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Abstract

Background. Molecular glioblastoma (molGB) does not exhibit the histologic hallmarks of a grade 4 glioma but
is nevertheless diagnosed as glioblastoma when harboring specific molecular markers. MolGB can easily be mis-
taken for similar-appearing lower-grade astrocytomas. Here, we investigated how advanced imaging could reflect
the underlying tumor biology.

Methods. Clinical and imaging data were collected for 7 molGB grade 4, 9 astrocytomas grade 2, and 12
astrocytomas grade 3. Four neuroradiologists performed VASARI-scoring of conventional imaging, and their inter-
reader agreement was assessed using Fleiss k coefficient. To evaluate the potential of advanced imaging, 2-sample
t test, 1-way ANOVA, Mann-Whitney U, and Kruskal-Wallis test were performed to test for significant differences
between apparent diffusion coefficient (ADC) and relative cerebral blood volume (rCBV) that were extracted fully
automatically from the whole tumor volume.

Results. While conventional VASARI imaging features did not allow for reliable differentiation between glioma
entities, rCBV was significantly higher in molGB compared to astrocytomas for the 5th and 95th percentile, mean,
and median values (P < .05). ADC values were significantly lower in molGB than in astrocytomas for mean, me-
dian, and the 95th percentile (P < .05). Although no molGB showed contrast enhancement initially, we observed
enhancement in the short-term follow-up of 1 patient.

Discussion. Quantitative analysis of diffusion and perfusion parameters shows potential in reflecting the malig-
nant tumor biology of molGB. It may increase awareness of molGB in a nonenhancing, “benign” appearing tumor.
Our results support the emerging hypothesis that molGB might present glioblastoma captured at an early stage
of gliomagenesis.

Key Points

Conventional imaging fails to properly capture the biological malignancy of molecular
glioblastoma.

Advanced imaging, such as diffusion and perfusion imaging, better reflects the malignant
biology of conventionally benign-appearing molGB.

Molecular glioblastoma might represent glioblastoma detected at an early stage.
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Importance of the Study

The 5th edition of the WHO classification for tumors of
the central nervous system (CNS) introduced the novel
glioma subtype of “molecular glioblastoma” (molGB),
which does not exhibitthe classical histological and con-
ventional imaging features of a highly malignant grade 4
glioma, and instead is diagnosed by molecular markers
alone. Until now, no standardized MRI sequences have
been established reflecting this molecularly driven di-
agnosis. In this pilot study, a unique cohort of 27 similar-
appearing gliomas (WHO grades 2-4) was analyzed to

The complex interaction of (epi)genetic aberrations for
the development and malignant progression of glial tu-
mors has been intensively studied in the past. Thus, a
large number of studies demonstrated a highly aggressive
course of IDH wild-type gliomas, which exhibit telomerase
reverse transcriptase (TERT) promoter mutation, epi-
dermal growth factor receptor (EGFR) amplification, loss of
chromosome 10 (whole chromosome, 10p or 10q) or gain
of chromosome 7 (whole chromosome, 7p or 7q), even if
they do not show the classical histopathological hallmarks
of glioblastoma.'3Thus, in the 5th edition of the WHO clas-
sification for CNS tumors, the diagnosis of glioblastoma
(IDH wild-type WHO CNS grade 4) is possible for the first
time only based on the molecular alterations mentioned
above.* Interestingly, these molecularly defined glioblas-
toma present not only histologically similar to lower-grade
IDH mutant astrocytoma, but also on conventional MRI im-
aging, lacking contrast enhancement and central necrosis.
So far, neuroradiology has not been able to detect this mo-
lecularly different tumor biology. However, it is likely that
these biologically clearly distinct tumor entities also differ
in their image phenotype. Few studies investigated differ-
ences in tumor localization, initial symptomatology, and
signaling behavior on standard MR sequences with no sig-
nificant findings despite a more diffuse appearance.>®

Interestingly, in a recent work, a small cohort of initially
solely molecularly defined glioblastoma (molGB) at recur-
rence fulfilled the typical morphologic signs of classical
glioblastoma on both MR imaging and histology, which
made the authors postulate the hypothesis that molGB
were simply at an earlier stage of tumorigenesis.” This is
consistent with the observation that molGB have a similar
or slightly greater median overall survival (OS) time than
“histological” glioblastoma.>8

In addition, in a recent publication, we demonstrated
that molGB already show higher perfusion values in the
nonenhancing tumor areas compared to classical glioblas-
toma (/DH wild-type WHO CNS grade 4) or astrocytomas
(IDH mutant WHO CNS grade 4).° One explanation for this
could be, for example, that they are at a stage shortly before
classical barrier disruption with increased angiogenesis.

Following this observation, in the present study, we
aimed to examine possible differences in advanced im-
aging biomarkers, that is, perfusion and diffusion in-
dices, between molGB and lower-grade astrocytomas, IDH

demonstrate the value of advanced imaging sequences
for revealing tumor biology. MolGB showed significantly
higher perfusion and lower diffusion values compared
to lower-grade /DH mutant astrocytomas, reflecting
increased neoangiogenesis and higher cellularity, re-
spectively. Interestingly, observing the natural course
of one case, our work also supports the hypothesis that
molGB are early-stage glioblastomas that will eventu-
ally develop their characteristic appearance, offering a
window into early tumor evolution.

mutant. Furthermore, we intended to reassess the afore-
mentioned hypothesis by evaluating the clinical course of
the molGB of our cohort. The overall aim of our work was
to investigate if advanced imaging could be used to map
the malignant tumor biology of MolGB preoperatively
and to raise awareness in clinical practice that benign-
appearing tumors may harbor highly malignant molecular
characteristics.

Methods
Patient Selection

The monocentric retrospective study included a total of 27
patients, who underwent surgery in the period 2020-2022.
The patient selection is part of a cohort that has been used
for previous work.®

Inclusion criteria were preoperative imaging and post-
operative neuropathological diagnosis of either IDH wild-
type molGB (n =7) (with absence of histological markers of
glioblastoma, but occurrence of at least 1 of the following
3 mutations TERT, EGFR amplification, or +7/-10 chromo-
some) or astrocytomas CNS WHO grade 2 (n=9) or grade
3 (n=12) (harboring IDH mutation) derived from state-of-
the-art molecular diagnostics according to the 5th edition
of the CNS WHO classification 2021.4The clinical course of
every patient is provided in SupplementaryTable 1.

Because of their usually different appearing in standard
MRI, oligodendroglioma were not included in the study.
For the quantitative analysis only, all tumors with missing
values of diffusion or perfusion imaging and all tumors
with border disruption were excluded aiming to find means
to differentiate similar-appearing, nonenhancing tumors.
All patients signed informed consent for the prospective
Glioma registry, which was approved by our local IRB.

Image Analysis

The majority of MR imaging was acquired on a Philips
(Best, The Netherlands) 3Tesla whole-body scanner (n=36)
(Achieva or Ingenia) 3Tesla whole-body scanner.The Philips
protocol includes an isotropic FLAIR (voxel size 1 mms3,
echo time (TE)=269 ms, repetition time (TR)=4800 ms,
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inversion time (TI)=1650 ms), isotropic T1w turbo field
echo (TFE) (voxel size 1 mm?3, TE =4 ms, TR =9 ms) before
and after contrast, axial T2w (voxel size 0.36 x 0.36 x 4 mm?,
TE=87ms, TR=3396ms), DSC perfusion (voxel size
1.75x 1.75x4mm3, TE=40ms, TR=1547 ms, flip
angle =75° 80 dynamics), and diffusion tensor imaging
(DTI) (TR/TE: 5000/78 ms, voxel size of 2 x 2 x 2 mm?, 32 dif-
fusion gradient directions, b value 1000 s/mm?)

All available preoperative MRI imaging was evaluated
using the same procedure. First, allimages were coregistrated
into SRI24 Atlas Space using NiftyReg'®" and skull-stripped
using HD-BET."? Fully automated tumor segmentation into
necrosis, contrast-enhancing tumor, and edema/noncontrast-
enhancing tumor portions was performed using the BraTS
Toolkit.™® As a prerequisite for tumor segmentation, FLAIR, T2,
andT1 sequences with (T1-CE) and without administration of
contrast agents were required. In case of missingT2 or FLAIR
images, a GAN-based approach was performed to synthesize
the missing sequence.’ This was done for 6 patients to en-
able automated segmentation. Of note, no perfusion or diffu-
sion data were artificially generated.

Advanced imaging modalities (apparent diffusion coef-
ficient, ADC, and cerebral blood volume, CBV) were fur-
ther postprocessed. Thus, ADC maps were calculated from
DTI using dipy."® To calculate leakage-corrected CBV, the
algorithm of Arzanforoosh et al.’® was used, which also
requires a mask of normal-appearing white matter to nor-
malize the resulting CBV. ANT’s Atropos was used for this
purpose with the exclusion of tumor areas."”

All fully automated tumor segmentations were visually
checked for plausibility and Dice Scores have been calcu-
lated before to validate agreement with manual tumor de-
lineations.® Afterwards, tumor volumes were automatically
extracted from the segmentation masks, and summary sta-
tistics for ADC and CBV values were collected.

Furthermore, a few visual imaging characteristics from
the Visually AcceSAble Rembrandt Images (VASARI)
scoring system, namely tumor location (F1), side of tumor
epicenter (F2), enhancement quality (F4), and defini-
tion of the nonenhancing margin (F13), were listed by 4
neuroradiologists with 2, 2, 3, and 5 years of experience in
glioma imaging, respectively (M.G., K.J.,TM., and M.M.).

Positron Emission Tomography Scans

According to a standardized protocol, all O-(2-'8F
fluoroethyl)-L-tyrosine (FET)-PET scans were performed
with a positron emission tomography (PET)/MR scanner
(Biograph mMR, Siemens Healthcare GmbH). Four hours
before the examination, all patients were instructed to avoid
eating. After the target dose of 185 + 10% MBq 18F-FET was
administered, patients were examined after 30-40 minutes.
Vendors protocol was used to correct the attenuation.

Neuropathology

After all tissue samples were formalin-fixed and paraffin-
embedded, they were diagnosed using the classical neu-
ropathological standard. In addition to conventional
histology and immunohistochemistry, an 850k methyl-
ation analysis was performed on extracted DNA using

Illumina EPIC 850k Methylation Array BeadChip (lllumina
Inc.) and evaluated using the Brain Tumor classifier of the
DKFZ and the University of Heidelberg.'®' This was fol-
lowed by an integrated diagnosis based on histology,
immunohistochemistry, and molecular pathology ac-
cording to the 5th edition of the WHO classification of 2021.

Statistical Analysis

Patient characteristics, such as age, gender, and initial
symptoms at presentation were gathered from the pa-
tients’ records and analyzed descriptively.

For the VASARI imaging features, inter-reader agreement
was assessed using the Fleiss k coefficient. The k coeffi-
cient was interpreted as follows: 0.20 or less slight agree-
ment, 0.21 to 0.30 fair agreement, 0.41 to 0.60 moderate
agreement, 0.61 to 0.80 substantial agreement, and 0.81 to
0.99 almost perfect agreement.

For statistical analysis of the quantitative imaging metrics,
that is, voxel-vise ADC values and leakage-corrected CBV
values (as stated above), all tumors with contrast enhance-
ment or missing values in perfusion and diffusion imaging
were excluded to generate a comparable study group.

Afterwards, in a first step, mean values for ADC and CBV
of the whole tumor volume were calculated for 5th percen-
tile, mean, median, and 95th percentile of the molGB on one
hand, and astrocytomas CNS grades 2 and 3 together on the
other hand. To test for the normality of the sample distribu-
tion, Shapiro-Wilk test was performed. For normally distrib-
uted parameters, 2-sample ttest was performed to check for
statistically significant differences between the 2 groups. In
case of the absence of a normal distribution, Mann-Whitney
U test was conducted instead. In both cases, a test for ho-
mogeneity of variances was conducted beforehand. Also,
95% confidence intervals were calculated for the mean
values, performing bootstrapping in case of non-normally
distributed samples. For the differences in medians, a 95%
confidence interval was calculated as well.

To further investigate these differences, we separated
the 2 different grades of astrocytomas and performed
1-way ANOVA analysis (for normally distributed values) or
Kruskal-Wallis test (as the nonparametric alternative) to
test for statistically significant differences between the re-
sulting 3 groups (astrocytoma grade 2, astrocytoma grade
3, and molGB). Beforehand, Levene's test for homogeneity
of variances was conducted.To see which 2 subgroups differ
significantly from each other, Tukey Honestly Significant
Difference (HSD) post hoc test was added. Again, 95% confi-
dence intervals were calculated as explained above.

All statistical analyses were done in Python3 using the
open-source libraries matplotlib, scipy, seaborn, and
statsmodels.

Results
Patient Characteristics

In consideration of the small sample size, a clear difference
in the age distribution is already noticeable with a mean
age of 56.4 for the molGB group, and 33.1 for astrocytomas
CNS grade 2, and 38.1 for astrocytomas CNS grade 3,
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respectively. In our cohort, a male predominance in the
group of molGB was also visible (seeTable 1).

For each patient, the chief symptom at presentation
is listed in Table 1. Notably, no symptoms of mass effect,
such as headache and nausea, are present in the molGB
group. The clinical course of the molGB patients is docu-
mented in Supplementary Table 1. Despite adjuvant
radiochemotherapy (Stupp protocol), molGB patients
showed an average progression-free survival of only 220
days, underlining their biological malignancy.

The distribution of tumor localization as well as pres-
ence or absence of contrast enhancement onT1-CE for the
3 groups can be found inTable 1 as well.

For the quantitative analysis, all cases with missing values
of diffusion or perfusion imaging and all contrast-enhancing
tumors were excluded (as stated in the methods).

That affected n=1 molGB, n=2 astrocytoma WHO CNS
grade 2, and n=6 astrocytomas WHO CNS grade 3, which
resulted in n=6 molGB, n=7 astrocytomasWHO CNS grade
2, and n=6 astrocytomas WHO CNS grade 3. However,
for the sake of completeness, we also performed all ana-
lyses using all included gliomas with complete imaging
sequences, regardless of the presence or absence of barrier
disruption. All results can be found in the supplements.

Differences in Imaging Characteristics and Inter-
Reader Agreement

As noted in Table 1, none of our molGB patients showed
visible contrast enhancement following gadolinium

administration, while it was present in 22% of the patients
with astrocytomas WHO CNS grade 2, and in 42% of the
patients with astrocytomas WHO CNS grade 3.

The mean k value for inter-reader agreement for the
VASARI features tumor location (F1), side of tumor epi-
center (F2), and enhancement quality (F4) was 0.74 (sub-
stantial agreement). In contrast, k coefficient for definition
of the nonenhancing margin (F13) was only 0.39, indicating
a merely fair agreement between the raters.

Interestingly, all molGB were localized in the tem-
poral lobe and showed no contrast enhancement, as
stated above (see Figure 1). In contrast, the localization of
astrocytomas was more diverse (refer toTable 1). Notably,
one of the molGB showed visibly increased rCBV (see
Figure 1A-D), while the other 2 resembled the lower-grade
astrocytomas with a not visually observable increased
rCBV.

In terms of ADC maps, visual comparison suggests
higher ADC values in the tumor regions of the astrocytomas
group as opposed to the 3 examples of molGB. In fact, pa-
tient 1 even exhibits remarkably decreased ADC values
compared to the surrounding white matter (see Figure 1C).

Preoperative [18F] FET-PET Analysis

In addition, 6/7 of the molGB, 9/9 of the astrocytomas (IDH
mutant) WHO CNS grade 2, and 8/12 of the astrocytomas
(IDH mutant) WHO CNS grade 3 received preopera-
tive FET-PET examination. Thereby, only 2 of the 6 (33%)
molGB showed positive PET findings (defined as target

Table 1. Clinical and Imaging Characteristics of Molecular Glioblastoma WHO CNS Grade 4, Astrocytomas WHO ZNS Grade 3, and Astrocytomas

WHO ZNS Grade 2

Molecular glioblastoma CNS WHO

grade 4 (n=7; 25%)

Astrocytoma CNSWHO grade 2 Astrocytoma CNSWHO

Age 56.4+4.4
Sex
Male 7 (100.0)
Female 0(0.0)

Aphasia 3 (42.9)

Personality Changes 1 (14.3)
Seizures 1 (14.3)

Fatigue 1 (14.3)

Primary Symptom

Memory impairment 1 (14.3)

Tumor location Temporal 7 (100.0)

Hemisphere
Right 1(14.3)
Left 6(85.7)

Contrast enhancement
Yes 0(0.0)
No 7 (100.0)

(n=9; 32%) grade 3 (n=12; 43%)
33.1+11.8 38.1+14.9

4(44.4) 8(66.7)

5 (55.6) 4(33.3)

Seizures 4 (44.4)

Incidental 2 (22.2)
Unknown 2 (22.2)
Headache 1 (11.1)

Frontal 4 (44.4)
Temporal 4 (44.4)
Insular 1 (11.1)

3(33.3)

6 (66.7)

2(22.2)
7(77.8)

Seizures 5 (41.7)
Headache 3 (25.0)
Hemiparesis 2 (16.7)
Hemiparesthesia 2 (16.7)

Temporal 5 (41.7)
Frontal 4 (33.3)
Insular 2 (16.7)
Brainstem 1 (8.3)

6 (50.0)
6 (50.0)

5(41.7)
7 (58.3)
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Figure 1.

to background ratio (TBR) > 1.6). Within the group of WHO
CNS grade 2 astrocytomas, 6 of the 9 (66%) showed a pos-
itive PET finding. In the group of astrocytomas WHO CNS
grade 3, 5 of the 8 (63%) showed a positive PET finding.

Quantitative Image Analysis

For quantitative analysis, all tumors with visible contrast
enhancement as well as all incomplete advanced imaging
sequences were excluded, which resulted in a number
of 19 patients. For reference, the results including all ac-
quired 27 glioma patients with complete imaging pro-
tocol, regardless of contrast enhancement, can be found in
SupplementaryTables.

Preoperative MR images of 6 glioma patients, all patients received a complete MRI protocol including T2-FLAIR, T1-CE, ADC, and CBV,
preoperatively. On the left side, images of 3 patients with molGB (IDH-wild-type) WHO CNS grade 4 (A-D; E-H; I-L) are depicted on the right side,
same sequences are shown for 3 patients with astrocytomas (M—P WHO CNS grade 3; Q-T and U-X WHO CNS grade 2). Depicted sequences
are FLAIR (first row), contrast-enhanced T1-weighted images (second row), apparent diffusion coefficient maps (ADC) (third row), and leakage-
corrected relative blood volume maps (rCBV) (fourth row). Interestingly, none of the tumors showed extensive contrast enhancement and all
tumors despite one molecular glioblastoma (first column C) presented with high ADC values

Mean values for different percentiles, mean, and me-
dian of CBV, as well as the results of the 2-sample t test
or Mann-Whitney U test (for nonnormal distributed sam-
ples) between molGB and astrocytomas CNS WHO grade
2 and 3 together, are shown in Supplementary Table 2.
Interestingly, molGB exhibited significantly higher rCBV
values for 5th percentile (P=.01), mean (P=.01), and me-
dian values (P=.006), and for the 95th percentile (P=.02),
see Figure 2.

In terms of ADC values in the whole tumor volume,
molGB demonstrated consequently lower values than the
lower-grade astrocytomas, which was statistically signifi-
cant for the mean (P=.03) and median (P =.02) and for the
95th percentile of ADC values (P=.02), see Figure 2 and
SupplementaryTable 3.
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To further elaborate the differences, we performed 1-way
ANOVA or Kruskal-Wallis test (as the nonparametric alter-
native) to see if the significance of those holds true even
when discriminating between astrocytomas WHO CNS
grades 2 and 3. Results can be seen in Supplementary
Tables 4 and 5.

Surprisingly, rCBV values were higher in astrocytomas
WHO CNS grade 2 than in grade 3, although the differ-
ence between the 2 groups was not significant in any of
the percentiles (as HSD post hoc test revealed). However,
differences between all 3 subgroups were significant in

25 m—y—
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Astrocytoma 2 + 3 molecular Glioblastoma
Glioma Subtype

the 5th (P=.02) and the 95th (P=.03) percentile, for mean
(P=.02), and median (P=.01) values (see Supplementary
Table 4 and Figure 3).

Similarly, ADC values were lower in astrocytomas WHO
CNS grade 2 than in grade 3, except for the 5th percentile.
Again, those differences were not significant.

Between the 3 groups, differences in ADC values
were significant for the 95th (P=.03) percentile (see
Supplementary Table 5) with consequently lower ADC
values in molGB in all percentiles as reported above (see
Figure 3).
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Figure 2. Boxplots illustrating distribution of median values of the whole tumor volume (WT) for relative cerebral blood volume (CBV) (left) and
apparent diffusion coefficient (ADC) (right) for molecular glioblastoma (n = 6) and astrocytomas WHO CNS grade 2 + 3 (n = 13): molecular glio-
blastoma showed significant higher CBV (P =.01) and lower ADC values (P =.02) compared to lower-grade astrocytomas.
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Figure 3. Comparison of WT (whole tumor) median relative cerebral blood volume (CBV) values and median apparent diffusion coefficient (ADC)
values of molecular glioblastoma (molGB), WHO CNS grade 4 (n = 6), Astro2 (astrocytomas WWHO CNS grade 2 [IDH mutant, not 1p/19q codeleted])
(n=17), Astro3 (astrocytomas WHO CNS grade 3 [IDH mutant, not 1p/19q codeleted]) (n = 6). MolGB showed higher CBV compared to both of the
astrocytoma subgroups. On a side note, astrocytomas WWHO CNS grade 2 demonstrated higher CBV compared to astrocytomas WHO CNS grade
3. Interestingly, molGB showed lower ADC values compared to astrocytomas. Between the two astrocytoma grades, there were noticeable dif-
ferences as well.
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Figure 4.

Single Case Study With Natural Course of a
“Molecular Glioblastoma”

The course in Figure 4 shows a patient who presented
clinically with progressive disorientation and short-term
memory impairment. MRI imaging revealed a FLAIR-
hyperintense left temporal mass extending into the sple-
nium of the corpus callosum without barrier disruption,
leading to a radiological diagnosis of low-grade glioma.
Surgically, only the rostral parts of the tumor in the tem-
poral lobe were removed (not depicted). Neuropathological
analysis showed no necrosis or vascular proliferation (see
Figure 5), but 850K methylation analysis revealed IDH wild-
type status and EGFR amplification, loss of chromosome
10 and gain of chromosome 7. TERT promoter mutation
was not evaluated. Based on these findings, a diagnosis
of glioblastoma (IDH wild-type) was made according to
the 5th edition of the WHO CNS 2021 classification. In the
second postoperative MRI control, 30 days after the initial
MR examination, the nonresected tumor parts in the sple-
nium of the corpus callosum showed a barrier disruption
with central necrotic parts. It should be mentioned that no
radiochemotherapy was performed in the meantime, which
excludes the possibility of contrast enhancement due to

Presents a patient with preoperative MRI imaging/PET scan (A-D) and with postoperative MRl imaging/PET scan 30 days later (E-H).
The tumor portion shown was not resected. In addition, no adjuvant therapy was performed. Depicted sequences are FLAIR (first row), contrast-
enhanced T1-weighted images (second row), apparent diffusion coefficient maps (ADC, third row), and PET scan (fourth row). Interestingly, PET
was negative in the beginning and got positive in progression.

radiation necrosis. A PET scan was also performed both
preoperatively and in progressive disease. Initially, a TBR
mean of 1.4 (norm < 1.6) was found; therefore, a higher-
grade glial tumor was rather excluded. Interestingly, with
the onset of the barrier disorder, PET was also positive with
aTBR mean of 2.3 (norm after radiotherapy < 2.0). It should
be mentioned that the patient received radiotherapy be-
fore the PET examination. This case illustrates an example
for the “natural” radiological course of a molGB.

Discussion

The objective of our work was to investigate the added
value of quantitative analysis of advanced imaging, in-
cluding perfusion and diffusion imaging, for revealing
the malignant tumor biology of molGB, which is defined
on a molecular basis. Although it should not be regarded
as a differentiation tool, it offers a future possibility in
the preoperative differentiation from similar-appearing
lower-grade astrocytoma (IDH mutant) WHO grade 2 or 3.
Astrocytomas WHO grade 4 were not included because dif-
ferences in advanced imaging parameters to molGB have
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Figure 5. HE staining of postoperative tissue shows an infiltrating
glial tumor with high cell density without necrosis and vessel pro-
liferation. Subsequent molecular analysis revealed a diagnosis of
glioblastoma WHO CNS grade 4.

already been highlighted in a previous work.® For this pur-
pose, 27 glioma patients were included in the study and
examined for differences in patient characteristics and
visual imaging features, including selected VASARI fea-
tures and quantitative imaging markers of diffusion and
perfusion imaging.

As reported in previous work, our molGB were strictly
temporally located and showed no contrast enhance-
ment.629-22 On standard MR sequences, tumor boundaries
of molGB appeared to be more infiltrative in compar-
ison to the more defined boundaries of the IDH mutant
astrocytomas as described in the literature.?222 However,
this observation did not receive a high inter-reader agree-
ment, which could be explained by the necessity of ad-
vanced experience in gliomaimaging, which not all readers
held equally. Also, the age distribution of molGB patients
(mean age 56.4 years) as well as the predominance of male
gender are in accordance with prior studies.®?* In contrast,
the astrocytomas studied (IDH mutant) were diverse in dis-
tribution, younger in age (mean age 33.1 for astrocytomas
WHO CNS grade 2 and mean age 38.1 for astrocytomas
WHO CNS grade 3), and showed some tendency toward
the frontal lobe, which has been linked to IDH mutation
status in a recent systematic meta-analysis.?® Interestingly,
differentiation of molGB and astrocytomas WHO CNS
grade 2/3 based on the initial clinical presentation was not
possible. MolGB were often diagnosed following symp-
toms like speech disturbances or epileptic seizures and
did not cause symptoms of mass effect such as headache
and nausea. Thus, the clinical appearance is more similar
to that of low-grade gliomas than to “classical” glioblas-
toma.?® Furthermore, even by FET-PET examination, dif-
ferentiation between the entities was not possible in our
cohort. In fact, molGB were less frequently PET positive
than low-grade astrocytomas. No relevant data currently
exist regarding PET studies in molGB. Further analysis
would be of great interest here.

For the quantitative analysis of perfusion and diffusion
parameters, all contrast-enhancing tumors were excluded
(and all cases with missing values of diffusion or perfusion
imaging) to guarantee similarity between the subgroups.

In fact, molecularly defined glioblastoma showed sig-
nificantly higher values of mean rCBV in the whole tumor
volume compared to lower-grade astrocytoma, IDH mu-
tant, and significantly lower mean values of ADC, which
might be indicative of higher cellularity.?”

These findings might have a significant impact on the
differentiation of those entities in the future.This differenti-
ation is clinically highly important since molGB have (due
to their “benign” appearance) often been misdiagnosed as
lower-grade gliomas in the past, which did not only delay
appropriate treatment but also caused additional stress
on the patient, who had to receive a much worse, revised
diagnosis and prognosis after the histopathologic results.
However, confirmation of the data on a larger cohort is def-
initely necessary.

Looking at the increased rCBV in molGB, we hypothesize
that those are observed in a time frame of tumorigenesis,
where blood flow increases due to the elevation of angi-
ogenic factors such as VEGF (vascular endothelial growth
factor), but full disruption of the blood-brain barrier that
allows leakage of macromolecules such as gadolinium has
not yet occurred.?8-30 Further, research has shown that IDH
mutations are associated with lower VEGF expressions,
which may be another reason for the lower rCBV values in
these entities.?!

Interestingly, for one case of our molGB patients, we
could observe some kind of natural course of this tumor,
which developed contrast enhancement in the primary
nonenhancing tumor portions after 30 days without adju-
vant treatment. This case might also support the already
postulated hypothesis of molGB being early detected,
“classic” glioblastoma that often appear as classical his-
tologic glioblastoma when recurring.” However, it re-
mains unclear why patients suffering from molGB become
symptomatic at an earlier stage and why the tumors occur
mostly in the temporal lobe. One possible reason for the
clustered occurrence in the temporal lobe may be the
theory that gliomas arise by malignant transformation
from stem cells derived from the subventricular zone.3?
Thus, mutations were identified in neural stem cells of the
subventricular zone, which are considered to function as
driver mutations in glioblastoma.®¥3* Additionally, radi-
ation of the ipsilateral subventricular zone after resection
leads to longer progression-free survival but no significant
change in 0S,%® which also supports this hypothesis. On a
side note, astrocytomas (IDH mutant) WHO CNS grade 2
showed higher perfusion values than astrocytomas (IDH
mutant) WHO CNS grade 3, albeit not on a significant
level. This might be due to the fact that we excluded all
contrast-enhancing tumors in this analysis, and that grade
2 astrocytomas, in contrast to grade 3 astrocytomas, more
rarely exhibit edema, and therefore, the nonenhancing
mass mostly reflects tumor tissue.3® In addition, it could
also simply be caused by a sampling error.

Ultimately, evidence rises that biological behavior be-
tween molecular and histologic glioblastoma still dif-
fers substantially with longer progression-free survival,
longer median OS for molGB,%2* and missing survival ben-
efit from temozolomide for this subgroup, regardless of
MGMT promotor methylation status.?”

Therefore, more research needs to be done to fully com-
prehend this novel sub-entity of glioblastoma.
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Limitations

While our work provides interesting insights into the im-
aging aspects of the biology of gliomas, some limitations
exist. Although the detailed sequences and methylation
analyses of the included tumors are remarkable, the co-
hort (n=27) is relatively small, which, however, is also due
to the lower prevalence of the included tumors. This also
limits the immediate clinical applicability. On the other
hand, our results warrant larger studies specifically looking
into the role of advanced imaging to aid the preoperative
differentiation of these tumors.

In addition, this is a single-center study only, which in
turn enables a more standardized neuroradiological and
pathological diagnostic process. We encourage further re-
search on this topic to test the generalizability of our re-
sults on different scanners and larger patient cohorts.

Conclusion

This study demonstrates the potential of quantitative dif-
fusion and perfusion imaging for characterizing the highly
malignant biology of molGB compared to conventional
imaging techniques. By revealing significantly higher per-
fusion and lower ADC values in molGB compared to IDH
mutant lower-grade gliomas, these approaches provide
objective measures of increased neoangiogenesis and cel-
lularity, hallmarks of aggressive tumors.

Beyond characterization, our findings suggest that these
imaging techniques could offer a noninvasive window into
the early malignant progression of molGB. This deeper un-
derstanding potentially paves the way for earlier detection
and intervention, improving patient outcomes.

Future multicentric studies are warranted to validate
these promising results. Such investigations should ex-
plore the role of quantitative diffusion and perfusion im-
aging in preoperative differentiation and noninvasive
assessment of tumor evolution across diverse patient
populations.
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Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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