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Abstract
Background. The 2016 World Health Organization (WHO) classification of central nervous system tumors stratifies 
isocitrate dehydrogenase (IDH)–mutant gliomas into 2 major groups depending on the presence or absence of 
1p/19q codeletion. However, the grading system remains unchanged and it is now controversial whether it can be 
still applied to this updated molecular classification.
Methods.  In a large cohort of 911 high-grade IDH-mutant gliomas from the French national POLA network (in-
cluding 428 IDH-mutant gliomas without 1p/19q codeletion and 483 anaplastic oligodendrogliomas, IDH-mutant 
and 1p/19q codeleted), we investigated the prognostic value of the cyclin-dependent kinase inhibitor 2A (CDKN2A) 
gene homozygous deletion as well as WHO grading criteria (mitoses, microvascular proliferation, and necrosis). 
In addition, we searched for other retinoblastoma pathway gene alterations (CDK4 amplification and RB1 homozy-
gous deletion) in a subset of patients. CDKN2A homozygous deletion was also searched in an independent series 
of 40 grade II IDH-mutant gliomas.
Results.  CDKN2A homozygous deletion was associated with dismal outcome among IDH-mutant gliomas lacking 
1p/19q codeletion (P < 0.0001 for progression-free survival and P = 0.004 for overall survival) as well as among 
anaplastic oligodendrogliomas, IDH-mutant + 1p/19q codeleted (P  =  0.002 for progression-free survival and 
P < 0.0001 for overall survival) in univariate and multivariate analysis including age, extent of surgery, adjuvant 
treatment, microvascular proliferation, and necrosis. In both groups, the presence of microvascular prolifera-
tion and/or necrosis remained of prognostic value only in cases lacking CDKN2A homozygous deletion. CDKN2A  
homozygous deletion was not recorded in grade II gliomas.

applyparastyle "fig//caption/p[1]" parastyle "FigCapt"
applyparastyle "fig" parastyle "Fig. "



 1520 Appay et al. Improved risk stratification of IDH-mutant gliomas

Conclusions.  Our study pointed out the utmost relevance of CDKN2A homozygous deletion as an adverse 
prognostic factor in the 2 broad categories of IDH-mutant gliomas stratified on 1p/19q codeletion and sug-
gests that the grading of these tumors should be refined.

Key Points

1. � CDKN2A homozygous deletion characterizes diffuse malignant IDH-mutant 
gliomas with worst outcome.

2. � Microvascular proliferation stratifies IDH-mutant gliomas lacking CDKN2A 
homozygous deletion.

Diffuse gliomas are the most frequent and aggressive pri-
mary brain tumors in adults. They are stratified according 
to the 2016 World Health Organization (WHO) classifica-
tion of central nervous system tumors1 into 3 major groups 
depending on the presence or absence of 2 genetic alter-
ations: isocitrate dehydrogenase (IDH) mutation and 1p/19q 
codeletion. Among malignant diffuse gliomas in adults, the 
worst prognosis is recorded in glioblastoma (GB) IDH wild 
type (grade IV), the best in anaplastic oligodendroglioma 
(AO) IDH mutant + 1p/19q codeleted (grade III), whereas the 
last group of malignant glioma, IDH mutant without 1p/19q 
codeletion (which comprises anaplastic astrocytoma [AA], 
IDH mutant grade III; and GB, IDH mutant grade IV), carries 
an intermediate prognosis.

Besides, although IDH gene status has been the major 
criterion for the classification of adult diffuse gliomas, 
no change has been made in the 2016 WHO classification 
regarding the grading system based on histologic cri-
teria and it is now unclear, whereas it can still be applied. 
Indeed, some recent studies have highlighted that grades II 
and III IDH-mutant astrocytic tumors share the same prog-
nosis,2–6 whereas other authors still report a prognostic 
significance of the grade.7

Cyclin-dependent kinase inhibitor 2A (CDKN2A) is a gene 
located at chromosome 9, band p21.3. In the “pre-IDH era,” 
some studies had reported a prognostic value of CDKN2A 
genetic alteration in different glioma subtypes, including 
grades II and III astrocytoma.8,9 Recent studies identified 
homozygous deletions involving CDKN2A/B as a statisti-
cally significant marker of poor prognosis in IDH-mutant 
astrocytic gliomas,7,10 whereas other authors reported the 
prognostic relevance of combined altered retinoblastoma 

pathway gene alterations, including CDKN2A/B, CDK4, and 
RB1.11–13 As a consequence, among IDH-mutant astrocytic 
tumors (ie, lacking 1p/19q codeletion) the actual 2016 WHO 
grading classification based solely on histologic criteria 
does not seem fully appropriate, and some authors7,11 have 
suggested including additional genetic markers such as 
copy number variation or CDKN2A/B status. Regarding AO 
IDH mutant + 1p/19q codeleted, we reported a few years 
ago that allelic loss of 9p21.3, including CDKN2A, was an 
adverse prognostic factor; however, we did not investigate 
the prognostic value of the specific CDKN2A locus homo-
zygous deletion.14

In France, since 2008, a dedicated program has been 
set up to homogenize the management of de novo adult 
high-grade glioma with an oligodendroglial compo-
nent (the POLA [Prise en charge des Oligodendrogliomes 
Anaplasiques/Management of Anaplastic 
Oligodendrogliomas] network). One of the aims of the pro-
gram was to provide a pathological centralized review of 
glioma cases with an oligodendroglial component and his-
tologic features of malignancy (including the presence of 
microvascular proliferation [MVP] or necrosis and, in cases 
lacking these criteria, a mitotic activity superior to 1 per 10 
high-power field [HPF] for oligoastrocytomas and supe-
rior to 6 per 10 HPF for oligodendrogliomas). In the present 
study we took advantage of the large series of patients in-
cluded in the POLA network to investigate the prognostic 
relevance of CDKN2A homozygous deletion as well as the 
prognostic value of the WHO 2016 grading system based 
on histologic criteria (MVP and necrosis) in 911 high-grade 
IDH-mutant gliomas, including 428 IDH-mutant high-grade 
astrocytic tumors (212 AA IDH mutant and 216 GB IDH 

Importance of the Study

The 2016 WHO classification of central nervous system 
tumors stratifies IDH-mutant gliomas in 2 major groups 
of distinct prognosis depending on the presence of 
1p/19q codeletion. However, it remains controversial 
whether WHO histopathological grading remains signif-
icant in these groups. Here we showed in a large cohort 
of 428 malignant IDH-mutant gliomas lacking 1p/19q 
codeletion that CDKN2A homozygous deletion was a 
strong adverse prognosis factor. The same results were 

recorded in 483 anaplastic oligodendrogliomas, IDH-
mutant + 1p/19q codeleted. Moreover, in each group 
microvascular proliferation (associated or not with 
necrosis) was of prognostic relevance among tumors 
lacking CDKN2A homozygous deletion. Of importance, 
CDKN2A homozygous deletion was not recorded in an 
independent series of 40 grade II IDH-mutant gliomas. 
These results are of interest for a future grading ap-
proach of IDH-mutant gliomas.
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mutant) and 483 AO IDH mutant + 1p/19q codeleted. In ad-
dition, we searched for other retinoblastoma pathway gene 
alterations (CDK4 amplification and RB1 homozygous de-
letion) in a subset of patients. Because the POLA series lack 
grade II gliomas, we also searched for the occurrence of 
CDKN2A homozygous deletion in an independent series of 
40 grade II IDH-mutant gliomas (20 diffuse astrocytomas 
IDH mutant and 20 oligodendrogliomas IDH mutant + 
1p/19q codeleted).

Materials and Methods

Study Population

A total number of 911 patients from the French nationwide 
POLA network were included in this study. Inclusion cri-
teria were: (i) the written consent of the patient for clinical 
data collection and genetic analysis according to national 
and POLA network policies, (ii) sufficient material for mo-
lecular studies allowing concordance with the WHO 2016 
classification (ie, evaluation of IDH mutation + 1p/19q 
codeletion status), and (iii) an established diagnosis of 
high-grade glioma (WHO grade III or IV) with IDH mutation. 
This study was approved by the ethics committees or insti-
tutional review boards of all participating institutes.

Pathological Review

All cases were centrally reviewed by Prof D.  Figarella-
Branger (or Dr K.  Mokhtari for the patients managed in 
the city of Marseille). Evaluated in all cases were the mi-
totic index (defined as the number of mitotic figures per 
10 HPF), the Ki67 labeling index (defined as the number 
of immunostained nuclei with Ki67 antibody [clone Mib1, 
1/100, Dako] in 400 cells in the most positive area), and the 
presence or absence of MVP and necrosis (either palisading 
or not). The mitotic activity threshold that should be used 
to distinguish WHO grade II diffuse astrocytoma from WHO 
grade III anaplastic astrocytoma is not provided by the 
WHO classification. In this study, we used the number of 
mitotic figures per 10 HPF superior to 1 as the threshold 
for the diagnosis of AA IDH mutant. Similarly, in the ab-
sence of MVP and necrosis we retained a diagnosis of AO 
IDH mutant + 1p/19q codeleted when the number of mitotic 
figures per 10 HPF was superior to 6.

IDH mutation status was assessed by 
immunohistochemistry with anti–IDH1 R132H antibody 
(clone H09, 1/75, Dianova) and in almost all cases (901/911) 
by direct sequencing using the Sanger method and primers 
as previously described.15 The genomic profile and assess-
ment of 1p/19q codeletion status was determined based on 
single nucleotide polymorphism (SNP) arrays, compara-
tive genomic hybridization (CGH) arrays, or microsatellite 
marker analysis as previously described.15

Evaluation of Retinoblastoma Pathway Gene 
Alterations

CDKN2A homozygous deletion status was retrieved from 
POLA electronic case report forms. CDKN2A homozygous 

deletion was evaluated by SNP arrays (n = 552) when DNA 
extracted from frozen tissue was available. Outsourced for 
the SNP array experiments (Integragen) was 1.5 µg of DNA. 
Two types of platforms were used: HumanCNV370-Quad 
and Human610-Quad from Illumina. When only DNA ex-
tracted from formalin-fixed paraffin embedded tissue was 
available, CDKN2A homozygous deletion was assessed 
using oligonucleotide-based CGH arrays (Agilent, n = 111) 
or next generation sequencing (NGS) (BrainCap Custom 
Capture from Roche, n =  227). Depending on the tech-
nology used, CDKN2A homozygous deletion was evalu-
ated by visual assessment of copy number profiles for 
SNP array and CGH array analysis or visual examination 
of the depth of CDKN2A sequencing coverage compared 
with adjacent regions for NGS analysis. When the quantity 
of DNA was insufficient to perform SNP or CGH arrays (n 
= 4), the genomic profile was assessed by PCR-based loss-
of-heterozygosity assays as described elsewere.16

Additionally, we retrieved available SNP array data re-
garding RB1 homozygous deletion and CDK4 amplification 
status from 436 cases, including 189 IDH-mutant gliomas 
lacking 1p/19q codeletion and 247 AO IDH mutant + 1p/19q 
codeleted. As described previously, these alterations were 
evaluated by visual assessment of copy number profiles.

Clinical Characteristics

Clinical data collected included sex, age at diagnosis, ex-
tent of surgery (biopsy or resection), date of surgery, ad-
juvant treatment, date of relapse, and date of death or last 
contact. Progression-free survival (PFS) was defined as the 
time from the date of surgery to recurrence or death from 
any cause, censored at the date of the last documented dis-
ease evaluation. Overall survival (OS) was defined as the 
time from the date of surgery to death from any cause, 
censored at the date of last contact.

Additional Independent Cohort of Grade II IDH-
Mutant Gliomas

We retrieved copy number variation analysis profiles for 
an additional independent cohort of 40 patients with grade 
II IDH-mutant gliomas, including 20 diffuse astrocytomas 
IDH mutant and 20 oligodendrogliomas IDH-mutant + 
1p/19q codeleted. IDH mutation status of all these cases 
was assessed by both immunohistochemistry and Sanger 
sequencing, and the genomic profile was assessed using 
oligonucleotide-based CGH arrays as previously de-
scribed. Follow-up data were not recorded for this series 
because these were cases of recent diagnosis.

Statistical Analysis

For statistical analysis, continuous variables were com-
pared using the Mann–Whitney U-test. The Kaplan–Meier 
method was used to estimate survival distributions. Log 
rank tests were used for univariate comparisons. Cox 
proportional hazards models were used for multivariate 
analyses. Multivariate analysis included CDKN2A homo-
zygous deletion and clinical or pathological characteris-
tics with a P-value <0.05 in univariate analyses (ie, age at 
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diagnosis, extent of surgery, adjuvant treatment, and the 
presence of MVP and/or necrosis considered as composite 
criteria, which correspond to WHO grades III versus IV 
among the IDH-mutant gliomas lacking 1p/19q codeletion). 
All statistical tests were two-sided, and the threshold for 
statistical significance was P  =  0.05. Statistical analysis 
was done using IBM SPSS statistics software v24. In ad-
dition, to explore how covariables can predict outcome, 
we used a machine learning algorithm based on the 
random survival forest method17 (“randomForestSRC” 
and “ggRandomForests” packages, R-project v3.3.3, 
https://www.r-project.org). It allows the determination of 
the variable importance as predictor of outcome (ie, cor-
responding to the delta error rate with vs without the in-
clusion of the variable in the model). We included CDKN2A 
deletion, 1p/19q codeletion status, MVP, and the presence 
of necrosis in the random forest survival using 1000 tree 
iteration to predict PFS and OS.

Results

Clinical and Pathological Features Among the 
WHO 2016 Subgroups

Patient characteristics are presented in Table 1. Nine hun-
dred eleven patients with a diagnosis of IDH-mutant 
glioma were included in this study, 428 cases fulfilled the 
diagnosis of IDH-mutant malignant glioma without 1p/19q 
codeletion (212 AA IDH mutant and 216 GB IDH mutant) 
and 483 cases fulfilled the diagnosis of AO IDH mutant + 
1p/19q codeleted.

Among patients with IDH-mutant malignant gliomas 
without 1p/19q codeletion, the median age at diagnosis 
was 39.5  years (range, 17.1–83.1 y). They were 239 men 
and 189 women. Seventy-seven percent benefited from 
surgical resection and half received adjuvant concomitant 
radiotherapy combined with temozolomide. The median 
follow-up was 35 months (range, 0–109 mo). During this fol-
low-up period, 196 patients relapsed and 110 died. Among 
the clinical variables analyzed, age (≤39.5 y), surgical re-
section, and adjuvant treatment were predictive of a longer 
PFS (respectively P  =  0.004, P  <  0.0001, and P  <  0.0001) 
and a longer OS (respectively P  =  0.001, P  =  0.001, and 
P  <  0.001). In accordance with the 2016 WHO classifica-
tion, among the 428 cases (AA and GB IDH mutant), the 
presence of MVP and/or necrosis (corresponding to GB 
IDH mutant) was associated with a shorter PFS (P = 0.014) 
and OS (P < 0.001). By definition AA IDH mutant displayed 
neither MVP nor necrosis. Among the 212 AA IDH mutant, 
we failed to identify a threshold for mitotic count or Ki67 
labeling index that could be of prognostic significance 
(Supplementary Table 1). Among the 216 GB IDH mutant, 
necrosis, when present, was always associated with MVP, 
143 cases demonstrated MVP without necrosis, whereas 
73 displayed MVP and necrosis, and we did not observe a 
prognostic relevance of necrosis on PFS (P = 0.277) or OS 
(P = 0.489).

Regarding AO IDH mutant + 1p/19q codeleted, the median 
age at diagnosis was 49.5 years (range, 19.4–87.1 y). They 
were 286 men and 197 women. Eighty-two percent bene-
fited from surgical resection and 37% received adjuvant 

concomitant radiotherapy combined with temozolomide. 
The median follow-up was 45 months (range, 0–114 mo). 
During this follow-up period, 163 patients relapsed and 66 
died. Among the clinical variables analyzed, age (≤49.5 y), 
surgical resection, and adjuvant treatment were predic-
tive of a longer PFS (respectively P = 0.013, P < 0.0001, and 
P < 0.0001) and OS (respectively P < 0.0001, P = 0.001, and 
P = 0.036). In accordance with the 2016 WHO classification, 
the presence of MVP and/or necrosis was not associated 
with survival. Of note, necrosis, when present, was always 
associated with MVP. Furthermore, among the 119 AO IDH 
mutant + 1p/19q codeleted without MVP and/or necrosis, 
we failed to identify a threshold for mitotic count or Ki67 
labeling index that could be of prognostic significance 
(Supplementary Table 1).

Univariate analysis performed in the whole group of 
911 patients showed that the 2016 WHO integrated diag-
nosis was of prognostic value (P < 0.0001 for both PFS and 
OS; Fig.  1A). In addition, the machine learning algorithm 
based on the random survival forest method revealed that 
1p/19q codeletion was the most important variable to pre-
dict both PFS and OS, followed by CDKN2A homozygous 
deletion and MVP, whereas necrosis was the worst variable 
(Supplementary Fig.  1).

Prognostic Relevance of Retinoblastoma Pathway 
Genetic Alterations Among IDH-Mutant Gliomas 
without 1p/19q Codeletion

Among the 428 IDH-mutant gliomas without 1p/19q 
codeletion (AA and GB), the presence of CDKN2A homozy-
gous deletion was associated with worse outcome for PFS 
(P < 0.0001) and for OS (P = 0.004) (Table 1). In multivariate 
analysis including age at diagnosis, extent of surgery (re-
section versus biopsy), adjuvant treatment (radiotherapy 
plus chemotherapy vs others), MVP and necrosis, CDKN2A 
homozygous deletion was also predictive of shorter PFS 
(P < 0.001; hazard ratio [HR], 2.121; 95% CI = 1.399–3.216) 
and shorter OS (P = 0.046; HR, 1.722; 95% CI = 1.011–2.935) 
(Table 2).

Besides, the WHO 2016 grading system (ie, presence of 
MVP and/or necrosis) was still relevant for PFS (P = 0.04) 
and for OS (P = 0.002) among tumors lacking CDKN2A ho-
mozygous deletion (n = 354), whereas it lost its prognostic 
relevance among tumors with CDKN2A homozygous dele-
tion (n = 47) (P = 0.790 for PFS and P = 0.683 for OS) (Fig.  
2A).

Among IDH-mutant gliomas without 1p/19q codeletion, 
the presence of neither RB1 homozygous deletion nor 
CDK4 amplification had prognostic value (Table 1).

Prognostic Relevance of Retinoblastoma Pathway 
Genetic Alterations Among the AO IDH Mutant + 
1p/19q Codeleted Subgroup

Among the 483 AO IDH mutant + 1p/19q codeleted sub-
group, the presence of CDKN2A homozygous deletion was 
a strong adverse prognostic factor for PFS (P = 0.002) and 
OS (P < 0.0001) (Table 1). In multivariate analysis including 
age at diagnosis, extent of surgery, adjuvant treatment, 
and MVP and necrosis, CDKN2A homozygous deletion was 
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also predictive of shorter PFS (P  = 0.048; HR, 1.750; 95% 
CI = 1.004–3.049) and shorter OS (P = 0.026; HR, 2.539; 95% 
CI = 1.121–5.750) (Table 2).

Besides, among tumors lacking CDKN2A homozygous 
deletion (n = 450) the presence of MVP and/or necrosis was 
relevant for OS (P = 0.028), although not statistically sig-
nificant for PFS (P = 0.085) (Fig.  2B). On the other hand, 
among tumors with CDKN2A homozygous deletion (n 
= 33), the presence of MVP and/or necrosis was relevant for 
neither PFS (P = 0.739) nor OS (P = 0.114) (Fig.  2B).

Among AO IDH mutant + 1p/19q codeleted, the presence 
of neither RB1 homozygous deletion nor CDK4 amplifica-
tion had prognostic value (Table 1).

Correlation Between CDKN2A Homozygous 
Deletion, Mitotic Index, and Ki67 Labeling Index

Among the 911 IDH-mutant gliomas, the presence of 
CDKN2A homozygous deletion was associated with 
higher mitotic count (median = 7 per 10 HPF, range 2–40, 
P < 0.0001) and higher Ki67 labeling index (median = 20%, 
range 2–70, P  <  0.0001) compared with gliomas without 

CDKN2A alteration (median mitotic count = 6 per 10 HPF, 
range 1–50, and median Ki67 labeling index = 15%, range 
1–90) (Supplementary Fig.  2).

CDKN2A Homozygous Deletion Prevalence 
Among Grade II IDH-Mutant Gliomas

We did not observe any CDKN2A homozygous deletion 
among the 40 grade II IDH-mutant gliomas of our addi-
tional series including 20 diffuse astrocytoma IDH mutant 
and 20 oligodendrogliomas IDH mutant + 1p/19q codeleted 
(Supplementary Table 2).

Discussion

In the present study, we investigated the prognostic value 
of CDKN2A homozygous deletion as well as current histo-
pathological criteria (mitosis, MPV and necrosis) in a large 
cohort of 911 high-grade IDH-mutant gliomas (428 IDH-
mutant gliomas without 1p/19q codeletion and 483 AO IDH 
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mutant + 1p/19q codeleted) from the French national POLA 
network. In addition, we searched for other retinoblas-
toma pathway gene alterations (CDK4 amplification and 
RB1 homozygous deletion) in a subset of patients. We also 
searched for CDKN2A homozygous deletion in an inde-
pendent cohort of 40 grade II IDH-mutant gliomas (20 dif-
fuse astrocytomas IDH mutant and 20 oligodendroglioma 
IDH mutant + 1p/19q codeleted).

Our results point out the utmost prognostic relevance of 
CDKN2A homozygous deletion in the 2 categories of dif-
fuse malignant IDH-mutant gliomas stratified on 1p/19q 
codeletion. Moreover, CDKN2A homozygous deletion ap-
pears as the first stratification risk, before the assessment 
of MVP and/or necrosis. Among them, MVP seems to be 
the most appropriate, since in our study it is of greater 
prognostic significance compared with necrosis. This last 
result is discrepant from a previous study7 that showed a 
greater prognostic relevance of necrosis compared with 
MVP and used this criterion (depending on the model, in 
addition or not to the copy number variable load value) 
to stratify IDH-mutant astrocytoma without CDKN2A/B 
alteration.

A limitation of our study design might be the potential 
effect on survival of the treatment, since the therapeutic 
recommendations evolved with the recommendations of 
the European Organisation for Research and Treatment 
of Cancer (EORTC)18 and the Radiation Therapy Oncology 
Group.19 Thus, we cannot exclude that the heterogeneity of 
the treatment within each histomolecular category might 
influence survival. Nonetheless, CDKN2A homozygous de-
letion remained of prognostic significance in multivariate 
analysis including treatment, therefore supporting its inde-
pendent prognostic value.

The CDKN2A locus on chromosome band 9p21 encodes 
for 2 tumor suppressors, protein p14ARF and p16INK4A, both 
inhibiting cell cycle progression. P14ARF activates the well-
known “guardian of the genome,” p53, which plays an 
important role in growth arrest, DNA repair, and apop-
tosis.20–22 P16INK4A inhibits CDK4 and CDK6, which activate 
the retinoblastoma family of proteins and block G1 to S 
phase transition. In accordance with these functions, ho-
mozygous deletion of the CDKN2A locus alters its inhibi-
tory function and might contribute to uncontrolled tumor 
cell proliferation. Not surprisingly, therefore, in our co-
hort of 911 high-grade IDH-mutant gliomas, we observed 
a strong correlation between CDKN2A homozygous de-
letion, mitotic count (P  <  0.001), and Ki67 labeling index 
(P < 0.001). Previous studies reported the prognosis value 
of other retinoblastoma pathway alterations, including 
RB1 homozygous deletion7,13 and CDK4 amplification,11–13 
but we did not observe a prognostic significance of these 
alterations in our study.

The major prognostic impact of CDKN2A homozygous 
deletion in malignant diffuse IDH-mutant gliomas might 
have strong implication in daily practice, since it will re-
quire the search for this genetic alteration in all malignant 
diffuse IDH-mutant gliomas. Whether this alteration should 
also be investigated in grade II remains to be resolved. 
We learned from our study that this alteration was not re-
corded in grade II IDH-mutant gliomas. The same results 
were also reported previously in a series of 54 grade II IDH-
mutant gliomas lacking 1p/19q codeletion.7 However, other 
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authors observed CDKN2A loss in some cases of oligo-
dendroglioma IDH mutant + 1p/19q codeleted.2,8

The methods used for CDKN2A homozygous dele-
tion assessment should be validated in each laboratory. 
Previous studies reported that p16 immunohistochemical 
detection cannot be considered as a surrogate technique 
to detect CDKN2A homozygous deletion.7,8,23 In our study, 
among the IDH-mutant gliomas without 1p/19q codeletion, 
the number of cases with CDKN2A homozygous deletion 
was similar regardless of the technique used for detection: 
11% (28/257) with SNP array, 12% (7/57) with CGH array, 
and 12% (11/94) with NGS. Our results are comparable to 
the proportion of cases observed among the EORTC co-
hort (11%, 17/154) and the cohort from The Cancer Genome 
Atlas (14%, 31/224) reported by Shirahata et  al,7 a little 
lower than their discovery cohort (18%, 38/211) and the 
Heidelberg cohort (23%, 25/108) and much lower than the 
cohort reported by Korshunov et al10 (43%, 42/97). We do 
not have a clear explanation for the low frequencies of 
retinoblastoma pathway gene alterations observed in our 
study in comparison with others but it is consistent with 
the longest OS of the GB IDH-mutant subgroup (median OS 

in our study = 79 mo) compared with previously reported 
survival data among this histomolecular group7,10,12,24 (me-
dian OS ranging from 33 to 60 mo). Nevertheless, although 
the median OS was not reached among the IDH-mutant 
gliomas lacking 1p/19q codeletion with CDKN2A homozy-
gous deletion, the Kaplan–Meier curve suggests a median 
OS of around 37 months, which is similar to the outcome 
reported in other studies.7,10

Altogether, and as also suggested previously by other 
authors,7,11 our results suggest that the strong negative im-
pact of CDKN2A homozygous deletion on survival in the 
subgroup of IDH-mutant astrocytomas should be included 
as a criterion in the grading scheme of these tumors (Fig.  
1B). Therefore, a malignant IDH-mutant astrocytoma exhib-
iting CDKN2A homozygous deletion might be considered 
as grade IV and thus independently of the occurrence of 
MVP (or necrosis). Whether or not grade IV should be lim-
ited to IDH-mutant astrocytoma with CDKN2A homozy-
gous deletion and thus a grade III be applied to malignant 
IDH-mutant astrocytomas that do not exhibit CDKN2A ho-
mozygous deletion despite the presence of MVP and/or ne-
crosis is questionable. Regarding the group of IDH-mutant 
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astrocytomas without CDKN2A homozygous deletion or 
MVP (or necrosis), another major problem is the prog-
nostic relevance of mitotic activity used to distinguish 
grade II from grade III. The mitotic activity threshold is not 
provided by the WHO classification and remains subjective 
depending on the size of the sample analyzed. Importantly, 
previous studies reported that mitotic activity was not rel-
evant for outcome among IDH-mutant astrocytomas.3,25 In 
addition, in the present study we failed to find a threshold 
for either mitotic count or Ki67 labeling index that could be 
of prognostic significance among our cohort of AA IDH mu-
tant. Whether a grade II should be considered for all IDH-
mutant astrocytoma lacking CDKN2A homozygous deletion 
and MVP (or necrosis) represents another matter of debate.

Of major interest, our study points out that a similar 
approach might be applied to AO IDH mutant + 1p/19q 
codeleted. Indeed, these tumors also demonstrate a dismal 
prognosis when CDKN2A homozygous deletion is re-
corded. Of note, in our cohort the prognosis of AO IDH mu-
tant + 1p/19q codeleted with CDKN2A homozygous deletion 
was close to or even worse than that of GB IDH mutant (Fig.  
1B). Even though a grade IV in oligodendrogliomas has 
never been suggested before, this genetic alteration might 
be taken into account to stratify these patients. Regarding 
histologic criteria, recent studies reported a prognostic rel-
evance of WHO grade,12 whereas other authors reported 
that grades II and III oligodendrogliomas share the same 
prognosis.13 Our results suggest a stratification of AO 
without CDKN2A homozygous deletion or the presence of 
MVP and/or necrosis but (i) the observation period (<120 
mo) may not be long enough and (ii) our cohort does not 
include grade II oligodendroglioma, avoiding prognostic 
comparison. Whether oligodendroglioma without CDKN2A 
homozygous deletion or MVP and necrosis shares a similar 
prognosis regardless of the number of mitoses remains to 
be confirmed by further investigations.

To conclude, in our study, performed on 911 malignant 
diffuse gliomas, IDH mutant included in the POLA cohort 
points out the utmost relevance of CDKN2A homozy-
gous deletion as an adverse prognostic factor in 2 broad 
categories of patients stratified on 1p/19q codeletion as 
well as the prognostic relevance of MVP (associated or 
not with necrosis) among tumors lacking this alteration. 
Further studies, however, are required to confirm these 
findings, as well as the best technique to point out this ge-
netic alteration. Nevertheless, we believe that these prog-
nostic factors could be of great interest for a future grading 
approach of IDH-mutant gliomas.
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