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Introduction

Abstract

Objective: To differentiate glioma grading and determine isocitrate dehydroge-
nase (IDH) mutation status, which are crucial for prognosis assessment and
treatment planning in glioma patients. Methods: This retrospective study
included patients diagnosed with adult diffuse glioma from 1 January, 2018 to
31 July, 2023 in two independent institutions. It documented and analysed clin-
ical and radiographic features. A nomogram model was constructed using step-
wise regression to predict lower-grade gliomas and IDH mutation status.
Results: A total of 383 adult patients with diffuse glioma were included in the
study, with Cohort A (297 patients) serving as the training set and Cohort B
(86 patients) serving as the validation cohort. Consistent with previous reports,
the Hyper fluid-attenuated inversion recovery (FLAIR) rim sign exhibited
higher sensitivity in lower-grade gliomas for IDH mutant gliomas compared
with the T2-FLAIR mismatch sign. However, the Hyper FLAIR rim sign was
also present in Grade 4 gliomas, and thus, the T2-FLAIR mismatch sign exhib-
ited better clinical efficacy in predicting glioma grade and IDH mutation com-
pared with the Hyper FLAIR rim sign in clinical applications. Meanwhile,
preoperative magnetic resonance spectroscopy (MRS) indicators, particularly
the Cho/Cr ratio, have shown excellent performance in predicting glioma grade
and IDH mutation status. The nomogram developed through stepwise regres-
sion demonstrated excellent predictive capabilities in distinguishing glioma
grade and IDH mutation status. Interpretation: Combining imaging and
molecular features, the predictive model established in this study offers a reli-
able non-invasive tool for predicting glioma grading and IDH mutation status,
aiding the clinical decision-making process and improving patient management.

molecular diagnostics in determining glioma subtypes and

introduced a distinction between adult-type and

Diffuse gliomas are amongst the most common primary
tumours of the central nervous system in adults. In 2016,
the World Health Organization (WHO) classification of
central nervous system tumours incorporated molecular
testing results as a key diagnostic criterion for glioma
classification for the first time. The 2021 WHO CNS5
classification also highlighted the diagnostic value of

paediatric-type gliomas for the first time."

With the advancement of molecular testing for gliomas,
molecular/genetic characteristics have supplemented stan-
dard histological analysis, providing additional diagnostic
and prognostic information and even blurring the tradi-
WHO distinction between low-grade and
high-grade gliomas. In recent years, Grades 2 and 3

tional
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Predicting IDH-Mutant Lower-Grade Gliomas

gliomas are often collectively referred to as ‘Tlower-grade
gliomas’ (LGGs) to further emphasise their distinction
from the more aggressive GBMs.”> Numerous studies have
shown that the IDH gene is a significant factor that
affects the prognosis of gliomas. IDH-mutant lower-grade
adult diffuse gliomas are more sensitive to
radio-chemotherapy and have a longer survival time.
Moreover, IDH mutation is a favourable prognostic
marker for overall survival improvement in lower-grade
gliomas.*”

IDH mutation significantly alters the metabolic activity
and breakdown of metabolic products in tumour cells. In
cells that exhibit IDH mutation, the conversion of isoci-
trate to o-ketoglutarate is inhibited, whilst the production
of D-2-hydroxyglutarate (D-2-HG) is increased. D-2-HG
is an oncogenic metabolite that plays a major role in the
tumorigenesis of gliomas.® IDH inhibitors, which can
block this pathological function, are amongst the most
promising treatments for LGGs. Studies have shown that
IDH inhibitors (ivosidenib and vorasidenib) significantly
improve the progression-free survival of lower-grade IDH
mutant gliomas, underscoring the importance of the
non-invasive assessment of IDH mutations for clinical
significance.”®

With continuous advancements in neurofunctional
imaging techniques and the introduction of new radio-
graphic signs, clinicians can better predict low-grade glio-
mas and IDH molecular status noninvasively before
surgery. Magnetic resonance spectroscopy (MRS), as a
method for imaging brain metabolites, plays an important
role in assessing glioma grade and IDH status through
the Cho/Cr ratio.” An elevated Cho/Cr ratio reflects
increased cell membrane turnover and metabolic activity,
which is typically associated with higher tumour grades
and malignancy, making it a useful marker for distin-
guishing lower-grade gliomas from more aggressive forms
like glioblastoma. Additionally, the Cho/Cr ratio corre-
lates with IDH status. IDH mutations may alter tumour
cell metabolic pathways, leading to reduced choline
metabolism. As a result, lower Cho/Cr values are generally
observed in IDH mutant gliomas compared to IDH
wild-type tumours.'” This makes the Cho/Cr ratio valu-
able in predicting tumour behaviour and guiding preop-
erative decisions.

This non-invasive prediction of glioma grade and
molecular characteristics enables patients to receive more
appropriate diagnostic and treatment plans, improving
their outcomes. Therefore, the current study established a
multifactorial logistic regression model that aimed to pre-
dict lower-grade adult diffuse gliomas and IDH status,
providing new strategies for developing brain glioma
treatment plans, formulating individualised surgical plans
and assessing prognosis.
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Methods and Materials

Patient selection and clinical data

In this study, we meticulously compiled a dataset that com-
prised 383 adult diffuse glioma cases, which were surgically
and pathologically confirmed between January 2018 and
July 2023. This dataset was collected from two distin-
guished institutions: Henan Provincial People’s Hospital
and the First Affiliated Hospital of Xinxiang Medical Uni-
versity. The patient cohort was structured into two distinct
groups: Cohort A, from Henan Provincial People’s Hospi-
tal, which encompassed 297 cases, and Cohort B, from the
First Affiliated Hospital of Xinxiang Medical University,
which comprised 86 cases. Our retrospective study was
reviewed and approved by the Ethics review Committee of
Hospital, No. EC-024-095. All patients participating in the
retrospective study provided written informed consent.

The inclusion criteria were stringently defined to ensure
the relevance and integrity of the study sample. These cri-
teria included the following: (1) adherence to the estab-
lished diagnostic standards for adult diffuse gliomas; (2)
completion of surgical intervention, followed by the
acquisition of postoperative pathological and molecular
diagnostic findings for each patient and (3) comprehen-
sive preoperative diagnostic imaging, specifically MRI,
MRS and computed tomography (CT) scans, with fully
intact data records.

Collection of radiological data

All patients underwent preoperative MRI, MRS and CT
examinations. MRI examinations were performed using
the Discovery 3.0T superconducting magnetic resonance
8-channel phased array head coil and the Pioneer 3.0T
superconducting magnetic resonance scanner DST Head
Neck Unit (General Electric Company, USA). The MRI
examination sequences included at least T1-weighted
imaging in the axial plane, T2-weighted imaging and
fluid-attenuated inversion recovery (FLAIR) sequences.
Specific scanning parameters can be found in the Supple-
mentary Materials (Table S1). MRS utilised single-voxel
point-resolved spectroscopy technology, with the volume
of interest positioned at the tumour edge that measured
15 mm x 15 mm X 15 mm. Repetition time was
1500 ms, and echo time was 135 ms. The spectra were
generated using internal scanning software, providing
automatic peak assignment and ratio calculations.

Image analysis

The imaging data were independently reviewed by two
neuroradiologists with over 10 years of clinical experience
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under unknown pathological conditions. In case of differ-
ing opinions, a third doctor was consulted for interpreta-
tion. The observed MRI morphological features included
the following: (1) tumour boundaries, whether distinct or

Predicting IDH-Mutant Lower-Grade Gliomas

homogeneous high signal intensity on T2WI and primar-
ily low signal on FLAIR (with possibly uneven suppres-
sion), but with a thin high signal margin, T2-FLAIR was
typically accompanied by minimal or no enhancement''

blurred; (2) presence of peritumoural oedema; (3) (Fig. 1A) and (7) FLAIR hyperintense rim sign: regardless
whether the enhancement sequence exhibited rim  of T2 sequence characteristics, the presence of a high sig-
enhancement; (4) whether the lesion was primarily nal rim on FLAIR alone would suffice'®"? (Fig. 1B).

located in the frontal lobe; (5) whether the tumour
crossed the midline; (6) T2-FLAIR mismatch sign: the
tumour presented complete or complete

Qualitative assessment for calcification was performed on
CT images. MRS was performed using a single-voxel tech-

nearly nique. The voxel was carefully placed at the edge of the

Cho/Cr  0.86
Cho/NAA 4.35
NAA/CT  0.20

Cho/Cr
Cho/NA
NAA/Cr

Cho/Cr
Cho/NAA 2.
NAA/Cr 128

Cho/Cr 291
Cho/NAA 4.69
NAA/Cr 0.62

Figure 1. Representative examples of IDH mutant and IDH wild-type gliomas: (A) A classic example of a Grade 2 IDHmut non-codeleted glioma
with T2-FLAIR mismatch (T2FM). This patient has low signal on T1-weighted imaging (TTWI) (a), uniformly high signal on T2-weighted imaging
(T2WI) (b), high signal on the edges with a low signal core on FLAIR (c), smooth margins (b, ¢), no contrast enhancement (d), no calcification (e)
and a low Cho/Cr ratio (f). (B) An IDH wild-type Grade 4 glioblastoma on MRI shows uneven signals (a—d), blurry edges (a, b), extensive
peritumoral oedema (c), ring-like enhancement (d), no calcification on CT (e) and uneven T2WI signals with high signal on FLAIR edges and low
signal core (b), consistent with the HyperFLAIRrim sign. (C) An IDHwt Grade 4 glioblastoma typically exhibits uneven signals on T2WI with blurry
margins (a, b), extensive peritumoral oedema (c), ring-like enhancement (d), no calcification (e) and a high Cho/Cr ratio (f). (D) A patient with a
Grade 3 IDHmut-Codel glioma showing low signal on T1WI (a), uneven signal on T2WI (b), no high signal edges and no low signal core on FLAIR
(), partial edge contrast enhancement without forming an enhancement ring (d), calcification on CT (e) and a high Cho/Cr ratio.
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glioma, an area chosen for its ability to capture the most
metabolically active region of the tumour. Voxel position-
ing was guided by T2-weighted and FLAIR images to
ensure accurate placement and avoid necrotic or cystic
areas. MRS scans were acquired using a repetition time
(TR) of X ms and an echo time (TE) of Y ms, with data
automatically processed by the internal software to extract
metabolite ratios such as Cho/Cr, NAA/Cr and Cho/NAA.

Histopathologic and molecular analysis

All tissue specimens were fixed into paraffin blocks and
analysed in the Pathology Department of hospital. The
tumours were classified into grade 2, 3 and 4, according
to 2021 CNS5 classification. In cases where the immuno-
histochemistry (IHC) test for the IDH1 (R132H) mutant
protein was negative, next-generation sequencing (NGS)
was used to detect mutations in IDH1 R132 and IDH2
R172. The determination of the IDH genotype was
accomplished through a combination of immunohisto-
chemistry and molecular biological testing.

Statistical analysis

Data analysis was performed using SPSS 25.0, R (version
4.3.2) and R Studio (version 1.2.5033). For the analysis of
imaging features and index differences, Shapiro—Wilk tests
were first used to assess the homogeneity of variance and
normality of the quantitative data (Tables S2 and S3).
When data demonstrated homogeneity of variance and
approximated a normal distribution, they were presented
as mean =+ standard deviation. Comparisons between two
groups were conducted using the independent sample -
test, and ANOVA was used for multiple group compari-
sons. For data that did not follow a normal distribution,
medians and interquartile ranges (M) were used, and
comparisons amongst groups were made using the
Mann—Whitney U test. Qualitative data were analysed
using Pearson’s chi-squared test or Fisher’s exact test for
differences between two groups. A significance level of
o =0.05 was set, with P < 0.05 indicating statistical
significance.

Independent variables with statistical differences in the
test group were selected using stepwise regression in R,
and a logistic regression model was then constructed. This
model was then adopted to create a nomogram by using
data from the test group. The model’s performance was
evaluated through receiver operating characteristic (ROC)
curves, area under the curve (AUC), concordance index
and goodness-of-fit tests. Internal validation was con-
ducted using the bootstrap method on the test group data
to draw calibration curves. External validation was per-
formed on the validation group to plot ROC curves and
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calculate AUC values. The clinical utility of the model
was assessed using decision curve analysis.

Result

Descriptive characteristics

The investigation encompassed two groups: Cohort A,
from Henan Provincial People’s Hospital, comprising 297
patients, and Cohort B, from the First Affiliated Hospital
of Xinxiang Medical University, with 86 patients (Table 1).
Baseline characteristics, including age, gender, tumour
grade and IDH mutation status, were compared between
the test and validation sets. Statistical analysis showed no
significant differences between the two groups in terms of
tumour grade (P =0.930), IDH mutation status
(P = 0.328), age at diagnosis (P = 0.408) and gender dis-
tribution (P = 0.121), indicating that the test and valida-
tion sets are comparable.

Individuals with grade 4 gliomas were notably older
compared to those with lower-grade gliomas (P < 0.001).
The separation of lower-grade and grade 4 gliomas was
determined through ROC analysis (Fig. Sla), revealing an
AUC of 0.761 (95% CI = 0.707 to 0.815), with the opti-
mal diagnostic cut-off offering 62.4% sensitivity and
80.7% specificity, resulting in a Youden index of 0.43.
Conversely, those with IDH mutant gliomas were signifi-
cantly younger than their IDH wild-type counterparts
(P < 0.001). Discrimination between IDH mutant and
wild-type gliomas was assessed via ROC analysis
(Fig. S1b), achieving an AUC of 0.761 (95% CI = 0.707
to 0.815), with the diagnostic cut-off demonstrating
60.2% sensitivity, 84.3% specificity and a Youden index
of 0.45.

Imaging characteristics

Regarding MRI morphological characteristics (Tables 2 and
3), previous studies have reported that T2-FLAIR mismatch
sign and Hyper FLAIR rim sign in lower-grade gliomas pre-
dict IDH mutation with high specificity, nearly 100% and
lower sensitivity. This study found that the T2-FLAIR mis-
match sign shows statistical significance in distinguishing
between lower-grade gliomas and Grade 4 gliomas as well
as identifying IDH mutations in both Cohort A and Cohort
B (All, P <0.001). The sign was observed in 18 cases
(12.9%) of lower-grade gliomas in Cohort A and 7 cases
(17%) in Cohort B, with all molecular types being IDHmut
non-codeleted astrocytoma (Tables S4 and S5). However,
the T2-FLAIR mismatch sign is not present in grade 4 glio-
mas or in IDHwt gliomas. The Hyper FLAIR rim sign
showed statistical significance in distinguishing between
lower-grade gliomas and Grade 4 gliomas in Cohort A
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Table 1. Baseline characteristics of test and validation sets, including molecular subtype of gliomas, patient age at diagnosis and gender.

Test set (n = 297)

Validation set (n = 86)

P

Characteristics Grade 2 or 3 (n = 140) Grade 4 (n = 157) Grade 2 or 3 (n=41) Grade 4 (n = 45) 0.930
Molecular subtype 0.328

IDHmut 110 (78.5%) 11 (7.0%) 28 (68.3%) 2 (4.4%)

IDHwt 30 (21.5%) 146 (93.0%) 13 (31.7%) 43 (95.6%)
Age at diagnosis (years) 0.408

Median 48 59 50 58

Range 20-70 27-83 29-74 20-78
Gender 0.121

Female 55 (39.3%) 69 (43.9%) 21 (51.2%) 23 (51.1%)

Male 85 (60.7%) 88 (56.1%) 20 (48.8%) 22 (48.9%)
P: A comparison between test set versus validation set.
Table 2. Comparison of clinical and radiological features of LGGs and HGGs in cohort A and cohort B.

Test set (n = 297) Validation set (n = 86)

Characteristics Grade 2 or 3 (n = 140) Grade 4 (n = 157) P Grade 2 or 3 (n=41) Grade 4 (n = 45) P
Age 46.2 + 11.7 58.0 £ 12.0 <0.001 48.2 £ 12.5 58.6 + 11.1 <0.001
Gender (male/female) 85/55 88/69 0.416 20721 22/23 0.992
Tumour location 0.005 <0.001

Frontal 59 (42.1%) 42 (26.8%) 28 (68.3%) 13 (28.9%)

Nonfrontal 81 (57.9%) 115 (73.2%) 13 (31.7%) 32 (71.1%)
Largest tumour diameter 51+16 47 +1.6 0.040 46 + 1.6 51+ 14 0.131
Peritumoral oedema 38 (27.1%) 128 (81.5%) <0.001 11 (26.8%) 43 (95.6%) <0.001
Tumour boundary <0.001 <0.001

Clear 86 (61.4%) 32 (20.4%) 22 (53.7%) 2 (4.4%)

Blur 54 (38.6%) 125 (79.6%) 19 (46.3%) 43 (95.6%)
Rim enhancement 26 (18.6%) 118 (75.2%) <0.001 4 (9.8%) 42 (93.3%) <0.001
Crossing midline 29 (20.7%) 69 (43.9%) <0.001 3(7.3%) 21 (46.7%) <0.001
Calcification 31 (22.1%) 16 (10.2%) 0.005 9 (22.0%) 3(6.7%) 0.041
T2FM 18 (12.9%) 0 (0%) 0.002 7 (17.1%) 0 (0%) 0.004
Hyper FLAIR rim 23 (16.4%) 7 (4.5%) <0.001 10 (24.4%) 4 (8.9%) 0.052
Cho/NAA 3.31(1.96-6.07) 5.60 (3.34-9.10) <0.001 2.59 (1.69-6.83) 5.12 (2.49-9.26) 0.010
Cho/Cr 1.93 (1.47-2.62) 3.09 (2.18-4.47) <0.001 1.86 (1.36-2.49) 3.31 (2.08-4.53) <0.001
NAA/Cr 0.62 (0.40-1.01) 0.59 (0.38-0.97) 0.512 0.65 (0.39-1.23) 0.66 (0.36-1.32) 0.707

P: A comparison between WHO grade 2 or 3 versus WHO grade 4.

(P < 0.001) but not in Cohort B (P = 0.052); it showed sta-
tistical significance in identifying IDH mutations in both
Cohort A and Cohort B (P < 0.001, P = 0.005, respec-
tively), where it appeared in 23 cases (16.4%) and 10 cases
(24.4%) of lower-grade gliomas in Cohort A and Cohort B,
respectively, and in 7 cases (4.5%) and 4 cases (8.9%) of
Grade 4 gliomas, respectively(example in Fig. 1D); it
appeared in 26 cases (19.8%) and 10 cases (30%) of IDH-
mut gliomas in Cohort A and Cohort B, respectively, while
in IDHwt gliomas, it appeared in 4 cases (2.3%) and 4 cases
(7.1%), respectively.

In Cohort A, calcification in the CT scan was observed in
31 cases (22.1%) of lower-grade gliomas compared to 16
cases (10.1%) of Grade 4 gliomas, showing statistical

significance, similar to the findings in Cohort B (P = 0.005,
P = 0.041, respectively). When comparing IDHmut glio-
mas to IDHwt gliomas, in Cohort A, calcification occurred
in 28 cases (23.1%) of IDHmut gliomas and 19 cases
(10.8%) of IDHwt gliomas (example in Fig. 1C,D), with
both showing statistical significance, akin to the results in
Cohort B (P = 0.004, P = 0.03, respectively).

Diagnostic value of MRS

In Cohort A, the differences in Cho/NAA and Cho/Cr ratios
between lower-grade gliomas and Grade 4 gliomas were sta-
tistically significant (P < 0.001, All), whereas the NAA/Cr
ratio showed no statistical significance between the two

© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 259



Predicting IDH-Mutant Lower-Grade Gliomas D. Zhao et al.
Table 3. Comparison of clinical and radiological features between IDH-mutant and IDH wild-type gliomas in cohort A and cohort B.
Test set (n = 297) Validation set (n = 86)

Characteristics IDHmut (n = 121) IDHWt (n = 176) P IDHmut (n = 30) IDHWt (n = 56) P
Age 45.7 £ 10.7 57.1 £ 129 <0.001 46.9 £ 10.9 573 +£ 123 <0.001
Gender (male/female) 69/52 104/72 0.723 14/16 28/28 0.768
Tumour location <0.001 <0.001

Frontal 63 (52.1%) 38 (21.6%) 25 (83.3%) 16 (28.6%)

Nonfrontal 58 (47.9%) 138 (78.4%) 5(16.7%) 40 (71.4%)
Largest tumour diameter 54+ 15 45+ 15 <0.001 54+14 46 + 1.6 0.026
Peritumoral edema 40 (33.1%) 126 (71.6%) <0.001 7 (23.3%) 47 (83.9%) <0.001
Tumour boundary <0.001 <0.001

Clear 68 (56.2%) 50 (28.4%) 17 (56.7%) 7 (12.5%)

Blur 53 (43.8%) 126 (71.6%) 13 (43.3%) 49 (87.5%)
Rim enhancement 30 (24.8%) 114 (64.8%) <0.001 3(10.0%) 43 (76.8%) <0.001
Crossing midline 29 (24.0%) 69 (39.2%) 0.006 4 (13.3%) 20 (35.7%) 0.027
Calcification 28 (23.1%) 19 (10.8%) 0.004 8 (26.7%) 4 (7.1%) 0.03
T2FM 18 (14.9%) 0 (0%) <0.001 7 (23.3%) 0 (0%) <0.001
Hyper FLAIR rim 26 (21.5%) 4 (2.3%) <0.001 10 (33.3%) 4(7.1%) 0.005
Cho/NAA 4.10 (2.54-7.36) 4.86 (2.55-8.28) 0.579 5.93 (2.16-8.65) 3.64 (1.79-8.04) 0.143
Cho/Cr 2.20 (1.62-3.22) 2.77 (1.84-4.08) <0.001 1.97 (1.40-3.59) 2.86 (1.63-3.89) 0.017
NAA/Cr 0.58 (0.37-0.88) 0.62 (0.39-1.08) 0.058 0.57 (0.29-0.94) 0.83 (0.45-1.39) 0.299

P: A comparison between IDH mut versus IDH wild-type.

groups; the difference in Cho/Cr ratio between IDH mutant
gliomas and IDH wild-type gliomas in Cohort A was statis-
tically significant (P < 0.001), while there was no statistical
significance in Cho/NAA and NAA/Cr ratios between the
two groups. The ROC curve for the Cho/Cr ratio in distin-
guishing lower-grade gliomas from Grade 4 gliomas
(Fig. S2a) had an AUC of 0.737 (95% CI = 0.680-0.793),
with an optimal diagnostic cut-off value, a sensitivity of
66.9%, a specificity of 73.6% and a Youden index of 0.405;
the ROC curve for the Cho/Cr ratio in distinguishing IDH
mutant gliomas from IDH wild-type gliomas (Fig. S2b) had
an AUC of 0.611 (95% CI = 0.546-0.675), with an optimal
diagnostic cut-off value, a sensitivity of 66.9%, a specificity
of 58.0% and a Youden index of 0.249. Therefore, the Cho/
Cr ratio can serve as a reliable imaging biomarker, provid-
ing quantitative information for the grading and typing of
gliomas.

Nomogram for predicting LGGs

This study incorporated all indices with statistical differ-
ences in differentiating glioma grades in the test group
into a Logistic regression model. Through stepwise

regression for variable selection, the results indicated that
in distinguishing lower-grade gliomas from Grade 4 glio-
mas, the model constructed from age, maximum tumour
diameter, Cho/Cr ratio, whether the tumour is located in
the frontal lobe, calcification, T2-FLAIR mismatch sign,
peritumoral oedema and rim enhancement (Fig. 2A)
exhibited excellent predictive capability for lower-grade
gliomas in Cohort A (AUC 0.943, 95% CI 0.917-0.969,
Fig. 2B). The detailed Logistic regression results are pro-
vided in Table S6. The same model was applied to Cohort
B, demonstrating the best predictive ability in Cohort B
as well (AUC 0.946, 95% CI 0.903-0.990, Fig. 2C). The
nomogram demonstrated good accuracy in assessing the
likelihood of lower-grade gliomas (concordance index (C-
index) was 0.792). Furthermore, calibration plots showed
a good agreement between the actual lower-grade gliomas
and the likelihood estimated by the nomogram (Cohort A
Fig. 2D, Cohort B Fig. 2E). In addition, decision curve
analysis (DCA) was performed to assess the clinical utility
of the nomogram. As shown in the DCA curve (Cohort A
Fig. 2F, Cohort B Fig. 2G), the nomogram provides a
positive net benefit across a wide range of threshold prob-
abilities, particularly between 20% and 60%. This

Figure 2. Lower-grade Glioma prediction model and model evaluation (A) The nomogram evaluates the scores for predicting lower-grade
gliomas through each feature selected by stepwise regression. (B and C) ROC curves of combined predictors for distinguishing lower-grade
gliomas from Grade 4 gliomas. The maximal AUC for Cohort A was 0.943 (95% Cl 0.917-0.969) and the maximal AUC for Cohort B was 0.946
(95% ClI 0.903-0.990). (D and E) The nomogram demonstrates the diagnostic performance effectiveness in predicting lower-grade gliomas in
Cohorts A (D) and B (E). (F and G) DCA assesses the clinical utility of the constructed model. The x-axis and y-axis represent the threshold

probability and net benefit, respectively.
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indicates that the nomogram can effectively assist clini-
cians in making informed decisions regarding the diagno-
sis and treatment of lower-grade gliomas, offering
meaningful clinical benefit by identifying patients most
likely to benefit from further intervention.

Nomogram for predicting IDH mutation
status

This study included all indicators showing statistical dif-
ferences in distinguishing IDH mutant from non-mutant
gliomas in the test group into a Logistic regression model,
and through stepwise regression for independent variable
selection, it was found that the model constructed from
age, maximum tumour diameter, tumour location in the
frontal lobe, calcification, T2-FLAIR mismatch sign, Cho/
Cr ratio and enhancement ring (Fig. 3A) had excellent
predictive power for IDH mutant gliomas in Cohort A
(AUC 0.901, 95% CI 0.864-0.937, Fig. 3B). The detailed
Logistic regression results are provided in Table S7. The
same model was applied to Cohort B, demonstrating the
best predictive ability in Cohort B as well (AUC 0.944,
95% CI 0.888-0.989, Fig. 3C). The nomogram showed
good accuracy in assessing the likelihood of IDHmut glio-
mas (concordance index (C-index) was 0.382). Further-
more, calibration plots demonstrated a good agreement
between the actual IDHmut gliomas and the likelihood
estimated by the nomogram (Cohort A Fig. 3D, Cohort B
Fig. 3E). DCA assessed the clinical utility of this predic-
tive model, indicating that the model is effective in clini-
cal application (Cohort A Fig. 3F, Cohort B Fig. 3G).

Discussion

As a type of brain tumour with different histological
grades and molecular diversity, the tumour grading and
molecular type of glioma significantly affect the prognosis
and treatment strategies of patients."> As a molecular bio-
marker, IDH has been identified in recent years as an
ideal target for the precise targeted treatment of IDH
mutant gliomas.'* IDH inhibitors and vaccines have
emerged as new treatment modalities for IDH mutant gli-
omas. IDH inhibitors are a class of small molecule drugs
designed to directly target and inhibit the activity of the
mutant IDH enzyme, blocking the production of

D. Zhao et al.

tumour-promoting metabolites and slowing or preventing
the proliferation and survival of tumour cells. Previous
studies have confirmed that IDH inhibitors, such as ivosi-
denib and vorasidenib, have extended the progression-free
survival of patients with lower-grade IDH mutant
gliomas.7’8 The IDH vaccine, which is an immunotherapy
strategy, aims to activate the body’s immune system to
fight against tumour cells that carry IDH mutation.'” "’

This study not only conducted statistical analysis on
T2-FLAIR mismatch and Hyper FLAIR rim signs in
lower-grade gliomas but also compared their application
value in Grade 4 gliomas. The T2-FLAIR mismatch sign,
which was used to diagnose astrocytomas, exhibited lower
sensitivity and extremely high specificity. This finding is
consistent with that of the previous research by Patel
et al.'™®* Notably, the T2-FLAIR mismatch sign
appeared in Cohorts A and B in cases molecularly charac-
terised as IDHmut non-codeleted astrocytomas, whilst it
was absent in Grade IV and IDHwt gliomas. Johnson
et al.** reported 12 cases of false positives of T2-FLAIR mis-
match sign, all occurring in IDHmut-Codel lower-grade
oligodendrogliomas. To date, the sign has not been
observed in IDHwt lower-grade gliomas. The Hyper FLAIR
rim sign, which was firstly proposed by Throckmorton and
Graber'? in 2020, should not rely on T2 sequence features
and the FLAIR high signal ring alone is a radiological fea-
ture of high sensitivity and specificity for astrocytomas.
Subsequently, Li and Lin et al.,'> through the validation of
585 cases of lower-grade gliomas, demonstrated the higher
sensitivity and specificity of Hyper FLAIR rim compared
with T2-FLAIR mismatch sign in lower-grade gliomas.
Although the Hyper FLAIR rim sign exhibited higher sensi-
tivity for IDH mutant gliomas in lower-grade gliomas than
the T2-FLAIR mismatch sign, the current study found the
presence of Hyper FLAIR rim sign in Grade 4 gliomas, and
thus, the T2-FLAIR mismatch sign presented better clinical
efficacy in predicting glioma grades and IDH mutations
compared with the Hyper FLAIR rim sign in clinical
applications.

MRS plays an irreplaceable role in the diagnosis of glio-
mas by measuring the concentration ratios of different
metabolites in the brain, providing important information
about gliomas and their biological characteristics. The Cho/
Cr ratio is an important indicator, offering key information
about tumour cell metabolic activity and malignancy

Figure 3. IDHmut Glioma prediction model and model evaluation. (A) The nomogram evaluates the scores for predicting IDHmut gliomas
through each feature selected by stepwise regression; (B) and (C) ROC curves of combined predictors for distinguishing IDH mutants from IDH
wild-type gliomas. The maximal AUC for Cohort A was 0.901 (95% Cl 0.864-0.937) and the maximal AUC for Cohort B was 0.944 (95% Cl
0.888-0.989); (D and E) The nomogram demonstrates the diagnostic performance effectiveness in predicting IDHmut gliomas in Cohorts A (D)
and B (E). (F and G) DCA assesses the clinical utility of the constructed model. The x-axis and y-axis represent the threshold probability and net

benefit, respectively.
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degree. Furthermore, the Cho/Cr ratio has been demon-
strated to help differentiate true progression from pseudo-
progression in glioblastoma patients, where an elevated
Cho/Cr ratio is often associated with true tumour progres-
sion, while lower ratios may indicate pseudoprogression.*”
The current study found that in Grade 4 gliomas, the Cho/
Cr ratio was significantly higher than in lower-grade glio-
mas and this ratio could predict IDH status. Nonetheless,
compared with the high sensitivity and specificity demon-
strated by Changho Choi et al.”* > through the MRS detec-
tion of 2-HG for identifying IDH mutant gliomas, the Cho/
Cr ratio fell slightly short in terms of sensitivity and speci-
ficity. Although the MRS detection of 2-HG is considered a
more specific method for identifying IDH mutant gliomas,
its equipment requirements and technical conditions limit
its widespread clinical application. Therefore, the Cho/Cr
ratio can serve as a reliable quantitative information pro-
vider for the clinical prediction of glioma grading and
molecular typing.

Calcification is considered a typical feature of oligoden-
drogliomas, and tumours of this type, which carry 1p/19q
co-deletion and IDH mutation, typically indicate a more
favourable prognosis and better response to chemotherapy
and radiotherapy. In the current study, calcification
appeared in 28 cases (40.6%) and 7 cases (58.3%) of
IDHmut-Codel oligodendrogliomas in Cohorts A and B,
respectively. This finding is consistent with the
meta-analysis results on lower-grade gliomas by Lent
et al.>™*" As the preferred technology for identifying calci-
fications, the importance of CT in clinical practice should
not be replaced by MRI, particularly in glioma typing and
treatment planning. Therefore, calcification can serve as
an important radiological marker for predicting
lower-grade gliomas and IDH status.

The current study demonstrated the effectiveness of
combining MRS indicators and radiological features to
predict glioma grading and IDH molecular subtypes. The
nomogram established in this study provides significant
clinical application value and practicability compared to
radiomic machine learning models. Unlike radiomic
models, which often require complex image processing
and advanced computational tools, our nomogram uses
variables that are routinely available and quickly assessed
by clinicians in everyday practice. This makes the model
easier to implement in both specialised and general
healthcare settings, ensuring broader accessibility and util-
ity in clinical decision-making, particularly in environ-
ments with limited technological resources. However, this
study also has limitations, including its retrospective anal-
ysis nature; relatively small case enrolment and subjective
assessment of radiological markers without quantifying
the extent or degree of mismatch in T2-FLAIR, which
aligns more closely with clinical practice.

D. Zhao et al.

In conclusion, significant differences exist in MRI mor-
phology and MRS indicators amongst different grades
and IDH mutation statuses of gliomas. The logistic
regression model constructed by combining age, MRI
morphological features and MRS indicators significantly
improved the accuracy of predicting glioma histopatho-
logical grading and IDH molecular subtypes.
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