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Mendelian strokes are a collection of monogenic stroke 
disorders caused by rare nonsynonymous mutations. 

They are characterized by substantial risk of early-onset small-
vessel stroke, family history of stroke, and other debilitat-
ing features and thus are often referred to as familial stroke 
syndromes.1 Pathologies affecting the small cerebral arter-
ies include intracerebral hemorrhage (ICH) and small-vessel 
ischemic stroke (SVIS).1 CADASIL (Cerebral Autosomal 
Dominant Arteriopathies with Subcortical Infarcts and 
Leukoencephalopathies) is the most frequent Mendelian stroke 
disorder, with an estimated prevalence of 0.001% to 0.002% 
in the general population2,3 and 0.40% to 1.25% among SVIS 
patients.4,5 Mutation prevalence and penetrance for CADASIL 
and other Mendelian stroke disorders remain elusive because 

of a scarcity of case–control studies. To address this issue, we 
sequenced 8 Mendelian genes in 1251 small-vessel stroke cases 
(mean age: 55.5 years), consisting of 614 SVIS and 637 ICH 
cases, in addition to 1716 controls from the INTERSTROKE 
study (Study of the Importance of Conventional and Emerging 
Risk Factors of Stroke in Different Regions and Ethnic Groups 
of the World).6 Our objective was to assess prevalence and 
penetrance of Mendelian mutations in sporadic cases, and we 
hypothesized that rare nonsynonymous mutations in Mendelian 
stroke genes are important determinants of sporadic stroke.

Methods
The present research investigation is a subproject of INTERSTROKE, 
a large, global case–control study.6 Because most Mendelian stroke 
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disorders are associated with early-onset small-vessel disease,1 we 
targeted primary early-onset stroke cases of small-vessel patho-
genesis (SVIS or ICH). Among 1951 small-vessel stroke cases that 
consented to genetic analysis, 1378 were <70 years. Of these 1378 
participants, we could match 1251 to one or more controls accord-
ing to stringent criteria (sex, ethnicity, recruitment center, and age) 
for a total of 1251 cases and 1716 controls. Exome (n=368) and tar-
geted gene (n=2599) sequencing were performed to detect genetic 
mutations within 8 Mendelian stroke genes (APP, CECR1, COL4A1, 
COL4A2, GLA, HTRA1, NOTCH3, and TREX1). See Methods sec-
tion in the online-only Data Supplement for explicit gene selection 
criteria. Research was approved by the Hamilton Integrated Research 
Ethics Board. Study participant characteristics are available in Table 
I in the online-only Data Supplement.

Statistical Analysis
Only rare, nonsynonymous mutations were analyzed. Two differ-
ent variant subsets were examined. First, a subset of mutations with 
strong priori for clinical pathogenicity, canonical disease-causing 
mutations, was evaluated, where the genotypic state of the muta-
tion carrier was required to be consistent with the known mode of 
inheritance (Methods section and Table II in the online-only Data 
Supplement). Second, we conducted an exploratory analysis of all 
rare nonsynonymous mutations irrespective of clinical evidence 
assuming a dominant model because most Mendelian stroke disor-
ders exhibit dominant modes of inheritance (Table II in the online-
only Data Supplement).

To evaluate whether mutation burden differed between cases and 
controls, logistic regression was conducted using R version 3.0.1. 
Mutation carrier status was grouped per gene, such that rare nonsynon-
ymous mutations within the same gene were consolidated into a single 
factor. The independent variable was mutation carrier status, the depen-
dent variable was the combined phenotype of all stroke (SVIS+ICH), 
and covariates included ethnicity, age, and sex. For each association, 
post hoc power calculations were performed to identify the effect 
size at which our study was capable of detecting with 95% reliability. 
Essentially, this upper bound odds ratio can be interpreted as the maxi-
mum effect size for an association compatible with observed results.

Results
Canonical Disease-Causing Mutations
Canonical disease-causing mutations follow stereotypi-
cal patterns consistent with known pathogenic mutations. 
Among 2967 INTERSTROKE participants, 11 (0.37%) car-
ried canonical disease-causing mutations including 7 (0.56%) 
cases and 4 (0.23%) controls (Table III in the online-only Data 
Supplement). Mutation carriers did not exhibit greater risk for 
stroke (odds ratio=1.89; 95% confidence interval, 0.54–7.57; 
P=0.33). Mutations were found in NOTCH3 (10) and GLA (1), 
the causative genes for CADASIL and Fabry disease, respec-
tively. CADASIL mutations were observed in 4 controls 
(0.23%) and 6 cases (0.48%), including 3 SVIS (0.49%) and 
3 (0.47%) ICH cases. CADASIL mutation carrier status was 
not significantly associated with stroke risk (odds ratio=2.03; 
95% confidence interval, 0.58–8.02; P=0.27). A single 
Fabry disease mutation was present in 1 SVIS case (0.10%). 
Detailed phenotypic and genotypic information for canonical 
disease-causing mutation carriers is available in Table IV in 
the online-only Data Supplement.

The prevalence of Mendelian stroke in the general popula-
tion is uncertain, and the observed genetic prevalence of 0.23% 
among controls is high. To assess the robustness of this find-
ing, we estimated genetic prevalence in the Exome Aggregate 
Consortium, an ethnically diverse genetic database of 60 706 

individuals.7 Exome Aggregate Consortium contained 273 
(0.45%) mutation carriers, including 204 (0.34%) NOTCH3, 
63 (0.10%) COL4A1, and 6 (0.01%) TREX1 mutation carriers.

Rare Nonsynonymous Mutations
Although the previous analysis was highly specific only includ-
ing mutations with high likelihood of being disease-causing, 
it lacks sensitivity and could preclude novel types of disease-
associated mutations. Consequently, we expanded inclusion 
criteria to encompass all rare nonsynonymous mutations. In 
total, 412 individuals (13.9%) had at least one rare nonsyn-
onymous mutation, including 169 cases (13.5%) and 243 con-
trols (14.2%; Table V in the online-only Data Supplement). 
Mutation carriers were not at significantly greater risk of 
stroke (odds ratio=0.93; 95% confidence interval, 0.75–1.16; 
P=0.55). No associations were observed when stratifying by 
gene (Figure). Also, stratifying by stroke subtype or applying 
an earlier age cutoff, deleteriousness prediction algorithm, or 
recessive model did not reveal significant associations (Tables 
VI through X in the online-only Data Supplement).

Discussion
Mendelian mutations confer substantial risk to early-onset 
stroke in families with stroke syndromes, but few studies have 
formally evaluated mutation penetrance and frequency using 
a case–control design. Screening 8 Mendelian stroke genes 
in 2967 individuals, we observed no significant differences 
between cases and controls despite being sufficiently powered 
to detect effects larger than 5-fold. Accordingly, rare coding 
variation within Mendelian stroke genes may have a lesser 
role in patients without family history of stroke and syndromic 
features.

The collective prevalence of Mendelian stroke in the general 
population is unknown, except for CADASIL, which ranges 
from 0.001% to 0.002%.2,3 In our study, the genetic prevalence 
was 0.48% among cases, consistent with other case studies 
(0.40%–1.25%).4,5 Although genetic prevalence among cases is 
at least 200 times higher than clinical prevalence in the general 
population, this enrichment is greatly attenuated when com-
pared with controls (0.23%) and Exome Aggregate Consortium 
participants (0.34%). The large disparity between clinical and 
genetic prevalence could be explained by: (1) underdiagnosis 
of CADASIL in the general population or (2) CADASIL muta-
tions exhibiting incomplete penetrance and allelic heterogene-
ity. Both possibilities imply that disease severity varies among 
mutation carriers. This notion, although controversial, has been 
bolstered by Rutten et al8 discovery of 4 CADASIL mutation 
carriers remaining stroke-free beyond 70 years. Environmental 
and other genetic factors are known to influence disease mani-
festation. For example, traditional cardiovascular risk factors 
(eg, hypertension) remain potent risk factors,9 and environ-
mental stressors (eg, trauma) often precipitate hemorrhagic 
stroke in COL4A1 mutation carriers.10 Plausibly then, stroke 
manifestation among Mendelian mutation carriers is not com-
pletely penetrant because of disease modifiers.

Our results bear important implications for clinical and 
research settings. First, in the absence of family history of 
stroke and syndromic features, screening Mendelian stroke 
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genes is not expected to yield a high proportion of mutation-
positive cases. Second, given that next-generation sequenc-
ing is becoming routinely used for clinical diagnosis, caution 
is warranted when interpreting the discovery of Mendelian 
stroke gene mutations. Third, including controls is imperative 
in studies of rare genetic disorders especially when mutation 
frequency among disease-free individuals may be unknown.

Our study had several limitations. First, power was limited 
to detect associations with lowly penetrant mutations though 
the primary aim was to evaluate clinically relevant high-
penetrant mutations. Nonetheless, among genes examined, 
our capacity to detect mutations was suboptimal for HTRA1 
(Table XI in the online-only Data Supplement). Second, clas-
sification of canonical disease-causing mutations depends 
on the current knowledge of pathogenic mutations, which is 
subject to change. Third, Mendelian stroke patients could be 
under-represented among cases because of exclusion of the 
most severe cases. Specifically, individuals with recurrent 
strokes or who were unable to communicate because of severe 
stroke without a valid proxy respondent were excluded. Last, 
a detailed clinical assessment was not performed for mutation 
carriers, and therefore, we could not evaluate the presence of 
intermediate phenotypes (eg, microbleeds) or other secondary 
features.

Conclusions
In the absence of syndromic features and family history of 
stroke, rare coding variation within Mendelian stroke genes 
may play a lesser role in sporadic cases of small-vessel 
pathogenesis.
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Figure. Association of rare nonsynony-
mous mutation carrier status with stroke 
stratified by gene. CI indicates confidence 
interval; and OR, odds ratio.
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