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The current research tested the hypothesis that inversion time (TI) shorter than 2,400 ms
under 3T for FLAIR can improve the diagnostic accuracy of the T2-FLAIR mismatch sign
for identifying IDHmt, non-CODEL astrocytomas. We prepared three different cohorts; 94
MRI from 76 IDHmt, non-CODEL Lower-grade gliomas (LrGGs), 33 MRI from 31 LrGG
under the restriction of FLAIR being acquired with TI < 2,400 ms for 3T or 2,016 ms for
1.5T, and 112 MRI from 112 patients from the TCIA/TCGA dataset for LrGG. The
presence or absence of the “T2-FLAIR mismatch sign” was evaluated, and we
compared diagnostic accuracies according to TI used for FLAIR acquisition. The T2-
FLAIR mismatch sign was more frequently positive when TI was shorter than 2,400 ms
under 3T for FLAIR acquisition (p = 0.0009, Fisher’s exact test). The T2-FLAIR mismatch
sign was positive only for IDHmt, non-CODEL astrocytomas even if we confined the
cohort with FLAIR acquired with shorter TI (p = 0.0001, Fisher’s exact test). TCIA/TCGA
dataset validated that the sensitivity, specificity, PPV, and NPV of the T2-FLAIR mismatch
sign to identify IDHmt, non-CODEL astrocytomas improved from 31, 90, 79, and 51% to
67, 94, 92, and 74%, respectively and the area under the curve of ROC improved from
0.63 to 0.87 when FLAIR was acquired with shorter TI. We revealed that TI for FLAIR
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impacts the T2-FLAIR mismatch sign’s diagnostic accuracy and that FLAIR scanned with TI <
2,400 ms in 3T is necessary for LrGG imaging.
Keywords: glioma, T2-weighted image, fluid-attenuated inversion recovery, IDH-mutation, radiogenomics
INTRODUCTION

Molecular characterization of the tumor has become one of the
necessary and essential procedures for taking care of patients
suffering from WHO grades 2 and 3 gliomas, namely lower-grade
gliomas (LrGG) (1). Among several genetic alterations found in
gliomas, IDH mutation and 1p/19q co-deletion status are the most
clinically significant information, as these genetic alterations are
critical prognostic markers (2–5). Various studies have attempted to
non-invasively identify molecular characteristics of LrGG via
radiological images in the hope to aid treatment decisions (6–12).
Among these efforts, the T2-fluid-attenuated inversion recovery
(FLAIR) mismatch sign has become one of the most prominent
imaging features for IDH-mutant, 1p19q-non-codeleted (IDHmt,
non-CODEL) astrocytomas (13–15). The T2-FLAIR mismatch sign
is defined as a “complete/near-complete hyperintense signal on T2-
weighted image (T2WI) and relatively hypointense signal on FLAIR
except for hyperintense peripheral rim” (13). Investigation of the
Cancer Imaging Archive (TCIA)/Cancer Genome Atlas (TCGA)
dataset discovered that the presence of the T2-FLAIR mismatch
sign for LrGG was highly predictive of the tumor being IDHmt,
non-CODEL. The low sensitivity of the T2-FLAIR mismatch sign,
however, has been problematic (15).

The authors have recently reported that long T1 and T2 effects of
IDHmt, non-CODEL astrocytomas were the possible cause of the
T2-FLAIR mismatch sign and that inversion time (TI) for acquiring
FLAIR could have an impact on the appearance of the T2-FLAIR
mismatch (16). That research revealed that optimum TI seems to lie
between 2,100 and 2,700 ms under 3T. The current study aimed to
test the hypothesis that TI shorter than 2,400 ms under 3T for
in.org 2
FLAIR, which is the average of 2,100 and 2,700 ms, can improve
sensitivity without sacrificing specificity to detect the T2-FLAIR
mismatch sign for identifying IDHmt, non-CODEL astrocytomas.
The current research tested this hypothesis using a local dataset for
LrGG and further validated on the TCGA/TCIA dataset for LrGG.
MATERIALS AND METHODS

Patient Cohort
We carried out this research per the principles of the Helsinki
Declaration. Internal ethical review boards of Osaka University
Graduate School of Medicine (approval number: 13244) and all
collaborative institutes approved this research. All patients
provided written informed consent regarding this research.

We prepared three different cohorts for this analysis (Figure 1).
The first cohort (Cohort 1) comprised of 94 MRI studies from 76
histologically and molecularly confirmed IDHmt, non-CODEL
LrGGs from six institutions. This cohort was built utilizing the
Kansai Molecular Diagnosis Network for CNS Tumors, a region-
based brain tumor tissue collection network that includes Osaka
University Hospital (8, 9, 17), and an LrGG cohort provided
from the National Cancer Center Hospital. Supplementary
Table 1 provides detailed information on this cohort. The
second cohort (Cohort 2) comprised of 33 MRI studies from
31 histologically confirmed and molecularly characterized LrGG
from a single institution (Osaka University Hospital). We
collected the second cohort under the restriction of FLAIR
being acquired with TI < 2,400 ms measured under 3T,
which is equivalent to shorter than 2,016 ms under 1.5T.
FIGURE 1 | The entire cohort of the study is visualized. Cohort 1comprised of 94 MRI studies of histologically and molecularly confirmed IDHmt, non-CODEL LrGGs
from the Kansai Molecular Diagnosis Network for CNS Tumors, which includes Osaka University Hospital, and the National Cancer Center Hospital. Cohort 2
comprised of 33 MRI studies of molecularly characterized LrGG from Osaka University Hospital under the restriction of FLAIR being acquired with TI < 2,400 ms
(short TI-FLAIR) measured under 3T, which is equivalent to shorter than 2,016 ms under 1.5T. Cohort 3 comprised of 112 MRI studies from the TCIA/TCGA dataset
for LrGG.
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We state further rationale of this conversion in the following
section, “Conversion of inversion time in 1.5T to 3T.”
Supplementary Table 2 provides detailed information about
the second cohort. The third cohort (Cohort 3) comprised of 112
MRI studies from 112 patients from the TCIA/TCGA dataset for
LrGG (15, 18, 19). Supplementary Table 3 provides detailed
information about the third cohort.

Genetic Analysis
Two laboratories performed genetic analyses of the tissues: the
Osaka National Hospital (ONH), Osaka, Japan, and the National
Cancer Center Research Institute (NCC), Tokyo, Japan. Sanger
sequencing or pyrosequencing assessed hotspot mutations of
IDH1/2 (codon 132 of IDH1 and codon 172 of IDH2) and the
TERT promoter (C228 and C250) at either lab. 1p/19q co-
deletion was detected either by copy number multiplex
ligation-dependent probe amplification in a unified workflow
at either lab or by fluorescence in situ hybridization (FISH) (20).
We assigned the tumor as “non-CODEL” if the tumor was TERT
promoter mutation-positive in cases where 1p/19q was
considered codeleted (as in case OUN-42 in Supplementary
Table 1). The methylation status of the MGMT promoter was
analyzed and assessed by qPCR at ONH or by pyrosequencing
after bisulfite modification at NCC (20, 21). We obtained IDH
and TERT promoter mutation and 1p19q co-deletion statuses for
the TCIA/TCGA dataset from the report by Ceccarelli et al. (22).

Detection of T2-FLAIR Mismatch Sign
The presence or absence of the “T2-FLAIR mismatch sign” was
evaluated in all cases by two independent readers (M.K. who has
20 and H.A. who has 15 years of experience in surgical neuro-
oncology). A consensus meeting between the two readers finally
determined the presence or absence of the “T2-FLAIR mismatch
sign” strictly complying with the following criteria; complete/
near-complete hyperintense signal on T2-weighted image
(T2WI) and relatively hypointense signal on FLAIR except for
hyperintense peripheral rim.

Conversion of Inversion Time in 1.5T to 3T
We converted TI for FLAIR acquired under 1.5T to 3T to enable
an even comparison of FLAIR acquired both in 1.5T and 3T MR
scanners (Prisma or Aera; Siemens Healthcare, Erlangen,
Germany). This process was necessary as TI is an MR
acquisition parameter derived from T1 relaxation times, which
is influenced by magnetic field strength. We converted T1-
relaxation times measured on 1.5T MRI into estimated
relaxation times measured at 3T by a conversion coefficient
using data from a healthy volunteer. T1 relaxation times
measured at 3T was plotted as a function of those measured at
1.5T. T1-relaxometry was achieved by first acquiring MP2RAGE
images, then converting those images into T1-relaxation time
maps with relaxometries performed via Bayesian inference
modeling (Olea Nova+; Canon Medical Systems, Tochigi,
Japan). MP2RAGE was acquired using repetition time (TR) =
5,000 ms; echo time (TE) = 3.86 ms; and inversion time (TI) =
935/2,820 ms. Measured values are compared in a voxel-wise
manner, and the following conversion was obtained:
Frontiers in Oncology | www.frontiersin.org 3
T1@3T = 1:19� T1@1:5T (1)

As a result, the TI of 2,400 ms under 3T was equivalent to
2,016 ms under 1.5T.

Statistical Analysis
We performed statistical analysis using Prism 8 for macOS
(GraphPad Software, San Diego, CA, USA). Fisher’s exact test
evaluated the statistical significance of contingency tables.
RESULTS

TI of Shorter Than 2,400 ms for FLAIR
Improves the Detectability of T2-FLAIR
Mismatch Sign in IDHmt, Non-CODEL
Astrocytomas (Study From Cohort 1)
The frequency of presence or absence of the T2-FLAIR mismatch
sign confined within IDHmt, non-CODEL astrocytomas, was
assessed using the first cohort (Supplementary Table 1). The
inter-rater reliability of the two readers evaluated by Cohen’s
kappa coefficient was 0.60. Rater 2 showed a tendency to
interpret the “T2-FLAIR mismatch sign” more strictly, which
was true through cohorts 1 to 3. A consensus meeting further
corrected the inter-rater disagreement. When FLAIR was
acquired with TI shorter than 2,400 ms in 3T, the fraction of
the T2-FLAIR mismatch sign positive astrocytomas increased to
0.76 compared to 0.34 in cases where TI longer than 2,400 ms
was used (Figure 2, p = 0.0009, Fisher’s exact test). This result
confirmed that lowering TI under 2,400 ms in 3T is favorable to
FIGURE 2 | The figures show the frequencies of presence or absence of the
T2-FLAIR mismatch sign as a function of TI for FLAIR acquisition confined
within IDHmt, non-CODEL astrocytomas. The left panel shows the number of
cases, and the right panel shows the frequency. The T2-FLAIR mismatch sign
was more frequently positive when TI was shorter than 2,400 ms under 3T
measurement for FLAIR acquisition (p = 0.0009, Fisher’s exact test).
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increase the detectability of the T2-FLAIR mismatch sign. Some
patients received more than two scans with FLAIR acquired
using different TI. As shown in Figure 3, the ease of appreciating
the T2-FLAIR mismatch sign was different between FLAIR with
TI of shorter and longer than 2,400 ms.

Presence of the T2-FLAIR Mismatch Sign
With FLAIR of TI < 2,400 ms Is Specific for
IDHmt, Non-CODEL Astrocytomas (Study
From Cohort 2)
The inter-rater reliability of the two readers assessed by Cohen’s
kappa coefficient was 0.51. The specificity of the T2-FLAIR
mismatch sign with FLAIR of TI < 2,400 ms was 100% along
with a 60% sensitivity for identifying IDHmt, non-CODEL
astrocytomas among histologically confirmed LrGG (Figure 4,
Supplementary Table 2). The T2-FLAIR mismatch sign with
FLAIR of TI < 2,400 ms exhibited a positive predictive value
(PPV) of 100% and a negative predictive value (NPV) of 75% for
identifying IDHmt, non-CODEL astrocytomas among LrGG.

Validation of the T2-FLAIR Mismatch Sign
With FLAIR of TI < 2,400 ms in the TCIA/
TCGA Dataset (Study From Cohort 3)
Inter-rater reliability of two readers assessed by Cohen’s kappa
coefficient was 0.32. For the scans conducted in the TCIA/TCGA
dataset with FLAIR using TI ≥ 2,400 ms, the sensitivity,
Frontiers in Oncology | www.frontiersin.org 4
specificity, PPV, and NPV of the T2-FLAIR mismatch sign to
identify IDHmt, non-CODEL astrocytomas were 30, 92, 80, and
54%, respectively. For the scans conducted with FLAIR using
TI < 2,400 ms, those metrics improved to 67, 94, 92, and 74%,
respectively. When we calculated the ROC curve for identifying
IDHmt, non-CODEL astrocytomas, the area under the curve
improved from 0.63 to 0.87 87 if we acquired FLAIR with TI
shorter than 2,400 ms (Figure 5, Supplementary Table 3).
DISCUSSION

Although the benefit of presurgical knowledge of the molecular
characteristics of LrGG is still debatable, pretreatment identification
of genetic markers of LrGG could help both patients and clinicians
to choose the most appropriate action to control the disease better.
For example, suspicion of IDH being wildtype indicates poor
prognosis (4, 5, 23), which encourages rapid and aggressive
intervention, even at the expense of sacrificing the quality of daily
life in some cases. On the contrary, if the IDH status is suspected to
be mutant, one can expect a much favorable prognosis for the
patient, and we could pursue a more careful balance between radical
resection and preservation of the quality of daily life of the patient
(24). The neuro-oncology and neuroradiology communities have
made numerous attempts to develop non-invasive molecular
diagnostic techniques for gliomas. These techniques include but
are not limited to multiparametric MRI (7), diffusion-weighted
image (DWI) (6), positron emission tomography (25), and radiomic
analysis with the aid of machine learning (8, 9, 26–28). These
reports claim to achieve approximately 80~85% diagnostic accuracy
FIGURE 3 | This figure shows two representative IDHmt, non-CODEL
astrocytomas that had two FLAIR images scanned with different TIs. Both
cases highlight the importance of TI for FLAIR acquisition in terms of
visualization of the T2-FLAIR mismatch sign.
FIGURE 4 | The figures show the frequencies of presence or absence of the
T2-FLAIR mismatch sign among LrGGs with FLAIR acquired using TI shorter
than 2,400 ms. The left panel shows the number of cases, and the right panel
shows the frequency. The T2-FLAIR mismatch sign was positive only for
IDHmt, non-CODEL astrocytomas (p = 0.0001, Fisher’s exact test).
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for identifying IDH mutation among LrGG. However, applying
these methods into clinical practice is still challenging due to their
relatively complex image analyzing procedures.

On the other hand, the T2-FLAIR mismatch sign is an image-
based molecular diagnostic marker that clinicians can readily
incorporate into clinical practice, as both T2WI and FLAIR are
Frontiers in Oncology | www.frontiersin.org 5
routine MRI protocols for gliomas. The T2-FLAIR mismatch
sign is an imaging surrogate specific for IDHmt, non-CODEL
astrocytomas, performance of which several studies have
validated (13–15, 29–31). However, the sensitivity and NPV of
the T2-FLAIR mismatch sign have been reported to be relatively
low, as quite a few IDHmt, non-CODEL astrocytomas do not
present the T2-FLAIR mismatch sign (13–15). Although a
mechanistic explanation of the T2-FLAIR mismatch sign is
challenging, our recent study revealed that IDHmt, non-
CODEL astrocytomas often contain tumors that exhibit long
T1 and T2 effects, which phenomenon could be the leading cause
of the T2-FLAIR mismatch sign. Moreover, we demonstrated
that tuning TI for FLAIR could increase the frequency of
appearance of the T2-FLAIR mismatch sign in IDHmt, non-
CODEL astrocytomas. Lowering the TI to 2,100 from 2,700 ms
in 3T for the synthetic FLAIR reconstruction using T1- and T2-
map significantly improved visualization of the T2-FLAIR
mismatch sign (16). Taking advantage of this knowledge, we
set a threshold of TI as 2,400 ms in 3T for acquiring FLAIR and
studied the impact of different TIs on the diagnostic accuracy of
the T2-FLAIR mismatch sign. As expected, FLAIR acquired with
lower TI exhibited higher diagnostic accuracy both in our local
dataset and in the TCIA/TCGA dataset used for validation
purposes (Figures 4 and 5). NPV of the dataset with FLAIR
acquired with TI longer than 2,400 ms was 51%, while that of
FLAIR with TI shorter than 2,400 ms was 74%. More
importantly, Figure 3 illustrates the impact of TI on the
presence or absence of the T2-FLAIR mismatch sign in the
real clinical setting.

The value of the FLAIR sequence lies in the high lesion
contrast by muting the background of the brain using an
inversion recovery sequence (32). As the target tissue for signal
suppression in FLAIR is often the CSF, FLAIR aims to suppress
T1-relaxation time of 4,000 ms under 3T, which converts to TI of
approximately 2,700 to 2,800 ms in 3T. For example, in stroke
imaging, TI of 2,600 ms in 3T or 2,200 ms in 1.5T has been used
to detect the DWI-FLAIR mismatch sign (33). Our research
highlights the importance of tailoring the FLAIR sequence in
glioma imaging by lowering TI rather than merely using the
conventional FLAIR sequence developed for stroke and
neuroinflammation imaging.

Some limitations should be mentioned in the end. Firstly,
although shortening TI does increase the sensitivity of the T2-
FLAIR mismatch sign, sensitivity is still approximately 70% at its
best. Thus, the “absence of the T2-FLAIR mismatch sign” cannot
exclude the possibility of the tumor not being IDHmt, non-
CODEL astrocytomas. Secondly, due to the qualitative nature of
the T2-FLAIR mismatch sign, inter-rater reliability was unstable,
as Cohen’s kappa coefficient ranged from 0.32 to 0.60. In our
series, rater 2 consistently showed a stricter interpretation of the
T2-FLAIR mismatch sign. Careful MR reading by several
experienced clinicians seems mandatory in order to correctly
identify IDHmt, non-CODEL astrocytomas, even using short TI
for FLAIR acquisition.

In conclusion, we provide evidence that TI for FLAIR
acquisition significantly impacts the diagnostic accuracy of the
FIGURE 5 | The figures show the frequencies of presence or absence of the
T2-FLAIR mismatch sign found in the TCIA/TCGA LrGG cohort. We divided
the cohort into two groups according to the TI for FLAIR acquisition. The T2-
FLAIR mismatch sign was more frequently positive for or IDHmt, non-CODEL
astrocytomas if we acquired FLAIR with TI shorter than 2,400 ms. The ROC
curve for identifying IDHmt, non-CODEL astrocytomas is presented at the
lower panel. The area under the curve improved from 0.63 to 0.87 87 if we
acquired FLAIR with TI shorter than 2,400 ms.
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T2-FLAIR mismatch sign, especially sensitivity and NPV.
Although external cohorts should validate our findings, we
propose that it is necessary for LrGG imaging to acquire
FLAIR with TI shorter than 2,400 ms in 3T.
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