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Abstract

Aims: Epilepsy is a common symptom in diffuse lower-grade glioma (DLGG). The spe-

cific role of white matter (WM) alteration in patients with glioma-related epilepsy
(GRE) is largely unknown. This study aims to investigate the reorganization of WM
tracts and changes in structural networks related to GRE.

Methods: Diffusion-weighted images were collected from 70 patients with left fron-
tal DLGG (GRE=33, non-GRE=37) and 41 healthy controls (HC). Tractometry with
TractSeg was applied to segment tracts and quantify fractional anisotropy (FA) along
each tract. Structural network was constructed using constrained spherical decon-
volution and probabilistic tractography. FA and network properties were compared
among three groups.

Results: Compared with HC, both GRE and non-GRE showed decreased FA in con-
tralateral inferior fronto-occipital fasciculus, superior longitudinal fasciculus Il and ar-
cuate fasciculus, increased nodal efficiency in contralateral nodes of frontal-parietal
and limbic networks, whereas decreased degree centrality and betweenness centrality
in nodes of dorsal temporal lobe and rostral middle frontal gyrus (rMFG). Additionally,
when compared GRE with non-GRE, increased FA in contralateral corticospinal tract
(CST) and lower betweenness centrality in paracentral lobule (PCL) in GRE (all p<0.05
after Bonferroni correction).

Conclusion: This study indicates that patients with left frontal DLGG exhibit com-

plex WM reorganization, and the altered regions mainly concentrated in the lan-

guage, frontal-parietal and limbic networks. Moreover, the preserved integrity in

Simin Zhang and Fei Zhao contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.

2366 wileyonlinelibrary.com/journal/cns

CNS Neurosci Ther. 2023;29:2366-2376.


www.wileyonlinelibrary.com/journal/cns
mailto:
mailto:
mailto:
https://orcid.org/0000-0001-7697-060X
http://creativecommons.org/licenses/by/4.0/
mailto:qiyonggong@hmrrc.org.cn
mailto:scu_yq@163.com

ZHANG ET AL.

—Wl LEYﬂ

CN'S Neuroscience & Therapeutics

KEYWORDS

1 | INTRODUCTION

Glioma-related epilepsy (GRE) is characterized by symptomatic ep-
ileptic seizures secondary to gliomas, particularly in patients with
diffuse lower-grade glioma (DLGG) invading the frontal lobes.?® Due
to the instability, unpredictability and close association with glioma
progression/recurrence,* GRE profoundly impact patients' progno-
sis and quality of life.! However, the pathogenesis of GRE is mul-
tifactorial and still not fully understood, which poses a significant
challenge for antiepileptic therapy in patients with newly diagnosed
glioma.®

Recent evidence emphasizes the role of white matter (WM) in
the pathogenesis of epilepsy.® It has been demonstrated that patho-
logical changes including WM myelination, axonal integrity, and cel-
lular composition were observed in ex vivo and post-mortem studies
of epileptic patients.7 Diffusion tensor imaging (DTI) is increasingly
used for noninvasive and quantitative assessment of WM abnormal-
ities, which provide us a valuable choice for investigating the patho-
physiological mechanisms underlying GRE.

Epileptic seizures could trigger the alternations of WM fiber
Tracts.®? Study confirmed WM microstructural reorganization in
non-lesion epilepsy.’® As for DLGG, it is a slow-growing neoplasm
that infiltrates alongside the WM fibers, which may result in impaired
or reorganized WM structure beyond or even distal to the tumor
border,'! and thus may affect the patient's postoperative recovery.
Nonetheless, when DLGG combined with epileptic seizures, how
did the WM reorganize was still poorly understand. A prior study,
utilized deterministic tractography algorithm, revealed that DLGG
patients with epilepsy are more likely to show structural and con-
nectivity aberrations in various distant brain regions, indicating the
potential correlation between epileptogenesis and microstructural
changes in DLGG patients.'? A recent Tract-Based Spatial Statistics
(TBSS) study investigated the effects of GRE on WM and revealed
that the changes were mainly concentrated in the ipsilateral WM
tracts.'® TBSS incorporates a skeletonization step that mitigates re-
sidual misalignment and eliminates the need for data smoothing“;
however, this technique is still has difficulties in precisely define
the actual tract location of fibers in an individual.'®> On the other
hand, epilepsy is thought as a neurological network disorder,'® most
epileptic seizures are related to impair functional or structural con-
nections in several networks.'”*® Graph theory-based approach
provides a novel framework to characterize the topological organi-
zation of the brain's structural and functional networks. In this ap-
proach, the brain can be modeled as a complex network represented

contralateral CST and server decreased nodal betweenness in PCL may be potential

neuroimaging markers underlying the occurrence of presurgical seizures of GRE.

glioma related epilepsy, graph theory analysis, structural network, topological metrics,
tractometry, white matter

graphically by a collection of nodes (e.g., brain regions) and edges
(e.g., connectivity).} The topological organization of brain networks
can be quantitatively described by a wide variety of measures.?° In
particular, the nodal efficiency, degree centrality and betweenness
centrality are important regional nodal metrics that quantify how
important a node is within a network, and have been widely used to
detect regional abnormalities of brain networks. However, the asso-
ciation between GRE and alterations in structural network and their
topological attributes remains unknown.

Moreover, compared to the WM alternations in the ipsilateral
hemisphere, based on the theory of neuroplasticity, the contralateral
hemisphere may show reorganization and striking reconfigurations
of WM architecture and network.?2?2 In this context, multiparamet-
ric mapping of WM alternations, especially subtle changes in the
contralateral WM, is crucial for in-depth investigation of the patho-
physiological mechanisms of GRE.

Therefore, in the current study, we combined two level of dif-
fusion MR analysis techniques to assess WM microstructural alter-
ations underlying DLGG and GRE. Firstly, we employed TractSeg,23
which is a fully convolutional neural network method that able to
accurately segment fiber tracts into bundles at individual level,
thereby avoiding possible registration errors during mapping in-
dividual brains to standard space. Then statistical analyses were
performed by evaluating FA along each of the 15 contralateral hemi-
sphere tracts previously implicated in frontal glioma or epilepsy‘m'13
Second, we combined tractography with graph theoretical analysis
to investigate large-scale network measures. We hypothesized that
the WM architecture and graph network would show compensation

in the contralateral hemisphere.

2 | METHODS

2.1 | Participants

This study was approved by the ethics committee of West China
Hospital of Sichuan University. Written informed consent was ob-
tained from all participants. The inclusion criteria were as follows:
(a) pathologically diagnosed with DLGG (refer to 2021 WHO criteria,
i.e., grade 2 diffuse glioma with isocitrate dehydrogenase-mutated);
(b) patients were aged > 18; (c) DLGG involved in unilateral left fron-
tal lobe and invasion had not reached the central sulcus; (d) with
no evidence of shift of the midline structures (septum pellucidum,
corpus callosum, third ventricle due to lesion mass effect, based
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on preoperative three-dimensional T1-weighted images (3DT1WI),
T2-weighted images (T2WI), gadolinium enhanced [Multihance,
Braccosine] three-dimensional T1-weighted images (Gd-3DT1WI)
and fluid-attenuated inversion recovery (FLAIR); () without any his-
tory of treatment before undergoing MRI scan; (f) epilepsy symp-
toms were evaluated according to the 2017 International League
Against Epilepsy (ILAE) guidelines. Finally, 70 patients with left fron-
tal DLGG were included, among them, 33 patients had preopera-
tive seizure onset while the other 37 had not, thereby divided into
GRE group and non-GRE group. Additionally, 41 healthy participants
matched by age, sex, and education level were recruited as healthy
controls (HC). The process of patients' enrollment was presented in
Figure S1.

2.2 | MRl acquisition

All imaging data were acquired using a 3.0T system (Skyra, Siemens
Healthineers) with a 20-channel head coil. MRI sequences including:
(a) 3DTAWI and Gd-3DT1WI were obtained using magnetization-
prepared rapid gradient-echo (MPRAGE): repeat time (TR)/echo
time (TE)=1630/2.29 milliseconds (ms), matrix=256x256, flip
angle=8°; field of view (FOV)=230x 230 mm; slice thickness=1mm.
(b) Diffusion-weighted images (DWI) using a single shot, echo pla-
nar imaging sequence: TR/TE=6000/93ms, matrix=192x192,
flip angle=90°, FOV=229x229mm, diffusion directions=30,
b=0/1000s/mm?, slice thickness=3mm. (c) T2WI: TR/TE =
4500/105ms, matrix=320x230, flip angle=150°, FOV=185 x
220mm; slice thickness=5mm. (d) FLAIR: TR/TE=6000/81ms;
matrix=320%x196, flip angle=150°, FOV=185x220mm; slice
thickness=5mm.

2.3 | Glioma segmentation

We used a 3D U-net architecture to automatically segment glio-
mas, which has demonstrated the reliability and efficiency in pre-
vious work.?* The detail segmentation processes are provided as
Supplementary Information (Data S1). Finally, a mask encompassing
whole tumor area was generated. The initial mask was visually as-
sessed independently by two neuroradiologists (X.B.Y and H.J.Z,
both with >10years of experience in neuro oncology) using 3D slicer

software (https://www.slicer.org/).

2.4 | Image processing

Three dimensional T1 images were processed using virtual brain
grafting (VBG) combined with Freesurfer (https://github.com/
KUL-Radneuron/KUL_VBG). VBG is a new workflow for reliable
structural mapping of T1 images in the presence of glioma le-
sions, which enables realistic lesion filling and an accurate whole
brain parcellation. As the first step, VBG creates the glioma

lesion-free T1-weighted images using the glioma segmentation
mask. Subsequently, brain parcellation utilizing Freesurfer's recon-

d?® on the output lesion-free image.26 Finally, anatomi-

all comman
cal segmentations including surface reconstructions and cortical
parcellations are generated, following the Desikan-Killiany (DK)
atlas,?” resulting in 84 nodes.

DWI data were preprocessed using MRtrix3 (http://mrtrix.org),
steps included denoising, correction of Gibbs ringing artifacts, head

motion, eddy currents and bias field.282°

2.5 | Data analysis

2.51 | Tractometry

White matter bundle segmentation was carried out in template
space using TractSeg.30 Subsequently, tractometry analysis was
conducted on the delineated tracts to assess the FA along 100
points of each tract (more details see supplementary method).
Fifteen tracts of interest were identified including inferior fronto-
occipital fasciculus (IFOF), arcuate fasciculus (AF), anterior tha-
lamic radiation (ATR), superior longitudinal fasciculus (SLF)-I,
SLF-1l, SLF-III, corticospinal tract (CST), inferior longitudinal fas-
ciculus (ILF), frontopontine tracts (FPT), Fornix (FX), uncinated
fasciculus (UF), corpus callosum (rostrum (CC 1), genu (CC 2), ros-
tral body (CC 3) and anterior midbody (CC 4)) to investigate further
potential WM changes of fiber pathways in patients with GRE and
non-GRE in contralateral hemisphere.

2.5.2 | Connectome construction

Whole brain tractography was performed utilizing the multi-tissue
Constrained Spherical Deconvolution (CSD) tracking algorithm®?
and SIFT filtering®? which were provided within the MRtrix3%®
(more details see supplementary method). To define the nodes of
the network, the DK atlas was used to divide the whole brain into
84 anatomical regions (42 for each hemisphere). The parcellation
procedure was utilized the VBG combined with freesurfer which
were mentioned in the subsection of image processing. Next, to
define the edges of the network, “mean FA” of fibers linking any
two nodes was calculated using the “tcksample” and “tck2con-
nectome” commands in MRtrix3. Finally, a weighted and undi-
rected 84 x84 matrix for each participant was generated. After
that, the whole-brain connectome matrix was split into ipsilateral
and contralateral matrices representing the two hemispheres
separately using MATLAB (R2020b) Software, and a temporary
42 x 42 matrix was generated for left hemisphere (Figure 1). Then,
the GRETNA 2.0.0 (https://www.nitrc.org/projects/gretna/) was
used to calculate the nodal topological metrics including nodal ef-
ficiency, degree centrality and betweenness centrality of the WM
networks. (Detailed definitions of the topological properties are
shown in Table S1).


https://www.slicer.org/
https://github.com/KUL-Radneuron/KUL_VBG
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FIGURE 1 Diagram shows workflow for structural network construction. Whole-brain parcellation and surface reconstructions in patient
with DLGG were processed used VBG pipeline based on the 3DT1WI and segmented tumor mask. After whole brain tractogram generation
using probabilistic tractography and SIFT filtering, an 84 x 84 adjacency matrix was generated. Further, the connectome matrices were
divided into contra- and ipsilateral matrices. Abbreviations: DLGG, diffuse low grade glioma; SIFT, spherical-deconvolution informed filtering

of tractograms; VBG, virtual brain grafting.

2.6 | Statistical analyses

The Shapiro-Wilk test was used to assess the normality of all con-
tinuous variables (age, educational level, FA and nodal properties).
The one-way analysis of variance (ANOVA) or analysis of covariance
analysis (ANCOVA) was used accordingly for normally distributed
data, whilst the Kruskal-Wallis test was used for nonnormal distribu-
tion. In this study, all the continuous variables were distributed nor-
mally. Thus, an ANOVA test was used to compare age and education
level among three groups. A chi-squared test was used to compare
sex ratio among three groups. Moreover, to compare astrocytoma
ratio differences between GRE and none-GRE group, chi-squared
test was used. A p value <0.05 was considered significant.

An analysis of covariance analysis (ANCOVA) was used to com-
pare the FA across 100 points of each fiber tract and the AUC value
of each nodal property located in contralateral hemispheres among
the GRE, non-GRE and HC groups. The Bonferroni was used to

correct for multiple comparisons (p <0.05, Bonferroni corrected). If
ANCOVA showed significant differences, post-hoc analysis was per-
formed using Turkey test (FA metrics) or least-significant difference
method (nodal properties) to determine intergroup differences. The
age, sex and educational level were set as covariates.

3 | RESULTS

3.1 | Clinical and demographic characteristics

Based on our inclusion criteria, in the GRE group, 33 patients were
recruited (mean age, 40.58; age range, 18-66; sex ratio, 19 male/14
female), in the non-GRE group, 37 patients were recruited (mean
age, 44.54; age range, 20-71; sex ratio, 18 male/19 female) and in
HC group, 41 subjects were recruited (mean age, 45.93; age range,
20-68; sex ratio, 23 male/18 female). No significant differences
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were found in age (p=0.249), educational level (p=0.500), or
sex ratio (p=0.718) among groups. There were no differences in
1p/19q codeletion ratio between GRE and non-GRE (p=0.522).
Demographic and clinical characteristics are summarized in Table 1.

3.2 | Categorical analyses

3.21 | Tractometry

The results of point-wise level group difference were shown in
Figure 2 and Table 2. Overall, the affected contralateral tracts in-
cluded IFOF, CST, SLF-Il and AF. Significantly decreased FA were
found in IFOF (node 11-20), AF (node 32-34) and SLF-II (node 1,2)
in both GRE and non-GRE patients compared with HC. Moreover,
comparison of the two patient groups revealed decreased FA in
nodes 61-66 of CST in non-GRE group (All p<0.05 after Bonferroni
correction).

3.2.2 | Large-scale network analysis

Significant group differences (all p <0.05 after bonferroni correction)
in nodal topological properties are shown in Figure 3 and Tables S2-
S5. Regarding nodal efficiency, compared with the HC group, both

GRE and non-GRE groups showed higher node efficiency in the
contralateral caudal anterior cingulate cortex (cACC), middle frontal
gyrus (MFG), medial orbitofrontal cortex (mOFC), precuneus, infe-
rior parietal lobule (IPL). However, there was no difference in nodal
efficiency between the GRE and non-GRE groups. As for degree
centrality, compared with the HC group, both GRE and non-GRE
patients showed lower degree centrality in the contralateral middle
temporal gyrus (MTG), paracentral lobule (PCL), superior temporal
gyrus (STG), rostral middle frontal gyrus (rMFG) and superior pari-
etal lobule (SPL). Comparison of the two patient groups revealed no
significant difference. With respect to betweenness centrality, com-
pared with the HC group, both GRE and non-GRE patients showed
lower betweenness centrality in contralateral MTG, rMFG and PCL.
Moreover, GRE group exhibited a further significant lower between-

ness centrality in PCL than non-GRE group.

4 | DISCUSSION

This diffusion MRI study investigated brain WM microstructure al-
ternations in GRE and non-GRE patients. For the WM integrity, we
found significantly decreased FA in contralateral WM pathways re-
lated to language processing including IFOF, AF and SLF-II in both
patient groups. Furtherly, a more pronounced FA decrease in CST in
non-GRE compared to GRE. For the nodal properties, both GRE and

TABLE 1 General characteristics of the

GRE Non- GRE HC p values ..
participants.
No. 33 37 41 NA
Age (mean+SD), years 40.58+15.10 44.54+15.16 4593+12.8 0.249
Sex ratio, M/F, n 19/14 18/19 23/18 0.718
Education level, years 11.64+3.05 11.08 +3.09 11.85+2.72 0.500
Diagnosis
Astrocytoma (IDHmut 18 21 _ 0.522
&1p/19g-intact)
Oligodendroglioma 15 16 _
(IDHmMut
&1p/19g-codeleted)
Seizure onset age, years 40.42+15.02 _ _ _
Seizure duration prior 57.85+41.10 _ _ _
surgery, days
Seizure type, n
Focal 17 _ _ _
Generalized 13 _ _ _
Unknow onset 3 _ _ _
Seizure frequency
Low (only once) 26 _ _ _
Medium (2~ 3 times) 5 _ _ _
High (>3 times) 2 _ _ _

Abbreviations: GRE, glioma-related epilepsy; HC, healthy control; IDHmut, isocitrate
dehydrogenase mutation; NA, not applicable; non-GRE =patients without glioma-related epilepsy.
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FIGURE 3 The differences in nodal properties of the structural networks across the GRE, non-GRE, and HC groups. The nodes with
significantly increased or decreased nodal efficiency, degree and betweenness are shown in red or green. Abbreviations: GRE, glioma related
epilepsy; HC, healthy control; non-GRE, patients without glioma-related epilepsy.

non-GRE patients showed higher nodal efficiency in contralateral
nodes of the frontal-parietal and limbic networks, whereas lower
degree centrality and betweenness centrality in nodes of dorsal
temporal lobe and rMFG. Importantly, GRE group showed further
reductions in betweenness centrality in the right PCL relative to
non-GRE, indicating that this node is susceptible to GRE. Therefore,
our findings derived from multiparametric mapping of WM provide
a new perspective for understanding the potential pathophysiology
in GRE and non-GRE patients.

4.1 | Tractometry

Partly consistent with the current results, a prior DTl investigation
utilizing TBSS revealed the majority of WM alterations in GRE lo-
calized in IFOF, SLF and superior corona radiata.® However, TBSS
is not able to accurately assign FA values to the same WM tract
across subjects in a consistent way. To overcome above limitation,
we employed Tractometry with TractSeg, a new method which can
quantitively measure DTI metrics along with fiber tractography,

and analyze microstructural alterations without the loss of ori-
entation information.%° Notably, the current study focused on in-
vestigation WM reorganization pattern in in “normal-appearing”
area, thus, the contralateral hemisphere of each participant was
analyzed.

An important finding in Tractometry analysis was both patient
groups showed decreased FA in contralateral IFOF, SLF-II, and AF,
whereas these tracts showed no difference in patients' group (GRE
vs. non-GRE). The main attributing factor to the finding could be
an influence of left frontal DLGG on the WM fibers. It has been es-
tablished that IFOF, SLF-1l and AF played a crucial role in language
function.®*3 Particularly, according to the ‘dual stream’ theory of
language processing, the IFOF, ILF and UF integrate information
within the ventral stream where semantic and syntactic analy-
ses predominate, whereas the SLF and AF belong to the dorsal
stream where phonological and articulatory processing occur.3¢
Therefore, damage to any portion of the above-mentioned tracts
may produce conduction aphasia, which is characterized by flu-
ency and paraphasia in spontaneous speech, with markedly
impaired repetition of words and phrases, and usually shows
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difficulty in naming.®” Indeed, previous observations revealed
that WM tracts disruption were mainly concentrated in ipsilateral
IFOF, SLF, and AF due to the tumor direct invasion in frontal gli-
omas patients with language impairment.w’41 The current study
further demonstrated microstructure abnormalities in contralat-
eral IFOF, SLF, and AF, indicating that chronic damage induce by
frontal DLGG may lead to fiber bundle degeneration at contralat-
eral hemisphere.*?

Interesting, the contralateral CST showed preserved integrity
in GRE patients but damaged in non-GRE patients. A potential ex-
planation might be that the undamaged WM structure on contra-
lateral CST may aid in the conduct of epileptic discharges. Further,
when the subcortical structure containing the potential epicenter is
damaged, the discharge tends to be isolated and less likely to form
a generalized seizure. Besides, a previous study also demonstrated
that the integrity of the ipsilateral CST is well preserved in glioma
patients with motor epilepsy.*3 Together with the current result, we
assumed that the preserved microstructural integrity of the bilateral
CST may be potential mechanisms underlying the generation and

development of GRE.

4.2 | Large-scale network analysis

Using graph theory analysis, we identified significantly increased
nodal efficiency predominantly located in the contralateral regions
of the frontal-parietal (MFG, IPL and precuneus) and limbic net-
works (mOFC and cACC) in both patients group. Frontal-parietal
network plays an important role in the control and management
of executive functions, for example, the manipulation of informa-
tion in working memory, reasoning, planning, problem-solving and
decision—making.““'45 As for limbic network, it involves in decision
making and expectation. Based on literature, increased ALFF in con-
tralateral hub of frontal-parietal network was reported in patients
with frontal gliomas, indicating functional compensation within this

network.*¢

Taken together, the higher nodal efficiency in contralat-
eral frontal-parietal and limbic networks imply that highly functional
plasticity might contribute to maintaining functional balance in GRE
and non-GRE patients.

However, lower nodal degree and betweenness in regions of the
dorsal temporal lobe (superior or/and middle temporal gyrus) were
observed in both patients group. This region is responsible for audi-
tory and related multimodal sensory processing as well as auditory
short-term memory and language processing.*” The lower nodal de-
gree and betweenness may be related to auditory and language pro-
cessing impairments which were commonly observed for patients
with left frontal glioma.*® Additionally, rMFG also showed lower
nodal degree and betweenness in both patients group. rMFG is a
key brain region for emotion regulation,*’ altered nodal centrality in
rMFG may lead to abnormal activation of the amygdala, resulting in
excessive anxiety in patients with glioma.50
When compared GRE with non-GRE, GRE patients showed

further reductions in betweenness centrality in contralateral PCL,

indicating that this node is susceptible to GRE. The PCL is mainly
associated with motor and sensory innervations of the contralateral
lower extremity. Prior neuroimaging work had demonstrated that
paracentral regions emerging as potential epicenters of morphologi-
cal abnormalities in idiopathic generalized epilepsy.>! Therefore, we
speculate that decreased nodal betweenness in this node may con-
tribute to epileptic seizures in GRE patients.

However, this study has certain limitations: firstly, a relatively
small sample size from a single-center was included in this study.
In the future, larger samples from multi-center will be needed to
verify our results. In addition, the study was performed using only
DTI analysis, which are insufficient to comprehend the brain WM
plasticity induced GRE. Therefore, the integration of other technol-
ogies, such as magnetoencephalogram and fMRI, may provide valu-
able insights into functional and structural information for enriching
our further understanding. Finally, because the language assessment
was not available in our study, future work on acquiring language
performance data and establishing the correlation with the altered

WM parameters is warranted.

5 | CONCLUSION

Using comprehensive set of sophisticated WM microstructural pa-
rameters, this study found that left frontal DLGG can induce com-
plex WM reorganization concentrated in language, frontal-parietal
and limbic networks. In addition, the preserved integrity in con-
tralateral CST and server decreased betweenness centrality in PCL
may be potential neuroimaging markers underlying the occurrence
of presurgical seizures of GRE patients.
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