Neuro-Oncology Advances

2(1), 1-15, 2020 | doi:10.1093/noajnl/vdaa044 | Advance Access date 4 April 2020

Radiological differences between subtypes of WHO
2016 grade II-III gliomas: a systematic review and
meta-analysis

Djuno I. van Lent, Kirsten M. van Baarsen, Tom J. Snijders,” and Pierre A. J. T. Robe

Department of Neurology and Neurosurgery, Brain Center Rudolf Magnus, University Medical Center Utrecht,
Utrecht, The Netherlands (D.l.v.L., KM.v.B., TJ.S., PA.J.TR.); Department of Neuro-Oncology, Princess Maxima Center
for Pediatric Oncology, Utrecht, The Netherlands (K.M.v.B.)

Corresponding Author: Kirsten M. van Baarsen, MD, PhD, Department of Pediatric Neurosurgery, Princess Maxima Center for
Pediatric Oncology, Heidelberglaan 25, 3584 EA Utrecht, The Netherlands (k.m.vanbaarsen-2@umcutrecht.nl).

Abstract

Background. Isocitrate dehydrogenase (IDH) mutation and 1p/19g-codeletion are oncogenetic alterations with a
positive prognostic value for diffuse gliomas, especially grade Il and lll. Some studies have suggested differences
in biological behavior as reflected by radiological characteristics. In this paper, the literature regarding radiological
characteristics in grade Il and lll glioma subtypes was systematically evaluated and a meta-analysis was performed.
Methods. Studies that addressed the relationship between conventional radiological characteristics and IDH mu-
tations and/or 1p/19g-codeletions in newly diagnosed, grade Il and lll gliomas of adult patients were included. The
“3-group analysis” compared radiological characteristics between the WHO 2016 glioma subtypes (IDH-mutant
astrocytoma, IDH-wildtype astrocytoma, and oligodendroglioma), and the “2-group analysis” compared radiolog-
ical characteristics between 1p/19g-codeleted gliomas and 1p/19g-intact gliomas.

Results. Fourteen studies (3-group analysis: 670 cases, 2-group analysis: 1042 cases) were included. IDH-mutated
astrocytomas showed more often sharp borders and less frequently contrast enhancement compared to IDH-
wildtype astrocytomas. 1p/19g-codeleted gliomas had less frequently sharp borders, but showed a heterogeneous
aspect, calcification, cysts, and edema more frequently. For the 1p/19g-codeleted gliomas, a sensitivity of 96% was
found for heterogeneity and a specificity of 88.1% for calcification.

Conclusions. Significant differences in conventional radiological characteristics exist between the WHO 2016
glioma subtypes, which may reflect differences in biological behavior. However, the diagnostic value of the inde-
pendent radiological characteristics is insufficient to reliably predict the molecular genetic subtype.

Key Points
e Conventional MRI characteristics differ significantly between glioma subtypes.

e The diagnostic value of conventional MRl is insufficient to differentiate between
subtypes.

Grade Il and Ill diffuse gliomas comprise a substantial part of (IDH) mutation and the 1p/19g-codeletion.? Since the 2016
the primary brain tumors and are known for their heterogenic  World Health Organization (WHO) Classification of Tumors of
behavior and prognosis. The genetic profile appears to be a the Central Nervous System, grade Il and Ill gliomas are clas-
factor of important prognostic value." Two mutations correl- sified by the presence or absence of these mutations?; gliomas
ating with a better prognosis are the isocitrate dehydrogenase that are both IDH-mutated (IDHmut) and 1p/19g-codeleted are
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Importance of the Study

Since the WHO 2016 classification, gliomas are
classified by their genetic status. IDH muta-
tions and 1p/19g-codeletions are oncogenetic
alterations with a positive prognostic value for
diffuse gliomas, in particular, grade Il and lIl.
Multiple studies demonstrated differences in
radiological characteristics between the glioma
subtypes. This study systematically reviewed
the relationship between conventional radio-
logical characteristics and glioma subtypes.
A meta-analysis was performed, which indeed

now defined as oligodendrogliomas (ODGs), whereas
astrocytomas (ACTs) are 1p/19g-intact and either IDHmut or
IDH wildtype (IDHwt). Median survival is most favorable in
the ODGs, followed by IDHmut ACTs, with the worst prog-
nosis in IDHwt ACTs.

The reasons for the variability in the prognosis of these
glioma subtypes are not fully understood. Several studies
demonstrated greater responsiveness for chemoradiation
in 1p/19g-codeleted ODGs.*” The anatomical location and
the extent of resection may be intermediate factors as well;
a recent review by our group demonstrated a frontal lobe
preference for IDHmut gliomas, which may partially ex-
plain the better resectability.8

Apart from differences in resectability, molecular sub-
types may also influence prognosis by differences in bio-
logical behavior, as reflected by radiological differences.
Multiple studies found differences in conventional magnetic
resonance imaging (MRI) characteristics, such as tumor
border and heterogeneity, between the genetically distinct
gliomas (Figure 1).23' These radiological differences may
reflect the differences in prognosis in terms of resectability
(eg, a frontal tumor with sharp borders vs a deep-seated
tumor with ill-defined borders), but also in terms of biolog-
ical behavior. As more information becomes available on
the radiological characteristics of the genetically distinct
gliomas, the question arises how accurate conventional ra-
diology is in differentiating between glioma subtypes.

Therefore, in this paper, we systematically evaluate
the existing literature regarding radiological character-
istics in subtypes of grade II-lll diffuse gliomas. The cen-
tral research question is both etiological and diagnostic
in nature. The etiological question aims at the correlation
between glioma subtypes and their conventional radio-
logical characteristics, reflecting biological behavior. The
diagnostic question aims at the diagnostic potential of con-
ventional radiological characteristics in differentiating be-
tween glioma subtypes.

Methods

This systematic review and meta-analysis are based on
the Preferred Reporting Items for Systematic Reviews and

demonstrates significant differences in several,
but not all, radiological characteristics between
glioma subtypes. These radiological differences
may reflect differences in biological behavior
and (partially) explain the prognostic variability.
Furthermore, it seems that the diagnostic value
of single radiological characteristics is insuffi-
cient to reliably differentiate distinct glioma sub-
types. This meta-analysis is an important basis
for further studies regarding the preoperative
prediction of molecular glioma subtypes.

Meta-Analyses (PRISMA) guidelines.3? A protocol for the
search strategy and inclusion and exclusion criteria for
selecting literature were constructed in advance. Study se-
lection, data extraction, and quality assessment were per-
formed by one author (D.l.v.L.) and reviewed by the second
author (K.M.v.B.).

Information sources: A systematic search on PubMed,
EMBASE, and Cochrane was performed and updated to
November 14, 2019. The search aimed for all publications
describing the correlation between the molecular fea-
tures of diffuse gliomas (WHO grade Il-lll) and their radi-
ological characteristics. The search consisted of 3 building
blocks: (1) “glioma” (and synonyms of these terms) AND
(2) “molecular” OR “genetic” OR “IDH” OR “1p/19q” (and
synonyms of these terms) AND (3) “radiology” OR “MRI”
(and synonyms of these terms). All terms were searched
for in title/abstract. The full electronic search strategy can
be found in Supplementary 1.

Study selection: The following inclusion criteria were
applied: (1) studies including patients (>18 years) with a
newly diagnosed, histopathologically confirmed WHO
grade |l or grade Ill diffuse glioma and demonstrating the
results of these gliomas separately from grade IV gliomas,
(2) IDH status and/or 1p/19q status confirmed, (3) MRI per-
formed before treatment, and (4) the relationship between
the gliomas’ molecular status and qualitative conventional
radiological characteristics was addressed. It was decided
to focus on IDH mutations and 1p/19g-codeletions in grade
Il and grade Il gliomas, as these mutations are invaluable
for the contemporary classification of gliomas. Also, other
mutations were reported significantly less frequently. We
focused on grade II-lll gliomas and excluded grade | and
grade IV gliomas to ensure sufficient homogeneity of the
study domain. Grade | gliomas are biologically very distinct
from diffuse gliomas of grade II-IV. Although the biolog-
ical and clinical characteristics of grade IV gliomas partially
overlap with those of grade II-lll gliomas, particularly when
matching for IDH status, the differences in clinical presen-
tation and prognosis set the grade IV tumors apart. Case
reports, animal studies, studies with overlapping patient
populations, and studies written in a language other than
English, Dutch, French, German, or Spanish were excluded.
Reference lists of the included studies were scanned for
additional reports.
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Oligodendroglioma: IDH-mutated and 1p/19qg-codeleted

B,(’

A

Fig. 1 Typical MR images of WHO 2016 glioma subtypes. Top:
Oligodendroglioma with ill-defined borders, heterogeneity, and
cysts particularly on fluid-attenuated inversion recovery (FLAIR)
(A) but also visible on T2 (B). No contrast enhancement (C). Center:
A large but well-defined isocitrate dehydrogenase (IDH)-mutated
astrocytoma in the right frontal lobe, no cysts or edema on FLAIR or
T2 (D and E), homogenous and no contrast uptake (F). Bottom: IDH-
wildtype astrocytoma, deeply seated in the right hemisphere, ill-de-
fined margins on FLAIR and invading the midbrain (G), no contrast
enhancement (H).

Study Characteristics

Data were extracted on number of cases, mean or median
age, percentage male, duration of patient enrolment, study
design, WHO grade and type of glioma, number of IDHmut
and IDHwt gliomas, and number of 1p/19g-codeleted and
1p/19g-intact gliomas. Several other factors important
for the quality assessment were also extracted and are
discussed below.

Quality assessment: The quality of the included studies
was assessed by a scoring model that was developed in
advance and was based on several factors influencing bias
(Supplementary 2).These factors were study size, inclusion
of biopsies, molecular testing technique, MRI technique,
the MRI investigators’ experience (ie, neuroradiologist,
neurosurgeon, or other professional), blinding of the MRI
investigator, and strategy for interobserver variability. Each
quality item was allocated a number of points based on
the possible amount of bias it could cause—the lower the
bias, the higher the number of points. The maximum score
was 36. Studies with 18 points or more were regarded as
“low risk of bias” and included for further analysis, studies

below 18 points were regarded as “high risk of bias” and
discarded.

Data synthesis and analysis: Data regarding tumor bor-
ders, contrast enhancement, edema, heterogeneity, cysts,
and calcification were extracted from the included studies.
The radiological characteristics that were not presented
in a dichotomized manner were dichotomized (yes/no) in
order to perform the meta-analysis (Supplementary 3).

Based on the available data 2 separate analyses were
conducted:

1. The “3-group analysis” is a comparison of the radi-
ological characteristics between the grade Il and Il
glioma subtypes based on the WHO 2016 classifica-
tion: ODGs versus IDHmut ACTs versus IDHwt ACTs.

2. The “2-group analysis” is a comparison of the ra-
diological characteristics between grade Il and llI
gliomas based on 1p/19q status only (as this anal-
ysis also includes the literature from before the
introduction of the IDH-mutation status as a prog-
nostic factor in 20083%).

Two-by-three and two-by-two tables were constructed,
and sensitivity and specificity were calculated for the dif-
ferent radiological characteristics in the 2-group analysis.
Differences in radiological characteristics were assessed
by means of the Pearson’s Chi-square test, with a signifi-
cance threshold set at P=.05.

Results

Study selection: A flow chart of the electronic search and
selection process can be found in Figure 2. Ultimately,
23 publications were selected,®3! of which 14 (after
quality assessment) were eligible for the meta-analy
sis.210.13.16.17.21-2729,31 Gty dy characteristics: All 23 studies
were retrospective cohort studies (Table 1). The mean age
of included patients varied from 36.5 to 58 years and 43.2—
67.5% were male.

Quality Assessment

Ten studies included tumor biopsies as well as resections,
in 12 studies the inclusion of biopsies was not addressed,
and 1 study excluded biopsies (Table 2). Six studies used
1 MRI magnet strength, 9 studies used both 1.5T and 3T
MRI, and 8 studies did not address MRI magnet strength.
The method of imaging analysis was considerably diverse:
it was performed by 1 to 4 analysts, with the level of expe-
rience varying from neuroradiologists and neurosurgeons
to “unmentioned.” Three studies did not mention whether
there was any form of blinding. Interobserver variability
was commonly handled by consensus between observers.
Three studies tested interobserver variability with kappa-
values (values from 0.375 to 1.0)26283! and 1 study com-
puted an intraclass correlation (with high coefficients from
0.83 to 0.95)." Nine studies used immunohistochemistry
and/or fluorescence in situ hybridization combined with
genomic sequencing for the genetic testing, 14 studies
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Total records retrieved by
combining searches in Pubmed
(n =2923), Embase (n = 1774),

Cochrane (n = 2) and after

removing duplicates:
n=3180

Additional records identified
through other sources (n = 2)

\ 4

abstract (n = 3182)

Records screened for title and

A

Records excluded based on

assessment (n = 97)

Records eligible for full-text

> title/abstract (n = 3085)
y
Records excluded (n = 74):
Not the right radiological
characteristics or molecular
_| features (n = 40)

Relation radiology/molecular status
not addressed or radiomics (n = 25)

assessment (n = 23)

Studies eligible for quality

Recurrent gliomas included or
exclusion of recurrent gliomas not
stated (n = 3)

No pre-treatment MRI (n = 1)
Inclusion of glioblastoma (n = 4)
Full-text not available: (n = 1)

\ 4

synthesis after quality

(n=14)

Studies included in data

assessment (n=19), studies
eligible for meta-analysis

Fig.2 Flow chart representing the search and selection process.

used only 1 technique. After applying the quality assess-
ment scoring model (Supplementary 4) to the selected
studies, 19 studies had a “low risk of bias” and were in-
cluded in the final analysis.

Results of Systematic Analysis

Of the 19 studies that remained after the quality assess-
ment, 10 studies reported on both IDH status and 1p/19q
status, 5 studies reported only on IDH status, and 4 studies
reported only on 1p/19q status (Table 1 and Supplementary

5). Twelve studies were included in the 2-group analysis
as 2 studies did not present data that directly addressed
the relationship between 1p/19q status and radiological
characteristics.'> Only 6 studies reported radiological
characteristics for IDHmut ACTs, IDHwt ACTs, and ODGs
separately (of which 2 studies only presented ACTs?23")
and were thus included in the 3-group analysis.

There was a wide range of reported frequencies per ra-
diological characteristic in both the 3-group analysis and
the 2-group analysis (Supplementary 6, 7, and 8). How the
included studies defined and presented the radiological
characteristics can be found in Supplementary 3. Tumor
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border was mostly classified as sharp or indistinct on T2/ Meta-analysis: A total of 670 cases for the 3-group anal- g, %
FLAIR. Contrast enhancement was often classified as ab-  ysis and 1042 cases for the 2-group analysis were included g E
sent or present and some studies reported enhancing inthe meta-analysis. =] 9
proportions or enhancement patterns. For the detection 8 (@)
of edema, T2/FLAIR and the VASARI MRI feature set were Three-Group Analysis (72] g
used. Heterogeneity was commonly classified as mixed 2.
intensity signals on eitherT1 of T2/FLAIR. Cysts were often  IDHmut ACTs had significantly more often sharp borders (=]
classified as absent or present. Three out of 4 studies de-  than IDHwt ACTs and ODGs (50% vs 29% vs 32%, respec- 3

tected calcification on computed tomography (CT) and 1
study did not clearly state which modality was used.

tively, P<.001, Figure 3A and Supplementary 7). IDHmut
ACTs were less less frequently contrast enhanced than

A Sharp border, p<0.001 (5 studies)
n=166
ODG 53 113
IDHmut ACT 106 — p=0.500
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
m Yes mNo
B Contrast enhancement, p = 0.008 (5 studies)
n=95
oo I
=0.057
p=0.002
IDHwt ACT 112 80
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
= Yes mNo
C Edema, p<0.001 (3 studies)
n =48
ODG
IDHmUt ACT 116 —p<0.001
| p=0.027
IDHwt ACT 41 | 109
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
m Yes mNo

Fig.3 The outcome of the 3-group meta-analysis, stratified for IDH and 1p/19q status, for (A) sharp border, (B) contrast enhancement, (C) edema,
(D) heterogeneity and (E) cysts. P-values (acquired by the Pearson’s Chi-square test) and the included number of studies are presented per radio-
logical characteristic. A total number of cases per glioma subtype are presented above the bars. The faded bars represent the data of 1 study, as
no more data were available for this analysis. IDHmut ACT, isocitrate dehydrogenase-mutated astrocytoma; IDHwt ACT, isocitrate dehydrogenase-
wildtype astrocytoma; 0DG, oligodendroglioma.
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D Heterogeneity, p<0.001 (2 studies)
n=235

opa _l—]
<0.001
n=>53 P

— p<0.001
p=0.181
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
® Yes mNo

E Cysts, p = 0.002 (3 studies)

n=2383

— p=0.060
IDHmut ACT —p<0.001
=0.065
n =155 P

S

20% 30% 40% 50%

® Yes mNo

0% 10%

Fig. 3 Continued

both IDHwt ACTs (43% vs 58%, respectively, P = .002,
Figure 3B), but not compared to ODGs (43% vs 55%, re-
spectively, P =.057). Edema was seen significantly more
frequently in IDHwt ACTs compared to IDHmut ACTs
and ODG (27% vs 17% vs 2%, respectively, P < .001,
Figure 3C). Both IDHmut ACTs and IDHwt ACTs were
significantly less frequently heterogeneous than ODGs
(47% vs 60% vs 94%, respectively, P < .001, Figure 3D),
but no significant difference was found between IDHmut
ACTs and IDHwt ACTs (P = .181). Cysts were seen sig-
nificantly more often in ODGs than IDHwt ACTs (29% vs
11%, P< .001, Figure 3E), but no significant difference be-
tween ODGs and IDHmut ACTs could be demonstrated
(29% vs 18%, P =.060). No significant differences in cysts
were seen between IDHmut ACTs and IDHwt ACTs either
(P=.065).

Two-Group Analysis

1p/19g-codeleted gliomas, when compared to 1p/19g-
intact tumors, were characterized by a significantly lower
frequency of sharp borders (24% vs 41%, Figure 4A), but
higher rates of edema (41% vs 21%, Figure 4C), a hetero-
geneous aspect (96% vs 64%, Figure 4D), cysts (39% vs
18%, Figure 4E), and calcification (561% vs 9%, Figure 4F)
(all P < 0.001) (Figure 4 and Supplementary 8). No

60%

70% 80% 90% 100%

significant difference was found for contrast enhancement
(46% [1p/19g-codeleted] vs 49% [1p/19g-intact], P = .376,
Figure 4B).

Sensitivity and Specificity

For the 2-group analysis, a sensitivity of 96.0% (95% con-
fidence interval [Cl], 92.7-98.1%) for heterogeneity and
specificities of 82.3% (95% Cl, 76.8-86.9%) and 90.8% (95%
Cl, 84.4-95.1%) for cysts and calcification, respectively,
were found for the diagnosis of ODG (Supplementary 8).
All other values did not exceed 80%.

Discussion
Main Findings

This meta-analysis demonstrates that radiological char-
acteristics, as visible on conventional MRl and CT, are
significantly different between the 3 WHO 2016 gliomas
subtypes (IDHmut ACTs, IDHwt ACTs, and ODGs). IDHmut
ACTs have more frequently sharp borders and are less
often contrast-enhancing than IDHwt ACTs. Compared to
1p/19g-intact gliomas, 1p/19g-codeleted gliomas display a


https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdaa044#supplementary-data
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significantly lower rate of sharp borders and a higher rate  Biological Behavior g. %
of edema, heterogeneity, cysts, and calcification. For the =
. . . L : . - o=
diagnosis of ODG, high sensitivity was found for hetero-  The radiological differences between IDHmut and IDHwt = ?
geneity (96.0%) and a high specificity was found for calci- ~ACTs presumably reflect the more aggressive biological 8 (@)
fication (90.8%). behavior of IDHwt ACTs, as both contrast enhancement w0 g
o
Pl
[}
Q
) <
A Sharp border, p<0.001 (11 studies)
n = 466
1p19q codeleted 113 353
n =521
1p19q intact | 214 307

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m Yes mNo
B Contrast enhancement, p = 0.376 (10 studies)
1p19q codeleted 185 217
1p19q intact 199 206

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

® Yes ®mNo
C Edema, p<0.001 (3 studies)
n =147
1p19q codeleted 60 87
n=166
1p19q intact 35 131

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

® Yes mNo

Heterogeneity, p<0.001 (6 studies)
n =249

1p19q codeleted

n=195

1p19q intact

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

® Yes mNo

Fig.4 The outcome of the 2-group meta-analysis, stratified for 1p/19q status, for (A) sharp border, (B) contrast enhancement, (C) edema, (D) heter-
ogeneity, (E) cysts and (F) calcification. P-values (acquired by the Pearson’s Chi-square test) and the included number of studies are presented per
radiological characteristic. A total number of cases are presented above the bars.
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E Heterogeneity, p<0.001 (6 studies)
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Fig. 4 Continued

and indistinct borders are seen more frequently in IDHwt
ACTs, and are believed to indicate invasiveness.®0.15.34.35
This may explain why IDH mutations are an independent
positive prognostic marker.'®?® Furthermore, sharp bor-
ders'®23 and frontal anatomical location® may contribute to
better resectability, a larger extent of resection, and thus
better survival.

Among the IDH-mutated tumors, the ODGs also fre-
quently feature radiological characteristics which could
possibly reflect more aggressive biological behavior.
For example, Lee et al.3® demonstrated that high propor-
tions of edema affect progression-free and overall sur-
vival negatively, and Zhou et al.3’ demonstrated longer
progression-free survival and overall survival for gliomas
with smooth nonenhancing margins. Moreover, hetero-
geneity is considered to be a result of (micro)calcification,
intratumoral hemorrhage, necrosis, and degeneration'®?”
and these factors might complicate surgery. Considering
the presumably “aggressive” appearance of ODGs on
MRI, the relatively favorable prognosis of ODGs may seem
contradictive. The factor that is generally believed to at-
tribute to this good prognosis is their susceptibility for
chemoradiation.*”

Diagnostic Properties of (Conventional) MRI
Characteristics

Several studies proposed the possibility of conventional
MRI replacing biopsies for the noninvasive assessment
of the mutational status of gliomas (especially in the ab-
sence of genetic testing),'®'®?5 but the results of this

meta-analysis show that differentiation solely based on
independent conventional radiological characteristics is
not possible. The only characteristics that hold reason-
able diagnostic value on their own are heterogeneity
and calcification for the diagnosis of 1p/19g-codeletion.
Unfortunately, there is insufficient literature for a meta-
analysis on the combination of MRI characteristics, which
may yield higher predictive values. For example, 2 studies
found positive predictive values of 91-100% for detecting
1p/19g-codeletions after combining calcification and sur-
face localization.'”?® Other studies found differences in MR
diffusion, perfusion, and spectroscopy between genetic
subtypes, which could all contribute to the noninvasive
assessment of gliomas.?"%843 Especially the diagnostic
performance of 2-hydroxy-glutarate magnetic resonance
spectroscopy has shown promising results; a recent meta-
analysis found a sensitivity and specificity of 95% and
91%, respectively, for detecting IDH mutations in grade Il-
IV gliomas.** Moreover, the field of radiology is evolving,
and radiomics and machine learning as diagnostic tools
are demonstrating promising results with sensitivities of
81-97% and specificities of 77-100%.454° These new tech-
niques are, however, not yet incorporated and readily ap-
plicable in daily practice. Further study on the robustness
of standardized radiomics protocols is needed.

Growing Importance of Imaging

In light of the new WHO 2016 classification of gliomas, all
previous studies regarding prognostic factors should be
reevaluated. Several studies have already confirmed the
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positive effect of gross total resection on overall survival
for IDHmut ACTs,%9-3%3 put it also seems that a small res-
idue in ODGs does not have the same negative impact
on survival as in IDHmut ACTs.5" Future lines of research
should finally answer the question whether the surgical
strategy for a diffuse glioma is dependent on the molecular
subtype. If this is the case, then the preoperative prediction
of a molecular subtype with advanced imaging becomes
increasingly important.

Limitations

This review and meta-analysis are subject to several lim-
itations. First, in the 2-group analysis on the effects of
1p/19q status, some studies only included ODGs and
oligoastrocytomas based on the WHO 2007 criteria (thus
excluding the histologically pure ACTs), which could have
led to selection bias (Supplementary 9). This factor was not
included in the quality assessment as it could not be ap-
plied to all studies.

Second, the techniques used to describe the MRI character-
istics differed between the studies and not all studies defined
and presented the radiological characteristics in a similar
manner. This was overcome in the meta-analysis by uni-
formly dichotomizing the MRI characteristics (Supplementary
3) although one might argue that this is somewhat arbitrary.
Third, not all studies clearly stated whether or not biopsies
had been included. The exclusion of biopsies may lead to an
underrepresentation of deep-seated and poorly delineated
tumors, because these tumors are less likely to be resected.
Although these study limitations are partly accounted for by
the quality assessment, they may still have influenced the re-
sults. Fourth, although different entities, grade Il and grade
Il diffuse gliomas were reported separately in only 2 of the
included studies, and therefore a multiple regression analysis
including grade could not be conducted.

Lastly, we summarized predictive values of the different
radiological features by calculation of mean (compound)
sensitivity and specificity. For an exact evaluation of the diag-
nostic test accuracy of different MRI features, a formal meta-
analysis of diagnostic test accuracy, including summary ROC
curves, is superior. However, for each individual feature, we
found that the ranges and summary statistics of predictive
value were not sufficiently high to replace current tissue di-
agnosis. Further efforts on improving radiological methods
of tumor typing should therefore focus on combinations of
features and new techniques, rather than single radiological
features.

Conclusions

Subtypes of diffuse grade Il-lll gliomas, as defined in
the WHO 2016 classification, differ significantly in radio-
logical characteristics, which might reflect differences in
biological behavior as a result of their genetic make-up.
This may partly explain the heterogenic clinical outcome
of these gliomas. Even though the absence of heteroge-
neity on MRI strongly suggests an 1p/19g-intact glioma
and the presence of calcification strongly suggests
an 1p/19g-codeleted glioma, the diagnostic values of

single MRI characteristics are insufficient to reliably di-
agnose distinct molecular subtypes. Large-scale studies
that simultaneously evaluate multiple radiological fea-
tures, both conventional MRI and advanced techniques
(MR-spectroscopy, diffusion, and perfusion), may im-
prove predictive value through multivariable modeling.
Developing technologies such as radiomics and machine
learning are not yet applicable in the present clinical prac-
tice, but are indeed promising for even better prediction
of the molecular genetic status of gliomas in the future.
Such methods of noninvasive genotyping may prove
valuable in the tailoring of surgical strategy and general
treatment planning, ultimately improving the outlook for
patients with diffuse glioma.

Supplementary Data

Supplementary data are available at Neuro-Oncology
Advances online.
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