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A B S T R A C T   

The fifth edition WHO classification of Tumors of the Central nervous system (WHO-CNS5) integrated new 
molecular parameters to refine CNS tumor classification. This study aimed to reclassify a retrospective cohort of 
adult glioma patients according to WHO-CNS5, and assess if overall survival (OS) correlated with the revised 
diagnosis. Further, the diagnostic impact of methylation profiling (MP) was evaluated. Adult gliomas diagnosed 
according to 2016 WHO-CNS (n = 226) were evaluated according to WHO-CNS5 criteria. All patients had 
diagnostic NGS performed. 29 patients had 850k MP performed due to challenging tumor cases. OS was analyzed 
using Kaplan-Meier plots and log-rank test. 19 patients were reclassified. Specifically, diffuse astrocytic glioma, 
IDH-wildtype, with molecular features of glioblastoma (DAG-G) were reclassified as glioblastoma (n = 15). Shifts 
to glioblastoma were because of TERT promoter (TERTp) mutation (n = 9), EGFR amplification (n = 2), EGFR 
amplification and TERTp mutation (n = 1), and TERTp mutation with gain of chromosome 7, but uncertain 
chromosome 10 status due to lack of NGS coverage (n = 3). Lower grade IDH-mutant astrocytomas were 
reclassified as astrocytoma IDH-mutant, WHO grade 4 due to CDKN2A/B homozygous deletion (n = 4). No 
significant difference in OS was found for reclassified DAG-G in whole group (p = 0.59) and for TERTp mutation 
only (p = 0.44), compared to glioblastoma. MP resulted in revised diagnosis (n = 2), confirmed diagnosis (n =
15) and no match (n = 12). Our study showed similar overall survival for glioblastoma and DAG patients, 
supporting that isolated TERTp mutation may have a prognostic role in IDH-wildtype gliomas. Further, our study 
suggests MP is useful for confirming the diagnoses in challenging tumors.   

1. Introduction 

Gliomas represent a heterogenic group of primary tumors that 
develop from glial cells in the brain and central nervous system, where 
they make up approximately 30% of all diagnosed tumors, and 80% of 
all malignant brain tumors (Goodenberger and Jenkins, 2012). Glio-
blastomas are the most common malignant brain tumor in adults with a 
median survival of around 14 months even with treatment (Stupp et al., 
2005; Wen et al., 2020). 

In 2016, the WHO Classification of Tumors of the Central Nervous 
system (WHO-CNS) introduced the principle of integrated diagnostics 
for brain tumors. Diagnosis of diffuse gliomas was defined as a result of 
not only histopathological findings, but also three additional molecular 

genetic alterations: mutations in the isocitrate dehydrogenase gene 1 
and 2 (IDH1 and IDH2) and co-deletion of chromosomal arms 1p and 
19q (Louis et al., 2016). This resulted in glioblastoma being split into 
glioblastoma IDH-wildtype and glioblastoma IDH-mutant, among many 
others (Louis et al., 2016). 

Previously, the malignant potential of a tumor was graded based on 
histopathological evaluation of morphologic characteristics, such as 
nuclear atypia, necrosis, microvascular proliferation, and cellular pro-
liferation (Louis et al., 2007; Cohen et al., 2013). In 2018 the Con-
sortium to Inform Molecular and Practical Approaches to CNS Tumor 
Taxonomy (cIMPACT-NOW) released their third update, wherein they 
recommended IDH-wildtype diffuse astrocytic tumors with either TERT 
promoter mutation, EGFR gene amplification or a combination of gain of 
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entire chromosome 7 and loss of entire chromosome 10 (+7/− 10) 
should be considered WHO grade 4 due to much more aggressive 
behavior, despite lacking the typical histological features (Brat et al., 
2018). This entity was named diffuse astrocytic glioma, IDH wildtype, 
with molecular features of glioblastoma, WHO grade 4 (DAG-G). In 
cIMPACT-NOW update 6, with sufficient clinical data confirming that 
survival for DAG-G is similar to glioblastomas IDH-wildtype, the 
following diagnostic criteria were suggested for glioblastoma: micro-
vascular proliferation, or necrosis, or one (or more); TERT promoter 
mutation, EGFR amplification or + 7/− 10. These suggestions were 
incorporated into the fifth edition of WHO-CNS (WHO-CNS5) (Louis 
et al., 2021). Similarly, in WHO-CNS5, the grading of IDH-mutant as-
trocytomas was expanded by CDKN2A/B homozygous deletion. Specif-
ically, the diagnosis of astrocytoma IDH mutant, WHO grade 4 
(previously named glioblastoma, IDH-mutant) is based on necrosis or 
microvascular proliferation or CDKN2A/B homozygous deletion (Louis 
et al., 2021). 

DNA methylation profiling is another method of classifying tumors. 
While more commonly used in pediatric settings, for adults, it is mostly 
used in cases with ambiguous histological and genetic profiling, or when 
there are contradictory results (Priesterbach-Ackley et al., 2020). DNA 
methylation is an epigenetic modification that affects gene activity. The 
methylation status of a wide range of CPG sites can be assessed using 
850k methylation array (Moran et al., 2016). The results are then 
compared to the brain tumor methylation classifier developed by Hei-
delberg University, which outputs a diagnosis based on the methylation 
profile (Capper et al., 2018a). 

Classification of CNS tumors is advancing rapidly, with genetic 
profiling allowing us to more narrowly define diagnostic entities, better 
predict patients’ outcome and optimize treatment strategies. In this 
study we aimed to reclassify a retrospective cohort according to the 
WHO-CNS5 criteria in order to evaluate the prognostic impact of the 
new criteria. Further, we evaluated the diagnostic impact and benefit of 
DNA methylation profiling in a subset of our cohort using 850k 
methylation array. 

2. Methods and materials 

2.1. Study population 

This study investigated adult glioma patients, who had been exam-
ined and diagnosed according to the 2016 WHO-CNS and cIMPACT- 
NOW update 3 at the Department of Pathology, Aarhus University 
Hospital, during the period of October 1, 2017 (the date a NGS panel was 
introduced into the routine examination of glioma patients) to 
December 31, 2019. The study population was identified using Pato-
bank, a Danish national database containing data from every pathoa-
natomic examination performed in any of the Departments of Pathology 
in Denmark. The study was approved by the Central Denmark Region 
Committees on Health Research Ethics. A defined set of a glioma sub-
types were included in this study: astrocytomas (including pilocytic 
astrocytoma, diffuse astrocytoma and anaplastic astrocytoma), oligo-
dendrogliomas (including oligodendroglioma and anaplastic oligoden-
droglioma), glioblastomas (including glioblastoma, gliosarcoma, and 
diffuse astrocytic gliomas, IDH wildtype, with molecular features of 
glioblastoma), ependymomas, diffuse midline gliomas, and xanthoas-
trocytomas. Several other rare subtypes were included, but no cases 
were found for the given time period. A search was done in Patobank 
using the SNOMED codes corresponding to the abovementioned glioma 
subtypes, and for the given time period. A total of 377 cases were found, 
but after sorting for patients with double entries (n = 41), presence in 
the Danish Registry for Use of Tissue (n = 0), and patients below the age 
of 18 (n = 35), a total of 301 unique adults were found and included in 
the study. Forty-one patients were excluded due to NGS not being per-
formed, not having tissue suitable for NGS analysis, or due to inadequate 
NGS analysis (poor tissue quality or low tumor percentage in the 

examined biopsy, making duplication and amplification assessment 
unreliable). Further, 34 patients were excluded due to not being iden-
tified in the Danish Neuro-oncology Registry (DNOR), which was used 
for obtaining various radiological and clinical data, including vital sta-
tus. Thus, 226 patients were evaluated according to the WHO-CNS5 
diagnostic criteria, reclassified if the criteria were met and subse-
quently used for survival analysis. 

A subgroup of patients were also used for evaluation of the diagnostic 
impact of DNA methylation profiling in adult gliomas. During the 
diagnostic workup, some patients (n = 29) had tumor tissue submitted 
for DNA methylation profiling due to challenging tumor cases. A full 
NGS dataset was required to be included for analysis. All 29 patients had 
full NGS data and were included. 

The above is illustrated in Fig. 1. 

2.2. Histological, genetic and clinical data 

Histological and genetic data was available on Patobank, which 
included data from the microscopic examination of the tissue by neu-
ropathologists at Aarhus University Hospital, and genetic assessment by 
molecular biologists using a NGS panel spanning 28 genes, at Aarhus 

Fig. 1. Illustration of how the study population was acquired. DNOR; Danish 
Neuro-Oncology Registry. NGS; Next-generation sequencing. *Patients exam-
ined and diagnosed at the Department of Pathology, Aarhus University Hospi-
tal, between October 1, 2017 and December 31, 2019, with SNOMED codes 
corresponding to astrocytomas, oligodendrogliomas, glioblastomas, ependy-
momas, diffuse midline gliomas and xanthoastrocytomas and their subtypes (if 
any). ** patients with tissue unsuitable for NGS, or inadequate NGS analysis 
due to poor tissue quality or low tumor percentage. DNOR was used for various 
radiological and clinical data, including vital status. 
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University Hospital. Study data were collected and managed using 
REDCap electronic data capture tools hosted at Aarhus University Hos-
pital (Harris et al., 2009, 2019). This database was used to collect data 
from the microscopic examination, this included the presence of mitosis, 
necrosis, microvascular proliferation or nuclear pleomorphism in the 
biopsy, the rate of proliferation, methylation assessment of the promoter 
region of the MGMT gene, tumor percentage, and the outcome of DNA 
methylation profiling, if performed. The genetic examination consisted 
of a custom-made NGS panel. This panel is based on studies that have 
examined several of the genes, whose diagnostic and prognostic role in 
gliomas is most well-known (Zacher et al., 2017; Dubbink et al., 2016). 
The panel looks for mutations in three genes: ATRX, IDH1 (R132), IDH2 
(R140 and R172), and for co-deletion of 1p19q. Furthermore, it exam-
ines the following genes in full (mutations, deletions, amplifications): 
CDKN2A, CDKN2B, CDKNC, CIC, EGFR, FUBP1, NF1, NF2, NOTCH 1, 
PTEN, RB1 and TP53 and it examines for hotspot mutations in BRAF, 
FGFR1, H3F3A, Hist1H3B, Hist1H3C, PIK3CA, PIK3R1, MET, NRAS, SMO 
and in the TERT promoter. The NGS panel did not cover entire chro-
mosome 7, and evaluation of chromosome 7 gain was based on simul-
taneous gain of EGFR and MET, which were considered surrogate 
markers. The NGS panel also covers the following RNA fusions, but were 
only examined in selected cases: ZFTA-RELA, ZFTA-YAP1, 
YAP1-MAMLD1, PTPRZ1-MET, MYB-QKI, SRGAP3-RAF1, MYBL1 
inversion, FGFR1-TACC1, QKI-NTRK2, CDK5RAP2-PDGFRA, CEP85L--
ROS1, EGFR-SEPT14, NFASC-NTRK1, KIAA1549-BRAF, FGFR3-TACC3, 
NTRK3-ETV6 and ETV6-NTRK3. Of note, the NGS panel used in the 
diagnostic process of these patients did not include analysis of chro-
mosome 10 loss. The same NGS panel was used for all patients. 

An overview of the NGS findings for the different diagnostic groups 
are depicted in Supplementary file, Fig. 1. 

Evaluation of the NGS data and gene statuses was done by an 
experienced clinical molecular biologist using the bioinformatics soft-
ware from Thermo Fisher’s Ion reporter (version 5.6 and 5.10). For 
evaluation of mutations this included manual inspection of raw NGS 
data of all identified variants and in known problematic areas, such as 
the TERT promoter region – areas that were identified during the in- 
house clinical validation of the panel. When possible, this was com-
bined with known tumor percentages (evaluated by a neuropathologist) 
and allelic frequencies of common polymorphisms. Evaluation of gene 
amplifications and deletions were evaluated using visual inspection of 
baseline-normalized coverage data in Thermo Fisher Scientific’s Ion 
reporter genome viewer. 

The Danish Neuro-oncology Registry was used to gather clinical and 
radiological data for each patient. Clinical data included radiotherapy 
and chemotherapy treatment information, pre-operative Karnofsky 
performance status, gender, age at diagnosis and vital status. Radio- 
chemotherapy treatment was divided into completed long-course 
radio-chemotherapy (60 Gy and concomitant temozolomide), short- 
course radio-chemotherapy (40 Gy and concomitant temozolomide), 
radiotherapy alone, and no treatment. Data was not available on adju-
vant chemotherapy treatment. Radiological data included if pre- 
operative MRI was performed, tumor location and the presence of 
contrast enhancement on pre-operative MRI. Vital status was evaluated 
on April 20 2021 for each patient, where the date of death (if applicable) 
was registered. 

2.3. Diagnostic distribution 

Two hundred and twenty six patients were included in the study. 
According to the 2016 WHO classification, the cohort was distributed as 
the following: Glioblastoma IDH wildtype (n = 141), DAG-G (n = 15), 
Anaplastic astrocytoma IDH mutant (n = 13), Diffuse astrocytoma IDH 
mutant (n = 11), Anaplastic oligodendroglioma (n = 10), Oligoden-
droglioma (n = 10), Anaplastic astrocytoma IDH wildtype (n = 8), 
Glioblastoma IDH mutant (n = 6), Gliosarcoma (n = 4), Giant-cell 
glioblastoma (n = 3), diffuse midline glioma (n = 3), Pilocytic 

astrocytoma (n = 1), Pleomorphic xanthoastrocytoma (n = 1). Due to 
lack of NGS coverage of chromosome 10, the diagnosis of DAG-G was 
based on either TERT promoter mutation or EGFR amplification. 1p/19q 
was evaluated in every patient, and 1p/19q co-deletion was not present 
in any of the IDH mutant astrocytomas. This is shown in Supplementary 
file, Fig. 1. 

2.4. DNA methylation profiling 

The DNA methylation data was generated using Illumina EPIC 850k 
methylation array (Illumina, San Diego, USA), followed by algorithmic 
classification by the brain tumor methylation classifier developed by 
Heidelberg University (from now on referred to as “The Classifier”). The 
Classifier outputs a classification score between 0 and 1, that indicates 
the degree of resemblance to known CNS tumor classes. In order to 
achieve valid classification using methylation profiling, patients where 
The Classifier returned with a calibrated score lower than 0.84, were 
considered as having no match, as recommended (Capper et al., 2018b). 

3. Statistical analysis 

Categorial variables were reported by frequencies and proportions 
and continuous data as medians and ranges. Select characteristics were 
compared using Fisher’s exact test (categorial data) or Wilcoxon rank- 
sum test (continuous data). Overall survival was defined as the time 
from primary surgery until death of any cause or date of censoring in 
April 2021. Overall survival was estimated by the Kaplan–Meier esti-
mator and using the log-rank test for comparison (GraphPad software, 
Inc., California, USA). Results were judged significant if the p value was 
less than 0.05. 

4. Results 

4.1. Reclassification 

A total of 19 patients were reclassified. Diffuse astrocytomas, IDH- 
mutant (n = 1) and anaplastic astrocytomas, IDH-mutant (n = 3) with 
CDKN2A/B homozygous deletion were reclassified as Astrocytoma, IDH 
mutant, WHO grade 4. A total of 24 patients with either Anaplastic 
Astrocytoma, IDH-mutant and Diffuse Astrocytoma, IDH-mutant were 
identified in the cohort. Reclassification resulted in 16.7% of IDH- 
mutant WHO grade 2–3 astrocytomas receiving WHO grade 4. IDH- 
mutant glioblastomas have been renamed Astrocytoma, IDH mutant, 
WHO grade 4 in the newest WHO-CNS edition. 

All DAG-G patients (n = 15) were reclassified as glioblastoma IDH- 
wildtype due to either isolated TERT promoter mutation (n = 9), iso-
lated EGFR amplification (n = 2), TERT promoter mutation and EGFR 
amplification (n = 1), or TERT promoter mutation with gain of chro-
mosome 7, but unknown chromosome 10 status (n = 3). The NGS panel 
used in the diagnostic process for the included patients did not cover 
chromosome 10 loss. Therefore, lack of PTEN deletion, a gene which is 
located on chromosome 10 (Abdulkareem and Blair, 2013), was 
considered a surrogate marker for intact chromosome 10. However, the 
presence of PTEN deletion was not considered a surrogate marker for 
chromosome 10 loss. Two of the patients in the isolated TERT promoter 
mutation group had chromosome 7 gain, but no PTEN deletion, and 
were therefore considered to have an isolated TERT promoter mutation. 
The three patients with TERT promoter mutation, gain of chromosome 
7, but unknown chromosome 10 status, had PTEN deletion, and were 
classified separately. The above is depicted in Fig. 2. 

4.2. Survival 

Due to lack of proper chromosome 10 coverage, and too few cases 
with isolated EGFR amplification (n = 2), only the entire DAG-G group 
(without stratification according to individual genetic markers), and 
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DAG-G cases with isolated TERT promoter mutation were used for sur-
vival analysis and compared to glioblastoma, IDH wildtype. The median 
survival for the overall DAG-G group (n = 15) was 18.3 months, while 
the median survival for patients with isolated TERT promoter mutations 
(n = 9) was 15.8 months. Glioblastoma, IDH wildtype (n = 141) had a 
median survival of 13.6 months. No significant difference in overall 
survival was found for all DAG-G patients (p = 0.59) or DAG-G patients 
with isolated TERT promoter mutations (p = 0.44) compared to patients 
with glioblastoma, IDH wildtype. Kaplan-Meier analysis are shown in  
Fig. 3. 

Reclassified IDH-mutant astrocytomas only ascribed to 4 patients, 
which was considered too few to assess the impact of CDKN2A/B ho-
mozygous deletion on the survival for IDH-mutant astrocytomas. 
Therefore, no survival analysis was performed in this group. 

Oligodendrogliomas, Diffuse midline glioma, Giant-cell glioblas-
toma, Gliosarcoma, Pleomorphic xanthoastrocytoma and pilocytic as-
trocytomas were not evaluated for overall survival as they were not 
affected by the reclassification. 

Patient characteristics, including possible confounding factors, such 
as MGMT methylation status and CDKN2A/B homozygous deletion 
status is presented for the diagnostic groups included in the survival 
analysis in Table 1. 

4.3. 850k methylation analysis 

For each patient, the diagnosis provided by histopathological and 
genetic examination was compared to the final pathological diagnosis 
after methylation profiling. Evaluation was done according to WHO- 
CNS5 criteria, where cases with a histopathological diagnosis of DAG- 
G would be considered as glioblastoma, IDH-wildtype. 

Using a cut-off value of 0.84 for the calibrated score, The Classifier 
found no methylation class match in 41.4% (n = 12) of cases, and as a 
result, methylation profiling did not substantially add to the diagnostic 
workup in these patients. In 51.7% (n = 15) of the analyzed cases, the 
methylation class suggested by The Classifier corresponded to and 
supported the original histopathological diagnosis. in 6.9% (n = 2) of 
cases, methylation profiling resulted in a new final pathological 

Fig. 2. Illustration of the patients reclassified 
according to the WHO-CNS5 criteria. DAG-G: 
Diffuse astrocytic glioma, IDH wildtype, with 
molecular features of glioblastoma. IDH- 
wildtype gliomas were reclassified due to 
TERT promoter mutation, EGFR amplification 
and +7/− 10. The NGS panel used in this study 
did not cover loss of entire chromosome 10. 
Intact PTEN gene was used a surrogate marker 
for intact chromosome 10. Patients with TERT 
promoter mutation, +7 and PTEN deletion were 
classified as having uncertain +7/− 10 status. 
No anaplastic astrocytoma, IDH wildtype were 
reclassified. IDH-mutant gliomas were reclassi-
fied according to CDKN2A/B homozygous 
deletion status.   

Fig. 3. Kaplan-Meier overall survival curves. IDHwt = IDH wildtype. DAG-G =
diffuse astrocytic glioma, IDH wildtype, with molecular features of glioblas-
toma, WHO grade 4. All DAG-G patients were reclassified as glioblastoma, IDH- 
wildtype, according to the WHO-CNS5 criteria. Log-rank P-values are shown in 
each subfigure. A) compares glioblastoma, IDH-wildtype with all DAG-G pa-
tients, without stratification according to genetic alteration. No significant 
difference was found (p = 0.59). B) compares glioblastoma, IDH-wildtype with 
DAG-G patients with isolated TERT promoter mutation. No significant differ-
ence was found in overall survival (p = 0.44). 
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diagnosis. An overview for each patient displaying the histopathological 
diagnosis, the diagnosis suggested by 850k methylation and the Hei-
delberg Classifier and the impact on diagnosis is shown in Table 2. 

5. Discussion 

In this study we evaluated a retrospective cohort of 226 adult glioma 
patients according the new molecular criteria implemented in the fifth 
edition of WHO-CNS. Nineteen patients were reclassified. Reclassifica-
tion resulted in 16.7% (n = 4) of lower grade IDH-mutant astrocytomas 
(WHO grade 2–3) receiving WHO grade 4, and DAG-G patients (n = 15) 
being reclassified as glioblastoma, IDH-wildtype. While DAG-G patients 
were already considered WHO grade 4 tumors, reclassifying them as 
glioblastoma, IDH-wildtype adds to simplify tumor classification of 
gliomas, better predict patient prognosis and optimize treatment stra-
tegies for individual patients. While based on a limited number of pa-
tients, our results support the prognostic impact of isolated TERT 
promoter mutations in DAG-G patients, showing no significant 

difference in overall survival compared to glioblastoma, IDH-wildtype. 
Similarly, no significant difference was found for the whole DAG-G 
group (without stratification according to genetic alteration). Further, 
this study showed that 6.9% (n = 2) of patients submitted for methyl-
ation profiling received a new diagnosis, while 51.7% (n = 15) had their 
original diagnosis supported/confirmed. In adult glioma patients, 
methylation profiling is mostly performed in complicated diagnostic 
cases, so while only a few patients received a new diagnosis, having the 
original diagnosis supported is also of great value, acting as double 
confirmation and helps prevent misdiagnoses. While methylation 
profiling may not be part of routine diagnostic workup in adult gliomas, 
it remains a valuable tool in difficult cases. 

Despite being officially implemented in the WHO-CNS5, the role of 
TERT promoter mutation as an independent prognostic factor in gliomas 
remain controversial. A large number of studies have supported it as a 
negative independent prognostic factor, while others have not, instead, 
some have correlated this impact to confounding molecular and clinical 
factors such as age, MGMT status, EGFR amplification and IDH status 
(Olympios et al., 2021; Giannini and Giangaspero, 2021; Berzero et al., 

Table 1 
Clinical and demographic patient characteristics.   

Glioblastoma 
IDH wildtype 

DAG-G 
(all) 

p DAG-G 
(TERT) 

P 

Patients, n 141 15   9   
Age in years 

(median, range) 
65 (25–88) 67 

(31–80)  
0.99 67 

(31–80)  
0.94 

Gender, n (%)        
Male 91 (64.5) 9 (60)   7 (77.8)   
Female 50 (35.5) 6 (40)   2 (22.2)   
Performance status, 

n (%)        
0–1 114 (80.9) 11 

(73.3)   
6 (66.7)   

2–4 23 (16.3) 4 (26.7)   3 (33.3)   
Unknown 4 (2.8) 0   0   
MGMT methylation, 

n (%)        
Methylated 58 (41.1) 7 (46.7)  0.41 3 (33.3)  0.73 
Non-methylated 77 (54.6) 8 (53.3)   6 (66.7)   
Missing 6 (4.3) 0   0   
CDKN2A/B 

homozygous 
deletion, n (%) 

86 (61) 6 (40)  0.17 3 (33.3)  0.16 

Treatment, n (%)        
Long course RCT 86 (60.9) 10 

(66.7)   
5 (55.5)   

Short course RCT 15 (10.6) 1 (6.6)   1 (11.1)   
RT alone 22 (15.6) 3 (20)   2 (22.2)   
No treatment 18 (12.7) 1 (6.7)   1 (11.1)   
Contrast 

enhancement on 
MRI, n (%)        

Yes 136 (96.5) 10 
(66.6)   

6 (66.6)   

No 5 (3.5) 5 (33.3)   3 (33.3)   
Location, n (%)        
Frontal Lobe 28 (19.9) 5 (33.3)   4 (44.4)   
Parietal lobe 36 (25.5) 3 (20)   1 (11.1)   
Occipital lobe 8 (5.7) 0   0   
Temporal lobe 57 (40.4) 3 (20)   2 (22.2)   
Thalamus 2 (1.4) 2 (13.3)   1 (11.1)   
Brainstem 1 (0.7) 1 (6.7)   0   
Cerebellum 2 (1.4) 0   0   
Missing 7 (5.0) 1 (6.67)   1 (11.1)   
Vital status, n (%)        
Alive 30 (21.3) 5 (33.3)   1 (11.1)   
Dead 111 (78.7) 10 

(66.6)   
8 (88.8)   

Survival (median, 
months) 

13.6 18.3  0.59 15.8  0.44 

DAG-G; Diffuse Astrocytic Glioma, with molecular features of glioblastoma, 
WHO grade 4. 
RCT; radio-chemotherapy. RT; radiotherapy. 

Table 2 
Summary of diagnostic findings for patients who had 850k methylation 
performed.  

Patient 
ID 

Histopathological 
diagnosis 

850k methylation 
diagnosis 

Impact on 
diagnosis 

62 Ganglioglioma Anaplastic pleomorphic 
xanthoastrocytoma 

New diagnosis 

73 Unspecified low grade 
glial tumor 

Pilocytic astrocytoma New diagnosis 

7 Diffuse astrocytoma, 
IDHmut 

Diffuse astrocytoma, 
IDHmut 

Concordance 

57 Diffuse astrocytoma, 
IDHmut 

Diffuse astrocytoma, 
IDHmut 

Concordance 

79 Diffuse astrocytoma, 
IDHmut 

Diffuse astrocytoma, 
IDHmut 

Concordance 

214 Diffuse astrocytoma, 
IDHmut 

Diffuse astrocytoma, 
IDHmut 

Concordance 

152 Pilocytic astrocytoma Pilocytic astrocytoma Concordance 
188 Ependymoma Ependymoma Concordance 
27 Glioblastoma, IDHwt Glioblastoma, IDHwt Concordance 
106 Glioblastoma, IDHwt Glioblastoma, IDHwt Concordance 
123 Glioblastoma, IDHmut Glioblastoma, IDHmut Concordance 
164 Glioblastoma, IDHwt Glioblastoma, IDHwt Concordance 
192 Glioblastoma, IDHwt Glioblastoma, IDHwt Concordance 
200 Glioblastoma, IDHwt Glioblastoma, IDHwt Concordance 
226 Glioblastoma, IDHwt Glioblastoma, IDHwt Concordance 
256 Glioblastoma, IDHwt Glioblastoma, IDHwt Concordance 
262 Diffuse midline glioma Diffuse midline glioma Concordance 
5 Anaplastic 

astrocytoma, IDHwt 

No match None 

49 Anaplastic 
astrocytoma, IDHwt 

No match None 

66 Anaplastic 
Astrocytoma, IDHwt 

No match None 

112 Anaplastic 
astrocytoma, IDHwt 

No match None 

228 Anaplastic 
astrocytoma, IDHwt 

No match None 

202 Anaplastic 
astrocytoma, IDHwt 

No match None 

28 Glioblastoma, IDHwt No match None 
48 Glioblastoma, IDHwt No match None 
122 Glioblastoma, IDHwt No match None 
133 Glioblastoma, IDHwt No match None 
210 Glioblastoma, IDHwt No match None 
34 Diffuse astrocytoma, 

IDHmut 

No match None 

Summary for each patient, showing the histopathological diagnosis and the 
diagnosis provided by 850k methylation and the Heidelberg Classifier. Patients 
where the Classifier returned with a calibrated score lower than 0.84, were 
considered as having no match. If the histopathological diagnosis corresponded 
with the Classifier diagnosis, the impact of methylation profiling was considered 
as “concordance”. IDHwt; IDH wildtype. IDHmut; IDH mutant. 
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2021). While the cohort of DAG-G patients was too small to perform 
multivariate analysis and thereby identify possible confounders, we 
accounted for several known and possible prognostic factors in Table 1, 
such as CDKN2A/B homozygous deletion, MGMT promoter methylation 
and performance status (Ma et al., 2020; Hegi et al., 2005; Matsuda 
et al., 2011). The cohort was originally diagnosed according to the 2016 
WHO-CNS, and thereby already stratified according to IDH status. The 
glioblastoma patients used for comparison therefore did not include any 
IDH-mutant specimens, likewise, all DAG-G patients were IDH-wildtype. 
EGFR amplification was covered by the NGS panel used during the 
diagnostic workup for all patients in the cohort, and DAG-G patients 
were stratified according to their molecular alterations, including EGFR 
amplification, thus, no patients in the DAG-G group with isolated TERT 
promoter mutation had EGFR amplification. The median age for glio-
blastoma, IDH-wildtype and DAG-G (TERT) patients was 65 years and 67 
years, respectively, with no significant difference found (p = 0.94). 
MGMT promoter methylation is an epigenetic modification that silences 
a DNA-repair gene, which in turn compromises the normal DNA repair 
function. The presence of MGMT methylation confers a better prognosis 
in glioblastoma patients regardless of treatment, and is a predictor of the 
tumor’s response to temozolomide (Hegi et al., 2005; Esteller et al., 
2000). In our cohort, MGMT promoter methylation was present in 41% 
and 33% of cases for glioblastoma IDH-wildtype and DAG-G (TERT), 
respectively, but no significant difference was found (p = 0.73). 
Therefore, it is unlikely for MGMT promoter methylation to explain the 
similar overall survival seen in our study. Similarly, the proportion with 
CDKN2A/B homozygous deletion, the presence of which might confer to 
a worse prognosis (Ma et al., 2020), was lower among DAG-G patients 
(33%) compared to glioblastoma (61%), however, no significant dif-
ference was found (p = 0.16). A possible confounding factor may have 
been introduced by surgical sampling not representing the highest grade 
of the lesion due to intratumoral heterogeneity (Paulus and Peiffer, 
1989), which could result in glioblastoma, IDH wildtype erroneously 
being classified as DAG-G. While not possible to rule out possible con-
founders due to the low number of patients, the groups used for survival 
analysis appear comparable concerning most clinical and genetic char-
acteristics. Therefore, and despite the small cohort, the results of the 
study are suggestive of TERT promoter mutations having a prognostic 
role in diffuse astrocytic IDH-wildtype gliomas as suggested by 
WHO-CNS5, however, with the large number of conflicting reports, 
caution should be taken before assigning cases as molecular 
glioblastoma. 

Methylation array profiling is an up and coming method of classi-
fying CNS tumors, with several larger studies documenting its clinical 
significance (Priesterbach-Ackley et al., 2020; Wu et al., 2022; Jaun-
muktane et al., 2019). Here, the reported number of patients receiving a 
new diagnosis, out of the total number of patients included, range be-
tween 9.8% and 17.9%. Similarly, the reported number of patients 
returning with a calibrated score above the cutoff of 0.84 or 0.9 range 
between 54.4% and 66.4%. In this study, the Heidelberg Classifier 
returned with a calibrated score above the cutoff of 0.84 in 58.6% of 
patients submitted for 850k methylation profiling. The patients sub-
mitted for methylation profiling were diagnostically difficult cases with 
atypical histological and genetic findings, and as seen in Table 2, these 
patients included several anaplastic astrocytoma, IDH wildtype. 
Anaplastic astrocytoma, IDH wildtype, is a broadly and poorly defined 
diagnostic entity, which in many cases can be allocated to other tumor 
entities based on molecular profiles, several of which are rare (Grimm 
and Chamberlain, 2016). This, along with factors such as low tumor 
percentages in the reviewed specimen, may contribute to the high 
incidence of no match. However, our findings are still in accordance 
with reports from other studies (Priesterbach-Ackley et al., 2020; Wu 
et al., 2022; Jaunmuktane et al., 2019). While the classifier returns a 
calibrated score below the recommended cutoff of 0.84 in many cases, 
values below the cutoff may still provide informative results that can 
help guide clinicians (Capper et al., 2018b). This study found that 6.9% 

of patients submitted for methylation profiling received a new diagnosis. 
This is slightly lower than other reports, and may be explained by the 
small study size and the statistical uncertainties associated with this. 

While time and budget constraints along with further demands to 
laboratory facilities may prohibit DNA methylation from being used in 
routine diagnostics for adult brain tumors, it remains a valuable tool in 
cases with ambiguous histological and genetic findings. Our under-
standing of DNA methylation is, however, still expanding. Recently, a 
small group of IDH-mutant gliomas with a prognosis comparable to 
glioblastoma showed reduced hypermethylation (Aoki and Natsume, 
2019). In the future, DNA methylation patterns may be incorporated 
into tumor grading systems. 

This study was limited by the small number of patients affected by 
the WHO-CNS5 reclassification, especially lower grade IDH-mutant as-
trocytomas with CDKN2A/B homozygous deletion were rare, and the 
prognostic impact of this criteria could not be assessed. It would have 
been of interest to examine each of the criteria for IDH-wildtype diffuse 
astrocytomas (TERT promoter mutation, EGFR amplification and +7/ 
− 10) separately. Due to relatively few DAG-G cases, it was not possible 
to evaluate the prognostic impact of isolated EGFR amplification, nor 
perform multivariate analysis and thereby identify possible con-
founders. Further, the NGS panel used for every patient did not include a 
total coverage of chromosome 10 loss, and the true + 7/− 10 status for 
the patients could not be evaluated. Instead, an intact PTEN gene was 
considered a surrogate marker for intact chromosome 10. While not 
impossible, it would be very unlikely that loss of entire chromosome 10 
would occur along with an unaffected PTEN gene assessed by NGS. For 
DAG-G patients with isolated TERT promoter mutations, calculations 
were also completed, where the patients, who had gain of entire chro-
mosome 7, were excluded, and similarly, no significant difference in 
overall survival was found. 

Introducing integrated diagnostics for brain tumor has allowed us to 
more narrowly define tumors and better predict patient outcome. His-
topathological examinations and diagnostics have long suffered from 
intra and inter-observation variation (Jaunmuktane et al., 2019; van den 
Bent, 2010), and issues with lack of clinical-pathological correlation, as 
is evident from our study with DAG-G patients, where the histological 
findings suggest a lower malignant potential, but clinically, the tumors 
behave as glioblastoma. Introducing genetic data offers a degree of ob-
jectivity that has been missing in brain tumor diagnostics. Glioblastoma 
still retains a poor prognosis, and more research to further our under-
standing of gliomas and their treatment options is needed to improve 
patient care. 
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