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Abstract
Background.   Isocitrate dehydrogenase (IDH) mutation and chromosome 1p19q genotyping have become funda-
mental to the prognostic grouping of adult diffuse gliomas. Apparent diffusion coefficient (ADC) values may enable 
noninvasive prediction of glioma molecular status. The purpose of this systematic review and meta-analysis was 
to investigate the diagnostic accuracy of ADC for IDH and 1p19q genotyping, considering measurement techniques 
and tumor grade.
Methods.   A systematic search of PubMed and Cochrane Library databases was performed in December 2024. 
Studies were grouped according to the ADC parameter measured and the measurement techniques used. A meta-
analysis was performed, supplemented by Egger’s regression testing. The quality of studies was assessed with the 
QUADAS-2 tool.
Results.   Thirty-three studies, including a total of 4297 patients, fulfilled the inclusion criteria. IDH mutation and 
1p19q deletion status were assessed by 30 and 14 studies, respectively. Pooled area under the curve (AUC) values 
for the prediction of an IDH mutation and 1p19q codeletion ranged from 0.743 (0.680–0.805) to 0.804 (0.689–0.919), 
and 0.678 (0.614–0.741) to 0.692 (0.600–0.783). No significant differences were identified between regional and 
volumetric measurements, between ADCmean and ADCmin values, or comparing normalized and raw ADC data.
Conclusions.   This meta-analysis supports ADC as an imaging biomarker in untreated gliomas, specifically to pre-
dict IDH status. ROI measurement, particularly by a single ADCmean, is rapid, reproducible, and appears statistically 
equivalent to volumetric readouts. We found no evidence for superior diagnostic accuracy by ADC normalization. 
Published ADC thresholds have been summarized for consideration of prospective testing across institutions.

Key Points

•	 Apparent diffusion coefficient (ADC) values support the prediction of glioma IDH status.

•	 Regional and volumetric ADC performance was equivalent in the meta-analysis.

•	 ADC thresholds are proposed for the sensitive identification of glioblastoma genetics.

Gliomas represent the most common primary malignancy of 
the central nervous system (CNS) in adults and are frequently 
incurable.1–3 Molecular markers of prognostic relevance have 
become fundamental in the diagnosis of gliomas as defined 
in the World Health Organization (WHO) 2021 Classification 
of CNS Tumors.4 Diffuse gliomas are divided into 3 genetic 

groups based on the presence of an isocitrate dehydrogenase 
gene mutation (IDH-mutant, IDHmut), with or without chromo-
some 1p19q codeletion (1p19qcodel).4 Glioblastoma (GBM) is 
the most lethal type of glioma, characterized by the absence 
of an IDH mutation (IDH-wildtype, IDHwt) and malignant his-
tology (WHO grade 4).4 In contrast, most IDH-mutant tumors 
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are low-grade gliomas (WHO grades 2–3), divided into 
IDHmut/1p19qretained astrocytomas and IDHmut/1p19qcodel  
oligodendrogliomas.2,4,5

Glioma genotyping is essential for risk stratification and to 
guide clinical management. GBM is treated by resection fol-
lowed by radiotherapy and temozolomide chemotherapy.6–9 
Maximizing tumor resection prolongs the survival of 
GBM, which creates an argument for prompt identifica-
tion.5,8,10 A proportion of IDHwt tumors display histological 
low-grade features but belong to the molecular class of 
GBM, requiring radical treatment with a risk of comparably 
poor outcomes.1,2,4 On the contrary, the survival in IDHmut 
WHO grade 4 tumors tends to be longer than in GBM.1 In 
IDHmut astrocytomas, postoperative tumor volume is in-
dependently associated with survival, whereas 1p19qcodel 
oligodendrogliomas preferentially respond to chemo-
therapy.11 A preoperative prediction of IDH status could help 
better utilize sequencing resources in situations where IDH 
sequencing is not routine for all gliomas and/or where geo-
graphical inequities contribute to diagnostic delays.12,13

Diffusion-weighted imaging (DWI) performed with 
b-values of 0 s/mm2 and 1000 s/mm2 (sometimes with an 
additional b-value of 500 s/mm2) is widely integrated into 
clinical glioma MRI protocols.14,15 From this, apparent diffu-
sion coefficient (ADC) maps are calculated to estimate the 
magnitude of diffusion in each image voxel.14 ADC values 
have been negatively correlated with glioma cellularity in 
most studies, but other factors, including matrix composi-
tion, influence ADC.16,17 Several studies reported higher ADC 
values in IDHmut gliomas compared to IDHwt tumors, which 
may enable noninvasive prediction of glioma genotype.18–20 
However, it is unknown whether measurement methods in-
fluence the accuracy of ADC results for glioma molecular di-
agnosis. Much of the published literature on the diagnostic 
accuracy of ADC values for characterizing gliomas predates 
the WHO 2021 Classification of CNS Tumors.4 Specifically, 
older studies highlighted differences in ADC parameters be-
tween high-grade and low-grade gliomas, without reporting 
on genetic status.21 This raises the possibility of a WHO 
grade influence on ADC diagnostic accuracy.

The purpose of this systematic review and meta-analysis 
was to investigate the diagnostic accuracy of ADC for 
glioma IDH and 1p19 status prediction by measurement 
techniques and considering the possible influence of 
glioma WHO grade.

Methods

A literature review and meta-analysis were conducted ac-
cording to the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) guidelines.22 The 
meta-analysis component of the research was prospec-
tively registered on July 23, 2024 with the University 
of Nottingham Repository (http://doi.org/10.17639/
nott.7439).23

Information Sources and Search Strategy

A systematic search of PubMed and Cochrane databases 
was commenced on September 1, 2023, and last updated 
on December 21, 2024, to identify studies reporting the di-
agnostic accuracy of ADC for glioma IDH and 1p19q status 
prediction. To capture the genotyping era, a filter was ap-
plied to only include studies published since 2013 (10 years 
prior to the commencement of the analysis). Full details 
of the search terms are provided in the Supplementary 
Material.

Eligibility Criteria

Inclusion criteria were: original research in diffuse glioma 
(WHO grades 2–4), DWI/ADC or mean diffusivity/ADC cal-
culated from diffusion tensor imaging (DTI) performed 
on glioma patients pretreatment, assessment of the diag-
nostic or prognostic value of one or more diffusion param-
eters for the purpose of glioma grouping (eg, WHO grade, 
genotype), quantitative measurements described without 
or alongside histogram parameters or advanced computa-
tion, and studies no more than 10 years retrospect to cap-
ture the genotyping era.24

Exclusion criteria were: no diffusion-weighted (DWI/ADC 
or diffusion-tensor imaging [DTI]) sequence interpretation, 
animal/laboratory measurements, studies confined to pe-
diatric gliomas (defined as <5 adult cases), review articles, 
case reports of <5 cases, conference abstracts, no English 
full text, any previous treatment (surgery, radiotherapy, 
chemotherapy) and tumor types other than diffuse glioma.

Study Selection and Data Collection Process

The titles and abstracts of all studies identified by the 
search were uploaded into the Rayyan online systematic re-
view platform.25 Each abstract was independently screened 
by 2 reviewers (F.B. and J.S.). Following the unblinding of 
each reviewer’s screening results, conflicts were resolved 
through consensus. Candidate full texts were independ-
ently reviewed by the same reviewers against the inclu-
sion and exclusion criteria, with conflicts resolved after 
unblinding. Each reviewer (F.B. and J.S.) extracted data 
from all included studies into Microsoft Excel (Microsoft 

Importance of the Study

Predicting brain tumor genotypes has become an important 
objective in radiological diagnosis. This is particularly the 
case for identifying molecular glioblastoma, which may oth-
erwise be at risk of inequitable low-grade triage. Multiple 
studies have proposed apparent diffusion coefficient values 

as a biomarker of diffuse glioma IDH and 1p19 status. This 
systematic review and meta-analysis examined the entire 
available literature on the subject, including a variety of dif-
ferent measurement methods. Thresholds for prospective 
research and clinical trial applications are proposed.
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Excel for Mac, Version 16.88, Microsoft Corporation). The 
complete data extraction was compared, and discrepan-
cies were resolved in a consensus discussion with 2 senior 
authors (S.T. and N.S.).

Data Items

Items extracted consisted of author details and publication 
year, study design, research purpose, patient number, age, 
sex, microscopic WHO grade(s) and histopathological diag-
noses, immunohistochemistry methods, IDH and 1p19q 
status, DWI acquisition details, diffusion parameter(s) 
measured, measurement methods (eg, region of interest 
[ROI] defined as a single slice measurement(s) or volume 
of interest [VOI] defined as a measurement(s) obtained 
from multiple image slices) and interobserver testing, 
where published. The WHO numerical grade is Arabic 
throughout the manuscript in keeping with the latest WHO 
2021 convention. The original grading nomenclature has 
been retained, where older Roman grades were used in re-
search publications. The key outcome measure was the re-
ceiver operating characteristic (ROC) area under the curve 
(AUC) value of the diffusion parameter(s) used for IDH or 
1p19q genotyping of gliomas.

Study Risk of Bias Assessment

Risk of bias was assessed using the Quality Assessment 
of Diagnostic Accuracy Studies-2 (QUADAS-2) tool.26 
The QUADAS-2 questions were defined through a plan-
ning consultation between the authors and are listed in 
Supplementary Material. Studies which did not report con-
secutive or random enrolments were assigned a high risk 
of bias in the patient selection domain. If more than one 
reference standard was used, a high risk of bias was as-
signed in the reference standard domain. For the flow and 
timing domain, any interval between the index and refer-
ence tests greater than 2 weeks was labelled as high risk of 
bias. If the interval between the index and reference tests 
was not specified, this was labelled as unclear risk of bias. 
Each study was independently assessed by 2 reviewers (F.B 
and J.S.) with disagreements resolved through consensus 
with one senior author present (N.S.).

Statistical Analysis and Synthesis Methods

A meta-analysis was performed to estimate the diagnostic 
performance of ADC measurements. For studies with 
95% confidence intervals (CIs) but not standard error (SE) 
values, the 95% CIs were used to calculate the SE values by 
dividing the CI range by 3.92 as specified in the Cochrane 
Handbook for Systematic Reviews of Interventions.27 For 
studies in which AUC values were reported without an 
SE value or CI, the corresponding authors were emailed 
3 times to supply the missing data. If SE and/or CI values 
remained unconfirmed, an estimate of the SE value was 
calculated using Equation II described by Cortes and 
colleagues.28

Studies were grouped according to the ADC parameter 
measured (eg, minimum ADC [ADCmin] or mean ADC 

[ADCmean]), and the method of measurement (ROI or VOI). 
Studies which marked ROIs in the visually perceived lowest 
regions of the ADC map were coded as ADCmin. Studies 
which described placing an ROI across the largest axial 
tumor cross-section were classified as ADCmean. Studies 
taking an average ADC measurement from multiple ROIs 
placed within a tumor, but not targeting the lowest regions 
of the ADC map, were also classified as ADCmean. Studies, 
which targeted the visually perceived lowest ADC regions, 
were classed as ADCmin, even where these lowest ADC 
values were averaged. This grouping served the purpose 
of meta-analysis to align methods as closely as possible, 
irrespective of individual publication nomenclature. The 
data were further grouped based on whether absolute or 
normalized (eg, to contralateral normal-appearing white 
matter [CNAWM]) ADC measurements were recorded.

The meta-analysis was performed using the “Meta-
analysis” function on JASP software (JASP Team 2024, 
version 0.18.3 [Apple Silicon]). The fixed effects model was 
initially used with Cochran’s Q statistic to test for residual 
heterogeneity, whereby a threshold of P < .05 indicated 
significant residual heterogeneity. In the case of significant 
residual heterogeneity, the maximum likelihood model 
was applied instead. Results are displayed in forest plots 
with summary estimates presented. Funnel plots were 
produced, and ‘Egger’s regression test’ was performed to 
assess for plot asymmetry if at least 5 studies were avail-
able for analysis. To analyze the influence of WHO grade 
on AUC values, a linear regression was performed using 
the quoted AUC values and proportion of WHO grade 4 
tumors in each cohort where at least 5 studies reported a 
specific ADC parameter. Linear regression was performed 
using GraphPad Prizm Cloud (GraphPad Software, www.
graphpad.com).

Results

Study Selection and Overview

The database searches yielded 808 unique studies, of which 
33 were eligible for inclusion in this review. A PRISMA flow 
diagram summarizing the study selection process is pro-
vided in Figure 1.

Thirty-three studies, including a total of 4297 patients, 
were included in the final analysis, with a mean of 130 pa-
tients per study and a range of 11 to 475. All 33 studies were 
retrospective. Across the 33 studies, 30 studies assessed 
prediction of IDH mutation status,29–58 and 14 studies as-
sessed prediction of 1p19q codeletion status.47–57,59–61 
Tables 1–3 summarize the data extracted from each of the 
33 included studies grouped according to whether they 
assessed IDH mutation, both IDH mutation and 1p19q 
codeletion, or 1p19q codeletion alone.

Cohort composition.—The analyzed WHO grades varied 
across the included studies. The most common cohort 
mixes were WHO grade 2, 3 gliomas (n = 11),30–33,47–51,59,61 
and WHO grade 2, 3, and 4 gliomas (n = 10).38–41,53–58 A 
breakdown of the studied WHO grades is provided in the 
Supplementary Material.
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MRI field strength.—Three studies reported using 
1.5T MRI,37,44,61 20 studies used 3.0T MRI,29,32,35,36,38,39,41–

43,46,47,50,51,53–57,59,60 and 9 studies used a combination of 1.5T 
and 3.0T MRI from multiple vendors.30,31,33,34,40,45,48,52,58 The 
MRI field strength was not reported in one study.49

ADC measurement.—Eighteen studies used ROI-based 
measurements,32–34,36,38–42,44–47,50,55,58–60 13 studies used 
VOI-based measurements,29,35,37,48–54,56,57,61 and 2 studies 
used both ROI and VOI methods.30,31 Of the studies using 
VOI methods, 4 studies used automated tumor seg-
mentation techniques,48,49,53,56 while the remaining 
11 studies described manual whole tumor segmenta-
tion.29–31,35,37,50–52,54,57,61 For tumor segmentation, 4 studies 
used T2-weighted (T2w) sequences,30,31,50,51 one study 

used T2-FLAIR (FLAIR),54 one study used T2w and FLAIR,52 
one study used T1-weighted (T1w) or T2w,37 and one used 
T1w alone.35 Three studies did not state what sequences 
were used for tumor segmentation.29,57,61 Studies were 
broadly consistent in excluding calcified, cystic, hemor-
rhagic, or necrotic regions of tumors from measurements. 
Of the 20 studies using ROI methods of ADC measure-
ment, 14 studies assessed minimum ADC values (ADC
min)30,32–34,36,41,42,44–47,55,59,60 and 12 studies assessed mean 
ADC values (ADCmean).31,33,36,38–40,44,45,49,50,58,60 Nine 
studies did not describe exact ROI definitions for ADC 
measurements.31,34,37,43,48–50,52,53

Fifteen studies described measuring normalized ADC 
values using a comparative ROI.29–33,36,38,39,44,46,47,55,57,59,60 
CNAWM with location not further specified (NFS) was 
used as a comparison in 9 studies,29,33,36,38,39,46,55,59,60 

Records identified from database
search as of 21st December 2024:

Pubmed (n = 782)
Cochrane (n = 48)

Records removed before screening:
Duplicate records removed (n = 22)

Records put forward for title and
abstract screening
(n = 808)

Records excluded
(n = 697)

Full texts sought for retrieval
(n = 111)

Reports not retrieved
(n = 0)

Full texts screened
(n = 111)

Reports excluded (n = 78):
1. No tumour ADC measurement (n = 25)
2. No prediction of IDH or 1p19q mutation 

status (n = 18)
3. No receiver operating characteristic area 

under the curve analysis, sensitivity, or 
specificity provided (n = 8)

4. ADC values used in combination with 
other parameters and not provided 
separately (e.g. in a model with 
perfusion MRI features (n =10)

5. Used post-processing techniques (e.g. 
texture analysis) (n = 2)

6. Used compartmental modelling (e.g. 
IVIM) (n = 4)

7. Used multi b-value MRI (n = 4)
8. Included recurrent glioma (n = 3)
9. Included post-treatment imaging (n = 1)
10. Included paediatric gliomas (n = 1)
11. Full text not available in English (n = 2)

Studies included in review
(n = 33)

Identification of studies via databases and registers
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Figure 1.  PRISMA flow diagram.
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Table 1.  Summary of Studies Assessing IDH mutation Only

Study Research pur-
pose

WHO 
grades

Cohort size and com-
position

Age (years),
Sex

ROI or VOI 
methods

Results

Villanueva-
Meyer JE et 
al. 2018

To identify MRI 
markers pre-
dictive of IDH 
mutational status 
in grade II diffuse 
gliomas (DGs) 
and evaluate 
the complemen-
tary roles of MRI 
features and IDH 
mutational status 
to better predict 
outcomes for 
these patients.

2 100 WHO 2.
(IDH-wt = 22, IDH-
mut = 65)

IDH-wt Median 58.
IDH-mut Median 41.
Sex NS

VOI
Tumor delin-
eated on all 
axial slices to 
calculate min, 
mean, and max 
ADC of tumor.
Necrosis, 
cysts, hemor-
rhage, vessels 
avoided

- ADCmin: AUC 0.905 
(0.830–0.954), Cutoff 
<0.9 × 10–3, Sens 91%, 
Spec 76%, P < .001.

Thust SC et 
al. 2021

To compare 
volumetric and 
regional ADC 
measurement 
techniques 
for glioma 
genotyping with 
a focus on IDH 
status prediction.

2,3 283
(WHO 2 and 3)
(IDH-wt = 79, IDH-mut 
1p19q-retained = 104, 
IDH-mut 1p19q-
codel = 100)

Median 30, IQR 
33–53.
164M, 119F

ROI and VOI
Regional ADC 
measurements: 
3, small, 
30–40 mm2 
ROIs placed in 
visually per-
ceived lowest 
ADC portions 
of glioma, 
remaining in 
solid compo-
nent.
ADCmean: 
1 large ROI 
placed on the 
largest axial 
tumor cross-
section.
Calcium, cysts, 
hemorrhage, 
vessels were 
avoided from 
ROIs.
VOI: whole 
tumor seg-
mentation 
incorporating 
entire 
T2-weighted 
signal abnor-
mality.

- VOI ADCmin: Cutoff 
0.81 × 10–3 mm2/s, Sens 
68.4%, Spec 60.3%, AUC 
0.68 (0.61–0.75).
-VOI rADCmin (fifth per-
centile): Cutoff 1.08, Sens 
68.4%, Spec 61.3%, AUC 
0.72 (0.66–0.79).
- VOI ADCmean: Cutoff 
1.19 × 10–3 mm2/s, Sens 
77.2%, Spec 64.2%, AUC 
0.78 (0.72–0.84).
-VOI rADCmean: Cutoff 
1.60, Sens 86.8%, 
Spec 60.8%, AUC 0.82 
(0.76–0.88).
- ROI ADCmin: Cutoff 
1.07 × 10–3 mm2/s, Sens 
82.3%, Spec 61.3%, AUC 
0.79 (0.73–0.85).
-ROI rADCmin: Cutoff 
1.40, Sens 85.5%, 
Spec 62.3%, AUC 0.81 
(0.76–0.86).
- ROI ADCmean: Cutoff 
1.34 × 10–3 mm2/s, Sens 
84.8%, Spec 60.3%, AUC 
0.81 (0.75–0.86).
-ROI rADCmean: Cutoff 
1.75, Sens 86.8%, 
Spec 62.3%, AUC 0.83 
(0.77–0.88).
P < .001 for all.

Thust SC et 
al. 2018

To investigate if 
quantitative ADC 
measurements 
can predict ge-
netic subtypes of 
non-gadolinium-
enhancing 
gliomas, com-
paring whole 
tumor against 
single-slice anal-
ysis.

2,3 44
(WHO 2 = 26, WHO 
3 = 18)
(IDH-wt = 14, IDH-mut 
1p19q-retained = 16, 
IDH-mut 1p19q-
codel = 14)

IDH-wt Mean 53+/−14.
IDH-mut 1p19-
retained Mean 
33.9+/−8.6.
IDH-mut 1p19q-codel 
Mean 38.9+/−8.3.
22M, 22F

ROI and VOI
ROI placed on 
largest tumor 
cross-section, 
sparing the 
tumor margin.
VOI: whole 
tumor seg-
mentation 
incorporating 
entire 
T2-weighted 
signal abnor-
mality.

-ADCmean (VOI): Cutoff 
1201(×10–6 mm2/s), sens 
0.83, spec 0.86, AUC 0.85.
-rADCmean (VOI): Cutoff 
1.65, sens 0.80, spec 0.92, 
AUC 0.86.
-ADCmean (ROI) first ob-
server: Cutoff 1.83, sens 
0.86, spec 1.00, AUC 0.93.
-ADCmean (ROI) second 
observer: Cutoff 1.76, 
sens 0.86, spec 0.91, AUC 
0.88.
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Study Research pur-
pose

WHO 
grades

Cohort size and com-
position

Age (years),
Sex

ROI or VOI 
methods

Results

Xiong J et 
al. 2016

To assess 
whether DTI 
metrics could aid 
the noninvasive 
detection of IDH 
mutations and 
their correlations 
with tumor pro-
liferation and 
microvascular 
density (MVD) in 
oligodendroglial 
tumors.

2,3 90
(WHO 2 = 54, WHO 
3 = 36).
(IDH-mut = 67, 
IDH-wt = 23)
(Oligodendro-
glioma = 29, 
Anaplastic oligo-
dendroglioma = 24, 
Oligoastrocytoma = 25)

WHO II Mean 40+/−10.
WHO III Mean 46+/−11
42M, 38F

ROI
4–6 ROIs 
placed in a 
solid tumor. 
The lowest 
ADC from the 
ROIs drawn by 
2 observers 
was averaged 
and used as the 
minimum ADC 
value.
ROIs were 
also placed in 
peritumoral 
region to 
calculate 
peritumoral 
ADC.
Calcification, 
cysts, hemor-
rhage, necrosis 
avoided.

-ADCmin: Cutoff 0.81, 
Sens 78.7%, Spec 79.2%, 
AUC 0.77.
-rADCmin: Cutoff 1.19, 
Sens 80.9%, Spec 76.9%, 
AUC 0.80.

Maynard J 
et al. 2020

To evaluate clin-
ically available 
MRI parameters 
for predicting IDH 
status in patients 
with glioma.

2,3 339 (Study 
sample = 290, test 
sample = 49)
(WHO 2 and 3)
(Study sample: 
IDH-wt = 82, IDH-mut 
1p19q-retained = 107, 
IDH-mut 1p19q-
codel = 101)
(Test sample: 
IDH-wt = 9, IDH-mut 
1p19q-retained = 21, 
IDH-mut 1p19q-
codel = 19)

Study sample:
Median 10, IQR 33–52, 
Range 17–77.
169M,121F.
Test sample age and 
sex NS.

ROI
1) 3 ROIs (30–
40 mm2) placed 
in visually per-
ceived lowest 
ADC portions 
of each tumor; 
the lowest ROI 
mean ADC 
measurement 
is designated 
as ADCmin.
2) One large 
ROI placed 
to cover the 
largest axial 
tumor cross-
section; used 
as ADCmean.
Tumor mar-
gins, necrosis, 
hemorrhage, 
calcification 
avoided.

-rADCmean: AUC 0.83.
-ADCmin: AUC 0.78.
-rADCmin: AUC 0.8.
-ADCmean: AUC 0.81.

Wasserman 
JK et al. 
2015

To determine 
whether path-
ological and/
or radiological 
variables exist 
that can reliably 
distinguish IDH1-
R132H-positive 
from IDH1-
R132H-negative 
tumors and to 
identify variables 
associated with 
early mortality.

3 37 WHO 3.
(Anaplastic 
astrocytoma = 28: 
IDH R132H-mut = 12, 
IDH-wt = 16. Anaplastic 
oligoastrocytoma = 9: 
IDH R132H-mut = 6, 
IDH-wt = 3)

Mean 68, Range 
20–81.
16M, 21F

ROI
Small ROI 
(25 mm2) 
placed in 
region of 
lowest ap-
parent ADC, by 
visual inspec-
tion, to deter-
mine ADCmin 
values.

- ADCmin: Cutoff 
0.950 × 10–3 mm2/s, Sens 
76.9%, Spec 65.2%, AUC 
0.711 (0.534–0.887), 
P = .033.
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Study Research pur-
pose

WHO 
grades

Cohort size and com-
position

Age (years),
Sex

ROI or VOI 
methods

Results

Su CQ et al. 
2019

To examine 
whether tex-
ture analysis of 
DWI combined 
with conven-
tional MRI could 
non-invasively 
predict IDH1 
mutational status 
in anaplastic 
gliomas.

3 52 WHO 3.
(IDH-mut n = 21: 
11 anaplastic 
astrocytoma, 10 
anaplastic oligo-
dendroglioma. IDH-wt 
n = 25 (13 anaplastic 
astrocytoma, 12 
anaplastic oligo-
dendroglioma)

Mean = 47.8+/−12, 
Range 18–72
25M, 21F

VOI
Tumor manu-
ally outlined 
on contrast-
enhanced T1WI 
as areas of 
abnormal en-
hancement and 
non-enhancing 
tumor. Ves-
sels, necrosis, 
and edema 
avoided.

- ADCentropy, AUC 0.724 
(0.572–0.845), Cutoff 
>5.763, Sens 71.4%, Spec 
76%.

Du N et al. 
2022

To explore the 
correlation 
between MRI 
morphological 
characteristics, 
ADC parameters 
and pathological 
grade and IDH 
gene phenotypes 
of gliomas.

1,2,3,4 166
(WHO 1 = 12, WHO 
2 = 31, WHO 3 = 18, 
WHO 4 = 105)
(IDH-wt = 112, IDH-
mut = 48)
*No IDH status for 6 
patients.

Mean 51.1+/−15.9, 
Range 14–85.
92M, 74F

ROI
1) ADCmin: 
3 different 
20–30 mm2 
ROIs placed 
on visually 
determined 
lowest ADC; 
mean taken as 
ADCmin.
2) ADCmean: 
ROI plotted as 
large as pos-
sible on largest 
transverse 
cross-section 
of tumor.
Cysts, calci-
fication, ne-
crosis, vessels 
avoided.

-ADCmin: AUC 0.653 
(0.561–0.745), Cutoff 0.98, 
Sens 45.83, Spec 83.04.
-ADCmean: AUC 0.643 
(0.555–0.731), Cutoff 1.05, 
Sens 75.00, Spec 58.04.
-rADCmin: AUC 0.656 
(0.566–0.746), Cutoff 1.14, 
Sens 62.50, Spec 66.96.
-rADCmean: AUC 0.652 
(0.562–0.742), Cutoff 1.40, 
Sens 70.83, Spec 59.82.

Gihr G et al. 
2022

To investigate (I) 
the potential of 
ADC histogram 
analysis for 
distinguishing 
LGGs and HGGs 
and (II) whether 
those parameters 
are associ-
ated with Ki-67 
immunolabelling, 
the IDH1 muta-
tion profile and 
the MGMT pro-
moter methyla-
tion profile.

1,2,3,4 82
(WHO 1 = 7, WHO 
2 = 19, WHO 3 = 11, 
WHO 4 = 45)
(IDH-wt = 58, IDH-
mut = 19)
*No IDH status for 5 
patients.

WHO I + II Mean 34.
WHO III + IV Mean 62.
34M, 48F

VOI
Tumor volumes 
were manu-
ally drawn in 
T1W or T2W 
images along 
the border of 
visible signal 
alteration 
(contrast-
enhancing 
region or T2W 
hyperintense 
region) in every 
slice of detect-
able tumor. 
Volume used 
for histogram 
analysis.

- ADC Entropy, AUC 
0.8040 (0.6849–0.9231), 
P < .0001. Cutoff < 5.488, 
Sens 0.73. Spec 0.97.
- ADCmax, AUC 0.7314 
(0.6054–0.8573), 
P = .0026.
- Skewness, AUC 
0.7486 (0.6235–0.8737), 
P = .0012.

Table 1. Continued

D
ow

nloaded from
 https://academ

ic.oup.com
/noa/article/7/1/vdaf103/8140424 by C

atherine Sharp user on 02 O
ctober 2025



 8 Bhatti et al.: ADC for genetic characterization of adult gliomas

Study Research pur-
pose

WHO 
grades

Cohort size and com-
position

Age (years),
Sex

ROI or VOI 
methods

Results

Springer E 
et al. 2022

To use MR 
Fingerprinting-
derived T1 and T2 
relaxation maps 
to differentiate 
diffuse gliomas 
according to IDH 
mutation.

2,3,4 24
(WHO 2 = 10, WHO 
3 = 5, WHO 4 = 9)
(WHO2Diffuse 
Astrocytoma = 7: IDH-
mut = 6, IDH-wt = 1. 
WHO 2Oligodendro-
glioma IDH-mut 
1p19q-codel = 3. 
WHO III Anaplastic 
astrocytoma = 4: IDH-
mut = 3, IDH-wt = 1. 
WHO III anaplastic 
oligodendroglioma 
IDH-mut 1p19q-
codel = 1. WHO IV GBM 
n = 9: IDH-mut = 1, 
IDH-wt = 8.)

Mean 58.6, Range 
23–77.
15M, 9F

ROI
ROIs marked 
on 1) solid part 
of tumor with 
and without 
contrast en-
hancement 
(mean number 
of ROIs per 
case = 2.7), 2) 
perilesional 
NAWM (less 
than or equal 
to 1cm from 
tumor or 
peritumoral 
edema), 3) 
perilesional 
NAWM less 
than or equal 
to 1 cm dis-
tant from the 
tumor or from 
peritumoral 
edema, and 4) 
contralateral 
frontal lobe 
NAWM.
Necrosis and 
hemorrhage 
are avoided.

- ADCmean: AUC 0.875, 
P < .001.

Liu S et al. 
2022

To explore the 
feasibility of DWI 
metrics to predict 
the histologic 
subtypes and 
genetic status 
of gliomas 
noninvasively.

2,3,4 111
(WHO 2 = 36, WHO 
3 = 32, WHO 4 = 43)
(IDH-wt = 65, IDH-
mut = 45)
*No IDH status for 1 
patient.

Mean 44.3+/−12.1.
58M, 53F

ROI
4 ROIs man-
ually placed 
within solid 
components 
of tumors 
coregistered on 
T2WI.
Cysts, necrosis, 
haemorrhage, 
calcification 
avoided.

-- ADCmean: AUC 0.777 
(0.688,0.865), cutoff 
0.0012, sens 88.4, spec 
67.7.
- rADCmean: AUC 0.836 
(0.757,0.914), cutoff 1.60, 
sens 82.2, spec 80.0.

Kamble AN 
et al. 2023

Hypothesize that 
glioma can be 
stratified into 
3 types using a 
flow chart of 4 
yes/no questions, 
which correlate 
with the 3 glioma 
types in the 2021 
WHO classifica-
tion. Propose that 
radiological strat-
ification would 
have prognostic 
implications if 
correlated with 
the WHO classifi-
cation.

2,3,4 475 (Training set = 275, 
Validation set = 200)
(WHO 2, 3, and 4)
(Training set: 
IDH-wt = 124, IDH-mut 
1p19q-retained = 54, 
IDH-mut 1p19q-
codel = 21)
(Validation set: 
IDH-wt = 106, IDH-mut 
1p19q-retained = 48, 
IDH-mut 1p19q-
codel = 46)

Training set:
Type I Mean 47, Type 
II Mean 45, Type III 
Mean 55.
152M, 122F.
Validation set:
Type I Mean 45, Type 
II Mean 38, Type III 
Mean 56.
107M, 93F.

ROI
ROI was placed 
as homog-
enously as 
possible to cal-
culate average 
tumor ADC 
after excluding 
tumor necrosis.
Necrosis ex-
cluded.

- ADCmean Training 
dataset: Cutoff 1.12, sens 
82.1, spec 74.2, AUC 
0.841, P <.0 < .0001.
- ADCmean Validation 
dataset: Cutoff 1.20, sens 
72.9, spec 64.9, AUC 
0.748, P < .0001.
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Study Research pur-
pose

WHO 
grades

Cohort size and com-
position

Age (years),
Sex

ROI or VOI 
methods

Results

Xie Y et al. 
2021

To compare 
the efficacy of 
parameters from 
multiple diffusion 
magnetic reso-
nance imaging 
for the prediction 
of IDH1 genotype 
and assessment 
of cell prolifera-
tion in gliomas.

2,3,4 91
(WHO 2 = 27, WHO 
3 = 20, WHO 4 = 43)
(IDH-wt = 49, IDH-
mut = 41)

IDH-mut Median 53, 
IQR 46.5–58.
IDH-wt Median 41, 
IQR 34.75–50.25.
48M, 43F

ROI
3–6 ROIs man-
ually placed 
in solid part of 
tumor paren-
chyma (defined 
as contrast-
enhancing 
areas on T1WI, 
if no enhance-
ment then the 
area of ab-
normal signal 
on T2FLAIR and 
T2FSE). The 
minimum ADC 
from each ROI 
was used to 
calculate tumor 
ADC values.
Calcification, 
cysts, hemor-
rhage, edema, 
and necrosis 
were excluded.

WHO II and III tumors:
-ADCmin: AUC 0.751, 
Sens 59.38, Spec 93.33, 
Cutoff 1.084.
WHO IV tumors:
-No significant difference 
found between diffusion 
imaging parameters.

Zhang H et 
al. 2024

To assess the 
diagnostic utility 
of clinical mag-
netic resonance 
spectroscopy 
and diffusion-
weighted 
imaging in 
distinguishing 
between histo-
logical grading 
and isocitrate 
dehydrogenase 
(IDH) classifi-
cation in adult 
diffuse gliomas.

2,3,4 247
(WHO 2 = 76, WHO 
3 = 66, WHO 4 = 105)
(IDH-wt = 125, IDH-
mut = 122)“

Mean 46.96+/−13.92, 
Range 19–85
141M, 106F

ROI
ROI placed on 
largest axial 
tumor slice. 
Mean ADC re-
corded.
Calcifica-
tion, cysts, 
hemorrhage, 
necrosis, and 
vessels are 
avoided.

- ADCmean: 
Cutoff < 9.22 × 102 mm2/s, 
Sens 77.8%, Spec 78.0%, 
AUC 0.81, P < .001.

Cindil E et 
al. 2022

Evaluate the 
diagnostic 
performance 
of DWI MRI 
parameters in 
the non-invasive 
prediction of IDH 
mutation status 
in HGGs.

3,4 56
(WHO 3 and 4)
(GBM IDH-wt = 25, 
GBM IDH-mut = 10, 
Anaplastic astrocytoma 
IDH-wt = 10, Anaplastic 
astrocytoma IDH-
mut = 13)

IDH-mut 
Mean = 49+/−17.
IDH-wt 
Mean = 58+/−14.
31M, 27F

ROI
1–3 ROIs man-
ually placed on 
darkest areas 
on the tumor 
core that cor-
responded to 
the enhancing 
tumor. Lowest 
ROI ADC value 
used.
Calcium, 
cysts, hemor-
rhage, vessels 
avoided.

-ADCmin: AUC 0.686 
(0.795–0.950), Cutoff 
0.954, Sens 0.74, Spec 
0.66, PPV 0.77, NPV 0.58, 
Accuracy 0.68.

Lee S et al. 
2015

To explore the 
difference be-
tween isocitrate 
dehydrogenase 
(IDH)-1/2 gene 
mutation-positive 
and -negative 
high-grade 
gliomas (HGGs) 
using histogram 
analysis of ADC 
maps.

3,4 52
(WHO 3 = 15, WHO 
4 = 37).
(WHO III Anaplastic 
astrocytoma = 15: 
IDH-mut = 9, 
IDH-wt = 6. WHO IV 
GBM = 37: IDH-mut = 7, 
IDH-wt = 30)

Mean 49.81+/−14.5, 
Range 22–72.
32M, 20F

VOI
Tumor borders 
were manu-
ally drawn in 
each section of 
co-registered 
T2WI.
ADC histogram 
parameters 
generated.

- ADCmean, AUC 0.707 
(0.564–0.825), Sens 50, 
Spec 91.7, cutoff > 1333.42 
(×10–6 mm2/s), P = .0178.
- ADC 10%, AUC 0.707 
(0.564–0.825), Sens 50, 
Spec 97.2, cutoff > 797 
(×10–6 mm2/s), P = .0250.
- ADC 50%, AUC 0.690 
(0.547–0.825), Sens 43.7, 
Spec 91.7, cutoff > 1299 
(×10–6 mm2/s), P = .0256.
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Study Research pur-
pose

WHO 
grades

Cohort size and com-
position

Age (years),
Sex

ROI or VOI 
methods

Results

Halefoglu 
AM et al. 
2023

To investigate 
whether MRI 
features can de-
termine IDH mu-
tation in HGG.

4 170 WHO 4.
(IDH-wt GBM = 146, 
IDH-mut 
astrocytoma = 24).

Mean 57.81+/−12.01.
103M, 67F

ROI
3 ROIs of sim-
ilar size placed 
on visually per-
ceived darkest 
regions of ADC 
map. Mean of 
3 ROIs used 
as ADCmin. 
Method of 
ADCmean is 
unclear.
Cysts, calcifica-
tion, hemor-
rhage, necrosis 
avoided.

- ADCmean: 
Cutoff ≤ 0.879 × 10–3 
mm2/s, Sens 83.65%, 
Spec 76.19%, PPV 
94.60%, NPV 48.50%, 
AUC 0.866 (0.770–0.963), 
P < .01.
- ADCmin: 
Cutoff ≤ 0.765.67 × 10–3 
mm2/s, Sens 77.88%, Spec 
80.95%, PPV 95.30%, 
NPV 42.50%, AUC 0.860 
(0.760–0.960), P < .01.
- rADCmin: 
Cutoff ≤ 1.002 × 10–3 
mm2/s, Sens 91.35%, 
Spec 85.71%, PPV 
96.90%, NPV 66.70%, 
AUC 0.939 (0.886–0.992), 
P < .01.

Uetani H et 
al. 2023

To investigate 
the most useful 
clinical and MRI 
parameters for 
differentiating 
IDH mut and wt 
glioblastomas.

4 327 WHO 4.
(IDH wt = 306, IDH 
mut = 21)

Mean 65, Range 
24–89
194M, 133F

ROI
4 or more 
circular ROIs 
placed within 
solid tumor, 
targeting 
regions with 
relatively low 
ADC.
Necrosis, 
hemorrhage, 
and vessels 
avoided.

- ADCmean Reader 1: 
Cutoff ≥ 1.014, Sens 
55.0%, Spec 70.3%, 
Acc 69.3%, AUC 0.548 
(0.383–0.712).
- ADCmean Reader 2: 
Cutoff ≥ 0.976, Sens 
85.0%, Spec 40.7%, Acc 
43.5, AUC 0.61 (0.486–
0.734).
- ADCmin Reader 1: 
Cutoff ≥ 1.014, Sens 
45.0%, Spec 74.7%, 
Acc 72.8%, AUC 0.533 
(0.364–0.701).
- ADCmin Reader 2: 
Cutoff ≥ 0.866, Sens 
75.0%, Spec 45.9%, 
Acc 47.7%, AUC 0.539 
(0.412–0.665).
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while contralateral normal-appearing centrum semiovale 
and contralateral normal-appearing posterior limb of in-
ternal capsule were listed in 430,31,44,57 and 232,47 studies, 
respectively.

Eleven studies described methods of 2 ob-
servers working in consensus to mark ROIs or 
VOIs.35,36,38,39,41,44,56,57,59–61 Thirteen studies provided data 
on intraclass correlation coefficient (ICC) values of ADC 
measurements.29–31,33,42,45,46,50–53,55,58 The ICC values of 
ADC measurements were greater than 0.80 in 12 of the 
13 studies.29–31,33,42,46,50–53,55,58 One study reported ICC 
values of 0.532 and 0.598 for ROI-based ADCmean and 
ADCmin measurements, respectively, in a cohort of WHO 
4 gliomas.45 In 2 studies, ADC measurements were per-
formed by one observer.34,50

Meta-analysis

Studies were grouped for meta-analysis based on the 
ADC parameter which they assessed. The primary groups 

were ADCmean (n = 19),30,31,33,36,38–40,44,45,49–54,56,58,60,61 
ADCmin (n = 14),29,30,32–34,36,38,41,42,44,45,47,51,55 rADCmean 
(n = 6),30,31,33,36,39,60 and rADCmin (n = 9).30,32,33,36,44,46,47,55,5

9 Studies which provided AUC values for other ADC met-
rics, but not one of the 4 previously listed ADC parameters, 
are described separately (n = 4).35,37,48,50 The groupings of 
studies by ADC parameters are provided in Supplementary 
Material.

IDH

ADCmean.—Eight studies used ROI methods, and 7 
studies used VOI methods to measure ADCmean values 
to classify glioma IDH mutation status. The cohorts of 
the 8 studies using ROI methods comprised WHO 1–4 
(n = 1),36 WHO 2–3 (n = 2),30,33 WHO 2–4 (n = 3),39,40,58 
and WHO 4 gliomas (n = 2).44,45 The 7 studies using VOI 
methods involved cohorts of WHO 2–3 (n = 2),30,39 WHO 2–4 
(n = 4),31,53,54,56 and WHO 3 gliomas (n = 1).52

Study Research pur-
pose

WHO 
grades

Cohort size and com-
position

Age (years),
Sex

ROI or VOI 
methods

Results

Xing Z et al. 
2019

To evaluate the 
contribution 
of DWI in the 
enhancing and 
peri-enhancing 
region for dis-
criminating 
IDH genotypes, 
and the diag-
nostic values 
of combining 2 
techniques in the 
peri-enhancing 
region compared 
with those in 
the enhancing 
region.

4 75 WHO 4.
(IDH-wt = 65, IDH-
mut = 10)

IDH-mut 
Mean = 40.70+/−10.77.
IDH-wt 
Mean = 52.23+/−12.71.
41M, 34F

ROI
At least 5 non 
overlapping 
ROIs placed 
in the solid 
enhancing por-
tion of tumor; 
mean value 
of the ROI of 
the lowest 
ADC value 
was used as 
ADCmin-tumor 
(ADCmin-t).
5 ROIs placed 
in the peri-
tumoral, 
non-enhancing 
region; mean 
value of the 
ROI of the 
lowest ADC 
value was used 
as ADCmin-
peritumoral 
region 
(ADCmin-p). 
Necrosis, 
cysts, haemor-
rhage, vessels 
avoided.

-rADCmin: AUC 0.703, 
cutoff 0.98, Sens 90%, 
Spec 55.93%, PPV 25.7%, 
NPV 97.10%.

Summary of study author, year of publication, main research purpose, composition of study cohort (WHO grade, IDH status, 1p19q status, sex), 
methods of ADC measurements, and key results for studies assessing IDH mutation only. Studies are listed from low to higher WHO grade(s).
Abbreviations: ADC, Apparent Diffusion Coefficient; AUC, Area under the curve; cMRI, Conventional MRI; CNAWM, Contralateral normal ap-
pearing white matter; CNS, Central nervous system; Codel, Codeletion; DG, Diffuse gliomas; DTI, Diffusion tensor imaging; DWI, Diffusion weighted 
imaging; F, Female; GBM, Glioblastoma multiforme; HGGs, High grade gliomas; IDH, Isocitrate dehydrogenase; IQR, Interquartile range; LGGs, Low 
grade gliomas; M, Male MRI, Magnetic Resonance Imaging; Mut, Mutant; NAWM, Normal appearing white matter; NS, Not stated; ROI, Region of 
interest; Sens, Sensitivity; Spec, Specificity; T1w, T1-weighted imaging. T2w, T2-weighted imaging; VOI, Volume of interest; Wt, Wild-type.
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Table 2.  Summary of Studies Assessing IDH Mutation and 1p19q Codeletion

Study Research purpose WHO 
grades

Cohort size and compo-
sition

Age,
Sex

ROI or VOI 
methods

Results

Xiong 
J et al. 
2016

To explore the 
correlations of 
cMRI and DTI 
values with the 
1p/19 codeletion 
and IDH muta-
tions in oligoden-
droglial tumors.

2,3 84
(WHO 2 = 50, WHO 3 = 34)
(IDH-mut = 67, 
IDH-wt = 17, 1p19q-
codel = 60, 1p19q-
retained = 24)

Mean 41.5, Range 
24–60.
40M, 44F

ROI.
4–6 ROIs 
placed in solid 
tumor. The 
lowest ADC 
from the ROIs 
drawn by the 2 
observers was 
averaged and 
used as the as 
the minimum 
ADC value.
Calcification, 
cysts, necrosis, 
hemorrhage 
avoided.

IDH
- ADCmin: cutoff 0.85, sens 
77.8%, spec 81.2%, PPV 
94.2%, NPV 48.0%, AUC 
0.82, P = .001.
- rADCmin: cutoff 1.19, sens 
79.4%, spec 81.2%, PPV 
94.3%, NPV 50.0% AUC 
0.83, P = .002.
1p19q
- ADCmin: cutoff 1.13, AUC 
0.63, Sens 62.3%, Spec 
70.0%, PPV 83.7%, NPV 
42.9%, P = .315.

Aliotta 
E et al. 
2020

To develop an 
ADC analysis-
based approach 
that can auto-
matically identify 
IDHmut-noncodel 
LGG

2,3 227
(WHO 2 and 3, break-
down not provided.)
(Internal set = 134: 
IDH-wt = 31, IDH-mut 
1p19q-codel = 54, IDH-
mut 1p19q-retained = 49.)
(TCIA set = 93: 
IDH-wt = 18, IDH-mut 
1p19q-codel = 26, IDH-
mut 1p19q-retained = 49.)

Age NS.
Sex NS.

VOI.
Fully auto-
mated segmen-
tation using 
3D-Unet (In-
ternal set) and 
GLISTRboost 
(TCIA set) algo-
rithms.
Generated ADC 
histograms.

IDHmut, 1p19q retained vs 
IDHwt and IDHmut, 1p19q 
codel.
- ADCmin (Internal dataset): 
Cutoff 0.8 × 10–3 mm2/s, 
Sens 0%, Spec 100%, AUC 
0.42, P = .04428.
- ADCmin (TCIA dataset): 
Cutoff 0.8 × 10–3 mm2/s, 
Sens 0%, Spec 100%, AUC 
0.46, P = .002.
- ADCmean (Internal 
dataset): Cutoff 1.37 × 10–3 
mm2/s, Sens 53%, Spec 
91%, AUC 0.76, P < .00001.
- ADCmean (TCIA dataset): 
Cutoff 1.37 × 10–3 mm2/s, 
Sens 55%, Spec 89%, AUC 
0.81, P < .00001.

Aliotta 
E et al. 
2019

To investigate 
lower-grade 
glioma grading 
using a machine 
learning tech-
nique that esti-
mates fractional 
anisotropy from 
accelerated diffu-
sion MR imaging 
scans containing 
only 3 diffusion-
encoding direc-
tions.

2,3 41
(WHO 2 = 26, WHO 3 = 15)
(IDH-wt = 15, IDH-mut 
1p19q-retained = 14, IDH-
mut 1p19q codel = 12)

Mean 45.9, Range 
18–76.
24M, 17F.

VOI.
Automated 
segmenta-
tion, including 
enhancing and 
non-enhancing 
tumor, with 
DeepMedic. 
Regions 
combined to 
generate whole 
tumor vol-
umes.
ADC histo-
grams gener-
ated.

IDH
- ADC75%: Sens 84+/−0.06, 
Spec 0.67+/− 0.05, AUC 
0.81+/−0.03, P = .008.
1p19q
- ADC50%: Sens 81+/−0.06, 
Spec 0.73+/− 0.04, AUC 
0.83+/−0.03, P < .001.

Lee MK 
et al. 
2020

To assess the 
diagnostic value 
of adding the 
ADC and CBV 
to the T2/FLAIR 
mismatch sign 
for differentiation 
of the IDH mu-
tation or 1p/19q 
codeletion.

2,3 110
(WHO 2 = 45, WHO 3 = 65)
(IDH-wt = 45, IDH-mut 
1p19q-retained = 19, IDH-
mut 1p19q codel = 46)

Mean 47.4+/−13.3.
56M, 54F

ROI
ROIs drawn 
to encom-
pass entire 
hyperintense 
lesion on FLAIR 
images and 
enhancing 
solid tumor on 
cases with con-
trast enhance-
ment.
ADC histo-
grams gener-
ated.

IDH-mut 1p19q-retained vs 
IDH-wt
- ADC10%, AUC 0.751 
(0.617–0.886), Sens 84.2, 
Spec 63.6, Acc 69.8, P = .43.
No ADC parameters could 
distinguish IDH-mut and 
IDH-wt tumors on multivar-
iate analysis.
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Study Research purpose WHO 
grades

Cohort size and compo-
sition

Age,
Sex

ROI or VOI 
methods

Results

Liu D et 
al. 2020

To evaluate 
the diagnostic 
performance of 
ADC histogram 
parameters for 
differentiating the 
genetic subtypes 
in lower-grade 
diffuse gliomas 
and explore 
which segmen-
tation method 
(ROI-1, the entire 
tumor ROI; ROI2, 
the tumor ROI 
excluding cystic 
and necrotic por-
tions) performs 
better.

2,3 56
(WHO 2 = 37, WHO 3 = 19)
(IDH-wt = 16, IDH-mut 
1p19q-retained = 22, IDH-
mut 1p19q codel = 18)

IDH mut: Mean 
41.5+/−10.5, Range 
23–66.
IDH wt: 
Mean = 51.9+/−16.0, 
Range 21–73.
27M, 29F.

VOI
VOI1: Entire 
tumor in-
cluded.
VOI2: Entire 
tumor, ex-
cluding cystic 
and necrotic 
regions.
ADC histo-
grams gener-
ated.

IDH
-ADCmin VOI-1: Cutoff 560, 
Sens 62.5%, Spec 87.5%, 
AUC 0.749.
-ADCmin VOI-2: Cutoff 543, 
Sens 62.5%, Spec 90.0%, 
AUC 0.831.
IDH-mut 1p19q-codel vs 
IDH-mut 1p191-retained.
-ADCmean VOI-1: Cutoff 
1546.32, Sens 95.5%, Spec 
55.6%, AUC 0.715.
-ADCmean VOI-2: Cutoff 
1387.97, Sens 81.8%, Spec 
72.2%, AUC 0.758.

Hong 
EK et al. 
2021

To evaluate the 
association of 
MRI features 
with the major 
genomic profiles 
and prognosis 
of WHO grade 
III gliomas com-
pared with those 
of GBMs.

3 76
(WHO 3 = 76)
(IDH-mut = 47, 
IDH-wt = 29. 1p19q-
codel = 19, 1p19q-
retained = 57)
(Anaplastic 
astrocytoma = 57, 
Anaplastic oligodendro-
glioma = 19)

Mean 47.69, Range 
19–68.
47M, 29F

VOI
Tumor de-
lineated on 
axial slices to 
contain high 
signal intensity 
lesions on T2WI 
and FLAIR, 
including 
cystic and ne-
crotic regions. 
Multiplied by 
slice thickness 
and intersec-
tion gap to 
obtain tumor 
volume per 
section then 
summated to 
obtain total 
tumor volume.
ADC histo-
grams gener-
ated.

IDH:
- ADCmean: Cutoff > 1.49, 
Acc 66.7%, Sens 66.7%, 
Spec 72.7%, AUC 0.67 
(0.56–0.78), P = .008.
1p19q:
-No significant associations 
between ADC and 1p19q on 
multivariable regression 
analysis.

Su X et 
al. 2023

To evaluate the 
value of quanti-
tative MRI bio-
markers for the 
identification of 
IDH mutation and 
1p/19q
codeletion in 
adult patients 
with diffuse 
glioma.

2,3,4 216 across test, training 
and validation set.
(WHO 2,3, and 4. Break-
down not provided.)
(IDH-wt = 127, IDH-mut 
1p19q-retained = 33, IDH-
mut 1p19q codel = 56)

Mean 45.59.
108M, 65F

VOI
Automated 
segmentation 
with BraTumIA 
to include 
enhancing and 
nonenhancing 
tumor and 
necrosis then 
core tumors 
obtained with 
registration 
function in FSL.
ADC histo-
grams gener-
ated.

IDH:
- ADCmean (test cohort): 
Cutoff > 1.630, Sens 93.8%, 
Spec 88.9%, AUC 0.913 
(0.827–0.999).
- ADC15% (test cohort): 
Cutoff > 1.186, Sens 93.8%, 
Spec 81.5%, AUC 0.888 
(0.782–0.993).
1p19q codeletion amongst 
IDH mut gliomas:
- ADCmean (training co-
hort): Cutoff > 1.397, Sens 
100%, Spec 18.8%, AUC 
0.409 (0.139–0.624).
- ADC15% (training co-
hort): Cutoff > 1.266, Sens 
97.500%, Spec 18.8%, AUC 
0.440 (0.230–0.651).

Table 2. Continued
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Study Research purpose WHO 
grades

Cohort size and compo-
sition

Age,
Sex

ROI or VOI 
methods

Results

Nuessle 
NC et 
al. 2021

To investigate 
the diagnostic 
performance of in 
vivo ADC-based 
stratification of 
integrated mo-
lecular glioma 
grades.

2,3,4 97
(WHO 2 = 37, WHO 3 = 28, 
WHO 4 = 32)
(IDH-wt astrocytic = 44, 
IDH-mut astro-
cytic = 30, 1p19q-codel 
oligodendrogliomas = 23)

Mean 51.6+/−15.3.
Sex NS.

VOI
VOI manually 
delineated 
around entire 
tumor volume 
on FLAIR 
sequences.
Necrosis, 
edema, 
and vessels 
avoided.

IDH:
-ADCmean: AUC 0.883.
1p19q codeletion among 
IDH mut gliomas:
-ADCmean: AUC 0.699.

Ma X et 
al. 2023

To investigate 
apparent diffu-
sion coefficient 
(ADC) as imaging 
biomarker for 
preoperatively 
identifying 
glioma geno-
types based on 
the 2021 World 
Health Organ-
ization (WHO) 
classification of 
CNS tumors.

2,3,4 159
(WHO 2, 3, and 4. Break-
down not provided.)
(IDH-wt GBM = 81, 
IDH-mut 1p19q-retained 
astrocytoma = 46, IDH-
mut 1p19q-codel oligo-
dendroglioma = 32)

Mean 47.6+/−14.4.
93M, 66F

ROI
3 ROIs placed 
on visually per-
ceived lowest 
regions of ADC 
map. Mean 
of ROI ADC 
values used as 
ADCmin.
Calcification, 
cysts, haemor-
rhage, necrosis 
avoided.

IDH
- rADCmin: AUC 0.86 (0.80–
0.92), P < .0001, Cutoff 1.28, 
Sens 69.2%, Spec 92.6%.
- ADCmin: AUC 0.84 (0.78–
0.90), P < .0001, Cutoff 0.93 
(×10–3 mm2/s), Sens 65.4%, 
Spec 91.4%.
1p19q codeletion among 
IDH-mut gliomas
- rADCmin: AUC 0.67 (0.56–
0.79), P = .009, Cutoff 1.47, 
Sens 52.5%, Spec 81.2%.
- ADCmin: AUC 0.68 
(0.57–0.80), P = .006, Cutoff 
1.17 (×10–3 mm2/s), Sens 
37.0%, Spec 100%.

Cheng 
Y et al. 
2021

To explore the 
correlation be-
tween the molec-
ular phenotypes 
of glioma and 
ADC values.

2,3,4 11
(WHO 2 = 3, WHO 3 = 4, 
WHO 4 = 4)
(IDH-wt = 6, IDH-mut = 5. 
1p19q-codel = 2, 1p19q-
retained = 9.)

Age NS.
Sex NS.

VOI
3D 
autocontouring 
segmentation.
Vessels ex-
cluded.

IDH:
- ADCmean: AUC 0.500, 
P > .05.
1p19q:
- ADCmean: AUC 0.916, 
P < .05.

Table 2. Continued
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Two studies by Maynard et al.33 and Thust et al.31 were 
excluded from meta-analysis to avoid pseudoreplication, 
as these reported data on the same cohort of gliomas as 
another study in the meta-analysis.30 A study by Cheng and 
colleagues was also excluded from the meta-analysis de-
spite specifying ADCmean values,56 because of retrospec-
tive fusion ROI measurements to biopsy sites, which differ 
from the ROI and VOI methods used in all other studies.56 
Cheng et al. reported an AUC value of 0.500 in their cohort 
of 10 WHO 2–4 gliomas.56

The pooled AUC values for ROI and VOI methods 
were 0.760 (0.701–0.818; I2 = 72.623) and 0.799 (0.719–
0.879; I2 = 76.737), as shown in Figure 2 (Panels A and B, 
respectively).

rADCmean.—Five studies used ROI methods, and 2 
studies used VOI methods to measure rADCmean values 
to classify glioma IDH mutation status. The cohorts of the 
5 studies using ROI methods comprised WHO 1–4 (n = 1),36 
WHO 2–3 (n = 3),30,31,33 and WHO 2–4 gliomas (n = 1).39 Both 

studies using VOI methods analyzed cohorts of WHO 2–3 
gliomas.30,31

Two studies were again excluded to avoid 
pseudoreplication.31,33 Due to this, 3 studies contributed to 
the meta-analysis of ROI methods, and no meta-analysis 
was possible for rADCmean studies using VOI methods. 
The pooled AUC value for studies using ROI methods 
was 0.778 (0.687–0.870; I2 = 79.330) as shown in Figure 2 
(Panel C). Using VOI methods, Thust et al. 2021 reported an 
rADCmean AUC value of 0.82 (0.76–0.88) in a cohort of 283 
WHO 2 and 3 gliomas.30

ADCmin.—Eleven studies used ROI methods, and 3 
studies used VOI methods to measure ADCmin values to 
classify IDH mutation status. In 3 of the 11 ROI studies, the 
generation of ADCmin measurements involved 3 or more 
individual ROI placements with ADC averaging.36,44,55 The 
cohorts of the studies using ROI methods comprised of 
WHO 1–4 (n = 1),36 WHO 2–3 (n = 4),30,32,33,47 WHO 3 (n = 1),34 
WHO 2–4 (n = 2),41,55 WHO 3–4 (n = 1),42 and WHO 4 gliomas 

Study Research purpose WHO 
grades

Cohort size and compo-
sition

Age,
Sex

ROI or VOI 
methods

Results

Cho NS 
et al. 
2024

To compare the 
classification 
performance 
of normalized 
apparent diffu-
sion coefficient 
with percentage 
T2-FLAIR 
mismatch-
volume for 
differentiating 
between 
IDH-mutant 
astrocytoma and 
other glioma mo-
lecular subtypes.

2,3,4 104 (note 105 lesions)
(WHO II = 61, WHO 
III = 21, WHO IV = 23)
(IDH-wt = 22, IDH-
mut = 83)“
*Note: only included 
patients with non-
enhancing gliomas.

Mean 42, Range 
22–79
59M, 45F

VOI
nADC maps 
created by 
voxel-wise 
dividision of 
ADC by the 
mean ADC 
value of 3 
spherical VOIs 
in the CNAWM.
Tumor seg-
mentations 
performed 
manually by 
one observer 
and refined 
by a semi-
automated 
thresholding 
method using 
Analysis of 
Functional 
NeuroImages 
software for 
consistency 
prior to final 
review by a 
second ob-
server.
Cysts and CSF 
excluded.

IDH-mut astrocytoma vs 
IDH-mut oligodendro-
glioma/IDHwt gliomas
- Median rADC: AUC 0.848, 
cutoff 1.864, Sens 70.8%, 
Spec 85.0%, P < .0001. IDH-
mut astrocytoma vs IDH-
mut oligodendroglioma
IDH-mut astrocytoma vs 
IDH-mut oligodendro-
glioma
- Median rADC: AUC 0.805, 
cutoff 1.864, Sens 70.8%, 
Spec 94.4%, P < .0001.
IDH-mut astrocytoma vs 
IDH-wt glioma
- Median rADC: AUC 0.883, 
cutoff 1.849, Sens 70.8%, 
Spec 95.5%, P < .0001.

Summary of study author, year of publication, main research purpose, composition of study cohort (WHO grade, IDH status, 1p19q status, sex), 
methods of ADC measurements, and key results for studies assessing both IDH mutation and 1p19 codeletion.
Abbreviations: ADC, Apparent Diffusion Coefficient; AUC, Area under the curve; cMRI, Conventional MRI; CNAWM, Contralateral normal ap-
pearing white matter; CNS, Central nervous system; Codel, Codeletion; DG, Diffuse gliomas; DTI, Diffusion tensor imaging; DWI, Diffusion weighted 
imaging; F, Female; GBM, Glioblastoma multiforme; HGGs, High grade gliomas; IDH, Isocitrate dehydrogenase; IQR, Interquartile range; LGGs, Low 
grade gliomas; M, Male; MRI, Magnetic Resonance Imaging; Mut, Mutant; NAWM, Normal appearing white matter; NS, Not stated; ROI, Region of 
interest; Sens, Sensitivity; Spec, Specificity; T1w, T1 weighted imaging; T2w, T2-weighted imaging; VOI, Volume of interest; Wt, Wild-type.
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(n = 2).44,45 Of the 2 studies using VOI methods, Thust et al. 
assessed a cohort of WHO 2–3 gliomas, whilst Villanueva-
Meyer et al. assessed a cohort of WHO 2 gliomas.29,30

The studies by Maynard et al.,33 and Xiong et al.47 
were excluded from the ROI meta-analysis to avoid 
pseudoreplication, because their cohorts overlapped 
with those of other studies in the analysis.30,32 Studies 
using ROI methods gave a pooled AUC of 0.743 (0.680–
0.805; I2 = 76.055; Figure 2, Panel D), whilst studies using 
VOI methods gave a pooled AUC of 0.804 (0.689–0.919; 
I2 = 89.969; Figure 2, Panel E).

rADCmin.—Eight studies used ROI meth
ods,30,32,33,36,44,46,47,55 and one study used VOI methods30 to 
measure rADCmin values to classify glioma IDH mutation 
status. In 3 studies, ADCmin measurements involved 3 or 
more individual ROI placements for averaging.36,44,47,55 The 
8 studies using ROI methods analysed cohorts of WHO 1–4 
(n = 1),36 WHO 2–3 (n = 5),30,32,33,46,47 WHO 2–4 (n = 1),55 and 
WHO 4 gliomas (n = 1).44 Thust et al. was the only study 
to use VOI rADCmin methods with a reported AUC of 0.72 
(0.66–0.79).30

One study by Maynard et al. was again excluded to 
avoid pseudoreplication33 with another study in the meta-
analysis.30 The study by Xiong and colleagues47 was also 
excluded to avoid pseudoreplication, as the study cohort 
(n = 84) appeared to overlap with the cohort of another 
study (n = 90) included in the meta-analysis.51 The pooled 
AUC values for the remaining 6 studies which used ROI 
methods, were 0.802 (0.72–0.877; I2 = 83.523) as shown in 
Figure 2 (Panel F).

1p19q

ADCmean.—Six studies assessed ADCmean values as 
a classifier of glioma 1p19q codeletion status, of which 5 
used VOI methods51,53,54,56,61 and one used ROI methods.60

Of the 5 studies using VOI methods, Nuessle et al.,54 Liu 
et al.,51 and Su et al.53 only assessed the prediction of 1p19q 
codeletion amongst IDHmut gliomas while Latysheva et al. 
used a cohort comprising 71 WHO 2–3 gliomas, of which 33 
were oligodendrogliomas and 38 were astrocytomas (note 
molecular status was not reported for all).61 Cheng et al. 
used a cohort of WHO 2–4 gliomas which included 6 IDHwt, 

Table 3.  Summary of Studies Assessing 1p19q Codeletion Alone

Study Research purpose WHO 
grades

Cohort size and 
composition

Age,
Sex

ROI or VOI 
methods

Results

Yang X et 
al. 2021

To explore whether 
DWI can predict 
1p19q codeletion 
status of IDH mutant 
LGGs.

2,3 142
(WHO 2 and 3. 
Breakdown not pro-
vided.)
(IDH-mut 1p19q-
codel = 73, IDH-mut 
1p19q-retained = 69)

IDH-mut 
1p19q re-
tained: Mean 
38.74+/−10.09.
IDH-mut 
1p19q-
codel: Mean 
44.94+/−10.24.
80M, 62F

ROI.
At least 5 ROIs 
placed in solid 
tumor. ROI with 
lowest mean ADC 
used as ADCmin.
Avoided cysts, 
hemorrhage, ne-
crosis.

Identification of 1p19q 
codeletion in IDH mut 
gliomas:
- nADC: Sens 76.71%, Spec 
52.17%, PPV 88.30%, NPV 
67.30%, AUC 0.71 (0.60–
0.79), P < .001.

Cui Y et al. 
2014

To investigate the 
correlation between 
tumor grade and 
prognostic bio-
markers with ADC.

1,2,3,4 82
(WHO 1 = 1, WHO 
2 = 35, WHO 3 = 22, 
WHO 4 = 24)
(Oligoden-
droglial = 5, 
Oligoastrocytic = 29, 
Astrocytic = 48)

Mean 44.16.
42M, 40F

ROI.
4 ROIs placed 
in solid tumor. 
Mean of ROI ADC 
values used.
Avoided CSF, 
cysts, necrosis, 
vessels.

Identification of 1p19q 
codeletion in 35 WHO II 
gliomas (32 IDHmut, 3 
IDHwt):
- Mean ADC: Cutoff 
1565 × 10–6 mm2/s, Sens 
72%, Spec 88%, AUC 0.82 
(0.68–0.97), P = .003.
- Mean nADC: Cutoff 2.0, 
Sens 76.5%, Spec 88%, AUC 
0.81 (0.67–0.95), P = .004.

Latysheva 
A et al. 
2019

To assess the 
value of DWI 
to characterize 
oligodendrogliomas 
and to distin-
guish them from 
astrocytomas.

2,3 71
(WHO 2 = 42, WHO 
3 = 29)
(Oligodendro-
glioma = 33, 
Astrocytoma = 38)

Mean 
48+/−11.2.
35M, 36F

VOI
Tumour manu-
ally delineated 
to include 
enhancing and 
nonenhancing 
regions on each 
axial slice. Whole 
tumor histogram 
distributions of 
ADC generated.
Cysts avoided.

Identification of 1p19q 
codeletion in a cohort 
of astrocytomas and 
oligodendrogliomas:
- Mean ADC: Cutoff 
1094 × 10–6 mm2/s, Sens 63% 
(54–82), Spec 61% (51–83), 
PPV 65% (52; 81), NPV 73% 
(61; 87), AUC 0.76, P = .009.

Summary of study author, year of publication, main research purpose, composition of study cohort (WHO grade, IDH status, 1p19q status, sex), 
methods of ADC measurements, and key results for studies assessing 1p19 codeletion only.
Abbreviations: ADC, Apparent Diffusion Coefficient; AUC, Area under the curve; Codel, Codeletion; DG, Diffuse gliomas; DTI, Diffusion tensor im-
aging; DWI, Diffusion weighted imaging; F, Female; IDH, Isocitrate dehydrogenase; M, Male; MRI, Magnetic Resonance Imaging; Mut, Mutant; ROI, 
Region of interest; Sens, Sensitivity; Spec, Specificity; VOI, Volume of interest; Wt, Wild-type.
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5 IDHmut/1p19qretained, and 2 IDHmut/1p19qcodel gliomas; how-
ever, due to their methods of retrospectively identifying 
ROIs from surgical biopsy sites by fusing intraoperative 
MRI with pre-operative imaging, this study was not in-
cluded in the meta-analysis.56 Cheng et al. reported an 
AUC of 0.916 using this method.56 The pooled AUC of the 
remaining 4 studies using VOI methods was 0.692 (0.600-
0.783; I2 = 44.948; forest plot provided in Supplementary 
Material).

Cui et al. were the only ones to use ROI methods in a 
cohort of 35 WHO 2 gliomas, of which 33 were IDH-mut, 
reporting an AUC of 0.820 for the prediction of 1p19q 
codeletion status.60

rADCmean.—One study provided an AUC value for 
rADCmean as a predictor of 1p19q codeletion status. Cui 
et al. used ROI methods to measure rADCmean values in a 
cohort of 35 WHO 2 gliomas, of which 3 were IDHwt and 32 
were IDHmut, reporting an AUC value of 0.81 (0.67–0.95).60

ADCmin.—One study assessed ADCmin values as a clas-
sifier of 1p19q codeletion status. Ma et al. reported an AUC 
value of 0.68 (0.57–0.80) when using the average ADC 
value of 3 ROIs placed on the visually perceived lowest 
regions of the ADC map to identify 1p19q codeletion 
amongst IDHmut gliomas.55

rADCmin.—Three studies measured rADCmin values 
using ROI methods to predict 1p19q codeletion status, 
giving a pooled AUC value of 0.678 (0.614–0.741; I2 = 0; 
forest plot provided in Supplementary Material).47,55,59 
Ma et al. and Yang et al. assessed this amongst IDH-mut 
gliomas only while Xiong et al. used a cohort of 84 oligo-
dendroglial tumours.47,55,59

Summary of Studies Not Included in the Prior 
Groupings

Two studies reported ADC entropy as the best-performing 
ADC parameter for the classification of IDH mutation 
status. Su et al. used VOI methods to measure ADC en-
tropy values in a cohort of 52 WHO 3 gliomas, obtaining an 
AUC of 0.724 (0.572–0.845).35 Gihr et al. similarly used VOI 
methods in a cohort of 87 WHO 1–4 gliomas and reported 
an AUC value of 0.804 (0.6849-0.9231).37

Aliotta et al. reported AUC values for 75th percentile and 
50th percentile ADC values in the classification of IDH mu-
tation and 1p19q codeletion status, respectively.48 Using 
automated tumor volume segmentation, in a cohort of 41 
WHO 2–3 gliomas, 75th percentile ADC achieved an AUC 
of 0.81 (0.78–0.84) for the classification of IDH mutation 
status, and 50th percentile ADC achieved an AUC of 0.83 
(0.80–0.86) for the classification of 1p19q codeletion.48

Cho et al. measured median tumor rADC values using 
VOI methods in a cohort of non-enhancing WHO 2–3 
gliomas.57 They reported AUC values of 0.848 for distin-
guishing IDHmut astrocytomas from all other gliomas, 
0.805 for distinguishing between IDHmut astrocytomas and 
IDHmut oligodendrogliomas, and 0.883 for distinguishing 
IDHmut astrocytomas from IDHwt gliomas.57

A: ADCmean (ROI methods)

B: ADCmean (VOl methods)

C: rADCmean (ROI methods)

D: ADCmin (ROI methods)

E: ADCmin (VOl methods)

F: rADCmin (ROI methods)

Du N et al. 2022 0.64 [0.56, 0.73]

0.87 [0.77, 0.96]Halefoglu AM et al. 2023

Kamble AN et al. 2023

Liu S et al. 2022

Thust SC et al. 2021
Uetani H et al. 2023

Zhang H et al. 2024*
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Figure 2.  Forest plots showing the pooled estimate of AUC values 
from studies using each ADC parameter as a predictor of IDH mu-
tation status. A = ADCmean (ROI methods), B = ADCmean 
(VOI methods), C = rADCmean (ROI methods), 
D = ADCmin (ROI methods), E = ADCmin (VOI methods), 
F = rADCmin (ROI methods). Asterix (*) denotes studies 
where the standard error was not provided and there-
fore estimated using a formula. Circumflex (^) denotes 
studies where 3 or more ROI measurements were aver-
aged to determine ADCmin values.
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Lee. et al assessed whether ADC values could be used to 
distinguish IDHmut,1p19qretained gliomas from IDHwt gliomas 
in a cohort of 110 WHO 2 and 3 gliomas. They reported 10th 
percentile ADC values, measured using ROI methods, pro-
vided an AUC of 0.751 (0.617–0.886).50

Aliotta et al. assessed whether IDHmut/1p19retained gliomas 
could be distinguished from all other gliomas using ADC 
histogram parameters derived from automatically seg-
mented tumor volumes.49 In a validation set of 93 WHO 2 
and 3 gliomas from the Cancer Imaging Archive (TCIA) da-
tabase, both ADCmean and volume of ADC > 1.5 provided 
an AUC of 0.81 (CIs not provided).49

Influence of WHO Grade on ADC Performance for 
IDH Genotyping

The linear regression analysis of reported AUC values for 
each ADC parameter (with at least 5 observations) and the 
proportion of WHO 4 gliomas in the study cohorts showed 
no significant association between AUC and WHO grade 
(P > .05 for all ADC parameters). Full results are provided in 
the Supplementary Material.

ADC Thresholds

ADC threshold values for IDH genotyping were proposed 
by multiple studies included in the meta-analyses, with 
values below the threshold denoting IDHwt status in each 
cohort. There were 34 instances of threshold recommenda-
tions reported across the included publications, for which 
descriptive statistics are listed in Table 4. The maximum 
(Max) value specifies the threshold at which sensitivity 
for IDHwt status would be maximized across the included 
studies.

Risk of Bias in Studies

Egger’s Regression Analysis for Funnel Plot 
Asymmetry

Funnel plots were created, and Egger’s regression analysis 
was performed for the ADCmean (ROI), ADCmean (VOI), 
ADCmin (ROI), and rADCmin (ROI) predictions of IDH mu-
tation status, as these groups contained at least 5 studies. 
Funnel plots can be found in the Supplementary Material. 

Egger’s regression analysis revealed no significant funnel 
plot asymmetry for each of the ADC parameters (ADCmean 
[ROI] z = −1.897 [P = .058], ADCmean [VOI] z = −1.502 
[P = .133], ADCmin [ROI] z = −1.449 [P = .147], rADCmin 
(ROI) z = −1.850 [P = .064]).

QUADAS-2

The results of the QUADAS-2 tool risk of bias and appli-
cability assessments, as well as information on individual 
studies, are provided in the Supplementary Material. All 
studies were retrospective. Five studies reported enrolling 
a consecutive or random sample of patients, whilst the re-
maining 28 studies were unclear regarding patient selec-
tion methods. Two studies reported using one observer to 
obtain ADC measurements with no consensus or compar-
ison with a second observer. In one study, one observer 
obtained all ADC values with a smaller subset of cases 
being reviewed by a second observer. Seven studies did 
not specify methods of testing for IDH mutation or 1p19q 
deletion. Twenty-seven studies did not specify the time 
between the index and reference tests. Nine studies were 
deemed to be at high risk of bias in the flow and timing do-
main due to either not all patients receiving the same refer-
ence standard (eg, in some studies 1p19q co-deletion was 
assessed with either fluorescent immunocytochemistry or 
chromosomal analysis), or not all patients being included 
in the final analysis (eg, due to missing data on IDH muta-
tion status). In 2 studies, the interval between the reference 
and index test was reported as less than 1 year, which was 
also allocated a high risk of bias.

Discussion

Defining molecular status has become central to the prog-
nostic grouping of diffuse gliomas.4 MRI genotyping has 
the potential to impact the timing and extent of tumor re-
section,62 including to accelerate radical therapy for non-
contrast-enhancing glioblastoma stages,8 which may 
otherwise receive a low-grade working diagnosis.63 Based 
on numerous studies, which proposed ADC as an imaging 
biomarker in glioma, we investigated the performance of 
ADC parameters for IDH and 1p19q genotyping.

This systematic review highlights that the published 
literature is spread across several methods of ADC 

Table 4.  Proposed ADC Thresholds for IDH Genotyping According to Studies Included in the Meta-Analyses

ROI ADCmin ROI rADCmin ROI ADCmean ROI rADCmean VOI ADCmin VOI rADCmin VOI ADCmean VOI rADCmean

N studies 8 6 7 3 3 1 5 1

Median 0.95 1.17 1.05 1.6 0.81 1.08 1.38 1.6

SD 0.11 0.16 0.16 0.18 0.19 - 0.19 -

Min 0.77 0.98 0.88 1.4 0.54 - 1.19 -

Max 1.08 1.40 1.34 1.75 0.90 1.08 1.49 1.6

N, number; SD, standard deviation; Min, minimum; Max, maximum. ADC values in units of *10–3 mm2/s. rADC values have no unit.
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measurement. Firstly, the methods varied between the 
ROI and VOI approaches. The meta-analysis indicates only 
minor differences between the diagnostic performance of 
regional and volumetric values measurements (AUC ROI 
0.760 vs VOI 0.799 for ADCmean and ROI 0.743 vs VOI 0.804 
for ADCmin). The similarity between the diagnostic accuracy 
of ROI and VOI ADC for the classification of IDH mutation 
status has been documented previously.30,31 Volumetric 
measurements appear optimal through the capture of all 
representative tissue, but we found no statistical evidence 
for their superiority. Regional measurements are much 
easier to obtain and require no software beyond standard 
MRI viewing equipment. Thus, ROI ADC values may serve 
as the fastest approach with the advantage of being widely 
available.

For the meta-analysis, studies were grouped by meas-
urement extent (ROI vs. VOI), by ADC parameter (mean 
vs. min), and according to whether ADC values were ab-
solute or normalized, whereby each item could influence 
quantitative results. Surprisingly, the diagnostic perfor-
mance of ADC for IDH genotyping is similar across all of 
these method differences. Comparing the 95% CIs of the 
pooled AUC values revealed no statistically significant dif-
ferences between ROI and VOI measurements of ADCmean, 
rADCmean, ADCmin, or rADCmin. Drawing one ADCmean ROI 
across the largest glioma cross-section may be perceived 
as easier than deciding on the visually lowest ADC parts of 
a tumor. Furthermore, in several (3 of the 11) studies using 
ROI ADCmin measurements, these involved outlining 3 or 
more regions for averaging.

Applying the maximum threshold proposed by studies 
for a chosen ADC method would represent the most sensi-
tive strategy for identifying IDHwt status (at the expense of 
specificity over using the median). For ROI ADCmean, this 
would correspond to 1.3 × 10–3 mm2/s (n = 7 studies), or al-
ternatively, an rADCmean threshold of 1.75 could be mem-
orable for its similarity to perfusion thresholding, although 
this is based on fewer (n = 3) studies.64 ROI ADCmin values 
<1.1 × 10–3 mm2/s or ROI rADCmin values <1.4 should 
prompt suspicion for IDHwt genetics.

Encouragingly, the ICC calculations exceeded 0.80 in 12 
of the 13 studies which reported these, confirming high 
interobserver agreement for ADC.29–31,33,42,45,46,50–53,55,58 
The only study reporting lower ICC values (0.53 for ROI 
ADCmean and 0.60 for ROI ADCmin) was conducted in 
WHO grade 4 gliomas, potentially reflecting a complexity 
in marking ROIs within necrotic tumors.45 Twenty-four of 33 
studies excluded necrotic, cystic, hemorrhagic, or calcified 
glioma components, where present. This seems justified 
based on their potential to confound tumor measurements; 
however, little data exists on the performance of ADC ac-
cording to such exclusions. In one study by Lewis et al. 
using ADC texture analysis, the performance for IDH typing 
was slightly improved by excluding necrotic gliomas.65

The pooled AUC estimates were lower for 1p19q 
genotyping than IDH genotyping, with estimates of 0.692 
(0.600–0.783) for volumetric ADC mean measurements, 
and 0.678 (0.614–0.741) for regional rADCmin measure-
ments. Moreover, in 8 of the 9 studies, either only IDHmut 
gliomas were examined, or study cohorts included mostly 
IDHmut gliomas were examined. This markedly limits 
the generalizability of 1p19q results for clinical practice. 

Glioma IDH genotyping is essential due to the strong as-
sociation with survival, whereas prognosis differences 
are often less pronounced for IDHmut subgroups, although 
1p19q status may influence systemic therapy.6

Normalization of ADC values is aimed at reducing 
MRI scanner and acquisition-related variations in ADC 
measurements. If normalization is performed, the cen-
trum semiovale represents a preferable target.66 No sig-
nificant differences were observed between the pooled 
AUCs of normalized ADC measurements and raw ADC 
measurements. Several studies provided AUCs for 
both absolute and normalized ADC values. Du et al., 
Thust et al. (2018 and 2021), and Liu S et al. all reported 
similar AUCs when using regional measurements of 
ADCmean and rADCmean.30,31,36,39 Likewise, no signif-
icant AUC differences were identified in the 6 studies 
which assessed absolute and normalized regional ADCmin 
measurements.30,32,36,44,47,55

The possible effect of WHO grade distribution in the dif-
ferent study cohorts was explored based on the hypothesis 
that developing necrosis may confound ADC measure-
ments in WHO grade 4 glioblastoma, possibly more so 
than in solid IDHwt early disease stages.67 However, many 
studies that analyzed cohorts of different WHO grades did 
not report diagnostic accuracy separately for each WHO 
grade.38–41,53–56,58 The small number of studies within each 
meta-analysis, together with limited cohort details, pre-
cluded a further subgroup analysis. It is, however, note-
worthy that one research group stratified WHO grade 2–3 
gliomas by enhancement pattern (non-enhancing, solid-
patchy enhancing, and rim-enhancing with necrosis) with 
an observation that ROI ADC values appeared strongly as-
sociated with IDH genotype in non-enhancing and solid-
patchy enhancing tumors, but not in necrotic tumors.30

Limitations

Our research was limited by several factors. Heterogeneity 
exists within the meta-analyses, with I2 values ranging 
from 0% to 89.969%. All evidence included in this review 
originates from retrospective research. ADC maps from 
1.5T and 3T ADC MRI scanners of different vendors contrib-
uted to the analysis, with the potential to impact the quan-
tification of absolute ADC values. Several studies omitted 
reporting on the blinding of observers to histopathological 
data, and some studies did not state the CIs of the AUC 
values. Studies in which the ADC values were combined 
with other imaging parameters (eg, visual parameters on 
anatomical MRI) had to be excluded if the AUC values for 
ADC were not provided separately.

To facilitate meta-analysis, studies were grouped ac-
cording to the final consensus of 4 reviewers (F.B., J.S., 
NS., S.T); however, this may not reflect the entirety of 
methodological differences. Funnel plots could only be 
produced for analyses including 5 or more studies, and in 
a few instances, SE values were deducted by a mathemat-
ical formula.28 We did not explore the potential impact of 
manual30 versus automated48,49,53,56 glioma segmentation 
on ADC results, and this may represent a topic for further 
study where the availability of automated volumetric ADC 
extraction will likely grow. The future use of ADC values for 
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glioma molecular diagnosis will most likely benefit from 
integration with other parameters such as visual features, 
physiological MRI metrics, and age.18,33 Furthermore, the 
presence of necrosis has been associated with IDHwt 
status and may predict this irrespective of ADC.68 In the 
future, automated segmentation may facilitate the integra-
tion of volumetric ADC measurements into clinical work-
flows.69 Furthermore, prospective research is required to 
validate proposed ADC thresholds.

Practical Guidance

Whilst considering limitations of the presented data, 
and meta-analysis generally, it appears possible to ar-
rive at preliminary guidance on how to perform and use 
ADC measurements in clinical practice. Firstly, obtaining 
a measurement is preferable to qualitative inspection, 
which is an unreliable predictor of IDH status with poor 
interobserver agreement.70 The placement of a circular 
ROI to measure ADCmean in the largest solid tumor cross-
section (or in the largest solid tumor focus, where this is 
not an entire cross-section due to necrosis) is deemed 
suitable with a view to workflow integration. If preferred, 
normalized values, or alternatively ADCmin measure-
ments, can be justified where their use is already estab-
lished in local practice. We refer to Figure 1 in Maynard et 
al. 2020 for an example of glioma and normal white matter 
ROI placements, with the note that these should be inter-
preted as draft guidance.33 In support of the identification 
of high-risk disease, it is suggested to align measurements 
of ADC towards sensitive IDHwt identification, particu-
larly for lesions of perceived “low grade” morphology. 
Radiological assessments should consider further factors, 
including age and differentials of diffuse glioma.

Conclusion

This meta-analysis supports ADC as an imaging biomarker 
in untreated gliomas, specifically to predict IDH status. 
Published ADC thresholds have been summarized and 
should be considered for prospective testing. ROI measure-
ment, particularly a single ADCmean, is rapid, reproducible, 
and appears statistically equivalent to volumetric read-
outs. We found no evidence for altered diagnostic accuracy 
through ADC normalization. Future research should aim to 
formulate numerical thresholds across multiple institutions.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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