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ABSTRACT
Background and purpose  Multiple factors play important 
roles in the occurrence and prognosis of stroke. However, 
the roles of monogenic variants in all-cause ischaemic 
stroke have not been systematically investigated. We aim 
to identify underdiagnosed monogenic stroke in an adult 
ischaemic stroke/transient ischaemic attack (TIA) cohort 
(the Third China National Stroke Registry, CNSR-III).
Methods  Targeted next-generation sequencing for 181 
genes associated with stroke was conducted on DNA samples 
from 10 428 patients recruited through CNSR-III. The genetic 
and clinical data from electronic health records (EHRs) 
were reviewed for completion of the diagnostic process. We 
assessed the percentages of individuals with pathogenic or 
likely pathogenic (P/LP) variants, and the diagnostic yield of 
pathogenic variants in known monogenic disease genes with 
associated phenotypes.
Results  In total, 1953 individuals harboured at least one 
P/LP variant out of 10 428 patients. Then, 792 (7.6%) 
individuals (comprising 759 individuals harbouring one P/
LP variant in one gene, 29 individuals harbouring two or 
more P/LP variants in different genes and 4 individuals 
with two P/LP variants in ABCC6) were predicted to be 
at risk for one or more monogenic diseases based on 
the inheritance pattern. Finally, 230 of 792 individuals 
manifested a clinical phenotype in the EHR data to 
support the diagnosis of stroke with a monogenic cause. 
The most diagnosed Mendelian cause of stroke in the 
cohort was cerebral autosomal dominant arteriopathy 
with subcortical infarcts and leukoencephalopathy. There 
were no relationships between age or family history and 
the incidence of first symptomatic monogenic stroke in 
patients.
Conclusion  The rate of monogenic cause of stroke was 
2.2% after reviewing the clinical phenotype. Possible 
reasons that Mendelian causes of stroke may be missed in 
adult patients who had an ischaemic stroke/TIA include a 
late onset of stroke symptoms, combination with common 
vascular risks and the absence of a prominent family 
history.

INTRODUCTION
Deleterious mutations in a single gene can 
cause a Mendelian form of ischaemic stroke 

(IS), either as a primary or a secondary mani-
festation.1 Despite numerous genetic studies 
of IS,2–4 very few monogenic causes of strokes 
have been identified to date, and these have 
been found only in patients with a very early 
age of onset or with some types of small-vessel 
disease (SVD).5 6 Few studies have attempted 
to systemically quantify the prevalence 
of monogenic stroke or to identify corre-
sponding pathogenic variants in patients who 
had a stroke in the general population, espe-
cially in older individuals. The recent progress 
in genomic technology and the reduction of 
sequencing costs now make such an investiga-
tion feasible.7 Understanding the rare genetic 
variants associated with stroke is an essential 
step to identify the causes of stroke, decipher 
the underlying mechanisms, facilitate the 
identification of novel therapeutic targets and 
optimise prevention strategies.6 The current 

WHAT IS ALREADY KNOWN ON THIS TOPIC

	⇒ Strokes caused by single-gene mutations are an im-
portant type of stroke aetiology. However, the preva-
lence of strokes with Mendelian causes in all-cause 
ischaemic stroke is unknown.

WHAT THIS STUDY ADDS

	⇒ We identified that 7.6% individuals harboured at 
least one pathogenic or likely pathogenic variant as-
sociated with one or multiple monogenic diseases 
in a Chinese all-cause ischaemic stroke cohort of 
10 428 individuals.

	⇒ After reviewing electronic health record data, the 
rate of a monogenic cause of stroke was 2.2%.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE, OR POLICY

	⇒ Care should be taken to diagnose monogenic caus-
es in all-cause ischaemic strokes, and an effective 
Mendelian stroke gene panel should be used to aid 
diagnosis.
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study was based on a cohort from the Third China 
National Stroke Registry (CNSR-III), which enrolled 
more than 10 000 consecutive patients who had an IS or 
transient ischaemic attack (TIA). We sought to determine 
the prevalence of pathogenic variants associated with 
Mendelian causes of stroke and to estimate the extent 
of potentially missed genetic diagnoses in adult patients 
who had an IS.

METHODS
Study population and classification of Mendelian causes of 
stroke
The CNSR-III is a nationwide prospective registry for 
hospitalised patients who had IS/TIA between August 
2015 and March 2018 in China. A total of 15 166 stroke 
patients were enrolled. The detailed CNSR-III protocol 
has been published.8 Most CNSR-III participants were 
also included in a genetic sub-study (n=12 603), for which 
targeted next-generation sequencing (NGS) was success-
fully conducted for 10 613 patients (online supplemental 
eFigure 1).

Monogenic disorders with a stroke phenotype were clas-
sified into the following subgroups: large-artery disease, 
SVD, embolic stroke, a prothrombotic state and other 
diseases (including neurofibromatosis 1, polycystic kidney 
disease, Fabry disease and cerebral cavernous malforma-
tions), based on the references2 9 (online supplemental 
eTable1).

Clinical classification of IS was performed according to 
the Causative Classification System for Ischaemic Stroke 
(5-item CCS).10

NGS and data analysis
Briefly, DNA was isolated from peripheral leukocytes 
using a DNA Isolation Kit (Bioteke, AU1802, Beijing, 
China). DNA libraries were prepared using a KAPA 
Library Preparation Kit (Kapa Biosystems, KR0453, Wilm-
ington, Massachusetts, USA) following the manufacturer’s 
instructions. Genomic DNA capture, library construction 
and targeted NGS using a panel for Mendelian strokes 
were conducted as previously described.11 Paired-end 
sequencing (150 bp) was performed on HiSeq X Ten or 
NovaSeq (Illumina, San Diego, California, USA). The 

Table 1  Characteristics of the included patients in CNSR-III

NGS analysis cohort (n=10 428) CNSR-III cohort (n=15 166) Remaining cohort (n=4738)

Age at time of study entry，mean±SD 62.25±11.32 62.23±11.30 62.19±11.26

≤45 years 735 (7.05) 1074 (7.08) 339 (7.15)

>45 years 9693 (92.95) 14 092 (92.92) 4399 (92.85)

Male, n (%) 7137 (68.44) 10 364 (68.34) 3277 (68.11)

Ethnicity, Han, n (%) 10 118 (97.03) 14 726 (97.10) 4608 (97.26)

Current smoker, n (%) 3320 (31.84) 4752 (31.33) 1432 (30.22)

Heavy drinker, n (%) 1482 (14.21) 2126 (14.02) 644 (13.59)

BMI (≥25 kg/m²) 4464 (42.81) 6468 (42.65) 2004 (42.30)

Medical history, n (%)

 � Ischaemic stroke 2349 (22.53) 3355 (22.12) 1006 (21.23)

 � Coronary heart diseases 1152 (11.05) 1608 (10.60) 456 (9.62)

 � Atrial fibrillation 737 (7.07) 1019 (6.72) 282 (5.95)

 � Hypertension 6540 (62.72) 9494 (62.60) 2954 (62.35)

 � Diabetes mellitus 2490 (23.88) 3510 (23.14) 1020 (21.53)

 � Dyslipidaemia 882 (8.46) 1191 (7.85) 309 (6.52)

Stroke type

 � IS 9728(93.3) 14 146 (93.27) 4418 (93.25)

 � TIA 700 (6.7) 1020 (6.73) 320 (6.75)

 � Family history of Stroke 1395 (13.38) 2013 (13.27) 618 (13.04)

CCS

 � Large artery atherosclerosis 2999 (28.76) 4364 (28.77) 1365 (28.81)

 � Cardioaortic embolism 718 (6.89) 971 (6.40) 253 (5.34)

 � Small arterial occlusion 2614 (25.07) 3747 (24.71) 1133 (23.91)

 � Other aetiologies 86 (0.82) 152 (1.00) 66 (1.39)

 � Undetermined aetiology 4011 (38.46) 5932 (39.11) 1921 (40.54)

Note: Heavy drinker: alcohol ≥20 g/day.
BMI, body mass index; CCS, Causative Classification System for Ischaemic Stroke; CNSR-III, the Third China National Stroke Registry; IS, ischaemic stroke; NGS, 
next-generation sequencing; TIA, transient ischaemic attack.
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sensitivity and specificity of the targeted sequencing were 
evaluated by comparing the results with the results of 
Sanger sequencing from a previous study by our group.11 
Variant calling and quality control are described in online 
supplemental file 1. For the current analysis, we focused 
only on 181 candidate genes associated with Mendelian 
stroke or stroke-related risk factors (online supplemental 
eTable 2). The pathogenicity was evaluated using InterVar 
software and customised scripts (V.2.0.1) according to the 
guidelines of the American College of Medical Genetics 
and Genomics (ACMG) and the Association for Molec-
ular Pathology (AMP).12 The ClinVar database (ClinVar 
20200622 version) was used to aid the evaluation.

Evaluation of the concordance between clinical phenotypes 
and the genetic classification of monogenic stroke
Through electronic health record (EHR) review and based 
on the availability of diagnostic criteria and the manifesta-
tion of relevant disease phenotypes, we classified the extent 
of the confidence of a diagnosis of monogenic stroke into 
several categories: undetermined (ie, without phenotypic 
expression of the relevant monogenic disease), possible (ie, 
with some features of the monogenic disease), definite (ie, 
met diagnostic criteria for the monogenic disease) or insuf-
ficient information. Based on the literature, some but not all 
monogenic diseases have well-established diagnostic criteria. 
For those without existing diagnostic criteria, we used the 

disease-related phenotypes listed on OMIM and published 
data to classify the diagnosis. Full details of the classification 
scheme for each phenotype can be found in the Pheno-
typing section of online supplemental file 1.

Statistical analysis
We used R software (V.3.6.1) to perform analysis. Multi-
variable logistic regression analysis was used to predict the 
relationships between age or family history and the inci-
dence of monogenic stroke in patients without a history 
of stroke, controlling for hypertension, hyperlipidaemia, 
diabetes, coronary heart disease, atrial fibrillation, 
smoking history, drinking history and body mass index 
(BMI) ≥25 kg/m².

Data availability
The data that support the findings of this study are 
available from the corresponding authors on reason-
able request.

RESULTS
Description of NGS analysis cohort
After filtering out 147 contaminated samples and 38 
duplicated samples from 10 613 individuals, 10 428 
patients remained for NGS data analysis (online supple-
mental eFigure 1). The final set of 10 428 samples had 

Figure 1  Identification and selection of pathogenic/likely pathogenic variants in the CNSR-III cohort. In total, 88 604 observed 
variants in 181 genes were enrolled in this study. We used 345 pathogenic/likely pathogenic variants after filtering using the 
ClinVar database (left), and 776 novel pathogenic/likely pathogenic variants after annotation using the ACMG/AMP guidelines 
(right). ACMG, American College of Medical Genetics and Genomics; AMP, Association for Molecular Pathology; CNSR-III, the 
Third China National Stroke Registry; LB, likely benign.
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an average mean depth of coverage of 192, and 96.2% 
of targeted bases had a coverage depth of at least 20.

In this study cohort, patients who had an IS accounted for 
93.3% (9728/10 428) and patients who had a TIA accounted 
for 6.7% (700/10 428). The ages ranged from 19 to 95 with 
a mean (SD) of 62.3 (11.3) years old. Of the patients, 93.0% 
were 45 years old or older, 7137 (68.4%) were men, 2349 
(22.53%) had a history of IS and 1395 (13.38%) had a family 
history of stroke (table 1).

Pathogenic/likely pathogenic (P/LP) variants
In total, 88 604 variants were found in the 181 candidate 
genes among the 10 428 individuals. We implemented two 
pipelines to annotate the variants: one for variants anno-
tated by ClinVar (11 268 variants) and the other for 77 336 
variants that were not present in the ClinVar database. The 
first pipeline focused on P/LP variants classified in ClinVar 
(348 variants in 1031 individuals) followed by verification 
through manual review according to the ACMG/AMP 
guidelines, which filtered out three variants re-annotated as 
likely benign. The second pipeline used our own custom-
ised scripts based on ACMG/AMP principles to classify the 
remaining 77 336 not present in the ClinVar database. The 
second pipeline included updating the PVS1, PS1, PP2 
and BP1 gene lists based on identical procedures used in 
InterVar. This identified a total of 1121 variants, in 137 genes, 
presented in 1953 individuals, that were classified as P/LP 
and were further analysed for evaluation of their inheritance 
patterns and genotype–phenotype concordance (figure 1).

We further considered the inheritance pattern of the 
disease, excluding individuals with a heterozygous variant of 
an autosomal recessive disease. A total of 759 (online supple-
mental eTable 3) individuals harboured one P/LP variant 
in 80 genes and were predicted to be at risk for one mono-
genic disease (figure  2), while 29 individuals harboured 
more than two P/LP variants and were predicted to be at 
risk for multiple monogenic diseases (online supplemental 
eTable 4). In addition, four individuals harboured two P/LP 

variants (without confirmation of paternity and maternity) 
in ABCC6 (online supplemental eTable 5). The Mende-
lian causes of stroke identified in our cohort included 245 
embolic stroke cases (32.3%), 184 large-artery disease cases 
(24.2%), 148 SVD cases (19.4%), 124 cases of a prothrom-
botic state (16.3%) and 58 other disease cases (7.6%) (total, 
759 individuals; online supplemental eTable 6). Detailed 
aetiological classifications are shown in online supplemental 
eTable 3.

Diagnostic rate of individuals predicted to develop one 
monogenic disease
EHR data registered in the CNSR-III cohort were available 
for 747 of these 759 individuals with one P/LP variant at 
risk for one monogenic disease, to verify the genetic diag-
nosis (figure  2). Classification of the monogenic stroke 
and the corresponding genes involved are shown in 
figure 3. Among the 747 individuals, 157 individuals were 
classified as having insufficient information, as although 
EHR data were present in the registry, we anticipated that 
the phenotypes of their monogenic diseases would not 
be evaluated through EHR review. After reviewing clin-
ical information for the remaining 590 individuals, we 
classified them into three groups according to the level 
of support from clinical evidence: definite genetic diag-
nosis (134 individuals), possible genetic diagnosis (80 
individuals) and inconclusive/undetermined genetic 
diagnosis because of the absence of clinical phenotypes 
(376 individuals, figure  2). The positive diagnosis rates 
(definite+possible diagnosis) were 19.4% (42/216) for 
embolic stroke, 26.3% (47/179) for large-artery disease, 
58.7% (84/143) for SVD, 93.3% (28/30) for a prothrom-
botic state and 59.1% (13/22) for other diseases. Overall, 
the positive diagnosis yield among patients with geneti-
cally diagnosed monogenic stroke showed the highest 
yield for monogenic prothrombotic state.

We also found four individuals with two P/LP vari-
ants in the ABCC6 gene (online supplemental eTable 

Figure 2  Individuals diagnosed and potentially missed diagnoses. Flow chart (left) illustrating the number of individuals 
harbouring one or more P/LP variant, and the number of individuals predicted to develop one or more monogenic disease. Bar 
plot (right) illustrating the proportions of the groups at risk for one monogenic disease, showing their likelihood of a missed 
diagnosis. EHR, electronic health record; P/LP, pathogenic or likely pathogenic.
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5), predicted to have pseudoxanthoma elasticum in an 
autosomal recessive inheritance pattern. We reviewed 
the EHR data from these four patients and found no 
evidence to support a clinical diagnosis of pseudoxan-
thoma elasticum.13

Diagnostic rate of individuals predicted to develop two or 
more monogenic diseases
Surprisingly, we identified 29 individuals who harboured 
two P/LP variants in multiple genes and were predicted 
to develop two or more relevant monogenic diseases 
based on the inheritance pattern (online supplemental 
eTable 4). Two of them (patients #CNSR302050 and 
#CNSR303839) harboured three variants, and one 
(patient #CNSR306857) harboured four variants. Of 
these 29 individuals, three showed definite or possible 
clinical evidence to support the presence of two mono-
genic diseases. Thirteen of them had definite or possible 
clinical evidence to support the presence of only one 
monogenic disease. The remaining 12 patients did not 
have sufficient clinical phenotypes to support a genetic 
diagnosis. This group showed a clinical concordance rate 
(55.2%, 16/29) (online supplemental eTable 4).

Summary of the diagnostic rate of all individuals with one or 
more P/LP variant
In total, 792 of 10 428 individuals (7.6% of all patients) 
were identified as carrying at least one P/LP variant for 
monogenic disease, according to the ACMG/AMP guide-
lines or the ClinVar database. EHR data were available 
for 780 individuals, and 624 individuals had relevant 

phenotypic information for evaluation in the EHR data 
that corresponded to their genetic diagnoses of a mono-
genic disease. A total of 230 individuals (36.9%, 230/624) 
exhibited definite or possible clinical evidence to support 
their genetic diagnoses, including 227 individuals with 
one monogenic disease and three individuals with two 
monogenic diseases. In other words, 2.2% (230/10 428) 
of individuals from our cohort not only carried at least 
one P/LP variant related to monogenic stroke but also 
demonstrated definite or possible clinical phenotypic 
evidence to support a genetic diagnosis.

At the gene level, individuals with NOTCH3 P/LP 
variants had the highest rate of positive genetic diag-
nosis (89.3%, 50/56). Mutations in exon 11 of NOTCH3 
accounted for 44.0% (22/50), with R544C and R587C 
as the most common (28.0% and 14.0%, respectively). 
Variants in exon 6–24 accounted for 88.0% (44/50). 
Surprisingly, we identified a JAK2 variant (p.V617F) in 33 
individuals, 29 of whom had corresponding phenotypes 
(ie, thrombocythemia or erythrocytosis). The third and 
fourth monogenic diseases with relatively high genetic 
diagnosis were familial hypercholesterolemia caused by 
heterozygous LDLR mutations (60%, 24/40) and COL4A2 
microangiopathy caused by heterozygous COL4A2 muta-
tions (52.5%, 21/40).

The characteristics of 230 individuals with Mendelian causes 
of stroke
Patients in our cohort with Mendelian causes of stroke 
had a mean age of 61.8 years old, and 65.4% were men. 

Figure 3  Genetic architecture of stroke. Each gene related to monogenic stroke identified in 759 individuals was classified into 
five subgroups: large-artery disease, small-vessel disease, embolic stroke, a prothrombotic state and other diseases (shown in 
the middle text circle). The proportions of affected genes are shown in the outermost circle.
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Only 17 individuals of the 230 (7.4%, 17/230) had 
been diagnosed with an identified aetiology in EHR 
prior to genetic testing (online supplemental eTable 7), 
including eight cases of cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoenceph-
alopathy (CADASIL) with NOTCH3 mutation, six cases 
of idiopathic thrombocytopenia with V617F mutation in 
the JAK2 gene and three cases of Moyamoya disease with 
a RNF213 R4810K mutation. The common risk factors 
for IS, such as hypertension, hyperlipidaemia, diabetes, 
coronary heart disease, atrial fibrillation, smoking history, 
drinking history and BMI ≥25 kg/m², were carried out by 
86.5% (199/230) of individuals. Of them, 30% (69/230) 
of all patients with monogenic causes carried one risk 
factor, 30.4% (70/230) carried two risk factors and 26.1% 
(60/230) carried three or more risk factors (figure  4). 
Only 10.87% of individuals among these patients with 
Mendelian causes of stroke had a family history of stroke. 
According to the multivariable logistic regression model, 
after eliminating the confounding effect of common 
risk factors, there were no relationships between age 
(OR=0.99, 95% CI: 0.98 to 1.01, p=0.23) or family history 
(OR=0.66, 95% CI: 0.36 to 1.11, p=0.14) and the inci-
dence of first symptomatic monogenic stroke in patients.

DISCUSSION
In this study, at least 2.2% of our cohort had definite or 
possible clinical evidence to support genetically diag-
nosed Mendelian causes of stroke/TIA, which is similar 
to other studies on complex diseases. For example, it was 

found that the diagnosis rate of monogenic disease was 
1.7% in a cardiovascular disease cohort.14

Several features among the individuals identified 
as having a Mendelian cause of stroke in our cohort 
presented complexity and obstacles for a correct diag-
nosis of monogenic stroke, including late-onset symp-
toms of stroke, coexisting common risk factors and a 
low prevalence of a positive family history. Most of the 
monogenic stroke individuals with a first symptomatic 
stroke in our cohort were relatively old with a mean 
age of 61, and most of the patients carried common 
risk factors similar to other stroke patients with non-
Mendelian causes in our adult IS cohort. However, 
similar exceptions were already known for some mono-
genic diseases. For example, patients with CADASIL can 
have stroke events that occur after the age of 60 and can 
carry common cerebrovascular risk factors.15–18 Hyper-
tension is present in 20% of patients with CADASIL, 
and hyperlipemia and smoking are present in 50% 
of patients with CADASIL.19 More than 90% of the 
patients with COL4A1/COL4A2 mutations in our cohort 
did not present with haemorrhage, either now or previ-
ously, or had only microbleeds with other characteris-
tics of cerebral SVD, a result that somewhat contradicts 
prior literature indicating that COL4A1/COL4A2 muta-
tions are a cause of haemorrhagic stroke.11 20 Similarly, 
among 16 cases of Moyamoya disease caused by RNF213 
mutation, only three cases were clinically diagnosed as 
Moyamoya disease in EHR before genetic testing while 
the remaining cases were diagnosed as vascular stenosis, 

Figure 4  Characteristics of 227 individuals diagnosed with Mendelian causes of stroke. The bars represent the number 
of individuals diagnosed with Mendelian causes of stroke identified for each gene, which are coloured according to the 
classification of stroke aetiology. Three individuals with two monogenic diseases were ruled out. The percentages in the 
boxes indicate the distribution of risk factors, including hypertension, hyperlipidaemia, diabetes, coronary heart disease, atrial 
fibrillation, smoking history, drinking history and body mass index ≥25.
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either owing to coexisting common risk factors or only 
unilateral internal carotid artery involvement. However, 
a similar complex presentation has been reported in 
COL4A1/COL4A2 microangiopathy,21–24 Moyamoya 
disease25 and CADASIL,17 26–28 whose patients can 
present with mild signs or symptoms, or even have a 
negative history of stroke and family history.

The NOTCH3 gene contains 33 exons encoding the 
Notch3 protein, which includes an extracellular domain 
that consists of 34 epidermal growth factor-like repeats 
(EGFr).29 Most P/LP variants (89.29%, 50/56) of the 
NOTCH3 gene in our cohort were located in exon 6 to 
exon 22, encoding EGFr 7–34, which results in milder 
phenotypes than mutations located in the region encoding 
EGFr 1–6.29–32 Another example can be found in individ-
uals with a V617F mutation in the JAK2 gene, leading to 
essential thrombocythemia or polycythemia vera. These 
patients present with only an increased platelet count, 
which is easily confused with the increased platelet count 
secondary to stroke complications such as infection or 
anaemia. Additionally, aspirin is effective for the vascular 
symptoms caused by the V617F mutation in JAK2, which 
would also mask the clinical signs.33 34 Diagnosis will be 
missed if the mutations lead to the occurrence of risk 
factors that then cause IS. For example, heterozygous 
mutations in LDLR result in familial hypercholesterol-
emia that can then cause IS.35–37 Clinicians often ignore 
the differential diagnosis of hypercholesterolemia and 
do not differentiate between monogenetic and complex 
aetiologies.

The genetic screening for Mendelian cause of stroke is 
critical for correct aetiological diagnosis in adult stroke 
patients. Almost all causes of stroke are included, such 
as large-artery atherosclerotic, cerebral SVD, cardio-
embolic, as well as coagulation disturbances, vascular 
malformations, metabolic disorders and large-artery 
non-atherosclerotic, so the panel is suitable for molec-
ular diagnosis of all-cause IS. However, due to the signifi-
cantly higher proportion of Mendelian stroke detected 
in patients with undetermined aetiology compared with 
other CCS types of stroke, and the highest genotype–
phenotype matching among Mendelian stroke patients 
with coagulation abnormalities and cerebral SVD types, 
these patients are the most beneficial population in the 
clinical setting.

This study had some limitations. We determined 
whether an individual with P/LP variants predicted to be 
at risk for monogenic disease had corresponding pheno-
types by reviewing EHR data; however, not every pheno-
type would have been available in the EHR system from our 
registry, so most cases with systemic monogenic diseases, 
such as congenital heart diseases and pseudoxanthoma 
elasticum, were classified as having insufficient clinical 
information. We also used an automated interpretation 
tool (InterVar), based on the ACMG/AMP guidelines, to 
evaluate the pathogenicity of the variants by updating the 
gene list. Our pipeline only used 18 categories of ACMG/
AMP criteria to classify the variants, while additional 

information such as familial segregation, family history 
and de novo status could not be obtained in this cohort 
for further analysis. Some variants of unknown signifi-
cance (VUS) may therefore be pathogenic with inclusion 
of those additional criteria and may have been missed. 
In addition, some of the variants currently classified in 
ClinVar as VUS may actually be P/LP in future acquired 
data. Thus, the prevalence of monogenic stroke in this 
cohort may have been underestimated. Furthermore, 
copy number variants were not analysed. In addition, our 
current study used targeted NGS and would have missed 
genes associated with other Mendelian causes. For this 
reason, we performed further whole genome sequencing 
on these samples and the data analysis is currently 
ongoing.38 We will explore the feasibility of following up 
with those monogenic stroke patients with insufficient or 
inconclusive clinical evidence, to either confirm or deny 
the genetic diagnosis of Mendelian causes through long-
term medical observation.

In summary, 7.6% individuals carried at least one P/
LP variant associated with monogenic disease with stroke. 
Moreover, 2.2% patients in the CNSR-III cohort had clin-
ical evidence from EHR data to support their diagnosis of 
monogenic causes. The Mendelian causes of stroke are 
neglected in adult IS cohorts, mainly because of the late 
onset of symptomatic stroke, combined common vascular 
risks and no prominent family history.
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