
Genetic aspects of stroke
Association and linkage studies 

in a northern Swedish population

Per-Gunnar Wiklund



Copyright © 2005 by Per-Gunnar Wiklund

ISSN 0346-6612 

ISBN 91-7305-999-4

Printed by Print & Media, Umeå University, Umeå, 2005



Men man själv då?
Anna Sundelin





�

AbstrAct

Stroke is a common, multifactorial cardiovascular disease. A stroke event is the result of 
traditional risk factors (i.e. hypertension, diabetes, smoking), environmental exposures and 
genetic factors in a complex interplay. The genetic contribution is, as estimated by studies on 
the influence of family history on the risk of stroke, limited on the individual level, and over-
ridden by, for example the excess risk associated with smoking. On the population level, and 
as a means to better understand the etiology of stroke, genetics can play a major role.

Northern Sweden is well suited for studying the genetic aspects of stroke. The popula-
tion shows signs of founder effects, and is relatively homogeneous. Large-scale cardiovascular 
health surveys, the MONICA Project and the Västerbotten Intervention Program, allow 
studies on risk factors in relation to stroke. Two prospective nested case-referent study sam-
ples, (113 cases and 226 controls; 275 cases and 549 controls), and a set of 56 families (117 
affected) were collected for functional candidate gene association, and linkage, studies. 

The selected candidate genes included haemostatic factors and genes within the renin 
angiotensin system (RAS). Functional single nucleotide polymorphisms (SNPs) that influ-
ence the levels of PAI-1 (PAI-1 4G/5G), and tPA (tPA -7,351C>T), have been identified. 
The angiotensin converting enzyme insertion/deletion polymorphism (ACE I/D) has been 
shown to be associated with ischaemic stroke. The angiotensin II receptor type 1 A1166C 
polymorphism (AT1R A1166C), less extensively studied, has been suggested to be associated 
with stroke, and to interact with the ACE I/D.

We found that the PAI-1 4G/4G genotype was associated with an increased risk of future 
ischaemic stroke (OR 1.79, 95%CI 1.01-3.19), and this was replicated in a second study 
sample. Furthermore, levels of serum triglycerides modulated the effect of the genotype. In 
the study on tPA, no association between the tPA -7,351C>T polymorphism and the risk 
of stroke was found in an analysis of the two study samples pooled. The two RAS polymor-
phisms were prospectively associated with ischaemic stroke independently of each other and 
other risk factors (OR 1.60, p=0.02 and OR 1.60, p=0.04, respectively).

A candidate region linkage study, focusing on a previously reported stroke susceptibil-
ity locus on chromosome 5, was performed in a set of families. In addition, association 
between ischemic stroke and the positional candidate gene phosphodiesterase 4D (PDE4D) 
was tested. Linkage to 5q12 was replicated in this independent population, but not PDE4D 
association with stroke. This suggests that alternative genotypes in this stroke susceptibility 
locus contribute in different populations.

In conclusion, the genetic component in the causation of stroke was investigated. The 
results of the functional candidate gene association studies showed (1) interaction between 
PAI-1 genotype and a putatively modifiable risk factor, triglycerides, (2) a prospective testing 
of the tPA SNP with no association detected, and (3) a novel, hypothesis-generating, finding 
in the case of AT1R polymorphism and the risk of ischaemic stroke. The replication of link-
age to chromosome 5q12 in our northern Swedish population was interesting, and it will be 
further explored.

KEY WORDS;  stroke, genetics, polymorphism, association, linkage, risk factors, plasminogen activa-
tor inhibitor-1, tissue plasminogen activator, angiotensin converting enzyme, angiotensin II receptor 
type 1, phosphodiesterase 4D. 
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ACE Angiotensin converting enzyme

APP Amyloid precursor protein

AT1R Angiotensin II receptor type 1

CAA Cerebral amyloid angiopathy

LOD Logaritm of odds ratio 

MONICA Monitoring of Trends and Determinants in Cardiovascular Diseases

PAI-1 Plasminogen activator inhibitor 1

PICH Primary Intracerebral haemorrhage

RAS Renin angiotensin system

SNP Single nucleotide polymorphism

TIA Transitory Ischaemic attack

tPA Tissue plasminogen activator

VIP Västerbotten Intervention Program
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intrOductiOn

Stroke is a common and complex disease. Stroke is the leading cause of disability among 
adults, and the third leading cause of death after ischaemic heart disease and cancer in Swe-
den. Approximately 30,000 stroke events occur annually in Sweden,1 2 Stroke a is complex 
disease in the sense that the acute cerebrovascular accident is the result of a multilevel/com-
plex interplay between lifestyle, environment and multiple genetic factors.

Northern Sweden is well suited for exploring aspects of the genetic component in the 
causation of stroke. In the northern Swedish population there are founder effects, as exempli-
fied by the prevalence of a number of rare recessive monogenic disorders. Furthermore, the 
population is, despite a population structure of admixture between Swedish, Sami and Finn-
ish ethnicity, homogenous as compared with populations in which immigration has been the 
main mechanism of population growth.3 The willingness of the inhabitants to participate in 
large scale population based health surveys performed in northern Sweden makes it possible 
to get a good picture of the pattern of traditional cardiovascular risk factors in the region.4 5 
Continuous population-based and standardised registration of stroke cases in the region, 
gives us the possibility to describe stroke phenotypes with a high degree of validity.6

stroke
Stroke is defined as the “rapid development of clinical signs of focal (or global) disturbance of 
cerebral function, lasting more than 24 hours (unless interrupted by surgery or death) with 
no apparent cause other than a vascular origin” by the World Health Organisation MONICA 
project.7 8 This is a clinical definition, including a time variable, rather than a pathophysi-
ological one. Stroke is an aetiologically heterogeneous entity in which cerebral infarction due 
to local thrombus formation or other causes of misperfusion, as well as intracerebral haemor-
rhage after rupture of a penetrating cerebral artery, are included. This diversity points to a 
number of different putative pathophysiological processes, and it adds to the complexity of 
stroke. In the present studies subarachnoidal haemorrhages were not included or discussed.

Epidemiology
The stroke incidence development in northern Sweden has, as a part of the WHO MONICA 
project, been followed since 1985. After years of stable stroke incidence a significant decrease 
has been observed in the last few years. (Eriksson, M, personal communication) The attack 
rate is intermediate in an international comparison but higher than in the southern region of 
Göteborg in Sweden.9 Case-fatality and thereby mortality has changed dramatically with a 
45% lower relative risk of dying in a stroke in 1998 as compared with 1985.10

Risk factors
Established non-modifiable risk factors for stroke include age, male sex and family history 
of stroke. Blood pressure, smoking and sedentary lifestyle are the most important modifiable 
risk factors.11 The role of hypercholesterolaemia as a risk factor for stroke is under debate,12 

13 partly because a U-shaped correlation between cholesterol and stroke has been observed. 
There, very low levels of cholesterol are associated with intracerebral haemorrhage and high 
levels with ischaemic stroke.14 Diabetes, atrial fibrillation, low socioeconomic status and a 
previous stroke or TIA are risk factors for stroke.11 15
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Several pathophysiological pathways are under investigation in terms of their relation to 
cardiovascular disease and stroke. Haemostatic factors have shown an association with stroke 
in prospective studies. Elevated levels of both tissue plasminogen activator (tPA) antigen 
and plasminogen activator inhibitor-1 (PAI-1) antigen are associated with a higher risk of 
stroke.16-19 Increased levels of fibrinogen have been shown to increase the risk of stroke by a 
factor of around two.20 In addition, fibrinogen constitutes a link to inflammatory processes 
which promote atherosclerosis.21 High-sensitive C reactive protein (CRP) has also been as-
sociated with the risk of stroke.22 23 The renin-angiotensin system (RAS) is implicated in 
cardiovascular disease, initially due to its vaso-regulatory functions, but a diversity of effects 
on the endothelium have also been proposed.24 Furthermore, pharmaceutical agents inhibit-
ing the RAS are effective in preventing cardiovascular events, seemingly not exclusively by 
lowering the blood pressure.25 

types of stroke
An acute stroke event can be either ischaemic or haemorrhagic. The vast majority are ischae-
mic (about 80-85% of the cases).26 An ischaemic stroke event in which all symptoms resolve 
within 24 hours is defined as a transitory ischaemic attack (TIA) regardless of the underlying 
pathology. The haemorrhagic type is divided into intracerebral haemorrhage (ICH) or sub-
arachnoidal haemorrhage (SAH), where the latter type is so different regarding pathophysiol-
ogy, clinical picture and management that it is often discussed separately from other forms of 
stroke. So also in the present dissertation.

Ischaemic stroke
Ischaemic stroke occurs when adequate blood supply to an area in the brain is interrupted. 
Though interruption can result from various conditions, e.g., a sudden lowering of systemic 
blood pressure in combination with a carotid artery stenosis or a dissection of a pre-cerebral 
artery, the common cause of interrupted blood flow is an occlusive thrombus. Thrombus for-
mation may be a local process in a cerebral artery or it may originate from the heart or from 
atherosclerotic plaque lesions in the aorta or carotid arteries. In the later cases, when a throm-
bus is transported with the blood stream into a cerebral artery, it is defined as an embolus. 

Subtypes of ischaemic stroke 
In clinical practice, the task of pin-pointing the specific cause in a specific case is often difficult. 
The distinction between ischaemic and haemorrhagic stroke in clinical routine is based on 
computerised tomography (CT), and is thus uncomplicated. The identification of the underly-
ing cause in ischaemic stroke is more difficult. Cardiac arrhythmia in the form atrial fibrillation 
causing cardioembolic stroke is probably the most commonly recognised causative condition, 
but beyond that uncertainty of causality increases. In order to address this, and promoted by 
stroke preventive treatments such as endarterectomy in carotid artery stenosis and warfarin 
treatment of atrial fibrillation, stroke classification systems have been developed. For genetic 
association studies in stroke, the use of a standardised subtyping system has been advised.27 

TOAST (Trial of Org 10172 in Acute Stroke Treatment) is a sub-classification system for 
ischaemic stroke,28 developed for a clinical trial of acute stroke, aimed at refining the pheno-
type and indirectly describing the underlying aetiologies. The inter-rater agreement has been 
investigated. It has been validated, and protocols and a computerized version were developed 
to minimize inter-rater variability.29 30 The different TOAST categories and the main criteria 
are shown in Table 1.
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Table 1. toaSt ischaemic stroke subtypes and main criteria.

Main criteria

Large-artery atherosclerosis >50% stenosis of the internal carotid artery

Cardioembolism Cardiac source of embolism

Small-artery occlusion Typical neurological deficits

Stroke of other aetiology Specific pathology proven

Stroke of unknown aetiology Two or more causes identified or

Negative evaluation or

Incomplete evaluation

Primary Intracerebral haemorrhage (PICH)
Primary intracerebral haemorrhage is an intracerebral haemorrhage not caused by tumour, 
vascular malformation, trauma or infection. Age and hypertension are major risk factors for 
PICH, as for ischaemic stroke. Blood pressure is a somewhat stronger risk factor for PICH 
than for ischaemic stroke,31 but the difference is modest.32 Hypercholesterolaemia as a risk 
factor for PICH remains a topic of discussion and epidemiological data have suggested that 
very low cholesterol levels are a risk factor.14

Subtypes of PICH
A subdivision of primary intracerebral haemorrhages, based on typical location, into lobar 
and deep haemorrhages, is often applied. Although a positive family history of stroke has 
been shown to increase the risk of both types of PICH,33 most interest, from a genetic point 
of view, has been focused on lobar haemorrhages. 

Lobar haemorrhages are closely associated with cerebral amyloid angiopathy (CAA). In 
CAA amyloid precursor peptide (APP) fragments, called b-amyloid (Ab), deposit in vascular 
tissue and aggregate into fibrils toxic to vessel-wall components. There are rare familial forms 
of these types of PICH (se below). In the case of sporadic CAA, carriership of apolipoprotein 
E (ApoE) gene alleles e4 and e2 has been shown to increase the risk of PICH.33 34 These ApoE 
alleles seem to shorten the time to recurrent bleeding35 and lower the age of onset of PICH.36 
However, the development of CAA is correlated with age and the lobar type of haemorrhage 
is what to expect in a “typical” case of PICH in an elderly person.

Rare monogenic stroke syndromes
There are a few rare hereditary ischaemic stroke syndromes where the genetic factor has been 
characterized. The CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical 
Infarcts and Leukoencephalopathy) syndrome is associated with mutations in the NOTCH3 
gene.37 In the MELAS syndrome (mitochondrial Myopathy, Encephalopathy, Lactic acidosis 
And Stroke-like episodes) mutations in mitochondrial DNA coding for tRNA have been 
identified.38 However, in MELAS syndrome, the characteristics of the cerebral lesions are not 
purely ischaemic. Fabry disease, an X-linked recessive lysomsomal storage disorder with a 
high incidence of stroke (40%), is described as the cause of both ischaemic and haemorrhagic 
stroke in about 1% of younger cases of cryptogenic stroke.39 

Mutations in the amyloid precursor protein (APP) gene have been described in familial 
forms of cerebral amyloid angiopathy (CAA) related primary intracerebral haemorrhage.40-43 
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APP is not the only gene associated with familial CAA. In Iceland a mutation in the cystatin 
C gene has been shown to cause hereditary PICH.44

genetic epidemiology of stroke
The rationale for studying genetics in a complex disease such as stroke, is based on data sup-
porting significant heritability of the disease. A systematic review of studies of the genetic 
epidemiology of ischaemic stroke by Flossmann et al. confirmed a genetic component in the 
risk of stroke.45 The genetic influence can be estimated by the frequency of stroke in first 
degree relatives in cohort or case-control settings, or in twin studies (Table 2). 

Table 2. odds ratios of a positive family history in different types of studies 4�

Type of study (n) Odds ratio (95% CI) p-value Stroke subclassified

Twin studies (3) 1.65 (1.2-2.3) 0.003 No

Cohort studies (9) 1.30 (1.2-1.5) < 0.00001 2 studies

Case-control studies (27) 1.76 (1.7-1.9) < 0.00001 15 studies

There is a modest but consistent elevation in the odds ratio of a family history of stroke 
regardless of study type. In the twin studies, where the odds ratio for concordance among 
monozygotic twins was 1.65 as compared with dizygotic twins, no differentiation between 
ischaemic and haemorrhagic stroke was made. Even though haemorrhagic stroke only ac-
counts for some 10-15% of the cases, these data imply that there are important pathophysi-
ological genetic factors which the ischaemic and haemorrhagic types of stroke have in com-
mon. The situation is very similar in the case of the cohort studies. It is only in case-control 
studies one can find more data on the impact of family history on the risk of subclasses of 
stroke. The odds ratio of 1.76 remains virtually unchanged when the risk of ischaemic stroke 
only is analysed (OR 1.75; 95%CI 1.1-1.5).45

Genetic influence on subtypes of ischaemic stroke 
When ischaemic strokes are divided into subgroups according to the TOAST classification 
system28 it is possible to explore the role of a positive family history of stroke in hypotheti-
cally different pathophysiological pathways. Jerrard-Dunne et al. 46 Polychronopoulos et al. 
47, in case-control settings, both reported increased risk for the two ischaemic subtypes “large 
vessel atherothrombotic” and “small-vessel lacunar” as opposed to the “cardioembolic” and 
“undetermined” types where no association with family history was detected. On the basis 
of two population-based and three hospital-based studies Schultz et al 48 drew the conclusion 
that a family history of stroke is less frequent among patients suffering a cardioembolic stroke 
than other subtypes, and a similar picture was reported in a recent publication on 600 stroke 
cases from Sweden.49

basic principles of molecular genetics

Genetic markers
A polymorphic genetic marker is a Mendelian genetic characteristic or trait that shows vari-
ation between individuals. The function of a genetic marker is to differentiate between indi-
viduals, allowing for analysis of whether the marker alleles are shared by individuals affected 
by the disease under study, and if so, also point to the genomic region of interest for further 
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exploration. The degree of polymorphism in a marker, in the population under study, deter-
mines how informative the marker is. For a bi-allelic marker, a higher frequency of heterozy-
gotes in the population makes it more informative. In the case of multi-allelic markers, the 
optimal situation occurs when several alleles are represented, and in a not too low frequency. 
Alleles that are very rare do not normally contribute significantly in studies of common 
complex diseases. 

Microsatellite markers
Microsatellite markers use the existence of sections in the human genome where short (2-4 
nucleotide bases long) DNA sequences are repeated. An individual has two alleles for the 
marker and the allele is defined by the number of repetitions of the short nucleotide se-
quence. This repetitive DNA does not occur evenly in all regions of DNA and although the 
position of the markers in the genome is known, the resolution will be low in regions where 
the repetitions are less frequent. Microsatellite markers are not primarily hypothesised to 
represent the causal genetic factor, but rather to, via linkage disequilibrium, define a genomic 
region in which the functional factor can be found. There are commercially available kits for 
studying microsatellite markers and they are often used in linkage studies. The number of 
microsatellites applied in genome wide scans varies between around 400 and 1000.

Single nucleotide polymorphisms (SNPs)
A single nucleotide polymorphism is the exchange of a single nucleotide base for another at 
a specific location in the genome. Single nucleotide exchanges occur on average every 1000 
base-pairs (bp) throughout the genome, but there is a rather substantial variation between 
different regions in the genome. Functional SNPs are defined as base-pair exchanges with 
major impact on the quantity or function of the protein coded for. SNPs in exons, and in 
the promoter or enhancer regions up-stream of a gene, are the ones most likely to have these 
properties. Intronic SNPs and 3’UTR variation are gaining increasing interest because of the 
regulatory functions, via effects on RNA, of these untranslated exchanges. The number of 
SNPs resulting in an amino acid change is estimated at 10-15,000.50 The total number of 
SNPs reported in the public database at the National Center for Biotechnology Information 
is approaching 3 millions (www.ncbi.nlm.nih.gov/SNP/).

design of studies on molecular genetics of stroke
Identification of a stroke susceptibility gene can be made in two principally different ways. 
Genes might be proposed to influence the risk of stroke based on their function in specific 
pathophysiological or metabolic pathways, and these are often referred to as functional can-
didate genes. An hypothesis of association between such a candidate gene and a phenotype is 
normally tested in a case-control association study of unrelated individuals.

Another principle applied is to perform a linkage study of related affected (and unaffected) 
individuals. A chromosomal region identified in linkage is a candidate region since it is linked 
to the disease in terms of its genetic position. The next step is to do a fine mapping of the 
candidate region, and thus eventually identify the candidate gene(s). This might be called a 
positional candidate gene approach, or positional cloning. The last step would be the charac-
terisation of disease promoting variation within the positional candidate gene.
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Association studies
An association study, where genotype, or allele, frequencies in cases are compared to the fre-
quencies among unaffected controls, is often applied when genetic variation in the form of 
SNPs and a complex disease are investigated. Critical attention has been drawn to association 
studies of SNPs in complex diseases after difficulties to replicate the findings of published 
positive association studies.51 52 Hirchhorn et al. reviewed 600 positive association studies of 
common genetic variants and disease, and replication of the positive findings was rare.53 Out 
of 166 associations studied three times or more, replication of the findings with a p-value 
<0.05, in >=75% of the studies, was observed only in 6 cases. Application of less strict crite-
ria, i.e., replication in at least two studies with p<0.05, improved the figures to 91 replicated 
associations out of 166 (55%). Another study addressing this topic was published in 2003 by 
Ioannidis et al.54 By studying meta-analyses of 579 genetic association studies they concluded 
that first publications and smaller studies tend to report more positive associations than what 
subsequent and larger studies which test the same hypothesis, do. 

There are several quality issues discussed in the field of genetic association studies, pro-
posed guidelines and critical reviews have been published 27 51 52 55-57 Pre-test probability of 
association can be increased by selecting genetic polymorphisms in which not only the gene 
and the pathophysiological pathway make a good candidate but in which the actual SNP is 
supported by data on functionality. The a priori probability of association can be increased 
also on the basis of positional data generated in linkage settings. Selecting controls with the 
same genetic background as the cases is crucial. In highly mixed populations this can be a 
difficult task. Matching on geography can serve as a surrogate, but it is no guaranty against 
population stratification. Phenotyping of cases is proposed to be performed according to vali-
dated protocols, not only to refine the phenotype under study, but also to allow for pooling 
of study samples. To detect the modest odds ratios expected in association studies of SNPs in 
stroke, large study samples are needed and the relative importance of the allele frequencies is 
recognised. Power analyses should be performed. An example, by Dichgans and Marcus,27 of 
a calculation of study sample sizes is shown in Table 3. An equal number of cases and con-
trols, a=0.05 and power=0.80 are assumed.

Table 3. Sample sizes as a function of minor allele frequency.

0.01 0.05 0.10 0.20

Relative risk

1.2 >20,000 4587 2444 1401

1.5 3981 845 456 268

2 1199 259 142 87

3 403 89 51 33

Replication of a finding in another study population is considered to strengthen the prob-
ability of true association considerably.

Minor allele frequency
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Linkage studies
Linkage analysis is used to identify genomic regions containing genes, or rather variation 
within genes, which are disease-promoting. Units of related affected individuals, most often 
families, are the basis for the analysis. In the past, linkage studies have been successful when 
applied in studies of disorders with a strong etiologic genetic factor. Most typically, mono-
genic disorders with an early onset in life, and a dominant or recessive inheritance pattern 
have been studied.

The study of multifactorial diseases such as stroke, with a late onset in life, several genes 
involved in the causation and in which the mode of inheritance is unclear, is a more com-
plex task. Alternative analytic strategies, addressing for example the difficulties to ascertain 
affected individuals from more than one generation in the families, have been developed. 
Sibling-pair (sib-pair) analyses, do not, in spite of analysing alleles shared that are identical 
by descent (IBD), require full knowledge about the parental genotypes. The assumption is 
that the allele-sharing among the affected will be higher than expected if there is linkage. The 
calculation of the expected sharing of alleles IBD, assuming no linkage, is based on the proba-
bilities that a pair of siblings share none, one or both of the two alleles in any locus. The prob-
abilities are 0.25, 0.5 and 0.25 respectively. Non-parametric analytic algorithms have been 
developed to allow linkage analysis without a specification of the mode of inheritance, and 
this is the advised analysis in complex diseases.  The use of non-parametric analysis, instead 
of model-based, parametric analysis, has promoted the development of an alternative method 
of significance testing in linkage analysis. Computer simulations over the actual study data, 
including the pedigree structure, the allele frequencies, missing data, and the specified marker 
map, can be performed. This generates, under the null hypothesis of no linkage, a p-value, 
the probability, that the achieved LOD score was a spurious result generated by chance.

stroke susceptibility genes

Functional candidate genes in stroke
The number of candidate gene polymorphisms in cardiovascular disease either published or 
under study is high. GeneCanvas is a database of cardiovascular candidate genes and their list 
of polymorphisms contains 151 genes (Oct 2005). Within those genes, multiple polymor-
phisms have been tested in association studies in cardiovascular disease. The majority of those 
studies have focused on myocardial infarction and not stroke. MORGAM, an international 
initiative pooling data on stroke patients from 10 European countries, is investigating vari-
ation in 99 selected genes in specified biological pathways.58 A meta-analysis of candidate 
genes in stroke included 120 published association studies, and though their inclusion was 
limited to ischaemic strokes confirmed by neuroimaging in whites, it evaluated 51 polymor-
phisms in 32 genes.59 Out of 15 polymorphisms studied more than three times and with posi-
tive association to ischaemic stroke, there were four in pathways related to thrombosis and 
fibrinolysis: factor V Leyden Arg506Gln, prothrombin G20210A, PAI-1 4G/5G and human 
platelet antigen 2 (HPA2). The other two polymorphisms which the meta-analysis showed 
association with stroke were MTHFR C677T and ACE I/D.

Positional candidate genes in stroke
Up until today there are published reports of two stroke susceptibility genes identified 
through a positional approach: the phosphodiesterase 4D (PDE4D) gene, and the 5-lipoxy-
genase-activating protein (ALOX5AP) gene.
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Phosphodiesterase 4D (PDE4D) gene
In 2002, the first linkage study on stroke with a positive result in support of a genetic factor 
influencing the risk of common stroke (ischaemic and haemorrhagic combined) was pub-
lished. The study from Iceland by Gretarsdottir et al.60 reported a peak on chromosome 5q12 
with a LOD score of 4.40, and the authors designated this locus STRK1. In their study, 
further exploration of the results showed a tendency to stronger linkage with the ischaemic 
(including TIA) subgroup of stroke than with the haemorrhagic type.

Based on linkage to the 5q12 region the Icelandic group subsequently identified, through 
fine mapping and sequencing, the PDE4D gene as their candidate gene. In 2003 it was 
shown to influence the risk of ischaemic stroke.61 A high-risk and a low-risk set of alleles in 
two markers (microsatellite marker AC008818-1 and SNP45) were identified in a case-con-
trol study of 864 cases. The OR for the at-risk haplotype was 1.46, p=0.0002 as compared 
with the wild-type. 

The association between PDE4D and stroke has subsequently been investigated, and in 
two other populations no association was observed, not in 639 patients from Germany (Löh-
mussar et al.),62 nor in 737 UK ischaemic stroke patients (Bevan et al.).63 A more recent study 
published in 2005 from the US was negative with respect to linkage of the PDE4D gene with 
ischaemic stroke,64 but in the same paper the authors observed variation in two out of four 
tested SNPs within the PDE4D gene to be associated with ischaemic stroke in a case-control 
study of 377 cases and 263 controls.

5-lipoxygenase-activating protein gene (ALOX5AP)
A second positive linkage study on stroke was presented in 2004, also from Iceland. A locus 
on chromosome 13, 13q12-13, was shown to be in linkage with both myocardial infarction 
and stroke/TIA. That study initially set out to investigate myocardial infarction but data led 
to extended analyses, and the study found this chromosomal region to be in linkage with 
stroke/TIA in males (LOD 1.51).65 In this region lies the ALOX5AP gene which, based on 
reports of this gene being involved in leukotriene metabolism, is implicated in atherosclerosis 
and makes it a plausible candidate gene. 

Sequencing of the ALOX5AP gene revealed an SNP haplotype (HapA) with a two-fold 
increased risk of both ischaemic and haemorrhagic stroke. These finding were all from the 
Icelandic population, and in a following Scottish study the association of stroke with the 
same gene was replicated.66 In that second population the same SNP haplotype showed a rela-
tive risk of 1.36, p=0.007, for ischaemic stroke. However in a study of 640 American (97% 
white) individuals, the ALOX5AP with ischaemic stroke-association was not replicated.64

Haemostatic factors and plasminogen activator inhibitor-1 4G/5G and tis-
sue plasminogen activator -7.351 C/T polymorphisms
Haemostatic factors involved in thrombus formation and dissolution have implications for 
stroke. Plasma levels of fibrinolytic factors correlate with other factors associated with car-
diovascular disease, e.g., hypertension,67 68 triglyceride levels and body mass index.69 70 Tissue 
plasminogen activator (tPA) is the major circulating activator of fibrinolysis,71 and the vascu-
lar endothelium is the source of synthesis and release.72 Plasminogen activator inhibitor-1 is 
the principal inhibitor of tPA,73 and it is synthesized in various human tissues.74. The genetic 
contribution to variations in the circulating levels of tPA and PAI-1 are estimated to be 30-
60%.75-77
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Elevated levels of both tissue plasminogen activator (tPA) antigen and plasminogen activa-
tor inhibitor-1 (PAI-1) antigen are associated with the risk of stroke.16-19 High levels of the 
important fibrinolytic factor tPA being associated with higher risk of atherotrombotic disease 
like stroke may seem paradoxical. There is a strong inverse relation between tPA antigen lev-
els on one hand and the enzymatic activity of tPA on the other hand,78 so high levels of tPA 
antigen may reflect a state of hypofibrinolysis. The circulating components of tPA and PAI-1 
are shown in Figure 1. Another feature of tPA is that systemic levels correlate poorly with the 
vascular secretion of tPA.79 80

Figure 1. components of tPa and Pai-1 in the circulation

Plasminogen activator inhibitor-1 4G/5G polymorphism
This polymorphism was one of the six with association to stroke in the above commented 
meta-analysis by Casas et al.59 The 5G/5G genotype was associated with an increased risk of 
ischaemic stroke (OR 1.47; 95% CI 1.13-1.92). On the other hand, a study by Bang et al. 
showed the 4G/4G genotype to be associated with stroke,81 a finding which was in line with 
studies on the association of PAI-1 4G/5G with myocardial infarction.82-84 This functional 
polymorphism is located in the promoter of the gene and it has been shown to affect a bind-
ing site for a response element stimulated by VLDL/triglycerides.86 Serum levels of PAI-1 
correlate with this PAI-1 4G/5G polymorphism across different populations in an allele-dose 
pattern; individuals homozygous for the 4G allele display the highest, 5G homozygotes the 
lowest and heterozygotes intermediate levels.87 88 High levels of this inhibitor of tPA infer 
hypofibrinolysis. The identification of the link between this polymorphism and a response 
element which hypothetically could be induced by serum triglycerides and the still unclear 
effect of the polymorphism on the risk of stroke warranted the prospective study included in 
this dissertation.
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Tissue plasminogen activator -7.351 C/T polymorphism
The capacity to release tPA locally in a vessel upon endothelial damage may be crucial in 
preventing the formation of an occlusive thrombus with subsequent end-organ ischaemia. 
An experimental human in vivo model of local net-release of tPA has been developed.80 In 
that model, a common polymorphism in the enhancer region of the tPA gene was identified 
and shown to be associated with local net-release of tPa.89 However, there was no correlation 
between tPA -7.351 C/T polymorphism and systemic levels of tPA.89-91 The tPA -7.351 C/T 
polymorphism was investigated in relation to myocardial infarction, and carriers of the low-
release T allele were at increased risk of suffering a first-ever myocardial infarction (OR 2.68, 
95% CI 1.31-5.50), as compared with the CC genotype.91

Two published studies as of October 2005 have tested the association between this polymor-
phism and stroke. Jannes et al. found that the TT genotype was associated with ischaemic 
stroke in a study of 182 cases and 301 controls.92 The OR was 1.9 (95% CI 1.01-3.6). 
Subtyping of their cases according to the Oxfordshire Community Stroke Project (OCSP) 
classification system revealed that this effect of the TT genotype was confined to lacunar 
stroke (OR: 2.7; 95% CI: 1.1 to 6.7). A subsequent Swedish study could not replicate the 
association of the TT genotype with ischaemic stroke (or with TOAST subtypes of ischaemic 
stroke) in a set of 600 consecutive ischaemic stroke cases and 600 matched controls.90 Neither 
of the two studies had a prospective design.

Angiotensin converting enzyme insertion/deletion and Angiotensin II re-
ceptor type 1 A1166C polymorphisms.
The renin-angiotensin system plays a part in circulatory and endothelial functions. Figure 
2 displays the key elements, simplified metabolic relations and physiological effects of the 
RAS. 

Figure 2. Simplified schematic picture of the renin angiotensin system.
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Figure 2 Simplified schematic picture of the renin angiotensin system.
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The first report of a functional polymorphism with effect on the risk of cardiovascular dis-
ease was in the RAS, the angiotensin converting enzyme insertion/deletion polymorphism 
(ACE I/D).93 94 Since then it has been shown, in a meta-analysis, that the ACE DD genotype 
confers a small but significant increase in the risk of ischaemic stroke.59 The ACE I/D poly-
morphism is functional, the ACE activity is highest in D/D, intermediate in I/D, and lowest 
in I/I individuals.95 Despite this genotype-associated alteration in ACE activity, no effect on 
blood pressure has been observed.96 The two angiotensin II receptors (Type 1 and 2) mediate 
a diversity of effects, and to a large extent these effects oppose each other. The angiotensin 
II receptor type 1 (AT1R) mediates upon agonistic stimulation vasoconstriction, muscle cell 
proliferation and salt-fluid effects that are hypothesised to adversely affect cardiovascular 
disease. There are also data on AT1R effects on the endothelium 24 A polymorphism in this 
receptor has been identified, the AT1R A1166C polymorphism, and it is shown to associate 
with arterial stiffness but not hypertension.97 Association of the C allele with a higher risk of 
stroke has been reported from Sardinia in a segregated population.98 The C allele of the same 
polymorphism has been associated with cerebral white matter lesions in Japanese subjects.99 
In patients with myocardial infarction, interaction between the two polymorphisms ACE I/I 
and AT1R A1166C was reported100 and later disputed.101 No studies on the possible interac-
tion between the two polymorphisms in patients with stroke have been reported. 
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AiMs

To test, in a prospective study, the hypothesis that PAI-1 4G/5G polymorphism is associated 
with the risk of first-ever stroke, and to test the hypothesis that serum levels of triglycerides 
may modify the effect of the genotype.

To test, in a prospective study, the hypothesis that tPA -7.351 C/T polymorphism, a marker 
of altered local release of tPA, is associated with first-ever stroke.

To test the influence of ACE I/D and AT1R A11666C polymorphisms in the RAS on stroke 
risk prospectively, and to investigate possible interactions between the two polymorphisms 
and how they interact with other risk factors for stroke.

To test for linkage of the previously reported 5q12 stroke region in an independent set of 
independent Swedish families, and to test for association between SNPs in the PDE4D gene 
and ischemic stroke.
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MethOds

study populations
The present studies were carried out within two different study populations. The first was a 
prospective, nested, case-referent material based upon population based health surveys (Paper 
I-IV). The other study population was a set of families in which two or more members had 
suffered a stroke (Paper IV). The two study populations are connected to the WHO initiated 
Northern Sweden MONICA Project (Monitoring of Trends and Determinants in Cardio-
vascular Diseases), the Västerbotten Intervention Program (VIP) and the Stroke Incidence 
Registry at the Northern Sweden MONICA centre.

Cases and referents in Paper I-IV arose from cross-linking of the stroke incidence registry 
kept at the Northern Sweden MONICA Centre to the Medical Biobank where data and 
blood samples from the two health surveys (MONICA and VIP) are kept and handled. The 
Stroke Incidence Registry was also the source of ascertainment of putative probands to the 
family study in Paper IV.

The Northern Sweden MONICA Project
Northern Sweden became a participating centre in the international WHO MONICA Project 
in 1985. The objectives of the MONICA project were “to measure the trends in cardiovascular 
mortality and coronary heart disease and stroke morbidity and to assess the extent to which 
these trends are related to changes in known risk factors…”8. All data collecting has been stand-
ardized and validated to allow international comparisons and analyses of trends.102 For this 
purpose population-based surveys have been performed in the two northern Swedish counties, 
Norrbotten and Västerbotten, in 1986, 1990, 1994, 1999 and 2004. At the surveys, 2000 to 
2500 individuals, 25 to (64) 74 years of age, have been invited. The participants were randomly 
selected but stratified for age and sex. The total participation rate exceeds 75%.  The number 
of screened individuals in the first four surveys was 6942. Details on the screening procedures 
have been published elsewhere.103 104 Attempts to approach all non-participants by phone have 
resulted in data which have allowed some variables to be compared between participants and 
non-participants. The latter group reported more seldom knowledge of hypertension, a slightly 
lower self-reported body mass index, and a higher prevalence of smoking. Fewer of the non-
participants were married or cohabitant as compared with participants. 104

The Stroke Incidence Registry
The Stroke Incidence Registry at the Northern Sweden MONICA centre records data on all 
stroke events in the age group 25-74 years in the two counties. Possible stroke cases are col-
lected through screening of all hospital records, general practitioners’ reports and death cer-
tificates in the region. The procedures have been validated and compared to routine statistics 
showing a good agreement,6 96% of the stroke cases are identified by this method. Further 
details on the stroke register are given in Stegmayr et al. 2003.103

Västerbotten Intervention Program (VIP)
This community-based health screening and intervention program operating in the county 
of Västerbotten started in 1985. The program is focused on cardiovascular disease and diabe-
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tes. All individuals in the county are invited to a screening the year they turn 40, 50 and 60 
years of age. The participants’ cardiovascular risk profiles are recorded and health recommen-
dations are provided. Up until September 20, 2000 67,500 individuals had provided ques-
tionnaire and biometric data in addition to a donated blood sample, which is stored at the 
Medical Biobank. The overall participation rate in the VIP has been acceptable (60%) and 
possible selection bias has been investigated. There were non-significant trends toward asso-
ciation of lower participation rate with younger age, lower income and unemployment.105

Baseline data assessments in the health surveys
Measurements of height (m) and weight (kg) was performed with the participants in light 
in-door clothing without shoes on. Body mass index (BMI) was calculated as weight (kg) 
/ height (m2) Blood pressure (mmHg) was measured with a mercury sphygmomanometer 
(VIP) in a sitting position in most subjects. Based on blood pressure values from 1,850 
subjects, who were assessed in both sitting and recumbent position, an adjustment was made 
for sitting posture in individuals whose blood pressure was measured in the recumbent posi-
tion. In the MONICA surveys blood pressure was measured twice, after 5 minutes rest, in a 
sitting position, with a random zero method. The mean value of the two measurements was 
recorded. Smoking was defined as daily tobacco use, ex- and occasional smokers were classi-
fied as non-smokers. A medical history including prescribed drugs focusing on cardiovascular 
conditions was collected in a self-reported questionnaire.

In the majority of subjects, blood sampling was performed in the morning after an over-
night fast (80%), and in all subjects after a minimum of fours hour fasting. An oral glucose 
tolerance test with 75g of glucose was performed in more than 65% of the participants in the 
MONICA surveys and nearly all participants in the VIP.

stroke classification
The stroke definition applied was “rapid development of clinical signs of focal (or global) 
disturbance of cerebral function, lasting more than 24 hours (unless interrupted by surgery or 
death) with no apparent cause other than a vascular origin”. This clinical definition excludes 
subdural haemorrhage and stroke elicited by trauma, neoplasm and severe blood disease. The 
time limit of 24 hours excludes transitory ischaemic attacks, and since the stroke definition is 
based on symptoms, no silent brain infarctions are included. Based on neuroradiology of the 
brain and/or autopsy, a subdivision into ischaemic or haemorrhagic stroke is done.7 Cases in 
which this information is lacking are classified as unspecified. Subarachnoidal haemorrhages 
are recorded but are not included or discussed in the present studies. Since registration started 
in 1985, 14,030 cases had been included by September 20, 2000.

Ischaemic stroke subtyping
Discharge records of the cases kept at the Stroke Incidence Registry were reviewed for the 
study in Paper II. Copies of original reports on radiological and physiological investigations 
performed were collected if not adequately commented in the discharge records. Classifica-
tion into the different ischaemic stroke subtypes was performed using the TOAST criteria.28 
In addition, data on evaluated investigations was extracted and recorded in accordance with 
a TOAST manual developed for a computer-based classification algorithm.30
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nested case-referent study samples (papers i-iV)
The case-referent study population in papers I-IV was nested within the cohorts of the North-
ern Sweden MONICA Project and the VIP. The first-ever stroke cases were identified in the 
Stroke Incidence Registry. The procedure is schematically shown in Figure 3 and depicts the 
cross-linking procedure between the MONICA stroke incidence registry and the databases of 
the MONICA and VIP cohorts via the Medical Biobank. The procedure allowed identifica-
tion of subjects who prior to a validated stroke event had participated in either of the health 
surveys and matched controls. The numbers relate to the status on September 20, 2000.

Figure 3. Schematic drawing of the nested case-referent study design in papers i-iV.

The cross-linking procedure was performed twice, August 31, 1996 and September 20, 
2000, and thus, two samples, separated in time, but with identical inclusion and exclusion 
criteria applied were generated. The numbers of cases and controls in the samples are shown 
in Table 4.

Table 4. numbers of cases (including subtypes) and controls.

Cases Controls

All Ischaemic Haemor-
rhagic 

Unspecified 

Sample 1 113 91 19 3 226

Sample 2 275 229 42 4 549

Paper I on the PAI-1 4G/5G polymorphism analysed the two samples separately. The study 
in paper II analysed the two samples pooled. Paper III and IV analysed Sample 2.

Northern Sweden
MONICA Stroke

incidence
registry

N > 14,030 (up to
Sep 2000)

The Medical
Biobank

Data and blood
samples from

MONICA and
VIP cohorts

N > 74.500
Referents 2:1

Matching for
age, sex, type

of survey,
geography

Stroke cases
eligible for
inclusion

N=386

(Sample I and
Sample II)

Nested case referent design
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Linkage study sample (Paper IV)
A questionnaire was sent to 2,054 individuals identified through the Stroke Incidence Reg-
istry. They fulfilled the criteria of having suffered and survived a stroke event before the age 
of 70, between the years 1985 to 1996. 1603 answered (78%) and provided data on family 
history of stroke and a personal medical history. Those, putative probands, that reported a 
positive family history in terms of a sibling with a history of stroke, were together with other 
family members approached with a form for informed consent, a request for blood sampling 
and a form for permission to collect medical charts relevant to the stroke event. The upper 
limit for age at onset was set at 75 years for the non-proband cases. The majority of cases 
where ascertained from the MONICA stroke incidence registry. In cases ascertained through 
questionnaires, not included in the MONICA registry, a review of the medical charts, blind-
ed to genotypes, was performed, (P-G Wiklund). Stroke was diagnosed according to WHO 
stroke criteria. TOAST classification was also applied.

101 families were eventually recruited, all with at least one sib-pair affected with stroke. 
Cases of subarachnoidal haemorrhage were excluded. Families not compliant with study cri-
teria were subsequently excluded: proband not born in the region (10), parents of proband 
not born in the region (4), inadequate blood samples (7), not stroke (according to MONICA 
criteria) in the sib-pair (4). The 56 families (117 affected individuals), out of the remaining 
76, that displayed the most informative pedigrees were finally analysed.

Laboratory methods

Biochemical analyses
Fasting glucose and total s-cholesterol was measured at the baseline survey. Cholesterol 
was measured with Reflotron bench-top analysers in VIP, and by an enzymatic method 
(Boehringer Mannheim GmbH, Germany) at a central laboratory in MONICA.
In Sample 1 serum triglycerides were measured enzymatically and tPA antigen, PAI-1 
antigen and tPA/PAI-1 complex levels were determined using enzyme-linked immunosor-
bent assays, Imulyse t-PA, Imulyse PAI-1 and Tintelize, respectively (Biopool AB, Umeå, 
Sweden).

Genotyping
PAI-1 4G/5G: DNA was isolated from whole blood or buffy coats. Genotyping of the PAI-1 
4G/5G promoter polymorphism was performed using the method described by Margaglione 
et al. 106 in Study A. In Study B, primers and probes where supplied by Assays-by-Design 
Service, Applied Biosystems. PCR was run with the manufacturer’s recommended TaqMan® 
protocol with 10 ng of genomic DNA on a ABI PRISM® 7900 HT Sequence Detector Sys-
tem (Perkin Elmer). The sequences were; VIC probe: VICCTGACTCCCCCACGT, FAM 
probe: 6FAMACTCCCCACGTGTC, forward primer: GCCAGACAAGGTTGTTGACA-
CA, reverse primer: GCCGCCTCCGATGATACA.

tPA -7,351C>T: Genomic DNA was isolated from whole blood or buffy coats. Genotyp-
ing for tPA -7,351 C>T polymorphism was performed by TaqMan® allele discrimination 
analysis using the 5´ nuclease assay as previously described.91 The -7,351 C and T probes were 
labeled in their 5´ ends with VIC and FAM, respectively. Positive controls were 26 samples 
with known genotypes (as determined by DNA sequencing). All analyses resulted in correct 
classification of genotype.
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ACE I/D: The protocol for detecting the I/D polymorphism in the ACE gene was adapted 
from Rigat et. al.107 Reactions were performed in 15µl final volume containing 1x PCR-
buffer, 0.2 mM dNTP, 3.0 mM MgCl

2
, 0.4U Platinum Taq DNA-polymerase (GibcoBRL 

Life Technologies ), 0.2 mM of each primer and 20-50 ng DNA. DMSO (5%) was also 
added to prevent mistyping between the DD and ID genotypes.108 Amplification for 35 
cycles consisting of 1 min at 94C, 1 min at 59C and 1 min at 72C with initial denaturation 
at 94C for 2 min. PCR products were separated on 2.5% agarose gels and detected with 
ethidium bromide.

AT1R A1166C: The A-C base pair exchange in position 1166 of the AT1R gene was ana-
lysed using an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster 
City, CA, USA) and allele specific fluorescent probes. PCR-reactions were performed ac-
cording to the manufacturer’s recommendations. Primers: Fwd 5´-ACATTCCTCTGCAG-
CACTTCACT-3´, Rev 5´-CGGTTCAGTCCACATAATGCAT-3´. Probes: 5´-AAATGAG-
CATTAGCTACTT-3´, 5´-AATGAGCCTTAGCTACT-3´.  Controls with genotypes con-
firmed by specific restriction enzyme digestion were added with each run.

PDE4D: For association analysis we selected three SNP markers based on information 
available from the public databases, rs1971940 (SNP1), rs716908 (SNP2), and rs294492 
(SNP3). Sequences for two SNPs, rs12188950 (SNP 4, deCODE SNP 45), rs12153798 
(SNP5, deCODE SNP 41) and one microsatellite (AC008818-1) were obtained by personal 
communication from Dr Solveig Gretarsdottir, deCODE, Iceland. We generated SNP geno-
types using the TaqMan allelic discrimination method. TaqMan assays and reagents were 
from Applied Biosystems. PCR´s were performed on GeneAmpPCRSystem 9700, PCR pro-
gram according to manufacturer. ABI PRISM 7900HT Sequence Detection System was used 
to analyse TaqMan PCR products.

Linkage study: For genotyping, DNA was extracted from 10 ml of EDTA- treated blood 
using a standard phenol extraction method. 43 polymorphic microsatellite markers from 
ABI Prism Linkage Mapping Set v2.5 HD5 were used for genotyping in the linkage study. 
To obtain an average interval between the markers of 4.5 cM, one marker was excluded due 
to uncertain genetic position and two markers were added. DNA (30ng) and reagents to a 
reaction volume of 7.5 microliters per well were pipetted in 96 well plates and performed as 
multiplex PCR´s on GeneAmpPCRSystem 9700 (Applied Biosystems). Reagent concentra-
tions and the temperature profile were used as recommended for the Linkage Mapping Set. 
PCR products were pooled and diluted according to size and fluorescent dye type. Internal 
size standard (LIZ) and HiDi formamide were added before products were separated and 
detected on an ABI PRISM 3100 Genetic Analyzer. Data was assembled by 3100 DataCol-
lection software v.1.1. Analysis of results, allele calling, checks of quality and editing of called 
genotypes were performed using GeneMapperGenotyping software v.3.0. The genotypes 
were checked and, if necessary, edited manually. Applied Biosystems supplied all the above-
mentioned software. To verify the family relationship and to detect genotype errors, data was 
checked for Mendelian inheritance using the program Pedcheck. 109

statistical methods
In the 1:2 matched case-referent studies conditional logistic regression analyses were used in 
the main analyses to identify predictors of stroke. Odds ratios are presented with correspond-
ing 95% confidence interval limits. Baseline characteristics were compared between cases and 
controls using simple conditional logistic regression. To adjust for classical known stroke risk 
factors, a multiple model was used to test the effect of the genotype. In the complementary 
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analyses, i.e., analyses of cases and controls separately, and analyses of subgroups defined 
by a specific genotype or variable, where matching no longer applied due to “splitting” of 
the stratas, two tailed t-tests were used for continuous variables and Pearson’s χ2-tests for 
categorical variables. The Pearson’s χ2-test was also used when analysing for deviations from 
Hardy-Weinberg equilibrium. A p-value <0.05 was considered statistically significant. SPSS 
v12.0 was used for the analyses.

In the linkage study (Paper IV) we applied multipoint, non-parametric linkage analysis 
on chromosome 5 for confirmation of linkage to the region of STRK1 using the program 
Allegro.110 We used the s

pairs 
scoring function that assesses identity by descent (IBD) sharing 

among all pairs of affected individuals within families. This scoring function is suggested to 
perform well over all type of disease models 111 and is also the scoring function used in the 
Icelandic stroke study.60 The NPL Z scores were converted into allele-sharing lod scores using 
the exponential model described elsewhere. 112 When combining the family scores to obtain 
an overall score, we used a compromise between weighting the families equally and weight-
ing the affected pairs equally, using the “power:0.5” option in Allegro. Allele frequencies were 
estimated among all individuals according to the algorithm of Merlin. 113 We used the marker 
map of Genethon, 114 and for comparison, we also did the analysis based on the deCODE 

genetic framework map.115 In the latter, interpolations with respect to the physical distances 
in NCBI genome build 34.3 and the available genetic positions in the deCODE map, were 
made to come up with estimations of markers not included in this map. The p-values re-
ported are computed by comparing the observed allele-sharing lod score with its complete 
data distribution and are not corrected for multiple testing. To estimate the significance of 
our findings and to adjust for the number of markers tested in a proper way, we did a simula-
tion study over the candidate region. The simulations were made in Allegro using the same 
marker frequencies and pedigree structure as in the original analysis but with the assumption 
of no linkage.

To test for association of genotypes and ischaemic stroke in the case-control analysis in 
Paper IV, we calculated genotyped-based Odds Ratios (ORs) with respective 95% confi-
dence intervals, using conditional logistic regression. Indicator variables for the genotypes 
were constructed using individuals homozygous for the most common allele as the reference. 
Calculations were also performed under the assumption of an additive model, assigning the 
values of 0, 1 and 2 (according to each individuals number of variant alleles) to a genotype 
trend variable. All P-values presented are 2-tailed and not corrected for multiple testing. 
The association analysis in the case-control material in Paper IV was performed using the 
software package SPSS, version 11.5 (SPSS). For testing association in the family dataset, we 
used the transmission/disequilibrium test (TDT) within the program TRANSMIT, version 
2.5.4 which has the advantage of allowing unknown parental genotypes. 116 To avoid bias 
using multiple affected individuals within a family in the presence of linkage, we used the 
robust estimate of the variance of the score vector. Linkage disequilibrium between markers 
was calculated by D’ and R2 statistics in the case-control material, using the program ldmax 
from the GOLD software package. 117

For the case-referent samples in paper I-IV, Table 5 shows the odds ratios we could expect 
to detect with a statistical significance of p<0.05 and with a power of 80%.
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Table 5. lowest detectable odds ratios in the case-referent samples. Power 0.�0, a=0.0�

Sample 1 Sample 2 Sample 1+2

Paper I Paper I, III and IV Paper II

n=113 n=275 n=386

At-risk genotype 
frequency

Odds ratio

0.10 >2.5 >1.9 >1.7

0.20 >2.1 >1.6 >1.5

0.50 >1.9 >1.5 >1.4

results
baseline characteristics in the case-referent studies
Baseline characteristics of the cases and controls in the two case-referent study samples are 
shown in Table 6.

Table 6. Baseline characteristics of the subjects in the two nested case-referent samples

Variable 
Sample 1 Sample 2

Mean (±SD) or % P value Mean (±SD) or % P value
Cases 
n=113

Controls 
n=2226

Cases 
n=275

Controls 
n=549

Age (yrs) 55.2(±7.6) 55.2(±7.6) matched 55.0(±8.3) 54.8(±8.3) matched
Married/cohabitant 78 % 84 % 0.15 76 % 78 % 0.38
Level of education:

Primary
Secondary
University

58 %
31 %
12%

51 %
36 %
12 %

0.48
49 %
37 %
14 %

50 %
33 %
16 %

0.49

Systolic blood pressure (mm Hg) 148(±21) 138(±19) <0.001 143(±20) 136(±18) <0.001

Diastolic blood pressure (mm Hg) 91(±10) 86(±10) 0.001 89(±10) 85(±9) <0.001
Fasting P-glucose (mmol/L) 5.7(±1.7) 5.3(±1.2) 0.04 5.5(±1.4) 5.3(±1.0) 0.02
Body mass index (kg/m2 ) 27.2(±4.2) 26.3(±4.0) 0.08 27.0(±4.3) 25.9(±3.5) <0.001
S-Cholesterol (mmol/L) 6.4(±1.2) 6.3(±1.3) 0.20 6.4(±1.4) 6.2(±1.2) 0.02
S-Triglycerides (mmol/L) 1.8(±1.2) 1.2(±0.8) 0.003 NA NA NA
P-PAI-1 antigen (ug/L) 38.0(±22.8) 35.2(±20.0) 0.24 NA NA NA
Diabetes mellitus 19 (17%) 11 (5%) 0.001 30 (11%) 20 (4%) <0.001
Smoking status (%)

Never
Past
Current

50 %
25 %
25 %

56 %
26 %
18 %

0.44

0.24

50 %
25 %
25 %

55 %
25 %
20 %

0.11

0.05

PAI-1, Plasminogen activator inhibitor-1; NA, not available
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Baseline values of systolic and diastolic blood pressure were higher in cases as compared with 
controls in both samples. Among cases we consistently observed a higher prevalence of diabe-
tes than among controls. In both Sample 1 and Sample 2, we found fasting P-glucose levels 
and BMI to be higher in cases as compared with the control subjects. The difference in serum 
cholesterol levels between cases and controls reached statistical significance only in the larger 
Sample 2. Current smoking was more frequent in cases as compared with controls in Sample 
2. Serum triglycerides were measured only in Sample 1 and the triglyceride levels were sig-
nificantly higher in the cases. No differences, between cases and controls, were observed in 
marital status, educational level or PAI-1 levels (Sample 1).

When the two samples were analysed combined (Paper II) and first-ever stroke cases were 
compared with controls, we observed a significantly higher prevalence of hypertension, dia-
betes and current smoking and significantly higher serum cholesterol levels and body mass 
index among the cases. Then, to explore possible gender differences in the distribution of risk 
factors, we analysed women and men separately and the results are shown in Table 7. 

Table 7. distribution of risk factors in the two samples combined. Women and men are pre-
sented separately. P-values calculated with simple conditional logistic regression. 

 Women Men

Stroke Controls P<0.005 Stroke Controls P<0.005
(n=159) (n=321) (n=227) (n=454)

Age (years) 55.4 (8.0) 55.4 (8.1) Matched 54.7 (8.1) 54.7 (8.1) Matched

Smokers (%) 25.7 18.0 * 24.5 20.3

Diabetes (%) 11.3 4.0 * 13.7 4.0 *

Hypertension1 (%) 55.5 39.4 * 60.9 40.9 *

BMI (kg/m2) 27.2 (5.1) 25.9 (4.2) * 26.9 (3.6) 26.1 (3.2) *

Cholesterol (mmol/L) 6.5 (1.3) 6.4 (1.2) 6.3 (1.4) 6.1 (1.2) *

1Systolic blood pressure >=160 and/or diastolic pressure >=90 and/or antihypertensitive medication

Means and standard deviations. BMI indicates body mass index.

* Indicates a p-value <0.05

There where no major differences observed between the sexes. The overrepresentation of cur-
rent smoking in cases was statistically significant only in women as compared with controls, 
not in men. Furthermore, serum cholesterol levels were significantly higher among cases as 
compared with controls only in men.

Subtypes of ischaemic stroke
The 320 ischaemic stroke cases in the two case-referent samples (Sample1+2) were classified 
into TOAST categories by a review of medical charts. That included extracting the results 
of diagnostic investigations performed in connection with the qualifying stroke event. The 
frequencies of evaluated investigations were as follows: echocardiography 43%, carotid ultra-
sound/duplex 54%, arterial angiogram 7%, electrocardiogram (ECG) 87%, and long-term 
ECG recording in only 10 cases (3%). The distribution of the ischaemic cases in the different 
TOAST categories is shown in Table 8.
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Table 8. distribution of cases in toaSt categories.

Subtype n (%)

Large-vessel disease 21 (7%)

Cardioembolism 47 (15%)

Small-vessel occlusion 43 (13%)

Other specified cause 24 (8%)

Unknown 185 (58%)

An analysis of the “unknown” group revealed that a majority of those cases (68%) were as-
signed to this category due to incomplete work-up, i.e., the cases had not undergone the 
necessary set of investigations. In 30% of the “unknown” cases, diagnostic investigation was 
thorough, but still no definite cause was found, and in 2% there were two or more likely 
underlying causes identified.

the functional candidate genes.
The choice of functional candidate genes in this dissertation was based on several factors. Pre-
vious work on fibrinolysis and collaboration with well-established research centres in the area 
of molecular genetics of cardiovascular disease, (Gustav V Research Institute, KS, Stockholm 
in the case of PAI-1 and the Sahlgrenska Academy, Göteborg concerning tPA) initiated the 
studies on the PAI-1 and tPA SNPs (Papers I and II). The study on RAS and stroke was a pro-
spective replication in the case of ACE I/D. The AT1R A1166C polymorphism was a choice 
based on the functionality of the pathway and the possible interaction with ACE I/D.100 101 It 
was tested despite a lack of firm functional data for the specific SNP (Paper III).

pAi -1 4g/5g polymorphism, paper i
This study tested the hypothesis that 4G homozygosity is associated with a higher risk of 
stroke, and that this association may be modulated by triglyceride levels.

Genotyping for the PAI-1 4G/5G polymorphism was successful in 97% and 98%, in the 
two samples, respectively. The genotype distributions were in Hardy-Weinberg equilibrium 
and are shown in Table 9.
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Table 9. Genotype and allele frequencies in cases and controls in the two study samples.

Study A Study B

Stroke patients Control Stroke patients Control

Ischaemic 
(n=89)

Haemorrhagic 
(n=19)

Unspec. 
(n=3)

All
(n=111) (n=218)

Ischaemic 
(n=222)

Haemorrhagic 
(n=41)

Unspec.  
(n=4)

All      
(n=267) (n=542)

PAI-1 
genotype

4G/4G 42 (47%) 6 (32) 2
50 

(45%)
67 

(31%)
94 (42%) 8 (20%) 0

102 
(38%)

174 
(32%)

4G/5G 33 (37%) 9 (47%) 1
43 

(39%)
109 

(50%)
85 (38%) 23 (56%) 4

112 
(42%)

261 
(48%)

5G/5G 14 (16%) 4 (21%) 0
18 

(16%)
42 

(19%)
43 (19%) 10 (24%) 0

53 
(20%)

107 
(20%)

PAI-1 
allele 
freq.
4G 0.66 0.55 0.83 0.64 0.56 0.61 0.48 0.50 0.59 0.56
5G 0.34 0.45 0.17 0.36 0.44 0.39 0.52 0.50 0.41 0.44

The 4G/4G genotype was overrepresented among cases as compared with controls in the two 
samples, although statistical significance was reached only in the first, smaller study sample. 
In the group of ischaemic stroke the difference was evident in both study samples and the 
odds ratios are shown in Table 10.

Table 10. Odds ratios for exposure to genotypes. Ischaemic strokes only. Conditional logistic 
regression analysis.

Unadjusted OR (95%CI) Adjusted* OR (95%CI)

Sample 1 1.87 (1.12 – 3.15) 1.79 (1.01 – 3.19)

Sample 2 1.56 (1.12 – 2.16) 1.60 (1.12 – 2.29)

* Adjusted for elevated blood pressure, diabetes and current smoking

In the multiple conditional logistic regression model, PAI-1 4G/5G genotype, elevated blood 
pressure, diabetes and current smoking were included. All factors except current smoking 
were shown to be independently associated with the risk of a future first-ever ischaemic stroke 
in both study samples.

Experimental data have identified a very-low-density lipoprotein response element in the pro-
moter region of the PAI-1 gene that overlaps the 4G/5G polymorphism.86 Based on this, a possi-
ble interaction between levels of serum triglycerides and PAI-1 4G/5G genotype was investigated. 
An interaction variable, consisting of the possible combinations of genotype and dichotomised 
triglyceride levels, was included in a multiple conditional logistic regression model (Table 11). 

Exposure 4G/4G vs 4G/5G  + 5G/5G
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Table 11. multiple conditional logistic regression including gene*triglyceride interaction after 
adjustment for other risk factors*. ischaemic stroke only. Sample 1.

Odds Ratio (OR) 95% CI of OR

Not 4G/4G trigl < 1.7 mmol/L ref

4G/4G trigl < 1.7 1.17 0.58 – 2.35

Not 4G/4G trigl ≥ 1.7 0.68 0.27 – 1.72

4G/4G trigl ≥ 1.7 3.58 1.24 – 10.16

* Elevated blood pressure, diabetes

The excess risk of a future ischaemic stroke in this analysis was confined to individuals with 
the combination of 4G/4G genotype and high levels of serum triglycerides (OR 3.58, 95%CI 
1.24-10.16).

tpA -7,351 c>t polymorphism, paper ii
This study investigated the possible association between the tPA -7,351 C>T polymorphism 
and the risk of stroke, and it was performed in a pooled analysis of the two case-referent sam-
ples (Samples 1+2). Genotyping for the tPA -7,351 C>T polymorphism was successful in 
1,147 of 1,161 subjects (98.8%), and the distribution of the genotypes were as predicted by 
Hardy-Weinberg equilibrium. The distribution of the tPA -7,351 C>T genotype frequencies 
in the study material is shown in Table 12.

Table 12. distribution of tPa –�,3�1c/t polymorphism and odds ratios for exposure to geno-
types in all stroke, ischaemic stroke subtypes and haemorrhagic strokes.

The conditional logistic regression analysis showed no association between genotype and 
stroke, neither for the total group, nor for ischaemic or haemorrhagic stroke when analysed 
separately. The effect of the T allele was tested with the genotypes grouped in both a domi-

tPA -7,351C/T genotype: Unexposed / exposed genotypes:

CC CT TT CC/CT+TT CC+CT/TT
OR (95%CI) OR (95%CI)

Controls (n=768) 334 (43.5%) 346(45.1%) 88 (11.5%) 1.0 1.0

All stroke (n=379) 158 (41.7%) 182(48.0%) 39 (10.3%) 1.1 (0.8-1.4)  0.9 (0.6-1.3)

Ischaemic (n=314) 133 (42.4%) 146(46.5%) 35 (11.1%) 1.1 (0.8-1.4) 0.9 (0.6-1.3)

Large vessel disease (n=21) 9 (42.9%) 10 (47.6%) 2 (9.5%)

Cardioembolic (n=46) 18 (39.1%) 20 (43.5%) 8 (17.4%)

Small vessel disease (n=42) 18 (42.9%) 16 (38.1%) 8 (19.0%)

Unknown (n=181) 80 (44.2%) 85 (47.0%) 16 (8.8%)

Other specified cause (n=24) 7 (29.2%) 16 (66.7%) 1 (4.2%)

Haemorrhagic (n=62) 23 (37.1%) 35 (56.5%) 4 (6.5%) 1.1 (0.6-2.2) 0.9 (0.2-3.1)

Controls are matched for age, sex and geographical area.
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nant and a recessive model, and odds ratios are presented in Table 12. In a multiple model, 
with adjustments for smoking, diabetes, hypertension, BMI and cholesterol, a similar result 
was obtained (data not shown). The total numbers of haemorrhagic strokes and the numbers 
in the different TOAST stroke subtype groups were too small to allow a robust analysis re-
garding the effect of the genotype. There were no apparent differences in genotype frequen-
cies in these groups as compared with controls.

Ace i/d and At1r A1166c polymorphisms, paper iii
The association study on the RAS gene polymorphisms, which tested the influence of ACE 
I/D and AT1R A1166C on the risk of stroke, was performed in Sample 2 with 275 cases and 
549 controls. In addition, a possible interaction between the two polymorphisms, and how 
they interacted with other risk factors was investigated. ACE I/D genotyping was completed 
in 95.7% of the subjects, AT1R A11666C genotyping was completed in 97.7% of the sub-
jects. The genotypes were distributed as predicted by Hardy-Weinberg equilibrium at the 
1% level for ACE I/D and at the 5% level for AT1R A1166C. The genotype frequencies are 
shown in Table 13.

Table 13. at1r a11��c and ace i/d genotype frequencies.

Cases n=275 Controls n=549

Ischaemic Haemorrhagic Unspecified Total

AT1R A1166C A/A 129 (59%) 20 (50%) 1 150 (57%) 273 (50%)
genotype A/C 74 (34%) 16 (39%) 2 92 (35%) 229 (42%)

C/C 17 (8%) 5 (12%) 1 23 (9%) 40 (7%)

ACE I/D I/I 42 (19%) 8 (20%) - 50 (19%) 145 (28%)
Genotype I/D 101 (46%) 19 (48%) 3 123 (47%) 221 (42%)

D/D 76 (35%) 13 (32%) 1 90 (34%) 160 (30%)

Univariate analysis showed that the AT1R A1166C polymorphism distribution differed be-
tween cases and controls in the ischaemic stroke subgroup only (p=0.017). Individuals with 
the AA genotype were at increased risk (OR 1.60, 95%CI 1.15-2.22, p=0.005). In the haem-
orrhagic subgroup a tendency towards a higher frequency of the CC genotype as compared 
with controls was observed (12.2% vs 7.4%), but the OR of 2.50, (95%CI 0.67-9.31) was 
not significant (p=0.17). The AA genotype (p=0.03), elevated blood pressure (p<0.001) and 
diabetes (p=0.004) remained associated with ischaemic stroke in multiple analyses, and the 
OR for ischaemic stroke in the AA group as compared with AC and CC was 1.53 (95%CI 
1.05-2.22).

An elevated risk of stroke for carriers of the ACE D/D or I/D genotypes as compared 
with the I/I genotype (OR 1.58, 95%CI 1.10-2.27, p=0.014), was found. The effect of these 
genotypes was observed in both the ischaemic and the smaller haemorrhagic subgroup, but 
statistical significance was not reached in the latter. In a multiple model, DD or ID genotype 
(p=0.02), elevated blood pressure (p<0.001), and diabetes (p=0.001) were all associated with 
future stroke, and the odds ratio for the D/D or I/D genotype was 1.64 (95%CI 1.09-2.48). 
The same model applied in the ischaemic subgroup generated virtually identical results.
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Table 14 shows a multiple analysis in which the two genetic polymorphisms and the stroke 
risk factors were all included. 

Table 14. multiple conditional logistic regression analysis. 

Odds ratio 95% CI p-value

AT1R A1166C (AA vs AC+CC) 1.60 1.08 – 2.36 0.02

ACE I/D (DD+DI vs II) 1.60 1.02 – 2.53 0.04

Diabetes 2.91 1.43 – 5.91 0.003

Smoking 1.40 0.85 – 2.29 0.18

Elevated blood pressure 1 2.29 1.52 – 3.45 <0.001

Cholesterol 1.15 0.98 – 1.33 0.08

Body mass index 1.03 0.98 – 1.09 0.29

1 Systolic blood pressure ≥140 and/or diastolic blood pressure ≥90 and/or antihypertensive medication 

An independent effect on the risk of stroke was observed for the two polymorphisms, diabe-
tes and elevated blood pressure.

A possible interaction between the two polymorphisms was further investigated with an 
interaction variable with the various combinations of the genotypes in a multiple model. 
Individuals carrying both the AT1R AA genotype and either the ID or DD genotype in ACE 
I/D suffered an additional increase in the risk of ischaemic stroke (OR 2.88, 95%CI 1.53-
5.42, p=0.001) as compared with individuals with the low-risk set of genotypes. The increase 
in OR was moderate and additive rather than multiplicative and thus interpreted as showing 
no characteristics of gene-gene interaction.

Possible effects of the polymorphisms on the risk factors recorded at baseline were in-
vestigated in the controls of the sample (n=549). The mean values for systolic and diastolic 
blood pressure were highest in AT1R A1166C heterozygotes and the differences between the 
AC and CC individuals were significant (Table 15). Individuals carrying the TT genotype 
displayed slightly lower blood pressures than the AC group but still higher systolic blood 
pressure than individuals with the CC genotype. This pattern in blood pressure was not 
observed in the smaller subgroup of women, although female carriers of the CC genotype 
also tended to display lower blood pressure values. Fasting glucose, post glucose load glucose 
and cholesterol were also highest in AT1R heterozygotes. However, the differences were not 
statistically significant (data not shown). ACE I/D genotype did not affect blood pressure or 
the metabolic baseline variables significantly .
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Table 15. Blood pressure and at1r c11��c genotype in control subjects. men and women 
combined and separately.

AT1R A1166C
Genotype

Systolic blood pressure
(mmHg ± SD)

P-value Diastolic blood pressure
(mmHg ± SD)

P-value

AA (n=265) 135.4 (±16.6) 0.01 84.4 (±8.1) ns

AC (n=224) 137.3 (±19.0) 0.005 85.9 (±9.9) 0.01

CC (n=39) 128.4 (±16.0) ref 81.7 (±8.3) ref

Men

AA  (n=157) 135.5 (±15.6) 0.02 84.7 (±7.8) ns

AC  (n=125) 138.8 (±19.1) 0.006 88.2 (±10.2) 0.007

CC  (n=17) 125.0 (±15.0) ref 81.4 (±7.8) ref

Women

AA  (n=108) 135.4 (±18.1) ns 84.0 (±8.4) ns

AC  (n=99) 135.3 (±18.7) ns 83.0 (±8.7) ns

CC  (n=22) 131.0 (±16.5) ref 82.0 (±8.8) ref

5q12 linkage study and pde4d association, paper iV
The family study on stroke was the first in an initiative formed at Umeå University, with the 
goal to explore genetic factors mediating susceptibility to some common complex diseases 
and their interactions with life-style and psychosocial factors, GENOS (Gene-Environment 
Interactions in Northern Sweden). The GENOS strategy includes the collection of families, 
centred on a pair of affected siblings, where ascertainment of probands is possible through 
existing disease registries (stroke, myocardial infarction and diabetes). Data from the same 
registries allow the exploration of possible interaction between genetic and other factors. 
In order to test positional candidate genes identified in genome-wide linkage studies of the 
families, case-referent study samples are built.

The genome-wide linkage study on stroke took advantage of the publication in 2002, 
by Gretarsdottir et al., which demonstrated linkage to chromosome 5q12 for stroke,60 and 
applied a candidate region approach in order to possibly validate the Icelandic findings in a 
different population. Thus, the first step, in the planned genome wide scan in the search for 
stroke susceptibility loci, was a candidate region linkage study focusing on chromosome 5.

Baseline characteristics
Table 16 shows the main characteristics of the stroke cases in the two study samples. In 
the family sample a larger group of cases had an unspecified type of stroke event as com-
pared with the case-referent sample. The age of onset was higher in the family sample, which 
is most likely explained by the ascertainment differences between the samples, while the 
case-referent subjects predominantly were from the VIP with an age cut-off at 65 years, the 
probands in the family sample were included if affected before the age of 70 and the affected 
siblings before the age of 75.
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Table 16. characteristics of the study samples in Paper iV.

Linkage study sample Case-referent study sample

Affected, n 117 275

Age, mean (±SD) 60.7 (9.7) 55.0 (8.3)

Male sex, n (%) 73 (62) 157 (57)

Stroke subtype

     Ischaemic, n (%) 90 (77) 230 (84)

     Haemorrhagic, n (%) 15 (13) 41 (15)

     Unspecified, n (%) 12 (10) 4 (1)

5q12 linkage analysis
Initial nonparametric multipoint linkage analysis of the family-based data set using marker 
loci distributed over chromosome 5 with an average intermarker distance of 10 cM (apply-
ing Genethon map distances) revealed two peaks with an allele-sharing lod score >1.0. These 
peaks were further investigated by running additional markers with an average intermarker 
distance of 4.5cM at chromosome 5. As a result, the maximum allele-sharing lod score in-
creased to 2.06 (P=0.0010) at marker D5S424 and to 1.60 (P=0.0033) at marker D5S1969 
(Figure 4A).
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 B. allele-sharing lod score curve for chromosome �, decode map.
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To be able to analyse the results in the frame of the more robust deCODE genetic map, 
we omitted the markers not available in this map from the analysis, which led to an aver-
age intermarker distance of 6.0cM. As illustrated in Figure 4B, the allele-sharing lod score 
decreased to 1.86 (P=0.0017) at marker D5S424 while it increased to 1.95 (P=0.0014) at 
marker D5S1969. In the deCODE map the position of marker D5S1969 is at 68.9 cM, con-
sistent with the findings in the Icelandic genome scan displaying one peak at ~69 cM (LOD = 
2.00) 60. When interpolating distances to markers without specified deCODE distances and 
adding these to the deCODE map the allele-sharing lod scores changed marginally from the 
Genethon map, indicating that the differences could be due to the decreased marker density 
in the analysis using the deCODE map. Excluding haemorrhagic strokes (n=15) had only 
a minor effect on the results (Figure 4). The simulation study of 1000 random sets yielded 
a candidate region p-value of 0.01 for the allele-sharing lod score peak of 2.06 at marker 
D5S424. The candidate region was there assumed to be between the markers D5S1969 and 
D5S433, spanning over 51.1 cM and 12 markers.

Together, these findings replicated previously reported evidence for the location of a locus 
conferring susceptibility to common forms of stroke at this chromosomal region.60

PDE4D association study
We also investigated if the reported association of ischaemic stroke to the PDE4D gene61 

could also be replicated. For this we excluded all haemorrhagic cases, together with their con-
trols. We performed a directed association study and included the microsatellite marker and 
the two SNPs reported by Gretarsdottir et al.61  to display alleles with the strongest association 
to stroke. We also included three additional SNPs in the PDE4D gene that was genotyped 
prior to the Icelandic report of association of ischaemic stroke to the PDE4D gene. 

The markers used were found to be in Hardy-Weinberg equilibrium, using chi-square 
goodness-of-fit tests in the control group. For two of the PDE4D markers analysed, con-
ditional logistic regression calculations revealed association with p-values <0.05. SNP3 dis-
played an OR of 0.68 (CI 95%, 0.48-0.96) and the “B” allele (-4 bp as compared with the 
shortest allele of CEPH 1347-02) in AC008818-1 displayed an OR of 0.69 (CI 95%, 0.49-
0.98), assuming an additive model in both cases. Although when correcting for the number 
of markers and alleles tested, p-values did not reach formal significance levels, this observa-
tion remains interesting.

No significant association to the Icelandic defined at-risk allele 0 of AC008818-1, here 
denoted as allele C, was obtained in this study, OR: 1.1 (CI 95%, 0.84-1.45) (Table 2). 
SNP4 and SNP5 were found to be in strong linkage disequilibrium (LD) with D’ and R2 

being close to 1. In addition, the microsatellite marker AC008818-1 (allele C) showed LD to 
SNP4 and SNP5, with D’ values equal to 1, but with low R2 values (Table 3). These linkage 
disequilibrium data are consistent with those of the Icelandic study. 

The result of this SNP association part of the study is interesting in the light of the replica-
tion of linkage to 5q12 that we report. Alternative genotypes may be operating in this region 
and thus contributing to stroke susceptibility in this northern Sweden population.
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discussiOn

The Association study samples
The three functional candidate gene studies (Papers I, II and III) and the association study 
in paper IV, were conducted within a nested case-referent study sample. This study design 
permitted us to address some of the quality issues discussed in the context of genetic associa-
tion studies. The design allowed evaluation of data collected before the stroke event. Further-
more, the registration and validation of the stroke events were conducted before the time of 
the study. These are factors that reduced the risk of recall bias, misclassification of outcome 
and effects of the stroke event itself on the variables under study. The cohorts originated 
from two population-based health surveys, the MONICA and the VIP surveys. Both had a 
satisfactory participation rate, and only minor differences in demographic and social factors 
between participants and non-participants have been found.103 105 By this, the risk of bias in 
selection of participants was reduced. In addition, the risk of selecting inappropriate controls 
was reduced by the fact that both cases and their matched controls were derived from the 
same cohorts, and controls were matched for geographical region. The process of matching 
for domicile was no guaranty for selection of genetically appropriate controls, since we did 
not control for ethnicity. However, in our northern Swedish population, there are geographi-
cally defined subpopulations where the degree of genetic homogeneity is high,3 so matching 
for geographical region can in this setting serve as an acceptable surrogate. The subjects in 
our association study samples were relatively young (mean age 55.2). Data from the Swedish 
Registry Riks-Stroke, 2003, shows that only around 5% of all stroke cases in Sweden affect 
people under the age of 55 years. This age-selection probably enriched for pathophysiological 
mechanisms in which the genetic contribution is higher. At the same time, the findings may 
not apply to the older stroke population in general. 

Stroke subtype classification
The WHO MONICA criteria for stroke rely on neuroradiology and/or autopsy for classifica-
tion of the ischaemic and haemorrhagic stroke subtypes. In our case-referent samples only 
7 cases (1.8%) were in the “unspecified” category. This is a low figure, suggesting that the 
numbers of phenocopies within the ischaemic and haemorrhagic subgroups were low.

Ischemic stroke subtyping
Although the number of ischaemic stroke cases in the unknown category was as high as 45% 
in the original evaluation of the TOAST classification system,28 the result of the present 
TOAST subtyping process was somewhat disappointing. A very significant proportion of 
the cases remained “unknown” (58%). A contributing factor to this was an unsatisfactory 
application rate of diagnostic investigations; echocardiography and ultrasound/duplex of the 
carotid arteries were performed in only about 50% of the cases. 

The outcome of the TOAST subtyping process is directly dependent on the extent and 
quality of the diagnostic work-up; a low frequency of investigative procedures will hamper 
the result. The results of the present subtyping process may illustrate problems occurring 
when an instrument, developed for a randomised controlled clinical trial, is applied in rou-
tine stroke care settings.
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PAI-1 4G/5G polymorphism
The PAI-1 4G/5G polymorphism is a well characterised polymorphism, with data supporting 
functionality on several levels. Serum levels of PAI-1 are associated with this polymorphism. 
Individuals with the 4G/4G genotype display the highest levels, and 5G homozygotes the 
lowest levels of serum PAI-1.87 88 An allele-specific increase in PAI-1 transcription in endothe-
lial cells has been shown.118 Furthermore, a very-low density lipoprotein (VLDL) response el-
ement has been identified in the promoter region of the PAI-1 gene, overlapping the 4G/5G 
polymorfic site.86 A systematic review from 2001 concludes that the PAI-1 4G/4G genotype 
is associated with the risk of myocardial infarction (OR 1.20, 95%CI 1.04-1.39).84 

We found the 4G/4G genotype to confer increased risk of ischaemic stroke in both study 
samples. By this, we challenge the findings of previous studies which found that, either 4G 
homozygosity protects against stroke,119-121 or that, in a meta-analysis by Casas et al., 5G ho-
mozygosity was associated with a higher risk of stroke.59 The reasons for this discrepancy are 
not clear. There are substantial functional data supporting the present finding, and although 
it may be limited to our study population, a study from Korea has reported a similar associa-
tion between atherothrombotic stroke and 4G/4G genotype (OR 3.11, 95%CI 1.18-8.15) 
as in the present study.

In a subset of the present study, in sample 1, we investigated the hypothesis that there is 
a 4G/5G allele-specific risk of stroke that is modulated by triglycerides. We found triglycer-
ides to be strongly associated with the risk of stroke (p=0.003) in a univariate analysis. The 
interaction analysis showed that the increased risk of stroke was associated with ischaemic 
stroke and was confined to individuals with higher levels of s-triglycerides or, vice versa, that 
it is only in hypertriglyceridaemic individuals that the 4G/4G genotype effect on the risk of 
stroke is statistically significant. The overall findings are suggestive of a true association be-
tween PAI-1 4G/5G polymorphism and ischaemic stroke, and that the effect of the genotype 
is modulated by serum triglycerides.

tPA -7,351 polymorphism
We found no association between this polymorphism and the risk of first-ever stroke. The 
tPA gene was proposed as a candidate gene based on prospective epidemiological data on 
the association between tPA levels and the risk of stroke. 16-18 122 The specific SNP under 
investigation, the tPA -7,351C>T, was supported by experimental data on allele specific rates 
of local net release of tPA.80 123 The hypothesis of a higher risk of atherothrombotic disease 
for carriers of the TT or CT genotype was presented and found support in a small study on 
myocardial infarction (OR 2.68 for TT+CT vs CC; 95%CI 1.31-5.50).91 Ischaemic stroke 
was subsequently investigated in relation to the tPA -7,351 C>T polymorphism in two con-
ventional case-control studies. A first study from Australia by Jannes et al. reported a positive 
association between the TT genotype and ischaemic stroke (OR 1.9; 95% CI 1.01-3.6).92 
The second previous study, by Jood et al., was a larger hospital-based study of 600 cases and 
600 community controls from western Sweden. The finding of an association between the 
tPA -7,351 polymorphism and ischaemic stroke was replicated in that study population, 
despite a substantially larger study sample.90 We confirmed this lack of association in the 
present study that was based on prospective data. This series of three reports can illustrate a 
pattern described in the context of genetic association studies on complex disease.53 54 Initial 
and smaller studies, as compared with subsequent and larger studies, tend to more often 
report positive associations. A power analysis calculating the odds ratios detectable in our 
subgroup of 320 cases in the present study is shown in Table 17. The calculations are based 
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on the frequency of the at-risk genotype reported by Jannes et al. (TT) in the controls in our 
study (11.5%, Paper II).

Table 17. tPa -�,3�1 tt vs ct+cc genotypes and risk of ischaemic stroke. detectable ors at 
different levels of power. a=0.0�.

Study power Odds ratio 95% CI

80 % > 1.7 1.2 – 2.5

90% > 1.9 1.3 – 2.7

The detectable OR at 80% power was somewhat lower than that reported by Jannes et al., 
OR 1.9. This indicates that the non-association we report is not obviously a false negative 
finding due to low statistical power. Although the possibility that the present study failed 
to detect an existing association cannot be excluded, our negative result is in line with the 
report by Jood et al.90 The two previous reports on the tPA -7,351 C>T polymorphism and 
ischaemic stroke both investigated the tPA -7,351 C>T polymorphism influence on subtypes 
of ischaemic stroke. The present study was not powered to allow a robust analysis of genotype 
frequencies in the different TOAST subtypes of ischaemic stroke. However, no apparent dif-
ferences in genotype frequencies were observed.

RAS gene polymorphisms
The finding of the D allele (D/D+I/D vs I/I) to be prospectively associated with the risk of 
stroke was a replication of a previously reported association. The mechanism for this associa-
tion is unclear, the ACE I/D polymorphism affects the activity of the ACE but, in line with 
other reports, we observe no effect on the blood pressure in our study. In addition, we report 
no associations between the ACE I/D genotype and other risk factors as cholesterol, BMI or 
diabetes.

We report individuals carrying the AA genotype of the angiotensin II type 1 receptor 
A1166C polymorphism to be at somewhat higher risk of future stroke as compared with the 
A/C and CC genotypes. This polymorphism has not been extensively studied in stroke and 
our present prospective findings are novel. In two previous reports it was the C allele rather 
than the A allele that was associated with stroke. Takami et al..124 investigated clinically silent 
radiological correlates of stroke in apparently healthy individuals (n=134).  Rubbatu et al..98 
performed a conventional case-control study of consecutive, non-cardioembolic, ischaemic 
stroke cases and age-matched controls in a segregated population with a high degree of ge-
netic homogeneity. Those factors may explain the discrepancies as compared with the present 
study.

The mechanism by which the AT1R A1166C AA genotype might increase the risk of 
ischemic stroke is unknown. The A allele has been associated with arterial stiffness but not 
hypertension,97 and arterial stiffness has been shown to precede hypertension.125 In contrast, 
an over representation of the C allele among hypertensive individuals has been reported.126 
We observed the highest blood pressures among AT1R heterozygotes which is somewhat 
surprising, but the pattern with lower blood pressure in the CC genotype group has been 
reported previously.127 An indication of a sex difference in AT1R genotype effect on blood 
pressure was seen in the female group of CC individuals in our study, who did not display 
lower blood pressures (Table 15). A similar tendency was found in a study by Abdollahi et 
al..128 The polymorphism is located in the 3’untranslated  region (3’UTR) of the gene and 
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variation in this region in several genes has been shown to influence RNA stability and cell 
signaling. A functional role for the 3’UTR in the AT1R gene has been proposed by Thek-
kumkara et al..129 However, the specific A1166C SNP has not yet been shown to influence 
the gene product, the AT1R,130 and thus, it must thus still be defined as a non-functional 
SNP. This is a circumstance that increases the possibility that we report a chance finding of 
a SNP with low pre-test probability of association.51 However, the results with increased risk 
for the AA genotype had a p-value < 0.005 in the univariate analysis, and the odds ratio re-
mained almost unchanged and significant after adjustment for five major stroke risk markers 
in the multiple model (Table 14).

In conclusion, in this prospective, nested, case-control study on RAS gene polymor-
phisms, we described a previously not reported association between the AA genotype of the 
AT1R A1166C gene polymorphism and an increased risk of ischaemic stroke. This finding 
may be limited to our study population in the north of Sweden, and further studies must 
test the validity of our findings. We also replicated findings that the D allele of the ACE I/D 
polymorphism is a risk factor for future stroke.

5q12 linkage and PDE4D association
The ascertained cases in the linkage study showed no apparent deviations in baseline char-
acteristics from that of the general stroke population in northern Sweden. It is noteworthy 
that the proportion of unspecified stroke is higher in the family study samples than in the 
case-referent sample. This is in part explained by the lack of access for computed tomography 
(CT) scans in some of the smaller hospitals in the region during the earlier years, in part by 
difficulties to retrieve complete medical charts in stroke events ascertained not through the 
Stroke Incidence Registry. Our PDE4D association data are unlikely to be confounded by 
population stratification since cases and controls were matched not only by sex, age, cohort 
and date of health survey but also for place of domicile. All samples originate from the same 
geographical region in northern Sweden.

We have confirmed linkage of stroke to 5q12 by this replication of the previous findings 
of a susceptibility locus for common forms of stroke in this region. The p-values for the two 
peaks were 0.0010 and 0.0033 respectively. The present linkage analysis revealed, as did 
the linkage analysis of Icelandic stroke families (Gretarsdottir, personal communication), 
two peaks in the region of interest. This could suggest that two or more genes conferring 
susceptibility to common stroke are located in this chromosomal region. Further analysis of 
genes other than the PDE4D should be carried out to conclusively evaluate this possibility. 
Extensive fine mapping studies and association studies of candidate genes in one of these 
regions in the Icelandic study 61 identified the PDE4D gene as the prime candidate for stroke 
susceptibility. The association study in the family-based material and in the nested case-refer-
ent study from northern Sweden did not provide formal evidence in favour of an association 
with this gene using a limited number of polymorphic markers. There are several indications 
that alternative genotypes may be contributing disease susceptibility in this population, and 
additional SNP genotyping is planned. These data gave further support for the benefits of 
using isolated populations for analysis of complex traits and suggest that genetic factors iden-
tified in this manner may be more general in nature than previously suspected. 
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cOnclusiOns
The association studies in the present dissertation were conducted in a case-referent setting, 
with prospective data on traditional cardiovascular risk factors available. This setting pro-
vided an adequate model in which the different genotypes could be tested in terms of their 
effect on the risk of stroke, alone as in univariate analysis, and in multiple models adjusted 
for other risk factors.

In the study on PAI-1 and the risk of stroke, our findings oppose the majority of studies on 
the association between PAI-1 and ischemic stroke. We found the 4G/4G genotype to confer 
increased risk of stroke, not the 5G/5G genotype as previously reported. The findings may 
be limited to our study population, but this is not obviously the case. There are substantial 
epidemiologic and experimental data supporting our results. In addition, our study included 
a replication of the findings. The interaction between PAI-1 4G/5G genotype and levels of 
triglycerides may have an impact on future preventive intervention in high-risk individuals. 

The negative study on the tPA -7,351 C>T polymorphism illustrate problems with repli-
cation of genetic association studies, and focuses on statistical power to avoid false negative 
findings. We applied the method of pooling study samples when we tested this association. 
By this, we reached statistical power to detect a somewhat lower odds ratio than the initial 
study on this association. Furthermore, the need for large study samples in order to perform 
subtyping of the phenotypes, in our case TOAST classification of ischemic stroke, was ex-
emplified.

The renin angiotensin system is implicated in cardiovascular disease. The present study 
on RAS gene polymorphisms tested two polymorphisms previously reported to interact and 
influence the risk of myocardial infarction, but less investigated in stroke. We found no indi-
cations of interaction between the ACE I/D and the angiotensin II type 1 receptor A11666C 
polymorphisms in their effect on the risk of stroke. We report a novel independent associa-
tion between the AT1R AA genotype and increased risk of ischemic stroke, a finding that 
must be confirmed before considered more than hypothesis-generating.

The fact that we have conducted the first replication of a linkage study on stroke, in 
our set of northern Swedish families, can serve as a proof for the principle for the GENOS 
stragety. The result of the present study strengthens the case for conducting genetic studies 
in isolated populations. The inability to replicate PDE4D association, in spite of replicating 
linkage, suggests that other alleles may be involved in different populations. Furthermore, the 
linkage data imply that there may be more than one positional candidate gene in the region 
of interest.

In conclusion, the population in northern Sweden is well suited for genetic studies, even 
in studies of a complex disease like stroke. Many factors are likely to contribute to this. The 
population structure and its relative homogeneity, and the willingness of the inhabitants to 
participate and approve of study initiatives, constitute the base. The infrastructure with the 
large validated Stroke Incidence Registry, the Medical Biobank, and the two health survey 
projects: MONICA and VIP, provide the possibility to design studies with good quality on 
case ascertainment and collected data.
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