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Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL), which is caused by mutations in the NOTCH3 gene, is associated with early-onset 
strokes. However, the specific genetic and imaging characteristics associated with acute ischemic 
stroke (AIS) in patients with CADASIL remain unclear. We reviewed CADASIL patients with NOTCH3 
mutations, dividing them into two groups based on the presence of clinically relevant AIS lesions on 
diffusion-weighted imaging, observed at any time, regardless of the timing of CADASIL diagnosis. 
Clinical, imaging, and genetic features were compared between these groups. Genetic variations 
were categorized by exon location: specifically, exon 3 including Arg75Pro, and exon 11 including 
Arg544Cys, were examined in detail. Factors associated with AIS in CADASIL patients were analyzed. A 
total of 141 patients were included, of whom 70 (49.6%) were diagnosed with AIS. While there were no 
significant differences in vascular risk factors between the two groups, patients with AIS had a higher 
prevalence and greater number of lacunes (p < 0.001) and exhibited more severe white matter changes 
(p = 0.007). CADASIL patients with AIS had a higher rate of exon 3 variant and a lower rate of exon 11 
variant compared to those without AIS. Multivariable analysis revealed that exon 11 variants were 
associated with a reduced risk (aOR = 0.270, 95% CI 0.099–0.733; p = 0.010). CADASIL who experienced 
AIS had unique genetic and imaging characteristics when compared to those who did not experience 
AIS.

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is one 
of the most common hereditary cerebral small vessel diseases, caused by mutations in the NOTCH3gene1Clinically, 
CADASIL is characterized by a wide array of symptoms, including headaches, depression, dementia, and recurrent 
cerebrovascular events such as intracerebral hemorrhage and acute ischemic strokes (AIS), which often present 
early in life2The neurological impairments resulting from AIS in CADASIL patients can significantly affect their 
quality of life. However, the exact mechanisms underlying AIS in CADASIL remain incompletely understood3.

While traditional vascular risk factors have been implicated in the occurrence of AIS among patients with 
CADASIL4,5, genetic mutations in the NOTCH3gene that regulate cell differentiation, proliferation, and apoptosis 
may also play an essential role. This signaling pathway is crucial for sustaining vascular integrity and function, 
especially in the central nervous system6 Specifically, the NOTCH3gene consists of 33 exons, with the majority of 
pathogenic mutations associated with CADASIL located in exons 2 to 24, which encode the 34 epidermal growth 
factor-like repeat (EGFR) domains7 Microscopically, these mutations result in the abnormal accumulation of the 
NOTCH3extracellular domain around vascular smooth muscle cells and pericytes, contributing to endothelial 
dysfunction and subsequent ischemia8,9 Specific variants within the EGFR domains of NOTCH3have been 
significantly correlated with the severity of small vessel disease and the onset of stroke10.

Despite these insights, previous studies comparing the influence of different exons on the incidence of AIS 
in CADASIL are limited2 Furthermore, there is a notable lack of research exploring the connections between 
the occurrence of AIS and the genotypic and imaging characteristics of CADASIL patients. This study aims to 
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address this gap by investigating the relationships among the clinical, imaging, and genetic features of CADASIL 
patients with and without AIS.

Results
The study included a total of 141 patients. The mean age at the time of initial imaging assessment was 51 ± 12 
years. Among the participants, 62 (44.0%) were male, and 31 (22.0%) had a family history of CADASIL. Of the 
study patients, 70 (49.6%) had experienced at least one AIS as confirmed by DWI. A total of 41 distinct NOTCH3 
variants were identified, spanning exons 2 to 24 of the NOTCH3 gene (Supplementary Table 1). The majority 
of these variants were concentrated in exon 3 (n = 37, 26.2%) and exon 4 (n = 25, 17.7%). A high frequency of 
variants was also observed in exon 11 (n = 39, 27.6%; Fig. 1A). Notably, most of the variants were clustered in the 
proximal region of NOTCH3, specifically within the regions encoding EGFRs 1–6. (Fig. 1B)

Comparison of CADASIL patients according to whether they experienced AIS
A comparison of baseline characteristics between patients with AIS and those without is presented in Table 1. 
There were no significant differences in vascular risk factors between the two groups. Regarding the genetic test 
results, there was no significant difference in the EGFR 1–6 domain between the groups (60.6% vs. 50.7%; p = 
0.252). However, patients with AIS had a higher rate of exon 3 variant (36.4% vs. 19.4%) and a lower rate of exon 
11 variant (19.7% vs. 38.8%) compared to those without (p = 0.022).

Both the prevalence of lacunes (91.3% vs. 57.7%; p < 0.001) and the average number of lacunes (5.2 ± 4.8 vs. 
2.9 ± 4.1; p = 0.003) were significantly higher in those with AIS. The presence and quantity of CMBs did not differ 
significantly between the two groups. Similarly, the severity of PVS showed no significant difference. Notably, 
deep WMH was more severe in those with AIS compared to those without (p = 0.007), whereas periventricular 
WMH did not show significant differences between the two groups. The characteristic findings of CADASIL, 
including involvement of the anterior temporal pole and external capsule, were also comparable between the two 
groups (Table 2). The most frequently affected location in AIS were corona radiata (40.0%), subcortex (37.1%), 
and centrum semiovale (22.9%). Furthermore, AIS lesions were sequentially observed in the splenium, internal 
capsule, basal ganglia, thalamus, brainstem, and cerebellum (Table 3).

Fig. 1.  illustrates the distribution of (A) NOTCH 3 exon mutations and (B) EGFR mutations in patients with 
and without acute ischemic stroke among CADASIL patients. Orange bars represent patients who experienced 
acute ischemic stroke, while gray bars represent patients without acute ischemic stroke.
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Factors associated with AIS in CADASIL
In univariable analysis, the presence of lacunes, deep WMH, the exon 3 variant, and the exon 11 variant were 
associated with AIS. (Table 4). A multivariable analysis was conducted by adjusting for age, sex, vascular risk 
factors (hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, smoking history), and the 
presence of lacunes and deep WMH. The location of the mutation was dichotomized in each model.

In model 1, which focused on exon 3, the exon 3 variant (reference: all other variants except exon 3) did not 
show a statistically significant association with the risk of AIS (OR = 2.137, 95% CI 0.877–5.207; p = 0.095). In 
model 2, which focused on the mutation location at exon 11, the exon 11 variant was associated with a lower 
risk of AIS (reference: all other variants except exon 11; OR = 0.237, 95% CI 0.094–0.597; p = 0.002). In model 3, 
patients were categorized into three groups: exon 3, exon 11 variant, and others; the exon 11 variant continued 
to be associated with a lower risk of AIS (reference: others, OR = 0.270, 95% CI 0.099–0.733; p = 0.010; Table 4).

Characteristics of patients with mutation in exon 11
The age of patients with AIS was greater in those with mutations in exon 11 compared to those with mutations 
in other loci (54.9 ± 13.1 years vs. 49.1 ± 11.1 years; p = 0.011). CADASIL patients with the exon 11 variant 
showed a higher prevalence of hypertension (35.9% vs. 12.9%; p = 0.002), diabetes (23.1% vs. 6.4%; p = 0.006), 
and coronary heart disease (10.3% vs. 1.1%; p = 0.026). However, the incidence of AIS was higher in patients 
with mutations at other loci compared to those with the exon 11 variant (33.3% vs. 56.4%; p = 0.016). There were 
no significant differences in imaging characteristics between patients with the exon 11 variant and those with 
mutations at other foci (Table 5).

Kaplan–Meier curves (Fig. 2) showed a significant association between the exon 11 variant and the age of 
onset for the first stroke. Patients with the exon 11 variant had a significantly older age at the initial stroke 
occurrence compared to those with mutations at other loci, as indicated by the log-rank test (p = 0.001). This 
finding translated into a protective effect (OR = 0.308; 95% CI, 0.165–0.575) against the risk of stroke in patients 
with exon 11 variants (p < 0.001).

AIS(+) (n = 70) AIS(-) (n = 71) p-value

Age at initial imaging (years) 55.2 ± 10.6 54.3 ± 12.4 0.660

Male sex 33 (47.1) 29 (40.8) 0.451

Risk factors

Hypertension 17 (24.3) 12 (16.9) 0.278

Diabetes mellitus 10 (14.3) 7 (9.9) 0.420

Hypercholesterolemia 22 (31.4) 19 (26.8) 0.542

Coronary heart disease 1 (1.4) 6 (8.5) 0.055

Smoking history 20 (28.6) 16 (22.5) 0.411

Family history of CADASIL 14 (20.0) 17 (23.9) 0.572

Family history of stroke 48 (68.6) 40 (56.3) 0.134

Initial clinical symptom < 0.001

Motor weakness 42 (60.0) 2 (5.6)

Dysarthria 5 (7.1) 2 (5.6)

Gait disturbance 2 (2.9) 7 (9.9)

Dizziness 8 (11.4) 12 (16.9)

Cognitive impairment 4 (5.7) 5 (7.0)

Headache 1 (1.4) 19 (26.8)

Others 9 (12.9) 29 (40.8)

mRS at initial imaging < 0.001

0–1 37(52.9%) 62(87.3%)

2 25(35.7%) 7(9.9%)

3–4 8(11.4%) 2(2.8%)

EGFR 1–6 40 (60.6) 34 (50.7) 0.252

Exon variant 0.022

Exon 3 24 (36.4) 13 (19.4)

Exon 11 13 (19.7) 26 (38.8)

Exon others 33 (43.9) 32 (41.8)

Cysteine involvement 0.411

Cysteine sparing 20 (28.6) 16 (22.5)

Cysteine involving 50 (71.4) 55 (77.5)

Table 1.  Baseline characteristics. Results are presented as mean ± standard deviation or number (%). AIS: 
acute ischemic stroke, CADASIL: cerebral autosomal dominant arteriopathy with subcortical infarcts stroke, 
mRS: modified Rankin Scale, EGFR: epidermal growth factor-like repeats.
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Discussion
This study delineates the distinctive features of CADASIL patients with AIS. The average age of onset for AIS in 
CADASIL patients was 55 years, which is relatively younger compared to typical patients with lacunar strokes11 
Interestingly, there were no discernible differences in conventional stroke risk factors between CADASIL patients 
with AIS and those without. However, CADASIL patients with AIS exhibited a higher frequency of old lacunes 
and more extensive subcortical WMH compared to those without AIS.

In terms of genetic variation, there was a higher occurrence of exon 3 variants and a lower incidence of exon 
11 variants among CADASIL patients with AIS. Previous studies have demonstrated that mutations in EGFR 
domains 1–6 are associated with earlier stroke onset, lower survival rates, and more severe WMH, likely due 
to increased extracellular NOTCH3aggregations and deposits of granular osmophilic material12,13However, in 
our cohort, no significant difference in the occurrence of AIS was observed with EGFR mutations in domains 
1–6. The previous studies were primarily conducted in Western populations, where the genotype of CADASIL 
patients differs from that of Asian populations14,15For instance, specific mutations, such as the Arg544 Cys 
mutation in exon 11 and the Arg75Pro mutation in exon 3, were found to be more prevalent among East Asian 
CADASIL patients14.

Interestingly, despite the exon 11 variant group having more conventional stroke risk factors (e.g., age, 
hypertension, diabetes, and coronary artery disease), they exhibited a lower incidence of AIS and a delayed onset 
of the first stroke by approximately six years compared to mutations in other loci. This observation suggests that 
genetic factors may play a more significant role in stroke risk among CADASIL patients. Notably, the Arg544 
Cys mutation was identified in 23 out of 39 patients (62.1%) with exon 11 mutations, with 7 of these 23 patients 

Location Number of lesions Percentage

Corona radiata 42 40.0%

Juxta subcortex 39 37.1%

Centrum semiovale 24 22.9%

Splenium 16 15.2%

Internal capsule 15 14.3%

Basal ganglia 13 12.4%

Thalamus 11 10.5%

Midbrain, pons 9 8.6%

Cerebellum 4 3.8%

Table 3.  Distribution of acute ischemic stroke lesion.

 

AIS (+) (n = 70) AIS (-) (n = 71) p-value

Presence of lacune 63 (91.3) 41 (57.7) < 0.001

Number of lacune 5.2 ± 4.8 2.9 ± 4.1 0.003

Presence of CMB 37(62.7) 32(53.3) 0.300

Number of CMB 7.4 ± 13.0 4.7 ± 8.8 0.190

White matter hyperintensities

Deep (Fazekas grade) 0.007

0–1 3 (4.3) 14 (19.7)

2 26 (37.7) 30 (42.3)

3 40 (58.0) 27 (38.0)

Perivascular (Fazekas grade) 0.392

0–1 3 (4.3) 7 (9.9)

2 13 (18.8) 15 (21.7)

3 53 (76.8) 49 (69.0)

Perivascular space (grade) 0.296

0 11 (15.9) 12 (16.9)

1 40 (58.0) 48 (67.6)

2–4 18 (26.1) 11 (15.5)

Anterior temporal pole lesions 32 (46.4) 43 (60.6) 0.092

External capsule lesions 61 (88.4) 59 (83.1) 0.370

Table 2.  Image features of CADASIL patients according to the occurrence of acute ischemic stroke. Results are 
presented as mean ± standard deviation or number (%). CADASIL: cerebral autosomal dominant arteriopathy 
with subcortical infarcts stroke, AIS: acute ischemic stroke, MRI: magnetic resonance imaging, CMB: cerebral 
microbleeds, WMH: white matter hyperintensities,.

 

Scientific Reports |        (2025) 15:17113 4| https://doi.org/10.1038/s41598-025-00220-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(30.4%) experiencing AIS (Supplementary Table 2). Mutations occurring outside the EGFR domains 1–6 may 
lead to a milder disease presentation10 It is hypothesized that the Arg544 Cys mutation, located between EGFR 
domains in exon 11, results in less aggregation of the extracellular domain compared to typical CADASIL 
mutations, potentially delaying symptom onset and reducing the incidence of AIS.

On the other hand, variants in exon 3 were associated with a higher incidence of AIS, affecting 68.0% of 
patients, including those with the Arg75Pro mutation (Supplementary Table 2). Although patients with CADASIL 
who have the Arg75Pro mutation exhibit atypical and milder phenotypes—characterized by a lower frequency 
of stroke or transient ischemic attacks and fewer temporal pole lesions16—this mutation has also been linked to 
an increased risk of CMBs and intracerebral hemorrhages, thereby heightening the risk of bleeding17Generally, 
the presence of CMBs elevates the risk of both ischemic small vessel disease and intracerebral hemorrhage18 The 
Arg75Pro mutation may contribute to increased aggregation and solubility of the NOTCH3extracellular domain, 
leading to small vessel toxicity and damage19,20 However, the statistical significance between exon 3 and AIS 
was lost after adjustment for imaging findings (Supplementary Tables 3 and Table 4). Exon 3 mutations show 
unique imaging characteristics. Further study focusing on the association between Exon 3 mutations, imaging 
characteristics such as multiple CMBs or more lacunes, and increased risk of ischemic events may be warranted.

The limitations of this study include its single-center, retrospective design. However, our center receives 
numerous referrals for rare diseases from across the nation. Additionally, whole-genome sequencing was not 
performed for genotypic analysis. Lastly, we analyzed genetic characteristics based on the location of mutations 
within exons. Although trends were observed for individual gene loci (Supplementary Table 2), statistical 
significance was constrained due to the smaller sample size. Larger multi-center or multinational cohort studies 
are necessary to validate our findings.

In conclusion, our study confirmed that the incidence of AIS in patients with CADASIL varies based on the 
location of mutations in the NOTCH3 gene, regarding the influence of different exons. Specifically, variants in 
exon 11 were linked to a lower risk of AIS.

Univariable analysis Model 1* Model 2** Model 3***

OR (95% CI) p OR (95% CI) p OR (95% CI) p OR (95% CI) p

Age 1.007 (0.978–1.036) 0.657 0.960(0.920–1.002) 0.063- - - - -

Male sex 0.774 (0.398–1.508) 0.452 - - - - - -

Hypertension 1.577 (0.690–3.605) 0.280 - - - - - -

Diabetes mellitus 1.524 (0.545–4.260) 0.422 4.147(0.993–17.314) 0.051 3.311(0.887–12.358) 0.075 3.360(0.900–12.550) 0.071

Hyperlipidemia 1.254 (0.605–2.599) 0.542

Coronary heart disease 0.157 (0.018–1.340) 0.091 0.100(0.007–1.488) 0.095

Smoking history 1.375 (0.643–2.947) 0.412

Exons (others) 1.064. (0.534–2.118) 0.861 Ref

Exon 3 variant 2.330 (1.060–5.118) 0.035 2.137(0.877–5.207) 0.095 1.362(0.525–3.529) 0.525

Exon 11 variant 0.402 (0.184–0.881) 0.023 0.237(0.094–0.597) 0.002 0.270(0.099–0.733) 0.010

Presence of lacune 7.683(2.940–20.080) < 0.001 5.697(1.973–16.449) 0.001 8.655(3.146–23.811) < 0.001 8.190(2.948–22.754) < 0.001

Presence of CMB 1.472(0.708–3.059) 0.301

Deep (Fazekas grade)

0–1 Ref Ref

2 4.044(1.045–15.648) 0.043 2.180(0.429–11.084) 0.348

3 6.914(1.812–26.380) 0.005 5.675(0.944–34.109) 0.058

Perivascular (Fazekas grade)

0–1 Ref

2 2.022(0.432–9.461) 0.301

3 2.524(0.618–10.308) 0.197

Anterior temporal pole lesions 1.776(0.908–3.474) 0.094

External capsule lesions 1.551(0.592–4.065) 0.372

Table 4.  Factors associated with acute ischemic stroke according to exon variant. Results are presented as 
odds ratio and 95% confidence intervals (CIs). *Model 1. Multivariable analysis adjusted for age, male sex, 
HTN, DM, HL, CHD, smoking history, presence of lacune, deep white matter Fazekes score, Exon 3 vs. others 
(reference, Exon other than 3). **Model 2. Multivariable analysis adjusted for age, male sex, HTN, DM, HL, 
CHD, smoking history, presence of lacune, deep white matter Fazekes score, Exon 11 vs. others (reference, 
Exon other than 11). ***Model 3. Multivariable analysis adjusted for age, male sex, HTN, DM, HL, CHD, 
smoking history,, presence of lacune, deep white matter Fazekes score, Exon 3 vs. 11 vs. others (reference, Exon 
other than 3 or 11).
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Methods
Patients and samples
We conducted a retrospective review of data pertaining to CADASIL patients at Asan Medical Center from 
January 2002 to December 2022. The diagnosis of CADASIL was confirmed through genetic testing for 
individuals exhibiting CADASIL symptoms, typical MRI findings, or a family history of CADASIL, as determined 
by neurologists. We excluded patients who (1) were unable to provide both genetic and imaging data, and (2) 
had a suspected history of stroke. AIS was defined as acute neurological deficit with a clinically relevant DWI 
lesion, regardless of the timing of the CADASIL diagnosis. The radiological definition of AIS is described below.

Demographic and clinical data were extracted from medical records. The presence of vascular risk factors, 
patients’ initial chief symptom and initial functional status was assessed at the time of initial acute stroke onset in 
CADASIL patients with AIS and during the first MRI in CADASIL patients without AIS. Initial clinical symptoms 
was categorized as unilateral hemiparesis, dysartrhia, gait disturbance, dizziness, cognitive impairment, headache 
and others. Initial functional status was measured by modified Ranken Scale by the attending neurologists.

All patients suspected of having CADASIL had 5 mL of fasting venous blood extracted into tubes containing 
ethylenediaminetetraacetic acid (EDTA) as an anticoagulant (BD Vacutainer K2EDTA spray-coated tubes). 
Immediately after collection, the blood samples were placed in an icebox to maintain a stable temperature and 
transported to the laboratory within one hour for processing. In the laboratory, samples were processed within 
2 h of collection to isolate plasma or extract DNA as required for genetic analysis. Any samples not processed 
within this timeframe were discarded to maintain the integrity of the specimens. All handling and processing 
of blood samples were conducted in accordance with biosafety regulations to ensure the safety of laboratory 
personnel and the quality of the sample.

This study received approval from the local ethics committee (IRB number: 2023 − 0381), and patient 
informed consent was not required due to the retrospective nature of the study.

Exon 11 (N = 39) Others (N = 102) p-value

Age at initial imaging (years) 59.2 ± 10.3 52.1 ± 11.3 0.001

Male sex 18 (46.2) 39 (41.5) 0.621

Risk factors

Hypertension 14 (35.9) 12 (12.9) 0.002

Diabetes mellitus 9 (23.1) 6 (6.4) 0.006

Hypercholesterolemia 11 (28.2) 26 (27.7) 0.949

Coronary heart disease 4 (10.3) 1 (1.1) 0.026

Smoking history 9 (23.1) 25 (26.6) 0.672

Family history of CADASIL 8 (20.5) 23 (24.5) 0.623

Family history of stroke 21 (53.8) 64 (68.1) 0.120

Presence of AIS 13 (33.3) 53 (56.4) 0.016

SVD markers

Presence of lacune 30 (76.9) 67 (72.0) 0.562

Number of lacune 3.9 ± 4.5 4.3 ± 4.8 0.721

Presence of CMB 20 (60.6) 43 (55.1) 0.594

Number of CMB 7.9 ± 14.0 4.5 ± 8.6 0.114

White matter hyperintensities

Deep 0.126

0–1 6 (15.4) 10 (10.8)

2 11 (28.2) 44 (47.3)

3 22 (56.4) 39 (41.9)

Perivascular 0.057

0–1 4 (10.3) 6 (6.5)

2 3 (7.7) 24 (25.8)

3 32 (82.1) 63 (67.7)

Perivascular space (grade) 0.128

0 7 (17.9) 15 (16.1)

1 20 (51.3) 63 (67.7)

2–4 12 (30.8) 15 (16.1)

Anterior temporal pole lesions 18 (46.2) 54 (58.7) 0.187

External capsule lesions 34 (87.2) 79 (85.9) 0.842

Table 5.  Characteristics of CADASIL patients with exon 11 variant and those with other variants. Results are 
presented as mean ± standard deviation or number (%). CADASIL: cerebral autosomal dominant arteriopathy 
with subcortical infarcts stroke, AIS: acute ischemic stroke, SVD: small vessel disease, CMB: cerebral 
microbleeds.
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Imaging and diagnosis of acute ischemic stroke
MRI examinations were conducted using either a 1.5-T Siemens Avanto (Siemens Medical Solutions, Malvern, 
PA, USA) or a 3.0-T Philips scanner (Philips Healthcare, Eindhoven, The Netherlands). The imaging protocol 
included axial DWI, T2-weighted imaging, fluid attenuation inversion recovery (FLAIR), gradient-echo (GRE), 
and/or susceptibility-weighted image (SWI) sequences.

An AIS lesion was defined as a hyperintense area on DWI with a corresponding reduced signal on the apparent 
diffusion coefficient image, with or without an increased signal on FLAIR or T2-weighted imaging. These 
findings corresponded with typical vascular territories, and the location of recent infarction was categorized 
into distinct cerebral regions, including the subcortex (i.e., juxta-subcortex, centrum semiovale), corona radiata, 
basal ganglia, internal capsule, thalamus, splenium, brainstem, and cerebellum. Multiple lesion locations were 
defined if a patient had separated ischemic lesions, with each location classified as a separate location variable. 
Consequently, a single patient could have multiple values for the locations of stroke lesions.

Small vessel disease burden
Lacunes were defined as rounded or ovoid lesions measuring 3 to 20 mm in diameter, located in the basal 
ganglia, internal capsule, centrum semiovale, or brainstem. These lesions exhibited cerebrospinal fluid signal 
intensity on T2-weighted and FLAIR images, typically presenting with a hyperintense rim on FLAIR and no 
increased signal on DWI. Microbleeds were identified as small (< 5 mm), homogeneous, round foci of low signal 
intensity on GRE and/or SWI in the cerebellum, brainstem, basal ganglia, white matter, or cortico-subcortical 
junction. They were distinguished from vessel flow voids and mineral deposits in the globus pallidus. Deep and 
periventricular white matter hyperintensities (WMH) were both classified according to the Fazekas scale, which 
ranges from 0 to 3. Perivascular spaces (PVS) were defined as small (< 3 mm) punctate (if perpendicular) or 
linear (if longitudinal to the plane of the scan) hyperintensities on T2-weighted images in the basal ganglia or 
centrum semiovale. PVS were rated using a previously described and validated semiquantitative scale ranging 
from 0 to 421 To ascertain markers of small vessel disease, two experienced researchers (JY Park and SH Ha), who 
were blinded to the patients’ clinical information, independently interpreted the images and reached consensus 
decisions.

Genetic analysis
Genomic DNA samples were isolated from peripheral blood using PUREGENE DNA isolation kits (Gentra, 
Minneapolis, MN, USA). The exons of the NOTCH3 gene and their flanking intronic sequences were 
amplified via polymerase chain reaction (PCR) using 11 primer sets. The size and purity of the PCR products 
were confirmed by separation on 1.2% agarose gels stained with ethidium bromide. DNA sequencing was 
subsequently performed using the same primers employed for PCR, following the manufacturer’s protocol for 
the BigDye Terminator v3.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA). 
Electrophoresis and analysis were conducted using an ABI 3130XL genetic analyzer (Applied Biosystems).

To evaluate the pathogenicity of novel missense variants, several bioinformatics tools were employed, 
including PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), MutationTaster (http://mutationtaster.org), and 
Sorting Intolerant From Tolerant (SIFT) (http://sift.jcvi.org). The frequencies of each variant were assessed using 
the gnomAD database (http://gnomad.broadinstitute.org).

Fig. 2.  Kaplan-Meier analysis of stroke-free survival in CADASIL patients based on exon variants. This figure 
shows the probability of remaining stroke-free over time, stratified by genotype. The blue line represents 
patients with an Exon 11 NOTCH3 variant, while the green line represents patients with other variants.
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Statistical analysis
The characteristics of CADASIL patients with and without AIS were compared. Continuous variables are 
presented as means ± standard deviations (SDs), while categorical variables are presented as percentages. 
Statistical analyses included t-tests and Mann-Whitney tests for continuous variables, and Pearson’s χ² test, 
Fisher’s exact test, or linear-by-linear association tests for categorical variables.

Univariate and multivariate logistic regression models were employed to identify factors, including genetic 
variants, associated with AIS in patients with CADASIL. The multivariate model incorporated demographic 
information and vascular risk factors, such as age, sex, hypertension, diabetes mellitus, hyperlipidemia, coronary 
heart disease, smoking history, and genetic variants. The odds ratios (OR) and 95% confidence intervals (95% 
CI) were reported.

To evaluate the time to onset of the first ischemic stroke across various genotype groups, Kaplan-Meier 
analyses were conducted with age as the time scale. Cox proportional hazard regression models were employed 
to calculate hazard ratios (HRs) for AIS in these groups, adjusting for the same factors used in the logistic 
regression model. All statistical analyses were performed using IBM SPSS version 21.0 (SPSS, Chicago, IL), and 
a p-value < 0.05 was deemed statistically significant.

Data availability
Data are available upon reasonable request to the corresponding author.
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