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Abstract

Background: TheT2-fluid-attenuated inversion recovery (FLAIR) mismatch sign, has been considered a highly specific im-
aging biomarker of IDH-mutant, 1p/19q noncodeleted low-grade glioma. This systematic review and meta-analysis aimed
to evaluate the diagnostic performance of T2-FLAIR mismatch sign for prediction of a patient with IDH-mutant, 1p/19q
noncodeleted low-grade glioma, and identify the causes responsible for the heterogeneity across the included studies.
Methods: A systematic literature search in the Ovid-MEDLINE and EMBASE databases was performed for studies
reporting the relevant topic before November 17, 2020. The pooled sensitivity and specificity values with their 95%
confidence intervals were calculated using bivariate random-effects modeling. Meta-regression analyses were
also performed to determine factors influencing heterogeneity.

Results: For all the 10 included cohorts from 8 studies, the pooled sensitivity was 40% (95% confidence interval [CI]
28-53%), and the pooled specificity was 100% (95% Cl 95-100%). In the hierarchic summary receiver operating char-
acteristic curve, the difference between the 95% confidence and prediction regions was relatively large, indicating
heterogeneity among the studies. Higgins |?> statistics demonstrated considerable heterogeneity in sensitivity
(> = 83.5%) and considerable heterogeneity in specificity (1> = 95.83%). Among the potential covariates, it seemed
that none of factors was significantly associated with study heterogeneity in the joint model. However, the specificity
was increased in studies with all the factors based on the differences in the composition of the detailed tumors.
Conclusions: TheT2-FLAIR mismatch sign is near-perfect specific marker of IDH mutation and 1p/19q noncodeletion.

Key Points

e T2-FLAIR mismatch sign is a specific marker for 1p/19g noncodeleted low-grade glioma in
adult patients.

e Considerable heterogeneity exists in the diagnostic performance across studies.

e Improvement is possible at the risk of bias (patient selection, flow, and timing).

In conventional magnetic resonance imaging (MRI), sev- were considered factors correlating to the histologic type
eral radiographic features, such as contrast enhancement, and prognosis of gliomas.' Advanced imaging techniques,
spatial heterogeneity, size, location, and necrosis of tumor such as diffusion-weighted imaging and perfusion imaging,
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Importance of the Study

Our study confirms that the T2-FLAIR mismatch
sign is a near-perfect specific marker of IDH
mutation and 1p/19q noncodeletion. Despite
considerable heterogeneity was proven for
the diagnostic performance of the imaging
marker, no statistically demonstrable cause

are widely adopted in the field of neuro-oncology to es-
timate the cellularity of tumor and vascularity associated
with neoangiogenesis more precisely than conventional
imaging.*® However, these research trends are rapidly
changing their target to excavate a new reliable pre-
dictive imaging biomarker for the molecular status of
glioma since the molecular phenotypic and genotypic in-
formation, such as isocitrate dehydrogenase (IDH) muta-
tion and 1p/19q codeletion status, is integrated into the
WHO 2016 classification.5°® R-2-hydroxyglutarate mag-
netic resonance spectroscopy is a representative ex-
ample of recently spotlighted imaging biomarker for
predicting IDH mutation status by detecting metabolite
R-2-hydroxyglutarate, which is accumulated in the IDH-
mutant gliomas with favorable diagnostic accuracy.'o"
Moreover, in the WHO 2021 classification, various mo-
lecular data were further included in the classification of
glioma, including MYB, MAPK, TERTp, EGFR, H3 K27, or
H3 G34.'? Simultaneously considering the emerging im-
portance of molecular information and the preoperative
setting of diagnostic imaging timing, the need for a re-
liable imaging biomarker for evaluating the molecular
status of glioma has been emphasized for patient coun-
seling, and treatment planning and management during
the disease course.'

In particular, the T2-fluid-attenuated inversion re-
covery (FLAIR) mismatch sign, has been considered
a highly specific imaging biomarker of IDH-mutant,
1p/19g noncodeleted (IDHmut-Noncodel, equivalent
astrocytoma) low-grade glioma (LGG) since 201742
T2-FLAIR mismatch sign is defined as a presence of
a complete/near-complete hyperintense signal of the
tumor onT2 weighted image (T2WI), in combination with
a relative hypointense signal except for a hyperintense
peripheral rim on FLAIR.2' Considering the simplicity
and essentiality of the two routine conventional MRI
sequences (T2WI and FLAIR), which can be freely avail-
able as a cost-effective imaging biomarker worldwide
even without advanced imaging techniques.’ Owing
to the recent rapid publication in the topic on T2-FLAIR
mismatch sign, systematic review and meta-analysis
are warranted to discuss the cause of heterogeneity.
Therefore, this systematic review and meta-analysis
aimed to evaluate and determine the diagnostic perfor-
mance of T2-FLAIR mismatch sign in predicting a patient
with IDHmut-Noncodel LGG, and identify the causes
responsible for the heterogeneity across the included
studies.

was detected by meta-regression. However, a
wide variability was noted in the composition
of the detailed tumors across the studies, and
considerable room for improvement exists at
the risk of bias in the domains of patient selec-
tion, and flow and timing.

Materials and Methods

This systematic review and meta-analysis followed the
Preferred Reporting Iltems for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.?

Literature Search

A search of MEDLINE and EMBASE databases was
performed to find original literature reports aimed at
identifying the diagnostic performance of T2-FLAIR mis-
match sign in predicting a patient with IDHmut-Noncodel
LGG. The following search terms were used: (T2-FLAIR
mismatch) OR (T2-FLAIR suppression) AND (glioma) OR
(LGG). For this search, no start date was set, and the in-
cluded literature was updated until November 17, 2020.
Additionally, the bibliographies of the retrieved studies
were searched to identify any other appropriate studies.

Inclusion Criteria

Studies were included if they satisfied the following cri-
teria: (1) involved pathologically diagnosed patients with
LGG encompassing IDHmut-Noncodel LGG, (2) had mo-
lecular (IDH and 1p/19q) information of included tumor, (3)
pretreatment MRI was the index test, and (4) contained suf-
ficient information for the reconstruction of 2 x 2 tables to
estimate the diagnostic performance of T2-FLAIR mismatch
sign in predicting a patient with IDHmut-Noncodel LGG.

Exclusion Criteria

Exclusion criteria for the enrollment of studies were as
follows: (1) case reports or case series including less
than 5 patients, (2) conference abstracts, editorials, let-
ters, consensus statements, guidelines, or review articles,
(3) studies not focusing on the diagnostic performance
of T2-FLAIR mismatch sign in predicting a patient with
IDHmut-Noncodel LGG, (4) studies with, or with suspicion
of, overlapping populations, and (5) insufficient data for
the reconstruction of 2 x 2 tables.

The literature search and selection were independ-
ently performed by two radiologists, and consensus was
obtained (S.J.C. andY.A.D. with 8 and 3 years of experience
in neuroradiology, respectively).
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Data Extraction

The following data were extracted using standardized
forms according to the PRISMA guideline:?> We extracted
the following data from included studies: (1) characteristics
of the included studies: authors, year of publication, institu-
tion (or source of database), country of origin, study period,
study design (prospective vs. retrospective), number of in-
cluded patients, mean age of included patients, male to fe-
male ratio, number of included tumor, whether all patients
were adult or not, detailed number of included tumor
according to the WHO grade (Il or Ill), IDH mutation (or
not), and 1p/19qg codeletion (or noncodeletion), reference
standard, and inclusion and exclusion criteria, (2) charac-
teristics of MRI: vendor (and model), field strength, slice
thickness, included sequences into MRI protocol, (3) ana-
lytic method for MRI interpretation: definition of T2-FLAIR
mismatch sign, subjective vs. objective, multiple reader,
the department of reader, and experience of reader, and
(4) diagnostic performance of T2-FLAIR mismatch sign data
for prediction of a patient with IDHmut-Noncodel LGG.

Quality Assessment

The methodological quality of the enrolled studies was
evaluated using tailored questionnaires and Quality
Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2)
criteria.?® Two reviewers (S.J.C. and Y.A.D) independently
performed data extraction and quality assessment. Any
disagreement between the two authors was resolved fol-
lowing expert-consultation of the third author (B.S.C,
20 years of experience in neuroradiology).

Data Synthesis and Analyses

The primary endpoint of the current systematic review
and meta-analysis was to determine the diagnostic perfor-
mance of T2-FLAIR mismatch sign in predicting a patient
with IDHmut-Noncodel LGG. The secondary endpoint was
to identify the causes responsible for the heterogeneity
across the included studies by systematic evaluation and
performing meta-regression analyses.

The pooled sensitivity and specificity values and their
95% confidence intervals (Cls) were obtained using bivar-
iate random-effects modeling.?*2The pooled results were
graphically presented using hierarchic summary receiver
operating characteristic (HSROC) curves with 95% confi-
dence and prediction regions. Publication bias was ana-
lyzed using Deeks’ funnel plot, with Deeks’ asymmetry test
being used to calculate the P-value, and determine statis-
tical significance.?®

Heterogeneity across the selected studies was evalu-
ated using the Cochran Q test, which tests the presence of
heterogeneity with P < 0.05.3° Heterogeneity was classi-
fied according to the Higgins |2 statistic as follows: 0-40%,
might not be important; 30-60%, moderate heterogeneity;
50-90%, substantial heterogeneity; and 75-100%, con-
siderable heterogeneity.?® The presence of a threshold
effect (a positive correlation between sensitivity and false-
positive rate) was sequentially evaluated: initially by visual

assessment of coupled forest plots of sensitivity and spec-
ificity; and secondarily by Spearman correlation, with a
correlation coefficient between the sensitivity and false-
positive rate of greater than 0.6 being considered to indi-
cate a threshold effect.?’

To determine the causes of heterogeneity across the
studies, meta-regression analyses were performed on
the following covariates: (1) proportion of IDH-wild type
among parent group (> 40%; > 20%, and < 40%; and >
10%, and < 20%), (2) proportion of IDHmut-Noncodel LGG
among parent group (> 50%), (3) proportion of WHO grade
Il tumor among parent group (> 50%), (4) the definition of
T2-FLAIR mismatch sign (group of “near-complete signal
nulling (except rim) on FLAIR comparative to T2WI” vs.
others), and (5) the number of readers.

The MIDAS and METANDI modules in STATA 16.0
(StataCorp, College Station, TX, USA) were used for all the
statistical analyses, which were performed by one of the
authors (S.J.C., with 4 years of experience in performing
systematic reviews and meta-analyses).

Results
Literature Search

A systematic literature search (Figure 1) initially identified
60 studies. After eliminating 22 duplicates, the screening
of the remaining 38 titles and abstracts yielded 14 poten-
tially eligible studies. No additional study was identified
after searching the bibliographies of these studies. After
full-text reviews of the 14 provisionally eligible studies,
one study was excluded since unclear data selection for
T2/FLAIR mismatch evaluation among entire patient
group,® two because they contained insufficient data for
the reconstruction of 2 x 2 tables,?¥3* two because they
were case reports, letters, editorials and abstracts,3%3¢ and
one owing to suspected population overlap.’” Finally, 8
studies were included in the present systematic review and
meta-analysis.'4?!

Characteristics of the Included Studies

The detailed patient characteristics are presented inTable 1.
Among them, 2 studies were simultaneously included The
Cancer Imaging Archive (TCIA) database and their own
dataset separately for the purpose of comparison.'2' The
two TCIA databases of the two studies were considered
as separate cohorts in the analysis. Finally, we assessed
10 cohorts from 8 studies in the present systematic re-
view and meta-analysis. All the studies (except one) were
of retrospective design.'#"820.21 A study tried to amass the
two independent patient groups (each retrospective and
prospective manners).” The total included study popula-
tion was 1342 with individual cohorts ranging from 59 to
408 patients. The patients had mean ages of 43-57 years.
The patients were all adults in five cohorts, ranging from
19 to 82 years; however, two cohorts only report mean
age,’®?0 and three cohorts of two studies did not report age
ranges.'*"’
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Figure 1. Flow diagram of the study selection process.

The composition of the detailed tumors was variable
across the studies based on the proportion of IDH-wild
type, proportion of IDHmut-Noncodel LGG, and proportion
of WHO grade. Two cohorts of the two studies consisted of
> 40% of IDH-wild type,'®2° three cohorts of three studies
with > 20% and < 40% of IDH-wild type,'*'¢17 and three co-
horts of two studies (including two TCIA databases) with >
10% and < 20% of IDH-wild type.'?

Six cohorts of six studies consist of > 50% of IDHmut-
Noncodel LGG,""7202" and four cohorts of four studies
with < 50% of IDHmut-Noncodel LGG.'#'81921 Six cohorts
of five studies consist of > 50% of WHO grade I1,'>-'82" and
four cohorts of three studies with < 50% of WHO grade
||_14,19,20

The reference standard was histopathology following
surgical excision in all studies. The enroll criteria was
mostly similar across the studies that included nearly
LGGs with the presence of adequate image sequences and
genetic information; however, two studies partly included
glioblastoma since a study partially contained prospective
patients group that comprised suspicious for LGG," and a
study included the entire glioma cohort.'92°

Analysis and MRI Characteristics of the
Included Studies

Considering MRI characteristics, six cohorts from
five studies did not specify the information about the
vendor.’-"72" MR images were obtained at 3T in 2 of the 8

enrolled studies,'®?0 at either 1.5T or 3T in 4 studies,'s"1°
and this information was not available in 2 studies.’?! All
other MRI characteristics, including the vendor, and refer-
ence sequences other than T2WI and FLAIR, are described
in detail inTable 2.

All but two studies used the same definition of T2-FLAIR
mismatch sign proposed by Patel et al.: the subjective
evaluation of the presence of a complete/near-complete
hyperintense signal of the tumor on T2WI, in combi-
nation with a relative hypointense signal except for a
hyperintense peripheral rim on FLAIR.2" A study aimed to
assess the presence of T2-FLAIR mismatch sign objectively,
when over 50% area of the tumor showed signal nulling
on FLAIR comparative to T2WI, and the other study did not
specifically presented the definition of T2-FLAIR mismatch
sign.’ The result of consensus reading was extracted by
multiple readers, including neuroradiologist, neurosur-
geon, and radiology resident from 7 studies,’®?" and in two
cohorts of one study, data extraction was performed by a
single reader.’” Among the 7 studies that interpreted the
T2-FLAIR mismatch sign by multiple readers,'®?" 6 studies
yielded interreader agreement.'4-17.19.21

Diagnostic Performance of the MRI

For all the 10 included cohorts, the pooled sensitivity was
40% (95% Cl 28-53%), and the pooled specificity was 100%
(95% Cl 95-100%; Figure 2). A study presented outlier re-
sults in terms of sensitivity and specificity.’® In the HSROC
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Figure 2. Pooled sensitivity and specificity for the predictive accuracy of T2/ fluid-attenuated inversion recovery (FLAIR) mismatch sign. Horizontal

lines indicate 95% confidence intervals of the individual studies.

curve, the difference between the 95% confidence and pre-
diction regions was relatively large, indicating heteroge-
neity among the studies (Figure 3), while the area under
the HSROC curve was 0.81 (95% CI 0.77-0.84). According
to the Q test, heterogeneity was present (P<.01). Higgins I?
statistics demonstrated considerable heterogeneity in sen-
sitivity (12 = 83.5%) and in specificity (12 = 95.8%), and there
was no threshold effect (Spearman correlation coefficient
of 0.53, i.e., < 0.6). When the outlier was removed, hetero-
geneity in sensitivity (1> = 72.9%) and specificity (12 = 74.5%)
was decreased. According to Deeks’ funnel plot, the likeli-
hood of publication bias was low, with a p-value 0.07 for
the slope coefficient (Figure 4).

Meta-Regression

We also performed a meta-regression analysis to deter-
mine the cause of heterogeneity (Table 3). Among the po-
tential covariates, none of these factors was significantly
associated with study heterogeneity in the joint model.
However, factors including proportion of IDH-wild type of
> 10% and < 20% (vs. > 20% and < 40%, or > 40%), propor-
tion of IDHmut-Noncodel LGG of > 50% (vs. < 50%), pro-
portion of WHO grade Il of > 50% (vs. < 50%), definition of
T2-FLAIR mismatch and multiple reader number (vs. single
reader) show the statistical significance on the specificity
on studies, even though the results were almost near iden-
tical (99% or 100%).

Quality Assessment

The bias risk and its applicability were assessed according
to the QUADAS-2 criteria (Supplementary Figure S1).

In the patient selection domain, a TCIA cohort showed
a high risk of bias owing to inappropriate exclusion.' In
the index test domain, three cohorts of two studies were
considered to have an unclear risk of bias due to the un-
clear information of blinding to the index test and nulled
information of pre-specified threshold.'*' In the flow and
timing domain, a cohort was considered to have a high risk
of bias because a group of patients (IDH-wild type) were
not included in the analysis."®The bias risks in the reference
standard domain were regarded as low in all the studies.
In terms of applicability, three cohorts of two studies were
considered to have indeterminate concern regarding the
applicability in the index test'*'9; however, other studies
were considered to have low concern regarding appli-
cability in the patient selection, index test, and reference
standard domains.

Discussion

This systematic review and meta-analysis evaluated the
diagnostic performance of T2-FLAIR mismatch sign in
predicting a patient with IDHmut-Noncodel LGG. Our
analysis demonstrated a near-perfect pooled specificity
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Figure 3. Hierarchical summary receiver operating characteristic

(HSROC) curve for the predictive accuracy of T2/FLAIR mismatch
sign.

of 100%, and a relatively low power of pooled sensitivity
of 40%. The considerable heterogeneities were proven
among the enrolled studies by the results of the Q test
and the Higgins |2 statistics for both sensitivity and spec-
ificity; however, the degree of heterogeneities were mark-
edly decreased in the analysis following removal of data
of the outlier study. Even though there was no proven sig-
nificant factor associated with study heterogeneity in the
joint model of the meta-regression analysis among the
potential covariates, the composition of the detailed tu-
mors showed wide variation across the studies. We found
that at least some studies were considered to have a high
risk of bias in the domains of patient selection, and flow
and timing. These results shed light on the current state of
the research regarding this topic, as well as the need for
quality improvement.

From the molecular phenotypic and genotypic informa-
tion, such as IDH and 1p/19q status, which is integrated into
the revised WHO 2016 classification of the glioma, con-
siderable interest has been aroused for the imaging bio-
markers that can predict the molecular status of glioma.3®
In particular, The T2-FLAIR mismatch sign, has been proved
as a near-perfect specific imaging marker of IDHmut-
Noncodel LGG."?"The sign has an advantage that it can
predict not only merely predict the molecular type of
tumor but also the behavior of the tumor, and the prog-
nosis considering that the status of both IDH mutation and
1p/19q codeletion is known to be associated with slower
tumor growth and better prognosis in LGGs.3%4° Even
though the pathophysiology of the T2-FLAIR mismatch
sign and the reason for this finding frequently associated
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Figure 4. Deeks’ funnel plot to evaluate publication bias.

with IDHmut-Noncodel LGG are not yet clear, several sug-
gestions are present. Abundant microcystic change, histo-
pathologically, of the tumor was known to be significantly
well correlated with the T2-FLAIR mismatched region of
the tumor.’62133 Since microcystic change is a histological
hallmark of protoplasmic astrocytoma (which was a sub-
type of diffuse low-grade glioma before revised WHO 2016
classification, and now removed from the WHO classifica-
tion as an entity), and owing to the signal intensity of the
fluid within the microcysts may nulled on FLAIR, it is rea-
sonable theory."® In addition, Patel et al. assumed that this
phenomenon could be associated with increased levels of
proteins in the mammalian target of rapamycin pathway.?'
However, this hypothesis needs further study.

Our analysis showed a near-perfect pooled specificity of
100%, and a relatively low power of pooled sensitivity of
40%.The reason for this low sensitivity remains unclear. We
suggest, and hope further molecular and genetic clarifica-
tion may solve the reason for these radiologically hetero-
geneous phenotypes within the IDHmut-Noncodel LGG. In
a few reports, the combination of apparent diffusion coeffi-
cient (ADC) or cerebral blood volume (CBV) to the T2-FLAIR
mismatch sign have improved the predictable power of
the sign.''® Aliotta et al. reported that ADC value more
than 1.5 x 103mm?s exhibited a strong concordance with
the T2-FLAIR mismatch sign and the combination of both
parameters improved the sensitivity in IDHmut-Noncodel
LGG. Lee et al. emphasized the combination of the ADC or
CBV histogram parameters onT2-FLAIR mismatch sign as a
reinforcement stratagem to improve the sensitivity in clin-
ical practice. Further trials like those kinds of reinforcement
and complementary combination of imaging biomarker
may enhance the sensitivity for the T2-FLAIR mismatch sign.

A previous trial of meta-analysis was conducted by
Goyal et al,*"; however, the analysis only focused on the
pool of the data of the predictive power of T2-FLAIR mis-
match sign, and did not discuss the causes of heteroge-
neity across each original articles. The sample size, also,
was too small to acquire confidence of the pooled data
since the number of included original articles were 4,
and more original articles with the same purpose were
published recently.'#16.18-20 Therefore, there is a need to
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update the research and add the newly available informa-
tion to a systematic review and re-analysis encompassing
a larger sample size, and the addition of discussion in
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with pathologically proven gliomas. However, con-
sidering the real-world clinical setting where the radi-
ologists face on the MRI images before the pathologic
confirmation further evaluation based on prospective
design is necessary to improve confidence in the real
clinical utility. Third, the predictive accuracy of T2-FLAIR
mismatch sign in entire population is still warranted
to be further evaluated considering the worthy report
of false-positive cases in children or young adults.3¢
Fourth, included studies were based on the WHO 2016
classification of gliomas. Further studies investigating
the relation between T2-FLAIR mismatch sign or other
novel imaging biomarker and CDKN2A/B homozygous
deletion which as newly included in the diagnosis of
IDH-mutant astrocytoma on the WHO 2021 classification
of gliomas seem necessary. Finally, as we announced
before, the effort reducing variability of tumor com-
position across the study is required to minimize the
heterogeneity.

In conclusion, The T2-FLAIR mismatch sign is a near-
perfect specific marker of IDH mutation and 1p/19q
noncodeletion. Further improvements are warranted in
terms of a well-designed cohort.

Supplementary material

Supplemental material is available at Neuro-Oncology
Advances online.
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