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Abstract

Global agreement in central nervous system (CNS) tumor classification is essential for
predicting patient prognosis and determining the correct course of treatment, as well
as for stratifying patients for clinical trials at international level. The last update by
the World Health Organization of CNS tumor classification and grading in 2021 con-
sidered, for the first time, IDH-wildtype glioblastoma and astrocytoma IDH-mutant
grade 4 as different tumors. Mutations in the genes isocitrate dehydrogenase (IDH)
1 and 2 occur early and, importantly, contribute to gliomagenesis. IDH mutation pro-
duces a metabolic reprogramming of tumor cells, thus affecting the processes of hyp-
oxia and vascularity, resulting in a clear advantage for those patients who present
with IDH-mutated astrocytomas. Despite the clinical relevance of IDH mutation, cur-
rent protocols do not include full sequencing for every patient. Alternative bio-
markers could be useful and complementary to obtain a more reliable classification.
In this sense, magnetic resonance imaging (MRI)-perfusion biomarkers, such as rela-
tive cerebral blood volume and flow, could be useful from the moment of presurgery,
without incurring additional financial costs or requiring extra effort. The main pur-
pose of this work is to analyze the vascular and hemodynamic differences between
IDH-wildtype glioblastoma and IDH-mutant astrocytoma. To achieve this, we evalu-
ate and validate the association between dynamic susceptibility contrast-MRI perfu-
sion biomarkers and IDH mutation status. In addition, to gain a deeper understanding
of the vascular differences in astrocytomas depending on the IDH mutation, we ana-

lyze the transcriptomic bases of the vascular differences.

Abbreviations: BMP2, bone morphogenetic protein 2; CNS, central nervous system; DEGs, differential expressed genes; DSC, dynamic susceptibility contrast; EFEMP2, EGF-containing fibulin-

like extracellular matrix protein 2; GO, gene ontology; GSEA, gene set enrichment analysis; HAT, high angiogenic tumor; IDH, isocitrate dehydrogenase; IPE, infiltrated peripheral edema; LAT,

low angiogenic tumor; MDK, midkine; MRI, magnetic resonance imaging; MTT, mean transit time; OS, overall survival; rCBF, relative cerebral blood flow; rCBV, relative cerebral blood volume;
SLCA10, solute carrier family 2 member 10; TCIA, The Cancer Imaging Archive; TMBIM1, transmembrane BAX inhibitor motif-containing 1; TMM, Trimmed Mean of M-values; VPE, vasogenic

peripheral edema; WHO, World Health Organization.
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1 | INTRODUCTION

The last central nervous system (CNS) tumor classifications made by the World Health Organization (WHO)?

classified astrocytomas grade 4 as
two different tumors: isocitrate dehydrogenase (IDH)-wildtype glioblastoma and IDH-mutant astrocytoma grade 4. IDH mutations represent the
earliest genetic events in gliomagenesis progression, with important implications for diagnosis and therapy. In particular, IDH mutations in CNS
tumors indicate the transformation from lower-grade gliomas and are associated with better outcomes in high-grade gliomas, indicating the rele-
vance of IDH testing.® IDH-wildtype glioblastoma represents about 95% of grade 4 astrocytomas and predominates in patients who are older than
55 years. Astrocytoma IDH-mutant grade 4 (about 5% of cases) is more frequent in younger patients or in those with a history of prior lower-
grade diffuse glioma.>?*

Clinically, these two types of astrocytoma result in different patient survival rates,*” as well as distinct therapy responses.t~2° Therefore, an
early-stage classification considering the IDH mutation is necessary to obtain an adequate prognostic evaluation and a more personalized treat-
ment of patients with astrocytomas grade 4.

Sequencing and immunohistochemistry are commonly used to assess the status of IDH mutations, but both are invasive because tissue biopsy
samples are required. Additionally, the definition of a full IDH evaluation can differ according to patient age,? clinical protocols, and centers, as
reviewed in “The clinical use of IDH1 and IDH2 mutations in gliomas”.}! Sequencing performance differs depending on technique and, in the case
of patients who are older than 55 years, suggests that sequencing may not be needed in the setting of negative R132H IDH1 immunohistochemis-
try, but non-R132H IDH1 mutations and IDH2 mutations are missed.

Because protocols do not include full sequencing for every patient, alternative biomarkers can be useful and complementary to help obtain a
more reliable classification. In this sense, magnetic resonance imaging (MRI)-based methodologies could be key because they are noninvasive, can
be used from the moment of presurgery, and do not involve additional financial costs or require extra effort. Currently, in clinical practice, the first
clinical indication of CNS tumors is radiologically based using the presurgical MR images of the patient. In particular, dynamic susceptibility con-

trast (DSC) perfusion MRI has shown the capability to identify, characterize, and classify high-grade astrocytomas,*%12-1°

evidencing the marked
vascular architecture and dynamics of these brain tumors.

In 2020, Wu et al.'? evaluated the potential clinical impact of DSC perfusion MRI data for predicting IDH mutation status in patients with gli-
oma tumors using the ONCOhabitats methodology.'®"?> They analyzed the association between the relative cerebral blood volume (rCBV) in the
high angiogenic tumor (HAT) habitat and the IDH mutation status. A significantly decreased rCBV for the IDH-mutant group was found. They con-
cluded that “the ONCOhabitats method was proven to have high prediction capabilities for IDH mutation status in high-grade glioma patients”.
Despite the great interest in these results, that study only included 25 patients with astrocytoma grade 4. In addition, the molecular basis of these
vascular differences between these two high-grade tumors is still unsolved.

The main purpose of this work is to evaluate and validate the association between MRI-DSC biomarkers and IDH mutation status in high-
grade astrocytomas in a multicenter and international cohort of 299 patients. Additionally, we offer a transcriptomic study to gain a deeper under-
standing of the vascular differences between these two high-grade astrocytomas. Our results in MRI-DSC show a higher vascularity for IDH-wil-
dtype compared with IDH-mut astrocytomas grade 4. Transcriptomic results indicate a higher number of differential expressed genes (DEGs)
involved in the vascular environment in IDH-wildtype tumors (143: CPTAC-3; 123: TCGA), in contrast to IDH-mutated tumors (30: CPTAC-3; 37:
TCGA). Finally, MRI-DSC perfusion biomarkers (e.g., rCBV and relative cerebral blood flow (rCBF) can detect differences during the presurgical
stage of the tumor and then identify IDH-mutation status.

2 | MATERIALS AND METHODS

2.1 | Study cohorts

2.1.1 | Patient cohort with MRI data

The study cohort included 299 patients with MRI data, 16 of whom presented with astrocytoma IDH-mutant grade 4, and 283 who presented
with IDH-wildtype glioblastoma, in agreement with the population rates. To collect this cohort, both open (35 patients from TCGA-GBM,

19 patients from lvy GAP, and 10 from CPTAC-3) and project-specific datasets (108 patients from the MTS4UP dataset, 20 from the GEINO-mol
dataset, and 107 from the GLIOCAT dataset), were used. Public datasets are available in The Cancer Imaging Archive (TCIA; https://www.
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cancerimagingarchive.net/). Project-specific data are available upon reasonable request to the authors. The ethics committee of Universitat

Politecnica de Valéncia gave ethical approval for this work.

2.1.2 | Public dataset with RNAseq data

To analyze differences in gene expression between these two types of astrocytoma, two public datasets were used, including 99 patients from
CPTACS and 151 patients from TCGA-GBM.

22 | MRIldata

Presurgical MRI data were collected from all the included datasets, including pre- and post-gadolinium T1-weighted, T2-weighted, fluid-
attenuated inversion recovery (FLAIR), and DSC T2*-weighted perfusion sequences obtained by the standard of care protocols using 1.5 or 3.0 T.

221 | MRl processing and perfusion markers calculation
To process the MRIs and to calculate the imaging vascular biomarkers, we used the ONCOhabitats methodology (www.oncohabitats.upv.es).13-1°
ONCOhabitats is illustrated in Figure 1 and includes the following stages:

a. Preprocessing. During this stage, common MRI artifacts such as magnetic field inhomogeneities and noise, multimodal registration, brain
extraction, or motion correction, are corrected.

b. Glioma segmentation. A deep learning 3D convolutional neural network is implemented to segment the enhancing tumor, the edema, and the
necrotic tissue. This methodology uses the unenhanced and gadolinium-based contrast agent-enhanced T1-weighted sequences, the
T2-weighted sequence, and the FLAIR T2-weighted sequence combined with atlas-based prior knowledge of healthy tissues to delineate the
regions.

c. DSC perfusion quantification. During this stage, the hemodynamic maps derived from the DSC perfusion sequence are calculated, including
rCBV, rCBF, mean transit time (MTT), and K2 permeability. All perfusion maps are normalized against contralateral unaffected white matter
volume to achieve consistency and comparability across different datasets. The normalization is performed automatically by a convolutional
neural network, which detects the contralateral unaffected white matter region with 90% accuracy. To ensure correct perfusion quantification

and to avoid underestimation and overestimation of perfusion markers, DSC perfusion quantification includes a correction for contrast agent

1. Preprocessing 2. Segmentation 4. Vascular habitats

3. DSC Perfusion Quantification

B HAT @ IPE
O LAT ®mVPE

FIGURE 1 The ONCOhabitats methodology includes four stages: (1) preprocessing; (2) glioma segmentation in classical tissues: active tumor,
edema, and necrosis; (3) DSC perfusion quantification; and (4) HTS habitats: high angiogenic tumor (HAT), low angiogenic tumor (LAT), infiltrated
peripheral edema (IPE), and vasogenic peripheral edema (VPE). DSC, dynamic susceptibility contrast; FLAIR, fluid-attenuated inversion recovery;
HTS, hemodynamic tissue signature.
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leakage effects. The hemodynamic tissue signature (HTS) method implements the Boxerman leakage-correction method® for T1- and
T2-leakage effects, as well as gamma-variate fitting to remove the extravasation phase and second pass of the contrast bolus.

d. Vascular habitats. During this final stage, the four vascular habitats within the tumor and edema are delineated by a directional class adaptive
spatially varying finite mixture model (DCA-SVFMM), which is a clustering algorithm that combines Gaussian mixture modeling with continu-
ous Markov random fields to make use of the self-similarity and local redundancy of the images. Each delineated habitat presents its specific
hemodynamic behavior. They are named as: the high angiogenic tumor (HAT) habitat, the low angiogenic tumor (LAT) habitat, the infiltrated
peripheral edema (IPE) habitat, and the vasogenic peripheral edema (VPE) habitat. Vascular habitats are delineated using a DCA-SVFMM struc-
tured clustering of rCBV and rCBF maps. The clustering includes two stages: (i) a two-class clustering of the whole enhancing tumor and
edema regions; and (ii) a two-class clustering performed by using only the rCBV and rCBF data within the regions obtained in the first stage.

To ensure the reproducibility of the HTS, both stages are initialized with a deterministic seed method.

23 | RNAdata
2.3.1 | Datadownload and normalization

For both open datasets, we retrieved the HT-Seq mRNA read counts from the TCGA database. Samples without IDH status information were fil-
tered out to define two experimental groups: IDH-mutant and IDH-wildtype. Read counts were filtered by expression, removing genes with low

counts across all samples. Normalization factors were calculated for each dataset using the Trimmed Mean of M-values (TMM) method.%”

2.3.2 | Differential gene expression analysis

We determined the DEGs in both datasets by fitting a quasi-likelihood negative binomial generalized log-linear model, implemented in the edgeR
R package.” p values were corrected using the Benjamini-Hochberg procedure to control type | errors when conducting multiple comparisons.
Genes having an adjusted p value lower than 0.05 and an absolute value of log fold-change greater than 1 were considered differentially

expressed.

24 | Statistical analyses
2.4.1 | Study cohort description

To evaluate the differences in survival between both groups of patients, Kaplan-Meier analyses and log rank tests were performed. The relation-
ships between demographic and clinical variables, and overall survival (OS), were assessed using independent uniparametric Cox regression

models.

242 | Correlation between MRI-DSC biomarkers calculated at vascular habitats with IDH-mutation status

We evaluated the significant correlation between each MRI-DSC biomarker with OS to select the optimal biomarkers to find differences among
astrocytoma types.
Differences in the imaging vascular biomarkers between IDH-wildtype glioblastoma and IDH-mutant astrocytoma grade 4 were assessed with

the Mann-Whitney U test, and boxplots were performed to illustrate differences.

2.4.3 | Differences in transcriptome between high-grade astrocytoma types

Results from differential expression analysis were functionally annotated using the Biological Processes ontology from the Gene Ontology
(GO) database.*®? First, we selected the GO terms related to vascular processes by matching a list of vascular key terms (Table S1). Then we
selected all genes mapping with these matched GO terms as our vascular genes set. The most significant vascular and nonvascular DEGs were

plotted in heatmaps to illustrate the differences between expression profiles across the experimental groups.
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Finally, we assessed overall functional differences between astrocytoma types by performing gene set enrichment analysis (GSEA) on differ-
ential expression analysis results using the fgsea R package.’” Genes were preranked according to their log fold-change values. Gene sets with an

adjusted p value of less than 0.05 were considered significant.

3 | RESULTS
3.1 | Detection of relevant prognostic demographic and clinical variables

We analyzed the correlation between OS with the following demographic and clinical characteristics: age, sex, tumor resection type, tumor loca-
tion (hemisphere), IDH mutation, and MGMT methylation. The results are provided in Figure 2A, showing the IDH mutation as the variable most
correlated with longer survival rates (with the lowest hazard ratio), followed by methylated MGMT and total tumor resection.

3.2 | Cohort descriptions

1,2,12,13

The proportions of each type of astrocytoma in this study dataset are compatible with previously published literature, representing the

population with IDH-wildtype glioblastoma as 95% of the entire cohort (Figure 2B). In addition, the number of patients from each dataset with
IDH-mutant astrocytoma and IDH-wildtype glioblastoma were compared, showing the differences in proportions among the datasets (Figure 2C).
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FIGURE 2 (A) Scatter plot with the correlation between the main demographic and clinical characteristics and overall survival (OS).

(B) Proportion of patients of the studied cohort with IDH-mutant astrocytoma and IDH-wildtype glioblastoma. (C) Number of patients from each
dataset with MRI data. (D) Kaplan-Meier curves showing the survival differences between patients with astrocytoma IDH-mutant grade

4 (n = 16) and glioblastoma IDH-wildtype (n = 287). The median OS between these two groups was 267 days.
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Demographic, clinical, and molecular features for the cohort with IDH-mutant astrocytoma (n = 16) and for the cohort with IDH-

ALVAREZ-TORRES ET AL.

wildtype glioblastoma (n = 287). p values resulting from the Mann-Whitney test are also included.

IDH-mutant astrocytoma grade 4

IDH-wildtype glioblastoma

p values
(Mann-Whitney test)

# patients (% of entire cohort) 16 (5.3%) 287 (94.7%) -
Sex (#, % females) 9 (56.2%) 101 (35.2%) 0.1339
Mean age at diagnosis (years) 49 60 0.0007*
Resection type (# patients)
- Total 5(31.2%) 92 (32.1%) 0.9183
- Partial 6 (37.5%) 122 (42.5%) 0.6609
- Biopsy 0(0.0%) 24 (8.4%) 0.2265
- Unknown 5(31.2%) 49 (17.1%) 0.1106
MGMT methylation (# patients; %)
-Methylated 6 (37.5%) 93 (32.4%) 0.7032
-Unmethylated 5(31.2%) 111 (38.7%) 0.5262
-Unknown 5(31.2%) 83 (28.9%) 0.7746
*p-value < 0.05.
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FIGURE 3

Correlation coefficient

Scatter plot with the correlation results (Spearman coefficients and significance) between MRI-DSC biomarkers and overall

survival for the entire cohort (n = 299). Circles show rCBV and triangles show rCBF. Each habitat is represented by a color, HAT in red, LAT in
yellow, IPE in green, and VPE in blue, and different metrics are also indicated (mean, median, and maximum). DSC, dynamic susceptibility contrast;
HAT, high angiogenic tumor; IPE, infiltrated peripheral edema; LAT, low angiogenic tumor; rCBF, relative cerebral blood flow; rCBV, relative
cerebral blood volume; VPE, vasogenic peripheral edema.

Differences in OS between these two groups were studied, demonstrating significantly longer survival times for the group of patients with

IDH-mutant astrocytoma grade 4 (p = 0.001, log-rank test). Kaplan-Meier curves are included in Figure 2D, illustrating a median difference in OS

of 267 days between the two populations.

Differences in the main demographic, clinical, and molecular features between the two populations were analyzed and the results are

included in Table 1.
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Only the median age of diagnosis was significantly different between the groups, being lower for the group of patients with astrocytoma
IDH-mutant grade 4 (age, 49 vs. 60 years).

3.3 | Correlation between imaging vascular biomarkers and overall survival

rCBV and rCBF markers at each vascular habitat (HAT, LAT, IPE, and VPE) and for each metric (mean, median, and maximum) were calculated,
resulting in 24 image markers. We studied the potential prognostic capacity of these markers, analyzing their correlation with IDH mutational
status.

Figure 3 shows the correlation coefficient and the significance of each MRI-DSC biomarker with overall survival. We can see that the
12 markers related to the HAT and LAT habitats are the most significantly correlated (p < 0.05), but only the rCBV markers yield a coefficient
higher than 0.2. The selected markers to develop the following analyses were HAT-rCBV ean, HAT-rCBV nedians HAT-rCBV 2y, LAT-rCBV means
LAT-rCBV median, and LAT-rCBV pax.

Significant differences (Mann-Whitney test, p < 0.05) in the selected imaging vascular biomarkers between IDH-mutant astrocytoma grade
4 and IDH-wildtype glioblastomas were found and are illustrated in Figure 4. For all the selected MRI-DSC markers, the median value and the min-
imum and maximum range were higher for the IDH-wildtype glioblastoma group, suggesting significantly higher vascularity for these tumors in
comparison with those in the IDH-mutant astrocytoma grade 4 group. Table S2 includes the exact values of each biomarker for the group of IDH-
wildtype glioblastoma and that of IDH-mutant astrocytoma grade 4.

3.4 | Distinct transcriptome between IDH-wildtype glioblastoma and IDH-mutant astrocytoma grade 4

Differential expression analysis revealed considerable transcriptomic variations between IDH-wildtype glioblastoma and astrocytoma IDH-mutant
grade 4. The total number of significant DEGs (adjusted p value < 0.05 and absolute log fold-change > 1) was consistent across datasets (2568
and 2056 DEGs from CPTAC-3 and TCGA, respectively, with an intersection of 879 DEGs).

20 - : 10 ,
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FIGURE 4 Boxplot showing differences in MRI-DSC biomarkers (at high and low angiogenic tumor habitats) between glioblastomas IDH-
wildtype and astrocytomas IDH-mutant grade 4. DSC, dynamic susceptibility contrast; HAT, high angiogenic tumor; LAT, low angiogenic tumor;
mut, mutant; rCBV, relative cerebral blood volume; wt, wildtype.

TABLE 2 Intersection of differential expressed genes labeled as “vascular” between the CPTAC-3 and TCGA datasets.

Overexpressed in

IDH-wildtype glioblastoma ~ ADAM12, ADAMTS1, ADORA1, ADRB1, AK4, ANXA1, BCL3, C1QTNF1, CCL28, CDKN1A, CHI3L1, CHST2, CLDN1,
CLIC1, COL1A1, COL3A1, CREB3L1, CSRP1, CUL7, CYGB, DBH, DCN, DPP4, EDA2R, EFEMP2, EFNB2, EMILIN2,
EMP2, EPHA2, ERBB2, ERRFI1, F3, FABP5, FGF1, FOXJ1, FZD6, GRB10, HOXA1L, IL27RA, ITGA5, LMNA, LOXL1,
MDK, MEOX2, MMP14, MT3, MYL12A, MYL9, NOS2, NPNT, NR2E1, P2RY1, PCSK5, PDGFA, PDLIM1, PDPN,
PLAT, PLK2, PLODS, PTK2B, RHOJ, SCNN1B, SERPING1, SLC27A1, SLC2A10, SLC4A3,SOCS3, SPON2, SPRY2,
STRAG, TERT, TMBIM1, VASN, VAV3, WWTR1

ANGPT4, BMP2, CELA2A, CRYAB, EYA1, NOG, PGF, SGCD, STOX1, TACR1, TMEM100

Significant genes

Astrocytoma IDH-mutant
grade 4
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FIGURE 5 Heatmaps showing different gene expressions between IDH-wildtype glioblastoma (blue) and IDH-mutant astrocytoma grade
4 (red) were created with the two open datasets: (A) CPTAC-3 (n = 93 IDH-wt, and n = 6 IDH-mut, respectively); and (B) TCGA-GBM (n = 140

IDH-wt, and n = 11 IDH-mut, respectively). mut, mutant; wt, wildtype.
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We detected 1313 (CPTAC-3) and 1262 (TCGA) overexpressed genes in the IDH-wildtype group. A considerable fraction of these DEGs
were considered part of the “vascular” functional gene set (143 and 123, respectively, with an intersection of 75 DEGs, as reported in
Table 2).

Also, we determined that a total of 1345 (CPTAC-3) and 794 (TCGA) genes were overexpressed in the IDH-mutant group. A total of 30 and
37 DEGs, respectively, were labeled as “vascular’ genes, having in common a group of 11 DEGs (Table 2).

Figure 5 consists of the heatmaps showing different gene expressions between IDH-wildtype glioblastoma and astrocytoma IDH-mutant
grade 4 performed with the two open datasets. Vascular genes are marked in different colors.

All significant DEGs, labeled as vascular or nonvascular, are included in Table S3. This table also contains the adjusted p values and the log
fold-change values for each gene.

The GSEA results showed significant differences between the two groups at the biological process level. On the one hand, a total of
169 (CPTAC-3) and 39 (TCGA) GO terms showed significant overrepresentation in IDH-wildtype glioblastomas. Among them, 13 (CPTAC-3) and
two (TCGA) GO terms were implicated in vascular processes (Figure 6).

On the other hand, we only detected one (CPTAC-3) and three (TCGA) significantly overrepresented GO terms in IDH-mutated astrocyto-

mas. There was not any coincident function between sets. Moreover, none of these significant functions were related to any “vascular” term.

3.5 | Combined transcriptomic and imaging analysis differentiate between glioblastoma IDH-wildtype and
astrocytoma IDH-mutant grade 4

We studied the combined information that provided the analyses of both transcriptomic and imaging data. Figure 7 includes a heatmap with the
top genes enriched and the MRI-DSC biomarkers for seven patients from the public database CPTAC-3 (which includes both imaging and trans-
criptomic data).

We can see that, although not generalizable for all the cases, patients with IDH-wildtype glioblastoma appear to present with higher values of
the MRI-DSC perfusion biomarkers than those with astrocytoma IDH-mutant grade 4.

These results should be considered with caution because of the low number of patients included in the analyses.

GO:0001525: angiogenesis - ‘-—
GO:0071356: cellular response to tumor necrosis factor [N
G0:0045766: positive regulation of angiogenesis{ I
GO:0071456: cellular response to hypoxia| I
GO:0045765: regulation of angiogenesis{ [N

G0:0033209: tumor necrosis factor-mediated signaling pathway \—IJ Dataset
G0:0016525: negative regulation of angiogenesis \_:J :‘ CPTAC-3
G0:0034612: response to tumor necrosis factor - I::l . TCGA
GO0:0001974: blood vessel remodeling 1 E:
G0:0007596: blood coagulation 1 El

G0:0001666: response to hypoxia

GO:0048844: artery morphogenesis

2 4 6 8
-log10(Adjusted p-value)

1
G0:0032760: positive regulation of tumor necrosis factor production 4 1
1

0

FIGURE 6 Significantly overrepresented GO terms (from Biology Processes Ontology) related to vascular functions in glioblastoma IDH-
wildtype. GSEA results obtained for the CPTAC-3 dataset (red bars) and the TCGA dataset (blue bars). GO, gene ontology; GSEA, gene set
enrichment analysis.
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FIGURE 7 Heatmap showing differences in gene expressions and in MRI-DSC biomarkers between glioblastoma IDH-wildtype (n = 4) and
astrocytoma IDH-mutant grade 4 (n = 3). Data were extracted from the public database CPTAC3. B1: mean rCBV at HAT; B2: median rCBV at
HAT,: B3: maximum rCBV at HAT; B4: mean rCBF at HAT; B5: median rCBF at HAT,: B6: maximum rCBF at HAT; B7: mean rCBV at LAT; B8:
median rCBYV at LAT; B9: maximum rCBV at LAT; B10: mean rCBF at LAT; B11: median rCBF at LAT; B12: maximum rCBYV at LAT. DSC, dynamic
susceptibility contrast. HAT, high angiogenic tumor; LAT, low angiogenic tumor; rCBF, relative cerebral blood flow; rCBV, relative cerebral blood
volume.

4 | DISCUSSION

In the current study, we have demonstrated that IDH-wildtype glioblastoma and IDH-mutant astrocytoma grade 4 present different vascular pat-
terns, both in high- and low-angiogenic tumor habitats, as defined by the automatic ONCOhabitats methodology.®"1> These differences can be
detected using MRI-DSC biomarkers, such as rCBV and rCBF, calculated from the presurgical stage, because they are correlated with the IDH
mutation status of the tumor. These results were obtained with a multicenter cohort of 299 patients and validate those reported in a previous
study.*®

The correlation among gene expression levels related to angiogenesis and perfusion parameters in glioblastoma has been explored in several
earlier studies.2°~2¢ Additionally, the correlation of perfusion parameters and angiogenesis gene expression has been shown in several cancers,
indicating their relevance in patient diagnosis and prognosis.?” 27

Angiogenesis and tumor vasculature support tumor progression.?? The association between tumor and edema vascularity and survival has
been previously analyzed in the literature.***>3C There is a consensus that higher values of vascularity, measured by DSC-MRI biomarkers, result
in shorter survival times. These important differences in patient survival may be due in part to different vascular behavior, resulting in quicker pro-
gression and greater aggressiveness of IDH-wildtype glioblastomas.3*~3% With this work, we have validated this hypothesis, demonstrating signifi-
cantly higher rCBV values for IDH-wildtype glioblastomas. The clinical relevance of this finding provides an opportunity to use the DSC-MRI
biomarkers as complementary tools to support the first clinical indication made by the radiologist from the presurgical stage and prognosis infor-
mation. Additionally, DSC-MRI biomarkers may overcome the limitations of conventional imaging methods in antiangiogenic trials because they
support information on vascular permeability, blood flow, and blood volume, among others.

In addition, to acquire a deeper understanding of vascular differences between these two high-grade astrocytomas, we analyzed gene expres-

sion patterns of two public datasets that include RNAseq data. We focused on analyzing genes related to vascular processes and structures. We
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found that 75 genes related to vascularity were upregulated in both datasets for the group of IDH-wildtype glioblastoma, versus only 11 vascular
genes upregulated in the group of IDH-mutant astrocytoma grade 4. This finding supports our hypothesis that stronger vascular processes occur
during the establishment and progression of IDH-wildtype tumors.

In glioblastomas IDH-wildtype, we found overexpression of several genes previously reported as associated with vascular remodeling and
arterial abnormalities in high-grade gliomas. Some of these genes are EGF-containing fibulin-like extracellular matrix protein 2 (EFEMP2),2* solute car-
rier family 2 member 10 (SLC2A10),%> midkine (MDK),3¢ and transmembrane BAX inhibitor motif-containing 1 (TMBIM1).3” They also have been
proven as associated with poor progression, which seems coherent because a higher vascular supply allows quicker tumor progression.

On the other hand, there were 11 vascular genes overexpressed in astrocytomas IDH-mutated grade 4 compared with glioblastomas IDH-
wildtype. We can comment on the relevance of bone morphogenetic protein 2 (BMP2), which has been previously defined as relevant for prognosis
estimation,®® because the higher the expression of BMP2, the better the prognosis of patients. In addition, we found an overexpression in STOX1,
which was previously associated with younger patients and with gliomas of a lower grade that are less aggressive.>’ The correlation of higher
expression of these genes with the presence of IDH mutation can be attributed to the metabolic reprogramming that tumor cells undergo with
this alteration.

Furthermore, an observational analysis of the combined analysis of gene expression and MRI-DSC biomarkers suggests that imaging data can
contribute to the improvement of models for differentiating these tumors. Vascular differences that present at gene expression level appear to be
detected with MRI from the first stage of diagnosis. These results are preliminary, and they must be validated with larger cohorts that include both
imaging and transcriptomic data. However, this study opens possibilities to propose DSC-MRI biomarkers as useful for an early and noninvasive
estimation of IDH mutation in patients with astrocytoma grade 4.

The available literature indicates that DSC-derived biomarkers are a valuable and potentially essential complement to standard MRI. How-
ever, some experts have suggested that the clinical adoption of DSC-derived biomarkers is restricted because of a lack of standardization, which
may account for the variations in reported rCBV and rCBF thresholds. Nonetheless, recent studies have demonstrated the exceptional reproduc-
ibility, consistency across different sites, and commercial availability of carefully curated DSC quantification protocols,* indicating a high level of
technological readiness for this technique.** The adoption of standardized protocols by the MR community will enhance the reliability of the
DSC-derived biomarkers and their suitability for clinical use.

Our study revealed significant dissimilarities between DSC-derived markers in IDH-wildtype and IDH-mutant tumors, specifically in grade
4 astrocytomas. Nonetheless, generalization of these findings to lower-grade gliomas or other brain tumor subtypes with limited angiogenic activ-

ity may not be feasible.

5 | CONCLUSIONS

In the current study, we have validated the association between IDH mutation and tumor vascularity as measured by DSC-MRI biomarkers in
high- and low-angiogenic habitats of astrocytomas grade 4. Astrocytomas of IDH-mutant grade 4 present lower rCBV and rCBF, and longer sur-
vival times, which can be partly explained by slower tumor progression resulting from lower vascularity.

We have assessed the potential relevance of specific genes overexpressed in glioblastomas IDH-wildtype, such as EFEMP2, SLC2A10, MDK,
and TMBIM1, and in IDH-mutant astrocytoma grade 4, such as BMP2 and STOX1. Although more in-depth analyses are needed, these genes can
be proposed as targets for specific novel therapies for each type of high-grade astrocytoma.

This constitutes the first study to analyze vascular differences at both MRI and transcriptomic level between IDH-wildtype glioblastoma and
IDH-mutant astrocytoma grade 4. We propose that DSC-MRI biomarkers automatically calculated with the ONCOhabitats method should be used
to estimate the IDH mutation status in grade 4 astrocytomas from the presurgical stage onwards. Moreover, we suggest the key role of specific
genes overexpressed in IDH-wildtype glioblastoma as a determinant for presenting stronger vascularity; and the clinical relevance of BMP2 and
STOX1 for IDH-mutant astrocytoma grade 4.
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