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Background and Purpose—Evidence from epidemiological studies points to differences in factors predisposing to stroke
by age and sex. Whether these arise because of different genetic influences remained untested. Here, we use data from 4
genome-wide association data sets to study the relationship between genetic influence on stroke with both age and sex.

Methods—Using genomic-relatedness-matrix restricted maximum likelihood methods, we performed 4 analyses: (1) we
calculated the genetic correlation between groups divided by age and (2) by sex, (3) we calculated the heritability of age-
at-stroke-onset, and (4) we evaluated the evidence that heritability of stroke is greater in women than in men.

Results—We found that genetic factors influence age at stroke onset (4* [SE]=18.0 [6.8]; P=0.0038), with a trend toward
a stronger influence in women (women: A [SE]=21.6 [3.5]; Men: 4? [SE]=13.9 [2.8]). Although a moderate proportion
of genetic factors was shared between sexes (rG [SE]=0.68 [0.16]) and between younger and older cases (rG [SE]=0.70
[0.17]), there was evidence to suggest that there are genetic susceptibility factors that are specific to sex (P=0.037) and
to younger or older groups (P=0.056), particularly for women (P=0.0068). Finally, we found a trend toward higher
heritability of stroke in women although this was not significantly greater than in men (P=0.084).

Conclusions—Our results indicate that there are genetic factors that are either unique to or have a different effect between
younger and older age groups and between women and men. Performing large, well-powered genome-wide association
study analyses in these groups is likely to uncover further associations. (Stroke.2015;46:3042-3047. DOI: 10.1161/
STROKEAHA.115.009816.)
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Considerable evidence from epidemiological studies points
to differences between men and women in factors pre-
disposing to stroke. Differences in lifetime stroke risk,' post-
stroke quality-of-life,” and clinical presentation between men
and women are well established.? Family history studies have
shown stronger effects in women when compared to men,*’
and a significant excess maternal risk in women.** Different
risk factors also appear to be more important in either sex.

Women tend to have higher rates of hypertension and atrial
fibrillation, whereas men are more likely to have a history of
alcohol or tobacco use, or a history of heart disease and diabe-
tes mellitus.® Similarly, differences in clinical characteristics,
prevalence of risk factors, and outcome by age-at-stroke onset
are considerable.” Older patients tend to have higher preva-
lence of hypertension and atrial fibrillation and are more likely
to be women,® whereas younger patients are more likely to
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have rarer stroke causes’ and in general have lower rates of
cardiovascular risk factors.®

An important unanswered question is whether genetic sus-
ceptibility factors contribute to these differences. Over the past
decade, genome-wide association studies have transformed
our understanding of complex disease, identifying hundreds
of common genetic associations.'®'> Many loci have been
identified that contribute to risk of ischemic and hemorrhagic
stroke."*™"% In addition to these principal findings, many genetic
association studies have also reported sex-specific associations
with complex traits, including type 2 diabetes mellitus,'" and
numerous other traits.!'® Similarly, several associations have
been identified that are specific to early or late-onset groups.!*2!
These findings show that some genetic susceptibility factors are
specific to sex or age groups and emphasize the importance of
considering heterogeneity in genetic association studies.

With this in mind, we determined whether such asso-
ciations might exist for ischemic stroke by interrogating the
genetic liability to stroke for age and sex groups, estimating
the degree to which genetic liability is shared between groups.
We used a recently developed approach (genomic-relatedness-
matrix restricted maximum likelihood) that uses the distant
relatedness between individuals based on common variation
tagged on genotyping arrays to estimate the heritability and
coheritability of traits explained by common genetic varia-
tion.>?* We used this approach to interrogate differences
between groups of stroke cases when divided by age and sex.
In doing so, we show that there exist differences in the under-
lying common genetic contribution to stroke by age and sex.

Methods

Cohort Characteristics

The data set of 5076 ischemic stroke cases and 7623 controls was
derived from 4 genome-wide association studies of stroke from
United Kingdom, Germany, Italy, and Australia, all of which have
been described previously.'**?¢ Stroke was defined as a typical clini-
cal syndrome with radiological confirmation. Stroke subtyping was
performed using the Trial of Organization 10172 in Acute Stroke
Treatment (TOAST) classification system.”’

Genotyping

All cohorts were genotyped on commercial arrays from Illumina,
comprising the 610K, 660W, and 1M arrays. Quality control was per-
formed on each data set separately, as previously described.!??>2¢ A
consensus set of 381428 single-nucleotide polymorphisms was then
identified, which was consistent across the 4 populations and the pop-
ulations were merged for these single-nucleotide polymorphisms. We
then performed principal components analysis using EIGENSTRAT
software on an LD-pruned set of single-nucleotide polymorphisms
from the combined data set removing any population outliers,® de-
fined as >6 SDs from the mean on the first 5 principal components.
Thirty-seven individuals were removed in total (29 from ASGC and 8
from Milano; 31 cases and 6 controls). After removing these outliers,
we repeated the principal components analysis, calculating the first
20 principal components, which we used in our analyses. No imputa-
tion of the data set was performed.

Genomic-Relatedness-Matrix Restricted Maximum
Likelihood analyses

For each analysis, we removed distantly related individuals above
a relatedness threshold (relatedness threshold kinship coefficient
>0.05, at most 30 individuals) because related individuals can lead
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to overestimation of heritability. We performed each analysis using
GCTA (version 1.24.2), including 20 principal components each time
to rule out the potentially confounding influence of population strati-
fication. The following analyses were performed:

Age-at-Onset as a Quantitative Trait

We first estimated the heritability of age-at-onset of stroke as a quan-
titative trait in stroke cases only. This value represents to the extent to
which genetic factors influence the age at which stroke occurs. Age-
at-onset was defined as age-at-first stroke where available; in the ab-
sence of this information, age at blood taken was used instead (<5%
of cases). We then performed secondary analyses, stratified by sex.

Genetic Correlation Between Groups Stratified

by Median Age

We next estimated the genetic correlation (rG) between the oldest
half of cases (age, 272 years) and the youngest half of cases (age,
<71 years). We tested whether the correlation was significantly dif-
ferent from zero (rG+0), and whether it was significantly <1. We in-
terpreted a significant test for rG#0 as evidence that genetic liability
was shared between the 2 traits and a significant test for rG<1 as
evidence that not all genetic liability was shared between the traits.
We performed secondary analyses stratified by sex, performing the
same calculations each time.

Genetic Correlation Between Groups Stratified by Sex

Next, we estimated the genetic correlation between all ischemic
stroke cases, divided by sex. We again tested whether the correla-
tion was significantly different from zero (rG#0), and whether it was
significantly <1, interpreting the results as previously. We performed
secondary analyses stratified by median age-at-onset, performing the
same calculations each time.

In above 3 analyses, we used P<0.05 to evaluate evidence of sig-
nificant differences between groups in the main analysis and then
used a Bonferroni-corrected value (P=0.017) to assess significance in
secondary analyses, correcting for the 3 overall analyses.

Test for Higher Heritability in Women than in Men

To evaluate whether the heritability of stroke was greater in women
versus men, as previously reported,** we estimated an empirical P
value using permutations as follows. We first calculated the herita-
bility of stroke in men and women separately, including all controls
in both analyses. We then generated 1000 random permutations,
splitting the cases into 2 groups of equivalent size to the number of
men and women in the actual data set. We estimated the heritability
(hl, hz) , with SEs (SE,,SE,) for the 2 groups in each permutation,

including all controls in each analysis. For each permutation, we cal-
culated T = A, —hz/ql(SEl2 +SE§) and estimated a P value for sig-
nificance by dividing the number of permutations, where 7" exceeded

that from our actual data set by the total number of permutations. We
used P<0.05 to evaluate significance.

Results

Cohort Characteristics

A total of 5076 cases and 7623 controls were used in the anal-
ysis. Clinical characteristics for all cases are given in Table 1.
Age at stroke onset was significantly higher in women than in
men (Figure; P=9.9x107*7; mean [SD] in women=71.9 [14.5];
mean [SD] in men = 67.8 [12.9]).

Age-at-Onset as a Quantitative Trait

We first tested to see whether we could identify a genetic
influence on age at stroke onset. The results showed that
age at onset was significantly heritable (4> [SE]=18.0 [6.8];
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Table 1. Description of Ischemic Stroke Cases

n Age, Mean (SD) % Male
ASGC 1162 72.7(13.2) 59.2
Germany-WTCCC2 1174 67.0 (12.9) 61.8
UK-WTCCC2 2374 71.2(12.7) 53.7
Milano 366 56.5 (15.6) 62.3
Total 5076 69.6 (13.7) 57.5

ASGC indicates Australian Stroke Genetics Collaborative; and WTCCC2,
Wellcome Trust Case Control Consortium 2.

P=0.0038; n=5044). When stratifying on sex, we observed a
trend toward a stronger effect in women (h* [SE]=30.8 [16.3];
P=0.033; n=2145) than in men (h*=20.4 [11.8]; P=0.042;
n=2907).

Genetic Correlation Between Groups

Divided by Median Age

We next tested to see whether the genetic effects on younger
onset cases were shared with later onset cases, estimating the
genetic correlation (rG) between the 2 groups. The results
showed moderate genetic correlation between younger and
later onset cases (rG [SE]=0.70 [0.17]): a 2-tailed test for
rG+0 was highly significant (P=3.9x107), indicating signifi-
cant sharing of genetic effects between the 2 groups (Table 2).
A 1-tailed test for rG<1 showed a near-significant differ-
ence in genetic liability between groups when considering
all stroke cases (P=0.056). However, when we repeated the
analysis stratified on sex, we found that the genetic correla-
tion between younger and later onset cases was significantly
different to 1 in women (rG [SE]=0.48 [0.15]; P=0.0068), but
not in men (rG [SE]=0.87 [0.31]; P=0.35). This result points
to differences in genetic liability by age in women, thereby
suggesting potential differences between younger and later
onset female cases.

Genetic Correlation Between Groups

Divided by Sex

We next tested to see whether the genetic effects on men
with ischemic stroke were shared with women, estimating
the genetic correlation (rG) between the 2 sexes. There was a
significant genetic correlation (G [SE]=0.68 [0.16]) between
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Figure. Age at stroke distributions by sex, with dotted lines indi-
cating mean age at stroke onset for men and women.

the sexes (P=2.7x107 for the test of rG=0), indicating that
a significant proportion of the genetic susceptibility factors
are shared between men and women. However, we also found
significant differences between men and women (P=0.037 for
rG<1), suggesting the existence of some genetic susceptibil-
ity factors specific to either of the sexes. Genetic correlation
values were similar when stratifying on median age-at-onset
although a significant effect was not detected in either group
(Table 3).

Test for Higher Heritability in Women Than in Men
Finally, we tested whether heritability was higher in women
than in men. Heritability was higher in women (4* [SE]=21.6
[3.5]) than in men (A* [SE]=13.9 [2.8]) although not signifi-
cantly so (P=0.084).

Discussion

In this study, we performed analyses to investigate how dif-
ferences in stroke characteristics by age and sex are affected
by underlying genetic susceptibility. First, we investigated the
relationship between age-at-stroke and genetic susceptibility.
We showed that age-at-stroke onset is significantly heritable,
suggesting that in addition to genetic effects influencing risk
of stroke, there are also genetic effects that influence the age
at which stroke occurs. When stratifying by sex, we found
a trend toward this effect being stronger in women. Second,
we investigated the genetic correlation between younger and
later onset cases. We found evidence that a large proportion
of genetic effects are shared between younger and later onset
cases, and a suggestion that there are genetic susceptibility
factors that are either specific to or stronger in either of the
groups. When stratifying by sex, these age specific were sig-
nificant in women, with lower correlation between younger
and later-onset women. These results point to different genetic
effects by age at stroke onset, and suggest that this effect may
be stronger in women, although more evidence will be needed
to confirm this hypothesis. Gene expression changes with age
are well established;**° such changes might be hypothesized
to lead to different processes being more important at different
age ranges.

The evaluation of differences in genetic susceptibility
to stroke between men and women demonstrated that there
are genetic factors that are either specific to or have stron-
ger effects in either of the sexes although a moderate propor-
tion of genetic effects was found to be shared between the 2
groups. This result could arise because of 2 factors. First, it
could imply that some genetic factors are specific to either of
the 2 sexes as a result of sex-specific physiological features.
An example of this might be the influence of age at meno-
pause and age at menarche, which are thought to influence
stroke risk in women.?! Second, it could imply that genetic
factors exert different influences in the 2 sexes. This could
arise because of their interaction with environmental expo-
sures such as alcohol consumption or smoking, which are
more common in men.® Other possibilities include epigenetic
mechanisms, or different prevalence of cardiovascular risk
factors between sexes, although these would be expected to
also have a genetic component.
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Table 2. Heritability of Stroke Subtypes Divided by Median Age-at-Onset, and Genetic Correlation Between

Groups
n (Cases/
Phenotype Age, y I? (SE) G (SE) PValue (rG+0) PValue (rG<1) Controls) Lambda ()
All <71 18.6 (3.1) (K=1%) 0.70(0.17) 3.9x10~7 0.056 2536/3776 1.044 (1.014)
>72 20.6 (4.6) (K=4%) 2460/3767 1.032 (1.011)
Men <69 20.4 (4.4) (K=1%) 0.87 (0.31) 4.3x10°° 0.35 1501/3777 1.035 (1.017)
>70 15.0 (6.8) (K=4%) 1367/3767 1.015 (1.008)
Women <73 37.2 (5.4) (K=1%) 0.48 (0.15) 2.7x10* 0.0068* 1138/3772 1.042 (1.018)
>74 31.2(8.3) (K=4%) 1083/3776 1.033 (1.018)

\,.., indicates genomic inflation factor for an equivalent study of 1000 cases and 1000 controls; /?, single-nucleotide polymorphism heritability;

1000

K, assumed prevalence of stroke; Lambda, genomic inflation factor; and rG, genetic correlation.

*Significant after correction for multiple testing.

Our results also showed a trend toward genetic influence
on stroke being stronger in women. However, taken in the
context of family history and heritability studies, which show
stronger effects in women,*’ these findings are consistent with
the hypothesis that the underlying contribution from common
genetic factors is stronger in women. One explanation for this
difference might be that a larger proportion of disease risk is
explained by environmental factors in men. For example, risk
factors such as alcohol consumption and smoking are more
prevalent in men.® An alternative explanation might be that
women have additional genetic factors influencing age at
menarche, age at menopause and estrogen levels, all of which
have been hypothesized to influence stroke risk.* Finally, dif-
ferences in other modifiable lifestyle factors such as stress,*
which is known to influence cardiovascular disease risk,* may
also play a part.

This study has limitations. Cases and controls were derived
from 4 populations from Europe and Australia. Therefore,
we cannot rule out the influence of differences in case ascer-
tainment on the results. In addition, we were underpowered
to perform analyses by TOAST subcategories. Results were
based on analyses of common genetic variants (minor allele
frequency >0.01), meaning we are unable to comment on
differences in heritability arising from rare variation. Our
estimates of heritability were in general lower than those for
many other neurological disorders such as multiple sclerosis
(30%) and Alzheimer disease (24%), which may indicate a
comparatively lower genetic contribution to disease.”> The
results may also be related to the fact that TOAST categories
have different prevalences in different age groups (Figure I in

the online-only Data Supplement). Although we were under-
powered to perform the same analyses in TOAST categories,
we did perform these as secondary analyses: results are pro-
vided in Tables I and II in the online-only Data Supplement.
Similarly, this study has strengths. The sample size used was
relatively large, and sex was confirmed genetically in all cases
and matched to database records, reducing the possibility of
incorrect assignment.

Our results show that genetic susceptibility to stroke dif-
fers by age and by sex. Many genetic association studies have
reported sex-specific associations with complex traits.''® Our
results suggest that sex and age-at-onset—specific associations
are likely to exist with ischemic stroke and therefore motivate
the implementation of methods that boost power by allowing
heterogeneity of single-nucleotide polymorphism effects.*
Such approaches are likely to detect novel associations with
ischemic stroke and provide insights into age- and sex-specific
influences on ischemic stroke.
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