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Abstract
Background and Purpose—Ischemic stroke (IS) is a multifactorial disorder with strong evidence
from twin, family, and animal model studies suggesting a genetic influence on risk and prognosis.
Several candidate genes for IS have been proposed, but few have been replicated. We investigated
the contribution of 67 candidate genes (369 single nucleotide polymorphisms [SNPs]) on the risk of
IS in a North American population of European descent.

Methods—Two independent studies were performed. In the first, 342 SNPs from 52 candidate
genes were genotyped in 307 IS cases and 324 control subjects. The SNPs significantly associated
with IS were tested for replication in another cohort of 583 IS cases and 270 control subjects. In the
second study, 212 SNPs from 62 candidate genes were analyzed in 710 IS cases with subtyping
available and 3751 control subjects.

Results—None of the candidate genes (SNPs) were significantly associated with IS risk
independent of known stroke risk factors after correction for multiple hypotheses testing.

Conclusion—These results are consistent with previous meta-analyses that demonstrate an absence
of genetic association of variants in plausible candidate genes with IS risk. Our study suggests that
the effect of the investigated SNPs may be weak or restricted to specific populations or IS subtypes.
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Stroke is a multifactorial disorder or complex trait for which it is not possible to demonstrate
classical patterns of inheritance. Ischemic stroke (IS) is a common neurological disease and a
leading cause of severe disability and death in Western countries.1 Approximately 85% to 90%
of strokes are ischemic.2,3 Strong evidence from twin, family, and animal model studies,
however, have consistently suggested a genetic influence on stroke risk and prognosis.4 The
genetic etiology of IS is likely to be complex with many loci modulating pathophysiological
processes and conferring a small to moderate risk.

The most practical and widely used approach to identify common alleles influencing stroke
has been candidate gene association analysis. The published genomewide association studies
of IS5,6 have provided candidate loci of interest, although independent replication is required
to establish the most convincing of these (12p13.33) as a definite risk locus for disease.
Although several candidate genes for IS have been investigated by case–control analysis, few
associations have been consistently replicated. We performed a case–control study in which
cases (participants with an ischemic stroke) were compared with control subjects (participants
free of a history of vascular events). We tested a total of 67 IS candidate genes (369 single
nucleotide polymorphisms [SNPs]) that have been considered as potential genetic risk factors
in vascular diseases for a role in stroke risk.

Methods
All samples used for Study 1 and Study 2 are of European descent.

Study 1: Candidate Genes and Replication (342 SNPs and 52 genes)
Samples (stroke cases and nonstroke control subjects) used in the discovery phase of Study 1
were collected from the Ischemic Stroke Genetics Study (ISGS), a case–control design. The
replication phase consisted of samples from ISGS, Siblings with Ischemic Stroke Study
(SWISS), and the National Institute of Neurological Disorders and Stroke-funded
Neurogenetics Repository (Coriell Institute, http://ccr.coriell.org/ninds/). The SWISS-
contributed cases (probands) were part of an affected sibpair (family study) design. Only one
affected sibling of each family was included in the study.

Stroke cases from ISGS and SWISS included individuals diagnosed with IS according to the
World Health Organization definition.7 A neurologist or a specialist in diagnosis classified all
stroke and stroke subtype cases. The protocol for ISGS and SWISS has been reported
previously.8,9 All cases included complete medical history and IS subtype based on the
prespecified Trial of Org 10172 in Acute Stroke Treatment.10

In the replication phase, unrelated European descent neurologically normal control samples
from different sites within the United States were from the Coriell repository. Each subject
underwent a detailed medical history interview that included family history. Samples were not
included if a first-degree relative had a history of the following neurological diseases:
Alzheimer disease, amyotrophic lateral sclerosis, ataxia, autism, bipolar disorder, brain
aneurysm, dementia, dystonia, and Parkinson disease. Sum scores on the Folstein Mini Mental
State Examination11 ranged from 26 to 30. For more details, see
http://ccr.coriell.org/ninds/controls/controls.html. Table 1 shows the demographic and clinical
data in stroke subjects and control subjects in each phase of Study 1.

Genotyping—Candidate genes were chosen based on evidence of association from previous
studies of IS and according to biological plausibility, including the presence of genes involved
in lipid metabolism, coagulation cascade, nitric oxide production, homocysteine metabolism,
the renin–angiotensin system, and other stroke risk factors. Tagging SNPs were chosen for
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each candidate. Loci for the SNP mapping panel are described in the Supplemental Table
(available at http://stroke.ahajournals.org).

In the discovery phase, genotyping was performed using the Illumina GoldenGate assay. DNA
samples (5 μL) were genotyped according to the manufacturer's instructions on an Illumina
Bead-Station 500G Golden Gate genotyping platform using a custom panel (GS0006623-OPA)
of 364 candidate and ancestry informative SNPs.

In the replication phase, high-throughput SNP genotyping was performed using the 5′ nuclease
allelic discrimination assay (TaqMan assay) on an ABI PRISM 7900HT Sequence Detection
System. The assay includes the forward target-specific polymerase chain reaction primer, the
reverse primer, and the TaqMan MGB probes labeled with 2 special dyes: FAM and VIC.

Cases and control subjects were pooled and distributed across plates. We also randomly
selected 134 individuals from the discovery phase and genotyped them for these SNPs using
the TaqMan assays to ensure the 2 methods used in the different phases generated the same
genotypes for each individual (concordance rate 99.9%).

Genotypes were assigned in separate cluster files using Beadstudio Version 2.0 genotyping
software. Genotypes with GenCall scores >0.25 were called. SNPs were excluded if SNPs had
call rates <95% in cases or control subjects or the SNP genotyping was considered poor quality.
Any samples with a call rate <95% of the SNPs were excluded from the analysis.

All genotype assignments were performed blind with regard to clinical data.

Statistical Analysis—Tests of significance between cases and control subjects were
performed using 2-sample tests for binomial proportions (using a χ2 test of independence).
Fisher exact test was used when appropriate. For comparison of age (continuous) among case–
control groups, a 2-sample t test for independent samples was performed. For each SNP, tests
of deviations from Hardy-Weinberg expectations were performed using the methods described
by Wigginton et al.12 SNPs were dropped if the Hardy-Weinberg equilibrium probability value
in the control group was <0.05 and minor allele frequency was <1% in the population.

For tests of association with individual SNPs between cases and control subjects, a series of
generalized estimating equations were used that permitted inclusion of recognized stroke risk
factors as covariates (age, sex, hypertension status, presence of atrial fibrillation, history of
myocardial infarction, smoking status, presence of diabetes mellitus, and family history of
stroke). Probability values were computed using the 2 degrees-of-freedom generalized test of
association. When the generalized test of association was significant (P<0.05), additional
models were tested that assumed an underlying mode of inheritance of risk (dominant, additive,
recessive) with a one-degree-of-freedom test.

Tests for association with stroke risk were computed using the expectation–maximization
algorithm. Statistical significance was assessed using a permutation test of the likelihood ratio
statistic.

Study 2: Candidate Genes in 710 IS and 3751 Control Subject (212 SNPs, 62 genes)
At the time of completion of Study 1, genotyping from 710 IS cases with subtype data available
and 3751 control subjects in >500 000 SNPs was obtained. We re-examined associations with
the Study 1 candidate genes (SNPs) as well as others previously reported to be significantly
associated with IS in published meta-analyses or studies with replication.13–21 We also
examined SNPs contained in these genes or close to these genes (within 1 MB) that have not
been reported in the literature but were included in the genotyping assays used here.
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Ischemic Stroke samples came from ISGS, SWISS, and the Coriell repository. Control samples
were selected from individuals who had participated in genomewide association studies
performed by our group: 787 samples from the neurogenetics collection at the Coriell cell
repository and 728 from the Baltimore Longitudinal Study of Aging (BLSA). In addition, 2236
samples were available from the Cancer Genetic Marker of Susceptibility Study (CGEMS).
Details of CGEMS and BLSA collection of cohorts have been previously described.22,23

Briefly, CGEMS is a 3-year initiative of the National Cancer Institute that conducts
genomewide association studies to identify common gene variations increasing the risk for
cancer. On approval of a Data Access Request, we obtained raw genotype data from 1142
women from the Nurses Health Study and 1094 men from the Prostate, Lung, Colon and
Ovarian Cancer Screening Trial. BLSA is a long-term study designed in 1958 to trace the
effects of aging in humans. The BLSA study recruited individuals aged 17 to 96 years to
participate in the assessment of health and physical and psychological performance. The
average length of follow-up was 7.5 years with participants evaluated every 2 years in the
Gerontology Research Center of the National Institutes of Health. Samples from individuals
that developed IS, Alzheimer disease, Parkinson disease, or any other neurological conditions
were not included. Table 2 shows the demographic and clinical data in stroke subjects and
control subjects for each cohort used in Study 2. The Figure shows a study schematic.

All DNA samples were obtained from individuals who were neurologically normal, of non-
Hispanic European descent, had given signed informed consent, and for whom clinical
phenotype data were available.

Statistical Analyses—Samples were excluded because demographic data or analysis of
genetic background and/or pairwise identity-by-descent estimation examined by PLINK
(http://pngu.mgh.harvard.edu/≈purcell/plink/) showed these samples not belonging to the
European descent population or with a level of relatedness higher than expected. The source
of the sample was also used as another covariate to correct for possible stratification.

A stepwise series of analyses was performed. Initially, the outcome (stroke case–control status)
was a function solely of SNP and source of the sample (baseline model). This analysis was
followed by models that included age, sex, hypertension, diabetes, heart disease, and smoking
as covariates (independent predictors). Association between the investigated polymorphisms
and risk of stroke were analyzed by means of logistic regression. The influence of multiple
testing was evaluated using false discovery rate. All statistical analyses were done with PLINK.

Statistical Study Power—Power calculations were generated using a log-additive model
of risk, 5% Type 1 error rate, and 80% power. For a minor allele frequency of 0.15, the
detectable OR in the discovery phase of Study 1 was 1.51; the detectable OR in the replication
phase of Study 1 was 1.47; and the detectable OR in Study 2 was 1.24.

Participants in both studies were enrolled prospectively under Institutional Review Board-
approved protocols at participating institutions and all subjects gave written informed consent.

Results
Study 1: Candidate Genes and Replication (342 SNPs and 52 genes)

After quality filtering, 342 SNPs in 307 IS cases and 324 control subjects were evaluated. Each
SNP was tested independently for association with IS. After adjustment for stroke risk factors
(age, sex, race, and other stroke risk factors), 7 SNPs were significantly associated with IS risk
(P<0.05). After Bonferroni correction, none of these SNPs remained significant. Because the
Bonferroni correction is overly conservative, these 7 SNPs were genotyped in an independent
cohort of 853 samples (583 patients with IS and 270 control subjects). After adjustment for
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stroke risk factors, none of the SNPs were significantly associated with IS. The summary
statistics associated with these 7 SNPs are shown in Table 3. We tested these SNPs for
association to the main subtypes of IS. After adjustment by Bonferroni correction, only the
SNP rs1799983 was associated with the “other” IS subtype (additive model OR 1.56; 95% CI,
1.25 to 1.94; P=0.0003).

Study 2: Candidate Genes in 710 IS and 3751 Control Subjects (212 SNPs and 62 genes)
The program PLINK was used to test for population stratification. All IS cases and control
subjects were determined to have the same genetic structure.

Two hundred twelve SNPs from 62 genes that have been reported to be significantly associated
with IS and were included in published meta-analyses or studies with replication, or SNPs
investigated in our first study (using Golden Gate assay), were contained in the used Illumina
Infinium BeadChips and passed our control quality criteria (call rate >95%, Hardy-Weinberg
equilibrium P>1.0×10–7, minor allele frequency >1%). None of the SNPs in the candidate
genes were significantly associated with IS after different measures of correction (Bonferroni,
false discovery rate).

Analysis was performed in a subgroup of 710 IS and 1495 control subjects (samples from
ISGS, SWISS, BLSA, and Coriell repository) that had complete stroke phenotypes. None of
the SNPs in the candidate genes were significantly associated with IS after false discovery rate
correction. We also examined other SNPs contained in these genes or within 1 MB of these
genes not reported in the literature. None of the SNPs were significant after correcting for
multiple tests. Given that samples coming from the BLSA study were followed up by at least
7.5 years, we can be more certain that these samples remained free of stroke. Thus, we further
restricted these analyses to IS samples and control subjects from BLSA. None of the SNPs
were significantly associated with risk for IS. The Supplemental Table shows SNPs that have
been analyzed by our group or in published meta-analyses or studies with replication in
European descent populations post-200513–21 and their results. Table 4 shows genetic common
variants that have been found to be significantly associated with IS in meta-analyses or studies
with replication. Table 5 shows details of the current study and other studies that did not find
any association.

Discussion
Association studies are becoming a common approach to mapping variants that affect IS.
Although some studies, including some meta-analyses, indicate an association between the risk
of stroke and certain SNPs, many other studies show lack of reproducibility. In this study, a
series of highly plausible candidate genes were selected for intensive and comprehensive
genetic study. No evidence for association with either IS or stroke subtype was observed.

The potential reasons that have been discussed for this lack of reproducibility are reduced to
3 potential causes: a false-positive association is correctly not replicated; a true association
fails to be replicated in an underpowered follow-up study (false-negative); or a true association
in one population is not true in a second population because of heterogeneity in genetic or
environmental background.24 In the case of stroke, most studies that have identified
polymorphisms related with IS are underpowered studies with a sample size not >300 patients.
Until recently, the larger-scale studies came from meta-analysis. Casas et al performed meta-
analyses of 120 stroke candidate gene case–control studies and a total of 51 polymorphisms in
32 genes. Statistically significant associations with IS were identified for factor V Leiden
Arg506Gln, methylenetetrahydrofolate reductase C677T, prothrombin G20210A, and
angiotensin-converting enzyme insertion/deletion.15
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Wang et al evaluated the association between 105 polymorphisms in 64 inflammatory and
cardiovascular system-related genes and IS. None of these SNPs remained statistically
significant after false discovery rate correction. Only when the data were stratified on
hypertension status, 2 polymorphisms on LTA were significantly associated with IS in
nonhypertensive subjects. The data were not adjusted for other stroke risk factors such as
diabetes or heart disease.14

Other meta-analyses restricted to one or more common variant from one gene reported an
association with IS for GP1BA16 or a nonassociation for plasminogen activator inhibitor-1,
tumor necrosis factor-α, and ITGA2.18–20 Although meta-analyses facilitate the overall
interpretation of association, they also need to be interpreted with caution. Some meta-analyses
do not include stroke risk factors as covariates and the sample sizes remain small when correctly
taking into account differences in ethnicity and/or inclusion study criteria (inclusion of children
and adults, patients with transient ischemic attack, and so on).

In an attempt to clarify these associations and avoid false-positive associations, we decided to
conduct a case–control study and used an independent cohort as a replication study of the other.
In uncorrected analysis for multiple testing, 7 polymorphisms were associated with IS in the
first stage after adjustment for stroke risk factors. None of these polymorphisms were
associated with IS in the replication study. In a second larger study, we investigated the same
genes (192 SNPs in common) with the same results: modest, albeit nonsignificant, associations.

Berger et al investigated a total of 106 SNPs located in 63 candidate genes for potential
associations with ischemic stroke in 2 independent case–control studies from a German
population. All genes tested were related to pathways important in the pathophysiology of
cardiovascular and inflammatory diseases. Only the glu298asp polymorphism in the nitric
oxide synthase-3 gene was reported to be replicated in the second study. The association was
independent of age, sex, hypertension, diabetes, and hypercholesterolemia in both studies. In
the present study, a first association with the same SNP and IS was not replicated in the second
cohort. Analysis of data of the genomewide association scan did not show an association either.
Only in analysis by stroke subtype using the full sample did the glu298asp polymorphism
become associated with increased risk of unknown stroke subtype independent of other stroke
risk factors and while using Bonferroni correction.13

The study presented here also has some limitations. The size of the studied population in the
first stage using the Golden Gate assay is relatively small and therefore underpowered to find
genes with small effects influencing risk for IS. The inclusion of one second set of cases–
control subjects as replication of the most significant SNPs rules out false-positive associations
but does not rule out the possibility of false-negative or Type II error associations. However,
analysis of many of these SNPs in a larger cohort and a review of the literature suggests that
the majority of these SNPs have no significant effect for stroke risk in white populations.

The development and application of genomewide association studies represents a significant
opportunity for stroke research and provides an opportunity to test the common disease
common variant hypothesis in this disorder. Two genomewide association studies for stroke
have been published thus far, a pilot study of modest size published by us in 20075 that failed
to find any risk alleles of large effect and a recent study published by Ikram and colleagues
that suggests a significant association between a locus at 12p13.33 with stroke. This locus was
not present in the panel of loci selected for testing here; however, this locus clearly warrants
replication in an independent study to confirm or refute this as an unequivocal risk factor for
stroke.

In summary, 7 polymorphisms have been reported to be associated with IS after meta-analysis
or replication; however, all of these SNPs have been investigated in at least one other large
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study in which no association with IS was reported. Differences in inclusion and exclusion
criteria selection, type of statistical evaluation, covariates, correction for multiple testing, and
inclusion of different patient populations may explain these discrepancies. This study indicates
that any association that may exist is likely to be weak or perhaps restricted to specific
populations or IS subtypes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure.
Diagram of the 2 studies running independently to test for association in up to 62 candidate
genes.
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