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Abstract
The classification of central nervous system tumours has more recently been shaped by a focus on molecular pathology rather 
than histopathology. We re-classified 82 glial tumours according to the molecular-genetic criteria of the 2016 revision of the 
World Health Organization (WHO) Classification of Tumours of the Central Nervous System. Initial diagnoses and grading 
were based on the morphological criteria of the 2007 WHO scheme. Because of the impression of an oligodendroglial com-
ponent on initial histological assessment, each tumour was tested for co-deletion of chromosomes 1p and 19q and mutations 
of isocitrate dehydrogenase (IDH-1 and 2) genes. Additionally, expression of proteins encoded by alpha-thalassemia X-linked 
mental retardation (ATRX) and TP53 genes was assessed by immunohistochemistry. We found that all but two tumours could 
be assigned to a specific category in the 2016 revision. The most common change in diagnosis was from oligoastrocytoma to 
specifically astrocytoma or oligodendroglioma. Analysis of progression free survival (PFS) for WHO grade II and III tumours 
showed that the objective criteria of the 2016 revision separated diffuse gliomas into three distinct molecular categories: 
chromosome 1p/19q co-deleted/IDH mutant, intact 1p/19q/IDH mutant and IDH wild type. No significant difference in 
PFS was found when comparing IDH mutant grade II and III tumours suggesting that IDH status is more informative than 
tumour grade. The segregation into distinct molecular sub-types that is achieved by the 2016 revision provides an objective 
evidence base for managing patients with grade II and III diffuse gliomas based on prognosis.
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Introduction

The 2016 revision of the World Health Organization (WHO) 
Classification of Tumours of the Central Nervous System 
[1] mandates the inclusion of molecular-genetic alterations 
in the diagnosis of diffuse glial tumours and, as such, is 
a significant departure from the morphology-based 2007 
classification [2]. Molecular data hold sway over histol-
ogy in all instances of morphological ambiguity. The trend 
towards molecular classification has implications not only 
for survival prediction but also the tailoring of post-surgical 
management and patient selection in the evaluation of newer 
molecular targeting treatments as they make their way into 
clinical practice [3, 4].

In the 2016 revision, astrocytomas and oligodendroglio-
mas are considered as a single category—diffuse glioma. 
Astrocytic tumours, that is, diffuse astrocytoma, anaplastic 
astrocytoma and glioblastoma, are sub-typed by the pres-
ence or absence of mutations of the isocitrate dehydrogenase 
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genes (IDH-1&2) i.e. IDH mutated or wild type. Tumours 
can be assigned to a “Not Otherwise Specified” (NOS) cat-
egory if molecular-genetic testing is not available or if the 
data are incomplete or inconclusive. The diagnosis of oligo-
dendroglioma is wholly based on the demonstration of IDH 
mutation and deletion of both the short arm of chromosome 
1 (1p) and the long arm of chromosome 19 (19q). The revi-
sion discourages the diagnoses of oligoastrocytoma and glio-
blastoma with an oligodendroglioma component (GBMO) 
and takes the position that, in most instances, morphologi-
cally mixed tumours will be shown to have the molecular 
profile of either astrocytoma or oligodendroglioma.

In this retrospective cohort study, we used data from a 
single institution in Melbourne, Australia, to compare the 
2007 and 2016 classifications systems in patients who had 
undergone 1p/19q co-deletion testing around the time of 
original diagnosis. We compared the survival outcomes 
based on WHO grading and molecular and immunohisto-
chemical characteristics. We hypothesized that molecular 
classification may provide more robust prognostic informa-
tion than WHO grading alone.

Materials and methods

Case selection

The study cohort comprised 82 patients with diffuse 
glial tumours managed at The Royal Melbourne Hospi-
tal, between August 2010 and June 2016. All were tested 
for chromosome 1p/19q co-deletion at initial histological 
diagnosis because of the suspicion of an oligodendroglial 
component. To provide additional prognostic information, 
immunohistochemistry was undertaken to detect the most 
common IDH mutation (IDH R132H) and expression of 
proteins encoded by ATRX and TP53 genes. Original his-
tological diagnoses and WHO grades were determined for 
each tumour according to criteria of the 2007 WHO Clas-
sification of Central Nervous System Tumours [2]. There 
were 78 grade II/III tumours and 4 grade IV tumours. These 
were re-classified to tumour sub-types according to the 2016 
revision on the basis of molecular data provided by fluores-
cence in-situ hybridization (FISH), immunohistochemistry 
and DNA sequencing. The WHO grade IV tumours were 
subsequently excluded from the survival analysis as they 
represented only a very small proportion of all grade IV 
tumours at the institution within the study period.

Molecular testing and immunohistochemistry

For each tumour, the presence of IDH-1 R132H mutation 
and ATRX and TP53 expression were determined by immu-
nohistochemistry. The following antibodies were used on 

a Leica Bond III immunohistochemistry platform—IDH1 
(R132H) (H09 clone monoclonal antibody, Dianova, Ham-
burg, Germany; 1:50 dilution), ATRX (rabbit polyclonal 
antibody, Sigma-Aldrich, Castle Hill, Australia; 1:300 dilu-
tion) and TP53 (mouse monoclonal antibody, Novacastra, 
Newcastle upon Tyne, UK; 1:50 dilution). These have been 
shown to be reliable surrogate immunohistochemical mark-
ers for mutations of the respective genes [5–8]. Although the 
association is imperfect, loss of nuclear staining generally 
indicates ATRX mutation. Although some mutations may 
still be present, preserved nuclear staining usually indicates 
ATRX wild type. Conversely, for TP53, overexpression in 
tumour cell nuclei, frequently, but not always, indicates 
mutation while absent or weak nuclear staining usually 
indicates wild type.

FISH for determining whole-of-arm deletions of chro-
mosomes 1p and 19q used Vysis (Abbott Molecular, Des 
Plaines, IL) 1p36 and 19q13.3 Spectrum Orange test probes 
and 1q25 and 19p13 Spectrum Green reference probes in 
a previously published protocol [9]. Tumours that were 
immunonegative for IDH1 (R132H) were analysed for IDH-
1&2 mutations by pyrosequencing as previously described 
[10]. IDH mutation status has been shown to be preserved 
throughout progression of tumours from low to high grade 
[11, 12]. As this was a retrospective study, matched periph-
eral blood samples were not available and so LOH analysis 
to detect small interstitial deletions of chromosomes 1p and 
19q could not be performed.

Statistical analysis

Progression-free survival (PFS) was measured from date 
of diagnosis to date of progression or death, whichever 
occurred first. Progression was defined as the date at which 
a decision was made to change management based on radio-
logical or clinical data. Overall survival was not analysed 
as only 12 patients (15% of the cohort) had died at the time 
of analysis.

For each WHO classification (2007 and, separately, 2016) 
a Cox proportional hazards model was fitted and the C-index 
was extracted. This gives an idea of the ‘goodness-of-fit’ of 
the model; the C-index is a measure of a model’s discrimi-
nability as it quantifies the level of concordance between 
predicted probabilities and the actual chance of having an 
event. As the numbers of grade IV tumours were small, these 
were not included in the survival analyses.

Kaplan–Meier (KM) plots were generated to determine 
interactions between 1p19q and IDH status; 2016 WHO 
grade and IDH status; IDH status in patients with no 1p19q 
deletion, loss of nuclear ATRX expression versus preserved 
expression and TP53 overexpression versus weak or absent 
expression.
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All statistical analyses were conducted using Stata Ver-
sion 14 (StataCorp LLC, College Station, TX).

Results

Molecular testing and immunohistochemistry

The results of FISH for chromosome 1p/19q deletion, immu-
nohistochemistry and DNA sequencing for IDH mutations, 
and immunohistochemistry for ATRX and TP53 expression 
are summarized in Table 1. A total of 34 tumours (41%) 
were co-deleted for chromosomes 1p and 19q. Of these, 
32 (94%) were IDH1 (R132H) mutated and 2 were IDH 
wild type by immunohistochemistry and pyrosequencing 
and were assigned to “oligodendroglioma NOS”. As we 
were unable to undertake LOH testing, we cannot exclude 
small interstitial deletions in these two tumours, particu-
larly involving chromosome 1p. These are associated with 
aggressive behaviour in glial tumours with oligodendroglial 
morphology [13]. All 34 co-deleted tumours showed pre-
served nuclear immunostaining for ATRX and lacked TP53 
expression. This pattern was mutually exclusive of 1p/19q 
co-deletion. Thirty-nine tumours (48%) were chromosome 
1p/19q intact. Of these, 26 (64%) were IDH mutated (25 
R132 H; 1 R132S) and 13 (33%) were IDH wild type by 
immunohistochemistry and pyrosequencing. Of the 39 
1p/19q intact tumours, 25 (64%) showed loss of nuclear 
immunostaining for ATRX and 33 (85%) showed nuclear 
overexpression of TP53. A single tumour with 1p deletion 
only was IDH1 (R132H) mutated with loss of ATRX expres-
sion and TP53 overexpression, a profile most consistent with 
molecular astrocytoma. Chromosome 19q only deletion was 
seen in 8 tumours; all 8 were IDH1 (R132H) mutated, 7 
showed loss of ATRX expression and 7 overexpressed TP53, 
suggesting that 19q only deletion is also more likely to be 
associated with molecular astrocytoma.

Re‑assignment of 2007 WHO tumours to the 2016 
revised classification

Re-assignment of the 82 tumours to categories in the 2016 
revision is summarised in Fig. 1.

WHO 2007 oligoastrocytoma

Forty one tumours were initially diagnosed as oligoas-
trocytoma, grade II or III. Of these, 16 (39%) were re-
assigned to oligodendroglioma, IDH mutant 1p/19q co-
deleted, WHO grade II. Of the remaining 25 (61%) with 
intact 1p/19q, 18 were re-assigned to diffuse astrocytoma 
grade II, 4 to anaplastic astrocytoma grade III and 3 to 
glioblastoma IDH mutant. Seventeen of these 25 1p/19q 
intact tumours were IDH mutant and 8 IDH wild type. 
Loss of ATRX expression was seen in 20, TP53 overex-
pression in 22 and absent TP53 expression in 3.

WHO 2007 oligodendroglioma

Twenty tumours were initially diagnosed as oligodendro-
glioma, grade II or III. Of these, 13 (65%) were 1p/19q 
co-deleted and IDH mutated and retained the same diagno-
sis of oligodendroglioma grade II or III. One tumour was 
1p/19q co-deleted and IDH wild type by both immuno-
histochemistry and DNA sequencing and was re-assigned 
to oligodendroglioma NOS grade II. Of the remaining 6 
tumours with intact 1p/19q, 2 were re-assigned to diffuse 
astrocytoma (1 IDH mutant, 1 IDH wild type), 2 to ana-
plastic astrocytoma (both IDH mutant) and 2 to glioblas-
toma IDH mutant. IDH mutation was found to strongly 
co-segregate with 1p/19q co-deletion.

WHO 2007 diffuse astrocytoma grade II

Twelve tumours were initially diagnosed as diffuse astro-
cytoma grade II. Two of these were 1p/19q co-deleted and 
IDH mutated and were re-assigned to oligodendroglioma. 
The remaining 10 tumours with intact 1p/19q retained the 
same diagnosis: diffuse astrocytoma grade II. Nine were 
IDH mutant, 1 IDH wild type, 5 showed loss of nuclear 
ATRX expression, 5 had preserved nuclear ATRX expres-
sion, 8 overexpressed TP53 and 2 had weak/absent TP53 
expression. Five tumours showed both loss of ATRX 
expression and TP53 overexpression.

Table 1   Summary of 
molecular testing and 
immunohistochemistry for 82 
glial tumours

1p/19q IDH ATRX expression TP53 expression

Wild type Mutant Present Absent/weak Present Absent/weak

Co-deleted 34 2 32 34 0 0 34
Intact 39 13 26 14 25 33 6
1p deletion 1 0 1 0 1 1 0
19q deletion 8 0 8 1 7 7 1
Total 82 15 67 49 33 41 41
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WHO 2007 anaplastic/high grade glioma grade III, 
glioblastoma and glioblastoma with an oligodendroglioma 
component (GBMO)

Of 5 WHO 2007 anaplastic/high grade gliomas Grade III, 
one was 1p/19q co-deleted and IDH mutated and was re-
assigned to oligodendroglioma. The remaining 4 tumours 
with intact 1p/19q retained the same diagnosis of anaplas-
tic astrocytoma grade III. Three were IDH mutant, 1 IDH 
wild type, 2 showed loss of ATRX expression and 2 had 
preserved ATRX expression. All 4 tumours overexpressed 
TP53.

Three tumours satisfied 2007 morphological criteria for 
glioblastoma. Two were re-assigned to glioblastoma IDH 
wild type. The third tumour was 1p/19q co-deleted and IDH 
wild type and was re-assigned to oligodendroglioma NOS 
grade III. Loss of nuclear ATRX expression and TP53 over-
expression were seen in all three tumours.

The single tumour originally diagnosed as GBMO was 
found to be chromosome 1p/19q intact and IDH1 (R132H) 
mutated and was re-classified as glioblastoma IDH mutant.

PFS, WHO grade, and molecular markers

Progression-free survival data were available for 79 (96%) 
of patients.

WHO grading (Table 2)

According to the 2007 WHO classification scheme, 56 
patients were grade II, 22 were grade III and 4 were grade 
IV. Applying the 2016 revision, 6 patients were re-clas-
sified into a different grade; 1 from grade IV to grade III 
and 5 from grade III to grade IV. C-statistics (Table 2) 
suggest better discriminability with grading according to 
the 2016 revision. The KM survival curves for PFS, based 
on tumour grade in the 2007 and 2016 schemata are shown 
in Fig. 2a, b respectively. The curves show that there was 
no significant association between WHO grade and PFS 
(log-rank test: p = 0.83 and p = 0.66 respectively).

Fig. 1   Summary of re-assignment of 82 tumours from 2007 WHO 
classification to the 2016 revised classification: a re-assignment of 
WHO 2007 oligoastrocytomas grades II and III (n = 41); b re-assign-
ment of WHO 2007 oligodendrogliomas grades II and III (n = 20); c 
re-assignment of WHO 2007 diffuse astrocytomas grade II (n = 12); 

d re-assignment of WHO 2007 anaplastic/high grade gliomas grade 
III (n = 5), glioblastomas (n = 3) and glioblastoma with an oligoden-
droglioma component (GBMO) (n = 1). All but 2 tumours could be 
assigned to a specific category within the 2016 revision
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IDH status and WHO grade

Figure 2c shows the KM survival curves for IDH status by 
2016 WHO grade. The curves suggest that patients with IDH 
mutated tumours have a better prognosis regardless of WHO 
grade (log rank p < 0.001).

IDH mutation and 1p/19q status

The KM plot in Fig. 2d shows the survival curves for IDH 
and 1p/19q status irrespective of tumour grade. There was 
a significant difference between survival curves based on a 
log rank test (p < 0.001). The curves suggest that patients 
whose tumours were IDH mutated had a better prognosis 
(IDH wt vs. IDH mut: median PFS 3.97 vs. 1.24 years: HR 
4.12, 95% CI: [1.70–9.98], p = 0.002) and even more so in 
those with intact 1p/19q.

Loss of ATRX expression and TP 53 overexpression

Figure 2e, f show the KM survival curves for loss of ATRX 
expression and TP53 overexpression respectively. There 
was no significant difference between tumours with absent 
and those with preserved nuclear ATRX expression in the 
subgroup of patients (n = 46) with intact 1p/19q tumours 
(median PFS: 2.66 and 3.92 years respectively, HR: 0.81, 
95% CI: [0.34–1.92], p = 0.63). There was a significant 
association between TP53 overexpression and shorter pro-
gression-free survival (median PFS: overexpressed 3.92 vs. 
5.35 years or weak/absent expression, HR: 0.46, 95% CI: 
[0.23–0.89], p = 0.02).

Discussion

The 2016 revision of the WHO Classification of Tumours 
of the Central Nervous System broke new ground by uti-
lizing molecular-genetic data to separate tumour sub-types. 
This alteration has particularly affected the classification of 
glial tumours. The expectation was that objective molecular-
genetic criteria would provide a clearer indication of likely 
tumour behaviour than had been achieved by previous grad-
ing schemes founded on morphological features alone.

Since the release of the revised classification in July 2016, 
several studies have been published that have re-assigned 
diffuse glial tumours from 2007 WHO categories to those 
in the 2016 revision. The largest of these, the French nation-
wide POLA cohort, re-assigned 1041 tumours and found that 
classification by the 2016 revision criteria provided clearer 
prognostic discrimination between diffuse glioma sub-types 
than grading based on morphology [14]. The analysis of 645 
diffuse gliomas in The Cancer Genome Atlas Consortium 
database by Cimino and co-workers [15] showed that the Ta
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Fig. 2   Kaplan-Meir survival curves of progression free survival 
(PFS) by WHO grade and molecular and immunohistochemis-
try characteristics. a No difference in PFS by 2007 WHO grade 
(p = 0.83), b No difference in PFS by 2016 WHO grade (p = 0.66). c 
IDH mutation is associated with improved PFS regardless of WHO 
grade (p < 0.001), d IDH mutation is associated with improved PFS 

regardless of 1p/19q status (p < 0.001). Non co-deleted tumours 
(n = 46) included those with either 1p or 19q deletion. e loss of 
nuclear ATRX expression in 1p/19q intact tumours does not affect 
PFS (p = 0.63), and f TP53 expression is associated with poorer PFS 
(p = 0.02)
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revised 2016 criteria segregated these tumours into three 
distinct molecular sub-groups: chromosome 1p/19q co-
deleted IDH mutant with oligodendroglial morphology, 
IDH mutant with astrocytic morphology and IDH wild type 
with astrocytic morphology. They also reported that grad-
ing based on morphology was non-discriminatory. In the 
study by Pekmezci et al., the 2016 revision criteria were 
applied retrospectively to 1206 diffuse glial tumours [16]. 
Based on overall survival analysis, there was clear separa-
tion of four molecular sub-types: oligodendroglioma 1p/19q 
co-deleted/IDH mutant, IDH mutant astrocytoma, IDH wild 
astrocytoma and IDH wild type glioblastoma. There was 
no clear difference in overall survival for IDH wild type 
astrocytoma compared with a fifth sub-type, IDH mutant 
glioblastoma. In addition, they assessed the influence of tel-
omerase reverse transcriptase promoter (TERTp) and ATRX 
mutations, deduced from loss of nuclear ATRX immu-
nostaining, on overall survival. Oligodendrogliomas IDH 
mutant and 1p/19q co-deleted with TERTp mutations had a 
more favourable outcome compared with TERTp wild type 
tumours. Among IDH wild type astrocytomas, those that 
were TERTp wild type had significantly longer survivals 
compared with TERTp mutated tumours. ATRX mutations 
were associated with more favourable outcome in IDH wild 
type glioblastomas compared with ATRX wild type tumours. 
In a fourth study, by Mellai et al., 204 of 206 diffuse gliomas 
could be re-assigned to specific categories within the 2016 
revision [17]. Survival data were not analysed. This study 
also showed close association between loss of ATRX protein 
expression by immunohistochemistry and IDH mutations, 
particularly IDH1 (R132H). Loss of ATRX protein expres-
sion was mutually exclusive of 1p/19q co-deletion.

The data generated in our study corroborate these previ-
ous investigations. We found that the molecular criteria in 
the 2016 revision for the classification of diffuse gliomas 
are straightforward in their application and segregate diffuse 
gliomas into three distinct molecular sub-types: 1p/19q co-
deleted/IDH mutant, 1p/19q intact/IDH mutant and 1p/19q 
intact/IDH wild type. The first sub-type is associated with 
oligodendroglial morphology whereas tumours in the other 
two categories have astrocytic morphology. As in other stud-
ies (5, 11–15) we found that the commonest IDH mutation, 
IDH-1 R132H [18], is reliably detected by immunohisto-
chemistry. A single immunonegative tumour was found 
to have an R132S mutation of IDH-1. All remaining 14 
immunonegative tumours were found to be IDH wild type 
by pyrosequencing.

Analysis of PFS showed substantial separation of these 
three molecular categories. Discrepancies between grade 
and expected survival have been previously reported [19, 
20], and similarly we were unable to show any significant 
survival difference between WHO grade II and III tumours, 
indicating that IDH mutation status is more informative than 

tumour grade. The influence of other factors, such as tumour 
location, on IDH mutation status and prognosis continues to 
be investigated [21]. There is currently no consensus on how 
patients with grade II and III diffuse gliomas should be man-
aged and treatment protocols have previously been guided 
predominantly by tumour grade [22–30]. The clear separa-
tion of these tumours into distinct molecular sub-types that 
is achieved by the 2016 revision provides an objective evi-
dence base for tailoring personalized treatment and guide-
lines are now being updated [31].

In agreement with other studies [32–34], we found a 
close association between loss of nuclear immunostaining 
for ATRX and IDH mutations and that no 1p/19q co-deleted 
tumour showed loss of nuclear ATRX staining. This finding 
supports the proposal that testing for 1p/19q co-deletion may 
not be indicated in an ATRX immunonegative tumour [32]. 
We also found a strong positive association between IDH 
mutation and TP53 overexpression and a strong negative 
association between TP53 overexpression and chromosome 
1p/19q co-deletion.

The grading system that has been incorporated into previ-
ous WHO classifications has largely been determined by his-
topathological features. Increasing grade has been associated 
with cumulative anaplastic features; in particular, mitotic 
activity, endothelial cell hyperplasia and necrosis. The seg-
regation of diffuse astrocytoma into distinct molecular sub-
types, as shown in our and other studies, suggests that a 
molecular grading scheme could now be developed [34–36].

We conclude that the objective molecular-genetic criteria 
of the 2016 revision provide for clearer separation of diffuse 
glioma sub-types than was achieved by the morphological 
criteria of the 2007 scheme. In its current form however, the 
revision is confined to 1p/19q and IDH alterations for the 
classification of diffuse gliomas. Our and other studies sug-
gest that alterations in ATRX and TP53 genes give additional 
information that is useful in separating oligodendroglial 
from astrocytic tumours and also provide prognostic data. 
As well, TERTp alterations appear to provide further segre-
gation of 1p/19q co-deleted IDH mutated tumours and those 
that are found to be IDH wild type with intact 1p/19q [15]. 
Future iterations of the WHO Classification of CNS tumours 
may incorporate these additional molecular features into 
both classification and “molecular grading” as the capacity 
of laboratories to perform molecular testing expands.
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