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Stroke is the third commonest cause of death and the major cause of adult neurological disability worldwide. While much is known
about conventional risk factors such as hypertension, diabetes and incidence of smoking, these environmental factors only account
for a proportion of stroke risk. Up to 50% of stroke risk can be attributed to genetic risk factors, although to date no single risk
allele has been convincingly identified as contributing to this risk. Advances in the field of genetics, most notably genome wide
association studies (GWAS), have revealed genetic risks in other cardiovascular disease and these techniques are now being applied
to ischaemic stroke. This review covers previous genetic studies in stroke including candidate gene studies, discusses the genome
wide association approach, and future techniques such as next generation sequencing and the post-GWAS era. The review also
considers the overlap from other cardiovascular diseases and whether findings from these may also be informative in ischaemic
stroke.

1. Evidence for Genetic Factors in Stroke Risk

Stroke is the third commonest cause of death and the
major cause of adult neurological disability, affecting both
the developed world and increasingly having an impact in
the developing world as well. It is also a major cause of
dementia and the commonest cause of late onset epilepsy.
Therefore, increasing our understanding of the risks, causes,
and treatment of ischaemic stroke is of great importance.

Stroke is itself a syndrome cause by a number of different
disease processes. About 80% of strokes are ischemic and
20% are due to primary hemorrhage. In this paper we will
only address the genetics of ischaemic stroke. While much is
known about conventional risk factors such as hypertension,
diabetes, and incidence of smoking, studies suggest these
only account for a proportion of ischaemic stroke risk.
Considerable evidence suggests genetic predisposition may
explain some of the remaining risk, including evidence from
both twin and family studies [1]. Family studies have shown
differential association with different subtypes of stroke,
suggesting these may have different underlying genetic risk
factors [2, 3].

Further evidence for a genetic contribution to ischaemic
stroke risk comes from animal models [4] and from the study
of intermediate phenotypes such as carotid artery intima-
media thickness (IMT) as a marker for large artery disease
and MRI white matter hyperintensities as a marker for small
vessel stroke. Twin and family history studies have shown
these both have significant heritability (the proportion of
stroke risk attributable to genetic risk factors) with estimates
ranging from 55–71% for IMT [5–7] and 30–68% for WMH
[8–10]. The identification of genetic variants predisposing
to known stroke risk factors such as atrial fibrillation (AF)
[11] and myocardial infarction (MI) and coronary artery
disease (CAD) [12] further highlights the role of genetic
predisposition in stroke risk.

The clearest evidence that genetics can cause ischaemic
stroke comes from monogenic forms of the disease, although
these account for only a relatively small percentage of overall
ischaemic stroke incidence [13] and appear to have limited
relevance to common polygenic stroke. As such they will
not be considered as part of this paper in detail, but are
covered in reviews elsewhere [14]. Therefore, considerable
evidence suggests genetic factors do play an important role
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in ischaemic stroke, so why have so few genes been identified
that contribute to this risk and why have other fields,
including related cardiovascular disease phenotypes, been
more successful?

2. Identification of Genetic Risk:
Candidate Gene and Familial Linkage Studies

Until recently, identification of genetic variants contributing
to disease has been attempted by 2 main techniques—
candidate gene studies and familial linkage studies (See Box 1
for details of the different types of genetic investigation
and their use). Of these, the candidate gene study has
been the mainstay of genetic investigation into the vast
majority of polygenic diseases thought to have a genetic
component. Typically, a gene identified as a “candidate” is
hypothesised to be involved in stroke risk, and then, genetic
variants, usually single nucleotide polymorphisms (SNPs),
are identified within that gene. The frequency of the SNPs
is then determined in a series of cases and controls and the
two compared.

The vast majority of candidate gene studies in ischaemic
stroke have turned out to be disappointing. Reasons for
this include insufficient sample size, a failure to replicate
results initially reported as significant, poor stroke subtyping
or phenotyping, and a failure to look for associations with
specific subtypes of stroke [15]. Meta-analysis of published
candidate gene studies has revealed some consistently posi-
tive findings however, such as Factor V Leiden Arg506Gln,
MTHFR C677T and the ACE insertion/deletion polymor-
phism [16], although caution is required in interpretation
due to the possible effect of publication bias meaning positive
studies are more likely to be published. Although still useful
when explaining specific hypotheses, candidate gene studies
have now been largely superseded by the genome-wide
association study (GWAS) technique.

Familial linkage studies examine genetic variants through
multiple generations of families and correlate these with
disease incidence. Associations with a specific gene are not
sought using this approach, but rather one looks for variants
anywhere in the entire genome, and they are therefore
referred to as “nonhypothesis driven” experiments. The
technique has had, and continues to have, great success
in identifying genes underlying Mendelian disorders in
monogenic conditions where a single gene contributes the
entirety of genetic risk. Familial linkage studies rely on
collection of families with the disease however, and this is a
challenge in stroke where the late age of onset means parents
are often not alive; this has hampered collection of cases
in studies such as the siblings with ischaemic stroke study
(SWISS) [17, 18].

One notable exception to this has been in Iceland, where
the DeCode group reported identification of the first genetic
risk for common polygenic ischaemic stroke via such a famil-
ial linkage study, which they named STRK1 [19]. This study
used the unique national collection of genealogical samples
and family structures tracked in the Icelandic population
to retrospectively determine cause of death and provide

material for genotyping. The STRK1 locus was identified as
overlying the gene phosphodiesterase4D (PDE4D), a cyclic
AMP regulator which is a plausible biological candidate [19].
Subsequent replication in European cohorts failed to confirm
these findings [20]. This study was undertaken as large-
scale genome-wide experiments were being developed as a
mainstream technique. By current standards the DeCode
finding would today be considered underpowered as it failed
to exceed the currently agreed statistical threshold for such
studies.

3. Identification of Genetic Risk:
The Genome Wide Association Study

The field of complex genetics has been revolutionized by the
advent of the genome-wide association study (GWAS) [21].
This can be thought of as a large series of candidate gene
studies performed in a single experiment on an array based
format. As many as 1.2 million polymorphisms at a time can
now be studied in this manner. Crucially, these are spread
throughout the entire genome and such experiments are
thus nonhypothesis driven, overcoming a major limitation
of the candidate gene study. Such a large number of
experiments in a single study requires a large sample sizes
to allow sufficient power, even after statistical correction for
multiple comparisons. Also crucial to progress has been the
realisation that careful phenotyping is important, and that
associations should be replicated in a second population
before publication.

An early demonstration of the power of this technique
was in age-related macular degeneration, a late onset
eye disorder leading to blindness in which conventional
cardiovascular risk factors play a part. Applying a GWAS
approach to this condition revealed associations with the
complement factor H gene, and identification of a single
amino acid substitution which proved to be the causal
variant in this condition [22]. Interestingly, the same locus
had been identified by a familial linkage approach in previous
studies, but refinement of the region and identification of the
causal variant via familial linkage had been impossible.

As a consequence of this and other studies, the enormous
potential of GWAS to identify common variants associated
with common diseases became recognised, with perhaps the
seminal GWAS publication by the Wellcome Trust Case Con-
trol Consortium 1 study making GWAS a mainstream tech-
nique in disease gene identification [23]. This study exam-
ined 14,000 cases of seven common diseases and 3,000 shared
controls in an effort to identify genetic variants in human dis-
ease. Investigating bipolar disorder, coronary artery disease,
Crohn’s disease, hypertension, rheumatoid arthritis, and
type I and type II diabetes, this single study identified over
58 novel loci as potentially contributing genetic risk in these
conditions. To date, the GWAS technique has identified over
1212 new genetic loci predisposing to common polygenic
disease (http://www.genome.gov/gwastudies). Novel genetic
associations with a range of cardiovascular phenotypes
including myocardial infarction, coronary artery disease,
diabetes and hyperlipidaemia have been reported, but few
variants have been confirmed for ischaemic stroke.
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The figure shows number of publications per year identified with the search terms “genetic linkage”, “candidate gene”, “genome wide
association study”, and “next generation sequencing” according to PUBMED as of March 2011. The figure shows linkage studies
appear to have peaked and are now in decline, while the term candidate gene is still in common usage, although it now typically
refers to any gene identified as a plausible cause of disease however identified rather than as a type of study in its own right. The term
“genome wide association study” has the steepest gradient indicating a rapid reporting of findings using this technique, and next
generation sequencing is too new a term to have really made an impact on the literature yet.

Genetic Linkage. A technique which examines genetic variants through multiple generations of the same family and examines
incidence with disease status. A powerful technique for Mendelian diseases where a single gene controls the phenotype, genetic
linkage has had relatively little success in ischaemic stroke due to the late age of onset and lack of large pedigrees with multiple
affected individuals available for meaningful study.

Candidate Gene Study. A gene hypothesised to be involved in or a risk factor for any disease with a genetic basis. Originally
candidate gene study referred to a specific type of study whereby genes were typically identified on the basis of biological plausibility
for the disease in question and then examined single for genetic variants at that one locus in a so called hypothesis driven manner.
More recently the advent of candidate gene has evolved to include any gene identified from range of genetic investigations rather
than referring to a particular type of study specifically. Its usage in the literature is commonplace and maintained for this reason.

Genome Wide Association Study. A technique which looks at multiple genetic variants, typically between 300,000 and 1 million at
a time in a single experiment, in a nonhypothesis driven manner. The variants are spread throughout the genome at random
and allows systematic investigation of a large number of regions in cases and controls. The technique relies on association of specific
alleles with disease state. Unlike genetic linkage, individuals are not related, thus requiring large, typically several thousand, cases
and controls for comparison. Although complex and expensive, this technique has identified more loci than any other for common
polygenic disease under the Common Variant Common Disease (CVCD) hypothesis.

Next Generation Sequencing. Defined as next generation since it uses the same array based format as genome-wide association arrays
rather than more traditional liquid based Sanger sequencing, NGS is currently the cutting edge technology available for direct
sequencing of DNA. Allowing determination of the entire exome (coding portion) of the human genome in a single experiment,
NGS is being used to examine the Rare Variant, Common Disease (RVCD) hypothesis. Although expensive, since it relies on the
identification of rare variants far fewer individuals are required for studies. Current advances in multiplexing of samples by labeling
with genetic tags before sequencing allows mixing of samples and a reduction in cost.

Box 1: Types of analysis for genetic investigation.

It should be noted that while GWAS is a powerful
technique, it requires very large, well phenotyped case
series—typically in the thousands of samples, and even with
these sample sizes is powered only to detect modest risks,
typically with odds ratios in the region of 1.2–1.5. Thus the
contribution of each risk locus to overall disease incidence
is likely to be minor, although these risks are additive and
as such identification of multiple loci may allow individual
risk profiles to be determined. Identification of high risk
individuals could be useful in early intervention to reduce
conventional risk factors, more rigorous screening for early

signs of disease and in investigating severity of disease at
onset as well as associations with disease recurrence.

4. GWAS and Ischaemic Stroke

While GWAS has contributed greatly to identification of
genetics of many complex diseases over the last 5 years,
application of the technique to ischaemic stroke has been
slower, with large-scale collaborative efforts only now begin-
ning to emerge. An early study applied the GWAS technique
to 249 ischaemic stroke cases and 268 controls, but we now
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realize this was underpowered [24]. A more recent study
in prospective population-based cohorts identified a region
on Chromosome 12 overlying the NINJ2 gene in ischaemic
stroke cases [25], although a subsequent large replication
failed to confirm this finding [26].

The collection of large, well phenotyped sample cohorts
for genetic analysis in stroke presents major challenges. In
particular phenotyping, which we now realize is essential,
requires detailed and expensive investigations. As in other
complex diseases, collection of sufficiently large sample
sizes depends on larges scale international collaborations,
and to address this the International Stroke Genetics Con-
sortium (ISGC—http://www.strokegentics.org/) was estab-
lished. Currently an ischaemic stroke GWAS in 4000 cases is
near completion as part of the Wellcome Trust Case Control
Consortium 2 study (WTCCC2) in collaboration with the
ISGC. GWAS studies in countries including the US and
Australia are also ongoing with results expected in 2011. A
lesson from other disease areas is that, even with sample
sizes of several thousands, power is limited and meta-analysis
of multiple GWAS studies has become standard practice.
The Meta-stroke collaboration has been formed in ischaemic
stroke to address this.

These collaborative efforts have achieved early success
in ischaemic stroke via examination of genetic associations
already identified in related cardiovascular diseases. The
identification of a region on Chromosome 9p21 in myocar-
dial infarction and coronary artery disease, which surrounds
the CDKN2A and CDKN2B genes, has generated a large
amount of interest [27]. An examination of this locus in
a candidate gene study in ischaemic stroke cases revealed
an association with large artery stroke, but not the other
ischaemic stroke subtypes [28]. This association persisted
across multiple populations and importantly emphasises the
likely differing contributions of genetic risks to different
ischaemic stroke subtypes.

Two genetic variants identified as contributing to the risk
of atrial fibrillation (AF), in the genes PITX2 and ZFHX3,
have also been shown to associate with cardioembolic stroke
risk for which AF is an important risk factor [29, 30]. As new
loci are identified for other cardiovascular diseases which
themselves are associated with stroke, rapid testing these in
stroke populations via large International collaborations is
possible.

5. Recommendations for Future Genetic
Studies in Stroke

Previous studies in stroke genetics have been disappointing.
There are a number of reasons for this, most significant
of which are poor phenotyping, small sample sizes, and
failure to replicate initial findings in a second population.
Any future genetic study, whether hypothesis driven or
nonhypothesis driven, should address each of these issues
prior to publication. Power calculations demonstrating the
number of cases required for confirmation or refutation
of a finding should be included to allow an estimate of
the significance and robustness of the findings presented.
Genetic risks in stroke are usually estimated to be between

1.1 and 1.5 for a single loci, and studies should be adequately
powered (i.e., be comprised of sufficient cases) to detect
risks of this size. Replication of positive associations prior to
publication is important. This should be in a separate case
series using a different control set.

Increasing evidence suggests genetic risks differ depend-
ing on ischaemic stroke subtype. Future genetic studies
should therefore include reference to subtypes and subtype
specific risks. Evidence of genetic risk in a homogenous
population of ischaemic stroke without subtype investigation
is likely to lead to spurious associations.

While these measures lead to increased cost and complex-
ity of studies, it is only through such robust experimental
procedures that we will truly begin to understand the genetic
risks of stroke and how these are manifest.

6. The Post GWAS Era in Stroke Genetics

Genome-wide association studies have been specifically
conceived to address the common variant, common disease
(CVCD) hypothesis. This concept underlies the majority
of genetic studies to date not just in stroke but in other
common diseases. According to the CVCD hypothesis,
multiple genetic risk factors contribute to disease, each with
a small additional increase in risk. These risks are additive
in nature and together provide an individual risk profile that
allows for a significant genetic contribution. In order for this
hypothesis to hold true however, variants have to be common
in the population.

Despite the success of GWAS in identifying susceptibility
loci, for the vast majority of diseases these account for only
a fraction of the heritability initially attributed to genetic
risk factors. Each risk identified carries a much smaller risk
than originally thought under the CVCD hypothesis. For
this reason the CVCD theory of genetic risk is now being
questioned, and various mechanisms have been suggested to
account for this “missing heritability” [31]. An alternative
hypothesis is that rare variants are important in common
disease risk (RVCD). This states that as well as common
variants that each contribute very small risks, susceptible
individuals may carry variants of higher risk which are
rare and perhaps even private to themselves or closely
related family members. Such risks would not be detectable
via classical familial linkage since there would be multiple
risk variants contributing to an individuals susceptibility
to disease, but neither would they be detectable via GWAS
since they would be specific to individuals or closely related
family members and therefore not carried by the rest of the
population. Under this hypothesis any one individual would
be expected to carry many variants detectable by GWAS, and
a handful of higher risk alleles in a private manner. Together
these combine to produce an individuals overall risk profile
of disease susceptibility, and may account for the so called
“hidden heritability” conundrum which persists after GWAS.
Identification of these rare variants requires a sequencing
approach which provides information on every base pair
across the region of interest, and this approach is provided
by next generation sequencing (NGS).
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NGS has arisen from both advances in technology, and
from our ability to sequence the human genome as a conse-
quence of the human genome project (http://www.hapmap
.org/) and the 1000 genome (http://www.1000genomes.org/)
project among others. It is now possible to obtain the
entire coding sequence of the human genome in less than
a week, and to make comparisons between genomes due to
advances in computational methods and processing power.
Sequencing of targeted regions at a previously unparalleled
depth and fold coverage without the need for generation
of vector libraries or bacterial culture is now routine and
provided by a number of service providers using a variety of
techniques [32]. While currently expensive, such techniques
give access to perhaps the majority of the information that
conventional genetics can be expected to provide, namely the
entire coding sequence of the genome. Interpretation of that
sequence is still in its relative infancy.

7. Beyond Genomics in Identifying
Ischaemic Stroke Risk Factors

Understanding the genetic basis of disease risk requires an
understanding of the way in which these genes have their
effects in the body. Genes code for RNA, which is then
translated into protein. These proteins can act alone, in
multiples of themselves as homodimers or in conjunction
with other proteins to form heterodimers. Similarly genes
may interact with each other, so called epigenetics, or may
interact with environmental factors in gene-environment
interactions which only affect disease risk when both the
environmental and genetic components of the interaction
are present. Detecting such gene-gene or gene-environment
interactions requires much larger sample sizes. Their impor-
tance has been shown in other cardiovascular diseases
[33] and in association studies with the quantitative trait
continuous carotid IMT [34].

Examination of RNA and proteins in a nonhypothesis
driven manner, similar to GWAS for DNA, is also possible.
Examination of the transcriptome is a relatively old tech-
nique via the use of microarrays, and it is this technology
which actually led to the development of GWAS using DNA
slides or cartridges rather than RNA and cDNA-based ones.
More recently studies have been examining the possibility of
ignoring the DNA level and trying to perform transcription
profiling (examination of all the RNA’s being produced at
a specific time point). By examining changes in the level of
transcription of a subset of RNAs and correlating these with
changes in disease state, disease subtype or disease severity,
we may be able to better understand how genetic differences
influence disease processes [35].

There are reports that it is possible to differentiate
between different stroke subtypes using this methodology,
with expression levels of just 23 genes being able to differ-
entiate between cardioembolic stroke and large vessel disease
[36]. While such studies are not yet able to replace con-
ventional investigative techniques for determining ischaemic
stroke subtype, identification of a expression profiles may
give novel insights into stroke pathogenesis, and perhaps
identification of suitable biomarkers for monitoring risk

reduction treatments. This technique has also been applied
to associated phenotypes such as white matter hyperintensity
in the brain, currently only detectable by MRI [37].

8. Conclusions

Considerable evidence suggests genetic factors are important
in ischaemic stroke risk. The advent of new techniques such
as GWAS has contributed enormously to the understanding
of the genetics of other complex disease and progress is
just beginning to be made in stroke. For success large, well
phenotyped case cohorts are required, and international
collaborations are essential. NGS technology and techniques
such as transcription profiling and proteomics will allow
us to look for rarer variants in stroke cases and attempt
to identify how these exert their effects at the molecular
level, but whether these will be important remains to be
determined.
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Are Genetic Factors Important
in Stroke Risk?

Stroke is the third commonest cause of

death and the major cause of adult

neurological disability. It is a major health

problem not only in the developed world,

but is increasing in incidence in much of

the developing world. Cerebrovascular

disease is also an important cause of

dementia and age-related cognitive de-

cline, and the commonest cause of late-

onset epilepsy. Conventional risk factors

such as high blood pressure account for a

significant proportion of stroke risk but

much risk remains unexplained, and we

do not understand why some individuals

with risk factors such as hypertension

develop stroke while others with similar

risk factor profiles remain disease free. It

has been suggested that genetic factors

may be responsible for some of this

unexplained risk, but what is the evidence

for this?

Limited data from twin studies suggests

stroke is more common in monozygotic

compared with dizygotic twins, consistent

with a role for genetic factors [1].

Considerably more data is available for

family history studies, which show a family

history of stroke is more common in

individuals with ischaemic stroke [1].

The association is stronger for younger

individuals, and those with the large artery

disease and small vessel disease subtypes of

stroke [2,3]. This association may repre-

sent genetic predisposition, but could also

be explained by shared environmental

factors. More robust data come from

studying intermediate phenotypes of

stroke. These are markers of disease,

usually detected on imaging, which repre-

sent intermediate stages of disease pathol-

ogy leading to stroke. Both twin and family

studies have shown that MRI white matter

hyperintensities, which usually represent

small vessel disease [4], are the most

heritable cerebrovascular phenotype, with

a heritability (proportion of variation

explained by genetic factors) estimated to

be between 55% and 71% [5–7]. Carotid

artery intima-media thickness, measured

by ultrasound and believed to represent

early stages of atherosclerosis and there-

fore relate to large artery stroke [8,9], has

been estimated to have a heritability of

30% to 68% [10–13].

Why Should We Identify Genes
for Stroke?

A small proportion of ischaemic stroke is

monogenic [14]. A mutation in a specific

gene results in disease, and most individuals

with the abnormality are likely to develop

stroke at some stage in their life. For these

diseases identifying the underlying muta-

tion allows diagnosis, prognostic informa-

tion, specific treatments in some cases, and

enables counselling of other family mem-

bers. However, the vast majority of stroke

appears to be ‘‘polygenic’’; multiple genes,

each likely to confer a small risk, interact

with environmental risk factors to result in

disease [15]. Identifying these underlying

genetic risk factors may allow improved risk

profiling, although as each genetic variant

is likely to confer only a small risk, any

useful risk prediction is likely to require a

combination of multiple markers. Genetic

testing for other polygenic diseases has

already been developed, and indeed some

gene tests for stroke are already marketed.

However, their clinical relevance has been

debated; most panels of genetic markers

available explain only a small portion of

total ‘‘genetic risk’’ [16]. Furthermore, their

use has been questioned when clinicians

already have difficulty treating known risk

factors such as hypertension, which make a

stronger contribution to risk, and concern

has been expressed over the psychological

consequences of testing. Perhaps more

importantly, discovering genetic variants

conferring increased stroke risk may allow

new pathways involved in the pathogenesis

of stroke to be identified and new treat-

ments to be developed. This approach is

just beginning to bear fruit in other

‘‘complex’’ diseases involving interactions

between multiple genes and environment,

such as macular degeneration and Crohn’s

disease [17,18].

How Can We Identify Genes for
Stroke?

Linkage techniques have been successfully

used to identify a number of genes causing

monogenic stroke. This relies on identifying

associations between chromosomal markers

and disease phenotype within families.

Linkage is good at identifying genes confer-

ring greatly increased risk, but has been less

successful in common polygenic complex

disease such as stroke. There was excitement

when this approach identified the STRK1

gene in the Icelandic population as phos-

phodiesterase 4D [19], but this could not be

replicated in other European populations

[20].

Until recently the mainstay of investi-

gating stroke genetics was the candidate

gene method. Genetic variants (usually

Research in Translation discusses health interven-
tions in the context of translation from basic to
clinical research, or from clinical evidence to
practice.
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wide association study (GWAS) method

[22]. This allows up to 1 million SNPs

spanning the whole genome to be geno-

typed in a single individual. Using a case

control methodology, and rigorous statisti-

cal methods to account for the multiple

comparisons made, associations between

completely unexpected chromosomal loci

and disease can be identified. With this

approach, combined with much larger

study sizes involving thousands of patients

and rigorous replication of positive results,

over 600 new genetic loci have been

discovered predisposing to other complex

disorders such as diabetes and myocardial

infarction (Figure 1) [23]. An early success

was in age-related macular degeneration,

which, like stroke, is primarily a disease of

the elderly in which cardiovascular risk

factors increase risk [24]. Robust and

replicable associations were identified with

complement factor H, and this has allowed

new treatment approaches to be developed.

Novel genetic association have now been

reported in many cardiovascular diseases

including myocardial infarction, diabetes,

obesity, hypertension, and hyperlipidaemia

[23]. An important message from these

studies is that most genetic variants discov-

ered using this approach individually

account for only a small increase in risk,

with odds ratios usually between 1.1 and

1.3. This means large sample sizes are

required to identify such variants.

The GWAS Approach in Stroke
Stroke genetics has lagged behind that of

many other complex diseases, and the

GWAS approach is only just beginning to

be applied. An early study in 500 individuals

found no definite associations, but we now

appreciate this was underpowered [25].

Larger studies are currently taking place in

the UK (as part of the Wellcome Case

Control Consortium 2), the US, Australia,

and other countries. As yet most data, and

most current studies, are from white popu-

lations. Other complex diseases have taught

us that we may need very large sample sizes

to identify genetic variants. For example, in

hypertension, initial studies in a few thou-

sand cases were disappointing. More recent-

ly meta-analysis of over 80,000 cases

identified eight novel genetic loci [26]. The

importance of robust replication prior to

publication was demonstrated by the recent

high-profile publication of a novel Chromo-

some 12 locus associated with stroke iden-

tified on GWAS [27], which unfortunately

could not be replicated in a sample of over

10,000 individuals, although differences in

study designs—the original study was based

on prospective cohorts and the replication

was cross-sectional—could potentially ac-

count for some of the discrepancy [28]. The

lack of success in stroke so far is likely to

reflect the relatively small sample sizes

studied to date, but other issues may also

be important. For example, the GWAS

approach relies on the existence of common

variants, each of which confer risk. It is less

good at detecting rare variants which could

also confer increased risk.

Some novel genetic variants initially

associated with other cardiovascular dis-

eases have recently been identified as risk

factors in stroke populations. A Chromo-

some 9 variant associated with myocardial

infarction and coronary artery disease [29]

was found to also be associated with stroke

across multiple populations, but this asso-

ciation was due to an association with

large artery stroke, and no association was

found with other stroke subtypes [30].

Two other variants identified as risk

factors for atrial fibrillation have also been

associated with stroke; here the association

was primarily with cardioembolic stroke

[31,32]. These findings emphasise that

genetic risk factors may predispose to

specific subtypes of stroke. Therefore,

identifying such risk factors will depend

on rigorous stroke phenotyping and large

numbers of cases with each stroke subtype.

Monogenic Stroke Disorders

A large number of rare monogenic

disorders can cause stroke (Table 1) Some

of these result in stroke as part of a

systemic disorder, while others produce a

clinical phenotype limited to the central

nervous system [14]. Progress has been

particularly exciting in cerebral small

vessel disease. This causes lacunar stroke,

which accounts for about 20% of ischae-

mic stroke, and is the most common cause

of vascular dementia. The most common

monogenic form of small vessel disease is

CADASIL (cerebral autosomal dominant

arteriopathy with subcortical infarcts and

leukoencephalopathy), which results from

mutations in the NOTCH3 gene [33]. A

striking feature of CADASIL is that, even

within families, disease severity is highly

variable. This variation is not accounted

for by the site of the disease mutation.

Confluent white matter hyperintensity

called leukoaraiosis, and best seen on

MRI, is a prominent feature in CADASIL.

A recent study measuring leukoaraiosis

volume demonstrated that the variability

in leukoariosis volume between different

CADASIL carriers has a strong genetic

predisposition, with a heritability as high

Table 1. Monogenic or single gene disorders causing stroke, classified according to
the each one’s stroke subtype.

Stroke Subtype Specific Monogenic Disease

Small vessel disease CADASIL

CARASIL

Cerebrovascular retinopathy and HERNS

COL4A1 small vessel arteriopathy with haemorrhage

Large artery atherosclerosis and other
arteriopathies

Familial hyperlipidaemias

Moya-Moya disease

Pseudoxanthoma elasticum

Neurofibromatosis type I

Large artery disease—dissection Ehlers-Danlos syndrome type IV

Marfan syndrome

Fibromuscular dysplasia

Disorders affecting both small and
large arteries

Fabry disease

Homocysteinuria

Sickle cell disease

Cardioembolism Familial cardiomyopathies

Familial arrhythmias

Hereditary haemorrhagic telangiectasia

Prothrombotic disorders

Mitochondrial disorders MELAS

HERNS, hereditary endotheliopathy with retinopathy, nephropathy, and stroke; MELAS, Mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke.
doi:10.1371/journal.pmed.1000225.t001

PLoS Medicine | www.plosmedicine.org 3 March 2010 | Volume 7 | Issue 3 | e1000225

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight



17 Jul 2001 12:25 AR ar145-10.tex ar145-10.SGM ARv2(2001/05/10)P1: GJB

Annu. Rev. Genomics Hum. Genet. 2001. 2:235–58
Copyright c© 2001 by Annual Reviews. All rights reserved

METHODS FOR GENOTYPING SINGLE

NUCLEOTIDE POLYMORPHISMS

Pui-Yan Kwok
Washington University School of Medicine, St. Louis, Missouri 63110;
e-mail: kwok@genetics.wustl.edu

Key Words genetic markers, genetic mapping, large-scale genetic studies

■ Abstract One of the fruits of the Human Genome Project is the discovery of
millions of DNA sequence variants in the human genome. The majority of these variants
are single nucleotide polymorphisms (SNPs). A dense set of SNP markers opens up the
possibility of studying the genetic basis of complex diseases by population approaches.
In all study designs, a large number of individuals must be genotyped with a large
number of markers. In this review, the current status of SNP genotyping is discussed
in terms of the mechanisms of allelic discrimination, the reaction formats, and the
detection modalities. A number of genotyping methods currently in use are described to
illustrate the approaches being taken. Although no single genotyping method is ideally
suited for all applications, a number of good genotyping methods are available to
meet the needs of many study designs. The challenges for SNP genotyping in the near
future include increasing the speed of assay development, reducing the cost of the
assays, and performing multiple assays in parallel. Judging from the accelerated pace
of new method development, it is hopeful that an ideal SNP genotyping method will
be developed soon.

INTRODUCTION

As of the end of 2000, over 1.5 million single nucleotide polymorphisms
(SNPs) have been found in the human genome and deposited to public databases
(20a, 37). The availability of an ultra-high density SNP map opens the possibil-
ity of studying by association genetic factors important in complex genetic traits
in the human, taking advantage of the fact that genetic markers in close prox-
imity to mutant genes may be in linkage disequilibrium (LD) to them (21, 42).
Association studies can be done with a genome-wide approach (without assum-
ing one region of the genome is more likely to harbor the associated genetic
factor) or with a candidate gene approach (using some biological knowledge
to prioritize the parts of the genome for the study) (11). Because the strength
of LD diminishes rapidly with distance, hundreds to thousands of individuals
must be genotyped, regardless of the approach used, with a large number of
SNPs (25). Genotyping of SNPs will likely be a major part of every genetic
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association study, and the appropriate genotyping method is critical to the suc-
cess of the study.

The ideal genotyping method must possess the following attributes: (a) The
assay must be easily and quickly developed from sequence information; (b) the
cost of assay development must be low in terms of marker-specific reagents and
time spent by expert personnel on optimization; (c) the reaction must be robust,
such that even suboptimal DNA samples will yield reliable results; (d) the assay
must be easily automated and must require minimal hands-on operation; (e) the
data analysis must be simple, with automated, accurate genotype calling; (f ) the
reaction format must be flexible and scalable, capable of performing a few hundred
to a million assays per day; and (g) once optimized, the total assay cost per genotype
(including equipment, reagents, and personnel) must be low.

To date, no such ideal genotyping method exists. Further improvements in
biochemistry, engineering, and analytical software must occur before SNP geno-
typing methods closer to the ideal can be developed. In this review, the three
aspects of a genotyping assay—allelic discrimination, assay format, and detection
methodology—are discussed. Where appropriate, genotyping methods currently
in use are described in the context of these three areas.

ALLELIC DISCRIMINATION

SNPs can be detected in either a sequence-specific or sequence-nonspecific way.
Sequence-nonspecific detection is based on the capture, cleavage, or mobility
change during electrophoresis or liquid chromatography of mismatched heterodu-
plexes formed between allelic DNA molecules or single-stranded DNA molecules
that assume slightly different conformations under nondenaturing conditions
(28). Although sequence-nonspecific detection of polymorphisms is the main-
stay in polymorphism/mutation discovery, it is not an acceptable approach to
genotyping because one is never certain if the inferred genotyping is the true
genotype.

Sequence-specific detection relies on four general mechanisms for allelic dis-
crimination: allele-specific hybridization, allele-specific nucleotide incorporation,
allele-specific oligonucleotide ligation, and allele-specific invasive cleavage (27).
All four mechanisms are reliable, but each has its pros and cons.

Hybridization

With the hybridization approach, two allele-specific probes are designed to hy-
bridize to the target sequence only when they match perfectly (Figure 1). Under
optimized assay conditions, the one-base mismatch sufficiently destabilizes the
hybridization to prevent the allelic probe from annealing to the target sequence.
Because no enzymes are involved in allelic discrimination, hybridization is the
simplest mechanism for genotyping. The challenge to ensure robust allelic dis-
crimination lies in the design of the probe. With ever more sophisticated probe
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Fact Sheets

Genome-Wide Association Studies

What is a genome-wide association study?
Why are such studies possible now?
How will genome-wide association studies benefit human health?
What have genome-wide association studies found?
How are genome-wide association studies conducted?
How can researchers access data from genome-wide association
studies?
What is NIH doing to support genome-wide association studies?

What is a genome-wide association study?

A genome-wide association study is an approach that involves rapidly scanning markers across the complete sets of DNA, or genomes,
of many people to find genetic variations associated with a particular disease. Once new genetic associations are identified, researchers
can use the information to develop better strategies to detect, treat and prevent the disease. Such studies are particularly useful in
finding genetic variations that contribute to common, complex diseases, such as asthma, cancer, diabetes, heart disease and mental
illnesses.

Why are such studies possible now?

With the completion of the Human Genome Project in 2003 and the International HapMap Project in 2005, researchers now have a set of
research tools that make it possible to find the genetic contributions to common diseases. The tools include computerized databases that
contain the reference human genome sequence, a map of human genetic variation and a set of new technologies that can quickly and
accurately analyze whole-genome samples for genetic variations that contribute to the onset of a disease.

How will genome-wide association studies benefit human health?

The impact on medical care from genome-wide association studies could potentially be substantial. Such research is laying the
groundwork for the era of personalized medicine, in which the current one size-fits-all approach to medical care will give way to more
customized strategies.

In the future, after improvements are made in the cost and efficiency of genome-wide scans and other innovative technologies, health
professionals will be able to use such tools to provide patients with individualized information about their risks of developing certain
diseases. The information will enable health professionals to tailor prevention programs to each person's unique genetic makeup. In
addition, if a patient does become ill, the information can be used to select the treatments most likely to be effective and least likely to
cause adverse reactions in that particular patient.

What have genome-wide association studies found?

Researchers already have reported considerable success using this new strategy. For example, in 2005, three independent studies
found that a common form of blindness is associated with variation in the gene for complement factor H, which produces a protein
involved in regulating inflammation. Few previously thought that inflammation might contribute so significantly to this type of blindness,
which is called age-related macular degeneration.

Similar successes have been reported using genome-wide association studies to identify genetic variations that contribute to risk of type
2 diabetes, Parkinson's disease, heart disorders, obesity, Crohn's disease and prostate cancer, as well as genetic variations that
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Causal Relationship of Susceptibility Genes to Ischemic
Stroke: Comparison to Ischemic Heart Disease and
Biochemical Determinants
Paul Bentley1*, George Peck1, Liam Smeeth2, John Whittaker2, Pankaj Sharma1

1 Imperial College Cerebrovascular Research Unit, Clinical Neurosciences, Charing Cross Hospital, Imperial College London, London, United Kingdom, 2 Department of
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Abstract

Interrelationships between genetic and biochemical factors underlying ischemic stroke and ischemic heart disease are poorly
understood. We: 1) undertook the most comprehensive meta-analysis of genetic polymorphisms in ischemic stroke to date; 2)
compared genetic determinants of ischemic stroke with those of ischemic heart disease, and 3) compared effect sizes of gene-
stroke associations with those predicted from independent biochemical data using a mendelian randomization strategy.
Electronic databases were searched up to January 2009. We identified: 1) 187 ischemic stroke studies (37,481 cases; 95,322
controls) interrogating 43 polymorphisms in 29 genes; 2) 13 meta-analyses testing equivalent polymorphisms in ischemic
heart disease; and 3) for the top five gene-stroke associations, 146 studies (65,703 subjects) describing equivalent gene-
biochemical relationships, and 28 studies (46,928 subjects) describing biochemical-stroke relationships. Meta-analyses
demonstrated positive associations with ischemic stroke for factor V Leiden Gln506, ACE I/D, MTHFR C677T, prothrombin
G20210A, PAI-1 5G allele and glycoprotein IIIa Leu33Pro polymorphisms (ORs: 1.11 – 1.60). Most genetic associations show
congruent levels of risk comparing ischemic stroke with ischemic heart disease, but three genes—glycoprotein IIIa, PAI-1 and
angiotensinogen—show significant dissociations. The magnitudes of stroke risk observed for factor V Leiden, ACE, MTHFR and
prothrombin, but not PAI-1, polymorphisms, are consistent with risks associated with equivalent changes in activated protein
C resistance, ACE activity, homocysteine, prothrombin, and PAI-1 levels, respectively. Our results demonstrate causal
relationships for four of the most robust genes associated with stroke while also showing that PAI-1 4G/5G polymorphism
influences cardiovascular risk via a mechanism not simply related to plasma levels of PAI-1 (or tPA) alone.
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Introduction

Stroke is one of the leading causes of death, disability, and

health finance cost in both developed and developing world

countries [1]. Understanding the genetic contributions to ischemic

stroke is important not only so as to explain, or predict, the

minority of cases that occur in the absence of well-established risk

factors, such as smoking, hypertension and diabetes [2], but also to

account for wide variability of stroke incidence within individuals

who do harbour these common, acquired risk-factors [3].

Moreover, appreciating the biochemical basis for risk-associated

genes can motivate novel therapeutic strategies, including

pharmacogenomics [4].

As the cumulative number of studies reporting positive genetic

associations with stroke increases, the main challenges are deciding

which associations are reliable and robust, and then deciphering

the role of putative gene effects in terms of causation [5]. The

present study attempts to address these issues by firstly, presenting

the most comprehensive meta-analysis to date of all candidate

genetic polymorphisms associated with ischemic stroke. Secondly,

we relate these observed gene effect sizes with those predicted from

pathophysiologically-related studies.

Since many of the candidate genes tested for an association with

ischemic stroke have originated from studies in ischemic heart

disease, and given overlapping pathophysiologies of these two

diseases [6], it is meaningful to investigate whether specific genetic

polymorphisms associate with clinical arteriopathic syndromes in

general, e.g. due to a tendency to stiffen arteries [7], or whether

certain genes exert organ-specific effects [8–10]. Furthermore,

where positive associations do exist between genes and stroke it is

critical to validate whether these effects are consistent with the risks

attributed to their putative biological intermediates. For example, if

a stroke-associated gene is also associated with a prothrombotic

tendency, then does the degree of thrombophilia imparted by the

genotype-in-question associate with a similar degree of risk of stroke,

using independent data sets? We attempted to answer this question

for all robust positive gene associations using a method based upon

mendelian randomization [11].

Results

Ischemic Stroke Candidate Gene Meta-Analysis
We identified 187 candidate genetic polymorphism case-control

studies (References S1), incorporating 37,481 ischemic stroke cases
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and 95,322 controls that fulfilled the inclusion criteria. Between

them, 43 polymorphisms were interrogated in 29 genes, with the

mean number of studies per candidate polymorphism being 6.6

(95% CIs 4.4 – 8.8). For 23 out of the 43 candidate polymorphisms

(53%), the combined studies comprised .1000 cases (and .1000

controls) in aggregate. It is these that are focused on in the rest of

the results. Note that these represent 16 out of 29 candidate genes,

because for several genes more than one polymorphism was tested;

PDE 4D (6 SNPs), angiotensinogen (2 SNPs) and HFE (2 SNPs)

being those for which there are .1000 pooled cases. Eighteen

polymorphisms (42% of the total; representing 11 genes) were

investigated by at least one study comprising a total sample size of

.1000.

Of the 23 genetic polymorphisms candidates tested in .1000

cases, six polymorphisms in six genes were found to show an

overall significant effect, with no significant between-study

heterogeneity (Figures 1–7). These were, in order of case-numbers:

factor V Leiden Gln506, angiotensin converting enzyme (ACE)

I/D, methylene tetrahydrofolate reductase (MTHFR) C677T,

prothrombin G20210A, plasminogen activator inhibitor-1 5G

allele and glycoprotein IIIa Leu33Pro. The summary ORs for

these genes ranged from 1.15 (95% CI: 1.06 – 1.25) for ACE I/D,

to 1.60 (95% CI: 1.28 – 2.00) for prothrombin G20210A. The

corresponding population attributable risks for the genes listed

above are, respectively: 1.8%, 3.9%, 3.1%, 1.9%, 11.2% and

5.8% (total: 27.5%). The remainder 17 polymorphisms that were

tested in .1000 pooled cases failed to demonstrate association

with ischemic stroke (Figure 7; Figures S1). Within this group, ten

polymorphisms showed between-study heterogeneity (p,0.05).

Of the 20 candidate polymorphisms that were tested in ,1000

cases, four were found to show positive associations: factor VII

R353Q (793 cases), protein Z G79A (741 cases), glycoprotein 1b-

alpha Met-Thr (564 cases), and intercellular adhesion molecule-1

E469K (356 cases).

For all of the above associations there was no publication bias

towards smaller studies, as indicated by non-significant (p.0.1)

regression intercepts in Egger funnel-plots of effect size against

sample variance [12].

In order to evaluate the relative efficiency of the candidate gene

method over time, we divided studies according to whether our

meta-analysis either identified, or failed to identify, a significant

association, and plotted pooled case numbers for each of the

Figure 1. Forest plots showing positive associations of ischemic stroke with the following genetic polymorphisms: Factor V Leiden
Arg506Gln.
doi:10.1371/journal.pone.0009136.g001

Stroke Genes

PLoS ONE | www.plosone.org 2 February 2010 | Volume 5 | Issue 2 | e9136

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight



largest polymorphisms against publication year (Figure 8 A and

B).This shows that the during the first decade of published studies

(1993 – 2003) candidate polymorphisms were predominantly those

found to be associated with stroke (according to our meta-analysis),

whereas more recently (2004+), an increasing number of studied

cases are for polymorphisms that show no association after

pooling. Such declining success of candidate-gene studies is also

seen by plotting the probability that cases were tested for

polymorphisms that were found after meta-analysis to be

associated, rather than unassociated, over time (Figure 8 C). We

note that there were no correlations between OR magnitude, or

study size, and publication date, when analyzing polymorphisms

individually or grouping as a whole (all p,0.1).

Comparison with Ischemic Heart Disease
Meta-analyses in myocardial infarction and/or ischemic heart

disease were found [13–22] for thirteen of the genetic polymor-

phisms tested in ischemic stroke for which there were .1000

pooled cases. Comparing odds ratios for each genetic polymor-

phism between ischemic cardiac disease and ischemic stroke

identified four profiles (Figure 9):

1) Polymorphisms associated with risk of both ischemic heart

disease and stroke: factor V Leiden Gln506, ACE I/D,

MTHFR C677T, prothrombin G20210A. The 95%

confidence intervals (CIs) for ORs of ischemic stroke and

cardiac disease overlapped for all of these gene variants.

2) Polymorphisms associated with risk of either ischemic stroke

or myocardial ischemia but not the other disease type – i.e.

dissociations: glycoprotein IIIa Leu33Pro conferring a risk

for stroke, but not ischemic heart disease; PAI-1 4G- versus-

5G associated positively with cardiac disease, but negatively

with stroke, and angiotensinogen M235T posing a risk for

coronary stenosis, but a trend for protection against stroke.

The 95% CIs for risk for all three polymorphisms were non-

overlapping comparing ischemic stroke with ischemic heart

disease, although restricting cardiac datasets to those in

which Caucasian ethnicity was definitely specified results in

marginal overlap for glycoprotein IIIa Leu33Pro (ischemic

heart disease OR: 0.99 – 1.09) and angiotensinogen M235T

(coronary stenosis OR: 1.0 – 1.16).

3) Polymorphisms associated with myocardial ischemia but not

ischemic stroke, but where confidence intervals clearly

overlapped. In these cases, we calculated the minimum case

number required for 90% power (and a= 0.05) assuming

the same effect size as in ischemic heart disease. This showed

that in all cases an inadequate sample size in stroke may

account for the lack of significance here (Figure 9; third

section, final column).

4) Polymorphisms not associated with either ischemic stroke or

heart disease yet tested in .1000 cases of each disease viz.

interleukin-6 G174C [21] and HFE C282Y [22].

Comparison with Biochemically-Predicted Risk
For each of the stroke-associated genetic polymorphisms identified

by our primary meta-analysis we searched for: 1) studies providing

differential measurements of a biochemical marker - i.e. an

intermediate phenotype, IP - related to the genotypic variants of

interest, among subjects without cardiovascular disease, and 2) studies

providing an estimate of ischemic stroke risk based upon incremental

change in the same IP. Such studies were available for the following

polymorphism – IP pairs: factor V Leiden - activated protein C

resistance, ACE D/I - ACE activity, MTHFR - homocysteine

levels, prothrombin G20210A - prothrombin levels, and PAI-1 4G/

5G - PAI-1 levels.

The number of studies providing differential IP levels according to

genotype ranged between 3 and 70, incorporating between 843 and

46,743 healthy subjects, for each genotype of interest. We performed

meta-analyses that pooled these biomarker level differences for each

Figure 2. Forest plots showing positive associations of ischemic stroke with the following genetic polymorphisms: ACE D/I.
doi:10.1371/journal.pone.0009136.g002

Stroke Genes
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Figure 6. Forest plots showing positive associations of ischemic stroke with the following genetic polymorphisms: glycoprotein IIIa
Leu33Pro.
doi:10.1371/journal.pone.0009136.g006

Figure 7. Summary of meta-analyses testing associations of candidate genetic polymorphisms with ischemic stroke. Table reports
genetic model tested (D – dominant; R – recessive); numbers of studies; numbers of pooled cases and controls; ORs with 95% confidence intervals,
and at-risk genotype frequency.
doi:10.1371/journal.pone.0009136.g007

Stroke Genes
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