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Following the publication of the 2021 WHO Classification of Central Nervous System Tumors (CNS5),
Following the publication of the 2021 WHO Classification of Central Nervous System Tumors (CNS5),
prognostic markers of glioblastoma (GBM) need to be further explored. Radiomics is a non-invasive
and reproducible method for the prognostic assessment of multiple solid tumors. This study aimed

to explore the prognostic value and biological significance of MRI T1-weighted enhancement (CE-T1)
based radiomics in GBM (CNS5). A six-features radiomics prognostic model was created to calculate the
radiomics score (RS). High RS (HR=3.718, 95%Cl: 2.222 —6.220, P < 0.001) was an independent risk
factor for overall survival (OS). The correlation between RS and OS was externally verified based on the
First Affiliated Hospital of Fujian Medical University cohorts (n=93; HR=2.015, 95% Cl: 1.079 —3.762,
P =0.028) and the Second Affiliated Hospital of Zhejiang University School of Medicine cohorts
(n=126; HR=1.779, 95% CI: 1.023 —3.091, P =0.041). Through biological significance exploration, RS
was found to be significantly correlated with DNA repair (P =0.009) and glycolysis (P=0.001) pathway
enrichment scores. RS was associated with y8T cell infiltration and the expression of LAG3. The MRI
CE-T1 based radiomics models can predict GBM (CNS5) prognosis noninvasively. RS is relevant to DNA
repair, and may guide the screening of radiosensitive populations.
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Glioblastoma (GBM) is the most common intracranial primary malignancy and has high incidence and mortality
rates’. Current treatment for GBM consists of surgical resection, combined with radiotherapy, chemotherapy,
electric field therapy (TTF), and targeted therapy?. However, the overall prognosis is poor, and the median overall
survival (OS) is approximately 15 to 20 months®. The 2021 WHO Classification of Central Nervous System
Tumors (5th Edition) (CNS5) integrates the histological characteristics and molecular phenotypes of tumors for
integrated diagnostics, redefining the above populations as follows: diffuse astrocytoma with histological features
(histGBM) and molecular features (molGBM)*. Compared with histodiagnosis alone, the integrated diagnostic
mode of central nervous system tumors presents clear advantages in guiding clinical diagnosis, although it also
increases the cohort heterogeneity and proposes higher requirements for prognosis prediction”.

Previous studies based on the 2016 WHO Classification of Central Nervous System Tumors (4th Edition)
(CNS4) identified IDH wild-typed GBM prognostic factors including age, sex, KPS score, complete surgical
resection of the lesion, chemoradiotherapy, TERT promoter status, MGMT promoter methylation, EGFR
amplification, and tumor microenvironment?. The CNS5 has redefined the GBM population. Currently, there are
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few studies on the prognostic factors of GBM (CNS5), and classic prognostic markers such as MGMT promoter,
TERT promoter, and EGFR have been challenged in GBM (CNS5) populations®’. As most of the indicators need
to be evaluated after invasive biopsy or surgical resection, the evaluation results of pathological indicators are
often restricted by various factors including the material site, tissue staining, and detecting instrument, with
disadvantages such as difficult sampling, high detection costs, and limited popularity. Radiomics can identify
features non-invasively that cannot be distinguished by the naked eye, quantify tumor heterogeneity, and eliminate
subjective factors. Further advantages of radiomics are cost-effectiveness, convenience, comprehensiveness
and reproducibility. Park CJ et al.®detected the prognostic role of radiomics signature in patients with low-
grade IDH-wild-type glioma by constructing the radiomics prognostic model. Studies have also examined the
prognostic role of the radiomics score (RS) in GBM (CNS4). Choi et al.’constructed a radiomics prognostic
model of patients with GBM including 13 features through LASSO regression, and found that patients with
GBM with high RS had poor OS. It is important to establish whether the RS model is applicable to the GBM
population redefined under CNS5.

Wang et al.!? retrospectively analyzed the data of GBM (CNS5) patients to establish a radiomics features
model and explore its independent prognostic role for predicting OS. However, the study did not elucidate the
biological meaning underlying radiomics, as it was based on a small sample size and had low statistic power,
lack of independent external validation, and insufficient confounding adjustments for absence of treatment-
related factors. New identified CNS5 GBM is a highly heterogeneous tumor. Hence, the prognostic value of the
MR-based radiomics model for the GBM (CNS5) population across different cancer centers warranted to be
evaluated.

Using The Cancer Imaging Archive (TCIA) GBM data, radiomics features from the preoperative MRI
T1-weighted enhanced (CE-T1) phase tumor area were extracted and a radiomics prognostic model of GBM
(CNS5) was established. Two radiotherapy cohorts were utilized to independently verify the prognostic value
of the model. This study then used The Cancer Genome Atlas (TCGA) and Repository of Molecular Brain
Neoplasia Data (REMBRANDT) databases to explore the biological correlation between RS and DNA repair,
glycolysis, and tumor microenvironment. The aims of this study were to establish the radiomics prognostic
model for patients with GBM (CNS5), explore the biological meaning of the RS model, and accurately predict
patient prognosis to guide personalized diagnosis and treatment.

Materials and methods

Population definitions

GBM (CNS5): Adult-type diffuse gliomas with wildtype IDH and intact ATRX and wildtype H3, are defined as
“Glioblastoma, IDHwt, WHO grade 4” with histological features of microvascular proliferation and/or necrosis,
or molecular features of EGFR amplification and/or the combination of whole chromosome 7 gain and whole
chromosome 10 loss (4 7/—10) and/or TERT promoter mutations. A histological diagnosis of histGBM was made
based on the presence of IDH-wildtype diffuse gliomas with necrosis or microvascular proliferation. The molGBM
was defined as IDH-wildtype diffuse astrocytic tumors without the histological features of GBM with any of the
following molecular abnormalities: TERT promoter mutation, EGFR amplification, or chromosomal+7/-10
copy changes. Astrocytoma, IDH-mutant was defined as a diffusely infiltrating IDH-mutant glioma with ATRX
loss of expression and/or TP53 mutation and absence of 1p/19q co-deletion. IDH-mutant astrocytomas are
categorized into grades 2, 3, and 4. Grade 4 lesions present with necrosis and/or microvascular proliferation, or
CDKN2A/2B homozygous deletion. Oligodendroglioma, IDH-mutant and 1p/19q-codeleted was defined as the
presence of IDH mutation, intact ATRX and 1p/19q codeletion.

Data acquisition

TCGA

Level 3 gene expression profiles (level 3 data) and associated clinicopathological data of patients with GBM were
publicly available from TCGA website (https://portal.gdc.cancer.gov/) accessed on 29 August 2022. The simple
nucleotide variation data were obtained, analyzed, and visualized using the ‘maftools’ in R package'!. Imaging
data were downloaded from TCIA database (https://www.cancerimagingarchive.net).

REMBRANDT
RNAseq (https://identifiers.org/geo:GSE108476) and imaging data (https://wiki.cancerimagingarchive.net/displ
ay/Public/’REMBRANDT) of GBM patients were publicly available from the REMBRANDT.

FIMU

Data of patients with primary GBM (CNS 5) treated from September 2013 to May 2020 in Department of
Radiotherapy of the FJMU were collected retrospectively. Pathological diagnoses were reevaluated and confirmed
by two pathologists with 10 years of experience from the Pathology Department of the FJMU.

ZIMU

Data of patients with primary GBM (CNS 5) treated from January 2013 to December 2020 in the Department
of Radiotherapy of the Second Affiliated Hospital of Zhejiang University School of Medicine (ZJ]MU) were
collected retrospectively. Pathological diagnoses were reevaluated and confirmed by two pathologists with 10
years of experience from the Pathology Department of the ZJMU.
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Study population

TCGA

The inclusion criteria were: (1) first diagnosis of glioblastoma, IDH-wildtype, WHO grade 4 (CNS 5); (2)

primary glioma; (3) complete preoperative imaging including cranial MRI CE-T1; (4) complete RNA-seq data.
The exclusion criteria were: (1) history of brain surgery or traumatic brain injury; (2) antineoplastic therapy

administered before surgery (including radiotherapy, chemotherapy, biotherapy, immunotherapy or targeted

therapy); (3) missing data of preoperative MRI, poor-quality images with low signal-to-noise ratios and artifacts,

or low-resolution images that could not be used for the delineation of volumes of interest (VOI); (4) incomplete

survival data.

REMBRANDT
The inclusion criteria were: (1) first diagnosis of GBM; (2) primary gliomas; (3) complete preoperative imaging
including cranial MRI CE-T1; (4) complete RNA-seq data.

The exclusion criteria were: (1) history of brain surgery or traumatic brain injury; (2) antineoplastic therapy
administered before surgery (including radiotherapy, chemotherapy, biotherapy, immunotherapy or targeted
therapy); (3) missing data of preoperative MRI, poor quality images with low signal-to-noise ratios, artifacts, or
low-resolution images that could be used for delineation of VOI; (4) incomplete survival data.

FIMU

The inclusion criteria were: (1) first diagnosis of glioblastoma, IDH-wildtype, WHO grade 4 (CNS 5); (2)
primary gliomas; (3) imaging including cranial MRI CE-T1 performed within 2 weeks prior to surgery; (4)
patient undergoing postoperative radiotherapy.

The exclusion criteria were: (1) history of brain surgery or traumatic brain injury; (2) antineoplastic therapy
performed before surgery (including radiotherapy, chemotherapy, biotherapy, immunotherapy or targeted
therapy); (3) missing data of preoperative MRI, poor-quality images with low signal-to-noise ratios and artifacts,
or low-resolution images that could not be used for the delineation of VOI; (4) incomplete survival data.

ZJMU

The inclusion criteria were: (1) first diagnosis of glioblastoma, IDH-wildtype, WHO grade 4 (CNS 5); (2)
primary gliomas; (3) imaging including cranial MRI CE-T1 performed within 1 weeks prior to surgery; (4)
patients undergoing postoperative radiotherapy.

The exclusion criteria were: (1) history of brain surgery or traumatic brain injury; (2) antineoplastic therapy
performed before surgery (including radiotherapy, chemotherapy, biotherapy, immunotherapy or targeted
therapy); (3) missing data of preoperative MRI, poor quality images with low signal-to-noise ratios, or artifacts,
or low-resolution images that could not be used for delineation of VOI; (4) incomplete survival data.

Endpoint definition
The primary endpoint of the study was OS which was estimated from the date of diagnosis to the date of death
or the last follow-up.

Radiotherapy regimen
Please refer to Supplementary Text 1 for details.

Radiomics analysis
Image acquisition
All patients underwent MRI before surgery. See the Supplementary Text 2 for details of the scanning parameters.

Image preprocessing
All MR images were preprocessed before VOI segmentation. For details, see Supplementary Text 3 .

VOI segmentation
The principle of VOI segmentation was detailed in Supplementary Text 4.

Feature extraction
Segmentation data were analyzed with Pyradiomics (https://github.com/Radiomics/pyradiomics) to extract
radiomic features, that composed of first-order features, volume and shape features, and texture features.

Feature reduction and model building
Please refer to Supplementary Text 5 for details of the feature reduction and model building. And the model
constructed was used to calculate the RS.

Biological significance analysis
Biological significance of RS exploration was determined based on MRI and paired RNA-seq data obtained from
TCGA and REMBRANDT. The details were present in Supplementary Text 6.

Statistical analysis

A cut-off point was obtained using the “survMisc” package (https://cran.r-project.org/web/packages/survMis
c/index.html)!2, and the population was divided into RS-high and RS-low groups. The categorical variables
were presented as numbers and percentages (N, %), and the Pearson’s Chi-Square test was used for comparison
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between RS-high and -low groups. The OS was calculated using the Kaplan-Meier method and compared using
the log-rank test. The univariate and multivariate Cox proportional hazards regression models were constructed
to determine potential prognostic factors. The interaction analysis was applied to evaluate the risk difference
of subgroups. Correlation analysis was performed with the R package “cor.test”, and the data were plotted with
the R package ggplot2. Correlation coeflicients |r|>0.7 indicated strong, 0.3<|r|<0.7 moderately strong, and
|r]<0.3 weak correlations'®. R version 4.0.1 (R Foundation for Statistical Computing, Vienna, Austria; www.r-
project.org) was used for all statistical analysis. All statistical tests were two-sided, and a p-value of P<0.05 was
considered significant.

Ethics approval and consent to participate

All procedures involving human participants were performed in accordance with the Declaration of Helsinki.
Ethical approval for the First Affiliated Hospital of Fujian Medical University (FJMU) database was obtained
from the Branch for Medical Research and Clinical Technology Application, Ethics Committee of First
Affiliated Hospital of Fujian Medical University (approval number: MRCTA, ECFAH of FMU [2022]253) and
all participants gave written informed consent. No ethical approval nor informed consent was required for the
use of TCGA, TCIA, and REMBRANDT public databases.

Results
Study flow chart (Fig. 1).

Radiomics prognostic model building

Preliminary feature screening

Using TCGA and TCIA databases, radiomics features were extracted from the preoperative MRI CE-T1 enhanced
tumor region of 195 diffuse gliomas. Of these, 64 were “Astrocytoma, IDH-mutant’, 45 were “Oligodendroglioma,
IDH-mutant and 1p/19q-codeleted”, 86 were “GBM (CNS5)”. A total of 1967 features were extracted. Of the 1967
radiomics features, 1828 (93%) were selected for the following analyses based on screening of reproducibility
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Fig. 1. Study flowchart.
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and accuracy, with an average inter-class correlation coefficient (ICC) value of 0.939 and a median ICC value of
0.974. Furthermore, a total of 190 GBM-specific features selected by differential analysis were included in the
following analyses.

Feature reduction and model building
First, 32 out of 190 radiomics features were found to be significantly associated with OS as per univariate Cox
regression models (P < 0.05) (Supplementary Table 1). 15 (Supplementary Table 2) and 32 (Supplementary Table
3) features were selected, respectively, for inclusion in Repeat LASSO and Repeat Random Survival Forests
(RSF). Finally, 15 features were retained by taking the intersection between two feature sets that were selected
using two machine-learning algorithms. Six features out of the features selected above constituted RS model by
multivariate Cox proportional hazards model (stepwise regression method). RS was calculated according to the
following equation:

RS =0.336*original_shape_Maximum3DDiameter + 0.647*original_firstorder_Mean + 0.282*original _
glrlm_LongRunLowGrayLevelEmphasis + 0.648*wavelet_LLL_glszm_GrayLevelNonUniformity-
0.829%exponential_glrlm_LongRunLowGrayLevelEmphasis-0.333*1bp_3D_m1_firstorder_Skewness.

Prognostic value validation

Patient characteristics and survival analysis

A total of 86 patients with GBM (CNS5) were identified. The baseline data were presented in Table 1. A high
RS (P<0.001) was significantly associated with poor survival in TCGA database as depicted by Kaplan-Meier
survival curves (Fig. 2a). A univariate Cox regression model was established to identify potential prognostic
factors. We found that high RS (hazard ration [HR]=3.718, 95% confidence interval [CI]: 2.222 —6.220,
P<0.001) and age>61 (HR=2.041, 95% CI: 1.269 —3.284, P=0.003) were significantly associated with poor
OS, while radiotherapy (YES vs. NO: HR=0.203, 95% CI: 0.101 —0.411, P<0.001) was a protective factors for
OS. RS remained a significant prognostic factor in the multivariate analysis (HR=3.945, 95% CI: 2.171 - 7.168,
P<0.001) (Fig. 2b). The results of subgroup analysis in TCGA database were detailed in Fig. 2c.

External validation for prognostic value

The First Affiliated Hospital of Fujian Medical University (FJMU)

The prognostic value of the constructed RS model was further validated using FJMU cohorts. A total of 93
patients with GBM (CNS5) were identified and the baseline data were presented in Supplementary Table 4. A
high RS (P=0.017) was significantly associated with poor survival as depicted by Kaplan-Meier survival curves
(Fig. 3a). Univariate Cox regression model analysis showed that high RS (HR=1.988, 95% CI: 1.119 —3.533,

Variables Total (n=86) | High (n=48) | Low (n=38) | P
Age, n (%) 0.184
<60 44 (51.16) 21 (43.75) 23 (60.53)

>61 42 (48.84) 27 (56.25) 15 (39.47)

Gender, n (%) 0.45
Female 39 (45.35) 24 (50) 15 (39.47)

Male 47 (54.65) 24 (50) 23 (60.53)

Group, n (%) 0.005
histoGBM 71 (82.56) 45 (93.75) 26 (68.42)

molGBM 15 (17.44) 3(6.25) 12 (31.58)

KPS, n (%) 0.228
<80 21(24.42) 14 (29.17) 7 (18.42)

>80 50 (58.14) 24 (50) 26 (68.42)

Unknown 15 (17.44) 10 (20.83) 5(13.16)
Chemotherapy, n (%) 0.037
NO 2(2.33) 2(4.17) 0(0)

Unknown 20 (23.26) 15 (31.25) 5(13.16)

YES 64 (74.42) 31 (64.58) 33 (86.84)

Radiation, n (%) 0.005
NO 10 (11.63) 10 (20.83) 0(0)

Unknown 9(10.47) 4(8.33) 5(13.16)

YES 67 (77.91) 34 (70.83) 33 (86.84)
MGMT_promoter, n (%) 0.452
Methylated 26 (30.23) 17 (35.42) 9 (23.68)

Unknown 17 (19.77) 8(16.67) 9 (23.68)
Unmethylated 43 (50) 23 (47.92) 20 (52.63)

Table 1. Patients characteristics in the Cancer Genome Atlas.
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Fig. 2. (a) Kaplan-Meier survival curves of radiomics score (RS) based on The Cancer Genome Atlas (TCGA)
data (b) Forest plots of univariate and multivariate Cox regression analyses of RS based on TCGA data (c)
Forest plots of subgroup analysis and interaction test between RS and clinicopathological factors based on

TCGA data.

P=0.019) was significantly associated with poor OS and remained significant in the multivariate analysis
(HR=2.015, 95% CI: 1.079 — 3.762, P=0.028) (Fig. 3b). The results of subgroup analysis in FJMU database were

detailed in Fig. 3c.
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Fig. 3. (a) Kaplan-Meier survival curves of radiomics score (RS) based on The First Affiliated Hospital

of Fujian Medical University (FJMU) data (b) Forest plots of univariate and multivariate Cox regression
analyses of RS based on FJMU data (c) Forest plots of subgroup analysis and interaction test between RS and
clinicopathological factors based on FJMU data.

The Second Affiliated Hospital of Zhejiang University School of Medicine (ZJMU)

The prognostic value of the constructed RS model was further validated using ZJMU cohorts. A total of 126
patients with GBM (CNS5) were identified and the baseline data were summarized in Supplementary Table 5.
Kaplan-Meier survival curve analysis showed that there was no significant difference for OS between the RS-
high and RS-low groups (P=0.086) (Fig. 4a). A univariate Cox regression model analysis showed that age > 61
years (HR=1.939, 95% CI: 1.236 —3.041, P=0.004), male sex (HR=1.765, 95% CI: 1.138 —2.737, P=0.011),
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Fig. 4. (a) Kaplan-Meier survival curves of radiomics score (RS) based on The Second Affiliated Hospital
of Zhejiang University School of Medicine (ZJMU) data (b) Forest plots of univariate and multivariate Cox
regression analyses of RS based on ZJMU data.

and MGMT protein positive status (HR=1.963, 95% CI: 1.21 —3.186, P=0.006) were significant risk factors for
OS. Gross total resection (GTR) (HR=0.429, 95% CI: 0.273 — 0.674, P<0.001) was a protective factor for OS
and remained significant in the multivariate analysis (HR=0.503, 95% CI: 0.309 —0.818, P=0.006) (Fig. 4b).
Multivariable Cox regression analysis demonstrated that High RS (HR=1.779, 95% CI: 1.023 — 3.091, P=0.041)
were independent risk factors for OS (Fig. 4b).

Biological significance analysis

For further exploration of the biological meaning of RS in GBM (CNS5), correlation analyses between RS and
genes, signaling pathways, immune cell infiltration, and immune checkpoints were performed based on TCGA
database and REMBRANDT database.

TCGA

GO and KEGG enrichment analysis

Gene Ontology (GO) enrichment analysis of differentially expressed genes showed a significant enrichment of the
molecular function (MF) category associated with protein serine/threonine kinase activity and of the biological
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process (BP) category associated with Ras protein signal transduction and the process utilizing the autophagic
mechanism (Supplementary Fig. 1a). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
of differentially expressed genes showed a significant enrichment in the MAPK signaling pathway, Wnt signaling
pathway and apoptosis pathway (Supplementary Fig. 1b).

GSVA and DNA repair-related and glycolysis-related genes

Gene set variation analysis (GSVA)

The variation score of high RS was positively correlated with DNA repair (r=0.398, P=0.009), glycolysis
(r=0.484, P=0.001), and the P53 pathway (r=0.340, P=0.028) and negatively correlated with Wnt/{ catenin
(r=-0.335, P=0.031) (Fig. 5a).

DNA repair-related genes
Correlation analysis between the RS with DNA repair-related genes revealed that RS negatively correlated with
LIG3 (r=-0.321, P=0.039) and PRKDC (r=-0.426, P=0.005) (Fig. 5b).

Glycolysis-related genes
Correlation analysis between the RS with glycolysis-related genes revealed that RS was positively correlated with
ENO3 (r=0.344, P=0.026), FAM162A (r=0.468, P=0.002) and B3GAT3 (r=0.457, P=0.003) (Fig. 5¢).

Immune cell infiltration and immune checkpoints

Correlation analysis between the RS with immune infiltrate score revealed that the RS positively correlated with
v8T cell infiltration (r=0.340, P=0.028) (Supplementary Fig. 2a). Correlation analysis between the RS with
immune checkpoints indicated that RS was positively correlated with LAG3 (r=0.347, P=0.025) (Supplementary
Fig. 2b).

TMB, MSI, and mRNAsi
No significant correlation was observed between the RS and mRNA-based stemness index (mRNAsi),
microsatellite instability (MSI) and tumor mutation burden (TMB) (Supplementary Fig. 3a-c).

REMBRANDT

GSVA and DNA repair-related and glycolysis-related genes

GSVA The RS positively correlated with DNA repair and glycolysis by GSVA based on the REMBRANDT
database. The same trends were observed for TCGA data (Supplementary Fig. 4a).

DNA repair-related genes
Correlation analysis between the RS with DNA repair-related genes revealed that the RS negatively correlated
with LIG3 (r=-0.408, P=0.076) (Supplementary Fig. 4b). The trends was observed same as in TCGA data.

Glycolysis-related genes

Correlation analysis between RS with glycolysis-related genes revealed that RS was positively correlated with
FAM162A (r=0.468, P=0.039), ENO3 (r=0.417, P=0.069), and B3GAT3 (r=0.388, P=0.092). Similar trends
were observed for TCGA data (Supplementary Fig. 4c).

Immune cell infiltration and immune checkpoints

Correlation analysis between RS with immune infiltrate score revealed the same trend of positive correlation
between the RS and the y8T cell as in TCGA database (Supplementary Fig. 5a). And the positive correlation
trends between RS and immune checkpoints LAG3, CD48, CD70, TNFRSF14 were same as those observed in
TCGA (Supplementary Fig. 5b).

Discussion

The heterogeneity of the GBM population cohort was recognized under the CNS5 which proposed higher
requirements for the determination of patient prognosis. Currently, GBM (CNS5) has limited prognostic
predictors, and the vast majority of indicators relies on histological specimen detection. The prognostic value of
the MR-based radiomics model in this population has not been established, and the biological meaning of RS
in patients with GBM (CNS5) needs to be clarified. In this study, using TCGA and TCIA databases, radiomics
features were extracted from the preoperative MRI CE-T1 tumor area, and the radiomics prognostic model
of GBM (CNS5) composed of six radiomics features was constructed. A high RS was significantly associated
with poor OS. The external data derived from the FJMU and ZJMU bicenter cohorts confirmed the correlation
between RS and OS. Moreover, by exploring the correlation between RS and genes, pathways, and immune
microenvironment, we found that RS was significantly correlated with the DNA repair pathway and glycolysis
pathway and that the RS was associated with immune cell infiltration such as of y0T cells and immune checkpoint
expression such as of LAG3.

This study found significant association between high RS and poor OS in patients with GBM (CNS5).
Previously, RS was found to have good performance in prognosis prediction of different types of cancer. Studies
based on MRI radiomics have explored the prognostic value of RS in patients with advanced nasopharyngeal
carcinoma, and found that the RS was an adverse prognostic factor for OS (HR=1.35, 95% CI: 0.98-1.87,
P=0.07; C-index 0.68 (0.53-0.82))'%. Similarly, the adverse prognostic effect of high RS has been reported in
esophageal cancer!®, cholangiocarcinoma'®and osteosarcoma!’. The prognostic role of radiomics models in
GBM (CNS4) has been investigated by Choui®, Sasaki'®, and Zhang!?. The AUC of prognostic model constructed
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0.974) set. Nevertheless,

0.971) and validation (C-index=

by Choui was 0.62 to 0.73, and the radiomics nomogram proposed by Zhang displayed good differentiation of

GBM survival stratification in the training (C-index
effect of the RS model in GBM (CNS5) remained unclear. Currently, only one study'® constructed a prognostic

as CNS5 redefines GBM populations, there are few studies on the predictive prognosis of radiomics in GBM
(CNS5) patients. Park et al.?? found that RS had an independent prognostic factor in molGBM, but the predictive
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radiomics model composed of eight features based on GBM (CNS5) patients using MRI and public databases.
The radiomics model could stratify the risk of patients (p <0.001 and p<0.05 in the training and test sets,
respectively), and obtained good prediction consistency (C-index=0.74-0.86). However, the study was based
on a small sample size and had low test efficiency, lack of independent external validation, and did not include
tumor treatment factors for multivariate analysis. The present study included multiple factors into analysis
and the constructed RS model was associated with OS in patients with GBM (CNS5). External independent
validation based on bicenter radiotherapy cohorts verified this association. By exploring the association between
RS and GBM (CNS5) prognosis in this study, a comprehensive prognostic model was proposed for patients with
strong tumor heterogeneity and difficulty in surgery, and individualized prognosis reference was provided for
multidisciplinary diagnosis and treatment quickly and conveniently.

The potential biological significance of radiomics features could significantly enhance its clinical application
value. The biological significance of RS based on CNS4 has been previously explored. Park?! based on CNS4
retrospectively analyzed the NGS detection information and MRI radiomics characteristics of IDHwt GBM
patients, and constructed an RS model, and discovered that RS had good predictive performance with receptor
tyrosine kinase, tumor protein p53 and retinoblastoma 1 pathway, suggesting that RS correlated with invasive
biological information. The present study based on the GBM (CNS5) population, explored the biological
significance of the constructed RS model.

In this study, RS significantly positively correlated with the DNA repair pathway (P=0.009) through GSVA,
and the RS was significantly correlated with LIG3 and PRKDC gene expression by further exploration of the
DNA repair-related genes. Previous studies indicated an association between RS and DNA damage repair. Based
on the multiple phases of MRI, Huang et al.? extracted five features most correlated with MGMT promoter
methylation in gliomas to construct a radiomics scoring model and found that RS and MGMT promoter
methylation were significantly correlated. According to a previous study, DNA repair was associated with
prognosis. Epigenetic silencing of DNA repair genes was related to tumor formation and response to treatment,
and MGMT gene promoter methylation affected temozolomide chemotherapy sensitivity and thus prognosis of
GBM?. DNA damage repair also affected prognosis by causing radiotherapy resistance, and its role in glioma
radio-resistance has been demonstrated?. Jiang et al.>> observed that through radiation exposure of glioma
cells and mouse models of Valosin protein (VCP) knockout, DNA repair was improved at the cellular level
and survival rate was increased, suggesting that VCP enhanced the degradation of DNA-dependent protein
kinase catalytic subunit PRKDC, resulting in weakened DNA repair and radio-resistance. Other studies have
found that PTEN?® enhances radiation resistance by acting on ATMs to inhibit DNA damage repair. LIG3 was
involved in DNA repair by promoting LIG3-XRCCI-mediated Okazaki fragment ligation by PARPI-HPFI%.
Moreover, in the present study, RS was significantly positively correlated with the glycolysis pathway (P=0.001),
and through further exploration of glycolysis-related genes, High RS was found to be positively correlated with
ENO3, FAM162A expression. Recently, gene expression in patients with high RS was found to be enhanced in
glycolysis and other pathways, and some features were strongly positively correlated with glycolysis genes?.
Li et al.? retrospectively analyzed tissue microarrays in patients with glioma and found that high expression
of branched-chain amino acid aminotransferase 1 (BCAT1) indicated higher levels of glycolysis, which was
associated with malignant progression of IDHI wild-type glioma. The unfavorable prognosis associated with
glycolysis may be related to the acidic extracellular environment, cellular hypoxia, and angiogenesis caused by
aerobic glycolytic upregulation®, while tumors in oxygen-deprived environments were resistant to radiotherapy.
Pursuant to the external validation cohorts of this study, RS was significantly associated with prognosis based on
the radiotherapy population, indicating that RS may be a predictor of radio-resistance in GBM (CNS5) patients,
providing a non-invasive, reproducible, and cost-effective means for predicting the efficacy of radiotherapy in
patients with GBM (CNS?5).

This study found that elevated RS was significantly positively correlated with y§T (P=0.028) immune cell
infiltration in GBM (CNS5). Previous studies have demonstrated that MR radiomics features correlated with
immune cell infiltration®!. Immune cell infiltration plays a fundamental role in tumor prognosis. In pancreatic
ductal adenocarcinoma with y8T cell deletion, the number of CD4+and CD8+T cells was increased with
upregulation of TNF-a and IFN-y expression, thereby inhibiting tumor aggressive growth2 Studies have also
shown that yOT cells could promote the release of cytokine IL-17, thereby inducing an immunosuppressive
tumor microenvironment, causing tumor progression>. The tumor-promoting effects of y8T cells has also been
reported in colon cancer®* and breast cancer®®. Moreover, this study indicated that RS positively correlated with
LAG3, CD48,and CD70immune checkpoint expression. Previous studies confirmed that RS had a good predictive
ability for the expression of PD-1 and PD-L1 in lung cancer patients and for the response to immunotherapy in
tumor patients>>3¢. Overexpression of BACHI upregulated the expression of glioma cell-derived LAG3 in vitro,
forming an immunosuppressive tumor microenvironment, thus prompting a poor prognosis in GBM*’. CD70¢
is constitutively overexpressed in primary IDHwt low-grade glioma and GBM, which is associated with poor
prognosis, and may promote tumor migration and macrophage infiltration in GBM*. CD70 has the potential
to be a novel CAR target for glioma cancer immunotherapy, and radiomics feature prediction and monitoring
follow-up of CD70 expression could facilitate better screening of the population sensitive to therapy. Zeng*® et al.
found that combining anti-PD-1 therapy and radiotherapy in patients with GBM improved the ratio of CD8+ T
cells to Tregs in responders. Immunotherapy provides more opportunities for treatment to patients. Prediction
of immune cell infiltration, immune checkpoint expression, and prognosis through non-invasive and convenient
individualization of radiomics features offers new approaches for personalized prediction of therapeutic targets
and efficacy.

This study presents some limitations. First, despite image standardization, inconsistencies in scanning
equipment and image parameters remain between public databases and multi-centers. Second, this study used a
single MRI CE-T1, and more features of other MRI sequences should be included for future analysis. Moreover,
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subgroup analysis according to different treatments such as anti-vascular targeting and TTF need to be further
explored. Specific confounding factors such as type, dose, duration of chemotherapy and radiotherapy, and other
medications may result in bias. Also, specific information regarding chemotherapy, such as the chemotherapy
regimen, dose, type, and cycle were not recorded in TCGA database and were not available for analysis.
Furthermore, the study was a retrospective study, and since IDH mutation information was not obtained in
the REMBRANDYT, the population included in the study was GBM (CNS4) patients. Despite the independent
validation of multiple datasets conducted in this study, data from prospective, multicenter, large-sample clinical
studies are required to validate our results.

Conclusion

This study demonstrated that a model based on the radiomics features of MRI CE-T1 could predict the prognosis
of GBM (CNS5) patients. The model was validated in two independent radiotherapy cohorts. Exploration of the
biological significance of the RS model revealed that RS was associated with DNA repair, glycolysis, and immune
cell infiltration such as of yOT cells.
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Data are available from the corresponding authors on reasonable request.
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