samples with Updated Classification

Tumor no.

Local histopathologic diagnosis
(according to 2016 WHO main and
subgroup classification1)

Methylation classification on
classifier version 11b4 Comment

C9165 Diffuse astrocytic and oligodendroglial
tumor/glioblastoma grade IV NOS

CNS neuroblastoma with FOXR2
activation

New classification

A5494 Diffuse astrocytic and oligodendroglial
tumor/anaplastic astrocytoma IDH
wild type grade IV

CNS neuroblastoma with FOXR2
activation

New classification

C2014 Neuronal and mixed neuronal glial/
glioneuronal NOS/?pilocytic
astrocytoma

CNS neuroblastoma with FOXR2
activation

New classification

These were samples where the tumor type was not represented in WHO 2016, but subsequently represented in WHO 20213 and on classifier 11b4. These
samples were not considered to be truly discordant with histology.
CNS, central nervous system; IDH, isocitrate dehydrogenase; NOS, not otherwise specified; WHO, World Health Organization.
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methylation profiling showed that it belonged to SHH
subclass B. Finally, tumor A6312 was diagnosed as a low-
grade glioneuronal tumor with histologic features most in
keeping with dysembryoplastic neuroepithelial tumor WHO
grade I, but was found by methylation profiling to belong to
the subgroup rosette-forming glioneuronal tumor. Inclusive
of group and subgroup discrepancies and considering only
tumors with classification scores ‡0.90, the overall
concordance between methylation profiling classification
and histology was 155 of 176 (88%).

Medulloblastoma and low-grade glioma were the most
frequent classifications, consistent with their incidence in
the pediatric population. Meningioma, oligodendroglioma
IDH mutant with 1p/19q codeletion, and Ewing sarcoma
classifications were the least common. Figure 1 shows the
distribution of classifications obtained.
Methylation Profiling Significantly Refines Tumor
Subgroup Classifications

Methylation profiling yielded molecular information,
refining tumor diagnosis in 130 of 176 (74%) of cases with
scores of �0.90 on 11b4 when compared with histology.
This information was grouped into three categories,
including the following: i) the presence of a chromosomal
change or fusion gene [n Z 21 cases (16%)], ii) a subgroup
associated with a specific mutation [n Z 51 cases (39%)],
and iii) a more detailed description of the tumor subclass
[n Z 64 cases (49%)]. Six (5%) tumors were assigned to
more than one category. Examples of tumors with fusion
genes included low-grade gliomas with KIAA1549-BRAF
and ependymomas with c11orf95-RELA (ZFTA-RELA),
where these were inferred from copy number variation plots.
Tumor subclasses associated with the presence of specific
mutations included the glioblastoma IDH wild-type subclass
H3.3 G34R, WNT, and SHH subtypes of medulloblastoma
and subgroups of atypical teratoid/rhabdoid tumor. Tumors
where methylation classification provided more information
716
included non-WNT/non-SHH medulloblastomas classed as
either group 3 or group 4.
On classifier 11b4, methylation subclassifications for

medulloblastoma identified five subgroups in 65 tumors
with classification scores of ‡0.90. Group 4 was the most
common (n Z 28), and the WNT subgroup the least com-
mon (n Z 7) (Figure 2A). Of the remaining cases, seven
tumors belonged to the SHH A subgroup, and seven
belonged to the SHH B subgroup. Medulloblastomas clas-
sifying ‡0.90 belonging to group 3 or group 4 were also
evaluated on the DKFZ medulloblastoma classifier version
1.0. Of 33 tumors with subclassification scores ‡0.90, seven
subtypes were identified with subtypes II, VII, and VIII
occurring the most frequently (Table 4).
On classifier 11b4, low-grade gliomas (n Z 37) classified

into eight distinct subgroups, with the most frequent clas-
sifying as posterior fossa pilocytic astrocytoma and the least
frequent classifying as rosette-forming glioneuronal tumor,
ganglioglioma, and tumors with MYB/MYBL1 rearrange-
ment (Figure 2B). Ependymomas (n Z 22) were classified
into four subgroups, with posterior fossa group A and RELA
(later referred to as ZFTA) fusion tumors representing the
most frequent subgroups (Figure 2C). Three subgroups of
atypical teratoid/rhabdoid tumor (n Z 11) were represented
on the classifier, and the most frequent was the SHH sub-
group (Figure 2D).
Tumors Below the Classification Threshold

Of 265 tumors, 64 (24.1%; excluding n Z 2 germinomas)
classified with a score of between 0.30 and 0.89 on classifier
11b4. Low-grade gliomas were the most frequently occur-
ring tumor type among these [n Z 25 (40%)]. For 36 (56%)
tumors not classifying >0.90, the closest match classifica-
tion was consistent with the histologic diagnosis. Seven
cases (11%) classified as control tissue below the 0.90
threshold. These included hemispheric cortex, reactive
brain, hypothalamus, or inflammatory tissue classifications.
This is indicative of low tumor content; however, in several
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 1 Tumor classifications with scores �0.90. Classification scores �0.90 were obtained for 176 tumors on classifier 11b4. A: Most of these samples
classified as medulloblastomas, low-grade gliomas, or ependymomas. Low-grade gliomas included posterior fossa pilocytic astrocytomas, midline pilocytic
astrocytomas, dysembryoplastic neuroepithelial tumors, subependymal giant cell astrocytomas, desmoplastic infantile astrocytomas, MYB/MYBL1-altered
tumors, rosette-forming glioneuronal tumors, hemispheric pilocytic astrocytoma, and gangliomas. B: t-Distributed stochastic neighbor embedding (t-SNE)
analysis showed clustering of related tumors. CNS, central nervous system; DKFZ, Deutsches Krebsforschungszentrum (German Cancer Research Center).
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instances, the tumor was described as diffuse or diagnosti-
cally challenging.

When the tumor content was compared across subgroups
with scores in the range from 0.30 to 0.89, derived using
classifier 11b4, there were no significant differences in mean
� SD tumor content in those classifying, with scores from
0.30 to 0.49 (64% � 23%), 0.50 to 0.74 (67% � 18%), and
0.75 to 0.89 (59% � 20%). Indeed, tumors with scores in
the higher range had slightly lower tumor content. (For this
calculation, tumors cited as having content >50% were
assigned a value of 51%; hence, mean values for tumor
content were conservative estimates.) However, tumors
classifying ‡0.90 had a higher mean tumor content of 85%
� 15%, suggesting that some tumors with classifications
below the threshold value of 0.90 may have lower scores
because of reduced tumor content.
Tumors without a Classification by Methylation
Profiling

Twenty-five of 265 (9.4%) tumors (excluding n Z 2 germ
cell tumors) were below all classification thresholds (cutoff
value, 0.30) when evaluated on classifier 11b4. Low tumor
content could not be excluded as a reason for non-
classification in 11 cases because the tumor content of the
The Journal of Molecular Diagnostics - jmdjournal.org
specimen tested was either unknown or known to be <50%.
However, as a normal tissue classification was not indicated
in any of these specimens, it is not possible to be definitive
about the reason for non-classification. However, 14 cases
had a tumor content of >50% and a mean content overall of
72% � 23%. Supplemental Table S2 shows the WHO 2016
group and subgroup of tumors that did not classify with a
score of >0.30.

Test Quality Issues

Scattered Data
During the course of the study, scattering of methylation
array data could lead to lower classification scores and failure
to classify. When this occurred, the array CpG count was
consistently lower than the median of approximately 835,000
CpG at a confidence of 0.01. This was noted in five samples
[5/269 (1.8%)]. Retesting of these samples yielded scores of
>0.90 in four cases. However, although two of these speci-
mens did not match any tumor class on first-round testing,
and had scores of<0.31, they subsequently were classified as
pilocytic astrocytoma, with scores of 0.98 and 0.99. A third
tumor classified as a low-grade glioma MYB/MYBL1 with a
score of 0.33, and on repeated testing, yielded a score of 0.99
with the same classification; however, a fourth tumor had a
closest match classification with a score of 0.57 to a choroid
717
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Figure 2 Tumor subclassifications with scores �0.90 on classifier version 11b4. Methylation array profiling allowed additional subclassification of tumors
with scores �0.90. A: A total of 66 medulloblastoma samples with scores �0.90 were further subclassified into group 4 [28 (42%)], group 3 [16 (24%)], sonic
hedgehog (SHH) A [7 (11%)], SHH B [7 (11%)], and WNT [7 (11%)] medulloblastomas on classifier 11b4. One additional group 4 tumor was classified on 12.5
and not on 11b4 2.0 and is shown separately. B: A total of 37 low-grade glioma samples scored �0.90 on classifier 11b4 2.0 and were further subclassified into
posterior fossa pilocytic astrocytomas [21 (57%)], midline pilocytic astrocytomas [6 (16%)], dysembroyplastic neuroepithelial tumors [4 (11%)], sub-
ependymal giant cell astrocytomas [2 (5%)], and desmoplastic infantile astrocytoma, MYB/MYBL1, rosette-forming glioneuronal tumor, and ganglioma [each 1
(3%)]. C: A total of 22 ependymoma samples with scores �0.90 on classifier 11b4 were further sub-classified into RELA fusion [10 (45%)], myxopapillary [1
(5%)], posterior fossa group A [10 (45%)], and posterior fossa group B [1 (5%)] ependymomas. D: A total of 11 atypical teratoid/rhabdoid tumor samples with
scores �0.90 on 11b4 were further sub-classified into SHH [8 (73%)], tyrosinase (TYR) [2 (18%)], and MYC [1 (9%)] sub-groups.

White et al
plexus tumor, and on repeated testing, classified as an atyp-
ical teratoid/rhabdoid tumor with a score of 0.98. This
changed classification with better data emphasizes the
importance of generating high-quality array data and relying
only on tumor classifications with scores ‡0.90. In the
remaining case, array data were not improved by repeated
testing and scores >0.90 were not obtained.

Bias
If it is assumed that the classifier has capacity to classify all
tumors equivalently, then WHO tumor groups would be
expected to have a similar proportional representation in the
classifiable versus non-classifiable categories, assuming
equivalence in sample quality and tumor content across
different tumor groups. Table 5 shows the percentage of
tumors in each major grouping that were classified with
718
scores of >0.90 on the classifier version 11b4. As can be
seen, most medulloblastomas, ependymomas, and atypical
teratoid/rhabdoid tumors reveal the most robust classifica-
tions, in contrast to low-grade gliomas and glioblastomas,
which are not as readily classifiable.

Quality Assurance

Comparison of Tumor Genomics
A total of 33 (19%) tumors with scores on methylation
profiling >0.90 evaluated on classifier version 11b4 had
prior testing by conventional cytogenetics, fluorescence in
situ hybridization, or single-nucleotide polymorphism
microarrays. When the results of these were compared to the
copy number profiles generated by methylation profiles, 31
(94%) were either fully [22/33 (66.7%)] or partially
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 4 Group 3 and Group 4 Medulloblastoma
Subclassifications

Subtype I II III IV V VI VII VIII

Group 3 0 6 4 1 0 0 1 0
Group 4 0 0 0 0 4 1 7* 9

Tumors classifying as group 3 or group 4 medulloblastomas were further
analyzed using the medulloblastoma group 3/4 subclassifier.
*Subtype VII included an additional tumor evaluated on classifier 12.5.
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consistent [9/33 (27%)] for gross chromosomal abnormal-
ities. Partial consistency reflects technological limitations
attributable to clonal abnormalities that are below detection
threshold, copy number neutral alterations, focal amplifi-
cations, and translocations in the relevant cases. In two
cases (6%), inconsistencies were noted between the meth-
ylome copy number variation plot and diagnostic molecular
cytogenetic reports.

Tumors classifying with evidence for the presence of a
fusion gene had in some cases been ascertained by cyto-
genetic or molecular testing. Methylation classifications of
pilocytic astrocytoma indicated the presence of KIAA1549-
BRAF fusions from copy number variation plots in 16 tu-
mors from a total of 27 with scores ‡0.90. In 12 of these
cases, the fusion had also been identified by other methods;
however, not all cases had additional testing. Five tumors
classifying as ependymoma subtype RELA fusion on
methylation arrays had the fusion confirmed as C11orf95-
RELA by sequencing.15 Results were in 100% agreement
with the methylation classifications where this testing was
performed.

Sequencing of tumor DNA verified the subclass desig-
nations in all tumors sequenced where the presence or
absence of a mutation was indicative of a subclass. A total
of 159 tumors with scores ‡0.90 were sequenced. These
included IDH1 mutant oligodendroglioma, glioblastoma
IDH wild-type subclass H3.3 G34R, medulloblastoma WNT
subclass, and medulloblastoma SHH subclasses, in which
relevant pathogenic mutations were identified in IDH1,
H3F3A, TP53, CTNNB1, PTCH1, and SUFU (Supplemental
Table S3).14,17
Table 5 Distribution of Tumor Scores According to Their Closest
Classification

Classification group
Score �0.90,
n (%)

Score �0.90,
n (%) P value

Medulloblastoma 65 (93) 6 (7) <0.00001
Low-grade glioma 37 (60) 25 (40) 0.362
Ependymoma 22 (79) 6 (21) 0.051
Atypical teratoid/rhabdoid
tumor

11 (85) 2 (15) 0.202

Glioblastoma IDH wild type 8 (61) 5 (38) 1.000

Significance P values (<0.05) were calculated using a c2 analysis with
Yates correction, assuming tumors in each group had an equivalent chance
of classifying above or below 0.90.
IDH, isocitrate dehydrogenase.
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Comparative Testing
A total of 104 tumors underwent prospective concurrent
testing in both the MNP2.0 DKFZ and AB trials, and 103
tumors had concordant classifications (99%), including
classifications �0.90, closest match classifications <0.90,
and non-classifications. In one discordant case, C2592,
different paraffin blocks from the same tumor were used as
source material in each laboratory as insufficient material
was available for direct cross-comparison from the same
block. In AB, this tumor did not classify, but on MNP2.0, it
classified as a low-grade glioma/posterior fossa pilocytic
astrocytoma. In another case (C3077), which was not
counted, tumors from different surgeries (relapse versus
diagnosis) were tested in each laboratory. Table 6 shows the
classification concordance obtained for tumor samples
passing internal quality criteria and demonstrates excellent
concordance between laboratories.

Classifier scores were examined across both studies for
the 103 tumors with concordant methylation classifications.
Scores ranged from 0.99 to a did not classify, generating a
score �0.30. For all scores, differences of <0.10 occurred
in 80 of 95 cases (84%). Score distributions are shown in
Figure 3. Six samples tested on MNP2.0 gave scores ‡0.90,
whereas when tested on AB, the scores were <0.90 for the
same samples (Supplemental Table S4). Two samples
scored 0.81 and 0.89 and were close to the 0.90 threshold
value.

In summary, when the authors’ data are compared with
those of the DKFZ reference laboratory and a score cutoff of
0.90 is applied to the data, the authors achieve a 93%
sensitivity (75/81) for achieving concordance in score
thresholds.

Intralaboratory Variability
Intralaboratory variability for specimen DNA prehybrid-
ization processing and hybridization was assessed for six
tumors with different histology, including atypical teratoid/
rhabdoid tumor, medulloblastoma, glioblastoma, ependy-
moma, and choroid plexus tumor, where the processing
steps for each tumor were undertaken and reproduced by a
minimum of two technicians. Classifications and sub-
classifications �0.90 were highly concordant between op-
erators. For choroid plexus tumors, minor variations were
observed, with the assignment of subclassification to either
pediatric A or pediatric B, both of which were close to the
cutoff value of 0.50 for tumor subclassification.

Tumor Reclassifications on DKFZ Classifier 12.5

Following the recent release of classifier version 12.5 by
DKFZ, all tumors (n Z 269), including four germinomas,
were re-evaluated. A total of 213 of 269 specimens scored
�0.90 (79.2%). Of these specimens, 18 of 213 (8.4%) had
classifications inconsistent with their histopathology, where
a definitive descriptive diagnosis was made. These included
three control tissue classifications, seven classifications that
719
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Table 6 Concordance for Tumor Classifications between AIM BRAIN and MNP2.0 Studies

Tumors with any score
�0.31 and a classification
in both studies

Classification concordance
(specificity), %

Tumors with score �0.90
in both studies

Classification
concordance (specificity), %

95 99 75 100

Classifications derived from Deutsches Krebsforschungszentrum (German Cancer Research Center) classifier version 11b4 for tumors in both AIM BRAIN and
MNP2.0 studies, where a classification was recorded, were compared.
MNP2.0, Molecular Neuropathology 2.0.
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were not consistent with histopathology, as previously
described in Table 2, and eight classifications from 12.5
analysis that were not consistent with histopathology,
Table 7, at either group or subgroup level. One tumor in
Table 2, A3406, had differing classifications on 11b4 and
12.5, classifying �0.90 on 12.5 to the subtype low-grade
glioneuronal tumor, and remained nonconcordant with his-
topathology. A further nine tumors had revised or new
classifications on 12.5 that were not previously represented
in WHO 2016 and were not considered strictly discordant.
These included three (Table 3), four (Table 8), and two
(Table 9) tumors.18

Of the discordant tumors represented in Table 7, one had
some evidence for the revised classification status based on
mutation screening. A1639, classifying as a diffuse
pediatric-type high-grade glioma, H3 wild type, and IDH
wild type, subtype A, had H3.3 and IDH1 wild-type status
confirmed.

Samples with scores �0.90 on classifier version 11b4,
when re-evaluated on classifier 12.5, did not give concor-
dant class classifications in all cases, with 167 of 176 (95%)
cases yielding concordant results for class and subclass.
Interestingly, none of the five control tissue classifications
identified on 11b4 scored �0.90 on 12.5. Tumors classi-
fying <0.90 on 12.5 but �0.90 on 11b4 included two
diffuse high-grade gliomas, classified as glioblastoma IDH
wild type on 11b4, and two choroid plexus tumors. When
tumors with scores in the range 0.31 to 0.89 on classifier
720
11b4 (n Z 66, including two germinomas) were
re-evaluated using classifier version 12.5, 33 tumors of 66
samples reclassified with scores ‡0.90. Three tumors within
this group classified �0.90 as control tissue reactive tumor
microenvironment, leaving 30 tumors classifying. Of the
tumors that did not classify using classifier version 11b4 and
that scored �0.30 (n Z 27, including two germinomas), 13
(including two germinomas) were reclassified ‡0.90 using
classifier version 12.5. Of these 13 tumors, two (A9145 and
C4495) had histology that was discordant with their
methylation classification and are included in Table 7.
Supplemental Table S5 outlines tumor numbers obtained for
classification score groupings for both 11b4 and 12.5.
Nearly all tumors scoring <0.90 on 11b4 that reclassi-

fied ‡0.90 on 12.5 were described in more detail, including
8 (19%) with a chromosomal change or fusion gene and 7
(17%) with a specific mutation. Classifications derived
from 12.5 for the cohort are shown in Figure 4. On clas-
sifier 12.5, some tumor group and subgroup descriptions
changed (Figure 4, A and B). Subependymal giant cell
astrocytoma, previously assigned as a low-grade glioma on
11b4, fell within the new group, circumscribed astrocytic
tumors. Low-grade glial/glioneuronal/neuroepithelial tu-
mors (Figure 5A), ependymomas (Figure 5B), and diffuse
high-grade gliomas (Figure 5C) were also classified into
multiple subgroups and subclasses on 12.5 that were more
refined than those on 11b4. Tumors either classifying
>0.90 or with a closet match classification as glioblastoma
Figure 3 Score distribution and comparison of
Molecular Neuropathology 2.0 (MNP2.0) and AIM
BRAIN classifier results. A total of 103 samples
were tested in parallel at Deutsches Krebsfor-
schungszentrum (German Cancer Research Center)
through MNP2.0 and in the local laboratory as part
of AIM BRAIN. A: MNP2.0 testing classified 81
samples with scores �0.90, 16 samples with
scores in the range 0.31 to 0.89, and 6 samples
with scores �0.30. B: Parallel analysis through
AIM BRAIN testing classified 75 samples with
scores �0.90, 20 samples with scores in the range
0.31 to 0.89, and 8 samples with scores �0.3.
DNC, did not classify.
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IDH wild type on 11b4 were reassigned on 12.5 as
pediatric-type diffuse high-grade gliomas and subclassified
into multiple subtypes (Figure 5C). The classification
biases evident between tumor groups on 11b4 appear to
have been reduced on 12.5, with a higher number of low-
and high-grade gliomas now classifying. Only a single
medulloblastoma rescored ‡0.90 on 12.5 (Figure 2A), with
the vast majority already classifying ‡0.90 on 11b4.
Overall, on 12.5, 42 of 269 tumors (15.6%) were below the
classification threshold of 0.90, and 14 (5.2%) did not
classify with a score of >0.30, giving an overall
non-classification rate of 21% compared with 34% on
11b4.

A total of 14 tumors scored �0.30 when re-evaluated on
12.5. WHO 2016 groups and subgroups for tumors
remaining with no closest match classification and scores
�0.30 on both classifiers 11b4 and 12.5 are shown in
Supplemental Table S2.

Thirteen tumors moved from a non-classification with
scores �0.30 on 11b4 to a high confidence classification on
12.5. These tumors included two germinomas, a group not
represented on classifier 11b4. The remaining 11 tumors
reclassifying �0.90 are shown in Tables 7 (n Z 2) and 9
(n Z 9) and include pilocytic astrocytomas but also some
rare gene fusion subgroups. Of the tumors in Table 9
reclassifying �0.90, C2073 and A2626 had MN1-PATZ1
and ZFTA-RELA fusions confirmed by sequencing, sup-
porting the respective methylation classifications as neuro-
epithelial tumor with MN1-PATZ1 fusion and supratentorial
ependymoma, subtype ZFTA-RELA fused, subclass A.
Tumor A8382 had an NF2 mutation, NF2, NM_000268.4:
c.551G>A, p.(Trp184*) (NCBI GenBank, https://www.
ncbi.nlm.nih.gov/genbank, last accessed May 23, 2023),
which is consistent with its classification as an atypical
peripheral nerve sheath tumor.

Classification Scores on Classifier Version 12.5 and
Tumor Content

Re-evaluation of tumors on classifier version 12.5 did not
reveal significant differences in tumor content between
tumor groups classifying >0.90 and <0.90. Half of the 66
tumors (64 plus two germinomas) that fell within the range
0.31 to 0.89 on classifier 11b4 were classified ‡0.90
[n Z 33 (50%)]. These classifications included three sam-
ples classified as control tissue, reactive tumor microenvi-
ronment. The remaining 33 tumors were below the 0.90
threshold, with 25 in the range 0.31 to 0.89 and 8 scoring
<0.31. Of the 33 tumors reclassifying ‡0.90, the average
tumor content was 65.2% � 21%. In tumors with scores
from 0.31 to 0.89, it was 64% � 21%; and in tumors with
scores of <0.30, it was 62% � 30%. As the mean tumor
content in all three groups was similar, there is no clear
association between sample tumor content and classification
scores.
The Journal of Molecular Diagnostics - jmdjournal.org
Discussion

This study is one of the first prospective trials examining the
diagnostic utility of DNA methylation array profiling for
CNS tumors in a pediatric population and ran in parallel
with MNP2.0. Notably, it is the first to report on a large
interlaboratory comparative data set to provide a compre-
hensive picture of test reproducibility in different laboratory
settings.

Capper et al,5 in the first comprehensive report of CNS
tumor methylation profiling using DNA methylation arrays,
reported 88% with scores >0.90 in a combined population
of adult and pediatric tumors. A total of 14.2% had a
diagnosis based on methylation profiling that did not
initially match histopathology; however, on re-evaluation, a
greater concordance was achieved. Capper et al5 also
collated methylation data from five other centers and re-
ported reclassifications based on methylation profiling had
occurred in 6% to 25% of tumors. In a second article,
Capper et al6 suggested using a diagnostic threshold, or
Youden index, which achieves a balance between test
sensitivity and specificity, of 0.84, when evaluating classi-
fications. When applying this rule to our data, the diagnostic
yield did not change significantly, increasing from 67% to
69.5%.

Other reports have also examined archival material and
CNS tumors in a mixed population of children and adults.
Pickles et al7 described testing on difficult prospective and
archival pediatric CNS tumors and noted scores �0.90 in
49% and amended diagnoses in 2.7%. Priesterbach-Ackley
et al,9 in a study on routine testing in both adult and pedi-
atric CNS tumors from the Netherlands and Scandinavia,
reported 72% of pediatric CNS tumors scoring �0.90, with
8.5% resulting in a new diagnosis after methylation
profiling. Similarly, this study, which was not just confined
to difficult cases and predominantly concerned routine di-
agnoses, identified 67% of tumors with classification scores
>0.90 and 7% with a revised diagnosis. The diagnostic
yield will undoubtably be improved with routine imple-
mentation of classifier version 12.5. Re-evaluation of tumors
using the recently released version 12.5 of the classifier
improved the diagnostic yield in this study to 79%.
Significantly, classifier 12.5 improved the classification of
both high- and low-grade gliomas as well as refined sub-
group classifications for these groups and for ependymal
tumors. A small number of classification score discrepancies
was noted between classifier versions 11b4 and 12.5 (5%);
however, only 1 of 269 (0.4%) gave a discrepant classifi-
cation with a high confidence classification score.

A small number of cases in this study with mismatched
histopathology and methylation classification had molecular
tumor board review, and in two of three cases, the final
diagnosis favored tumor histopathology rather than the
methylation classification. Although histopathology is
fundamental, methylome testing is now recommended for
721
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Table 7 Reclassification of Discordant Tumors Using 12.5

Tumor no.

Local histopathologic
diagnosis (according to
2016 WHO main and
subgroup classification1)

Methylation classification
on classifier version 12.5

Related group and
subgroup WHO 20213 Comment

A5654 Diffuse astrocytic and
oligodendroglial tumor/
anaplastic astrocytoma
NOS, WHO grade III

Subtype pleomorphic
xanthoastrocytoma of
the type diffuse glioma
MAPK altered cell cycle
activated; high-grade
astrocytoma with piloid
features is a related
subtype

Subtype pleomorphic
xanthoastrocytoma of
the type circumscribed
astrocytic gliomas;
high-grade astrocytoma
with piloid features is a
related subtype

Subtype discordance

C2310 Embryonal tumor/CNS
embryonal tumor NOS,
WHO grade IV

Supratentorial
ependymoma, ZFTA
fusion positive, subclass
E; fusion confirmed by
RNA-seq

Supratentorial
ependymoma, ZFTA
fusion positive

Type and subtype
discordance

A7536 Neuronal and mixed
neuronal glial tumor/
ganglioglioma, WHO
grade I

Subtype pilocytic
astrocytoma
hemispheric, of low-
grade glial/
glioneuronal/
neuroepithelial tumors;
ganglioglioma is also a
subtype of low-grade
glial/glioneuronal/
neuroepithelial tumors

Subtype pilocytic
astrocytoma of the type
circumscribed astrocytic
gliomas, whereas
ganglioglioma is a
subtype of glioneuronal
and neuronal tumors

Differences between 12.5
and WHO 2021 type;
subtype discordance

A7405 Neuronal and mixed
neuronal glial tumor/
dysembryoplastic
neuroepithelial tumor,
WHO grade I

Subtype pilocytic
astrocytoma,
hemispheric of the type
low-grade glial/
glioneuronal/
neuroepithelial tumors;
dysembryoplastic
neuroepithelial tumor is
also a subtype of low-
grade glial/
glioneuronal/
neuroepithelial tumors

Subtype pilocytic
astrocytoma is of the
type circumscribed
astrocytic gliomas;
dysembryoplastic
neuroepithelial tumor
falls within the separate
type glioneuronal and
neuronal tumors

Differences between 12.5
and WHO 2021 type and
subtype classifications;
subtype discordance

A1580 Diffuse astrocytic and
oligodendroglial tumor/
diffuse astrocytoma IDH
wild type, WHO grade II

Subtype pilocytic
astrocytoma
infratentorial is of the
type low-grade glial/
glioneuronal/
neuroepithelial tumors;
on 12.5, some subtypes
of diffuse astrocytoma
fall within this type

Subtype pilocytic
astrocytoma is of the
type circumscribed
astrocytic gliomas;
diffuse astrocytoma IDH
wild-type WHO grade II
is no longer considered
a type in WHO 2021

Subtype discordance

A9206 Neuronal and mixed
neuronal glial tumor/
ganglioglioma with
areas of high-grade
transformation, WHO
grade III

Subtype pleomorphic
xanthoastrocytoma is of
the type diffuse glioma
MAPK altered, cell cycle
activated;
gangliogliomas is of the
type low-grade
ganglioglial and
neuroepithelial tumors

Subtype pleomorphic
xanthoastrocytoma is of
the type circumscribed
astrocytic tumors;
gangliogliomas are a
subtype of glioneuronal
and neuronal tumors

Type and subtype
discordance

(table continues)
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Table 7 (continued )

Tumor no.

Local histopathologic
diagnosis (according to
2016 WHO main and
subgroup classification1)

Methylation classification
on classifier version 12.5

Related group and
subgroup WHO 20213 Comment

A9145 Meningioma/atypical
meningioma grade II

Ependymal tumor/subtype
supratentorial ZFTA-
RELA fusion-positive
ependymoma, subclass E

Ependymal tumors/
supratentorial
ependymoma, ZFTA
fusion positive

Type and subtype
discordance

C4495 Ependymal tumor/
anaplastic ependymoma
grade III

CNS tumor with BCOR/
BCORL1 fusion

New subtype CNS tumor
with BCOR internal
tandem duplications in
WHO 2021 under other
CNS embryonal tumors

Type and subtype
discordance

Tumors with methylation classifications discordant with histology, reclassified using classifier version 12.5, with scores �0.90 (n Z 8). Of these tumors, six
previously scored in the range 0.31 to 0.89 on 11b4, and two (A9145 and C4495) scored <0.30.
CNS, central nervous system; MAPK, mitogen-activated protein kinase; IDH, isocitrate dehydrogenase; NOS, not otherwise specified; RNA-seq, RNA

sequencing; WHO, World Health Organization.
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diagnostic guidance in WHO 2021 for several pediatric
tumor categories, including high-grade glioma, high-grade
astrocytoma, diffuse glioneuronal tumors, posterior fossa
ependymoma, SHH-activated medulloblastoma, and non-
WNT/non-SHH medulloblastoma.3 In addition, clinical tri-
als are beginning where exclusion criteria specify
methylation-based confirmation of tumor subtype, particu-
larly in the context of medulloblastoma. One example is
Table 8 New Tumor Types Confirmed Using 12.5 Classifier

Tumor no.
Local histopathologic
diagnosis (WHO 20161)

Methylation classificatio
12.5

A1639 Other gliomas/
angiocentric glioma
with focal anaplasia

Diffuse pediatric-type
high-grade glioma, H3
wild type and IDH wil
type, subtype A

C1030 Diffuse astrocytic and
oligodendroglial/
glioblastoma, WHO
grade IV

Diffuse pediatric-type
high-grade glioma, RT
subtype, subclass B

C4545 Embryonal/NOS CNS embryonal tumor wi
BRD4-LEUTX fusion

A4980 Diffuse astrocytic and
oligodendroglial/
glioblastoma, IDH wild
type

Diffuse pediatric-type
high-grade glioma, RT
subtype, subclass A

C5390 Features of multiple low-
grade glioma types,
including pilocytic
astrocytoma and
subependymal giant cell
astrocytoma

Subtype pilocytic
astrocytoma,
hemispheric of the typ
low-grade glial/
glioneuronal/
neuroepithelial tumor

Classifications where the tumor histology aligned with a new related category in
discordant with histopathology (n Z 4). One additional tumor, C5390, did not b
CNS, central nervous system; IDH, isocitrate dehydrogenase; NOS, not otherwis

The Journal of Molecular Diagnostics - jmdjournal.org
PBTC-053: A Pediatric Brain Tumor Consortium Phase I/II
and Surgical Study of CX-4945 in Patients with Recurrent
SHH Medulloblastoma (NCT03904862, https://
clinicaltrials.gov, last accessed February 21, 2023).

It was clear from the analysis that the tumor composition
of the test cohort influences the diagnostic yield, with a high
proportion of medulloblastoma, ependymoma, or atypical
teratoid/rhabdoid tumors, which represented 56% of the total
n Related type and subtype
(WHO 20213) Comment

d

New subtype on WHO
2021, diffuse pediatric-
type high-grade glioma,
H3 wild type and IDH
wild type

New classification;
IDH1 and H3 wild type
confirmed

K1
Pediatric-type diffuse
high-grade gliomas

New classification;
PDGFRA and ARID1B
mutations detected

th Specific subtype not listed
in WHO 2021; closest to
other CNS embryonal
tumors

New classification on 12.5

K1
Pediatric-type diffuse
high-grade gliomas

New classification on 12.5

e

s

Subtype pilocytic
astrocytoma is of the
type circumscribed
astrocytic gliomas

Confirmed classification

WHO 2021 or in the 12.5 classification system and were not considered to be
elong to a new subtype, but 12.5 classification clarified the diagnosis.
e specified; RTK, receptor tyrosine kinase; WHO, World Health Organization.
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Table 9 Tumor Reclassifications Using Version 12.5

Tumor no.

Local histopathologic
diagnosis (according to
2016 WHO main and
subgroup classification1)

Methylation classification
on classifier version 12.5

Related WHO 2021 group
and subgroup3 Comment

C2073 Diffuse astrocytic and
oligodendroglial tumor/
giant cell glioblastoma
grade IV

Neuroepithelial tumor
with MN1-PATZ1 fusion

Consistent with new
subtype based on
molecular features
astroblastoma MN1
altered in WHO 2021
under circumscribed
astrocytic tumors

New classification; fusion
confirmed by RNA-seq

A4751 Diffuse astrocytic and
oligodendroglial tumor/
glioblastoma NOS grade
IV

Anaplastic
neuroepithelioma with
condensed nuclei

Tumor type is not
represented in WHO
2021 but is present in
update by Komori
(2023)18

New classification

C6235 Embryonal tumor/
embryonal tumor with
multilayered rosettes
grade IV

Embryonal tumor with
multilayered rosettes,
nonechromosome 19
miRNA cluster altered

No change in WHO 2021
classification

Concordant with histology

A9937 Neuronal and mixed
neuronal glial tumor/
papillary glioneuronal
tumor grade IV

Subtype glioneuronal
tumor subtype A of the
group diffuse
glioneuronal tumors

Subtype papillary
glioneuronal tumor of
the type glioneuronal
and neuronal tumors

Concordant with histology

A8220 Other astrocytic tumor/
pilocytic astrocytoma
grade I

Pilocytic astrocytoma,
midline

Subtype pilocytic
astrocytoma of the type
circumscribed astrocytic
gliomas

Concordant with histology

A2626 Ependymal tumor/
anaplastic ependymoma
grade III

Supratentorial
ependymoma, subtype
ZFTA-RELA fused,
subclass A

Tumor type is consistent;
subtypes are
represented in more
detail on WHO 2021 but
do not include
anaplastic ependymoma

Concordant with
histology; fusion
confirmed by RNA-seq

C2592 Other astrocytic/pilocytic
astrocytoma grade I

Pilocytic astrocytoma,
infratentorial

Subtype pilocytic
astrocytoma of the type
circumscribed astrocytic
gliomas

Concordant with histology

A2884 Other astrocytic/pilocytic
astrocytoma grade I

Pilocytic astrocytoma,
infratentorial

Subtype pilocytic
astrocytoma of the type
circumscribed astrocytic
gliomas

Concordant with histology

A8382 Other/differential
diagnosis includes high-
grade astrocytic/
pilocytic
xanthoastrocytoma

Atypical malignant
peripheral nerve sheath
tumor

Subtype malignant
peripheral nerve sheath
tumor of the type
cranial and paraspinal
nerve tumors

Difficult diagnosis; NF2
mutation*

Classification of nine tumors on 12.5 that previously yielded scores �0.30 on 11b4. Two additional tumors within this score category, A9145 and
C4495, showed discordance between histologic and methylation-based diagnoses and are represented in Table 7. Germinomas (n Z 2) are not
included in the table as they were not able to be classified on 11b4. Tumor A8382 classified to a type distinct from histology; however, it was
diagnostically challenging, and it was not counted as being discordant. Two tumors, C2073 and A4751, classified to new subgroups represented in
WHO 2021 and not 2016 (C2073) and to a new entity described in 12.5 and in a recent update of WHO 202118 (A4751) and were not considered
discordant.
*NF2, NM_000268: c.551G>A, p.(Trp184*) (National Center for Biotechnology Information GenBank, https://www.ncbi.nlm.nih.gov/genbank, last accessed

May 23, 2023), detected consistent with classification.
NOS, not otherwise specified; RNA-seq, RNA sequencing; WHO, World Health Organization.
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Figure 4 Version 12.5 tumor classifications with scores �0.90. Classification scores �0.90 were obtained for 213 tumors on classifier 12.5. A: Most of
these samples classified as medulloblastomas, low-grade gliomas, or ependymal tumors; however, high- and low-grade gliomas were better represented than
on 11b4. B: t-Distributed stochastic neighbor embedding (t-SNE) analysis of 213 tumors showed clustering of related tumors according to their overall class.
Subclass detail is not shown for all tumors. CNS, central nervous system; DKFZ, Deutsches Krebsforschungszentrum (German Cancer Research Center); MAPK,
mitogen-activated protein kinase.

Methylome Profiling in Australasia
cohort, leading to a bias toward higher classification scores
and greater test utility using classifier 11b4. This is likely a
consequence of more refined molecular subgroup character-
ization in the former tumors compared with the gliomas, or it
may reflect other issues, such as tumor heterogeneity, and
differences in resection and sampling. Tumor content can
also affect the test diagnostic yield. Although some previous
studies5 test specimens with an approximate tumor content of
70%, specimens with tumor content of >50% were requested
for this study. For several specimens tested, the tumor content
was not stated or was below the 50% threshold; however,
these tumors were not excluded, and in many instances
generated diagnostically relevant classifier scores. In the
validation cohort, the assigned tumor content threshold of
>50% also did not lead to statistically significant differences
in classification score outcomes compared with testing in the
DKFZ reference laboratory. Furthermore, tumor content did
not appear to significantly impact scores on classifier 12.5,
and it was concluded that a tumor content in specimens of at
least 50% is probably adequate. Also, experience shows, as a
general rule, array data should cluster close to the baseline,
with variation from this indicative only of copy number
changes or locus-specific amplifications or deletions that also
show tight data point clustering. Tight array data with a low
classification score and CpG count of greater than
The Journal of Molecular Diagnostics - jmdjournal.org
approximately 835,000, however, may be indicative of a rare
tumor that is not yet represented on the classifier or, poten-
tially, a sample where a definitive classification cannot be
made because of contamination with normal tissue or
extensive tumor heterogeneity.

Overall concordance between WHO 2016 group histopa-
thology and methylation group classification was evident in
93% of cases in this study when classifications �0.90 on
11b4 were considered (or 88% of cases when assessed at the
WHO 2016 group histology and methylation subgroup level).
In more than half of these cases, molecular subgroup infor-
mation was obtained by applying methylation profiling. This
information would normally otherwise be obtained by
sequencing, cytogenomics, or immunohistochemistry at
increased cost to diagnostics process. For 60 tumors in the
test cohort, additional molecular information was available at
diagnosis from histopathology, cytogenomics, and
sequencing that pointed to a diagnostic subgroup. Of 31
medulloblastomas with a subgroup classification determined
by immunohistochemistry, fluorescence in situ hybridization,
cytogenetics, or single-nucleotide polymorphism microarray,
100% were in agreement with their methylation classifica-
tion. Eight ependymomas subgrouped by immunohisto-
chemistry and molecular cytogenetics were in 100%
agreement with methylation classifications, and 100% of
725

http://jmdjournal.org


Figure 5 Tumor subclassifications with scores�0.90 on classifier version 12.5. A: A total of 49 low-grade glial/glioneuronal/neuroepithelial glioma samples
scored �0.90 on classifier 12.5 and were further subclassified into pilocytic astrocytoma infratentorial [30 (61%)], pilocytic astrocytoma midline [7 (15%)],
pilocytic astrocytoma hemispheric [3 (6%)], dysembryoplastic neuroepithelial tumors [4 (8%)], low-grade glioneuronal tumor [1 (2%)], and desmoplastic in-
fantile astrocytoma, diffuse astrocytomaMYB/MYBL1-altered subtype B1, rosette-forming glioneuronal tumor, and ganglioma [each 1 (8% total)]. B: A total of 29
ependymomas with scores �0.90 on classifier 12.5 were further subclassified into supratentorial ZFTA fusion-positive, subtype ZFTA-RELA fused subclass
A [11 (38%)], supratentorial ZFTA fusion-positive subclass C [2 (7%)], supratentorial ZFTA fusion-positive subclass E [2 (7%)], myxopapillary [2 (7%)], posterior
fossa group A subclass 1A [1 (3%)], posterior fossa groupA, subclass 1b [2 (7%)], posterior fossa groupA, subclass 1c [2 (7%)], posterior fossa group A, subclass 1f
[2 (7%)], posterior fossa groupA, subclass 2a [4 (14%)], andposterior fossa groupB subclass 2 [1 (3%)].C:A total of 17 diffuse pediatric high-grade gliomas (HGG)
and one diffuse glioneuronal tumor with scores�0.90 on classifier 12.5 were further divided into infant-type hemispheric glioma [4 (22%)], diffuse pediatric-type
high-grade glioma, receptor tyrosine kinase (RTK)2 subtype, subclass A [1 (5%)], diffuse pediatric-type high-grade glioma, RTK1 subtype, subclass A [1 (5%)],
diffuse pediatric-type high-grade glioma, RTK1 subtype, subclass B [1 (5%)], diffuse pediatric-type high-grade glioma, RTK1 subtype, subclass C [1 (6%)], diffuse
pediatric-type high-grade glioma,MYCN subtype [2 (11%)], diffuse pediatric-type high-grade glioma, H3wild type and IDHwild type [1 (6%)], diffuse hemispheric
glioma, H3 G34-mutant [2 (11%)], diffuse pediatric-type high-grade glioma, H3 wild type and IDH wild type, subtype A [1 (6%)], diffuse midline glioma, H3 K27-
altered, subtype H3 K27-mutant or EZHIP expressing [3 (17%)], and diffuse glioneuronal tumor subtype A-1 [1 (6%)].

White et al
pilocytic astrocytomas classified concordantly as being either
midline or of the posterior fossa (n Z 16). Other tumors with
concordant histology, molecular analysis, and immunohisto-
chemistry with methylation array results in this series
included one embryonal tumor with multilayered rosettes,
one pleomorphic xanthoastrocytoma, one Ewing tumor, one
dysembryoplastic neuroepithelial tumor, and one ganglio-
glioma. This analysis demonstrates the reliability of the
classifier version 11b4 to correctly assign tumor subgroups
and reinforces the utility and potential of the platform in brain
tumor diagnostics in minimizing additional testing.

Capper et al5 described a validation cohort of 53 cases
tested on Illumina 450 K arrays in their supplementary
726
information, with two discordant classifications giving an
overall classification concordance of 96% (51/53). This
study achieved comparable results on a larger prospective
validation cohort on the EPIC 850 K bead chip (103 cases)
with concordant classification scores (�0.90) in 93% (75/
81) of cases and concordant methylation group and sub-
group classifications in 100% of these cases. Intralaboratory
variation was also minimal, attesting to the robust nature of
the test platform.
In summary, this manuscript demonstrates that methyl-

ation profiling is a reproducible, sensitive, and reliable
platform with great utility for facilitating the classification of
pediatric CNS tumors. For brain tumors where
jmdjournal.org - The Journal of Molecular Diagnostics
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histopathology classifications can be ambiguous, including
ependymomas and choroid plexus tumors,19 for medullo-
blastomas where the addition of molecular subgroups with
clinical staging has clear benefits when compared with
clinical staging alone for risk stratification,20 and for sub-
classification of pediatric glioblastoma, methylation
profiling is a valuable diagnostic platform involving a single
assay. As the objective was to compare the performance of
the platform to previous published studies5,7 that have used
classifier versions 11b2-4 exclusively, data are presented for
both classifiers 11b4 and 12.5. There are currently little
published data available for classifier 12.5. In conclusion,
the methylation workflow is straightforward, with extensive
data generated from a single test platform, and is likely to
become an invaluable adjunct to histopathology in the near
future.
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