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Objective: To explore how molecular glioblastoma (mol-GBM) differs from histological glioblastoma (hist-GBM) in tumor
heterogeneity using multi-parametric physiologic MRI-based tumor habitat analysis.

Materials and Methods: In this multi-institutional retrospective study, imaging data were collected from two tertiary
centers: 13 mol-GBMs and 39 hist-GBMs from institution 1 (2007-2024) for habitat definition, model development, and
internal validation and nine mol-GBMs were obtained from institution 2 (2020-2024) for external validation. The apparent
diffusion coefficient (ADC; cellularity), relative cerebral blood volume (rCBV; vascularity), and volume transfer constant (K*™;
permeability) were binarized into high/low categories, which yielded eight spatial habitat clusters to visualize tumor
heterogeneity. Habitat proportions and intratumoral heterogeneity features were compared between groups. Multivariable
logistic regression models incorporating habitat-derived features were developed to distinguish mol-GBM from hist-GBM,
and their performance was evaluated.

Results: Fifty-two patients (hist-GBM, n = 39; mol-GBM, n = 13; mean age, 60.0 + 11.1 years; 22 male) were evaluated.
Habitat analysis revealed that mol-GBM had a significantly lower proportion of the most malignant habitat (cluster 3: low-
ADC, high rCBV, high K*™™; 0.80% vs. 7.0%, P < 0.001). The total proportion of high K™ habitats was markedly lower in the
mol-GBM group (5.7% vs. 21.3%, P < 0.001). A habitat-based multivariable model incorporating tumor volume, cluster 3
proportion, high K™" proportion, and Shannon entropy achieved an area under receiver operating characteristic curve (AUC) of
0.87 (95% confidence interval [CI]: 0.73-0.97) at internal validation using a leave-one-out cross-validation, which was
substantially greater, albeit nonsignificant, than the AUC for tumor size alone (0.70, 95% CI: 0.51-0.85, P = 0.057), with an
external validation accuracy of 88.9% (8/9).

Conclusion: Multiparametric physiologic MRI habitat analysis demonstrated differences in the tumor heterogeneity between
mol-GBM and hist-GBM. Tumor permeability (K™™) was the most discriminating parameter. Incorporating habitat-derived
features alongside tumor volume may improve the discrimination of the two subtypes on MRI analysis. Further studies, including
more rigorous external validation, are warranted.
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Habitat Analysis of Glioblastoma on Physiologic MRI

INTRODUCTION

The 2021 WHO classification of tumors of the central
nervous system reclassified histologically low-grade, IDH-
wildtype diffuse astrocytoma (WHO grades 2-3) harboring
specific molecular alterations (TERT promoter mutation,
EGFR amplification, or chromosome 7 gain/10 loss) as
molecular glioblastoma (mol-GBM), WHO grade 4 [1,2].
While hist-GBM is notoriously aggressive [3], mol-GBM
demonstrates a similarly poor prognosis [4]. However,
longer progression-free survival has been reported for mol-
GBM, which may represent an early infiltrative stage of GBM
progression [4,5].

Currently, the most established finding is that mol-GBMs
demonstrate contrast enhancement less frequently than
hist-GBMs [5-7]. Nevertheless, a recent study reported that
among non-enhancing IDH-wildtype GBMs, 45% were hist-
GBM and 55% were mol-GBM [8], underscoring the need
for advanced MRI to distinguish the two types, given the
limitations of conventional imaging.

Physiologic MRI, including diffusion-weighted imaging
(DWI), dynamic susceptibility contrast (DSC) perfusion
imaging, and dynamic contrast-enhanced (DCE) MRI,
provides quantitative insight into tumor cellularity,
vascularity, and permeability [9-11]. Because mol-GBM lacks
pseudopalisading necrosis or microvascular proliferation,
these sequences may provide insights into microstructural
and vascular heterogeneity that differ between mol-GBM
and hist-GBM. Such heterogeneity is associated with
biological aggressiveness [12] and can be quantified
using the apparent diffusion coefficient (ADC; cellularity),
relative cerebral blood volume (rCBV; vascularity), and
volume transfer constant (K™™; permeability). Previous
studies have shown the value of these physiologic MRI
parameters in characterizing the biological behavior of
GBM [13-17]. Moreover, tumor habitats based on ADC and
rCBV have stratified IDH-wildtype GBMs into prognostic
subgroups [17-19], highlighting the value of physiologic
MRI parameters in noninvasive prediction of outcomes.

This study evaluated physiologic MRI differences
between mol-GBM and hist-GBM. To further explore
these differences, ADC, rCBV, and K™™ parameters were
integrated and a higher-dimensional habitat analysis was
performed to visualize and quantify tumor heterogeneity.
This multiparametric approach aimed to provide a deeper
radiologic insight into mol-GBM.
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MATERIALS AND METHODS

Study Population

This retrospective study was approved by the Institutional
Review Board of institution 1 (internal dataset, IRB No.
2212-077-1385) and institution 2 (external dataset IRB No.
2023-0525) with a waiver of informed consent. Between
November 2007 and October 2024, 689 patients with
IDH-wildtype GBM (2021 WHO criteria) were identified at
institution 1.

The eligible patients were adults (>18 years) who had
undergone conventional and advanced MRI (DWI, DSC, and
DCE). Patients were classified according to the 2021 WHO
criteria into hist-GBM, defined as an IDH-wildtype diffuse
glioma with microvascular proliferation and/or intratumoral
necrosis, and mol-GBM, defined as a histological grade 2-3
IDH-wildtype diffuse glioma carrying the TERT promoter
mutation, EGFR amplification, or +7/-10 chromosome
variations. Patients with incomplete MRI or MRI acquired
more than 6 months before surgery were excluded. After
applying the exclusion criteria, 13 patients with mol-GBM
and 476 with hist-GBM were identified. Following 1:3
propensity score matching by age and sex, 52 patients (13
mol-GBM, 39 hist-GBM) were included.

For the external dataset, 18 patients from institution 2
enrolled between February 2020 and February 2024 met
identical inclusion criteria, producing 9 mol-GBM (mol-GBM
[ext]). The patient enrollment flowchart is shown in Figure 1.

The internal dataset of institution 1 (n = 52) was used
for habitat definition, model development, and internal
validation. The external dataset of institution 2 (n =9, all
mol-GBM) was used for the independent evaluation.

MRI Acquisitions

For institution 1, MRI studies of all patients were
performed using 3T MRI units (Magnetom Verio or
Magnetom Skyra; Siemens Healthineers, Erlangen, Germany)
with a 32-channel head coil. The MRI protocol included T2-
weighted imaging (T2WI), T2 fluid-attenuated inversion
recovery (FLAIR), T1-weighted imaging (T1WI), DWI, DCE-
MRI, and DSC-MRI, and contrast enhanced (CE) TIWI. For
institution 2, the MRI scan was acquired using a 3T MRI
unit (Ingenia 3.0 CX, Philips Healthcare, Amsterdam, the
Netherlands) including the same sequences applied in
institution 1. The detailed MRI acquisition parameters are
shown in the Supplement (Magnetic Resonance Imaging
Acquisition).
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Internal dataset (Institution 1)

External dataset (Institution 2)

Eligible IDH-wildtype GBM patients
from November 2007 to October 2024 (n = 689)
1) Minimum age of 18 years
2) Patients who underwent conventional and advanced MRI
3) MRI performed <6 months prior to surgery

Excluded (n = 200)
1) Missing MRI sequences (n = 182)
2) Fail to acquire DSC or DCE (n = 14)
3) MRI performed >6 months prior to surgery (n = 4)

A
‘ Included (n = 489) ‘
[

Based on 2021 WHO classification
* Mol-GBM: IDH-wildtype WHO grade 2-3 diffuse gliomas + TERT
promoter mutation, EGFR amplification, or +7/-10 chromosomal
alteration
* Hist-GBM: IDH-wildtype + microvascular proliferation or
pseudopalisading necrosis in histology

v v
| Mol-GBM (n=13) | | Hist-GBM (n = 476) |
\ |
v

‘ Propensity score matching (1:3) based on sex and age ‘

Y

| Mol-GBM (n=13) | | HiStGBM (n=39) |

Y !

‘ Habitat definition, multivariable model development ‘

Eligible patients from February 2020 to February 2024 (n = 18)
1) Minimum age of 18 years
2) Patients who underwent advanced brain tumor MRI
3) IDH-wildtype WHO grade 2-3 diffuse gliomas with GBM-defining
molecular alterations (TERT promoter mutation, EGFR
amplification, or +7/-10 chromosomal alterations)
4) MRI performed <6 months prior to surgery

Excluded (n =9)
1) Missing MRI sequences (n = 7)
2) Fail to acquire DSC or DCE (n = 2)

‘ Included (n =9) ‘

Y
| Mol-GBM (ext) (n =9) |

‘ Habitat distribution consistency ‘

Fig. 1. Flow diagram of the patient selection process. IDH = isocitrate dehydrogenase, GBM = glioblastoma, TERT = telomerase reverse
transcriptase, EGFR = epidermal growth factor receptor, DSC = dynamic susceptibility contrast, DCE = dynamic contrast-enhanced, Mol-
GBM = molecular glioblastoma, Hist-GBM = histological glioblastoma, Mol-GBM (ext) = molecular glioblastoma from the external dataset

Image Processing

The three-dimensional (3D) CE-T1WI of each patient
were resampled to 1 mm isometric voxels. Skull stripping
was performed on all MRI sequences using the SynthStrip
algorithm [20]. The skull-stripped CE-T1WI served as
the reference image, and all other modalities (T2WI,
FLAIR, DWI, DSC, and DCE) were co-registered using rigid

transformations with the Advanced Normalization Tools [21].

After registration, tumor masks were generated using HD-
GLIO [22], and refined by an experienced neuroradiologist
(K.S.C, 7 years) and a well-trained research assistant (10
years).

To mitigate inter-institutional batch effects, the ADC,
rCBV, and K™ values were normalized using normal white
matter reference distributions. The ADC map was calculated
using b values of 0 and 1,000s/mm?, based on a two-point
estimate of signal decay. For DSC and DCE analyses, the
pharmacokinetic map calculations were performed using
commercial software (Nordic ICE, v4.1.2; Nordic-NeuroLab,
Bergen, Norway). For the DSC analysis, the rCBV map was
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obtained using the Weisskoff-Boxerman method for leakage
correction [23]. For DCE analysis, the K™ was calculated
using the two-compartment pharmacokinetic model
(Extended Tofts Model, eTofts) [24]. Conventional histogram
features of ADC, rCBV, and K™ were extracted. Further
details are provided in the Supplement (Parametric Mapping
for Advanced Image, Batch Effect Correction, Histogram-
Based Analysis, and Supplementary Fig. 1).

Multiparametric Physiologic MRI-Based Tumor Habitats

Tumor habitats were defined using voxel-wise ADC,
rCBY, and K™ values. For each parameter, Gaussian
mixture modeling was applied to derive a single threshold,
dichotomizing values into low and high categories. Based
on the resulting 2 x 2 x 2 combination, each voxel was
classified into one of eight physiologic habitats (e.g.,
cluster 3: low ADC, high rCBV, high K™™), each representing
a distinct tumor microenvironment. Habitat definitions
were fixed using the internal dataset and were applied
consistently in all subsequent analyses.
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For each tumor, the proportion of the eight habitat
clusters was calculated relative to the total tumor volume.
The overall tumor size was represented by log-transformed
total tumor volume. Clusters were also grouped by shared
physiologic trait, all clusters with high K™ (clusters 1, 3,
5, 7), high rCBV (clusters 2, 3, 6, 7), or low ADC (clusters
0, 1, 2, 3). Cluster 3 (low ADC, high rCBV, high K™™) was
prespecified as a marker of the most malignant-appearing
tumor habitat.

Intratumoral heterogeneity was quantified using Shannon
entropy, the Simpson diversity index, and Pielou evenness
derived from the habitat proportions of the eight habitat
clusters. The external cohort, consisting exclusively of
mol-GBM cases, was used to assess the consistency of the
habitat distribution patterns.

Model Development and Validation

Multivariable logistic regression models were developed
using the internal cohort (institution 1; n = 52). Features
were standardized according to the z-score using the
parameters of the internal cohort and were applied
identically to the external cohort.

Univariable and multivariable logistic regression analysis
was performed to evaluate the association between
habitat-derived features and GBM subtypes (mol-GBM vs.
hist-GBM). Univariable analysis included all prespecified
habitat-derived features: individual cluster proportions,
composite habitat proportions (high K™™, high rCBY,
and low ADC), Shannon entropy, and log-transformed
tumor volume. Variables for the multivariable analysis
were selected a priori based on biological relevance and
univariable significance, without stepwise selection. As a
result, three logistic regression models were defined using
variables selected for multivariable modeling to assess
the added discriminatory value of habitat-derived features
beyond tumor volume. Model V incorporated log-transformed
tumor volume only, serving as a clinically accessible
reference. Model H added the cluster 3 proportion and the
high K™™ proportion, selected based on their biological
relevance as markers of the malignant microenvironment
and the overall permeability burden, respectively. Model
H+ further incorporated Shannon entropy to evaluate the
incremental value of intratumoral heterogeneity. All models
were configured to predict hist-GBM. Further details are
provided in the Supplement (Univariable Logistic Regression
Analysis and Multivariable Logistic Regression Analysis).

Internal validation was performed using leave-one-out
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cross-validation (LOOCV) within the internal cohort (n =
52). For each fold, the z-score normalization and an L2-
regularized logistic regression (C = 1.0) were fit to the

n - 1 training subjects and were applied to the held-

out subject. The 52 aggregated out-of-fold probabilities
were used to construct receiver operating characteristic
(ROC) curves, compute area under the curve (AUC) values,
and (95% confidence intervals [CIs] by 1,000-iteration
bootstrap), and to define a Youden index-derived threshold,
which was held fixed for all subsequent evaluations. After
LOOCV, each model was refit on the full internal dataset for
external evaluation; this step did not contribute to internal
validation metrics. The fixed coefficients were applied

to the external cohort using the same threshold. Further
details are provided in the Supplement (Model Validation).

Other Statistical Analyses

Patient characteristics were compared between hist-GBM
and mol-GBM in the internal dataset, and between internal
mol-GBM and mol-GBM (ext), using the independent t-test
or Mann-Whitney U test for continuous variables, depending
on the normality of distribution assessed by the Shapiro-
Wilk test, and the chi-squared test for categorical variables.
Differences in voxel-wise habitat distributions were analyzed
by pairwise permutational multivariate analysis of variance
(PERMANOQVA) with post-hoc Mann-Whitney U tests. The
Delong test was used for ROC AUC comparison. No formal
adjustment for multiple comparisons was applied. A two-
sided P-value <0.05 was considered statistically significant.
Statistical analyses were performed using Python (version
3.10.13; Python Software Foundation, Wilmington, DE, USA)
with the SciPy (version 1.15.3), scikit-learn (version 1.7.0),
Matplotlib (version 3.10.3), and Seaborn (version 0.13.2)
libraries. Propensity score matching was conducted using
R (version 3.4.0; R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

Patient Characteristics

The baseline characteristics of the patients are
summarized in Table 1. Age and sex did not differ between
hist-GBM and mol-GBM subtypes nor between the internal
and external mol-GBM cohorts.

Among the mol-GBM group (n = 13), eight patients
harbored a TERT promoter mutation (8/13, 61.5%), seven
patients EGFR amplification (7/13, 53.8%), and one patient
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Table 1. Baseline characteristics of the internal and external dataset
Characteristics Internal dataset External dataset pr pt
Hist-GBM (n = 39) Mol-GBM (n = 13) Mol-GBM (ext) (n =9)
Age at diagnosis, yrs 59.6 + 11.6 61.1 £ 10.0 64.6 + 10.9 0.683  0.453
Sex 0.746  1.000
Male 17 (43.6) 5 (38.5) 4 (44.4)
Female 22 (56.4) 8 (61.5) 5 (55.6)
Baseline KPS 82.6 + 11.6 86.7 + 13.7 95.0 £ 7.6 0.234  0.163
WHO grade <0.001 0.178
Grade 2 0 (0) 2 (15.4) 4 (44.4)
Grade 3 0 (0) 11 (84.6) 5 (55.6)
Grade 4 39 (100) 0 (0) 0 (0)
Period between MRI 3.7 £10.2 14.2 +32.3 33.1+27.1 0.239  0.004
and biopsy/surgery, day
Contrast Enhancement on T1 <0.001  1.000
No 2 (2.6) 9 (69.2) 6 (66.7)
Yes 37 (94.9) 4 (30.8) 3(33.3)
Tumor volumes, mm’ 76,148 [74,763] 38,843 [27,009] 29,026 [18,674] 0.009  0.229
IDH-wildtype 39 (100) 13 (100) 9 (100) - -
TERT promoter mutation 0.034  0.206
No 11 (28.2) 0 (0) 3 (33.3)
Yes 15 (38.5) 8 (61.5) 6 (66.7)
NA 13 (33.3) 5 (38.5) 0 (0)
EGFR amplification 0.164  0.017
No 9 (23.1) 6 (46.2) 9 (100)
Yes 29 (74.4) 7 (53.8) 0 (0)
NA 1(2.5) 0 (0) 0 (0)
+7/-10 chromosome variations 1.000 0.080
No 20 (51.3) 5 (38.5) 1(11.1)
Yes 5 (12.8) 1(7.7) 5 (55.6)
NA 14 (35.9) 7 (53.8) 3(33.3)
PTEN mutation 0.589  0.494
No 36 (92.3) 11 (84.6) 9 (100)
Yes 3(7.7) 2 (15.4) 0 (0)
MGMT methylation 0.502 0.164
No 24 (61.5) 10 (76.9) 3 (33.3)
Yes 14 (35.9) 3 (23.1) 5 (55.6)
NA 1 (2.5) 0 (0) 1 (11.1)
Ki-67, % 38.3 £ 21.0 14.8 + 13.0 NA <0.001 -

Data are presented as mean #+ standard deviation, median [interquartile range], and number (%).

*P-values for pairwise comparison between Mol-GBM and Hist-GBM, 'P-values for pairwise comparison between Mol-GBM and Mol-GBM (ext).
Mol-GBM = molecular glioblastoma, Hist-GBM = histological glioblastoma, Mol-GBM (ext) = molecular glioblastoma from the external dataset,
KPS = Karnofsky performance score, IDH = isocitrate dehydrogenase, TERT = telomerase reverse transcriptase, EGFR = epidermal growth factor
receptor, +7/-10 = gain of chromosome 7 and loss of chromosome 10, PTEN = phosphatase and tensin homolog, MGMT = 06-methylguanine-
DNA methyltransferase, NA = not available, - = not applicable

+7/-10 chromosome variations (1/13, 7.7%). For the mol-
GBM (ext) group (n =9), six patients had TERT promoter
mutation (6/9, 66.7%) and five patients had +7/-10
chromosome variations (5/9, 55.6%).

Tumor Habitat Analysis

Eight tumor habitat clusters were defined by combining
binarized ADC, rCBV, and K™ values using GMM. Cutoff values
derived from the hist-GBM and mol-GBM were ADC = 1.326,
rCBV = 4.420, and K™™ = 0.026. The pairwise PERMANOVA
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showed significant differences in overall habitat
distributions between hist-GBM and mol-GBM (pseudo-F =
4.45, P =0.003) and between hist-GBM and mol-GBM (ext)
(pseudo-F = 4.38, P = 0.003), but not between mol-GBM
and mol-GBM (ext) (pseudo-F = 0.63, P =0.765).

Median proportion (%) in cluster 0 (low ADC, low rCBY,
low K™™) was significantly higher in the mol-GBM (40.0%
vs. 71.4%, P < 0.001). In contrast, the proportion of
cluster 3 (low ADC, high rCBV, high K™™) was significantly
higher in the hist-GBM than in mol-GBM (7.0% vs. 0.8%,
P <0.001). Similarly, cluster 7 (high ADC, high rCBV, high
K™"™) was also more prevalent in the hist-GBM (1.4% vs.
0.3%, P =0.036) (Table 2). External validation using the
mol-GBM (ext) dataset showed consistent results with hist-
GBM in clusters 0 and 3. No significant differences were
found between mol-GBM and mol-GBM (ext) across all
clusters (Supplementary Table 1).

The total proportion of high-permeability habitats (high
K™, clusters 1, 3, 5, and 7) was markedly higher in hist-
GBM compared with mol-GBM (21.3% vs. 5.7%, P < 0.001).
Likewise, the proportion of high-vascularity habitats (high
rCBV; clusters 2, 3, 6, and 7) was significantly higher in
hist-GBM (22.7% vs. 10.1%, P = 0.001). In contrast, no
significant difference was observed in the overall proportion
of high-cellularity habitats (low ADC; clusters 0, 1, 2, and 3)
between the two groups (78.1% vs. 87.8%, P = 0.163).

The 3D habitat distributions and the corresponding 2D
projections (Fig. 2, Supplementary Fig. 2) further confirmed
these distinctions. Tumor volumes for clusters 3 (red; low

Table 2. Comparison of tumor habitat cluster proportions

Korean Journal of Radiology

ADC, high rCBV, high K™™) and 7 (gray; high ADC, high
rCBY, high K"™™) were greater in the hist-GBM than the in
mol-GBM and mol-GBM (ext). The clustering patterns of
mol-GBM and mol-GBM (ext) appeared to be identical (Fig.
2B, (), visualizing the absence of significant differences
noted in Supplementary Table 1.

Representative Cases for Tumor Habitat Clustering

Representative cases (Fig. 3) illustrate these patterns.
Patient A, a case of hist-GBM with marked contrast
enhancement, showed a large proportion of cluster 3 (red)
within the enhancing lesion. Patient B, despite minimal
enhancement, also showed a marked proportion of cluster 3
in the tumor area. In contrast, patient C, a mol-GBM case
with a non-enhancing lesion, showed a predominance of
cluster 0 (blue; low ADC, low rCBV, low K™™) within the
FLAIR hyperintense region. The stacked voxel count plot
(Fig. 3D) showed a higher cluster 3 proportion in hist-GBM
than in mol-GBM. Moreover, high K™™ clusters (cluster 1,
3, 5, and 7) were more frequent in the hist-GBM (Fig. 3E).
These patterns were most evident in tumors with strong
contrast enhancement.

Discrimination Between Mol-GBM and Hist-GBM
Univariable logistic regression was performed to evaluate
the association between habitat-derived features and the
GBM subtype, the results are summarized in Supplementary
Figure 3A. Features with strong univariable associations,
cluster 3 proportion, high K™ proportion, and Shannon

Cluster proportions (%)

trans
Cluster ADC B . Hist-GBM (n = 39) Mol-GBM (n = 13) P
0 1 1 1 40.0 [28.9-60.1] 71.4 [64.0-79.7] <0.001*
1 ! ! 1 6.1 [1.8-10.6] 3.0 [1.6-3.3] 0.059
2 1 1 1 6.3 [4.7-8.6] 5.2 [3.1-7.8] 0.612
3 1 1 1 7.0 [3.5-15.3] 0.8 [0.6-2.5] <0.001*
4 1 1 1 15.4 [7.2-29.6] 11.4 [5.9-16.5] 0.263
5 1 ) 1 1.3 [0.4-3.9] 0.4 [0.4-1.2] 0.099
6 1 1 ! 1.2 [0.5-2.2] 0.7 [0.4-1.6] 0.352
7 1 i i 1.4 [0.3-3.4] 0.3 [0.2-0.9] 0.036*
Composite habitat proportions
Low ADC (clusters 0 + 1 + 2 + 3) 78.1 [54.2-87.7] 87.8 [78.6-93.7] 0.163
High rCBV (clusters 2 + 3 + 6 + 7) 22.7 [12.7-35.0] 10.1 [6.9-11.4] 0.001*
High K™ (clusters 1 + 3 + 5 + 7) 21.3 [10.8-34.2] 5.7 [3.6-7.9] <0.001*

Data are median [interquartile range].
*P < 0.05.

ADC = apparent diffusion coefficient, rCBV = relative cerebral blood volume, K™™ = volume transfer constant, Hist-GBM = histological

glioblastoma, Mol-GBM = molecular glioblastoma
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Fig. 2. Voxel-wise habitat clustering of Hist-GBM, Mol-GBM, and Mol-GBM (ext) based on multiparametric MRI. Tumor voxels were
classified into eight clusters based on 2 x 2 x 2 combinations of binary high/low grouping of ADC, rCBV, and K™ values using a GMM.
GMM-determined cutoff values were as follows: ADC, 1.326; rCBV, 4.420; and K™™, 0.026. Shown are the three-dimensional cluster

distributions with their respective two-dimensional projections onto each parameter axis. A: Voxel data from patients in the Hist-GBM group
(n =39). For improved visualization and fair comparison, 10% of all voxels are displayed. Voxel data for Hist-GBM patients are provided in
Supplementary Figure 2. B: Voxel data from all patients in the Mol-GBM group (n = 13). C: External validation of the established clustering
criteria using voxel data from the Mol-GBM (ext) group (n = 9). Hist-GBM = histological glioblastoma, Mol-GBM = molecular glioblastoma,
Mol-GBM (ext) = molecular glioblastoma from external dataset, ADC = apparent diffusion coefficient, rCBV = relative cerebral blood volume,
K™ = volume transfer constant, GMM = Gaussian mixture model

entropy, were incorporated into multivariable models as
described above.

Multivariable logistic regression demonstrated that
the incorporation of habitat-derived features improved
discrimination compared with tumor volume alone (Fig. 4,
Table 3). In the internal validation cohort, Model V achieved
an AUC of 0.70 (95% CI: 0.51-0.85). Model H showed
improved discrimination compared to Model V with a marginal
P-value (AUC: 0.85, 95% CI: 0.70-0.96; P = 0.053). Model H+
achieved the highest AUC (0.87, 95% CI: 0.73-0.97), whereas
differences from Model V and Model H were not significant
(P =0.057 and 0.434, respectively). Binary classification
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performance based on the Youden index-derived thresholds
is summarized in Table 4. In the external cohort (mol-GBM
only), classification accuracies were 77.8% (7/9) for Model
H and 88.9% (8/9) for Model H+. As a sensitivity analysis, a
multivariable model incorporating all eight habitat clusters
using a centered log-ratio transformation also demonstrated
robust discrimination (AUC: 0.82; Supplementary Fig. 3B),
supporting the consistency of habitat-based modeling.

DISCUSSION

This study demonstrated that mol-GBM and hist-GBM
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Fig. 3. Visualization of tumor clusters in Hist-GBM and Mol-GBM patients. A-C: Multimodal MRI of three patients with IDH-wildtype
glioblastoma, presented as the T1CE image, FLAIR image, a magnified (x4) tumor region, and the corresponding cluster map overlaid

on the magnified area: (A) Hist-GBM, CE (+); a 58-year-old male with aphasia presenting an enhancing lesion in the left temporal

lobe. (B) Hist-GBM, CE (+); a 52-year-old female with right upper extremity paresthesia presenting a right temporal mass with minimal
enhancement. (C) Mol-GBM, CE (-); a 56-year-old female with headache shows a non-enhancing mass in the left frontal and medial
parietal lobes. D: Stacked bar plots demonstrate cluster-wise tumor volume distribution, highlighting increased cluster 3 volume in Hist-
GBM compared with Mol-GBM. E: K™ values were highest in the enhancing Hist-GBM, case A, followed by the minimally enhancing
Hist-GBM, case B, and lowest in the non-enhancing Mol-GBM, case C. Hist-GBM = histological glioblastoma, Mol-GBM = molecular
glioblastoma, IDH = isocitrate dehydrogenase, T1CE = T1-weighted contrast-enhanced, FLAIR = fluid-attenuated inversion recovery, CE =

contrast enhancement, K™™ = volume transfer constant

differ in tumor heterogeneity using a 3D habitat analysis
based on multiparametric physiologic MRI. Mol-GBM showed
a smaller proportion of habitats with high vascularity and
high permeability, particularly cluster 3 and high K™
clusters. Hist-GBM also exhibited greater intratumoral
diversity, as reflected by a higher Shannon entropy.

Prior imaging studies comparing mol-GBM and hist-GBM
subtypes have relied largely on conventional MRI or global
summary statistics. Although histogram metrics showed
significant differences (Supplementary Table 2), such
approaches overlook intratumoral heterogeneity [25]. The
habitat analysis approach employed in this study overcomes
this limitation. By partitioning the tumor into biologically
distinct subregions based on a multiparametric physiological
signature, this approach identifies localized malignant foci
obscured by whole-tumor averaging [17-19]. The discovery
that the most malignant-appearing habitat (cluster 3; low

kjronline.org https://doi.org/10.3348/kjr.2025.1969

ADC, high rCBV, high K™™) was found in hist-GBM validates
the utility of this method and suggests its potential for
guiding targeted biopsies toward the most aggressive tumor
regions.

Although prior studies have utilized ADC (cellularity) and
rCBV (vascularity), this approach has limitations, particularly
in minimally enhancing tumors [17-19]. We developed
this physiological characterization by incorporating K™,

a quantitative parameter reflecting disruption of the
blood-brain barrier and microvascular leakage [11,26-28].
Pathologically, aggressive GBM (particularly hist-GBM) is
characterized by hypoxia-driven VEGF expression, which
promotes the histologic hallmark of aberrant, immature
neovasculature, and microvascular proliferation [29]. This
immature vasculature is characterized by high permeability,
which manifests as elevated K™™ values on DCE-MRI [30].
The significant predominance of high K™ habitats in

677



Korean Journal of Radiology

hist-GBM confirms that K™ sensitively captures this
aggressive angiogenic activity. In multivariable analysis,
high K™ proportion was the only habitat feature retaining

1.0+

0.8+

0.6+

0.4+

True positive rate

— V (volume): AUC = 0.70 (0.51-0.85)
— H (habitat): AUC = 0.85 (0.70-0.96) (vs. V, P = 0.053)
~ H+ (total): AUC = 0.87 (0.73-0.97)

(vs. H, P=0.434; vs. V, P = 0.057)

T T
0 0.2 0.4 0.6 0.8 1.0
False positive rate

Fig. 4. Multivariable logistic regression analysis for identifying
features associated with Hist-GBM versus Mol-GBM. Receiver
operating characteristic curves for multivariable models predicting
Hist-GBM from internal validation: Model V (volume only; AUC = 0.70
[95% CI: 0.51-0.85]), Model H (volume, cluster 3 proportion, and
high K™™; AUC = 0.85 [95% CI: 0.70-0.96]), and Model H+ (volume,
cluster 3 proportion, high K™, and Shannon entropy; AUC = 0.87
[95% CI: 0.73-0.97]). Hist-GBM = histological glioblastoma, Mol-
GBM = molecular glioblastoma, AUC = area under the curve, CI =
confidence interval, K™ = volume transfer constant

Table 3. Factors associated with histological glioblastoma

Choi et al.

independent significance between models H and H+ (odds
ratio: 2.95 and 1.90, respectively), positioning it as the key
differentiator between hist-GBM and mol-GBM subtypes.
Previous literature has associated “cellular, hypovascular”
habitats (low ADC, low rCBV) with treatment resistance
and poor prognosis, often attributed to hypoxia [17-19].
Our study refined this concept by demonstrating that this
category is not monolithic. We identified two distinct
clusters within the following profile: cluster 0 (low K™")
and cluster 1 (high K™™). Cluster 0, characterized by low
permeability despite low vascularity, was significantly more
prevalent in mol-GBM, whereas cluster 1 did not present
low permeability. This finding suggests that hypoxic
regions with concurrent high permeability may reflect
true regions of active, hypoxia-driven angiogenesis and
vascular leakiness [30], constituting a less aggressive and
proliferative microenvironment characteristic of mol-GBM
[31]. This stratification, which highlights a key biological
difference between the hist-GBM and mol-GBM subtypes,
was detectable only when K™ was incorporated into the
habitat analysis.

ADC alone provided limited discrimination. The proportion
of low ADC clusters did not differ significantly between
subtypes, whereas the high K™ and high rCBV clusters
did. ADC values are affected by not only cellularity but
also by edema, necrosis, and nuclear morphology [32,33],
reducing their specificity. Additionally, mol-GBM may

Variable Model V Model H Model H+
B aOR  95% (I P B aOR  95% (I P B aOR  95% (I P
Tumor volume (log) 0.643 1.90 1.15-3.72 0.020 0.525 1.69 0.94-3.62 0.078 0.415 1.51 0.78-3.14 0.186
Cluster 3 proportion - - - - 0.264 130 0.71-2.78 0.450 0.174 1.19 0.66-2.38 0.568
High K™™ proportion - - - - 1.082 2.95 1.82-5.23 <0.001  0.642 1.90 1.23-3.14 0.002
Shannon entropy = = = = = = = = 0.708  2.03 1.10-4.70 0.050

B = standardized regression coefficient, aOR = adjusted odds ratio, CI = confidential interval, K™ = volume transfer constant

Table 4. Binary classification performance using Youden index-derived threshold

Internal validation External evaluation

Model Youden threshold AUC Mol-GBM accuracy Hist-GBM accuracy Mol-GBM (ext) accuracy
(95% CI) (n =13, %) (n =39, %) (n=9, %)
Model V 0.772 0.70 (0.51-0.85) 11/13 (84.6) 23/39 (59.0) 9/9 (100)*
Model H 0.612 0.85 (0.70-0.96) 11/13 (84.6) 33/39 (84.6) 7/9 (77.8)
Model H+ 0.652 0.87 (0.73-0.97) 12/13 (92.3) 32/39 (82.1) 8/9 (88.9)

Decision thresholds are Youden index-derived and held fixed for external evaluation.

*The 100% external accuracy for Model V reflects its high Youden threshold (0.772), driven by the smaller tumor volumes characteristic
of Mol-GBM, resulting in all 9 external cases being assigned low predicted probabilities.

Mol-GBM = molecular glioblastoma, AUC = area under the curve, CI = confidential interval, Hist-GBM = histological glioblastoma, Mol-GBM
(ext) = molecular glioblastoma from external dataset
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exhibit cellular density comparable to that of hist-GBM;
Griessmair et al. [34] reported lower ADC in mol-GBM than
in lower-grade astrocytoma lacking GBM-defining molecular
alterations. Thus, ADC is informative but insufficient alone
to distinguish mol-GBM from hist-GBM.

This study has some limitations. First, the small
sample size of the mol-GBM group (n = 13 internal, n =9
external) reflects the rarity of this entity (2.7% of IDH-
wildtype GBMs in our cohort) and limits statistical power
and generalizability. The findings of this exploratory
study require validation in larger, prospective cohorts.
Second, combining MRI data from different vendors may
introduce residual batch effects despite normalization to
normal white matter; future studies employing advanced
harmonization techniques may further mitigate this issue.
Third, the external cohort included only mol-GBM cases,
limiting the evaluation of discrimination performance and
generalizability. Although consistent habitat distributions
were observed, external validation including both subtypes
is required. Fourth, due to the retrospective study design,
direct histopathological correlation of the imaging-defined
habitats was not feasible. Future prospective studies
integrating radiologic, histologic, and molecular data
are warranted to strengthen the biological relevance and
clinical applicability of these findings.

In conclusion, a 3D habitat analysis using ADC, rCBY,
and K™™ can distinguish mol-GBM from hist-GBM subtypes
by capturing differences in intratumoral heterogeneity.
Mol-GBM exhibited significantly smaller tumor proportions
within the most malignant habitat, and differences
between two subtypes were greatest for permeability
(K™"). Incorporating habitat-derived features alongside
tumor volume may improve discriminating the two subtypes
on MRI. These findings provide novel radiologic insights
into the recently classified but less-characterized mol-
GBM and a provides a foundation for future radiogenomic
investigations. Additional studies, including more rigorous
external validation, are warranted.

Supplement

The Supplement is available with this article at
https://doi.org/10.3348/kjr.2025.1969.

Availability of Data and Material
The data generated and/or analyzed during the current
study are not publicly available due to patient privacy
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but are available from the corresponding author on
reasonable request. The underlying code for this study is
available in Multiparametric-MRI-Habitat-GBM and can be
accessed via this link https://github.com/snuh-rad-aicon/
Multiparametric-MRI-Habitat-GBM.
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