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Abstract

Background

Stroke is a serious vascular disorder that comprises intracerebral hemorrhages, sub-
arachnoid hemorrhages and ischemic stroke (IS). The etiology of stroke, including he-
reditary components induced by cellular mechanisms, is therefore a research field of
vital importance. The aim of this thesis was to assess possible genetic impact on stroke
risk. We thus evaluated family history of stroke-related individual traits as well as allelic
variations in selected candidate genes.

Methods

Association studies, primarily of Lund Stroke Register data, were fundamentals in the
analyses in order to find possible genetic association with stroke risk. Hereditary risk
factors, based on family-history data and candidate gene studies, were considered.
Statistical methods for assessing the data, including basic chi-square tests of two-by-two
tables as well as various logistic regression approaches and meta-analysis applications
using the DerSimonian-Laird method, were used. TOAST subtypes of ischemic stroke
were considered when available. Also, 25 coronary artery disease (CAD) susceptible
SNPs from various genetic loci were joined together in risk scores and tested against IS
risk by logistic regression.

Results

Paper I: The prevalence of stroke or TIA among first-degree relatives may affect the pro-
band’s stroke risk (odds ratio, OR=1.74; 95% confidence interval, CI: 1.36-2.22), es-
pecially when considering mothers and offsprings (OR=2.04; 95% CI: 1.30-3.20). No
such association was seen at all between spouses. Papers II-III: SNP rs12188950 was
significantly associated with IS in Paper II (OR=0.72; 95% CI: 0.58-0.91; N=1324),
but not in Paper III (OR=0.93; 95% CI: 0.83-1.05; N=4692) where a different sample
representing an analogous Swedish population was used. Paper IV: SNP 154977574
on chromosome 9p21 was related to IS risk (OR=1.12; 95% CI: 1.04-1.20) and large
vessel disease risk (OR=1.36; 95% CI: 1.13-1.64). This genetic effect of chromosome
9p21 on IS was however already known. None of the other 24 SNPs or compiled risk
scores were significant.



Conclusions and discussion

Significant transmission of stroke from parents to offsprings but not between spouses
suggests a genetic inheritance component. But, for SNPs representing some particular
carefully selected genes, the findings regarding possible impact on IS were not that clear:
Ambiguous results were obtained, many significance tests were also negative. Moreover,
we could not generally find significant associations between SNPs susceptible for CAD

and IS risk.
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Abbreviations

ALOX5AP
CAD
CARDIoGRAM

CE

CHD
CI
GWAS
HWD
HWE
ICH
IS

LD
LSR
LVD

MAF
MDC
MHC21A
MI

OR
PDF4D
RAF

Arachidonate 5-Lipoxygenase Activating Protein.
Coronary Artery Disease.

Coronary Artery Disease Genome-Wide Replication and Meta-
analysis (a transatlantic consortium for large-scale multi-center
studies of genetic data).

Cardioembolism (mainly a defined TOAST subclass of ischemic
stroke).

Coronary Heart Disease.

1. Confidence Interval. 2. Cerebral Infarction.
Genome-Wide Association Study.
Hardy-Weinberg Disequilibrium.
Hardy-Weinberg Equilibrium.

Intracerebral Hemorrhage.

Ischemic Stroke.

Linkage Disequilibrium.

Lund Stroke Register.

Large Vessel Disease (mainly a defined TOAST subclass of isch-
emic stroke).

Minor Allele Frequency.

The Malmé Diet and Cancer Study.

Major Histocompatibility Complex class II Transactivator.
Myocardial Infarction.

Odds Ratio.

Phosphodiesterase 4D.

Risk Allele Frequency.
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RERI

RR

SAH
SAHLSIS
SAS

SNP
SPSS
SVD

TIA
TOAST

VSMC

14

Relative Excess Risk due to Interaction.

Relative Risk.

Subarachnoid Hemorrhage.

The Sahlgrenska Academy Study on Ischemic Stroke.

Statistical Analysis System (a statistical software).

Single Nucleotide Polymorphism.

Statistical Package for the Social Sciences (a statistical software).

Small Vessel Disease (mainly a defined TOAST subclass of isch-
emic stroke).

Transient Ischemic Attack.

Trial of Org 10172 in Acute Stroke (a nomenclature for classifying
ischemic stroke into subclasses).

Vascular Smooth Muscle Cells.



Populirvetenskaplig

sammanfattning

Stroke, eller slaganfall, 4r en sammanfattande benimning pa sjukdomar som drabbar
blodférsérjningen i hjdrnan. Varje ar insjuknar cirka 30000 personer i Sverige i stroke,
av dessa drabbas cirka 15% av blodningar medan resterande 85% fir infarkter, dvs
blodpropp i hjdrnan.

Stroke upptar fler varddagar i slutenvirden in nigon annan somatisk sjukdom.
Medianéldern for insjuknande 4r ungefir 75 ar, 20% av alla insjuknanden sker fore 65
ars dlder. Risken f6r en enskild att drabbas av stroke har minskat under 2000-talets forsta
decennium, men samtidigt riknar man med att antalet strokepatienter totalt sett kom-
mer att 6ka under de nirmaste decennierna till £6ljd av att vi generellt sett lever lingre.

Riskfaktorer for stroke

Det finns ett flertal vildokumenterade faktorer som kan 6ka risken f6r en stroke. Som
exempel kan nimnas hypertoni (hogt blodtryck), diabetes, hjirt- och kirlsjukdom, rok-
ning och férhojda kolesterolvirden. En del av dessa riskfaktorer, som har ett nira sam-
band med cirkulationsrubbningar och sjukdomstillstand som till exempel hjirtinfarke,
har visat sig vara nira forknippade med biologiska processer i manniskokroppen som
gatt i arv i slikten enligt studier som gjorts.

P4 senare ar har man i allt hogre utstrickning uppmiarksammat denna nedirvning,
hereditet, inom strokeforskningen. Man har bland annat dels sett pd familjehistorik
bakom insjuknande i stroke, dels undersékt om vissa bestimda gener kopplade till sjuk-
domar i kroppens blodkirl ocksa kan paverka risken att insjukna i stroke. Avhandlingen
innehéller bada dessa typer av studier, som ofta benimns familjehistorikstudier respek-
tive kandidatgen-studier.

Vad iir en genetisk markir, och vad dr en "SNP’?

En genetisk markor visar en observerbar nedirvd egenskap hos individen. Lat oss ta ett
exempel: Vi misstinker att personer med blé 6gon bir pa en viss nedirvd egenskap som
okar deras risk for att drabbas av en viss sjukdom. Vi vill underséka om en sadan risk f6-
religger genom att gora en observationsstudie. Detta gor vi genom att jimfora sjukdoms-
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forekomsten bland en stor grupp individer med bla 6gon med en referensgrupp som har
en annan ogonfirg. Variabeln (kidnnetecknet) 6gonfirg r hir en genetisk markor.

I detta avhandlingsarbete handlar begreppet genetiska markdrer om polymorfier som
dterfinns i vissa gener.

En gen kan sigas bira pé en bestimd egenskap, t ex for ett visst enzym som antingen
kan forstirka eller forebygga en viss typ av sjukdomar och ohilsotillstind. En gen finns
representerad pa ett visst identifierbart stille (region) i en kromosom, som kan beskrivas
som en lang DNA-trid. I denna region kan man aterfinna en form av genetiska marko-
rer som brukar benimnas polymorfier, eller Single Nucleotide Polymorphisms, torkortat
SNP (uttalas ofta "snipp”).

Alleler finns i tvd varianter, man brukar tala om referens-alleler och alternativ-alleler
(ibland anvinds uttrycken major alleles och minor alleles). Om 'V ir en referens-allel och
v dr en alternativ-allel fér en viss SND, sa kan en minniska bira pa tre alternativa allel-
representationer for just den SNP:en eftersom vi far en allel frain modern och en frin
fadern. En bestimd individ kan siledes representeras av antingen

VV — dvs vara homozygor for referens-allelen,
Vv — dvs vara heterozygor (Vv och vV ir likvirdiga), eller
vv — dvs vara homozygot for alternativ-allelen.

Fordelningen av dessa tre kategorier av homo- och heterozygota individer jimfors mel-
lan en grupp patienter (fall) och en grupp personer som inte har insjuknat i stroke (kon-
troller). Med limpliga skattningsmetoder kan man under vissa givna forutsittningar
testa om det gar att med ett givet krav pé statistisk sikerhet faststilla en skillnad mellan
dessa fall och kontroller for att dirmed kunna dra nagra bestimda slutsatser kring en
viss sjukdomsforekomst och dess eventuella forklaring i genetiska termer.

Avhandlingens delarbeten

Delarbete I ir en familjehistorikstudie som omfattar analys av strokepatienters och fris-
ka kontrollpersoners forstagradssliktingar (dvs forildrar, barn, syskon och halvsyskon).
Aven sambor och dkta makar ingar. Totalt 925 patienter och 286 kontrollpersoner hade
ombetts att ange uppgifter om eventuell forekomst av stroke eller TIA (transitorisk
ischemisk attack, som 4r en 6vergiende blodproppsbildning i hjirnan) bland sliktingar.
Av dessa limnade 606 patienter och 261 kontrollpersoner sadana uppgifter om 4972
forstagradssliktingar och 738 sambor eller dkta makar.

Patientgruppens forstagradssliktingar visade sig ha hogre forekomst av stroke eller
TIA samt hogt blodtryck 4n vad som var fallet med motsvarande sliktingar till kon-
trollpersonerna. Det verkade ocksd kunna finnas en antydan till hogre grad av irft-
lighet av stroke pA modernet dn pa fidernet. Mellan dkta makar kunde vi diremot
inte bekrifta nagot saidant samband. Detta stirker var tro pa att de samband vi fann ir
renodlat hereditira, utan nagon pdraglig inblandning av socialt arv och gemensamma
miljofaktorer inom familjen.

Delarbete II ir en kandidatgenstudie. Med detta menas att ett antal pd forhand ut-
valda SNP:ar undersoks. Vi analyserade salunda nio SNP:ar som representerar tre olika
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gener. Vi ville se om dessa hade nagot statistiskt samband med férekomsten av hjirn-
infarkter (ischemisk stroke). De tre generna har beteckningarna PDE4D, ALOX5AP
och MHC2TA, och de paverkar vissa biologiska processer i kroppen som kan paverka
risken f6r sjukdom i blodkirlen som i sin tur 6kar risken for en stroke. Vi fokuserade
sarskilt pa en bestimd SNP som har benimningen rs12188950 (betecknas ibland dven
SNP45) och som finns representerad i genen PDE4D. Denna SNP var dven foremal for
en metaanalys av 13 vetenskapliga artiklar. En metaanalys 4r en studie av andra studier,
dir man smilter samman resultaten. Poingen med denna sammanslagning av tidigare
resultat 4r att man fir ett betydligt stérre material. Det ger en 6kad statistisk styrka och
dirmed ocksd bittre underlag for faststillande av dven ganska svaga statistiska samband.
En viktig forutsittning dr dock att de inkluderade studierna i metaanalysen ir nigot
sandr lika betriffande definition av sjukdomsbild, deltagarnas demografiska samman-
sittning mm. Totalt inkluderade vi 932 patienter och 396 kontroller i var egen studie,
medan metaanalysen omfattade 6221 patienter och 6750 kontrollpersoner.

Vi fann att personer som ir birare av alternativ-alleler for rs12188950 kan vara
skyddade mot stroke orsakad av hjirninfarkt. Denna skyddande effeke ser ut att vara
sirskilt pataglig bland personer som lider av hogt blodtryck. Ovriga dtta SNP:ar visade
opévisbart svaga eller obefintliga samband med risken att drabbas av hjirninfarke.
Metaanalysen visade att resultaten betriffande SNP rs12188950 varierade i betydande
grad fran studie till studie (och ddrmed troligen ocksd frin befolkningsgrupp till be-
folkningsgrupp).

Delarbete III tar vid dér delarbete I slutar. Vi sig nirmare pa SNP rs12188950 ge-
nom att dven inkludera patienter och kontrollpersoner frain Malmé kost-cancer-studie
och Sahlgrenska sjukhusets ischemiska stroke-studie i och kring Géteborg. Dessutom
exkluderade vi de patienter och kontroller frain LSR som var med i delarbete II. Vart
eget material omfattade dirmed totalt 2599 patienter med hjirninfarkt och 2093 "fris-
ka” kontrollpersoner. Vi gjorde dven hir en metaanalys dir vart uppdaterade material
nu omfattade 17 artiklar innehallande 20 urskiljbara demografiska populationsgrupper
for analys.

Resultaten i delarbete IIT sag annorlunda ut om man jimfér med delarbete II. Vi
kunde inte statistiskt pavisa att rs12188950 kan ha en effekt pa risken f6r hjirninfarke.
Vi kunde inte heller se nagot sadant tydligt samband nir vi analyserade de 1727 patien-
ter och 1056 kontrollpersoner i vart material som led av hogt blodtryck. Vi kunde se en
svag antydan till beskyddande effekt nir 382 patienter och 321 kontroller under 55 érs
dlder pa motsvarande sitt undersdktes, men det sambandet ar for svagt for att man ska
kunna dra nigon generell slutsats.

Den utokade metaanalysen i delarbete III ledde inte fram till nigra andra slutsatser
dn de som framkom i motsvarande analys som presenterades i delarbete II. En lite an-
norlunda strukturering av datamaterialet, med delpopulationer snarare 4n publicerade
studier i fokus, gav lisaren mojlighet att illustrativt bilda sig en uppfattning om even-
tuella skillnader som kan bero péa kon, nationalitet eller etnicitet. Négra tendenser till
skillnad mellan dessa undergrupper som skulle kunna vara intressanta att ta tag i och
undersoka nirmare kunde dock inte skdnjas.
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Delarbete IV innehiller en observationsstudie som, i likhet med delarbete III, om-
fattas av patienter med stroke pga hjirninfarkt och "friska” kontroller frin Lunds stro-
keregister, Malmé kost-cancer-studie och Sahlgrenska sjukhusets ischemiska stroke-
studie i Goteborg med omnejd. I denna kandidatgenstudie sig vi pa 25 SNP:ar fran
olika genetiska regioner. Gemensamt f6r de 25 SNP:arna ir att de i tidigare studier som
gjorts visat sig ha ett tydligt samband med hjirt- och kirlsjukdomar. Vi var intresserade
av att undersdka om dessa SNP:ar dven kunde ha nigon effekt pa risken att insjukna i
hjdrninfarkt.

Trots att vi hade ett relativt stort material att tillgd, med ett bruttourval pa 3986 pa-
tienter och 2459 kontrollpersoner, kunde vi inte finna nagra storre tecken pé ett sddant
samband. Endast ett genetiskt omride i kromosom 9, nimligen 9p21 som vi redan
har sett pd i en tidigare studie, visade sig vara pavisbart associerat med férekomsten av
hjarninfarkt genom SNP rs4977574. En viss typ av stroke, s.k. storkirlssjukdom som
har ett nira sliktskap med hjirt- och kirlsjukdomar som exempelvis aderforkalkning
och hjirtinfarke, visade sig ha ett dnnu starkare samband med denna enda genetiska
markér i den genetiska regionen 9p21.

En konstruerad riskfaktor som byggde pa en sammanvigning av de 25 SNP:arna,
en s.k. risk score, visade sig inte ha ndgot pavisbart samband med varken hjirninfarket i
stort eller ovan nimnda storkirlssjukdom.

Slutsatser

Sammanfattningsvis har vira statistiska analyser lett fram till att vi timligen klart kan
konstatera att férekomsten av stroke bland annat péverkas av genetiska faktorer. Det
finns pafallande tydliga indikationer pa att barn till férildrar som haft stroke eller TIA
sjdlva loper hogre risk att fi en stroke. Nedirvning frin moderns sida ser ut att vara
sirskilt tydlig. Aven vissa SNP:ar, t ex rs4977574 och i viss man dven rs12188950, visar
att det finns en genetisk komponent som spelar en roll for risken att insjukna i hjirnin-
farkt, den typ av stroke som vi har analyserat i vara kandidatgenstudier.

Det finns sannolikt en del ytterligare samband som dnnu inte gir att statistiskt ve-
rifiera. Dessa skulle kanske kunna pévisas om vi hade tillging till ett storre material.
Sérskilt intressant blir det nér hjarninfarke delas in i undergrupper. Ett exempel ar kar-
diell emboli, som innebir att sma klumpar av levrat blod lossnar frin hjirtats férmak
och transporteras upp till hjarnan dir de kan sitta sig som blodproppar och dirmed
strypa blodtillfrseln med vivnadsdod som f6ljd. Hir skulle studier pa gener som ligger
bakom exempelvis formaksflimmer kunna vara av betydelse di férmaksflimmer 4r en
kind riskfaktor for just kardiell emboli.
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Introduction

Stroke is the third most common cause of death in the Western World today. Every year
about 30000 persons are suffering from stroke in Sweden, and about one fifth of those
are below 65 years of age (Toivanen 2011, Warlow 2003). The consequences of stroke
in terms of e.g. production loss, sickness absence from work, negative impact on family
relationships and social life are immense, and in Swedish domestic expenditure terms
one may talk about losses of about 10 billion SEK or more (Daniel 2009, Ghatnekar
2004). While increasing stroke incidence rates were observed between 1989 and 2000
(Medin 2004), a decline in age-standardized stroke incidence rates is suggested for the
beginning years of the 21* century (Hallstrm 2008).

The concept of stroke

Stroke can be defined as rapid loss of brain function (or functions) caused by disturbance
in the focal blood supply to the brain (WHO 1988). There are two main types of stroke:
hemorrhages (bleedings) and ischemic strokes (Fagius 2006). Ischemic strokes are some-
times also denoted cerebral infarctions. This definition is however inadequate because
cerebral infarctions also include silent cerebral infarctions while ischemic strokes do not.

A hemorrhage is a leakage of blood caused by a rupture of a blood vessel. Such a
rupture may have been preceded by a cerebral aneurysm, often located in the circle of
Willis and its branches (Figure 1). This is common in the case of subarachnoid hemor-
rhage (SAH), in which the blood leakage will spread within the subarachnoid space (the
cerebrospinal fluid-filled space between the pia mater membrane and the arachnoid
membrane, see Figure 2). A bleeding due to blood vessel rupture may also occur within
the brain tissue itself. That kind of hemorrhage is often denoted intracerebral hemor-
rhage (ICH) and it is categorized as stroke if occurring spontaneously.

An ischemic stroke (1S) is a sudden loss of function due to loss of blood supply to an
area of the brain that controls that function. Usually, IS is directly caused by a partial or
complete blockage of an artery that supplies the brain. IS can be categorized into differ-
ent subgroups due to different etiologic structures. There are thus four important such
main types of IS that are defined by a well-established international nomenclature, the

Trial of Org 10172 in Acute Stroke (TOAST) (Adams 1993, Grau 2001):
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Figure 1: The anatomy of the circle of Willis and its branches (Source: Wikimedia commons public
domain 2007).
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Figure 2: A section of the human scalp showing the membranes (dura mater, arachnoid, pia mater)
between the cranium bone and the cortex, covered by pia mater. (Source: Gray’s Anatomy 1918).

— Cardioembolism
— Large vessel disease
— Small vessel disease
— Cryptogenic IS

Cardioembolism (CE), also denoted embolic stroke, refers to the blockage of an artery
by an arterial embolus, a travelling particle or debris in the arterial bloodstream origi-
nating from the heart. An embolus is most frequently a thrombus, and in about 50%
of all CEs a thrombus-induced blockage caused by atrial fibrillation is the primary
reason of the stroke. CE may also be caused by large vessel dysfunctions, valvular heart
diseases, prosthetic valves and tumors in the heart (Hirsh 2005).

Large vessel disease (LVD), or large artery atherosclerosis, is a disease usually caused by

atherosclerotic plaques that involves the common and internal carotid arteries, the ver-
tebral artery and the circle of Willis (Bevan 2005, Kuo 1992). Other diseases that may
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cause thrombus formation in the large vessels include e.g. dissection, fibromuscular
dysplasia and rare inflammatory diseases of the arterial vessel wall.

Small vessel disease (SVD) refers to a group of pathologic processes that affect small
arteries, arterioles, venules and capillaries of the brain (Pantoni 2010). Age-related and
hypertension-related SVDs and cerebral amyloid angiopathy are the most common
forms (Khan 2007, Ross 1993). SVD may cause lesions located in the subcortical
cerebral structures. Lacunar infarcts, white matter lesions, large hemorrhages, and mi-
crobleeds are examples of such lesions.

Cryprogenic stroke can be defined as IS without identified structural etiology. One the-
ory suggests a possibly identifiable etiological subtype that can be explained by the
occurrence of emboli caused by blood shunting from the right to the left atrium of the
heart through patent foramen ovale (Tobis 2005, Lamy 2002).

Transient Ischemic Attack

A transient ischemic attack (TTA) is a milder, reversible form of cerebral ischemia. TIA
is also in itself considered to be a strong risk factor for more fatal forms of cerebrovascu-
lar diseases. Also, although TTA is considered as a reversible occurrence of artery occlu-
sion that persists between a few minutes and 24 hours, it should be regarded as a serious
predictor of IS and an indicator for considering adequate prophylactic treatment.

Hereditary aspects of stroke

It is evident that stroke onsets (hemorrhages as well as ischemic strokes) are mani-
festations of various vascular disorders. Consequently, the most influential risk fac-
tors for stroke (apart from age, smoking habits and previous TIAs) are hypertension,
diabetes mellitus, hypercholesterolemia, myocardial infarction and atrial fibrillations
(Flossmann 2004, Wolf 1998, Al Mamun 2004). These vascular risk factors may pos-
sibly also explain certain etiologic structures behind stroke. This opens for assessments
on e.g. the particular main TOAST subtypes of IS described in the section above.

Two kinds of hereditary studies are carried out in this thesis: A family history study
(Paper I) and a candidate gene study (Papers II-IV). Both of these approaches consider
the vascular disorders mentioned above as parts of the etiology behind the occurrence
of stroke.

Familial inheritance

Previous studies have suggested that familial inheritance of the vascular risk factors for
stroke plays an essential part for familial inheritance of stroke risk itself (Jerrard-Dunne
2003, Marenberg 1994, Meschia 2004). In some rare cases a well-defined stroke com-
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ponent is present (Tournier-Lasserve 1991). It is also notable that other kinds of dis-
eases than stroke, e.g. particular cancers that are parallel to stroke by the means of in-
heritance in families (especially when occurring in younger ages) have been assessed and
documented previously by the use of equivalent methodological approaches (Knudson

1985).

Candidate genes for stroke

Previous genome-wide association studies (GWASs) have provided essential informa-
tion about cellular mechanisms that may influence inflammatory processes with impact
on vascular disorders that are associated with some particular genetic regions on the
human chromosomes (e.g. Gretarsdottir 2003, Helgadottir 2004, Schunkert 2011).
A fundament in our candidate gene studies was to use these previous findings in order
to select genetic markers appropriate for analysis. We thus selected SNPs that possibly
might affect IS risk by using knowledge from these findings. We then carried out allelic
association tests to either confirm or reject our hypotheses. We mainly concentrated on
examining SNPs within the following genetic regions:

PDE4D, an enzyme that may reduce the proliferation of vascular smooth muscle cells
(Conti 2003, Pan 1994). This might in turn affect the occurrence of hypertension
that is a potential risk factor for IS. An Icelandic study, published in 2003 and fre-
quently referred to, has suggested that the PDE4D region on chromosome 5q12 might
be associated with stroke related to atherosclerosis (Gretarsdottir 2003). These find-
ings have later been replicated or utilized for further analyses in other studies, also
including meta-analyses (e.g. Bevan 2005, Bevan 2008, Brophy 2006, Kostulas 2007,
Kuhlenbiumer 2006, Meschia 2005, Nakayama 2006, Nilsson-Ardnor 2005, Quarta
2009, Rosand 2006, Salaheen 2005, Song 2006, Staton 2006, van Rijn 2005, Woo
2006, Yoon 2011, Zee 2006).

ALOXS5AP, a protein that encodes the 5-Lipoxygenase-Activating Protein (FLAP) en-
zyme, which regulates production of leukotriene inflammatory mediators, shown to
be of relevance for occurrence of atherogenesis and plaque rupture (Helgadottir 2004,

Kostulas 2007, Lohmussaar 2005, Meschia 2005).

MHC2TA, that encodes a protein involved in regulation of expression of an antigen
associated with increased susceptibility to myocardial infarction. It is reported as a ge-
netic marker for diseases with inflammatory etiology (including rheumatoid arthritis,
multiple sclerosis and myocardial infarction), and might therefore be a considerable

vascular risk factor for IS (Ghaderi 2006, Lindholm 2006, Swanberg 2005).

CDKN2A and CDKN2B, that are known as key regulators of the cell cycle. Their
possible influence on increased risk of heart disease may be mediated through reduced
regrowth of arterial intimal cells, a phenomenon implicated in the development of ath-
erosclerosis. (Bishop 2002, Cluett 2009, Harismendy 2011, Helgadottir 2007, Ishii
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1999, Smith 2009, Visel 2010). These genetic loci are found within the 9p21 chromo-
some. Within the same genome region, it has also been reported that ANRIL is ex-
pressed in cells and tissues affected by atherosclerosis (Broadbent 2008, Holdt 2010).

Demographic aspects of stroke and genetics

It is generally known that demographic and socioeconomic structures in a popula-
tion have a non-ignorable influence on stroke risk and stroke mortality (The Swedish
National Board of Health and Welfare 2012). Age, gender, family income and eth-
nicity are factors that may affect stroke incidence. Consequently, these factors have
been considered in many previous reports on genetic impact on stroke (Brophy 20006,
Domingues-Montanari 2010, Li 2008, Meschia 2005, Song 2006, Welin 1987).
A report that compared data from 18 populations in 10 countries by utilizing data
from the WHO MONICA (World Health Organization Monitoring Trends and
Determinants in Cardiovascular Disease) Project confirms the assumption that differ-
ences regarding stroke risk due to nationality and demographic subgroupings risk may

exist (Thorvaldsen 1995).

Stroke and age

Age is a strong risk factor for stroke. The risk of being hit by a first-time stroke increases
exponentially from about 30 per 100000 individuals each year at 30-39 years of age,
to about 2000-3000 per 100 000 each year at ages above 85 (Fagius 2006). Vascular
risk factors, such as hypertension, diabetes mellitus, smoking and obesity, may partially
confer an increased risk for cardiovascular diseases and atherosclerosis, and thus also
stroke (primarily IS), among individuals aged 50-75 years (Lloyd-Jones 2006).

In recent years researchers have also focused on the etiology of stroke among younger
stroke patients. Some risk factors, e.g. the use of oral contraceptives, or the presence of
unusual (or rare) congenital malformations of the heart such as patent foramen ovale
or atrial septal aneurysms, may increase the risk of stroke even among younger persons
(Song 2006, Lamy 2002, Cerrato 2004). Cryptogenic strokes and CEs, as well as
SAHs that are more common among younger adults (vanGijn 2007), are motivating
subjects of study regarding younger stroke patients.

Stroke and gender

Possible differences between men and women regarding the risk of being suffering from
stroke may to some extent be associated with life-style indicators, such as smoking
habits, alcohol intake and type of occupation. Findings from a pre-clinical study sug-
gested that estrogen may milder stroke outcomes during vascular occlusions among
pre-menopausal female rats (Alkayed 1998). Another publication, addressing to the
Framingham Study, suggested that atrial fibrillation might cause a higher risk for IS
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among women than among men when considering an age-standardized coronary heart
disease subpopulation (Wolf 1991).

There are also other aspects of stroke and gender. A previous family history study
suggested that maternal history of stroke might affect stroke risk, especially among
women (Tentschert 2003). This finding was considered in Paper I.

Stroke and ethnicity

Studies on the U.S. population have suggested an augmented risk for stroke (IS as well
as SAH and ICH) among the African American population compared to Americans
with European ancestors (Gorelick 1998, National Stroke Association 2012). In
Sweden, selected groups of immigrants might be associated with stroke-related vascular
disorders, such as coronary artery diseases and coronary heart diseases (Borné 2012,
Gadd 2005). This is also reported in a study linked to the STROMA register project
(Khan 2004). The findings from the studies on Afro Americans in the U.S. and im-
migrants in Sweden have some similarities: Socioeconomic status, including education,
occupation, income and life-stile, known to affect the rates of known risk factors such
as hypertension, diabetes mellitus and heart failures, seems to be a contributing factor.

The analyses in brief

In Paper I we analyzed the genetic (and environmental) inheritance of stroke within
families. Questionnaires allowing for self-report regarding possible stroke-history with-
in the family is a rather rough diagnostic tool. The patients and control subjects usually
know what a stroke is, but in most cases they cannot give detailed information about
family history of hemorrhages or IS with or without a specific subtype. Nevertheless,
family history-based assessments of genetic influence of stroke is valuable as an aid for
allocating optimal subsets of data when performing further studies based on candidate
genes (Jerrard-Dunne 2003).

In Papers II and III we used SNP data from genes encoding the phosphodiesterase
4D gene (PDE4D). In Paper II we also put emphasis on the 5-lipoxygenase activat-
ing protein (ALOX5AP on chromosome 13q12-13), and the major histocompatibility
complex class II transactivator (MHC2TA on chromosome 16). In Paper IV we focused
on a wide spectrum of genes with one similarity: their impact on CAD according to
previous studies

Keeping the ambiguous results regarding one particular SNP in the PDE4D gene
in mind (namely rs12188950, also denoted SNP45), we performed a meta-analysis
for that single SNP on a Caucasian population, including 13 studies, in Paper II. That
meta-analysis was updated in Paper III, where 17 published studies were involved. Our
own studies were included in these meta-analyses.
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“We do not play the piano with our fingers but with our mind.”

Glenn Gould,

Canadian pianist.

Born in 1932.

Died of a stroke in 1982.
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Aims

This thesis can be regarded as a cross-sectional work that includes four main fields of
science:

— A genetic field comprising a family history approach, i.e. assessments intended to
find possible association of increased stroke risk between close, biologically related
members of a family.

— A genetic field comprising the detection of appropriate candidate genes, known
from previous studies to be involved in cellular mechanisms that might affect known
vascular risk factors of stroke.

— A pathogenetic field, including neurologic and cardiologic etiology in individuals
with or without stroke.

— A statistical field, including application of quantitative methods for assessing data
and knowledge of how to interpret the results of these assessments.

When taking these scientific disciplines into account, the specific aims could be stated
as follows:

— To examine a possible relation of stroke and vascular risk factors for stroke between
family members (Paper I)

— To examine a possible environmental effect of inheritance besides the purely genetic
effect when analyzing the effect of family history on stroke (Paper I).

— To explore possible gender-dependent factors influencing the inheritance of stroke
(Paper I).

— To replicate previous findings that provided conflicting results by using large sample
sizes (including the utilization of meta-analyses) to see if the previously thus assessed
polymorphism may be associated with IS (Papers II and III).

— To examine polymorphisms from a specific genetic region joined together to a hap-
lotype to find possible association with the risk of (ischemic) stroke (Paper II).
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— To examine polymorphisms from completely different genetic loci, but with a com-
mon impact on a specific histopathologic mechanism and thereby susceptibility for
coronary artery disease, to find possible association also with IS (Paper IV).

— To cope with particular statistical problems, such as Hardy-Weinberg disequilib-
rium, that might appear when handling population data providing genetic informa-
tion (Papers II-1V, see also the Further statistical considerations section below).
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Methods

Study population

Lund Stroke Register

The four studies that form this thesis are all principally based on analyses of data from
Lund Stroke Register (LSR). LSR is a population-based data base aimed for case-con-
trol studies, and it includes all patients with first-ever stroke since 2001 from the local
catchment area of the Skane University Hospital located in Lund (Hallstrom 2007).
Each patient was initially matched by one or more control subjects, randomly selected
by stratification variables age and sex from Befolkningsregistret, the Swedish Population
Register (e.g. Statistics Sweden 2012). The control subjects were residents of the same
geographical area as the patients when selected.

The patients were consecutively selected from March 1, 2001. The inclusion of con-
trol subjects has been done in 2001 and 2006. The number of participants recruited
from LSR in the studies referring to Papers I-IV were:

For Paper I (inclusion between March 1, 2001 and May 31, 2003): 606 stroke pa-
tients and 261 control subjects, providing questionnaire data regarding self-reported
stroke, TTA and possible vascular risk factors for stroke from a total of 4972 first-degree
relatives and 738 spouses.

For Paper II (inclusion between March 1, 2001 and September 30, 2004): 932 IS
patients and 396 control subjects.

For Paper III (inclusion between March 1, 2001 and August 31, 2007, participants
included in Paper II were excluded in this study): 920 IS patients and 566 control sub-
jects. In addition this multi-center study included participants from The Malmé Diet
and Cancer Study (MDC) and The Sahlgrenska Academy Study on IS (SAHLSIS). Se
section below.

For Paper IV (inclusion between March 1, 2001 and February 28, 2009): 2250 IS
patients and 930 control. In addition this multi-center study included participants
from MDC and SAHLSIS. Se section below.

Two other included study populations — MDC and SAHLSIS

In Papers III and IV, the two study populations MDC and SAHLSIS were included in
addition to LSR.
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MDC is a prospective cohort study that was initiated in the early 1990’s (Dahlberg
2011, Smith 2009). A cohort of 28449 individuals from the local catchment area of
former Malmé University Hospital (since 2009 included in Skine University Hospital)
were included between 1991 and 1996 for baseline examinations. First-ever IS pa-
tients were recruited from that cohort until 2006. Control subjects without stroke were
selected from the same cohort and matched to the cases for sex and year of birth.
Participant characteristics, including vascular risk factors for stroke (e.g. hypertension,
diabetes mellitus and smoking), were collected at baseline.

SAHLSIS is a case-control study of IS that comprises selected geographic areas in
Western Sweden due to inclusion of patients from four stroke units. First-ever stroke
patients were recruited to SAHLSIS between 1998 and 2008 (Jood 2005, Olsson
2011.1, Olsson 2011.2, Olsson 2011.3). Control subjects consist of individuals with-
out cardiovascular disease that were randomly recruited from the same geographic area
as the patients. The recruitment was carried out through a population-based health
survey. Control subjects were also included from the Swedish Population Register. The
age of patients and control subjects ranged between 18 and 70 years at inclusion.

Variables

Stroke

Any person that was diagnosed with first-ever stroke by hospitalization or visiting the
primary health care within the local catchment area of Skine University Hospital’s sub-
division in Lund (the former Lund University Hospital) was defined as a stroke patient.
For the multi-center studies (also including the MDC and SAHLSIS populations) the
overall IS definitions were similar.

Stroke was diagnosed according to the WHO definition (WHO 1988). It is notable
that subdural hematomas and TIAs are not defined as stroke.

Ischemic stroke and ischemic stroke subtypes

IS was diagnosed through computer tomography or magnetic resonance scan, or au-
topsy findings. In addition, a classification of IS subtypes was performed by using the
nomenclature of TOAST (Adams 1993). Three distinguishable TOAST subtypes were
thus determined, namely LVD, SVD and CE. These TOAST subtypes are more pro-
foundly described in the Introduction section.

LSR included in February 28, 2009 a total of 2177 examined patients, of whom
162 patients were diagnosed with LVD, 479 with SVD and 685 with CE. Remaining
non-missing patients were either subjects with cryptogenic stroke etiology, or defined
with more than one subgroup or unclearly defined (denoted as cursory examination).
SAHLSIS, but not MDC, also included TOAST-subtyped data (for SAHLSIS study
data 111 LVD, 165 SVD and 151 CE patients were included).

30



Phenotypes

As mentioned in the Introduction section, stroke is associated with various vascular
risk factors. The most essential of these risk factors are

— Age

— Hypertension

— Diabetes mellitus

— Heart diseases

— Smoking habits, especially current smoking
— Previous TTAs

— Heart disease

For the LSR population as well as the MDC and SAHLSIS populations, the variable
age was defined at the date of first-time stroke onset for patients. For control subjects of
LSR and SAHLSIS, age was defined at the time-point of inclusion.

Variable definitions of age and vascular stroke risk factors for MDC control subjects
were however different because these subjects were included in a longitudinal cohort
study where the patients suffered a stroke during the period (from 1991 to 2006) of
surveillance. Thus, control subjects were individually matched to stroke patients ac-
cording to age and sex, and the age of each control subject was consequently defined at
the date of the matching stroke patient’s stroke onset.

Hypertension was defined as either medical treatment for hypertension, or blood
pressure 160/90 mm Hg or higher at the time of discharge or after at least 1 week of
hospitalization (measurements among SAHLSIS cases were performed at 3 months
follow-up) (Jood 2005).

Diabetes mellitus was defined as dietary or medical treatment for diabetes mellitus
or measurements at discharge or at least 1 week of hospitalization as follows (measure-
ments among SAHLSIS cases were performed at 3 months follow-up) (Jood 2005):

Blood glucose >6.1 mmol/l at two occasions

Plasma glucose >7.0 mmol/l at two occasions, or alternatively, >11.0 mmol/l at one
occasion with concurrent symptoms suggestive of diabetes mellitus.

Smoking habits was defined through self-report. Three alternatives were given: Current
smoking, previous smoking and never-smoking. A dichotomous variable for current
smoking (used in Papers I-IV) was defined as “current smoking versus previous smoking
and never-smoking”.

Previous TIAs was defined as sudden onset of pareses, sensory loss, visual loss, speech
disorder and similar, with duration shorter than stroke, usually minutes or hours and
not more than 24 hours.
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For LSR, heart disease was defined as diagnosis of angina pectoris, myocardial in-
farction, congestive heart failure, atrial fibrillation/flutter, medical treatment for heart
disease or history of cardiac surgery. The heart disease variable was not included from
MDC and SAHLSIS. Heart disease was included as an intermediary variable in Papers
Iand II.

For MDC, the phenotypic risk factors for stroke were defined at the inclusion of
each participant (i.e. fully six years in average before stroke onset for the MDC stroke
patient group). The subsequent time-lag may cause some loss of validity for these vas-
cular stroke risk indicators.

Indicators for family history-based inheritance (LSR)

To the family history assessments (Paper I) we have defined the inheritance indicators
in the subsequent way:

Patients and control subjects from LSR were considered as probands. By complet-
ing a questionnaire these probands have provided information about the occurrence
of stroke (including TIAs), diabetes mellitus, hypertension and smoking habits among
their relatives (i.e. the probands’ grandparents, parents, siblings, spouses and children).

Only first-degree relatives were relevant for the family-history study in Paper I. A
first-degree relative can either be a parent, a sibling (also a half-sibling) or a biologic
child of the proband. Half-siblings were accepted as first-degree relatives. The informa-
tion from the first-degree relatives were self-reported by the respective proband in the
study or, if not possible, by his/her next of kin.

Table 1. Availability of outcome variables and explanatory variables (risk factors for stroke) among
probands and first-degree relatives of probands in the Paper I family-history study.

Available for Available for first-degree
probands relatives®) of proband
Outcome variable:
— Ischemic strokes (IS) Yes No
— Intracerebral hemorrhages (ICH) Yes No
— Subarachnoid hemorrhages (SAH) Yes No
— All types of stroke Yes Yes (stroke + TIA)
Risk factors considered:
— Previous TIA Yes Partially (stroke + TTA)
— Hypertension Yes Yes
— Diabetes mellitus Yes Yes
— Smoking Yes Yes, partially**)

*) First-degree relatives and spouses. Note, that all information is based on anamnesis from the proband
g P P
or his/her next-of-kin.
**)'The variable smoking includes non-smokers, previous smokers and current smokers for the probands
at stroke onset, but only a general “yes/no”-reply for the first-degree relatives.
yag Y pPly g
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Table 1 gives an overview about the variables obtained from the probands, and from
the questionnaire replies regarding the first-degree relatives and siblings of the pro-
bands. For natural reasons we were not able to collect information about stroke sub-
types among first-degree relatives, all stroke types and additionally TIA were defined as
one indivisible cluster of strokes. Another constraint may be the validity of these data,
as all information is based on anamnesis from the proband.

Indicators for genotype-based inheritance

Assessments of the associations between IS and particular genetic markers were per-
formed in Papers II, III and IV. These genetic markers, also denoted genotypes, were
defined as single nucleotide polymorphisms (SNPs) within specific regions of particular
selected chromosomes.

In Paper II five SNPs coding for the PDE4D gene within chromosome 5 were as-
sessed. These five SNPs were also subjects for a very plain haplotype analysis with the
intention to detect a possible linkage disequilibrium structure within the PDE4D gene
(Broad Institute 2008). Paper II additionally included the analyses of three SNPs with-
in ALOX5AP on chromosome 13 and one SNP within the MHC2TA region in chro-
mosome 16.

In Paper III one particular SNP, SNP rs12188950 in the 5 end of chromosome 5,
also denoted SNP45 and encoding for PDE4D, was analyzed thoroughly.

Paper IV comprises 25 SNPs related to different loci. The main purpose was to find
a predictor of IS risk by using the information from previously reported genetic associa-
tion with coronary heart disease in recent GWASs (Erdmann 2009, Hamrefors 2011,
Kathiresan 2009, Newton-Cheh 2009, Preuss 2010, Reilly 2010, Visel 2010, Samani
2007, Schunkert 2010). The Coronary Artery Disease Genome-Wide Replication and
Meta-Analysis Study (CARDIoGRAM) played a central part. We thus focused on com-
pilation of risk scores having this previous findings regarding coronary heart disease
risk in mind (Ripatti 2010, Schunkert 2011). Consequently, the following SNPs were
considered when these risk scores were compiled:

15646776 on chromosome  1pl13,
1s17114036  on chromosome  1p32.2,
rs11206510  on chromosome  1p32.3,
1517465637  on chromosome  1q41,
156725887 on chromosome  2q33.1,

rs9818870 on chromosome  3q22.3,
1517609940  on chromosome  6p21.31,
1512190287  on chromosome  6q23.2,
1512526453  on chromosome  6p24.1,
1s3798220 on chromosome  6q25.3,
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1511556924  on chromosome  7q32.2,
154977574 on chromosome ~ 9p21.3,
rs579459 on chromosome  9q34.2,
rs1746048 on chromosome  10q11.21,
1512413409  on chromosome  10q24.32,
rs964184 on chromosome  11q23.3,
rs653178 on chromosome  12q24,
154773144 on chromosome  13q34,
rs2895811 on chromosome  14q32.2,
rs3825807 on chromosome  15q25.1,
rs216172 on chromosome  17p13.3,
1512936587  on chromosome  17p11.2,
rs46522 on chromosome  17q21.32,
151122608 on chromosome  19p13.2, and
rs9982601 on chromosome  21q22.1.

Natural logarithms of the odds ratios (ORs) from the previous GWASs (Schunkert
2011) were used as weights when compiling the risk scores. A plain, alternative compi-
lation method that simply added the number of risk alleles representing the 25 included
SNPs was also utilized.

Statistical methods

Three kinds of statistical analysis, each referring to a specific purpose, were performed:
1.) To examine if the data was appropriate for the desired analysis. 2.) To perform the
desired analysis to find possible significant associations that are consistent with the hy-
pothesis formulated. 3.) To confirm that the desired analyses were interpreted correctly.

The first category of statistical analysis comprised univariate statistics of mostly back-
ground data, such as Mann-Whitney’s U-test of two independent samples, Wilcoxon’s
test of paired samples or Fisher’s exact test of two-by-two tables. The purpose was to
briefly examine cases and control subjects regarding possible differences in age, sex and
some dichotomous vascular risk factor indicators (e.g. hypertension, diabetes mellitus
or smoking/never-smoking).

The second category included methods of univariate and multivariable analysis,
mainly in order to confirm possible findings regarding association between stroke risk
(i.e. the outcome variable) and an assumed hereditary risk factor for stroke (i.e. fam-
ily history of stroke/TIA or genotyped genetic markers). ORs from computations of
two-by-two tables as well as simple logistic regression and multiple logistic regression
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analysis were utilized. Multiple logistic regression approaches were mostly controlling
for vascular risk factors (e.g. hypertension, diabetes mellitus, smoking).

In Paper II we practiced a method to compute relative excess risk due to interaction
(RERI). The purpose was to test for possible difference between two ORs, discriminat-
ed by two groups: hypertensive versus not hypertensive participants (Hosmer 1992).
We also performed correlation analyses using a standard program for analysis of hap-
lotype structures to find a possible cluster of SNPs forming a haplotype block (Broad
institute 2008).

The third category comprised statistical methods intended to evaluate the quality
and credibility of the assessed data. In Papers II-IV we performed Hardy-Weinberg
equilibrium (HWE) tests to examine if the allelic frequencies deviated from a state of
being constant from generation to generation. Such a deviation might have affected the
interpretation of our results. See also the Further Statistical Considerations section be-
low. In Papers I and III we carried out heterogeneity tests for possible ambiguousness
regarding the findings in the meta-analyses.

Meta-analysis

In Papers II and III we performed random effects DerSimonian-Laird meta-analyses
of selected previous publications (DerSimonian 1986). The main purpose was to find
a precise overall OR. The meta-analyses (and the forest plots linked to these, see for
example Figure 3 under the Findings section) were also aimed to visualize possible
geographical, ethnical and gender-related differences regarding IS susceptibility of SNP
1512188950 in the PDE4D gene.
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Findings

Findings in Paper I

We noticed a significant augmented risk for stroke among probands with a family histo-
ry of stroke or TIA. Conversely, first-degree relatives to a group of 582 patients showed
a family-history prevalence of stroke or TIA of 12.3%. For the first-degree relatives of
236 control subjects this rate was 7.5%. Also, OR=1.74; 95% CI: 1.36-2.22 when
considering stroke/TTA among first-degree relatives as a risk factor for stroke among the
probands themselves. The number of first-degree relatives attached to these patient and
control subject probands was 2439 and 1241, respectively.

When considering 2188 first-degree relatives to patients with stroke subtype cerebral
infarctions only, this association remained significant (OR=1.76; 95% CI: 1.38-2.26;
estimates are adjusted for age and gender of proband).

Another notification is the detection of a possible association between stroke risk
and family-history of hypertension (OR=1.33; 95% CI: 1.10-1.60). Heart disease,
diabetes mellitus and current/previous smoking among first-degree relatives were also
tested against stroke risk among probands, but were found non-significant.

The association between stroke among the probands and previous stroke or TIA on-
sets among their respective spouses (414 stroke patients and 186 control subjects with
non-missing values were examined) was non-significant (OR=1.20; 95% CI: 0.70-
2.06; p-value=0.497). This notation strengthens the assumption that stroke risk is not
generated by social impact within families.

It is noticeable that prevalence of stroke or TIA among mothers might increase the
stroke risk for the proband (OR=2.04; 95% CI: 1.30-3.20; p-value=0.002). The ob-
served effect size estimate of this transmission from father to proband is weaker and
non-significant (OR=1.47; 95% CI: 0.95-2.29; p-value=0.085). When considering
probands below 75 years of age, this distinction between mother-proband and father-
proband may be less apparent (with ORs of 2.08 and 1.91, respectively — and p-values
0f 0.015 and 0.027).
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Findings in Paper II

We examined nine SNPs in three genetic regions (PDE4D — 5 SNPs; ALOX5AP — 3
SNPs; and MHC2TA — 1 SNP) and we found two of these to be significantly associ-
ated with IS risk: SNP rs12188950 (also denoted SNP45) in the PDE4D gene, with
OR=0.72; 95% CI: 0.58-0.91; p-value=0.0055, and rs3887175 (or SNP39) also in the
PDE4D gene, with OR=0.81; 95% CI: 0.65-1.00; p-value=0.0460. However, when
taking Bonferroni correction for mass significance (considering multiple comparison
of nine distinguishable tests) into account, only SNP rs12188950 remained significant
(with a p-value of 0.050). For SNP rs12188950 we examined 929 non-missing patients
and 395 non-missing control subjects.

When performing similar analyses, considering patients and control subjects with
hypertension, we were able to detect an association with IS that might be stronger:
575 patients and 133 control subjects showed OR=0.52; 95% CI: 0.37-0.73, p-val-
ue=0.0001 for allelic variants in rs12188950, while rs3887175 provided OR=0.57;
95% CI: 0.41-0.79; p-value=0.0007 (565 patients and 131 control subjects with hy-
pertension were included when assessing rs3887175).

Furthermore, one additional SNP, rs17222814 (also denoted SG13S25) in the
ALOX5AP gene, was significantly associated with IS (OR=1.82; 95% CI: 1.21-2.74;
p-value=0.0039) when assessing 353 non-hypertensive patients and 261 non-hyperten-
sive control subjects.

We thus found that variants in minor alleles (T) of SNP rs12188950 might have a
protecting effect against IS, especially among subjects with hypertension. Within this
hypertension subgroup the minor alleles (T) of rs3887175 might also have an inhibito-
ry effect on IS. Additionally, our findings from this study suggest that variants of minor
alleles (A) of rs17222814 might have a synergic impact on IS. However, our dividing
into two subgroups of participants of the study (hypertensives and non-hypertensives)
can lead to non-significance regarding the latter SNP test because it may be necessary
to consider Bonferroni correction considering 18 comparative tests.

An examination of the association between the five SNPs within the PDE4D gene
showed a linkage disequilibrium (R?<0.63) between rs12188950 and rs3887175. A
haplotype block including four SNPs (rs12188950, rs3887175, rs26956 and rs27653,
but not rs2910829) was detected.

The over-all OR obtained from the random effects (DerSimonian-Laird) meta-anal-
ysis of 13 studies including the apparent study (OR=0.95; CI: 0.86-1.05; p-value from
test for homogeneity=0.0419), did not confirm the suggested protective effect against
IS for the rs12188950 SNP according to our study, presented in Paper II.
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Findings in Paper III

We examined one SNP, rs12188950 within the PDE4D gene. By performing an assess-
ment where data from not only LSR, but also MDC and SAHLSIS was included (in
all 2599 IS patients and 2093 control subjects), we intended to confirm the previous
findings from 929 IS patients and 395 control subjects with non-missing values regard-
ing 1s12188950 polymorphism data in Paper II. We excluded those previously assessed
subjects when performing the analyses in this apparent study.

Our findings from this large-sized multi-center study differed from the previous study
presented in Paper II: A univariate analysis provided OR=0.93; 95% CI: 0.83-1.05;
p-value=0.251, to be compared with the results shown from the similar assessments
presented in Paper II, OR=0.72; 95% CI: 0.58-0.91; p-value=0.0055. When assessing
patients and controls with hypertension the difference became even more noteworthy:
OR=0.95; 95% CI: 0.81-1.11; p-value=0.521 (1727 patients, 1056 controls), to be
compared with OR=0.52; 95% CI: 0.37-0.73, p-value=0.0001 as presented in Paper II.

When considering a subgroup of participants below 55 years of age we found a
scarcely significant tendency towards a protective effect of the rs12188950 minor allele
on IS (OR=0.73; 95% CI: 0.53-1.00; p-value=0.057, Cls approximately estimated by
Woolf’s approach, p-value computed by Fisher’s exact test) (Woolf 1955).

Paper IIT also comprised a weighted multiple logistic regression approach using the
three dichotomous vascular risk factor indicators hypertension, diabetes mellitus and
current smoking (versus never-smoking and previous smoking) as regression covari-
ates. The weight variable was compiled in order to attain a standardization of the three
included populations (LSR, MDC and SAHLSIS) according to their age and sex dis-
tribution. Weighted multiple logistic regression did not change the above findings dra-
matically: for the three populations joined together we obtained OR=0.91; 95% CI:
0.80-1.04; p-value=0.159.

We updated the previous random-effects meta-analysis from Paper II and changed
its structure to achieve more interpretable results. From the 20 populations found in
the 17 included studies (including results from Papers II and III) we now obtained a
persisting non-significant overall-estimate of OR=0.96; 95% CI: 0.89-1.04; a test for
heterogeneity providing a p-value=0.0416. A total of 10500 IS patients and 10102 con-
trol subjects were included in the meta-analysis. Populations labeled due to nationality
and (for a few populations:) sex and race are shown in Figure 3.
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Figure 3. Random effects (DerSimonian-Laird) meta-analysis of 17 published studies (including Papers
IT and III), comprising 20 distinguishable study populations to assess the association between the minor

allele (T) of rs12188950 and IS risk.
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Overall OR: 0.96 (95% CI: 0.89-1.04), test for homogeneity (chi-square distributed with 19 degrees of
freedom): 2 =30.9 (p-value=0.0416).

Findings in Paper IV

We considered previous findings from the CARDIoGRAM study and performed a can-
didate gene study to examine if genetic markers susceptible for coronary heart disease
also might affect IS risk. We thus assessed 25 SNPs and found variations in one SNP to
be significant: rs4977574 on chromosome 9p21.3, slightly linked with the ANRIL gene
region (NCBI 2012.1). The risk allele (G) showed an OR=1.12; 95% CI: 1.04-1.20;
p-value=0.002 when examining the entire multi-center data joined together (pooled
data included 3916 IS patients and 2419 control subjects that comprised non-missing
data for this particular SNP). This single genetic marker remained significant even after
Bonferroni-adjustment for 25 comparisons.

When assessing risk scores compiled by plain addition of risk alleles from the 25
included SNPs we did not find any significant association with IS at all. We examined
all participants in the study as well as participants younger than 55 years of age. We also
assessed men and women separately.

When analyzing LSR, MDC and SAHLSIS separately we found a tendency towards
significant association for the MDC data (p-value=0.049). This association appeared
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to be stronger when the weighted approach for compiling risk scores was utilized
(p=0.008; this result is still significant when performing a Bonferroni-adjustment for
up to six comparisons). This is shown in Table 2. As a complement to these simple
logistic regression analyses, we also performed multiple logistic regression assessments
controlling for the vascular risk factors diabetes mellitus, hypertension and current
smoking.

Table 2. Simple logistic regression of possible association between allelic risk score (unweighted and
weighted, respectively) and IS risk.

Unweighted RS Weighted RS
Coeff. P-value  Coeff. P-value

controls cases

IS, populations:

LSR 930 2208 -0.016  0.224 -0.051 0.664
MDC 834 880 0.032  0.049 0.395 0.008
SAHLSIS 661 814 -0.004  0.814 0.087 0.576
Total 2425 3902 -0.002  0.807 0.086 0.267

IS, subgroups:

<55 years of age 350 470 0.017  0.486 0.180 0.405
Women 1049 1745 -0.004 0.746 0.101 0.388
Men 1376 2157 -0.001 0.959 0.071 0.491

In Paper IV, we also focused on three TOAST subtypes providing data from LSR and
SAHLSIS, but not from MDC. SNP 154977574 on chromosome 9p21.3 was signifi-
cant for patients with large-vessel disease (LVD), providing an OR=1.36; 95% CI:
1.13-1.64; p-value=0.001. No other SNP showed any significance for neither the LVD
subgroup nor the SVD or CE group. Assessments using unweighted and weighted risk
scores did not confer any association between coronary artery disease-related genetic
traits and IS risk. A remarkable finding is that CE risk showed a negative association to
the unweighted risk score with p-value 0.046. When applied on the weighted risk score,
and when performing multiple logistic regression controlling for diabetes mellitus, hy-
pertension and current smoking, this association was not significant.

Summary of findings

It is obvious that stroke, at least partly, can be explained by hereditary components.
We have shown that stroke might be genetically inherited from first-degree relatives
(parents, siblings) to proband. We could not find a corresponding association between
spouses and probands. We have also found indications suggesting that some SNPs
within some particular genes affect IS risk. However, our significant findings within
that subject of study are not necessarily unambiguous. Our dissimilar findings from the
studies presented in Papers II and III suggest that more studies need to be performed
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to discover etiologic structures, different susceptibility of particular genetic markers
within different demographic subgroups, and other mechanisms that might affect ge-
netic impact on stroke.
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Discussion

The findings of family history of stroke

From the studies on familial stroke inheritance in Paper I, we found that there might
be a transmission of stroke risk (and hypertension) within families. This familial asso-
ciation seems to be particularly evident when considering transmission of stroke from
mother to offspring. However, such a transmission between spouses could not be de-
tected in our study. We have some remarks about these findings.

Transmission to offspring

We found a tendency towards a stronger inheritance of stroke risk from mother to
offspring compared to corresponding inheritance from father to offspring. Such a
transmission has been reported previously in e.g. an Austrian study that suggested that
parental, especially maternal history of stroke is associated with prevalence of hyperten-
sion among the related probands (Tentschert 2003).

Maternal inheritance can be transmitted through either autosomal chromosomes,
the X chromosome, or through monogenic mitochondrial mutations. Chromosomes
in the nucleus of cells are carriers of vast quantities of genetic information that makes
them more important (i.e. more relevant for exploration for finding more possibly
relevant information) than monogenetic mitochondrial mutations. All analyses on can-
didate genes in this thesis are performed on autosomal chromosomes.

Nevertheless, possible maternal inheritance of stroke risk may in some few cases
be explained by a certain mitochondrial mutation that is transmitted from mother to
offspring (Schaefer 2004). A specific mutation of mitochondrial DNA, A3243G, is
known to be associated with e.g. mitochondrial myopathy, encephalopathy, lactic aci-
dosis and stroke-like episodes (MELAS) (Dichgans 2007, Mariotti 1995, Verny 2008).
MELAS may be manifested as occipital brain infarcts which are primarily diagnosed
among younger patients (18-45 years of age) (Martinez-Ferndndez 2001). It has to be
mentioned that stroke and stroke-like episodes are two quite different diagnoses that
should not be confused. Other known manifestations of monogenic mitochondrial
disorders are diabetes mellitus and cardiomyopathy (Mariotti 1995, Murphy 2008),
that might be involved as intermediary risk factors for stroke.
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Transmission between spouses

Any association between spouses regarding stroke was not found significant in Paper I.
This is expected from a strictly genetic point of view, simply because any form of bio-
logical inheritance is absent. Nevertheless, transmission of stroke within a family may
also be caused by non-genetic risk factors that are shared within that family. Examples
are smoking habits, alcohol consumption, dietary habits, physical activity, type of resi-
dence (own house or apartment, located in city environment or country-side), exposure
to local environmental pollution etc (Bjérk 2008, Giskes 2005, Oudin 2010, You
1999).

Additional aspects

The analyses of familial aggregation of stroke have limitations. Only 66 percent of the
925 patients returned a completed questionnaire about the self-reported family history.
However, the responses regarding mothers, fathers and spouses of all included, eligible
probands was good, with a coverage of 95%, 93% and 85%, respectively. One should
also be aware of that collected data, based upon anamnesis from patients about stroke
and its risk factors among the members of these patients’ families, might have a weaker
validity. The results shown in Paper I should therefore be interpreted carefully.

The PDE4D gene area findings

The two studies on the PDE4D genetic region (Papers II and III) provided ambiguous
results regarding SNP rs12188950. The three populations included in the latter study
(Paper III), LSR, MDC and SAHLSIS, were to some extent dissimilar regarding the
participants’ mean age, the design of the case-control study and the definitions of the
vascular risk factors for stroke (e.g. the time for registering information about hyperten-
sion, diabetes mellitus etc). This might partially explain this ambiguousness between
the results in the two papers.

However, the estimated OR for variants of rs12188950 on IS did also differ when
comparing the LSR subpopulation results in Paper III with the corresponding estimates
of the LSR subpopulation in Paper II. This was surprising because the underlying popu-
lation is in practice identical for the two samples: LSR data for Paper II was collected
between March 2001 and September 2004. LSR data for Paper III was correspondingly
collected until August 2007. However, participants in the study linked with Paper II
were not included in the study reported in Paper II1.

An inhibitory effect against IS of the minor allele of rs12188950 was significant
when presented in Paper II, but not in Paper III. For hypertensive participants this
result was even more ambiguous: The results of our assessments in Paper II showed a
strong protective effect of variants in rs12188950 against IS while the corresponding
results in Paper III did not.
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A change in the hypertension definitions (to systolic/diastolic blood-pressure: 140/90
mmHg) in the year of 2003 cannot explain that discrepancy, because we consequently
use the former definition (160/90 mmHg) in both studies. Nevertheless, 56.4% of the
control subjects in the Paper III-sample were hypertensive, but only 33.6%, or 133
individuals, from the Paper II-sample. With an allele frequency of 21% (57/266 alleles)

it is a subject of discussion whether this is an outcome occurring by coincidence or not.

A brief biological approach

Cyclic adenosine monophosphate (cAMP) is a second messenger, i.e. it can be regarded
as a specific molecule that relays signals from receptors of the cell surface to target
molecules in the cell. This will result in some kind of change in the activity of that cell,
e.g. a hormone activity (NIH 2011). PDE4D is an important regulator of intracellular
levels of cAMP. The original publication of the Icelandic GWAS from 2003 reported
that the gene on chromosome 5q12, encoding PDE4D, may be involved in the patho-
genesis of stroke through such a regulating effect on cAMP (Gretarsdottir 2003). It has
been reported that this may affect e.g. vascular smooth muscle cells, endothelial cells,
T-lymphocytes and macrophages, and thus have an impact on the pathogenesis of ath-
erosclerosis (Baillie 2001, Gretarsdottir 2003, Jin 2002, Landells 2001, Liu 1999, Liu
2000). A more recent study have confirmed the involvement of PDE4D through cAMP
in various heart disorders including cardiac arrhythmias in mice (Lehnart 2005).

What can we learn from conflicting findings in the meta-analyses?

Statistical analyses of observational studies, aimed to show possible association between
a selected genetic marker and the risk of having some manifestation of a particular dis-
ease, in this case IS, can sometimes reveal results that may be vague or even conflicting.

Considerable effort has been put on SNP rs12188950 within the PDE4D gene,
and previous studies have documented ambiguous results: In Chinese, Taiwanese and
Japanese populations this SNP was found to be monomorphic and thus not useful
for analysis (e.g. Lin 2007, Matsushita 2009, Sun 2009, Xu 2010). In the Icelandic
original study from 2003, the rs12188950 SNP showed an inhibitory effect against
IS (Gretarsdottir 2003). One British study, used in the two meta-analyses, showed
a vague, non-significant tendency towards the same direction as the Icelandic study
(Bevan 2005). But studies on e.g. Central and South European populations did not
explicitly confirm these findings (e.g. Lhmussaar 2005, Kuhlenbzumer 2006, Fidani
2007, Quarta 2010, Domingues-Montanari 2010). Studies on U.S. populations
(African-Americans as well as participants with European ancestors) did not show any
clear tendency neither regarding possible association between rs12188950 and IS risk
(Brophy 2006, Meschia 2005, Song 2006, Zee 20006).

Ethnical and racial differences may, when occurring, reflect cultural and socioeco-
nomic factors as well as genetically inherited physical traits in some populations. This

subject should be handled respectfully (Nature Genetics Editorial 2000).

45



There are many facts that might explain the ambiguousness regarding the meta-
analysis results. Three such facts to consider are:

1. Conflicting methods of data collection
2. Conflicting definitions of stroke

3. Demographic differences between populations due to participating subjects’ nation-
ality, ethnicity/race, sex, age etc.

1. Conflicting methods of data collection: Most of the studies included in the two me-
ta-analyses in Papers II and III were population-based case-control studies where the
patients were recruited consecutively, and the control subjects were drawn by some
random selection procedure from any administrative register. In some studies a nested
case-control design was created, i.e. each patient was assigned one or more control
subjects with similar demographic attributes, such as age and sex (e.g. Brophy 2006,
Nilsson-Ardnor 2005, Zee 2006). One study was designed as a controlled case-control
trial using a randomization procedure when selecting cases and control subjects (Zee
20006). Another study included only elderly women with hip fractures (Brophy 2006),
a third study focused on women aged 15-49 years (Song 2000).

2. Conflicting definitions of stroke andor risk factors for stroke: In most of the included
studies the definition of IS was explicitly described to be in accordance with the World
Health Organization criteria.

3. Demographic differences: The most important demographic variable, also an impor-
tant risk factor for stroke, is age. In three articles, participating in the meta-analysis
presented in Paper III, we found the control subjects to be approximately five years
younger than the IS patients (Meschia 2005, Kuhlenbiumer 2006, Kostulas 2007).
In another article the patients were about five years younger than the control subjects
(Domingues-Montanari 2010). This may affect the estimated crude ORs that we used
in our meta-analyses.

Another aspect regarding demographic differences is the difference in e.g. mean age
between two studies. Such between-groups variations are detectable by the use of the
chi-square test for heterogeneity.

The 9p21.3 chromosomal region findings

When performing the assessments for the study presented in Paper IV, we found SNP
154977574 within the 9p21.3 chromosomal region and located upstreams from the
CDKN2A, CDKN2B and ANRIL regions (Figure 4) to be significantly associated with
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IS. This was particularly obvious when considering the LVD subtype according to
TOAST. These findings were not unexpected.

Figure 4. Sequential section of chromosome 9p21 (range: 21960 Kbp-22120 Kbp), showing the position
of SNP 154977574 (at 22088 Kbp) within the ANRIL region (also denoted the CDKN2B-AS1 region,
ranged 21984 Kbp-22111 Kbp), and upstreams from the CDKN2A and CDKN2B regions. Kbp=kilo
base pairs (Kristoffersson 2003, Strachan 2004).
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The impact of 9p21-located SNPs on coronary heart diseases and IS has been reported
previously. A GWAS from 2007 reported that data included from the Wellcome Trust
Case Control Consortium (WTCCC) study and two other studies, identified allelic
variants (e.g. SNP rs1333049, fairly correlated with rs4977574 used in Paper IV) within
chromosome 9p21 as associated with coronary artery disease (Samani 2007, WTCCC
2007). An Icelandic study found especially SNP rs1333040 and two other SNPs on
chromosome 9p21 to be associated with the risk of myocardial infarction (Helgadottir
2007). Also, a report from 2009 suggested that variants of SNP rs10757278 on chro-
mosome 9p21 were associated with coronary heart disease, but could not find such
an impact on stroke generally (Lemmens 2009). Another report found a number of
selected SNPs (e.g. rs1537378, but not rs1333049) within the 9p21 chromosome to be
significantly associated with atherosclerosis (Gschwendtner 2009).

The two coding sequences of genes for two cyclin-dependent kinase inhibitors, i.e.
the CDKN2A and he CDKNZ2B regions within 9p21, play an important role in the
regulation of the cell cycle and may be involved in the pathogenesis of atherosclerosis
(Lowe 2003, Hannon 1994, Kalinina 2004, Samani 2007). The ANRIL region may
also, as a large antisense non-coding RNA (ncRNA) be associated with atherosclerosis
through its role in epigenetic mechanisms (NCBI 2012.2, Costa 2008, Broadbent
2008, Lemmens 2009).
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Non-significant results

Genetic representation of two genetic regions could not be reported to be associated
with IS. Three SNPs within the ALOX5AP gene on chromosome 13 and one SNP
within the MHC2TA gene on chromosome 16 were not found significant in Paper II
when tested against IS risk. Also, the multi-locus risk scores that were compiled and
analyzed in Paper IV, did not confer an association between genetic markers, suscep-
tible for coronary artery disease, and IS risk.

ALOX5AP on chromosome 16

A polymorphism within the ALOX5AP gene, encoding 5-lipoxygenase activating pro-
tein (FLAP), has been reported to be associated with increased risk of myocardial in-
farction in Iceland (Helgadottir 2004). Other studies report a possible association with
myocardial infarction as well as ischemic and hemorrhagic stroke risk (e.g. Dong Hwan
Kim 2011, Dichgans 2007, Linsel-Nitschke 2008, Lohmussaar 2005, Meschia 2005).

FLAP is a protein that is involved in the production of leukotrienes, which play
a part regarding contraction of smooth muscles lining the trachea (Nelson 2008).
Consequently, FLAP is involved in some types of inflammatory processes including
asthma. FLAP has also in recent years been linked to risk of e.g. myocardial infarction,
restenosis and stroke (Evans 2008).

MHC2TA on chromosome 13

The major histocompatibility complex class II transactivator (MHC27A) on chromo-
some 16, was not reported to be associated with stroke when we planned and performed
the analyses for Paper II. MHC2TA has previously been reported to be associated with
diseases of inflammatory etiology, including myocardial infarction (Swanberg 2005,
Lindholm 2006).

To our knowledge, the possible associations between IS and polymorphisms in the
MHC2TA gene have not been examined since our publication of Paper II. Nevertheless,
it should be noted that a recently published Spanish study has assessed possible impact
of SNP rs3087456 (i.e. the same polymorphism as we tested in Paper II) within the
MHC2TA gene on cardiovascular diseases among patients with rheumatoid arthritis
(Garcia-Bermudez 2012): No significant association was found in that study.

Comments on the multi locus risk score study

We used a set of effect-size estimates (ORs) from GWASs within CARDIoGRAM
(Schunkert 2011), and furthermore a reasonably large successfully genotyped sample
from a three-center study involving 3902 patients and 2425 control subjects from the
LRS, MDC and SAHLSIS populations. Despite this starting point, we could not con-
firm our hypothesis that SNPs susceptible for coronary artery disease may also influence
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IS risk, by using risk scores based on 25 SNPs from various chromosomal loci (Paper
IV).

A recent publication, based on a large-sized multi-center study including over 18000
participants and involving assessments of 11 SNPs, could not identify any ischemic-
stroke associated risk score neither (Cheng 2012). This negative “finding” also included
results from analyses of separate TOAST subtypes, including LVD.

Concluding remarks

Genetic influence on stroke risk is a complex issue with no simple answer. Our effort
with the four papers that formed this thesis was to give a contribution for making this
complex issue a little more more comprehensible. The intention was to (1) formulate
hypotheses; (2) find and evaluate methods for analyses in order to accept or reject our
hypothesis impartially; and (3) present and discuss our findings, with focus on im-
provements in further assessments.

Some notable significant associations regarding genetics and stroke, but also negative
or even ambiguous findings, were detected. The ambition was to reveal and discuss all
these findings and try to give suggestions about how to go further with the analyses and
find more optimal solutions in the future.
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Further statistical
considerations

Allelic association analysis — two approaches

Computation of ORs in allelic association analysis can be performed with either an
allele-based (1 unit=1 allele) or an individual-based (1 unit =1 individual=2 alleles) ap-
proach. Both of these approaches were used in this thesis.

Allele-based compilation of OR

The most basic method for computation of OR with relevance for allelic association
analysis can be described as follows: we consider a sample of N patients and N_control
subjects, represented by M and M_ alleles respectively (Table 3). Consequently,

2N and M_= 2N_because cach individual is represented by two alleles. We also denote
minor alleles with v and major alleles with Vfor further use in the sections below.

Table 3. Notations for cell values in a two-by-two table.

Exposed for risk (e.g. Not exposed for risk (e.g. Total
minor alleles v) major alleles V)
Patients A B M,
Control subjects C D M,
Total M, M, M

The odds ratio computation is simple:
OR = (A/B)/(C/D)

We can easily compute the approximate standard error of the logarithmized OR (Woolf
1955):

S.E.(In(OR)) =V(1/A + 1/B + 1/C + 1/D)

Consequently, the 95% confidence limits are computed as
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- e(ln(OR)»l496*S4E.(ln(OR))) and
_ (n(OR)+1.96*S.E.(In(OR)

=¢ ), respectively (Morris 1988).

R]ower 95% CI limit

upper 95% CI limit

A great advantage with the allele-based approach is its convenience. It is easy to use,
and the results from the analyses are also easy to interpret as long as we do not consider
possible dependence between the two alleles within each individual.

Individual-based compilation of OR

When performing individual-based compilation of the OR estimate, we treat the ge-
notypic information as traits of an individual, i.e. as phenotypic information. Thus, an
individual-based genotypic covariate may be defined as:

0 if the individual is a major allele homozygote (i.e. represented by two major alleles,

that may be denoted VV),

1 if the individual is a heterozygote (i.e. represented by major allele and one minor al-
lele, that may be denoted Vv, which is equivalent to vV), and

2 if the individual is a minor allele homozygote (i.e. represented by two minor alleles,
that may be denoted vv).

The genotypic covariate will thus indicate the number of minor alleles for each indi-
vidual it represents.

An advantage with the individual-based approach is its usefulness. The genotypic
covariate can easily be included as an independent variable in e.g. a logistic regression
model. Multiple logistic regression modeling controlling for intermediary or otherwise
confounding phenotypic covariates (e.g. age, sex, BMI, indicators hypertension, diabe-
tes mellitus etc) is thereby available.

However, there is also an interpretation problem linked with the individual-based
approach: the thus achieved OR estimates will not always be consistent with the OR
estimates that would be obtained by using the allele-based compilation approach, since
the paired alleles within each individual might be mutually dependent. Such depen-
dence between alleles within each individual can be referred to as Hardy-Weinberg
disequilibrium (HWD).

Hardy-Weinberg equilibrium and disequilibrium

HWE expresses a state of independence between paired alleles within each individual.
Such a state of independence will implicate an expected distribution of homozygotes
and heterozygotes as described in Table 4. When the distribution of homozygotes and
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heterozygotes confirm exactly to HWE (which in reality is an almost hypothetical situ-
ation), we may say that it is in a state of strict Hardy-Weinberg equilibrium (sHWE)
(Wellek 2004).

Table 4. The distribution of major allele homozygotes, heterozygotes and minor allele homozygotes when
data is in sHWE.

Genotype: 0 1 2 Total
442 (Vo) (vo)
Patients
(- PD)Z Z*PD*(l_ Pu) PDZ 1
Control subjects
a-p)’ 2'p.(1-p) p. 1

Footnote: p =the minor allele frequency for patients, i.e. p =A/ M when using the notations in Table 3
above. Equivalently, for control subjects p =A/ M_.

Possible departure from HWE can be detected by a simple chi-square test. If N |, =the
number of major allele homozygotes; N(vv)c=the number of heterozygotes; and N(W)
=the number of minor allele homozygotes, the test function may be written as

X2 (2 degrees of freedom) = (N(W)c- E(N(W)C))Z/E(N(VV)C) + (N(Vv)c- E(N(Vv)c))zlE(N(Vv)c)

+ (N, EN D)YEN )

where

E(N,J = N*(1- p)? = the expected number of major homozygotes when

HWE is present,

E(N (Vv)c) =N_*2*p *(1-p) the expected number of heterozygotes when HWE is

present,

and

E(N, ) =N"p? = the expected number of minor homozygotes when
HWE is present.

The formula above is intended for the control subjects group, which is normally recom-
mended for case-control data because the case (patient) group’s breeding history might
have been affected by the outcome we want to examine.

When HWD is apparent we will obtain different effect sizes (or ORs) depending on
if we have used an allele-based or an individual-based approach for our computations.
In such situations the allele-based approach may possibly not be an adequate tool for
allelic association analysis. It has therefore been suggested that Armitage’s trend test,
applied on an individual-based approach using the 0/1/2-encoded genotypic covariate
introduced above, should be considered instead (Sasieni 1997).
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But, OR estimates based on allele counts will also be compromised when extending
the statistical model to include influence of additional phenotypic variables. Logistic
regression is an alternative to Armitage’s trend test when assessing case-control data
(Balding 2006). Logistic regression has an interesting advantage over Armitage’s trend
test as a method for assessing additive genotypic models encoded numerically with
0/1/2: The method allows for including auxiliary phenotypes as either confounding or
intermediary covariates, or as non-linearly interacting factors (Balding 2006, Lunetta
2008).

A deviation from HWE is often used as a marker for genotyping error. However,
such equilibrium departure may have several other causes including natural selection,
genetic drift, population subdivision or random variation (LaChance 2009). Not only
systematic departures from HWE, but also more trivial and statistically non-significant
deviations from sHWE might affect the OR estimates when performing allelic associa-
tion analysis.

A practical example from LSR (Paper II)

Let us reconsider the findings regarding possible allelic effect of variants in SNP
1512188950 in the PDE4D region on IS risk. We have a sample including 929 IS
patients and 395 control subjects after exclusion of non-valid data. Subsequently, 245
alleles of 1858 in the patients group and 137 alleles of 790 in the control subjects group
are minor alleles (Table 5). Minor and major alleles are denoted T and C, respectively
(T for nitrogenous DNA-molecule base thymine, C for cytosine). Table 5 also shows
the number of individuals that are major allele homozygotes (encoded 0; allele-pair
CCQ), heterozygotes (1; CT) and minor allele homozygotes (2; TT).

From the original analyses of these data in Paper II, using the allelic-based approach,
we obtained an OR=0.724; 95% CI: 0.576-0.909; p-value=0.0054. When performing
a simple logistic regression using the 0/1/2-encoded genotype as a numeric covariate we

obtained an OR=0.728 (95% CI: 0.581-0.913; p-value=0.0061).

Table 5. The distribution of major allele homozygotes, heterozygotes and minor allele homozygotes. Data
from Paper II, concerning SNP rs12188950.

Allele distribution Homozygote and heterozygote distribution
C T Number of |0 1 2 Number of individuals
alleles  [(CC) (CT) (TT)
Patients 1613 | 245 1858 |702 209 18 929
Control 653 | 137 790 271 111 13 395
subjects

A simulation study using bootstrapping

A further analysis of the SNP rs12188950 data in Paper II was carried out:
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By using resampling without replacement, a method often referred to as bootstrapping,
we created 1000 simulated samples with sample sizes similar to the “original sample”
(929 IS patients and 395 control subjects) (Efron & Tibshirani 1994). The resampling
procedure was performed by using a random process. In each of these bootstrapped
samples we then compared the ORs obtained by simple logistic regression on individ-
ual-based data with the ORs obtained by the allelic-based approach using allele-counts
from two-by-two tables. We were focusing on the relative difference between the two
methods, expressed as

rel.diff.=100%*(OR )/OR ).

(logistic regression approach)_oR(allele»based approach) (allele-based approach)

The result is illustrated in Figure 5. We found two samples with a relative difference
of 5% or more, while 47 bootstrapped samples showed such a difference of 2.5% or
more. From these simulations we conclude that coincidentally occurring departures
from sHWE may result in conflicting results between estimated ORs obtained from
allelic-based compilation and estimated ORs obtained from logistic regression analysis
using a 0/1/2-encoded genotypic covariate in a simple logistic regression model.

For the original sample used in Paper II we obtained OR /. =0.7240 (when
truncating to four decimals) and OR ,=0.7283. 'This resulted in a rela-
tive difference of about 0.6%.

(logistic regression approach

Figure 5. Simulation of 1000 samples from the rs12188950 data in Paper II. Histogram showing the

relative difference, i.e. (OR, iduatbsed, logistic rcgrcssion)_oR(ﬂllclc—bascd))/ OR i tasear”
125+ —
100 |
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55



Conclusions and further aspects

Properties of genotypes in HWE, and interpretational problems

Departure from HWE may cause conflicting results when comparing allele-based ORs
with corresponding ORs achieved from analyses using an individual-based approach.
This might cause interpretational problems, even if the departure from sHWE is ran-
domly occurring and rather modest. Let us again illustrate with an example, consider-
ing SNP rs12188950 in LSR, as described and analyzed in Paper II:

For the IS patient group, we have N, =the number of major allele homozygotes;
N ¢p),=the number of heterozygotes; and N, =the number of minor allele homozy-
gotes. For the control subjects, we have N(Cc)c=t e number of major allele homozygotes;
N ¢y =the number of heterozygotes; and N . =the number of minor allele homozy-
gotes. We compile

(heceronygores) = (N(CT)p (CT> )/ ( N(cc) ) =(209/111)/(702/271) = 0.7269
(minor-homozygotes) (N(TT) (TT) ) ( (CC)p (CC ) - (18/13) / (702/271) - O 5345
(serological) ((N p )/ (N(CT) (TT)c )) / ( N(CC)p / N CC)C)
= (227/124) / (702/271)
=0.70067.
It is true that OR ... homorygones) ORz(hetmygm) when sHWE is present (Sasieni 1997). It
is also true that OR = OR Since OR =0.7240 and
eterozygotes) (allele-based approach) (allele-based approach)
OR’ | omygorey = 0-72697 = 0.5283, one can notice a small discrepancy from the equiva-

lences that would conform with that rule.
Another notation is that the serological odds ratio, OR .. always is taking a
value between OR . and OR (Sasieni 1997). The serological OR is
(minor-homozygotes) (heterozygotes)

also denoted the dominant minor allele approach while it is an indicator for any minor
allele representation by an individual.

Comments regarding bootstrapping

The bootstrapping procedure (illustrated in Figure 5) was based on a sample, not a
population. The sample (i.e. the original SNP rs12188950 sample from Paper II) was
indeed regarded as an infinite population from which 1000 samples were indepen-
dently drawn with replacement. This explains why the relative difference is not 0 (in
fact, it is approaching the relative difference obtained from the original sample, i.e.
0.728-0.724=0.004).

One might also regard it this way: In a first step we selected 929 IS patients and 395
control subjects from an infinite population approaching a state of sHWE. In a second
step we used that sample as a fictitious infinite “population” when we bootstrapped the
1000 simulated samples. The non-systematic departure from sHWE that occurred at
the sample selection in the first step has now become a systematic error in the second
step (i.e. when performing the bootstrapping procedure).
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An alternative to this bootstrapping approach would be a simulation procedure
based on a purely artificial population in strict HWE. Such manipulation of data might
however violate the present, true data.

Further aspects of Bootstrapping procedures are addressed to the literature (e.g.
Efron 1982, Martin 2007, Schenker 1985).

Is it possible to adjust for discrepancies between allelic-
based and individual-based OR estimates ?

By performing weighted logistic regression, one can adjust for the discrepancies be-
tween allele-based and individual-based estimates of ORs. Hence, let p_and p_denote
minor allele frequency for patients and control subjects, respectively. Furthermore, the
observed number of (1) major allele homozygotes is Ny, and Ny (2) minor allele
homozygotesis N | and N ; and (3) heterozygotes i 1s N pand N,

For patients, the regressron werghts for every 1nd1v1dual can be compiled by using
the formula

W, = expected (N, )/ Ny, ~if genotype=0
\W = expected (N W )p) W if genotype=1
\Wi = expected (N )/ N/ if genotype=2

(VV)p

(the weights will thus “reconstruct” a state of sHWE)

The expected frequencies are computed as

expected (N ) N *(1 P, )?
expected (N = NP*Z* *(1 P, )?
e xpected (N )= N *p 2

p P

"U

__

For control subjects, the weights are compiled by the use of corresponding frequencies.
Let us return to the estimation of ORs for rs12188950 according to the data ana-
lyzed in Paper II. Three methods can be compared:

1. Traditional allele-based OR calculation:
= (245/1613)/ (137/653) = 0.724 (95% CI: 0.576-0.909; P=0.0054)

2. Simple logistic regression on individual-based data:
OR = 0.728 (95% CI: 0.581-913; P=0.0061)

3. HWE-adjusting weighted simple logistic regression on individual-based data:
OR = 0.724 (95% CI: 0.576-0.910 ; P=0.0056)
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The above mentioned methods can be considered when returning to the bootstrapped
simulation of 1000 samples described in the previous section. The allele-based approach
for computing OR and the individual-based HWE-adjusting weighted logistic regres-
sion approach provided approximately similar estimates, with relative difference con-
stantly touching zero as shown by a horizontal line in Figure 6, while the unweighted
logistic regression provided relative differences shown by the decreasing curve.

It is however noteworthy that the HWE-adjusting weighted logistic regression meth-
od will fail if any cell is empty. This will be the case when modest sample sizes and small
minor allele frequencies are considered.

It is thus possible to counterbalance distortions in the OR estimates caused by de-
parture from sHWE. However, a subsequent issue will rice: will this add anything
meaningful to the analysis?

That issue may be regarded as a matter of how to interpret the results.

Figure 6. Simulation of 1000 samples from the rs12188950 data in Paper II. Relative difference, i.c.

_(OR(;ndivaa bgse ogistic regres ,—QR tetebased)) OR (ie based) 18 shown on the Y-axis, percentiles of the simulations
in sorted order on the X-axis.
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Percents
Allelic-based ORs are unaffected by any departure from sHWE, whereas individual-
based OR estimates from (unweighted) simple logistic regression are not. When carry-

ing out an analysis of a case-control study (e.g. IS patients versus a reference group of
control subjects) the primary focus is on individuals. It is the individual that suffers a
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stroke, not the single allele. It is also the individual that is the carrier of phenotypic risk
factors, such as hypertension, diabetes mellitus and heart diseases.

Nevertheless, the allelic variation (and therein, the single allele) is representing a pos-
sible cause of the augmented (or reversely, inhibited) stroke risk that is analyzed.
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“A legend is an old man with a cane known for what he used to do. I'm still doing it.”

Miles Davis,

American trumpeter.
Born in 1926.

Died of a stroke in 1991.
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Conclusions

— We examined family-history data to find possible indications that stroke may be
transmitted within families. We found that these indications are true, especially
when considering transmission of stroke to probands aged 75 years or younger. We
also found that a family history of hypertension might be a risk factor for stroke

(Paper I).

— We examined spouses to find out if stroke might be transmitted between non-bi-
ologically related close family members. We could not find any indication on this.

(Paper I).

— We aimed to explore possible gender-dependent factors behind the inheritance of
stroke. We found an association between mother and offspring regarding stroke that
was considerably strong (Paper I).

— We expanded previous findings regarding a region within the PDE4D gene on
chromosome 5, but we also found that the particular genetic marker rs12188950
(SNP45) was providing ambiguous results when analyzed against IS risk. This was
explicitly shown by a meta-analysis (Paper I, meta-analysis updated and enhanced
in Paper III).

— We performed a haplotype analysis on the five included SNPs within the PDE4D
gene. We found that two of these SNPs, rs12188950 and rs3887175, were correlated
with a linkage disequilibrium (R?) of 0.63. Also, a haplotype block comprising four
of the SNPs examined, was noted (which was in analogy with a previous, Icelandic
study that our report partially referred to) (Paper II).

— We examined polymorphisms from different loci with a common histopathologic
impact. Our aim was to find possible association between coronary artery disease-
susceptible SNPs and IS risk. We compiled multi-locus risk scores based on these
previous findings from GWAS-assessments and we subsequently performed assess-
ments on the data. However, we did not find any significant association with IS, ex-
cept for one particular genetic marker: SNP rs4977574 in chromosome 9p21.3 was
significantly affecting IS risk. This finding was particularly evident when examining
patients with IS subtype LVD, while no such association could be obtained when
assessing IS patients subtyped with SVD or CE (Paper IV).
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We used a simple chi-square test to detect possible departure from Hardy-Weinberg
equilibrium and we could not find such significant departure for any of the SNPs
in any of the included studies (Papers II-IV). However, even coincidently occurring
departure from strict HWE may be a subject for discussion: Such “trivial” departure
may result in conflicting OR estimates when comparing results from allelic-based
statistical analyses with corresponding results from logistic regression analysis on
individual-based genotypic data. These conflicting OR estimates may be considered
as an interpretational issue. We approached that problem in the Further statistical
considerations section.



Acknowledgements

I would like to express my sincere gratitude to all those who have contributed to this
thesis. Clinical research is a team-work where each helpful and encouraging co-worker
is an eminent contributor.

First of all, and with sincere pleasure, I would like to thank my principal supervi-
sor Arne Lindgren for his helpfulness and infallible determination to help me to get
through with my thesis. Arne, we spent a lot of evenings discussing different neurologic
topics in your office, and we did not always agree about how to cope with a specific is-
sue or how to put words on findings aimed for publication or for oral presentation at a
conference. But you were always there to aid and guide me, and despite that you were
very often as busy as a bee, you did never hesitate to give me a lot of your expensive
time to advice me and let me take part of your experience. Whenever I came to a dead
stop in any of the projects, you unselfishly offered me your lunch break to help me if no
other time was available in your calendar. I am very thankful for what you did for me
through the years, Arne, even before I was formally adopted for post graduate studies!

To my second supervisor Peter Hoglund I will give my deepest regards for his valu-
able devices and his willingness to help and guide me. Peter, you encouraged me already
in 2003 to get involved in the Lund Stroke Register project and start a very good coop-
eration with Arne and his research team, first as a data manager and statistical adviser,
and by the time passing also as an active researcher and post-graduate student. I have
had many profound and positive discussions with you about statistical methods as well
as ethical issues and neurological subjects from your perspectives throughout the years.
I am very thankful for all the occasions when you, Peter, let me take part of your wis-
dom and experience through a cup of coffee in your office!

Moreover, I will profoundly thank my collaborators through the years within the
Lund Stroke register:

Bo Norrving, whose solid knowledge about the scientific field of neurology was
particularly valuable. Bo contributed as co-writer in all four papers enclosed with this
thesis. Thank you, Bosse, for your constructive and encouraging comments and advices
about e.g. writing and submitting manuscripts!

UIf Kristoffersson, the clinical geneticist in the research team that contributed as
co-writer in all four papers enclosed with this thesis.

Holger Luthman, whose solid knowledge about genetics has been a very important
asset for the research group and for me.

63



Olle Melander, who generously let me implement and document a considerable part
of a prestigious collaboration project between Lund, Malmé and Gothenburg that, inter
alia, resulted in Papers III and IV. At the same time, I will mention the other co-writ-
ers of the papers linked to this thesis, namely Gunnar Andsberg, Gunnar Engstrom,
Bjorn Hallstrom, Bo Hedblad, Christina Jern, Katarina Jood, Sandra Olsson, Bjorn
Petersen, Marketa Sjégren and Jan Gustav Smith.

I have had many constructive discussions regarding Lund Stroke Register with my
equal-in-merit colleagues Hossein Delavaran and Ann-Cathrin Jonsson. I have also
received valuable informal support from other people in various positions at Lund
Stroke Register, and by some students linked to the project. I will thank Bjérn Hansen,
Kristina Hermansdotter, Bjorn Larsson, Ingrid Lindgren, Gunilla Nilsson, Maria
Norrving, Helene Starby and all others more or less involved in LSR.

My sincere regards also to all my colleagues at the R&D-center Skine (FoU-center
Skane), among others including:

Ulf Malmgpvist, the head of the center, for offering me a favorable opportunity to get
through with my thesis. Ulf, we made a gentlemen’s agreement, and I am both proud
and thankful to say that the two of us met that agreement.

Jonas Bjork, who helped me make it possible to combine my effort to get through
with my thesis with the daily work that had to be done. Jonas, you let me hold a num-
ber of seminars within the local professional statistician area, and that was important
for me.

My closest statistician co-workers Nuray Giiner, Helene Jacobsson, Fredrik Nilsson
and Susann Ullén, and the secretary of the R&D-center, Kerstin Tollstam.

In addition, as a non-practitioner, I will express my sincerest appreciation to all those
collaborators that may appear as “invisible records” to me: the stroke patients and the
control subjects included in Lund Stroke Register. You gave us consent to use data rep-
resenting a very intimate part of your personal integrity. We are very thankful for that
confidence and we are doing our very best to administer it well.

Jag vill dessutom tacka familj, sldkt och vanner. Min bror Per Lévkvist med fru
och tvd vuxna barn och deras respektive maste ndmnas i det sammanhanget.
Pers dotter Mia Ingmarsson har for 6vrigt bidragit till denna avhandling genom
att under en kort period arbeta som sommarvikarie i anslutning till Lund Stroke
Register. Bland mina utomstdende vinner bér de som jag sjunger gospel med i
Matteuskyrkan i Malmé pa onsdagskvillar ges sdrskild “cred".

Min mor Alice Lévkvist, som idag dr 96 ar, intar en sdrskild plats i mitt
hjdrta. Jag har alltid haft ditt st6d mamma, dven i tider av motgdngar savdl som
ndr jag befann mig langt hemifran och byggde upp min karridr. Du hade ett hem
som jag kunde komma till, och du tog alltid emot mig med Gppna armar, bland
annat under de ar som jag bodde i Norge. Utan din omtdnksamhet och sjdlv-
uppoffrande modersroll hade jag inte kommit dit jag dr idag.

64



This work was supported by grants from the Swedish Research Council, the Swedish
State, the Swedish Heart and Lung Foundation, the Yngve Land Foundation for
Neurological Research, the Crafoord Foundation, Region Skéne, the Freemasons Lodge
of Instruction EOS in Lund, King Gustav V and Queen Victoria’s Foundation, Lund
University, the Department of Neurology Lund, the Swedish Stroke Association, the
Tore Nilsson Foundation, the Lars Hierta Foundation, the Segerfalk foundation and
the Emelle Foundation. Lund University and the Sahlgrenska Academy are members of
the International Stroke Genetics Consortium.

65



“I do read music, but I prefer playing from the heart.”

Clarence Clemons,
American saxophonist.
Born in 1942.

Died of a stroke in 2011.
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