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Abstract
Background Epilepsy, as a chronic noncommunicable disease with recurrent seizures, may be a marker of 
deterioration or alteration in other underlying neurological diseases. This study aimed to investigate the relationship 
of epilepsy with brain function, other common brain disorders, and their underlying mechanisms.

Methods The study was based on clinical diagnostic and test data from 426,527 participants in the UK Biobank, 
of whom 3,251 were diagnosed with epilepsy at baseline. Multiple linear and Cox regression models were used to 
explore the association between epilepsy, brain function, and other brain disorders.

Results This study demonstrated consistent deleterious effects of epilepsy on cognitive and motor function and 
mental health. The risk of neurological diseases and psychiatric disorders was significantly elevated in the epilepsy 
population during the 17-year follow-up period, according to the longitudinal analysis. We also identified several brain 
regions associated with epilepsy, including the pallidum, hippocampus, and precentral regions. Mediation analyses 
revealed mediating effects of peripheral markers and proteins (e.g., GGT, HDL, ACE2, and GDF15), suggesting that 
liver function and lipid metabolism may be involved in the development of other brain disorders in individuals with 
epilepsy.

Conclusions Our study provides robust evidence of the association between epilepsy and poor brain health, 
underscoring the importance of early intervention for epilepsy.
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Introduction
As the global population ages, the surge in the incidence 
of neurological diseases and psychiatric disorders (e.g., 
dementia, stroke, anxiety, and depression) is becoming 
increasingly evident [1, 2]. There is a growing academic 
and public interest in human brain health, and even the 
World Health Organization has declared it a key prior-
ity [3]. Brain disorders, which are impairments of brain 
health characterized by damage to the structure or func-
tion of the brain, cause 9 million deaths each year and are 
the leading cause of death and disability in the world [4]. 
However, the lack of effective treatments to reverse the 
brain damage caused by most diseases makes primary 
prevention a key strategy. Various modifiable risk factors 
such as personality traits, physical activity, sleep regula-
tion, and hypertension have been covered in previously 
proposed key strategies for prevention [5–7]. Therefore, 
it has become particularly important to identify potential 
influencing factors that may adversely affect brain health. 
Recently, the Intersectoral Global Action Plan (IGAP) 
noted that epilepsy could be used as an entry point for 
other neurological diseases and to conduct in-depth 
research on epilepsy and brain health [8].

IGAP proposed for most countries to have a program 
to promote brain health and prevent brain disorders by 
2031 and called for a public health approach to epilepsy 
[3, 9]. To a certain extent, it demonstrated the strong and 
almost equal importance of the relationship between epi-
lepsy and brain health. Epilepsy is the second most prev-
alent neurological disease characterized by unprovoked 
paroxysms, affecting approximately 50  million people 
worldwide [10–13]. Seizures can be a manifestation of 
other disorders, including infection and metabolic imbal-
ance, or a sign of deterioration or alteration of underlying 
neurological diseases. Evidence suggests that recurrent 
seizures in epilepsy can lead to declines in memory, 
attention, executive functions, and overall cognitive abili-
ties [14]. Additionally, comorbidities in people with epi-
lepsy represent a huge burden. Compared to the general 
population, people with epilepsy suffer eight times more 
from other brain disorders such as dementia, depression, 
and anxiety [15, 16]. Identifying the underlying mecha-
nisms linking epilepsy to other brain disorders could help 
develop targeted interventions to reduce the burden of 
neurological diseases, thereby improving global brain 
health.

Our study aimed to assess the impact of epilepsy on 
brain health within a prospective UK Biobank (UKB) 
cohort (Fig.  1). First, we investigated the impact of epi-
lepsy on brain function. Next, employing the Cox pro-
portional hazards model, we explored the longitudinal 
relationships between epilepsy and other prevalent neu-
robehavioral disorders. Neuroimaging data allowed us 
to examine the relationship between epilepsy and brain 

structures, including the white matter, and cortical and 
subcortical regions. Finally, utilizing mediation analyses, 
we investigated the potential mechanisms of the associa-
tion between epilepsy and other common brain disorders 
through peripheral and protein markers. Our study aims 
to investigate the relationship between epilepsy and vari-
ous brain health outcomes, identifying future research 
priorities to minimize the burden on individuals with 
epilepsy.

Materials and methods
Participants
The current study was based on data from the UKB, a 
large prospective cohort. The cohort included more than 
500,000 participants aged 37–73 who attended one of 
22 assessment centers between 2006 and 2010 [17]. The 
assessment consisted of touchscreen questionnaires and 
verbal interviews, covering health and lifestyle infor-
mation, cognitive tests, physical measurements, bio-
logical samples, imaging and genotyping. In addition, 
primary care, hospital inpatient, death and cancer reg-
istry data were also covered in the database. The UKB 
was approved by the North West Multicenter Research 
Ethical Committee  (   h t  t p s  : / / w  w w  . u k  b i o  b a n k  . a  c . u k / l e a r 
n - m o r e - a b o u t - u k - b i o b a n k / a b o u t - u s / e t h i c s     ) . The study 
utilized the UKB resource, application number 19,542. 
All participants signed a written informed consent form. 
The following data were used in this study: demographic 
and behavioral assessments, epilepsy diagnoses, brain 
function assessments (cognitive tests, grip strength tests, 
general health, and neuropsychiatric questionnaires), 
brain structural imaging, other brain disorders diagno-
ses, death data, blood biochemistry markers, blood cell 
counts, metabolomics and proteomics data.

The epilepsy diagnoses were defined as individuals 
with First Reported Occurrences (field identification [ID] 
131048, 131050, International Statistical Classification 
of Diseases and Related Health Problems, Tenth Revi-
sion code G40, G41). Firstly, we included 502,307 par-
ticipants with available epilepsy information from the 
UKB. We excluded participants with self-reported epi-
lepsy only (N = 725), participants diagnosed with epilepsy 
after baseline (N = 3,644), and participants with dementia, 
Parkinson’s disease (PD), sleep disorder, stroke, anxiety, 
bipolar disorder, major depressive disorder (MDD), and 
schizophrenia at baseline (N = 71,411). Finally, there were 
426,527 participants included in the primary analysis.

Brain function
We constructed brain function phenotypes [18, 19] 
based on cognitive tests, motor function, and behavioral 
and psycho-behavioral symptoms at baseline. Cognitive 
test results were collected at baseline via a touchscreen 
interface, including numeric memory, fluid intelligence, 

https://www.ukbiobank.ac.uk/learn-more-about-uk-biobank/about-us/ethics
https://www.ukbiobank.ac.uk/learn-more-about-uk-biobank/about-us/ethics
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prospective memory, and reaction time. Motor function 
phenotypes include hand grip strength (left and right), 
usual working pace, and falls in the last year. Nine mental 
health symptom-related phenotypes were extracted and 
constructed through the touchscreen questionnaire on 
psychological factors and mental health, including gen-
eral mental status, MDD, anxiety, life satisfaction, subjec-
tive well-being, unusual and psychotic experiences, and 
traumatic events. Life satisfaction and subjective well-
being were scored as the higher the score the more dis-
satisfied and unhappy. The fields and original questions 
used for cognitive function phenotypes, motor function 
phenotypes, and psycho-behavioral symptoms are shown 
in Additional file 1 Table 1.

Neurological disease and psychiatric disorder
The selected brain disorders included neurological dis-
eases (dementia, PD, stroke, and sleep disorder) and psy-
chiatric disorders (anxiety, bipolar disorder, MDD, and 
schizophrenia). These disorders were identified according 
to the International Classification of Disease (ICD) codes 
(Additional file 1 Table  2). In addition, we used disease 
diagnosis data obtained through an algorithmic com-
bination of coded information collected from the UKB 

baseline assessment data and linked data from hospital 
admissions and death registries. It is based on algorithms 
developed by the UKB outcome adjudication group, aim-
ing to classify disease outcomes with high positive pre-
dictive value (i.e. a high probability that people classified 
as being positive for a health-related event have indeed 
experienced that event). Data on deaths due to neurologi-
cal diseases (field 40001, codes G00-G99) are available 
through a link to the Death Register  (   h t  t p s  : / / b  i o  b a n  k . n  d 
p h .  o x  . a c . u k / s h o w c a s e / fi  e l d . c g i ? i d = 4 0 0 0 1     ) . The baseline 
date is the date of initial enrollment in the assessment 
center (field 53). Follow-up dates were as of the earli-
est date of any brain disease diagnosis, the date of death 
(field 40,000), loss to follow-up, or the last available date 
in hospital inpatient data (fields 41280–41281) or pri-
mary care data (field 42040), whichever was recorded 
earliest.

Assessment of covariates
Relevant covariates were collected through question-
naires and registers at baseline, including age (field 
21022), sex (field 31), ethnicity (field 21000), qualifica-
tion (field 6138), body mass index (field 21001), socio-
economic (field 22189, townsend deprivation index 

Fig. 1 Guideline of the study. Left, UK Biobank data used in the study included brain function, other brain disorders, brain imaging, peripheral markers, 
and protein biomarkers. Top right, the associations between epilepsy and brain function, and the associations of epilepsy with neurological diseases and 
psychiatric disorders. Bottom right, possible mechanisms for the link between epilepsy and 5 studied brain disorders. MDD, major depressive disease, PD, 
Parkinson’s disease, HR, hazard ratio, CI, confidence interval

 

https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=40001
https://biobank.ndph.ox.ac.uk/showcase/field.cgi?id=40001
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at recruitment), smoking status (field 20116), alcohol 
drinker status (field 20117), diastolic blood pressure 
(DBP, field 4079), systolic blood pressure (SBP, field 
4080), imaging scanning sites (field 54) and total intra-
cranial volume (TIV, field 26521). Covariates used in 
different analyses in detail can be seen in Additional file 
1 Table 3. Additionally, we collected the history of anti-
seizure medications (ASMs, field 20003, Additional file 
1 Table  4) used to analyze the association between epi-
lepsy and some significant peripheral blood marker lev-
els. We categorized ASMs obtained in UKB into 4 groups 
[20–22]: enzyme-inducing ASMs (EIASMs, including 
carbamazepine, oxcarbazepine, phenobarbitone, phenyt-
oin, primidone, and topiramate) and non-enzyme-active 
ASMs (nEAASMs, including gabapentin, lamotrigine, 
levetiracetam, pregabalin, and vigabatrin); old-genera-
tion ASMs (carbamazepine, ethosuximide, phenobarbi-
tone, phenytoin) and new-generation ASMs (gabapentin, 
lamotrigine, levetiracetam, oxcarbazepine, pregabalin, 
tiagabine, topiramate and vigabatrin).

Brain imaging
We extracted brain magnetic resonance imaging data 
in UKB, which were obtained using a standard Siemens 
Skyra 3T scanner equipped with a 32-channel head coil. 
Specific sequences and parameters can be accessed and 
queried from the open-source documentation available 
on the UKB official website  (   h t  t p s  : / / b  i o  b a n  k . n  d p h .  o x  . a c . 
u k / s h o w c a s e / s h o w c a s e / d o c s / b r a i n _ m r i . p d f      ) .  

T1-weighted neuroimaging data underwent qual-
ity control and segmentation using FreeSurfer. Corti-
cal brain regions were extracted using the FreeSurfer 
aparc (ID = 192) atlas tool, while subcortical brain struc-
tures were extracted using the FreeSurfer aseg (ID = 190) 
atlas tool. The output brain region data from Free-
Surfer underwent automatic checks using the Qoala-T 
method, supplemented by manual inspection of outputs 
approaching threshold levels.Ultimately, we chose whole-
brain gray matter volume (field 26518), whole-brain sub-
cortical gray matter volume (field 26517), area of total 
surface (field 26721, 26822), mean thickness (field 26755, 
26856), and cortex volume (field 26552, 26583), as well 
as surface area, volume, and thickness phenotypes for 68 
key cortical brain regions, and volume phenotypes for 16 
subcortical brain structures. Of the 426,527 participants, 
only 43,076 had structural brain data.

Diffusion tensor imaging (DTI) neuroimaging data 
underwent preprocessing and analysis using the FMRIB 
Software Library (FSL). The FSL diffusion toolbox was 
employed for modeling and tractography, resulting in 27 
white matter fiber tracts. The DTIFIT toolbox was used 
to compute the fractional anisotropy (FA) and mean 
diffusivity (MD) for each fiber tract. Out of a total of 

426,527 participants, DTI data was successfully obtained 
for 31,060 individuals.

Peripheral markers
Blood count data (category 100081) and blood bio-
chemistry data (category 17518) were derived from the 
results of tests performed by UKB on blood samples 
collected at the Assessment Centre. Detailed informa-
tion on the blood sample process can be available at  h t t  
p s : /  / b i  o b  a n k  . n d p  h . o  x .  a c . u k / s h o w c a s e / l a b e l . c g i ? i d = 1 0 0 0 
8 0     . There were 31 blood counts and 30 blood biochem-
istry markers were collected from the UKB. In addition, 
we derived 4 ratios from blood cell counts (neutrophils, 
lymphocytes, platelets, and monocytes) with reference 
to the study by Zhang et al. [6], including LMR (lympho-
cytes/monocytes), NLR (neutrophils/lymphocytes), PLR 
(platelets/lymphocytes) and SII (neutrophils × platelets/
lymphocytes). These ratios are important biomarkers of 
inflammation and immune status [23–26], and they play 
an important role in the development of disease. Blood 
count data and blood biochemistry data were available 
for the 426,527 participants included.

A high-throughput nuclear magnetic resonance-based 
metabolic biomarker profiling platform was utilized to 
measure 251 metabolic biomarkers (category 220) in ran-
domly selected ethylenediaminetetraacetic acid plasma 
samples from approximately 280,000 UKB participants. 
Detailed information on the metabolic biomarker mea-
surement process can be accessible at  h t t  p s : /  / b i  o b  a n k . n d 
p h . o x . a c . u k / s h o w c a s e / l a b e l . c g i ? i d = 2 2 0     . Then we grouped 
these markers into broad categories based on different 
metabolic pathways, including amino acids, apolipo-
proteins, cholesterol, cholesteryl esters, fatty acids, fluid 
balance, free cholesterol, glycolysis related metabolites, 
inflammation, ketone bodies, lipoprotein particle con-
centrations/sizes, lipoprotein subclasses, other lipids, 
phospholipids, relative lipoprotein lipid concentrations, 
and total lipids. Metabolic marker data were available for 
all 426,527 participants included. Detailed information 
and categorization of the peripheral markers are pro-
vided in Additional file 1 Tables 5, 6 and 7.

Proteomics
Protein biomarkers data (category 1839) were accessed 
from the normalized protein expression (NPX) data 
made available in the Olink data table via the Data Portal 
from the UKB. The process for assessing the protein bio-
markers was available at  h t t  p s : /  / b i  o b  a n k . n d p h . o x . a c . u k / s 
h o w c a s e / l a b e l . c g i ? i d = 1 8 3 9     . We included a total of 2,923 
protein biomarkers and divided them into 4 categories, 
including cardiometabolic, inflammation, neurology, and 
oncology (Additional file 2). Among the 426,527 partici-
pants included, plasma protein biomarker test data were 
available in 46,326 participants.

https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/brain_mri.pdf
https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/brain_mri.pdf
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100080
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100080
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=100080
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=220
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=220
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=1839
https://biobank.ndph.ox.ac.uk/showcase/label.cgi?id=1839
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Statistical analysis
Linear regression model
Linear regression models were used to test associations 
of epilepsy with cognitive function, motor function and 
mental health, adjusting for covariates of age, sex, eth-
nicity, qualification, body mass index (BMI), socioeco-
nomic status, smoking status, and alcohol drinker status. 
The model was also used to investigate the association 
between epilepsy and brain structural imaging, with 
additional adjustments for the imaging scanning sites and 
TIV. The two-sided P values were calculated using t-tests 
in linear regression, and false discovery rate correction 
(FDR-Q) were additionally presented.

Cox proportional hazard regression model
Cox regression models were utilized to explore the asso-
ciation of epilepsy with other brain disorders and mor-
tality. Hazard ratios (HRs) and confidence intervals (CIs) 
were calculated in regression analyses. Data with missing 
covariates were automatically removed from the analysis. 
For stroke, the model adjusted for covariates such as age, 
sex, ethnicity, SBP, and DBP. For other brain disorders 
and mortality, the model adjusted for age, sex, ethnicity, 
and qualification. The Kaplan-Meier (K-M) method and 
log-rank test were used to plot survival curves and assess 
survival differences [27, 28]. None of the neurological 
diseases and psychiatric disorders except bipolar disor-
der violated the log-rank hypothesis test. In addition, we 
further investigated whether the association of epilepsy 
with other brain disorders morbidity risk and mortality 
differed by gender via sex-stratified analysis. For sensitiv-
ity analyses of age at onset of epilepsy, we matched the 
populations of the epilepsy and non-epilepsy groups in a 
1:4 ratio using propensity score matching.

Mediation analysis
The mediation analyses were used to detect the role of 
peripheral markers and protein biomarkers in the cor-
relation between epilepsy and 5 common neurological 
diseases and psychiatric disorders. First, linear regression 
was utilized to investigate the associations of epilepsy 
with peripheral markers and protein biomarkers, adjust-
ing for age, sex, ethnicity, qualification, BMI, socioeco-
nomic status, smoking status, and alcohol drinker status. 
Then we assessed the relationship between peripheral 
markers, protein biomarkers, and other brain disor-
ders by using the Cox regression model adjusted for age, 
sex, ethnicity, and qualification. For stroke, the model 
adjusted for age, sex, ethnicity, SBP, and DBP. The top 4 
peripheral markers and protein biomarkers related to 
both epilepsy and studied neurological diseases and psy-
chiatric disorders were selected to evaluate the media-
tion effect on the association between epilepsy and brain 
diseases, respectively. Mediation analyses of variables 

related to epilepsy as well as neurological diseases and 
psychiatric disorders were performed through the R 
package “Mediation“ [29].

R statistical software (http://www.r-project.org/) was 
used for statistical analysis. Statistical significance was 
based on a two-sided P value of less than 0.05. FDR cor-
rection was applied for multiple comparisons.

Results
Population characteristics
In the primary analysis, a total of 426,527 participants 
were enrolled in the study at baseline (mean age 56.52 
years, 53.59% female). A total of 3,251 participants were 
diagnosed with epilepsy at baseline, with an average age 
at diagnosis of approximately 39.92 years, and most of 
them were concentrated in the 20–40 age range (Addi-
tional file 1 Fig. 1). The number and basic characteristics 
of epilepsy and non-epilepsy diagnosed individuals are 
shown in Table  1. Of the 3,251 patients with a baseline 
diagnosis of epilepsy, 152 suffered from dementia, 44 
from PD, 123 from sleep disorders, 209 from stroke, 231 
from anxiety, 4 from bipolar disorder, 241 from MDD, 
and 13 from schizophrenia during the follow-up (Addi-
tional file 1 Table 8). Descriptive statistics were calculated 
using mean (s.d.) for continuous variables and number 
(percentage) for categorical variables.

Associations of epilepsy with brain function
There were significant associations of epilepsy with 4 cog-
nitive scores, 4 physical measures, and 7 mental health 
symptoms after FDR correction. The results showed that 
the participants with epilepsy presented a lower level of 
numeric memory, fluid intelligence, prospective memory, 
hand grip strength, and usual walking pace (Table  2). 
In addition, the participants with epilepsy presented a 
higher level of numeric memory reaction time, falls in 
the last year, general mental status, the Personal Health 
Questionnaire-4 (PHQ-4) score, the PHQ-9 score, the 
Generalized Anxiety Disorder-7 (GAD-7) score, life sat-
isfaction, subjective well-being, and traumatic events 
(Table 2).

Association of epilepsy with other brain disorders
Cox regression models were utilized to investigate the 
association of epilepsy with the risk of other brain dis-
orders and specific death. The proportional hazards 
hypothesis was tested using the K-M test and the log-
rank test. As the association between epilepsy and bipo-
lar disorder was found to violate the hypothesis test 
(Additional file 1 Fig. 2), we performed survival analyses 
for only the remaining 4 neurological diseases (dementia, 
PD, sleep disorder, and stroke) and 3 psychiatric disor-
ders (anxiety, MDD, and schizophrenia). After FDR cor-
rection for associations between epilepsy and studied 

http://www.r-project.org/
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brain disorders, we observed that the risks conferred 
by epilepsy remained significant. Strong evidence sup-
ported that epilepsy was significantly associated with an 
increased risk of developing dementia, PD, stroke, sleep 
disorder, anxiety, MDD, and schizophrenia (Fig. 2). Sub-
sequent sex-stratified analyses showed that men with epi-
lepsy had a higher susceptibility to the development of 

these brain disorders. However, among females, epilepsy 
was associated with only 6 studied brain diseases besides 
PD (FDR-Q = 0.085) (Fig. 2).

We also categorized epilepsy based on the age of onset 
to delve deeper into the potential effects of varying ages 
of onset on the development of other brain disorders. We 
found that the risk of other brain disorders was increased 
in both those with epilepsy onset age < 40 years and ≥ 40 
years compared to a control group without epilepsy. 
However, no significant risk disparities were observed 
between the two age-at-onset subgroups (Additional file 
1 Table 9). In a sensitivity analysis examining the use of 
epilepsy medications, we did not find significant asso-
ciations between epilepsy-taking different types of ASM 
and other brain disorders (Additional file 1 Table 10). In 
addition, we examined the association between epilepsy 
and the risk of death due to neurological diseases. It was 
found that the association between epilepsy and death 
from neurological diseases did not violate the log-rank 
test (Additional file 1 Fig.  3), and a significant positive 
correlation (3.78, 2.88–4.97) was present. This positive 
association persisted in both male and female popula-
tions (Additional file 1 Fig. 4).

Association between epilepsy and brain structures
To learn more about the potential mechanisms underly-
ing epilepsy and brain health, we assessed the correlation 

Table 1 Demographic characteristics of participants at baseline
Characteristics Overall

(N = 426,527)
Epilepsy
(N = 3,251)

No epilepsy
(N = 423,276)

P 
value

Age at enroll-
ment, mean 
(s.d.)

56.52 (8.12) 56.49 (8.13) 56.52 (8.12) 0.838

Sex (%) < 0.001
Male 197,963 

(46.41)
1,641 
(50.48)

196,322 
(46.38)

Female 228,564 
(53.59)

1,610 
(49.52)

226,954 
(53.62)

Ethnicity (%) < 0.001
White 400,231 

(93.83)
3,126 
(96.16)

397,105 
(93.82)

Others 23,950 (5.62) 102 (3.14) 23,848 (5.63)
Education level 
(%)

< 0.001

College degree 200,532 
(47.02)

1,244 
(38.27)

199,288 
(47.08)

Others 217,175 
(50.92)

1,911 
(58.78)

215,264 
(50.86)

Smoking 
status (%)

< 0.001

Current 
smoking

42,079 (9.87) 422 (12.98) 41,657 (9.84)

Previous 
smoking

145,473 
(34.11)

1,083 
(33.31)

144,390 
(34.11)

Never smoking 236,498 
(55.45)

1,714 
(52.72)

234,784 
(55.47)

Alcohol drinker 
status (%)

< 0.001

Current drinking 393,422 
(92.24)

2,713 
(83.45)

390,709 
(92.31)

Previous 
drinking

13,203 (3.10) 273 (8.40) 12,930 (3.05)

Never drinking 18,544 (4.35) 240 (7.38) 18,304 (4.32)
Other brain 
disorders (%)a

Dementia 7,224 (1.69) 152 (4.68) 7,072 (1.67) < 0.001
PD 2,815 (0.66) 44 (1.35) 2,771 (0.65) < 0.001
Sleep disorders 8,465 (1.98) 123 (3.78) 8,342 (1.97) < 0.001
Stroke 14,311 (3.36) 209 (6.43) 14,102 (3.33) < 0.001
Anxiety 17,677 (4.14) 231 (7.11) 17,446 (4.12) < 0.001
Bipolar 300 (0.07) 4 (0.12) 296 (0.06) 0.420
MDD 16,979 (3.98) 241 (7.41) 16,738 (3.95) < 0.001
Schizophrenia 239 (0.06) 13 (0.40) 226 (0.05) < 0.001
Note: Data presented as mean (SD) for continuous variables and number (%) for 
categorical variables.Ethnicity was categorized as white or others. Education 
level was categorized as college/university degree or other degree. a Diagnosed 
with other brain disorders during follow-up. PD, Parkinson’s disease; MDD, 
major depressive disorder

Table 2 Linear associations between epilepsy and brain 
function
Brain function Beta P FDR-Q
Cognitive function
Numeric memory −0.217 < 0.001 < 0.001
Fluid intelligence -0.173 < 0.001 < 0.001
Prospective memory −0.157 < 0.001 < 0.001
Reaction time 0.271 < 0.001 < 0.001
Motor function
Hand grip strength (left) −0.190 < 0.001 < 0.001
Hand grip strength (right) −0.202 < 0.001 < 0.001
Usual walking pace −0.203 < 0.001 < 0.001
Falls in the last year 0.370 < 0.001 < 0.001
Mental health
General mental status 0.128 < 0.001 < 0.001
Depression (PHQ−4 score) 0.184 < 0.001 < 0.001
Depression (PHQ−9 score) 0.242 < 0.001 < 0.001
Depression (CIDI score) 0.058 0.365 0.411
Anxiety (GAD−7 score) 0.107 0.003 0.005
Life satisfaction 0.213 < 0.001 < 0.001
Subjective well-being 0.115 0.002 0.003
Unusual and psychotic experiences 0.120 0.418 0.418
Traumatic events 0.120 0.023 0.030
Note: The model was adjusted for age, sex, ethnicity, qualification, BMI, 
socioeconomic status, smoking status, alcohol drinker status. FDR-Q is the 
association P-value adjusted for the false discovery rate. PHQ-4, Personal Health 
Questionnaire-4; CIDI, Composite International Diagnostic Interview; GAD−7: 
Generalized Anxiety Disorder−7
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Fig. 2 The association of epilepsy with other neurological diseases and psychiatric disorders in total and sex-specific populations. The model for stroke 
was adjusted for age at baseline, sex, ethnicity, systolic blood pressure, and diastolic blood pressure. The model for other disorders was adjusted for age 
at baseline, sex, ethnicity, and qualification. Data are presented as HR ± 95% CI for Cox regression. FDR-Q is the association P-value adjusted for the false 
discovery rate. PD, Parkinson’s disease, MDD, major depressive disorder, l, left, r, right
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between epilepsy and brain structure among 43,076 par-
ticipants with available neuroimaging data. Overall, the 
observed correlations aligned with expectations, indi-
cating that epilepsy was significantly associated with 
reductions in cortical thickness, volume, and subcortical 
volume (Fig.  3). Specifically, cortical thickness affected 
included the superior parietal cortex (t value=-3.63, FDR-
Q = 0.019), precuneus (t value=-3.37, FDR-Q = 0.026), 
lateral occipital cortex (t value=-2.99, FDR-Q = 0.038), 
and precentral cortex (t value=-3.00, FDR-Q = 0.038), 
while subcortical structures encompassed the pallidum (t 
value=-3.04, FDR-Q = 0.037), and hippocampus (t value=-
2.72, FDR-Q = 0.037). More details are available in Addi-
tional file 1 Table 11, and 12. Regarding the white matter, 
individuals with epilepsy exhibited lower FA and higher 
MD values in specific regions, including the cingulate 
gyrus, anterior and posterior thalamic radiation, inferior 
and superior longitudinal fasciculus, and so on (Addi-
tional file 1 Table 13).

The mediating role of peripheral markers in the 
associations of epilepsy and other brain disorders
To identify the potential markers mediating the role 
of peripheral markers in the associations of epilepsy 
and other brain disorders, we first investigated the epi-
lepsy associated markers. The linear regression analyses 
showed that there were 226 peripheral markers (includ-
ing 26 blood count markers, 28 biochemistry mark-
ers, and 172 metabolites) significantly associated with 

epilepsy after FDR correction (Fig. 4a, Additional file 3). 
We discovered that gamma-glutamyltransferase (GGT) 
(β = 0.746, FDR-Q = 0) was the most significant among 
peripheral markers. Blood and metabolic markers sig-
nificantly associated with epilepsy are more concen-
trated in the lipoprotein and lipid metabolism subclasses, 
such as high-density lipoprotein (HDL) (β = 0.275, FDR-
Q = 1.56 × 10− 63), concentration of very large HDL par-
ticles (XL_HDL_P, β = 0.355, FDR-Q = 4.41 × 10− 63). Then, 
we explored the markers related to other brain disorders. 
Cox analyses showed that out of 316 peripheral mark-
ers, 207 were associated with dementia, 158 with PD, 285 
with sleep disorders, 268 with stroke, 252 with anxiety, 
275 with MDD, and 117 with schizophrenia (Additional 
file 4).

In a total, there were 111 peripheral markers (Addi-
tional file 5) simultaneously associated with epilepsy and 
5 included disorders (dementia, stroke, sleep disorder, 
anxiety, and MDD). The mediation analyses were utilized 
to further explore the potential mechanisms. PD and 
schizophrenia were not included in the analysis because 
of the lower incidence risk (cases < 100). We selected the 
top 4 peripheral markers (GGT, alkaline phosphatase 
(ALP), red blood cell (RBC) count, and HDL) of these 
markers that were most relevant to epilepsy to investi-
gate their mediation effects. The results revealed that 
GGT and HDL mediated the link between epilepsy and 
5 included disorders, while ALP and RBC count medi-
ated the correlation between epilepsy and MDD, sleep 

Fig. 3 Association of epilepsy with brain structures. Cortical regions, subcortical structures, and white matter tracts associated with epilepsy. Linear re-
gression model was adjusted for age, sex, ethnicity, BMI, socioeconomic status, smoking status, alcohol drinker status, neuroimaging scanning sites, and 
the intracranial volume (FDR-Q < 0.05)
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Fig. 4 Association of peripheral markers and protein biomarkers with epilepsy. (a) Associations between epilepsy and peripheral markers. Full results for 
each association can be found in Additional file 3. (b) Associations between epilepsy and protein biomarkers. Full results of each protein can be found in 
Additional file 6. The model adjusted for age at baseline, sex, ethnicity, qualification, BMI, socioeconomic status, smoking status, and alcohol drinker status. 
FDR-Q is the association P-value adjusted for the false discovery rate
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disorders, and stroke (Fig. 5a, Additional file 1 Table 14). 
Additionally, since blood metabolic markers are eas-
ily affected by medication, we analyzed the association 
between using ASMs and these 4 markers. We found 
significant differences between these 4 markers in the 
plasma of epilepsy patients taking ASMs and those not 
taking ASMs. There was a strong correlation between 
this significant difference and the type of ASMs, e.g. 
plasma GGT, ALP, and HDL levels were higher in epilep-
tic patients using EIASMs and old-generation ASMs than 
using nEAASMs and new-generation ASMs (Additional 
file 1 Table 15).

The mediating role of protein markers in the associations 
of epilepsy and other brain disorders
We surveyed epilepsy-related markers to identify poten-
tial mediator markers of protein markers in epilepsy 
and other brain disorders related to epilepsy. After 
FDR correction, there were significant associations of 
507 protein biomarkers with epilepsy (Fig.  4b, Addi-
tional file 6). Among the protein markers, CPM (FDR-
Q = 1.72 × 10− 98), ACE2 (FDR-Q = 7.56 × 10− 78), and GGT1 
(FDR-Q = 7.56 × 10− 78) showed the strongest correlation 
with epilepsy. The study also found significant associa-
tions of protein markers with other brain disorders, with 
361 proteins associated with dementia, 303 proteins with 
PD, 1,239 proteins with sleep disorders, 798 proteins with 
stroke, 542 proteins with anxiety, 1,244 proteins with 
MDD, and 109 proteins with schizophrenia (Additional 
file 7).

Ultimately, there were 22 proteins associated with both 
epilepsy and 5 included disorders (Additional file 8). The 
top 4 proteins (ACE2, PIGR, SMOC1, and GDF15) were 
selected to assess the mediation effects between epilepsy 
and included brain disorders. We discovered that only 
SMOC1 was simultaneously involved in mediating the 
association between epilepsy and 5 studied brain disor-
ders. ACE2 and PIGR mediated the correlation of epi-
lepsy with anxiety and stroke, while the mediating effect 
of GDF15 was strong for studied neurological diseases 
and psychiatric disorders except sleep disorders (Fig. 5b, 
Additional file 1 Table 16).

Discussion
This is the first study to explore the relationship between 
epilepsy and brain health using multimodal data from a 
large, prospective cohort. Our study demonstrated that 
epilepsy negatively impacted brain function and other 
brain disorders such as dementia, stroke, and anxiety. 
We found that epilepsy was associated with a reduc-
tion in cortical and subcortical structures as well as 
reduced white matter bundle connectivity, which par-
tially explained the impact of epilepsy on poor brain 
health. Furthermore, this study illustrated the important 

mediating role of GGT, HDL, and GDF15 in the associa-
tion between epilepsy and some other brain disorders.

Our results indicated that patients with epilepsy had 
a significantly increased risk of other brain disorders, 
yielding findings consistent with previous cohort studies 
[30–32]. Gowers first proposed the concept of epileptic 
dementia, implying a close relationship between epilepsy 
and dementia [33]. Höller et al. found a higher incidence 
of mild cognitive impairment among patients with tem-
poral lobe epilepsy [34]. Although the risk of stroke rose 
with advancing age, a previous cohort study indicated 
that within epilepsy cases, the risk of stroke increased at 
a more rapid pace [35]. The prevalence of sleep disorders 
was notably high among epilepsy patients [36], includ-
ing excessive daytime sleepiness, obstructive sleep apnea, 
and insomnia, which may be due to epilepsy, medication 
effects, or comorbid conditions. Epilepsy was also often 
comorbid with psychiatric disorders such as anxiety 
and MDD [37, 38]. Notably, a bidirectional relationship 
between epilepsy and MDD has become increasingly rec-
ognized in recent years [39, 40]. Epidemiologic studies 
have demonstrated that individuals with epilepsy are at 
a higher risk for developing MDD, while those diagnosed 
with primary MDD also face an elevated risk of experi-
encing epilepsy [32]. Hence, our study further validates 
and highlights that rigorous control and monitoring of 
epilepsy-related comorbidities are crucial for enhancing 
the overall care and management of epilepsy.

To further explore the mechanisms through which epi-
lepsy affects poor brain health, we conducted analyses of 
brain structural changes in epilepsy patients. It demon-
strated that the alteration in brain structure stands as a 
seemingly plausible mechanism through which epilepsy 
influences brain health. Specifically, our study showed 
associations between epilepsy and reduced thickness in 
the superior parietal cortex, precuneus, lateral occipital 
cortex, and precentral cortex. These regions suggested 
potential effects on cognitive control, emotional regula-
tion, episodic memory and motor function in epilepsy 
individuals. Notably, reduced gray matter thickness and 
dysfunction in these cortical regions above were fre-
quently associated with various brain disorders such as 
schizophrenia, Alzheimer’s disease, and MDD [41–44]. 
Previous study demonstrated the key role of the palli-
dum in the circuitry of focal epileptic seizures [45]. These 
findings were consistent with our results about brain 
structures.

There was growing evidence that recurrent or pro-
longed epileptic seizures could permanently change 
neural circuits, inducing pathological changes in inflam-
mation and metabolism, ultimately worsening epilepsy 
and triggering other brain disorders [46, 47]. Mediation 
analysis was used to explore the potential mechanisms 
between epilepsy, peripheral and protein markers, and 
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Fig. 5 The mediating effect of peripheral markers and protein biomarkers in the association between epilepsy and other brain disorders. (a) Mediation 
of the top 4 peripheral markers simultaneously associated with epilepsy and 5 studied brain disorders. (b) Mediation of the top 4 proteins simultane-
ously associated with epilepsy and 5 studied brain disorders. The model adjusted for age, sex, ethnicity, and qualification. Values in parentheses are effect 
values between epilepsy and stroke adjusted for age, sex, ethnicity, systolic blood pressure, and diastolic blood pressure. Dashed and solid lines indicate 
direct and causally mediated effects, respectively. Value in the box indicates the proportion of mediation. *P < 0.05, **P < 0.01, ***P < 0.001. GGT, gamma-
glutamyltransferase, ALP, alkaline phosphatase, RBC count, red blood cell count, HDL, high-density lipoprotein
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other brain disorders. The significant mediation effects 
of GGT and HDL indicated that liver function and lipid 
metabolism might be involved in the association between 
epilepsy and other brain disorders. EIASMs are known to 
elevate GGT levels [48–50] and impact blood lipid levels, 
leading to increases in HDL and total cholesterol levels 
[51–53], which are consistent with our findings. Nota-
bly, many previous studies have confirmed that patients 
with liver function impairment and lipid metabolism 
abnormalities might be more susceptible to dementia, 
stroke, MDD, schizophrenia [54–57]. Given that epilepsy 
patients are often on long-term ASM therapies, future 
treatment strategies should ideally start with a newer, 
noninducing ASM unless there is a strong indication for 
one of the EIASMs. Older or inducing ASMs should be 
reserved when necessary [58]. Additionally, it is crucial 
to prevent alterations in related liver function and lipid 
metabolism indicators caused by ASMs, thereby reduc-
ing the occurrence of epilepsy-related comorbidities.

In addition, it is worth noting that our findings were 
the first to identify significantly reduced levels of SMOC1 
in patients with epilepsy. We also found that SMOC1 
was involved in mediating the association between epi-
lepsy and other brain disorders. This may be associated 
with disturbances of glucose metabolism observed in 
individuals with epilepsy [46]. SMOC1 is a glucose-reac-
tive hepatokine and glucose homeostasis regulator that 
decreases gluconeogenic gene expression and inhibits 
hepatic glucose output [59]. Previous studies have shown 
that abnormalities in glucose metabolism have been 
linked to various brain disorders [60–63]. Furthermore, 
GDF15 was also an important protein that played a medi-
ation effect between epilepsy and other brain disorders. 
It serves as a biomarker of aging [64], mediating inflam-
matory responses and participating in the regulation of 
weight and appetite [65, 66]. A large-scale cross-sectional 
study in multiple European populations found that ele-
vated plasma GDF15 concentrations were significantly 
linked to cognitive impairment and depressive states [67]. 
Additionally, a prior Mendelian randomization analysis 
indicated an increased risk of dementia associated with 
high GDF15 levels [68].

Our study has some strengths. This is a pioneering explo-
ration into the association between epilepsy and brain 
health. It is a prospective study based on a large sample 
population with long term follow up and different outcomes 
of neurological diseases and psychiatric disorders. This 
study additionally utilized data on brain structure as well as 
peripheral and protein markers to explore potential mecha-
nisms of the impact of epilepsy on neurological diseases and 
psychiatric disorders. We also acknowledge several limita-
tions. First, the data in UKB was collected primarily from 
Caucasians, making the findings potentially not broadly 
applicable in other populations. Second, we have only 

studied epilepsy prevalence and not further research based 
on different subtypes. Future research could analyze dif-
ferent subtypes of epilepsy to gain a more nuanced under-
standing. Third, only 43,076 individuals had brain imaging 
data, and these data were obtained four years after enroll-
ment, thus the interpretation of the correlation between 
epilepsy and brain structure should be more rigorous. 
Moreover, schizophrenia and PD cases with low case num-
bers were not included in our mediation analysis, which 
may have limited the comprehensiveness of our study. 
Finally, our study lacks validation in other cohort popula-
tions due to the difficulty of obtaining comprehensive data 
on epilepsy, brain disorders, brain imaging, peripheral 
markers, and proteomes in the other cohort. Future stud-
ies should consider further validating our results in other 
cohorts, deeply exploring the association between epilepsy 
and other brain disorders.

Conclusions
In conclusion, our study conducted a comprehensive 
investigation of the association between epilepsy and 
poor brain health. The study revealed that the underly-
ing mechanisms of these associations may be related 
to immune inflammation and metabolism. Our study 
emphasized the importance of early intervention in the 
diagnosis and treatment of epilepsy for brain health, and 
provided new insights to improve the quality of survival 
of patients with epilepsy.
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