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Abstract

Objective To evaluate the feasibility of intravoxel incoherent motion (IVIM) in assessing blood—brain barrier (BBB) integrity
and microvasculature in tumoral tissue of glioma patients.

Methods Images from 8 high-grade and 4 low-grade glioma patients were acquired on a 3 T MRI scanner. Acquisition
protocol included pre- and post-contrast T1- and T2-weighted imaging, FLAIR, dynamic susceptibility contrast (DSC), and
susceptibility-weighted imaging (SWI). In addition, IVIM was acquired with 15 b-values and fitted under the non-negative
least square (NNLS) model to output the diffusion (D) and pseudo-diffusion (D*) coefficients, perfusion fraction (f), and f
times D* (fD*) maps.

Results TVIM perfusion-related maps were sensitive to (1) blood flow and perfusion alterations within the microvasculature
of brain tumors, in agreement with intra-tumoral susceptibility signal (ITSS); (2) enhancing areas of BBB breakdown in
agreement with DSC maps as well as areas of BBB abnormality that was not detected on DSC maps; (3) enhancing perfusion
changes within edemas; (4) detecting early foci of increased perfusion within low-grade gliomas.

Conclusion The results suggest IVIM may be a promising approach to delineate tumor extension and progression in size,
and to predict histological grade, which are clinically relevant information that characterize tumors and guide therapeutic
decisions in patients with glioma.
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Introduction

Gliomas are a critical and heterogeneous class of primary
brain tumors originating from the glial cells, represent-
ing about 50% of all cerebral neoplasm [1]. The WHO
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classification system subdivides gliomas according to his-
topathological grade and molecular profile [1]. For example,
it is well known that glioblastomas (GBMs, grade 4) and
isocitrate dehydrogenase (IDH) wild type tumors are typi-
cally aggressive, with poor prognosis. In contrast, low-grade
gliomas (LGG, grades 1 and 2) encompass a more heteroge-
neous group of tumors with variable clinical prognosis [1].

Histopathological analysis with molecular phenotyping
is the gold-standard approach for tumor classification, but
the quest for noninvasive alternatives capable of offering rel-
evant diagnostic and prognostic information remains. In that
sense, several magnetic resonance imaging (MRI) techniques
have been increasingly used to enhance brain tumors charac-
terization and predict histopathological grade and biologi-
cal behavior. Among the many promising MRI techniques
in neuro-oncology, contrast-free perfusion imaging has
gained increased attention. Performed alongside contrast-
enhanced sequences, it allows for better characterization of

@ Springer


http://orcid.org/0000-0001-8269-711X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10334-021-00987-0&domain=pdf

18 Magnetic Resonance Materials in Physics, Biology and Medicine (2022) 35:17-27

tumor hemodynamics, which directly reflects tumor aggres-
siveness [2—4]. Specifically, contrast-free perfusion imag-
ing evaluates tumor microvasculature and offers several
advantages over gadolinium-based techniques. It does not
require a precise knowledge of the injection parameters and
does not expose the patient to eventual gadolinium collateral
effects, or to potential tissue retention effects. Susceptibility-
weighted imaging (SWI) is also useful to analyze glioma’s
microvasculature. Intratumoral susceptibility signal (ITSS)
has been related to intralesional hemorrhage, calcification,
and neovascularity, contributing to glioma histopathological
characterization [5, 6].

Among the contrast-free perfusion imaging approaches
alternatives, intravoxel incoherent motion (IVIM) is an
MRI method that explores a scaling in diffusion weighting
to infer diffusion and perfusion information simultaneously
by separating each contribution of the total signal meas-
ured [4, 7]. In contrast, arterial spin labeling (ASL) uses the
arterial blood as an endogenous tracer magnetically labeled
through the application of radiofrequency (RF) pulses [8,
9]. Although ASL is well established in the literature with
a broad range of clinical applications [10], it suffers from
limitations related to signal intensity decays with the lon-
gitudinal relaxation time (T1), hampering the analysis for
patients with very long arterial transit time, which is the case
for the perfusion in white matter. On the other hand, since
IVIM explores the diffusion movement of water molecules,
it is not dependent on the arterial transit time. Also, like ASL
[11], IVIM allows for the characterization of microvascular
perfusion within the tumor. Previous studies have already
reported the success of IVIM in glioma grading [12-18].

Though the categorization of gliomas in different grades
contributes to harmonizing diagnosis and therapeutic
approaches, the genetic, metabolic, and morphological
abnormalities that underlie tumor progression occur instead
as a continuum and help explain how tumors of similar
grades may present heterogeneous evolution patterns. Iden-
tifying early signs of tumor progression through neuroim-
aging biomarkers can guide appropriate and prompt thera-
peutics and has become a research priority. It is especially
important for LGG, in which MRI markers can predict evo-
lution to HGG, demanding a more aggressive treatment. It
is well known that high-grade gliomas (HGG, grades 3 and
4) develop an extensive microvascular tree, with BBB dis-
ruption [19]. Accordingly, MRI techniques able to capture
such perfusion and permeability abnormalities may serve as
biomarkers, predicting prognosis and evolution of gliomas.

In this case series, we aimed to evaluate how IVIM find-
ings in HGG can be associated with increased microvascu-
lar perfusion and BBB damage by comparing such findings
against more established markers (perfusion maps extracted
from dynamic susceptibility contrast (DSC), microvascular
signal of ITSS obtained from SWI, and hyperintensities in
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post-contrast FLAIR) and assessing whether they offer com-
plementary information. Furthermore, we assessed whether
IVIM findings in LGG could capture microvasculature
changes predictive of earlier evolution to HGG.

Methods
Subjects

Twelve patients (8 HGG, 4 LGG; mean age + standard
deviation (SD)=56.11419.14) participated in this cross-
sectional study, approved by the Institutional Review Board,
after signing the informed consent agreement. Patients were
recruited at the Clinical Hospital of the Institution, and the
inclusion criteria were presence of glioma compatible find-
ings in the MR images, confirmed and characterized through
histopathological analysis. Exclusion criteria were previous
surgical intervention, non-glioma final diagnosis (e.g., ger-
mline neoplasms, colorectal metastasis, infectious lesions),
pregnancy, claustrophobia, and contraindications for MRI.
The sample size was determined by the number of patients
who met the criteria and agreed to participate in the study.

MR system

Data were acquired at a 3 T MR system (Achieva, Philips
Medical System, The Netherlands), equipped with gradients
of 80 mT/m amplitude and 200 mT/m/ms slew rate. A ven-
dor standard transmit body coil, and a 32-channel receive-
only head coil were used to measure the signal.

Scanning protocols

Patients were scanned under the Institution clinical protocol
for tumors, which consists of whole-brain three-dimensional
T1-weighted images (3D-T1W GRE) acquired pre- and post-
gadolinium injection, three-dimensional fluid-attenuated
inversion recovery (FLAIR), axial T2-weighted images, MR
spectroscopy (MRS), dynamic susceptibility contrast (DSC)
T2*-weighted perfusion images, high-resolution diffusion-
weighted images (DWI) and high-resolution susceptibility-
weighted images (SWI), and the addition of IVIM images
using 15 b-values (0, 4, 8, 16, 30, 60, 120, 250, 500, 1000,
1200, 1400, 1600, 1800 and 2000s/mm2). Table 1 shows
the description of the complete parameters of the whole
protocol.

Data processing
IVIM and DSC data preprocessing were performed in

SPM12 (Wellcome Trust Center for Neuroimaging, Univer-
sity College London, UK). For IVIM data, the preprocessing
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Table 1 Data acquisition parameters

3D TIW AXIAL T2W 3D FLAIR MRS DSC HR DWI HR SWI IVIM
FOV (mm?) 240x240  240%240 240 %240 200x 180 240x240 240x240  240x240 240x240
Spatial resolution (mm?) Ix1 0.39x0.39 0.6x0.6 0.45x0.63 1.44x1.44  2Xx2 0.43x0.43 2%x2
Slice thickness (mm) 1 3 1 1.1 5 4 4 5
Number of slices 180 50 180 96 24 150 150 20
TR (ms) 7 6620 5000 20 17 2900 15.8 3000
TE (ms) 3.2 80 334.21 345 25 68 224 102
TI (ms) - - 1600 - - - - -
FA (degrees) 8 90 90 20 90 90 15 90
Number of repetitions 1 1 1 1 70 1 1 1
Number of b-values - - - - - 2 - 15
Total scan time (min) 5.98 3.09 3.83 3.58 1.86 1.17 2.17 4.20

included motion correction, while correction for eddy cur-
rent and susceptibility artifacts were performed through the
ACID toolbox for SPM12 [20, 21]. The preprocessing of
DSC images consisted of motion correction and realignment
of the time-series using the middle image as reference.

The IVIM fitting was performed in local python scripts
(https://github.com/inbrainlab/IVIMKurtosis) using bi-
exponential model [22] corrected for high b-values including
the kurtosis contribution (K), which is described in Eq. 1.
The kurtosis maps were obtained using the DTIFIT tool of
FSL [23].

2k n
y(b;) = {[fe‘“’* + (1 — f)e bP+eD) 6]2 +NCF} (1

where y(b;) is the measured signal, D is the diffusion coef-
ficient, D* represents the pseudo-diffusion coefficient and
f is the perfusion fraction. NCF represents the noise cor-
rection factor. After performing the fitting, fD* maps were
obtained by multiplying f and D* maps. The robustness of
the fitting was estimated by calculating the RMSE.

The DSC outputs as cerebral blood flow (CBF), cerebral
blood volume (CBV), and mean transit time (MTT) maps
were obtained with the Dynamic Susceptibility Contrast
MRI toolbox for Matlab (https://github.com/marcocaste
llaro/dsc-mri-toolbox) by performing the semi-automatic
arterial input function (AIF) selection [24] and the decon-
volution of DSC curve [25].

Data analysis

Patients' images were independently reviewed and assessed
by two neuroradiologists (M.C.Z.Z and A.C.S) for diagnosis
purposes. The neuroradiologists also selected the appropriate
slices to assess IVIM-derived maps and the corresponding
slices for other imaging modalities. The specialists' reports
were further confirmed with the results of the biopsies.

Quantitative measurements were performed in R [26] by
extracting the voxelwise values of normalized DSC-CBF,
diffusion coefficient, normalized fD* and perfusion fraction
maps within the ROIs of tumor border, tumor interior and
edema (when present). The ROIs were manually drawn using
the FSLeyes tool of FSL [23] considering multiple images
modalities, as post-contrast T1w, post-contrast FLAIR and
IVIM perfusion fraction to delineate regions of tumors’
border, interior/necrosis and adjacent regions of edema.
Contralateral ROIs were also selected in normal-appearing,
contralateral regions. An illustrative example of the ROIs is
shown in Supplementary Figure 9. Voxelwise correlations
between normalized DSC-CBF and normalized fD* and per-
fusion fraction for the same ROIs were performed.

Results

Figure 1 shows the fitting result of IVIM signal decay of a
tumoral region for an illustrative patient, including the value
of RMSE measurement. Table 2 shows the reports from two
neuroradiologists based on all the acquired sequences except
the IVIM images, analyzed separately. The histological
reports and tumor grades are provided.

Next, we describe in detail relevant examples of micro-
vascular and BBB tumoral alterations detected through
IVIM (Figs. 2, 4 and 5). Images of the other patients are
shown in the supplementary material. The quantitative
measurements of IVIM outputs and normalized DSC-CBF
are shown in Table 3 for all patients.

Figure 2 shows the images for patient 4 (Table 2) with a
high-grade glioma. In this case, there is evidence of BBB
disruption in the tumor borders (pointed by the red arrows),
which is enhanced in the T1 post-contrast images (Fig. 2a).
The same region also shows ITSS in SWI, indicating
increased vascularization, also captured in DSC perfusion.
In addition, IVIM f and fD* maps displayed increased values
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Fig. 1 a Raw IVIM data with b=0. b Zoomed tumor ROI. ¢ The results of a bi-exponential fitting model for IVIM data signal decay corrected
with the kurtosis contribution including the measure of RMSE for an illustrative voxel within the region shown in (b)

for these regions, suggesting sensitivity to BBB breakdown
and neovascularity. Interestingly, in regions pointed by the
yellow arrows, there is no clear evidence of BBB disruption
according to T1 post-contrast images, but there are linear
foci of increased f and fD* values, suggesting increased local
perfusion and BBB damage, also captured in the post-con-
trast FLAIR. Of importance, it was also possible to capture
increased IVIM perfusion fraction in the extensive areas of
abnormal FLAIR signal around and posterior to the tumor
(pink arrow), which was not detectable through DSC-CBF
or SWI. The same areas also did not show any pathological
enhancement on post-contrast T1. The analysis of the quan-
titative measurements for patient 4 in the boxplots of Fig. 3
shows that increase in perfusion-related parameters are more
evident for IVIM outputs in comparison to DSC-CBF. The
diffusion coefficient maps in Fig. 2d show increased diffusion
in regions with increased perfusion and decreased diffusion
in regions of high cellularity, according to the expected in the
literature of diffusion imaging for tumors [27].

The glioblastoma case in Fig. 4 clearly displays BBB
breakdown, evident in areas of post-contrast enhancement on
T1W images (Fig. 4a, yellow arrows). The red arrow in Fig. 4
indicates an area of low signal on SWI, high signal on FLAIR,
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and absence of enhancement on post-contrast T1, interpreted
as an area of necrosis, probably with a hemorrhagic com-
ponent. While regions with viable tumoral tissue presented
subtle increased perfusion on IVIM maps, the necrotic area
did not (Fig. 4f and g). In areas of increased signal intensity on
FLAIR located adjacent and posterior to the core of the tumor
(pink arrow), we could detect increased perfusion fraction on
IVIM maps. For regions where there is no BBB disruption,
DSC-CBEF could not capture increased blood flow.

For the LGG patient shown in Fig. 5, no evident disruption
of BBB was detectable on post-contrast T1-weighted images.
The subtle medial foci of apparent enhancement on the post-
contrast T1 (yellow arrow), also visible on DSC CBF map,
represents a vessel within the tumor, confirmed on reformat-
ted images. The regions of ITSS in the SWI map (red arrows)
are compatible with the increase IVIM perfusion signal
intensity, suggesting neovascularization. Moreover, increased
IVIM perfusion was also detected in the posterior areas of the
tumor, which showed only increased signal on FLAIR (pink
arrow), without corresponding ITSS or increased CBF. The
quantitative measurements in the boxplots of Fig. 6 depict
the sensibility of IVIM f and fD* maps in detecting early
changes in tumor’s hemodynamic. Both the tumor’s periphery
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Table 2 Patients’ information and specialists’ reports based on MR imaging and histopathology

ID Gende Age MRIreport Histological report Grade

P01 Male 69 Right frontal and nucleocapsular expansive formation, compatible Glioma grade 3 or 4 HGG
with high-grade primary neoplasm

P02 Female 67 Findings compatible with neoplasm; central area suggestive of Glioma grade 3 or 4 HGG
necrosis, multicentric, with increased perfusion and very high
choline peaks. Glioblastoma

P03 Female 71 Multiple lesions suggestive of neoplasia, with high cellularity and Glioma grade 4 — GBM - IDH-wildtype HGG

necrosis, with distribution in the edge of the ventricles, suggesting
primary lymphoma of the CNS

P04 Male 76 Expansive brain lesion suggestive of high-grade neoplasm Glioma grade 3 or 4 HGG

P05 Male 59 Expansive lesion in the corpus callosum, compatible with high-grade Glioma grade 4 — GBM HGG
glioma

P06 Female 38 Frontal expansive formation on the right compatible with high-grade Glioma grade 4 — GBM — IDH-wildtype HGG
glioma

P07 Male 71 Expansive brain lesion suggestive of high-grade neoplasm Glioma grade 4 - GBM HGG

P08 Male 77 Left temporal expansive lesion with signs of aggressiveness, com- Glioma grade 3 or 4 HGG
patible with neoplasia and suggestive of high-grade glioma

P09 Male 28 Left frontal intra-axial expansive lesion suggestive of low-grade Astrocytoma grade 2 — IDH-mutant (R132H) LGG
glioma

P10 Male 33 Expansive left parietal lesion, compatible with the clinical hypoth- ~ Astrocytoma grade 2 — IDH-mutant LGG

esis of low-grade glioma

P11 Male 39 Temporoparietal expansive cortico-subcortical lesion on the left Oligodendroglioma grade 2 LGG
compatible with diffuse glioma

P12 Male 56 Expansive lesion, compatible with the clinical hypothesis of low- Glioma grade 2 LGG
grade glioma

0.25 f) 3

Percentage

Signal Intensity (a.u.)
Signal Intensity (a.u.)
Kurtosis

o
o

Fig.2 High-grade glioma patient. a post-contrast T1-weighted image; of increased perfusion or BBB damage in DSC or post-contrast T1
b post-contrast FLAIR image; ¢ susceptibility-weighted image; d Dif- images, but findings from the SWI, post-contrast FLAIR, and IVIM
fusion coefficient map e DSC CBF map; f IVIM fD* map; g IVIM suggested high neovascularity and possible BBB damage. The pink
perfusion fraction map and h Map of diffusion kurtosis. The red arrow displays increased IVIM perfusion in the more infiltrative,
arrow shows the tumor border in which there is BBB disruption. For edema-like, posterior regions

the region pointed by the yellow arrow, there is no clear evidence
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CBF, and the IVIM output maps of b Diffusion coefficient, ¢ fD*
maps and d Perfusion fraction f for the ROIs of tumor border, tumor

Fig.4 Glioblastoma patient.

a post-contrast T1-weighted
image; b post-contrast FLAIR
image; ¢ susceptibility-weighted
image; d DSC CBF map; e
IVIM fD* map; f IVIM perfu-
sion fraction map. The yellow
arrow shows areas of BBB
disruption within the tumor.
The red arrow points to areas of
necrosis. The pink arrow shows
region of increased perfusion
fraction within areas of edema-
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and central regions show a great increase in f and fD* values,
compared to normal-appearing contra-lateral regions.

The correlation analysis between DSC-CBF and IVIM
perfusion-related maps in Table 4 showed no significant
correlation for almost all the patients. For most of them,
the correlation coefficients were close to zero or slightly
negative.
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Discussion

In general, for high-grade glioma patients, IVIM maps
were able to detect regions with BBB breakdown, in agree-
ment with post-contrast T1W images, and demonstrated
increased perfusion in regions that also showed increased
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Fig.5 Low-grade glioma
patient. a post-contrast
T1-weighted image; b post-
contrast FLAIR image; ¢
susceptibility-weighted image;
d DSC CBF map; e IVIM

fD* map; f IVIM perfusion
fraction map. No evidence of
BBB damage in post-contrast
T1-weighted images. IVIM
maps showed increase perfu-
sion in regions of high ITSS
in the susceptibility-weighted
image, compared to the normal
contralateral hemisphere
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Fig.6 Boxplots of quantitative measurements for a Normalized DSC-CBF, and the IVIM output maps of b Diffusion coefficient, ¢ fD* and d
Perfusion fraction f for the ROIs of tumor border and tumor interior of the LGG patient of Fig. 5

ITSS on SWI, therefore interpreted as neovascularity. BBB breakdown and increased vascular demand with
Moreover, IVIM perfusion fraction and fD* maps showed  intratumoral neovascularization are common features in
hyperintensity within edema-like areas, not apparent in ~ HGG, detectable through different MRI techniques. This
DSC CBF maps. In LGG patients, IVIM perfusion-related  study focused on investigating how these changes manifest
maps were sensitive to detect perfusion changes due to  in IVIM f and fD* maps. We further investigated whether
neovascularity, in agreement with ITSS changes on SWI. this novel technique could detect hemodynamic changes

typical of HGG within LGG, indicating a potential role in
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Table 4 Results for the correlation between normalized DSC-CBF
and IVIM f and fD* maps in ther ROIs of tumor interior and tumor
border

Tumor border Tumor interior

CBF x f CBF x fD* CBF x f CBF x fD*
HGGI1 0.30 -0.28 -0.65 0.40
HGG2 0.12 0.01 -0.76 -0.68
HGG3 0.10 0.05 0.27 -0.04
HGG4 0.20 0.06 0.23 0.01
HGGS5 0.18 0.19 0.61 0.05
HGG6 0.22 -0.13 0.01 0.30
HGG7 -0.17 0.21 0.09 0.10
HGGS8 -0.61 -0.64 -0.32 -0.23
LGG1 -0.39 -0.47 -0.08 0.06
LGG2 -0.02 0.10 -0.02 -0.16
LGG3 -0.38 -0.03 0.01 0.19
LGG4 -0.13 0.41 -0.03 0.31

predicting more aggressive behavior and possibly worse
prognosis. Several key findings emerge from the present
study. First, IVIM maps are sensitive to increased microvas-
cular density in regions with corresponding ITSS. Second,
IVIM maps detected increased perfusion in areas of BBB
disruption, characterized as foci of contrast enhancement
in T1-weighted images. Third, IVIM was sensitive to areas
of abnormal perfusion within LGG. Finally, IVIM was the
only MRI modality showing abnormalities in peritumoral
areas, where only increased FLAIR signal was evident.
Starting with HGG patients' analysis, the first finding is
the increased IVIM perfusion in the tumor border (Fig. 2, red
arrow). In this region, an enhanced signal in post-contrast
T1-weighted images represents a viable hyperprolifera-
tive tumor whose increased demand for blood supply led to
neovascularization and BBB breakdown. BBB disruption
becomes evident by the extravasation of gadolinium from the
intravascular compartment into tumoral tissues, perceived as
areas of contrast enhancement [28]. In such regions, DSC-
CBF was sensitive to increased perfusion, as well as IVIM
maps, which agrees with previous studies [12, 14]. In that
sense, increased perfusion fraction f maps reflected the
increased blood content within the tumor even in regions with
intact BBB function. Increased values in fD* maps suggest
increased regional neovascularization, which is confirmed by
analyses of susceptibility-weighted images that exhibit ITSS
in the same regions of increased signal in IVIM perfusion-
related maps. In the boxplots of Fig. 3, the perfusion frac-
tion f was the most sensitive perfusion measurement to detect
increase in blood flow in the tumor border, and both f and
fD* maps showed higher vascularization in the tumor’s core.
Another interesting contribution of IVIM maps in HGG
cases is the analysis of adjacent regions with abnormal T2

signals in FLAIR. For example, in patient 4, shown in Fig. 2,
areas of hyperintensity in FLAIR extend over a large por-
tion of the right hemisphere. Moreover, in the T2 hyper-
intense areas surrounding the necrotic lesion in Fig. 2b,
there was also no evidence of BBB breakdown in post-
contrast T1, nor of increased CBF in DSC maps or ITSS
in SWI. However, IVIM f and fD* maps showed increased
signal in those areas. In such cases, f and fD* maps could
either be capturing subtle perfusional changes of underly-
ing viable tissue or could be capturing remnants of edema,
secondary to IVIM imperfect fitting. When planning surgi-
cal approaches in these cases, an important question lies
in distinguishing areas that harbor viable neoplastic tissue
that should be removed, responsible for future progression/
recurrence, from areas representing just vasogenic edema.
In this context, histopathological studies are necessary to
investigate what tissue abnormalities underlie the increased
perfusional fraction detected through IVIM on edema-like
peritumoral regions. If viable tumoral tissue is detected in
those regions, then IVIM probably offers an added value in
delineating tumoral extent, outperforming other MRI tech-
niques in detecting vascular changes that precede BBB leak-
age. In addition, among other HGG cases (supplementary
material), foci of increased IVIM perfusion were found in
regions of necrosis, which could also potentially represent
remnant microvasculature and viable tumoral tissue [29].

Since IVIM was able to detect BBB damage and
increased neovascularization in HGGs from our sample,
we sought to analyze its performance in LGGs. The exam-
ple in Fig. 5 refers to an IDH-mutant LGG case, in which
post-contrast TIW images show no BBB breakdown, and
the DSC-CBF map did show a subtle increase in perfusion
within the tumor. IVIM f and fD* maps showed increased
signal in the tumor’s borders, in agreement to regions of
ITSS on SWI and inside the tumor, reflecting hemodynamic
changes considered atypical for slow-growing tumors and
more in line with HGG. This finding exemplifies how IVIM
might be useful in identifying more aggressive LGGs, with
potential for early progression and a worse prognosis.

The analysis of the correlation between DSC-CBF and
IVIM perfusion maps showed no significant correlation for
most of the patients for both tumor interior and tumor bor-
ders. This lack of correlation points toward to the conclusion
that the perfusion measurements of DSC and IVIM are not
the same, reinforcing complementary microvascular infor-
mation provided by the IVIM acquisition.

Our study has several limitations, mostly related to our
small sample size, which precluded statistical analyses.
Regarding the IVIM protocol, b0 images with the blips of
phase-encoding in both anterior—posterior and posterior—ante-
rior directions were not acquired, and hence the top up cor-
rection for susceptibility artifacts could not be performed [30,
31]. Moreover, slice thickness of 5 mm may result in partial
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voluming, and can be pointed out as another methodologi-
cal limitation. Importantly, we interpreted the regional IVIM
perfusional changes observed within the gliomas based on
how they correlate with neuroimaging findings from other
MRI techniques. However, the current understanding of
IVIM's biological meaning is still limited. Studies using MRI-
guided histopathology sampling would be particularly useful
to assess which pathological changes underlie the perfusional
alterations detected through IVIM. Longitudinal studies con-
firming progression of suspicious areas could also be use-
ful in understanding the meaning of early IVIM perfusional
changes. Therefore, our results should be regarded as prelimi-
nary and warrant confirmation in larger and longitudinal sam-
ples, ideally with MRI-guided histopathological correlation.

Nonetheless, our study examined a well-characterized and
pathologically confirmed cohort, comparing IVIM's findings
against other, more established, MRI techniques, allowing
for comparisons and biological inferences.

In conclusion, our initial findings suggest that IVIM maps
may offer clinically relevant information that could poten-
tially help guide therapeutic decisions in patients with glio-
mas. By detecting microvascular perfusion changes in areas
displaying nonspecific signal abnormalities, IVIM could
help better delineate the extent of the underlying tumor
tissue and monitor its progression in size and histological
grade. Future studies are needed to confirm our observa-
tions and to further assess the potential role of IVIM maps
as neuroimaging biomarkers in the field of neuro-oncology.
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