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Purpose: The study aims to further investigate the relationship between the Sleep-related epilepsies (SRE) and alterations in the
White Matter (WM) microstructure, as well as to explore the clinical value of diffusion tensor imaging (DTI) in patients with SRE.
Methods: DTI data were acquired for 52 patients with SRE and 74 Healthy Controls (HC), all of whom were matched for sex and
age. The DTI indicators, including Fractional Anisotropy (FA), Mean Diffusivity (MD), Axial Diffusivity (AD) and Radial Diffusivity
(RD), were compared between the two groups using Tract-Based Spatial Statistics (TBSS) to analyze alterations in WM micro-
structure. Altered WM was correlated with the age of onset and disease duration of SRE.

Results: Compared to the HC, FA decreased in the genu of the corpus callosum (GCC) and the left anterior corona radiata (ACR_L)
in SRE. Conversely, the RD of the bilateral superior corona radiata (SCR), the anterior corona radiata (ACR), the GCC, and the body
of the corpus callosum (BCC) increased. Furthermore, a negative correlation was identified between the increased RD values and age
of onset in SRE.

Conclusion: The FA and RD values derived from DTI serve as neuroimaging markers to evaluate WM damage in SRE. These
findings indicate that alterations in WM microstructure within the bilateral frontal lobes and corpus callosum may contribute to
a potential pathophysiological mechanism underlying seizures in SRE. Furthermore, myelin damage appears to be more severe in
early-onset SRE patients, highlighting the necessity for clinical vigilance regarding WM microstructural changes in young SRE
patients.
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Introduction

Epilepsy is a neurological disorder characterized by dysfunction of the central nervous system caused by recurrent,
seizure-like abnormal discharge of neurons in the brain. There is a temporal imbalance in the episodes, which are mostly
associated with circadian rhythms.' Due to the close association between sleep and seizures, the American Academy of
Sleep Medicine introduced the concept of Sleep-related epilepsies (SRE) in 2007. SRE refers to epilepsy syndromes in
which seizures occur exclusively or predominantly during sleep (over 70% of the time).> The causes of SRE include
central nervous system (CNS) infections, focal cortical dysplasia (FCD), low-grade malignant tumors, soft brain foci, and
cryptogenic factors.>* Among these, the cryptogenic SRE syndrome is characterized by an unknown clinical pathogen-
esis, with no lesions identifiable via Magnetic Resonance Imaging (MRI). This particular type of SRE poses significant

challenges for clinical diagnosis and treatment. In addition, even in “pure sleep-related epilepsies”, there is a risk of
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seizures during waking hours, which will have a great impact on the patients’ life. Therefore, research on SRE is
particularly important.

The pathogenesis of SRE remains unclear. In 1888, Hughlings-Jackson proposed that epilepsy is primarily a disease of the
cerebral cortex. However, with the rapid development of functional imaging technology, the study of epilepsy diseases is no
longer limited to the location and morphology of gray matter lesions, and the role of white matter structure and functional
alterations in the generation and propagation of epilepsy is gradually being emphasized. White matter fiber tracts, as
connecting channels between gray matter regions of the brain, carry complex information transmission to maintain normal
brain function. In previous white matter studies on epilepsy, a Mendelian randomization study suggested a bidirectional causal
relationship between epilepsy and microstructural changes in White Matter (WM), these changes have been observed in
generalized epilepsy, focal epilepsy, and epilepsy of unknown origin,>® which may be accompanied by alterations in
myelination, axonal integrity, and cellular composition.”* SRE predominantly manifests as a type of focal epilepsy,” studies
have suggested that SRE may be related to the enhancement of thalamocortical synchronization during sleep-wake transitions,
facilitating the spread of epileptiform discharges and thereby triggering seizures.'®'? However, existing research indicates
that SRE is associated with reduced functional connectivity in the bifrontal WM and microstructural damage in the thalamus-
lesion WM. '*!'* This suggests that damage to white matter structure exists in patients with different epilepsy syndromes, but
that this alteration is variable across epilepsy syndromes and that the results are not consistent for study of the same type of
epilepsy. As for SRE, to date, studies on white matter alterations are limited and have yielded inconsistent results. Based on the
results of previous white matter-related studies in epilepsy, it is reasonable to hypothesize that evaluation of white matter
microstructure in SRE patients with negative conventional MRI might be useful in searching for imaging markers of disease
onset and progression in patients. Diffusion Tensor Imaging (DTI) is currently the only MRI technique that can noninvasively
observe the morphology and microstructure of white matter fiber bundles in the living human brain, which can not only track
the shape of fiber bundles, but also depict the details of brain white matter structure, quantitatively evaluate the microdiffusion
of brain white matter fiber bundles, and realize the fine imaging of nerve fibers.'

Based on these, our study intends to use Tract-Based Spatial Statistics (TBSS), a fiber bundle-based spatial statistical
analysis method, to investigate the differences in cerebral white matter regions between the SRE group and the Healthy
Control (HC) group, and to statistically analyze the DTI parameters of the different white matter regions, in an attempt to
search for the imaging markers of epileptic seizures in patients with SRE, and to provide more favorable imaging
evidence for the elucidation of the pathogenesis of SRE.

Materials and Methods

Study Design

This study is a prospective, observational cohort study. Using convenience sampling, which is a non-
probability sampling method, we prospectively collected data from 52 SRE patients diagnosed by a neurologist at
Xiangya Hospital of Central South University. 74 HC were selected from the people who underwent physical examina-
tion at the same time in the physical examination center of our hospital. The sample size was determined based on
findings from a previous study.'® The observed FA valuewas determined using a two-sample #-test, with the previously
observed mean FA was 0.389 in the epilepsy group and 0.397 in the HC group, respectively, SD was assumed as 0.01, the
number of subjects needed in each group to achieve 80% statistical power for a 5% significance level (two-sided test)
was 14 subjects per group, considering a dropout ratio of about 20%. Ultimately, our sample sizes were 52 for the SRE
group and 74 for the HC group, which exceed the calculated requirements. Written informed consent was obtained from
all subjects prior to participation, for the participants younger than 18 years of age, written consent was also obtained
from the parents or legal guardian, and the study received approval from the Medical Ethics Review Committee of
Xiangya Hospital of Central South University.

Participant Selection and Clinical Data Collection
SRE patients were included in the research upon fulfilment of all of the following criteria, based on the diagnostic criteria
of the International League Against Epilepsy (ILAE) in 2017'7 and Standard procedures for the diagnostic pathway of
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sleep-related epilepsies.'® The inclusion criteria were as follows: (1) Meet the 2017 ILAE epilepsy diagnostic criteria and
procedures of SRE in 2020; (2) More than 75% of the seizures occurred during sleep, based on the medical history; (3)
Without significant lesions in routine brain sequences of MRI; (4) Right-handed; (5) Aged between 16 and 60 years old;
(6) had no physical diseases or history of psychiatric or neurological diseases leading to epilepsy. The exclusion criteria
were as follows: (1) consumption of alcohol, excessive coffee intake, and the use of anti-epileptic drugs (AEDs) that may
affect sleep in the past two weeks. (2) head motion exceeding +2 mm or + 2°. (3) MRI examination not including the full
brain. For all the participants, we collected fundamental clinical information, which included age, gender, education
level, age of seizure onset, duration of the disease, family history of epilepsy, past medical history (including birth
history, history of febrile convulsions, encephalitis, surgical history, etc). Data were gathered from patients’ epilepsy
diaries as well as comprehensive descriptions provided by the patients and their families to ensure enrollment accuracy
of SRE.

MRI Data Acquisition

All subjects underwent the scanning on the Siemens Prisma 3T magnetic resonance scanner with the standard 32 channel
head coil. The subjects took a supine position, staying relaxed and calm. DTI parameters of scanning sequence were as
follows: TR=5400ms; TE=72ms; FOV=220x220mm; Slice thickness=1.6mm; The scanning time was 9 minutes and
18 seconds. 3D-T1WI scanning parameters were as follows: TR=2110ms; TE=3.18ms; FOV=233x233mm; Slice
thickness=0.73mm; The scanning time was 4 minutes and 38 seconds.

MRI Data Processing

After DTI data were collected and saved, the specific processing steps were as follows:(1) first, we used dem?2nii toolkit
to convert DICOM to NIFTI format, deleted the data with artifacts, unqualified gradient files, and unqualified b-value
files; (2) original data pre-processing: head motion eddy current correction, gradient direction correction, and extracting
b0, b1000 data to obtain brain tissue mask were performed mainly in FSL (http://www.fmrib.ox.ac.uk/fsl/); (3) all FA
images were registered to the FMRIB58 FA template in MNI space using nonlinear method; (4) created an average FA

image skeleton based on the data of this study, and projected the FA data of all subjects onto the average FA skeleton to
obtain the FA skeleton of each subject; (5) MD, AD and RD data were calculated based on the average FA skeleton.

TBSS Analysis
Firstly, WM-DTI metrics (FA, MD, AD, RD) in the white matter skeleton were extracted for each participant. Secondly,
in the FMRIB software library (http://www.fmrib.ox.ac.uk/fsl/), two-sample t-tests were then performed to compare these

indexes between the SRE and HC groups, with age and sex included as covariates in the analysis. Subsequently, voxel-by
-voxel statistics were conducted in TBSS using a permutation-based inference tool, ‘randomize’, which is part of FSL, to
perform nonparametric statistical thresholding. In this study, voxel group comparisons were executed between the SRE
and HC groups using a nonparametric two-sample #-test while controlling for the effects of age and sex. The mean FA
skeleton served as a mask, thresholded at a mean FA value of 0.2. The threshold of significant between-group differences
was established at P<0.05 (multiple comparisons corrected for familywise error rate (FWE)) using the Threshold-Free
Cluster Enhancement (TFCE) option in the ‘Randomized’ permutation test tool in FSL. Then, between-group compar-
isons were conducted for MD, AD, and RD images.

Statistical Analysis

Statistical analyses were conducted by using SPSS (version 26.0, IBM SPSS) to compare the general data between the
SRE group and the normal control group, with a significance level set at P < 0.05. The Shapiro—Wilk test was employed
to assess the normality of continuous variables. An independent samples #-test was utilized for age comparisons, while
the chi-square test was applied to examine differences in gender and education level. Additionally, a linear regression
model was employed to analyze the correlation between DTI parameters and age of onset, treating age and gender as
covariates, a significant correlation was defined as P < 0.05.
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Table 1 Demographic and Clinical Characteristics of SRE Group and HC Group

SRE (n=52) | HC (n=74) | P value
Age (years) 30.02+13.58 | 31.95£9.76 | 0.356
Sex (m/f) 29/23 35/39 0.349
Level of education (primary/junior high/university) | 17/27/8 35/32/7 0.226
Duration of epilepsy (years) 8.56+7.86
Age of onset (years) 22.84+11.65

Table 2 Brain Areas with Decreased FA in SRE Group Compared with HC Group

Cluster Region Cluster size | P value | Lump coordinate (MNI)
X Y z
| 33.3% | Genu of the corpus callosum | 234 0.04 -6 37 7
55.5% | Left anterior corona radiata

Results

Demographic and Clinical Characteristics

This study was divided into two groups, including SRE group and HC group. Among them, TBSS analysis included 52
patients (29 males and 23 females) with SRE, mean age 30.02 years, SD + 13.58, range 16-59; 74 healthy controls (35
males and 39 females), mean age 31.95 years, SD + 9.76, range 18-59. Mean duration of epilepsy 8.56 years, SD + 7.86;
Mean age of seizure onset 22.84 years, SD + 11.65. See Table 1 for demographic information and clinical data of the two

groups after statistical analysis.

TBSS and Correlated Analysis Results

Compared with the HC group, the FA values of the SRE group in the genu of the corpus callosum (GCC) and the left
anterior corona radiata (ACR_L) decreased (p=0.04, TFCE correction, cluster-related statistical information see Table 2
and Figure 1, Figure 2). The RD values of the SRE group increased mainly in the genu of the corpus callosum (GCC),

SRE<HC

Figure | This figure shows the significantly different brain regions of decreased FA by TBSS under the influence of age and sex based on FMRIB58 template in MNI space
distribution. The green area is the white matter fiber skeletons. The blue represents decreased FA area, (P<0.05, FWE corrected for multiple comparisons).
Abbreviations: TBSS, Tract-based spatial statistics; FA, Fractional Anisotropy; SRE, Sleep-related epilepsies; HC, Healthy control; GCC, Genu of the corpus callosum;
ACR_R, Right anterior corona radiata.
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Figure 2 The violin plot shows mean FA of cluster I(cluster | refers to GCC and ACR _ L) with statistical significance between the SRE group and HC group (P<0.05, FWE
corrected for multiple comparisons); Table 2 supports detailed information.
Abbreviations: SRE, Sleep-related epilepsies; HC, Healthy control; GCC, Genu of the corpus callosum; ACR, Anterior corona radiata; BCC, Body of the corpus callosum;

SCR, Superior corona radiata.

body of the corpus callosum (BCC), bilateral anterior corona radiata (ACR), and superior corona radiata (SCR) (p=0.023/

0.05, TFCE correction, cluster-related statistical information see Table 3 and Figure 3, Figure 4). In addition, after TFCE

correction, no significant difference was found in MD and AD values of SRE group. The age of seizure onset was

negatively correlated with the RD of the ACR L (r= —0.388, p=0.004, correlated analysis information see Figure 5).

However, the correlation was not observed with the other DTI parameters.

Table 3 Brain Areas with Increased RD in SRE Group Compared with HC Group

Cluster Region Cluster size | P value | Lump coordinate (MNI)
X Y z
| 28.07% | Left anterior corona radiata 2227 0.023 ) 35 3
6.13% Right anterior corona radiata
26.18% | Body of the corpus callosum
9.67% Genu of the corpus callosum
0.47% Right superior corona radiata
0.47% Left superior corona radiata
2 100% Body of the corpus callosum | 12 0.05 16 35 0
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SRE>HC

Figure 3 This figure shows the significantly different brain regions of decreased RD by TBSS under the influence of age and sex based on FMRIB58 template in MNI space
distribution. (P<0.05, FWE corrected for multiple comparisons).

Abbreviations: RD, Radial Diffusivity; ACR_R, Right anterior corona radiata; ACR_L, Left anterior corona radiata; SCR_L, Left superior corona radiata; SCR_R, Right
superior corona radiata.
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Figure 4 The violin plot shows mean RD of two clusters (cluster|: ACR, BCC, SCR; cluster2: BCC) with statistical significance between the SRE group and HC group
(P<0.05, FWE corrected for multiple comparisons); Table 3 supports detailed information.
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Figure 5 Scatter plot displaying the 95% confidence band of the best-fit line. The increased RD of cluster | was negatively correlated with the age of seizure onset, with age
and gender treated as covariates.
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Discussion

In this study, we examined the alteration of WM structure in SRE patients by using TBSS based on fiber bundle tracing.
The key findings were as follows: (i) compared with the control group, the FA values of SRE patients were significantly
decreased mainly in the GCC and theACR L; (ii) RD increased, corresponding to the brain regions including the
bilateral SCR, the ACR, the GCC and the BCC; no significant difference was detected in MD and AD values of the SRE
group; (iii) the age of seizure onset was negatively correlated with the increased RD.

In previous studies, researchers have taken pains to describe the changes of WM microstructure of various epilepsy
syndromes, in order to answer questions related to cognition, behavior and epilepsy prognosis of clinical epilepsy
patients.'>*° In fact, most patients with epilepsy show decreased FA values and increased MD values in different WM
regions, but this change varies across in different epilepsy syndromes, indicating that WM structure damage is wide-
spread in patients with different epilepsy syndromes, but there is also disease heterogeneity. Our study showed decreased
FA values and increased RD values in SRE patients. These findings were consistent with previous studies. However, no
significant changes were found in AD and MD across brain regions.

Decreased FA in SRE

For patients with SRE, the results demonstrated a decreased FA in the GCC and the ACR L, indicating a disruption in
the integrity of WM nerve fibers. An increase in FA suggests that nerve fibers are more consistently oriented, which
indicates a more intact and compact structure, thereby enhancing the efficient transmission of nerve signals. High FA
values are typically associated with the health status of nerve fiber bundles.” It has been established that thalamocortical
circuits serve as central regulators of sleep-wake activity?' and are responsible for driving physiological sleep transients
that play a crucial role in the development of SRE.*> A consistent TBSSstudy suggests that reduced FA values in the
thalamic-lesion region pathway may elucidate the underlying pathophysiology of SRE in patients with type II FCD."?
Additionally, multishell diffusion magnetic resonance fiber bundle imaging revealed reduced FA values in the right
frontal lobe of a patient with sleep-related hypermotor epilepsy, and these alterations were consistent with neurological
localization, serving as a potential lesion for seizure disorders in this patient.”* The corona radiata refers to the radial
distribution of fiber bundles between the inner capsule and the cerebral cortex, in which the anterior and upper corona
radiata mainly project information from other brain regions to the prefrontal cortex. Therefore, the damage to the anterior
and superior radiating crowns means that the prefrontal cortex’s ability to receive information from other brain regions is
weakened.In a study of TBSS in patients with Parkinson’s disease (PD),** it was found that WM damage to the ACR and
corpus callosum may lead to the disconnection of the cortical hypothalamic-basal nucleus-prefrontal circuit, resulting in
difficulties in information transmission and cognitive impairment. Therefore, We speculate that seizures in patients with
SRE may result from a disconnection in thalamo-prefrontal neural signaling that disrupts sleep, subsequently inducing
seizures. The disconnection may involve the corpus callosum. The corpus callosum, located in the center of the brain, is
the largest connecting fiber bundle in the brain, and is also an important structural basis for connecting the bilateral
frontal, parietal, temporal and occipital lobe.”> Previous studies have shown that the microstructure of the WM of the
corpus callosum in epileptic patients is widespread damaged, suggesting that epileptic activity is not confined to a certain
area of the brain or one side of the cerebral hemisphere, but can be spread through extensive WM fiber connections.”*?’
Clinically, corpus callosotomy uses this mechanism to alleviate seizures in refractory epilepsy. The results of our study
show that the injuries of the corpus callosum in SRE patients are mainly concentrated in the genu and the anterior body
regions, which are the main connecting fibers connecting the bilateral frontal lobes, suggesting that the epileptiform
discharges of epilepsy in SRE patients may be more spread in the bilateral frontal lobe areas through the anterior part of
the corpus callosum. These findings reinforce the understanding that bilateral frontal WM changes in SRE are significant
pathophysiological mechanisms for epileptogenesis.

Increased RD in SRE

In addition, the results of this study show that the patients with SRE have increased RD in bilateral frontal lobe and the
corpus callosum limitedly. Increased RD values represent loss of WM myelin and axonal damage. Interestingly, only RD
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was found in this study, whitch may be due to the fact that, compared to MD and AD, RD is sensitive to pathological
changes in myelin.28 Compared with other common epilepsy syndromes, such as temporal lobe epilepsy, which exhibits

bilateral WM changes in extensive brain regions,?®*’

the range of WM damage in the SRE patients in our study was
more limited. The reason may be related to the low frequency of SRE itself, effective drug control and mostly focal
epilepsy. A resting-state fMRI study indicated that patients with newly diagnosed focal epilepsy exhibited some WM
dysfunction which was reversed following pharmacological treatment.*® Therefore, we thought that the limited bilateral
prefrontal regions may be caused by drugs. This finding suggests the drug’s control effect is excellent in this benign form
of focal epilepsy, and underscores the importance of pharmacological management in treating patients with SRE. MD
and AD values of the brain regions of these patients have not changed significantly. In general, the change of MD value
does not directly reflect the integrity of WM fiber bundles. The increase in MD value more represents the decrease of
local cell density, increase of membrane permeability and expansion of extracellular space caused by cell lysis and
death.®’! The increase or decrease of AD value reflects more acute and chronic injury of axon. There is no significant
change in MD and AD values in this study. The reason may be that SRE patients have less seizure frequency and mild
symptoms. When the WM fibers are damaged by seizures, the glycoprotein contained in the mature outer myelin sheath
alleviates the neuroexcitotoxicity caused by abnormal discharge to a certain extent’” and plays a certain protective role in
the axons of the inner layer and even the entire nerve fiber, which is manifested as an increase in RD value, while AD
value and MD value do not change significantly. Therefore, the changes in DTI parameters in the local brain area of SRE
patients (mainly manifested by the decreased FA and increased RD) may reflect the changes of WM microstructure in the
brain area and the damage of myelin sheath, but are not significantly involved in cell disintegration, necrosis and axonal

injury.

Increased RD Associated with an Earlier Age of Onset in SRE

Elevated RD values are negatively correlated with the age of onset in patients with SRE. In healthy populations, there is
an upward trend in RD values with increasing age.*> However, in patients with epilepsy, WM impairment is associated
with the age at seizure onset, being more severe when seizures occur at a younger age.” Furthermore, previous studies
have indicated that in the early-onset epilepsy group, the timing of seizures is the primary cause of WM abnormalities,
whereas in late-onset epilepsy, it plays a secondary role in inducing alterations in WM.?* Consistent with these findings,
myelin damage in the frontal lobe and corpus callosum of SRE patients is more pronounced at a younger age. As
previously mentioned, medication control is effective in patients with SRE; therefore, it is crucial to provide sufficient
clinical attention to young patients with SRE through early diagnosis and timely treatment. On the one hand, for SRE
patients, both AD and MD remain unchanged and are not specific to pathological changes in axons or myelin sheaths,
complicating the interpretation of results, on the other hand, compared to FA values, we observed more extensive WM
damage in RD, suggesting that RD may serve as the most sensitive biomarker for detecting early WM microstructural
changes in SRE; this highlights its potential significance value for early clinical diagnosis.

Currently, the exploration of the pathological mechanisms underlying SRE is still in its early stages. Research
concerning the onset, progression, and the interplay between SRE and sleep remains incomplete. Our study encountered
several limitations, including a relatively small patient sample, reliance on a single analytical method, and the constraints
of a single-center study. Furthermore, patients’ heterogeneity and variations in therapeutic agents may have influenced
the results. Therefore, to further elucidate the pathophysiological mechanisms of SRE, we plan to incorporate the clinical
characteristics of epilepsy patients, electroencephalography, and advanced multimodal functional magnetic resonance
imaging analysis methods in future research. In addition, the thalamus will be taken into consideration. This approach
aims to investigate the pathogenesis of the disease from multiple perspectives, including structure, function, and
metabolism, and to facilitate advancements in clinical diagnosis and treatment.

Conclusion

Our research indicates subtle damage to the WM in the bifrontal lobe and corpus callosum in patients with SRE. This
suggests that limited alterations in WM integrity and damage to myelin sheaths may mediate abnormalities in neural
signaling, subsequently affecting the patient’s sleep and potentially inducing epilepsy. These findings may contribute to
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exploring the pathophysiological mechanisms in SRE. Furthermore, the observation that myelin damage was more severe

in

early-onset SRE highlights concerns regarding brain structural alterations in younger patients, with RD may serve as

a sensitive biomarker for detecting early WM damage.
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