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Causal relationships between epilepsy and the 
microstructure of the white matter
A Mendelian randomization study
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Hang Lei, PhDb, Wenfu Tang, PhDa,b,*

Abstract 
To examine the causal bidirectional relationships between epilepsy and microstructural changes in the white matter (WM). A 
genome-wide association study meta-analysis of the International League Against Epilepsy Consortium on Epilepsy and 360 
WM imaging-derived phenotypes (IDPs) from the UK Biobank was used for the analysis. Genetic correlation analyses were 
conducted based on summary statistics of various “IDP-epilepsy” pairs for 2-sample Mendelian randomization (MR) analysis to 
explore the causal relationships. We used the inverse variance weighted (IVW) method as the primary MR analysis approach, and 
conducted sensitivity analyses for pleiotropy and heterogeneity. Forward MR analysis revealed that alterations in the 16 WM IDPs 
increased the risk of epilepsy (q value < 0.05). Changes in the 38 WM IDPs were associated with a decreased risk of epilepsy 
(q value < 0.05). In the reverse analysis, seizures from all epilepsy types changed 5 WM IDPs, whereas seizures from juvenile 
myoclonic epilepsy altered 11 WM IDPs (q value < 0.05). This study revealed causal associations between changes in the WM 
microstructure and epilepsy subtypes. These findings offer new directions for early prevention and treatment of epilepsy.

Abbreviations: AE = absence epilepsy, CAE = childhood absence epilepsy, DTI = diffusion tensor imaging, FA = fractional 
anisotropy, FE = focal epilepsy, FE with HS = focal epilepsy with hippocampal sclerosis, GGE = generalized epilepsy, GTCS = 
generalized epilepsy with tonic-clonic seizures, GWAS = genome-wide association studies, HS = hippocampal sclerosis, ICVF = 
intracellular volume fraction, IDPs = imaging-derived phenotypes, ILAE = International League Against Epilepsy, ISOVF = isotropic 
or free water volume fraction, IVs = instrumental variables, IVW = inverse-variance weighted, JAE = juvenile absence epilepsy, 
JME = juvenile myoclonic epilepsy, LD = linkage disequilibrium, MD = mean diffusivity, MO = diffusion tensor mode, MR = 
Mendelian randomization, MRI = magnetic resonance imaging, OD = orientation dispersion index, PCT = pontine crossing tract, 
SCC = splenium of the corpus callosum, SE = standard error, SLF = superior longitudinal fasciculus, SNP = single nucleotide 
polymorphism, TBSS = tract-based spatial statistics, TLE = temporal lobe epilepsy, WM = white matter.
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1. Introduction
Epilepsy is a chronic central nervous system disorder that affects 
over 70 million people worldwide.[1] It is characterized by recur-
rent seizure events with stereotyped changes in neural mech-
anisms in the brain during episodes.[2] Epilepsy is a significant 
contributor to the years lived with disability in neurological 
diseases, with idiopathic epilepsy accounting for 14.1% of the 
disability-adjusted life-years burden among neurological condi-
tions.[3] Despite being one of the leading causes of global dis-
ability and death, approximately 50% of epilepsy cases have an 
unclear etiology,[2] necessitating further research.

In 1888, Hughlings-Jackson proposed that epilepsy is a cere-
bral cortex disorder. However, advances in detection technolo-
gies have indicated that alterations in the cerebral cortex are not 
the sole cause of epileptic seizures. In recent years, magnetic res-
onance imaging (MRI) has enabled the identification of subtle 
changes in white matter (WM) myelination and in the number 
of interstitial neurons.[4]

Diffusion-weighted MRI and its analytical extensions, par-
ticularly diffusion tensor imaging (DTI), are currently the only 
noninvasive techniques capable of effectively observing and 
tracking WM fiber tracts in the living human brain.[5] DTI 
precisely reveals microstructural changes in multiple regions 
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near and far from epileptogenic foci. For example, a previous 
study that used MRI DTI indicated diffusion abnormalities in 
both superficial and deep WM in patients with temporal lobe 
epilepsy (TLE) and hippocampal sclerosis (HS).[5] Moreover, 
a study employing voxel-based morphometry, an automated 
image analysis technique, showed that patients with TLE exhibit 
pathological changes in cerebral gray matter and a reduction in 
WM ipsilateral to the epileptic focus.[6] Additionally, an obser-
vational study across various epilepsy syndromes noted abnor-
malities in the WM of the corpus callosum, external capsule, 
and cingulum in most patients with epilepsy.[7] Overall, increas-
ing evidence suggests that epilepsy is associated with changes 
in the microstructure of WM; however, most of this evidence is 
observational in nature, leaving the causal relationship between 
them unclear.

Mendelian randomization (MR) utilizes the naturally occur-
ring random event of genetic variation as a powerful tool to 
analyze the variable risk factors in population health, providing 
evidence of the presumed causal relationship between modifi-
able risk factors and diseases.[8] Since parents pass genes onto 
offspring through random allocation, unaffected by other exter-
nal factors, MR can avoid biased associations that arise from 
confounding or reverse causality in observational studies.[9]

Recent large-scale genome-wide association studies (GWAS) 
of neuropsychiatric disorders coupled with brain imaging- 
derived phenotypes (IDPs) have allowed the exploration of 
causal relationships between changes in brain IDPs and neuro-
psychiatric disorders.[10] The aim of this study was to explore the 
bidirectional causal effects between WM IDPs and epilepsy based 
on genetic variation summary statistics from the International 
League Against Epilepsy (ILAE) Complex Epilepsy Consortium 
and the UK Biobank GWAS. To do so, a 2-sample MR anal-
ysis was conducted. This study revealed a causal relationship 
between WM microstructure changes and various epilepsy sub-
types, providing new directions for the clinical prevention and 
treatment of epilepsy.

2. Methods
In this study, the genome-wide association studies (GWAS) sum-
mary statistics for epilepsy and its subtypes were derived from 
the 2023 meta-analysis study conducted by the ILAE Complex 
Epilepsy Consortium.[11] Epileptic seizures and epilepsy syn-
drome were classified into 3 categories according to the ILAE 
diagnosis: generalized epilepsy (GGE), focal epilepsy (FE), and 
unclassified epilepsy.[12] The GWAS data for epilepsy in this 
study were based on data from patients of European ancestry 
(Supplemental Digital Content 1, http://links.lww.com/MD/
N802).

GWAS summary statistics for WM IDPs were derived 
from genetic research on brain IDPs conducted by the UK 
Biobank,[13] using a sample of 31,356 individuals of European 
descent. The UK Biobank has collected genetic and multimodal 
brain imaging data from approximately 50,000 people using 
MRI scanners and has characterized the microstructure of 
WM based on the obtained diffusion MRI data using 2 analyt-
ical methods: tract-based spatial statistics (TBSS) and probabi-
listic tractography. Both TBSS and probabilistic tractography 
analyses reported 6 metrics in multiple cortical regions using 
the DTI fitting tool and the neurite orientation dispersion and 
density imaging fitting tool accelerated microstructure imaging 
via convex optimization,[14] including the fractional anisotropy 
(FA), mean diffusivity (MD), diffusion tensor mode (MO), 
intracellular volume fraction (ICVF), isotropic or free water 
volume fraction (ISOVF), and orientation dispersion index 
(OD).

Our analysis included 60 WM tracts, comprising data from 
48 TBSS and 12 probabilistic tractography tracts, and incor-
porating 360 WM IDPs (60 WM tracts × 6 measurements), 

with each IDP representing the mean or weighted average of 
the measurements within a WM region. The data sources are 
listed in Supplemental Digital Content 2, http://links.lww.com/
MD/N802.

2.1. Mendelian randomization analysis

The 3 fundamental assumptions of MR are as follows: genetic 
variants are closely associated with exposure; genetic vari-
ants are unrelated to the outcome except through exposure; 
and genetic variants are unrelated to any potential confound-
ing factors.[15] Therefore, we selected single nucleotide poly-
morphisms (SNPs) from the exposure factor GWAS data 
that reached a genome-wide significance level (P < 5 × 10−8). 
To ensure the independence of SNP instrumental variables 
(IVs) and avoid bias introduced by instrumental variables, 
we removed SNPs with linkage disequilibrium (LD) based on 
an r2 threshold of 0.001 within 10,000 kb as the final instru-
mental variables for the MR study.[16] We calculated the F sta-
tistic (F = β2/se2) for each SNP corresponding to the GWAS 
exposure data to assess the power of the SNPs. To minimize 
instrument bias, only SNPs with an F value > 10 were con-
sidered usable IVs.[17] MR analysis included previously pub-
lished GWAS summary statistics. The ethics committee of each 
institution approved each study, and all participants provided 
written informed consent prior to their inclusion in the study. 
Each study was conducted in accordance with the principles 
of the Declaration of Helsinki. No additional ethical approval 
or informed consent was obtained from any participant. The 
overall study design is illustrated in Figure 1.

In this study, we conducted a bidirectional 2-sample MR 
analysis using the TwoSampleMR R package (https://mrcieu.
github.io/TwoSampleMR).[18] We divided the MR analysis into 
2 categories based on different exposure and outcome factors. 
In the forward analysis, WM IDP was considered as the expo-
sure factor and epilepsy as the outcome factor to investigate 
the influence of WM IDPs on epilepsy. In the reverse analysis, 
epilepsy was considered as the exposure factor and WM IDPs as 
the outcome factor to study the effects of epileptic seizures on 
various brain WM regions.

To analyze each effect, we employed 5 methods: 
inverse-variance weighted (IVW), MR-Egger, weighted 
median, weighted mode, and simple mode. Among these, the 
IVW method with a random-effects model was utilized as 
the primary MR analysis method to detect the causal effects 
between exposure and outcome factors. The IVW method 
uses an asymptotic estimation of the standard error of the 
causal (ratio) estimate from each variant, which provides the 
most robust confidence when detecting causal effects.[19] The 
slope coefficient from the MR-Egger regression provides an 
estimate of the causal effect. This facilitates detection of some 
violations of the standard instrumental variable assumptions, 
and provides effect estimates that are robust to these vio-
lations.[20] The weighted median method can prevent up to 
50% of invalid instrumental variables.[21] The weighted mode 
method estimates the causal effect of the subset with the 
largest number of SNPs by clustering the SNPs into subsets 
resting on the resemblance of causal effects.[22] Although the 
simple mode is not as powerful as the IVW method, it pro-
vides robustness with respect to pleiotropy.[23] Lastly, these 4 
methods serve as supplementary approaches to evaluate the 
reliability of analyses, alongside the IVW method.

2.2. Sensitivity analysis

To enhance the robustness and reliability of the MR study 
results, we conducted sensitivity analysis. First, we assessed 
the heterogeneity between each SNP in the IVW method 
using Cochrane’s Q statistic, where P > .05 indicated no 

http://links.lww.com/MD/N802
http://links.lww.com/MD/N802
http://links.lww.com/MD/N802
http://links.lww.com/MD/N802
https://mrcieu.github.io/TwoSampleMR
https://mrcieu.github.io/TwoSampleMR
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heterogeneity.[24] Second, the MR-Egger regression employed 
the standard of residual heterogeneity and outliers to evaluate 
horizontal pleiotropy, where P > .05 indicated no horizontal 
pleiotropy.[25] Thirdly, we use an MR-Steiger directionality 
test to determine the correctness of the direction of causal 
estimation between IDP and epilepsy.[26] Leave-one-out anal-
ysis was performed to assess whether causality was driven by 
individual SNPs with substantial horizontal pleiotropy and to 
evaluate the reliability of the results.[27] Finally, we employed 
the MR-pleiotropy residual sum and outlier (MR-PRESSO) 
method to identify and correct potential outliers of genetic 
variants with horizontal pleiotropy.[28] This method serves 2 
purposes: to identify potential SNP outliers and ensure that 
the results after removing the identified outliers are consistent 
with those obtained through the IVW method.

2.3. Reverse analysis

To investigate which brain WM regions are affected by the 
occurrence of epilepsy, we conducted reverse causal analysis, 
treating epilepsy as the exposure factor and WM IDP as the out-
come factor. Odds ratios (ORs) were used to determine causal 
effects. The results are presented as point estimates and 95% 
confidence intervals.

3. Results

3.1. Causal effects of WM IDPs on epilepsy and its 
subgroups

First, our data adhered to the following criteria: significance 
threshold (P < 5 × 10−8), Bonferroni correction (P < .05), F 
statistics (F > 10), and LD (r2 < 0.001, kb < 10,000). We then 
identified 324 IDPs that met the criteria from the initial 360 
WM IDPs. Subsequent MR analyses of these 324 WM IDPs, 
after applying Bonferroni correction, revealed 54 WM IDPs 
with causal effects on epilepsy. We primarily report the results 
derived using the IVW method as the main analysis approach 
(Figs. 2 and 3; Supplemental Digital Content 3, http://links.lww.
com/MD/N803), with the results from the 4 other methods pre-
sented in Supplemental Digital Content 4, http://links.lww.com/
MD/N804.

WM IDPs showed the highest number of positive asso-
ciations with generalized epilepsy and tonic-clonic seizures 
(GTCS), of which 15 were associated with the occurrence of 
GTCS, accounting for approximately 28% of all positive results. 
This was followed by 10 WM IDPs associated with childhood 
absence epilepsy (CAE).

In addition, most WM IDPs associated with the 9 subgroups 
predominantly demonstrated a relationship with reduced 

Figure 1. Flow chart of the MR analysis. CAE = childhood absence epilepsy, FE = focal epilepsy, FE with HS = focal epilepsy with hippocampal sclerosis, GGE = 
generalized epilepsy, GTCS = generalized epilepsy with tonic-clonic seizures, GWAS = genome-wide association studies, IDPs = imaging-derived phenotypes, 
IVs = instrumental variables, JAE = juvenile absence epilepsy, JME = juvenile myoclonic epilepsy, LD = linkage disequilibrium, MAF = minor allele frequency, MR 
= Mendelian randomization, SNP = single nucleotide polymorphism, WM = white matter.

http://links.lww.com/MD/N803
http://links.lww.com/MD/N803
http://links.lww.com/MD/N804
http://links.lww.com/MD/N804
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Figure 2. Results of MR analysis of the WM IDPs and epilepsy risk. A total of 81 WM IDPs showed a causal effect on epilepsy. The tabular file for this figure is in 
Supplemental Digital Content 3. CAE = childhood absence epilepsy, FA = fractional anisotropy, FE = focal epilepsy, FE with HS = focal epilepsy with hippocam-
pal sclerosis , GGE = generalized epilepsy, GTCS = generalized epilepsy with tonic-clonic seizures, ICVF = intracellular volume fraction, IDP = imaging-derived 
phenotype, ISOVF = isotropic or free water volume fraction, JAE = juvenile absence epilepsy, JME = juvenile myoclonic epilepsy, LCI = lower confidence interval, 
MD = mean diffusivity, MO = diffusion tensor mode, MR = Mendelian randomization, OD = orientation dispersion, OR = odds ratio, UCI = upper confidence 
interval, WM = white matter.
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Figure 3. Results of WM IDPs derived from the fixed-effect IVW analysis. ACR = anterior corona radiate, ALIC = anterior limb of internal capsule, AR = acoustic 
radiation, ATR = anterior thalamic radiation, BCC = body of corpus callosum, CAE = childhood absence epilepsy, CP = cerebral peduncle, EC = external cap-
sule, FA = fractional anisotropy, FE = focal epilepsy, FE with HS = focal epilepsy with hippocampal sclerosis, FMA = forceps major, FMI = forceps minor, FST = 
fornix and stria terminalis, GGE = generalized epilepsy, GTCS = generalized tonic-clonic seizures, ICP = inferior cerebellar peduncle, ICVF = intracellular volume 
fraction, IDPs = imaging-derived phenotypes, IFOF = inferior fronto-occipital fasciculus, ISOVF = isotropic or free water volume fraction, IVW = inverse-variance 
weighted, JAE = juvenile absence epilepsy, JME = juvenile myoclonic epilepsy, L = left, MD = mean diffusivity, ML = medial lemniscus, MO = diffusion tensor 
mode, OD = orientation dispersion, PCT = pontine crossing tract, PCR = posterior corona radiate, PTR = posterior thalamic radiation, R = right, RIC = retro-
lenticular part of internal capsule, SCC = splenium of corpus callosum, SCP = superior cerebellar peduncle, SCR = superior corona radiate, SFOF = superior 
fronto-occipital fasciculus, SLF = superior longitudinal fasciculus, SS = sagittal stratum, STR = superior thalamic radiation, UF = uncinate fasciculus, WM = 
white matter.
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seizure risk, with 38 WM IDPs showing a decrease in seizure 
risk for their respective subgroups, accounting for 70% of 
the total results. Among these, WM IDPs related to reducing 
the risk of GTCS and CAE represented the largest proportion 
(22% and 13%, respectively). Notably, the left uncinate fas-
ciculus, originating in the temporal lobe and terminating in 
the frontal lobe, was the sole positive finding associated with 
lesion-negative FE, in which an increase in MD was signifi-
cantly associated with a higher risk of seizures. Interestingly, 
the left uncinate fasciculus showed a decrease in the orienta-
tion dispersion index, which was linked to a reduced risk of 
CAE seizures.

3.2. Sensitivity analysis

Cochran’s Q statistic, which incorporates the IVW test and 
MR-Egger regression method, indicated no significant hetero-
geneity among the SNPs for all positive findings (P > .05). The 
MR-PRESSO test detected no horizontal pleiotropy or appar-
ent outliers (P > .05). Similar findings were obtained with the 
MR-Egger regression intercept analysis (P > .05), and the Steiger 
directionality test indicated no significant directionality or hori-
zontal pleiotropy (Supplemental Digital Contents 5 and 6, http://
links.lww.com/MD/N805 http://links.lww.com/MD/N806).

3.3. Reverse analysis

In a bidirectional MR framework (Fig. 1), we utilized epilepsy 
GWAS data as the exposure to conduct a reverse analysis on 
the outcome factor, WM IDP, and found that the occurrence of 
epilepsy exerts an influence on brain WM. Specifically, all epi-
lepsy cases showed a causal effect on 5 WM IDPs (Bonferroni-
corrected, P < .05), accounting for 31% of the total results. 
Juvenile myoclonic epilepsy (JME) demonstrated a causal effect 
on 11 WM IDPs (Bonferroni-corrected, P < .05), representing 
69% of all results.

We also conducted sensitivity analyses, including Cochran’s 
Q statistics, MR-Egger regression intercept analysis, and 

MR-PRESSO tests, none of which showed significant outli-
ers (P > .05; Supplemental Digital Content 4, http://links.lww.
com/MD/N804). We extracted the results obtained primarily 
using the IVW method (Fig. 4; Supplemental Digital Content 3, 
http://links.lww.com/MD/N803), and the results from the other 
4 methods are displayed in Supplemental Digital Content 4, 
http://links.lww.com/MD/N804.

4. Discussion
In this study, a bidirectional 2-sample MR analysis was con-
ducted to assess the causal relationship between microstruc-
tural changes in WM and epilepsy in patients with psychiatric 
disorders. In the forward MR analysis, 54 IDPs demonstrated a 
clear causal effect on epilepsy (Bonferroni correction, P < .05), 
primarily reducing seizure risk in the corresponding sub-
groups, accounting for 70% of the total results. Reverse anal-
ysis showed that epilepsy exhibited a causal effect on 5 WM 
IDPs (Bonferroni correction, P < .05), representing 31% of the 
total results. JME exhibited a causal effect on 15 WM IDPs 
(Bonferroni correction, P < .05), accounting for 69% of the 
total results.

Microstructural changes in WM had a significant causal 
effect on GTCS, with 15 WM IDPs showing relevance that 
were previously unreported in observational studies. GTCS 
manifests as episodic, intense, and sustained contractions of 
muscles on one or both sides of the body, with patients exhib-
iting significant impairments in mood, attention, language, 
and memory functions.[29] Furthermore, an observational 
study indicated significant interstitial changes in the lymph 
nodes of the right thalamus and bilateral temporal lobes.[30] 
Consequently, the majority of positive results involve neural 
fiber bundles, such as the cerebral peduncle, inferior cerebel-
lar peduncle, and pontine crossing tract that transmit motor 
and sensory information, along with the right thalamus, corpus 
callosum, uncinate fasciculus, and superior longitudinal fascic-
ulus, which are primarily involved in the regulation of memory, 
language, and emotional functions. Notably, an increased FA in 

Figure 4. Results of MR analysis of epilepsy and WM IDP risk. Epileptic seizures can affect 21 WM IDPs. The tabular file for this figure is in Supplemental Digital 
Content 3. FA = fractional anisotropy, ICVF = intracellular volume fraction, IDP = imaging-derived phenotype, ISOVF = isotropic or free water volume fraction, 
JME = juvenile myoclonic epilepsy, LCI = lower confidence interval, MD = mean diffusivity, MO = diffusion tensor mode, MR = Mendelian randomization, OD = 
orientation dispersion, OR = odds ratio, UCI = upper confidence interval, WM = white matter.

http://links.lww.com/MD/N805
http://links.lww.com/MD/N805
http://links.lww.com/MD/N806
http://links.lww.com/MD/N804
http://links.lww.com/MD/N804
http://links.lww.com/MD/N803
http://links.lww.com/MD/N804
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the right inferior cerebellar peduncle and left cerebral pedun-
cle was associated with a reduced risk of GTCS. The inferior 
cerebellar peduncle originates in the medullary portion of the 
brainstem and contains the main efferent cerebellar fibers. It 
primarily transmits motor and sensory information from the 
medulla to the cerebellum while integrating feedback from the 
cerebellum to the thalamus, which in turn transmits this infor-
mation to cortical regions.[31,32] Previous studies have found 
that this tract is mainly involved in the control of movement 
and sensation, and reflects damage occurring in motor dis-
orders.[33] The cerebral peduncle originates from the frontal, 
parietal, temporal, and occipital lobes and is responsible for 
transmitting motor and sensory information. The upper por-
tion includes the corticospinal tract, the most significant motor 
pathway in the brain, which conveys motor information from 
the cerebral cortex to the spinal cord.[34,35] FA is primarily used 
to observe the integrity of the WM structure and myelination, 
as well as the condition of nerve fiber bundles.[36] An increase 
in FA indicates a more consistent direction of nerve fibers, sug-
gesting a more intact and compact structure, which enhances 
the effective transmission of neural signals. High FA values are 
generally associated with a healthy state of nerve fiber bundles. 
Previous studies have confirmed that seizures in GTCS are asso-
ciated with abnormal electrical signal transmission between the 
cerebral cortex and hypothalamus.[37] Therefore, we hypothe-
sized that increasing the FA of the right inferior cerebellar and 
left cerebral peduncles could correct abnormal electrical signal 
expression during epileptic seizures, thereby reducing the risk 
of GTCS.

Additionally, an increase in the ICVF of the superior longi-
tudinal fasciculus (SLF), which connects the parietal, temporal, 
and frontal lobes of the brain, reduces the risk of GTCS. The 
SLF is one of the largest association fiber tracts in the brain, link-
ing the perisylvian areas across the hemispheres and support-
ing cognitive function and motor control.[38] Previous research 
has confirmed that the SLF is associated with the generation 
of motor hyperactivity.[39] An increase in the ICVF mainly indi-
cates an increase in the intracellular space within the nerve fiber 
bundles in this region, which may reflect an increase in neuro-
nal cells, hypertrophy, or cellular edema.[40] Cellular edema can 
affect the normal function of neurons, leading to the disruption 
or weakening of signal transmission. This can result in reduced 
or impaired mediated movements. Therefore, we believe that 
when the ICVF of the SLF increases, mediated hyperactivity is 
reduced, thereby decreasing the risk of GTCS.

Interestingly, all WM IDPs associated with an increased risk 
of GTCS episodes exhibited an elevated MD. An increase in MD 
indicates that water molecules can diffuse more freely within nerve 
fiber bundles, reflecting the compromised or damaged structural 
integrity of the nerve fiber bundles characterized by neuronal 
injury, axonal damage, or myelin sheath damage.[14] Therefore, an 
elevated MD may lead to abnormalities in neuronal connectivity, 
affecting communication and signal transmission between neu-
rons, thereby increasing the risk of epilepsy or exacerbating exist-
ing epilepsy symptoms. In some cases, an increase in MD may 
serve as an indicator of disease progression or treatment efficacy, 
which is important in neuroimaging, diagnosis, and monitoring.

The causal relationship between WM IDP and FE, and focal 
epilepsy with hippocampal sclerosis (FE with HS) is consistent 
with previous observational studies.[5,6] Moreover, the abnormal 
alterations of WM IDP in these 2 subtypes are also reflected in 
the corpus callosum, which corroborates previous findings from 
observational studies investigating different epilepsy syndromes.[7] 
This may be due to the epilepsy seizures propagating throughout 
the brain via myelinated tracts in the white matter, with the cor-
pus callosum being the commissural bundle required for the gen-
eralization of epileptic seizures[41]; thus, alterations of WM IDP in 
the corpus callosum can be found in both types of epilepsy.

An increase in the diffusion tensor mode in the splenium 
of the corpus callosum (SCC) is associated with an increased 

risk of FE with HS. SCC originates in the posterior part of the 
brain and connects the posterior regions of the 2 cerebral hemi-
spheres. It facilitates communication and coordination among 
the sensory, motor, and cognitive functions of both cerebral 
hemispheres, promoting the integration of information between 
them.[42] Lesions in the SCC may lead to disconnection of the 
cerebral hemispheres, accompanied by cortical dysfunction, 
loss of consciousness, and delirium.[43,44] Diffusion tensor mode 
(MO) provides information about the tissue microstructure, 
such as the orientation and connectivity of fiber bundles. It is 
highly sensitive to differences in WM, particularly in crossing 
fibers. Therefore, MO is primarily used to study the integrity of 
WM fiber bundles, lesions, and the progression of neurodegen-
erative diseases. An increase in MO indicates structural alter-
ations and reduced WM integrity due to the loss of crossing 
fibers[45,46] Studies have found that the majority of patients with 
TLE exhibit signs of HS on MR,[47] widespread atrophy of the 
SCC, inferior fronto-occipital fasciculus, and uncinate fasciculus 
have been observed.[48] Therefore, we believe that an increase in 
MO reflects the compromised integrity of the SCC and predicts 
an increased risk of FE with HS.

In our reverse analysis, JME influenced the structure of the 
WM IDP. Specifically, the pontine crossing tract (PCT) originat-
ing from the cerebral peduncle is affected, resulting in a decrease 
in FA. PCT transmits motor nerve fibers from one cerebral 
hemisphere to the contralateral spinal cord, controlling muscle 
activity on opposite sides of the body. FA serves as one of the 
output pathways from the motor areas of the cerebral cortex 
and plays a crucial role in the coordination and control of bodily 
movements.[49,50] FA, in contrast, is primarily used to observe the 
integrity of the WM structure and myelin sheaths, as well as the 
extent of damage to nerve fiber bundles.[36] A decrease in FA 
can lead to overall cognitive impairment,[51] possibly due to FA 
reduction, indicating damage to nerve fiber bundles, anatomical 
abnormalities, or pathological changes. It is typically associated 
with WM structural damage, diseases, or abnormalities, such 
as brain injury, inflammatory conditions, and neurodegenerative 
diseases.[37]

Studies have indicated that GTCS in epilepsy belongs to a 
subset of generalized seizures that affect the brain networks 
across both hemispheres. They typically begin with absence 
epilepsy (AE) or myoclonic epilepsy that evolves into GTCS.[37] 
Therefore, we speculate that JME, leading to damage to the PCT, 
may be associated with subsequent GTCS. Additionally, abnor-
mal activity within brain networks during epileptic seizures can 
affect myelin sheath formation, and changes in myelin sheath 
thickness have been confirmed during AE seizures.[52,53] Hence, 
we hypothesized that AE seizures may further promote abnor-
mal changes in the myelin sheath structure and that differences 
in myelin sheath thickness may facilitate the progression of gen-
eralized epilepsy, as demonstrated experimentally.[54] However, 
whether AE seizures play a driving role in the progression of 
generalized epilepsy requires further investigation.

In recent decades, brain connectivity research[55] and intra-
cranial neuromodulation techniques[56] have played critical 
roles in epilepsy treatment. The thalamus, serving as an “inte-
grative hub” within the brain, is a critical target for intracra-
nial neuromodulation therapies. In the current study, in the 
anterior thalamus, superior thalamus, and posterior thalamus, 
IDPs, such as the ICVF in the left and right superior thalamic 
radiation, FA in the right superior thalamic radiation, ICVF 
in the right anterior thalamic radiation, MD and ISOVF in 
the left anterior thalamic radiation, and MO in the right pos-
terior thalamic radiation were involved in the occurrence of 
focal epilepsy, generalized epilepsy with tonic-clonic seizures, 
childhood absence epilepsy, focal epilepsy with hippocampal 
sclerosis, juvenile absence epilepsy, and juvenile myoclonic 
epilepsy. In clinical practice, these IDPs enable more refined 
targeting within the thalamic neural networks of various 
patients with epilepsy, thereby reducing adverse reactions from 
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neuromodulation and enhancing the precision and controlla-
bility of treatment. This, in turn, has advanced the continued 
development and innovation of intracranial neuromodulation 
techniques. Moreover, emerging evidence highlights the poten-
tial efficacy of intracranial neurostimulation interventions in 
pediatric populations and in patients with generalized epi-
lepsy.[53] The IDPs we identified with causal relationships with 
epilepsy can facilitate the selection of corresponding neural 
targets in clinical practice based on the specific epilepsy sub-
type and intracranial region involved. This enables the devel-
opment of tailored intracranial neurostimulation protocols 
that precisely disrupt seizure propagation pathways, thereby 
preventing seizure recurrence.

The most substantial advantage of the current study is the 
Mendelian randomization design used. The use of randomly dis-
tributed genetic variations as instrumental variables (IVs) can 
effectively avoid reverse causality and residual confounding, 
which observational studies are prone to. Samples from the UK 
Biobank and European ancestry samples from the International 
League Against Epilepsy Complex Consortium were analyzed to 
effectively avoid biases caused by sample overlap and population 
stratification. IVW was used as the primary analytical method, and 
the robust estimation effects of each IV were determined (all F sta-
tistics > 10), rendering the results more reliable.

Nevertheless, this study has some limitations. Firstly, the sam-
ple was limited to individuals of European ancestry. Although this 
approach reduces the sample overlap, it potentially limits the gen-
eralizability of the results. Moreover, the 3 main assumptions of 
MR studies are stringent, and both epilepsy and microstructural 
alterations in WM have complex etiologies. It is possible that 
not all confounding factors related to exposure were accounted 
for, and we cannot guarantee complete elimination of bias in the 
causal inference estimates. Second, horizontal pleiotropy in MR 
studies can affect causal inference. However, the results of all the 
sensitivity analyses in this study suggest that the impact of hori-
zontal pleiotropy is likely minimal. Finally, we only investigated 
the causal relationship between epilepsy and microstructural 
alterations in the WM. Further research should explore how clin-
ical symptoms, disease severity, and duration of illness in epilepsy 
affect the WM microstructure.

5. Conclusion
In summary, we established a causal relationship between epi-
lepsy and microstructural WM changes measured using dif-
fusion MRI IDP metrics, based on genetic variation and MR 
analysis. These microstructural WM changes, which affect the 
risk of epilepsy onset, could potentially serve as neuroimaging 
biomarkers for epilepsy, aiding the early diagnosis of patients 
with potential epilepsy. Additionally, alterations in the micro-
structural WM during epileptic seizures provide potential 
targets for interventions in epilepsy treatment. These findings 
deepen our understanding of epileptic seizures and their under-
lying neurophysiology, offer potential targets for precise and 
efficient intervention in epilepsy, and provide new directions for 
future therapeutic strategies.

Acknowledgments
This work was supported by a grant from the National Natural 
Science Foundation of China (No. 82174264).

Author contributions
Conceptualization: Zhijun Xie, Zhe Chen, Yuhong Jiang, Jiaqi 

Yao, Pengcheng Zhang, Wenfu Tang.
Data curation: Zhijun Xie, Zhe Chen, Yuhong Jiang, Jiaqi Yao, 

Hang Lei.

Formal analysis: Zhijun Xie, Zhe Chen, Yuhong Jiang, Hang 
Lei.

Funding acquisition: Wenfu Tang.
Investigation: Zhijun Xie, Zhe Chen, Jiaqi Yao, Pengcheng 

Zhang.
Methodology: Zhijun Xie, Yuhong Jiang.
Project administration: Zhijun Xie, Hang Lei, Wenfu Tang.
Resources: Zhijun Xie, Zhe Chen, Jiaqi Yao, Pengcheng Zhang, 

Hang Lei.
Software: Zhijun Xie, Pengcheng Zhang, Hang Lei.
Supervision: Zhe Chen, Jiaqi Yao, Pengcheng Zhang, Wenfu 

Tang.
Validation: Zhijun Xie, Zhe Chen, Yuhong Jiang, Jiaqi Yao, 

Pengcheng Zhang.
Visualization: Zhijun Xie, Zhe Chen, Yuhong Jiang.
Writing – original draft: Zhijun Xie.
Writing – review & editing: Zhijun Xie, Wenfu Tang.

References
 [1] Thijs RD, Surges R, O’Brien TJ, Sander JW. Epilepsy in adults. Lancet. 

2019;393:689–701.
 [2] Beghi E, Giussani G, Nichols E, et al. Global, regional, and national 

burden of epilepsy, 1990–2016: a systematic analysis for the Global 
Burden of Disease Study 2016. Lancet Neurol. 2019;18:357–75.

 [3] Feigin VL, Nichols E, Alam T, et al. Global, regional, and national bur-
den of neurological disorders, 1990–2016: a systematic analysis for the 
Global Burden of Disease Study 2016. Lancet Neurol. 2019;18:459–80.

 [4] Deleo F, Thom M, Concha L, Bernasconi A, Bernhardt BC, Bernasconi 
N. Histological and MRI markers of white matter damage in focal epi-
lepsy. Epilepsy Res. 2018;140:29–38.

 [5] Urquia-Osorio H, Pimentel-Silva LR, Rezende TJR, et al. Superficial 
and deep white matter diffusion abnormalities in focal epilepsies. 
Epilepsia. 2022;63:2312–24.

 [6] Bernasconi N, Duchesne S, Janke A, Lerch J, Collins DL, Bernasconi A. 
Whole-brain voxel-based statistical analysis of gray matter and white 
matter in temporal lobe epilepsy. Neuroimage. 2004;23:717–23.

 [7] Hogan RE. Epilepsy as a disease of white matter. Epilepsy Curr. 
2020;21:27–9.

 [8] Davies NM, Holmes MV, Davey Smith G. Reading Mendelian rando-
misation studies: a guide, glossary, and checklist for clinicians. BMJ. 
2018;362:k601.

 [9] Skrivankova VW, Richmond RC, Woolf BAR, et al. Strengthening the 
reporting of observational studies in epidemiology using mendelian 
randomisation (STROBE-MR): explanation and elaboration. BMJ. 
2021;375:n2233.

 [10] Guo J, Yu K, Dong S-S, et al. Mendelian randomization analyses sup-
port causal relationships between brain imaging-derived phenotypes 
and risk of psychiatric disorders. Nat Neurosci. 2022;25:1519–27.

 [11] Stevelink R, Campbell C, Chen S, et al.; International League Against 
Epilepsy Consortium on Complex Epilepsies. GWAS meta-analysis  
of over 29,000 people with epilepsy identifies 26 risk loci and  
subtype-specific genetic architecture. Nat Genet. 2023;55:1471–82.

 [12] Scheffer IE, Berkovic S, Capovilla G, et al. ILAE classification of the 
epilepsies: position paper of the ILAE commission for classification and 
terminology. Epilepsia. 2017;58:512–21.

 [13] Smith SM, Douaud G, Chen W, et al. An expanded set of genome-wide 
association studies of brain imaging phenotypes in UK Biobank. Nat 
Neurosci. 2021;24:737–45.

 [14] Daducci A, Canales-Rodríguez EJ, Zhang H, Dyrby TB, Alexander DC, 
Thiran J-P. Accelerated Microstructure Imaging via Convex Optimization 
(AMICO) from diffusion MRI data. Neuroimage. 2015;105:32–44.

 [15] Pierce BL, Burgess S. Efficient design for mendelian randomization 
studies: subsample and 2-sample instrumental variable estimators. Am 
J Epidemiol. 2013;178:1177–84.

 [16] Price AL, Weale ME, Patterson N, et al. Long-range LD can confound 
genome scans in admixed populations. Am J Hum Genet. 2008;83:132–
5; author reply 135.

 [17] Palmer TM, Lawlor DA, Harbord RM, et al. Using multiple genetic 
variants as instrumental variables for modifiable risk factors. Stat 
Methods Med Res. 2011;21:223–42.

 [18] Hemani G, Zheng J, Elsworth B, et al. The MR-Base platform sup-
ports systematic causal inference across the human phenome. Elife. 
2018;7:226.



9

Xie et al. • Medicine (2024) 103:44 www.md-journal.com

 [19] Burgess S, Butterworth A, Thompson SG. Mendelian randomization 
analysis with multiple genetic variants using summarized data. Genet 
Epidemiol. 2013;37:658–65.

 [20] Bowden J, Davey Smith G, Burgess S. Mendelian randomization with 
invalid instruments: effect estimation and bias detection through Egger 
regression. Int J Epidemiol. 2015;44:512–25.

 [21] Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent 
estimation in mendelian randomization with some invalid instru-
ments using a weighted median estimator. Genet Epidemiol. 
2016;40:304–14.

 [22] Hartwig FP, Davey Smith G, Bowden J. Robust inference in summary 
data Mendelian randomization via the zero modal pleiotropy assump-
tion. Int J Epidemiol. 2017;46:1985–98.

 [23] Milne RL, Kuchenbaecker KB, Michailidou K, et al.; ABCTB 
Investigators. Identification of ten variants associated with 
risk of estrogen-receptor-negative breast cancer. Nat Genet. 
2017;49:1767–78.

 [24] Kulinskaya E, Dollinger MB. An accurate test for homogeneity of 
odds ratios based on Cochran’s Q-statistic. BMC Med Res Methodol. 
2015;15:49.

 [25] Verbanck M, Chen C-Y, Neale B, Do R. Detection of widespread hor-
izontal pleiotropy in causal relationships inferred from Mendelian 
randomization between complex traits and diseases. Nat Genet. 
2018;50:693–8.

 [26] Lutz SM, Voorhies K, Wu AC, Hokanson J, Vansteelandt S, Lange C. 
The influence of unmeasured confounding on the MR Steiger approach. 
Genet Epidemiol. 2022;46:139–41.

 [27] Zhang J. Mendelian randomization study implies causal linkage 
between telomere length and juvenile idiopathic arthritis in a European 
population. J Inflamm Res. 2022;15:977–86.

 [28] Ong J, MacGregor S. Implementing MR-PRESSO and GCTA-GSMR 
for pleiotropy assessment in Mendelian randomization studies from a 
practitioner’s perspective. Genet Epidemiol. 2019;43:609–16.

 [29] Hommet C, Sauerwein HC, De Toffol B, Lassonde M. Idiopathic epilep-
tic syndromes and cognition. Neurosci Biobehav Rev. 2006;30:85–96.

 [30] Li Y, Wang Y, Wang Y, et al. Impaired topological properties of gray 
matter structural covariance network in epilepsy children with gener-
alized tonic–clonic seizures: a graph theoretical analysis. Front Neurol. 
2020;11:306.

 [31] Hoshi E, Tremblay L, Féger J, Carras PL, Strick PL. The cerebellum 
communicates with the basal ganglia. Nat Neurosci. 2005;8:1491–3.

 [32] Liu G, Guo Y, Dang C, et al. Longitudinal changes in the inferior cer-
ebellar peduncle and lower limb motor recovery following subcortical 
infarction. BMC Neurol. 2021;21:320.

 [33] Jossinger S, Mawase F, Ben-Shachar M, Shmuelof L. Locomotor adap-
tation is associated with microstructural properties of the inferior cere-
bellar peduncle. Cerebellum. 2020;19:370–82.

 [34] Park JK, Kim BS, Choi G, Kim SH, Choi JC, Khang H. Evaluation 
of the somatotopic organization of corticospinal tracts in the internal 
capsule and cerebral peduncle: results of diffusion-tensor MR tractog-
raphy. Korean J Radiol. 2008;9:191.

 [35] Kwon HG, Hong JH, Jang SH. Anatomic location and somatotopic 
arrangement of the corticospinal tract at the cerebral peduncle in the 
human brain. AJNR Am J Neuroradiol. 2011;32:2116–9.

 [36] Friedrich P, Fraenz C, Schlüter C, et al. The relationship between axon 
density, myelination, and fractional anisotropy in the human corpus 
callosum. Cereb Cortex. 2020;30:2042–56.

 [37] McGuinness I, Abou-Khalil B, Rubinov M, Gallagher MJ. Network 
connectivity in primary generalized tonic-clonic seizures. Clin 
Neurophysiol. 2022;138:97–107.

 [38] Janelle F, Iorio-Morin C, D’amour S, Fortin D. Superior longitudinal 
fasciculus: a review of the anatomical descriptions with functional cor-
relates. Front Neurol. 2022;13:241.

 [39] Sasagawa A, Enatsu R, Kuribara T, et al. Cortical regions and networks 
of hyperkinetic seizures: electrocorticography and diffusion tensor 
imaging study. Epilepsy Behav. 2021;125:108405.

 [40] Beydoun MA, Beydoun HA, Hu Y-H, et al. Infection burden and its 
association with neurite orientation dispersion and density imaging 
markers in the UK Biobank. Brain Behav Immun. 2024;115:394–405.

 [41] Buksakowska I, Szabó N, Martinkovič L, et al. Distinctive patterns of 
seizure-related white matter alterations in right and left temporal lobe 
epilepsy. Front Neurol. 2019;10:986.

 [42] Blaauw J, Meiners LC. The splenium of the corpus callosum: embryol-
ogy, anatomy, function and imaging with pathophysiological hypothe-
sis. Neuroradiology. 2020;62:563–85.

 [43] Tetsuka S. Reversible lesion in the splenium of the corpus callosum. 
Brain Behav. 2019;9:e01440.

 [44] Takanashi J, Tada H, Kuroki H, Barkovich AJ. Delirious behavior in 
influenza is associated with a reversible splenial lesion. Brain Dev. 
2009;31:423–6.

 [45] Jeurissen B, Leemans A, Tournier J-D, Jones DK, Sijbers J. Investigating the 
prevalence of complex fiber configurations in white matter tissue with dif-
fusion magnetic resonance imaging. Hum Brain Mapp. 2012;34:2747–66.

 [46] Ennis DB, Kindlmann G. Orthogonal tensor invariants and the analy-
sis of diffusion tensor magnetic resonance images. Magn Reson Med. 
2005;55:136–46.

 [47] Bonilha L, Lee C-Y, Jensen JH, et al. Altered microstructure in tem-
poral lobe epilepsy: a diffusional kurtosis imaging study. AJNR Am J 
Neuroradiol. 2014;36:719–24.

 [48] Bartoňová M, Tournier J-D, Bartoň M, et al. White matter alterations 
in MR-negative temporal and frontal lobe epilepsy using fixel-based 
analysis. Sci Rep. 2023;13:19.

 [49] Jia Y, Sun H, Sun L, et al. Mendelian randomization analysis implicates 
bidirectional associations between brain imaging-derived phenotypes 
and ischemic stroke. Cereb Cortex. 2023;33:10848–57.

 [50] Yang C, Zhang W, Yao L, et al. Functional alterations of white matter 
in chronic never-treated and treated schizophrenia patients. J Magn 
Reson Imaging. 2019;52:752–63.

 [51] Chen H, Huang L, Li H, et al. Microstructural disruption of the right 
inferior fronto-occipital and inferior longitudinal fasciculus con-
tributes to WMH-related cognitive impairment. CNS Neurosci Ther. 
2020;26:576–88.

 [52] Gibson EM, Purger D, Mount CW, et al. Neuronal activity promotes 
oligodendrogenesis and adaptive myelination in the mammalian brain. 
Science. 2014;344:1252304.

 [53] Mitew S, Gobius I, Fenlon LR, et al. Pharmacogenetic stimulation of 
neuronal activity increases myelination in an axon-specific manner. Nat 
Commun. 2018;9:306.

 [54] Knowles JK, Xu H, Soane C, et al. Maladaptive myelination promotes 
generalized epilepsy progression. Nat Neurosci. 2022;25:596–606.

 [55] Bassett DS, Sporns O. Network neuroscience. Nat Neurosci. 
2017;20:353–64.

 [56] Piper RJ, Richardson RM, Worrell G, et al. Towards network-guided 
neuromodulation for epilepsy. Brain. 2022;145:3347–62.


