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ABSTRACT
Although stroke is a common cause of death and disability in adults, there are few
studies on stroke compared to other common diseases. A stroke could be either
ischemic or hemorrhagic, but even within these two groups, disease etiology
shows heterogeneity. In ischemic stroke, the different etiologic subtypes represent
different underlying pathophysiologic mechanisms. However, the formation of a
thrombus is a key mechanistic event in the majority of ischemic stroke events.
Therefore, the aim of the present thesis was to test the hypothesis that hemostatic
gene polymorphisms and/or plasma levels of hemostatic proteins are associated
with ischemic stroke. A second aim was to investigate whether the associations
differ between the etiologic subtypes of ischemic stroke.
The studies were based on the Sahlgrenska Academy Study on Ischemic Stroke
(SAHLSIS), which includes 844 patients with ischemic stroke and 668 controls,
all younger than 70 years of age. Patients were classified into the major etiologic
subtypes of ischemic stroke, i.e. large-vessel disease, small-vessel disease, cardioembolic stroke and cryptogenic stroke. Genotyping was carried out using both
low- and high-throughput methods. Plasma levels of hemostatic proteins were
determined by immunological methods.
The initial studies in this thesis focused von Willebrand factor (VWF) as well as the
VWF-cleaving protease ADAMTS13. We found that ADAMTS13 gene variation
was associated with overall ischemic stroke and with the etiologic subtype of
cryptogenic stroke. Regarding VWF, the plasma levels were increased in overall
ischemic stroke, as well as in all four major etiologic subtypes, as compared to
the controls. There were also significant differences in VWF levels between the
subtypes, highlighting the importance of considering etiologic subtypes in
ischemic stroke studies. ABO blood group strongly influences VWF plasma levels,
but we found no association between ABO and ischemic stroke. We then went
on by analyzing plasma levels and gene variants of the newly discovered factor
VII-activating protease (FSAP). FSAP gene variation influenced the plasma levels,
but was not associated with ischemic stroke. Plasma FSAP on the other hand, was
independently associated with overall ischemic stroke and with all major etiologic
subtypes, indicating that FSAP is involved in ischemic stroke independent of the
underlying etiology. We also observed an association between coagulation factor
XI (FXI) gene variants and overall ischemic stroke up to 70 years of age, suggesting
that FXI might be involved in ischemic stroke with a relatively young age of onset.
In conclusion, these results support a role for prothrombotic mechanisms in the
pathophysiology of ischemic stroke. These mechanisms appear to be of importance
for all four major etiologic subtypes of ischemic stroke, while we also show that
there are subtype-specific differences.
Keywords: ischemic stroke, etiologic subtypes of ischemic stroke, genetics, SNP,
hemostasis, prothrombotic, ADAMTS13, VWF, ABO blood group, FSAP, FXI

LIST OF ORIGINAL PAPERS
This thesis is based on the following papers, which will be referred to in the text
by their Roman numerals:
I.

Ellen Hanson, Katarina Jood, Staffan Nilsson, Christian Blomstrand,
Christina Jern. Association between genetic variation at the ADAMTS13
locus and ischemic stroke. Journal of Thrombosis and Haemostasis 2009
Dec;7(12):2147-49.

II.

Ellen Hanson, Katarina Jood, Sara Karlsson, Staffan Nilsson, Christian
Blomstrand, Christina Jern. Plasma von Willebrand factor in the etiologic
subtypes of ischemic stroke. Journal of Thrombosis and Haemostasis 2011
Feb;9(2):275-81.

III.

Ellen Hanson,* Sara Karlsson,* Katarina Jood, Staffan Nilsson, Christian
Blomstrand, Christina Jern. No evidence for an association between ABO
blood group and overall ischemic stroke or any of the etiologic subtypes.
Thrombosis Research, 2012 Apr 4. In press

IV.

Ellen Hanson,* Sandip M Kanse,* Amit Joshi, Staffan Nilsson, Katarina
Jood, Christian Blomstrand, Christina Jern. Plasma factor VII-activating
protease antigen levels and activity are increased in ischemic stroke.
Journal of Thrombosis and Haemostasis 2012 May;10(5):848-56.

V.

Ellen Hanson, Staffan Nilsson, Katarina Jood, Bo Norrving, Gunnar
Engström, Christian Blomstrand, Arne Lindgren, Olle Melander,
Christina Jern. Genetic variants of coagulation factor XI show association
with ischemic stroke up to 70 years of age. In manuscript

*Both authors contributed equally to this work.

CONTENTS
ABBREVIATIONS
INTRODUCTION
Ischemic stroke
Etiologic subtypes of ischemic stroke
Risk factors for ischemic stroke
Genetics
Single-nucleotide polymorphisms (SNPs) and haplotypes
Monogenic and complex inheritance
Strategies for the study of multifactorial diseases
Hemostasis
Platelet activation
Coagulation cascade
von Willebrand factor (VWF)
ADAMTS13
Factor VII-activating protease (FSAP)
Coagulation factor XI (FXI)
The ABO blood group system
AIMS OF THE THESIS
SUBJECTS AND METHODS
The Sahlgrenska Academy Study on Ischemic Stroke (SAHLSIS)
Patients
Controls
The Lund Stroke Register (LSR) and the Malmö Diet and Cancer
study (MDC)
Studies of hemostatic protein levels and gene variants
Biochemical analysis of plasma proteins
Genetic variation
DNA extraction and quantification
Selection of gene variants
Genotyping
Haplotype phasing
Statistical concepts in genetic association studies
Power and effect measure
Correction for multiple testing
Replication
Hardy-Weinberg equilibrium (HWE)
RESULTS AND DISCUSSION
Characteristics of SAHLSIS
ADAMTS13 gene variation in ischemic stroke (Paper I)

10
12
12
14
15
16
17
18
19
19
20
21
22
23
24
26
27
29
30
30
30
32
33
35
35
39
39
39
40
45
45
45
45
46
46
47
47
48

VWF plasma levels in the etiologic subtypes of ischemic stroke (Paper II)
ABO blood group in ischemic stroke (Paper III)
Determinants of VWF plasma levels (Papers I-III)
FSAP plasma levels and gene variants in ischemic stroke (Paper IV)
FXI gene variants in ischemic stroke up to 70 years of age (Paper V)
Future perspectives
CONCLUSIONS
POPULÄRVETENSKAPLIG SAMMANFATTNING
ACKNOWLEDGMENTS
REFERENCES
PAPERS I-V

50
54
55
57
61
63
66
68
70
72

ABBREVIATIONS
A
ADAMTS13
C
CAD
CE stroke
CHD
CI
CT
CV
DNA
ELISA
FSAP
FVII
FXI
FXII
G
GWAS
GP
HABP2
HMWK
hsCRP
HWE
LACI
LD
LSR
LVD
MAF
MDC
MI-SNP
MRI
mRS
OCSP
OR
PACI
PAD
PCR
POCI
PDGF-BB
RFLP
10

adenine
ADAM metallopeptidase with thrombospondin type 1 motif, 13
cytosine
coronary artery disease
cardioembolic stroke
coronary heart disease
confidence interval
computed tomography
coefficient of variation
deoxyribonucleic acid
enzyme-linked immunosorbent assay
factor VII-activating protease
factor VII
factor XI
factor XII
guanine
genome-wide association study
glycoprotein
hyaluronan-binding protein 2
high-molecular weight kininogen
high sensitive C-reactive protein
Hardy-Weinberg equilibrium
lacunar infarct
linkage disequilibrium
Lund Stroke Register
large-vessel disease
minor allele frequency
Malmö Diet and Cancer study
Marburg I SNP
magnetic resonance imaging
modified Rankin Scale
Oxfordshire Community Stroke Project
odds ratio
partial anterior circulation infarct
peripheral artery disease
polymerase chain reaction
posterior circulation infarct
platelet-derived growth factor BB
restriction fragment length polymorphism

RNA
SAHLSIS
scu-PA
SD
SHP
SNP
SVD
T
TACI
TF
TFPI
TOAST
t-PA
TTP
VWD
VWF
WP bodies

ribonucleic acid
the Sahlgrenska Academy Study on Ischemic Stroke
single-chain urokinase-type plasminogen activator
standard deviation
standard human plasma
single-nucleotide polymorphism
small-vessel disease
thymine
total anterior circulation infarct
tissue factor
tissue factor pathway inhibitor
Trial of Org 10172 in Acute Stroke Treatment
tissue-type plasminogen activator
thrombotic thrombocytopenic purpura
von Willebrand disease
von Willebrand factor
Weibel-Palade bodies

11

INTRODUCTION
Stroke is one of the leading causes of death and disability in adults worldwide.1
Even so, there are gaps of knowledge regarding risk factors, treatment and longterm outcome, as compared to other common diseases.2 One reason for this may
be that stroke is a syndrome rather than a single disease, and this heterogeneity
complicates the design of clinical studies. Stroke is a collective term for the
condition with sudden symptoms that occurs when the blood supply to the brain is
interrupted, and the subsequent shortage of oxygen and nutrients cause damage to
the brain tissue. This can be caused by blockage of a blood vessel (ischemic stroke)
or a ruptured blood vessel (hemorrhagic stroke). The effects of a stroke depend on
which part of the brain is injured and how severely it is affected. Typical symptoms
include sudden weakness, loss of sensation, or difficulty with speaking or seeing.
The clinical presentation gives some clues, but to be able to clearly differentiate
between an ischemic and a hemorrhagic stroke, neuroimaging is required. Since
the present studies include patients with ischemic stroke, the following sections in
this thesis will only focus on stroke of this pathology.
Although there are several established risk factors for ischemic stroke, such as
increasing age and hypertension, much is still unexplained. Genetic factors
might account for some of this unexplained risk, as is evident in twin, family
and animal studies of ischemic stroke.3-5 Hemostatic factors constitute another
plausible risk factor since the formation of a blood clot, thrombus, is a key
mechanistic event in ischemic stroke, and disturbance of the hemostatic balance
is central to the pathogenesis of thrombosis.6 Furthermore, both environmental
and genetic factors influence hemostatic disturbances, and it is likely that geneenvironment interactions are of importance for thrombotic diseases, e.g. ischemic
stroke.7,8 Interestingly, both genetic and hemostatic markers seem to have a
more pronounced influence in younger ischemic stroke sufferers, than in older
individuals.3,9
Against this background, the purpose of this thesis was to study the hemostatic
pathway in ischemic stroke. To this end, we investigated variation in candidate
genes and performed plasma protein measurements in a clinical sample of
relatively young patients with ischemic stroke and healthy controls.

Ischemic stroke
About 85% of all strokes are ischemic and occur when an artery supplying the brain
with blood becomes obstructed, suddenly decreasing or stopping blood flow and
12

ultimately causing a brain infarction. Artery occlusion is most commonly caused
by a thrombus, which can cause blockage in two ways. The thrombus can either
form locally at the site of occlusion and partially or completely interrupt the blood
flow, or form in another part of the circulation and then follow the blood stream
until it obstructs arteries in the brain. This free-roaming clot is called an embolus
and often forms in the heart or on atherosclerotic plaques in large arteries, e.g.
cervical arteries or aortic arch.
As is briefly highlighted above, the disease etiology is heterogeneous even
within the group of ischemic stroke. Based on the presumed pathophysiology of
ischemic stroke, further classification into etiologic subtypes can be performed
(Figure 1). A common classification system is the Trial of Org 10172 in Acute
Stroke Treatment (TOAST),10 with which ischemic stroke is divided into the
major etiologic subtypes; large-vessel disease (LVD), small-vessel disease (SVD),
cardioembolic (CE) stroke, other determined etiology of stroke, and undetermined
etiology of stroke. Another approach is to group ischemic strokes according to
clinical presentation as in the Oxfordshire Community Stroke Project (OCSP)
criteria,11 which separates the subtypes; total anterior circulation infarct (TACI),
partial anterior circulation infarct (PACI), posterior circulation infarct (POCI),
and lacunar infarct (LACI). The TOAST classification system is based on clinical
symptoms as well as thorough investigations of the underlying etiology and thus,
reflects the underlying disease mechanism, whereas the OCSP classification relies
only on the initial symptoms and provides a crude measure of the extent and
location of the infarction.12 In the papers included in this thesis, much emphasis
was therefore put on the etiologic subtypes as determined by TOAST criteria.

Small-vessel disease

Large-vessel disease

Cardioembolic stroke
Cryptogenic stroke

Figure 1. The four major etiologic subtypes of ischemic stroke.
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Etiologic subtypes of ischemic stroke
Ischemic stroke caused by large-vessel disease (LVD)
LVD is considered to cause approximately 15-20% of ischemic strokes,13 but the
proportion of LVD within a population varies depending on age, sex and ethnicity.
The term LVD denotes significant stenosis or occlusion in large and medium
sized precerebral and cerebral arteries, presumably due to atherosclerosis.10
Normally, the atherosclerotic plaques develop near branching points and places
of confluence, e.g. the carotid bifurcation. Distal artery-to-artery embolization
or hemodynamic mechanisms are the most common causes of ischemic stroke
in these patients.14 Although the underlying pathology in LVD is atherosclerotic
lesions, the mere presence of plaques does not imply causality and an accurate
classification of LVD. Other clinical findings, including symptoms and location of
the infarct, are also considered and should be consistent with the location of the
atherosclerotic lesion for the classification of LVD. In addition, potential sources
of cardiac embolism should be excluded.
Ischemic stroke caused by small-vessel disease (SVD)
The incidence of ischemic stroke due to SVD is considered to be about one
fourth.15 SVD is an occlusion of the end-arteries supplying the deep white matter,
basal ganglia, thalamus and brain stem. The pathogenesis of the vessel occlusions
in SVD is poorly understood, but microatheroma and lipohyalinosis have been
suggested to contribute.16 The infarcts are usually small (<15 mm in diameter).
Typically, the clinical symptoms are related to size and location and manifest
themselves as so called lacunar syndromes.17 These syndromes are characterized
by the absence of cortical symptoms and visual field deficits, and include pure
motor stroke, pure sensory stroke, ataxic hemiparesis and sensorimotor stroke.18
However, even though lacunar syndromes are frequently caused by SVD, not all
patients with lacunar syndromes have SVD. Vasculitis, hematological diseases,
monogenic disorders and other unusual forms of stroke may also cause small deep
infarcts.19 Lacunar syndromes may also arise from artery-to-artery embolism or
cardioembolism. Thus, potential sources of embolism (originating from stenosis
in larger extracranial arteries or the heart) should be excluded.
Ischemic stroke caused by cardioembolism (CE stroke)
CE stroke is responsible for about one fourth of all first-ever strokes.13 This
type of stroke is caused by an embolus originating from the heart that occludes
cerebral arteries. Atrial fibrillation is a frequent source of cardiac emboli and
these infarctions tend to be large, severely disabling, and prone to recurrence.14
Other high risk sources for cardioembolism are a recent myocardial infarction,
left ventricular thrombosis, prosthetic valves, and endocarditis, among others.20
Patent foramen ovale has also been suggested as a cardiac source of emboli as this
14

condition has been reported to be overrepresented, especially in young ischemic
stroke sufferers without known causes of their stroke. However, as patent foramen
ovale is rather prevalent in the normal population and there is great uncertainty
about the mechanism by which this condition causes stroke, it remains a controversial cause of CE stroke.21 Anticoagulant medication has proven to be a successful
therapy in CE stroke, in contrast to the other major etiologic subtypes of ischemic
stroke.
Cryptogenic stroke
Ischemic strokes that remain without a definite cause even after extensive workup are classified as cryptogenic. This subtype constitute about 30% of all ischemic
strokes,22 but the proportion varies considerably between studies depending on
the extent of the investigation. Patients presenting with cryptogenic stroke are
commonly younger, as compared to the other etiologic subtypes. It is expected
that cryptogenic stroke is itself a heterogeneous entity.23
Other causes of ischemic stroke
In addition to the major classifications of ischemic stroke described above, there
are also several rare causes. These include arterial dissection, vasculitis, migraine,
hypercoagulable states, hematologic disorders and rare monogenic disorders.24-27

Risk factors for ischemic stroke
High age, male sex, certain ethnicities, and a family history of stroke have all been
identified as risk factors for ischemic stroke.13,28 These factors are not modifiable
but can help in the discrimination of individuals with increased risk of stroke,
in whom preventive therapies can be initiated. Hypertension is a major risk
factor for stroke and pharmacological treatment of hypertension has proven an
effective tool to significantly reduce the risk of stroke.29 Other modifiable risk
factors include atrial fibrillation, diabetes mellitus, cigarette smoking, alcohol
consumption, unhealthy diet, obesity, dyslipidemia, and physical inactivity.28,30,31
In recent years, psychosocial stress, inflammatory markers, hemostatic markers,
and genetic polymorphisms have emerged as novel risk factors, but the causal
role of these factors remains to be determined.32 Moreover, due to the variety
of mechanisms underlying the pathophysiology of ischemic stroke, it can be
expected that the etiologic subtypes of ischemic stroke also have different risk
factor profiles. Therefore, it is important to investigate potential risk factors in the
etiologic subtypes separately.
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Genetics
The field of modern genetics stems from the work of Gregor Mendel (1822-1884),
who provided a theory for the model of inheritance by studying selective crossbreeding in pea plants. He concluded that for each characteristic that he studied,
each individual carried two ‘factors’, and that these factors were passed on from
each parent to their offspring. To describe these factors or units of hereditary
information, the term gene was used by Wilhelm Johannsen (1857-1927) in the
early 1900s. He is also credited with introducing the concepts of phenotype, the
observed characteristics of an organism, and genotype, the hereditary information
that an organism carries.33 Much of the genetic research during the 20th century
was focused on ascertaining the physical nature of genes, and the cellular
mechanisms by which they work. Early molecular genetic studies showed that
genes generally encode proteins, and that genes are made of deoxyribonucleic
acid (DNA). In 1953, the structure of DNA was resolved by James Watson (1928-)
and Francis Crick (1916-2004).34 DNA is a double-helix polymer composed of
two intertwining nucleotide chains held together by complementary pairing of
adenine (A) with thymine (T), and cytosine (C) with guanine (G) (Figure 2). The
sequence of nucleotides, or bases, along a strand of DNA determines the genetic
code for all living species. In humans, DNA is tightly coiled within 23 pairs of
chromosomes located in the cell nucleus. A smaller chromosome is also found in
the mitochondria of the cell, and together with the nuclear DNA, it makes up the
human genome. Since almost all of the genetic information in humans reside in
the nuclear DNA, and since the genetic studies in this thesis are only concerned
with this type of DNA, the term genome will henceforth be used to describe all
nuclear DNA.

Figure 2. The level of DNA organization within the human cell nucleus.
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The work of Francis Crick exceeds that of determining the structure of DNA. In 1958
he postulated the central dogma of molecular biology, which states that the genetic
information within cells are sequentially transferred from DNA to ribonucleic
acid (RNA) to protein, and cannot be transferred back from protein to nucleic
acid. Although this hypothesis remains largely true, there are some important
exceptions, as an example, RNA has been ascribed more diverse roles than simply
acting as a messenger for DNA. The protein-coding parts of the genome, i.e. genes,
constitute about 1.2% of the genome, and are distributed on all chromosomes.35
Genes are separated into exons that carry the instructions for making proteins,
and introns, which are non-coding regions in between the exons. The definition
of a gene has changed considerably since Johannsen first introduced the term to
describe units of inheritance. The working model for many scientists has been
the concept of a gene as a protein-coding DNA sequence, one gene encodes one
protein. Today, this definition seems far too simplified and many observations
have highlighted the complexity of genes. For instance, two neighboring proteincoding DNA sequences can be transcribed simultaneously creating a fused RNA,
some DNA sequences can transcribe more than one protein, while some DNA
sequences are transcribed into RNA that does not encode a protein.36

Single-nucleotide polymorphisms (SNPs) and haplotypes
During his voyage around the world, Charles Darwin (1809-1882) understood
that variation is central to biology. Through his thorough work he could present
compelling evidence that all species of life have evolved from a common origin
and that species are constantly evolving through the process of natural selection.
Today, Darwin’s theory, together with Mendel’s laws of inheritance, is the cornerstone of modern evolutionary science.
In our everyday life, we observe that there are considerable differences in
phenotypes among humans. Despite this, the genetic sequences of different people
are astonishingly similar. When comparing DNA sequences between humans
they are identical for long stretches of nucleotides, but occasionally, there will be
differences. The main source of genetic variation is mutations, random alterations
of the nucleotide sequence. Mutations can range in size from a single nucleotide
to a large chromosomal segment and they can arise potentially anywhere in the
genome. Sometimes mutations affect the phenotype, usually if they are located
within or near a gene, but often they pass unnoticed. When mutations are inherited
and accumulate within a population they are referred to as polymorphisms, i.e.
they occur in at least 1% of the population. The most common variation in the
human genome is called a single-nucleotide polymorphism (SNP). For example,
at a particular location in the genome, called a locus, one individual can have an
17

A while another individual has a C. The different variants of the chromosomal
region that this polymorphism gives rise to are called alleles. Besides being used
to describe the total genetic makeup of an individual, genotype can denote a pair
of alleles at a specific locus.
Loci located in close proximity on a chromosome tend to be inherited together,
they are said to be linked. Genetic linkage arises because when two loci are close,
the likelihood of them being separated by a chromosomal crossover (exchange of
DNA between homologous chromosomes that results in recombination of genetic
material) is small. Blocks or regions of linked alleles on a chromosomal segment
are called haplotypes. Over generations, many chromosomal crossovers will occur,
which could separate an allele from its original haplotype. Alleles at nearby loci
will, however, often remain together for many generations. This non-random
association of alleles is known as linkage disequilibrium (LD). LD is measured by
r2 or the absolute value of D’ that both range between 0 and 1. A D’ of 1 indicates
that two alleles have not been separated by genetic recombination. The r2 value
is the square of a correlation coefficient between pairs of loci and indicates how
predictable one gene variant is of the other gene variant, i.e. an r2 of 1 indicates a
perfect correlation.
SNPs are commonly used as markers to locate differences in the genome that
might be associated with a trait or a disease. By genotyping SNPs within a gene or
a chromosomal region, the frequencies of the genotypes can be compared between
healthy individuals and individuals with a certain disease. Because SNPs are so
common in the genome, it would be very costly to genotype all the SNPs in that
region. Therefore, the HapMap project was launched (www.hapmap.org),37 which
takes advantage of the strong association between SNPs within a haplotype. Thus,
only a few SNPs need to be selected to provide enough information about the
other variants in that region. These tagSNPs can be selected through the HapMap
database. To facilitate research on SNPs, the NCBI dbSNP (www.ncbi.nlm.nih.
gov/snp) includes a broad collection of SNPs, and researchers are continuously
reporting findings of new variants to this database.

Monogenic and complex inheritance
Monogenic, or Mendelian, inheritance describes the hereditary traits that are caused
by a single locus. Many thousands of monogenic traits, or diseases, are known and
information about them has been collected in the NCBI OMIM database (www.
ncbi.nlm.nih.gov/omim). However, many diseases are more complex and are
known as multifactorial diseases. Such diseases have complex inheritance, which
refers to the contribution of two or more loci, and are often also influenced by
18

environmental factors. Ischemic stroke can be caused by monogenic disorders,
but it is usually multifactorial with both genetic and environmental contributions.

Strategies for the study of multifactorial diseases
There are several ways to try and determine the genetic variants that are responsible
for causing a disease. For monogenic disorders, the first step in mapping the
disease is usually a genome-wide linkage study. For multifactorial diseases, genetic
association studies, have been more efficient.38 With this approach, the aim is to
find a correlation between the disease and a genetic variant. These studies usually
involve a sample of unrelated individuals, such as a case-control study. A common
approach for identification of genes associated with a disease is the candidate gene
approach, which takes advantage of previous knowledge to select candidates that
likely are involved in the pathophysiology of the disease under study. Thus, this
method is hypothesis-driven. The ultimate goal is to find genetic variants that are
more or less frequent in cases compared with controls. To reliably detect small
relative risks, the sample size has to be fairly large. Candidate gene studies in casecontrol samples have typically been the method of choice for identification of
ischemic stroke genes. In recent years, genome-wide association studies (GWAS),
have gained popularity. This is a hypothesis-free approach, whereby a few hundred
thousand SNPs, distributed throughout the whole genome, are investigated
simultaneously. With this methodology, it becomes even more crucial to have a
sufficient sample size, as the huge amount of tests performed generates lots of false
positive results.

Hemostasis
Simply put, hemostasis is the process that prevents blood loss upon vessel injury.
The hemostatic response involves narrowing of the blood vessel to prevent excessive
hemorrhage (vasoconstriction), formation of a platelet plug (primary hemostasis),
stabilization of the blood clot through formation of a protein network (secondary
hemostasis), and moderating the size of the clot by dissolving it (fibrinolysis).
Hemostasis is a heavily regulated process, with both positive feedback systems and
inhibitors in most steps of the pathway. When these regulatory mechanisms are
overwhelmed during pathologic conditions, excessive amounts of thrombin are
formed, resulting in thrombosis. An overview of the prothrombotic mechanisms
of hemostasis is shown in Figure 3, and below follows a description of these
mechanisms, i.e. platelet activation and the coagulation cascade.
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Figure 3. Overview of the prothrombotic mechanisms in hemostasis.

Platelet activation
Platelets, or thrombocytes, have a central role in primary hemostasis. During this
step, the platelets become activated and form a primary loose platelet plug. Recent
studies suggest that platelet activation is initiated through two separate pathways.
Both can act in parallel or separately, and the process can be dominated by one
of them, depending on the type of damage or disease.39 The so called collagen
pathway is initiated when a vessel wall injury occurs, damaging the endothelium
and thereby exposing the subendothelial surface to the bloodstream. The collagen
interacts with glycoprotein VI (GPVI) on the surface of circulating platelets, which
adhere to the site of injury. Additionally, a complex (GPIb-V-IX) on the platelets
interacts with the von Willebrand factor (VWF) which acts as a bridge between
platelets and the exposed collagen fibrils.40 Soon after adhesion, the activated
platelets secrete the content of their granules which attracts more platelets to the
lesion, and they in turn aggregate to the adhered platelets. The second platelet
activation pathway does not directly require endothelium interruption, but is
instead initiated by thrombin, generated in the coagulation cascade (please see
next section). Thrombin cleaves protease-activated receptors on the platelet surface which activates the platelet and causes them to release agonists that, in turn,
will activate other platelets.41
20

Coagulation cascade
Coagulation is initiated through two different pathways, the tissue factor (TF)
pathway and the contact activation pathway. These two pathways ultimately lead
to thrombin generation through a shared, common pathway. These pathways
comprise a series of reactions, in which an inactive precursor of a serine protease
is activated, which in turn catalyzes the next reaction in the cascade. The TFpathway, also known as the extrinsic pathway, is initiated by TF forming a complex
with coagulation factor VII (FVII). TF resides in the subendothelial tissue and
vessel injury exposes TF to FVII in the flowing blood. Recent studies have shown
that TF is also blood-borne, but its exact contribution to coagulation is unclear.42
In the coagulation cascade, the TF-FVII complex activates two different proteins,
factor IX (FIX) and factor X (FX), through cleavage, both of which proceed into
the common pathway.
The contact activation pathway, also called the intrinsic pathway, is initiated by the
activation of factor XII (FXII). This then activates factor XI (FXI), which in turn
activates FIX in the common pathway. The contact activation pathway is initiated
when blood comes in contact with negatively charged surfaces in vitro, but it is
still debated if this is a relevant mechanism in vivo.39 A recent study has shown that
nucleic acids, which are negatively charged, can activate proteins of this pathway
both in vitro and in vivo.43 As blood vessel injury likely would result in released
extracellular RNA and DNA from damaged or necrotic cells, this is a plausible
mechanism. Another hypothesis is that the main function of the contact activation
pathway is to amplify the coagulation cascade, as initiated by the TF-pathway. FXI
has an important role in this amplification as it is activated by thrombin via a
feedback mechanism.44
Both the TF-pathway and the contact activation pathway lead into the common
pathway, with activation of FIX. Upon activation, FIX forms a complex with
factor VIII (FVIII) that in turn activates FX. FX can also be activated directly
by the TF-FVII complex. Activated FX forms a complex together with factor
V (FV), which catalyzes the conversion of prothrombin into thrombin, via a
series of cleavages. Thrombin has many functions. It can activate platelets by
cleaving, as described above, but it can also activate FV, FVIII, FXI, and factor
XIII (FXIII). The main function of thrombin, however, is to cleave soluble
dimeric fibrinogen into insoluble fibrin. The fibrin aggregates with other fibrin
molecules and is finally cross-linked by FXIII to form a network of fibrin strands.
The hemostatic proteins investigated in this thesis will be presented in more detail
in the following sections.
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von Willebrand factor (VWF)
In 1926, Dr. Erik von Willebrand described a bleeding disorder, distinct from
hemophilia, in a family from Åland, Finland.45 The disorder was later named
von Willebrand disease (VWD), and has shown to be a common and complex
hereditary bleeding disorder, which results from quantitative or qualitative defects
of VWF.46 The large VWF gene (VWF) maps to the short arm of chromosome 12,
and encodes the VWF monomer. This monomer is predominantly synthesized
in endothelial cells, and to some extent in megakaryocytes.47 Once synthesized,
the monomers dimerize and then undergo multimerization to create multimeric
strings that can be extremely large. These multimers are either constitutively
secreted or stored in Weibel-Palade (WP) bodies of endothelial cells or α–granules
of megakaryocytes, from where they are released upon stimulation. The VWF
multimers stored in granules are usually larger than the constitutively secreted
forms.48 A majority of circulating VWF is derived from the endothelium,49 and
consists of proteolytic fragments of larger multimers,50 indicating that regulated
release from WP bodies is the main determinant of plasma VWF levels. The larger,
often ultra large VWF multimers, are biologically more potent than the smaller
forms, and probably reside in the WP bodies for immediate secretion upon
vascular injury.48 In the circulation, the size of the VWF multimers are regulated
by cleavage of ADAMTS13 (ADAM metallopeptidase with thrombospondin type
1 motif, 13), which is described in the next section.
VWF is an essential protein in hemostasis due to its role both in primary hemostasis
with platelet adhesion and aggregation, and in coagulation as a carrier for FVIII.
When the vascular wall is injured, ultra large VWF multimeric strings are released
from granules and attach to endothelial cells and collagen in the subendothelial
matrix. Adhesion of platelets to the lesion is then promoted by binding of VWF
to platelet receptors GPIbα in the GPIb–IX–V complex and the integrin αIIbβ3 in
the GPIIb–IIIa complex.51 During high shear rate, the binding of VWF to GPIbα
is the essential interaction that can tether platelets to the lesion.52 The binding of
VWF to the above platelet receptors is also necessary for platelet aggregation and
thrombus growth. The second function of VWF in hemostasis is as a carrier for
FVIII, thereby protecting the coagulation factor from proteolytic degradation as
well as transporting it to the site of injury. A unique feature of VWF multimers
is their responsiveness to high shear rate, which has been shown to expose key
binding sites,53 thereby facilitating the interactions with platelet receptors and
ADAMTS13.
Plasma VWF has, to a quite large extent, been studied in relation to arterial
thrombosis. High plasma levels of VWF have been shown to be a predictor of
coronary heart disease (CHD),54-57 and more so in high-risk populations than in
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the general population.54 Fewer studies have been conducted on plasma VWF in
ischemic stroke, but all in all the results from these studies indicate that VWF is
a better predictor of stroke than of CHD.58-63 Among individuals, plasma VWF
levels have a wide normal range, and they are influenced by both genetic and
non-genetic factors. Twin studies have shown that genetic factors contribute to
as much as 75% of the variation in VWF plasma levels.64 The gene encoding ABO
blood group is one such determinant of plasma VWF, as well as the VWF locus
itself.65 Non-genetic factors have also been shown to influence VWF levels, e.g.
age, inflammation and diabetes.65
Several experimental studies have indicated that VWF has a role in the development
of atherosclerosis. For instance, several factors involved in atherogenesis induces
VWF secretion.65 In vitro, VWF has been shown to stimulate smooth muscle cell
proliferation, the major constituent of atherosclerotic plaques.66 Moreover, in an
in vivo primate model, numerous WP bodies were found in endothelial cells at
sites of atherosclerotic lesions.67 Based on these studies, it seems plausible that
individuals with VWD are protected from atherosclerosis. This hypothesis is
supported by studies of VWF deficiency in animal models, but on the contrary,
this has not been demonstrated in humans.68

ADAMTS13
When ADAMTS13 was discovered by two separate labs in 1996, it was identified
as the long sought after VWF-cleaving protease.69,70 A few years later, the gene
sequence was revealed and the protease was found to be encoded by ADAMTS13
on chromosome 9q34.71 In the same publication, it was shown that a number of
mutations in ADAMTS13 causes ADAMTS13 deficiency and that this deficiency is
the molecular mechanism responsible for thrombotic thrombocytopenic purpura
(TTP). TTP is a rare disorder characterized by thrombotic microangiopathy and
hemolytic anemia, resulting from severely reduced ADAMTS13 activity followed
by the accumulation of ultra large VWF multimers.72 In TTP, deficiency of
ADAMTS13 is either caused by mutations in ADAMTS13 or by antibodies that
inhibit the activity of the protease.
ADAMTS13 is mainly synthesized and secreted by hepatic stellate cells,73 but
the protease has also been detected in endothelial cells,74 and in tissues from the
brain, heart, pancreas, kidney, spleen, adrenal glands, placenta, muscle, uterus,
and testis.75 In hemostasis, the main role of ADAMTS13 is to specifically cleave
VWF and thereby inhibit excessive thrombus formation at sites of vascular injury.
Upon endothelial stimulation, ultra large VWF multimer strings are released
and become anchored to the endothelial surface.76 The circulating ADAMTS13
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molecules tether to the anchored VWF in competition with other molecules
and cells, such as platelets, to rapidly cleave the VWF strings into less active
forms.76 The cleavage can occur in the absence of flow,77 but the proteolysis seems
to be facilitated by high shear stress, likely because the shear stress exposes the
ADAMTS13 cleavage site.78 Since ADAMTS13 and VWF can co-exist in plasma
without proteolytic cleavage of VWF, it seems likely that high shear stress is
needed for an efficient interaction.
The importance of this protease in the formation of a thrombus, as is evident in
TTP, has led researchers to investigate whether ADAMTS13 deficiency is unique
to TTP, or whether it also occurs in patients with a prothrombotic phenotype.
Indeed, a few studies have found that decreased levels and/or reduced activity
of ADAMTS13 are associated with myocardial infarction, CHD, and ischemic
stroke.79-81 ADAMTS13 has also been proposed as a link between thrombosis
and inflammation. In an in vivo mouse model, ADAMTS13 deficiency resulted
in increased leukocyte adhesion to inflamed vessel walls, a process that was
dependent on the presence of VWF.82 In subsequent work in mice, ADAMTS13
has also been shown to down-regulate vascular inflammation and reduce plaque
formation during early atherosclerosis.83 Further support for a role of ADAMTS13
in inflammation comes from findings of reduced ADAMTS13 activity in patients
with acute systemic inflammation or sepsis.84,85 Moreover, a more prominent
activation of inflammatory cells, increased infarct volume, and more marked
neuronal death in the ischemic penumbra, have been observed in experimental
stroke models in ADAMTS13 knock-out mice as compared with wild-type mice.8688

A rather large number of mutations and polymorphisms have been identified in
ADAMTS13, and many of them seem to affect either synthesis, secretion, plasma
levels, or activity of the protease.89 For example, the minor allele of rs11575933
(also known as Pro475Ser) is associated with a markedly reduced ADAMTS13
activity in the Japanese population,90 but this variant has not been detected in
Caucasians.91 Interestingly, different combinations of ADAMTS13 polymorphisms
and mutations can modulate the protease secretion, expression and activity
in vitro, even when the variants are individually non-functional.92 Despite the
apparent functional effects of many ADAMTS13 variants, very few studies have
investigated this gene in relation to common thrombotic diseases.

Factor VII-activating protease (FSAP)
With the goal of identifying hyaluronic acid-binding proteins in human plasma,
Choi-Miura et al., in 1996, identified a novel protein which they called plasma
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hyaluronan-binding protein,93 later denoted hyaluronan-binding protein 2
(HABP2). The serine protease was cloned by the same group, and was found to
be expressed in the human liver, pancreas, and kidney. A few years later, another
group noted that a protease capable of potently activating FVII, termed FVIIactivating protease (FSAP), was in fact identical to HABP2.94 Hereafter, the
protease will be referred to as FSAP.
FSAP circulates in plasma as an inactive zymogen that can be activated by
factors released from apoptotic or dead cells, e.g. histones and nucleosomes.95 In
purified systems, FSAP can be auto-activated upon binding to negatively charged
polyanions, such as hyaluronic acid, heparin, and nucleic acids.96,97 Apart from
FVII, several other substrates for FSAP have been identified including fibrinogen,
fibronectin, high molecular weight kininogen (HMWK), single-chain urokinase
-type plasminogen activator (scu-PA), platelet-derived growth factor (PDGF) BB,
FV, FVIII, and more recently the tissue factor pathway inhibitor (TFPI).98-103 A few
plasmatic inhibitors of FSAP have also been identified, such as C1-inhibitor and
α2-antiplasmin.104
In recent years there has been debate as to whether FSAP really does what its
name says – activate FVII. While early observations of FSAP-induced FVII
activation94 has been confirmed in vivo,105 other studies have shown that FVII is a
poor substrate for plasma derived FSAP.103,106 Instead, TFPI has been proposed as
a physiological substrate for FSAP.103 The procoagulant effect previously ascribed
to FVII activation could thus rather be a result of TFPI inhibition. Furthermore,
in in vitro experiments, FSAP has been shown to promote fibrinolysis through
activation of scu-PA,100 and scu-PA, in turn, can activate FSAP at a high enzyme
to substrate ratio.96 FSAP is also a potent inhibitor of PDGF-BB,107 which has
an important role in vascular smooth muscle cell proliferation and migration.
Accordingly, FSAP has been localized in atherosclerotic plaques101 and found to
reduce neointima formation in vivo.107
The gene encoding FSAP, HABP2, is located on the long arm of chromosome 10.
A SNP in HABP2, called the Marburg I SNP (MI-SNP), results in an amino acid
exchange. The minor allele of the MI-SNP has reduced FSAP activity compared to
the major allele,108 and has also been reported to associate with an increased risk
of venous thrombosis,109 CHD,110 and ischemic stroke,111 while other studies have
not found an association.112,113 With regard to more local effects of the MI-SNP, a
reduced scu-PA-activating capacity and an increased risk of progressive carotid
stenosis has been shown in individuals carrying the rare variant of this SNP.114
Thus, based on the current understanding, a role for FSAP in both hemostasis and
vascular remodeling processes emerges, although its physiological role remains
unclear.
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Coagulation factor XI (FXI)
FXI was first recognized in 1953 by Rosenthal et al., who described a few cases
with a history of mild hemorrhage.115 A closer examination of the patient’s blood
samples showed that this bleeding disorder was distinct from Hemophilia A and
B and it was named Hemophilia C.115 This hemophilia factor was first referred to
as thromboplastin antecedent, and later named FXI. Subsequent work has shown
that Hemophilia C (more commonly known as FXI deficiency) is a rare bleeding
disorder, but particularly prevalent in Jews.116 Patients with FXI deficiency
generally present with mild to moderate bleeding tendencies, and bleeding is
commonly associated with injuries, e.g. tooth extraction.117
FXI is produced in the liver and circulates in plasma as a complex with HMWK.
FXI shares the same structure with its monomeric homolog prekallikrein, which
also circulates in plasma in complex with HMWK.118 FXI is the zymogen of a
serine protease (activated FXI, denoted FXIa), that is activated through cleavage by
different substrates.118 In the contact activation pathway, FXI is activated by FXIIa.
In vitro studies have shown that FXI can also be activated by thrombin, generated
through the TF-pathway, via a feedback loop.119,120 At high concentrations of TF,
the formation of fibrin was found to be independent of FXI, whereas at lower TF
levels, the fibrin formation became FXI dependent. These results suggest that FXI
is more important for the propagation and stabilization of the thrombus, than in
the initial clot formation. Thrombin-induced activation of FXI also leads to the
activation of thrombin-activated fibrinolysis inhibitor.121 Therefore, FXI can be
regarded as both a prothrombotic and an antifibrinolytic factor.
The dual role of FXI in hemostasis makes it an interesting candidate to study in
relation to thrombotic diseases. In animal models of FXI deficiency, thrombi that
are formed upon vessel injury are unstable and dissolve before the blood vessel is
occluded.122,123 In humans, increased FXI levels and/or activity have been observed
in patients with venous thrombosis,124,125 and in younger subjects with ischemic
stroke.126-128 A role for FXI in these diseases is further supported by the observation
that individuals with FXI deficiency are protected against venous thrombosis129
and ischemic stroke.130 In the case of myocardial infarction, it does not seem that
plasma levels of FXI are of equal importance,126,131,132 and FXI deficiency confers no
protection against this disease.133 Family-based studies have shown a rather strong
heritability for FXI plasma levels.134,135 More recently, variants within the FXI gene
(F11), located on chromosome 4q35, have been associated with increased FXI
plasma levels.136-138 One of these studies was a very recent GWAS that aimed at
identifying loci that influences FXI plasma levels. This study found an association
with SNP rs4241824 in F11. An even stronger association was observed for
a variant (rs710446) in KNG1, the gene encoding HMWK, which circulates in
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plasma in complex with FXI.
As can be deduced from the above studies, FXI has several interesting properties that
make it an attractive alternative target for anticoagulant therapy. Recently, several
strategies to inhibit FXI/FXIa have been investigated, which include neutralizing
antibodies, antisense oligonucleotides, and small molecule inhibitors.139 Many of
these approaches have been successful in murine models, reducing thrombosis
without causing bleeding.140 Strategies for anticoagulant therapy by inhibiting
FXIIa have also been developed.141 Similarly, these inhibitors have also been
successfully effective in protection from thrombosis in several animal models. In
addition to studies in animal models, a phase I clinical trial for an FXI inhibitor is
currently underway.141

The ABO blood group system
Karl Landsteiner discovered the ABO blood group system in 1900.142 When

serum from a few individuals was mixed individually with their red blood cells,
Landsteiner observed agglutination in some of the mixtures but not in others. He
concluded that an individual’s serum contained antibodies to the antigen that is
lacking from the individual’s red blood cells, and was able to discriminate three
different blood groups, which he named A, B and C (later renamed O from the
German word ohne, meaning without).143 Soon after, the blood group AB was
described. The discovery was an important event in transfusion medicine, which
had previously not been able to explain the often tragic circumstances of blood
transfusion. At first, the ABO blood group system seemed uncomplicated, three
antigens producing four phenotypes, but knowledge on the complexity has grown
with time and a large number of subgroups have now been described.
It was early recognized that the ABO blood groups were inherited.143 The antigens
were first assumed to be encoded by separate genes, but later work by Felix
Bernstein showed that it was in fact multiple alleles at one locus.144 Though the
work of Bernstein, the ABO blood group system became the first reliable human
genetic marker to be used in forensic medicine and paternity testing.143 In 1990, the
gene encoding the ABO blood group system, ABO located on chromosome 9q34,
was cloned.145 The gene is highly polymorphic and there are numerous subgroups
of the three main allelic forms A, B, and O. In Caucasians, the most common
alleles are A1, A2, B, O1, and O2.146 The A and B alleles encodes A and B transferase,
respectively, whereas the O allele encodes a non-active enzyme (Figure 4). The A
and B transferases add specific monosaccharides to an acceptor substrate (called
the H antigen), producing A and B antigens. Since the O enzyme is non-active,
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the H antigen remains unconverted. Hence, the H antigen is an essential precursor
of the ABO blood group antigens, so the ABO blood group system is not only
governed by ABO.

Figure 4. The ABO blood group system. The A and B transferases add monosaccharides to the H antigen, whereas the H antigen remains unconverted with
the non-active O enzyme. The A, B, and H antigens are expressed on red blood
cells and VWF multimers.

The A, B and H antigens are mainly expressed on the surface of red blood cells,

but also in various other tissues, and on VWF multimers.147 In several studies,
the ABO locus has been shown to strongly influence the plasma levels of VWF
(and consequently FVIII), with higher levels in individuals carrying one or two
copies of the O allele.147,148 ABO blood group has been associated with myocardial
infarction, venous thrombosis, and ischemic stroke, with an increased risk for the
non-O phenotypes (i.e. A, B, and AB).149 Therefore, increased VWF levels have
been suggested as the mechanism behind the observed associations between the
blood group non-O and several thrombotic diseases. The mechanism by which
the ABO blood group exerts an effect on VWF plasma levels is thought to be
attributed to a shorter VWF survival in the circulation of group O individuals.150
Apart from influencing VWF levels, the ABO locus has also been associated with
levels of soluble ICAM-1, P-selectin and E-selectin.151 Intriguingly, despite the
strong associations between ABO and these proteins (particularly VWF), and the
clinical importance of the ABO blood group system in transfusion medicine, the
physiological function of this system is still not completely clear.
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AIMS OF THE THESIS
The overall aim of this thesis was to increase our knowledge of the importance of
the hemostatic pathway in ischemic stroke and the etiologic subtypes of ischemic
stroke.

The specific aims were:
Paper I
• to investigate whether ADAMTS13 gene variants show association with
ischemic stroke and/or any of the etiologic subtypes of ischemic stroke.
Paper II
• to investigate whether plasma levels of VWF are associated with ischemic
stroke and/or any of the etiologic subtypes of ischemic stroke.
• if so, to explore if there are differences in VWF levels between the
etiologic subtypes of ischemic stroke.
Paper III
• to investigate if there is an association between ABO blood group and
overall ischemic stroke and/or any of the etiologic subtypes of ischemic
stroke.
Paper IV
• to investigate whether plasma FSAP antigen levels and activity are
associated with ischemic stroke and/or any of the etiologic subtypes of
ischemic stroke.
• if so, to explore whether there are differences in FSAP antigen levels and/
or activity between the etiologic subtypes of ischemic stroke.
• to investigate if FSAP gene variants are associated with (1) variation in
FSAP antigen levels and/or activity, and (2) overall ischemic stroke and/
or any of the etiologic subtypes.
Paper V
• to investigate if coagulation FXI gene variants show association with
ischemic stroke and/or any of the etiologic subtypes of ischemic stroke.
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SUBJECTS AND METHODS
The Sahlgrenska Academy Study on Ischemic Stroke
(SAHLSIS)
For the purpose of studying genetic and hemostatic factors in ischemic stroke,
our group initiated a large case-control study, the Sahlgrenska Academy Study
on Ischemic Stroke (SAHLSIS),152 which constitutes a well-characterized and
representative sample of patients with ischemic stroke and healthy controls from
Western Sweden.

Patients
Between 1998 and 2008, consenting patients (n=844) younger than 70 years of age
and presenting with first-ever (n=732) or recurrent (n=112) acute ischemic stroke
were consecutively recruited at four Stroke Units in Western Sweden. Patients
were excluded if they were >69 years, if the following evaluation showed another
etiology than ischemic stroke, and if they had a diagnosis of cancer at advance
stage, infectious hepatitis or HIV. The upper age limit is motivated by studies
showing that the contribution of genetic and hemostatic factors varies with age,
with a greater influence in the young.3,9 Baseline characteristics of this sample have
been published previously152,153 and are illustrated in Table 1
Table 1. Baseline characteristics of the SAHLSIS participants.

Mean age, year (SD)

Controls
n=668

Ischemic stroke
n=844

56 (10)

56 (11)

Male sex, n (%)

392 (59)

554 (66)

Hypertension, n (%)

230 (34)

487 (58)

Current smoking, n (%)

131 (20)

324 (38)

Diabetes mellitus, n (%)

33 (5)

153 (18)

403 (67)†

413 (76)†

Hyperlipidemia, n (%)

SD indicates standard deviation. †Numbers and percentages shown are for the initial 600
patients and 600 controls in SAHLSIS.

All patients were examined by a physician trained in stroke medicine during
the acute phase of stroke, and all patients underwent electrocardiography and
neuroimaging with computed tomography (CT) and/or magnetic resonance
imaging (MRI). Extracranial carotid and vertebral duplex ultrasound, MR
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angiography, catheter angiogram, transcranial Doppler ultrasound, transthoracic
and/or transesophageal echo-cardiography were performed when clinically
indicated. Stroke severity at inclusion was scored using the Scandinavian Stroke
Scale.154
To enable analysis of homogenous groups, a large effort has been put on
the classification of etiologic subtypes of ischemic stroke. Based on clinical
presentation and results from the diagnostic work-up, cases were classified
into etiologic subtypes according to the TOAST criteria.10 In order to minimize
interrater variability, the original TOAST criteria were refined according to a local
protocol.155 Risk factors, other than atrial fibrillation and carotid stenosis (i.e.
hypertension and diabetes), were not included in the protocol. Adjudication of
subtypes was performed by two neurologists. LVD was defined as either occlusive
or significant stenosis (corresponding to >50% diameter reduction according
to NASCET criteria) of a clinically relevant precerebral or cerebral artery,
presumably due to atherosclerosis, or complex plaque (>4 mm thick, ulcerated
or mobile) in the aortic arch. Potential causes of cardiac embolism should be
excluded. SVD was defined as a clinical lacunar syndrome with a relevant infarct
of <15 mm or normal CT/MRI in the absence of both a CE source and significant
stenosis/occlusion due to atherosclerosis of an appropriate major brain artery. CE
stroke was defined as the presence of atrial fibrillation, sick sinus syndrome, MI
in the past four weeks, cardiac thrombus, infective endocarditis, atrial myxoma,
prosthetic mitral or aortic valve, valvular vegetations, left ventricular akinetic
segment, dilated cardiomyopathy, or patent foramen ovale in combination with
either atrial septal aneurysm or deep venous thrombosis. Significant stenosis/
occlusion due to atherosclerosis of an appropriate precerebral or cerebral artery
should be excluded. Other determined cause of stroke included those with
arterial dissection, vasculitis, hemathologic disorders, monogenic syndromes
and complications of cardiovascular procedures. Cryptogenic stroke was defined
when no cause was identified despite an extensive evaluation. Undetermined
stroke included cases for whom more than one etiology was identified or when
the evaluation was cursory.
Collection of the subject’s vascular risk factors has been described in more
detail previously.152 Hypertension was defined by pharmacological treatment
for hypertension, systolic blood pressure ≥160 mm Hg, and/or diastolic blood
pressure ≥90 mm Hg. Diabetes mellitus was defined by diet or pharmacological
treatment, fasting plasma glucose ≥7.0 mmol/L, or fasting blood glucose ≥6.1
mmol/L. Smoking habit was coded as current versus never or former (smoking
cessation at least one year before inclusion in the study). Information about
hypertension was missing in 12 participants, diabetes mellitus in 12, and smoking
habit in 4.
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The first 600 patients enrolled in SAHLSIS were examined both in the acute
phase and at a follow-up approximately three months after the index event. In
connection with these examinations, plasma samples were obtained (please see
section “Biochemical analysis of plasma proteins” for further details). Patients
were also classified based on clinical presentation, as assessed using the OCSP
system into the categories of TACI, PACI, POCI, and LACI.11 The modified
Rankin Scale (mRS) is commonly used to classify the outcome after a stroke.156
At three months and at two years after the index stroke, the patients have been
followed up regarding new vascular events or death, and functional outcome
has been assessed with mRS. At the 3-month follow-up, functional outcome was
assessed through examinations by a physician trained in stroke medicine. At the
2-year follow-up, all surviving patients were contacted by a research nurse trained
in stroke medicine for a structured telephone interview that, among other things,
involved the assessment of functional outcome.157

Controls
Healthy population controls (n=668) without stroke, coronary artery disease
(CAD), or peripheral artery disease (PAD), were randomly selected to match cases
with regards to age and sex. The controls were from the same geographical region
as the patients, and they were randomly recruited through a population-based
health survey158 or from the Swedish Population Registry (Skaraborg and Älvsborg
residents, and controls younger than 30 years). The controls were examined once
by a research nurse trained in stroke medicine, using the same questionnaires and
protocols as for patients. For the first 600 controls, plasma samples were obtained.
To recruit these 600 controls, 1107 subjects had to be invited to participate, of
which 208 did not respond, 191 were unwilling to participate, and 108 were
excluded.
SAHLSIS is an ongoing study and patients are continuously being recruited at the
Sahlgrenska University Hospital. To date, a total of 1085 patients are included. The
study has been approved by the Ethics Committee of the University of Gothenburg
and the management of collected data has been approved by the National
Computer Data Inspection Board. All participants provided written informed
consent prior to enrollment. Next-of-kin consented for those participants who
were unable to communicate.
Methodological considerations: In SAHLSIS, all patients were recruited at Stroke Units in Western Sweden. The stroke admission
rate in Sweden is high, with more than 87% of cases younger than
75 years being admitted to hospital.159 In addition, the early case
fatality rate in ischemic stroke is low, especially in the age group
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studied here. Therefore, a patient selection bias is unlikely to
influence our results. Regarding controls, selection bias cannot
fully be excluded, as a significant proportion of those who were
invited did not participate in the study. On the other hand, the
controls were randomly sampled from the general population in
Western Sweden, and the population in this geographical area is
remarkably homogenous from an ethnic point of view.160 Of note
is that SAHLSIS includes participants younger than 70 years and
is, of course, only representative for this age group. To better reveal
the underlying pathophysiological mechanisms of ischemic stroke,
TOAST is a widely used tool for classification of etiologic subtypes.
However, as with most classification systems, there is room for
interpretation and as long as there is no way to determine the
mechanisms that occur in vivo, the pathophysiological mechanisms
can only be inferred, not proven.

The Lund Stroke Register (LSR) and the Malmö Diet and
Cancer study (MDC)
For validation of the genetic findings in SAHLSIS in Paper V, the Lund Stroke
Register (LSR) and the Malmö Diet and Cancer study (MDC) were used as a
replication sample (1213 patients and 788 controls ≤70 years of age, and in total
3145 patients and 1793 controls of all ages). Brief descriptions of the studies
are given below, for detailed sample characteristics, data collection and clinical
definitions please refer to Paper V and previous publications.159,161,162
LSR is a consecutive, hospital-based case-control study initiated in 2001. All
patients with first-ever stroke from the local catchment area of Skåne University
Hospital, Lund, receiving hospital attention are included in this study. Patients
18 years and older with first-ever ischemic stroke between 2001 and 2009 were
included. All patients underwent CT, MRI or post-mortem examination of the
brain. Stroke-free control subjects were age- and sex matched to patients recruited
during the first year of LSR (2001-2002), and were from the same geographic area.
MDC is a prospective, population based cohort study, which was established with
the aim of studying the relationships between diet and health outcomes. A total
of 28449 individuals, 45-73 years of age, participated in the baseline examinations
between 1991 and 1996. Incidence of stroke after the baseline examination has
been followed by data linkage with national and local registers. Validation of
the stroke diagnosis, by review of hospital records, has been performed for 95%
of all ischemic stroke in the cohort. The procedures for retrieval of incident
cases of stroke, case ascertainment and stroke classification have been reported
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elsewhere.162 For the purpose of studying genetic determinants of ischemic stroke
in MDC, incident cases of ischemic stroke up to December 31th, 2006, were
selected and matched (1:1) for age, sex and month of baseline examination in a
nested case-control design. Control subjects were MDC participants who were
alive and free from stroke at the time of the corresponding stroke event. Risk
factors were assessed at the examination in 1991-1996.
Hypertension was defined by pharmacological treatment for hypertension,
systolic blood pressure ≥160 mmHg, and/or diastolic blood pressure ≥90 mmHg.
Diabetes mellitus was defined by diet or pharmacological treatment, fasting
plasma glucose ≥7.0 mmol/L, and/or fasting blood glucose ≥6.1 mmol/L, or selfreported diabetes. Smoking history was coded as current versus never or former.
In the combined sample of LSR and MDC ≤70 years of age, 17 participants had
missing data for hypertension, 28 for diabetes mellitus, and 34 for smoking habit.
The corresponding numbers for the whole sample including participants of all
ages were 77 for hypertension, 111 for diabetes mellitus, and 87 for smoking habit.
The studies were approved by the Ethics Committee of Lund University. All
participants provided informed consent prior to enrollment. For participants who
were unable to communicate, consent was obtained from their next-of-kin.
Methodological considerations: SAHLSIS and LSR are both casecontrol studies, whereas MDC is a population based cohort study.
Cohort studies are the ideal method for determining the incidence
and natural history of a disease. These are usually prospective,
meaning that a group of individuals are examined at baseline and
then followed up for a long time. Hence, as the relevant variables are
measured before the outcome (disease) has occurred, the “cause”
rather than the effect is measured. However, the study has to be
very large and proceed for a long time in order to have a sufficient
number of patients with the outcome at follow-up. This study design
is therefore not suitable for rare diseases. In case-control studies, on
the other hand, it is easier to recruit larger numbers of patients.
As case-control studies have comparatively few subjects, more
resources can be put on examining them, and as a consequence a
large number of variables can be considered. In the case of ischemic
stroke, this could facilitate the classification of etiologic subtypes. A
major drawback of the case-control design is that they are usually
retrospective, i.e. variables are measured after the outcome (disease)
occurred, thereby problematizing the question of cause and effect.
For genetic factors, which remain the same throughout life, this is
not an issue.
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Studies of hemostatic protein levels and gene variants
In this thesis, the hemostatic pathway was investigated both at the protein and
at the genotype level. These two approaches have different strengths. The major
advantage of measuring plasma levels or activity of hemostatic proteins is that
the proteins represent the actual functional molecules that circulate in the blood.
However, these plasma levels are variable and are affected both in the short term,
as in the acute phase by the ischemic injury itself, and in the long term by factors
such as age and sex.163 Furthermore, it is important that blood sampling and
handling of plasma is done by a highly standardized protocol to avoid external
influences on plasma quality.164 In SAHLSIS, several measures have been taken to
minimize these factors, such as age and sex matching between cases and controls
and standardized protocols for blood sampling (please see next section). In
addition, blood sampling in patients was performed both in the acute phase of
the stroke event and in the convalescent phase at follow-up approximately three
months after the index event. This enables us to compare the levels of hemostatic
proteins with and without major influence of the acute-phase event itself.
On the other hand, the advantage of conducting studies at the genotype level is
that these do not change over time, thus, they reflect life-long exposure. Genetic
variation can also help in identifying other (local) mechanisms in contrast to the
systemic effects that are measured by plasma levels. In the lab, DNA is favorable
for practical reasons because it is relatively stable, easy to handle, and is less
susceptible to external influences as compared to proteins. Ideally, the genotype
and protein level approaches can be used together to complement each other, as
additional information may be provided if there is an association between the two.

Biochemical analysis of plasma proteins
Laboratory protein measurements are delicate and complex procedures, and
careful consideration must be made to ensure that errors are minimized. Much
emphasis has been placed on the analytical phase with advances in instrument
technology and automation, which has simplified the analytical procedure and
improved the quality of the analyses.165 However, a large proportion of mistakes
occur in the pre- and post-analytical phases.165,166 Consequently, each step from
patient to final data file must be handled with care using highly standardized
procedures.
When SAHLSIS was initiated, detailed protocols were made for the collection of
plasma. For
 the first 600 patients, blood sampling was performed in the acute
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phase within 10 days (median four days) of the stroke event, and at follow-up
approximately three months after the event (median 101 days, range 85–125 days).
For the first 600 controls, blood sampling was performed once. Blood sampling
was performed between 8:30 AM and 10:30 AM after overnight fasting, and after
at least 10 minutes of rest in the supine position. Venous blood was collected in
tubes that contained 10% by volume of 0.13 mol/L sodium citrate. Plasma was
isolated within two hours by centrifugation 2000 × g at 4°C for 20 minutes,
aliquoted, and stored at -80°C. Other pre-analytic measures performed before the
analyses included calibration of pipettes and careful selection and testing of the
assays before commencing the analytical phase.
The enzyme-linked immunosorbent assay (ELISA) principle is an antibody-based
method commonly used to detect the amount of a specific antigen in plasma. For
the present thesis, sandwich ELISAs were used (Papers II and IV). Please see Figure
5 for a detailed description of this method. During the analytical procedures,
careful measures involved accurate pipetting (e.g. avoiding air bubbles), vortexing
samples just before pipetting, and including quality controls on each microtiter
plate.

Figure 5. The principle of sandwich ELISA. A. The surface of each well in a 96-well
microtiter plate is coated with a capture antibody, and nonspecific binding sites on the
surface are then blocked. B. The diluted plasma samples are added and the antigen
present in the plasma binds specifically to the capture antibody. This is followed by
incubation and washing to remove unbound antigen. C. An enzyme-linked detecting
antibody is applied that binds to the antigen, followed by incubation and washing
to remove unbound antibody-enzyme conjugates. D. A substrate is added which is
converted by the enzyme to a detectable form. The absorbance is measured to quantify
the amount of substrate, which is directly proportional to the antigen concentration
initially present in the plasma sample.

Plasma levels of VWF antigen were determined in our lab by sandwich ELISA
according to the principle described above and using the manufacturer’s instructions (Asserachrom VWF:Ag, Diagnostica Stago, Asnières, France). In brief, the
plasma samples were defrosted in a 37°C water bath, diluted 1:102 (samples with
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very high levels were further diluted), and added to a microtiter plate coated with
rabbit polyclonal antibodies. VWF can be present in plasma in a wide variety
of sizes. As such, the VWF molecules can stratify into layers with the largest
multimers at the bottom of the test tube. Therefore, the plasma samples were
always vortexed just prior to pipetting. Bound VWF antigen was detected with
a peroxidase-coupled polyclonal rabbit antibody. The quality controls consisted
of pooled human plasma, one with low and one with high values, which were
always run in duplicate. A calibration curve was established with a dilution series
of reference standard plasma, which corresponds to a VWF antigen value assigned
by the WHO International Standard, established in 2003 (NIBSC code 02/150).
Accordingly, the VWF levels were expressed in IU/dL. The optical density was
measured at 450 nm, and the detection limit for the assay was 0.02 IU/dL. The
intra- and inter-assay coefficients of variation (CV) were calculated by the mean
values for the quality controls for all plates, and they were 5.3% and 13.3%,
respectively.
For the measurement of FSAP, citrated plasma was aliquoted in our lab and the
plasma levels and activity of FSAP were measured in Prof. Sandip Kanse’s lab in
Giessen, Germany. Total FSAP concentration was detected by an FSAP-specific
sandwich ELISA, as previously described,167 with minor modifications. Shortly,
the plasma samples were defrosted on ice, diluted (1:2000), and applied to a
microtiter plate coated with rabbit polyclonal antibodies. For detection of bound
antigen, an FSAP-specific monoclonal antibody was added, followed by addition
of a peroxidase-labeled mouse polyclonal antibody that binds to the FSAP-specific
detecting antibody. An internal control consisting of one sample with normal
FSAP plasma levels was run in duplicate on each plate. A calibration curve was
established through a dilution series of Standard Human Plasma (SHP, Siemens
Diagnostics, Marburg, Germany), and this preparation was assumed to contain
approximately 12 µg/ml FSAP as described.167 The absorbance was measured at
405 nm. The intra- and inter-assay CV were calculated by the mean values for the
quality control for all plates, and were 4.1% and 13.2%, respectively.
In addition to measuring total FSAP concentration in plasma, the FSAP activity
was measured by an immunocapture activity assay as described,167 with minor
modifications (Figure 6). For the FSAP activity assay, the plasma samples were
diluted 1:100. As for the FSAP ELISA, a dilution series of SHP was used to
establish a calibration curve. This preparation served as reference for the measured
FSAP activity, which was defined as one plasma equivalent unit (1000 mU/ml).
The quality controls were the same as detailed for the FSAP ELISA above. The
optical density was measured every minute over one hour at 405 nm. The maximal
velocity (substrate turnover with time) was determined over 8 min, and this was
invariably always the initial reaction velocity. The intra- and inter-assay CV were
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calculated by the mean values for the quality control for all plates, and they were
4.7% and 14.7%, respectively.

Figure 6. The FSAP activity assay principle. A. The surface of each well in a
96-well microtiter plate is coated with a monoclonal capture antibody, and
nonspecific binding sites on the surface are then blocked. B. The diluted plasma
samples are added and the FSAP antigen present in the plasma binds specifically
to the capture antibody. This is followed by incubation and washing to remove
unbound antigen. C. A buffer containing heparin and calcium is applied, which
leads to the release of bound FSAP into the fluid phase. Recombinant scu-PA is
also added, followed by incubation. D. The released FSAP is activated through an
autocatalytic mechanism and then activates scu-PA, generating active u-PA. At
high concentrations of u-PA, FSAP is activated by u-PA in a backloop activation
potentiating further activation of scu-PA. E. A chromogenic substrate is added,
which is cleaved by u-PA and followed by measuring the absorbance over a period
of time. The intensity of color produced is proportional to the activity of u-PA, and
thus to FSAP activity.

For all three assays described above, the acute phase and 3-month samples from
each patient were analyzed together with the sample from the matching control on
the same microtiter plate. In this way, the analysis is less susceptible to inter-assay
variations. To avoid post-analytical errors arising from the preparation of data
files, a random control was made of about 10% of the data which was compared
with the raw data.
Methodological considerations: Measurement of VWF plasma levels
with ELISA is the commonly used method in epidemiological and
clinical studies. This approach mainly reflects VWF synthesis and
secretion from vascular endothelial cells, but does not measure
VWF from platelets. On the other hand, the endothelium is the
predominant source of VWF. Moreover, this type of assay does not
differ between the sizes of the VWF multimers, meaning that even
though two individuals have similar plasma VWF levels, the biologic
activity of their multimers can differ. Thus, the prothrombotic
risk may be better identified in the VWF multimer pattern or by
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measuring VWF activity with, for instance, the ristocetin cofactor
assay. However, this assay does not actually measure the physiologic
function of VWF, and it is also labor-intensive, and imprecise with
high intra- and interassay CVs.168 As VWF interacts with several
different substrates, there is no single ultimate test to determine an
individual’s quantitative and qualitative properties of VWF. In the
clinic, VWF is therefore measured with a panel of assays. For FSAP,
we measured both the total plasma concentration as well as the
activity. From a biological point of view, it may be more interesting
to measure the activity. In this particular assay, the activity of
FSAP is measured through its ability to activate scu-PA. Thus, this
assumes that the activation of scu-PA mirrors FSAP’s activity in the
circulation. An advantage of this assay is that FSAP is not only autoactivated; the active u-PA provides a feedback activation of FSAP.
This efficiency of FSAP activation probably contributes to a more
constant and reproducible maximum activity.

Genetic variation
DNA extraction and quantification
In SAHLSIS, DNA was extracted from venous whole blood using either QIAamp®
96DNA Blood Kit (QIAGEN GmbH, Hilden, Germany) in our lab with the
manufacturer’s reagents as directed (Papers I and III), or with Maxi DNA Isolation
PLUS at AGOWA GmbH in Berlin, Germany (Papers III-V). When the DNA yield
with these methods was low, an additional extraction was performed for a few
samples with a phenol-chloroform method using a local protocol in our lab. DNA
concentration was quantified with PicoGreen® (Molecular Probes, Invitrogen,
Paisley, UK) on a flourometer (ABI PRISM® 7900HT Sequence Detection System,
Applied Biosystems, Foster City, CA, USA) or with a ND-1000 spectrophotometer
(NanoDrop Products, Thermo Fisher Scientific, Wilmington, DE, USA). DNA
samples were diluted in TE-buffer to a concentration of 10 ng/µL or 50 ng/µL,
depending on the genotyping method.

Selection of gene variants
The selection of SNPs was either based on a tagging approach (Papers I, III-V) or
from the literature (Paper IV). For the tagSNPs, genotype information from the
CEU population in HapMap was used to capture the genetic variation within the
respective genes using pair-wise tagging with an r2>0.8 and minor allele frequency
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(MAF)>0.1. In Paper III, the five most common ABO alleles in Caucasians were
chosen based on the literature.146
Methodological considerations: The tagSNP strategy takes advantage
of our recent understanding of the fine LD structure in the human
genome. In this way, the SNP that might be associated with the
disease may not be selected as a tagSNP, but this information can be
indirectly deduced from its associated tagSNP. The major challenge
is to construct algorithms to efficiently capture the genetic variation.
When selecting a SNP from the literature, no new information
is gained. If the literature is more or less consistent regarding the
effect of the SNP on a phenotype, it can function as a quality check
of your own data. If there is no clarity, your study contributes to the
collective knowledge of the SNP, which can be used to conduct a
meta-analysis.

Genotyping
Genotyping was performed using TaqMan® chemistry (Applied Biosystems, Foster
City, CA, USA) in Papers I and III, restriction fragment length polymorphism
polymerase chain reaction (RFLP-PCR) in Paper III, the Illumina GoldenGateTM
assay (Illumina, San Diego, CA, USA) in Papers IV and V, and with KASP On
Demand assays (KBioscience, Hertfordshire, UK) in Papers IV and V. Below is a
general description of these four genotyping methods.
The TaqMan® principle uses the 5’→3’ exonuclease activity of the Taq DNA
polymerase to cleave a fluorescently labeled probe during PCR amplification.169-171
The set-up of the reaction is very similar to a conventional PCR, but it also
includes two oligonucleotide probes with a specific sequence for each allelic
variant of the SNP (Figure 7). Each probe is labeled with a fluorescent reporter
dye at one end and a quencher dye at the other end. When the probe is intact, the
quencher absorbs the fluorescent light emitted from the reporter. The probes are
designed to anneal to the genomic region surrounding the SNP, in between the
two primers. During DNA amplification, if the probe is perfectly hybridized to
the DNA, the activity of the Taq polymerase will cleave the probe. This releases
the reporter dye and results in an increase in fluorescence, as the quencher is no
longer in close proximity of the reporter dye. A mismatch between the probe
and the target sequence leads to displacement and a sustained quenching effect
on the intact probe. The fluorescence detected at the end of the PCR is directly
proportional to the amount of fluorophore released from each probe. This allows
for determination of the different homozygote and heterozygote individuals, as
visualized in a scatter plot (Figure 7).
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Methodological considerations: The advantages of the TaqMan® assays
are that the genotyping success rate is usually high, a fluorescent
signal is generated only if the probes hybridize specifically to the
target sequence (thereby reducing background), the whole assay is
performed in a closed tube system and does not require post-PCR
handling, the design of probes is fairly flexible, and the assays can
be multiplexed using distinguishable reporter dyes. On the other
hand, the possibilities for multiplexing are limited, and the assay
is only suitable for a smaller number of SNPs as a different probe
has to be synthesized for each SNP, which is time consuming and
increases the cost per genotype, compared to more high-throughput
genotyping methods.

A.

B.

C.

Figure 7. The principle of the TaqMan® assay with a typical scatter plot. A. The
allele-specific probes and the primers anneal. B. During PCR, the probe is cleaved,
releasing the fluorescent dye. C. The fluorescent signals are visualized in a scatter
plot.
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RFLP-PCR was used for genotyping of the 15 different ABO genotypes that are
possible when combining the five most common ABO alleles (A1, A2, B, O1, and
O2). These alleles are a result of a number of polymorphisms residing in exons 6
and 7 of ABO. The principle of RFLP-PCR, in which DNA is amplified, digested
with restriction endonucleases, and size-fractionated in a gel electrophoresis,
is depicted in Figure 8. Essentially, we used the same primers and protocol as
described by Olsson et al .172 Two allele-specific primer pairs were used to amplify
exons 6 and 7 followed by digestion of the amplified DNA with two restriction
enzymes (HpaII and KpnI). The cleaved PCR product was then separated by
agarose gel electrophoresis, revealing a unique digestion pattern characteristic for
each of the 15 genotypes.
Methodological considerations: RFLP-PCR is a robust method
with good reproducibility, and the banding patterns produced
are unambiguous due to the large amount of DNA being cut and
visualized following electrophoresis and staining. However, this
method requires large amounts of DNA, and because it cannot be
automated, it is labor-intensive and therefore both time consuming
and costly.

A.

B.

C.

Figure 8. An overview of the RFLP-PCR method used to determine the five most
common alleles in ABO, with a typical example of a gel electrophoresis photo.
A. Amplification of ABO exons 6 and 7 (including the intermediate intron). B.
Cleavage of the amplified DNA by restriction enzymes. C. The cleaved fragments
are size-fractionated in a gel electrophoresis for visualization of the different
banding patterns.
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For the GoldenGateTM assay,173 we selected a set of SNPs in the inflamma-tory and
hemostatic pathways. With this method, allele-specific primers are hybridized
directly to genomic DNA that has been attached to a solid support. This attachment
allows unbound and non-specifically annealed primers to be removed during
washing. In case of a perfect match, the primer is extended and the extension
product is ligated to a probe hybridized downstream of the SNP position. The
joining of the two fragments to create a PCR template provides an additional
genomic specificity. The ligated template is then amplified by PCR using universal
primers that are complementary to a universal sequence in the 3’-end of the
ligation probes and 5’-ends of the allele-specific primers, respectively. Each SNP
is assigned a different Tag-sequence that is contained within the ligation probe,
and the universal allele-specific primers carry an allele-specific fluorescent dye
in their 5’ end. After PCR, the amplified products are captured on beads carrying
complementary sequences for the SNP-specific Tag-sequences. The beads are kept
in fiber-optic array bundles, the fluorescent signals from the amplified extensionligation products are read through the fiber bundles, and the results are displayed
in a scatter plot. An overview of the GoldenGateTM assay is depicted in Figure 9.
Methodological considerations: The GoldenGateTM assay is a fast
method for acquisition of large-scale genotype data with a low cost
per data point, the call rate of genotypes is usually high, the selection
of SNPs is highly flexible, and the use of universal primers for PCR
eliminates sequence-related differences in amplification between
SNPs. The disadvantages are that the analysis, on the whole, is
expensive, and requires DNA of relatively high concentrations.

Figure 9. The GoldenGateTM assay principle. A. Hybridization of the allele-specific
primers and the probe. B. Ligation of the extended product to the probe. C. The
ligated template is amplified by an allele-specific primer with a fluorescent dye. D.
The amplified products are captured on beads for reading of fluorescent signals.
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The KASP genotyping system (www.kbioscience.co.uk) is similar to TaqMan®
chemistry, but uses a different strategy for the design and labeling of oligonucleotides
(Figure 10). In the initial stage of PCR, two allele-specific primers bind to their
complementary sequence upstream of the SNP position so that the 3’-end of the
primer is positioned at the SNP nucleotide. A common reverse primer anneals
and the PCR proceeds. The reaction mix also includes two oligonucleotides, each
labeled with an allele-specific fluorescent dye in the 5’-end, which are hybridized
to oligonucleotide sequences with quenchers bound at the 3’-end. Thus, no
fluorescent signal is generated during this stage. As the PCR proceeds further, the
quenched oligonucleotide cassettes are denatured, and the 5’ fluorescent-labeled
oligonucleotides are incorporated into the PCR template. The detected fluorescent
signals determine the homozygous and heterozygous genotypes, visualized in a
scatter plot.
Methodological considerations: The advantages of the KASP assays
are that the genotyping success rate is usually high, they are easy to
design for most SNPs (high SNP to assay conversion rate), the whole
assay is performed in a closed tube system and does not require
post-PCR handling, and the assays are cheaper than TaqMan® as
they do not need allele-specific fluorescent dual labeled probes.
However, this assay does not have any multiplexing capabilities, and
the assay is only suitable for a smaller number of SNPs as it is time
consuming and has a rather high cost per genotype compared to
more high-throughput genotyping methods.

Figure 10. Principle of the KASP genotyping system. A. Binding of allelespecific primers. The reaction mix also contains allele-specific oligonucleotides
with a fluorescent label. B. The common reverse primer anneals. The labeled
oligonucleotides are denatured, and then C. incorporated into the PCR template.
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Haplotype phasing
The genotype data of SNPs at a certain locus provides us with information
on whether the individuals are homozygous or heterozygous for the various
polymorphisms. These data do not, however, tell us the haplotype phase, i.e. how
the alleles of the different SNPs co-segregate on the two chromosomes. Thus, in the
case of multiple heterozygous genotypes, it is not possible to determine the specific
haplotypes that each individual carries. There are some molecular techniques to
achieve this, but they are both expensive and laborious, especially for large-scale
genotyping data.174 To resolve the haplotype phase, several computational methods
have been developed that estimate haplotypes from unphased genotype data. One
commonly used algorithm is the expectation-maximization algorithm,175 which
was used for haplotype phasing in the present thesis.

Statistical concepts in genetic association studies
Power and effect measure
In the context of genetics, the effect of a variation on a disease is often quite small.
Therefore, it is important to have a large study population to get sufficient power,
i.e. the chance to get a significant finding given a true small effect. Thus, a high
power, usually set to above 80%, means that a study has good ability to identify a
true association. Tests of significance should always be accompanied by an effect
measure, to be able to practically determine the importance of the difference. In
all the papers included in this thesis, we have consistently used odds ratios (ORs)
as measures of effect.

Correction for multiple testing
In genetic association studies, it is usual to include many genetic markers which
are also tested in several different statistical analysis models. With the number
of statistical analyzes being performed, the risk of false positive results increases.
Under these circumstances, it is necessary to correct for multiple testing, which
is also becoming increasingly recognized in medical research. There are different
approaches to correction and many methods have been developed. Below follows
a description of two common methods for correction of multiple testing, which
both have been used in this thesis.
Bonferroni correction is a traditional and common method where the p-value is
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simply multiplied by the number of tests performed.176 In terms of genetic data,
this method is overly conservative when gene variants are in tight LD, since the
tests performed for each genetic variant are not independent of each other.
Permutation is a more suitable method when the tests are not independent, as
is the case with many SNPs in tight LD. It works by comparing the observed
p-values with the p-values calculated through a large number of repeated random
rearrangement of the original data points (for example phenotype and genotype
data).177

Replication
Another way of handling the problem of false positives when performing multiple
tests is replication of the most significant findings. Replication has become the
gold standard in genetic association studies, and is now commonly requested
by medical journals for publication of new findings. Replication requires that
an association that has been identified in one study population should also be
demonstrated in at least one independent population. In this way, one has stronger
support for the discrimination between a true and a false association.

Hardy-Weinberg equilibrium (HWE)
In a randomly mating population that is not under any evolutionary pressure, the
genotype frequencies are determined by the allele frequencies.178 A population
that is under these conditions is said to be in Hardy-Weinberg equilibrium (HWE).
The HWE balance can be easily assessed with χ2 statistics. A deviation from the
balance can be caused by non-random mating, but it could also be the result of
a genotyping error.179 In this thesis, HWE was calculated for all genetic markers
included, for patients and controls separately. If the genotype frequencies did not
conform to HWE in the control group, they were excluded from further analysis.
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RESULTS AND DISCUSSION
Characteristics of SAHLSIS
All analyzes of the etiologic subtypes of ischemic stroke in this thesis was confined
to LVD, SVD, CE stroke and cryptogenic stroke. The distribution of all etiologic
subtypes in SAHLSIS is shown in Table 2.
Table 2. Distribution of the etiologic subtypes of ischemic stroke in SAHLSIS in the first 600
patients (Papers I-IV) and in all patients (Papers IV and V).
Ischemic stroke
n=600

Ischemic stroke
n=844

LVD, n (%)

73 (12)

111 (13)

SVD, n (%)

124 (21)

165 (20)

CE stroke, n (%)

98 (16)

151 (18)

Cryptogenic stroke, n (%)

162 (27)

206 (24)

Arterial dissection, n (%)

32 (6)

59 (7)

Other determined cause of stroke, n (%)

19 (3)

33 (4)

Undetermined cause of stroke, n (%)

92 (15)

119 (14)

Of the first 600 patients in SAHLSIS, 114 (19%) had a history of stroke (ischemic or
hemorrhagic stroke), and 31 (5%) suffered a recurrent stroke within three months
of inclusion. Information regarding medications was obtained at the 3-month
follow-up. The number of individuals using statins, anti-hypertensive drugs,
and anticoagulant drugs in controls, overall ischemic stroke and the four major
etiologic subtypes is displayed in Table 3. In this group of patients, functional
outcome was assessed with mRS at three months and at two years after index
stroke. At three months, 130 patients were dependent or deceased (mRS score 3-6)
and 438 patients had a favorable outcome (mRS score 0-2). The corresponding
numbers were 134 and 458 patients at two years after index stroke (missing scores
for 32 and 8 patients, respectively, at the two time-points).
Table 3. Distribution of statins, antihypertensive drugs and anticoagulant drugs in SAHLSIS.
Controls
n=600

Ischemic
stroke
n=600

LVD
n=73

SVD
n=142

CE stroke
n=98

Cryptogenic
stroke
n=162

Statins†, n (%)

31 (5)

198 (33)

36 (49)

40 (32)

32 (33)

55 (34)

Anti-hypertensive
drugs†, n (%)

89 (15)

292 (49)

35 (48)

71 (57)

65 (66)

61 (38)

-

113 (29)

8 (11)

2 (2)

61 (62)

18 (11)

Anticoagulant
drugs†, n (%)

†Information obtained three months after index stroke.
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ADAMTS13 gene variation in ischemic stroke (Paper I)
In Paper I, we found three ADAMTS13 SNPs that showed association with overall
ischemic stroke in the univariable conditional logistic regression. One of these
was rs4962153, where the minor allele (A) was associated with an increased risk of
overall ischemic stroke (Table 4). For rs2285489 and rs2301612, the minor alleles
(T and G, respectively) were associated with a decreased risk. After inclusion of
hypertension, diabetes mellitus, hyperlipidemia, and smoking as covariates, none
of the associations remained although there was a trend for rs4962153 (p=0.07).
Table 4. Uni- and multivariable ORs (95% CI) for ADAMTS13 single SNPs in overall ischemic
stroke and the four major etiologic subtypes, compared to controls.
Ischemic stroke
n=600

LVD
n=73

SVD
n=142

CE stroke
n=98

Cryptogenic stroke
n=162

rs652600
OR (95 % CI)

1.0 (0.8-1.2)

1.2 (0.8-1.8)

1.1 (0.8-1.5)

0.9 (0.7-1.4)

1.0 (0.7-1.3)

OR (95 % CI)†

1.0 (0.8-1.2)

1.3 (0.8-2.0) 1.1 (0.8-1.6)

1.0 (0.7-1.5)

0.9 (0.7-1.3)

OR (95 % CI)

1.1 (1.0-1.3)

1.1 (0.8-1.6)

1.1 (0.9-1.5)

1.0 (0.8-1.4)

1.2 (1.0-1.6)

OR (95 % CI)†

1.1 (1.0-1.3)

1.2 (0.8-1.8) 1.2 (0.9-1.6)

1.1 (0.8-1.5)

1.2 (1.0-1.6)

0.9 (0.7-1.4) 0.8 (0.6-1.0) 0.9 (0.6-1.2)

0.8 (0.6-1.0)

1.0 (0.7-1.5)

0.8 (0.6-1.1)

rs739469

rs2285489
OR (95 % CI)

0.8 (0.7-1.0)*

OR (95 % CI)†

0.9 (0.7-1.1)

0.8 (0.6-1.1) 0.9 (0.6-1.2)

rs2301612
OR (95 % CI)

0.9 (0.7-1.0)*

0.8 (0.6-1.2) 0.8 (0.6-1.1)

1.0 (0.7-1.3)

0.8 (0.6-1.1)

OR (95 % CI)†

0.9 (0.7-1.1)

0.8 (0.5-1.2) 0.8 (0.6-1.1)

1.0 (0.7-1.3)

0.8 (0.6-1.1)

OR (95 % CI)

1.3 (1.0-1.5)*

0.8 (0.5-1.3) 1.3 (0.9-1.8)

1.2 (0.8-1.8)

1.5 (1.1-2.1)*

OR (95 % CI)†

1.3 (1.0-1.6)

0.9 (0.5-1.6) 1.3 (0.9-2.0) 1.2 (0.8-1.9)

1.6 (1.1-2.2)*

rs4962153

An additive model in conditional logistic regression was applied for overall ischemic stroke,
and an unconditional binary logistic regression for the etiologic subtypes. †Adjusted for
hypertension, diabetes mellitus, hyperlipidemia, and smoking for overall ischemic stroke, as
well as age, sex, and geographic area for the etiologic subtypes. *p<0.05

In ADAMTS13, seven haplotypes with a frequency >1% were found (Table 5).
The SNPs were distributed in one haplotype block. One haplotype (H3) was more
common in patients, as compared with controls. This association remained after
adjustment for vascular risk factors. H3 is the only haplotype containing the
minor allele (A) of rs4962153, implying that the association is driven by this SNP
or an unknown marker in tight LD with this variant.
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Table 5. Estimated haplotype frequencies, and uni- and multivariable ORs (95% CI) for overall
ischemic stroke, as compared to controls.
Number

Haplotype

Estimated
frequency (%)

Univariable
OR (95 % CI)

Multivariable
OR (95 % CI)†

H1

TCGAG

35.7

ref

ref

H2

CGCGG

19.8

1.1 (0.9-1.4)

1.1 (0.9-1.4)

H3

CGCAA

15.2

1.3 (1.1-1.7)*

1.4 (1.1-1.8)*

H4

CCCAG

12.9

1.2 (0.9-1.5)

1.1 (0.8-1.5)

H5

CCGAG

9.3

1.1 (0.8-1.4)

1.0 (0.7-1.4)

H6

TGCGG

2.4

0.7 (0.4-1.3)

0.7 (0.4-1.3)

H7

CGCAG

1.9

1.0 (0.6-1.8)

1.0 (0.5-2.0)

The order of the alleles in the haplotypes is in accordance with the relative chromosomal
positions of the SNPs, from left to right: rs2285489, rs739469, rs2301612, rs65200, rs4962153.
†Adjusted for age, sex, hypertension, diabetes mellitus, hyperlipidemia, and smoking. *p<0.05.

Regarding the etiologic subtypes of ischemic stroke, the minor allele of rs4962153
showed association with cryptogenic stroke both in the univariable and multivariable regression analysis (Table 4). No association was detected for the other
subtypes. As the cryptogenic stroke group includes the largest number of patients
of the four etiologic subtypes, these results may simply be due to a limited power
in the other subtypes. On the other hand, the fact that the OR was even larger
for cryptogenic stroke than for overall ischemic stroke makes this less likely. Our
finding for cryptogenic stroke is interesting as prothrombotic genetic variants
(FV Leiden and prothrombin G20210A polymorphisms) have been suggested in
the pathophysiology of this subtype.180-182 However, these studies included a small
number of patients with cryptogenic stroke (n=49-94), so no firm conclusions can
be drawn. In addition, there is no data as to whether the minor allele of rs4962153
(or a variant in LD with this SNP) is in fact associated with a prothrombotic
phenotype. Therefore, one must be cautious when interpreting these findings,
and independent large studies must be carried out both regarding ADAMTS13
variants in relation to ischemic stroke and on possible mechanisms behind the
etiology of cryptogenic stroke.
Although some years have passed since this paper was published, there are still
very few clinical studies investigating ADAMTS13 in ischemic stroke. In a study
by Bongers et al., no association was detected between cerebrovascular disease
and ADAMTS13 gene variants.81 Only 52 patients with ischemic stroke and 57
patients with transient ischemic attack were included in the aforementioned
study, and the lead SNP in our study (rs4962153) was not included, nor was any
SNP in strong LD with this variant. Apart from our study, rs4962153 has only
been investigated in one other study where the minor allele of this SNP was
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associated with a decreased risk of cerebral malaria, a serious complication of
malaria that is characterized by sequestration of parasitized red blood cells to
brain microvascular endothelium.183 Not much is known about rs4962153. It is an
intronic SNP with no known functionality. Possibly, this SNP could be in LD with
a variant that regulates gene expression, or with a non-synonymous coding SNP.
There could also be an alternative splice site spanning the location of rs4962153,
or the SNP could possibly affect an enhancer/silencer encoded within the intron.
In conclusion, there is very limited knowledge on the role of ADAMTS13 in
ischemic stroke. Our results imply that variation at the ADAMTS13 locus could
play a greater role in cryptogenic stroke, but these findings must be verified. As
discussed in the introduction of this thesis, this protease appears to have several
diverse roles in thrombosis, inflammation, atherosclerosis, and neuroprotection.
Altogether, this makes ADAMTS13 an interesting candidate for further studies in
ischemic stroke.

VWF plasma levels in the etiologic subtypes of ischemic
stroke (Paper II)
In conjunction with our study of ADAMTS13, we also investigated plasma levels
of VWF. We found that VWF levels were significantly increased in the overall
ischemic stroke group, both in the acute phase and at the 3-month follow-up, as
compared with controls (Figure 11). In patients, the acute phase VWF levels were
significantly higher compared with the follow-up levels. In the regression analysis,
significant associations between overall ischemic stroke and VWF were observed
for both time-points (Figure 12).

Figure 11. Median and interquartile ranges (IQR) of acute phase and 3-month
follow-up VWF plasma levels in controls, overall ischemic stroke and in the
four major etiologic subtypes. Cases vs. controls (Student’s t-test, or ANCOVA
adjusting for age with Bonferroni correction). **p<0.01, ***p<0.001
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Figure 12. Multivariable ORs (95% CI) for overall ischemic stroke and the four
major etiologic subtypes per 1 SD increase in the acute phase and follow-up log
VWF levels. Conditional and unconditional logistic regression for overall ischemic
stroke and for subtypes, respectively. Adjusted for hypertension, diabetes
mellitus, hyperlipidemia, and smoking for overall ischemic stroke, as well as age,
sex, and geographic area for subtypes.

It is reasonable to presume that the acute phase VWF levels, at least to some extent,
are influenced by the ischemic event in the brain itself. To investigate whether the
above associations were independent of markers of the acute phase response, we
made further adjustment for levels of high sensitive C-reactive protein (hsCRP)
and fibrinogen. In this analysis, the ORs were slightly diminished, and the
associations remained significant. However, it is worth noting that both hsCRP and
fibrinogen are synthesized by the liver, whereas VWF is synthesized by endothelial
cells. Thus, while the acute phase responce may be over, one might speculate that
there could be a more prolonged influence from the ischemic event in the brain on
the endothelium resulting in enhanced VWF synthesis and release. Consequently,
adjustment for an acute phase response using hsCRP and fibrinogen might not
be ideal. In light of this, we also adjusted for tissue-type plasminogen activator
(t-PA) antigen levels, which is a possible marker for endothelial damage. This did
not diminish the association between ischemic stroke and VWF to a larger extent
than the inflammatory markers.
Increased levels of VWF have been suggested as a predictor of CHD,65 and
therefore, we investigated whether preexisting clinical vascular disease contributed
to the association between overall ischemic stroke and VWF. When patients with a
history of stroke, CAD, or PAD (n=196) were excluded, the associations remained
for both the acute phase and 3-month VWF levels. No significant differences in
VWF levels were observed between patients with or without a history of vascular
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disease at any of the two time-points. One could also speculate that various drugs
may influence the result, but we found no significant differences in VWF levels
between patients with or without statins or anti-hypertensive drugs at follow-up.
With regard to anticoagulant therapy, patients with this treatment at follow-up had
significantly higher VWF levels compared to patients without. The only subtype
with a significant proportion of patients on anticoagulant therapy was CE stroke
(62%), and this group also displays high VWF levels. Within this subtype, there
were no significant differences in VWF levels between patients with or without
anticoagulant therapy at follow-up. These results suggest that these medications
are not major confounders for the increased VWF levels.

Table 6. Differences in geometric mean VWF levels between the four major etiologic subtypes in
the acute phase and at the 3-month follow-up.

CE stroke >

LVD
Cryptogenic stroke
SVD

LVD >
Cryptogenic stroke >

Cryptogenic stroke

Acute phase ∆VWF
(IU/dL)

Follow-up ∆VWF
(IU/dL)

3.3

11.3

20.5

16.1

27.8***

20.4**

17.1

4.8

SVD

24.5*

9.1

SVD

7.4

4.2

Differences between subtypes was calculated with ANCOVA adjusting for age and using
Bonferroni’s correction. *p<0.05, **p<0.01, ***p<0.001

Regarding the etiologic subtypes, the acute phase VWF levels were significantly
higher in all subtypes, as compared with controls (Figure 11), and in the logistic
regression we found independent associations with all four subtypes (Figure 12).
For the convalescent VWF levels, all subtypes except SVD displayed significantly
higher levels than the controls, and independent associations were observed for
CE stroke and cryptogenic stroke. Further adjustment for hsCRP and fibrinogen
levels, and t-PA antigen levels, attenuated the associations between acute phase
VWF and LVD and CE stroke, but had almost no effect on the associations for the
3-month levels. The highest VWF levels were observed for LVD and CE stroke,
and the lowest levels for SVD. As a consequence, the CE stroke group (and the
LVD group in the acute phase) had significantly higher levels as compared to the
SVD group (Table 6).
Our finding of increased VWF levels in ischemic stroke is in line with the results
obtained in several prospective studies,58-63 although there are also contradictory
results.184 Regarding the etiologic subtypes, we found subtype-specific differences
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in VWF levels, with the highest levels in the LVD and CE stroke groups, and
lowest levels in the SVD group. A possible explanation for this could be that the
increased VWF plasma levels to a higher degree reflect endothelial damage in
many vascular beds, which can be expected in LVD and CE stroke patients. In
SVD, there could be more regional endothelial damage that is not reflected in the
same way in the total circulation. However, the association between CE stroke and
convalescent phase VWF was independent of vascular risk factors, hsCRP and
fibrinogen levels, and t-PA antigen levels. The same was true for the association
with cryptogenic stroke. This indicates that the prothrombotic effects of VWF may
play a role independent of atherosclerosis/inflammation or endothelial damage in
these subtypes. In favor of this interpretation, there are data suggesting that VWF
is of major importance for arterial thrombosis, rather than the atherosclerotic
process itself.185 In one study, the intima-media thickness of the atherosclerotic
plaques in the carotid and femoral arteries of patients with severe VWD, did
not differ from those of healthy controls.186 This could also explain the lack of
an independent association between follow-up VWF levels and LVD. For LVD,
we have previously shown that hsCRP levels are exclusively associated with this
subtype.187 Collectively, our findings suggest that inflammation/atherosclerosis is
of importance for LVD, while prothrombotic mechanisms may be involved in CE
stroke and cryptogenic stroke.
We found no influence of statins, anti-hypertensive drugs or anticoagulant drugs
on the convalescent VWF plasma levels. Similarly, in studies of patients with atrial
fibrillation, no difference in VWF levels was found between those with compared
to those without warfarin or aspirin,188 and initiating treatment with warfarin
and/or aspirin did not influence VWF levels after a few weeks of treatment.189
Intriguingly, a recent study of patients receiving anticoagulant treatment found
that high VWF levels were associated with an increased risk of cardiovascular
mortality, all-cause mortality, and also with bleeding complications.190 Given the
low VWF levels associated with bleeding in VWD, the mechanism by which high
VWF levels increased the risk of bleeding is not clear.
In summary, the plasma levels of VWF in overall ischemic stroke were not
majorly influenced by either a history of clinical vascular disease, medications,
or levels of markers of inflammation/endothelial damage. We found subtypespecific differences in VWF levels, pointing to the importance of considering the
underlying etiology in studies of VWF plasma levels and ischemic stroke.
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ABO blood group in ischemic stroke (Paper III)
As discussed in the introduction of this thesis, there is a strong correlation between
VWF levels and ABO blood group. Therefore, following Paper II, it was a natural
next step to investigate ABO blood group in ischemic stroke.
The observed distribution of the ABO phenotypes (O, A, B and AB) in our study
is similar to that reported for the Swedish population (www.geblod.nu/fakta).
Since there were few individuals with blood group AB, no comparison between
blood groups O and AB was made. When comparing phenotypes non-O vs. O,
A vs. O, and B vs. O, there were no significant associations with overall ischemic
stroke in the univariable regression analysis, for any of the three comparisons
(Table 7). Similar results were obtained after inclusion of vascular risk factors in
the model. Moreover, no association with ABO phenotype was detected for any of
the four major etiologic subtypes. Consistent with our results, a lack of association
between ABO phenotype and overall ischemic stroke has been observed in a few
early studies.191-193 Other studies, including a meta-analysis, have found a small
but significant increased risk of stroke for the non-O phenotypes.149,194 Although
our study is underpowered to detect small effect sizes, differences in the definition
of stroke and clinical characteristics of the study populations might account for
some of these discrepancies. A more recent study showed an association between
phenotype B and ischemic stroke,195 a finding that could not be replicated in our
study. Very recently, the combined results from two large prospective studies

Table 7. ABO phenotype frequencies in controls, overall ischemic stroke and the etiologic subtypes, and multivariable ORs (95% CI) for overall ischemic stroke and the subtypes.
Control
n=600

Ischemic
stroke
n=600

LVD
n=73

SVD
n=124

CE stroke
n=98

Cryptogenic
stroke
n=162

O, n (%)

214 (36)

206 (34)

30 (41)

45 (36)

32 (33)

52 (32)

A, n (%)

269 (45)

284 (47)

30 (41)

60 (48)

51 (52)

69 (43)

B, n (%)

77 (13)

78 (13)

9 (12)

15 (12)

11 (11)

26 (16)

AB, n (%)

40 (7)

32 (5)

4 (6)

4 (3)

4 (4)

15 (9)

Phenotype

OR (95% CI)
O vs. non-O †

ref

0.9 (0.7-1.2) 1.7 (0.6-4.4) 1.1 (0.5-2.1)

0.7 (0.3-1.4)

0.9 (0.5-1.5)

O vs. A

ref

1.1 (0.8-1.5) 0.6 (0.2-1.6) 1.0 (0.5-2.1)

1.5 (0.7-3.0)

1.0 (0.6-1.9)

O vs. B

ref

1.3 (0.7-1.6) 0.6 (0.1-3.0) 1.2 (0.4-3.9) 1.8 (0.6-6.0)

1.0 (0.5-2.1)

Conditional logistic regression adjusted for hypertension, diabetes mellitus, and smoking was
used for overall ischemic stroke, and subtypes. †Non-O includes phenotype A, B and AB.
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showed that individuals with phenotype AB had an increased risk of suffering an
ischemic stroke, compared to individuals with phenotype O.196 In women, but not
in men, phenotype B was associated with an increased risk of stroke. Altogether,
these findings may suggest that phenotype B and/or AB confers an increased risk
for ischemic stroke. These blood groups are rather unusual in Caucasians so the
lack of association for phenotype B in our study could be due to low statistical
power.
In recent GWASes, significant associations between SNPs at the ABO locus and
CAD, or myocardial infarction in the presence of CAD, were identified.197,198
Therefore, we also investigated ABO with a tagSNP approach. In line with our
results described above, we did not detect a significant association between any
of the SNPs and overall ischemic stroke or any of the etiologic subtypes. The
SNP rs687621 included in our study was one of the top hits in one GWAS.197 In
that study, the minor allele of this SNP was associated with an increased risk of
myocardial infarction in patients with CAD. Mechanistically, the ischemic stroke
subtype that is most similar to CAD is LVD, since both have an atherosclerotic
plaque as the main pathophysiologic mechanism. Therefore, one can speculate
that ABO variants, especially rs687621, would be most likely to associate with the
ischemic stroke subtype of LVD. In our study, we could not find support for this
hypothesis, although the LVD group is small and includes only 73 patients. Thus,
small or modest associations with stroke in this subtype cannot be excluded, and
larger studies on ABO blood group in LVD are thus clearly warranted.
In conclusion, we could not find any association between ABO blood group and
ischemic stroke. Although there is recent evidence to suggest that the rare blood
groups B and AB (in Caucasians) are associated with stroke, based on the current
results it seems unlikely that the ABO blood group system is a major contributing
factor to the pathophysiologic mechanisms of ischemic stroke.

Determinants of VWF plasma levels (Papers I-III)
To connect all data from the above publications, we examined whether a
combination of VWF plasma levels and ADAMTS13 genotype shows association
with ischemic stroke. We also investigated whether ADAMTS13 gene variation
and/or ABO blood group shows association with VWF plasma levels.
Data on convalescent VWF levels were dichotomized to above or below the
median. An increased risk of overall ischemic stroke (multivariable OR of 1.91,
95% CI 1.47-2.84, p<0.001) was observed for individuals with convalescent VWF
levels above the median, compared to those with VWF levels below the median.
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The VWF data were then combined with genotypes of the ADAMTS13 lead SNP
rs4962153. Having both VWF levels above the median and being a carrier of the
minor allele of rs4962153 was associated with an increased risk of ischemic stroke
(Figure 13). However, an increased risk of ischemic stroke was also observed for
individuals with high VWF levels and the wild-type GG genotype, but with lower
OR.

Figure 13. Multivariable ORs (95% CI) for overall ischemic stroke for the combination
of the ADAMTS13 genotype and convalescent VWF levels dichotomized to above
or below the median. Number of cases/controls for the different combinations
was: 168/260 for VWF low/rs4962153 GG; 55/88 for VWF low/rs4962153 A carrier;
202/165 for VWF high/rs4962153 GG; and 125/79 for VWF high/rs4962153 A carrier.
Unconditional logistic regression adjusted for age, sex, hypertension, diabetes
mellitus, hyperlipidemia, and smoking.

For the VWF plasma levels, independent associations were observed for both
time-points with the etiologic subtype cryptogenic stroke. This result is of course
interesting in view of our finding of ADAMTS13 gene variation with respect to
this subtype. It is also of interest because relatively little, in terms of risk factors,
is known for this subtype. In the cryptogenic stroke group, carriers of the minor
allele A of rs4962153 (n=94) have significantly higher VWF levels than those
with two copies of the major allele (n=59), 240 IU/dL vs. 192 IU/dL, p<0.001. No
difference in VWF levels between carriers of the two alleles were detected for the
other major etiologic subtypes (p>0.41). Collectively, our findings suggest that a
prothrombotic phenotype, by high VWF levels and the rare allele of rs4962153, is
of importance for cryptogenic stroke.
Since we found increased VWF levels in patients with ischemic stroke, and no
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association between ABO blood group and ischemic stroke was found, we wanted
to investigate whether ABO phenotype showed the expected association with
VWF,147,148 in SAHLSIS. Indeed, controls with phenotype O had significantly
lower VWF levels as compared to individuals with phenotype non-O (Figure 14).
This was also observed for phenotype O vs. non-O for patients, both in the acute
phase and at the 3-month follow-up. To explore whether ABO blood group would
diminish the observed association between VWF levels and ischemic stroke, a
logistic regression model with adjustment for age, sex, hypertension, diabetes
mellitus, hyperlipidemia, smoking and ABO phenotype was applied. In this
analysis, similar ORs were observed as when ABO was not included in the model
(ORs of 2.13, 95% CI 1.76-2.59, and 1.53, 95% CI 1.29-1.82, for acute phase and
convalescent VWF levels, respectively, p<0.001 for both). This implies that our
observed association between VWF levels and ischemic stroke is not explained by
ABO blood group.

Figure 14. Median and interquartile ranges (IQR) of VWF plasma levels in controls
and in overall ischemic stroke in the acute phase and at the 3-month follow-up.
Phenotype O vs. non-O (A, B, and AB), (Student’s t-test). ***p<0.001

FSAP plasma levels and gene variants in ischemic stroke
(Paper IV)
In Paper IV, we set out to investigate a novel discovered protein in the hemostatic
pathway, FSAP, both at the plasma and genotype levels. We found increased plasma
FSAP antigen levels and activity in patients with ischemic stroke as compared to
controls, at both time-points (Figure 15). For FSAP activity, the acute phase levels
were significantly higher than the follow-up levels, whereas no such difference
could be observed for the FSAP antigen levels. Independent associations were
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detected for both the acute and convalescent phase FSAP measures with overall
ischemic stroke (Figure 16).

Figure 15. Median and interquartile ranges (IQR) of plasma FSAP antigen levels
(left) and activity (right) in the control and overall ischemic stroke groups. Cases
vs. controls (Student’s t-test). ***p<0.001

Figure 16. Multivariable ORs (95% CI) for overall ischemic stroke per 1 SD increase
in the acute phase and follow-up log FSAP antigen levels and FSAP activity.
Conditional logistic regression adjusted for hypertension, diabetes mellitus,
hyperlipidemia, smoking, and systolic blood pressure.

When compared to controls, all four major ischemic stroke subtypes showed
increased FSAP activity at both time-points. However, the acute phase FSAP
antigen levels were only significantly increased in the SVD group, and the
convalescent FSAP antigen levels were increased in the LVD, SVD, and CE stroke
groups, as compared to controls. No significant differences in FSAP antigen levels
or activity were observed between the subtypes at any of the two time-points. Both
FSAP antigen and activity showed independent associations with all subtypes at
both time-points, except for LVD and CE stroke for acute phase FSAP antigen
58

levels (Figure 17).

Figure 17. Multivariable ORs (95% CI) for the four major etiologic subtypes per 1
SD increase in the acute phase and follow-up log FSAP antigen levels A and FSAP
activity B. Unconditional logistic regression adjusted for age, sex, geographic area,
hypertension, diabetes mellitus, hyperlipidemia, smoking, and systolic blood
pressure.

There is very limited knowledge on the genetic and non-genetic determinants
of FSAP levels in plasma. Therefore, we explored the possible relations with
classic vascular risk factors, other biomarkers, and FSAP gene variants in the
controls. Congruent with what has been previously reported,167 women had
higher plasma FSAP antigen levels than men. We found several significant but
weak correlations, of which the strongest was with cholesterol for FSAP antigen,
and systolic blood pressure for FSAP activity (Pearson correlation coefficients
of 0.20, and 0.18 respectively, p<0.001 for both). The risk factor explaining most
of the variation in FSAP antigen and activity was sex, but in general, traditional
vascular risk factors explained a very small part of the variation in plasma FSAP
(8.9% and 4.7%, respectively). When excluding controls undergoing treatment for
hypertension, diabetes, or hyperlipidemia, classic risk factors (as measured with
continuous variables) accounted for slightly more of the variance in FSAP antigen
and activity (12.0% and 6.4%, respectively). As expected, the minor allele of the
MI-SNP was associated with reduced FSAP activity, but also with reduced FSAP
antigen levels, as compared to the wild-type allele. In addition, we also found a
few novel associations between SNPs and both FSAP measures. All associated
genotypes collectively explained 7.8% and 20.5% of the total variance in FSAP
antigen and activity, respectively. Thus, in comparison, the FSAP gene variants
actually explained more of the variation in FSAP antigen levels and activity, than
the vascular risk factors.
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There are some interesting publications on FSAP and estrogen use, which show
increased circulating FSAP antigen and activity in individuals on hormonal
therapy.105,199,200 These studies were either designed to follow a group of women
from baseline over a time period of treatment, or samples were drawn at a specific
time in their menstrual cycle. In SAHLSIS, there are only 27 women (9 controls
and 18 cases) who received oral contraceptives and 112 women (52 controls and
60 cases) who received postmenopausal hormone replacement therapy at the time
of inclusion. Unfortunately, information is lacking regarding when the treatment
was initiated in relation to their stroke, or on the phase of their menstrual cycle at
the time of blood sampling. Hence, we cannot perform a reliable analysis on the
influence of sex hormones on FSAP levels in our study.
In patients, the increase in FSAP activity was most pronounced in the acute
phase. FSAP in plasma can be activated by factors released from apoptotic or dead
cells.95 Thus, it is plausible that the increased acute phase FSAP activity is, to some
extent, a result of tissue injury after stroke. On the other hand, FSAP in plasma
binds rapidly to protease inhibitors, and the resulting complexes are removed by
internalization via LRP.104 It is therefore a fair assumption that the half-life of active
FSAP in plasma is very short. However, in the case of chronic FSAP activation
the scenario might be different. In this case, active FSAP will be continuously
generated, some of which would escape the inhibitory mechanisms. In addition,
both the FSAP activity and antigen levels were increased, both in the acute phase
and three months after stroke. Therefore, an interpretation of our results could
be that the increased plasma FSAP levels, at least in part, preceded the stroke.
The mechanism may be through increased synthesis and/or decreased clearance.
Thus, one can speculate that FSAP through prothrombotic mechanisms, perhaps
by activation of FVII94,105 and/or inhibition of TFPI,103 could contribute to the
pathophysiology of ischemic stroke.
In our study, neither the MI-SNP nor any tagSNP was associated with overall
ischemic stroke or any of the etiologic subtypes. Unlike these results, two previous
publications have found associations between FSAP SNPs and stroke.111,201 In one
of these studies, the minor allele of the MI-SNP was associated with an increased
risk of stroke (ischemic and hemorrhagic) and mortality.111 This is not consistent
with our findings of increased FSAP activity in patients with ischemic stroke. In the
original publications, summarized in Römisch et al.,104 it was shown that MI-FSAP
has lower enzymatic activity towards scuPA, but FVII activation is unchanged in
comparison to wild-type FSAP. However, more novel data demonstrate that FVII
activation by MI-FSAP is in fact lower than wild-type FSAP, hence, the SNP results
in a protein with overall lower enzymatic activity.103 Moreover, this study showed
that FSAP inactivates TFPI, and that MI-FSAP was also weaker in this respect.
If we hypothetically project these new findings into the clinical setting, then we
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would expect that MI-FSAP protects from thrombosis. On the other hand, high
FSAP activity in patients with ischemic stroke would lead to reduced TFPI activity
and a shift towards thrombosis.
For the first time, we could show that plasma FSAP levels are associated with
ischemic stroke. We investigated several potential determinants of FSAP in
plasma, but a relatively small part of the variation could be explained by these
factors. Given the possible involvement of FSAP in prothrombotic mechanisms,
this protease could have a role in the pathophysiology of ischemic stroke.

FXI gene variants in ischemic stroke up to 70 years of
age (Paper V)
Like FSAP, coagulation FXI is a hemostatic protein that has been less well
studied. For variants in the gene encoding this protein, we detected an interesting
association in SAHLSIS. We therefore sought to replicate this association in an
independent sample.

Table 8. Uni- and multivariable ORs (95% CI) for three F11 SNPs for overall ischemic stroke in the
discovery and replication samples, as compared to controls.
Discovery sample
(SAHLSIS)
Ischemic stroke n=844

Replication sample
(LSR, MDC ≤ 70 years)
Ischemic stroke n=1213

Replication sample
(LSR, MDC)
Ischemic stroke n=3145

OR (95 % CI)

0.76 (0.61-0.95)*

0.88 (0.73-1.06)

0.97 (0.96-1.10)

OR (95 % CI)†

0.74 (0.59-0.94)*

0.86 (0.70-1.06)

0.99 (0.86-1.12)

OR (95 % CI)

1.23 (1.06-1.43)**

1.11 (0.97-1.26)

1.02 (0.94-1.11)

OR (95 % CI)†

1.24 (1.06-1.46)**

1.16 (1.00-1.34)*

1.02 (0.93-1.11)

OR (95 % CI)

0.74 (0.59-0.93)**

1.02 (0.84-1.23)

1.05 (0.93-1.18)

OR (95 % CI)†

0.70 (0.55-0.90)**

1.01 (0.82-1.25)

1.03 (0.91-1.18)

rs3733403

rs925451

rs1593

†Adjusted for age, sex, hypertension, diabetes mellitus, and smoking. *p<0.05, **p<0.01

In SAHLSIS, we found independent associations between the minor alleles (G) of
rs3733403, (A) of rs925451, and (T) of rs1593 with overall ischemic stroke (Table
8). The former two were associated with a decreased risk, whereas the latter was
associated with an increased risk of overall ischemic stroke. For SNPs rs2036914,
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rs4253423, rs3822058, and rs4253431, we found no association with overall
ischemic stroke. The haplotype analysis was confined to rs3733403, rs925451 and
rs1593, and four haplotypes with a frequency >1% were identified. Haplotypes
CAA, GGA, and CGT were independently associated with overall ischemic stroke.
The strongest association was observed for haplotype CAA (multivariable OR of
1.26, 95% CI 1.08-1.46, p=0.003). The haplotype analysis was congruent with the
results for the single SNPs, e.g. haplotype CAA comprises the major alleles (C) of
rs3733403 and (A) of rs1593, and minor allele (A) of rs925451, and was associated
with an increased risk of IS.
In order to investigate whether we could replicate the above findings in an
independent sample of patients with ischemic stroke up to 70 years of age, we
genotyped rs3733403, rs1593, and rs925451 in LSR and MDC. We found an
independent association for the minor allele of rs925451, whereas no association
was detected for rs3733403 or rs1593 (Table 8). When including participants
of all ages in the analysis, we observed no significant association for any of the
three SNPs, either in the uni- or multivariable analyzes. Similarly, haplotype CAA
was independently associated with overall ischemic stroke in the sample up to
70 years of age (multivariable OR of 1.17, 95% CI 1.02-1.36, p=0.03), whereas
no association was observed in the replication sample of all ages (multivariable
OR of 1.03, 95% CI 0.94-1.13, p=0.56). Haplotype CAA is the only haplotype
containing the minor (A) allele of rs925451, so the association is probably driven
by this allele. Of note is that the cases were 48-70 years in the MDC sample, which
could potentially contribute to the weaker association observed in the replication
sample compared to the discovery sample (aged 18-70 years).
In SAHLSIS, we also investigated whether F11 SNPs show association with the four
major etiologic subtypes of ischemic stroke, but no subtype-specific differences
were found for any SNP. Furthermore, none of the F11 SNPs were significantly
associated with functional outcome, either at three months or at two years after
index stroke.
Our observed associations between rs925451 and haplotype CAA and overall
ischemic stroke was restricted to ischemic stroke up to 70 years of age, suggesting
that variation within the F11 locus might contribute to the pathophysiology
of ischemic stroke in younger rather than older subjects. This hypothesis is
supported by findings of increased FXI plasma levels in young patients with
ischemic stroke, compared to controls.126-128 What could then be the reason that
FXI seems more important in younger than in older individuals with ischemic
stroke? One possibility is that the role of FXI in thrombosis varies depending on
the event. In older subjects with ischemic stroke, atherosclerosis is more common
than in younger individuals. In atherosclerotic plaques, there are high levels of
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TF.202 Thus, when thrombosis occurs after plaque rupture, the contact activation
pathway could be of less importance, as the large amount of TF may independently
trigger thrombin generation. In younger individuals with ischemic stroke, there
might be a general prothrombotic tendency, and this age group usually has less
atherosclerotic plaques. So in this case, the contact activation pathway may have a
greater impact on thrombosis than the TF-pathway.
Variation at the F11 locus has not been investigated in ischemic stroke
before. A few studies have found associations between F11 SNPs and venous
thrombosis,136,137,203-205 one of these variants was rs925451, the lead SNP in our
study. This variant is located within the intronic region of F11, and is not known
to be functional. Interestingly, rs925451 is in tight LD with rs2289252 (r2=0.87
in HapMap), of which the minor allele has been strongly associated with both
an increased risk of venous thrombosis and with increased FXI plasma levels.137
Hence, it is plausible that the minor allele of rs925451 is also associated with high
FXI levels, which could in part explain the association we found with ischemic
stroke. On the other hand, the association of rs2289252 with venous thrombosis
was independent of FXI levels, implying that other disease-associated mechanisms
are also at play. As there is a rather strong heritability for FXI plasma levels,134,135
another explanation is that rs2289252 (or a variant in LD) better reflects life-long
FXI level exposure than a single plasma measurement. Moreover, rs2036914 has
also been strongly associated with venous thrombosis and FXI plasma levels,136,137
but for this SNP we could not detect an association with ischemic stroke. In a
recent GWAS, the F11 rs4241824 was one of the top SNPs associated with FXI
plasma levels.138 This SNP is almost perfectly correlated with rs2036914 (r2=0.94
in HapMap). In the same study, a weak but significant association was found
between rs2289252 and FXI plasma levels.
Taken together, the genetic regulation of plasma FXI expression seems to be rather
strong, but if this is a relevant mechanism for our observed association between
FXI gene variation and ischemic stroke remains to be shown.

Future perspectives
In the present thesis, we investigated the different hemostatic proteins individually,
which could give us some information about the prothrombotic state in patients
with ischemic stroke. From a clinical point of view, it would be interesting to
determine a more global function of prothrombotic mechanisms in these patients.
There are a few available coagulation and fibrinolysis screening methods, for
example activated partial thromboplastin time, but these methods have shown to
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be more efficient for bleeding disorders than for hypercoagulable disorders.206 A
more global assay of hemostatic activation is thromboelastography, but a major
drawback of this method is the limited time window between sampling and analysis
and that freeze-thawed samples cannot be used.207 Other methods examine the
fibrin network, which can be visualized microscopically and examined through its
morphology, or evaluated through its functional properties using for example the
fibrin network permeability technique.208 However, for a large number of patients
these methods would be very laborious, so in this situation, there are no really
good tests. In the future, it would be desirable to have a feasible global measure of
prothrombotic status that could be used for analysis of a large number of freezethawed samples.
For the genetic studies in this work we used a candidate gene approach, which
is the preferred method for a thorough investigation of the genetic variation in
a specific gene or locus in relation to a disease. However, this method requires
prior knowledge pointing towards a role for this gene in the disease of interest, in
this case ischemic stroke. In contrast, in a GWAS, genetic variations spread over
the entire genome are analyzed in a hypothesis-free approach, enabling detection
of completely novel genetic loci. Therefore, we will now, in collaboration with
several other groups, participate in GWAS on ischemic stroke and ischemic stroke
subtypes. In addition to find novel genetic variants associated with ischemic stroke
these studies could reveal novel loci that regulate plasma levels of hemostatic
proteins. Subsequently, these regions then need to be analyzed in more depth, in
studies with denser SNP coverage, to learn more about the potential associations
and their role in ischemic stroke.
Another interesting approach for detection of genetic variants associated with a
disease is whole genome sequencing, which is a method used to determine the
complete DNA sequence of an individual. While a GWAS is designed to detect
common disease-associated variants, whole genome sequencing allows detection
of rare variants that occur infrequently in the population. One can hypothesize that
multiple rare variants contribute to the pathophysiology of a complex disease, and
identification of these rare variants may then lead to new insights. Today, whole
genome sequencing is very expensive and produces vast amounts of data. Some
researchers are instead focusing on sequencing only the protein-coding parts of
the genome, the so called exome. Earlier this year, the first exome sequencing pilot
study of ischemic stroke was published.209 However, a large proportion of human
genetic variation reside in the non-coding parts, so hopefully, whole genome
sequencing will be more feasible in the near future.
For a variety of diseases, such as breast cancer and heart diseases, studies have
been conducted that combine genetic variants (i.e. SNPs) to form a genetic risk
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score. As a next step I would like to construct such a score for hemostatic genes of
which there is a variant that is clearly associated with a prothrombotic phenotype.
This prothrombotic genetic risk score could be an alternative approach to a global
assay of prothrombotic status, that seems more feasible in the near future than a
protein based score. In the current situation, we realize that there is not sufficient
knowledge to build a solid prothrombotic genetic risk score. Hence, we need more
biological studies to functionally characterize hemostatic gene variants.
The field of genetics is moving fast forward, with constant development of new
techniques and algorithms. In search of variants having only a small effect on a
disease, the study samples grow bigger and bigger in order to achieve statistical
power. This may lead to large samples with less well-characterized patients and
controls. For ischemic stroke, this could mean that classification of etiologic
subtypes is not performed. As is exemplified in our group’s studies, a good
phenotyping is important since we show that some mechanisms are shared
between the etiologic subtypes of ischemic stroke, while others are subtypespecific. Hopefully, the demand for larger study populations will not hamper
genetic studies in clinically well-defined samples, but rather lead to collaborations
to help improve genetic research on ischemic stroke.
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CONCLUSIONS
The focus of this thesis is on the role of hemostatic genes and proteins in ischemic
stroke and in the etiologic subtypes of ischemic stroke. Our group has previously
investigated well-known hemostatic proteins (t-PA, PAI-1, fibrinogen), while
I have chosen to examine proteins that have been less well-studied. VWF and
ABO blood group have been recognized for a long time, but despite this, data
on their role in ischemic stroke is scarce, especially regarding etiologic subtypes.
ADAMTS13, FSAP, and FXI are more recently discovered, and knowledge of their
role in ischemic stroke is very limited, or virtually non-existent.
We could detect a weak association between variation in the ADAMTS13 gene
and overall ischemic stroke, and an independent association with the etiologic
subtype cryptogenic stroke. These results suggest that ADAMTS13 may be of
importance in the pathophysiology of ischemic stroke, perhaps most notably for
cryptogenic stroke (Paper I).
Approximately three months after ischemic stroke, the plasma VWF levels
remain increased in patients, as compared to controls. At this time-point, we also
observed strong and independent associations between the VWF levels and CE
stroke and cryptogenic stroke. There are significant differences in VWF levels
between the four major etiologic subtypes of ischemic stroke, which underlines
the importance of considering these subtypes in studies of VWF plasma levels in
patients with ischemic stroke (Paper II).
We found no association between ABO blood group and overall ischemic stroke
or any of the four major etiologic subtypes, either by ABO phenotype or genotype.
However, due to the limited sample size in our study, smaller effects, especially of
the rare blood groups B and AB in ischemic stroke, cannot be excluded (Paper III).
Plasma FSAP antigen levels and activity are influenced by genetic variation in
the FSAP gene, but we could not detect any association between these variants
and ischemic stroke. Increased FSAP antigen levels and activity are independently
associated with all major etiologic subtypes, indicating a role for FSAP in ischemic
stroke irrespective of the underlying etiology. Despite previous findings of FSAP in
unstable atherosclerotic plaques, we did not find the highest FSAP levels in LVD.
This suggests that FSAP is involved in both arterial wall processes and systemic
prothrombotic mechanisms in ischemic stroke pathophysiology (Paper IV).
In two independent samples of patients with ischemic stroke and healthy controls,
aged 18-70 years, we found an independent association between FXI gene varia66

tion and overall ischemic stroke. No association was observed when including
participants of all ages, indicating that FXI may have a role in ischemic stroke at
younger, rather than an older ages (Paper V).
The present work lends support for the hypothesis that prothrombotic mechanisms
are involved in the pathophysiology of ischemic stroke. These mechanisms appear
to be of importance for all four major etiologic subtypes of ischemic stroke, but
are perhaps most interesting for cryptogenic stroke since we know so little about
this subtype.
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POPULÄRVETENSKAPLIG SAMMANFATTNING
Stroke, eller slaganfall, är en av våra stora folksjukdomar. I Sverige drabbas
cirka 30 000 personer varje år av en stroke varav hälften avlider eller får svåra
funktionshinder. Trots detta finns det relativt få studier på stroke jämfört med
många andra vanliga sjukdomar. En orsak till detta kan vara att stroke är ett
syndrom snarare än en enskild sjukdom och denna heterogenitet försvårar
designen av kliniska studier. Stroke är ett samlingsnamn för det tillstånd med
plötsliga symtom som uppstår när blodtillförseln till hjärnan hindras och den
efterföljande bristen på syre och näringsämnen orsakar skador på hjärnvävnaden.
Det finns två huvudtyper av stroke, ischemisk stroke som orsakas av en blodpropp
och hemorragisk stroke som orsakas av en blödning. Men även inom dessa
grupper är sjukdomsetiologin heterogen. I denna avhandling studeras ischemisk
stroke som är den vanligaste formen av stroke.
Ischemisk stroke orsakas både av miljöfaktorer och av ärftliga faktorer. Väletablerade riskfaktorer utgörs bland annat av högt blodtryck, diabetes och
rökning. Kunskapen om vilka ärftliga faktorer som är involverade är dock
begränsad. Dessutom varierar betydelsen av ärftliga faktorer med åldern, med ett
större inflytande hos yngre som drabbas av stroke. I majoriteten av fallen orsakas
ischemisk stroke av en blodpropp som förhindrar blodtillförseln i ett av hjärnans
kärl. Således finns det skäl att anta att faktorer som påverkar blodproppsbildning,
så kallade hemostasfaktorer, kan påverka risken att insjukna i ischemisk stroke.
Syftet med den aktuella avhandlingen var att undersöka om variation i hemostasgener och/eller plasmanivåer av hemostasproteiner är associerade med ischemisk
stroke. Ytterligare ett mål var att undersöka om dessa samband skiljer sig mellan de
etiologiska subtyperna av ischemisk stroke. Studierna baseras på en fall-kontroll
studie av ischemisk stroke, the Sahlgrenska Academy Study on Ischemic Stroke
(SAHLSIS). SAHLSIS omfattar 844 patienter med ischemisk stroke och 668 friska
kontroller. Studien fokuserar patienter som insjuknat i relativt unga år, före 70 års
ålder, och kontrollerna har samma åldersfördelning. För att möjliggöra analyser
av homogena grupper har stor vikt lagts vid att klassificera etiologiska subtyper
av ischemisk stroke. De fyra vanligaste subtyperna, som undersökts i denna
avhandling, är storkärlssjuka (ischemisk stroke orsakad av ateroskleros i ett större
blodkärl i hjärnan), småkärlssjuka (ischemisk stroke orsakad av förträngning av
ett mindre blodkärl i hjärnan), kardioembolisk stroke (ischemisk stroke orsakad
av en blodpropp som bildats i hjärtat och sedan täppt till ett blodkärl i hjärnan)
och kryptogen stroke (någon orsak kan inte identifieras trots extensiv utredning).
I delarbete I och II studerades hemostasfaktorerna von Willebrand faktor (VWF)
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och det VWF-klyvande enzymet ADAMTS13, vilka båda är involverade i de
initiala stegen i uppkomsten av en blodpropp efter en kärlskada. Vi fann att genetisk
variation i ADAMTS13 var associerad med ischemisk stroke och även med den
etiologiska subtypen kryptogen stroke. Inget samband mellan ADAMTS13 och
någon av de andra etiologiska subtyperna kunde observeras. Dessa resultat tyder
på att ADAMTS13 kan vara av betydelse för patofysiologin vid ischemisk stroke
och är kanske av särskild vikt för kryptogen stroke. Vad gäller VWF-proteinet,
fann vi förhöjda plasmanivåer hos patienter med ischemisk stroke, jämfört med
kontroller. VWF-nivåerna var förhöjda i alla de fyra etiologiska subtyperna,
med högst nivåer hos patienter med storkärlssjuka och kardioembolisk stroke
och lägst nivåer hos patienter med småkärlssjuka. Vi fann också signifikanta
skillnader i VWF-nivåer mellan subtyperna, vilket betonar vikten av att ta hänsyn
till de etiologiska subtyperna i studier av patienter med ischemisk stroke. ABOblodgrupp har en stark påverkan på VWF-nivåer och därför studerade vi ABO
i relation till ischemisk stroke i delarbete III. Vi kunde inte hitta något samband
mellan ABO-blodgrupp och ischemisk stroke eller någon av subtyperna. Dessa
resultat talar således för att ABO-blodgrupp inte är av någon större betydelse för
risken att insjukna i ischemisk stroke.
Vi fortsatte sedan genom att analysera både plasmanivåer och genvarianter
av det nyligen upptäckta hemostasproteinet factor VII-activating protease
(FSAP) i delarbete IV. Vi fann att variation i genen kodande för FSAP påverkar
plasmanivåerna, men inte är associerad med ischemisk stroke. Däremot var
plasmanivåerna av FSAP associerade med ischemisk stroke och med alla de
fyra etiologiska subtyperna, vilket indikerar att FSAP är involverad i ischemisk
stroke oberoende av den underliggande etiologin. I delarbete V studerades
genetisk variation i koagulationsfaktor XI (FXI) som bidrar till att stabilisera den
nybildade blodproppen vid en kärlskada. Vi fann en intressant association mellan
FXI-genvarianter och ischemisk stroke i SAHLSIS. Vi gick sedan vidare genom
att analysera dessa varianter i ett oberoende material av patienter med ischemisk
stroke och friska kontroller från Skåne. Vi kunde replikera vårt tidigare fynd av ett
samband mellan genetisk variation i FXI och ischemisk stroke upp till 70 års ålder,
medan detta samband inte kunde detekteras om även äldre individer inkluderades
i analysen av replikationsmaterialet. Detta tyder på att FXI kan vara involverad i
ischemisk stroke framförallt hos yngre individer.
Sammanfattningsvis talar våra resultat för att hemostasfaktorer som har betydelse
för uppkomsten av en blodpropp är involverade i patofysiologin vid ischemisk
stroke. Dessa faktorer verkar ha betydelse för alla fyra vanliga etiologiska subtyper
av ischemisk stroke. Våra fynd avseende kryptogen stroke är särskilt intressanta
eftersom kunskapen om orsakerna till denna subtyp är så begränsad.
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