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Abstract

Subarachnoid hemorrhage (SAH), the least common type of stroke, is a highly fatal vascular
disease, in most cases caused by a rupture of an arterial intracranial aneurysm. SAH is more
common in women than in men and the mean age at SAH is lower compared to other strokes, often
affecting people of working ages. However, the causes of SAH are not fully elucidated. The aim
was to study potential risk factors for SAH in population-based settings.

Lung volumes assessed in spirometry was studied in association to incidence of SAH in 28,000
subjects from the general population (150 SAH events). Stroke incidence was also evaluated in
100,000 patients with chronic obstructive pulmonary disease (COPD) based on nation-wide register
data, comparing the rates to the general population. Leukocyte count was studied for SAH incidence
in a cohort study. In nested case control studies, we studied serum levels of fibroblast growth factor
23 (FGF23), and exome-wide coding genetic variation, in relation to SAH risk.

Subjects with moderately reduced lung function had increased incidence of SAH, even after
adjusting for smoking and in non-smokers. COPD patients had an increased risk of all stroke
subtypes; ischemic stroke, intracerebral hemorrhage, and SAH. High leukocyte count and high
levels of FGF23, which both may indicate systemic inflammation, was associated with risk of
incident SAH. No coding genetic variants were strongly associated with SAH, but a few previously
reported common loci for intracranial aneurysms were detected also for SAH.

The results suggest that mechanisms related to reduced lung function, and low-grade inflammation
may be involved in development of SAH. It is still not known if the association between COPD and
stroke is due to shared risk factors or if there is a causal relationship. However, risk factor
interventions in COPD patients seem important to reduce stroke risk.
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Introduction

John Snow (1813-1858) investigated the cholera epidemic in the quarters of Soho,
London in 1854, thereby undertaking one of the first population-base studies that
have been recorded'. At that time, cholera was considered an air-borne toxin or a
result of bad air. Based on observations of which drinking water companies
delivered water to the different water pumps and mapping of cholera cases, Snow
could trace the source to a pump on Broad Street that was contaminated by sewage.
John Snow is considered one of the “fathers of modern epidemiology”.

According to ‘A dictionary of epidemiology’ (Edited by Porta, M, 2014),
epidemiology is

“The study of the occurrence and distribution of health-related events, states, and
processes in specified populations, including the study of the determinants
influencing such processes, and the application of this knowledge to control relevant
health problems.”

Numerous epidemiological studies have been performed since John Snow reported
from his pioneer studies of cholera. Epidemiological studies of stroke have provided
much knowledge about risk factors for cerebrovascular diseases. However, the risk
factors for subarachnoid hemorrhage (SAH), the least common type of stroke, have
received less scientific attention. SAH is a devastating, sudden-onset vascular
disease, with a 30-50% mortality rate and a high risk of severe disability in
survivors. The age at SAH is generally lower compared to other stroke types, and
SAH is more common in women than in men 2. Because of the disease
characteristics, SAH has a large socio-economic impact that is comparable to that
of all ischemic strokes’.

Although the impact of SAH on both the individual and society is large, the causes
of the disease remain poorly understood. Epidemiological studies of SAH may
provide better knowledge about its risk factors, and methods to identify high risk
groups. These studies can also help elucidating the disease-causing mechanisms.

In the present thesis, potential risk factors for SAH are studied in population-based
settings, with the aim to improve the knowledge about risk groups and disease
mechanisms.
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General aspects of stroke epidemiology

Subarachnoid hemorrhage is the least common type of stroke, and accounts for
around 5% of all strokes. SAH is a bleeding in the subarachnoid space around the
brain, in most cases caused by the rupture of an arterial intracranial aneurysm?®.
Ischemic stroke and intracerebral hemorrhage (ICH) are the other main types,
accounting for about 85 and 10 % of all strokes, respectively®. Ischemic stroke is
caused by obstruction of the blood flow, for example by a distal blood clot or focal
atherosclerosis with thrombus formation, leading to infarction in the affected part
of the brain. Intracerebral hemorrhage occurs from rupture of small intra-
parenchymal arteries and results in bleeding within the brain. Stroke is defined by
the World Health Organization (WHO) as a sudden onset of focal or global
neurological deficits, lasting for more than 24 hours or until death, without any
evident non-vascular cause’. Global instead of focal loss of neurological function is
most often seen in the case of SAH °.

Overall, stroke is one of the most common causes of death worldwide, and a major
cause of severe acquired disability in the adult population® 7. Stroke incidence
increases exponentially with age, although stroke occurs in all age groups and the
health burden of stroke is substantial also in the age below 65 years®. Men have a
higher risk of stroke than women, whereas women are affected at higher age and
more often have severe strokes” '°. In the latest global burden of disease study,
stroke ranked second of individual causes of death after ischemic heart disease and
third with regard to disability adjusted life years, i.e. the sum of life years lost to
disease and years living with disability® .

During the last 50 years, incidence of stroke has tended to decrease or be stable in
high income countries and increase in low and middle income countries® *. The
causes of this pattern likely reflect life style changes, an increased prevalence of
modifiable risk factors, such as smoking, hypertension and diabetes, and a higher
life expectancy, especially in low and middle income countries®. In Sweden, the
estimated number of individuals affected by strokes each year is between 27,000
and 35,000, of whom between 1000 and 2000 have a subarachnoid hemorrhage’.
Between 1998 and 2014, 21,000 to 28,000 individuals per year were admitted to
hospital because of a first-ever stroke''. The mortality from stroke has declined over
the last years, in Sweden, and in other Western countries, perhaps as a result of
better stroke care, whereas the incidence rate is rather stable” ', With a growing,
and older population, the absolute number of strokes will increase worldwide, as
will survivors of stroke, and the burden of disability caused by stroke®. Thus,
strategies of prevention and treatment of stroke are of great importance and will
continue to be a challenge in the nearest future.
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The epidemiologic characteristics of the three stroke types have both similarities
and differences. For instance, SAH and ICH are associated with very high mortality
rates (2050 %)"'* ', whereas ischemic stroke has lower mortality, around 10-15%,
within 30 days*. SAH occurs at a relatively lower age, compared to ischemic stroke
and ICH, and is unlike most other vascular diseases more common in women than
in men". Some risk factors are shared for all stroke subtypes (e.g. hypertension and
age), whereas other major vascular risk factors (e.g. smoking and diabetes) may be
differentially related to ischemic stroke, ICH and SAH'®'%,

In epidemiological studies of common conditions, such as ischemic heart disease,
and ischemic stroke, a high number of risk determinants have been identified. This
research has provided important knowledge about the trends of disease and disease-
related disability, risk factors, as well as risk assessment tools to identify high risk
groups, and strategies of intervention to reduce the burden of disease. A lower
number of epidemiological studies have evaluated risk factors for less common
vascular diseases, including ICH and SAH. This may be due to the lower incidences
of these diseases, which makes them more difficult to study in prospective
population-based studies, and the high mortality causing difficulties with inclusion
of patients and assessment of risk factors. Because SAH has some clinical and
etiological characteristics that differ from other stroke subtypes, it is not always
included in studies of the other stroke types and sometimes considered an own
category separate from ischemic stroke and ICH.

The focus of this doctoral thesis is the study of potential risk factors for
subarachnoid hemorrhage in the general population. The other stroke types are also
included in some parts. Therefore, the background description will put most
emphasize on SAH. Ischemic stroke and ICH will be only briefly described.

13



Subarachnoid hemorrhage

Bleeding into the subarachnoid space, subarachnoid hemorrhage (SAH), occurs
when one of the arteries along the base of the brain, in the subarachnoid space,
ruptures (Figure 1). The subarachnoid space, below the arachnoid mater and outside
of the pia mater (the soft meninges), encloses the large vessels of the brain, it
contains cerebrospinal fluid and is in connection with the ventricle system.
Spontaneous SAH is most often caused by a rupture of an arterial aneurysm, which
is a balloon-like focal dilation of the blood vessel>. When SAH occurs, blood
spreads along the surface of the brain, exciting the nerves in the pia and arachnoid
mater (lepto-meningeal nerves), and causing the intracranial pressure to rise. For the
patient, SAH will commonly cause severe, sudden-onset headache reaching the
maximum intensity instantaneously or within a few minutes (thunderclap
headache), nausea and vomiting, deteriorating consciousness and sometimes, focal
neurological deficits'’. SAH is one of the deadliest vascular emergencies and results
in death in 30-50% of patients'®. However, the clinical picture at SAH varies greatly,
and between one third and half of SAH patients present with thunderclap headache
as the only symptom and are alert and have normal neurological examination'.
These cases are difficult to clinically distinguish from benign thunderclap
headache'’. Patients with a small initial bleed from an aneurysm, so called “warning
leak”, are at high risk of a new bleed and urgent handling of these cases is
necessary”.

Figure 1. Subarachnoid haemorrhage from ruptured aneurysm. (Copyright Matthew Holt. Reprinted with permission).
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Diagnosis

Computed tomography (CT) of the brain has a high sensitivity for diagnosing SAH.
Because SAH may still be missed on CT, especially if it is performed a long time
after onset of symptoms, lumbar puncture is normally performed to rule out SAH if
CT is negative. The diagnosis of SAH is strongly supported in the presence of red
blood cells in CSF (>2000 erythrocytes/mm3) together with confirmation of
xanthochromia in spectrophotometry after centrifugation (i.e. yellow-stained fluid
with increased absorbance at pre-specified wavelengths). Spectrophotometry is
based on detecting bilirubin, which is formed only in vivo from breakdown of
hemoglobin, and bilirubin in the CSF is thus a certain sign of SAH and not of a
traumatic tap. Lumbar puncture should be done earliest 12 hours after onset of
headache, because it will take 6-12 hours for bilirubin to form?% 2!,

Interestingly, recent studies have shown that CT has a near 100% sensitivity for
ruling out SAH if it is performed in the first 6 hours after onset of headache® %,
According to new guidelines, lumbar puncture could, and should therefore be
withheld in the investigation of some of the patients with acute headache and
negative CT within 6 hours, if they also fulfill a number of other criteria®*.

If SAH is diagnosed, further investigation with CT, magnetic resonance imaging
(MRI), or digital subtraction angiography should be performed to detect intracranial
aneurysms causing the SAH®.

Causes of SAH

The most common cause of non-traumatic SAH is a ruptured arterial intracranial
aneurysm, and aneurysmal SAH accounts for some 75-85% of cases****. Non-
aneurysmal perimesencephalic SAH is a benign form of SAH with a good
prognosis. Causes of non-aneurysmal perimesencephalic SAH are unknown but
bleeding from veins has been suggested”. Rare causes of SAH include
inflammatory conditions (for example mycosis, Borreliosis and auto-immune
vasculitis), which can cause vessel weakness, sometimes aneurysms, and rupture,
other structural vascular abnormalities (e.g. arterial dissection, cavernous angiomas,
arterio-venous malformations, tumors), coagulopathies and certain drugs (e.g.
cocaine and amphetamine).

Intracranial aneurysms

Aneurysms are localized balloon-like dilations of blood vessels. The most common
form of intracranial arterial aneurysm is the saccular or berry aneurysm attached by
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a neck. They are commonly located at arterial branching sites on the large arteries
of the circle of Willis or on one of its large branches (35% anterior cerebral
artery/anterior communicating artery, 30% internal carotid artery, 20% middle
cerebral artery, 10% posterior communicating artery, and 5% vertebro-basilar
arteries, Figure 2)*°. Aneurysms are formed during life and the prevalence increases
with age®'. The overall prevalence of intracranial aneurysm in the adult general
population has been estimated to 3.2% (95% CI 2-5%) in a recent meta-analysis,
with higher figures in women®'. About 30% have multiple aneurysms®'.

Unruptured aneurysms are often detected incidentally at investigation for different
diseases, e.g. cerebral infarction, headache or transient neurological symptoms. The
natural history of unruptured aneurysms is, however, poorly elucidated. Most
unruptured aneurysms are small (<5 mm) and the risk of rupture is strongly related
to the size of the aneurysm: A meta-analysis found rupture rates of 0.4% per year in
aneurysms <7 mm®, another prior meta-analysis 0.7% per year for aneurysm
<10mm, and 4% for size of >10 mm™*. Besides size of the aneurysm, location in the
posterior circulation, higher age, female sex, smoking, previous history of SAH, and
having symptoms from the aneurysm are also factors associated with increased risk
of rupture***. Although small aneurysms have a low rupture risk, they are the most
common, and therefore causes the largest amount of SAHs.

Thus, the risk assessment of which aneurysms will cause SAH is difficult. Present
decision guidelines about when to offer intervention for unruptured aneurysm, and
when instead following up with repeated imaging, are mostly based on aneurysm
size, location and risks of the procedure, but patient’s risk factors should also be
considered®. More studies are needed to find predictive factors for risk of SAH in
persons with known aneurysms, so that preventive treatment with endovascular or

surgical intervention may be offered to those that will have the largest benefit.
Figure 2. The base of the brain and the large arteries with the most common locations of intracranial aneurysms

marked by rings. Reprinted from The Lancet, Vol 369, Van Gijn, J., Kerr, R., Rinkel, G., Subarachnoid haemorrhage,
p 306-318, Copyright (2007), with permission from Elsevier.
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Pathophysiology of aneurysms

The pathogenesis of aneurysm formation and rupture is not fully understood.
Histological studies including immunohistochemistry, gene expression and
experimental studies of animal models have outlined some characteristics and
suggested mechanisms of intracranial aneurysm formation and rupture.

The intracranial arteries are composed of the innermost intimal layer containing the
endothelium. The intima is surrounded by the internal elastic lamina, the media,
with elastic fibers and smooth muscle cells (SMCs), and the adventitia with
fibroblasts and collagen. The intracranial arteries lack the external elastic lamina of
extracranial arteries. The stability and strength of the vessel wall is given of the
extracellular matrix (ECM), which is built up of a fine network of collagen, elastin
and other elastic fibers, surrounded by proteoglycans and glycoproteins™.

In principle, aneurysms can form and rupture when the shear stress from blood
pressure on the vessel walls exceeds the tensile strength of the wall. In animal
models induced hypertension, disturbed hemodynamics and impaired collagen
integrity of the vessel wall are needed for aneurysm formation®®. Aneurysms form
at bifurcations where shear stress is highest. They are probably the result of
increased shear stress in combination with a weakened vessel wall due to for
example inflammatory activation at the surface™.

In histological studies, aneurysm tissue is characterized by lack of internal elastic
lamina, loss of endothelium, myointimal hyperplasia from mural cell proliferation
and migration into the intima, and also, decreased number, or loss of mural cells®”
39 Infiltration and activation of inflammatory cells, predominantly macrophages, T-
cells and neutrophils, and activation of the humoral immune response is also
observed™, as is increased proteolytic activity of collagenases, for example matrix
metalloproteinase 2 and 9***'. The inflammatory infiltration is most pronounced in
ruptured compared to unruptured aneurysms’®. Atherosclerosis is also frequently
observed in intracranial aneurysms, with 50% showing advanced atherosclerosis,
sometimes also calcification’. An immune-reaction to cholesterol particles is seen
in aneurysm walls during development and degeneration, although it is not known
if the processes of atherosclerosis are a primary cause of aneurysm formation and/or
rupture, or is only a secondary phenomenon™3% 4%,

The rupture of aneurysms is associated with morphological changes that are
believed to precede the rupture®®. These include increased inflammatory infiltration,
loss of SMCs and fibroblasts, increased degradation of ECM, loss of endothelium
and intimal thrombus formation. These are features usually associated with vascular
remodeling and repair after injury but for unknown reasons these repair mechanisms
will in some cases instead increase the degradation and lead to rupture®®.
Collagenases as well as molecules involved in inflammatory cell infiltration, and
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oxidative stress, are overexpressed in gene expression analyses of ruptured
compared to unruptured aneurysms®. However, it is still not known if the
inflammatory reactions seen in aneurysms are primary causes of formation and
rupture, or merely an epi-phenomenon’®.

Incidence and prognosis

SAH accounts for between 1 and 10 % of all strokes and the overall worldwide age-
standardized incidence rate is between 7 and 13 per 100,000 person years in most
countries'’. For comparison, age-standardized incidence rates of ischemic stroke
and ICH are mostly between 50-300 and 10-30 per 100,000 person-years,
respectively® **°, Incidence rates for SAH have been higher in Finland and Japan
in many studies, and lower in Central and South America and China'>*’, although
it is not known if this is due to methodological reasons of case finding, or true
incidence differences*® *. The WHO MONICA study showed clear regional
differences with highest rates in northern Sweden and Finland, using the same
definition of SAH in all populations®’.

In Sweden, between 1000 and 1400 patients were admitted to hospital with a
diagnosis of SAH per year from 1998 to 2014''. There is a regional difference in
incidence of SAH in Sweden with highest rates in the north (15 per 100,000)°" '
and lower in the south (10 per 100,000 person years)*”*’. Incidence rates declined
in men but not in women between 1985 and 2000 in northern Sweden’. However,
incidence rates of SAH have been stable over the last decades in other studies'.

Another distinct feature of SAH is the lower age at onset, compared to the other
types of stroke. The mean age is around 60 years'>*’, compared to about 75 years
for ischemic stroke and ICH>**. Higher age is, however, also a risk factor for SAH,
and SAH is uncommon under the age of 30 years. The incidence rate pattern seems
more plateau-like between the ages of 55 and 85 years (Table 1). Data in the elderly
(>85 years) is limited'>>°.

The case-fatality rate after SAH is high: The proportion who had died 28 days after
SAH was between 30 and 60 % in European studies, as meta-analyzed by
Nieuwkamp et al®. The WHO MONICA study showed mortality of 42%
worldwide, restricted to the younger age group (25-64 years)*’. In Sweden, studies
have shown 36%, 45% and 64% 30 day mortality in 1983-1985%, 1985-2000°°, and
1999-2000*, respectively. SAH is a known cause of sudden deaths and 10-20% of
SAH patients die suddenly before reaching the hospital or in the emergency
department®® ¥ 33,

In a study from Sweden, including all SAHs between 1987 and 2002 (n=17,000)
registered in the national Inpatient and Causes of death Registers, 32% had died one
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month after SAH, and 35% three months after’*. A tendency towards decreased
mortality was observed 1987-2002*, which is in line with the results from the
MONICA study in northern Sweden (1985-2000)".

Table 1. Age specific incidence rates per 100 000 person years for SAH in southern Sweden 1996 (Nilsson et al.?”) and
from meta-analysis of 20 studies (De Rooij et al.)'®.

southern Sweden Meta-analysis
Age, years Men Women Total Total
0-14 0 0 0 2.0 <25 years
15-24 0 1.4 0.7 2.0 <25 years
25-34 0 2.7 13 7.7
35-44 4.1 8.4 6.2 10.5
45-54 13.2 22.2 17.6 19.5
55-64 13.8 22.2 18.0 24.8
65-74 16.5 25.3 21.2 25.4
75-84 12.8 27.1 21.2 26.2
>85 12.3 27.8 23.0 313
Symptoms after SAH

In patients surviving SAH, cognitive impairment is common, including deficits of
memory, executive function and language. 4-12 % have deficits of activities of daily
living, whereas 44-95% have deficits in so called instrumental activities of daily
living, for example, dealing with finances, shopping, housekeeping. Around 40% of
SAH survivors that worked before the SAH event are not able to return to their
previous work after SAH™.

Because of the lower age at onset, and the higher mortality compared to other
strokes, SAH is estimated to cause one third (27 %) of potential life years lost before
the age of 65 due to all cerebrovascular diseases. This is comparable with that of
ischemic stroke (38%) or ICH (34%)°. Hence, although the relatively low incidence
compared to other strokes, the morbidity, mortality and socioeconomic burden of
SAH is substantial.
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Risk factors

Higher age, female sex, hypertension, smoking, high alcohol intake and family
history are established risk factors for SAH'" %, For other potential risk factors,
results are less consistent.

Female sex and hormonal factors

SAH is around 1.25-1.5 times more common in women than in men, thus
contrasting other types of stroke, and most other vascular diseases, for which male
sex usually is a risk factor'*'”?’, The sex difference in SAH risk is most pronounced
after the age of 60 years'”. The reasons for the difference between men and women
are not known. It has been hypothesized that postmenopausal hormonal changes
may be part of the explanation. Interestingly, hormonal replacement therapy has
been associated with decreased risk of SAH'"*’. Oral contraceptives, on the other
hand, have been suggested to increase the risk of SAH in a meta-analysis®. Recently,
it has been proposed that smoking and female sex may have a synergistic effect on
SAH risk and that this may be part of the explanation of the observed higher
incidence in women®®.

Hypertension

Hypertension has been associated with a 2.5 fold risk increase in a meta-analysis,
and estimates were similar and consistent in both longitudinal and case control
studies'’. There was, however, no uniform definition of hypertension in the meta-
analysis. In many studies, the actual levels of blood pressure are not recorded, and
blood pressure are sometimes measured after SAH, which may result in an
overestimation of the risk associated with hypertension because blood pressure may
be raised as an effect of SAH. Because of these shortcomings, it is not well studied
if there is a dose-response relationship between blood pressure levels and SAH. A
Norwegian cohort study found that systolic blood pressure of 130-160 mmHg
doubled the risk of SAH, and over 160 mmHg increased the risk by 3-fold,
compared to having blood pressure <130 mmHg™. A Finnish cohort study found a
similar trend with most clearly increased risk in subjects with systolic blood
pressure >160 mmHg, whereas ‘diagnosed hypertension’ had a hazard ratio of 1.5%.
One study used a strict definition of hypertension; confirmation of hypertension by
a physician before SAH, or evidence of target organ damage of hypertension. In that
study, no association between hypertension and SAH was found, and the authors
questioned hypertension as a risk factor®'.

Smoking

Smoking is a strong and consistent risk factor for SAH. In a population-based
Australian case control study, current smoking conferred an odds ratio (OR) of 5
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compared to never smokers, and there was a dose-response relationship between
amount of smoked cigarettes and SAH risk®. Likewise, in prospective cohort
studies, current smoking has been strongly associated with incident SAH, with risk
ratios between 3 and 6 compared to never smokers™ ® % and of around 2
compared to non-smokers (i.e. never and former smokers)®”. Estimates of the
population attributable fraction (PAR) of smoking have been about 20-40%°% ¢,
The high risk associated with current smoking decreases substantially after quitting
smoking, meaning that smoking cessation is likely of great value to reduce the
incidence of SAH. However, in most studies, former smokers are still at an increased
risk compared to never smokers'”: *% 6% 62 6467 (yisk ratio of around 2 in meta-
analysis'’), although the time since stopping smoking, and years as a smoker differs.
In the American Nurses’ Health Study of relatively young women, the increased
risk in former smokers seemed to persist for at least five years after cessation®. For
comparison, the excess risk of ischemic stroke in former smokers disappeared after
two years®. In the Australian study, the excess risk of SAH from former smoking
diminished after one year. Exposure to smoke at home was not associated with SAH
risk®.

Two recent prospective population-based studies have shown substantially higher
effect estimates for smoking on SAH risk in women compared to men®® ®. This
observation could be part of the explanation for the sex difference in SAH risk.
Figure 3 shows the joint effect of risk factors for SAH from the ‘FINRISK’ study
by Korja et al®®. However, other results regarding the sex difference for smoking
have been inconsistent'’. Studies of interactions require large samples. A Swedish
collaboration is currently meta-analyzing data from a large number of cohort
studies, including >2500 SAH events. Preliminary results show a higher effect of
smoking in women (OR 2.6) than in men (OR 1.7, p for interaction<0.01)%,

The biological effects of smoking on SAH risk are not fully understood.
Mechanisms might be inflammatory activation in arterial walls, endothelial
dysfunction, or inhibition of anti-proteases causing increased degradation of ECM*
% Increased collagenase activity and ECM degradation could be a primary cause of
smoking, or a result of the macrophage activation induced by smoking®. Alpha-1-
antitrypsin, an important anti-protease is inhibited by smoking®. Smoking may also
cause blood pressure peaks with sudden increases of shear stress, which could be of
importance for SAH. Smokers have generally, however, lower blood pressure than
non-smokers’’.
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SAH Incidence Depending on Risk Factor Profiling
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Figure 3. Rates of SAH by combination of risk factors in men and women. From Korja et al., Plos One, 2013 %°. sBP,
high systolic blood pressure; matstroke, stroke in mother.

Alcohol drinking

Heavy alcohol drinking has been a risk factor for SAH in several studies'” . Intake
of >150 g/week was associated with a two-fold increased risk compared to those
drinking no alcohol in a meta-analysis'’. In a large Finnish cohort study, drinking
>87 grams of alcohol per week was associated with a two-fold increased risk
compared to abstainers®. However, results for high alcohol intake in the Australian
and Asian populations have been inconsistent’'”*. Because the majority of high
alcohol consumers are also smokers, often heavy smokers, there might be residual
confounding from smoking explaining part of the association between alcohol
intake and SAH, and it is difficult to do subgroup analysis of alcohol and SAH risk
in never smokers®" %,

Metabolic factors, diet and physical activity

Hypercholesterolemia, diabetes mellitus, and overweight have been suggested as
protective factors for SAH in a meta-analysis'’. However, results must be
considered uncertain'’. Results for cholesterol levels and SAH risk are conflicting
and reasons for a negative association are unclear. Many case control studies
measured cholesterol in the acute phase of SAH, or did not adjust for other risk
factors’*. Prospective studies, have instead reported positive associations between
cholesterol and risk of SAH, especially in men®” "7°, Diabetes may cause vessel
stiffness and an inverse association is seen for aortic aneurysms. If this is the case
for SAH is not known. High dietary intakes of fat and salt have been associated with
risk of SAH". Reduced-fat milk, fruits, soy and green tea have instead been
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associated with a lower risk’”®. High intensity physical activity may trigger SAH”’.
A high level of long-term physical activity is instead associated with a decreased
risk'7-#¢,

Circulating biomarkers

Few studies have examined circulating biomarkers in association to future risk of
SAH. Two studies with small numbers of SAH cases (n=29 and 33, respectively)
examined markers of systemic inflammation, hsCRP®' and fibrinogen™, but none of
these were significantly associated with SAH incidence.

Fibroblast growth factor 23 is a hormone secreted from osteoblasts involved in
calcium homeostasis. It is increased in chronic kidney failure and high levels have
been associated with inflammation and mortality, respectively, in patients with
chronic kidney disease®**. One prospective population-based study found that high
levels of FGF23 was associated with incidence of ICH, but not with ischemic stroke.
SAH was not evaluated because of a low number of cases®. Another study found
an association between FGF23 and cardioembolic ischemic stroke™. We
hypothesized that FGF23 levels are associated with increased risk of incident SAH
because of a possible relation to both ICH and inflammatory markers. Also, one
genetic risk locus for intracranial aneurysms is located close to the gene encoding
Klotho. Klotho is a regulator of fibroblast growth factors and vascular calcification
and vascular aging®’ **.

Shortcomings of prior risk factor studies for SAH

Generally, several of the studies of risk factors for SAH are small and few have
prospective cohort designs, i.e. exposure is measured before disease. Many results
come from case control studies. Many of these assessed risk factors in the acute
phase of SAH or after SAH, which could induce recall bias and lead to findings of
reverse causation. Controls come from different settings; for example, in some
studies hospital controls have been used. Moreover, fatal cases have been excluded
in some studies and only few studies include also cases of SAH dying before
reaching the hospital. In other studies, proxy information has been used for fatal and
severely disabled cases. The heterogeneous methodologies of risk factor studies
make results from meta-analysis difficult to interpret’* *’.

Complications and Treatment
Rebleeding and delayed cerebral ischemia are common and serious complications
to SAH associated with worse outcome®. Delayed cerebral ischemia most often

develops 4 to 14 days after SAH and affects at least 10-30% of patients, but probably
a clearly higher proportion®. It causes focal or global loss of neurological function.
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One cause of ischemia is vasospasm, which is in turn primarily due to blood
surrounding the large vessels, although the mechanisms for vasospasm are
complicated®*. Other factors, for example global ischemia during the course of SAH
also seem to be of importance for delayed cerebral ischemia °'. Initial loss of
consciousness and large amounts of blood, respectively, associate with high risk of
delayed cerebral ischemia. Prevention of cerebral vasospasm by the use of calcium-
antagonists reduces cerebral ischemia and have a favorable effect on outcome after
SAH??. Hydrocephalus due to blood obstructing the flow of CSF in the ventricular
system is also a complication after SAH?.

To prevent rebleeding after aneurysmal SAH, occlusion of the aneurysm should be
done as soon as possible®. Serious rebleeding often occurs already shortly after the
initial bleed (around 15% in the first 24 hours”). Endovascular coiling, i.e.
occluding the aneurysm with platinum spirals (coils), or microsurgical neck clipping
in open surgery, is performed to occlude the aneurysm. Randomized trials have
shown reduced rate of death and dependency in patients undergoing endovascular
coiling compared to microsurgical clipping’. Endovascular intervention is therefore
preferable although clipping is still the method of choice for some patients, because
the location and morphology (e.g. large, broad-based) of the aneurysm make them
unsuitable for endovascular techniques ***. Antifibrinolytic drugs (e.g. tranexamic
acid) reduce the risk of rebleeding’, but are not clearly favorable on overall
outcome after SAH, maybe because they could also increase the risk of cerebral
ischemia and venous thrombosis®. However, short-term treatment with
antifibrinolytic drugs before aneurysm occlusion is done is probably beneficial for
both rebleeding and long-term outcome®*’.

Figure 4. Coiled aneurysm of the posterior cerebral artery with a small residual aneurysm sac. From Pillai et al.
Journal of Medical Case Reports 2007 1:168. (Creative commons attribution license.)
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Family history and genetic studies of SAH

First-degree relatives of SAH patients are at two to seven-fold increased risk of
having a SAH**'"', and in those with two or more first-degree relatives the risk is
even stronger'”. However, only some 5% of patients with SAH have a first-degree
relative with SAH'®. To some part, the excess risk in first-degree relatives is
explained by shared acquired risk factors, such as smoking, hypertension and high
alcohol intake, which are common and account for a large part of SAH® 66 102,
However, studies also support a genetic influence on risk of SAH and intracranial
aneurysms®. A large twin study reported a heritability, i.e. the proportion of disease
variance explained by genetic factors, of 41%, thus suggesting that other risk factors
account for the largest part of SAH but genetic factors have moderate influence'®.
This estimate is similar to other so called complex vascular diseases, such as
ischemic stroke (17-38%)'"*'% and coronary artery disease (40-50%)'"’, and

cancers like prostate (42%) and breast (27%) cancer'%.

Some genome-wide association studies (GWAS) have identified and replicated
several loci related to intracranial aneurysm. Whereas the GWAS approach is
hypothesis-free and investigates a high number of variants, often single nucleotide
polymorphisms, throughout the genome, candidate gene studies are based on
hypotheses about which genes that are important for the studied disease and studies
only variants in that genes %', Candidate gene studies have also found some risk
variants for aneurysms and SAH, but mostly they have not been replicated, as has
been the case also for other diseases''!. Generally, GWA studies have been most
successful in identifying risk loci for complex diseases, compared to candidate gene
studies''’. A reason for this is that it is difficult to formulate hypotheses because the
links between the genetic variation and the biological processes in disease are very
complex.

The most robust associations from GWAS for intracranial aneurysms have been
found for polymorphisms in or near the cyclin dependent kinase inhibitor 2A and B
(CDKN2A/CDKN2B) genes on chromosome 9p21, the SRY Box-17 (SOX17) gene
on chromosome 8ql2, and the endothelin receptor type A (EDNRA) gene on
chromosome 4q31%”-''"-112, The chromosome 9p21 locus has been associated with
aneurysmal SAH in a south Swedish sample''?, and is also related to coronary heart
disease, large-artery atherosclerotic ischemic stroke and abdominal aortic
aneurysm''*. Both the chromosome 8 and 9 loci probably confer especially high
risks of intracranial aneurysms/SAH in smokers''> ''®. Discovered and replicated
loci from GWA studies for intracranial aneurysms are listed in Table 2.
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Table 2. Loci associated with intracranial aneurysms in genome-wide association studies.

Locus Nearest genes
9p21.387 14 115, 117 CDKNA2BAS
8q11_2387,115,117,118 SOX17

8g12.187. 118 SOX17
4931.23'2 EDNRA
10q24.3257 CNNM2

12q2287 112 FGD6

13q13.1%7 KL/STARD13
18q11.2%7 RBBP8
2q33.1""7 ANKRD4/HSPD1
7p21.1118 TWIST1/FERD3L/HDAC9
20p12.1"12 RRBP1

The pathophysiological mechanisms by which the discovered risk variants influence
aneurysms and SAH are not fully understood, but there are some suggested
functions. Two tumor suppressor genes, the CDKNA2A and CDKNAZ2B, that
regulate cell cycle and cell proliferation, are located in this region. Some of the 9p21
polymorphisms are located in the CDKN2B antisense RNAI (CDKN2BAS), which
has probably a regulatory function''’. Reduced expression of CDKN2B is seen in
blood leukocytes, vascular SMCs, and atherosclerotic plaques of subjects carrying
the 9p21 risk variants'?’. The effect of the 9p21 variants on atherosclerosis and
aneurysm may be caused by increased vascular SMC proliferation, and in some
cases, increased apoptosis of SMCs'?! 1?2, Increased apoptosis of SMCs causes
weakening of the arterial wall and is an important characteristic in intracranial

aneurysm histopathology'*.

The SOX7, SOX17 and SOX18 proteins (SoxF family) are transcription factors
functionally closely related to each other, and with partially redundant biological
functions. They have important roles in vascular endothelial development and
maintenance. The involvement of SOX17 in aneurysm development and SAH is
supported by a recent experimental study, in which SOX17 knock-out mice had
more cerebral arterial wall weakening, dilation of arteries, increased aneurysm
development and hemorrhage occurrence, due to endothelial pathology, compared

to their littermates'?.

The EDNRA variant associated with intracranial aneurysms is located directly
upstreams of the gene in a regulatory region. The endothelin receptor has well-
characterized functions on the regulation of vascular tonus, and proliferation of
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endothelial and SMCs, and may thus be directly involved in aneurysm formation,

and also atherosclerosis''%.

Candidate gene studies have suggested the influence of genes related to ECM
integrity, inflammation and endothelial function'''. A meta-analysis found evidence
of association for six loci from candidate gene studies with intracranial aneurysms
or SAH, including polymorphisms in the serine protease encoding gene SERPINA3,
the collagen type 1 and 3 genes COLIA2 and COL3A1, the proteoglycan genes
versican and heparin sulfate proteoglycan 2'''. Some of these associations have been

restricted to one ethnicity, and need further confirmation'"".

Further studies of genetic determinants

Only a small part of the heritability for intracranial aneurysms can be explained by
known loci from recent GWA studies. No genome-wide study of SAH has been
performed, to our best knowledge. Further studies with different approaches are
needed to find the specific variants associated with intracranial aneurysms and SAH
risk. Studying variation within the protein-coding part of the genome (exome
variation) may be one way of finding new risk loci for SAH. Commercial so called
exome arrays are available and genotype a large number of coding variants
throughout the exomes of all genes (exome-wide)'?. Coding non-synonymous
variants can cause missense (a change of an amino acid), nonsense (introduction of
a stop codon) or splice site mutations (changes the splice site), and although these
variants are mostly uncommon their effect may be high on disease risk because of

the potential direct effects on protein functions'®.

Risk factors for ischemic stroke and ICH

As for SAH, smoking is an important risk factor also for ischemic stroke, whereas
results are uncertain for ICH'®'%'26_ In the ‘INTERSROKE’ study, which is a large
international case control study of risk factors for ischemic stroke and ICH, current
smoking conferred an odds ratio of 1.9 for ischemic stroke in the whole study
(population attributable fraction of 46%) and 3.3 restricted to cases and controls
from Western Europe, North America and Australia. Smoking was not a risk factor
for ICH in the whole sample (OR 1.14, 99% CI 0.95-1.14) or in any region'®. A
study from the MPP'® and a systematic review'?® are in line with these results.
However smoking was a risk factor for lobar ICH in the MPP study'®.

Hypertension is the risk factor accounting for most cases of ischemic stroke and
ICH, with ORs of 2.8 for ischemic stroke (PAR=45%) and 4.1 for ICH (PAR=56%)
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in the INTERSTROKE’ study, defining hypertension as blood pressure >140/90 or
self-reported hypertension'® ',

In addition to smoking and hypertension, influential risk factors for ischemic stroke
include diabetes, hypercholesterolemia, overweight, physical inactivity, heavy
alcohol consumption, psychosocial factors, and atrial fibrillation. For ICH, risk
factors in addition to hypertension, include overweight, high alcohol intake and
psychsocial stress'® '* 12,

Several of the risk factors for SAH are also risk factors for other vascular diseases.
This is reflected by results showing that patients surviving SAH have an increased
long-term risk of mortality from vascular diseases®, in particular other cerebro-
vascular events®”, compared to the general population.

Lung function, COPD and stroke

Reduced lung function assessed in spirometry, expressed as either a low forced
expiratory volume in 1 second (FEV1) or a low forced vital capacity (FVC), has
been associated with increased incidence of several cardiovascular diseases'?® 1%,
and with cardiovascular and all-cause mortality'** 3!
persisted also in studies of life-long never smokers'*" '3,

. The associations have

For stroke as outcome, studies have shown that reduced lung function reflected by
a low FEV1 and FVC, respectively, is associated with an increased incidence of
ischemic stroke, also in never smokers'** **, Low FEV1 is associated with stroke
from all causes, especially fatal stroke, in the general population independently of
smoking"** *>. FEV1 has also been inversely associated with all-cause stroke in
hypertensive subjects, and in subjects with both ischemic heart disease and
hypertension, adjusting for smoking'*® '*” A relationship between asthma all-cause
stroke has been suggested'*.

The causes for the association between reduced lung function and cardiovascular
diseases are not known. Systemic inflammation, increased ECM degradation,
hypoxia, and oxidative stress have been suggested mechanisms'*?. It is not studied
whether reduced lung function is associated with incidence of SAH, although
reduced lung function is associated with several other vascular diseases and may
share pathophysiological mechanisms, such as degradation of ECM, with SAH.
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COPD

Chronic obstructive pulmonary disease (COPD) is a common disease with a
prevalence around 10% in the adult population worldwide and in Sweden'* %,
COPD was recently ranked as the third most common cause of death worldwide in
the Global burden of disease study’, and prevalence of COPD is expected to increase
in the next years'®. COPD is characterized by chronic airflow limitation in
combination with respiratory symptoms. It is diagnosed based on a FEV1 to FVC
ratio below 0.7'*°. COPD is associated with chronic airway inflammation, causing
degradation of elastic tissues and emphysema.

Smoking is the main risk factor for COPD. Other important risk factors include age,
chronic asthma, repeated lower respiratory-tract infections, occupational exposure
to dust and fumes'"', and indoor air pollution from solid fuels like wood and
charcoal'*?. Genetic factors probably also influence the susceptibility of COPD.
Deficiency of alpha-1-antitrypsin, a major anti-protease, is the most well established
genetic factor but on a population level it explains only a small fraction of cases'®.
Although smoking is the major risk factor, some studies have shown that relatively
large proportions COPD are never (around 25%) or non-smokers (10-45%)"* '*,
In a Swedish study, 90% of men and 65% of women with COPD were ever-

smokers'*®. In severe COPD, 100% and 85% were ever-smokers'*.

Cardiovascular disease is a major cause of hospitalizations and deaths in COPD
patients'*. COPD is associated with increased incidence of coronary heart disease,
heart failure and cardiovascular mortality'**'*. To some part, these associations are
explained by shared risk factors, however, also adjusting for all risk factors,
associations have remained in several studies'*¢'%.

COPD has been associated with increased stroke risk in some studies, although
results have been somewhat inconsistent, and various designs have been used. One
study found a high effect estimate for COPD (HR 2.8) adjusting for sex and
smoking, but this was largely restricted to younger age groups'*’. Other studies have
found an increased risk of around 50%'*> '#% 131 132 byt after adjustment for
comorbidities, the association was not significant in all studies'*”> 1!, Thus, it
remains unclear if COPD is associated with an excess risk of stroke. Also, the main
stroke types (ischemic stroke, ICH, SAH) have not been studied in COPD.
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A1ms

The overall aim was to study risk factors for SAH in the general population, and in
some cases, to relate these associations to the other stroke types. The specific aims
of the included papers are described below.

L. To investigate the association between reduced lung function assessed
in spirometry and incident SAH in subjects from the general population,
and to assess if smoking influences this association.

1L To evaluate if the level of blood leukocytes is associated with risk of
incident SAH.

I11. To evaluate if serum levels of FGF23 are associated with risk of
incident SAH.

V. To investigate whether patients with COPD are at increased risk of

stroke, including all main stroke types, in comparison with reference
individuals from the general population.

V. To find genetic variants of the protein-coding regions of the genome
associated with risk of SAH.
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Methods

Study populations

The Malmo preventive project

The Malmé preventive project (MPP) was a health screening project with the aim
to identify individuals with high risk for cardiovascular disease, and people with
alcohol abuse, and to offer preventive interventions'>* '**, Men and women were
invited by mail to the screening program between 1974 and 1992. In the first years
of the program (1974-1981), predominantly men were examined and in the later
years (1982-1991), predominantly women. Invited were all men living in Malmo,
born 1921, 1926-1942, 1944, 1946, 1948-1949, and all women, born 1926, 1928,
1930, 1932-1936, 1938, 1941-1942, 1949. A total of 22,444 men and 10,092 women
participated, corresponding to an overall attendance rate of 71%. The mean age was
44 years (range 27-61) in men and 50 years (range 28-58) in women. The screening
visit included a physical examination, a panel of laboratory tests, and a computer-
based questionnaire'>* >,

There was no risk-reducing effect on overall, or cause-specific mortality of the MPP
screening and intervention program when invited subjects were compared to non-
invited'>, which indicate that the interventions probably were not effective.
However, the MPP has been extensively used in research purposes.

Individuals that were invited to the MPP but did not participate were more often
born abroad, and living alone, and they had lower educational and socioeconomic
levels, compared to those who participated. Total mortality as well as incidence of
non-fatal ischemic heart disease was higher in non-participants'>*.

The Malmé Diet and Cancer Study
The Malm¢ Diet and Cancer Study (MDC) is a population-based cohort study
performed in the city of Malmd, Sweden, with the main objective to study the effect

of diet and life-style factors on cancer incidence and mortality'>>'>°. All men, born
1923-1945, and all women, born 1923-1950, living in Malm6 were invited to
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participate in the MDC study by advertisements in public places and local
newspapers, and personal invitation letters, as described in detail elsewhere'>® ',
Individuals with insufficient skills in the Swedish language, or mental incapacity
were excluded'®. In the invited birth cohorts, there were a total of 74,138
individuals, of which 68,905 were eligible for the study, and 30,447 responded and
were initially included. A total of 28,449 (11,246 men and 17,203 women) had a
complete baseline examination and 28,098 had also a complete diet assessment.
This corresponds to a participation rate of about 41 %', The part of the MDC with
complete diet assessments are also included in the WHO project European
Prospective Investigations into Cancer and nutrition (EPIC).

Representativity of the MDC

About 60 % of participants were women in the MDC study. Women were also
somewhat younger than men (mean age of 57 and 59 years). The reasons for these
differences were that additional invitations were sent out to younger women (born
1946-1950) after redefining the cohort in 1995, in order to improve the ability for
studying determinants of breast cancer'*®. About 11% of the MDC cohort was born
outside of Sweden, most of these in the neighboring countries. In a study assessing
the representativity of the MDC, it was found that incidence of cancer and mortality,
including mortality from cardiovascular disease, was higher in non-participants
compared to participants. The prevalence of smoking and obesity, and socio-
demographic characteristics were similar in participants and non-participants, based
on a comparison in some of the included birth cohorts (1923, 1933, 1943) with
results from a health survey with 76 % participation rate'*. Because incidence of
life-style related cancers, e.g. lung cancer, was increased, it should, however, be
suspected that life-style related risk factors were more common in non-participants.
The results thus indicate that the MDC represents a somewhat healthier part of the

population'.

Baseline examinations

In the MDC, all participants underwent physical examinations and filled out a self-
administered questionnaire. At the first visit, blood pressure, height, weight and
body composition were measured, and the questionnaire was handed out. Venous
blood samples were collected and blood separated within one hour, and serum and
plasma samples were biobanked at -80 or -140 degrees'*®. At the second visit, most
often about two weeks later, the questionnaire was returned and checked for
completeness by trained study nurses. A detailed diet assessment was completed as
described elsewhere'”. Some of the participants were randomly selected for
additional examinations, including ultrasound of the carotid arteries and additional
blood samples, and were included in the MDC Cardiovascular cohort (MDC-CC),

for which the main goal was to study the epidemiology of carotid disease'®".
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The COPD cohort

The COPD cohort was collected by use of several Swedish nation-wide registers.
All individuals between 40 and 84 years of age, having a discharge diagnosis of
COPD in the National Inpatient Register, either as primary or as secondary
diagnosis, between 1987 and 2003 were identified (n=132,017). For each individual
with COPD one reference individual was randomly selected from the Total
Population Register, matched for sex, year of birth, and county of residence during
the year of the first COPD diagnosis.

The Swedish National Inpatient Register has been recording all discharges from
hospitals in Sweden since 1987'°!. Each discharge includes one primary diagnosis,
and in many cases also several secondary diagnoses. Diagnoses are made by
physicians in routine care and contra-signed by board-certified specialist. The
general quality of the register is high'®'. The specific validity has been evaluated for
different diagnoses. For COPD diagnoses, a validation study showed that about 10%
are misclassified or uncertain'®?. The validity of stroke diagnoses is discussed in the
methodological discussion.

We excluded 11,131 (8.4 %) of COPD patients and 2678 (2.0 %) of reference
subjects, who died less than 30 days after the date of inclusion. Also, 1736 (1.3 %)
reference subjects who had been hospitalized with a COPD diagnosis prior to
inclusion, were excluded, as were 682 (0.5%) COPD patients because of data
inconsistencies.

All individuals with a stroke diagnosis in the national Inpatient Register (ICD 9
codes: 430,431,434 and 436,ICD 10: 160, 161, 163, 164) or diagnosis of “late effects
of cerebrovascular disease” (ICD 9: 438 and ICD 10: 169.0-169.4) before or on the
start of follow-up were additionally excluded because they were considered to have
a history of stroke (4715 [4.1%] of COPD patients and 8624 [7.4%] of reference
subjects).

To keep matched pairs of COPD and reference individuals after exclusions, 8161
(6.2 %) COPD patients and 18,785 (14.2 %) referents had to be additionally
excluded because they missed their counterpart.

The National Population Censuses (Folk- och bostadsrikningen) was used to
achieve information about socioeconomic status. The Censuses were conducted
every fifth year between 1960 and 1990 and participation rate was over 97%
between 1980 and 1990. Socioeconomic data was categorized into manual, non-
manual, other types of occupation, and being outside the workforce (i.e. old age
pensioners, housewives, students, unemployed or those with missing information).
Information from The Total Population Register, which holds data about vital status,
date of death, country of birth, and dates of immigration or emigration, was linked
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to the study population. Information about comorbidities was achieved from the
Inpatient Register using ICD 9 and 10 codes listed at discharge.

The final study cohort consisted of 103,419 COPD patients and the same number of
reference subjects, born between 1903 and 1963. Among both COPD patients and
referents, 54% were men and the mean age was 70 years. 62% of COPD patients
had COPD as primary diagnosis. 88% of COPD patients and 91% of reference
subjects were born in Sweden. Prevalence of cardiovascular comorbidities were
generally higher in COPD patients than reference subjects, and 32% of the COPD
group compared to 57% of the reference group had not been hospitalized before
inclusion in the study.

Assessment of exposure

Paper I

In MPP, spirometry was performed during most of, but not the entire, screening
period, including 94 % (21,186) of men and 71 % (7748) of women. In men, the
screening included whole birth cohorts. Characteristics in subjects that were
screened and not screened with spirometry, respectively, have been described'**.

Spirometry was performed using a Spirotron apparatus (Driagerwerk AG, Liibeck,
Germany) with the person in a standing position having no nose clip. For analysis,
the lung volumes were standardized for age and height using equations derived from
linear regressions of never smokers in the present cohort'* ', FEV1, FVC and
FEVI1/FVC are expressed as their percentages of the predicted values.

Blood pressure was measured twice in the right arm after 10 minutes of rest.
Cholesterol, blood glucose and erythrocyte sedimentation rate (ESR) were analyzed
in fasting blood samples. Diabetes was defined as fasting venous blood glucose >6.1
mmol/L and/or a positive answer to the question “Do you have diabetes mellitus?”.
Smoking habits were based on self-report and smoking was categorized into current
or non-smoking. If a person answered the question “Are you mostly engaged in
sedentary activities in spare time, for example, watching TV, reading, going to the
movies?” positively, he/she was classified as being physical inactivate in spare time.
Individuals were considered high alcohol consumers if they had more than two
affirmative answers to the modified shortened version of the Michigan Alcoholism
Screening Test'®, which can identify a high proportion of heavy alcohol
consumers'®. A history of myocardial infarction or stroke was recorded based on
the questionnaire and data from the inpatient register. Angina pectoris was
considered prevalent if the subject reported a doctor’s diagnosis or use of nitrates.
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Individuals with a history of stroke (n=30), myocardial infarction (n=258), or angina
pectoris (n=466) at baseline were excluded. Subjects with missing information
about blood pressure, alcohol consumption, body mass index, cholesterol, diabetes,
physical inactivity, or ESR, were excluded (n=350). Fifty-five with ESR >50 mm
(n=55) were excluded because this may indicate severe ongoing disease. 27,771
subjects, 20 534 men and 7237 women, were included.

Paper 11

Leukocyte count was measured in MPP for individuals screened between 1974 and
1981. During this time, men born 1921, 1926-1940, 1942, 1944, 1946 and 1949
were examined, and women born in 1926, 1931, 1938, and 1949. In total, 19,930
subjects, 17,198 men (78 % of all men in MPP) and 2,732 women (31 % of all
women in MPP) had leukocyte counts measured. Leucocyte count was determined
with automatic counters at the Malmo hospital laboratory. Other baseline data was
measured and defined as described for Paper I. Smoking status included also former
smoking in Paper II, i.e. previous daily smoking for at least 6 months.

Ten individuals with a history of stroke were excluded, and 119 because of missing
information about blood pressure, cholesterol or diabetes. Excluded were also seven
individuals with leukocyte counts >20.0 x 10° cells/L in order not to include possible
false or unreasonable values. A total of 19,794 subjects (2,711women and 17,083
men) were included.

Paper 111

Levels of FGF23 were analyzed in stored serum samples of SAH cases and control
subjects selected for the nested-case control study that is described under Study
design. Levels of FGF23 were analyzed with the Proseek multiplex CVD I assay, a
proximity extension immuno-assay'®. The intra- and inter-assay coefficients of
variation were 9 % and 26 %, respectively'®> %, Assessment of the other baseline
data is described under Study population.

Exposure data in Paper IV is described under Study population.
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Paper V

Genotyping was performed with the Illumina OmniExpressExome Beadchip
version 1.0 at Broad institute, Boston, using the autocall algorithm for genotype
calling. This genotyping array includes a standard genome-wide array, and an
exome part, which is designed with focus on coding variants, i.e., missense,
nonsense and splice site mutations'>. The exome part of the array includes 244,194
single nucleotide variants (SNVs).

Quality control (QC) of genotype data was performed in a combined dataset of SAH
cases, other stroke cases from the MDC and stroke-free subjects from the MDC
Cardiovascular cohort. QC on the individual-level excluded subjects with 1) a call
rate <95%, 2) discrepancy between reported and genotyped sex, 3) excess of
heterozygosity, 4) relatedness of up to second degree (identity by descent sharing,
pi-hat>0.1875), and 5) population outliers based on inspection of the first two
principal components. SNVs were excluded if they had a call rate <95%, a p value
<10 for departure from Hardy-Weinberg equilibrium, or if they were on non-
autosomal chromosomes. All variants on the exome part of the genotype array that
passed QC were considered for inclusion in the study. To evaluate some previously
reported loci for intracranial aneurysm, we used data for ten common variants in the
9p21 region''®, from the ‘GWAS part’ of the genotyping array.

Ascertainment of outcome

Paper I-1II and V

Cases of SAH treated in hospital and SAH patients followed-up in the outpatient
clinics in Malmé were identified by use of the Malméo Stroke Register. The stroke
register was started in 1989 with the aim to record all stroke cases in the city of
Malm&®. Cases of stroke have been identified continuously through systematic
search among inpatients, outpatients and in the emergency department of the
hospital in Malmé. In addition, stroke cases in primary care have also been searched
for'®”. A research nurse, supported by a stroke neurologist, has validated all
diagnoses of stroke through review of medical records and sometimes with patient
interviews. Stroke was defined in accordance with the WHO as sudden onset of
focal or global (in the situation of SAH) loss of neurological function, lasting for
more than 24 hours or leading to death before then, without any apparent non-
vascular causes’. Diagnosis of cerebral infarction was made if there was a typical
clinical presentation and CT confirmed an infarction or excluded other causes.
Diagnosis of intracerebral hemorrhage and SAH required confirmation in CT and/or
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autopsy, and for SAH, diagnosis could also be made based on lumbar puncture. If
neither CT nor autopsy were done the stroke was considered unspecified (stroke not
specified as hemorrhage or infarction).

Cases of SAH treated in hospitals outside of Malmo were identified by the national
Inpatient Register based on the International Classification of Diseases (ICD) codes
for non-traumatic SAH, 430 (ICD 8 and 9) and 160 (ICD 10). Patients with SAH
from Malmoé are normally treated in the neurosurgical clinic in Lund in the acute
phase. Information about which hospital and which clinic the patient was discharged
from, and what operations were done during hospitalization, were also obtained for
cases identified in the Inpatient Register.

Cases of SAH dying unexpectedly outside of hospital, or in emergency rooms
shortly after arriving to hospital, and therefore not registered in the hospital-based
register, were identified with the Causes of Death register.

In Sweden, ICD8 was used 1969-1986, ICD 9 1987-1996 and ICD10 from 1997.
We did not distinguish aneurysmal and non-aneurysmal SAHs in the present
outcome classification. Numbers for each of the sources used to identify cases are
shown in Table 3.

Over approximately twenty years follow-up time in MDC (until Dec 31, 2010,
median 16 years), the incidence rate of SAH per 100,000 person-years was 15 in
men and 22 in women. In men aged 45-54, 55-64 and 65-73 years at baseline,
incidence rates were 14, 15 and 17, and in women corresponding rates were 19, 24
and 24 per 100000 person-years. Mean age at SAH was 66 years (range 48-88).

In MPP, over some 30 years follow-up (until Dec 31, 2008, median 28 years), rates
of SAH were 19 and 26 per 100,000 person-years for men and women, respectively.
Mean age at SAH was 59 years (range 29-80).

Table 3. Numbers of SAH events identified with different methods in the MDC and MPP cohorts.

MDC MPP
Total 89 149
Malmé Stroke Register 57 49
Inpatient Register 16 (12 Ns) 88 (72 Ns)
Causes of death register 16 (13 autopsy) 12 (11 autopsy)
Fatal cases (<28 days) 36 (40%) 42 (28%)

MDC; Malmé Diet and Cancer study, MPP; Malmé& Preventive Project, Ns; Neurosurgucal clinic.
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Paper IV

Diagnoses of stroke during follow-up were identified in the national Inpatient
Register using the ICD codes for SAH, ICH, ischemic stroke and stroke not
specified as hemorrhage or infarction; ICD9: 430, 431, 434 and 436, ICD10: 160,
161, 163, 164.

Study design and statistical analysis

An overview of study designs and statistical methods is shown in Table 4.

Table 4. Overview of study design and methods used in each paper.

Study Study design N subjects N events Years Statistical methods used
population included in for main analysis
follow-up
Paper | MPP Cohort study 28,253 149 SAH 1974-2008 Cox regression, Kaplan
Meier curve
Paper Il MPP Cohort study 19,794 95 SAH 1974-2008 Cox regression, Kaplan
Meier curve
Paper Il MDC Nested case 311 79 SAH 1991-2010 Conditional logistic
control regression
Paper IV All COPD Cohort study 206, 838 17,402 1987-2010 Stratified Cox regression
1987-2003, strokes
referents from
general
population
Paper V MDC Nested case 416 104 SAH 1991-2008 Logistic regression (Firth's
control bias corrected), SKAT-O
Cohort studies

A cohort is a group defined by a certain characteristic that is followed over time. In
cohort studies, a defined group of individuals is followed over time and death and/or
certain events are recorded during follow-up. The incidence rates can be calculated
and compared according to an exposure of interest.

In the cohort study, the time to event is the essential measurement. The umbrella
term for the kind of analysis handling time-to-event data is survival analysis. Each
individual contributes with time-at-risk from inclusion until experiencing the event
of interest. If a subject leaves the study for other reasons it is said to be censored.
This occurs if a subjects dies from other causes than the event of interest, withdraws
from the study, or is lost to follow-up for other reasons, for example moves out of
the country making registration of events impossible. Censoring also occurs of those
still at risk at the end of the study because most studies do not follow all individuals
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until they die (right-censored). Censoring is a kind of missing data since the exact
time to event is not known for censored individuals. The incidence rate is calculated
by dividing the number of events with the total time-at-risk for all individuals, and
is expressed as a rate, e.g per 100,000 person-years'®,

The survival function is defined as S(t) = P(T > t), and gives the probability that a
subject survives longer than the time t. In the start of a study (t = 0) it gives the
probability of survival of 1 and after an infinite period of time (t=c0) the probability
of survival is 0. As events occur during follow-up the probability of staying alive or
event free changes, but this will be dependent on the time interval for which the
survival is calculated. The hazard function can overcome this by estimating the
instantaneous rate of occurrence of the event in subjects that have survived and are
event-free at that time point'®’.

Kaplan-Meier survival curve

The probability of survival (or in many cases of not having an event) to a certain
time point can be calculated using the Kaplan-Meier estimator, which is commonly
plotted for graphical presentation. The Kaplan-Meier estimate describes the
probability of survival past a certain time point and is calculated at each failure time
(time of an event) by dividing the number of individuals surviving past the time
point by the number at risk before that time point '®* '’ The log-rank test can
compare survival between different exposure groups'®.

Cox regression

Cox proportional hazards regression (here referred to as only Cox regression) is
frequently used for survival analysis and was introduced by James Cox in 1972'®-
7 This model uses the hazard function but does not make any assumptions about
the shape of the baseline hazard, meaning that it does not have to be fitted to a pre-
defined distribution. The hazard rate for the jth subject is given by the formula:

h(t|x;) = ho()exp(x;By)
In Cox regression the time scale used for calculating time-to event might be time on
study, the attained age of the subjects, or calendar time'’”. Different groups of
exposure are defined at baseline but may also change over time so that the same
subject can contribute follow-up time to different exposure groups. The hazard ratio
(HR) between exposed and non-exposed is obtained in Cox regression and models
can be adjusted for covariates.

The Cox model assumes that the effect of an exposure is constant with time
(proportional hazards assumption). When applying Cox regression, this assumption
should be tested®® '7?. Different methods can be used. Graphical methods include
plotting the log-transformed values of the Cox survival function over time (-log-log
plots) and visually inspect if the curves for exposed and unexposed are parallel. If
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not parallel, a violation of the assumption is suspected. A formal, statistical method
to test the assumption is based on plotting the scaled Schoenfeld residuals of the
Cox model with time and test the correlation between these and survival time, which
will give a p value (goodness of fit test). If Schoenfeld residuals are not correlated
with time the proportionality assumption is valid. The proportionality assumption
can also be tested by comparing the effect estimates between different intervals of
follow-up time by using a likelihood ratio test, comparing the model with an
interaction with time intervals to a model without this interaction term. If the
proportional hazards assumption is not met other ways of analyzing the data should
be considered, such as presenting the results separately in different time intervals,
include time-dependent covariates in the model, use of other regression models, or
use an adapted Cox model weighing the time scale'”. The Cox model and other
common survival methods assume non-informative or independent censoring,
meaning that the risk of event is assumed to be the same in censored and non-

censored subjects in each risk set'®’.

Paper I, I and IV has the design of cohort studies. Study subjects were categorized
according to exposure at the baseline examination and then followed-up until the
event of SAH, death, emigration from Sweden, or last follow-up date.

Interaction and sensitivity analyses

Interaction or effect modification is the phenomenon of two factors acting
synergistically on risk of disease. The joint effect of such risk factors will be greater
than the sum of the individual effect of each factor. Statistical interaction can be
evaluated by a multiplicative interaction term. However, this is limited by power
because number of cases will be lower in each risk stratum and by the use of a
specific statistical model. Biological interaction may be present by two factors
working together on disease risk, although no statistically significant interaction
term is found in a regression model'®>'7,

Sensitivity analyses are performed to evaluate if results will hold when changing
some characteristics of the analysis. Examples are restricting the analysis to a certain
subgroup, for example women over 65 years, or men with missing information
about a covariate, in order to evaluate certain hypotheses, or address any concerns
raised by the main results.
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Nested case-control studies

A case control study compares an exposure between cases and controls. An adequate
selection of cases and controls is of high importance to avoid selection bias. The
general rules for selection of controls are that controls should come from the same
population that cases came from (i.e. the source population) and that should be
selected independently of exposure status'”. If cases and controls are both part of
the same cohort study the study is referred to as nested case control study. This may
be a convenient way of studying exposures that are not available in the whole cohort
but can be determined in all incident cases and randomly sampled disease-free

individuals (controls), matched by follow-up time'”®.

Matching in case control studies have both benefits and drawbacks. Matching can
minimize the variance in cases and controls, and thus improve the efficiency
(precision). However, matching will introduce selection bias that should be
controlled for by stratifying (conditioning) the analysis on matching variables'”.

Conditional logistic regression

Logistic regression is used to study categorical outcome variables in relation to one
or several independent variables (covariates) and is often the choice of statistical
method for case control studies. It works with odds of disease. Conditional
(matched) logistic regression stratifies the analysis by each pre-defined group and
thus cases and controls are compared only within each group/strata. This method is
recommended for matched case control studies to take into account the matching
variables'® 77,

Paper III and V used a nested case control design, within the MDC cohort study.
In the whole MDC as a cohort study, a total of 89 cases occurred during a mean
follow-up of 15.5 years (439,818 person-years at risk, until Dec 31, 2010).

Paper I

In paper I, a cohort study design was used for studying measures of lung function
and the incidence of SAH. Lung volumes, FEV1, FVC and the FEV1/FVC ratio
were divided into quartiles with equal numbers of men and women in each group.
Lung volume variables were also studied as continuous variables per 10% decrease
of FEV1, FVC and the FEV1/FVC ratios, respectively. Risk factor distributions
were compared between the quartiles of FEV1 and FVC, respectively, using one-
way analysis of variance (ANOVA) and logistic regression.

The Kaplan-Meier estimator and Cox regression models was used to study the
association between lung volumes and incident SAH. The proportional hazards
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assumption was evaluated by inspection of Kaplan-Meier curves and by adding a
time-dependent covariate to the analysis. Time-on-study was used as time scale.
Subjects were censored if they died from other causes than SAH, emigrated from
Sweden, or were free of an event at end of follow-up (Dec 31, 2008). Both
unadjusted models, and models adjusted for important potential confounders (age,
smoking, blood pressure, blood pressure medication, diabetes, total cholesterol,
body mass index, high alcohol intake, physical inactivity) were implemented.
Models were stratified for year of screening (3-year groups) to account for
differences during the long screening period.

Paper I1

A cohort study design was applied to study the association between leukocyte count
and incidence of SAH. Subjects were follow-up from baseline until the event of
SAH, death, emigration or Dec 31, 2008.

Leucocytes were divided into quartiles with equal numbers of men and women in
each quartile, to adjust for the association between sex and SAH. Baseline
characteristics were described and compared between quartiles of leukocytes using
ANOVA and logistic regression. Adjusted Cox proportional hazards regression
models estimated hazard ratios for risk of SAH according to quartile of leukocytes
and also per standard deviation increase of leukocytes. Time-on-study was used as
time scale. Models were adjusted for important risk factors selected a priori based
on knowledge about exposure and outcome; age, smoking, blood pressure, blood
pressure medication, diabetes, body mass index, alcohol intake, total cholesterol,
and physical inactivity. History of myocardial infarction or angina pectoris, and
FEV1, was also added to the full model, but these factors had no clear influence on
the estimate for the association between leucocytes and SAH. The proportionality
assumption was checked by inspection of incidence rates plotted over time and a
goodness of fit test, using Schoenfeld residuals. Multiplicative interaction terms
between leukocytes and each of the other variables, respectively, were evaluated in
the Cox model.

Harrell’s concordance statistics was used to estimate the ability of the risk factor
adjusted Cox model to predict SAH'”®. The discriminatory ability of a variable or a
model can be described by c statistics, which is equivalent to the area under the
receiver operating characteristic curve (a plot of 1-specificity by sensitivity). A
value of 0.5 has the same predictive ability as chance and 1 is perfect prediction.
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Paper 111

A nested case control design was used, including all incident cases of SAH from the
MDC (until Dec 31, 2010). The date of SAH was considered the index date. For
each case, one to three control subjects still at risk for SAH on the index date, were
randomly selected, matched to cases by age (5 year groups) and sex. This was done
using the Stata command sttocc (StataCorp, College Station, TX, USA).
Characteristics of cases and controls are shown in Table 5.

Serum levels of FGF23 was analysed in biobanked blood samples for the included
cases and controls. FGF23 is right-skewed and was log-transformed and divided
into quartiles before analysis. The association between FGF23 and SAH was studied
by conditional logistic regression adjusting for smoking, blood pressure, blood
pressure medication, diabetes, body mass index, alcohol intake and leucocyte count.

Table 5. Characteristics in incident cases and controls in the nested case control study.

Cases Controls
Number 79 232
FGF23, median (IQR) 3.23 (1.41) 2.97 (1.00)
Age, years, mean (SD) 58 (8) 58 (8)
Women, % 72 74
Systolic BP, mmHg, mean (SD) 143 (17.6) 137 (19.6)
Diastolic BP, mmHg, mean (SD) 87 (9.0) 84 (9.5)
BP drug, % 20.3 12.1
Body Mass Index, kg/m?, mean (SD) 24.7 (4.3) 25.0 (3.7)
Smoking, % 50.6 28
High alcohol intake, % 1.3 4.3
Leukocyte count*, 10%L, mean (SD) 6.8 (1.8) 6.1 (1.7)
GFR?, ml/min per 1.73 m?, mean (SD) 74.1 (25) 76.5 (14)

FGF23; Fibroblast growth factor 23, IQR; interquartile range, SD; standard deviation, BP; blood pressure, GFR;

estimated glomerular filtration rate

aEstimated with the Cockcroft-Gault formula in 14 of the cases and 72 of the controls, which are included in a randomly

selected subsample, the MDC-CC.
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Paper IV

Paper IV is a matched cohort study, in which COPD patients (exposed) and
reference individuals (non-exposed) were follow-up for incidence of stroke. Cox
models, adjusting for comorbidities and total length of prior hospitalizations, were
used to study the association of COPD with incidence of stroke subtypes. Analysis
was stratified by matching variables; year of birth, year of inclusion, sex, and county
of residence, and time-on-study was used as time scale.

Follow-up was started 30 days after inclusion to the study and each individual was
followed until the event of a stroke, death, emigration, or until ten years after
inclusion, however, at longest until Dec 31, 2010. Reference subjects being
diagnosed with COPD during follow-up were censored.

The proportional hazards assumption was evaluated by inspection of —log—log plots
and by comparing a model with the interaction between COPD status and follow-
up time intervals (0-2, 2-5 and 5-10 years), to a model without this interaction, using
a likelihood ratio test. There was strong evidence of a time-dependent association
between COPD and all-cause stroke (p<0.001), ischemic stroke (p<0.001) and ICH
(p<=0.035), but not for SAH (p=0.47). Results were therefore calculated for each
time interval separately.

Interactions were evaluated for COPD with all covariates, respectively, by
comparing a model with the interaction to a model of main effects, using a
likelihood ratio test. Sensitivity analyses were performed 1) by counting both
primary and secondary diagnoses of stroke as outcome, 2) based on COPD as
primary or secondary diagnosis, and 3) including only the reference subjects that
had been hospitalized (an in-patient control group).

Paper V

A nested case control material was constructed by including all prevalent and
incident cases of SAH until 31 Dec, 2008 in the MDC Study. Three controls per
case were randomly selected from SAH-free subjects that took part in the MDC-
CC, matched by sex and age (5-year groups).

Genotype data from the exome part of the genotyping array was analyzed by two
different approaches; gene-based and single-variant analysis. The gene-based
analysis was performed using the optimal combination of the Sequence Kernel
Association test and the burden test (SKAT-0)'”’. Genes with two or more variants,
and with a cumulative minor allele count of >5, were included. An upper minor
allele frequency limit of 10% was applied. A total of 36,195 SNVs in 7636 genes
were included.
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Single variant analysis was performed of SNVs with a minor allele count >5
(n=39,509) with logistic regression models, using the Firth’s bias corrected test
statistics and assuming an additive effect of each allele.

All analyses were adjusted for age and sex. Bonferroni correction was applied to
correct for multiple testing. The significance level in gene-based analysis was
p<5.4x10° (corrected for the number of genes) and p<1.3x107 in the single-variant
analysis (corrected for the number of variants).
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Results

Paper |

Baseline characteristics and risk factors by quartiles of FEV1 are displayed in Table
6. Low FEV1 was clearly associated with current smoking, diabetes, high alcohol
consumption and physical inactivity.

Table 6. Baseline characteristics and risk factors by quartiles of forced expiratory volume in 1 second (FEV1).

Q4 Q3 Q2 Q1 (low) All
FEV1, % of predicted, range >106 96-107 85-96 < 86
n 6942 6944 6943 6942 27771
Women, % 26 26 26 26 26
Age, years, mean 457 44+7 44+7 457 44+7
Height, cm 17319 1749 17419 17319 17419
Current smoking, % 33.3 41.8 51.4 63.6 47.5
Systolic blood pressure, mmHg 12615 12615 12515 127116 126115
Antihypertensive medication, % 3.5 41 4.1 5.6 4.3
High alcohol consumption, % 121 131 14.5 16.1 13.9
Diabetes, % 1.7 1.8 2 3.5 2.3
Cholesterol, mmol/L 5.6+1 5.6+1 5.6+1 5.7+1 5.6+1
Body mass index, kg/m2 24+3 24+3 24+4 25+4 24+3
Physical inactivity, % 37 42 47 50 44
ESR, mm 6.0t5 6.116 6.416 7.4+7 6.5t6

Values are meantstandard deviation or percentages.

During 725,245 person-years of follow-up, 98 men and 47 women had a SAH. The
overall crude incidence was 18.3 and 26.5 per 100 000 person-years in men and
women, respectively.

Low lung function, by means of FEV1, and low FEVI/FVC ratio (airway
obstruction), respectively, was associated with increased incidence of SAH. The
association remained after adjusting for all covariates, including smoking and
hypertension: Subjects with FEV1 in the lowest compared with the highest quartile
had a hazard ratio (HR) of 2.24 (95% CI 1.32-3.81) for SAH. The corresponding

49



result for the FEV1/FVC ratio was 1.92 (1.14-3.23). FVC was not associated with
SAH (Table 7). The Kaplan-Meier survival curve by quartiles of FEV1 is shown in
Figure S.

Sensitivity analyses

Smoking

Estimates were similar or somewhat higher in non-smokers as in the whole cohort
(FEV1: HR [lowest versus highest quartile]: 2.59, 95% CI: 1.06-6.32; FEV1/FVC:
2.34, 1.01-5.39; per 10% decrease of FEV1, HR: 1.21, 1.05-1.40, and FEV1/FVC,
1.34, 1.09-1.35) whereas estimates were somewhat lower in smokers (FEV1: HR
[in lowest versus highest quartile]: 1.52, 95% CI 0.82-2.84, FEV1/FVC: 1.53, 0.77-
3.04, per 10% decrease FEV1, 1.07, 0.95-1.21, and FEV1/FVC, 1.14, 0.96-1.35).
There was no evidence of effect modification by smoking for any of the lung
volumes (p=0.2 for both). In a subgroup with information about former smoking,
the group of never smokers (n=9625) had also similar or slightly higher effect
estimates compared to the whole cohort (for example, per 10% decrease of FEV1,
HR: 1.29, 95% CI: 1.09-1.54, FEV1/FVC: 1.33, 1.02-1.74) adjusted in the full
model.

In this data, current smoking was strongly associated with SAH with a HR of around
two compared to non-smokers (HR: 1.84, 95% CI: 1.32-2.57). Of interest, the effect
of smoking was evidently higher in women than in men (HR: 4.1, 2.2-7.9 versus
1.3, 0.9-2.0, p for interaction=0.002).

Hypertension and sex

Individuals with hypertension had somewhat higher estimates than those that were
normotensive (FEV1: HR [lowest vs. highest quartile]: 2.46, 95% CI: 1.05-5.76 in
hypertensive and 1.96, 0.99-3.89 in normotensive subjects, FEV1/FVC: HR: 2.61,
1.15-5.93, in hypertensive and, 1.66, 0.81-3.40 in normotensive subjects). The
association between FEV1 and SAH also tended to be stronger in men compared
with women (HR [lowest vs. highest quartile]: 2.68, 95% CI: 1.41-5.10 in men and
1.47,0.47-3.77 in women; per 10% decrease: 1.17, 1.04-1.30 in men and 1.03, 0.87-
1.23 in women) whereas results for FEV1/FVC ratio seemed relatively similar in
men and women (HR [lowest vs. highest quartile]: 1.68, 95% CI: 0.90-3.14, in men
and 2.42, 0.94-6.22, per 10% decrease 1.21, 1.03-1.42, in men, and 1.20, 0.93-1.55
in women). However, there was no statistical evidence of effect modification by sex
or hypertension (p>0.7 for all).
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Figure 5. Kaplan-Meier survival estimates by quartiles of FEV1; Q1, first (lowest) quartile, to Q4 (highest).

Table 7. Results for lung volumes and SAH incidence.

Per 10 %
Q4 Q3 Q2 Q1 (low) P trend Fer 10%
FEVA
NallnSAH  6942/21 6944/42 6943/34 6942/48
) 210 175 264 147
HR(@5%CI) 1 (1.24-355)  (1.01-3.02)  (1.57-443) 0001 (1.07-1.28)
. 201 158 224 113
HR 1 (1.19-340)  (091-274)  (1.32-381) 0014 (1.03-1.24)
FEV//FVC
NalinSAH  6942/22 6944/30 6943/50 6942/43
1.38 2.33 2.08 1.25
HR 1 (0.80-2.39)  (141-3.86)  (1.24-349) 0001 (1.09-1.43)
. 1.39 2.30 192 122
HR 1 (0.80-2.40)  (1.39-381)  (1.14-323) 0008 (1.06-1.40)
FVC
NalinSAH  6942/33 6944/34 6943/42 6942/36
1.05 133 121 1.08
HR 1 (0.651.69)  (0.84-211)  (0.75-104) 0286 (0.98-1.20)
. 1.01 122 1.04 1.05
HR 1 (0.62-1.62)  (0.77-1.94)  (0.64-168) 0089 (0.94-1.16)

*Adjusted for sex, age, smoking, systolic blood pressure, antihypertensive medication, high alcohol consumption,
cholesterol, diabetes, body mass index, physical inactivity and erythrocyte sedimentation rate.
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Paper 11

High leucocyte count was strongly associated with current smoking, high alcohol
consumption, and low FEV1. Mean age in men was 44 years (range 27-61) and in
women 42 years (range 28—54). In the studied sample, 95 SAH events (78 in men
and 17 in women) occurred during a total of 530,562 person years of follow-up
(crude incidence 17.2 per 100,000 person years in men and 22.1 in women).

Higher leucocyte count was associated with increased incidence of SAH, even after
adjusting for all covariates: the HR per one standard deviation (SD) increase
(2.01x10° cells/L) was 1.26 (95% CI 1.05-1.53), p=0.014. Results were similar in
men (HR: 1.28, 95% CI: 1.05-1.55, n=17,083) and women (1.37, 0.95-1.97,
n=2711). In Table 8, results are shown by quartiles of leukocytes and per SD
increase, in never, former and current smokers. The results were somewhat different
for subgroups defined by smoking status; a clear association between leukocytes
and SAH was observed among smokers. There was no evidence of effect
modification by smoking status (p for interaction>0.2). Numbers of events are low
in some of the subgroups. Adjusted models were performed if the number of events
was more than 50.

By means of Harrell’s c statistics, the ability to predict SAH of the multivariable
model increased somewhat after adding leucocytes (0.62 versus 0.64).

Table 8. Association between leucocyte cound and incidence of SAH in selected subgroup.

Per SD
Q1 Q2 Q3 Q4 increase
All
N all/n SAH 5110/15 4864/23 4794/27 5026/30 19794/95
1.65 2.00 2.22 1.30
HR (95 % CI) ! (0.86-3.16) (1.06-3.76) (1.19-4.12) (1.09-1.54)
HR* 1 1.63 1.92 2.05 1.26
(0.85-3.14) (1.00-3.66) (1.06-3.96) (1.05-1.53)
Never smokers
N all/n SAH 2563/5 1858/10 1317/8 665/2 6403/25
HR 1 2.80 3.18 1.60 1.31
(0.96-8.18) (1.04-9.72) (0.31-8.24) (0.82-2.11)
Former smokers
N all/n SAH 1249/8 1085/5 783/3 420/2 3555/18
HR 1 0.74 0.62 0.81 0.93
(0.24-2.26) (0.16-2.34) (0.17-3.80) (0.49-1.78)
Current smokers
N all/n SAH 1288/2 1908/8 2635/16 3913/26 9836/52
HR 1 2.72 3.88 4.47 1.33
(0.58-12.8) (0.89-16.9) (1.06-18.8) (1.07-1.65)
HR* 1 2.73 3.91 4.51 1.32
(0.58-12.8) (0.90-17.0) (1.07-19.0) (1.06-1.63)

* Adjusted for age, sex, systolic blood pressure, antihypertensive medication, smoking status, high alcohol consumption,
body mass index, diabetes, total cholesterol and physical inactivity.
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Paper III

High levels of FGF23 were associated with higher blood pressure and higher
leucocyte count, but not with smoking (Table 5). There was a positive association
between FGF23 and incident SAH. The OR was 3.28 (95% CI, 1.34-8.00) for those
with FGF23 in the highest quartile compared to the lowest (p for trend over quartiles
=0.0006), adjusting for smoking, systolic blood pressure, blood pressure medication,
body mass index, alcohol intake, and leucocytes. The adjusted OR for SAH per one
unit of FGF23 on the log scale was 2.96 (1.25-7.01, p=0.014). Because of the nested
case control design and the matched analysis, the OR will equal the rate ratio'’® '"’.
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Paper IV

Among COPD patients and reference individuals, there were a total of 17,402
incident strokes during 1,348,973 person years of follow-up (7945 in COPD patients
and 9457 in reference individuals). Median follow-up time was 5.1 years (548,938
person years) in COPD patients and 9.7 years (800,034 person years) in reference
individuals.

The incidence rate of all-cause stroke was 14.5 (95 % CI 14.2—-14.8) per 1000 person
years in COPD and 11.8 (11.6-12.1) in reference subjects (12.9, 95% CI 12.7-13.1
in all). COPD was associated with increased incidence of all-cause stroke after
adjusting for all covariates (Table 9). The HR for all-cause stroke in COPD versus
referents was higher during the first 2 years of follow-up (1.46, 95% CI 1.37-1.55)
compared with between two and five years (1.15, 1.09—1.22) and after five years of
follow-up (1.16, 1.10-1.22), respectively. Incidences of ischemic stroke and ICH
were increased in COPD, and these associations showed a similar change over time
as for all-cause stroke (Table 9). After 5 years of follow-up there was still evidence
of a higher incidence of ischemic stroke, but not ICH, in COPD compared to
reference subjects. There was evidence of an increased incidence of SAH for COPD
patients, and this association did not change over time (adjusted HR 1.46, 95% CI
1.16-1.85).

Sensitivity analyses

The association between COPD and stroke incidence was similar or somewhat
stronger in an analysis including both primary and secondary diagnoses of stroke
(n=20,231). HR for all-cause stroke and ischemic stroke was 1.33; 95% CI: 1.29-
1.37, and 1.27; 1.22-1.32, after full adjustment.

We also assessed whether both primary and secondary COPD diagnoses were
associated with stroke. This analysis showed somewhat higher estimates for stroke
in those with COPD as secondary diagnosis (HR all-cause stroke: 1.43; 95% CI:
1.36-1.51 for the whole follow-up) compared to those with COPD as primary
diagnosis (HR: 1.13; 1.08-1.18; p for interaction<0.001).

Because all subjects in the exposed, but not in the non-exposed group had been
hospitalized (at COPD diagnosis), a sensitivity analysis evaluated the association
between COPD and stroke using an in-patient control group, i.e. including only
hospitalized reference subjects. We found in this analysis that the HRs for all-cause
stroke (1.21; 95% CI: 1.16-1.27), ischemic stroke (1.16; 1.10-1.23), ICH (1.31;
1.13-1.51) and SAH (1.40; 1.00-1.97), were similar compared to the main analysis
after full adjustment. There were no significant differences of HRs for all-cause
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stroke, ICH or SAH, according to if the reference individuals were inpatients or non-
hospitalized subjects from the general population (p for interaction=0.14, 0.95 and
0.37, respectively). For IS, there was moderate evidence of effect modification (p
for interaction=0.043).
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Paper V

A total of 36,195 SNVs in 7636 genes were included in gene-based analysis and
39,509 SNVs in single variant analysis. No gene or single variant was associated
with SAH at the pre-defined significance level. However, some suggestive findings
were made. The strongest association in the gene-based analysis was for the GLE
gene (RNA export mediator), including seven SNVs. One missense SNV in this
gene was suggestively associated with SAH in single-variant analysis
(rs138310419, p=1.42x10"*, MAF=0.022). Of interest was also the finding that the
SOX7 gene was strongly associated with SAH risk in gene-based analysis
(p=1.15x10"). This gene is functionally closely related to the SOX17, which is one
of the previously reported associations for intracranial aneurysms.

A common intron variant in the EFCABI1 (EF-hand calcium binding domain 11)
gene on chromosome 14q32.11 (rs8009621, p=8x10°, MAF=0.42) and a rare
missense SNV in the gene TRAPPC2L (trafficking protein particle complex 2-like)
on chromosome 16q24.3 (rs114835271, p=3.3x10"°, MAF=0.0096) had strong
associations with SAH in the single variant analysis.

Some of the previously identified risk loci for intracranial aneurysms were included
also in the present study. There was a suggested association between the
chromosome 18 locus near the RBBPS gene (rs11661542, p=0.0022) and SAH*’.
The 9p21 risk variants''> showed associations in the same direction as for
intracranial aneurysms (for example, rs10757272, minor allele: T, MAF: 0.47, OR:
1.21, 95% CI: 0.88-1.67, p=0.24). This association was stronger in analysis
restricted to smokers (n=136, OR: 1.70, 95% CI: 1.00-2.89, p=0.052). The two
previously reported loci close to the SOX17 gene®” were not associated with SAH in
the present study (rs10958409 and rs9298506, p>0.6). No exome variants of the
SOX17 gene were available on the exome content of the chip.
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Discussion

SAH is a devastating vascular disease with high mortality and morbidity. Its causes
are poorly understood and previous studies of risk factors for SAH are relatively
few. In particular, the number of prior population-based prospective studies of risk
factors for SAH is small and such studies are needed.

The optimal design of a study of risk factors for SAH has been discussed by Korja
et al®®, suggesting that large prospective unselected population-based cohort studies
with a long follow-up time should be used, including broad risk factor data, ideally
with measurements of risk factors at several time points during follow-up.
Furthermore, all cases of SAH should be included, that is, also cases that die
suddenly, and often before reaching the hospital, and results should be stratified by
sex and age, given the association of these factors with SAH. Strengths of the studies
of SAH in this thesis include some of these points, i.e. the population-based design
in two large well-defined cohorts with a long follow-up time, and extensive risk
factor data. Our case finding procedure also included cases of SAH dying outside
of hospital.

Below, general methodological aspects will be discussed in detail and subsequently,
the interpretation and implications of the findings will be discussed in the general
discussion part.

Methodological considerations

Study designs

A cohort study has the advantage of the prospective assessment of risk factors at
baseline and the subsequent follow-up for disease incidence. Thus, different
exposures may be compared in relation to disease incidence, which may provide
knowledge about risk factors preceding the event and potentially with a causal
association to disease. These studies will not be prone to recall bias or bias from
taking information from proxies. It is also possible to assess risk prediction models.
To study relatively uncommon diseases, like SAH, a large cohort and a long follow-
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up time are needed to include a reasonable number of events. The MPP and MDC
studies are two such large cohorts providing the opportunity of study also SAH with
a reasonable number of events. However, the numbers of events are still low,
especially in certain subgroups, and this limits the possibilities of subgroup
analyses.

The nested case control study is an efficient way of studying exposure that are not
assessed in all participants in a cohort study, for example because of expensive or
inconvenient tests. When controls are matched by follow-up time (concurrent
sampling), an analysis stratified on matching variables will estimate the relative rate,
assuming the rate is constant over follow-up'’’. The nested case control study will
thereby equal the results that had been achieved if the whole cohort was analyzed'™.
Using a nested case control approach, the advantages of a cohort study will be
gained and at the same time expenses can be cut, for example in studies of
biomarkers (for example Paper III).

Matching can improve precision and thus efficiency of the study, and in some
settings it can adjust for factors that are difficult to measure, for example in
neighborhood or sibling controls. Disadvantages include a somewhat more difficult
analysis, and that the effect of the matching factors cannot be estimated. There is
also a risk of overmatching if matching factors are related to exposure but not to
outcome, which will attenuate associations'’>. A matched design requires a
“matched” analysis. Matched case control studies (Paper I1I) should be stratified
for (conditioned on) the matching variables to avoid bias introduced by forcing cases
and controls to be equal on certain characteristics. However, the same does not apply
for matched cohort studies'®'"'*. In the matched cohort study (Paper IV), the
exposed and non-exposed groups will have the same characteristics with regard to
the matching variables at study start, and no association will exist between exposure
and matching variables. In the simple model without adjustment for other factors
and little censoring, stratified analysis is therefore not necessary. However, when
adjusting for other confounders, associations between these confounders and the
matching factors may occur. Also, because of any censoring, the groups may change
according to the distribution of the matching factors during follow-up. Therefore,
stratifying for the matching variables (or adjusting in some cases) is recommended
in the two latter situations'’> '**, In Paper IV, analysis was stratified for matching
variables.
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Internal and external validity

The internal validity of a study is determined by the amount of bias and confounding
influencing the results and conclusions. The external validity refers to the
generalizability of the study results to a broader population than that studied. Bias
is the effect of systematic error that, in contrast to random error, will remain even if
the sample size is increased. Bias may be divided into many subgroups, most of
which will fit under the main groups selection and information'®,

Selection bias

Selection bias occurs if those selected for a study are different from those not
selected in a systematic way. Selection bias commonly arise from different selection
procedures of cases and controls in case control studies, i.e. if controls do not
represent the source population that cases came from, or are not selected
independently of exposure'® . Thus, cohort studies have normally not these
problems because all subjects (diseased and non-diseased) represent the same
source population. However, in cohort studies, selection bias may be caused by
differential loss to follow-up, if those lost to follow-up or censored because of death
from other causes, differ regarding the risk of having an event compared to those
not lost to follow-up in the same risk set (e.g. informative censoring)'®’. In nested
case control studies, controls are randomly sampled from the same cohort as cases
come from, which do not introduce selection bias'”®.

In Paper I, subjects with spirometry data were included. In MPP, 94% of men but
only 71% of women were screened with spirometry. In men, whole birth cohorts
completed spirometry. All but one birth cohort of men (1926, 999 individuals) had
spirometry at screening. Also, in screened, the proportion missing data was very low
(1.2%). In women, however, spirometry was not fully confined to whole birth
cohorts. On the other hand, whole birth cohorts of women born in 1926, -28, -31, -
34, -36, -38, -41, and -49 completed spirometry (3% missing values), representing
83% (6414/7748) of all women with spirometry. A sensitivity analysis restricted to
this group showed similar effect estimates for FEV1 and FEV1/FVC as compared
to all women.

Leucocyte count was included in the screening protocol in the MPP for one part of
the screening period (1974-1981), and Paper II studies these individuals.
Participants with measurement of leukocyte count after 1981 were not
systematically selected for any reason, and subjects with leukocyte count available
should be considered a random sample of the cohort.

In Paper L, II and IV, censoring occurs during follow-up if subjects emigrate, or
die from other causes than SAH. Loss to follow-up was restricted to a few
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individuals emigrating from Sweden (n=604, 2%). A total of 7455 (26%) were
censored because they died of other causes than SAH. Death from other causes than
SAH could be regarded as a competing event, because the subject cannot suffer from
a SAH after death from other causes. The influence of competing events is often
important in studies of old people or if outcome is strongly related to age, or if there
is informative or dependent censoring'®® '*’. However, for analysis of potential
etiological associations (as opposed to predictive modeling) calculating the cause-
specific hazard, by use of Cox regression with censoring of individuals having a
competing event is most appropriate'®’. SAH does not vary strongly with age and
occurs also in younger adults. Moreover, as we found a positive association between
reduced lung function and SAH in Paper I, and hypothetically, a strong competing
risk, hindering the event of SAH to occur in those dying of other causes, would most
likely tend to obscure or dilute the association between lung function and SAH. A
similar reasoning could be applied for results in Paper I1.

In Paper IV, a high proportion of COPD patients die in the first years of follow-up
(approximately 50% after five years). However, results are similar, or somewhat
lower, in the interval of 5 to 10 years of follow-up compared to the interval (-2
years. An influence of competing risks cannot be excluded as a reason for the lower
estimates of the last part of follow-up when the individuals at high risk of stroke
may have died. It is also possible that those susceptible to stroke have already had
a stroke in the first years of follow-up. Those remaining in the analysis after five
years could be those with mild COPD.

Classification of exposure

Non-differential misclassification

Non-differential misclassification will be present in most epidemiological studies.
Misclassification of exposure will be non-differential if it does not depend on the
outcome status, and misclassification of outcome will be non-differential if not
dependent on exposure. For example, some individuals may be misclassified as
having low lung function although they actually have high lung function, because
of random variation in the way of performing lung volume tests or a temporary
variation in the individual. As this would not be related to suffering from a stroke
or not many years later, this misclassification will be non-differential. Non-
differential misclassification will generally cause the effect estimates of two
exposure categories to be more similar to each other, and almost exclusively cause
bias towards the null, and the association studied will be underestimated'®®. In
cohort studies this is referred to as regression dilution bias'®* '*,

Spirometry procedures in the MPP did not follow the current recommendations'®’,
because these guidelines were reported after the study protocol was developed
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(Paper I). Lack of standardized procedures may cause some imprecision of lung
volume measurements and some misclassification from higher to lower lung
function (non-differential), which will potentially dilute associations. The validity
of the lung function variables in MPP is supported by other studies from the MPP,
showing strong associations between reduced lung function and pulmonary and
cardiovascular diseases'*” 1% 1%,

Acute infections, inflammatory diseases or blood malignancies might increase
levels of leucocytes (Paper II). A temporary raise in leukocytes during screening
will lead to non-differential misclassification, and because the values later will
normalize this results in regression dilution and underestimation of the studied
association. In inflammatory diseases leukocytes may be increased and, although
uncommon in the general population, we cannot exclude that inflammatory
conditions influenced the association between leukocytes and SAH.

Paper IV

In Paper IV, the main exposure was based on a diagnosis of COPD in the inpatient
register. The validity of a diagnosis of COPD in this register was recently evaluated,
reporting that around 10% of diagnoses are misclassified or uncertain. There was no
difference with respect to level of diagnosis (primary or secondary)'®?. People with
COPD diagnosed only in primary care may appear in the reference group. However,
during follow-up, about 4% of the reference group (i.e the general population) had
COPD and were censored for this reason (or changed exposure groups if diagnosed
during the inclusion period). Around 3-5% of the general population has physician
diagnosed COPD according to studies of Montnemery et al in 1998 and 2006'"- 1%,
These figures thus imply that a large part of COPD subjects will be hospitalized
over some period of time, for COPD or for other reasons'®’. Occurrence of COPD
among reference subjects would bias the association between COPD and stroke
towards the null.

Classification of outcome

Paper I-1Il and V

Because all patients with diagnosed SAH should be treated in hospital, hospital-
based identification of cases of SAH should be appropriate. In the Malmé Stroke
Register, all cases of stroke in the Malmd hospital were included, and SAH
diagnoses were validated by review of medical records. SAH is a known cause of
sudden deaths outside of hospital, and sources where those cases are registered
should also be included in studies of SAH. The Causes of death register were used
for identifying SAH cases considered to have died from SAH before reaching the
hospital or in the emergency department and thus not always registered in hospital-
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based registers. These cases accounted for a similar proportion of all cases, as has
been seen in other population-based studies,” >* and almost all were based on
autopsy. The autopsy frequency in subjects dying unexpectedly outside of hospital
has been high in Malmo in the last decades, which means that close to all cases of
SAH in this category should have been detected.

Because Malmo residents with SAH and need of neurosurgical care are treated in
hospital in Lund, the Inpatient Register was used to identify those that were only
registered in hospital in Lund. This might also include some subjects of MPP and
MDC that have moved out of Malmé to neighboring municipalizes. Diagnostic
validity was supported by being treated and diagnosed in the neurosurgical clinic
and by review of operations done at SAH. A few cases of SAH, i.e. those occurring
before 1989 (MPP) and SAH in subjects that moved outside of Malmé and therefore
treated in other hospitals than Malmdé/Lund, were identified by use of the Inpatient
Register. These cases have not been evaluated, but we decided to include them
because, intuitively, we assumed that a hospital diagnosis of SAH is not made
without careful clinical investigation, and strong grounds.

Concerning sensitivity, it cannot be excluded, that a few cases of SAH, for example
in elderly persons with poor general health status residing in nursing homes,
occurred without being subjected to hospital care, as has been the case for other
stroke types** !>, However, this will unlikely affect the results. We believe that a
large proportion of SAH cases are identified and results thus will represent the
whole spectrum of SAH. If any misclassification occurred, this will likely be non-
differential, i.e. not different between exposed and non-exposed. Moreover, the age-
and sex specific incidence rates in MPP and MDC are similar compared to a south
Swedish study evaluating SAH incidence in 1996°”. The case finding strategy to
high extent followed the one recommended by Korja et al for studies of risk factors
for SAH in population-based settings®’.

Paper IV

Some validation studies have been performed of the diagnosis of stroke in the
Inpatient Register, including ischemic stroke and intracerebral hemorrhage.
Sensitivity (proportion identified) in the register is high (88-98%) for data from the
1980 to 1990, 2000 and 2002* 16" 14197 The proportion of acute stroke patients
admitted to hospital has varied between studies and the lowest figure is probably
that of 84%, in a study from Lund'®*. Of those not admitted to hospital, most were
either men with mild stroke, or older patients in nursing homes.

The proportion of correct stroke diagnoses (positive predictive value, PPV) in the
registry has differed noticeably between studies. Stegmayr et al'”* found a PPV
around 70% between 1985 and 1989 in northern Sweden, whereas the PPV for first-
ever stroke was 94% compared to the MONICA study in northern Sweden in
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2004'°. The PPV was lower for recurrent stroke diagnoses'*®. In a validation study
from Orebro in 1999, 3% of strokes in the Inpatient Register were misclassified'?’.

In the present study, the population was restricted to participants without previous
stroke, and stroke was only included as outcome if listed as primary diagnosis at
discharge. A sensitivity analysis with respect to year of inclusion in the study
showed similar or stronger results in the last years (1998-2003) when PPV was high
for stroke in the Inpatient Register.

In Paper IV, we did not cover stroke cases that died outside of hospital and thus
were not registered in hospital registers. Based on prior investigations, only around
1-4%!67- 1% of all strokes are expected to be in this category, thus having no
substantial impact on results of overall or ischemic stroke. For ICH and SAH, the
proportion is higher, so hypothetically this could influence results. However, there
is no reason for suspecting that out of hospital deaths from stroke would be more
common in non-COPD subjects, perhaps rather the opposite, and missing such cases
would likely give stronger or unchanged results for ICH and SAH.

Ascertainment bias can occur if the probability of being diagnosed with an outcome
is dependent on exposure. The typical situation in medical epidemiology is when
either the exposed or unexposed group is subjected to additional investigations or
screening, which will increase the probability of being diagnosed and thus give a
falsely high estimate of their risk of the disease. In Paper IV, COPD patients have
been hospitalized at least once whereas some, but not all, of the reference
individuals, has been hospitalized. Theoretically, being hospitalized could increase
the probability of being diagnosed with stroke, and if COPD subjects are more
frequently hospitalized also during follow-up they may be more subjected to
investigations such as brain CT, and thus have increased detection of stroke
compared to reference individuals. However, symptoms of stroke are most often
apparent and occur suddenly, and all subjects with suspected neurological
symptoms will normally undergo investigations. Also, around 90% of stroke

patients are admitted to hospital, regardless of having COPD or not'*.

In our paper, several analytic approaches were applied to address the potential
source of ascertainment bias: First, follow-up was started 30 days after the COPD
subjects was discharged from hospital, meaning that stroke diagnoses during
hospitalization for the index COPD admission, or in the first time after discharge,
were recorded as a prevalent stroke and the subject was not included in the analysis.
Second, analysis was adjusted for total duration of hospital stay, and we also
performed a sensitivity analysis to study if the association between COPD and
stroke differs when using a reference group from the general population compared
to a hospitalized reference group. The associations between COPD and all stroke
subtypes were still significant and estimates were similar to the main analysis, when
using an inpatient reference group.
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We also included only primary stroke diagnoses during follow-up, which would
reduce the risk of including false positive diagnoses in patient admitted primarily
for other reasons. Moreover, ascertainment bias will be more likely to occur for “less
severe” diagnoses, such as hypertension and hypercholesterolemia. Taken together,
we believe it is unlikely that ascertainment bias had an important impact on the
association between COPD and stroke.

Confounding

Confounding is sometimes classified as a type of bias, and sometimes as an own
category of methodological issues needed to address for internal wvalidity.
Confounding occurs when an association between an exposure and an outcome is
influenced of a third factor, so the effects of the studied exposure and the confounder
will be mixed. A confounder is by definition a factor associated with outcome and
exposure, but not being an intermediate factor on the causal pathway, i.e. it should
not be an effect of the exposure. For example, smoking is associated with both
reduced lung function and risk of SAH, and is therefore an important potential
confounder when studying the association between lung function and SAH. If
studying smoking and SAH, and for this example assuming that leucocytes is
elevated due to smoking, and in turn is influencing the development of SAH,
leucocytes is not a confounder because it is an effect of the exposure on the causal
pathway (intermediate factor).

"The research process of learning about and controlling for confounding can be
thought of as a walk through a maze toward a central goal. The path through the maze
eventually permits the scientist to penetrate into levels that successively get closer to
the goal: in [the example of maternal age and Down syndrome] the apparent relations
between Down syndrome and birth order can be explained entirely by the effect of
mother's age, but that effect in turn will ultimately be explained by other factors that
have not yet been identified. As the layers of confounding are left behind, we
gradually approach a deeper causal understanding of the underlying biology. Unlike
a maze, however, this journey toward biologic understanding does not have a clear
endpoint, in the sense that there is always room to understand the biology in a deeper
way."

Rothman K. In Epidemiology. An introduction. Oxford University Press. 2002.

Choosing confounders for adjusted models

The effect of a confounder could be handled by stratification, adjusting, matching,
and propensity scores'** '*. In the present thesis confounding was mainly addressed
by adjusting in regression models. Selecting covariates in a regression model in
order to control for confounding is often difficult. In causal modeling, the interest
is on the effect of the studied association, as compared to predictive modeling in
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which the lowest number of covariates explaining most of the variation in outcome
is the main goal. For causal modeling, selecting variables based on prior knowledge
about the studied exposure and outcome is recommended rather than significance
testing or automated selecting methods '*°. Variables very strongly correlated to
each other should not be included at the same time (multicollinearity). One
suggested approach is to have a set of variables that based on a priori knowledge are
decided to be included as covariates, and then add potential additional confounders
to the model to evaluate their effect on the estimate of the studied association
(change-in-estimate approach). If a factor changes the estimate only marginally it
could probably be omitted'®”.

Specific potential confounding effects and how it was addressed in each of the
papers in this thesis is elaborated in the general discussion’s section.

Certain methodological considerations in genetic studies

Type I and Il error in genetic analyses

Type 1 error are false positive findings, i.e. the error occurring if a study finds an
association but there is no true association. In contrast, Type II error is the error if
no association is reported although there is actually a true association. If a high
number of comparisons are made, the chance of finding a low p value and thus the
risk of Type I error is high if standard significance levels are used. For example, if
a significance level of p<0.05 is used and 20 markers are compared between cases
and controls, the probability of getting at least one significant results is 1-(1-0.05)*
=64% due to chance alone. Thus, a lower significance level must be used in order
to decrease type I error. However, a conservative adjustment for multiple testing
will increase the risk of type Il error. The so-called Bonferroni correction adjusts
for the number of tests performed. (The significance level will thus be
0.05/20=0.0025 if 20 tests are performed). Bonferroni correction assumes
independence of tested markers. Because of linkage disequilibrium, some degree of
dependence is always observed in genome-wide data. In Paper V, Bonferroni
adjustment was applied to correct for multiple comparisons. This is probably an
overcorrection and true associations may be undetected.

Analysis of rare coding variants

Because of the low frequencies of most of exome variants and their biological
effects on protein function, analysis is often performed by aggregation of exome
variants within the same gene. The combination of their effect can be done in
different ways. In situations where the exact effects of tested variants are known,
tests can be specifically adapted to fit the biological model. However, if testing data
in many genes or exome-wide, this is not known. Burden tests combine the number
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of risk alleles assuming the same effect of each allele, whereas the SKAT test can
also take into account different directions and magnitudes of association for the
individual risk alleles within the gene. The SKAT-O combines the SKAT test and a
burden test and calculates their optimal combination, and has been shown to be a
good option'”.

Generalizability

The MPP and MDC represent the population of Malmé in those years recruited. The
MPP had a very high participation rate which is outstanding compared to many later
cohort studies. The MDC had a participation rate about 40%. Differences between
participants and non-participants of the MPP and MDC as described in the methods
section, indicated that these cohorts represent the somewhat healthier part of the
population, which is often the case in this kind of population-based studies'** '>¢,
The distribution of life-style related factors such as diet, physical activity, alcohol
intake and smoking may thus be more equal (less extreme values) than it would have
if the attendance rate was 100%. It should be noted, however, that these cohorts are
not in any way extremes with respect to healthfulness. For example, the smoking
prevalence in MPP was about 45%, and some 40% answered affirmative to being
mostly physical inactive in spare time'**. In MDC, 60% had hypertension at baseline
examinations, of which 45% were not treated with anti-hypertensive drugs and 25%
were current smokers.

We believe in general results would be generalizable to other populations given that
internal validity is high, which is probably more important than the exact
representativity when studying potential risk factors. If firm associations are found
for a risk factor in a certain population, it is often the case that the result will be
generalizable to other populations given a high internal validity, because the biology

is essentially the same'®®,

The allele frequencies differ based on ethnicity and genetic findings should be
repeated in other ethnicities. COPD cases were taken from the Inpatient Register
and whether results could be applied also to COPD diagnosed only in primary care
is unclear. However, as argued in the methodological discussion, several points
support that this is the case. Apart from these points results should generally be
generalizable.
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General Discussion

Lung function and risk of SAH

We found that moderately reduced lung function is associated with SAH incidence,
an association that has not previously been studied, to our knowledge, although
associations between reduced lung function and other vascular diseases such as
coronary heart disease and ischemic stroke, have been reported. The associations
between low FEV1 and low FEV1/FVC, respectively, and SAH remained after
adjusting for smoking and in sensitivity analysis of non-smokers. Results for
unadjusted lung volumes were similar to that of the standardized lung volumes.

Potential mechanisms

The causes of the association between reduced lung function and cardiovascular
disease are largely unknown. Systemic inflammation, or increased ECM
degradation has been suggested as possible mechanisms. The analysis was adjusted
for erythrocyte sedimentation rate, a measure of systemic inflammation, but more
specific inflammatory markers may still be of interest for further evaluation. A
common role of increased susceptibility to ECM degradation in both lung tissue
destruction and aneurysm and SAH development could be a plausible mechanism.
Genetic studies have suggested variants in genes associated with ECM maintenance
to be associated with aneurysms and SAH'"". Reduced lung function is associated
with blood pressure variability?”’ and this may be another reason for an association
between reduced lung function and stroke in general, and perhaps SAH. It is not
studied how blood pressure variability influences SAH risk specifically. Future
studies should further address underlying causes of the association between lung
function and SAH, for example by studying markers of ECM degradation,
inflammation and blood pressure variability for SAH risk.

Influence of other risk factors

Smoking is a substantial risk factor for SAH, and an important potential confounder
to the association between reduced lung function and SAH. Information about
current smoking was available for all individuals in Paper I-III. Results were
significant in non-smokers. We did not include information about former smoking,
which was, by random missing for some birth cohorts. However, when analyzing
the subgroup with information about former smoking, results persisted after
adjusting for former smoking, and also in subjects reporting never smoking. Further,
we did not adjust for the amount of smoked cigarettes (e.g. pack-years), which has
been associated with SAH risk®**. Influence of residual confounding from smoking
cannot be fully ruled out. However, the validity of the smoking data in the MPP is
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supported by a study showing strong relation to carboxylated hemoglobin levels*!,

and by the strong associations of smoking to other diseases, known to be strongly
smoking-related, for example COPD, abdominal aortic aneurysm and peripheral
arterial disease'®*'°*29%:23 The association between reduced FEV1 and SAH seems
to be independent of smoking.

Hypertension is also an important risk factor for SAH. Blood pressure is inversely
associated with lung function, both in cross-sectional and longitudinal studies ***
295 The association between lung function and SAH remained after adjusting for
systolic blood pressure and antihypertensive treatment at baseline, and there was no
effect modification by hypertension. Low FEV1 has been associated with future
blood pressure increase®”, and because we do not know whether subjects with low
lung function had higher blood pressure increase during follow-up, this may be
another potential reason for the association of lung function and SAH.

In consistence with prior results'* ?’, the incidence of SAH was higher in women

than in men, both in the MPP and MDC. Sex differences in risk factors for SAH
have been proposed, but the estimates for FEV1 and FEV1/FVC ratio, were similar
in men and women.

COPD and risk of stroke

The study showed an association between diagnosis of COPD and incidence of all-
cause stroke, ischemic stroke, ICH and SAH, respectively. The increased risk of
stroke in COPD patients was highest in the first years of follow-up but persisted
during the whole 10-year follow-up period for all-cause stroke, and ischemic stroke.
The risk of ICH was clearly increased in the first 5 years of follow-up, whereas the
risk of SAH was increased in COPD during 10 years without any change over time.

The results in relation to previous studies

The magnitude of the estimate for total stroke risk in COPD found in this study is
consistent with some previous findings'*” ¥ 132 although some studies found no
clear association between COPD and stroke'®'. One study found a higher effect
estimate, adjusting for smoking and sex'*’. The incidences of each stroke subtype
in COPD have not been studied previously.

In line with our study, a recent 10-year follow-up of the Rotterdam study found an
increased risk of stroke, both ischemic (HR 1.27; 1.02-1.59, n cases=701) and
hemorrhagic (HR 1.70, 95% CI 1.01-2.84, n=107) in COPD?**. Interestingly they
adjusted for cardiovascular risk factors (except smoking), hsCRP, carotid initima-
media thickness and oxygen saturation <95%, respectively, and results were
substantially unchanged. However, adjusting for smoking, estimates were
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attenuated by some 10% (HR 1.13, 95% CI 0.91-1.42 for ischemic and 1.54, 0.91—
2.59 for hemorrhagic stroke). The increased incidence of hemorrhagic stroke, which
is in line with our study, is interesting because smoking is not an evident risk factor
for ICH'®. Smoking is an important shared risk factor, but these results do not
exclude an association between COPD and stroke independent of smoking.

Reasons for the association between COPD and stroke

It is still not known if the association between COPD and cardiovascular disease is
causal, for example through mechanisms induced by COPD such as inflammation
and oxidative stress, or if it is explained by residual cofounding due to shared risk
factors, for example smoking. Increased systemic inflammation has been found in
COPD, and suggested as a link between COPD and cardiovascular disease. Low-
grade systemic inflammation has also been associated with incidence of ischemic
stroke and in this thesis, SAH, whereas the association of inflammation and ICH is
uncertain.

The risk of SAH was increased in COPD in the present study over the whole follow-
up period. This observation is in consistence with that of Paper I showing that low
FEV/FVC ratio was associated with SAH. As discussed above ECM degradation or
systemic inflammation, could be plausible links between lung function, COPD and
SAH. COPD has been associated with atrial fibrillation'*’, which is an important
risk factor for ischemic stroke. We adjusted for atrial fibrillation at baseline in the
analysis, however, detection of atrial fibrillation and treatment with anticoagulants
in COPD patients could be of importance to reduce the risk of stroke.

Hypertension, smoking and exacerbations of COPD

Large-scale registry-based studies have often the drawback of lacking individual
information on all of the potential confounders. Smoking is an important risk factor
for stroke, especially ischemic stroke and SAH. Information about smoking was not
available, which is an important limitation. As mentioned above, it is of note that
COPD was associated also with increased risk of ICH, although smoking is likely
not a strong risk factor for ICH. Moreover, the vast majority of COPD patients are
current or, most often, former smokers. The comparisons in the present study are
not made between a current smoking and a nonsmoking group; population-based
studies of COPD in Sweden have reported current smoking rates from 47% (in
1992) to 34% (in 2004) in COPD patients, compared to 33% and 13%, respectively,
in non-COPD subjects in the same studies'®"?"”. In secondary care (2007) 23% were
still smokers®”® compared to national estimates of around 16% (2005) in the whole
population over 45 years of age’™. In other studies of COPD/reduced lung function
and CVD, estimates have been reduced with only around 10% after adjustment for
smoking. In the present study, results were adjusted for variables strongly related to
smoking status, e.g. socioeconomic status and cardiovascular comorbidities. It
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cannot be excluded that smoking is one of the explanations for the association
between COPD and stroke, but more studies are needed to elucidate this.

Hypertension is an important risk factor for all types of stroke. The results were
adjusted for a diagnosis of hypertension in the Inpatient Register, but not for blood
pressure levels, which would have been preferable. COPD has been associated with
higher prevalence of hypertension in some studies*’” while others found no
association *!'. The association between hypertension and COPD is thus somewhat
uncertain and presumably not very strong. Also, smoking is often associated with
lower blood pressure in epidemiological studies™. It is unlikely that hypertension
alone can explain the association between COPD and stroke.

In a study by Donaldson et al*'?, exacerbations of COPD were associated with

increased risk of stroke in up to 49 days, when exacerbations were defined as
prescription of antibiotics in a large health registry of COPD patients. Another study
showed no association between exacerbation frequency and stroke risk *'>. The most
recent results from the Rotterdam study showed a clear risk increase of stroke (HR
6.6) after exacerbations compared to stable disease. It is uncertain if exacerbations
could explain the increased risk of stroke in the first years observed in our study,
because we started follow-up 30 days after discharge for COPD. We could not
evaluate whether exacerbations may explain the increased risk of stroke in COPD
over 10-years. It is of great interest for further studies to evaluate if exacerbations
increase the risk of stroke and if this could be prevented.

From a clinical perspective, the present results show that patients with COPD have
increased risk of stroke, regardless of the underlying reason. This is an important
message, which should have an impact on the clinical evaluation of a patient with
COPD as well as on directions for future research. Evaluation of risk factors for
stroke seems important in COPD patients to reduce stroke incidence.

Markers related to inflammation and SAH

Inflammatory activation has been observed in intracranial aneurysms and this
phenomenon is more pronounced in ruptured compared to unruptured aneurysms. It
is not known if this is an epi-phenomenon or one of the underlying mechanisms for
aneurysms and SAH?®. Some other findings that might point in the direction of an
inflammatory component involved in SAH have also been done. For example,
polymorphisms of the interleukin 6 gene, a stimulator of inflammatory plasma
proteins, have shown association with intracranial aneurysm prevalence in some but
not all studies*', and an increased risk of SAH has been found in patients with
systemic lupus erythematosus®'®. Two prospective studies with small numbers of
SAH cases (n=29 and 33, respectively) have examined markers of systemic
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inflammation, hsCRP®' and fibrinogen®, but none of these were significantly
associated with SAH.

Our results were significant after adjusting for current and former smoking.
However, in sensitivity analyses, the association between leukocytes and SAH was
clear and significant only in current smokers, although there was no evidence of
effect modification by smoking. The hazard ratios were still similar in smokers and
never smokers and the numbers of events were small in subgroups. Leukocytes may
be elevated as an effect of smoking and thereby perhaps an intermediate factor on
the causal pathway between smoking and SAH. Leukocytes could be a marker of
susceptibility to SAH in smokers. As discussed above, a high validity of smoking
data in MPP has been reported. However, due to the relatively small numbers of
events we could not adjust the association for amount of smoked cigarettes, which
would have been preferable.

Larger samples need to be studied to find out if leucocytes are associated with SAH
in non-smokers. Future studies should evaluate if other markers of inflammation are
associated with incidence of SAH. If so, they may be evaluated for risk prediction,
for example of the risk of SAH in individuals with known aneurysms, to improve
the strategies for offering of preventive intervention.

In Paper III an association between FGF23 and SAH was found, adjusting for
important confounders. It remains to be shown whether FGF23 is a causal risk factor
for SAH or merely a risk marker for vascular diseases. FGF23 has been associated
with incidence of ICH in a prior population-based study® and also with
cardioembolic stroke in another study®®. FGF23 is also associated with several
specific inflammatory markers® and regulation of vascular function® processes
that may be of importance for SAH.

FGF23 is increased in chronic kidney disease. In a subsample with information
about kidney function (n=86) there was no association between estimated
glomerular filtration rate and SAH, and it seems unlikely that reduced kidney
function could explain the association. FGF23 is involved in vascular calcification
and vascular aging together with a factor called Klotho®. These are mechanisms
potentially of interest for SAH. Interestingly, one of the GWA findings for
intracranial aneurysms is a locus near the KL gene, encoding Klotho®'. This variant
should be tested for association with FGF23 levels and SAH in future studies.
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Coding genetic variation and SAH

No associations reached the pre-defined significance level in the study of exome
variation and SAH. One important limitation is the small sample size, and this study
has only the ability to identify strong variants for SAH risk. Larger studies are
needed to evaluate if there are coding variants or genes associated with SAH at
smaller effect sizes. Of note is that many of the rare variants with low p values for
association with SAH had positive beta coefficients, i.e. more common in cases than
controls. This is in line with the theory that those rare coding variants have
deleterious effects on protein function and is thus associated with disease and not
protective of disease. As discussed above, a Bonferroni correction might be too
conservative in the present setting.

Gene-based tests (SKAT-O) were performed, which increase the power by
combining the effect of many variants throughout a gene. Our sample is
homogeneous with respect to the ethnic background and population outliers were
excluded before analysis. The genetically homogenous sample will increase the
ability of finding associations. We evaluated both aneurysmal and non-aneurysmal
SAH together and were not able to separate those categories. Doing so could have
increased the precision of our results if there are differences of risk variants between
those groups. It is not known, however, to which degree their genetic background
differ.

Some variants have been found for intracranial aneurysms. However, there are no
previous GWA studies of SAH, to our knowledge. Because only a minority of
intracranial aneurysms rupture it is important to study risk factors for SAH, which
is the clinical outcome of most interest. Genetic variants related to SAH risk could
also, hypothetically, be used in risk prediction of unruptured aneurysms.

Associations for variants at the 9p21 locus was in the same direction for SAH as in
prior studies of aneurysms, and the effect was stronger in smokers (n=134), which
is in line with previous findings'"”.

Some of the suggestive findings could have pathophysiological mechanisms
perhaps related to SAH and are of interest for generating hypothesizes. The SOX7
gene was strongly associated with SAH risk, although not significantly after
correction for multiple testing. This gene is a member of the Sox F family
transcription factors together with SOX717. SOX17 is a robust GWA finding for
intracranial aneurysms''>. The Sox-F proteins have in part redundant functions on
endothelial maintenance and it could be speculated that SOX7 alterations would be
more susceptible to effects of variants in SOX17. One way of further evaluating this
hypothesis could be a combined score of suboptimal variants within these genes,
assessed by targeted sequencing.
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Conclusions

e Reduced lung function at baseline, by means of the FEV1, and FEV1/FVC
ratio (airway obstruction), is associated with SAH incidence,
independently of smoking.

e COPD patients have increased risks of all-cause stroke, and of all subtypes
of stroke compared to a reference group from the general population.
Residual confounding from smoking and hypertension cannot be excluded.
However, treating stroke risk factors in COPD patients seems to be
important to reduce the stroke incidence.

e Higher leukocyte count is associated with incidence of SAH, however, this
may be restricted to smokers. The results support that systemic
inflammation could be involved in SAH development. Leukocytes may
mediate the effect of smoking and/or be a marker of susceptibility for SAH
in smokers.

e Serum levels of Fibroblast growth factor 23 are associated with SAH
incidence. It should be further studied whether FGF23 is a causal risk factor
for SAH or if FGF23 could be used for risk prediction.

e No specific genes or variants were associated with SAH risk at the pre-
defined Bonferroni corrected significance level. Further exome analyses
should be performed in large samples to evaluate the suggestive findings
of this study and to find coding variants with small effect sizes.
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Popularvetenskaplig sammanfattning
pa svenska

Slaganfall (eller stroke) dr en vanlig sjukdom och drabbar ungefédr 30,000 personer
i Sverige varje ar. Det finns tre huvudtyper av stroke varav ischemisk stroke eller
blodpropp ar den vanligaste och hjarnblodning inom sjdlva hjédrnan nést vanligast.
Blodning under spindelviavshinnan (araknoidea), som omger hjirnan, kallas for
subaraknoidalblodning. Detta &r den minst vanliga typen av stroke och drabbar
ungefdar 1500 i Sverige varje &r. Subaraknoidalblodning &r en mycket allvarlig
sjukdom och 30-50% av drabbade avlider forsta manaden efter insjuknandet, oftast
de forsta dagarna. Hos dverlevande ar det vanligt med hjarnskador och symptom
som spraksvarigheter och forsdmrat minne. Medeldldern for de som drabbas av
SAH ir lagre jamfort med de andra stroke-typerna och SAH drabbar fler kvinnor &n
min. P4 grund av hog dodlighet, stor risk for restsymtom hos Overlevande, och
relativt 1&g &lder vid insjuknande orsakar SAH omfattande lidande och stor grad av
bortfall frén arbete och vardagsfunktioner, trots att sjukdomen har relativt lag
forekomst.

SAH uppstar i de flesta fall nér ett pulsdderbrack (aneurysm) pa ett av hjarnans
blodkaérl brister. Kunskapen kring vad som é&r orsakerna bakom pulsadderbrack och
varfor dessa ibland orsakar SAH é&r bristfilligt kdnda. Rokning ar en viktig
riskfaktor for SAH. I studier har man foreslagit att inflammatoriska processer och
nedbrytning av blodkédrlen stodjevdvnad kan vara av betydelse. Forsdmrad
lungfunktion och sjukdomen KOL (kroniskt obstruktiv lungsjukdom) &r tillstind
som utmirks av nedbrytning av stddjevdvnad i lungorna. Lag lungfunktion och
KOL har visats kopplade till risk for hjartinfarkt och ischemisk stroke i tidigare
studier dven hos personer som inte roker. Det &r inte studerat ifall
inflammationsmarkdrer som kan maétas i blodet &r kopplade till risken for att fa SAH
i framtiden.

I avhandlingen studeras hur 14g lungfunktion péverkar risken att drabbas av SAH
hos personer som genomgick lungfunktions-métningar (spirometri) i en
befolkningsundersdkning i Malmoé mellan 1974 och 1992. Insjuknande i SAH har
registrerats sedan studiens start fram till 2008. Risken for SAH och de andra stroke-
typerna hos patienter som diagnostiserats med KOL, studeras i ett annat material
som baseras pé diagnoser i det nationella slutenvardsregistret, dér alla diagnoser vid
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utskrivning fran sjukhus finns. Vita blodkroppar i blodet som &r relaterade till
inflammation och en annan plasmamarkoér som &r kopplad inflammation, studeras
ocksd i forhdllande till risk att f4 SAH och detta gors inom en annan stor
befolkningsstudie fran Malmo dér individer undersokts och sedan fo6ljts upp
avseende insjuknande i SAH. Vi undersdker i avhandlingen ocksd genetiska
varianter som kan péaverka risken for SAH.

Resultaten visar att lag lungfunktion ar kopplat till en hogre risk att fa SAH, och
detta samband kan ses ocksa hos icke-rokare. Personer med KOL har en f6rh6jd risk
att drabbas av alla typerna av stroke jaimfort med personer frén befolkningen som
inte har KOL, dven ndr man tar hinsyn till ett stort antal andra sjukdomar som é&r
vanligare hos KOL-patienter. Vi har ocksa visat att inflammatoriska markorer ar
associerade med hogre risk for SAH. Vi kunde inte hitta ndgra sékra starka genetiska
varianter kopplade till risk for SAH forutom att vi sdg samband for nagra av de
redan kénda riskvarianterna, som hittats i tidigare studier. Dessa har ganska svaga
samband med SAH men tros paverka risken tillsammans med andra riskfaktorer.

Fynden i denna avhandling indikerar att nedbrytning av stddjevdvnad respektive
inflammation i blodet eller i blodkérlen, kan vara mekanismer som é&r av stor vikt
for utveckling av SAH. Om vidare studier kan identifiera specifika &mnen eller
mekanismer i denna process kan det pé sikt leda till nya satt att forebygga eller
behandla SAH. Resultaten visar ocksd att patienter med KOL é&r en sérskild
riskgrupp for SAH och dven de andra typerna av stroke, och detta bor leda till att
sarskild uppmérksamhet ges till forebyggande behandling av riskfaktorer for stroke
inom denna grupp. Det behover vidare studeras vad orsaken till sambanden mellan
lag lungfunktion och SAH respektive KOL och stroke beror pa. Fynden i denna
avhandling kan pé sikt bidra till att fler fall av SAH kan forhindras, till exempel
genom forebyggande insatser till sdrskilda riskgrupper och att kunskapen kring
sjukdomsmekanismerna klargors.
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