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Diffuse low-grade gliomas (DLGG) display different preferential locations in eloquent and secondary associative
brain areas. The reason for this tendency is still unknown. We hypothesized that the intrinsic architecture and
water diffusion properties of the white matter bundles in these regions may facilitate gliomas infiltration.
Magnetic resonance imaging of sixty-seven diffuse low-grade gliomas patients were normalized to/and
segmented in MNI space to create three probabilistic infiltration weighted gradient maps according to the mo-
lecular status of each tumor group (IDH mutated, IDH wild-type and IDH mutated/1p19q co-deleted). Diffusion
tensor imaging (DTI)- based parameters were derived for five major white matter bundles, displaying regional
differences in the grade of infiltration, averaged over 20 healthy individuals acquired from the Human con-
nectome project (HCP) database. Transmission electron microscopy (TEM) was used to analyze fiber density,
fiber diameter and g-ratio in 100 human white matter regions, sampled from cadaver specimens, reflecting areas
with different gliomas infiltration in each white matter bundle. Histological results and DTI-based parameters
were compared in anatomical regions of high- and low grade of infiltration (HIF and LIF) respectively. We
detected differences in the white matter infiltration of five major white matter bundles in three groups. Astro-
cytomas IDHm infiltrated left fronto-temporal subcortical areas. Astrocytomas IDHwt were detected in the
posterior-temporal and temporo-parietal regions bilaterally. Oligodendrogliomas IDHm/1p19q infiltrated ante-
rior subcortical regions of the frontal lobes bilaterally. Regional differences within the same white matter
bundles were detected by both TEM- and DTI analysis linked to different topographical variables. Our multi-
modal analysis showed that HIF regions, common to all the groups, displayed a smaller fiber diameter, lower FA
and higher RD compared with LIF regions. Our results suggest that the both morphological features and diffusion
parameters of the white matter may be different in regions linked to the preferential location of DLGG.

1. Background

Diffuse low-grade gliomas (DLGG) are WHO grade-II tumors, origi-
nating from glia cells and characterized by relatively slow growth but
extensive cerebral infiltration. Their kinetic features reflect the complex
dynamic interaction over time with the surrounding brain (Alfonso
et al., 2017; Kansal et al., 2000). Differences in cortical subcortical
infiltration and dislocation patterns are related to the histological origin
(astrocytes, or oligodendrocytes) and may depend on their localization
and the consequent permissive nature of neighboring structures around

the tumor. In fact, gliomas dissemination occurs much faster along the
white matter bundles than trough cortical areas (Smits et al., 2015;
Szalisznyo et al., 2013). Glioma cells actively migrate through the
tortuous extracellular spaces of the brain, which leads to the formation
of distant satellite tumors. Hence, they behave much like non-malignant
brain cells during embryonic development, or adult stem cells in the
mature brain, which similarly migrate along extracellular routes, often
exploiting nerve bundles as guides (Cuddapah et al., 2014).

Some studies even suggest that a difference in the direction of the
white matter bundles (parallel or perpendicular to the tumor front cells)
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may influence the gliomas infiltration in different ways and velocities
(Painter and Hillen, 2013). The initial tumor location and the archi-
tecture of the peritumoral tissue are therefore very important for the
comprehension and prediction of the possible infiltration patterns.
Different preferential locations among DLGG subtypes have also been
described with possible link to gliogenesis or cell migration during the
developmental stages (Latini et al., 2020a; Skjulsvik et al., 2020). A
common preferential location for DLGG within the so called “minimal
common brain” has been suggested (Ius et al., 2011; Parisot et al., 2016;
Sarubbo et al., 2015) with consequent infiltration of crucial white
matter bundles (Duffau and Capelle, 2004; Latini et al., 2020a, 2019;
Mandonnet et al., 2006).

These specific tumor features impose a major challenge on the clin-
ical management, requiring an individualized approach for each patient
to decide optimal treatment strategies (Smits and Jakola, 2019). The
extent of surgical resection is established to be an important element
affecting the overall survival in these patients (Jakola et al., 2014, 2012,
2013). However, the extent of resection is often limited by eloquent
structures and non-compensable networks inside or in close proximity to
the tumor radiological border. The possibility to better understand the
interplay between gliomas and white matter anatomy is of paramount
importance to tailor individual treatments. A possible grade of inva-
siveness has been identified for different types of DLGG using new
classification tolls based on white matter infiltration (Latini et al.,
2020a, 2019). These studies suggest that the preferential location of
these tumors reflect a higher infiltration of specific white matter bundles
at the moment of radiological diagnosis. Among these bundles specific
regions in the fronto-temporo-insular areas were more often detected as
infiltrated compared with other, more posterior regions (Latini et al.,
2020a; Skjulsvik et al., 2020). The reason for this tendency is still un-
known. We hypothesize that a possible favorable factor for tumor
infiltration, may depend on the intrinsic architectural and diffusion
proprieties of the infiltrated white matter bundles such as fiber density,
diameter, or myelin thickness.

To test this hypothesis, we analyzed white matter infiltration in a
cohort of patients with different molecular subtypes of DLGG using
frequency/gradient maps. We used transmission electron microscopy
(TEM) to analyze human white matter regions, sampled from cadaver
specimens, reflecting different gliomas infiltration frequency. Finally,
we compared the histological results with diffusion parameters of the
same regions in healthy individuals. We aimed to understand whether
specific features of the analyzed white matter pathways may reflect the
differences in observed gliomas infiltration.

2. Materials and methods
2.1. Probabilistic map of white matter infiltration

2.1.1. Patient population

We collected radiological data for all patients (>18 years) diagnosed
at the Department of Neurosurgery, Uppsala University Hospital be-
tween February 2005, and December 2015 with DLGG. Diffuse low-
grade astrocytomas (WHO grade II, IDH mutant and IDH wild type)
and oligodendrogliomas (WHO grade II, IDHlmutant /1p19q co-
deleted) were used for this study as a population with molecular
confirmed diagnosis according to the WHO-2016 classification (Louis
et al., 2016) from a previously reported cohort (Latini et al., 2020a).

The diagnosis was assessed as previously reported by our group for
different studies involving DLGG cohorts before 2016 (Elsir et al., 2011;
Popova et al., 2014; Zetterling et al., 2017, 2016). Shortly, all sections
were stained with H & E. Mutated isocitrate dehydrogenase 1 (IDH1)
R132H protein, was detected using a monoclonal mouse antibody tar-
geting the mutated IDH1 R132H protein (mIDH1R132) as a part of tissue
micro-array panel (Capper et al., 2009; Popova et al., 2014; Zetterling
et al., 2016). In cases before 2013, detection of losses of chromosomal
arms 1p and 19q was performed by fluorescent in situ hybridization
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analysis (FISH), as previously described (Elsir et al., 2011). Since 2013
and for all reassessed cases, detection of losses of chromosomal arms 1p
and 19q was performed using a multiplex ligation-dependent probe
amplification (MLPA) based assay (MRC-Holland), using Coffalayser.
Net (2012) (Zetterling et al., 2017). Validation of the MPLA method was
performed as previously described (Natté et al., 2005).

The regional ethics committee, Regionala Etikprovningsndmnden
Uppsala, approved the study protocol (Dnr 2015/210). Data were
collected retrospectively and anonymously; hence no informed consent
from patients included in this study was needed.

2.1.2. Radiological data

Morphological magnetic resonance imaging (MRI) sequence; T2-
weighted Fluid Attenuated Inversion Recovery (T2-FLAIR) or T2-
weighted Turbo Spin Echo (T2-TSE) acquired at the moment of radio-
logical diagnosis of all the patients were normalized to Montreal
Neurological Institute (MNI) space using the built-in normalizing soft-
ware in DSI studio (DSI Studio, http://dsi-studio.labsolver.org). The
non-linear registration box included an affine registration part and a
diffeomorphic mapping method, defined contour driven match (CDM);
standard parameters (resolution 2, smoothness 0.30 and 60 steps) were
chosen for the registration process. T2-FLAIR slice thickness ranged
between 1 mm and 5 mm and in-plane resolution was 0.5-2 mm. The
registration was systematically checked visually in all cases before the
next step with adjustment registration box. The corpus callosum and
fourth ventricle were used as anatomical landmarks for sagittal slices,
lateral ventricles, and the contour of fronto parietal cortices were used
as anatomical landmarks on the axial slices and body of corpus callosum
and third ventricle were used as references on coronal slices. Manual
adjustment was possible but not needed in any case.

The total lesion was successively manually segmented on original
morphological MRI by the first author with DSI studio in MNI space.
Three different gradient probabilistic infiltration weighted gradient
maps were obtained by computing the cumulative number of observed
lesions for each voxel and dividing by the total amount of lesions (Ius
etal., 2011; Latini et al., 2020a) in three different groups: Astrocytomas
IDHm, Astrocytomas IDHwt and Oligodendrogliomas.

Based on previous results we selected five major white matter bun-
dles which showed regional differences of infiltration frequency (Latini
et al., 2020a) and were at the same time accessible to a standardized/
reproducible white matter dissection technique and anatomically iden-
tifiable based on cortical-subcortical topographical anatomy. The genu
of corpus callosum (CC), the cingulum (Ci), the arcuate fasciculus (AF),
inferior fronto-occipital fasciculus (IFOF) and the cortico-spinal tract
(CST) were reconstructed within the HCP 1021 template following the
anatomical criteria already published with the Brain Grid DTT reference
atlas (Latini et al., 2020a, 2019) and merged with probabilistic infil-
tration weighted gradient map.

2.2. Transmission electron microscopy (TEM)

2.2.1. Acquisition of cadaver specimens

Ten normal cerebral hemispheres (five right and five left) donated to
the Department of Medical Cell Biology, Section for Anatomy Studies at
Uppsala University, Sweden, were used in this study. The hemispheres
came from six human cadavers (two males and four females) with the
mean age of 76 years (age range 49-89, standard deviation, SD 13) and a
mean postmortem interval of 1.6 days (SD 0.4).

All individuals donating had given written consent for use of the
whole cadaver for biomedical research and education in a testimonial
donation letter. The study protocol was filed with the application for
ethical vetting of research involving humans to the Regional Ethical
Vetting Board in Uppsala, Sweden (Dnr 2014/468).

2.2.2. Perfusion protocol, specimen preparation
Each brain was fixed with an intra-carotidal injection of 12%
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formalin within the first 72 h after death as previously described (Latini
et al., 2015). The interval from fixation to dissection was between 6 and
12 months. The hemispheres were then separated by a cut through the
midsagittal plane and kept in 5% formalin for another 48 h.

2.2.3. Sample collection

We collected 10 white matter regions for each hemisphere based on
probabilistic infiltration map. Two samples were collected from each of
the selected white matter bundles: the corpus callosum, the cingulum,
the arcuate fasciculus, the inferior fronto-occipital fasciculus, and the
cortico-spinal tract. The dissections and sample collections were per-
formed under microscopic magnification (up to 10x). All the blocks had
a relatively large areal size of up to 0.5 and 0.8 cm?. The first block of
was sampled from the genu of Corpus callosum identified on the sagittal
mesial surface of all hemispheres (Ge). Microscopic metal dissectors and
micro blades were used for the dissection of white matter to split or
partially peel away the brain cortex, preserving the most superficial
intra-cortical and subcortical fibers of the lateral and basal brain sur-
faces. Following the fibers from the corpus callosum to the callosal ra-
diation a second block was collected deep into the frontal white matter
in continuity with the callosal radiation (CaR). The cortex of the
cingulum in its frontal component at the level of the SMA/Pre-SMA was
dissected and the underlying white matter of the cingulum was collected
as a third block (Cip). The temporal-occipital portion of the cingulum
was then identified on the mesial brain surface and the cortex was
peeled away to reveal the white matter which was sampled as fourth
block (Cit). The last block was sampled from the anterior cerebral
peduncle of the mesencephalon were all the CST fibers converged
escaping from the internal capsule region (CSTgs). The methods and the
anatomical landmarks used for the sample collection from the medial
surface are displayed in Fig. 1A.

On the lateral surface of the brain the sylvian fissure was opened at
the posterior insular point. The deep cortex of the supramarginal gyrus/
temporo-parietal operculum was removed under magnification. The
first white matter bundles identified at this level was the vertical
segment of the superior longitudinal component posteriorly (Latini
et al., 2017, 2020b, 2015). The vertical fibers of the arcuate fasciculus
were identified medially in respect with vSLF and sampled as AFyp. The
ventral premotor cortex was then dissected revealing the intermediate
subcortical white matter fibers and then the AF fibers were identified as
a compact bundle of white matter running medial compared with indi-
rect anterior component of the superior longitudinal fasciculus (hSLF),
lateral compared with corona radiata fibers which run perpendicular to
the AF fibers. The AF was then sampled in this region as AFg.

Deep in the sylvian fissure, at the intersection between AF fibers and
longitudinal fibers from the middle longitudinal fasciculus, the anterior
portion of the sagittal stratum of Sachs was identified. A deeper layer
with respect to the MdLF was sampled afferent to the inferior fronto-
occipital fasciculus (IFOFggs). A dissection at the level of the limen
insula was then performed to reveal first the uncinate fasciculus and
then the IFOF fibers running through the external capsule region in its
anterior part. The IFOF was then sampled as IFOFg.

The central sulcus was identified and dissected from its dorso-lateral
surface (hand area). Deeper white matter was identified in respect to the
U-fibers between motor and sensory cortices. Vertical fibers originating
from the hand area and directed to the corona radiata-capsular region
were sampled as cortico-spinal tract (CSTg). The anatomical locations
and illustrative images of the methods used for the sample collections on
the lateral surface of the brain are presented in Fig. 1B.

2.3. Sample preparation and imaging.

A part of the tissue was cut off and used for embedding for TEM.
Samples were rinsed in 0.1 M maleate buffer for 10 min prior to 1 h
incubation in reduced osmium tetroxide in 0.1 M maleate buffer. After a
further rise in 0.1 M maleate buffer, samples were dehydrated in graded
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alcohols (70%-99.9%) for in total 1 h, followed by 5 min incubation in
propylene oxide. The tissue samples were then placed in a mixture of
Epon resin and propylene oxide (1:1) for 1 h, followed by two changes of
100% resin, the first for 2-4 h and the last o/n. Subsequently, samples
were embedded in capsules in newly prepared Epon resin and left for 1 h
and then polymerized at 60 degreesC for 48 h.

The specimens were cut into semi thin sections (1-2 um), stained in
Toluidine Blue and examined in LM to control the presence of cross
sectioned axons. The block was trimmed, ultrathin sections (60-70 nm)
were cut in a Leica UCT ultramicrotome and placed on a grid. The grids
were contrasted in 5% Uranylacetate and 3% Reynolds lead citrate for
10 and 2 min. Grids were examined by TEM (FEI Tecnai G2) operated at
80 kV. The total area explored for each sample was 15 mm?. For each
sample 10-12 images were taken from two areas with the best preserved
morphology at 4200x magnification.

2.3.1. Measurement of histological characteristics

High resolution pictures from electron microscopy preparation were
uploaded in Parameters Measurement (PM), a dedicated inhouse
developed software based on Matlab® (version R2020a, The Math-
Works, Inc., Natick, Massachusetts, USA). PM is a software for the
interactive measurements of myelinated axons in white matter. The
main view of the graphical user interface and the detailed instructions
are provided in ESM1.

A scale of 5 ym were utilized in all the pictures as reference for
measurement. The area analyzed for each specimen was formed by the
two best images (each with an area of 186 me) with a total area for each
specimen of 372 ym?. A sampling area was discarded and replaced by
another only if, at high magnification, it turned out that a glia cell body
or a blood vessel was captured (because it would fill a large part of the
sampling area).

The fibers diameter was measured starting with the inner diameter,
defined as the straight line starting from inner borders from the myelin
sheath (thus excluding the myelin sheath itself). Then the outer diameter
was measured. Since profiles are often not circular but elliptic or elon-
gated, depending on the angle with the plane of section, the largest
diameter perpendicularly to the long axis of the profile was measured,
parallel to the inner diameter (Liewald et al., 2014; Partadiredja et al.,
2003). The g-ratio, defined as the ratio between the inner and the outer
diameter of the myelin sheath (Stikov et al., 2015) was automatically
calculated by the software. Profiles of myelinated axons extending over
the picture borders where discarded, as well as those with an awkward/
irregular shape in which a diameter could not be defined, as well as
profiles which ran in parallel to the section. Profiles which could not be
identified with high probability as axons/fibers were also discarded. In
the few remaining questionable cases, the following additional criteria
were applied: profiles with only a very thin dark membrane and no in-
ternal structure were excluded, as well as profiles in which the mem-
brane could not be clearly delimited from internal structures. An
illustration of the measurement procedure is presented in Fig. 2.

2.4. Tractography and virtual dissection of the white matter bundles

2.4.1. Participants

Twenty subjects (12 females and 8 males; age groups 31-35 and
36+) were acquired from the Human Connectome Project (HCP) data-
base as presented in ESM2. The subjects were selected because of the
older age group closer to the age of DLGG patients, high quality struc-
tural images including T1 and T2 sequence and high angular resolution
diffusion imaging (dMRI). The 1200 Subjects Data Release Reference
Manual provides full technical documentation and can be found freely
downloadable at https://www.humanconnectome.org/study/hcp-youn
g-adult/document/1200-subjects-data-release.

2.4.2. Image acquisition, fiber tracking and analysis
HCP data were acquired using a Siemens Skyra 3.0 T with a 32-
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Fig. 1. A. The picture shows the anatomical location for the sampled region from the medial-ventral surface in a summary image (upper part) and in magnified
details (lower part of A). A left hemisphere has been prepared with formalin fixation. The samples were collected with micro-knives and micro-dissectors. In the
fronto-medial lobe two samples were collected from the fibers of the corpus callosum (Genu and callosal radiation, CaR) and one from the cingulum (Cig) at the level
pre-supplementary motor area. In the temporo-occipital junction the temporal segment of the cingulum (Cit) was sampled once the cortex was removed from the
medial portion of the parahippocampal gyrus (PHG). On the ventral surface, the anterior portion of the cerebral peduncle was sampled as a second segment of the
cortico-spinal tract within the brainstem (CSTgg). B. The picture shows the anatomical landmarks for the samples collected from the lateral surface of this left
hemisphere in a summary view (upper part of B) and in details with magnification through the microscope in the lower part. In the anterior region, the frontal
segment of the arcuate fasciculus (AF) was identified after the dissection of the cortex of junction between the pars opercularis (Po) and the dorso-lateral prefrontal
cortex. Once the u-fibers were removed, the horizontal segment of the superior longitudinal fasciculus was identified (hSLF). Medial in respect to the hSLF the AF
fibers were exposed and sampled as AFg. The limen insula was dissected at revealing the uncinate fasciculus (UF) and the inferior fronto-occipital fasciculus fibers
running dorsally and medial within the external capsule. The IFOF was then sampled in the anterior portion revealing the putamen (Pu) exposed medial. The central
sulcus (CS) was dissected at the level of the hand area revealing first u-fibers connecting the motor and sensory area for hand and then a vertical group of fibers deep
running perpendicular to the bottom of the sulcus were sampled as CST fibers directed to the corona radiata and internal capsule (CSTy). The lateral sulcus (LS) was
opened and the posterior insular region was identified. The medial portion of the superior temporal gyrus and supramarginal gyrus were removed to identify the
perisilvian white matter. The vertical segment of the SLF (vSLF) was identified as more superficial/lateral in respect to the temporo-parietal portion of the AF fibers
(AF1p). Medially the fibers of the middle longitudinal fasciculus (MdLF) were identified running longitudinally from the sagittal stratum of Sachs (SSS) to the superior
temporal gyrus (STG). More medial a group of longitudinal fibers running through the posterior portion of the external capsule were identified and sampled
as IFOFSSS.

Fig. 2. Illustration of the interactive TEM image analysis of one CSTgs sample. The left image shows one of several TEM images of the sample in which the
myelinated fibers were measured (scalebar 5 um). As a visual aid to avoid failing to measure some fibers, blue lines indicate fibers that have already been measured
(see ESM1 for more information). The right image shows a myelinated fiber in the displayed close up (scalebar 1 um) used for measuring the inner diameter (ID) and
the outer diameter (OD). The g-ratio was automatically calculated by the software as presented in ESM1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

channel head coil (Siemens Healthineers, Erlangen, Germany) according
to the HCP Study Protocol (Van Essen et al., 2013). Tlw image were
acquired using the 3D MPRAGE sequence with 0.7 mm isotropic reso-
lution (FOV = 224 mm, matrix = 320, 256 sagittal slices in a single slab),
TR = 2400 ms, TE = 2.14 ms, TI = 1000 ms (Glasser et al., 2013).
Diffusion data was acquired with a multi-shell diffusion scheme (b-
values 1000, 2000, and 3000 s/mmz), each shell with 90 diffusion
sampling directions. The in-plane resolution and slice thickness were
1.25 mm, with TR = 5500 ms, TE = 89 ms, flip angle = 78 degrees using
a multiband factor of 3.

All HCP diffusion datasets were pre-processed using the HCP MR
Diffusion Pipeline (v3.19.0) which includes; EPI distortion correction
using FSLs TOPUP algorithm, eddy current and motion correction using
FSLs EDDY algorithm, gradient nonlinearity correction and calculation
of b-value/b-vector deviation (Andersson et al., 2003; Andersson and
Sotiropoulos, 2016; Sotiropoulos et al., 2013).

HCP diffusion data were reconstructed in DSI Studio (http://dsi-stud

io. labsolver.org) using the generalized g-sampling imaging approach
(Yeh et al., 2010) with a diffusion distance ratio of 1.2. Prior to recon-
struction, all included datasets were thoroughly examined to ensure the
quality and integrity of diffusion data using the built-in quality control
in DSI studio and by visual examination (Yeh et al., 2019).

We performed deterministic fiber tracking using DSI Studio software
(DSI Studio, http://dsi-studio. labsolver.org/download-images), which
utilizes a generalized streamline fiber tracking method (Yeh et al.,
2013). The five selected white matter tracts were reconstructed in all the
subjects following the anatomical criteria previously published with the
Brain-Grid DTT reference atlas (Latini et al., 2019). Ten squared regions
of interest (ROIs) were acquired matching the anatomical sampling
criteria for TEM analysis for each hemisphere (Fig. 3) and the probabi-
listic infiltration weighted gradient maps for each group were matched
for infiltration analysis. A total of 400 regions were acquired. DTI-based
parameters including fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AD) and radial diffusivity (RD) were acquired for each
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Fig. 3. The picture illustrates the position of the 20 region of interests (ROIs) analyzed in the 20 subjects from the HCP database (see ESM2 for more details). Two
ROIs were collected for each white matter bundles for each side and based on the same anatomical criteria used for the TEM samples reflecting the different

infiltration rate according to the probabilistic maps. For each ROI the MNI coordinates are provided (center x, y, z).
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region and for each white matter bundle.

2.5. Statistical analysis

Descriptive statistics included mean and SD for both histological
variables (the fiber density, inner diameter, outer diameter of fibers and
g-ratio) and diffusion indices (FA, MD, AD, RD). The histological vari-
ables and the diffusion parameters were analyzed in two steps. First:
white matter regions within the same bundles were compared with
Kruskal Wallis test. Dunfis post-hoc test for multiple comparison was
chosen as not parametric tests. Second, the sample regions were
analyzed for the infiltration frequency in the three different groups:
Astrocytomas IDHm, Astrocytomas IDHwt and Oligodendrogliomas. The
median infiltration for each group was chosen as cut-off measure for
further subgroup analysis. ROIs showing a mean infiltration higher than
median were considered HIF, while those with mean infiltration lower
than median were considered LIF. HIF and LIF groups were analyzed
with Mann Whitney U test.

A Spearman correlation analysis was then used to detect relationship
between diffusion parameters and infiltration risk. The Shapiro-Wilk test
for normal distribution was performed and demonstrated normal and
non-normal distribution among all variables, hence all statistical tests
are performed as non-parametric. An effect size estimate (n2) for Mann
Whitney test was performed according to the formula: 12 = Z2/N (where
Z is the standard score and N is the sample size) (Coolican, 2018; Fritz
et al., 2012). Statistical tests were performed at a significance level of P
< .05. The statistical analysis was performed using the statistical pack-
age SPSS 25.0 (SPSS, Inc).

3. Results
3.1. White matter infiltration analysis

The tumor volume reconstruction of 67 patients with DLGG (25
IDHm astrocytomas, 16 IDHwt astrocytomas, and 26 oligoden-
drogliomas) was successfully merged into three probabilistic infiltration
weighted gradient maps into MNI space based on their molecular status.
The demographic and radiological features of the patients included in
this study are summarized in Table 1 as a part of previously reported
cohort (Latini et al., 2020a). The reconstruction of the 5 white matter
pathways showed a clear difference in the infiltration within the same
bundles in the three groups as displayed in Fig. 4.

IDHm astrocytomas infiltrated with higher frequency the fronto-
temporal portion of IFOF, frontal portion of AF and CC on the left
side. IDHwt astrocytomas displayed higher infiltration in the IFOF and
AF on both sides predominant on their posterior extensions but also on
the cingulum on the left side. Oligodendrogliomas showed a preferential
infiltration of the frontal extension of the Ci, CC, IFOF and AF on both
sides (Fig. 4). The frontal portion of IFOF (bilaterally) and the frontal
portion of AF (left) were infiltrated with higher frequency in all the three
groups.

Table 1
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The statistics of each ROI displayed the mean infiltration based on
the infiltration gradient index for each group as displayed in Table 2.
ROIs showing a mean infiltration higher than median were considered
HIF, while those with mean infiltration lower than median value were
considered LIF. AFg on the left side and IFOF bilaterally were than
considered regions showing high infiltration frequency (HIF) in all the
three groups, left Ge, right Cir, CSTgg bilaterally were considered re-
gions with low infiltration frequency (LIF) in all the groups (Table 2).
HIF and LIF regions were compared using the frequency of infiltration
from the gradient map as variable showing significative difference in
astrocytomas IDHm (p < .001), Astrocytomas IDHwt (p < .001) and
Oligodendrogliomas (p < .001).

3.2. TEM measurements

A total number of 5509 fibers were measured in 100 white matter
samples (mean 55.09, SD 17.20). No difference in the fiber density was
detected among the different hemispheres (p 0.961). No difference in
the fiber density was detected between left and right hemispheres (p
0.617). The fiber density, inner diameter, outer diameter, and g-ratio for
each region are summarized in Table 3. First, we investigated morpho-
logical differences between regions of the same white matter bundles.
The fiber density was significantly lower in the IFOFgss compared with
the IFOFg. The fiber diameter (inner and/or outer) was significantly
larger in the samples of the Cip, genu, IFOFggs and CSTgg. The g-ratio was
significantly lower in Ge, IFOFgsgs and CSTps compared with the
respective counterpart (Table 4). The descriptive results for the com-
plete white matter bundles are displayed in ESM3.

The 100 sample regions were analyzed according to the infiltration
frequency for each group. In astrocytomas IDHm, HIF regions displayed
a smaller inner (p < .001) and outer diameter (p < .001). In astrocy-
tomas IDHwt, HIF regions showed smaller inner diameter (p < .05),
outer diameter (p < .001) but also a larger g-ratio (p < .001). In the
group of oligodendrogliomas, HIF regions displayed smaller inner and
outer diameter (p < .001) (Table 5).

3.3. Diffusion parameters

The 400 analyzed ROIs sampled with the anatomical criteria used for
TEM displayed a mean volume of 0.45 cm® (SD 0.13). The MNI co-
ordinates for each region and the anatomical location are provided in
Fig. 3. The descriptive results of each region according to the side are
shown in Table 6.

Ge regions showed higher FA and lower MD-RD compared with
callosal radiation. The Ci-r displayed a lower AD compared with the
temporal region (p 0.006). The AFg showed a lower FA and AD
compared with the AFrp region. The IFOF presented lower FA, higher
MD, and RD in respect to the IFOFggs. The CSTr displayed a lower MD
and AD compared with the CSTps. No other differences were detected
among the white matter regions. The statistical results are displayed in
Table 4. The descriptive results analyzing diffusion parameters for the

Summary of the clinical, radiological data of the population divided in three groups according to the molecular status. Mol-confirmed: histological diagnosis (positive
IDH-1-2 mutation for Astrocytomas, and IDH mutation and codeletion 1p19q for Oligodendrogliomas; negative IDH1-2 mutation implied IDH wild type status for
astrocytomas). M: male subjects; F: female subjects; n: number; %: percentage within the same variable group; y: yes; n: no.

Clinical/Radiological factors Astrocytomas-IDHm Astrocytomas-IDHwt Oligodendrogliomas
Number of patients 25 16 26
Age — Mean (SD) 39 (14) 42 (18) 41 (11D

Gender — m (%)/ f(%)

Epilepsy — y (%)/n (%)

Side of invasion - left (%)/ right (%)/ bilateral (%)
Radiological border — Sharp (%) / Diffuse (%)

Volume in ml — Mean (SD) 55.4 (52.3)

17 (68) / 8 (32)
20 (80) / 5 (20)

16 (64) /8(32) /1 (4)
10 (40) / 15 (60)

5(32) /11 (68)

13 (82)/3(18)
9(56) /6(37)/1(7)
5(32) /11 (68)
64.3 (54.6)

16 (62) / 10 (38)
15 (58) /11(42)
14 (54)/ 11(42)/ 1(4)
6(23) /20 (77)
73.6 (55)
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Astrocytomas IDH m

Astrocytomas IDHwt

Oligodendrogliomas

Fig. 4. The figure shows the probabilistic infiltration map obtained merging v the tumor volumes of 25 IDH mutant astrocytomas; 16 IDH wild type astrocytomas,
and 26 Oligodendrogliomas [according to the WHO-2016 classification of brain tumors (Louis et al., 2016)] within MNI space. The genu of corpus callosum, the
cingulum, the arcuate fasciculus, the inferior fronto-occipital fasciculus, and the cortico-spinal tract were reconstructed within the MNI space and merged with the
gradient map for each subgroup. The right and the left side of the reconstructed white matter bundles are displayed within a glass-brain three-dimensional
reconstruction. The color gradient with red spectrum indicates the higher frequency of infiltration per voxels for each subgroup (28% for the IDHm; 23% for the
IDHwt, and 37% for the Oligodendrogliomas). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Table 2
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Summary of the different infiltration frequency for each analyzed group with average value and standard deviation (SD). The median infiltration frequency was 5%
(range 0-28%) for Astrocytomas IDHm group, 3% for Astrocytomas IDHwt (range 0-23%) and 8% for Oligodendrogliomas (range 0-37%).

Regions Astrocytomas IDHm Astrocytomas IDHwt Oligodendrogliomas

Average SD IF Average SD IF Average SD IF
GeL 0.04 0.004 L <0.00 0.002 L 0.08 0.009 L
GeR 0.05 0.006 L <0.00 0.002 L 0.13 0.01 H
Cagr R 0.04 0.004 L <0.00 <0.000 L 0.30 0.01 H
Cag L 0.14 0.01 H <0.00 0.003 L 0.20 0.02 H
Cig L 0.02 0.014 L 0.07 0.005 H 0.08 0.02 L
Cig R 0.08 0.015 H 0.02 0.01 L 0.17 0.03 H
Cir L <0.00 0.002 L 0.04 0.02 H <0.00 <0.000 L
CirR 0.02 0.006 L 0.02 0.009 L 0.02 0.007 L
AFpp L 0.07 0.01 H 0.13 0.02 H <0.00 <0.000 L
AFp L 0.17 0.01 H 0.08 0.01 H 0.14 0.007 H
AFp R 0.11 0.007 H <0.00 0.002 L 0.24 0.02 H
AFp R 0.07 0.002 H 0.17 0.02 H 0.07 <0.000 L
IFOFsss R 0.05 0.007 L 0.13 0.003 H 0.05 0.005 L
IFOFz R 0.07 0.01 H 0.06 0.009 H 0.11 0.005 H
IFOFg L 0.21 0.012 H 0.07 0.003 H 0.14 0.004 H
IFOFgsg L 0.11 0.006 H 0.18 0.019 H 0.04 0.013 L
CSTr L <0.00 0.002 L 0.07 0.02 H 0.08 0.005 L
CSTy R 0.03 0.009 L 0.03 0.015 L 0.18 0.011 H
CSTgs R <0.00 0.003 L 0.01 0.005 L 0.03 <0.000 L
CSTgs L 0.03 0.02 L 0.02 0.004 L <0.00 0.003 L

For each group, regions with average infiltration higher than the median were considered with high (H) infiltration frequency (IF), while regions with average
infiltration lower than the median were considered with low (L) infiltration frequency. Regions with high infiltration frequency (HIF) and low infiltration frequency

(LIF) were then used for subgroup analysis.

complete white matter bundle are presented in ESM3.

A negative correlation (r = —0.497, p = 0.026) was found in the
oligodendrogliomas group between infiltration frequency and AD. None
of the other diffusion parameters were correlated with infiltration in the
other two groups.

In the Astrocytomas IDHm group, the HIF regions showed lower FA
(p < .001), lower AD (p = .003), and higher RD (p < .001) compared
with LIF regions. In the Astrocytomas IDHwt group, HIF regions dis-
played lower FA (p =.002) and higher RD (p = .015) compared with LIF
regions. In the oligodendrogliomas group, HIF regions showed lower FA,
AD, and higher RD compared with LIF regions (p < .001) as shown in
Table 5.

4. Discussion

Our study provided three main results. First, the infiltration analysis
demonstrated clear regional differences in the infiltration frequency of
five major white matter bundles in the three groups of DLGG. Second,
regional differences within the same white matter bundles were detec-
ted by morphological analysis and diffusion parameter analysis. Third,
regions with HIF displayed differences in histological and diffusion pa-
rameters compared with LIF regions among the analyzed subgroups.

4.1. Infiltration analysis

In this study we identified differences in the preferential regions
affected by tumor infiltration among subgroups of diffuse gliomas.
IDHm astrocytomas were mostly lateralized on the left fronto-temporal-
sub insular region. The IDHwt astrocytomas displayed higher infiltration
in the posterior temporal and temporo-parietal regions on both sides.
The Oligodendrogliomas showed a tendency to infiltrate frontal
subcortical regions on both sides. The “hotspots” for gliomas locations in
the three groups were mostly subcortical (Latini et al., 2020a) including
the different regions of white matter bundles and with possible different
origins. Our results are in accordance with another recent study inves-
tigating the localization of DLGG according to the tumor molecular
status. In this study, the authors found that IDH wild-type tumors are
more often found near the sub-granular zone [hippocampus and dentate
gyrus (Alvarez-Buylla et al., 2001)] than IDH mutated tumors (Skjulsvik

et al., 2020). This implied that IDH wild-type gliomas may reflect a
different anatomical origin than IDH mutated astrocytomas and oligo-
dendrogliomas (Skjulsvik et al., 2020). However, the authors did not
investigate the white matter anatomy related to the preferential DG
locations. Topographical differences in pathways of infiltration seem
important to better understand the kinetics of gliomas, because they
may recall some similarities with the mechanisms of cell migration
during the developmental brain (Marin and Rubenstein, 2003; Olivier
etal., 2001; Skjulsvik et al., 2020; Zhan et al., 2017). In fact, glioma cells
actively migrate through extracellular spaces of the brain, and especially
along white matter fibers, acting like non-malignant brain cells during
embryonic development, or adult stem cells in the mature brain (Cud-
dapah et al., 2014). Once the tumor front cells reach the deep subcortical
white matter, these tumors share similar pathways according to the
original locations (Fathallah-Shaykh et al., 2019). These major path-
ways, seem to show a common pattern of infiltration which is not
random or bidirectional but centripetal towards the central core and
basal ganglia (Alfonso et al., 2017; Engwer et al., 2015; Painter and
Hillen, 2013). This tendency to infiltrate regions close to basal ganglia
was identified in our population enhancing regional differences within
the same white matter bundles.

4.2. Regional differences within white matter bundles

We aimed to identify morphological and diffusion characteristics
related to different white matter regions comparing TEM results and
diffusion parameters. Our results suggest that there are morphological
and diffusion differences between sampled areas of the major white
matter bundles in the number of fibers, the diameter and g-ratio. In
general fiber caliber is related to conduction velocity and in myelinated
axons, conduction velocity increases approximately linearly with axon
diameter (Gasser and Grundfest, 1939; Hursh, 1939). The g-ratio, equal
to the ratio of the inner-to-outer diameter of a myelinated axon, is
associated with the speed of conduction, and thus reflects axonal func-
tion and integrity. Hence, these morphological variables are also linked
to a functional and evolutionary reasons (Chang et al., 2017; Edgar
et al., 2020). In fact, it is convenient to increase the diameter of only
those axons in which fast conduction velocity is relevant, e.g. for
movement detection or for maintaining dynamical properties in large
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Table 3

Summary of the histological variables analyzed with mean values and standard
deviation (SD) for fiber density (from the formula: n fibers / examined area of
372 um?), for inner diameter, outer diameter, g-ratio in all the white matter
samples for each side.

White matter regions Variables Left Right
Mean SD Mean SD
Ge Fiber density 0.162 0.044 0.163 0.037

Inner diameter 0.538 0.326 0.526 0.299
Outer diameter 0.961 0.456 0.969 0.430
g-ratio 0.514 0.172 0.536 0.111
CaR Fiber density 0.134 0.037 0.178 0.026
Inner diameter 0.478 0.276 0.525 0.015
Outer diameter 0.850 0.411 0.918 0.402
g-ratio 0.553 0.125 0.557 0.113
Cig Fiber density 0.137 0.036 0.153 0.055
Inner diameter 0.579 0.301 0.530 0.262
Outer diameter 0.980 0.434 0.933 0.382
g-ratio 0.582 0.112 0.564 0.116
Cir Fiber density 0.182 0.035 0.154 0.035
Inner diameter 0.469 0.259 0.570 0.282
Outer diameter 0.795 0.353 0.982 0.389
g-ratio 0.576 0.119 0.573 0.122
AFpp Fiber density 0.124 0.018 0.174 0.091
Inner diameter 0.619 0.371 0.535 0.293
Outer diameter 1.051 0.478 0.937 0.419
g-ratio 0.569 0.119 0.563 0.119
AFg Fiber density 0.144 0.068 0.144 0.065
Inner diameter 0.600 0.375 0.479 0.282
Outer diameter 1.049 0.517 0.858 0.381

g-ratio 0.551 0.109 0.542 0.128
IFOFsss Fiber density 0.124 0.022 0.109 0.028
Inner diameter 0.525 0.272 0.584 0.343
Outer diameter 0.936 0.383 0.992 0.466
g-ratio 0.548 0.121 0.574 0.130
IFOFg Fiber density 0.172 0.046 0.185 0.015
Inner diameter 0.535 0.280 0.518 0.286
Outer diameter 0.902 0.400 0.837 0.371
g-ratio 0.587 0.109 0.608 0.121
CSTr Fiber density 0.143 0.016 0.113 0.023
Inner diameter 0.569 0.339 0.553 0.317
Outer diameter 0.990 0.457 0.952 0.427
g-ratio 0.560 0.132 0.565 0.108
CSTgs Fiber density 0.171 0.029 0.089 0.034

Inner diameter 0.714 0.343 0.806 0.496
Outer diameter 1.168 0.467 1.137 0.665
g-ratio 0.601 0.108 0.562 0.131

Ge: Genu of corpus callosum; CaR: Callosal radiation; Cig: Frontal segment of
cingulum; Ciy: temporal segment of cingulum; AFrp: temporo-parietal segment
of arcuate fasciculus; AFg: frontal segment of arcuate fasciculus; IFOFsgs: lon-
gitudinal segment of inferior fronto-occipital fasciculus within the sagittal
stratum of Sachs; CSTy: frontal segment of cortico-spinal tract (at the level of the
hand area); CSTgs: Brain stem segment of the cortico-spinal tract at the level of
the cerebral peduncle within the mesencephalon.

Table 4
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brain networks (Buzsaki et al., 2013). Larger fiber diameter in TEM
results is linked to AD and FA in diffusion parameters (Lee et al., 2019;
Tournier et al., 2011). AD refers to the diffusivity parallel with fiber
tracts (Wheeler-Kingshott and Cercignani, n.d.; Winklewski et al.,
2018). Lower AD may reflect reduced axonal caliber, or less coherent
orientation of axons, i.e. obstacles hampering diffusion (Winklewski
etal., 2018). On the other hand, FA refers to the fraction of diffusion that
is directionally dependent (anisotropic). Lower FA might reflect in this
case enlarged axonal diameter, reduced axonal packing density, or
increased membrane permeability (Basser and Pierpaoli, 2011; Meoded
et al., 2017). The g-ratio in our TEM results may reflect the observed
variations of RD which refers, instead, to the diffusivity perpendicular to
fiber tracts (Chang et al., 2017; Jung et al., 2018). RD may be relatively
more sensitive to myelin, but higher RD might reflect myelin loss, or loss
of axons and/or reduced axonal packing density (Winklewski et al.,
2018).

In our study the fiber diameter was different between regions of the
same bundles in 4 of the five analyzed tracts. However in the absence of
concomitant difference in g-ratio or number of fibers the results were
considered as related to the topographical variables/sampling of the
white matter bundles as described by other authors (Giacci et al., 2018).
IFOF and CST presented a more consistent difference between the two
sampled regions in both TEM- and DTI parameters. The frontal portion
of IFOF displayed higher number of fibers, a smaller fiber diameter and a
higher myelin concentration. These differences may also match the
lower FA and higher MD and RD presented by the frontal portion of
IFOF. Even for CST, the frontal (dorsal) region displayed a smaller
diameter (both inner and outer) but higher myelin thickness compared
with the BS. The diffusion analysis demonstrated a significant lower MD
and AD in the frontal portion. These results may be linked with a
different organization of the fibers within the two regions with more
organized and packed white matter fibers at the level of the brainstem
reflecting higher MD and AD.

All together morphological features and diffusion proprieties seem to
indicate that regional differences within the same pathways are associ-
ated with different topographical variables, such as coherent fiber
orientation or packing of myelinated fibers. Differences within the same
bundles may therefore be expected as suggested by other authors (Giacci
et al., 2018; Lee et al., 2019). These differences seem also indicating a
consistent topographical variability. In fact, regions within the limbic
system (frontal-fronto/mesial, sub-insular /insular) which synchronize
large scale networks, display larger extracellular space, higher myelin
contents and high connectivity (Bartzokis et al., 2001; Coelho et al.,
2021; Fields, 2008).

4.3. HIF regions vs LIF regions

Analyzed by infiltration frequency, HIF regions consistently pre-
sented a smaller inner and outer diameter in the three analyzed groups.
IDHwt Astrocytomas only, displayed a lower myelin concentration in

Summary of the statistical results comparing the white matter regions within the same bundles for all the variables analysed. Kruskal Wallis test was used for com-
parison among the white matter regions with test significance for p < .05. The displayed values are adjusted with Dunns multiple comparison correction test.

White matter regions Fibre density Inner diameter Outer diameter g-ratio FA MD AD RD

p p p p p p p p
Genu vs CaR 1.000 0.269 0.000* 0.007* 0.000* 0.000* 0.999 0.000*
Cig vs Cir 1.000 0.041* 0.004* 0.999 0.999 0.999 0.006* 0.999
AFg vs AFrp 1.000 0.099 0.340 0.055 0.007* 0.266 0.000* 0.224
IFOF vs IFOFgss 0.025* 0.795 0.000* 0.000* 0.000* 0.000% 0.999 0.000*
CSTy vs CSTgs 1.000 0.000* 0.000* 0.004* 0.999 0.045% 0.000* 0.999

Ge: Genu of corpus callosum; CaR: Callosal radiation; Cig: Frontal segment of cingulum; Cir: temporal segment of cingulum; AFp: temporo-parietal segment of arcuate
fasciculus; AFg: frontal segment of arcuate fasciculus; IFOFsgs: longitudinal segment of inferior fronto-occipital fasciculus within the sagittal stratum of Sachs; CSTg:
frontal segment of cortico-spinal tract (at the level of the hand area); CSTgs: Brain stem segment of the cortico-spinal tract at the level of the cerebral peduncle within

the mesencephalon.
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Table 5

Summary of the TEM results and DTI results for regions with high frequency of infiltration (HIF) and region with low frequency of infiltration (LIF) in Astrocytomas IDH mutant (A-IDHm), Astrocytomas IDHwt (A-IDHwt)
and Oligodendrogliomas (Oligo). Mann Whitney U test was used for comparison between the two groups with significative results (*) with p < 0.05 and 95% Confidence interval; n? shows the effect size estimate according

to Fritz et al. (Fritz et al., 2012). Interpretation of the sample size estimate is a large effect is 0.5, a medium effect is 0.3, and a small effect is 0.1. (Coolican, 2018; Fritz et al., 2012).

SD

g-ratio

SD

TEM
oD

SD

D

SD

FD

IF

Groups

0.000

0.071 0.563 0.126 0.499
0.567 0.120

<0.001*

LIF 0.145 0.041 0.739 0.043 0.575 0.332 <0.001* 0.018 0.991 0.461
0.150 0.534 0.303

HIF

A-IDHm

0.421

0.924

0.052

0.556 0.121 <0.001* 0.021

0.573

<0.001* 0.006

0.000 0.985 0.456
0.937

0.029*

0.146 0.045 0.989 0.000 0.564 0.326
0.045 0.548

0.149

LIF
HIF

A-IDHwt

0.120

0.433

0.313

0.013

0.566 0.128 0.219
0.118

0.564

0.142 0.045 0.241 0.013 0.582 0.336 <0.001* 0.082 0.999 0.446 <0.001* 0.190
0.046 0.297 0.917 0.417

0.154

LIF
HIF

Oligo

0.527

DTI

IF

Groups

SD

RD

SD

AD

SD

MD

SD

FA

0.729 0.126 <0.001* 0.059 0.216 0.059 0.110 0.006 0.400 0.076 0.003* 0.015 0.104 0.056 <0.001* 0.044
0.112 0.383 0.123

LIF

A-IDHm

0.044

0.068

0.055

0.221

0.660

HIF

0.106 0.055 0.015* 0.014
0.048

0.119

0.000

0.055 0.325 0.002 0.398 0.066 0.437
0.060 0.386 0.079

0.216

0.142 0.002* 0.007

0.102

0.717

LIF

A-IDHwt

0.220

0.680

HIF

0.729 0.115 <0.001* 0.082 0.217 0.060 0.360 0.002 0.402 0.077 <0.001* 0.04 0.105 0.053 <0.001* 0.039
0.124 0.055 0.067 0.122 0.049

LIF

Oligo

0.381

0.220

0.660

HIF

IF: infiltration frequency; FD: fiber density; SD: standard deviation; ID: inner diameter; OD: outer diameter; FA: fractional anisotropy; MD: mean diffusivity; AD: axial diffusivity; RD: radial diffusivity.
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Table 6
Summary of the descriptive results from analysis of the diffusion indices for each
white matter region analyzed in this study.

Left Right
White matter regions Parameters Mean SD Mean SD
Ge FA 0.904 0.030 0.906 0.024
MD 0.155 0.018 0.157 0.016
AD 0.391 0.041 0.398 0.039
RD 0.036 0.012 0.036 0.009
CaR FA 0.714 0.049 0.626 0.059
MD 0.202 0.022 0.216 0.024
AD 0.397 0.029 0.381 0.041
RD 0.104 0.022 0.133 0.024
Cip FA 0.577 0.060 0.521 0.061
MD 0.231 0.030 0.249 0.020
AD 0.388 0.034 0.393 0.024
RD 0.152 0.030 0.178 0.024
Cir FA 0.569 0.060 0.592 0.057
MD 0.275 0.049 0.256 0.038
AD 0.431 0.054 0.435 0.042
RD 0.197 0.048 0.167 0.039
AFp FA 0.765 0.046 0.708 0.061
MD 0.195 0.019 0.216 0.024
AD 0.411 0.046 0.422 0.032
RD 0.086 0.017 0.104 0.024
AFg FA 0.035 0.375 0.543 0.074
MD 0.154 0.022 0.229 0.030
AD 0.287 0.038 0.363 0.028
RD 0.088 0.017 0.163 0.035
IFOFsss FA 0.826 0.054 0.747 0.048
MD 0.178 0.038 0.217 0.031
AD 0.399 0.063 0.444 0.055
RD 0.067 0.027 0.104 0.024
IFOFg FA 0.601 0.033 0.571 0.044
MD 0.240 0.019 0.254 0.025
AD 0.430 0.032 0.430 0.036
RD 0.145 0.016 0.167 0.023
CSTg FA 0.745 0.059 0.772 0.046
MD 0.154 0.030 0.202 0.026
AD 0.316 0.051 0.428 0.036
RD 0.073 0.022 0.089 0.022
CSTgs FA 0.800 0.039 0.793 0.030
MD 0.190 0.018 0.216 0.026
AD 0.440 0.032 0.460 0.050
RD 0.065 0.016 0.094 0.016

Ge: Genu of corpus callosum; CaR: Callosal radiation; Ciz: Frontal segment of
cingulum; Cir: temporal segment of cingulum; AFyp: temporo-parietal segment
of arcuate fasciculus; AFg: frontal segment of arcuate fasciculus; IFOFggs: lon-
gitudinal segment of inferior fronto-occipital fasciculus within the sagittal
stratum of Sachs; CSTy: frontal segment of cortico-spinal tract (at the level of the
hand area); CSTps: Brain stem segment of the cortico-spinal tract at the level of
the cerebral peduncle within the mesencephalon.

HIF regions. DTI analysis indicated that HIF regions in all the three
groups present a lower FA and higher RD in respect with LIF regions. In
IDHm astrocytomas and oligodendrogliomas, HIF regions displayed also
a lower AD compared with LIF regions. The smaller diameter with lower
myelin concentration may suggest two different considerations. First,
the invasion of glioma cells into the adjacent brain tissue is guided by a
combination of multiple molecular and physical mechanisms along pre-
existing tracks of least resistance (Cuddapah et al., 2014). The major
invasion routes are basement membranes and intercellular tracks pro-
vided by myelinated axons and astrocyte processes (Mathiisen et al.,
2010; Wolburg et al., 2009). Larger extracellular space between fibers
may be therefore facilitate tumor cells becoming a pathway of least
resistance for dissemination (Alfonso et al., 2017; Berens and Giese,
1999; Cuddapah et al., 2014). Second, the presence of lower myelin
content in HIF regions only in the IDHwt astrocytomas may possibly
depend on the the different localization of the IDHwt tumors. Compared
with the other two groups IDHwt astrocytomas were located more
posteriorly involving both association and projection pathways. Poste-
rior temporal and temporo-parietal regions are characterized by a
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different myelination process during life (Billiet et al., 2015; Cercignani
et al., 2017) and therefore by the different white matter aging process
compared with other regions or pathways (Bartzokis et al., 2012; Billiet
et al., 2015; Cercignani et al., 2017). However, since the IDHwt status
and specific tumor location have been linked to a different gliogenesis
and prognosis (Skjulsvik et al., 2020), we are not able to exclude a
possible genetic link between IDHwt status and specific white matter
features as suggested for other genes (Hatton et al., 2018). Moreover, the
three groups displayed lower FA and higher RD in HIF regions. These
results suggest a possible enlarged extra-axonal space or a decrease in
myelin content in HIF regions (Basser and Pierpaoli, 2011; Tournier
et al., 2011; Wheeler-Kingshott and Cercignani, 2009; Winklewski et al.,
2018). These results seem not to be influenced by the different prefer-
ential locations of the different subgroups and in agreement with the
histological features detected by TEM analysis (smaller fiber caliber).

The lower AD detected in HIF regions for IDHm astrocytomas and
oligodendrogliomas may represent a measure of less coherent organi-
zation of white matter tracts and probably linked with the specific
anterior location (Alexander et al., 2011; Kumar et al., 2012; Wheeler-
Kingshott and Cercignani, 2009). This seems to be related to regions
with higher number of crossing fibers (i.e. fronto-orbital region, deep
frontal regions) rather than those with packed myelinated fibers (such as
SSS or BS). Another possibility is that, the lower AD in our population
(IDHm astrocytomas and Oligodendrogliomas) may result from the
increased numbers of brain fibers in those areas of late myelination,
allowing fibers to become less straight due to reduced inter-axonal space
(Mukherjee et al., 2002; Qiu et al., 2008; Suzuki et al., 2003; Wheeler-
Kingshott and Cercignani, 2009). This may also explain why IDHwt
astrocytomas located in posterior regions did not show the same trend.

Merging our results with the theories on glioma cells migration, we
may hypothesize that in all three groups of DLGG, the smaller fiber
diameter (inner and outer diameter), increased extracellular space or
decreased fiber density (higher RD) in areas with high functional de-
mand (Coelho et al., 2021; Fields, 2008) but sensitive for microstruc-
tural changes (lower FA) may represent permissive environmental
factors for gliomas cells to go or grow (Alfonso et al., 2017; Burgess
et al., 1997; Engwer et al., 2015).

4.4. Limitations

Our study has some limitations and therefore the results presented
herein should be interpreted with caution. First, the age of the subjects
in the three groups was quite different due to technical and practical
constraints. It is known that the human white matter is among the most
vulnerable tissues during the aging process, especially in late-
myelinating regions, such as frontal and temporal lobes (Bartzokis
et al., 2001; Cercignani et al., 2017). In fact, latest myelinated regions
display a decrease in FA with older age which seems to be due to
increased axonal dispersion rather than demyelination (Billiet et al.,
2015; Hsu et al., 2010). The older age of the cadaver donors may have
influenced the histological results and the correlation between histo-
logical parameters and diffusion parameters may be different analyzing
samples from younger brains specimens. However, since the other two
groups (patients and healthy subjects) were closer in the mean age and
the histological results were interpreted based on the distribution of
tumors merging multiple techniques, we believe that the influence of the
so called antero-posterior gradient of retrogenesis (Bartzokis et al.,
2012; Billiet et al., 2015; Cercignani et al., 2017) would not crucially
affect the interpretation of the overall study. Second, the probabilistic
infiltration analysis of the different subgroups was limited by the
numbers of patients included. Only 67 patients had a confirmed mo-
lecular status according to WHO-2016 classification and to improve the
impact of this study patients with incomplete molecular status were
excluded. Hence, only larger cohorts of molecularly confirmed gliomas
may corroborate our results on differences in white matter infiltration
among the three subgroups.
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Third, the specimens used for the white matter dissection and
collection, were only formalin fixated but not prepared for the standard
revised Klinglefs protocol as previously described (Latini et al., 2020b,
2017, 2015). The choice was dictated by the possible effect of the
freezing process on fibers’ morphology (Zemmoura et al., 2016). The
consequence of this choice is that some regions such as fronto-opercular
area, sagittal stratum of Sachs were not perfectly prepared for the blunt
dissection. Differences in the exposure of the white matter structures
may result from the different specimens. However, the samples were
collected in a standardized way by a neurosurgeon with experience on
white matter dissection, minimizing the risk of collecting wrong
structures.

Fourth, we need to address limitations related to the sample prepa-
ration and measurement using TEM. The PMI interval was not optimal in
two hemispheres, fixated within 48 and 72 h after death. This may have
possibly affected the qualitative results but since the number of the
myelinated fibers did not change among the hemispheres and samples
we believe that our results may be considered consistent. Moreover, we
could not identify unmyelinated axons with certainty in our specimens,
due to disintegration after late fixation. All our measurements, then,
were made on myelinated axons only so the number of unmyelinated
axons may also be a factor affecting differences in HIF and LIF regions.
Fifth, differences in the g-ratio measures among regions may be due to
the difference of changes in myelin structures during the EM preparation
(Kirschner and Hollingshead, 1980), such as fixation and dehydration,
and potentially inaccurate segmentation of the myelin sheath.

Sixth, the choice of analyzing only 5 white matter bundles may lead
to incomplete results because not all the possible regions were tested (e.
g. occipital lobe). However we chose fiber bundles already analyzed in
literature with TEM techniques and our descriptive results are in
agreement with other authors regarding the mean fiber diameter and g-
ratio (Benjamini et al., 2016; Cercignani et al., 2017; Liewald et al.,
2014). To increase reliability, we sampled two different regions from the
same white matter structures based on our preliminary results on the
infiltration frequency and for this reason two samples were considered
to possibly increase the reliability of the results.

Seventh, the creation of the ROIs /samples for diffusion analysis was
performed based on anatomical criteria used for the samples collection
on cadaver specimens. Some variations in the position and the volume of
the regions cannot be excluded but the we believe that we have provided
all the information to increase reproducibility of this study.

Finally, due to the retrospective nature of this study and the long-
time span differences in image resolution parameters were unavoid-
able. That being said, the different resolution could be a potential lim-
itation. Partial volume effects, especially in low resolution planes may
induced over- or underestimation of the tumor boundary definition
during segmentation. The preferential locations of DLGG given by the
infiltration segmentation were used to define white matter pathways
that were commonly infiltrated and not commonly infiltrated. In that
sense, partial volume effects should not compromise the selection of
these white matter pathways due to small effects that are averaged out in
the template since several DLGG with different locations are added.

4.5. Future perspectives

Aware of the limitations stated above, our study represents an
original effort to investigate morphological white matter features,
diffusion parameters and gliomas infiltration frequency in three
different subgroups of molecularly confirmed gliomas. Due to the
retrospective nature of the study on a cohort enrolled in 15 years, we
believe that we have provided a new possible method to investigate the
white matter/ gliomas interaction. Only future studies would be able to
corroborate our results. A possible improvements would be to enroll
homogeneous groups of patients and controls with same age; analyzing
them with preoperative DTI (possibly reconstructing several white
matter bundles) and multimodal imaging to characterize white matter
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features (Alexander et al., 2011; Bartzokis et al., 2012; Cercignani et al.,
2017); then acquiring samples during tumor resection (for TEM and
immuno-histochemical analyses) spatially registered to navigation sys-
tem to increase consistency between the different techniques. In this
way we might be able to better understand wheatear a correlation be-
tween morphological, pathological and diffusion parameters exist in
DLGG.

5. Conclusions

We identified differences in the preferential white matter infiltration
of five major white matter bundles in three groups of DLGG. IDHm as-
trocytomas had the tendency to infiltrate fronto-temporal subcortical
areas on the left side. IDHwt astrocytomas were preferentially located in
the posterior-temporal and temporo-parietal regions of both sides. Oli-
godendrogliomas infiltrated anterior subcortical regions of the frontal
lobes of both sides.

We also identified regional differences within the same pathways
possibly associated with different topographical variables, such as
coherent fiber orientation or packing of myelinated fibers. Our multi-
modal analysis showed that common regions with high infiltration fre-
quency (HIF) displayed a smaller fiber diameter, lower FA and higher
RD compared with low infiltration frequency (LIF) regions. Our results
may indicate that both morphological features and diffusion parameters
of the white matter fibers are different in regions linked to the prefer-
ential location of DLGG.

6. Data and code availability statement
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