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Abstract
Objectives To evaluate the imaging features of isocitrate dehydrogenase (IDH) mutant glioma and to assess the diagnostic
performance of magnetic resonance imaging (MRI) for prediction of IDH mutation in patients with glioma.
Methods A systematic search of Ovid-MEDLINE and EMBASE up to 10 October 2017 was conducted to find relevant studies.
The search terms combined synonyms for ‘glioma’, ‘IDH mutation’ and ‘MRI’. Studies evaluating the imaging features of IDH
mutant glioma and the diagnostic performance of MRI for prediction of IDHmutation in patients with glioma were selected. The
pooled summary estimates of sensitivity and specificity and their 95% confidence intervals (CIs) were calculated using a bivariate
random-effects model. The results of multiple subgroup analyses are reported.
Results Twenty-eight original articles in a total of 2,146 patients with glioma were included. IDH mutant glioma showed frontal
lobe predominance, less contrast enhancement, well-defined border, high apparent diffusion coefficient (ADC) value and low
relative cerebral blood volume (rCBV) value. For the meta-analysis that included 18 original articles, the summary sensitivity
was 86% (95% CI, 79%–91%) and the summary specificity was 87% (95% CI, 78–92%). In a subgroup analysis, the summary
sensitivity of 2-hydroxyglutarate magnetic resonance spectroscopy (MRS) [96% (95% CI, 91–100%)] was higher than the
summary sensitivities of other imaging modalities.
Conclusions IDHmutant glioma consistently demonstrated less aggressive imaging features than IDH wild-type glioma. Despite
the variety of different MRI techniques used, MRI showed the potential to non-invasively predict IDH mutation in patients with
glioma. 2-Hydroxyglutarate MRS shows higher pooled sensitivity than other imaging modalities.
Key Points
• IDH mutant glioma showed frontal lobe predominance, less contrast enhancement, well-defined border, high ADC value, and
low rCBV value.

• The diagnostic performance of MRI for prediction of IDH mutation in patients with glioma is within a clinically acceptable
range, the summary sensitivity was 86% (95% CI, 79–91%) and the summary specificity was 87% (95% CI, 78–92%).

• In a subgroup analysis, the summary sensitivity of 2-hydroxyglutarate MRS [96% (95% CI, 91–100%)] was higher than the
summary sensitivities of other imaging modalities.
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and meta-analyses
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PWI Perfusion-weighted imaging
QUADAS-
2

Quality assessment of diagnostic accuracy stud-
ies-2

rCBV Relative cerebral blood volume
WHO World Health Organization

Introduction

In the 2016 World Health Organization (WHO) classifica-
tion [1], grades II, III and IV gliomas are divided into
isocitrate dehydrogenase (IDH) mutant glioma and IDH
wild-type glioma. IDH mutation occurs in most WHO
grade II and III gliomas, and also in secondary glioblasto-
ma [2]. The IDH gene plays important roles in metabolism,
cellularity and angiogenesis [3]. Recent studies revealed
that IDH mutant glioma demonstrates significant positive
effects on survival and chemosensitivity compared with
IDH wild-type glioma [4–6].

Immunohistochemistry and genomic sequence analysis are
regarded as Bgold standard^ methods for detecting IDH mu-
tations in patients with glioma [3]. However, these methods
are invasive because they require histopathological speci-
mens; furthermore, a biopsy may also lead to an incorrect
result due to intratumoural heterogeneity. In addition, minor
changes after biopsy may change the staging. Intratumoural
genetic heterogeneity reduces the value of invasive biopsy-
based genomic analysis but provides opportunities for medical
imaging procedures that can depict the entire tumour in a non-
invasive and repeatable way. Therefore, a non-invasive and
accurate method to predict IDH mutation may have great po-
tential in routine clinical practice and could help with the
implementation of appropriate management procedures in pa-
tients with glioma.

Magnetic resonance imaging (MRI) has served as an impor-
tant non-invasive modality of choice for examining gliomas.
Recently, multiple studies reported on the imaging features and/
or the high diagnostic performance of MRI for prediction of
IDH mutation in patients with glioma [7–34]. Various MRI
modalities have been used, including conventionalMRI as well
as advanced techniques such as diffusion-weighted imaging
(DWI) or perfusion-weighted imaging (PWI). In addition, 2-
hydroxyglutarate magnetic resonance spectroscopy (MRS) has
been introduced to detect the oncometaboli te 2-
hydroxyglutarate, which is a direct consequence of an IDH
mutation [35]. Moreover, radiomics approaches using high-
throughput quantitative imaging features have been successful-
ly used in IDH mutation detection [36]. Therefore, imaging
prediction of IDH mutation would be a valuable adjunct in
and informative to clinical decision-making, and will become
valuable as IDH mutant inhibitors become clinically available,
and might be used as neoadjuvant therapy [37].

However, the imaging prediction of IDH mutation has not
yet been systematically evaluated. Moreover, factors affecting
the diagnostic performance should be found if heterogeneity
exists. Therefore, the purpose of our study was to evaluate the
imaging features of IDH mutant glioma and to assess the
diagnostic performance of MRI for prediction of IDH muta-
tion in patients with glioma.

Materials and methods

This systematic review and meta-analysis were performed and
reported using the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [38].

Literature search

A systematic search of Ovid-MEDLINE and EMBASE up to
10 October 2017 was conducted to find studies evaluating the
imaging features of IDH mutant glioma and the diagnostic
performance of MRI for prediction of IDH mutation in pa-
tients with glioma. The search terms combined synonyms
for ‘glioma’, ‘IDH mutation’ and ‘MRI’ as follows: [(glio-
ma*) OR (glioblastoma*) OR (astrocytoma*) OR
(astroglioma*) OR (oligodendroglial)] AND [("isocitrate de-
hydrogenase") OR (IDH) OR (IDH1) OR (IDH1/2)] AND
[(magnetic resonance imaging) OR (MR imaging) OR
(MRI)]. The bibliographies of identified studies were screened
to expand the extent of the search. The systematic search was
limited to English language publications.

Inclusion criteria

Studies (or subsets of studies) were included if they satisfied
all of the following criteria: (1) patients with grade II, III and
IV gliomas histopathologically confirmed according to the
2007 or 2016 WHO classification criteria [1, 39]; (2) conven-
tional MRI, advanced MRI or radiomics approach performed
before treatment; (3) a reference standard based on immuno-
histochemistry analysis for IDH1 mutation (R132H) and/or
genomic sequencing analysis for the IDH1 and IDH2 genes;
(4) sufficient detail for acquisition of the imaging features of
IDH mutant glioma or reconstruction of 2 × 2 tables for de-
termination of the diagnostic performance of MRI for predic-
tion of IDH mutation in patients with glioma.

Exclusion criteria

Studies were excluded if any of following criteria were met:
(1) case reports or case series involving less than ten patients;
(2) conference abstracts, letters, editorials, comments and re-
views; (3) a study population comprised of patients with re-
current glioma; (4) studies focusing on topics other than the
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use of MRI to diagnose IDH mutation; (5) studies with a
partially overlapping patient population. For studies with an
overlapping study population or study period, the study with
the largest and latest population was included. Authors of the
studies were contacted for provision of further information
when 2 × 2 tables could not be obtained.

Data extraction and quality assessment

A standardised form was used to extract the following data
from the included studies: (1) study characteristics: authors,
publication year, affiliation, duration of patient recruitment,
study design (prospective vs retrospective design), study en-
rolment (consecutive vs non-consecutive enrolment), the ref-
erence standard, interval between MRI and the reference stan-
dard, and blinding to the reference standard; (2) demographic
and clinical characteristics: sample size, number of patients
with IDH mutation, mean age (range), male and female ratio,
and underlying disease; (3) technical characteristics of MRI:
magnetic field strength, scanner manufacturer and model,
head coil channels, types of MRI techniques or sequences,
the specific technical parameters, and cut-off values for diag-
nosing IDH mutation; (4) MRI interpretation: number of
readers, experience, and blinding to the reference standard;
(5) imaging features of IDH mutant glioma and the diagnostic
performance of MRI for prediction of IDH mutation in pa-
tients with glioma.

The methodological quality assessment was evaluated
using tailored questionnaires and the criteria of the Quality
Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2)
[40]. Literature selection, data extraction, and quality assess-
ment were performed independently by two reviewers (C.H.S.
and H.S.K.). If disagreement was present, a third reviewer
(S.J.K.) was consulted to reach a consensus.

Data synthesis and analysis

Identification of the imaging features of IDH mutant glioma
and the diagnostic performance of MRI for prediction of IDH
mutation in patients with glioma were the primary outcome
for the meta-analysis. The results of multiple subgroup anal-
yses of different imaging modalities, WHO grade and histol-
ogy are reported.

For the included studies, 2 × 2 tables were reconstructed to
identify their sensitivity and specificity. If the diagnostic per-
formances of multiple MRI sequences were separately
assessed, we chose the results with higher performance. If
multiple results from training and testing (validating) sets
were given in studies developing a model, the results from
the test set were selected.

Heterogeneity was determined using the following: (1)
Cochran’s Q-test with p < 0.05 indicating the presence of
heterogeneity; (2) Higgins inconsistency index (I2) test with

the following criteria for interpretation of the degree of het-
erogeneity: I2 = 0–40%, heterogeneity might not be important;
30–60%, moderate heterogeneity may be present; 50–90%,
substantial heterogeneity may be present; 75–100%, consid-
erable heterogeneity [41]; (3) visual assessment of the coupled
forest plot to evaluate the presence of a threshold effect, i.e. a
positive correlation between sensitivity and false positive rate
among the included studies; (4) a Spearman correlation coef-
ficient >0.6 indicating a considerable threshold effect [42].

The pooled summary estimates of sensitivity and specific-
ity and their 95% CIs were calculated using a bivariate
random-effects model [43–47]. For graphical presentation of
the study results, a hierarchical summary receiver operating
characteristic (HSROC) curve with 95% confidence and pre-
diction regions was plotted. Publication bias was assessed
using Deeks’ funnel plot, and statistical significance was de-
termined using Deeks’ asymmetry test [48].

We performed multiple subgroup analyses according to
different imaging modalities, WHO grades and histology:
(1) conventional MRI; (2) diffusion-weighted imaging
(DWI)/perfusion-weighted imaging (PWI); (3) magnetic res-
onance spectroscopy (MRS); (4) 2-hydroxyglutarate MRS;
(5) radiomics; (6) lower-grade glioma (grade II and III); (7)
glioblastoma (grade IV gliomas) only; (8) oligodendroglioma
(grade II, III); (9) grade II, III and IV gliomas. In addition, we
also performed meta-regression analysis to explain the effects
of heterogeneity. The following covariates were considered
for the bivariate model: (1) mean age [< 49 years (median
value of the included studies) vs ≥ 49 years]; (2) study enrol-
ment (consecutive vs non-consecutive enrolment); (3) analy-
sis of the type of IDH mutation (IDH1 only vs IDH1/2); (4)
number of MRI readers; (5) blinding to the reference standard
(MRI readers); (6) magnetic field strength ofMRI (3 Tonly vs
1.5 or 3 T); (7) number of imaging modalities (single vs
combination).

All statistical analyses were performed using the Bmetandi^
and Bmidas^ modules in Stata 10.0 (StataCorp, College
Station, TX, USA) and the Bmada^ package in R version
3.4.1 (R Foundation for Statistical Computing, Vienna,
Austria). A value of p < 0.05 was taken to indicate statistical
significance.

Results

Literature search

Our detailed study selection process is described in Fig. 1 and
Electronic Supplementary Material (ESM). Finally, 28 origi-
nal articles evaluating the imaging features of IDH mutant
glioma in a total of 2,146 patients with glioma were included
in our study [7–34].
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Characteristics of the included studies

The detailed patient and study characteristics are shown in
Table 1. Seven studies only included patients with glioblasto-
ma, with the percentage of patients with IDH mutation rang-
ing from 3.3 to 20.9% [12, 14, 18, 20, 24, 26, 34]. The other
studies included patients with grade II, III, or IV glioma, with
IDH mutation rates ranging from 30.8 to 88.3%.

All included studies used immunohistochemistry and/or
genomic sequence analysis as a reference standard. Nine stud-
ies used only genomic sequence analysis as a reference stan-
dard and three studies used only immunohistochemistry for
IDH1 as a reference standard. Immunohistochemistry was
performed for mutated IDH1 (R132H) protein expression,
and genomic sequence analysis was performed for mutations
in IDH1 or IDH2 genes [14].

MRI characteristics of the included studies

The detailed MRI characteristics are shown in Table 2.
Thirteen studies used only 3-T scanners [9–14, 19, 21,
24–27, 31], eight studies used 1.5- or 3-T scanners [16–18,
23, 29, 30, 32, 34], two studies used 7 T [22, 28] and five
studies did not state the scanner strength [7, 8, 15, 20, 33]. A
variety of different MRI techniques were used to predict IDH
mutation: conventional MRI in nine studies [7, 15, 18, 23, 26,
30, 32–34], DWI/PWI in eight studies [10, 12, 14, 17, 24, 25,
29, 31], MRS in three studies [11, 16, 27], 2-hydroxyglutarate
MRS in two of the three studies [11, 27], radiomics in three
studies [8, 9, 20], sodiumMRI in one study [28], susceptibility
weighted imaging in one study [22] and diffusion kurtosis
imaging in one study [21]. For 16 studies using advanced

MRI techniques except MRS, whole tumour analysis was
used by means of region-of-interest (ROI)-based analysis in
nine studies [10, 12, 17, 21, 22, 24, 25, 28, 29], texture anal-
ysis in three studies [8, 9, 20] and histogram analysis in two
studies [19, 31]. MRI was interpreted by one to four neurora-
diologists, neurosurgeons or neurologists, with the readers’
level of experience ranging from 5 to 30 years.

The results of the quality assessment according to
QUADAS-2 are illustrated in Fig. 2 and ESM. The quality of
the studies was considered moderate, with 20 of the 28 studies
satisfying at least four of the seven QUADAS-2 domains.

Imaging features of IDH mutant glioma: a systematic
review

Studies using conventional MRI demonstrated a variety of
imaging features of IDH mutant glioma. IDH mutant glioma
was commonly located in the frontal lobe [16, 18, 23, 29, 30,
32–34]. IDH mutant glioma was less likely have contrast en-
hancement than IDHwild-type glioma [16, 18, 26, 33, 34] and
IDH mutant glioma showed well-defined borders [23, 33].
One study reported that all ‘T2–FLAIR mismatch’ cases were
positive for IDH mutant glioma [15]. The representative case
studied by conventional MRI is shown in Fig. 3.

On DWI, several studies consistently demonstrated that
IDH mutant glioma showed higher mean apparent diffusion
coefficient (ADC) values than IDH wild-type glioma [10, 17,
25, 29, 31]. In addition, IDH mutant glioma had a minimally
invasive diffusion tensor imaging (DTI) phenotype [14] and
fractional anisotrophy value was significantly lower in IDH
mutant glioma than IDH wild-type glioma [25]. On PWI,
several studies consistently demonstrated that IDH mutant

Fig. 1 Flow diagram of the study
selection process for this
systematic review and meta-
analysis
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glioma showed lower relative cerebral blood volume (rCBV)
values than IDH wild-type glioma [10, 12, 17]. In addition,
IDH mutant glioma also showed lower tumour blood flow
than IDH wild-type glioma [24].

Multiple other advancedMRI techniques including sodium
MRI [28], susceptibility weighted imaging [22], diffusion kur-
tosis imaging [21], amide proton transfer-weighted (APTw)
MRI [19], quantitative blood oxygenation level–dependent

imaging/vascular architectural mapping [13] were used to
identify imaging features of IDH mutant glioma.

Diagnostic performance of MRI for prediction of IDH
mutation: a meta-analysis

Eighteen original articles evaluated the diagnostic perfor-
mance of MRI for prediction of IDH mutation in a total of

Fig. 3 Images obtained in a 44-year-old woman with histologically prov-
en IDH mutant glioma. a T2-weighted image shows a well-defined high
signal intensity mass in both frontal lobe. b FLAIR image shows

relatively hypointense signal. c T1-weighted and d contrast-enhanced
T1-weighted images show no enhancement. e DWI and f corresponding
ADC map reveal high ADC

Fig. 2 Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) criteria for the 28 included studies
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1,168 patients with glioma for a meta-analysis [7, 9–14,
16–20, 24, 25, 27, 29, 31, 34]. The sensitivities and spec-
ificities of the individual studies were 56–100% and 51–
100% respectively. The Q-test demonstrated that hetero-
geneity was present across the studies (Q = 23.846, p <
0.01). The Higgins I2 statistic demonstrated moderate het-
erogeneity in the sensitivity (I2 = 63.9%) and substantial
heterogeneity in the specificity (I2 = 91.9%). A coupled
forest plot of the sensitivity and specificity revealed no
evidence of a threshold effect (Fig. 4). The Spearman
correlation coefficient between the sensitivity and false-
positive rate was 0.288 (95% CI, -0.207 to 0.665), also
indicating no threshold effect.

For all 18 studies combined, the summary sensitivity
was 86% (95% CI, 79–91%) and the summary specificity
was 87% (95% CI, 78–92%; Fig. 4). In the HSROC
curve, there was a large difference between the 95% con-
fidence region and the 95% prediction region, indicating
the possibility of heterogeneity across the studies (Fig. 5).
The area under the HSROC curve was 0.93 (95% CI,
0.90–0.95). The Deeks’ funnel plot showed that the

likelihood of publication bias was low, with a p value of
0.88 for the slope coefficient (ESM Fig. 1).

Subgroup analyses

We performed multiple subgroup analyses to assess various
clinical settings (Table 3). In terms of the various imaging
modalities, studies using 2-hydroxyglutarate MRS demon-
strated a summary sensitivity of 96% (95% CI, 91–100%)
and a specificity of 85% (95% CI, 62–100%). The summary
sensitivity of 2-hydroxyglutarate MRS was higher than in the
other imaging modalities.

In terms of WHO grade and histology, the summary sensi-
tivity was 85% (95% CI, 72–93%) and the specificity 82%
(95% CI, 70–89%) in studies that only included lower-grade
glioma (grade II and III). In studies that only included glioblas-
toma, the summary sensitivity was 90% (95% CI, 80–100%)
and the specificity 91% (95%CI, 82–99%). In studies including
oligodendroglioma, the summary sensitivity was 87% (95%CI,
80–94%) and the specificity was 83% (95% CI, 71–94%).
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Fig. 4 Coupled forest plots of the pooled sensitivity and specificity for the diagnostic performance of MRI for prediction of IDH mutation. Numbers are
pooled estimates with 95% confidence intervals (CI) in parentheses; horizontal lines indicate 95% CIs
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Meta-regression

Meta-regression was performed to explain the effects of het-
erogeneity (Table 4). Among the various potential covariates,
analysis of the type of IDH mutation (IDH1 only vs IDH1/2)
and the number of MRI readers were associated with study

heterogeneity. Studies analysing IDH1/2 [89% (95% CI, 82–
96%)] showed higher sensitivities than studies analysing
IDH1 only [84% (95% CI, 76–92%); p = 0.01]. The use of
two or more MRI readers [86% (95% CI, 78–94%)] resulted
in higher sensitivity than was obtained with a single reader
[83% (95% CI, 73–92%); p = 0.03]. Otherwise, mean age,
study enrolment, blinding to the reference standard, magnetic
field strength of the scanner, and number of imaging modali-
ties (single vs combination) were not significant factors affect-
ing the heterogeneity.

Discussion

Our study demonstrates that IDHmutant glioma showed fron-
tal lobe predominance, less contrast enhancement, well-
defined border, high ADC value, and low rCBV value. In
addition, the diagnostic performance of MRI for prediction
of IDH mutation in patients with glioma is within a clinically
acceptable range, even though a variety of MRI techniques
were used across the examined studies. The summary sensi-
tivity was 86% (95% CI, 79–91%), the summary specificity
was 87% (95% CI, 78–92%), and the area under the HSROC
curve was 0.93 (95% CI, 0.90–0.95). In the subgroup analy-
ses, the summary sensitivity of 2-hydroxyglutarate MRS
[96% (95% CI, 91–100%)] was higher than the sensitivities
of the other imaging modalities. Heterogeneity was present
across the studies, with analysis of the type of IDH mutation
(IDH1 only vs IDH1/2) and the number of MRI readers being
associated with this study heterogeneity. Despite the variety of
different MRI techniques used in the examined studies, our
analysis indicates that MRI has the potential to non-invasively
predict IDH mutation in patients with glioma.

In 2016, the WHO classification was updated [1], and
many researchers have since made considerable efforts to
preoperatively predict IDH mutation in patients with gli-
oma. As an IDH gene mutation may reflect changes in

Table 3 Results of multiple subgroup analyses of MRI for prediction of IDH mutation

Covariates Subgroup Meta-analytic summary estimates

Sensitivity (95% CI) Specificity (95% CI)

Imaging modalities Conventional MRI (n = 3) 80% (62–97%) 87% (72–100%)
DWI/PWI (n = 8) 84% (75–94%) 87% (78–97%)
MRS (n = 3) 93% (85–100%) 85% (67–100%)
2-hydroxyglutarate MRS (n = 2) 96% (91–100%) 85% (62–100%)
Radiomics (n = 2) 88% (72–100%) 78% (47–100%)

WHO grade and histology Lower-grade glioma (grade II and III) (n = 4) 85% (72-93%) 82% (70-89%)
Glioblastoma (n = 6) 90% (80–100%) 91% (82–99%)
Containing oligodendroglioma (n = 9) 87% (80–94%) 83% (71–94%)
Grade II, III and IV gliomas (n = 11) 84% (76–92%) 84% (74–94%)

CI confidence intervals, IDH isocitrate dehydrogenase, MRI magnetic resonance imaging, MRS magnetic resonance spectroscopy, DWI diffusion-
weighted imaging, PWI perfusion-weighted imaging

Fig. 5 Hierarchical summary receiver operating characteristic (HSROC)
curve of the diagnostic performance of MRI for imaging prediction of
IDHmutation in patients with glioma. The summary sensitivity was 86%
(95% CI, 79–91%), the summary specificity was 87% (95% CI, 78–
92%), and the area under the HSROC curve was 0.93 (95% CI, 0.90–
0.95). In the HSROC curve, there was a large difference between the 95%
confidence region and the 95% prediction region, indicating the possibil-
ity of the presence of heterogeneity between the studies
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metabolism, cellularity, or angiogenesis [3], various imag-
ing modalities have been used to predict IDH mutation. In
our study, MRI demonstrated clinically acceptable diag-
nostic performance for imaging prediction of IDH muta-
tion. In the subgroup analyses, imaging modalities includ-
ing DWI/PWI, MRS and radiomics showed high diagnos-
tic performance. In addition, the summary sensitivity (84–
90%) and summary specificity (82–91%) of MRI accord-
ing to WHO grade and histology were similar. Therefore,
MRI in patients with glioma has the potential for not only
non-invasive but also highly accurate assessment of un-
derlying IDH mutation.

The current study highlights the fact that since Choi et al.
[35] developed and optimised the pulse sequence for 2-
hydroxyglutarate MRS, several articles have demonstrated
its excellent diagnostic performance in the detection of 2-
hyroxyglutarate [11, 27]. In the subgroup analyses, two stud-
ies using 2-hydroxyglutarate MRS showed a summary sensi-
tivity of 96% (95% CI, 91–100%) and a summary specificity
of 85% (95% CI, 62–100%). The 2-hydroxyglutarate concen-
tration is positively associated with tumour cellularity, and
two studies have provided a cut-off value for 2-
hydroxyglutarate concentration (1 mM [27] and 2 mM [11]).
However, 2-hydroxyglutarateMRS is technically challenging.
The quantitative evaluation using 2-hydroxyglutarate MRS
requires dedicated software and accurate calibration. One re-
cent study reported that the sensitivity ofMRS for detecting 2-
hydroxyglutarate is highly dependent on tumour volume [49].
Further technical validation as well as clinical validation
should be needed to implement 2-hydroxyglutarate MRS in
the clinics. Moreover, further studies analysing other con-
founders of the correlation or association between MRI and
IDH mutation are needed.

There was moderate heterogeneity in the sensitivity (I2 =
63.9%) and substantial heterogeneity in the specificity (I2 =
91.9%). The use of a variety of different MRI techniques
across all the included studies was regarded as a major cause
of heterogeneity in our meta-analysis. In the meta-regression
to investigate the cause of heterogeneity, analysis of the type
of IDH mutation (IDH1 only vs IDH1/2) and the number of
MRI readers were associated with the study heterogeneity.
Specifically, studies analysing IDH1/2 (89%) showed signifi-
cantly higher sensitivity than studies analysing IDH1 only
(84%), and the use of at least two readers (86%) showed
significantly higher sensitivity than the use of a single reader
(83%; p = 0.03). On the basis of these results, we cautiously
recommend both analyses for IDH1/2 and the inclusion of at
least two MRI readers when predicting IDH mutation in pa-
tients with glioma.

Our study is subject to several limitations. First, a variety of
different MRI techniques were used to predict IDH mutation,
and heterogeneities regarding sensitivity and specificity across
the studies were present. To overcome this heterogeneity, we
performed meta-regression and multiple subgroup analyses.
Second, 12 of 18 studies were retrospective in study design.
Third, our study revealed a relatively unclear risk of bias in the
quality assessment. However, there were low concerns regard-
ing applicability of all included studies. Fourth, we cannot
obtain pooled quantitative cut-off values of DWI and/or
PWI parameters to predict IDH mutation. In our study, only
8 of 28 studies used DWI or PWI and the studies did not
provide individual patient data. Therefore, methodologically,
it is impossible to obtain pooled quantitative cut-off values of
DWI and/or PWI parameters to differentiate IDH mutant gli-
oma from IDH wild type glioma. Further studies should be
warranted. We utilised robust methodology (hierarchical

Table 4 Results of the meta-regression of MRI for prediction of IDH mutation

Covariates Subgroups Meta-analytic summary estimates

Sensitivity (95% CI) p value Specificity (95% CI) p value

Mean age <49 years 83% (73–94%) 0.26 85% (67–100%) 0.43
≥49 years 82% (68–96%) 93% (85–100%)

Study enrolment Consecutive enrolment 93% (83–100%) 0.70 82% (63–100%) 0.21
Non-consecutive enrolment 85% (78–91%) 87% (80–95%)

IDH mutation IDH1 84% (76–92%) 0.01 86% (78–94%) 0.21
IDH1/2 89% (82–96%) 87% (76–98%)

Number of MRI readers 1 83% (73–92%) 0.03 87% (77–97%) 0.27
≥2 86% (78–94%) 89% (79–99%)

Blinding to the reference standard (MRI readers) Yes 86% (78–94%) 0.06 90% (83–97%) 0.58
Not explicit 86% (78–94%) 82% (70–94%)

Magnetic field strength of MRI 3 T 89% (83–95%) 0.55 89% (81–97%) 0.80
1.5 or 3 T 80% (68–93%) 84% (69–99%)

Imaging modalities Single 87% (78–96%) 0.22 91% (84–98%) 0.94
Combination 86% (76–95%) 82% (69–96%)

CI confidence intervals, IDH isocitrate dehydrogenase, MRI magnetic resonance imaging
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logistic regression modelling) [43–45] and reported our study
results according to several guidelines: PRISMA [38], the
Handbook for Diagnostic Test Accuracy Reviews published
by the Cochrane Collaboration [50], and the Agency for
Healthcare Research and Quality (AHRQ) [51].

IDH mutant glioma consistently demonstrated less aggres-
sive imaging features than IDH wild-type glioma. Despite the
variety of different MRI techniques utilised, MRI has the po-
tential to non-invasively predict IDHmutation in patients with
glioma, with 2-hydroxyglutarate MRS showing higher pooled
sensitivity than other imaging modalities. Further technical
validation as well as clinical validation should be needed to
implement 2-hydroxyglutarate MRS in the clinics.
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