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Abstract
Background and Objectives
Previous studies have reported mixed findings regarding sex differences in cerebral autosomal 
dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), with 
some indicating earlier ischemic events in men, whereas others found no significant difference 
in stroke onset. However, evidence from Asian populations remains limited, where clinical 
manifestations and NOTCH3 variant distribution differ substantially from those in European 
cohorts. We investigated sex-specific variations in clinical phenotypes and brain MRI charac-
teristics among Korean patients with CADASIL.

Methods
In this nationwide retrospective study, 577 patients were screened for CADASIL across 26 
centers in South Korea. After excluding those with benign or uncertain variants or insufficient 
clinical or MRI data, 368 individuals with pathogenic NOTCH3 variants were included in 
the final analysis. Clinical features, vascular risk factors, and NOTCH3 variant positions clas-
sified by epidermal growth factor–like repeat (EGFr) domains were compared between sexes. 
Brain MRI findings—including white matter hyperintensities (WMHs), lacunes, cerebral 
microbleeds, and atrophy—were evaluated. Sex differences in the onset of ischemic stroke and 
dementia were analyzed using Kaplan-Meier and Cox proportional hazards models.

Results
The mean age of the patients at data collection was 61.7 ± 11.9 years, and 48.6% were male. 
Thirty-six distinct pathogenic variants were identified. The most frequent variant was R544C 
(40.8%) located at the EGFr 13/14 interdomain boundary (corresponding to exon 11). Other 
recurrent variants were R75P (17.9%), C542R (5.4%), and R587C (4.6%). Men exhibited 
a higher prevalence of ischemic stroke (70.9% vs 44.4%, p < 0.001) and experienced their first 
event at an earlier age (median 53 vs 59 years, log-rank p < 0.001). On brain MRI, male sex was 
independently associated with a greater lacune burden (odds ratio 3.03, 95% CI 1.70–5.38, p < 
0.001) while female sex tended to show higher WMH volume.

Discussion
This nationwide study highlights distinct sex differences in CADASIL presentation within 
a Korean population. Male patients exhibited a higher prevalence and earlier onset of ischemic 
stroke not fully explained by conventional vascular risk factors. These findings underscore the 
importance of integrating sex, hormonal, and genetic-epigenetic factors into future research to 
guide precision phenotyping and sex-informed clinical management in CADASIL.
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Introduction
Cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy (CADASIL) is the most 
common monogenic form of small vessel disease, caused by 
pathogenic variants in the NOTCH3 gene, typically affecting the 
extracellular domain of the encoded receptor. 1,2 The disease is 
characterized by recurrent strokes, cognitive decline, migraine, 
and psychiatric symptoms. 3 Increasing evidence suggests that sex 
plays a crucial role in its clinical presentation and progression. 4-10 

Previous studies have indicated that male patients with CADA-
SIL tend to experience a more aggressive disease course, char-
acterized by a higher risk of stroke, dementia, disability, and 
shorter survival compared with female patients. 4,6,8-10 For in-
stance, a retrospective study of 411 patients with CADASIL 
found that men had a significantly lower median age at death 
(64.6 years) than women (70.7 years) and became bedridden at 
an earlier age. 8 In addition, male patients had an approximately 
twofold higher risk of stroke and dementia compared with fe-
male patients after adjustment for age, NOTCH3 variant posi-
tion, and other vascular risk factors. 4,9 However, some studies did 
not find significant sex differences in the age at stroke onset, 
whereas others reported a trend toward earlier ischemic events in 
men. 5,6,8 Conversely, female patients showed a higher prevalence 
of migraine with aura. 5

Although these findings provide valuable insights into sex-related 
differences in CADASIL, a comprehensive understanding of 
these differences remains incomplete. Most prior studies were 
conducted in European cohorts, and their results regarding 
stroke onset and disease burden have been inconsistent. More-
over, little is known about these patterns in Asian populations, 
where CADASIL appears to present with later disease onset, 
more frequent cerebral microbleeds (CMBs) and intracerebral 
hemorrhage (ICH), and distinctive NOTCH3 variants such as 
R75P and R544C. 11-13 Therefore, the aim of this study was to 
elucidate sex-specific variations in the clinical manifestations and 
neuroimaging characteristics of Korean patients with CADASIL, 
thereby addressing a critical gap in our understanding of sex-
related disease expression across different ethnic backgrounds.

Methods
Study Design and Participants
In this Korean nationwide retrospective CADASIL study, 
patients aged 19 years or older who were either confirmed or 
suspected of having CADASIL through genetic testing were

enrolled from 26 nationwide institutions in South Korea 
(eFigure 1). Screened participants included individuals 
identified with a pathogenic, likely pathogenic, or variant of 
uncertain significance (VUS) in the NOTCH3 gene. The 
study period covered patients tested between January 1, 2013, 
and December 31, 2023, and data were collected from medical 
records through July 31, 2024. Patients were excluded if their 
clinical, genetic, or brain MRI data could not be sufficiently 
assessed from medical records. Variant classification was 
performed according to the ClinVar database as of November 
30, 2024. 14

Data Collection
The collected data encompassed (1) demographic in-
formation such as age, sex, height, weight, and educational 
background, as well as family history, including stroke, de-
mentia, depression, and migraine; (2) genetic test results 
detailing the location of genetic variants and amino acid 
changes; (3) clinical symptoms and their onset age, such as 
stroke (ischemic, hemorrhagic), cognitive impairment, de-
mentia, recurrent headaches, parkinsonism, and epilepsy; (4) 
vascular risk factors—including hypertension, diabetes, hy-
perlipidemia, smoking, alcohol intake, and atrial fibrillation; 
(5) information on medications for hypertension, hyperlip-
idemia, diabetes, antithrombotic therapy, and dementia 
treatment; (6) brain MRI along with laboratory assessments 
such as blood tests and blood pressure, pulse rate, and ECG 
results; and (7) cognitive and disability test results, including 
modified Rankin Scale (mRS) score, 15 Korean Mini-Mental 
State Examination (K-MMSE), 16 and the Seoul Neuro-
psychological Screening Battery (SNSB). 17,18 We used the 
raw K-MMSE score and z-scores for 5 cognitive domains 
(attention, language, visuospatial functions, memory, and 
frontal/executive functions) from the SNSB test for the 
analyses.

Definition of Clinical Outcomes and Covariates
Clinical outcomes included ischemic stroke (including tran-
sient ischemic attack [TIA]), intracerebral hemorrhage, re-
current headache, cognitive impairment or dementia, 
parkinsonism, and epilepsy. Ischemic stroke, including TIA, 
was defined as a sudden focal neurologic deficit attributable to 
a vascular cause, lasting more than 24 hours with corre-
sponding acute infarction on diffusion-weighted MRI or 
equivalent radiologic evidence, or lasting less than 24 hours 
without radiologic evidence of infarction (TIA), according to 
the AHA/ASA diagnostic criteria. 19 ICH was identified when 
focal neurologic symptoms or signs were associated with

Glossary
CADASIL = cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CMB = cerebral 
microbleed; CSVD = cerebral small vessel disease; EGFr = epidermal growth factor-like repeat; ICH = intracerebral 
hemorrhage; K-MMSE = Korean Mini-Mental State Examination; mRS = modified Rankin Scale; SNSB = Seoul 
Neuropsychological Screening Battery; TIA = transient ischemic attack; VUS = variant of uncertain significance; WMHs = 
white matter hyperintensities.
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parenchymal bleeding confirmed on neuroimaging. Recurrent 
headaches were defined as a physician-diagnosed history of 
recurrent headache documented in the medical records, based 
on at least 2 separate headache episodes. In this study, re-
current headaches were included as one of the manifestations 
of CADASIL symptoms rather than classified as migraine, 
because previous studies have reported that migraine was 
found in only a minority of Korean CADASIL patients with 
R544C, with other headaches classified as tension-type or 
unclassifiable. 20 Cognitive impairment was defined as a Clin-
ical Dementia Rating (CDR) score of 0.5, and dementia was 
defined as a CDR score of 1 or higher. 21 Parkinsonism and 
epilepsy were identified based on clinical documentation by 
the treating physicians at each participating center.

Covariates included age, sex, variant location (epidermal 
growth factor-like repeat [EGFr] 1–6 vs 7–34), and vascular 
risk factors. Age was defined as the chronological age at the 
time of data abstraction in 2023 and used as the baseline de-
mographic variable rather than age at onset or diagnosis. Vas-
cular risk factors were defined according to standard clinical 
guidelines. Hypertension was identified by a documented di-
agnosis, antihypertensive medication use, or repeated blood 
pressure measurements showing systolic ≥140 mm Hg or 
diastolic ≥90 mm Hg. Diabetes mellitus was defined by medical 
documentation, fasting plasma glucose ≥126 mg/dL, HbA1c ≥ 
6.5%, or treatment with glucose-lowering agents. Hyperlipid-
emia was defined by total cholesterol ≥240 mg/dL, LDL 
cholesterol ≥160 mg/dL, or lipid-lowering therapy. Smoking 
was defined as having a current or past history of cigarette 
smoking. Alcohol intake was defined as a documented history 
of regular drinking in the medical records.

Follow-Up
The follow-up period was defined as the time from the 
patient’s first visit to the participating center for CADASIL-
related symptoms to the date of the last recorded clinical visit, 
including death when applicable. Follow-up data were avail-
able for 347 of the 368 patients (94.3%), excluding 21 patients 
who lacked longitudinal clinical information.

Brain MRI Analysis
In this study, the collection and analysis of brain MRI data 
were led by JS Lim and CH Suh from Asan Medical Center. 
Participating institutions anonymized all DICOM headers 
before transmitting MRI data. MRI analysis was conducted in 
accordance with the STRIVE (Standards for Reporting Vas-
cular Change Neuroimaging) criteria. 22 Brain MRI scans were 
rated for white matter hyperintensities (WMHs), lacunes, 
CMBs, dilated perivascular space (dPVS), and brain atrophy 
according to the CADA-MRIT criteria. 23 All ratings were 
performed by the same neuroradiologist (CH Suh, 14 years of 
clinical experience in neuroradiology). We also assessed the 
presence of WMHs on anterior temporal lobe and external 
capsule, which are frequently seen in patients with CADA-
SIL. 24 In addition, brain volume and WMH volume were 
measured by using commercialized, automated software using

deep learning (VUNO Med-DeepBrain, Seoul, South Korea), 
and normalized WMH volume (nWMHv) was calculated. 25,26

In this retrospective study, we collected all brain MRI scans 
conducted during the study period. Therefore, many patients 
had multiple brain MRI scans. From these MRI scans, we first 
selected those obtained closest to the diagnosis date and 
containing the greatest number of sequences to assess 
WMHs, lacunes, CMBs, and brain atrophy. Second, we se-
lected brain MRI scans that best allowed for the evaluation of 
WMHs, lacunes, CMBs, or brain atrophy, even if they were 
examined on different dates. The second MRI selection was 
used for sensitivity analysis.

Statistical Analysis
Continuous variables were summarized as means with stan-
dard deviations or median with interquartile range and 
compared between sexes using independent t tests or Mann-
Whitney U tests, as appropriate. Categorical variables were 
presented as frequencies with percentages and analyzed using 
chi-square or Fisher exact tests. Multivariable logistic re-
gression was performed to assess associations between sex 
and clinical manifestations including ischemic stroke, ICH, 
and dementia, adjusting for age, vascular risk factors, and 
NOTCH3 variant position. For recurrent headaches, only age 
and NOTCH3 variant position were adjusted. Kaplan-Meier 
survival analysis with log-rank tests evaluated sex differences 
in the onset of ischemic stroke, ICH, recurrent headaches, and 
dementia. In this retrospective study, patients who were lost 
to follow-up were considered censored at their last follow-up 
date. Cox proportional hazards models were applied to esti-
mate hazard ratios for these outcomes. Ordinal logistic re-
gression was used to examine the associations between age, 
vascular risk factors, and NOTCH3 variant position with 
markers of cerebral small vessel diseases, except for nWMHv, 
which was analyzed using linear regression. Sensitivity anal-
yses were conducted using the second MRI data set to con-
firm robustness. A significance level of p < 0.05 was 
considered statistically significant. All statistical analyses were 
performed using Stata data analysis software (Version 18, 
StataCorp, College Station, TX).

Standard Protocol Approvals, Registrations, 
and Patient Consents
This study was approved by the Institutional Review Board 
(IRB) of Jeju National University Hospital (IRB No. 2023-08-
012) and the respective IRBs of all participating institutions 
prior to initiating the study. This study was conducted ret-
rospectively using data obtained during routine clinical 
practice. The requirement for informed consent was waived 
by the institutional review board because of the use of dei-
dentified data and the minimal risk to participants.

Data Availability
The data sets generated and/or analyzed during this study are 
not publicly available but are available from the corresponding 
author on reasonable request.
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Results
Demographic Characteristics
A total of 577 patients were screened for CADASIL in this 
study. After excluding those with a diagnosis before January 1, 
2013 (n = 59), insufficient clinical information (n = 50), un-
available genetic test results (n = 5), or missing brain MRI (n = 
18), 445 patients were eligible for inclusion. Among these, 368 
(82.7%) carried pathogenic or likely pathogenic variants, 46 
(10.3%) had VUS, and 31 (7.0%) had benign variants (eFig-
ure 2). The final analyses were performed on the 368 patients 
with pathogenic or likely pathogenic NOTCH3 variants.

The mean age of the patients at the data collection was 
61.7 ± 11.9 years, and 48.6% were male. Men (n = 179) were 
significantly younger than women (n = 189) (59.1 ± 11.2 vs 
64.2 ± 12.1 years, p < 0.001). Men had a significantly higher 
prevalence of diabetes mellitus (25.7% vs 12.7%, p = 0.001), 
smoking (56.1% vs 3.6%, p < 0.001), and alcohol con-
sumption (45.2% vs 13.3%, p < 0.001) (Table 1). The me-
dian follow-up duration was 45 months (interquartile range, 
17–83 months).

Genetics
Regarding genetics, patients harbored 36 distinct pathogenic 
variants. The most frequent variant was R544C (40.8%), which 
was located at the EGFr 13/14 interdomain boundary (cor-
responding to exon 11) (Figure 1 and eTable 1). Other re-
current variants included R75P (17.9%), C542R (5.4%), and 
R587C (4.6%). Notably, a disproportionately high number of 
patients with CADASIL (approximately 24.7% of the cohort) 
were identified from Jeju Island, far exceeding what would be 
expected based on its population size. Cysteine-altering var-
iants were identified in 80.7% of patients; in one-third of 
patients, the variant was located in EGFr 1–6 (33.2%). There 
were no significant differences in the distribution of NOTCH3 
variant positions between men and women. EGFr 1–6 variants 
were present in 35.8% of men and 30.7% of women (p = 
0.302). Cysteine-altering variants were similarly prevalent in 
both sexes (79.9% vs 81.5%, p = 0.699).

Clinical Manifestations
Ischemic stroke was the most common clinical manifestation, 
occurring in 57.3% of patients, followed by recurrent head-
aches (26.4%), dementia (16.6%), psychiatric symptoms 
(14.7%), ICH (9.5%), parkinsonism (7.6%), and seizures 
(4.6%). Men had a higher prevalence of ischemic stroke than 
women (70.9% vs 44.4%, p < 0.001), whereas women were 
more likely to report recurrent headaches (35.4% vs 16.9%, 
p < 0.001). Dementia was observed more frequently in 
women (19.6% vs 13.4%), although the difference was not 
statistically significant (p = 0.117). Male sex (odds ratio [OR]: 
4.01, 95% CI 2.16–7.43, p < 0.001) remained significantly 
associated with an increased risk of ischemic stroke, along 
with variant position on EGFr 1–6 (OR: 2.11, 95% CI 
1.22–3.66, p = 0.007) and hypertension (OR: 1.86, 95% CI

1.10–3.16, p = 0.021) on multivariable analysis. Male sex was 
associated with a significantly decreased risk of recurrent 
headache on multivariable analysis (OR: 0.32, 95% CI 
0.19–0.53, p < 0.001) (Figure 2). When we stratified the 
regression models by hypertension or smoking status, the 
ORs for ischemic stroke associated with male sex were in-
creased further in the subgroup without hypertension (OR: 
5.08, 95% CI 2.31–11.20, p < 0.001) compared with the 
subgroup with hypertension (OR: 3.00, 95% CI 1.01–8.94, 
p = 0.048) and also in the subgroup without smoking (OR: 
4.83, 95% CI 2.42–9.62, p < 0.001) compared with the sub-
group with smoking (OR: 1.70, 95% CI 0.27–10.66, p = 
0.573), suggesting an independent association between male 
sex and increased risk of ischemic stroke regardless of hy-
pertension or smoking (eFigure 3).

Age at Onset of Clinical Symptoms
The median age at onset of ischemic stroke was 56 years 
(interquartile range, 47 to 63) while the median ages at onset 
of ICH, recurrent headaches, and dementia were 54 (46–65), 
75 (68–80), and 51 (40–59) years, respectively. Kaplan-Meier 
analysis demonstrated a significantly shorter ischemic stro-
ke–free survival in male patients compared with female 
patients (log-rank p < 0.001; median age at first-ever ischemic 
stroke: 53 years in men vs 59 years in women). Male sex (HR: 
2.78, 95% CI 1.92–4.03, p < 0.001) and EGFr 1–6 (HR: 2.09, 
95% CI 1.51–2.89, p < 0.001) were significantly associated 
with earlier onset of ischemic stroke on Cox proportional 
hazard analysis, while male sex was associated with signifi- 
cantly later onset of recurrent headache (HR: 0.59, 95% CI 
0.38–0.90, p = 0.016) (Table 2). In subgroup analyses by 
hypertension status, male sex was associated with a higher risk 
of earlier onset of stroke in the subgroup without hyperten-
sion (HR: 3.06, 95% CI 1.90–4.94, p < 0.001) than in the 
subgroup with hypertension (HR: 2.55, 95% CI 1.39–4.69, 
p = 0.003), suggesting an independent association between 
earlier onset of ischemic stroke and male sex (eFigure 4). No 
significant sex differences were observed for ICH (HR: 2.03, 
95% CI 0.80–5.18, p = 0.136) or dementia (HR: 1.26, 95% CI 
0.56–2.84, p = 0.579) (Table 2 and Figure 3).

Disability and Cognitive Function Tests
The mRS score, K-MMSE score, and SNSB domain test 
results were available for 176, 174, and 96 patients, re-
spectively. The mean age at the time of mRS and K-MMSE 
examinations did not differ between male and female patients 
(53.7 ± 3.0 years vs 53.4 ± 3.1 years for mRS; 54.2 ± 3.0 years 
vs 53.5 ± 3.0 years for K-MMSE). However, the mean age at 
the SNSB examination was slightly greater for male patients 
compared with female patients (54.7 ± 2.8 years vs 53.5 ± 
2.9 years, p = 0.020). There were no significant sex differences 
in the mRS or K-MMSE score. Of 5 cognitive domains 
assessed with the SNSB test, only the z-scores of frontal/ 
executive functions scores were significantly lower in men 
than in women (median with interquartile range, −1.81 
[−4.14 to −0.56] vs −1.28 [−2.54 to −0.06], p = 0.022).
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Brain MRI Findings
Brain MRI scans were available for 304 patients in the primary 
analysis data set. The mean age at brain MRI was 53.5 ± 
3.2 years, with no difference between men and women (53.5 ± 
3.1 years vs 53.5 ± 3.2 years, p = 0.944). Lacunes were present 
in 74.0% of patients, with 22.0% having more than 10 lacunes. 
CMBs were observed in 63.9% of patients, with 24.2% 
showing >10 (T2*)/>20 (SWI) CMBs. The overall nWMHv 
was 3.9 ± 2.2% of total brain volume (eTable 2). Of various 
MRI features, men exhibited a significantly greater burden of

lacunes compared with women (p < 0.001) while women 
showed a significantly greater nWMHv compared with men 
(3.6 ± 2.1% vs 4.2 ± 2.3%, p = 0.012) in unadjusted analysis. 
Male sex was associated with a significantly increased risk of 
higher category of lacunes (OR 3.03, 95% CI 1.70–5.38, p < 
0.001), along with age (OR 1.03, 95% CI 1.01–1.05, p = 
0.002) and hypertension (OR 1.86, 95% CI 1.15–3.03, p = 
0.002) in ordinal logistic regression analysis. However, female 
sex was not associated with greater nWMHv compared with 
male sex after adjusting for age, variant position, and vascular

Table 1 Characteristics of the Patients by Sex

Men (N = 179) Women (N = 189) Total (N = 368) p Value

Age (y) 59.1 (11.2) 64.2 (12.1) 61.7 (11.9) <0.001

Vascular risk factors

Hypertension 81 (45.3) 81 (42.9) 162 (44.0) 0.644

Diabetes mellitus 46 (25.7) 24 (12.7) 70 (19.0) 0.001

Hypercholesterolemia 87 (48.6) 90 (47.9) 177 (48.2) 0.889

Smoking 96 (56.1) 6 (3.6) 102 (30.0) <0.001

Alcohol drinking 75 (45.2) 22 (13.3) 97 (29.2) <0.001

Atrial fibrillation 3 (1.7) 1 (0.5) 4 (1.1) 0.296

Clinical manifestations

Ischemic stroke 127 (70.9) 84 (44.4) 211 (57.3) <0.001

ICH 18 (10.1) 17 (9.0) 35 (9.5) 0.741

Dementia 24 (13.5) 37 (19.6) 61 (16.6) 0.117

Recurrent headache 30 (16.9) 67 (35.4) 97 (26.4) <0.001

Psychiatric 24 (13.4) 30 (15.9) 54 (14.7) 0.504

Parkinsonism 14 (7.8) 14 (7.4) 28 (7.6) 0.881

Seizure 9 (5.0) 8 (4.2) 17 (4.6) 0.716

Onset age, y

Ischemic stroke 53 (46–60) 59 (52–68) 56 (47–63) <0.001

ICH 46 (38–56) 58 (50–67) 54 (46–65) 0.149

Dementia 65 (62–74) 76 (72–80) 75 (68–80) 0.184

Recurrent headache 46 (39–54) 54 (46–63) 51 (40–59) 0.016

NOTCH3 variant

EGFr position

EGFr 1-6 64 (35.8) 58 (30.7) 122 (33.2) 0.302

EGFr 7-34 115 (64.2) 131 (69.3) 246 (66.8)

Cysteine involvement

Cys-sparing 36 (20.1) 35 (18.5) 71 (19.3) 0.699

Cys-altering 143 (79.9) 154 (81.5) 297 (80.7)

Abbreviations: AChEIs = acetylcholine esterase inhibitors; EGFr = epidermal growth factor-like repeat; ICH = intracerebral hemorrhage. 
Results are shown as n (%) or mean (SD). Onset ages are shown as median with interquartile range and p value for the log-rank test.
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risk factors (Figure 4). The sensitivity analysis with the second 
set of brain MRI that contained scans from 332 patients 
showed similar results (eFigure 5 and eTable 3).

Discussion
Our findings align with prior European studies, suggesting that 
men with CADASIL have a higher risk of ischemic stroke and 
increased lacunes on brain MRI compared with women. 4,5,9

However, some studies did not find significant sex differences 
in stroke onset while others reported a trend toward earlier 
ischemic events in men, consistent with our results. 5,6,8 Nota-
bly, the higher risk of ischemic stroke and its earlier onset in 
men could not be explained by concurrent hypertension or 
smoking as the risk seems to be greater in the subgroups 
without hypertension or smoking. In addition, our study con-
firms the previously observed association between female sex 
and a higher prevalence of headaches. 5 These findings reinforce

Figure 1 Distribution of NOTCH3 Variants by EGFr Domain in 368 Korean Patients With CADASIL

Figure 2 Factors Associated With Ischemic Stroke and Recurrent Headache on Multivariable Analyses

DM = diabetes mellitus; HC = hypercholesterolemia; HT = hypertension.
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the importance of considering sex as a biological variable in 
CADASIL prognosis and management.

Sex differences in cerebral small vessel disease (CSVD) have 
been increasingly recognized, with distinct patterns in onset 
age and imaging features. Men tend to experience CSVD-

related ischemic events, including lacunar stroke, at younger 
ages. 27-29 By contrast, women often show greater burden of 
WMH in late life, potentially due to loss of estrogen-mediated 
vascular protection after menopause. 30,31 Neuroimaging 
studies have shown that men have a higher prevalence of 
lacunes and CMBs at a given age, 28 whereas women, despite

Table 2 Factors Affecting Onset of Ischemic Stroke, Intracerebral Hemorrhage, Dementia, and Recurrent Headache

Ischemic stroke ICH Dementia Recurrent headache

Hazard
ratio 95% CI

p
Value

Hazard
ratio 95% CI

p
Value

Hazard
ratio 95% CI

p
Value

Hazard
ratio 95% CI

p
Value

Male sex 2.78 1.92–4.03 <0.001 2.03 0.80–5.18 0.136 1.26 0.56–2.84 0.579 0.59 0.38–0.90 0.016

EGFr 1–6 2.09 1.51–2.89 <0.001 1.40 0.60–3.26 0.437 0.96 0.44–2.07 0.909 1.50 0.99–2.28 0.058

Hypertension 1.30 0.94–1.79 0.108 1.92 0.86–4.28 0.112 0.95 0.51–1.76 0.867 — — —

Diabetes 0.97 0.67–1.41 0.877 0.42 0.14–1.30 0.134 0.98 0.47–2.07 0.965 — — —

Hypercholesterolemia 0.91 0.67–1.24 0.567 1.15 0.54–2.45 0.721 1.11 0.60–2.05 0.750 — — —

Smoking 0.90 0.62–1.29 0.556 0.64 0.24–1.69 0.367 1.02 0.42–2.46 0.958 — — —

Alcohol drinking 1.00 0.71–1.41 0.996 1.59 0.67–3.78 0.292 0.97 0.44–2.18 0.950 — — —

Abbreviations: CI = confidence interval; EGFr = epidermal growth factor-like repeat; ICH = intracerebral hemorrhage.

Figure 3 Sex Differences in Kaplan-Meier Estimates

For the onset of ischemic stroke (A), intracerebral hemorrhage (B), dementia (C), and recurrent headache (D).
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initially lower lesion burden, may exhibit faster progression of 
WMHs and CMBs once CSVD is established. 32,33 In 
CADASIL, our findings reflect this sex-specific pattern: male 
patients exhibited earlier onset of ischemic stroke and 
a greater lacune burden while female patients tend to show 
greater WMH volume. However, the WMH volume differ-
ence did not remain significant after adjustment for age, var-
iant position, and vascular risk factors. A previous study has 
shown that WMH burden increases more steeply with ad-
vancing age in postmenopausal women. 31 Therefore, the ab-
sence of a significant sex difference in adjusted analyses likely 
reflects that most female participants were scanned before the 
age at which WMH accumulation accelerates in this study. 
Taken together, these observations highlight the role of sex in 
modulating both the clinical expression and radiologic burden 
of CADASIL, suggesting underlying differences in patho-
physiology, hormonal milieu, and vulnerability to vascular 
injury.

Several biological mechanisms may account for these sex-
related disparities. First, estrogen and other sex hormones play 
key roles in cerebrovascular homeostasis through effects on 
endothelial nitric oxide production, vasodilation, and neuro-
protection. 34 Estrogen has been shown to enhance small vessel

function and maintain cerebral blood flow, while its decline 
after menopause may accelerate vascular injury and increase 
WMH volumes. 35 By contrast, androgen exposure has been 
linked to increased vascular tone and proinflammatory 
responses that could contribute to the higher ischemic burden 
observed in men. 36

Beyond hormonal influences, genetic and epigenetic factors 
are increasingly recognized as contributors to sex-related 
differences in vascular disease, including CADASIL. Re-
search on CADASIL heritability has shown that factors be-
yond the NOTCH3 variant substantially influence disease 
expression. A study of 151 patients from 95 families dem-
onstrated that T2 lesion volume on MRI is highly heritable, 
with additive genetic factors accounting for approximately 
63–74% of its variance beyond the effect of the causative 
NOTCH3 variant. 37 These findings suggest that individual 
genetic backgrounds and modifier loci play a critical role in 
determining disease severity and imaging phenotype, even 
among carriers of the same pathogenic variant. Recent 
investigations have further demonstrated that sex-specific 
genetic and epigenetic regulation contributes to vascular 
differences. Studies have reported that variation in endo-
thelial function, lipid metabolism, and vascular remodeling

Figure 4 Sex Differences in Cerebral Small Vessel Disease Markers on Brain MRI Findings

(A) Distribution of lacunes, deep brain atrophy, dilated perivascular spaces (dPVSs) in the centrum semiovale (CSO), and cerebral microbleeds (CMBs) by sex.
(B) Odds ratios for the severity of lacunes. (C) Distribution of white matter hyperintensity (WMH) volume percentages by sex; the horizontal red line indicates 
median value. (D) Odds ratios for the WMH volume percentages. DM = diabetes mellitus; HC = hypercholesterolemia; HT = hypertension.
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arises from differential genetic and epigenetic modulation 
between sexes, and that X-chromosome dosage imbalance, 
escape from X-inactivation, and sex-biased gene expression 
patterns influence cardiovascular phenotypes. 38,39 Collec-
tively, these findings indicate that male and female genomes 
respond differently to vascular stressors and inflammatory 
signaling, potentially interacting with NOTCH3-related 
pathways to produce distinct small vessel injury trajecto-
ries in CADASIL.

An intriguing feature of our cohort was the marked geo-
graphic clustering of CADASIL cases in Jeju Island, which 
accounted for nearly one-quarter of all patients despite rep-
resenting only approximately 1% of the Korean population. 
This striking concentration suggests a regional founder effect, 
likely driven by the R544C variant, which constituted 40.8% 
of all pathogenic variants in our study. Previous studies have 
shown that over 90% of CADASIL cases identified in Jeju 
carry this same substitution, which has been associated with 
distinct clinical and neuroimaging phenotypes—such as 
a higher frequency of ICH, fewer migraine manifestations, and 
relatively lower anterior temporal lobe involvement compared 
with European cohorts. 20,40 The R544C variant accounted for 
90.3%, 70.5%, and 15.5% of CADASIL pedigrees in Jeju 
Island, Taiwan, and southeastern China, respectively, with 
shared haplotypes among Taiwanese and Fujian patients 
supporting descent from a common ancestor and a shared 
East Asian founder origin. 41,42 Comparable founder genetic 
variants have been described for R133C in Finland and 
Kyushu, Japan, underscoring that geographically restricted 
NOTCH3 variants contribute to regional clustering and 
population-specific phenotypic patterns of CADASIL. 43,44

Despite its strengths, this study has several limitations. First, 
as a retrospective multicenter analysis, it is subject to potential 
selection bias and inconsistencies in data collection across 
participating centers. The relatively high frequency of stroke 
and other cerebrovascular manifestations observed in our 
cohort likely reflects both the older age distribution of par-
ticipants at the time of data abstraction and the tertiary-care 
recruitment setting, where patients are more often referred 
after cerebrovascular events. Consequently, symptomatic 
individuals may have been overrepresented compared with 
the general CADASIL population. This inclusion bias should, 
therefore, be considered when interpreting the reported 
prevalence of clinical and imaging features, as the high pro-
portion of stroke cases may partially reflect referral and se-
lection bias rather than a true population-level difference in 
stroke susceptibility. Second, while brain MRI evaluations 
were standardized, differences in MRI protocols among 
institutions may have influenced quantitative imaging meas-
urements. Third, although we adjusted for major vascular risk 
factors, unmeasured confounders, such as hormonal influen-
ces and lifestyle factors, might have contributed to the ob-
served sex differences. Fourth, cognitive assessments were not 
detailed in this study because of limited number of patients 
being examined in this retrospective study. This limits our

ability to fully explore sex differences in cognitive impairment 
in patients with CADASIL. Finally, our genotype-phenotype 
analyses were based on the conventional dichotomization of 
NOTCH3 variant locations into EGFr 1–6 vs EGFr 7–34 
domains. Although recent evidence suggests that certain 
variants—particularly those in EGFr 8, 11, and 26—may also 
confer higher disease severity, the number of patients carrying 
these variants in our cohort was very small (n = 9, 2.5%). 45 

Therefore, an additional subgroup analysis incorporating 
these domains would have been statistically underpowered 
and unlikely to yield robust conclusions. Future prospective 
studies with larger sample sizes and longitudinal follow-ups 
are needed to further validate these findings and explore bi-
ological mechanisms underlying sex differences.

In conclusion, this study is one of the largest to investigate sex 
differences in CADASIL within an Asian population, high-
lighting potential ethnic variations in disease expression. Male 
patients exhibited a higher prevalence and earlier onset of 
ischemic stroke that were not fully explained by conventional 
vascular risk factors, suggesting possible sex-intrinsic mecha-
nisms underlying vascular injury. Variations in endothelial 
function and inflammatory signaling—modulated by both sex 
hormones and differential gene regulation—may shape dis-
tinct patterns of ischemic vulnerability and white matter injury 
between men and women. Understanding the interplay be-
tween hormonal, genetic, and epigenetic determinants of 
cerebrovascular vulnerability will be crucial for developing 
sex-informed monitoring and preventive strategies in 
CADASIL, particularly in the absence of curative therapies.
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